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ABSTRACT

A monostatic24-h debris obsenation campaign(BPE-
1/00) has beenpreparedand conductedusing FGAN's
TIRA L-Bandsystem.Basedon experiencegrom previ-
ous beam-parkexperimentsa similar largely automized
dataprocessings appliedon anextendedrangewindow
of 300 — 2000km. More than 1500 detectionsare en-
countered471of themareverifiedasbeingrealtargetsin
Low-Earth-Orbit(LEO). In comparisomwith previousex-
perimentsthe statisticsshav similarities confirmingthe
conceptof beam-parkexperimentsfor spacedebrisob-
senations,despitethe snapshotharacteiof 24-h exper
iments. The comparisorwith MASTER/PROOF’99 and
ORDEM2000leadsto a reasonableagreemenbetween
modelsandobsenations.
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1. INTRODUCTION

The spacedebrissituationis highly dynamicmainly due
to a numberof on-orbit break-upsper year and several
debrisproducingeventsper month. The obsenation of
this ervironmentcan be performedby optical or radar
means.

Ideally the whole volumeof LEO shouldbe obsened at
a single point in time to obtain the mostcompletepic-
ture of the spacedebrissituationpossible. Realistically
onehasto find a balancebetweersensitvity andthesize
of the obsenation volume. To achieve the capability of
detectingobjectsof down to 1-cmsizein LEO mostsen-
sorsare limited to a pencil shapedobsenation volume
of lessthan 1° width. To increasethe size of the to-
tal obsenation volume several millions of thosesingle
obsenationsare performedin one experiment(Onesin-
gle obsenation correspond$o one pulserecordin radar
terms). This pencil-shapedbsenation volumeis kept
fixed (by 'parking’ the antennajpndthe Earth’s rotation
is usedto move theradarbeamthroughLEO, leadingto
beam-parkexperiments.For onerevolution of the Earth
(24 h) in this setupthe beamfollows approximatelythe
circumferencef atruncateccone.Applicationof several
sensorsat differentlatitudesoffers anotherincrementof

the obsenationvolume. To achieve this, several sensors
are usually internationallyco-ordinated. Radarsystems
canoperaténdependentlyrom weatherandtime leading
to uninterrupted24-h campaigns. Optical systemspar
ticipateby accumulatingpbsenationtime during several
sunsets/-rises.

24-h beam-parlexperimentscanonly recorda snapshot
of the debrissituationwhich necessitateBequentobser
vation campaignswith groundbasedsensors.The most
recentcampaigrwascarriedout during the last week of
October2000.FGAN participatedwith its TIRA L-Band
monopulsesystemexploiting an extendeddataacquisi-
tion systemallowing a rangewindow of 300—2000km,
andthuscoveringall LEO altitudesfor thefirst time with
TIRA.

2. EXPERIMENT

At FGAN thebeam-parlexperimentBPE-1/00startecbn
Oct27th, 2000at11:58UT andendecdat12:09UT onthe
next day Fromthepositionat50.6166 N and7.1296E
(293 m above sealevel) TIRA's antennapointed east-
wardswith an elevation of 75°. This givesa nearlyun-
ambiguousrelationshipbetweenthe measuredoppler
frequeng shift andthe object’s orbit inclinationif a cir-
cular orbit is assumed.At 1.333GHz centrefrequengy
the 3dB-beamwidthof the 4-horn monopulsesystemis
0.5°. The noiseequivalentradarcrosssection(RCS)at
1000km rangeis -48 dBsm correspondingo 2 cm ob-
jectsize. A 1-mspulselengthwasusedwith arepetition
periodof 29 msanda peakpower of mostly 1.5 MW.

Before and after the experimentthe radar systemwas
calibrated by tracking satellites 22875 (2-m sphere;
COSMOS-2265)nd 6212 (cylinder with elliptical end
caps; RADCAT) respectiely. Both calibrationexperi-
mentsresultedn the samecalibrationfactor

Someminor failurescausedh total lossof datafor about
8 min, but thisis compensatetbr by additionall2 min of

obsenationtime. In total 240 Gb of datain threechan-
nels (sum, elevation differenceand traversedifference)
were acquired. More detailson TIRA andthe datacol-

lectionunitscanbe obtainedrom [1].
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3. DATA PROCESSING

The largely automizedprocessings basedon the same
routinesasthe onesusedfor the previousbeam-parlex-
perimentq[1], seeFig. 1).

The coarse processingfinds groups of pulse records
which might containreflectionsfrom one or more real
objects. Theraw dataof thesegroupsarefine-processed
resultingin informationon range,rangerate andsignal-
to-noiseratio (SNR) for every echoin eachrecord. In a
next stepthoseechosaroundafixedrange/range-rateell
arecombinednto detection®f possibleobjectsspanning
severalrecords.RangerangerateandSNRgetrelatedto
a detectionat the closestpoint of approachCRA) to the
radarline of sight. A manualscreeningprocessworks
on thesedetectionsand distinguishessingle real objects

Table1. BPE-1/00;Processingesults.

coarseprocessindinds 1578groups

1528groupsgo into visual screeningprocess
realobjects 22%
multiple objects 3%

leadingto 1577datasetsfter separation

extendedrangedetections 1%
!onosph_encreflectlonsand 74%
implausibleparameters
No. of objectsdetected 471
cataloguedbjects 94

from several objectsin the beam(to be separatednan-
ually), from extendedrangedetectiongexcludedfor not
beingpartof LEO), andfrom ionosphericreflectionsor
'objects’ with implausibleparametergrejected). There-
sult of this selectionprocesss shavnin Tah 1.

As a last processingstep the detectionsare checled

againsthe USSIACECOM SSNtwo-line elemen{TLE)

catalogue. TLE setsclosestto the experimentdateare
choserandobjectsunobserabledueto geometricaton-

straints(e.g. GEOobjects objectsof low inclination)are
excluded. Of the remainingonesan orbit propagatode-

terminesall objects,which should have beendetected
by TIRA in a hypotheticall0°-radarbeam. This list is

matchedwith the detectionf the experimentby apply-

ing the following thresholdsfor the differences: Time

< 3 s, angle < 0.5°, range < 10 km and rangerate
< 0.3km/s. This checkalsoconfirmsextendedrangede-

tections— four in BPE-1/00—, leaving 471 detections
in LEO of which 94 arecataloguedvith TLE sets.

The Programfor Radarand Optical Obsenation Fore-
casting(PROOF'99;[2]) in conjunctionwith TLE setsof
the cataloguegpopulationdatedOct 25", 2000 predicted
deterministicallyl20 cataloguenbjectsto be seenduring
the experimentwith TIRA. Nearly 2/3 of themare con-
firmedby the experiment.

4. RESULTS

In Fig. 2 objects’ altitudesare evenly distributed over

time confirmingthe ideaof the experimentasdescribed
in the introduction. This alsomeanghat observingwith

optical telescopedor only a few hoursper day during

sunset/-risgprovidesunbiasedatawhich canbe usedfor

generalstatisticalanalysis. However, this even distribu-

tion cannotbe generalizedor all times. The Coopera-
tive Beam-Rirk ExperimentCOBEAM-1/96[3] showved

clusteringin time due to the Pegasus/HAP Sexplosion
5 monthsbefore. Fig. 2 alsorevealsthe denselypopu-
latedaltitudebeltsat 900— 1000km andaround1400km

(seethe pronouncegeaksin Fig. 10).

A similar picture is given in Fig. 3: In BPE-1/00the
Dopplerinclinationsdo not clusterin time, with themain
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beltsaround70°, 80° and 100° (seealso Fig. 9). Ob-
jectsoutsideof the possibleinclination interval between
50° and 13C are dueto higher eccentricities,because
the modelof corverting rangerates(i. e. Dopplershifts)
into inclinationsassumesircularorbits. Thisassumption
holdsin mary but notall casesasshawvn in Fig. 4 for the
detectedtatalogueabjects:Theinclinationof objectsof
low eccentricityi. e. (nearly)circularorbitsis confirmed
by theobsenationapplyingthis corversionmodel.Large
differencedetweertheinclinationof anobjects TLE set
andits inclination determinedvia the Doppler shift are
associateavith highereccentricities.

Fig. 5 combinedrig. 2 andFig. 3, andit shavstheknown
clustersat e.g. 65°, 920 km or the Globalstarconstella-
tion orbit at around55°, 1400km [4]. The decreasing
sensitvity with altitude/ranges demonstratethy Fig. 6.
The calibratedRCS s corvertedto a sphereequivalent
objectdiameterwith the help of NASA's sizeestimation
model(SEM; [5]).
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Figure 4. BPE-1/00: Distribution of Dopplerinclination
vs.TLE inclination for detectedcatalogueobjects.
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Figure5. BPE-1/00:Distribution of altitudesvs.Doppler
inclination.

Up to this point the distribution of objectscrossingthe
single 0.5°-radar beam during the 24-h experimentis
considered)eaving us with a very limited obsenation
volume and a small probability that an objectis actu-
ally detected. A statisticalextrapolationinto the entire
volumeof LEO is madeby consideringa randomdistri-
bution of ascendinghodesandtrue anomaliesput keep-
ing the informationon inclination andsensitvity. Fig. 7
shaws confidenceintervals for the total numberof de-
tectableobjectsin 50-km-altitudebins. To generatehis
diagram,first the probability of a randomly distributed
object (with respectto the ascendinghodeandthe true
anomaly)to crossTIRA’sradarbeamis calculatedyield-
ing to avalueontheorderof 1 % duringa24-hcampaign.
Onthebasisof aninclination distribution takenfrom the
2-cm populationof the CNUCE orbital debrisreference
model(CODRM99)andabinomialdistribution, whichis
approximatedy a Gaussiardistribution, this probability
is invertedanda 99-%confidenceanterval calculatedfor
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Figure 6. BPE-1/00: Distribution of RCS-equivalent-
diametervs.altitude
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Figure 7. BPE-1/00: Thetwo stepcurvesshowthe con-
fidenceinterval for the numberof objectswhich can be
detectedwith the FGAN radar. Thelines with markers
give this numberas predictedby four differentspacede-
bris models.

detailssee[6]). In the samefigure the numberof de-
tectableobjects(fulfilling the constraintson inclination
andsensitvity) is shavn aspredictedoy CODRM99,the
ESA MASTER model,the NASA EVOLVE modeland
theDERA IDES model. Thegenerahltitudedependence
is confirmed.Nonethelesthemodelsareatthelowerend
or evenbelow the confidencenterval.

5. CHANGESOF THE SPACE DEBRIS
SITUATION

Fromacomparisorbetweerthestatisticaresultsof BPE-
1/00andtheonesof thebeam-parlexperimentsn Febru-
ary andApril 99 somechange®f the spacedebrissitua-
tion might be recognized.In Fig. 8 andFig. 9 the arith-
metic meanof both the previous experimentsis shavn
in relationto the resultsof BPE-1/00. The generalsimi-
larity in Fig. 8 confirmsthe reproducibilityof beam-park
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Figure 8. Hourly detectiorratesvs. altitude, 50-kmbins.

experimentsbeyond their snapshotharacter The most
obviouschangecanberecognizedn the 950— 1000-km-
altitudebin. Thecombinationwith the 900— 950-kmbin

leadsto the assumptiora significantnumberof objects
moveddownwards,mostlik ely debrisobjectsdueto their
orbital decay The differencesetween700and850 km

altitudeareconsideredeinginsidestatisticalerror mar

gins. Debrisobjectslower than400 km would have left

LEO entirelyin the courseof the 18 monthsbetweerthe
experiments.
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Figure 9. Hourly detectionratesvs. dopplerinclination

of objectscloserthan 1200km, 2° bins.

Fig. 9 shavsthecorrespondingenerakimilarity in incli-
nationderived from the Dopplerfrequeng. To be com-
parablewith the previous experiments(and Fig. 8) only
objectscloserthan1200km are consideredDifferences
might be relatedto statisticaluncertainties. Major dis-
crepanciestill haveto beclarified.



6. COMPARISON WITH ORBITAL DEBRIS
DISTRIBUTION MODEL S

For risk assessmentsf satellites modelsto describethe
orbital debris ervironmentare widely used. The Me-
teroid and SpaceDebris TerrestrialErvironmentRefer
ence(MASTER; [7]) usesPROOF[2] to validateits de-
bris model. NASA's Orbital Debris EngineeringModel
ORDEMZ2000[8] hasits own radarassessmenbutine
providing debrisfluxesin 50-km-rangebins.

Table 2. Parameterfor TIRAusedin PROOF

Beamwidth(radarFOV) 0.5
Wavelength 0.225m
Pulserepetitionperiod 29.0ms
NRCSNoiseequivalentRCS -48.0dB
Transmittecpover 1.50MW
Pulseduration 1.0ms
Rangeg(NRCS) 1000.0km
Desiredfalsealarmtime  10h
No. thresholddecisiongperpulse 3300.0
Max. numberof pulsesto integrate 65
Geographidatitude 50.6166
Geographidongitude 7.1296
Altitude  293m
Max. Range 2000.0km
Min. Range 300.0km
Azimuth 90°
Elevation 75°

A moredetailedcomparisoris givenin Fig. 10— 13. For

this comparisorPROOFis runwith parameterfor TIRA

shavn in Tah 2). To reducefluctuation effects due to

smallobjectswith high representatiofiactors threeruns
with differentrandomgeneratoseedvaluesareexecuted,
andthe meanof theresultsis usedfor thediagrams.The
meannumberof modelleddetectionss 276,only 58.6%

of 471 detectedbbjects(Tah 1).

In Fig. 10 theresultsof a calculationwith ORDEMZ2kis

included. ORDEMZ2k’s outputconsistsof atableof sur

faceareafluxes,which areto be setin somerelationto

a'surface’ of the beam. Here a rectangulaisurfacewas
choserwith theheightof arangebin andthewidth equal
to the width of the 3-dB beamin the middle of therange
bin considered.This simple approximationinvolveser-

rors of complicatedorigin, which are accountedor by

PROOFwhenusingMASTER. Themodeldetectiorrate
of objectslargerthan1 cmis shown, but a rangedepen-
dentdetectionratefor BPE-1/00hasto be keptin mind.

The comparisonof the obsenation with the modelsre-
vealssimiliarities in termsof the graphs’shapeandan
underestimationf theobsenationby themodels.Theal-
titude regionsbetweenl050km and1400km andabove
1600km canbe consideredeingmodelledinsidethe er-
ror mamins, but the peaksi. e. the heavily populatedor-
bits are underestimatedignificantly Due to the lower
sizelimit ORDEM2k modelsthe altituderangebetween
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Figure 10. Hourly detectionratesvs. altitude, 50-km

bins. For ORDEMZ2kthe classof objectslarger 1 cmis

used.

900 and 1000 km satisfyingly but this detectionrate
is reachedthrough obsenation by consideringobjects
largerthan2 cmonly. Thesharppeakat 1400km is miss-
ing in bothmodels.
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Figure11. Hourly detectiorratesvs.rangerate, 0.1-km/s
bins.

In Fig. 11 a good agreemenbetweenthe model and
the obsenation can be seenfor two maxima (around
-0.5km/s andaroundl km/srangerate). The peakbe-
tween 0 and 0.5 km/s is not modelled. Becausethe
Dopplerinclinationis closelyrelatecto rangerate,asimi-
lar pictureis expectedn Fig. 12. Butit shavsdifferences
by overestimatingnclination intervals between60® and
70° and underestimatinghe interval between76° and
98° aswell as50° to 58°. The peakaround100® canbe
consideredas beingmodelledcorrectly The difference
in the peaksin Figs.11 and 12 canbe explainedby the
altitudedependencef the Dopplerinclinationalgorithm
and by the numerousnon-zeroeccentricityorbits. The
overestimatiorbetween60° and 70° is associatedvith



Detection rate vs. Doppler Inclination

Al E | — BPE-1/00 |
i == PROOF
£ a
1.5} P
P v
s P!
g
O !
Q '
g ]
05 ;
- . :
P L . i
L= R | L} 1 -

%07 60 70 780 90 100 110
Doppler Inclination / °

Figure 12. Hourly detectionratesvs. Doppler inclina-
tion, 2° bins.

elliptical orbits of the 65°-population. The orbits of 2/3
of this model populationhave eccentricitieshigherthan
0.01.Thoseobjects- if obsened- arespreadverseveral
binsin the detectiornratevs. Dopplerinclinationdiagram
(Fig. 12) of theobsenedobjects.
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In Fig. 13 asimilar shapeof thedetectiorratevs. diame-
ter canberecognizedThe peakbetweerd and4.5cmis

associatedvith 1400-km-altitudeobjects,which arenot

consideredn the model(Fig. 10). Both graphspeakbe-
tween3 and3.5 cm confirmingthe plausibility of theun-

derlyingradarperformancemodel. But the total number
of detectionds underestimatedyy a factorof 2.7 at the
maxima,requiringanimprovementof the modelpopula-
tion.

7. CONCLUSIONS

BPE-1/00wasperformedsuccessfullydeliveringreprod-
ucableresultswith respecto previous beam-parlexper

iments. By extendingthe rangewindow obsenation of
higher orbits was achiezed. The comparisonwith pre-
vious experimentsrevealedthe dynamicsof the orbital
debriservironment.

Both orbital debris distribution models evaluated —
NASA's Orbital Debris EngineeringModel ORDEM2k
and ESAs Meteroid and SpaceDebris Terrestrial En-
vironmentReferenceMASTER’99 — underestimatehe
numberof objectssignificantly and they miss out the
1400 km altitude orbit. ORDEMZ2k producesa surface
flux table for fixed 50-km-rangebins and fixed object
sizeclassedeadingto ambiguouscomparisonsvith ob-
senations. MASTER/PROOF’99 offers mary different
parameterso compardeadingto assumptionsntheori-
gin of the differencesetweerthe modelandthe obser
vation. Regardingthe generalshapeof the distributions
themodelagreeswith theobsenation,therefore pnecan
assumeheradarperformancenodelis plausible but the
obsenationalpeaksaremostlyunderestimated.

8. ACKNOWLEDGEMENTS

The authorsarethankfulto the TIRA operationcren of
FGAN-FHR’s Division RadarTechniquedor SpaceRe-
connaissance Their supportduring the 24-hourexper
iment madethis work possible. The experimentBPE-
1/00 was performedandthis paperwas producedunder
ESA/ESOCcontractno. 13261/98/D/IM(SC).

9. REFERENCES

1. Rosebrockl. et al., Cooperatie Debris Trackingand
Developmentof Algorithms for Mid-Size Debris De-
tection with Radar Final Report of ESA/ESOCStudy
ContractsNo. 12248/97/D/IMandNo. 12247/97/D/IM,
201p.,1999

2.Bendischl.etal., Extensiorof ESASMASTER Model
to PredictDebrisDetectionsFinal Reportof ESA/ESOC
StudyContract No. 12569/97/D/IM,164 p.+ CD-ROM,
2000

3. Leushack L. et al., AdvancedRadarTechniquedor
SpaceDebris Obsenation, Final Reportof ESA/ESOC
StudyContractNo. 11184/94/D/IM(SC)98 p., 2000

4. Anz-MeandorP, A Decadeof Growth, Orbital Debris
QuarterlyNews Vol. 5, No. 4, 2000

5. Settecerril. etal., RadarMeasurementsf the Orbital
DebrisEnvironment- HaystackandHAX radar October
1990-1998,NASAreportNo. JSC28744,1999

6. JehnR., Comparisorof the 1999 Beam-Rrk Experi-
mentResultswith SpaceDebrisModels, Adv SpaceRes,
in press

7. Bendisch J. et al., Upgrade of ESAs MASTER
Model, Final Report of ESA/ESOCStudy Contract
No.12318/97/D/IM,267 p. + CD-ROM, 2000

8. Liou J.-C.etal., ORDEMZ20005 Debris Environment
Model, Orbital Debris Quarterly News, Vol. 6, NO. 1,
2001



