SPACE-BASED SHORT RANGE OBSERVATION FOR LEO DEBRIS

M akoto Tagawa®, Toshifumi Yanagisawa®, Har uhisa M atsumoto®, Y ukihito Kitazawa®,
Toshiya Hanada®

(@ Kyushu University, 744 Moto-oka, Nishi-ku, Fukuoka, 819-0395, Japan, makoto_t@aer0.kyushu-u.ac.jp:
@ Japan Aerospace Exploration Agency, 7-44-1 Jindaiji Higashi-machi, Chofu, Tokyo, 182-8522, Japan,
tyanagi @chofu.jaxa.jp:
(4 Japan Aerospace Exploration Agency, 2-1-1 Sengen, Tsukuba, |baraki, 305-8505, Japan,
matsumoto.haruhisa@jaxa.jp:
@ HI Corporation, 3-1-1 Toyosu, Koto-ku, Tokyo, 135-8710, Japan, kitazawa@planeta.sci.isas.jaxa.jp:
® Kyushu University, 744 Moto-oka, Nishi-ku, Fukuoka, 819-0395, Japan, hanada.toshiya.293@m.kyushu-u.ac.jp:

ABSTRACT

Space debris is one of the major threds for safe and
sustainable development ard utili zations of space. The
orbital objed catalay is very important to conduct dekris
counter measures. Howeer, currert datataseopenedto
the pubic has insufficiencies in its traking size
cgpahlity. This paper proposesnew delris observation
system basedon space-basel sersors. To tradk the
objeds observed by the sensors, and maintain their
cdalog; this paper also proposes callaborative
observation with ground sernsor networks. This paper
mainly discusses on the following topics; 1) mission
design for space-basedsensors 2) expeded values of
observation cgpahlities 3) tracking capalility including
callaboration with groundfadlities. As aninitial result,
this paper concluded that the combination of a single
observation satellite ard three groundfadlities are abe
to tradk approximatdy 10 % of LEO objeds. This
paper also summarizes that collaborative observation
geometry can cover true apparert motion while quite
large field of view isrequired

1 INTRODUCTION

Orbital environment has been contaminated with space
delris since the first artificial satellite launch in 1957
Prese number of objeds being tracked is
approximately 17,000 (as of Felruary 2013 [1]. The
tradked objeds caalogue is being openedto the pubic
howewer;, availabe size of the caalogue is limited to
approximately 10 cm in Low Earth Orbit (LEO) [2].
This size limitation means that LEO satellites are abe to
operate Collision Avoidance Maneuver (CAM) for only
10cmor larger objeds evenif the satellites have both of
empugh powerful motors and amourt of propellart.
Anather satelite-basedcountermeasure for space delris
is to protectcore unit from losing function due to detris
cdlision. However, currert shielding cgpahlity for
delris cdlision is limited to objeds smaller than 1 cm
[3]. These restrictims in CAM and shielding
cgpahilities conclude that there is no effedive solution
for 1 to 10 cm debris in LEO. This paper propcses
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space-basedsensors to improve small (1 to 10 cm in
size) delris tracking capability furthermore CAM
availahlity for spacecraft in LEO. Space-basedsersors
are abde to ignore negative effed of atmospheric
disturbarces for observations. There are previous works
in space-based delris observation. The Infra-Red
Astronamical Satelite (IRAS) launched in 1983is one
of examples ard its primary objedive is IR survey of
cdesial sphere for 10 month from altitude 900 km Sun
Synchronows Orbit (SSO) [4]. The IRAS operatas
deteded noncdesial objeds’ tradks in the archived
images and they made objed caalogue from the images.
However their orbit estimation resuts had distributions
in orbital elements plane therebre; the IRAS
observation resuts were hardly applicable for LEO
debris caalogue improvement furthetmmore CAM
operation cgpabilities. Other examples are Space-Based
Visible (SBV) eaquipped on Mid-Course Space
Experiment (MSX) satellite and Space-Based Space
Suveillance (SBSS developed by Boeing [5] [6]. Both
satellites are mainly designed for Geo stationary Orbit
(GEO) survey and application for LEO is limited to
orbit data update of caalogued objeds. Thus currert
status for small delbris countermeasure is summarized as
that there are not operated effedive solutions.
Propasing space-based sensors have advantages in
observation sensitivity in  comparison to ground
fadlities. However, previous study indicates
disadvartage of space-basd sersors in periodic
observation which is esential for caalogue
mainterance [7]. This disadvartage comes from
observable relative relation limitation in orbital planes.
Therebre this paper also propcses cdlaborative
observation geametry between space-basedsensors ard
ground fadlities. Basic idea of this geometry is that
space-basedsersors provide Initial Orbit Dete'mination
resuts using constrained algorithm with very short arc
observation to ground fadlities ard, ground fadlities
tradk the objeds basedon IOD resuts using image
processng algorithm developed to deted faint objeds.
This paper discuses orbit design for space-based
obsewvatay, 10D cagpahility and collaboration feasibilit y.



2 MISSION OBJECTIVES AND
GEOMETRIES

As mentioned before, final goal is to tradk 1 to 10 cm
objedsin LEO, here initial goal is defined as to track 5
cm or larger objeds in LEO for preliminary misson
design. One of reasons for currert insufficiency in LEO
small delris tracking is atmosphere. Incidert lights
from space are extinct by atmospheric layer ard
ohservalle time is often limited by weaher conditions.
Space-based sensors can ignae such atmospheric
necative effed for observations. Therebre space-based
sersors are propcsed as LEO traking cagahility
improvement method in this paper. However, previous
study indicates that space-based sersors have
disadvartagesin periodic observation which is esential
to maintain the catalogue, and detailsare discussed later.
Thus this paper also introduwes calaborative
observation geometry consist of space-based sersors
ard ground fadlities This proposing geametry based
on asamption that an image processng algorithm for
faint objea cdled “image stacking method’ is
applicable for LEO objeds. The method makes it is
possble to observe objeds which are too dark to deted
on singe image and it has been veified for GEO
obeds|[8].
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Figure 1. Collaborative observation geometry

Fig 1 illustrates whole observation geometry for LEO
small delris tracking mission. The mission is assimed
to be separatedinto two phases; 1) deted small delris
using space-basedsensors, conduct angles anly 10D and
provide detemined orbit to groundfadlities 2) maintain
the LEO objed caalogue by ground station network.
The very first observation in phase2 requires|OD restit
to apply the image staking method  After that
cdaalogue mainterance shoud be operated by ground
fadlities only. In short, space-basedsersors are used
only for initial guess. The LEO to LEO observation

geometry is suitable to deted small delris dark erough
to being faint from ground however observation
cgpahblity of space-basedsensors is sensitive to relative
position and velocity in such short rarge observation
condition. This condition shoud be considered first to
redize the misson therefore this paper mainly discuss
phasel as &first stepto design whole geametry.

2.1 Orbit Design of Space-based Sensors

Space-based sensors are assumed as optical devices
because of smaller scde, less power consumption and
higher resdution in angles in comparison to radars.
Assumed optics requires Sun asa light source ard this
requirement indicates that space-basedsersors shoud
be located nea SSO because such orbits provide almost
stead/ optical environment between satdlites ard
objeds. And here, satellite lifetime is asaimed asfour
yeas. This lifetime assumption affeds orbital plane
desiqn.
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Figure 2. Objects distribution as a function of altitude
and inclination and observable region for sweeping
mission design

Fig. 2 descibessmall (5 to 10 cm) objeds distribution
around SO as of 1st/January/2009. Horizontal axs is
assimed altitude represetied ash = a — Rg, Vvertical
axis is inclination. The referernce delris environment in
Fig. 2 is composed of adual tracking data, hypaheticd
data from historical bre&kup evens and estmated
ernvironment baséine as of 1/Jan/2002 Objeds’ size
information is not included in adual caalogue opened
to the pulic in Two Line Elements (TLE) format.
Therebre, thesesizes are estmated using NASA Size
Estimation Model (SEM) and aply SEM to Radar
Cross Secton (RCS) provided in satellite situation
report [8] [1]. Objeds with no availade RCS value are
asumed as 10 cm in size. Hypathetically gererated
data is based on confirmed on-orbit breskup event
during 2002 to 2008 ard fragments are generated by
NASA standard breskup model 2001 revision [9] [10Q]



[11]. White curved line shows altitude and inclination
relationship of circular SO and it can be seen that nea
SO regon in altitude 800 to 1,000 km is ore of the
most congestedareas. As a first step, target of orbit
design for space-basedsensor is definedas tlis area

Initial RAAN Distribution (2009/Jan./01)
Based on NORAD Catalog, 800+R < alt. < 1000+R_, 98.5 <i < 99.5
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Figure 3. Initial condition of right ascension of the
ascending node of actual catalogued objects in target
area

Fig. 3 shows Right Ascension of the Ascending Node
(RAAN) distribution at initial epoch and its parert
popuation is objeds in the most congested are in Fig. 2,
altitude 800 — 1,000 km and inclination 985 — 995
degees. It shoud be notedthat this RAAN distribution
refers only adual traking caalogue with no size
limitation. Becawse RAAN is relatively sersitive to
perturbations in comparison to other elenents such as
altitude and inclination, at target altitude region and it is
assimed that adual caalogue shoud have the most
redistic RAAN data. Thus resdts shown in Fig. 3
cannat be used for observade obeds number
estimation however, it can apply for observalle objeds
ratio predction under anassaimption that tradked objeds
represens orbital distribution trerd of small objeds.
Fig. 3 indicates that objed congedion in initial RAAN
is locaed around -25 to 5 degees ard there are
approximately 60 % of objeds within the areaerclosed
by altitude 800 — 1,000 km and inclination 985 — 99.5
degees. To erharce observation efficiency, observer
satellite assumedto conduct sweeing observation along
RAAN. Asaumed sweg observation scenario is
follows; 1) put anobserver satellite into altitude 800 km
nea SO with initial RAAN as-25 or 5 degees (initial
RAAN deperds on drift rate condition) 2) swee the
congesedRAAN regon within four yeas.
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Figure 4. Difference of RAAN drift rate between ideal
SSO and objects in congested initial RAAN region

Observer’s orbit desigh basel on the RAAN sweeging
scenario shoud consider RAAN drift rate differerce
between observer ard objects. Fig. 4 summarizes
RAAN drift rate differences between ided SSO objed
ard objeds in congested RAAN areain Fig. 3. It is
concluded that observer in ided SSO is not suitable for
sweegp observation with realistic mission duration
according to this distribution. Becawse if a target with
minimum RAAN drift rate differerce is locaed 30
degees away in RAAN at initial epoch, obsewver in
ided SO requires approximately 1,000 yeas to reach
the target orbital plane. To swee 30 degees width
RAAN region in four yeas, observer satellite shoud
have RAAN drift rate differerce larger than 4.15x10
9rad'sed in magnitude.

2

0n=- 37121;??]2 cos i @]
Eg. 1 represers RAAN drift rate considering J»
perturbation [12]. The altitude and eccantricity of
observer shodd be fixed as 800 km and circular to
maintain observable altitude regon. Therebre the
approach for sweep observation is basedon inclination
adustment.

iops < 98.18 [deg]

or )
99.48 [deg] < iyps

Maximum and minimum drift rate differerce in Fig. 4
and Eq. 1 derive requirement in observer inclination as
shown in Eg. 2. Higher inclination orbital plane has
RAAN drift rate erough faster than nea SSO objeds.
In a similar way, lower inclination orbital plane has
ermpughslower drift rates

Here Field of View (FOV) and sensitivity analysis for
observer shoud be condwcted to evaluate observation



cgpability of space-based sersors.  Optical device
equipped on obsewver satellite is assumed as being
composed of 2k2k cooled CCD ard focd length 135
mm lens. This composition provides12.9°x12.9° FOV.
It is required to evaluate effect of relative position ard
velocity between observer and targets for sensitivity.
Apparert motion furthermore brightness changes with
relative  condition. Target size amd surface
charaderistics also affed brightnes and these are
assimedas 5cm sphere with albedo 0.13[13].

P;,, [count/pixel/sec] 5 lez 3
Incidert phaon count per pixel on CCD has inverse
propational relationship with apparert motion and
relative distance as represeted in Eqg. (3).
Observalhility of a target cen be detemined by
propartional constant threshold value in Eg. (3) based
onasamedoptical device spedfications.
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Figure 5. Observable orbital plane expressed as
inclination difference on relative position plane

Observable objeds’ orbit is expresed as contour of
inclination difference from obsewvatay on relative
pasition plane in Fig. 5. Horizontal axis is parallel to
observer’s velocity vedor and vettical axis is parallel to
observersradal axis. Observer is locaedinx =0,y =
800 [km]. Maximum inclination difference of
observable orbital plane at each point in relaive
paosition plane is described ascontour map.  This result
indicates that travelling diredion and radal diredion
have disadvantages in different plane objeds
observation. Also it is foundthat elevation argle of 53
degee from trawelling diredion shows the most
sersitive resut for higher orbit objeds. The gree
dastedline in Fig. 5 is the derived bestelevation angle
ard two green lines are FOV boundary with assumed
optics. Here FOV boundary for out-of-plane diredion

shoud be considered Objeds with differerce
inclination canna be in a spacebasedsersor’s FOV
toward in-plane diredion when the closest point is
around poar regon even if both orbits have same
RAAN. This problem causesnecessty of wide FOV in
out-of-plane diredion. The out-of-plane diredion angle
is defined as+33° under the requirement not to missthe
closest point of objeds in orbital plane of 1,000 km
altitude and 0.5 degees in inclination differerce
Therebre it is summarized that the observatory shoud
equip six cameraswith 12.9°x12.9° FOV along out-of-
plane direcion. Hereby maximum observable altitude
for inclination differences in FOV is available ard it
enalbles to evaluate observade objeds number.
Observable altitude ard inclination regon for the
obserwver located altitude 800 km ard inclination 98.18
degess is shown in Fig. 2 as an area erclosed by red
line. And that of observer with inclination 99.48
degess is also shown in Fig. 2 as erclosed area by
yellow line. Note that misson objedive is to track
small objeds in LEO therebre; altitude in observabe
regon is limited to 2,000 km. Observable regon
illustratedon Fig. 2 clealy derote superiority of higher
inclination 99.48 degees orbit from a view point of
erclosed objeds number. Number of objeds in yellow
line shown in Fig. 2 is 1,945 and total number of objeds
within same sizeregionin LEO is 9,997. Therebreit is
foundthat potertial observabe objedsratio for observer
locaedin altitude 800 km and inclination 99.48 degees
is approximatey 20 % of LEO small objeds.
Observable objeds number by sweeuing observation
with  four yeas misson duration deaeases
approximately 60 % of potertial observabe objeds
under assimptions in initial RAAN distribution that
tradked objects trend represen that of faint objeds.
And higher inclination observer has fasterRAAN drift
rate than SSO thus observer’s initial RAAN shoud be
locaedin -25°. Thus conclusive number of observalle
objeds within misson duration using singe observer
satellite is estimatedas 1,114 ard this is approximately
10 % of LEO small objeds. Hereby initial gues
cgpahblity from aview paoint of objed numberis found

2.2 Ground Facilities

The last step of phasel in the whole mission geametry
is to provide 1OD resuts to ground fadlities. It is
required to evaluate whether or not 10D resuts are
erough accurate to conduct ground basedobservation.
To evaluate IOD aacuracy in terms of apparernt motion
viewed from ground fadlities, assaimptions in
obsewvataries are required The ground observatay
network is assmed as being composed of three
fadlities; 1) Nyukasa observatay, Japan 2) Kiruna
obsevatay, Sweden 3) NASA Orbital Delris
Obsevatay (NODO), United States

3 COLLABOLATION CAPABILITIES



The idea of cdlaborative observation is basedon an
assaimption that the image stacking methodis applicable
for LEO objeds with predcted apparert motions using
initial orbit estmation reult from space-basedsersors.
To verify the asamption, apparert motions of “true”
ard “estmated’ trajedories is compared The basisof
apparert motion predction is space-basedanges only
IOD with very short arc. Under such harsh conditions
for orbit detemination, classical |IOD algorithm, eg.
Gauwssan method, often makes large eror in estimation
resdts. Here, an algorithm with a limitation in

eccatricity is defined as |IOD method on space-based

semsors.  This limitation is not suitable for objeds with
high eccentricity such as geo trarsfer orbit. However,
aspreviously mentioned, defined observation targetsare
almost circular SSO ard it is assimed that the algorithm
is effedive for the objeds. Collaborative observation
cgoakility evaluation is composed of following steps; 1)
simulate space-basedobservation for the test case delris
2) conduct IOD with nea circular constrained algorithm
for simulated observation reaults 3) compare predicted
apparert motion basedon 10D resuts and true apparert
trajedory. In simulations, delkris and obsewvers
refererce orbit is propagated by high predsion
numerical algorithm and true trajedory is based on
refererceorbit of delxis.

Testcase delris’ principal orbital elements are follows;
a=7378137km, e=0.01, i = 100deg Also, observer
satellite is located in 800 km altitude circular orbit with
inclination 9948 degees according to swee
observation requirement aralysis resut.  Errors in
simulated observation are gereratedrardomly and here,
five times trial simulation is condwted Obsevation
anges ermors are under Gauwssan distribution
assimption with 0.01 degees for 1 . Postion ard
velocity vedors emors for observer satellite are
simulated by uniform distribution within + 30 cm ard
42 cnys. Theseerors are basedon spedfications of
optics, attitude detemination sensors and Global
Positioning System (GPS) receiver for satellites [13]
[14]. To evaluate distribution in reailts caused by
randomly generatederrors, 5 time trials are conducted

Table 1. Orbital elements at observation epoch

alkm] ] i[deg] «[deg] w[deg] f[deg]
True 73952 001 1000 1080 3422 2010
1 72202 0001 9956 1074 1143 6739
73621 0001 9981 1077 1144 6825
77677 0001 1005 1089 1141 7114
71953 0001 9953 1073 1143 67.25
72132 0001 9956 1073 1142 6745

a b wnN

Tab 1 descibes argles only IOD accuracy using
constrained algorithm with eror contained datain very
short arc (14 seconds). This resut indicates that the
IOD algorithm can estimate inclination and right
ascesion of the ascading node within 1 degee
aacuracy, i.e. orbital plane estmation accuracy is less

than 1 degee This is importart resut for apparert
motion predction becawse apparert trajedory is
sersitive to errors in orbital planes. And it is assumed
that errors in semi-major axis mainly affeds to orbital
period if the orbital plane is accurately detemined
Orbital period error appeas on apparert position as
targential diredion difference. This differerce can be
shrunk by shortening the interval time between space-
based IOD amd ground tracking. Ground fadlity
network is assumed to have acgpahility to shorten the
interval.
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Figure 6. Apparent motion viewed from Nyukasa
observatory
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Figure 7. Apparent motion viewed from Kiruna
observatory
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Figure 8. Apparent motion viewed from NODO

Fig. 6, 7 and 8 illustrate simulated first apparert
motions for testcasesard true orbit. Here “first” refers
to first visible pass after space-basedlOD and intervals
of the IOD ard first visible pas®s for ground are;
34,894 seconds (9.7 hous) for Nyukasa obsewvatay,
4,645 seconds (77 minutes) for Kiruna observatay and
3,152 seonds (52 minutes) for NODO. Apparert
trajedories in each groundfacility are differs from true
trajedory espedally teg case number 3 in Nyukasa
obsewvatay has large apparert difference  Apparert
difference of other trajedories in Nyukasaobservatay
are relatively small however, there are disparities in
observation epochs. Mean value of observation epoch
differences between true and test cases in Nyukasa
obsevatay is 1,629 semnds (27 minutes). Orbital
periods of LEO objeds are approximately 90 to 130
minutes therefore the epoch differerce is more than
20 % of periods. With such large epoch differerce it is
hard to idertify and correlate objeds between space-
based|OD and ground observations. Other fadlities
have relatively small differences inapparert trajedories.
Also mean epoch differences are smaller than that of
Nyukasa obsevatay. Both differerces are
approximately aminute. This resut confirms that effed
of tangential errors in estimated orbit is behaves as a
function of time and fadlity network is abe to shrink
the tangential diredion emor. And it seams that
estimatedtrajedories are close to true one except trial 3
in Nyukasaobservatory. However, it is also confirmed
that apparert pasition erors between true and estimated
orbits are ters of degrees in topocentric right ascesion
ard inclination coordinate system. To cover whole of
such differerce, large FOV along estmatedtrajedories
is required The required FOV length along trajedories
is approximatey 40 degees for Kiruna ard
approximately 80 degees for NODO if trial 3 can be
filtered Othewise FOV approximately 150 degees
length along trajedories is required Thesesummaries
indicate possbility of codlaborative observation while
required FOV to cover whole trajedory is quite large.
However further study in large eror even is required
such as occasian probahlity, conditions and recmvery

methodks.

4 CONCLUSION

This paper proposed space-based short ramge
observation for LEO small delris asa part of tracking
cgpahility improvement methods. Whole observation
geametry proposed in this paper consists of the space-
based sersor ard the ground fadlity network. This
collaborative observation geometry enaldes to deted
objeds smaller than 10 cm in LEO furthemrmore to track
them. This paper discussed objed detedion cgpability
of space-basedsensor and feasibility of collaborative
obsewvation. The detedion capahlity was evaluated
using incidert phaon criterion according to optical
device spedfications. Also, observabde conditions in

orbital plare differerce in temrms of inclination were
discussed In association with this inclination
discusdon, this paper found observers inclination
criterion to sweep the congestedregon in initial RAAN.

It is summarized that approximately 10 % of LEO small

objeds are potertially observabe by single satellite
locaed circular, altitude 800 km and nea SSO
inclination in four yeas. This paper also evaluated
initial orbit estmation aacuracy using space-based
observation data. Test case resuts are basedon very
short arc, 14 seaonds, observation and constrained orbit

detemination algorithm. Orbital planes of each case
were estimatedwithin 1 degreeaacuragy. On the other
hard, resdts in semi-major axis had hundeds of km
eror. These fads indicated that estmated apparert
trajedories might be almost overdapped to true one
howewer, there are tangertial diredional erors. The
targential erors shoud increases asa function of time
ard this paper confirmed that ground fadlity network
has a cgpahlity to shorten the targential eror because
the network can shrink observation intevals. The
minimum requirement to apply the image stacking
method is containing true light spot in frames. It is
summarized that 80 degees length along trajedory and
20 degees width in crosstrad diredion FOV is ale to
make true light point insight if anomalous value can be
ignaed Otherwise 150 degees length ard 90 degees
width FOV is required Therefbre this paper concluded
that it is posdble to cover faint trajecdory from ground
fadlities if the 10D resuts from space-basedsersors
ard alarge FOV are availade. This detedion capahility
indicates feasibility of groundbasedtradking operation.
However required FOV for ground observataries is
quite large becawse the FOV is designed to cover whole
trajedory. It shoud be studied minimum or optimal
requirement in the FOV to make mission scenario more
redistic. Theseresults are basedon assumptions such
as image stakking method applicability toward LEO
objeds ard objed detedion feasibility in images from
spac-based sensors.  Apparert motion lineaization
shoud be mainly studied in image stadking method
applicability evaluation.



REFERENCES

1

10.

11

12.

13

USSTRATCOM. Space-Tradk. Online at
https: //mww.space-track.org/ (as d 16 April 2013

. United Nations. (1999. Technical Report on

Space Delxis. United Nations Publication, New
York, p15.

. Christiansen, E. L. & Kerr, J. H. (2001). Ballistic

Limit Equations for Spacecaft Shelding.
International Journal of Impact Engineering. 26,
93104

. Weselius, P. R., Hees, R. v., Jonge, A. R. W. d.,,

Roelfsema, P. R. & Viersen, B. (1993. Space
Delris Observedby IRAS. Adv. Space Res. 13(8),
49-57.

. Gaposchkin, E. M., Brawn, C. v. & Shama, J.

(2000. Space-basedSpace Suveillance with the
Space-basedVisible. Journal of Guidance,
Control and Dynamics, 23(1), 148152

. Boeing. (2010. Space BasedSpace Suveillance

Mission Book Online at
http://www.boeing.com/assetdpdf/defense-
space/space/satellie/MissionBook pdf (as d 16
April 2013).

. Tagawa, M., Haradg, T., Yanagsawa, T.,

Matsumoto, H. & Kitazawa, Y. (2013. Low Earth
Orbit Debris Observation Using Space-based
Optical Sersors. (preseredin 5th Space Debris
Workshop, Tokyo).

. Yanagisawa, T. & Kurosaki, H. (2008. The

Stackng Method: The Technique to Detect Small
Size of GEO Delris ard Asteroids. Japan
Aerospace Exploration Agercy.

. Stckely, C. L., Foster, J. L., Starsbery, E. G,,

Berbrook, J. R. & Juarez, Q. (2006. The NASA
SizeEstimation Model. In Haystack and HAX
Radar Measurements of the Orbital Debris
Environment; 2003, JSG-62815 LyndonB.
Johrson Space Center, National Aeronautics ard
Space Administration. pp20-22

Johrson, N. L., Starsbery, E. G., Whitlock, D. O.,
Abercromby, K. J. & Shoats, D. (2008. History of
Onrorbit SatelliteFragmentations. LyndonB.
Johrson Space Center, National Aeronautics ard
Space Administration.

NASA. (2008. Satellte Bregups During First
Quarter of 2008 In Orbital Debris Quarterly
News, 12(2). The NASA Orbital Debris Program
Office. ppl-2.

Johrson, N. L., Krisko, P. H., Liou, J. -C. & Anz-
Meador, P. D. (2001). NASA'sNew Bre&kup
Model of EVOLVE 4.0. Adv. Space Res., 28(9),
13771384

Vallado, D. A. (2007). Fundamertals of

14.

15.

16.

Astrodyramics and Applicaions, Springer, New
York, US, pp. 851-858.

Mulroorey, M. & Matney, M. (2007). Derivation
and application of a global albedb yielding an
optical brightnessto physical size trarsformation
freeof systematicd errors. In Proceedings of 2007
AMOS Technical Conference, Kihei, HI, pp. 719
728

Axelspace Corp. (2012. StarSersor AxelStar2.
Online at

http: //mww.axel space.com/en/devel oper s/axel star2
-e.html (as d 16 April 2013).

Spacelink Corp. (2011). GPS receiver for small-
satellites IGPS-3. Online at

http: //members.jcom.home.ne.jp/socrate/catalog_|
GPS-3_spacelink.pdf (as d 16 April 2013).



