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Abstract

The management of the Global Navigation Satellite Systems (GNSS) and of the Medium Earth Orbit
(MEO) region as a whole is a subject that cannot be deferred, due to the growing exploitation and launch
rate in that orbital regime. The advent of the European Galileo and the Chinese Beidou constellations
significantly added complexity to the system and call for an adequate global view on the four constellations
presently in operation. The operation procedures, including maintenance and disposal practices, of the
constellations currently deployed were analyzed in order to asses a proper reference simulation scenario.
The complex dynamics of the MEO region with all the geopotential and lunisolar resonances was studied to
better identify the proper end-of-life orbit for every proposed strategy, taking into account and, whenever
possible, exploiting the orbital dynamics in this peculiar region of space. The possibility to exploit low
thrust propulsion or non gravitational perturbations with passive de-orbiting devices (and a combination
of the two) was analyzed, in view of possible applications in the design of the future generations of the
constellations satellites. Several upgrades in the long-term evolution software SDM and DAMAGE were
undertaken to properly handle the constellation simulations in every aspect from constellation maintenance
to orbital dynamics. A thorough approach considering the full time evolving covariance matrix associated
to every object was implemented in SDM to compute the collision risk and associated maneuver rate for
the constellation satellites. Once the software upgrades will be completed, the effectiveness of the different
disposal strategies will be analyzed in terms of residual collision risk and avoidance maneuvers rate. This
work was performed under the ESA/GSP Contract No. 4000107201/12/F /MOS.
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The new generation European navigation system
(Galileo) and the MEO segment of the Chinese
Beidou (Compass) system, are being deployed in
MEO too. Therefore, due to the exploitation and
launch rate in this orbital regime, the management
of the GNSS, and of the MEO region as a whole,
is a subject that cannot be deferred. A new global
view on the four constellations presently in oper-
ation is in order. For this purpose an analysis of
the effectiveness of the disposal practices in the
MEO regime is ongoing under the ESA/GSP Con-
tract No. 4000107201/12/F /MOS. The preliminary
studies performed in this framework are presented
in this paper.

2. Navigation Satellite Systems in MEO

A short description of the current and future
MEO GNSS constellations, along with their opera-
tional and disposal practices, follows.

2.1. GPS

The American Global Positioning System
(NAVSTAR-GPS) consists of a minimum of 24
operational satellites in near circular orbits 20182
km above the Earth. The constellation includes
6 orbital planes separated by 60° at the equator
and the satellites are spaced in orbit so that at
any time a minimum of 4 satellites are in view to
users anywhere in the world. Initially the orbit
inclination was defined to be 63° (Block I), but
early in the program it was changed to 55° to allow
Space Shuttle launches. As of 8 July 2013, 61
GPS spacecraft have been successfully launched,
from Block I and II to Block IIF models, and
31 spacecraft are currently operational, with a
minimum of 5 and a maximum of 6 spacecraft per
orbital plane. In addition, 3-4 old decommissioned
satellites (“residuals”) can be reactivated if needed.
Since 1978, an average of 7 satellites every 4 years
have been placed into orbit. The system became
fully operational in 1994 and a new upgraded
spacecraft model, Block III, should debut in 2014.
The operational GPS satellites have revolution
periods of half a sidereal day (i.e. ~ 718 minutes),
so they complete two orbital revolutions during
one Earth rotation. For this reason they are in a
“deep” (2:1) resonance with the Earth’s rotation,
dominated by the terms Js3 and Jyy of the geopo-
tential [1]. The accumulated perturbation effect
significantly depends on the initial longitude of the

sub-satellite track and this means that satellites
placed in the same orbital plane, but broadly
spaced in the argument of latitude, are subjected
to quite different perturbation effects, requiring one
orbital maneuver per year, per satellite, in order to
maintain the proper separation among them [1]. It
should also be mentioned that the current nominal
inclination of the GPS constellation is close to the
“critical” value of 54.74°, i.e. over one revolution
period the mean motion of a GPS spacecraft in
the potential of an oblate Earth is the same, on
average, as in the potential of a spherical Earth [1].

2.2. GLONASS

The Russian Globalnaya Navigatsionnaya Sput-
nikovaya Sistema or Global Navigation Satellite
System (GLONASS) consists of a minimum of 24
operational satellites, plus 3 on-orbit spares, in near
circular orbits 19130 km above the Earth. The
constellation includes 3 orbital planes equally sep-
arated by 120° at the equator and 8 satellites are
evenly spaced in argument of latitude in each plane.
The orbit inclination is around 65°. As of 8 July
2013, 125 GLONASS spacecraft have been success-
fully launched and 30 are currently active: 24 op-
erational (Uragan-M), 3 spares (Uragan-M), 2 in
maintenance (Uragan-M) and 1 in flight test phase
(Uragan-K1). Since 1982, an average of 4 satellites
per year have been placed into orbit. After the first
deployment in 1995, the full constellation of 24 op-
erational spacecraft was restored only in October
2011. Three spacecraft models have been launched
so far: Uragan (1982), with a design lifetime of 4
years, Uragan-M (2003), with a design lifetime of 7
years, and Uragan-K1 (2011), with a design lifetime
of 10 years. New improved versions will follow in
the second half of the decade, with a design lifetime
of 12 years: Uragan-K2 and Uragan-KM. The op-
erational GLONASS satellites have revolution peri-
ods of about 676 minutes, therefore they complete
17 orbital revolutions during 8 Earth rotations. For
this reason they are in a “shallow” (17:8) resonance
with the Earth’s rotation.

2.3. Galileo

The new European global navigation satellite sys-
tem Galileo will consist of 30 operational satellites,
including 6 spares, in near circular orbits 23222 km
above the Earth. The Walker “delta” pattern con-
stellation will include 3 orbital planes equally sep-
arated by 120° at the equator and 8 operational



satellites plus 2 spares in each plane. The selected
orbit inclination is 56°. Due to station keeping, the
right ascension of the ascending node of the satel-
lites in each plane will be kept within £ 1° with
respect to the reference. The inclination will be
maintained within + 2° of the reference. As of 8
July 2013, after 2 Galileo In-Orbit Validation El-
ement (GIOVE) spacecraft, launched in 2005 and
2008 and now decommissioned, 4 In-Orbit Valida-
tion (IOV) satellites, that will be part of the fi-
nal Galileo configuration, have been launched since
2011, and 22 Full Operational Capability (FOC)
satellites are now on order, with the first due to be
launched in 2014. The expected operational life-
time of the Galileo satellites will exceed 12 years
and the constellation will be completed by the
end of this decade. The operational Galileo satel-
lites have revolution periods of about 845 minutes,
therefore they complete approximately 17 orbital
revolutions during 10 Earth rotations. For this rea-
son they are in a (17:10) resonance with the Earth’s
rotation.

2.4. Beidou

The Chinese navigation satellite system Beidou
(Compass) consists of satellites placed in geosta-
tionary orbits, inclined (55°) geosynchronous or-
bits (IGSO) and near circular 21,528 km medium
Earth orbits. The first phase of the program encom-
passed the creation of a regional system, covering
China and neighboring countries, with 5 GEO, 5
IGSO and 4 MEO satellites. The second phase en-
visages the creation of a global navigation system,
with 5 GEO, 3 IGSO and 27 MEO satellites to be
deployed by 2020. The MEO satellites (Beidou-
M) will be placed in 3 orbital planes separated by
120° at the equator, with 9 satellites in each plane.
The selected orbit inclination is 55°, as for GPS.
As of 8 July 2013, 5 Beidou-M have been success-
fully launched in MEO: the first (M1) carried out
on-orbit tests, while the following 4, launched in
pairs (M3 and M4, M5 and M6), already belong
to the operational model, with a design operational
lifetime of 5 years. The Beidou-M satellites have
revolution periods of about 773 minutes, therefore
they complete approximately 13 orbital revolutions
during 7 Earth rotations. For this reason they are
in a (13:7) resonance with the Earth’s rotation.

3. Constellation Maintenance

3.1. GPS

The design lifetime of the satellites significantly
improved over the years going from 5 years for
Block I up to 15 years for the recent Block III.
The Block ITF spacecraft — 12 in total, of which
3 already in orbit — will remain operational un-
til 2025-2030, while the Block III spacecraft — 32
planned, of which 4 already ordered — should guar-
antee the navigation services up to around 2040. In
all the Block I and II launches, the satellites were
deployed into an elliptical Hohmann transfer orbit
with low perigee, so they were placed in the final
operational nearly circular orbit in MEO through
an apogee maneuver carried out with an integrated
propulsion system with no release of upper stages
around the constellation altitude. The upper stages
were removed quite effectively from the MEO region
of interest by the effects of the perturbations. The
first three Block ITF satellites were instead launched
with Delta-4 and the upper stage was used to de-
ploy them in their final orbit. After mission com-
pletion, each stage was re-orbited several hundred
kilometers above the constellation altitude. This
new mission profile will be adopted for the remain-
ing Block IIF satellites and for the Block III satel-
lites as well. In conclusion, since 1978 an average of
7 satellites every 4 years have been placed into or-
bit. During the last 15 years, characterized only by
constellation maintenance, the launch rate slightly
decreased to 3 satellites every 2 years. In all cases
every launch put into orbit a single satellite. This
launch strategy will continue to be implemented in
the foreseeable future. For the replacement launch
rate, the figures observed during the last 15 years
seem appropriate also for the coming 2-3 decades,
with 1-2 launches/satellites per year.

3.2. GLONASS

All the Uragan satellites, and all the Uragan-M
until 2010, were launched in triplets using the Pro-
ton rocket and the upper stages that injected the
satellites in their final orbit were left in the mid-
dle of the constellation. Following a Proton fail-
ure in 2010 two Uragan-M spacecraft were launched
in 2011 using two Soyuz/Fregat rockets, while an-
other triplet was put into orbit using Proton. A
further Soyuz/Fregat launch, during the same year,
placed in orbit the first Uragan-K1 spacecraft. In



these 2011 launches the upper stages were maneu-
vered to leave the constellation orbit: the mean al-
titude of the 3 Fregat upper stages was raised a few
hundred kilometers above GLONASS, while that
of the Briz-M upper stage of the Proton rocket was
lowered by several hundred kilometers. This new
trend was confirmed by the Soyuz/Fregat launch
of the last Uragan-M spacecraft with the upper
stage again re-orbited nearly 400 km above the con-
stellation. Since 1982, an average of 4 satellites
per year have been placed into orbit. During the
last 15 years, characterized by constellation restora-
tion, the launch rate slightly decreased to 7 satel-
lites every 2 years. In 2013-2015 the launch of 15
GLONASS satellites is planned. Six Uragan-M will
be launched by two Proton rockets, while the other
six will be put into orbit by an equal number of
Soyuz/Fregat. Three launchers of the latter type
will also be used to deploy three Uragan-K satel-
lites. However, if the “stabilization” of the oper-
ational constellation will be successful, the launch
rate is expected to decrease in the future to about
2-3 satellites per year, probably using Soyuz/Fregat
single shots or equivalent new launchers.

3.8. Galileo

All four launches carried out as of 8 July
2013 used the Soyuz/Fregat combination: the
two GIOVE satellites were launched separately,
while the following four Galileo-IOV satellites were
launched in couples. After having deployed the
satellites in their near circular operational orbits in
MEQ, the Fregat stages were re-orbited to disposal
orbits a few hundred kilometers above the constel-
lation altitude and outside the GNSS MEO region.
Following their decommissioning, the same disposal
strategy was adopted for GIOVE-B and, to a lesser
extent, for GIOVE-A. The deployment of the oper-
ational constellation will be obtained by launching
the 22 Galileo-FOC satellites with 5 Soyuz/Fregat
(2 satellites per launch) and 3 Ariane-5ES (4 satel-
lites per launch). The launch rate in this phase will
be close to 4 satellites per year. After the comple-
tion of the constellation, a replacement rate compa-
rable to that of GPS seems reasonable, i.e. about 2
satellites (1 double launch) per year.

3.4. Beidou-M

In the launches carried out in MEO as of 8 July
2013, the satellites were deployed into an elliptical
Hohmann transfer orbit, so they were placed in the

operational nearly circular orbit in MEO through
an apogee maneuver carried out with an integrated
propulsion system. The perigee of the CZ-3A up-
per stage used to deploy Beidou-M1 had a relatively
high altitude, so the decay of the apogee was not
very fast, even though it is presently about 500 km
lower than the constellation altitude. The mission
profile of the following double launches with the
CZ-3B rocket was basically the same, but with a
much lower transfer orbit perigee height, leading to
a quite fast decline of the upper stages apogee. This
approach will be probably confirmed in the future.
Taking into account the requirement to complete
the constellation by 2020 and the relatively short
design lifetime of the satellites, 2-3 double CZ-3B
launches per year should be expected until the end
of the decade, during the deployment phase, and
a similar launch rate would be needed to maintain
the constellation fully operational in the following
years. Only when new spacecraft models with a sig-
nificantly higher design lifetime will become avail-
able, the replacement rate will be free to converge
towards the GPS value.

4. Disposal Practices

Following the finding that the disposal orbits
used by the GNSS satellites in MEO are potentially
unstable [2], several studies were carried out to in-
vestigate the initial conditions leading to instabil-
ity, i.e. a significant increase of eccentricity in a few
decades, due to resonance conditions from the com-
bined gravitational interaction of geopotential har-
monics, Moon and Sun [3] [4] [5] [6]. It was found,
for example, that the disposal strategy initially rec-
ommended for the GPS satellites was not able, in
general, to prevent the long-term crossing of the al-
titude shells used by the operational spacecraft of
other GNSS constellations in MEQ, including GPS.
Solutions were proposed in order to delay the pen-
etration of the GNSS altitude shells through the
minimization of the long-term eccentricity growth
[5] [7] [8] [9]- As it strongly depends on the ini-
tial elements of the disposal orbit, the solutions dis-
cussed focused on the most appropriate choice for
the initial eccentricity (very small) and argument of
perigee, not too expensive from the point of view of
end-of-life propellant consumption. Alternatively,
it was also suggested that high eccentricity growth
strategies might be adopted, leading to a long-term
reduction in the combined constellation and intra-
graveyard collision risks, compared to the minimum



eccentricity growth approach [8] [9]. Several recent
papers addressed the problem of end-of-life disposal
of GNSS spacecraft and the associated collision risk

(e-g-, [9] [10] [11] [12]).

4.1. GPS

As of 8 July 2013, a total of 26 GPS satellites
had been abandoned in orbit. In addition 3 Delta-
4 upper stages used to launch the first three new
Block-IIF spacecraft were present in MEO. All the
previous solid rocket motor upper stages, used with
the Atlas-F and Delta-II launchers, had been placed
in low perigee elliptical Hohmann transfer orbits,
so only 5 of them had an apogee still higher than
17,000 km. Moreover, their number will continue to
decrease in the future: two in 2050 and only one in
2150 [12]. Concerning the 26 GPS satellites aban-
doned in MEQO, apart from NAVSTAR 5, which was
left in the original operational orbit, and NAVS-
TAR 2 and 6, which were maneuvered, respectively,
about 90 and 250 km below, all the other 23 satel-
lites were moved at the end-of-life in higher orbits,
between 220 and 1440 km, on average, above the
nominal operational altitude of 20182 km. How-
ever, no strategy leading to the control of eccen-
tricity growth was implemented, so the abandoned
satellites already cross the GLONASS, GPS and
Beidou-M altitudes, with an object density peak
just below the Beidou-M operational height [12].
The Galileo altitude will be crossed as well in less
than 50 years. Concerning the 3 Delta-4 upper
stages, abandoned in MEO since 2010, they were
re-orbited between 880 and 1030 km above the GPS
constellation nominal altitude, but again no strat-
egy leading to the control of eccentricity growth
was implemented, so the long-term crossing of the
Beidou-M and Galileo operational heights will be
unavoidable [12].

4.2. GLONASS

There were 95 abandoned GLONASS satellites
in orbit, as of 8 July 2013. All were left in the
operational orbit. In addition, 90 rocket bodies
and released tanks associated with the GLONASS
launches were still present in MEO with an apogee
higher than 17,000 km, including 40 Proton upper
stages left in the constellation orbits after space-
craft deployment. Therefore, 135 old satellites and
upper stages were not disposed outside the con-
stellation, but just left there at the end-of-life.

Presently the adopted “non-disposal” strategy obvi-
ously creates a sharp object density peak at the con-
stellation operational altitude, but no other naviga-
tion constellation in MEOQ is crossed by abandoned
GLONASS spacecraft and rocket bodies. This sit-
uation will not change for at least another 50 years.
The crossing of the GPS altitude will need ap-
proximately one century to occur, while only after
around 150 years the Beidou-M and Galileo alti-
tudes will be affected as well [12]. As mentioned in
Sec. 3, in the last launches the upper stages were
raised above the operational orbit. At present it is
not clear if the new disposal strategy will become a
future standard or not and if it will affect the end-
of-life disposal of the satellites as well. Probably
the requirement to appropriately dispose the Fregat
upper stages used to deploy the Galileo satellites
played a role in devising the new mission profile.
Anyway, even though the mean altitudes of the five
upper stages will not change for at least 200 years,
the evolution of the eccentricity will be strongly af-
fected by the initial conditions, with a significant
long-term impact on the apogee and perigee alti-
tudes [13].

4.3. Galileo

For the Galileo satellites and upper stages
launched so far, a disposal strategy aiming at con-
straining the long-term eccentricity growth was im-
plemented, in order to avoid the crossing of the op-
erational altitudes of the navigation constellations
in MEO. However, this low eccentricity growth con-
dition was guaranteed for at least 200 years in
the case of the GIOVE spacecraft and their upper
stages, while for the upper stages used to launch
the Galileo-IOV spacecraft the same condition will
be met for 100 years. In future Soyuz launches, the
injection of the two satellites will occur in a circu-
lar orbit 300 km above the operational constellation
and the Fregat upper stage will be abandoned there.
In the Ariane-5 launches, the injection of the four
satellites will instead occur in a circular orbit 300
km below the constellation, and the ES (Evolution
Storable) upper stage modified for Galileo will be
left in such lower orbit. In both cases, it will not be
possible to accurately target an optimal argument
of perigee, so the goal for the upper stages will be
to obtain an orbit as circular and stable as possible,
with the injection errors (3 o) of 100 km in a and
0.0018 in e for the Soyuz/Fregat and 75 km in a
and 0.0012 in e for the Ariane-5ES [14].



4.4. Beidou-M

It is not clear if the test-bed satellite Beidou-M1
is still functional or not. In any case, it still occupies
the constellation nominal orbit. Concerning the
two CZ-3B upper stages used to put into orbit the
four operational spacecraft, they had been placed
in low perigee elliptical Hohmann transfer orbits,
so their apogee heights are already more than 800
km lower than the GLONASS constellation, i.e. the
lowest of the navigation systems in MEO, and due
to the effects of perturbations, mainly air drag at
the perigee, the apogee altitudes will keep decreas-
ing. For the single CZ-3A upper stage used to in-
ject into orbit Beidou-M1, the relative height of the
perigee prevented a comparably rapid decay of the
apogee, still crossing the GLONASS constellation,
but the expected residual lifetime is /= 10 years [11].
In conclusion, all the Beidou-M upper stages have
been placed so far in elliptic and short lifetime or-
bits. Concerning the satellites, however, the end-
of-life disposal strategy is not yet clear.

5. Dynamics in the MEO Region

In the framework of the ESA/GSP Contract, a
study of the dynamics in the MEO region was per-
formed in order to obtain a map of the resonances
affecting the orbit of the constellations. This shall
help in defining the future disposal strategies, either
to exploit stable orbits for graveyard or to iden-
tify highly unstable orbits for faster re-entry into
the atmosphere. For this purpose, a number of or-
bits representative of the dynamical configurations
that can be found in the MEO and GTO regions
were propagated and compared with numerical ref-
erences and TLE times series.

In most of the cases it is possible to establish that
the variations of the eccentricity depend upon the
initial value of the eccentricity, and mainly of the
kind of variation of the perigee (libration or circu-
lation). Some of the variations are related as well
to the variations induced on the inclination, since
the quantity v/1 — €2 cos remains nearly constant.
A thorough numerical and analytic analysis of the
dynamics related to the coupled variation of these
orbital elements, mainly eccentricity and argument
of perigee, was performed. For a complete analysis
of the problem the reader can see [15]. In Fig. 1, we
show a sample result showing the maximal eccen-
tricity reached when changing the initial values of
the eccentricity and the argument of perigee for a

max

Figure 1: Map of the maximal eccentricity emqs reached
when changing the initial values of the eccentricity ep and
the argument of perigee wg for a GLONASS orbit. The color
bar refers to the value of emqq.

GLONASS spacecraft. It can be noticed the sensi-
tivity of the dynamics to small changes in the value
of the initial w, leading to a large growth in the final
eccentricity in about 200 years for some w. Clearly
this kind of results can be exploited for the optimal
choice of the unstable disposal orbits.

6. De-orbiting with  Non-Gravitational

Forces

A number of innovative options in which de-
orbiting from MEO can be obtained with Low-
Thrust (LT) propulsion or with the exploitation of
solar radiation pressure-augmentation devices were
studied and will be simulated in the future. More-
over, the coupling of these two strategies was inves-
tigated.

6.1. De-orbiting with Low-Thrust Propulsion

The preliminary analysis is based on a continuous
thrust from a circular orbit in the MEO range to a
low Earth orbit with a perigee altitude of 200 km.
The simulation model is based on combination of
averaging with an analytical solution of low-thrust
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motion in non-singular orbital elements including
the effect of solar pressure, Jo and the eclipse pe-
riods encountered during de-orbiting [16]-[19]. A
simple control parametrization is introduced, which
aims at ensuring sufficient flexibility while keeping
the number of degrees of freedom low. This envi-
sions dividing each orbit into 4 sectors: a perigee
thrusting arc, an apogee thrusting arc and two
coasting arcs in between. The first, of amplitude
AL, around the pericenter, is meant ideally to al-
ter apocenter altitude by thrusting in either way
along the tangential direction. Similarly, the second
alters the pericenter altitude by thrusting tangen-
tially around the apoapsis for an arc of amplitude
AL,. The amplitude of the arcs AL, and AL, are
the quantities to be set to define a control profile.
In the following simulations, the de-orbiting with
LT propulsion of a Galileo-class satellite from MEO
is considered. The initial orbit parameters are
semi-major axis of 29600 km, zero eccentricity and
inclination of 55.3° with respect to the equator.
The target condition to be reached to achieve de-
orbiting is a pericenter altitude of 200 km. It is
assumed that, once this condition is achieved, the
residual atmospheric drag will naturally make the
orbit decay until the spacecraft re-enters the atmo-
sphere. Initial spacecraft mass, inclusive of the LT
propulsion system and its propellant, is assumed to
be 1000 kg. The maximum thrust of the propulsion
system is not defined a priori, but it is adjusted
according to the required de-orbiting time. The
engine’s specific impulse is assumed to be 3000 s,
which is typical of state-of-the-art electric propul-
sion systems. The thrusting strategy adopted en-
visions a thrusting arc at apogee with thrust along
the negative tangential direction (i.e., decelerating),
together with a thrusting arc at perigee with thrust
along the positive tangential direction (i.e., acceler-
ating). These have the combined effect of lowering
the perigee, while concurrently raising the apogee,
thereby increasing the orbit’s ellipticity while re-
taining a net decrease of the semi-major axis. Fig-
ure 2 shows the required engine thrust to achieve
de-orbiting in a range of times between 2.5 and 25
years, for different amplitude of the apogee/perigee
thrusting arcs. On can see that, if the thrust is
applied continuously for the full orbit (ochre line),
the engine thrust requirement is around 0.05 N for
the minimum time of 2.5 years and is 0.0025 N for
25 years. The required thrust is within the capabil-
ities of current electric propulsion systems. Note
also that the required thrust decreases exponen-

tially with the de-orbiting time, and thus shows a
linear behaviour if plotted in a logarithmic scale.
On the other hand, thrusting for the full orbit is
somewhat less efficient in terms of propellant con-
sumption, as shown in Fig. 2, since the required
mass, 85 kg, is some 60% higher than the case in
which the thrust is applied just for one sixth of
each revolution (blue line), i.e., 53 kg. On the other
hand, in this latter case, the required thrust is more
than double than the “full orbit” case. In this sense,
there is a trade-off between required thrust and pro-
pellant consumption.

De-orbit analysis: engine thrust vs. de-orbit time.
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Figure 2: De-orbiting analysis for transfer times between 2.5
and 25 years. a) Required engine thrust in logarithmic scale.
b) Propellant consumption.



6.2. De-orbiting with Solar Radiation Pressure

De-orbiting scenarios from MEO exploiting the
effect of Solar Radiation Pressure (SRP) were stud-
ied too. At MEO altitudes, perturbations such
as aerodynamics drag or the electrodynamic drag
force are not exploitable since their effect decreases
rapidly with increasing distance from the Earth.
Past works [20], [21] studied the possibility to ex-
ploit the effect of SRP on high altitude orbits to
naturally increase the orbit eccentricity, so that,
at constant semi-major axis, the orbit perigee can
be decreased to cause the spacecraft to re-enter in
the Earth atmosphere. Future missions in MEO
region could consider increasing the area-to-mass
ratio of the spacecraft with some inflatable or de-
ployable device in order to artificially increase the
effect of solar radiation pressure for a fast increase
of the eccentricity. Note that if an inflatable re-
flective balloon in employed, it does not require
any control after deployment and the de-orbiting
(until re-entry in atmosphere) can be completely
passive. The orbital dynamics model employed is
fully described in [22], for conciseness the equa-
tions will not be reported here. The perturbing ef-
fect of solar radiation pressure (neglecting eclipses)
and the Earth’s oblateness are considered. In three
dimensions the Sun-perigee angle ¢ is defined as
¢ = Q+w—(Asun—7), where  is the right ascension
of the ascending node measured on the equatorial
plane, w is the argument of perigee and Ay, defines
the position of the Sun on the ecliptic with respect
to the vernal equinox. If the effective area-to-mass
ratio of a conventional spacecraft on a circular orbit
can be augmented at the end-of-life above a certain
value (say 1 m?/kg as a reference), the eccentric-
ity of an initially circular orbit can increase by fol-
lowing the natural orbit evolution. In particular,
we can search the minimum effective area-to-mass
ratio such that the maximum eccentricity reached
along the natural evolution equals the critical ec-
centricity ecrit = 1 — (Rg + Pp drag)/a, where R is
the radius of the Earth, a is the semi-major axis of
the orbit and hy grqg is the altitude perigee which
defines a successful re-entry. Once the minimum
perigee altitude is reached through SRP, de-orbiting
is ensured by the presence of aerodynamics drag.
Note that the dynamics model used here does not
include aerodynamic drag and third body pertur-
bations but a successful de-orbiting was defined as
reaching a perigee altitude hj grqq below 200 km. In
a real scenario drag will be dominant below 800 km

and will control the final phase of the de-orbiting
[23].

In the simple SRP-augmented de-orbiting de-
scribed above the effect of solar radiation pressure is
exploited by artificially increasing the area-to-mass
ratio of the spacecraft on an initially circular or-
bit. The requirement in effective area-to-mass ratio
can be defined by computing the minimum effective
area-to-mass ratio which allows the eccentricity to
grow up to the critical value. An alternative strat-
egy modulates the effect of solar radiation pressure
during de-orbiting as a function of the Sun-perigee
angle ¢. The effect of solar radiation pressure is
exploited only when the secular and long-term evo-
lution of the eccentricity is positive, while the area-
to-mass ratio increasing device is de-activated oth-
erwise. In this way, a lower area-to-mass ratio is
required to reach the critical eccentricity, as more
than one cycle in the phase space are allowed. The
number of cycles is strictly fixed by the maximum
time allowed for de-orbiting and determines also the
number of time the area-to-mass ratio increasing
device needs to be activated/deactivated. Such an
effect can be achieved by changing the attitude of
a solar sail with respect to the Sun on an aver-
age of 6 months, or by designing a reflective sur-
face with a pyramidal shape, whose area can be
controlled. If a simple planar solar sail is chosen,
the attitude of the sail must be kept Sun-pointing
during the on-arcs, whereas the normal to the sail
must be kept perpendicular to the Sun-spacecraft
line during the off-arc, so that the effect of SRP
is minimized when this would decrease the eccen-
tricity. This effect is also enhanced by the effect of
eclipses. Figure 3 shows the requirement in terms of
effective area-to-mass ratio for a 5 year de-orbiting
with SRP modulation for a Galileo-like spacecraft
to de-orbiting until 200 km (drag is not consid-
ered here). A coefficient of reflectivity equal to 1
was considered. SRP-modulation allows decreas-
ing the required area-to-mass ratio and the require-
ments for Galileo-like spacecraft are as low as 11.5
m? /kg; also the dependence on the initial condition
in terms of Q and g, is weaker as more cycle in
the phase space are covered.

6.3. De-orbiting with Low-Thrust Propulsion and
Solar Radiation Pressure

The concurrent use of LT propulsion and the SRP

was also analyzed. In this scenario, the spacecraft is

provided with both an electric engine and an area-

to-mass ratio augmentation device. The simulation
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Figure 3: Required effective area-to-mass ratio to de-orbiting
with SRP-modulation [m2/kg|. Mean effective area-to-mass
ratio.

strategy is therefore similar to that adopted in Sec.
6.1 but this time the contribution of SRP is also
added in the propagation. In addition, it is assumed
that the SRP modulation strategy described in Sec.
6.2 is adopted. Figure 4 shows the required thrust
and mass for a spacecraft with an area-to-mass ratio
of 1 m?/kg. The results are plotted against the LT
only case shown in Sec. 6.1.

The results show that the contribution of the
SRP consistently helps in reducing thrust and pro-
pellant requirements. Moreover, the impact of the
SRP contribution increases with the allowed de-
orbiting time. In this sense, while for 2.5 the gains
due to SRP are negligible, for 25 years, the pro-
pellant savings reach around 50% and the thrust is
also more than 50% lower. However, due to opera-
tional constraints, it may be convenient to limit the
low-thrust action to 6 months; afterwards, an area-
to-mass ratio increasing device can be deployed to
continue the de-orbiting through SRP-modulation
only. Figure 5 shows the requirements in terms of
area-to-mass ratio and thrust for a de-orbiting from
Galileo-like orbit down to 200 km in a range of 5
years and 6 months to 15 years and 6 months. Two
strategies of low-thrust and SRP modulation were
investigated:

e 6 months of continuous low-thrust along the
anti-tangential direction, in order to decrease
the energy and spiraling down with a quasi-
circular orbit; then SRP modulation (see Fig.

D§1-orbit analysis: engine thrust vs. de-orbit time. A/m=1m 2/l(g

30° (1/6™ Orbit)

——90° (Half Orbit) | v In

180° (Full Orbit) |

-3

10 N
10
ToF [yrs]
De-orbit analysis: propellant mass vs. de-orbit time. A/m=1m 2/kg
90
—30° (1/6™ Orbit)
8ot = 90° (Half Orbit) |
180° (Full Orbit)
70+
=60~
< i
g 50 Naw g 5 Ty =1
g i S S
40 B
307 Teeg
20 y
0 5 10 15 20 25
ToF [yrs]

Figure 4: De-orbiting analysis for transfer times between 2.5
and 25 years. a) Required engine thrust in logarithmic scale.
B) Propellant consumption. Solid line: LT only. Dashed
line: LT+SRP.

5, panel b).

e 6 months thrusting strategy against the veloc-
ity vector across the apogee and along the ve-
locity vector across the perigee to increase the
eccentricity; then SRP modulation (see Fig. 5,
panel b).

As expected the low-thrust strategy aiming at in-
creasing the eccentricity achieves better results as
can be seen by comparing the top and bottom pan-
els of Fig. 5. Effective area-to-mass ratio around
8 m?/kg are needed for a de-orbiting in 5 years
of SRP modulation, after a 6-months active de-
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This
passive de-orbiting strategy has been shown
to be feasible for small spacecraft. Due to
the exploitation of SRP and drag, this strat-
egy is characterized by uncertainty in the re-
entry point. For this reason it can be applied
to low-mass and low-re-entry survival chances.
It should also be considered that an increased
area-to-mass ratio increases the risk of colli-
sion during the de-orbiting (higher for drag
augmentation), however it shortens the de-
orbiting time and in some cases it makes re-
entry achievable.

SRP augmented de-orbiting (active). SRP
modulation allows decreasing the area-to-mass
ratio requirements but needs a system solution
for multiple deployments.

Low-thrust can provide de-orbiting with rea-
sonable thrust level and mass consumption if
the de-orbiting time is long enough.

Low-thrust + SRP combination allows savings
in engine size and propellant (up to 40-50%).

In the case of de-orbiting of a Galileo-like space-
craft:

e SRP-modulation would require 11-11.5 m? /kg
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Figure 5: Thrust and effective area-to-mass ratio require-
ments for coupled low-thrust and SRP modulation de-
orbiting. a) 6 months of continuous low-thrust along the
anti-tangential direction, then SRP modulation. b) 6 months
thrusting strategy against the velocity vector across the
apogee and along the velocity vector across the perigee, then
SRP modulation.

orbiting with 0.03 N low-thrust. If the thrust level
is increased and the time constraints on the de-
orbiting phase with SRP are relaxed, effective area-
to-mass ratio values around 3-1 m? /kg are enough.
Note, again, that in this simulation the effect of
drag on the de-orbiting was not considered so the
actual requirement in terms of area-to-mass ratio
are lower; this choice was made to ensure a conser-
vative design to other perturbations neglected and
to solar activity and eclipses.

In conclusion, opportunities for de-orbiting cir-
cular MEO spacecraft include:
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(100 x 100 m for 1000 kg) for 5 years. This
strategy would require 5 to 6 cycles of fold-
ing/deploying an area-to-mass ratio increasing
device every ~ 6 months. Allowing a longer de-
orbiting time would decrease the area-to-mass
ratio requirements to 2-2.6 m? /kg (44 x 100 m
for 1000 kg) for 25 years

Low thrust can de-orbit in 5 years with as little
as 16-47 mN thrust and 53-85 kg of propellant;
in 25 years with as little as 3.2-9.3 mN thrust
and 53-85 kg of propellant.

Low thrust+SRP modulation can de-orbiting
in 5 years with as little as 15-43 mN thrust
and 77-48 kg of propellant with 1 m? /kg area-
to-mass ratio; in 25 years with as little as 1.7-
4.7 mN thrust and 28-45 kg of propellant with
1 m2/kg area-to-mass ratio.

6 months low thrust + SRP modulation can de-
orbit in 6 years and 6 months with 0.1 N thrust
and 3.83 m2/kg of effective area-to-mass ratio



increase. For a 1000 kg spacecraft, this corre-
sponds to a 61.9 m? sail if the reflectivity coef-
ficient is equal to 1, but decreases to 46.15 m?
for 1.8 reflectivity coefficient. The de-orbiting
time can be lower, for example 5 years and 6
months with lower thrust level is 0.08 N and
5.60 m?/kg of area-to-mass ratio device. This
corresponds to a 74.85 m? sail if the reflectivity
coefficient is equal to 1, and 55.79 m? for 1.8
reflectivity coefficient on a 1000 kg spacecraft.
Other options may be selected in Fig. 5.

Future work for this analysis can extend to com-
bine the effect of solar radiation pressure with res-
onances of the gravity field; i.e., area-to-mass ratio
increasing devices can be used to passively achieve
a target inclination/eccentricity where resonances
of the full Earth gravity field and third body per-
turbations can be exploited for the final stages of
de-orbiting. Moreover, the present study will be
extended to MEQ elliptical orbits. An analysis of
the increase in collision risk due to the augmented
spacecraft cross section will be done as well.

The SRP can be also exploited to reach graveyard
stable orbits, in this case smaller area-to-mass ratio
would be required.

7. Maneuver Rate Evaluation

One of the final goals of the study will be the eval-
uation of the frequency of the maneuvers required
to avoid collisions or close approaches with space
debris and old spacecraft in the GNSS region. An
approximate preliminary estimation of this value
can be obtained by analyzing the collision risk and
the orbital crossing as obtained by the CUBE algo-
rithm [24]. On the other hand a more refined al-
gorithm, based on [25] and [26] was developed and
implemented. A brief description of the algorithm
follows.

7.1. Probability of Collision

Let us consider two nominal objects of radius R;
and Ro, respectively, and let us assume that at time
t = t., they experience a close approach, being r.,
and v, the corresponding relative position and ve-
locity. Let us also assume that the variables in the
phase space associated with the two bodies follow
a Gaussian distribution. The joint probability den-
sity function in position in the neighborhood of the
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close approach can be thus be defined as [26]

/det(C) 1 :

27‘(‘73/2 exp (*5(1‘ — rca) C’(r — rca)),
(1)

where C' is the normal matrix corresponding to r.,.

The probability of collision is then the volume in-

tegral of p(r), namely

p(r) =

P:/p(r)d:cdydz,
v

where V = 4/37R2 with R, = R1 + Ra.

By introducing the concept of target plane, this
probability can be reduced to a two-dimensional in-
tegral [25]. We recall that the target plane is the
plane containing one of the two bodies, say the tar-
get, and perpendicular to the relative velocity vec-
tor [26]. A collision can be seen as an orbit contain-
ing a point in the target plane inside the circular
cross section A, = mR2.

Moreover, from orbit determination theory we
know that the confidence ellipsoid centered at a
given solution x* € R™ is defined as

{x eR": (x —x")'C(x — x*) < 0%},

where o > 0 is a given parameter. In other words,
the boundaries of the confidence ellipsoid are the
level surfaces of the probability density function.

In our simulations we consider that a well-defined
covariance matrix I'(tg) = C~1(to) is associated
with each body at some initial time t = t¢ in some
reference system. At t.,, we have

F(tca) = (I)(th tca)F(tO)(I)(tO; tca)t;

where ®(tg,t.,) is the state transition matrix asso-
ciated with the nominal object, obtained by prop-
agating the equations of motion together with the
corresponding variational equations from tg to 4.
In our software we implemented the option to
choose among different dynamical systems, namely
the two body problem, the two body problem plus
either the effect due to J, or the atmospheric drag
or both of them. An exponential atmospheric den-
sity model is considered.

To compute C needed by (1), the confidence ellip-
soids corresponding to the uncertainty in position
for the two bodies are propagated up to the same
time and then I'(t.q) = T'1(tcq) + T'2(teq) represents
covariance matrix accounting for the position un-
certainty of both objects.



To compute the probability of collision as an area
integral, the axes of the target plane are defined [27]
as

A~ rca A~ rC(l X VC(I

e = ||I‘ca||, Yoo = ||I‘C,1><Vca||.

The relative position of the two objects at ., the
common covariance matrix and its inverse are pro-
jected onto this plane obtaining rj,, I't, and Cy,
respectively. Then, the probability of collision over
the cross section of radius R, centered at the pre-
dicted closest approach ry, is

o 1 /RC VRZ2—x?
QW\/det(Ftp) —R. J— /Rg—xZ

where Ar =r¢, — r;‘p, being ry, another vector in
the target plane.

1
exp (— EArtC’tp Ar)dydz,

7.2. Maneuver Rate

Once we know the probability of collision for
a couple of objects we compare the value with a
threshold given in input. If the threshold is ex-
ceeded we assume that a maneuver must take place.
In this way we get the maneuver rate for the inves-
tigated time span. Comparing the number of col-
lisions obtained by the CUBE algorithm with the
events for which the maneuver was dictated by the
algorithm described above, we obtain the number of
avoided collisions. The cases were a collision takes
place without the collision avoidance algorithm dic-
tating the maneuver represent the residual collision
rate. The false alarm rate can be computed from
the above quantities either following Foster’s ap-
proach or by taking the differences between the per-
formed maneuvers and the actual collisions.

7.8. Stmulation Procedure

The method described in Sec. 7 was implemented
in a post-processing tool, called posrisk, of our long
term evolution model SDM [28]. A sketch of the
simulation procedure follows. In the final simula-
tion setup the debris population will be a subset
of MASTER 2009, containing objects larger than
5 cm. Every 5 days a snapshot of the debris pop-
ulation is taken and a check whether two objects
belong to the same 10 x 10 x 10 km? cube first,
and within an enlarged cube of 30 x 30 x 30 km? in
a second step, is made (both the time step and the
size of the cube will be optimized in the course of
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the simulation campaign). Whenever this happens
the collision probability between the two objects
is computed with the standard CUBE algorithm.
Moreover, in this case we compute if such objects
have other close approaches at a relative distance
smaller than a user defined distance threshold over
an interval [to — At : ¢y + At] days (with At =1
day as a default value), being ¢y the time of the
snapshot. Whenever this happens, we compute the
corresponding probability of collision, within a col-
lision radius R, given by the sum of the projectile
and target radii. With respect to I'(¢g), we have
considered a diagonal matrix, whose entries are the
square of the uncertainty in position and velocity in
the radial, transversal, out-of- plane (r, t, w) ref-
erence system. These values shall be given in input
by the user according to the SSA system perfor-
mances. The propagation of the orbits is done in
the equatorial reference system, so at each snapshot
each Ty, (tg) is projected first onto this plane.

8. Long-term Simulations

The core of the study will be a set of simula-
tions of the MEO debris environment evolution,
performed either with SDM 4.2 or with DAMAGE,
two well known long-term evolution codes. The
simulations will cover different scenarios that can
schematically summarized as follows:

e Business As Usual, reference scenario: the cur-
rent maintenance and disposal strategies high-
lighted in Sec. 2 will be implemented and ap-
plied.

e Stable orbit targeting: disposal orbits with
properly selected w will be targeted to mini-
mize the long-term growth of the eccentricity.

e Dilution of collision probability: elliptic dis-
posal orbits, applying different de-orbiting ma-
neuvers (with growing AV's) will be explored,
aiming at possibly unstable orbits with the
purpose of reaching atmospheric re-entry.

e Exploitation of non-gravitational perturba-
tions: following the results of Sec. 6, a few
disposal scenario involving drag augmentation
devices will be explored. An analysis of the
associated collision risk will be performed too.

e Collision consequences: a scenario where a
fragmentation takes place in the MEO region



Expected number of collisions

will be explored to highlight the possible long-
term consequences of this event and the corre-
sponding increase in maneuver rate.

In order to simulate the above scenarios the SDM
and DAMAGE software are being adapted to prop-
erly reproduce the complex maintenance and dis-
posal practices described in the paper. As an exam-
ple, the capability to control the RAAN of the con-
stellation planes within a pre-defined window, a re-
fined specific traffic model for constellations build-
ing, the possibility to de-orbit the satellites and up-
per stages in selected disposal orbits are some of the
changes introduced up to now.

Simulation campaigns are ongoing mainly to test
the new software. As an example, Fig. 6 shows the
expected number of collisions (cumulative collision
probability) in the altitude band occupied by the
GNSS constellation, averaged over 25 Monte Carlo
runs of SDM, for three scenarios related to the first
3 cases described in the bullets above. To highlight
the effect of the disposal strategies, only the colli-
sion risk associated with objects resident in MEO
is shown here, that is objects with perigee in LEO
are not considered in this plot. The small num-
ber of MC runs is responsible for the large jumps
in the curves. Anyhow the reduced collision risk
associated with the dilution of collision case is no-
ticeable. Also the de-orbiting in stable, low eccen-
tricity growth, orbits appears favorable in lowering
the overall collision risk in the region. Better statis-
tics in terms of MC runs and more refined scenarios
are currently under study.
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Figure 6: Time evolution of the cumulative collision proba-
bility in the altitude band of the GNSS, for three different
scenarios described in the text
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9. Conclusions and Future Work

A comprehensive study of the disposal strategies
to be adopted for the GNSS constellation is un-
dergoing under an ESA/GSP Contract. The main
focus is on the forthcoming Galileo, but as it is been
stressed several times the whole MEO regime must
be taken into consideration.

An analysis of the historical practices of the
GNSS constellations was performed in order to
properly define the reference scenario for the fu-
ture simulations. The dynamics in the MEO region
is under study to define a map of the resonances in
the region with the aim of finding the best disposal
orbits, either stable or unstable. A number of soft-
ware upgrades were performed and are undergoing
in SDM and DAMAGE to properly simulate the
MEOQO regime and the constellations maintenance
and disposal strategies. Moreover, to properly ana-
lyze the simulation results in terms of orbital cross-
ing and maneuver rate a new part was added to
SDM implementing the Foster’s approach [25] to
compute the collision risk between two objects tak-
ing into account the full, time evolving, covariance
matrix.

The final simulation scenarios are currently under
definition and the full scale simulations will start
soon after the final software review and acceptance.
The long-term evolution results will form the basis
for the collision risk analysis to be performed with
the software described in Sec. 7.
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