o') Available online at www.sciencedirect.com
ADVANCES IN

SPACE

RESEARCH
(a COSPAR publication)

Check for

ScienceDirect

ELSEVIER Advances in Space Research 73 (2024) 5696-5713

www.elsevier.com/locate/asr

Data Relay Constellation for high-performance links supply
to future Martian missions

Daniele Barberi Spirito *, Jacopo Prinetto, Andrea Capannolo, Michele Lavagna

Politecnico di Milano - Aerospace Science and Technology Department, Via G. La Masa, 34, Milano 20156, Italy

Received 21 November 2022; received in revised form 23 February 2024; accepted 26 February 2024
Available online 1 March 2024

Abstract

Over the last decade, the scientific interest in Mars drastically increased. The planned growth of the number of robotic missions,
together with the sensors’ increasing data acquisition capabilities and the expected crewed expeditions, entails a significant increase in
data flow between the Martian assets and Earth both in volume and frequency of contact. In particular, crewed missions would lead
to the need for nearly continuous communication with Martian assets. The keystone to avoid the future Martian telecommunication
deadlock resides in specialising assets on specific functionalities through infrastructures. In this regard, the paper proposes a distributed
Mars-based orbiting system servicing as a communication relay for any scientific and technological mission operating on the red planet’s
surface. The paper explores the design of a small satellites Martian constellation to maximise the surface coverage and visibility time with
respect to ground users while reducing the station keeping efforts of the assets. A relatively novel proposed approach is to exploit the so-
called Trans Areostationary Orbits (TASO), which allow low drift of the spacecraft with respect to Mars’ surface, with an improved
orbital stability than the perfectly stationary orbits. The paper aims at extending the available options by exploring trajectories that lever-
age the third body gravitation from the two Martian moons, Phobos and Deimos, to possibly further improve stability, coverage of the
surface, communication datarates, and manoeuvres costs in general. The costs include the operative phase, as well as all the transfers
from Earth to the Martian sphere of influence.As a final contribution, the paper explores the concept of Linked, Autonomous, Inter-
planetary Satellite Orbit Navigation (LIAISON) (Hill, 2007) for the proposed constellation configurations, to verify the possibility of
reconstructing the spacecraft states through relative-only measurements.
© 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction (Edwards et al., 2014; Bell et al., 2014) can support local

missions with relay services. These satellites can guarantee

The number of robotic missions headed to Mars has
drastically increased over the last decade, and crewed expe-
ditions are planned for future space programs. As far as the
interest in Martian scientific missions increases, the amount
of data collected is expected to overcome the state-of-the-
art capabilities of the direct Earth-Mars link. Nowadays,
scientific orbiters in polar low-altitude trajectories
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full coverage of the Martian surface, but with short visibil-
ity windows followed by long communication gaps for
near-equatorial users.

To cope with this problem, a local distributed infras-
tructure can be exploited to guarantee almost continuous
communication for users in the near-equatorial region. Pre-
vious studies have been performed exploiting areostation-
ary orbits (ASO) (Castellini et al., 2010) to increase the
satellites’ coverage and guarantee zero relative drift with
respect to the surface. However, the irregular gravity field
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of Mars generate instability regions on the orbit
(Montabone et al., 2020), causing the spacecraft of a con-
stellation on such orbit to drift apart. An alternative to
ASO is represented by the so-called Trans Areostationary
Orbits (TASO), characterized by a slightly higher altitude
(about 600 km above). This causes a secular drift of the
spacecraft with respect to the Martian surface; neverthe-
less, the irregularities of the planet’s gravity field couple
interact with spacecraft motion on such orbit, cancelling
out the average relative drift between them (Parfitt et al.,
2021). The downside of this strategy is a slightly lower
datavolume that can be managed by the constellation,
due to the longer distance from the surface, and the
requirement of a very good initialization to actually nullify
the relative drift. The present work wants to explore alter-
native configurations based on trajectories in the multi-
gravity regimes of Mars and its moons, Phobos and Dei-
mos. Advantages in leveraging the gravity of the moons
are studied in terms of orbital maintenance and stability,
station-keeping costs, as well as coverage and datarate-
datavolume manageable by the constellation. The pro-
posed new strategies are also compared with respect to
the TASO scenario. Finally, the paper analyses a relatively
recent navigation strategy called ”Linked, Autonomous,
Interplanetary Satellite Orbit Navigation” (LiAISON),
based on relative-only measurements, for the proposed
multi-gravity constellation configurations (Hill, 2007;
Barberi Spirito, 2021). Indeed, the asymmetry of the field
experienced in multi-gravity regimes makes the full constel-
lation’s state observable through relative range and range-
measures only, and potentially increases the autonomy of
the systems by lifting the navigation burden from Earth’s
ground segment. The paper is structured as follows.

In Section 2 the mathematical background is given both
for the gravitational models exploited and the transfer opti-
misation tool. In Section 3 the considered of merit are pre-
sented together with the trajectories analysed for the
constellation design. Performances of the different architec-
tures are then reported. In Section 4 the performance of the
proposed constellations are analysed, based on the previ-
ous figures of merit. In Section 5 the possibility of autono-
mous self-calibration with relative measurements only is
assessed, while in Section 6 conclusive remarks are
reported.

2. Background
2.1. Dynamics model

The preliminary design and analysis of the proposed
orbital solutions are carried out through two dynamical
models, namely the Restricted Two-Body Problem (R2BP)
and the Circular Restricted Three-Body Problem (CR3BP).
A third, high-fidelity dynamics model is then employed to
verify the boundedness of the proposed orbits. The three
models are hereafter described.
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R2BP. The formulation of the R2BP foresees a single
massive attractor, with the orbiting object not generating
any gravitational field. The equations of dynamics read

i=vVU (1)
where the () superscript denotes the second derivative in
time, and U is the gravitational potential, described in
the next section.

CR3BP. The CR3BP foresees two massive attractors
describing circular orbits around their centre of mass.
The third body (in this case, the spacecraft) is assumed to
have a considerably lower mass not to interfere with the
natural motion of the massive bodies. With these assump-
tions, the equations of motion (properly made non-
dimensional according to the attractors’ mass, distance
and characteristic time) read:

. . _ 0%
-2y =2
y+2 =9 (2)
Z =

0z

where the right-hand side terms are the spatial derivatives
of a pseudo-potential function %, defined as:

1
U = =
2

4+ + Ui+ U, (3)
with U, and U, being the potential of the two attractors of
the binary system, in the non-dimensional form.

High-fidelity model. The employed high-fidelity model
leverages the data from ephemerides of all the main attrac-
tors of the Solar System, as well as Phobos and Deimos.
The gravity models for the attractors (explained in detail
in the next section) are ‘“‘spherical harmonics” (SH) up to
the 20th degree for Mars, “ellipsoid” (Ell) for Phobos
and Deimos, and “point mass” (PM) for all the other plan-
ets and the Sun. The reference frame is inertial, centred in
the Mars system barycentre, and aligned with ‘“Mars Mean
Equator and IAU vector of J2000”. The acceleration vector
reads:

. SH Ell Ell
r= vlJl(Vlarl + VU;hoz)os + vU(Deillws
+ (VU;PM - vIjjl)~1>v{3aryceentre) (4)

j€Planets Sun
j#Mars

where the last subtracted term is the gravity effect of the
other celestial bodies on Mars system’s barycentre moving
around the Sun.

2.2. Gravitational models

Point mass gravity. When the dynamics is described
through point mass attractors, the potential reads:
Gm

U=-—"—
.

(5)

with G being the gravitational constant, m is the attractor’s
mass, and r is the second mass’ distance from the main
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attractor. In the case of the non-dimensional expression for
the CR3BP (used in Eq. 3), Eq. 5 takes the following forms
for the first and second attractor respectively

- 1-
U, =—*

(6)

7. K
U2fr2 (7)

r

where 7| and r, are the relative distances of the third body
from the two attractors, and p is the system mass fraction,
defined as:
my
-2 8
n= (8)
Ellipsoid gravity. In the case of an ellipsoidal attractor
(this model will be used for the gravity generated by the
moons of Mars), the formula derived by MacMillan
(Andrews, 1930) can be used, i.e.:
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Here, a,b,c are the three semi-axes of the ellipsoid in
decreasing length order, p is the mean density of the body,
F,E are the Legendre’s elliptic integrals of first and second
kind respectively, and w,. and k satisfy the conditions in Eq.
10 and 11.

. a’ — c?

SIH(COK) = m (10)
2 2

, a —b

K=g—a (11)

Spherical harmonics. Given the importance (for the cases
under study) of the spherical harmonics generated by
Mars’ shape, the gravitational potential is expressed
through Eq. 12.

U= Gm{l+ZZ( ) Cjjcos(ji) + Sysin(jA)] ,,(cos(@))}

i=2 j=0

(12)

A and 0 are the attractor’s longitude and co-latitude respec-
tively, Ry a reference radius (typically the average equato-
rial radius), P;(x) are Associated Legendre Polynomials
(Belousov, 2014), while C; and S;; are the normalised
Stokes coefficients, computed as:

2-380; ) (i—j)! A\ .
—Sz,ﬁﬁlﬂf 1, (%) P (sin(0) cos(jid)dim

L/ 2I+1 1+1 jfm(RO) ;7(sin(0)) sin(jA)dm

3=

(13)
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2.3. The Martian moons

Given the fundamental role of Phobos and Deimos in
the design of the proposed constellation architectures, it
is important to specify the main characteristics of these
celestial objects. Phobos is the closest moon to the Martian
surface, orbiting at approximately 6000km of altitude, far
below the areostationary orbital region, and with a nearly
circular motion around the Red Planet. Also, its orbit is
almost planar with respect to Mars’ equator. This makes
the moon pass above the equatorial region around twice
a Martian day. Its shape can be approximates as the one
of an ellipsoid having the three axes of length
27km,22km and 18km, and tidally locked to mars along
its largest axis. Deimos’ average altitude is close to
20100km, around 3000km above the areostationary orbit,
with an eccentricity and an inclination lower than Phobos’,
which translates to a slow retrograde motion with respect
to the Martian surface. As for Phobos, Deimos can be
approximated as an ellipsoid with axes 15km, 12km, and
11km long. Like Phobos, Deimos is also tidally locked
with respect to Mars. The whole set of Phobos and Deimos
orbital parameters is reported in Table 1.

2.4. Optimisation tool

The design of an efficient constellation deployment
demands a proper selection of optimisation techniques.
To maintain a certain level of realism for the analysis, lim-
ited on-board resources have been taken into account. In
particular, a maximum available thrust-to-weight ratio is
considered for the mission. This suggests the exploitation
of two sequential optimisation steps, hereafter described.

Impulsive trajectory design. The design of the impulsive
trajectories was conducted using a simple but effective
two-body problem with the assumption of patched conics.
Indeed, in this case, it is possible to find closed analytical
solutions that turn the continuous control problem into a
parametric optimisation one (Battin, 1999). To rapidly
and effectively find a near-optimal solution to the resulting
parametric problem, Heuristics algorithms were preferred
(Pearl, 1984), and in particular, a Particle Swarm optimisa-
tion algorithm was implemented (Poli, 2008) (Kennedy and
Eberhart, 1995).

Finite thrust optimisation. For finite burn manoeuvres
(realistic manoeuvres modelled upon a maximum thrust
value and thrust time) Direct Transcription and Colloca-
tion algorithm is used. These optimised manoeuvres are

Table 1
Martian moons’ main orbital parameters in Martian equatorial reference
frame.

Semi-major axis  Eccentricity  Inclination  Orb. Period
[km] [-] [deg] [hr]
Phobos 9376 0.0151 1.093 7.65
Deimos 23463 0.0003 0.930 30.31
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then used to estimate the Gravity Losses (GL), i.e perfor-
mance reductions caused by the non-impulsive nature of
the finite burn. To quantify the effect of the GL on the
overall AV, some relevant trajectories, such as the Mars
Insertion Manoeuvre and the pericentric Earth Escape
manoeuvre, were designed considering a finite I ratio. In
particular, to optimise the trajectories, a Hermite-Simpson
Direct Transcription and collocation algorithm was
adopted (Topputo and Zhang, 2014) (Conway and Paris,
2010) (Prinetto and Lavagna, 2021).

3. Constellation design criteria

In this section, the candidate trajectories for the constel-
lation design are presented together with the figures of merit
that guided the definition of the architectures. Then, the
possible alternatives are analysed and the performances in
terms of AV budgets and data transmission are presented.

3.1. Figures of merit

The figures of merit that drove the selection of the archi-
tecture are reported and explained in this section. The
parameters are selected to take into account both the per-
formances of the constellation, in terms of service provided
to the user (i.e. telecommunication coverage and data
transmission), and the costs of insertion and maintenance
of the desired trajectories. Hence, the parameters evaluated
during the study are:

o Station keeping budget: intended as the AV budget
required to maintain the operative trajectories for a mis-
sion operative lifetime of 6 years. It sizes the propellant
mass of the satellites and shall be minimised.

Transfer budget: the AV budget required to achieve the
target orbit starting from an Earth-bounded trajectory
dependent on the selected scenario, as further explained
in Section 4.2.

Temporal Coverage: the visibility time per day between a
user on the Martian surface in the near-equatorial
region and one of the constellation satellites.
Data-rate: influences the velocity of the connection.
Hence, a higher data-rate can guarantee the transmission
of the desired amount of data with a lower visibility time.
Data-volume: the amount of data transmitted from the
user to the constellation satellites is an output of the
achieved coverage and data-rate. This parameter is cru-
cial for the architecture definition since it influences the
total amount of information that can be extracted from
surface users in the given amount of time.

3.2. Orbit types

The candidate architectures are defined as a combina-
tion of significant trajectories with periodic visibility prop-
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erties with respect to the Martian surface, presented in the
following paragraphs.

Trans-Areostationary Orbits (TASO). The nominal
TASO is a circular orbit, having a semi-major axis of
21000 km, slightly above the arcostationary orbits
(Spirito et al., 2021; Montabone et al., 2020). Such trajec-
tory, although not stationary with respect to Mars’s surface
(15° drift per Martian sidereal day), ensures a higher stabil-
ity degree than the synchronous orbit. The relative drift
between satellites placed nearby such orbit can be min-
imised by proper tuning of the initial altitude of each ele-
ment of the constellation, leveraging the spherical
harmonics of Mars’ gravity. Such initial altitude is strongly
dependent on the initial Mars’s surface orientation and,
therefore, needs to be correctly computed once the initial
date of the operational life of the satellite is set. Fig. | (part
a) shwos the relative trajectory of one spacecraf with
respect to the other in the high-fidelity model, when the
constellation is properly initialised. Fig. 1 (part b) shows
instead the time variation of the phase difference. It is
observed that, despite minor oscillations of the “phase dif-
ference” (the angle between the two spacecraft, with Mars
being the vertex), the oscillations are bounded throughout
the whole mission span of 6 years. It is, however, worth
noting that such optimal condition is very sensitive to the
initialisation of the constellation. For example, an error
on the initial altitude of one spacecraft about 100m is suf-
ficient to make it drift apart (if no active control is applied).

Quasi Satellite Orbits (QS0O). QSO are trajectories
hovering around the moon of the binary system (Mars-
Phobos or Mars-Deimos) and are subjected to the attrac-
tion of the two bodies almost equally. The result is a
formation-flying-like trajectory around the moon, which
however is stabilised by the latter, removing the relative
drift that typically arises from formations of non-
attracting objects (such as two artificial satellites). Fig. 2
depicts an example of a QSO in the Mars-Phobos binary
system. The stability of the QSO is verified within some
ranges also in the high-fidelity dynamical model. In partic-
ular, stable QSO around Phobos were found at distances
from the moon between 50 — 100 km, while distance values
between 16 — 56km were identified for QSO around Dei-
mos. Fig. 3 depicts the long term stability of a sample
QSO in the Phobos environment.

Horseshoe Orbits (HS). HS are Keplerian-like orbits
with altitude and period similar to those of the moon of
the system. A satellite placed in such orbit would have a
very slow drift with respect to the moon (depending on
the altitude differences between the two). When approach-
ing the secondary body, a satellite in such orbit naturally
executes a flyby of the moon, changing its semi-major axis
and gaining distance from the moon itself, until the next
encounter. Such low-paced drift may be exploited to min-
imise station-keeping costs for relative phase maintenance
between satellites. Despite the nominal long-term drift, per-
turbations may accelerate such a process, therefore a
proper optimisation would be needed to have the minimum
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Fig. 1. Evolution of the relative motion for one spacecraft on the TASO with respect to a second one. Dynamics propagated in the high-fidelity model.

drift possible, as for the TASO scenario. Fig. 4 depicts an
example of an HS in the Mars-Phobos binary system.

When propagated in the high-fidelity model, the HS
orbits of the Mars-Phobos and Mars-Deimos binary sys-
tems maintain their stability, although the regular motion
depicted in Fig. 4 becomes more complex. The result is a
bounded motion in the annular region of the binary sys-
tem, as depicted in Fig. 5 for a 6 years propagation in
the Mars-Phobos environment. Fig. 6 depicts the detail
of the motion in the annular region. It can be observed that
the spacecraft describes a fairly even oscillatory motions in
the Phobos orbital plane, which however couples with an
out-of-plane oscillation that reduces the overall regularity
of the trajectory. It is however worth noting that while
the in-plane oscillations cover hundreds of kilometres, the
out-of-plane motion will have an amplitude slightly above
one kilometre.

5700

4. Constellation performances analysis

In this section, the possible configurations are presented
in terms of combination of trajectories presented in Sec-
tion 3. Then, the figures of merit are computed for each
configuration and a summary of the configuration perfor-
mances is presented.

4.1. Constellation configurations and performance

Given the orbit types explored in Section 3.2, 3-satellite
constellations are explored in the specific environments of
Phobos, Deimos and in the TASO region, namely:

e Equally spaced (120°) spacecraft along the TASO.
e 1 QSO satellite around Phobos, and 2 HS satellites
equally shifted from Phobos at +120°.
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Fig. 2. Example of a QSO in the Mars-Phobos system with CR3BP
dynamical model.
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Fig. 3. QSO in the high-fidelity environment for a 6 years time span.

e 1 QSO satellite around Deimos, and 2 HS satellites
equally shifted from Deimos at +120°.

These combinations are hereafter evaluated in terms of
cost (transfers, station-keeping, relative phasing) and com-
munication/coverage performance.

4.2. Transfer Strategies

For the trajectory design and optimisation, the patched
conics method was applied. Therefore the trajectory itself is
divided into three different phases:
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Fig. 5. High-fidelity propagation of a HS orbit in the Mars-Phobos binary
system, for a time space of 6 years. Trajectory represented in the Mars-
Phobos rotating frame.

1. Earth Escape: in this phase the spacecraft shall escape
from the Earth’s gravity field, matching the boundary
conditions (mainly C3 and asymptote declination)
required by the interplanetary trajectory. Different
strategies will be considered.
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Fig. 6. Detail of the high-fidelity spacecraft motion on the Mars-Phobos
HS orbit. Trajectory propagated for one year only, and zoomed on its final
part for better visualisation of the motion.

. Interplanetary Trajectory: in this phase the spacecraft
travels from the Earth’s sphere of influence to Mars’
one.

. Mars Capture: in this case the spacecraft shall close the
trajectory around Mars and reach the correct opera-
tional orbit, matching the boundary conditions (mainly
C3 and asymptote declination) required by the income
interplanetary trajectory.

In the following paragraphs all the phases are detailed,
as well as the relevant methodologies adopted.

4.2.1. Interplanetary trajectory

The interplanetary trajectory between Earth and Mars
consists of one Lambert’s arc linking the two bodies,
implying only natural motion in this phase. The position
of the solar system bodies is computed using analytical
ephemerides, valid between 1800 AD and 2050 AD.
Fig. 7 and Fig. 8 show the asymptotic velocity and the
declination of the asymptote for the launch window occur-
ring during 2026. More in detail, the reported solutions are
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the ones with an escape C3 limited to 10’%2 and declination
at the departure limited to 30°. The resulting launch win-
dow ranges from October 19" to November 9”; a wider
launch window is possible if a higher C3 is considered.
Fig. 9 shows the fuel-optimal interplanetary trajectory.

4.2.2. Earth escape

The Earth escape trajectory aims to inject the spacecraft
into the correct hyperbolic trajectory. The main parameters
that characterise the escape hyperbola are the Right Ascen-
sion (RA) and the declination of the asymptote, as well as
the infinite velocity. In particular, the declination of the
asymptote and the infinite velocity are fundamental to
investigate the AV required and consequentially the propel-
lant mass to be embarked, while the RA, together with the
epoch, is useful to determine the Right Ascension of the
Ascending Node (RAAN) of the parking orbit. To match
the 21 days launch window requirement, a C3 of 10";—’;2
and a declination of 30° were considered during the design
of the escape trajectories. To have a wide overview of the
different possible solutions, the following scenarios have
been analysed:

e Direct Hyperbolic Escape

e High Elliptical Orbit (HEO) Departure

e Geostationary Transfer Orbit (GTO) Departure

e GTO Departure with perigee Local Time constraint

e GTO Departure with Moon-Earth Gravity Assist (GA)

The trajectories are computed considering impulsive
manoeuvres only but, to take into account the GL, some
specific trajectories were optimised considering finite
thrust, through a Hermite-Simpson direct transcription
algorithm. After that, three different scenarios arise:

1. Apocentric Manoeuvres: GL are negligible due to the low

velocity of the spacecraft.

Pericentric Manoeuvres with low AV (AV < 100 mls):

GL are negligible due to the small duration of the

manoeuvres.

. Pericentric Manoeuvres with high AV (AV > 100 mls):
15% of the impulsive values.

2.

Direct Hyperbolic Escape. In this strategy, the upper
stage of the launcher shall directly inject the spacecraft into
the escape hyperbola. Table 2 shows the launchable masses
for the mission-relevant European launchers at the
desired C3 = 10";”—22 and declination of 30° (conservative
scenario).

The drawback of this strategy is that, in most cases, a
dedicated launch is required, therefore the cost up to the
launch is larger compared with the other strategies. Even
if in the nominal scenario this strategy doesn’t include
manoeuvres up to the spacecraft, a 30m/s margin is
applied, following the ECSS Margin Philosophy for Mars
Exploration Studies (HRE-XE-ESA, 2017).
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Fig. 7. Departure and arrival asymptotic velocities.

HEO Departure. In this strategy, the launcher injects the
spacecraft in a HEO with Keplerian parameters as in
Table 3, as from Ariane 6 User Manual (Arianespace,
2021). The energy of the resulting orbit is high, and there-
fore the cost of the pericentric manoeuvre to reach the
desired hyperbola is extremely reduced if compared to
lower departure orbits, such as GTOs. Moreover, if the
node of the HEO is correctly aligned with the RA of the
asymptote, the change of plane is also reduced. Table 4
shows the AV breakdown. The strategy depicted in
Fig. 10 includes three burns to reach the correct asymptote.

GTO Departure — Unconstrained Pericenter Local Time.
In this strategy, the spacecraft is injected by the launcher in
a dedicated GTO, whose parameters are taken from Ariane
6 User Manual (Arianespace, 2021) and listed in Table 5. A
scheme of the strategy trajectories is depicted in Fig. 11.
The strategy to escape from this orbit includes three differ-
ent burns with an intermediate highly eccentric orbit. The
higher the semi-major axis of the intermediate orbits, the
lower the departure cost. Anyway, the perturbations for
extremely high elliptic orbits could be not negligible and
some correction manoeuvres shall be necessary. In the pre-
sented solution, an apocenter of approximately 900000 km
is considered for the change of plane manoeuvre. The
worst-case breakdown of the AV necessary to escape from
GTO following this strategy is presented in Table 6.

GTO Departure — Constrained Pericenter Local Time
(midnight). To increase the flexibility of the mission sce-
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nario in case of a ride-share launch, a further constraint
on the Local Time of the pericenter is included. More pre-
cisely, the sun angle of the eccentricity vector is forced to be
12 h (i.e., the Local Time of the pericenter is midnight). In
this scenario, the exact value of the AV strongly depends on
the departure date and the interplanetary Time Of Flight
(TOF). Indeed, the local time of the asymptote is not con-
stant during the 3 weeks launch window. Fig. 12 shows the
AV required as a function of the departure date and the
interplanetary TOF. To guarantee the above-mentioned
launch window of three weeks, it is necessary to size the
system for a AV of 1,71 ’% Table 7 shows the AV break-
down for the worst-case solution that can satisfy the
3 weeks launch window requirement.

GTO Departure - Moon-Earth GA. In this strategy, the
spacecraft is injected by the launcher into a GTO. To
reduce the escape cost, the trajectory takes advantage of
a Moon-Earth GA, ad in (Penzo, 1998). The resulting
AV required for the GTO escape including a GA around
the Moon is between 1.2 km/s and 1.4 km/s, depending
on the RA of the Moon and the one of the asymptote.
Fig. 13 shows the departure trajectory for this strategy.
To perform a safe GA the minimum altitude of the periap-
sis of the hyperbola above the Moon is set equal to 100 km.
Table 8 shows the AV breakdown for a conservative solu-
tion. On the other hand, it is important to underline that
this strategy imposes tight constraints on the operations
due to the necessity to have a correct alignment of the
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Table 2 Table 5
European launcher comparison for direct injection. GTO Keplerian parameters.
Launchers Launchable mass [kg]| Parameter Value
Ariane 62 1800 kg Pericenter altitude 250 km
Ariane 64 5500 kg Apocenter altitude 35786 km
Inclination 6°
RAAN Free (part of the opt.vector)
Table 3 Pericenter arg. 178°
HEO Keplerian parameters. True anomaly Free (part of the opt.vector)
Parameter Value
Pericenter altitude 250 km
Apocenter altitude 900000 km manoeuvre with an aerocapture strategy (Isoletta et al.,
Eljgl;“on . t ff’)th et 2021), saving 940m/s (1.087km/s if GL and margins are
. ree (part o © opt.vee or) applied as in (HRE-XE-ESA, 2017)). For all the scenarios
Pericenter arg. 178

True anomaly Free (part of the opt.vector)

Table 4
HEO Departure strategy AV breakdown for single manoeuvres (worst
case considered).

Man. AV [km/s] Gravity Losses Margin Policy AV [kml/s]
First 0.0086 0% 10 m/s 0.019
Second 0.111 0% 10 m/s 0.121
Third 0.530 15% 5% 0.641
TOT. 0.650 0.781

launcher and Moons planes that could lead to an unaccept-
able increase on the complexity of the mission itself.

4.2.3. Mars Capture

The AV required for the Mars capture manoeuvre
depends on the target orbit. To include a sufficient wide
launch window (21 days) a C3 of 9";’—;2 and a declination
of —10° have been considered for the arrival hyperbola.
Differently from the departure strategy, to reduce the cost
of the Mars capture, a GA is not effective due to the low
masses of the Martian moons. Moreover, due to the alti-
tude of the operational orbits, aerobraking is not conve-
nient. On the other hand, for all of the analysed
strategies, it is possible to substitute the first pericentric

z[km]

a 4Sol Mars Orbit Insertion (MOI) has been considered.
The adopted propulsive system consists of a storable bi-
propellant thruster with 800N of thrust and 320s of specific
impulse. The mass injected in the 4Sol parking orbit is
equal to 1000kg. The AV increases from 940m/s to
989m/s due to GL, that are quantifiable as the 5,1%. To
be conservative with respect to the dry mass changes, a
10% GL is considered in the following scenarios. The same
effect of the GL is adopted for all the pericentric manoeu-
vres, while they are discarded for the apocentric ones, due
to the slow dynamics involved.

TASO. The strategy includes three manoeuvres to get
the correct shape and plane. The AV required depends
on the apocentric altitude of the plane change orbit: the
higher the apocenter, the lower the cost. The AV break-
down considering a 4Sol MOI is reported in Table 9.
Fig. 14 shows the capture trajectory.

Phobos Environment. The strategy is depicted in Fig. 15,
and includes three manoeuvres to get the correct shape and
plane. As for the TASO, the AV required depends on the
period of the plane change orbit: the higher the apocenter,
the lower the cost. The AV breakdown considering a 4Sol
MOI is reported in Table 10.

Deimos environment. The strategy is depicted in Fig. 16,
in the same fashion of the Phobos transfer strategy. The
AV breakdown, always taking as reference a 4Sol MOI,
is reported in Table 11.

--=- Departure Orbit

—First Transfer Orbit
Second Transfer Orbit
Escape Hyperbola

Fig. 10. Example of HEO departure trajectory.
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--=- Departure Orbit

—First Transfer Orbit
Second Transfer Orbit
Escape Hyperbola

<
s 12
E
x10°
Fig. 11. Example of GTO departure trajectory.

Table 6 scenarios, both the costs in terms of Departure and Cap-
AV breakdown for GTO departure strategy - worst case. ture, independent on the selected Earth escape strategy,
Man. DV [km/s] Gravity Losses Margin Policy DV [km/s] are reported_
First 0.734 15% 5% 0.886
Second 0.094 0% 10 m/s 0.099 4.3. Phasing and station-keeping analysis
Third 0.485 15% 5% 0.607
TOT. 1.313 1.592

Once the insertion of the spacecraft into the final oper-
ative orbits is completed, two types of manoeuvres have
to be considered:

4.2.4. AV budgets summary

In Tables 12-14 the costs are summarised for TASO, e Phasing (manoeuvres to correctly distribute the forma-
Phobos and Deimos scenarios respectively. For the three tion around the planet).
2026 Escape deltaV [km/s]
13.4
Dec

Nov 2.8
2
a
@ 2.6
5
 —
@
&
Oct =
2
1.8
Sep 1.6
150 200 250 300 350 400 450

Time of Flight [days]

Fig. 12. GTO escape AV map - constrained Local Time of Pericenter.
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Table 7
AV breakdown for GTO departure strategy - constrained Local Time of
Pericenter.

Advances in Space Research 73 (2024) 56965713

Table 8
AV breakdown for GTO + Moon GA departure strategy - constrained
Local Time of Pericenter.

Man. DV [km/s] Gravity Losses Margin Policy DV [km/s] Man. DV [km/s] Gravity Losses Margin Policy DV [km/s]
First 0.769 15% 5% 0.928 First 0.787 15% 5% 0.950
Second 0.015 0% 10 m/s 0.025 Second 0.0 0% 10 m/s 0.01
Third 0.928 15% 5% 1.121 Third 0.624 15% 5% 0.754
TOT. 1.71 2.074 TOT. 1.41 1.714
e Station-Keeping (manoeuvres to correct perturbations’ Table 9
effects and keep all spacecraft around their nominal AV breakdown for TASO capture scenario.
position). Man. DV [km/s]  Gravity Losses  Margin Policy DV [km/s]
First 0.940 10% 5% 1.087
Phasing. In this study, we assume that the three space- Second 0.219 0% 5% 0.230
craft of the formation are injected together in the final ~ Third 0.408 10% 5% 0.472
TOT. 1.567 1.789

operative region. Also, we assume that the location when
the injection happens is already the final operative point
for one of the three spacecraft. This implies that only two
elements of the formation will need to perform phasing
manoeuvres, to reach their respective operative points. In
the TASO constellation case, the spacecraft share the same
orbit, so the choice of the satellite that will be correctly ini-
tialised from the beginning is irrelevant. Concerning the
QSO + HS constellations, we assume that the spacecraft
orbiting on the QSO will always be the one correctly
located from the beginning of the operative phase, and that
the other two satellites will need the phasing manoeuvre to
move to their respective points on the HS. This is justified
by a minimised propellant need from the QSO-orbiting
spacecraft, and an even distribution of propellant between
the remaining two spacecraft. The present study employs a
preliminary Keplerian approximation for its cost evalua-

Capture Hyperbola
— Insertion Orbit
Transfer Orbit
--=- Operational Orbit

z[km]

yhnl TN
2 8 )

Fig. 14. TASO capture trajectory.

GTO departure including Moon GA - C3 = 10km?/s? - declination 35°

x10°

--—GTO
—-—-Moon Orbit
—— First transfer Orbit
" |~——Second Transfer Orbit
——- Departure Hyperbola
e //‘{ 4
s
‘//////'/;l x10°
"o
-1
x[km]

Fig. 13. GTO + Moon Gravity Assist escape AV map - constrained Local Time of Pericenter.
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Capture Hyperbola
— Insertion Orbit
Transfer Orbit
---- Operational Orbit
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Fig. 15. Capture in Phobos Environment.

Table 10

AV breakdown for capture in Phobos environment.

Man. DV [km/s] Gravity Losses Margin Policy DV [km/s]
First 0.940 10% 5% 1.087
Second 0.099 0% 10 m/s 0.109
Third 0.751 10% 5% 0.867
TOT. 1.79 2.063

tion. Assuming the initial point to be on a perfectly circular
orbit (with radius equal to the TASO, to Phobos’ orbit, or
to Deimos’ orbit depending on the constellation), an impul-
sive manoeuvre is foreseen to change the energy of the orbit
and introduce some drift. A second impulsive manoeuvre
will inject the spacecraft back to the initial circular orbit
on the desired location. The cost of such manoeuvres is a
function the desired drift and the time available. The
designed constellations require the spacecraft to be at
120° apart, so the only free variable is the drift time.
Fig. 17 depicts the phasing costs for a single spacecraft as

-5000 .

2[km]

-10000 .|
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Table 11
AV breakdown for capture in Deimos environment.
Man. DV [km/s] Gravity Losses Margin Policy DV [km/s]
First 0.940 10% 5% 1.087
Second 0.236 0% 5% 0.248
Third 0.367 10% 5% 0.424
TOT. 1.543 1.759
Table 12
TASO scenario transfer cost summary.
Phase AV [kml/s]

GTO GTO constr + GA HEO Direct
Dep. 1592 2074 1714 0781 0030
Cap. 1780
Tot. 3372 3854 3494 2561 1810
Table 13
Phobos scenario transfer cost summary.
Phase AV [kml/s]

GTO GTO constr + GA HEO Direct
Dep. 1592 2074 1714 0781 0030
Cap. 2063
Tot. 3655 4.137 3.777 2.844 2093
Table 14
Deimos scenario transfer cost summary.
Phase AV [km/s]

GTO GTO constr + GA HEO Direct
Dep. 1592 2074 1714 0781 0030
Cap. 1,759
Tot. 3351 3833 3473 254 1789

x[km]

Fig. 16. Capture in Deimos Environment.
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function of drifting time for the three orbital regimes of
TASO, Phobos, and Deimos.

It can be noticed how the costs increase coherently with
the altitude (at a fixed time of flight), due to the longer path
needed to drift. In this regard, the Phobos constellation
outperforms the others, with costs always lower than
15ms~! in the analysed time range. To balance the initial-
isation times and the costs, a drift of 30 days is here
imposed, leading to a cost of Sms™!,11.2ms™! and
12.6ms~! for the Phobos, TASO, and Deimos constella-
tions respectively.

Station-Keeping. In the TASO constellation case, it was
previously shown that the no-drift condition can be
attained by leveraging the irregular gravity of the red pla-
net. It is therefore safe to state that, given the very small
gravitational effect of Martian moons and the other planets
in the TASO region, this constellation would be virtually
free of station-keeping costs. Concerning the QSO + HS
constellations, few considerations are required about rela-
tive drifts. Despite the good stability properties that both
QSO and HS demonstrated in high-fidelity dynamics, the
latter family is naturally characterised by secular drift that
would disrupt the constellation geometry over time. It is
then necessary to introduce periodic manoeuvres that force
the spacecraft within a specific region of the natural trajec-
tory by altering the natural drift direction (acting as phas-
ing manoeuvres). A preliminary estimation of the costs of
such “drift” control are provided for the nominal HS orbit
in the CR3BP. Each spacecraft on the HS shall be located
at a phase angle (i.e. the angle formed by the HS spacecraft
and the moon, having Mars as vertex) about 120° from the
moon. An angular drift threshold that triggers the station-
keeping manoeuvre is then set. When the threshold is
exceeded, a bi-impulsive transfer is optimised to “‘jump”
from the outer side to the inner side of the HS orbit (or vice
versa), which have an opposite direction of motion. By

40 [
—TASO

——Phobos

Deimos
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Fig. 17. Phasing cost for a single spacecraft as function of drifting time,
for the three constellations analysed. The vertical red dashed line
highlights the costs when a 30-days drifting is selected.
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sequentially jumping from one branch to the other, the
spacecraft will hover around the nominal phase region,
within the set threshold. The optimisation process aims at
minimising the total AV of the two impulses required to
reach the other branch of the HS orbit.

In the Phobos constellation scenario, the distance
between the two orbit branches (in the CR3BP model) is
around is 1km, and the transfer requires 0.11ms~'. Given
the faster motion of satellites with respect to the Martian
surface, drifts up to £10° are acceptable, leading to
approximately one manoeuvre every 4 months. Consider-
ing a mission duration of 6 years both spacecraft on the
HS in the Phobos environment will require approximately
2ms~! for station-keeping. In the Deimos environment,
instead, the orbital speed is comparable with Mars’ rota-
tion, hence a smaller drift of 2° is set. Given the larger dis-
tance between the forward and backward branches of the
orbit (4.7km), and the time of 12 days to reach the maxi-
mum deviation, a set of approximately 90 manoeuvres of
0.14ms~! each is needed, leading to 12.85ms~! per space-
craft on the HS.

Overall, margined costs (following ECSS guidelines
(HRE-XE-ESA, 2017)) of phasing and station-keeping
are reported in Table 15.

It is observed that the Deimos environment represents
the worst option in terms of manoeuvre costs during the
operative life. Also, the TASO configuration appears to
be similar in cost to the Phobos configuration, but such
cost may be subjected to significant increment if constella-
tion initialisation errors are introduced.

4.4. Communication performances

In this section, the performances in terms of communi-
cation capabilities of the constellation are reported with
respect to a test user located at the equator. The choice
of the configuration among the ones presented in the paper
does not significantly influence the Earth-link in terms of
both datarate and visibility, given the fact that the Earth-
Mars distance is much larger than the distance from the
Mars’ surface to the analysed orbits. Hence, only the
satellite-to-ground link is considered as figure of merit for
the configuration’s definition.

To compute the data-rate, the link budget was evaluated
dynamically along the satellites’ trajectories. For the
telecommunication hardware, Elektra-Lite communication
protocols (Edwards, 2003) compatible parameters were
taken into account, according to CCSDS standards. All

Table 15
Margined phasing and station-keeping costs for the proposed
configurations.
Constellation TASO Phobos Deimos
Phasing [m/s] 424 30 452
Station Keep. [m/s] 0 8 51.6
Total [m/s] 42.4 38 96.8
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the data used for the performance evaluation is reported in
Table 16.

In Table 17 the figures of merit for Deimos architecture
are reported, compared to TASO results.

In this analysis, the user is located at the equator. # is
the single communication window duration between the
user and the satellite. ¢ is the visibility time per day, which
corresponds to the sum of the single user-satellite windows’
duration. The visibility gap ¢ is instead the amount of time
between two consecutive visibility windows, in which com-
munication doesn’t take place. The interruption of commu-
nication can be caused by the insufficient £, /N, to achieve
data transmission or by the geometrical occultation when
the satellite elevation angle is lower than the fixed threshold
of 10°. For a satellite located in a QSO or HS orbit in the
Mars-Deimos environment, the visibility window lasts up
to 33h. This is caused by the slow relative drift with respect
to the surface since Deimos orbit’s altitude is close to the
TASO region. On the other hand, this causes a high gap
of 9k between two consecutive visibility windows. Due to
the altitude increase, the data-volume D is reduced with
respect to TASO (204.12 Mb/day versus 259.2 Mb/day
for TASO).

Analogously, Mars-Phobos architecture’s figures of
merit have been computed and are reported in Table 17.
For Phobos configuration, the visibility window duration
ty is reduced to 4 h. Anyway, for Phobos the relative drift
with respect to Mars’s surface is higher, leading to the over-
lapping of two subsequent windows. Hence, continuous
visibility can be achieved for this scenario. This visibility
time and data-rate increase lead to a higher daily data-
volume D with respect to TASO, up to 942 Mb/day.

For clarity, the data-rate behaviour over time for the
Phobos configuration is reported in Fig. 18.

Table 16

Link budget hardware parameters.

Parameter Unit Value

Frequency MHz 400

Tx Power w 4

Tx Antenna Gain dBi -3.15

Tx Losses dB 1

Atmosphere Losses dB 5

Rx Polarization Losses dB 0.8

Rx G/T dBK -25.23

Demodulation Losses dB 1

Modulation Losses dB 0

Minimum Ej, /N, margin dB 3

Table 17

Deimos architectures performances compared to TASO.

Architecture tw tg D
TASO 24 h 0h 259.2 Mb/day
Deimos 33 h 9h 204.12 Mb/day
Phobos 4 h 0h 942 Mb/day
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Note that the overlapping of the windows is dependent
on the achieved data-rate and can lead to a reduced service
when higher latitudes are considered. Indeed, the maxi-
mum data-rate achievable depending on the user latitude
is reported in Fig. 19.

As expected, the maximum data-rate achievable corre-
sponds to the equatorial region and it is higher for the
Mars-Phobos architecture with respect to TASO satellites.
It is also interesting to note that over 35° latitude the values
reached are similar, while the Mars-Phobos architecture
allows reaching higher latitudes (up to 76°) with respect
to TASO satellites (65° maximum).

Equatorial user data-rate
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18 —Horseshoe satellite |
Horseshoe satellite
16 g
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Fig. 18. Data-rate evolution for the Mars-Phobos architecture, consider-
ing an equatorial user.
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Fig. 19. Maximum data-rate of the satellite-user link depending on the
user latitude, for both Phobos and TASO configurations.
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5. Autonomous navigation

Since the satellites in the multi-body regimes constella-
tions follow non-keplerian trajectories, the asymmetry of
the field allows reconstructing their absolute states with rel-
ative measures only (Hill, 2007). For autonomous state cal-
ibration to be possible, at least one of the trajectories
involved shall have an out-of-plane component different
from zero. This can be achieved by exploiting inclined
QSOs, leading to full observability of the system composed
of the three satellites.

In this analysis, a set of QSOs ranging from Okm to
8.34km out-of-plane component Z has been selected. The
trajectories are shown in Fig. 20, while the related observ-
ability index variation is reported in Fig. 21. The observ-
ability index has been computed as the conditioning
number of the Gramian matrix representing the variation
of the state with respect to the relative measure
(Kaufman et al., 2016).

— z = 0.00km
— 7 = 2.08km
z =4.17km
z = 6.25km
— 7 = 8.34km

® Phobos

[wi] z

100 9420

Fig. 20. Inclined QSO trajectories in the Mars-Phobos system.
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\b ® z=8.34km
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Fig. 21. System conditioning number with respect to QSO out-of-plane
component for the analysed configurations.
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As can be seen, the system is numerically observable,
since the conditioning number w is lower than 10'°, and
the observability increases (the conditioning number
decreases) as the out-of-plane component increases. Note
that the case in which all the trajectories are planar is not
reported since the observability index would increase up
to infinity.

The case in which the Z2-component is the maximum con-
sidered and equal to 8.244m, is taken as a reference scenario
to simulate the self-calibration algorithm. The state recon-
struction is performed through a Square Root - Unscented
Kalman Filter (SR-UKF) (Van Der Merwe and Wan,
2001; Barberi Spirito, 2021). Indeed, when dealing with a
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Fig. 22. HS satellite state error and standard deviation over time during
SR-UKF reconstruction. e represents the error with respect to the single
component of the state.
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highly non-linear problem, if the initial estimate is not
accurate enough, the state error covariance matrix can lose
its property of semi-positive definiteness, leading to the
divergence of the filtering scheme. A Square-Root algo-
rithm can mitigate this problem by exploiting a Cholesky
decomposition of the covariance matrix, forcing its
positive-definiteness during the propagation. 100 range
and range-rate measurements were simulated and fed into
the filter in a period of 3.2 non-dimensional time units, cor-
responding to almost 3.5 h. This corresponds to a measure-
ment sample acquired every 139s.
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Fig. 23. QSO satellite state error and standard deviation over time during
SR-UKF reconstruction. e represents the error with respect to the single
component of the state.
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For the method to succeed, the a priori knowledge of the
out-of-plane component shall have an uncertainty lower
than the value of the z-component itself (Hill, 2007).
Hence, the initial standard deviation considered for the
simulation is ¢, = 400m for position and ¢, = 3m/s for
velocity. Results are reported in Fig. 22 for the satellite
in HS and Fig. 23 for the one in QSO, where the error of
the recostruction for all the components of the state are
shown.

The reconstructed state converges to the real one for all
the components except for the z component of the HS
satellite. The final three-sigma accuracy is 63m for position
and 1mm/s for velocity. The out-of-plane component of the
QSO satellite converges too, but with a higher final error of
801m for the position and 0.12m/s for velocity.

6. Conclusion

As reported in Section 4.4, the visibility windows for a
single satellite of the Phobos constellation are shorter with
respect to TASO and longer for Deimos satellites. Anyway,
the Deimos constellation presents a drastic increase in the
non-visibility gap (9 h), while at least one satellite of the
Phobos constellation is always visible at the equator.
Hence, higher data-volume is obtained by Phobos architec-
tures (942 Mb versus 259.2 Mb of TASO) and lower for
Deimos (204.12 Mb).

Depending on the mission constraints (cost, required
data-volume and visibility) Phobos and TASO architec-
tures are both suitable options for a communication con-
stellation, while Deimos architectures showed to be
inconvenient since such a constellation would drastically
reduce the visibility with a low gain on propellant mass.

Moreover, a Phobos architecture has proved to be
observable and capable to reconstruct the absolute state
of the satellites with range and range rate measurements
only, if the QSO satellite is initialised with a non-zero
out-of-plane component. This can be a good starting point
for the definition of an autonomous navigation strategy
that can enlighten the requirements in terms of direct-
Earth tracking of the constellation satellites.

In Section 4.2 the possible transfer strategies between
Earth and the operative orbits of the three configurations
were discussed in detail.

While the direct option is less demanding in terms of
propellant mass, it can be more expensive to have a dedi-
cated launch for the mission. The other strategies increase
the amount of propellant needed for the interplanetary tra-
jectory insertion manoeuvre, but the selection of the launch
can be more flexible: a piggyback solution to another mis-
sion can be less expensive, taking into account that the
platform shall be bigger to host extra propellant for the
additional manoeuvre. For what concerns the Mars Cap-
ture, as expected Phobos orbit is more expensive to reach
due to its lower altitude, while Deimos needs the lower
AV budget. Regarding the phasing and station-keeping
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AV, there is no significant variation between Phobos and
TASO architectures.
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