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feasibility for Titan exploration.

Satellite constellations allow distributed tasks among multiple spacecraft, reducing mission time and enhancing
objectives. Interest in constellations has increased due to reduced costs in satellite production and launch. A key
step in constellation planning is its design, which determines the orbital distribution of the satellites. In this work,

we apply the 2D Necklace Flower Constellations methodology to explore possible architectures for future mis-

sions around Titan. As a result of strong perturbations in regions near natural satellites and environmental restric-
tions on Titan, proposals for maintaining constellations to enhance data collection and prevent mutual collisions
between the satellites involved are an important aspect to consider. Therefore, the proposed designs incorporate
frozen orbits and repetition ground tracks in an initial dynamical model that includes the effects of the J, and J3 per-
turbations. Analyses using a simplified dynamic model, with a simple mean and a complete dynamic model, employ-
ing the IAS15 integrator from the Rebound package, show that, for the assumed perturbations, the proposed constel-
lation configurations maintain long-term ground-track coverage of the surface of Titan. The performance evaluation
indicates that the methodology provides robust constellation geometries, supporting orbit control and mission
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Introduction

Small satellite constellations have received great inter-
est in recent years. Factors motivating the implementa-
tion of these constellations include cost reductions in
the production and launch of vehicles. As well as the
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advantages associated with the functionalities of the sat-
ellites involved in the constellation. Compared to other
missions, the primary operational objective of constel-
lations is the possibility of distributing different targets
among the vehicles involved, thus improving operations
and possibly minimizing execution time. In addition,
the various vehicles involved can be equipped with tools
for alternative operations. In this way, satellites can be
grouped or redirected to contribute to specific missions
or replace the position of vehicles that may become inop-
erable due to various factors. An important part of plan-
ning constellations is the theory and methodology to be
considered for formation and distribution of the satellites
involved. Several studies have highlighted the challenges
involved in managing the dynamics of multiple vehicles
simultaneously (An et al., 2020; Li et al., 2023; Guo et al.,
2023; Yang & Song, 2025).
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Over the years, many methodologies for possible pro-
jects have been proposed. Among the most well-known
are Walker Constellations and Draim constellations,
which focus on constellation designs involving polar
and circular orbits and highly eccentric elliptical orbits,
respectively. The Flower Constellations Theory was first
introduced by Mortari et al. (2004), serving as the foun-
dation for numerous studies over the years, such as The
Lattice Flower Constellation, Avendano et al. (2013), and
Necklace Flower Constellation, Casanova et al. (2011),
theories stand out, from which the 2D-Lattice Flower
Constellation and 2D-Necklace Flower Constellation
methodologies were developed (Avendarfio et al., 2013;
Arnas et al,, 2018). Other works for 3D and 4D Lattice
Flower Constellation and 3D-Necklace Flower Constella-
tion have also been developed.

In addition to the development of possible designs for
constellations, numerous studies have explored orbital
configurations for spacecraft around planets and their
natural satellites. In this context, studies focusing on
orbits with properties such as trajectory repetition, fro-
zen orbits, spin-orbit resonance, among others, are being
investigated and encouraged (Elipe & Lara, 2003; Tresaco
et al.,, 2016; Formiga & Moraes, 2011). Given that many
of these spacecrafts are intended to operate closer to the
surface of these celestial bodies, scenarios with the pres-
ence of perturbative forces due to the non-uniformity of
the natural satellite’s mass, among others, have been real-
ized and encouraged.

The moons of Saturn are among the most intrigu-
ing celestial bodies in our solar system, each exhibiting
unique characteristics that have attracted significant sci-
entific interest. Research on these moons includes vari-
ous fields, including geology, atmospheric science, and
astrobiology, offering insights into their formation, evolu-
tion, and potential for hosting life.

Titan, Saturn’s largest natural satellite, is notable for its
thick atmosphere and liquid hydrocarbon lakes. Studies
have revealed that Titan’s atmosphere is rich in nitrogen,
with a complex organic chemistry that may provide clues
about prebiotic conditions similar to those on early Earth.
The Cassini-Huygens mission provided extensive data on
Titan’s surface and atmospheric dynamics, leading to the
discovery of rain, rivers, and lakes composed of methane
and ethane. Future missions, such as the Dragonfly mis-
sion, aim to explore Titan’s diverse environments and
their potential for life.

Enceladus has emerged as a key target in the search for
extraterrestrial life due to its active geysers, which eject
water vapor and organic materials from its subsurface
ocean into space. The Cassini spacecraft made significant
discoveries regarding the moon’s plumes, revealing that
they contain salts and organic compounds, suggesting
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a chemically active interior conducive to life. Ongoing
studies aim to analyze the composition of these plumes
and understand the moon’s geophysical processes (Peter
et al., 2024).

Therefore, research on the moons of Saturn has trans-
formed our understanding of these distant worlds, reveal-
ing complex geological processes and environments that
may harbor life. Continued exploration, particularly
through upcoming missions, promises to deepen our
insights into the potential habitability of these fascinating
celestial bodies.

In particular, due to its atmospheric composition, its
active methane cycle, and the constant chemical interac-
tion between its surface and atmosphere, the natural sat-
ellite Titan can be found as a potential target for future
exploration missions (Lunine, 1997; Horst, 2017; Lopes
et al., 2020).

In conjunction with the diversity of interests and moti-
vational aspects in the most diverse areas for the explo-
ration of the natural satellite Titan, see section “Mission
requirements” for more. This natural satellite presents
interesting challenges related to the allocation of space-
craft and, consequently, satellite constellations. Although
it is the largest natural satellite of Saturn, the perturbing
effects of the planet are still an object of investigation,
thus promoting that the orbital planes around this natu-
ral satellite should be present in the regions closest to the
natural satellite and its region of gravitational dominance.
Although in the case of Titan, its gravitational influence
causes this region to be slightly larger than for satellites
with lesser gravitational influences. In addition to these
restrictions, Titan’s gravitational configuration and the
influence of its harmonic perturbations, due to its non-
uniform mass distribution, more strongly in zonal per-
turbations, followed by sectorial ones, make the design
and maintenance of satellite constellations a more com-
plex process (Turtle et al., 2018; Ferreira et al., 2022). The
distance of this natural satellite, as well as the amount of
sunlight received, are also important constraints in the
development of constellations, since systems using solar
energy and information transmission are more challeng-
ing. Thus motivating the implementation of constella-
tions with satellites that are more autonomous and with
high predictability and periodicity in their orbital evolu-
tions. Another interesting factor is Titan’s well-known
atmosphere. For satellites to be placed at a safe orbital
distance, they must be at an altitude of over 1,500 km
to avoid the effects of atmospheric drag (Horst, 2017).
Furthermore, due to its dense atmosphere, composed of
a thick layer of hydrocarbon haze, it is known that this
configuration tends to make it difficult to obtain high-
resolution images due to light scattering and absorp-
tion (Horst, 2017; Riango-Silva et al., 2024; Gopalchetty
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& Coates, 2025). Thus, previous missions and studies
(Barnes et al., 2007; Wye et al., 2007) highlight specific
wavelengths as well as the use of radiometry and other
tools and methods for obtaining and collecting data. In
this context, observations of Titan must be aligned with
atmospheric transmission windows (Barnes et al., 2020).
Similarly as studies of Earth-related satellite navigation
have been seeking proposals to address the challenges
present in the Earth’s atmospheric layers (Li et al., 2020;
Hein, 2020). These aspects are directly related to the
field of satellite navigation, since accurate determination
of orbits, control strategies, distribution, and perfor-
mance evaluation are essential to ensure the viability of
the mission. Thus, the overall objective of this study is to
explore robust constellation architectures for the explo-
ration of Titan using the Flower Constellations meth-
odology. More specifically, this work presents a novel
approach to the design of satellite constellations around
Titan by combining advanced theoretical frameworks
and practical orbital strategies. Specifically, it leverages
the 2D-Necklace Flower Constellation methodology to
systematically arrange multiple satellites while ensur-
ing uniform coverage and efficient phasing. The advan-
tages provided by the 2D-Necklace Flower Constellation
methodology, a model derived from the Necklace Flower
Constellation (Casanova et al., 2011) and the Flower Con-
stellation methodology (Mortari et al., 2004), include the
fact that its structure allows for various design possibili-
ties based on parameters-such as relative phasing, orbital
spacing, and repetition of ground traks, while maintain-
ing symmetry and coverage properties (Casanova et al.,
2014; Arnas et al., 2018). Among the possible models are
classic designs such as Walker and Walker delta (mixed)
constellations (Walker, 1984). Thus, the 2D-Necklace
Flower Constellation methodology is a general frame-
work that inherently encompasses classical designs as
particular cases (Arnas et al., 2017a, b). Because it is not
traditionally limited to Earth-based applications, it thus
offers advantages in terms of generality and adaptability
to specific mission constraints, such as those encoun-
tered in the exploration of Titan.

In addition, the proposed constellations are based on
orbits with repeating ground tracks and frozen orbit
characteristics, which are particularly advantageous for
long-duration missions in perturbed environments such
as Titan’s gravitational field. These choices allow for sus-
tained observational capabilities over specific regions
of interest, reduced station-keeping requirements, and
improved mission resilience. This integrated approach
represents a significant advancement over conventional
constellation architectures and is especially suited to
the unique challenges posed by Titan’s orbital dynamics
and scientific exploration needs. So the constellations
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designed in this paper through the presented methodol-
ogy demonstrates efficiency over other methods, reduc-
ing the needed number of satellites or increaging the
coverage. In general, as a starting point for research on
constellations around natural satellites, we proposed a
study of the natural satellite Titan to investigate theo-
retical orbits assuming simplified dynamic conditions.
Initially, we highlight only the gravitational effects of
Titan and, due to its harmonics, those related to the
asymmetries of its poles. With this approach, we seek to
consolidate the methodology subject to these conditions
and evaluate the dynamics in view of the analysis of the
impact of the satellites present in these constellations.
The aim is to evaluate the performance of the method-
ology and navigation proposed for the satellites under
investigation. Promoting analyses for the improvement of
the methodology and new maintenance proposals. In this
respect, by addressing these issues, this work contributes
to bridging the gap between constellation theory and its
application to planetary satellite navigation. Assessments
of the stability, coverage, and sensitivity to disturbances
of the constellations also motivate potential applications
for future investigations.

Constellation theory

In recent decades, satellite cooperation has become cen-
tral to space missions, especially in telecommunication,
observation, and reconnaissance missions. These mis-
sions use constellations of similar satellites to ensure
continuous or discontinuous coverage. Various constel-
lation designs have appeared, such as Walker Constel-
lations, Streets of Coverage, Draim Constellations, and
Flower Constellations. However, most of these constel-
lation designs make assumptions that limit their direct
application. To overcome some of these limitations, Lat-
tice and Necklace Flower Constellations were introduced
as a generalization of Flower Constellations. In this work,
we focus on the design methodology of 2D Lattice and
Necklace Flower Constellations for different missions to
explore Titan.

In consequence, in this section, we will focus on the
Flower Constellation Theory, the 2D Lattice Flower Con-
stellation, and 2D Necklace Flower Constellation meth-
odologies, which will be the main methodology used
in this investigation. Subsequently, we will present the
motivations and regions of interest in the natural satel-
lite Titan, highlighting the requirements and restrictions
imposed to perform the mission and the planning of the
constellation designs. Next, the criteria and methodolo-
gies used to obtain the orbital elements for constructing
the nominal orbits that will form the constellations will
be presented.
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Flower constellations theory

Initially presented in the works of Mortari et al. (2004).
The theory of Flower Constellations is known for using
knowledge of Number Theory. In general, this design
model has the characteristic that, given a set of satellites,
it generates orbital conditions that allow all the vehi-
cles involved in the dynamics to have the same trajec-
tory, considering a rotating reference system fixed to the
central body. In this way, previous works, Mortari and
Wilkins (2008), highlight that this property is obtained
by determining that the trajectories are generated consid-
ering compatible or resonant orbits concerning the dif-
ferent rotating references that can be adopted and that
share a commensurability between their angular veloci-
ties. The conditions of the Flower Constellation Theory
can be generalized into three general conditions. Initially,
to ensure that the trajectory in the rotating reference sys-
tem is closed and three-dimensional, the commensura-
bility condition in Eq. (1) should be guaranteed.

Npr =N;T,. (1)

The values N, and N, are integers and represent the
number of orbital periods of satellites and the number of
sidereal days it takes to repeat the ground-tracker (Mor-
tari et al.,, 2004). The value N, also represents the num-
ber of petals, which gives the Theory its name. The other
parameters T, and T correspond to the period of revolu-
tion of each satellite and revolution of the central body,
respectively. Concerning the orbital elements, the orbits
that compose the constellation must have the same val-
ues for the orbital elements inclination (I), semi-major
axis (a), argument of the pericenter (w), and eccentricity
(e), and the eccentricity of the orbit is not restricted to
circular cases (Mortari & Wilkins, 2008; Avendaiio et al.,
2013). The distribution of the satellites in this model is
done by distributing the values of the mean anomaly M;;
and the longitude of the ascending node €2;; of each satel-
lite that makes up the constellation based on Mortari and
Wilkins (2008), by Eq. (2), to maintain uniformity in the
distribution considering the various orbital planes.

Np AQU + N, AMj/' =0 (mod 27m). (2)

These conditions are necessary and sufficient for all the
satellites involved in the constellation to have the same
trajectory in the rotating reference system. The expres-
sions for the values of the ascending node longitude and
mean anomaly elements for the Flower Constellations
model are well known and are available in the works of
Mortari and Wilkins (2008).

2D Lattice Flower Constellation.

Derived from the Theory of Flower Constellations
is the design methodology known as 2D Lattice Flower
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Constellation (2D-LFC) (Avendafio et al., 2013; Arnas
et al., 2018) Having nine parameters as its basis, the
2D-LFC maintains the characteristic that all the orbits
that form the constellation have the same nominal val-
ues for the orbital elements inclination (I), eccentricity
(e), semi-major axis (a) and the argument of the pericen-
tre (w). The other orbital elements, the longitude of the
ascending node (2;) and the mean anomaly (M), in
each orbit, are established utilizing the possible combina-
tions generated and arranged in the phase space (2, M)
-space. As stated in the name of the methodology, the
points arranged in the phase space have the appearance
of a network, since the model always seeks to maintain
the characteristics of symmetry and uniformity in the
distributions of the orbits and orbital planes. Therefore,
six parameters considered in 2D-LFC are related to the
shape and distribution of the orbits that compose the
constellation. The other parameters, known as Ng, Njs
and Njq, are related to the configurations of the design,
being the number of orbits, the number of satellites per
orbit and the phasing coefficient of the constellation dis-
tributions, respectively.

Taking into account the knowledge related to number
theory and modular arithmetic, Avendano et al. (2013)
showed that the possible combinations of values for the
longitude of node and the mean anomaly of each satellite
in the constellation can be obtained by considering the
solutions of Eq. (3) in Hermite Normal form. These val-
ues can also be arranged in a phase space (£2, M)-space,
whose distribution of points resembles a lattice, which is
related to the name of the design.

Lo O A i—1

(i) (&)= (7)o
Considering that the indices i and j correspond, respec-
tively, to the orbit to which the satellite belongs and its
position within the orbit, Eq. (3) is valid in the range
1 <i<Ngq and 1 <j < Ny The orbit phasing param-
eter assumes a range of possible values taking into
account the number of orbital planes in the interval
0 < Nyq < (Ng — 1). The quantities AS2;; and AM;; cor-
respond to the variation in the longitude of the ascending
node and the value of the mean anomaly based on an ini-
tial reference satellite with the notation AQ271 and AMj;.

Necklace Flower Constellations Theory

Although the 2D Lattice Flower Constellations model
can be used in various approaches, it is known that it
has some limitations related to the total number of dif-
ferent designs that can be generated. This limitation is
linked to the characteristics that maintain the homo-
geneity and symmetry of the distributions, since in
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the 2D-LFC model the positions generated must all be
occupied by the satellites involved in the constellation.
Therefore, by considering the (2, M)-space as a mesh,
the model guarantees that each node in the mesh must
be occupied by a vehicle.

In terms of the parameters involved in the design,
it is known that the number of orbital planes Ng and
the number of satellites per orbit Ny are fixed by the
design, so the parameter responsible for generating
phasing, and thus different designs, is the parameter
Npyq.

Since this parameter is related to the number of orbital
planes, in order to have more different designs, it is nec-
essary to have a larger number of satellites involved in the
dynamics and/or a larger number of orbital planes (Arnas
et al.,, 2018). Although this condition is favorable when
considering constellations made up of large numbers of
satellites, the model presents restrictions when designing
missions aimed at constellations with small numbers of
vehicles, to maximize the performance of the spacecraft
involved.

In response to this question and with the aim of con-
tributing to research related to constellation design,
Casanova et al. (2014) present a new design methodol-
ogy using a strategy to maximize the number of possible
distinct configurations, based on the Theory of Neck-
laces. Considering an orbit of the constellation, if we
define N, as the total number of fictitious positions on
the orbit and N, as the real number of satellites, where
Niso < N, the model aims to determine the total num-
ber of possible subsets (sub-constellations) within a fic-
titious set (fictitious constellation). When adjusted to a
physical problem associated with orbital dynamics, the
theory of necklaces was restricted to a system with only
two possibilities, where solutions can be obtained moti-
vated by Casanova et al. (2011).

Thus, considering » admissible positions for the satel-
lite, the mathematical notation G = {1,2,...,n} is pre-
sented as the algebraic representation of a necklace, with
the positions occupied by the satellites indicated by the
indices. An important definition related to the theory is
the idea of identical necklaces. If r is taken as an integer,
identical necklaces are those that satisfy Eq. (4). In this
way, identical subsets are those that can be returned
through r rotations.

Gi ~ Gj & G; = Gj +r (mod n). (4)

Related to the uniformity of the distribution of necklaces,
Casanova et al. (2011) presents the concept of symmetry
(Sym(G;)). Defined by Eq. (5), given an initial necklace G,
the integer value of the symmetry is obtained by counting
the minimum number of rotations necessary for the con-
figurations obtained to be identical.
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Sym(G;) = min{l <r<mn:G +r=¢g (mod n)}.

(5)
Considering the previous definitions, the 2D Necklace
Flower Constellations model can be formalized by con-
sidering all the admissible subsets of necklaces and by
incorporating them into the equations that determine
the possible pairs of phase space (€2, M)-space of the 2D
Lattice Flower Constellations model. To do this, assum-
ing N as the number of orbital planes, N, as the phas-
ing coefficient and keeping the parameters N, N5, and
Sym(G) already established, it is possible to compute
all possible subsets of necklaces, as well as to obtain a
new shifting parameter, k, with domain in the interval
1<k< (Sym(g) — 1) determined by Eq. (6), which aims
to determine the set of parameters that define a design
whose relative constellation geometry is invariant with
respect to the orbital plane or the moment of observation
(Arnas et al., 2018).

Sym(g) | kNa - Nc- (6)

Therefore, Eqgs. (7)—(8) contain the expressions that
determine the values of the orbital elements longitude of
the ascending node €2;; and mean anomaly M;; for the 2D
- Necklace Flower Constellation model.

2 .
Q= E(l -1+ Qn, (7)
M= 2 i—1) T NG M
ij = L=y — N 11 8
/ Nfso N}‘so N, ( )
where M is the mean anomaly of
the first satellite of the first orbit and,

y = mod(Gar(j) — 1+ NG — 1), Sym(Gar) ).

After obtaining the pairs (€2, M)-space the other orbital
elements, inclination (/), eccentricity (e), semi-major axis
(a) and the argument of the pericenter (w) can be deter-
mined depending on the criteria chosen for the missions
or the restrictions required for orbit. Following previous
works (Arnas et al,, 2021), to locate satellites from dif-
ferent orbital planes in the same ground-track, must be
fulfilled:

NN, + ANyNg, = NpNp, 9)

where A represents an unknown integer number. For a
deeper understanding of this equation and some applica-
tion cases see Ref. Arnas et al. (2018). In the next section,
some characteristics of the natural satellite Titan, the
target body of this work, will be presented. Some main
points of interest in studying this natural satellite are also
presented, as well as the criteria for future missions to
these regions.
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Design requirements

In this section, two main aspects of the design require-
ments are addressed. On the one hand, mission require-
ments are analyzed, as they determine the specific needs
and constraints based on mission objectives. On the
other hand, the section explores different orbital proper-
ties, such as repeat-groundtrack or frozen orbits, which
play a crucial role in the mission design. These aspects
will be further developed in the following subsections.

Mission requirements

Titan is the largest natural satellite of Saturn and the
second-largest natural satellite in the Solar System. It
is a celestial body full of characteristics that arouse the
interest of researchers from the most diverse fields of
knowledge. Given its similarities to processes that occur
on Earth, this natural satellite is one of the candidates for
future space exploration missions (Lorenz et al., 2018).

Among these characteristics, there is its dense, nitro-
gen-rich atmosphere, with an active methane cycle that
actively and constantly influences the dynamics and
atmospheric composition of the natural satellite (Horst,
2017).

Being the only other body with a thick nitrogen (N2)
atmosphere besides Earth, its atmospheric activities also
influence the climate dynamics of natural satellite since
its chemical composition is responsible for contributing
to a greenhouse effect present on Titan (Horst, 2017). The
atmosphere of Titan is also notable for actively contrib-
uting to the composition and relief of the surface of the
natural satellite. This interaction has a unique character-
istic in our system, as the materials produced by atmos-
pheric chemistry are transported or deposited, through
wind and river processes, in the most diverse regions of
the natural satellite’s surface. This means that the surface
of Titan is constantly changing atmosphere-surface.

Previous work (Lunine, 1997) shows that this integra-
tion affects the formation of the extensive dune fields,
lakes, and seas present on Titan. Research on the natural
satellite, Lopes et al. (2013), also highlights the modifica-
tions to the surface of Titan by various processes such as
cryovolcanism, dissolution, and precipitation, as well as
erosive processes and impact-generated craters. Due to
its distance from the Sun, the natural satellite also has
a complex methane cycle, which plays a role similar to
that of water on Earth. This currently makes Titan one
of the few bodies in the Solar System with stable liquid
on its surface. This cycle is responsible for the formation
of the entire hydrological process present on the natural
satellite.

Given the various motivational points for explor-
ing Titan, the geological map in Fig. 1 was taken from
the work of Lopes et al. (2020). By studying radar and
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infrared data provided by the Cassini mission, they cata-
loged the surface of Titan into 6 main units: hydrologi-
cal regions composed of lakes and seas, in blue; crater
regions, in dark green; dunes, in lilac; or plains, in light
green. And two regions are classified as labyrinth regions,
in pink, and hummocky, in orange.

In general, Lopes et al. (2020) presented that the geo-
logical formations of Titan are mainly distributed lati-
tudinally. Being predominantly composed of plains,
approximately 65% of the total surface area, the plains
present on Titan are found in greater proportion in the
mid-latitude regions and also close to the equator. This
is the region where dune formations are most prevalent.
Due to the strong atmosphere-surface interactions, in
these regions, it is possible to find regions with very simi-
lar organic compositions. Corresponding to the second
largest geological unit on Titan, these dunes are found
in the most equatorial and low-latitude regions, with an
amplitude of no more than 30 degrees. The studies also
classify regions with labyrinthine and hummocky units,
which correspond, respectively, to plateau-like regions
and mountainous regions in isolated terrain.

In contrast to the other regions, the lakes and laby-
rinths present on Titan are more dominant formations
of the polar regions. Its hydric regions correspond to
less than 2% of the surface of the natural satellite. To
the north are most of the lakes and seas, such as Kraken
Mare, Ligeia Mare, and Punga. And to the south by
Ontario Lacus. Composed of several lakes, many works
divide these units into dry and full regions. Several liquid
hydrocarbon structures are found in these lakes (Poggiali
et al., 2024). Given the high activity of the satellite, stud-
ies show that the youngest units are the lakes and dunes.
Crater regions are also found on Titan, although to a
lesser extent.

Because of the characteristics and potential of Titan,
this natural satellite is among the bodies in poten-
tial research aimed at studying the origin of life and
habitability.

In this work, we aim to contribute to the research by
seeking configurations for the constellation of satellites
around Titan. As a criterion required for the forma-
tion, we sought to determine sites of interest that can be
used as reference regions. Figure 1 shows the location of
20 sites of interest on the surface of the natural satellite
Titan.

These sites include regions of lakes and seas, as well
as the main regions of dunes, craters, and Hummocky.
In this paper, we have highlighted subgroups, with
Titan’s major lake and seas regions highlighted in yel-
low, as observation targets for the proposed Constella-
tion Titan I mission. Meanwhile, the Huygens descent
site, the central Xanadu region, and Sinlap are marked
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[01] Huygens Landing (-12.335°, -10.573°) [02] Kraken Mare (-130°, 68°) [03] Ligeia Mare (-68°, 79°) [04] Punga Mare (-159.7°, 85.1°)
[05] Jingpo Lacus (-156°, 73.0°) [06] Mayda Insula (-132.2°, 79.1°) [07] Vid Flumina (-62.5°, 72.9°) [08] Kokytos Flumina (-75.0°, 72.71°)
[09] Ontario Lacus (-3°, -72.0°) [10] Afekan (-20.3°, 25.8°) [11] Hano (14.9°, 40.3°) [12] Ksa (114.6°, 14.0°)

[13] Selk (-19.0°, 7.0°) [14] Soi (39.1°, 24.3°) [15] Sinlap (164.0°, 11.3°) [16] Forseti (169.6°, 25.5°)

[17] Sotra Patera (140.2°, -12.5°) [18] Xanadu (80.0°, -15.0°) [19] Guabonito (29.2°, -10.9°) [20] Shangri-La (15.0°, -10.0°)

Fig. 1 Location of points of interest on the surface of the natural satellite Titan. The yellow points correspond to Constellation Titan |, highlighting
the points with Titan's main lakes and seas. The gray points correspond to Constellation Titan Il, highlighting three more equatorial points of interest.

Geological map taken from Lopes et al. (2020)

Table 1 Values of the harmonic coefficients of Titan, Saturn’s
natural satellite

Harmonic x10~6

) 33.089 + 0.609
J3 —0.179+0.720
Jg —1.077 £1.844
C 10.385 + 0.084

in gray as targets for the proposed Constellation Titan
II mission. The latitude and longitude coordinates of
each point are given in the legend below the geologi-
cal map in Fig. 1. The points selected for Constella-
tion Titan I correspond to regions of the Kraken Mare,
Ligeia Mare, and Punga Mare seas, and the two largest
lakes Jingpo Lacus and Ontario Lacus.

Considering the mass inhomogeneity of the natural
satellite, Table 1 presents the values for some of the
harmonic coefficients used in this work.

Orbital requirements

When planning space missions, one of the important
stages in the design process is planning the orbits that
form the constellation. Given this, the stability of these
orbits must be taken into account in order, among other
things, to minimize costs related to burning fuel and car-
rying out corrective maneuvers (Cornara et al, 2001;
Pontani et al., 2022). These are important aspects because
they aim to keep the constellation design more stable,
thus promoting the performance of the constellation and
its related operations for as long as possible. Given these
aspects, frozen orbits can be one of the strategies used
(Delsate et al., 2010; Ovchinnikov et al., 2024).

Allied to the idea of stability and predictability, orbits
that have the property of promoting multiple crossings
over specific points on the surface of the orbited body
with a certain regularity are also important conditions to
be considered when planning constellations.

Thus, this study aims to determine orbital conditions
characterized by these combined properties. In relation
to the Titan natural satellite, based on previous work
(Lorenz et al., 2008; Lopes et al., 2020), it is known that
several regions of interest on the natural satellite are
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close to polar or equatorial regions. It is known that the
effects due to the non-sphericity of the central body tend
to disturb these orbits. We are looking for conditions that
promote shared trajectories in the relative system and
that are frozen orbits, considering some of these per-
turbations. As an initial model, we consider, more pre-
cisely, the zonal perturbations J» and J3 of Titan, given in
Table 1.

Frozen Orbits Property

Presented by previous works as Lara et al. (1995); Elipe
and Lara (2003); Abad et al. (2009), frozen orbits have the
characteristic of maintaining, through an averaged sys-
tem, some of their orbital elements constant during their
orbital trajectory.

Frozen orbits are designed to maintain a nearly con-
stant altitude relative to specific surface points of the
orbited body. This stability is achieved by carefully select-
ing the orbital parameters, particularly the eccentricity
(e) and the argument of pericenter (@), to minimize long-
term variations. By ensuring that the rates of change of
these parameters remain close to zero on average, frozen
orbits prevent orbital drift, allowing spacecraft to follow
a more stable trajectory without continuous corrections
(Liu et al., 2011).

This favors missions related to observation and map-
ping. In addition, these conditions tend to contribute to
obtaining long-duration orbits because, by keeping the
eccentricity and argument of the pericenter more stable,
they can reduce the effects that lead orbits to become
more eccentric, taking the pericenter of the orbit to
regions internal to the orbited body, thus promoting the
loss of spacecraft by collision (De Almeida Prado, 2003;
Cinelli et al., 2022).

The dynamic model assumed in this work considers
the effects due to the non-uniformity of the mass result-
ing from the zonal harmonics /5 and Js3. Thus, the distur-
bance potential, based on Tresaco et al. (2016, 2018), can
be written in the form:

URY (3]ars} sin®(0) — Jor)
274
_ uR% (5/3Rs} sin(®) — 3JsRrsi sin(0))
2r

Ry, =

(10)
where Rt is the equatorial radius of the natural satellite,
s; =sini, 6 = w + f, and fis the true anomaly.

Considering the potential of Eq. (10), based on Paulo dos
Santos Carvalho et al. (2013), the frozen conditions can be
obtained by reducing the number of degrees of freedom
of the system when eliminating the terms related to the
short-period perturbations of the perturbing potential. To
do this, the movement of the spacecraft must be consid-
ered on an averaged model. In this way, we will analyze the
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general perturbative effects resulting from each period of
the spacecraft around the central body.

Thus, given a perturbation function F, we can define
the average of this function, based on Tresaco et al. (2016)
by Eq.(11), which determines the average over the mean
anomaly:

1 2
(F) / FdM.
0

- (11)

Since the relations between the mean anomaly M, the
true anomaly f, and the eccentric anomaly E are known,
the potential Eq. (10) is averaged over the mean anomaly.
Thus, Eq. (12) is obtained:

_ Jan®R3%(3cos(2i) 4 1)

(Rpy 1) =
o 8(1—e2)*?
. 3eJ3n*R3. sin(i) (5 sin® (i) — 4) sin(w) (12)
8a(e? —1) 5/2 .

Considering the average potential obtained in Eq. (12),
the expressions for the rates of variations of the eccentric-
ity and the argument of the pericenter can be obtained by
introducing the potential into Lagrange’s planetary equa-
tions, Eq. (14) (Vallado, 2001).

de V1—-e29R 1—¢e® dR

Co_Y IR 2Te % (13)
dt na’e 9w  na’e IM

do  V1—e29R cot(i) R (14)
dt ~ nae de  pg2J1—e2 0i

where R = (Ry, ;).

Consequently, the expressions for the rates of variation %
and c(li—‘z’ can be obtained considering the perturbation forces
from coefhicient J; and J3.

de 3R} /msin(i)(5 cos(2i) 4 3) cos(w)

dt 16a%2(1 — e2)* (15)

dt —

dw B;LI/ZRZT((X + B)

da 64619/2(3(1 — 62)3, (16)

where,
o = 8ae (62 — 1)]2(5 cos(2i) + 3),
B = J3RT csc(i) sin(w) ((3562 + 5) cos(4i)

—3¢% — 4 cos(2i) — 1).
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Based on Egs. (15)—(16), the conditions that guarantee
frozen orbits can be obtained by imposing the condition
of Eq. 17 and performing the necessary calculations.

de dw

dt 7 dt 17)
The first equation holds when cosw = 0, that is, for
o = 1 /2 or 3w /2; thus, by replacing these values into the
second equation of Eq. (17), its solution results in a sur-
face parametrized by the orbital elements (g, e, i).

Repeating ground-track property

The repeating ground track is another interesting prop-
erty when it involves orbits for the purpose of allocation
of spacecrafts to missions with various operations. These
orbits are related to the regularity of vehicle overflights
over specific regions of the surface of the body of inter-
est. Some of its main applications are related to studies
on the effects of the non-uniformity of the gravitational
field, atmospheric and climatic effects, as well as remote
sensing, data collection, and data transmission (Circi
et al., 2014; Nadoushan & Assadian, 2015).

In general, this property can be applied to the orbits of
interest by obtaining semi-major axis that maintain the
commensurability relation between the number of orbital
periods of the vehicle, N, and the number of days until
the repeat passage over the region of interest, N;. With
N, and N, being two integer values, T, being the orbital
period of the probe and T being the rotation period of the
orbiting body, in the absence of dissipative forces. The
condition for repeating the trajectory is given by Eq. (18).

N,Tp, = NyT. (18)
Given the definition of the orbital period, we can find an
initial expression to obtain the value of the semi-major
axis of the orbit of spacecraft that maintains the required

property.

TN, \ 23
a = ,U/I/B( d > )

1
2N, (19)

where u is the mass ratio of the natural satellite.

Because of the disturbances involved in the space envi-
ronment, but precisely the disturbances related to the
harmonic coefficients due to the proximity of the orbits
of spacecraft of celestial bodies, the term due to the rate
of change in the longitude of the ascending node has to
be taken into account (Vallado, 2001).

The nodal period, which determines the time between
two node line crossing events, must also be considered in
the commensurability relation. Taking its definition and
the definition of the rotational period of the central body,
the commensurability expression (Wertz, 2002) can be
written in the form of Eq. (20):
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Ny 6-%
N, o+M’

(20)

Where 6 is the angular velocity of the orbiting body
and €, @ and M are the rates of variation of the orbital
elements.

Initially considering only the variations from the per-
turbative effects arising from the zonal harmonic /,
Egs. (15), (21) and (22) determine the expressions for the
rates of variation.

_ 3nfRY cos(i)
2a2(1 —€?)* @)
e e 3/,nR% (3 cos(2i) + 1) o)

8a2(1 — 62)3/2

Through the expressions of variations and taking an ini-
tial estimate for the value of the semi-major axis based on
Eq. (19) and values for the inclination i and eccentricity e
a more refined value, Eq. (23), considering the perturba-
tion Jo, can be found for the semi-major axis of the orbit
that will maintain the property of repeated trajectories.

—2/3

a=p'? %(G—Q)—(d)—i—i\/]h) (23)

d

Having determined the regions of interest on surface of
Titan and defined the necessary orbital requirements,
in order to analyze the dynamics in the regions around
Titan, an investigation into the influence of the perturba-
tive forces coming from Saturn, the natural satellites clos-
est to Titan and due to the non-sphericity of Titan will be
realized.

Dynamical environment

As a first step in analyzing perturbation effects from Sat-
urn and nearby natural satellites (Dione, Rhea, Hyperion,
and Iapetus), it is calculated their gravitational accelera-
tions on a satellite around Titan. Additionally, it is com-
puted the accelerations caused by Titan’s gravitational
force, including its main harmonic coefficients /3, /3, Ja,
and C22.

Analyzing the magnitude of these forces is crucial,
as it helps identify the degree of influence these dis-
turbances have at different altitudes, thereby deter-
mining which should be considered in the proposed
models to derive the elements of the nominal orbits
such as the eccentricity e, argument of the pericenter
w, and semi-major axis 4, define the constellation. The
results obtained are shown in Fig. 2. The analysis was
conducted based on the altitude of a probe’s orbit,
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measured from the center of the satellite, within a
range 1.0 to 30.0 Rritz,, where 1 Rrizsy, corresponds to
the surface of the natural satellite. Additionally, the ver-
tical black dotted line marks the altitude of an equato-
rial and synchronous orbit around Titan. The blue and
red dashed lines indicate the boundary regions where
atmospheric drag affects the natural satellite, repre-
senting altitudes with lower (red) and higher (blue)
atmospheric density (Horst, 2017).

The results show that among Titan’s harmonic distur-
bances, J» and Cyy are the most significant. These terms
dominate over the perturbations caused by other natural
satellites up to approximately 10 Titan radii in altitude.
At higher altitudes, the influence of the natural satellites
gradually increases until it dominates that of the har-
monic terms.

At altitudes above 20 Titan radii, the third-body effect
due to Saturn becomes stronger than Titan’s own gravi-
tational attraction. Consequently, in the case of synchro-
nous orbits around Titan, perturbations from Saturn and
other natural satellites play a dominant role, making their
inclusion in the dynamical model essential for higher
precision.

Besides, depending on the perturbing body’s inclination
or eccentricity, these effects can be magnified, affecting
both short-term and long-term variations and contribut-
ing to the potential loss of the desired formation.

It can be seen in Fig. 3 that, for the altitude interval
between 1.5 Rritz, and 5.0 Rritgy, corresponding to an
altitude from 3,862 km to 12,875 km, the gravitational

1072

10

1078

10"

107

Acceleration (km/s?)

10—17

10—20

0 5 10 15 20 25 30
Altitude (Radiusy,,,)

Titan —— Sun Hyperion Cpn
------ Denser atmosphere Saturn lapetus Jy
—————— Atmosphere —— Dione Jo Js

------ TitanSynchronous —— Rhea

Fig. 2 Acceleration of perturbation forces due to the Sun, Saturn (as
nearby natural satellite), and Titan's harmonic coefficients (J2, J3, J4,
and (yy), considering satellite altitudes up to 30 Titan radii
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force of Titan has the greatest magnitude, followed by
the perturbative effects from Saturn.

Among the harmonic coefficients of Titan, the results
indicate that the zonal coefficient J; has the greatest
influence on the dynamics, followed by the sectorial
coefficient Cyy. That means that the non-uniformity
of Titan’s poles is responsible for greater disturbances
than the irregular shape of its equator. However, the
more equatorial the orbits are, the more strongly they
are influenced by the sectoral perturbation Cyy.

This highlights the fact that, although the polar orbits
are affected by the perturbations, the more equatorial
orbits will tend to be more disturbed by the harmonic
coefficients.

Considering the altitude range up to 3.5 Rrjy it can
be seen that the harmonics /3 and J, have a greater
influence than the other natural satellites. From this
altitude onwards, the contributions from the other nat-
ural satellites become dominant, with Rhea contribut-
ing the most, followed by Dione.

The acceleration promoted by each of the natural
satellites is in the order range between 10713 and 10~ 1!
km/s*. The other harmonic coefficients J3 and J; make
the smallest contributions in terms of acceleration.

After analyzing the perturbations affecting a space-
craft orbiting Titan at different altitudes, the next step
is to design a satellite constellation, taking into account
all the previous analysis.

1072
10°°
% 107
IS ~
< [ o—
c10M ¢ F e
Re] —___———
E s o
310
[}
o
s}
< 1017
10720
10 15 20 25 30 35 40 45 50
Altitude (Radiusy,,)
Titan ——Sun Hyperion Cx
------ Denser atmosphere Saturn lapetus A
—————— Atmosphere —— Dione J Ja
------ TitanSynchronous —— Rhea

Fig. 3 Acceleration of perturbation forces due to the Sun, Saturn (as
nearby natural satellite), and Titan’s harmonic coefficients (J2, J3, Ja,
and (;y), considering satellite altitudes to 5.0 Titan radii
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Table 2 Repetition parameters of compatible orbits
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Np Ny Q a (km) Np Ny Q a (km)
8 1 8.0 18891.50 39 4 9.8 16557.32
9 1 9.0 17464.84 41 4 10.2 16014.39
10 1 10.0 16280.20 42 5 84 18286.90
1 1 11.0 1527793 43 4 10.8 15513.89
12 1 12.0 1441691 43 5 8.6 18002.28
13 1 13.0 13667.76 45 4 1.2 15050.75
17 2 85 18143.19 47 4 11.8 14620.69
19 2 9.5 16846.54 47 5 94 16965.80
21 2 10.5 15759.18 48 5 9.6 16729.34
23 2 1.5 14831.82 49 4 122 14220.09
23 3 77 19435.18 51 4 12.8 13845.85
25 2 12.5 14029.85 52 5 104 15860.03
25 3 83 18384.30 53 5 106 15659.90
26 3 8.7 17909.84 55 7 79 19119.80
28 3 9.3 17046.50 57 5 114 1491843
29 3 9.7 16652.34 57 7 8.1 18669.89
31 3 10.3 1592818 58 5 11.6 14746.46
31 4 7.8 19295.61 62 5 124 14105.18
32 3 10.7 15594.59 62 7 89 17652.14
33 4 82 18507.90 63 5 126 1395552
34 3 113 14976.88 64 7 9.1 1728244
35 3 11.7 14690.23 69 7 9.9 16437.12
35 4 838 17795.94 71 7 10.1 16126.97
37 3 123 14155.96 76 7 10.9 15411.66
37 4 9.2 1714873 78 7 1.1 15147.07
37 5 74 19899.33 83 7 11.9 14532.48
38 3 12.7 13906.51 85 7 121 14303.61
38 5 7.6 19548.67 90 7 129 13768.82
Table 3 Repetition parameters to four specific cases
(a) Np Nqg Q a (km)
37 5 74 19899.33
38 5 7.6 19548.67
(b) Np Ny Q a (km)
13 1 13.0 13667.76
90 7 129 13768.82

(a): Two cases with the lowest values of the Q parameter and (b): Two smallest values for the initial semi-major axis

Satellite constellation design and evaluation
In this section, the constellations will be designed tak-
ing into account the orbital characteristics of trajectory
repetition and frozen orbits discussed in section “Design
requirements’, considering 2D-NFC methodology. Two
constellations will be presented considering the different
targets proposed in section “Mission requirements” one
aims to cover the lakes and seas of Titan, Constellation

Titan I, and the other one focuses on the equatorial
region of Titan, Constellation Titan II. Once the constel-
lations were designed, the main disturbances presented
in section “Satellite constellation design” were consid-
ered in order to analyze the long-term behavior of the
constellations.
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Table 4 Admissible parameters for constellation design
considering parameters N, = 37 and Ny = 5.

Ntso Nrso k Necklace
5 1 3 {1}

5 2 3 ,2)

5 2 3 {1,3}

5 3 3 {1,2,3}

5 3 3 {1,2,4}

5 4 3 {1,2,3,4}

5 5 0 {1,2,3,4,5}

In all cases the phasing parameteris No = 1

Table 5 Admissible parameters for constellation design
considering parameters N = 38and Ny = 5.

Ntso Nrso Necklace
5 1 {1}

5 2 {1,2}

5 2 {1,3}

g 3 {1,2,3}

5 3 {1.2,4}

5 4 {1,2,3,4}
5 5 {1,2,3,4,5}

In all cases the value of the phasing and symmetry parameterisN. = k =0

Table 6 Admissible parameters for the constellation design
considering the parameters N, = 90and Ny = 7.

Ntso Nyso Necklace

{1

{1.2}

{1.3)

{1.4)

{1,2,3}
{1.2,4)
{1,3,4}
{1,2,5}
{1,3,5)
{1,2,3,4}
{1,2,3,5}
{1,2,4,5)
{1,3,4,5}
{1,2,4,6}
{1,2,3,4,5}
{1,2,3,4,6}
{1,2,3,5,6}
{1,2,3,4,5,6}
{1,2,3,4,5,6,7}

NN N N N N N N N N N N N N N N N NN
N O AR DD DN WWwWwWwWwWwN NN

In all cases the value of the phasing and symmetry parameterisN. = k =0
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Repeated ground-tracks and Necklace Flower
Constellations methodology

It has been shown that in the 2D-NFC model, the orbits
that compose the constellation share the same values for
the orbital elements semi-major axis (a), inclination (1),
eccentricity (e) and argument of the pericenter (w) (Casa-
nova et al., 2011, 2014). The first step in this investigation
was to determine the possible values for the semi-major
axis of the orbits, taking into account the property of tra-
jectory repetition by the artificial satellites involved. In
this case, the disturbance due to the zonal harmonic J
was considered.

Based on Eq. (19) the possible initial values for the
semi-major axis, in terms of the values of N, and Ny, were
obtained taking as physical constraints the acceptable
initial altitude range and the number of orbits per sideral
day (Q), defined by Q = N,/Ny, for each of the satel-
lites. In terms of the altitude range, taking as references
previous works such as Waite et al. (2013), Ferreira et al.
(2022), assuming a safety altitude relative to the effects of
atmospheric drag with a value of Alt;,;, = 1,400 km and
the maximum limit as Alt,,. = 20,000 km, since, due to
the strong disturbance promoted by Saturn, the intention
was to allocate the constellations as close as possible to
Titan. This range, in terms of Titan radii, corresponds to
altitudes in the range of 0.54 to 7.77 Titan radii. As for
the number of orbits per day, we considered a maximum
value of Q = 13, since the repetition frequency depends
on the radius of the celestial body.

Based on Eq. (19) and the constraints considered, the
initial values for the semi-major axis in terms of the
parameters N, and Ny that meet the proposed require-
ments were obtained and recorded in Table 2. Among
these values, Table 3 shows in item (a) the two condi-
tions with the lowest values for the Q parameter. Thus,
these orbits are those whose space vehicles have the
lowest number of revolutions per day. This promotes a
longer interval between revisits and possible data collec-
tion. Table 3 shows in item (b) the two configurations
with the lowest values obtained for the semi-major axis,
which corresponds to the lower orbits. Considering that
for orbits around natural satellites the third body distur-
bances are more intense, these orbits, closer to the satel-
lites, tend to be more stable because they are less affected
by the disturbances coming from the third body.

Based on the configurations established in Table 3,
the values of the parameters related to the constellation
design were determined. These values generate configu-
rations for the initial distribution of the constellation,
allowing all involved satellites to share the trajectory and
maintain the property of orbital repetition.

For this study, we fixed the number orbital planes
Nop =2 and a range 2 < Np, <10 for the number of
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Table 7 Admissible parameters for constellation design considering three real satellites in each orbital plane

Np Ng Nfso Niso

N, k Necklace

37
37
38
38
90
90
90
90
90

NN N N NN
NN N N NN i
w W w w w w w w w

.3}
}
.3}
4}

4}
}

)
35}

2,4
23}
3,4

O O O O O O O W w

1,2
o,
(1,2
0,2
0,
(1,2
{,
0,2
0,

O O O O O o o — —

fictitious satellites were assumed based on the altitude
range established in this paper, and results presented for
other design methodologies that show a range of up to
20 satellites for the same altitude range (Lang & Adams,
1998). As Nyso < Nfy, a range of 1 < Ny < N, for the
number of real satellites in each orbital plane of the
constellation was considered. Since it is known that the
necessary condition presented in Eq. (9) guarantees that
the satellites involved in the constellation have the same
trajectory in the relative system, the conditions obtained
that satisfy the necessary conditions, combined with the
possible necklaces, are presented in Tables 4, 5 and 6.

Considering the range assumed for the parameters
related to the design of the constellations, no admissible
parameter sets were found for the conditions N, = 13
and N; = 1. Based on the theory of Necklace Flower
Constellations, this result is due to the condition of divis-
ibility and maximum common divisor that must be valid
in conjunction with Eq. (9). As the coefficient N; =1,
within the proposed range the preliminary conditions
were not satisfied, so there are no admissible parameters
that form the designs (Arnas et al,, 2021). The divisibil-
ity condition can also be observed in the results obtained
in Tables 4, 5 and 6 since within a range of [1, 20], the
only possible configurations for the number of fictitious
positions for the designs are equal to the parameter Ny
because they are the only values in the range that guaran-
tee the required divisibility conditions.

In this work we consider three satellites in each orbital
plane, giving a total of 6 satellites in the entire constella-
tion. This selection is based on previous work, Gaur and
Prasad (2020), related to Earth and Mars that indicates a
minimum number of 6 satellites for missions related to
global coverage. Thus, the sets of admissible parameters
assumed were gathered in Table 7.

In the next section, the drawings, phase spaces, and
propagation of some designs from Table 7 will be pre-
sented. So far, the 2D Necklace Flower Constella-
tion methodology has been described, along with the

admissible semi-major axis values that ensure a repeating
ground-track trajectory and the eccentricity and argu-
ment of perigee values that provide frozen orbits. The
selected points of interest for the initial satellite position
in the formation will be introduced, including the right
ascension of the ascending node and the mean anomaly,
while also establishing the inclination, eccentricity, and
argument of pericenter values that promote frozen orbits.
Finally, the evolution of the constellation’s orbits will be
analyzed, followed by a preliminary study of the effects of
other perturbations. Two different satellite constellations
will be presented: the first aims to cover Titan’s lakes and
seas in near-polar regions, while the second focuses on
the equatorial regions where dunes and Hummocky are
found.

Constellation Titan |

As the main objective of Constellation Titan I is to
cover the regions of lakes and seas of Titan, the regions
in yellow on the map in Fig. 1, the condition N, = 90
and Ny =7, Table 7, and the design with the neck-
lace G = {1, 2,4} was considered. Given that the model
needs a reference satellite that will be the first satel-
lite of the formation in the first inertial orbit, with a
position in phase space 211 and M;;, we consider the
Ontario Lacus region, point (09), as this location.

As the constellation has a repeating trajectory, this
point will be visited by all the spacecraft that formed
the constellation based on the revisit rate assumed by
the parameters N, and Ny. Based on the latitude and
longitude coordinates of Ontario Lacus Lake, the val-
ues for the longitude of the node ©1; and for the mean
anomaly M;; were obtained. Considering the latitude of
the site of interest, 72 degrees, we assumed an inclina-
tion of 73.3572 degrees for the two nominal orbits. This
inclination requires e = 4.946302974736958 x 10~* to
guarantee the properties of frozen orbits.

Figure 4 shows the (2, M)-space generated by the
2D-NFC methodology, and a 3D modeling of the
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constellation. The black dots correspond to the posi-
tions of the satellites in the orbit which are separated in
terms of their longitudes of the ascending node of 180
degrees. The white dots combined with the black dots
correspond to the admissible positions for the vehicles
based on the 2D-NFC methodology. In Fig. 4b,c the
observed orbits were generated considering the rela-
tive system, and it is possible to see that the satellites
involved shared the trajectory.

The propagations in the inertial and relative systems
of the trajectories of the space vehicles on the surface
of Titan can be seen in Figs. 5 and 6, where the /> and /3
effects are considered.

On the maps, the black diamonds correspond to the
initial positions of the satellites that compose the con-
stellation. The ground-track of Fig. 5 shows that for
the simulation time considered, the regions of interest,
especially Ontario Lacus, (09), and Kraken Mare, (02),
are covered by the relative trajectories of the vehicles.
The other regions at lower latitudes end up being cov-
ered at some point due to the inclination imposed on
the constellation.

Constellation Titan Il

The aim of Constellation Titan II is to fly over the regions
closest to Titan’s equator. To do this, the conditions
N, =38 and N; =5, and N, =90 and Ny =7 were
considered, so it is possible to observe the perturbation
effects due to the different altitudes since the more equa-
torial orbits suffer more from the effects of the /> and Cy)
harmonic perturbations.

Among the admissible designs in Table 7, the neck-
lace G ={1,2,4} was maintained. For this approach,
Huygens Landing, (01), was taken as the position of the
constellation’s reference satellite. Considering the model
to determine the frozen conditions, the constellations
implemented assumed an inclination of 11.24 degrees
and 11.74 degrees, respectively, and eccentricities of
e = 11243004449633647 x 10 *and e = 7.9 x 107°.

After performing the transformation between lati-
tude—longitude to Right Ascension of the Ascend-
ing Node - Mean Anomaly, the values obtained for the
Right Ascension of the Ascending Node and the Mean
Anomaly for the orbits of the initial satellites, in the two
considered cases were Q11 = 57.49°, M1 = 199.81° and
Q11 = 51.49°, M1; = 205.70°, respectively.

Figures 7 and 8 show the (€2, M)-space generated by the
2D-NFC methodology, and a 3D modeling of the constel-
lation, and the Figs. 9 and 10 and Figs. 11 and 12 present
the ground-tracks in the inertial and relative systems of
the trajectories of the space vehicles on Titan’s surface for
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each condition of repeating Ground-Tracks, where the /5
and J3 effects are considered.

Long-term analysis

The initial conditions of the satellite constellations pre-
sented in the previous section were numerically inte-
grated to evaluate their orbital evolution. Two dynamical

environments were considered for this analysis. The first
scenario includes only the perturbations due to the J; and
J3, which were incorporated into the orbit design (fro-
zen and repetition ground-track). The second scenario
adds the perturbative effects from the coefficient Cy3 and
third-body perturbation due to Saturn.
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It was examined how these perturbations affect the
dynamics of the satellites. For this purpose, the Constel-
lation Titan I and Constellation Titan II designs were
considered.

Figures 13 and 14 present the phase diagram of
esin(w) x e cos(w), and the evolution of the eccentric-
ity. The red lines correspond to the simulations consid-
ering a scenario with the perturbation due to the J, and
J3 harmonic coefficients. The black lines correspond to
the simulations considering in addition the perturbations
from the disturbing coefficient Cyy and the third-body
perturbation due to Saturn. The simulations include the
evolution of all six satellites present in the constellation,
that is why there are six black lines in Fig. 13.

The simulations were conducted considering a crite-
rion for spacecraft orbit loss at an altitude of 1300 km,
a region where the effects of atmospheric drag become
more significant. The blue dotted line in Figs. 13 and
14 corresponds to the eccentricity value over which the
probe is lost because its altitude is equal to or less than
1,300 km. In this way, the time during which the satellites
in the constellation remain outside the region affected by
atmospheric drag, once the disturbances are considered
in the system, was analyzed. This interval is crucial as it
determines the period during which corrective maneu-
vers can be performed to return the vehicles to their des-
ignated positions within the constellation.

Figures 13b and 14b present the evolution of the
eccentricity.

In particular, the vehicles of the most equatorial con-
stellation, Constellation Titan II, remain outside the
atmospheric drag region during the 5 years of integra-
tion. Even though the eccentricities of the orbits were
affected by third-body perturbations and Titan’s Cyy coef-
ficient, these vehicles were not affected by atmospheric
drag. However, in the case of Constellation Titan I, the
configuration is not preserved, since one of the satellites
falls over the region of atmospheric drag action in a time
interval of approximately 2.7 months. Note that correc-
tive maneuvers can be performed at any time as long as
there is no influence from atmospheric drag.

This behavior is to be expected, since the inclination of
Constellation Titan I is almost polar. Thus, the effects due
to the Kozai-Lidov mechanism are more pronounced.
Lower orbits experience fewer of these disturbances. Pre-
vious work, Ferreira et al. (2022) reinforces these results
by generating maps of surviving regions around Titan,
taking Saturn’s perturbations into account.

In terms of the properties of frozen orbits, the phase
diagrams in Figs. 13a and 14a present that for the full
simulation interval considered, the vehicles’ orbits pre-
serve the frozen conditions when simulated considering
the effects due to the /> and /3 harmonics.
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Conclusions

This investigation aims to contribute to research into
exploring the natural satellite Titan. To this end, the
study considered the 2D-Necklace Flower Constellation
(2D-NEC) methodology for the design of the constella-
tions because, using the concepts of modularity and sym-
metry, this methodology maximizes the possible orbital

configurations by combining techniques from Flower
Constellation Theory with Necklaces Theory. In this
sense, 2D-NFC was used to optimize the distribution and
dynamics of the satellites. Based on previous work, some
areas of interest were highlighted for overflight on Titan.
Priority was given to two groups of regions, one focused
on Titan’s lakes and seas (Constellation Titan I) and the
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other on the more equatorial regions (Constellation Titan
II). Three examples of constellations were presented,
with the number of orbital planes in all cases being two
(Np = 2). Considering that in 2D-NFC, the orbital ele-
ments 4, e, i and @ are common to all the orbits that
make up the constellation, the initial semi-major axes
that promote the ground-track repetition property were

assumed. An altitude range of 1,400km to 20,000 km was
considered as well as a number of orbital periods per
day Q = 13. In this sense, the two conditions N, and Ny
that promoted orbits with the lowest semi-major axis
values within the range considered were highlighted. As
well as the two conditions with the lowest number of
orbital periods per day. The eccentricity, inclination, and
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argument of the pericenter for obtaining frozen orbits,
assuming a model containing Titan’s /> and /3 zonal har-
monics, were also considered. The other elements were
generated considering the 2D-Necklace Flower Constel-
lation model. A total number of 6 satellites per constella-
tion was assumed, and the parameters of the design were
established.

Finally, an investigation into the evolution of the
eccentricity of the satellites’ orbit was done consider-
ing two scenarios: the first scenario, incorporated into
the orbit design (frozen and repetition ground-track),
includes only the perturbations due to the J» and J3
and a second scenario, whereas the perturbative effects
from the coefficient Cyy and third-body perturbation
due to Saturn was assumed. Considering the research
in this investigation, future studies related to planning
corrective orbital maneuvers that aim to keep the satel-
lites within the desired formation criteria and relocate
these spacecraft to their initial positions are motivated.
Investigations of coverage times and distributions con-
sidering different approaches can also be carried out.
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