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Abstract

Humanity’s enduring fascination with space exploration dates back to the dawn
of the space age in the 1950s and this curiosity has started a series of captivating
visions, supported by individuals, space agencies, and private entities.
The International Space Exploration Coordination Group (ISECG) and its consor-
tium of space agencies anticipate that, by the mid-2020s, the establishment of a
Lunar Orbital Space Platform Gateway (LOP-G) will announce the beginning of
the human journey into the Moon’s land. This station will not only facilitate lunar
exploration but also promote commercial ventures into deep space.
Pioneering space programs like NASA’s ARTEMIS project, which aims to return
humans to the lunar surface and lay the foundation stone for the first stable outpost,
have acted as captivating catalysts in recent years for numerous feasibility studies
to pave the way for also commercial missions on the Earth’s satellite.
Initiatives such as the European Space Agency’s Moonlight mission have highlighted
the need for supplementary lunar surface capabilities, specifically a Lunar Com-
munications and Navigation Service (LCNS). This will simplify data transmission
for upcoming missions, particularly those directed to regions hidden from Earth’s
view, thereby reduce companies missions complexity and promote the development
of a lunar-based economy.
The present work investigates the requirements and capability of a lunar satellite
constellation designed to meet communication and coverage needs, connecting
Earth and strategically significant lunar regions, such as the South Pole and the
Equatorial Near-Earth side. These regions are viewed as potential locations for
future human return missions, robotic exploration, and the establishment of stable
habitats.
Developing such a communication network poses several remarkable challenges.
First, the considerable distance between Moon and Earth results in signal propa-
gation delays and losses, making communication a significant challenge that can
lead to the necessity of high-power subsystems for the spacecrafts. The latter
are more exposed to cosmic radiation than their Earth-based counterparts, which
can substantially impact the operational lifetime. Furthermore, the lunar orbits
selection is a complex task due to their instability which introduce additional
difficulties in the design. In fact, the closer one gets to the Moon, the greater
the perturbations caused by its gravitational lumpiness, while at higher altitudes,
the gravitational attraction of the Earth predominates, pulling satellites out of
their paths. Finally, the launch costs and complexity for big constellations of large
satellites in the lunar environment can be prohibitively expensive and intricate.
Possible solutions for the aforementioned problems include the use of specific stable



orbits that minimize the need for orbital maintenance while enabling spacecraft to
achieve their communication goals. This approach can reduce fuel requirements, de-
creases the overall system size, and extends the operational lifetime. Consequently,
it becomes feasible to use smaller satellites deployed in a single launch, utilizing
them as piggyback payloads of larger exploration missions, creating a more flexible,
agile, and less customized system. Along with this, one can consider the possibility
to use the expected lunar outpost as relay terminals to communicate with Earth
reducing the workload and power requirements for the constellation.
Two main architectures have been conceived and analysed to achieve the objectives
proposed by the study. These include constellations in specific Keplerian orbits,
containing the minimum number of satellites capable of ensuring nearly real-time
communication with lunar sites of interest, while differing in direct communication
with Earth. In one case, larger satellites are employed to cover all the necessary
links, while in the other, small CubeSat-sized are used, supported in relaying data
to Earth by communication terminals placed on the lunar sites.
The work started from an examination on several orbits through researches that
helped making a choice and focused the analysis on particular Keplerian ones,
known as ‘Frozen Orbits’. Using simulations conducted in AGI System Tool Kit
(STK) software, it was evaluated the necessary number, types, and behaviour
of satellites in those trajectories under the influence of gravitational fields from
the central body Moon, Earth and Sun, as well as the impact of solar radiation
pressure. The study proceeded assessing satellites of various sizes, originating from
existing Earth-based communication constellations with a special attention to their
communication subsystems, frequencies, power requirements, mass, and antenna
configurations. These satellite formats represent promising solutions to ensure
the anticipated performance. Both the analysis performed, converged in a second
simulation that allowed to define the two satellite platforms previously highlighted
and so the related architectures or Concept of Operations, able to guarantee the
necessary communication requirements. Once the possibility of carrying out the
mission with a small-sized satellite was determined, the study focused on its devel-
opment, assessing the main subsystems in terms of required mass and power. A
trade-off was made to define which architecture, with its combination of spacecraft
numbers, orbits configuration and communication subsystem represented the best
option, considering also the ∆V that should be spent to perform station keeping
manoeuvres and the required propulsive system. Having thus defined the best
mission architecture, the orbit, and all necessary elements, it is finally possible to
refine the preliminary design of the satellite.
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Chapter 1

Introduction

1.1 Motivations for the study

The upcoming top global priority in space exploration involves establishing a
secure and sustainable human presence on the Moon. At present, there are 14
space agencies endorsing the new Global Exploration Roadmap, which represents a
shared vision uniting governments and private companies with the goal of expanding
human activities from Earth’s orbit to the Moon and eventually to Mars.

Figure 1.1: The global exploration roadmap: Image Credits [1]
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Introduction

This decade will witness numerous technological demonstrations, unmanned scien-
tific missions, and human Moon landings, all of which will lay the groundwork for
the emerging lunar economy in space exploration. The Lunar Gateway, an orbiting
space station located in the cis-lunar environment, will provide communication and
operational support for activities on the Moon’s surface. This support will drive the
development of additional infrastructure, including habitats, robots, commercial
routes, and transportation, marking the initial stages in the establishment of a
lunar colony. Despite the increasing number of missions targeting lunar orbits,
there is currently no dedicated communication system that can meet the diverse
needs of future lunar surface users. This situation is highly constraining because it
necessitates the development of separate, ad-hoc solutions for each mission also
limiting the exploration to few large public or private agencies [1].
In order to sustain the increasing demand of operational support with communica-
tions and navigation systems, ESA proposed the Moonlight initiative, which consist
on the implementation of a single, specialized lunar telecommunication architecture
that has the potential to reduce mission design complexities. This is expected to
facilitate an increased number of institutional and commercial missions, as it allows
them to concentrate exclusively on their primary objectives. With this dedicated
system, missions could also reduce significantly their weight and creates additional
room for scientific instruments or other payloads on launchers [2].

Figure 1.2: ESA Moonlight mission logo: Image Credits: [2]

The present work focuses on the development of a satellite constellation for lunar
orbit communication through a feasibility study of the mission and the preliminary
design of the required satellite platform.
In the first chapter, the analysis was devoted to evaluating existing systems within
the terrestrial environment to examine their potential adaptability for lunar use.
This analysis considered various terrestrial architectures, taking into account the
emerging trend in space economy known as "New Space." This approach aims to
create smaller-sized satellites using efficient design and production processes, which
are competitive compared to traditional construction methods. Additionally, a
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Introduction

detailed analysis of the lunar environment was conducted, exploring the current
state of communications and the usable orbits around the Moon.
The second chapter applied the mission design approach to the specific case,
outlining requirements, objectives, and constraints through an analysis of potential
mission stakeholders. Within this chapter, an in-depth analysis of possible orbital
configurations for satellite allocation was conducted, concluding that the "Frozen
orbits" are the most suitable choice. Two types of satellite platforms, the 12U
cubesat Hemeria IoT and the medium-sized Iridium Next satellite, were considered
for preliminary design.
In the third chapter, preliminary analyses were carried out to define the mission
statement and identify two feasible architectures. The configuration demonstrating
the ability to use a smaller satellite was selected, using the Hemeria cubesat as a
reference to define the "Point Design."
The fourth chapter presents the methodologies employed to conduct the analyses
and simulations detailed in the subsequent Chapter 5. These analyses cover aspects
such as coverage performance, station-keeping, and the trade-off to define the most
suitable constellation configuration.
Chapter 5 reports all analyses performed using the Agi STK software, presenting
their respective outcomes in multiple steps, from preliminary coverage analyses to
orbital perturbation simulations, evaluating gap influences, satellite eclipse times,
and finally, station-keeping. The chapter concludes with the trade-off process on
constellation configurations to identify the most suitable solution for the mission,
and refined the satellite design.

1.2 Telecommunication around Earth

Satellite communication involves utilizing artificial satellites positioned in space to
send and receive signals between multiple points on Earth. Among various applica-
tions, communications stand out significantly due to the extensive potential and
the sheer quantity of spacecraft launched within this category. Telecommunication
satellites offer a diverse array of services, notably encompassing television and radio
broadcasting, high-speed internet access, mobile broadband, and navigation. Em-
ploying satellites for communication offers numerous advantages over ground-based
networks, such as broader coverage areas, fast transmission speeds and capacity,
consistent service provision, and resilience against natural disasters. Additionally,
reliance on terrestrial infrastructure to deliver services to users is reduced [3].
To gain a deeper insight into the significance of communication satellites within
the space industry, reference can be made to Fig. 1.3 , which illustrates active
satellites and their respective orbits [4].

3
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Figure 1.3: Every satellites orbiting Earth. Image Credits: [4]

Within all those 4550 satellites, over 60% serve for communication aim. A break-
down of main purposes is depicted in Fig. 1.4

Figure 1.4: Satellite orbiting Earth typology. Data credits: [4]

1.2.1 State of the art on telecommunication constellations
around the Earth

To understand the potential benefits and challenges of a lunar satellite constellation
for communication, it is important to first examine the current state of the art on

4



Introduction

Earth’s satellite constellation for telecommunication, with a focus on the orbits
used, primary configurations employed and the various types of satellites adopted.
Starting from the orbits it can be state that communication spacecrafts are mainly
placed in one of three classes based on height above ground and eccentricity [4]:

• Geostationary Orbit (GEO).

• Low Earth orbit (LEO).

• Highly Elliptical Orbit (HEO).

For better clarity, in Fig. 1.5 are depicted all of the mentioned orbits.

Figure 1.5: Typical satellite orbits for Earth communication: [5]

The decision regarding which orbit is preferable depends on the mission objec-
tives, and once it is determined, it impacts mission costs, lifetime, and payload
performance [6].

Geostationary orbits

These have an altitude of approximately 36000 km, letting satellites to moves only
above the equator from West to East in a synchronized motion with Earth rotation
and seemingly hover above a fixed position. The combination of movement and
height ensures that an Earth-based antenna can remain stationary and continu-
ously pointed towards the spacecraft without the need for constant adjustments,
furthermore just three space elements can provide near global coverage [7, 8]. The
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configuration enable to communicate over large distances without the need for
intermediate links on ground or with other spacecrafts, however costs for launch
and satellite implementation are high, the polar regions can’t be covered, and the
big distance bring to longer signal delay that is a downside for low-latency commu-
nication applications. So those orbits are more likely to be used for meteorology,
navigation or one-way data broadcasting, such as television [6, 9]. Within those
orbits, notable constellations include:

• Inmarsat, with a fleet of 15 spacecraft that deliver a wide range of services,
from Internet of Things connectivity to voice and data links for terrestrial,
maritime, and airborne communications [10].

• The NASA’s Tracking and Data Relay Satellite (TDRS) constellation,
composed of seven spacecrafts, strategically positioned across the Atlantic,
Pacific, and Indian Oceans offer uninterrupted data relay services to more than
25 missions including Hubble Space Telescope, International Space Station,
and various Earth-observing missions like Global Precipitation Measurement,
Terra, and Aqua [11].

• Telesat extensive worldwide constellation offers coverage and connectivity
solutions to the requirements of a diverse range of clients, including broad-
casting, corporate, telecommunications, and government sectors on a global
scale with 14 space elements [12].

Low Earth orbits

Defined by an height ranging from 160 km to 2000 km, in this orbits satellites
pass over the surface very fast [7, 13]. The low altitude allow to reduce launch
costs, transmitted power required to compensate for propagation path loss and,
limiting the Earth view area, to lessen the jamming susceptibility. Unlike GEO
they don’t need to follow a specified equatorial path, but can be tilted assuming
different inclinations, than it is possible to cover all Earth regions. Nevertheless, for
ground station facilities is more complex to achieve a good pointing performance,
the network control is challenging, and large constellations are inevitable for high
link availability. The benefits of a narrower scope of observation and minimal
latency, ensuring precise transmission of larger data volumes at significantly faster
speeds and with robust signal strength. This versatility makes them particularly
suitable for communication purposes, including applications like IoT, and mobile
broadband [6, 7, 8].
Since the early ’90 several constellations of this category providing global coverage
for cellular and personal communications were proposed and those comprises Iridum,
Globalstar, Teledesic, Orbcomm, Celestri, Skybridge, Spaceway and so on, but
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among them only a few were developed and made operational [14]. Some of the
most successful with their peculiar characteristics are depicted in the following:

• Iridium constellation was designed to be a digital communication system
with a cellular architecture, provides full-Earth coverage with a particular
displacement of 77 spacecrafts divided in 7 polar orbits accurately chosen to
minimize orbital elements. The 780 km altitude was selected to minimize
the need for station keeping due to atmospheric drag experienced at lower
heights and the necessity to implement costly radiation hardened electronics
at highest elevation [15].

• Globalstar is a satellite mobile phone network that enables individuals to
make calls from anywhere on the planet within latitudes ranging in ±70
degrees north to south. It is displaced in a Walker 48-8-1 array, consisting of
48 satellites in low Earth orbit, positioned at an altitude of 1400 km within 8
orbital planes with 6 spacecraft each, at an inclination of 52 degrees relative
to the equator [16].

• Teledesic was planned to be a system complementary to Earth wireless
network, with high data rate, continuous global coverage and fiber-like delay.
To achieve those performances, the constellation is composed of 21 circular
obits at altitudes between 695 km and 705 km with sun-synchronous inclination
of 89.16 degrees, and each plane contains 40 satellites for a total of 840 space
elements [17].

In the past few years, there have been new proposals for extensive low Earth
orbit constellations aiming to deliver internet access from space. These are driven
by enhanced performance derived from the utilization of digital communication
payloads, advanced modulation techniques, multi-beam antennas, and frequency
reuse strategies [14]. Among those, the most promising architectures are:

• Iridium NEXT, with a constellation of 66 components, organized into six
orbital planes intersecting at the Earth’s poles. Within each plane, there are
11 satellites evenly distributed and these satellites operate in polar orbits at
an inclination of 86.4 degrees with an altitude of 780 km [18].

• Telesat comprises 117 satellites in two set of orbits. 6 polar at 1000 km
altitude with 12 spacecrafts each, 5 circulars inclined at 37.4 degrees and 10
spacecrafts per plane. The two arrangements have different tasks, the first
provides general global and polar coverage, while the second covers the most
populated regions.

• OneWeb comprises 720 orbital elements distributed in 18 circular planes
with a height of 1200 km and high inclination of 87 degrees.
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• SpaceX’s Starlink arrangement comprises 4425 elements displaced in several
groups of orbits. A core constellation of 1600 spacecrafts equally distributed in
32 orbital planes of 1150 km altitude and 53 degrees inclination. The second
include 2825 satellites follows a different distribution having 1600 satellites
placed in 32 planes at 1110 km and an inclination of 53.8 degrees, 8 orbital
planes contains 50 satellites each at 1130 km and 74 deg, a set of 5 planes
every with 75 satellites at 1275 km and an inclination of 81 deg, and the last
450 satellites in 6 orbital planes at 1325 km at 70 deg of inclination.

All the four systems use circular orbits with comparable altitudes, but only OneWeb
and Iridium NEXT makes use of a traditional polar configuration, while Telesat
and SpaceX utilize a combination of inclined orbits to provide better coverage of
most populated areas [14].

Highly elliptical orbits (HEO)

These orbits are designed with large eccentricity and a height fluctuation between
perigee and apogee from 1000 km to 42000 km. Those characteristics makes them
ideal to provide good coverage on specified regions for long periods and reduced
launch cost for satellite insertion. Despite this, several space elements are necessary
to reach optimal communication performances, station-keeping and network control
are complex and in addition ground stations antennas must be pointed frequently [6,
8, 19]. There are some examples of the utilization of those orbits for communication
in high latitude regions like Canada and Russia.

• Ellipso represents a network of elliptical orbit satellites designed for voice and
data communication. This system was designed to be composed of two distinct
constellations, with a total of fourteen satellites. The first constellation, known
as Ellipso Borealis, is structured as two rings, each consisting of four satellites
following inclined elliptical orbits. The second, Ellipso Concordia, comprises
six satellites in a circular equatorial orbit. This arrangement allows for the
rapid launch of commercially viable services and permits the allocation of
specific satellites to particular regions based on demand, maximizing service
efficiency [20].

• Sirius Satellite Radio delivers uninterrupted audio, video, and data con-
tent to Continental United States and Canada. The original constellation
comprises three satellites each in a highly inclined elliptical geosynchronous
orbit separated by 120 degree of right ascension of the ascending node. The
configuration ensures that there are always two satellites operating above
the equator providing services. In this manner the constellation covers users
throughout north America service area [21]. The particular HEO uses is
called Tundra orbit and it allows satellites to spends most of their time over
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a chosen target due to a phenomenon known as apogee dwell. This makes
them well suited for communications satellites serving high-latitude regions
[22]. In addition, those are also used by Japanese Quasi-Zenith Satellite
System that with four spacecraft enhance the Global Positioning System
(GPS) operations over Asia-Oceania regions [23].

• Molniya satellites system, whose name is also associated to a particular type of
high elliptical orbit. It was specifically engineered to offer communication and
remote sensing services in regions characterized by high latitudes. This orbit
features a notably high eccentricity, an inclination exceeding 60 degrees, and a
period of roughly half a sidereal day [24]. During the early 2000s, a successor to
the initial Molniya program emerged in the form of the Meridian constellation,
which presently comprises 8 spacecraft positioned in a comparable orbit. These
satellites are specifically tailored for military communication purposes with
ships and aircraft operating in the Arctic Ocean, as well as ground-based
stations in Siberia and the Russian Far East [25].

• Inmarsat Global Xpress are two satellites scheduled to be launched in
2023, into a HEO. Once operational, these payloads will mark a pioneering
achievement as the world’s sole mobile broadband systems exclusively designed
for the Arctic region above 60N. They will provide crucial support to sectors
like aviation, maritime, and government [8].

From this initial overview of terrestrial constellations for communication, it can
be stated that there is no inherently superior configuration to another, but the
orbits used vary and primarily differ based on the type of link they need to perform
and the goals of the coverage, whether global or in a specific region. Generally,
for low-latency communications such as telephony or IoT, low Earth orbits are
preferred, as they also help in reducing the size and, consequently, the launch
costs. However, they are disadvantaged in terms of coverage as they require a large
number of orbiting elements. As it can be seen, the recent trend is to deploy large
amount of small spacecrafts in LEO known also as "Mega-constellations" [14].
A typical representation is depicted in Fig. 1.6
In general, one can assert that LEO orbits allow for the use of smaller satellites
compared to those in GEO. This is primarily due to the shorter distance from the
users on the surface, which reduces propagation losses and, therefore, the need
for higher power provided by larger bus systems. Furthermore, at lower altitudes,
spacecrafts are subject to reduced levels of cosmic radiation, requiring less use of
shielded components. LEO satellites are also more affected by atmospheric drag,
their lifetime is shorter and so the required fuel for station keeping, while GEO,
with an average lifespan of 10 to 15 years need more fuel for position maintenance.
Another feature that helps to keep the size of satellites in low orbit smaller, is
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Figure 1.6: Starlink satellites mega constellation pattern. Image Credits: [14]

their decreased coverage footprint, which, due to the lower altitude, needs to
be increased using multiple satellites, consequently requiring the use of smaller
antennas. However, it’s not always the case, as the size of a satellite vary depending
on the mission objectives [6].
Focusing on dimension and type of satellite used for communication purposes,
the general trend follows a reduction in sizes and masses. This is mainly due to
significant technological advancements in satellite design and miniaturization driven
by more powerful components, such as integrated circuits and lightweight materials
availability, allowing for the creation of more compact and efficient systems. Small
satellites have gained prominence and represent a significant element within the
emerging "NewSpace".

1.2.2 New space: a new era of exploration and exploitation

This term conveys a shift towards initiatives primarily driven by private businesses
and industries, departing from the more conventional model led by government
agencies [26].
This represent a shift towards designing smaller satellites characterized by rapid
development, modularity, and agility. This approach aims to streamline satellite
production, allowing for faster assembly and deployment. These compact spacecraft
represent a departure from traditional large-scale models, emphasizing a modular
design that facilitates quicker and more flexible construction. By adopting stan-
dardized components and assembly techniques akin to automotive manufacturing
processes, the objective is to enable mass production on a scale that has previously
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been unattainable in the satellite industry. By embracing the principles of effi-
ciency and scalability this trend seeks to revolutionize satellite production, making
space exploration and communication more accessible and cost-effective. Several
companies today are involved in satellite design following this philosophy, including:
Starlink [27], U-Space [28], Loft Orbital [29], Prométhée [30], Endurosat [31], Heme-
ria [32], and so on. In this direction several constellations has made into orbit for
different range of services and applications to satisfy future markets like automotive,
entertainment, IoT and Industry 4.0 [33]. The significant expense associated with
the design and launch of conventional spacecraft presents a barrier that restricts
both the scope of accomplishments and the accessibility of such ventures. small
satellites like CubeSats, characterized by their reduced size, modular nature, and
cost-effectiveness in construction and launch, are revolutionizing space exploration.
Their emergence is transforming the landscape, making space exploration more
accessible to a broader spectrum of participants. CubeSats are introducing a
realm of fresh opportunities for research and technological advancement to a wide
range of stakeholders, including students, institutions of varying sizes, technological
innovators, and community-driven initiatives. These miniature satellites hold the
potential to operate collectively in constellations, enabling comprehensive obser-
vations and detailed analyses of various phenomena. In more intricate missions,
clusters of nano-satellites could orbit around a central station, a robust spacecraft
capable of managing big computational tasks and transmitting data back to Earth.
Simplifying and concentrating on specific functions for each CubeSat could enable
more cost-effective deployment, enhanced reliability, and the gradual incorporation
of new CubeSats or replacement of malfunctioning units [34]. One can conclude by
stating that, in general, new technologies have allowed for the reduction in size and
mass of satellites, leading to the development of nanosatellites capable of providing
increasingly higher performance. However, the size is primarily determined by the
mission requirements that the platform must meet.

1.3 Telecommunication around Moon

1.3.1 General interest on providing telecommunication ser-
vices around the Moon

In this paragraph will be analysed the key elements that motivates the study and,
in the next decades, the realization of a lunar satellite communication constellation.
Multiple missions, for various purposes such as observations, scientific analysis and
robotic exploration with landers, have been recently launched to the Moon, and
many more are scheduled in the next decades [35, 36, 37].
At the current state, all these missions must address challenges not only in terms
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of achieving their primary objectives but also in dealing with complications related
to the long-distance communication, such as that between Earth and the Moon.
This is highly inefficient and limiting since it implies that each mission must rely
on a different ad-hoc developed solution. The communication payload plays a
crucial role in overall mission success and spacecraft design, influencing power
consumption, weight, and consequently dimensions.

The challenges of lunar communication and mission failures

The following presents specific cases of recent missions that highlight how complica-
tions in lunar environment communication can lead to a complex design, potentially
resulting in mission failures.
On December 2018, the China National Space Administration (CNSA) initiated a
mission as part of their Lunar exploration program to achieve the soft landing of
the first spacecraft on the far side of the Moon, specifically within the Aitken Basin.
The first payload was launched in May and consisted of a relay orbiter named
Queqiao, positioned in a designated Earth-Moon L2 Halo orbit. This was done to
ensure a reliable communication link between Earth’s command centers and the
subsequent elements launched in December 2018: Chang’e 4 and Yutu-2, serving
as a lander and a rover, respectively. The mission officially began in January 2019
when the lander deployed Yutu-2 [38]. Consequently, an entire year was required
to initiate the exploration, and an additional launch was conducted to deploy the
relay satellite, resulting in a more challenging mission and additional costs.
A similar expedition was conducted on July 2023 by Indian Space Research Organi-
zation (ISRO), with the Chandrayaan program. The payload was accommodated in
a single launcher and included an orbiter connected to the Vikram lander, housing
the Pragyan rover. In this scenario, mission data generated by the rover were
transmitted to the lander, positioned at the lunar south pole in an area visible to
the antennas of the ESA deep space system [39]. Despite the lower complexity
compared to the Chinese mission, it should be noted that the payload related to
communication with Earth has certainly had its impact on the overall mission.
NASA’s mission to map the Moon’s south pole water with the Volatiles Inves-
tigating Polar Exploration Rover (VIPER) is planned to launch in 2024. The
purpose of the mission is to investigate water in shadowed craters with different
instruments, so due to its position, keeping connection with Earth is a difficult
task. To overcome this problem, NASA have defined a precise position for landing
on the edge of a crater, and a specific path for the rover, enabling the maintenance
of direct line of sight with Earth [40]. This is another case of a mission that would
have benefited and seen a reduction in terms of complexity with the presence of a
satellite communication system.
The challenges of providing communication contact with lunar spacecraft can lead
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to a complete failure, also on recent missions like Jaxa’s Omotenashi and Ispace’s
Haruto-R, whose crashes on the lunar surface were due to communication problems
[41, 42]. Roscosmos too, with its last lunar mission, Luna 25, failed to accomplish
the lander touch down due to a maneuvering engine malfunction and a lost of
communication contact for over 40 minutes [43].

Future visions for lunar exploration initiatives

The NASA’s Artemis program, has set its sights on returning humans to the Moon
by 2024. This initiative is designed to accomplish a couple of key objectives. Firstly,
it intends to explore new areas of the lunar surface, particularly focusing on the
uncharted territory of the South Pole. The primary goal is to conduct in-depth
studies of the Moon’s surface, resources, and potential for supporting a sustained
human presence. Additionally, the Artemis mission is looking to establish a lunar
orbiting outpost, the International Deep Space Gateway, in a Near Rectilinear
Halo Orbit (NRHO) around Lagrange L1 point, that serve as a crucial stopover
for missions traveling to the lunar surface but also as a scientific laboratory as the
International Space Station (ISS) orbiting the Earth.
Moreover, worldwide collaboration is a cornerstone of the Artemis program, empha-
size the deep involvement in Moon and deep space exploration of several nations.
So NASA is partnering with various international space agencies, such as the
European Space Agency (ESA), Canadian Space Agency (CSA), Japan Aerospace
Exploration Agency (JAXA) and so on [44].
Crucially, the mission aims not exclusively to land astronauts on the Moon but also
to lay the groundwork for a sustainable human presence. This involves utilizing
resources found on the Moon and conducting scientific research that will not only
benefit future lunar missions but could also inform and support potential prospected
expeditions to Mars and beyond [37].
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Figure 1.7: Artemis mission program. Image Credits: [37]

The primary components of the initial base camp comprise a Lunar Terrain
Vehicle (LTV), Pressurized Rover (PR), Surface Habitat (SH), power systems, and
in-situ resource utilization (ISRU) systems. These elements facilitate extended-
duration missions, potentially enabling a continuous astronaut presence for pro-
longed extravehicular activities and robotic operations [45].
Interplanetary communication and navigation stand out as pivotal aspects of lunar
exploration. Maintaining constant contact between lunar explorers and mission
controllers is essential. Enabling the transmission of not just voice signals but
also data packets is critical, allowing for high-definition video streaming, real-time
monitoring of structures and equipment via telemetry data, and continuous tracking
of astronauts’ vital signs. The communication network must extend beyond a mere
radio link to Earth, ensuring coverage for all lunar surface operations, including
those not visible from Earth. Establishing a comprehensive connection between
explorers, stationary equipment, and mobile devices on the lunar terrain becomes
imperative, facilitating remote oversight and control of sensors, instruments, and
rovers [46].
As previously anticipated, the ESA’s Moonlight initiative seeks to establish a unified
Lunar Communication and Navigation System (LCNS) to support the present and
future missions of both the Artemis partners and private spacecraft. The LCNS
will consist of a constellation, the specifics of which are yet to be determined,
as well as lunar surface infrastructure. It will be the result of a careful balance
between communication requirements, such as maintaining a constant link between
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the lunar far side and Earth, and the ongoing investigation into precise navigation
needs concerning accuracy, latency, and coverage across the lunar surface. This
comprehensive system will enable astronauts to virtually land in any location and
navigate while maintaining a continuous connection with Earth’s ground control
and other lunar users [2, 47].

1.3.2 State of the art on telecommunication constellations
around the Moon

After an examination of reasons behind the importance of developing a satellite
constellation for communication around the Moon, the need for an in-depth inves-
tigation into the current state of the art of such architectures became apparent.
The study’s attention was into identifying any already defined satellite platforms,
emphasizing their dimensions and subsystem performances, particularly those re-
lated to communication payloads, and furthermore on trajectories alternatives to
guarantee the coverage capabilities.

ESA’s ambitious Moonlight vision to create a network of communications and data
relay satellites serving users worldwide, lay the groundwork for Lunar Pathfinder
satellite feasibility studies. This satellite hold the potential to furnish navigation
data for lunar exploration, similar to Earth based systems like Galileo and GPS.
Within the Lunar Pathfinder mission, ESA is hosting two distinct experiments.
The first explores the viability of using existing navigation satellites to determine
positioning on the Moon. The second experiment involves a space weather monitor,
vital for understanding radiation levels around the Moon, a crucial aspect for future
human explorations. The spacecraft is designed to offer cost-effective communica-
tion services to lunar missions. Weighing 280 kg, this satellite serves as a mission
enabler for polar and far-side explorations, which, lacking direct Earth line of
sight, would otherwise need their individual communication relay spacecraft. This
solution proves more economically viable compared to Direct-to-Earth alternatives
and provides a credible substitute for institutional deep-space ground stations. It
significantly enhances availability, safety, and data rates for orbiters and missions
on the near side.
Under the Moonlight initiative, Surrey Satellite Technology Ltd (SSTL) has been
tasked by ESA to lead a Phase A/B1 Study. The initial phase encompasses the
Lunar Pathfinder, a singular spacecraft operating in an Elliptical Frozen Orbit
(ELFO). Set for launch by the end of 2024 and operational by 2025, this spacecraft
is designed for an 8-year service duration. Facilitating various data exchanges
between customer assets and ground stations like tracking telemetry and command
(TT&C) and payload data, the satellite also enables direct data transfers between
lunar assets without involving Earth stations. Employing a Store and Forward
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Architecture, the payload stores data until suitable links are available. The space-
craft offers two simultaneous communication channels to lunar assets: S-band and
Ultra-High Frequency (UHF), with data relayed back to Earth ground stations in
X-band. Operating within an Elliptical Lunar Frozen Orbit, this satellite ensures
coverage of the entire lunar surface with extended coverage of the South Polar
Region. This orbit not only optimizes servicing missions in this region of geological
significance for the presence of permanently shadowed areas containing volatiles,
but it also allows for prolonged access to Earth and offers stability for the spacecraft
over the mission’s duration. The orbit’s natural evolution will be monitored and
maintained within acceptable parameters to fulfill the objectives effectively [48, 49,
50].
Various studies have been conducted by NASA’s Space Communication Archi-
tecture Working Group (SCAWG) to provide the necessary Communication and
Navigation (C&N) services for space exploration and science missions out to the
2030 time frame operating anywhere in the solar system, with a network service at
Earth, Moon and Mars. Focusing on lunar side, SCAWG proposed architectures
designed for flexible implementation, capable of adapting to future changes in lunar
exploration strategies. These framework aim to meet the evolving exploration
and scientific requirements that support missions involving human and robotic
exploration on the moon.
SCAWG has outlined various Lunar Relay Elements, which consist of three seg-
ments: the space segment, the lunar surface segment, and the supporting Earth
ground segment. The lunar surface segment is responsible for providing two-way
connectivity and navigation assistance to users near the Lunar Outpost through
the Lunar Communications Terminal (LCT). This terminal offers Wide Area Net-
work (WAN) services and serves as an access point to the Lunar Relay System
(LRS). On the other hand, the supporting Earth ground segment ensures two-way
space-to-ground connectivity with the LRS via the Ground-based Earth Elements
(GEE). The evolutionary process is set to commence with the Robotic Lunar Ex-
ploration Program (RLEP). This initial phase aims to mitigate technological risks,
space-qualify Communication and Navigation (C&N) components, and accumulate
operational experience. This valuable experience will be applied to subsequent
phases, such as human sorties and missions to establish a human outpost on the
Moon. The Lunar Relay architecture is designed to support missions landing any-
where on the Moon. Relay satellites will provide coverage for individual missions
and remain available for future scientific endeavors.
The following tables give a brief description of the solutions proposed by SCAWG
studies. These spanning circular, polar circular, elliptical, hybrid configuration of
circular and halo orbits, hybrid architectures with communication tower at south
pole Malapert Mountain [51, 52]. Among these studies there are also analyses
performed to define frequency allocations and data rates for the various segments,
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both on the lunar surface, towards the relay satellites, and towards Earth. These
will be discussed in more detail in the following chapters, as they have been used
as mission requirements in order to define the communication system.
Nasa carry out also a design of a lunar relay satellite to orbit in an elliptical lunar
polar orbit to provide communications between lunar South Pole assets and the
Earth. The project included a complete equipment list, power requirement and
configuration design. The satellite configuration follows a conventional box-shaped
spacecraft model, featuring solar arrays spanning 1.7 meters for generating 1 kilo-
watt of power and a mass of more than 1100 kg. It includes a Ka/S band dish
with a 1-meter diameter for relay communications to the Lunar Communications
Terminal (LCT) and a Q-band dish for establishing communications between the
satellite and assets located on Earth [53].

Other research explores methods for optimizing the satellite constellation to meet
the future requirements of lunar exploration. This involves examining commu-
nication architectures of terrestrial satellites as models to eventually create a
comprehensive network covering the entire lunar surface. This particular study
focused on developing and assessing potential architecture solutions for lunar com-
munication and navigation. The findings identified two main lunar orbit setups
deemed optimal for designing a satellite constellation: lunar frozen orbits and lunar
halo orbits. Various configurations of two and three-satellite constellations were
devised within these orbit patterns. These included constellations solely in lunar
frozen orbits, constellations orbiting around the L1 and L2 Lagrangian points in
lunar halo orbits, as well as hybrid constellations combining satellites from both
orbit types [54].
The Korea Aerospace Research Institute (KARI) collaborated with NASA on a
shared investigation aimed at establishing a space communications architecture.
This framework aims to facilitate the integration of communication and navigation
services offered by various entities, including the Deep Space Network (DSN),
the Korea DSN (KDSN), a possible lunar relay, and the Korea Pathfinder Lunar
Orbiter (KPLO). The paper identify a constellation of circular and elliptical frozen
orbits, provides Moon global coverage and reduce the need for station keeping
maneuvers. Furthermore by assuming specific parameters for the satellite com-
munication payload, a thorough link analysis was conducted across S-, X-, and
UHF bands between the lunar relay orbiter and the lunar surface. Additionally,
connectivity with the Earth DSN using Ka-band was examined. The evaluation
involved assessing the data rates for both forward and return links, taking into
account distances and system performances [55].
The Queqiao relay satellite, part of the Chang’e-4 Chinese mission, is the first
satellite specifically designed to facilitate data relay from a lander situated on the
far side of the Moon. Positioned in a halo orbit around the Earth-Moon libration
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point L2, it ensures continuous communication coverage. This orbit choice allows
constant communication but involves longer transmission distances, necessitating a
high-power system and large antenna aperture. The spacecraft utilized a 4.2-meter
antenna for various links in S-, X-, and Ka-bands, boasting an average power of 780
Watts and weighing 450 kg. Due to the unstable dynamics inherent in orbits around
Earth-Moon libration points, potential navigation maneuvers and execution errors
could cause Queqiao’s actual trajectory to deviate from its intended path over time.
As a countermeasure, a large hydrazine blow-down propulsion system was imple-
mented. This system highlights the challenges associated with these orbits, despite
their advantageous coverage capability [56]. Queqiao-1 served as a precursor for
Queqiao-2, expected to launch in 2024, to support China’s Chang’e 6, 7, and 8 lunar
missions. The upgraded Queqiao-2 will operate within an elliptical frozen orbit,
instead of the L2 halo orbit. Additionally, it will carry two smaller communication
satellites, Tiandu-1 and Tiandu-2, intended to validate the technical aspects of the
lunar communication and navigation constellation based on Queqiao technology [57].

1.3.3 Behaviour of artificial satellite trajectories around
the Moon

The latest research conducted to appropriately start the subsequent analyses per-
tains to the types of orbits that can be employed for a lunar communication
constellation. The attention was on identifying the proposed orbits considering
their behavior under the influence of gravitational perturbations and the guaranteed
performances in communication coverage.
Numerous analyses have been conducted to study the orbital dynamics of artificial
satellites around the Moon, revealing the unique behavior exhibited by lunar or-
bits. These are notably unstable due to the Moon’s irregular gravitational field as
expressed in [58, 59]. If a satellite orbits too close to the lunar surface, the highly
non-spherical gravitational field caused by the Moon’s uneven mass distribution
may lead to an increase in the satellite’s eccentricity. Over a few months, this
could imply the satellite’s orbit become highly elliptical, potentially resulting in an
impact on the lunar surface [60, 61].
Conversely, if the satellite maintains a distance from the Moon greater than 750
km, the gravitational influence from Earth prevails and pull the spacecraft away,
causing it to veer off from the Moon’s orbit entirely [62].

These complexities pose significant challenges in maintaining a satellite in an
orbit resembling those typically used for Earth’s communication constellations.
Because of this, the primary solutions found in the literature for communication
purposes, focuses on two main types:
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1. Keplerian elliptical Frozen Orbits.

2. Non-Keplerian Halo Orbits.

1.3.4 Frozen orbits about the Moon
A frozen orbit is described as an orbital path where there is minimal change in the
orbital eccentricity and argument of periapsis, achieved by meticulously choosing
specific orbital parameters. This orbit maintains constant average values for the
semi-major axis (a), eccentricity (e), and inclination (i). Ideally these orbits exhibits
a periodic oscillation of the orbital elements, makes them perfect to minimize the
need for maintenance [63]. Satellites placed in frozen orbits have apsidal lines that
remain constant vectors within planet-centered inertial frames, ensuring a stable
argument of periapsis (ω) [64, 65]. In [62, 66] studies have been made to find frozen
condition for lunar orbits, where eccentricity and periapsis rate are both set to zero
thus minimizing the need for station-keeping maneuvers. In this case, significant
solutions can be find with Eq. 1.1

e =
3

1 − 5
3 cos2 i

4 1
2

(1.1)

Only for ω = 90°; 270°. Real solutions exist for i > 39.23°, known as critical
inclination value. Imposed inclinations between 39.23° and 140.77°, there exists an
eccentricity which can be used to set both ω and e rates to zero, when ω is 90° or
270°. Conversely, for any 0 < e < 1, there is an inclination number that satisfy the
frozen condition, as depicted in Fig. 1.8

Figure 1.8: Eccentricity and inclination for zero periapsis and eccentricity rate.
Image Credits: [62]
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The peculiar behaviour exhibited from frozen orbits, inspire some works to investi-
gate the possibility of using them to make a lunar satellite constellation providing
coverage for communication purposes.
In the analysis of [66], it is designed a constellation of three satellites in a single
inclined elliptical frozen orbit, where two are always in line of sight of the lunar
surface for the south polar region, highlighted how the spacecrafts doesn’t require
orbit control under the effect of gravitational influences. In [67], the previous work
is further developed to extend the coverage to a global scale, also considering solar
radiation pressure. Two constellation comprises six satellites each were developed
that provide near 100% of coverage for a ten year period, additionally demon-
strate the need for low to no orbital maintenance. Another study, proposed by
[62], designed two constellations, respectively of eight ad twelve satellites, evenly
distributed in four frozen orbits for more redundancy and global coverage.

1.3.5 Halo orbits in the Earth-Moon system

A halo orbit is a three-dimensional path situated near one of five Lagrange points in
the three-body problem, where three of them are aligned along the line connecting
the primary bodies, while the other two form an equilateral triangle with the bodies.
Although a Lagrange point appears as an isolated spot in space, its distinctive
feature lies in its potential to host either a Lissajous orbit or a Halo orbit. These
arises due to the interplay between the gravitational pull of two celestial bodies
and the Coriolis and centrifugal forces acting on a spacecraft. Halo orbits can be
found within any three-body system, such as a satellite revolving around the Earth-
Moon system. Each Lagrange point supports continuous sets of both northern and
southern halo orbits [68].
The three aligned points are unstable, and the equilateral-triangle points are only
somewhat stable. Hence, some form of positional adjustment is usually necessary
to keep the satellite near a libration point. This station-keeping problem, becomes
intricate due to perturbative accelerations and additional control requirements
imposed by mission constraints [69]. Despite this, Halo orbits configurations
have been studied for communication and navigation applications in the lunar
environment, because their particular shape allows to have continuous line of sight
with Moon and Earth as can be seen in Fig. 1.9

20



Introduction

Figure 1.9: Southern Halo Orbit Families: Earth-Moon L1 (Orange) and L2
(Blue). Image Credits: [70]

Thorough examinations of the coverage capacities of Halo orbits and Distant
Retrograde Orbits, considering different numbers of satellites per orbit, were
conducted in the studies of [71, 72]. These investigations highlight that even with
a reduced number of spacecraft, complete lunar coverage is attainable. This is
primarily due to the substantial altitude at which these trajectories are positioned
and their distinct shapes. Moreover, their shape and their ability to reach high
altitudes, up to over 70000 km, make them particularly interesting to provide
long-term coverage over specific areas of the lunar surface, specifically focusing on
the regions of the South Pole.
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Chapter 2

Designing for space:
approach to mission design

2.1 Mission life cycle
As previously highlighted, it is evident the necessity and goal to develop a satellite
constellation for lunar communication in the coming years. Defining a system of
such complexity requires progressing through various phases of study, as outlined
in the ESA Project Life Cycle Model.
This framework consists of several phases, as outlined in Fig. 2.1, from 0 or
pre-phase A to F, that projects typically progress through to help manage space
missions, satellite launches, and other space-related endeavors.

Figure 2.1: Life cycle of a space mission. Image Credits: [73]

Phases 0, A, and B primarily focus on defining system functional and technical
requirements, identifying system concepts, detailing all required activities and
resources, conducting initial risk assessments, and initiating pre-development ac-
tivities. Moving into Phases C and D, the focus shifts to executing all tasks

22



Designing for space: approach to mission design

necessary for developing and qualifying both the space and ground segments.
Phase E encompasses the comprehensive set of activities required for the launch,
commissioning, utilization, and maintenance of orbital elements and associated
ground segment elements. Lastly, Phase F encompasses the suite of activities aimed
at the safe disposal of all products launched into space and the ground segment [74].

2.2 Charting the steps for mission design process

The current work falls within phases 0-A, specifically this chapter contributes to
the mission design process. The design encompass three primary steps:

• Objectives definition.

• Mission characterization

• System characterization

These involve a series of iterative activities essential to finalize the design, as
resumed in Fig. 2.2
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Figure 2.2: Mission design process workflow

Initially, the first include outlining top-level mission objectives and require-
ments, which are derived from the mission statement. A mission or project
statement is a comprehensive, and clear representation of the mission’s purpose
for existence, often expressed concisely in a single phrase. It is essential to note
that mission statement and derived objectives are fixed in this process, and do
not actively participate in the subsequent iterative process. They represent the
foundation of the mission.
Simultaneously, a critical parallel activity comprises analyzing stakeholders’
needs by identifying all mission actors and their expectations. This analysis helps
in deriving additional or secondary objectives vital to the success of the mission.
Assessing the requirements of main stakeholders involved is an essential step on
mission design. These can be categorized based on their roles in [75]:

• Sponsors often define the mission statement, set constraints, and allocate
funding resources. It is essential to compare the needs of sponsors with
those of developers to meet conceptual ideas with practical and technological
necessities.

• Operators, usually engineering organizations, oversee the management and
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maintenance of both space and ground assets.

• End-users are typically scientists or engineers, the consumer of the products
and capabilities delivered by the space mission.

• Customers and/or developers, distinct from end-users, are entities or individu-
als who pay for access to specific space mission products or services.

Once the broader mission objectives are established, the design process progresses to
the systems design by specifying the necessary requirements essential to accomplish
the mission.
Functional Analysis, a key aspect of this part, is employed to identify the primary
functions crucial for mission success and the corresponding physical components.
This phase also includes outlining the system’s scale by defining parameters such
as mass, power, thermal considerations, and link budget.
With the systems defined, design methodology focuses on evaluating the Concept
of Operations (ConOps). This falls within the Mission Definition phase and
aims to outline how the system will operate throughout its life-cycle phases to meet
stakeholders’ expectations effectively.
The system definition and mission definition are interconnected, and subsequent to
this phase, a trade-off analysis is conducted. This rigorously assesses the advan-
tages and disadvantages of each solution based on predetermined and measurable
criteria. Parameters such as mass, complexity, and maturity are evaluated against
a scoring system, enabling designers to select the most optimal solution based on
its specific merits.
This systematic approach ensures that the mission’s objectives, stakeholder expec-
tations, operational procedures, and system functionalities are intricately linked
and carefully evaluated to achieve the most viable and effective solution.
The following presents the studies conducted in order to identify the expected
mission requirements under the guide of space mission design steps.

2.3 Mission objectives and constraints identifica-
tion

2.3.1 Regions of interest for lunar outpost
Analysis have been conducted to identify key Regions Of Interest (ROI) on the
lunar surface intended for future missions. Specifically, considerable attention was
devoted to identifying the most suitable locations for fixed habitats that necessitate
for the adequate communication, in order to define coverage objectives. Several
studies have been conducted to identify the best positions, assessing multiple
factors including: surface conditions for landing, significance for scientific research
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purposes such as the presence of frozen volatiles, and optimal lighting conditions
[76] [77] [78]. Further research also highlights the feasibility of establishing fixed
communication systems, known as Lunar Communication Terminals (LCT),
to be placed in areas constantly visible from Earth’s network antennas, such as the
Malapert Mountains in the south pole or equatorial regions within Earth’s constant
line of sight [51] [78].
It can be concluded that the primary locations identified for fixed outposts are:

• Shakleton Carter at the South Pole.

• Mare Tranquillitatis in Equatorial near Earth side.

Additionally, other scientific important regions have been determined, primarily
situated on the far side near the Von Karman crater and at the North Pole [79].

2.3.2 Stakeholders’ identification and secondary objectives
Potential stakeholders have been identified and placed to the belong categories.
ESA and Surrey Satellite Technology (SSTL) or other spacecraft manufacturer can
be classified as the sponsors. The main operators are SSTL, Telespazio, NASA’s
Deep Space Network operators.End-users can be scientists, astronauts, ground
segment engineers, international space agencies. Customers, in this case, private
companies that might potentially leverage the system could be involved.

Secondary mission objectives have been formulated by assessing the require-
ments of the identified stakeholders:

• To ensure coverage of precise locations on the lunar surface: Mare Tranquilli-
tatis and South Pole Shackleton Crater.

• To enhance reliability and lifetime of constellation satellites.

• To reduce future lunar missions complexity.

• To increase data volume transmission from the lunar environment.

Within the stakeholders analysis, specific mission constraints arise:

• To ensure timely connection with Earth.

• To ensure connection among lunar user for more than 90% of constellation
lifetime.

• To reduce the complexity of constellation by promoting modular small sized
satellites.
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2.4 Requirements, system and mission definition

The direct outcome of defining the mission’s objectives is the establishment of
requirements. These can be of various types: mission, functional, configuration,
interface, environmental, operational, and logistic support. The first directly come
from the mission objectives, while the others are a result of the functional analysis
and the concept of operations.
There are strong interactions between requirements, concept of operations and
functional analysis. After establishing the mission objectives, the high-level mission
requirements can be delineated. Subsequently, the conceptual design process
progresses, encompassing both the system and mission definition.

2.4.1 Functional analysis elements

To effectively identify the foundational elements crucial for the mission, employ-
ing functional analysis becomes imperative. Within the conceptual design, this
approach operates across varying tiers, including subsystem, system, and system-
of-systems levels. Depending on the chosen tier, the components constituting the
future product manifest as equipment, subsystems, or system.
At the core of Functional Analysis lies a collection of key tools: the functional tree,
functions/products matrix, product tree, connection matrix, and functional/physi-
cal block diagrams. The functional tree serves as the starting point, facilitating the
division of high-level functions originating from the mission objectives or top-level
system requirements into progressively lower tiers. This process ultimately pin-
points the fundamental functions essential for the envisioned product. Higher-level
functions represent tasks that necessitate decomposition into simpler lower-level
functions to facilitate comprehensive analysis. Thus, starting from the so-called
top-level function, the functional tree extends branches that comes from intricate
functions to foundational ones, situated at the base.
After determining the fundamental functions, selecting the components responsible
for executing them becomes feasible through the utilization of the functions/prod-
ucts matrix.
This matrix serves the purpose of associating functions with their corresponding
physical components. Its construction involves a straightforward process of aligning
the foundational functions, located at the bottom of the functional tree, with rows
of components capable of fulfilling them.
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2.4.2 Concept of operations
The Concept of Operations (ConOps) serves to detail the practical implementation
of a mission to align with stakeholder expectations. It articulates the system’s func-
tional aspects from an operational standpoint, encompassing elements such as data
acquisition methods, mission control strategies, and feasible orbital configurations.
The ConOps comprehensively addresses all operational phases, spanning integra-
tion, testing, launch procedures, and eventual disposal. Key components of the
mission concept outlined encompass a breakdown of significant steps, timelines for
operations, end-to-end communication strategy, and details regarding operational
infrastructure. This also include the operational scenario, providing a dynamic
view of system operations, defining how the system is envisioned to work across
various modes or scenarios [80].
The objective of this study is to define a lunar communication constellation, specifi-
cally concentrating on satellites, conducting preliminary sizing and orbital analysis
to meet the expected requirements. To have a comprehensive overview of the
entire mission, all the potential phases have been identified, but the subsequent
sections will focus into the lunar stage for further analysis. ConOps starting from
the definition of the following mission phases:

1. Launch operations.

2. Trans-lunar injection.

3. Satellites inserction into lunar orbits.

4. Detumbling, deployment of solar panels, commissioning, validation of S/C
subsystems, calibration of communication payload and bus system.

5. Communications activities with designated targets.

6. Station keeping maneuvers to maintain constellation performances.

7. End of life and disposal strategy.

As previously stated, focusing on the mission operational phase, the following
concept of operation was considered in order to satisfy requirements:

“To provide communication relay to lunar users and Earth’s control facility with at
least one satellites always in line of sight with Moon surface’s elements.”

2.4.3 Surface elements in the lunar scenario
Identify the key elements that may be located within the scenario and explain
their interactions, is essential to support the delineated end-to-end communication
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strategy and potential mission architectures.
In [81] NASA express the plan to transport astronauts and cargo to lunar orbit and
the lunar surface. Landers and rovers will be used to explore the lunar surface and
conduct scientific investigations, including experiments related to in-situ resource
utilization (ISRU) to generate detailed information on the availability and extraction
of usable resources such as water and oxygen. The Lunar Communications Terminal
(LCT) and Lunar Relay Satellites (LRS) will serve as major network access points
for multiplexing and routing data within the lunar vicinity and between the moon
and earth.

Figure 2.3: Artist’s concept of Artemis Base Camp. Credits: [37]

Figure 2.4: Artist’s concept of lunar elements for exploration. Credits: [37]

The LRS and LCT will need to provide service to multiple surface assets simultane-
ously, each having different data volume requirements depending on the operational
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scenario [82]. Other papers as [51] [78] [83] highlights the possibility to use lunar
terminals or towers to have a direct link with Earth while communication between
surface elements use satellite’s relay. A concept of these architectures is represented
in fig. 2.5

Figure 2.5: Lunar mission communication links. Credits: [78]

2.4.4 Frequency and data rate allocation: End-to-end com-
munication architecture

Once the primary elements involved in the communication network are identified,
another crucial aspect to characterize the end-to-end communication architec-
ture is the evaluation of potential frequencies allocation for the links. Referring
to some studies like in [84] [85] [86], specified frequency bands and links to be
performed have been identified.
The links comprises:

• Forward and backward communication from Earth Deep Space Network (DSN)
to lunar relay satellites (LRS).

• Forward and backward communication from Earth Deep Space Network (DSN)
to lunar communicarion terminals (LCT).

• Forward and backward communication from LCT to LRS.

• Inter-satellite links (ISL).
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In addition to interfaces and bands, the end to end communications strategy provides
with type and amount of exchanged data. These information were extracted mainly
from [51] [85] [87]. All the data are summarised in Tab. 2.1 for better clarity.
Once the necessary data for establishing the various links required by the mission
have been identified, it is then possible to define the End-to-End communication
architecture of interest, as schematically depicted in the Fig. 2.6

Figure 2.6: End-to-end communication architecture

2.5 Satellite trajectories impact on design:
Frozen orbits vs Halo

To meet the stakeholders’ needs and fulfill the expected performance of the mission,
a preliminary assessment was carried out on the characteristics of the orbits most
extensively studied in this field, in order to definr the most appropriate.
In the search for the most suitable orbits for the mission, the primary considerations
were stability and the ability to cover sites of interest with the fewest satellites
possible while ensuring high-quality communication in terms of reduced data trans-
mission delay and required power. These criteria were evaluated to facilitate the
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achievement of mission objectives and, simultaneously, to minimize the size of the
satellite’s main subsystems, namely the propulsion and communication.
Keeping this concept in mind, the decision made in favor of Frozen Keplerian
orbits over Halo orbits, stem from several considerations. Although certain families
of Halo orbits might exhibit greater stability than Frozen orbits, the latter offer
distinct advantages in specific operational aspects.
One crucial factor influencing the preference for Frozen orbits lies in their signifi-
cantly lower operational distance from the lunar surface. While a higher distance
can be beneficial in some aspects, such as scientific observations or specific mission
objectives, the high altitude of Halo trajectories poses challenges in establishing
low-latency communications. Indeed the Halo orbits spans a range from approxi-
mately 2000 km at periapsis to over 60000 km at the apoapsis which is also the
region where satellites spend most of their orbital time. Therefore, the use of these
orbits appears to be more suitable for surface navigation on the moon, even while
accepting signal delays, or for the navigation of satellites in lower orbits [71] [88].
Moreover, Halo orbits appear better suited for polar coverage compared to the
specific needs of the mission. This is because their shape allows the apoapsis to
extend mainly into these regions [89].
On the other hand, while certain families of Halo orbits exist closer to the lunar
surface, these tend to be more unstable compared to Frozen ones. This instability
could compromise the predictability and reliability required for sustained lunar
missions, potentially impacting the safety and success of spacecraft operations [71].
Therefore, despite potential stability advantages in some Halo orbit families, the
combination of good stability and lower distance offered by Frozen orbits poses
fewer communication hurdles compared to Halo.
The enhanced communication reliability and manageable operational aspects of
Frozen orbits make them a more suitable choice for ensuring consistent and effective
communication and control during lunar missions.

2.6 How to size the constellation satellites

This section examines potential methodologies assessed for sizing the satellite
concerning its constituent subsystems. The objective of this work is not to develop
a detailed design but rather to define the subsystems in terms of mass and required
power. Emphasis has been placed on the communication subsystem, serving as
the primary payload of the spacecraft, and the propulsion system. These elements
serve as main drivers for sizing and are influenced respectively by the mission
architecture and the chosen orbits.
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2.6.1 Earth satellites database: parametric design approach
The first sizing method followed the logical flow outlined in the diagram in Fig. 2.7

Figure 2.7: Parametric analysis workflow

Initially an extensive analysis has been conducted to identify Earth-based commu-
nication satellites and their subsystems. The research phase focuses on different
types of communication spacecraft, evaluating:

• Total mass and power.

• Power allocation for the subsystems.

• Mass allocation for the subsystems.

• Communication payload in therms of antenna types, dimensions, mass, fre-
quencies and data-rate.

Data have been searched on several documents [16] [17] [18] [20] [90] [91] [92]
[93] [94]. The research on the satellite’s characteristics was unsuccessful due to
the lack of data, attributed to the fact that the information is managed by private
companies, making it challenging to retrieve.

Further investigations led to the study of [95], where a compilation of mass and
power data on numerous satellites is available. Utilizing this database, depicted in
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Fig. 2.8, correlations between total masses and subsystem masses, total powers
and subsystem powers were established through linear regressions.

Figure 2.8: Communication satellites system data. Credits: [95]

In order to assess the quality of the found models, results were then compared with
those from [96] [97] [98] where a similar approach was adopted on a larger sample
of satellites.
The findings of [96] are shown in the Tab. 2.2 2.3 2.4 2.5

Satellite mass class Mass model for communication subsystem
to total satellite mass

Large Mcomsub = 0.2764 × Mtotal + 156.56
Other categories Mcomsub = 0.062 × Mtotal + 0.1179

Table 2.2: Model for communication subsystem mass to total mass. Credits: [96]
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Mission Mass model of power subsystem
Telecommunication Mpowersub = 0.0971 × Mtotal + 100.13

Other Mpowersub = 0.1012 × Mtotal + 3.255

Table 2.3: Model for power subsystem mass to total mass. Credits: [96]

Satellite mass Power model for communication subsystem
class to communication subsystem mass
Large Pcomsub = 3.5143 × Mcomsub − 666.38

Other categories Pcomsub = 3.4256 × Mcomsub − 0.2487

Table 2.4: Model for communication subsystem power to communication subsys-
tem mass. Credits: [96]

Satellite class Power model to satellite class
Large P = 2.927 × Mtotal − 3206
Small P = 1.6746 × Mtotal − 419.1
Mini P = 3.1079 × Mtotal + 359.43
Micro P = 1.1344 × Mtotal − 11.384
Nano P = 4 × Mtotal − 2

Table 2.5: Model for total mass to total power Credits: [96]

The comparison between the models generated conflicting results. Moreover, apply-
ing the relationships found in the literature and those defined by linear regression
to the available satellite data in the databases, revealed significant discrepancies
between the estimated and actual results. This led to the exclusion of this approach
from the design process of the satellite platform and its subsystems.
The cause of these results can be attributed to the need for a more accurate
classification of communication satellite classes. Specifically, it would have been ap-
propriate to categorize spacecraft based on size and orbital belonging. Subsequently,
within these subgroups, differentiating satellites utilizing high-frequency systems
from those using medium to low-frequency systems would have been beneficial. At
this point, models could have been defined for each subgroup to relate subsystem
masses and powers. However, in this case, such a process was not feasible due to
the lack of specific data as explained above.
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2.6.2 Scaling method
Scale-up and scale-down sizing methods involve adjusting the size or capacity of a
system, in this case, a satellite, either upwards (scale-up) or downwards (scale-down)
while maintaining its fundamental functionalities and characteristics. In satellite
dimensioning, this process can be used to modify the size, weight, power, and other
parameters of the satellite based on specific needs or limitations, referring to one
or more satellites that have already been operational.
This could involve increasing or decreasing the dimensions of the satellite com-
ponents, altering power requirements, adjusting payload capacities, etc., while
ensuring that the satellite still fulfills its intended purpose and performance crite-
ria. These methods require careful consideration and analysis to ensure that any
modifications do not negatively impact the satellite’s functionality, performance,
or reliability.
Before proceeding with this approach, it is essential to identify one or more reference
satellite platforms and establish the interrelationships among their subsystems.To
support this process, reference was also made to Space System Engineering (SMAD)
[6], particularly utilizing the mass and power distribution tables depicted in the
Fig. 2.9

Figure 2.9: Subsystem percentage of dry mass and power. Credits: [6]
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Platform data

Considering the proposed architectures, two distinct satellite platforms were selected
as potential feasible solutions for the mission and for the application of the scaling
method.
The first is a CubeSat from Hemeria company, designed as a small satellite for
Internet of Things (IoT) operating in Low Earth Orbit (LEO) [99].

Figure 2.10: Hemeria HPIOT satellite. Credits: [99]

Main characteristics of the platform are resumed in the following Tab. 2.6

Hemeria HP-IoT satellite
Platform
Size [mm]

Regular Boosted
220x230x500

Platform Mass [kg] 20 22
Max Payload Mass [kg] 15
Max Payload Volume 8 U

Battery Capacity [Wh] 172
Payload avg. Power [W] 50-80 80-120
Payload Peak Power [W] 200

Uplink Rate [kbps] 64 (S-band)

Downlink Rate [kbps] 1000
(S-band)

1000 (S-band)
150-300 Mbps (X-band)

DeltaV [m/s] >150

Table 2.6: Hemeria satellite Data sheet. Credits: [99]

The second option is the larger Iridium NEXT satellite developed by Thales and
based on ELiTeBus-1000 (Extended LifeTime Bus) [100], also positioned in low
Earth orbit [101].
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Figure 2.11: Iridium NEXT satellite. Credits: [102]

Tab. 2.7 summarizes the characteristics of Thales’ satellite.

Thales Iridium NEXT satellite
Platform Size [mm] 3057x1040x2135
Platform Mass [kg] 750

Max Payload Mass [kg] 350
Payload avg. Power [W] 955

Peak Power [W] 2000

Downlink Rate
128 kbps (L-band)
1.5 Mbps (L-band)
8 Mbps (Ka-band)

Fuel Mass [kg] 164 (hydrazine)
DeltaV [m/s] >380

Table 2.7: Iridium NEXT satellite Data sheet. Credits: [94] [100]

2.6.3 Link budget
Before proceeding with the analyses, it is important to define the parameters that
most significantly influence communication and therefore affect the power required
to ensure the link closure, allowing the considered elements to exchange the required
data. The process is known as Link Budget, and it is the accounting of all of the
gains and losses from the transmitter, through the medium (free space, atmosphere,
cables and connectors), to the receiver in a telecommunication system [6].
In the performed simulations, the parameters necessary to define the link budget
were obtained using the Eb/N0 method, which is based on Eq. 2.1:
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Eb

N0
= Pt · Lt · Gt · LT SL · Gr

kB · Ts · R
(2.1)

For better clarity on the parameters introduced is useful to refer to the Fig. 2.12
representing a communication system architecture with the elements of transmitter
and receiver.

Figure 2.12: Communication system architecture

The parameters with subscript ’t’ represent the transmitter path, while those
with subscript ’r’ represent the receiver.
The Eb/N0 value is the energy required to transmit a bit (Eb) in presence of white
noise (N0). It depends on:

• Pt is the power output of the High Power Amplifier (HPA).

• Lt represent losses along the transmission line. Loss is estimated knowing the
length of the line and the attenuation/meter value typical of coaxial cables.

• Gt is the transmitting antenna gain.

• LT SL is the total space loss, and comprises antenna pointing loss (Lpr), path
loss (Lp) and atmospheric loss (La).

• Gr is the receiving antenna gain.

• kB is the Stefan-Boltzmann constant.

• Ts is the system noise temperature.

• R represent the data rate of the considered link.
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G is strictly related to the type of antenna and frequency used, in particular the
higher the frequency the greater the gain. As for the propagation losses, those are
related to the distance from transmitter to receiver and frequency by the Eq. 2.2

Ls = 20 log10

A
λ

4πS

B
(2.2)

Where λ is the wave length and S represent the Slant Range, that is to say the
distance in line of sight from transmitter to receiver. Now is possible to express
the Eb/N0 in decibels by the Eq. 2.3

Eb

N0
[dB] = (Pt + Lt + Gt)[dB] + LT LS[dB] + Gr[dB] − kB[dB] − TS[dB] − R[dB]

= EIRP + LT LS + Gr − kB − TS − R (2.3)

The value will be greater the higher Gt, Gr, and transmission power are, while it will
be penalized by the propagation distance of the signal, receiver noise temperature,
and the amount of data transmitted.
To understand the real capability of the system to accomplish the communication,
this Eb/N0 shall be compared with a required Eb/N0 for specific choices of:

• Bit Error Rate (BER), defines the probability that a wrong transmission of a
bit occurs. Small BERs require a better system because a better accuracy is
required.

• Signal modulation.

• Coding.

The required value of Eb/N0 is provided through tables and graphs like Fig. 2.13
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Figure 2.13: Bit Error Rate vs Eb/N0

Comparing the Eb/N0 of the system and the Eb/N0 required, the link margin (LM)
is defined by Eq. 2.4

LM =
3

Eb

N0

4
calc

−
3

Eb

N0

4
req

(2.4)

Link margin value express the effective capability of the communication system:

• If LM < 0, link is not present between transmitter and receiver.

• If 0 < LM < 6, link between transmitter and receiver is marginal.

• If LM > 6, link between transmitter and receiver is closed and communication
is guaranteed.
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Chapter 3

Mission design: preliminary
analysis and results

3.1 Mission analysis for the case study
After outlining the mission design process and establishing the objectives, require-
ments, and constraints gathered from various studies in the literature, the mission
design process can be finalized by making assumptions, conducting analyses, and
defining the missing parts.

3.1.1 Mission statement
For the lunar constellation, the following statement at system of systems level have
been defined:

“To develop a satellite constellation around the Moon able to ensure continuous relay
communication among various users on the lunar surface, and connecting them
to Earth for the support of human, scientific and commercial missions that will
explore Earth’s satellite, and to aid, over time, the development of stable colonies
and a Lunar economy.”

As a consequence of the statement, the primary mission objectives have been
identified as extensive goals for the mission:

• To enhance lunar communication capabilities.

• To support increased human activities on the lunar surface.

• To extend space economy to commercial ventures.
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• To support targeted missions on the lunar surface.

• To improve safety for human activities.

3.1.2 Mission building blocks definition
The scheme in fig. 3.1 is the result of the first step of the functional analysis, that
is to say, the functional tree.

Figure 3.1: Functional tree

At this stage, we can extract functional requirements by referencing the previ-
ously established functional tree:

• Constellation satellites shall be launched into space.

• Constellation satellites shall be inserted into trans-lunar injection.

• Constellation satellites shall be placed into lunar orbits.

• Energy shall be provided and distributed.
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• Temperature shall be controlled.

• Orbital elements shall be controlled.

• Communication data shall be managed.

• Mission data shall be processed.

• Mission operations shall be managed.

• Data shall be exchanged with lunar elements.

• Data shall be exchanged with Earth.

• Inter-satellite link data shall be managed.

In the fig. 3.2 is shown the first functions/products matrix, associated to higher
lever functions of functional tree.

Figure 3.2: Higher level functions-products matrix

While the fig. 3.3 represent the matrix related to lower level functions.

45



Mission design: preliminary analysis and results

Figure 3.3: Lower level functions-products matrix

By establishing the lower-level functions-products matrix, it is possible to under-
stand the core components, namely the mission building blocks, forming the
final product. These elements hold paramount importance in defining the mission
scenario and facilitating an initial system sizing.

3.2 Mission architectures: definition and study
3.2.1 Feasible architectures
The possibility of data transfer between LCT and DSN has been highlighted,
so the primary determinant shaping the framework is the communication link
between the Moon and Earth. Based on previous analysis and considerations, all
mission scenario elements and their interactions have been identified, leading to
the establishment of two possible mission architectures:

1. The constellation’s satellites manage all links and are directly connected with
Earth’s ground facilities.

2. The constellation’s satellites solely communicate with lunar elements, and the
Earth link depends on the Lunar Communication Terminals.
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In the first scenario, a larger spacecraft class is expected to maintain the necessary
performance. However, in the second condition, a smaller CubeSat-like satellite
could suffice, meeting the requirements on platform dimensions more effectively.
Other advantages in using the LCT for direct link with Earth may be the use of
optical communication, reduced latency and improved reliability and data-rate
compared to using a satellite as a relay [78]. Furthermore, studies from [83]
highlighted that lunar terminals can be used for short range communication and
navigation in the surface, thus reducing the necessity of a large constellation of
satellites.
In the Fig. 3.4, the two identified architectures are schematically depicted, which
will be the basis for preliminary definition analysis of the satellite platform.

Figure 3.4: Feasible mission architectures

In order to proceed with the study, it is necessary to define which of the proposed
architectures is most suitable to meet the requirements and constraints imposed by
the mission. Once the necessary analyses have been carried out, it will be possible
to determine which of the satellite platforms can adapt to the scenario and proceed
with the sizing.

3.2.2 Trade-off on architectures and satellite platforms
To meet the imposed requirements, it would be desirable to have the possibility of
using small satellites capable of satisfying the constraints in terms of transmitted
data volume, especially among Moon’s elements. For this reason, as previously
mentioned, two mission architectures have been proposed based on systems that
could potentially be placed on the lunar surface, like LCT.
In the scope of the analyses conducted, the two scenarios were defined using AGI’s
software: System Tool Kit (STK). During these initial simulations, the focus was
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solely on determining the transmission powers required to meet communication
performances.

Communication with lunar surface elements

For communication with the Moon’s elements, a single satellite was placed in a
circular inclined orbit, at an altitude of 10000 km, to encompass even the most
disadvantageous case in terms of lunar surface distance for the selected trajectories.
The scenario is depicted in Fig. 3.5 and represents the communication satellite
and one of the two possible lunar outposts, in this case, the one located in the
equatorial region in the area known as Mare Tranquillitatis.

Figure 3.5: Lunar relay satellite communication scenario with LCT

Proceeding with the analyses, it was initially conducted a collection of performance
data, concerning gain, transmission power and data rate, provided by antennas
using the required frequency bands in the lunar environment. These data are
summarized in the Tab. 3.1 and derive from [103]
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Communication system solutions
UHF-band

min Max
Gain [dB] 0 5
Tx Power [dB] 0.25 4
Data Rate [kbps] 0.1 42000

S-band
Gain [dB] 3 8
Tx Power [dB] 0.5 10
Data Rate [kbps] 4 100000

Ka-band
Gain [dB] 20 42
Tx Power [W] 0.3 4
Data Rate [Mbps] up to 150

Table 3.1: Gain, power and data rate for the lunar region frequencies. Credits:
[103]

The Tab. 3.2 contains values that have been assumed to remain constant across all
communication systems, and are used to perform the simulations.

Communication system constants
Polarization RHC
Modulation QPSK
LNA noise figure [dB] 1.2
Max BER 10−6

Link Margin Threshold [dB] 10.5

Table 3.2: Constant values of communication system

QPSK modulation type was considered to assess the required link margin for the
BER, while a typical value was chosen for the loss.
Ultimately, the Tab. 3.3 shows the minimum data rates to be met in the different
communication links at their respective frequencies.
At this stage, it was possible to perform a series of simulations, conducting a
trade-off among the power and gain values of the three antennas: UHF, S, and
Ka-bands, to achieve the required data transfer.
In the following Tab. 3.4 are reported the results of the analysis.
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Data requirements
Frequency band Data Rate [kbps]

UHF 1-10
S 10-1000

Ka 25000

Table 3.3: Data rate requirements for lunar users

Satellite to LCT communication system
TRANSMITTER

Frequency band UHF-band S-band Ka-band
Frequency [MHz] 397.5 2067.5 22850
Signal bandwidth [MHz] 15 85 600
Transmitter power [W] 0.25 10 4
Gain [dB] 2.5 7 25
Data rate [kbps] 25 1000 25000

RECEIVER
Frequency band UHF-band S-band Ka-band
Frequency [MHz] 442.5 2245 26250
Signal bandwidth [MHz] 15 85 600
Gain [dB] 2.5 7 25

Table 3.4: Satellite communication system data for LCT link

From this analysis, it is concluded that the power required for the communication
payload to transmit data to lunar users is 18.25 W, to which an increment of 20%
is applied according to ESA margin philosophy for science assessment studies [104],
resulting in a transmission power requirement of 22 W.
From the obtained results, it can be initially stated that concerning the payload
power, the mission architecture involving communication solely with lunar sites
allows the use of a small-sized satellite, comparable to Hemeria’s spacecraft. So a
50 W payload could suffice, leading to a total power of about 220 W using SMAD
relationships.

Communication with Earth DSN and lunar surface elements

For the analysis of the second mission architecture, the same simulation scenario
as the previous one was used. However, in this case, the satellite’s antennas were
directed towards the Earth’s Deep Space Network (DSN), as one can see in Fig. 3.6
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Figure 3.6: Lunar relay satellite communication scenario with LCT and DSN

Before conducting the simulations, a brief investigation was necessary regarding
the performance of the antennas in the terrestrial complex. Among the possible
antennas within the DSN, the 34-meter Beam Waveguide (BWG) antenna was
selected due to its transmission and reception capabilities in the frequency bands of
interest, namely S, X, and Ka bands [105], and its characteristics are summarised
in Tab. 3.5.

DSN 34m BWG Antenna
Frequency band S-band X-band Ka-band
Gain [dB] 56.2 66.98 79.58
Transmitter power [kW] 20 20 20
Central frequency [MHz] 2245 8475 26250

Table 3.5: 34 meters DSN antenna characteristics. Credits: [105]

Following the previously described procedures, an initial collection of satellite
communication data was compiled in Tab. 3.6, including gain and power for each
of the 3 available frequencies [6] [106].

Satellite antenna solutions
Frequency band S-band X-band Ka-band
Gain range [dB] 2-5 10-20 30-40
Antenna type Dipole Horn-Helix Parabolic-Phased array

Table 3.6: satellite to DSN communication characteristics

The mean gain values for each antenna have been chosen for the analysis. The
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data considered constant for the simulations are the same as those in the previous
scenario. Meanwhile, Tab. 3.7 summarizes the data rate requirements for each
band that the spacecraft platform must meet.

Data requirements
Frequency band Data Rate [kbps]

S 256
X 10000
Ka 25000

Table 3.7: Data rate requirements for DSN link

In order to satisfy the required performances, during the simulations was made a
trade-off on the satellite powers for the various communication links.
The analysis results are summarised in Tab. 3.8

Satellite to DSN communication system
TRANSMITTER

Frequency band S-band X-band Ka-band
Frequency [MHz] 2245 8475 26250
Signal bandwidth [MHz] 90 40 1500
Transmitter power [W] 75 200 10
Gain [dB] 3 15 35
Data rate [kbps] 256 10000 25000

RECEIVER
Frequency band S-band X-band Ka-band
Frequency [MHz] 2070 7212.5 22850
Signal bandwidth [MHz] 90 40 1500
Gain [dB] 3 15 35

Table 3.8: Satellite communication system data for DSN link

From the results of the analysis of this second architecture, it was possible to
evaluate that satellites, in the case of communication towards the DSN antennas,
require a transmission power of about 300 W, which, as previously done, must be
increased by 20%, reaching a value of 360 W. In this scenario, the spacecraft must
also communicate with lunar terminals; therefore, using the outcome of the previous
analysis, 20 W are added resulting in a total of 380 W for data transmission. By
applying the relationships between masses and powers of the subsystems present in
the SMAD, an estimate of the overall power of approximately 830 W is obtained.
This result is also in line with what was defined by [53], where an estimated power
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budget for the lunar satellite of approximately 700 W is provided. In this case,
using an Iridium like platform could be a good choice

3.2.3 Trade-off on the constellation
Established the mission architecture and the satellite platform to adopt from previ-
ous analyses, this paragraph delves into the methodologies that will be presented
in the subsequent chapter to select the best orbits to place the constellation’s
satellites. Simulations were conducted in multiple phases:

1. Evaluation of coverage capacity with a variable number of satellites in different
orbits towards the identified lunar sites of interest. The mission duration time
was set at 5 years, considering a CubeSat lifespan in LEO of about 8 as a
reference [99]. This allowed the identification of potential alternatives in terms
of orbits number and satellites per orbit, ensuring communication for at least
90% of the analysis time and meeting the specified requirements.

2. Orbit propagation to determine their stability throughout the mission’s dura-
tion in terms of primary orbital elements excursions. This enabled a preliminary
selection of orbits for further in-depth analysis.

The outcome of these simulations consists of several potential solutions represented
by a varying number of satellites and orbits.
Among the coverage, the possibility of extending communication to other sites
of potential scientific interest was evaluated. Furthermore, the ability of Lunar
Communication Terminals (LCT) to communicate with the terrestrial network was
assessed to emphasize the feasibility of the architecture for the intended purposes.
Upon concluding these preliminary analyses, a more detailed study of coverage was
undertaken. Specifically, this involved examining the distribution of communication
gaps in terms of duration compared to access times and how these gaps affect the
efficacy of the constellation under examination.
Subsequently, the simulations also focused on verifying the station-keeping maneu-
vers necessary to maintain the orbits in their configuration. These latter analyses
particularly encompassed determining the required DeltaV, estimating the amount
of fuel, maneuver times, and so defining the necessary propulsion system: chemical
or electrical. This allowed for the completion of the satellite design.

3.3 Point design definition
After completing the preliminary analyses that allowed the selection of the mission
architecture and a feasibility verification of using a small satellite in accordance
with the requirements, it is now possible to outline a base design for the satellite
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platform. This layout will be further refined based on the results of subsequent
analyses.
The aim is to detail more precisely the power and mass requirements for the
communication system (payload), electrical power system (EPS), and propulsion
system, in order to evaluate the overall mass and power needed for the satellite.
To achieve this, one must refer to the results of the analyses conducted on the
communication system, which highlighted a power requirement of approximately
20 W for data transmission.
This allows to take Hemeria’s CubeSat as indication, which anticipates a total mass
of about 20-22 kg, a payload power of 50 W and a volume ranging between 12U and
16U. However, it is important to emphasize that these are preliminary solutions.
For instance, regarding the propulsion system, further analyses will allow to define
the necessary engine and fuel quantity, contributing to the overall mass and power
calculations and eventually allowing for the definition of a feasible solution.
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Chapter 4

Mission analysis framework

4.1 STK analysis workflow

To effectively present the simulations conducted across various scenarios and the
subsequent results, it is crucial to include preliminary evaluations and considerations.
These are essential not only to justify the made choices, but also to facilitate a
better understanding.
The simulations followed a process that can be outlined through Fig. 4.1

Figure 4.1: Workflow of STK simulations
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Initially, the orbits taken from literature were considered individually or grouped
in pairs, each containing a varying number of satellites, as some of the identified
constellations appeared oversized concerning the analyzed coverage objectives.
These configurations were assessed for coverage of the sites of interest throughout
the entire mission duration, which spans 5 years. Combinations that didn’t achieve
at least 90% coverage for the entire duration were discarded.
Subsequent simulations aimed to assess stability by analyzing variations in the
primary orbital elements. Unstable trajectories were eliminated, while the others
were further analysed in detail regarding their coverage performances. Once the
analyses were refined, the final simulations focused on evaluating the necessary
station-keeping to maintain the orbits as optimally operational as possible, thus
preventing potential collisions with satellites already in orbit around the Moon.

4.2 Coverage analysis: considerations and meth-
ods

4.2.1 Simulation constraints
In all simulations, to ensure greater accuracy, a minimum elevation angle of 8
degrees was set for the terminal sensors on the lunar surface. This is defined as
the angle between the horizon’s plane and the connecting line between facility and
satellite as indicated in Fig. 4.2 with ε0.

Figure 4.2: Elevation angle between ground station and satellite. Image Credits:
[107]
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The elevation angle represents a physical constraint for line-of-sight visibility,
determined by both the characteristics of the ground antenna and the geological
configuration of the location where it is positioned [107].

4.2.2 Assessing the impact of communication gaps on cov-
erage

After an initial assessment of the coverage provided by individual orbits, these
were paired in various combinations. Simulations were then conducted with an
increasing number of satellites strategically positioned, until the required access
duration was achieved. Specifically, efforts were made to minimize both the number
of orbits and the spacecraft per orbit.
Evaluated the stability of the orbits that met the coverage requirements, a more
thorough review of communication was carried out. Specifically, having selected
orbits with similar coverage characteristics for the entire mission duration, subse-
quent simulations were conducted over a shorter period to quantify the occurrence
of communication interruptions. So simulations were performed throughout an
entire lunar rotation, because a more detailed examination of communication in the
different relative positions between the satellites and lunar terminals was possible.
The chosen simulation interval was 30 days, considering that the time required for
a complete lunar rotation is about 27 days 7 hours and 43 minutes [108].
Having verified that within the shortened 30-day period, the coverage percentage
on the relevant sites remains above 90%, it is necessary to evaluate the impact of
the existing gaps. Specifically, the aim is to determine whether, during the periods
of interruptions, these outweigh the duration of communication in that time frame.
It is important to assess that, in the case of long-duration gaps, there is at least
a brief daily interval available for communication. To achieve this, the average
value of the gap duration within the occurring interval will be calculated. This is
sufficient to quantify their impact once it has been confirmed that indeed there is
at least a small daily communication window available.
In periods where continuous communication is not possible, high-risk missions will
not be scheduled in order to avoid issues.

4.2.3 Additional considerations
A final coverage analyses also encompassed the secondary areas of interest, identified
as ’exploration sites’; however, these findings did not significantly contribute to
the final process of determining the optimal constellation. It was, nonetheless,
intriguing to assess the intervals throughout the mission where coverage could be
ensured in these secondary sites, proving beneficial for the planning of exploration
missions.
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4.3 Orbit perturbations and control mechanisms

4.3.1 Orbital propagator
In the stability analysis, in order to achieve the most accurate results, main distur-
bances affected the orbit were taken into account, using the High-Precision Orbit
Propagator (HPOP) provided by STK. The HPOP employs numerical integration
of motion’s differential equations to produce ephemeris data. It can encompass
various force modeling factors within its analysis, such as a full gravitational field
model (utilizing spherical harmonics), third-body gravity, atmospheric drag, and
solar radiation pressure [109]. The elements used in the propagator are depicted in
the Fig. 4.3 taken from STK scenario.

Figure 4.3: Functions of the STK HPOP propagator used

Referring to Fig. 4.4, the main orbital parameters used to assess the stability
method will be defined [108].

Figure 4.4: Classic orbital elements. Image Credits [108]
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The figure identifies the parameters in the Earth’s inertial reference frame, but
they are the same in any central body.

• Periapsis Altitude represents the satellite’s altitude at its closest point to
the lunar surface.

• Apoapsis Altitude is the satellite’s altitude at its farthest point from the
lunar surface.

• Right Ascension of the Ascending Node (RAAN or Ω) indicate the
angle measured on the equatorial plane between a direction in the reference
system of the central body and the Ascending Node. The Ascending Node
is where the orbit intersects the equatorial plane as the satellite moves from
the southern hemisphere to the northern.

• Argument of Periapsis (ω allows defining the periapsis position and is the
angle formed between the vector pointing to the ascending node and the one
indicating the periapsis direction.

• Inclination (i) is the angle formed between the equatorial plane and the
orbital plane.

The stability of the orbits was primarily assessed through two distinct approaches.
In the first method, the time evolution of the main orbital parameters was con-
sidered, referring to the information presented in Chapter 1. It was observed that
Frozen Orbits exhibit variations in orbital elements while maintaining constant
on average. This ideally periodic phenomenon is seen as a desirable behavior that
the system strives to approach. In the second method, the relative value of the
Right Ascension of the Ascending Node (RAAN) between orbits was examined.
This evaluation using Ω determines the relative phasing of orbits, to exclude those
with undesired overlaps.

4.3.2 Orbital mechanics: how to change classical elements
After these analyses, comprehensive simulations were conducted on the coverage, as
previously mentioned. Consequently, the final orbits ensuring the desired coverage
for the sites of interest and adequate stability have been derived. To finalize the
constellation selection and gather all the necessary components for completing the
preliminary satellite design, an analysis on orbital control maneuvers has been
carried out.
In order to justify the adopted station-keeping strategies, it’s necessary to recall
the possible maneuvers to be carried out, how they are executed, under what
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circumstances their propulsion cost is minimal, and which ones are the most
expensive. Only impulsive maneuvers will be considered, meaning those in which
the thruster with infinitesimal burn made the required velocity change (DeltaV)
instantaneously. All these concepts are defined through orbital mechanics [108]
[110].
It is anticipated that, generally, maneuvers carried out within the starting orbital
plane are cheaper in terms of DeltaV and thus require less propellant.

Altitude changing

Regarding the change in altitude, this is accomplished by making a velocity variation
with a thrust in the orbital plane itself, particularly in a direction tangential to
the trajectory. In the case of elliptical orbits, thrusting at periapsis will affect
the apoapsis, and vice versa for periapsis with the minimum amount of ∆V . For
circular orbits, pushing at any point will alter the altitude at the diametrically
opposite point. When considering an increase in altitude between two elliptical
trajectories, like that in Fig. 4.5, the Eq. 4.1 apply, where the mechanical energy
of the two orbits has been equated.

Figure 4.5: Single impulse maneuver for apoapsis altitude increase

∆E = E2 − E1 = v2
2
2 − µ

2a2
= v2

1
2 − µ

2a1
(4.1)

Following a ∆V defined by Eq. 4.2

∆V = v2 − v1 =
ó

v2
1 − µ

a2
+ µ

a1
− v1 (4.2)

Where v1 is the initial velocity at the periapsis of the first orbit, and v2 the velocity
after the impulse in the same point. µ represent the gravitational constant of the
central body and a the semi-major axis of the orbit. The same approach apply to
a reduction of the height, in that case the velocity variation will be negative. This
method is the most cost-effective in terms of ∆V , but requires the longest time
to be executed. It can be considered as a particular case of a Hohmann transfer,
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that is the cheapest two-impulse maneuvers used to modify both the altitude at
Apoapsis and Periapsis.

Argument of periapsis changing

This maneuver is particularly inefficient among those that can be performed with
a single in-plane impulse. It involves changing the argument of periapsis and can
be outlined using Fig. 4.6

Figure 4.6: Single impulse maneuver for argument of periapsis variation

In this case, there is no alteration in altitudes, so there are no changes in the orbital
energy. However, the maneuver will incur a propulsion cost, which remains the
same whether conducted at point A or B, and it can be expressed with Eq. 4.3.

∆V = 2vr = 2µ

h
e

-----sin

A
∆ω

2

B----- (4.3)

Where h is the orbit momentum vector and e is the eccentricity. Particularly, the
thrust direction must be parallel to the line connecting the two intersection points
of the initial and final trajectories.

Plane changing: inclination control

A change in velocity, occurring within the orbit’s plane, can modify either its size,
shape, or rotate the line of Apsides. Altering the orientation of the orbital plane
in space necessitates a ∆V component perpendicular to the plane of the orbit. If,
following the application of a finite DeltaV, the satellite’s speed and flight-path
angle remain unaltered, it indicates a mere adjustment in the orbit’s plane. This is
called a simple plane change. An instance of a simple plane change is transitioning
from an inclined orbit to an equatorial one, illustrated in Fig. 4.7. The alteration in
the orbit’s plane occurs at an angle, i. The initial and final velocities are identical in
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magnitude and, along with the required ∆V , constitute an isosceles vector triangle
as seen in right of Fig. 4.7. Assuming knowledge of the actual orbit’s velocity and
desired final i, DeltaV can be calculated using Eq.

Figure 4.7: Simple plane change through an angle i

∆V = 2v sin
i

2 (4.4)

If the object of the maneuver is exclusively a plane change, the most effective
way to do so is at one of the node, ascending or descending. If the maneuver is
performed at any point along the trajectory between the nodes and the apoapsis
or periapsis, in addition to a ∆i variation, there will also be a ∆Ω, which indicates
a change in the right ascension of the ascending node, as can be seen in Fig. 4.8

Where Ψ, indicate the satellites flight path angle. Therefore, if one intends to
execute an inclination change in this specific case, it will necessitate accepting a
modification of the RAAN, requiring a larger DeltaV. Furthermore, the maneuver
will be carried out based on the variation of the flight path angle according to
Eq.4.5

∆v = 2vθ sin

A
∆Ψ
2

B
(4.5)

The velcity vtheta, is the component tangent to trajectory. And the Eq. 4.6
correlates i and Ψ.

∆Ψ = Ψ2 − Ψ1 = arcsin

A
cos(i1 + ∆i)

cosδM

B
−
3

cos i1

cosδM

4
(4.6)

Where δM is the latitude of the maneuver point. So when the satellite is at a node,
the flight path angle and δM are zero so the maneuver induces a change solely in
inclination.
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Figure 4.8: Plane change through flight path angle variation

Plane changing: RAAN control

The control of RAAN is an inclination changing. Actually, as previously discussed,
when a ∆v is impressed in a point that is not a Node, ∆i comes with ∆Ω. So if one
wants to perform a control on the right ascension of the ascending node, reducing
the propulsion cost and avoiding inclination changes, this should be conducted at
the Apoapsis or Periapsis, as shown in the Fig. 4.9

Figure 4.9: Simple plane change through an angle Ω
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4.4 Station keeping strategies and application
The briefly outlined methodologies refer to ideal impulsive maneuvers, which have
been adopted as a basis for defining the station-keeping process aimed at evalu-
ating strategies for controlling orbital parameters. However, in reality, impulsive
maneuvers do not exist; therefore, correction phases are characterized by a finite
time. Additionally, even if small, there are always alignment errors between the
thrust direction and the ideal direction for the maneuver. These two factors result
in the displacement of the maneuver point throughout the entire combustion phase,
which combined with the misalignment of the thrust, causes also minimal change
in other orbital elements.

4.4.1 Absolute and relative station keeping
Station-keeping is crucial to maintain satellite intended position and orbital pa-
rameters. These maneuvers ensure that spacecrafts remain within specified orbital
slots, enabling uninterrupted communication, accurate data collection, and effective
operation of satellite-based systems like telecommunications. Perform station-
keeping is essential in order to avoid orbital drift, potentially causing collisions or
rendering the satellite ineffective for its intended purpose. Thus, station-keeping
maneuvers are vital to ensure the longevity and functionality of satellites in orbit
[111]. Initially, it’s important to differentiate between absolute station-keeping
and relative station-keeping. Absolute station-keeping ensures that each satellite
remains within a predefined mathematical boundary concerning the central body,
whether it’s the Moon or inertial space. On the other hand, relative station-keeping
focuses solely on maintaining the positions of the satellites in relation to each other
without considering absolute positions. The control box denotes the permissible
range in orbital parameters that are managed through maneuvers [112].

4.4.2 Ongoing activities around the Moon
For station keeping purposes, it may be interesting an evaluation of what is actually
orbiting the Moon, in order to compute preliminary control strategies and avoid
collisions.
There are six active spacecraft orbiting the Moon, as illustrated in Fig. 4.10.
Within these, NASA’s THEMIS mission has repurposed two out of its five probes
into ARTEMIS (Acceleration, Reconnection, Turbulence, and Electrodynamics
of the Moon’s Interaction with the Sun), namely, ARTEMIS P1 and ARTEMIS
P2. Both of these spacecraft maneuver in eccentric orbits with low inclinations.
Meanwhile, NASA’s Lunar Reconnaissance Orbiter (LRO) follows a nearly polar,
slightly elliptical orbit. Additionally, India’s Chandrayaan-2 and Korea Pathfinder
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Lunar Orbiter (KPLO) also navigate in polar orbits at an altitude of 100 km.
NASA’s Capstone operates within a 9 : 2 resonant southern L2 Near Rectilinear
Halo Orbit (NRHO). Its Perilune travels over the lunar North pole at an altitude
of 1500 to 1600 km, while the Apolune extends over the South pole, approximately
70000 km away. China’s Chang’e 4 mission’s data relay satellite Queqiao, was later
relocated to a halo orbit near the Earth-Moon Lagrange point L2 [113].

Figure 4.10: Satellites orbiting the Moon as of July 2023. Image Credits: [113]

4.4.3 STK implementation
During the conducted analyses, the station-keeping was exclusively carried out in
an absolute manner. Specifically, the adopted strategy can be seen as aimed at
maintaining communication performance for the mission while seeking to minimize
propulsion costs.
Two strategies have been evaluated, schematically represented in images a and b of
Fig. 4.11.
In both cases, upper and lower threshold values have been established, considering
the excursions exhibited by uncontrolled propagated orbits. In particular, in the
first case, an attempt was made to leverage the natural periodic variations typical of
"frozen orbits" to reduce the number of maneuvers to be performed and consequently
the propulsion cost, by restoring the orbital parameters to their initial values at
opportune moments. In the second case, in order to further reduce the propulsion
cost, albeit at the expense of a greater number of required maneuvers, tolerances
with reduced values compared to the upper and lower limits were defined. These
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(a) Station keeping maneuver to initial value

(b) Station keeping maneuver to tolerance values

Figure 4.11: Station keeping strategies implemented in STK

tolerances aimed to bring back the orbital element within these limits with the
control maneuver, still maintaining its mean value constant throughout the entire
mission.
The two strategies just described have been applied to satellites in the studied STK
scenarios. Constraints have been imposed on the maximum and minimum values
assumed by parameters to be controlled during the propagation of spacecraft along
their orbits. Throughout their orbital paths, satellites traverse specific positions
on the trajectory where it is advantageous to perform maneuvers, as discussed in
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chapter 4.3, namely the ascending node, periapsis, descending node, and apoapsis.
Whenever a satellite reaches one of these positions, an assessment is made to
determine if the monitored parameter has exceeded the predetermined threshold.
If so, the adequate maneuver is executed.

4.4.4 Selected propulsion technology for satellites control
When deliberating over the choice between chemical and electrical propulsion for
the satellite station keeping, several crucial factors came into play. Given the
small size of the satellite and the specific goal of maneuvers, it was imperative to
consider a propulsion system that aligns with these parameters, so it is obvious that
choice falls on small thrusters. The primary objective revolved around selecting
propulsion mechanisms tailored explicitly for station keeping. Hence, the focus was
on identifying and adopting compact propulsion systems that have demonstrated
efficiency in similar satellite-scale applications. These selected propulsion systems
are intended to drive the simulations, allowing for a comprehensive evaluation of
their effectiveness across multiple criteria.
The evaluation encompass an assessment, examining various performance met-
rics including mass optimization, power efficiency, fuel utilization, and the time
required to execute the necessary maneuvers. As the satellite primarily requires
periodic adjustments to maintain its intended orbit, the emphasis lay in identifying
propulsion mechanisms that could deliver the requisite thrust efficiently within the
constraints of the satellite’s size and power availability.
For the intended purposes, two propulsion systems have been chosen, specifically
one chemical propulsor and one electric from the available market solutions designed
for cubesat applications. The characteristics of both engines are summarized in the
table below, which represents their data sheets and parameters used for conducting
simulations, derived from [114] [115].

Figure 4.12: Chemical propulsion system MR-111C from Aerojet Rocketdyne.
Image Credits: [114]
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Aerojet Rocketdyne MR-11C
Propellant Hydrazine
Thrust [N] 4
Power [W] 16
Massdry [kg] 0.33
Specific Impulse [s] 220
Dimensions [mm] 170x55x38

Table 4.1: Aerojet Rocketdyne chemical propulsion data

Figure 4.13: Electrical propulsion system NPT30-I2 from ThrustMe. Image
Credits: [115]

ThrustMe NPT30-I2
Propellant Solid Iodine
Thrust [mN] 0.3-1.1
Poweravg [W] 45
Massdry [kg] 1.2
Specific Impulse [s] 1200
Dimensions 1 U

Table 4.2: ThrustMe electrical propulsion data
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4.5 Trade-off methodology: Analytical Hierarchy
Process

In the process of determining the optimal orbit for mission purposes, a compre-
hensive Trade-off with Analytical Hierarchy Process has been undertaken.
This process started by defining specific Figures of Merit (FOM), each carrying an
assigned weight crucial to the assessment.
Every orbit under analysis underwent evaluation, wherein all associated FOMs were
attributed values basing o their importance over mission objective. Subsequently,
by multiplying the weight of each FOM by the respective score of the orbit and
summing these products, a comparative analysis of results was conducted to discern
and select the better orbit for the mission’s objectives [116].

The identified Figures of Merit were as follows:

• Total duration of communication: assessment of the communication
coverage each configuration provided over specific regions.

• Gap distribution: how the frequency and distribution of communication
gaps influences the goodness of coverage.

• Eclipse time: quantification of the time during which satellites remain in
umbra, impacting power availability and storage.

• Station-keeping ∆V : the required change in velocity for satellite orbital
control, express the ease of maneuvering and assess the application of different
propulsion systems.

• Station-keeping maneuver time: estimation of the time needed for maneu-
vers in each orbit, influencing operational efficiency. Fuel for station-keeping:
assessment of fuel consumption required for maintaining satellite positions
within each orbit.

• Number of maneuvers: frequency of maneuvers necessary for orbital main-
tenance and stability within each orbit.

• Number of satellites: encompass the ability to reach the designated goals
with minimum number of spacecrafts.

• Number of orbits: define the number of orbits required for each constellation,
as a mean of evaluating complexity.

These Figures of Merit collectively formed a comprehensive framework for sys-
tematically assessing and comparing the various orbits under consideration. To
examine the FoMs relative importance, it has been made a Prioritization Matrix,
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defining a normalized final value. In this manner, all FOM are compared to each
other, defining a characteristic weight used to evaluate the configurations.
The hierarchical process progresses by assessing scores for individual configurations,
similar to the methodology used for Figures of Merit (FOMs). Consequently, at
the conclusion of this procedure, a final ranking for all constellations is derived,
each associated with scores for all the figures of merit. To conclude the process,
multiply the scores of each configuration by the corresponding FOM weight figures.
This calculation yields a scale where the maximum value is linked to the superior
configuration, while the minimum corresponds to the inferior one.
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Chapter 5

Mission analysis: simulations
and results

5.1 Constellations deployment: preliminary cov-
erage and stability analysis

As previously mentioned, the following chapter will examine the main simulations
conducted in STK. The aim is to identify the optimal orbits, fulfilling coverage
requirements for the sites of interest while ensuring stability against major dis-
turbances. These analyses will also determine the required number of satellites
and define the most suitable propulsion system in terms of maneuver times, mass,
power, and necessary fuel, thus completing the preliminary design of the satellites.

5.1.1 Lunar communication terminals to Earth deep space
network

The first conducted analysis focused on evaluating the coverage performance
provided by the lunar terminals towards the Deep Space Network antennas, in
order to reaffirm the feasibility of the chosen architecture. Specifically, the scenario
was set up positioning the two LCTs at designated locations on the lunar surface,
with the three main DSN antennas respectively located at Goldstone, Madrid, and
Canberra. The scenario is depicted for clarity in Fig., while the obtained results
are summarized in Tab.

5.1.2 Frozen configuration 1
In Fig. 5.1 is depicted the first analyzed configuration taken from [62] while Tab.
5.1 contain the orbital elements. To simplify the visualization, all the orbits will
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be represented with only one satellite.

Figure 5.1: Frozen configuration 1

Frozen Configuration 1
S/C Plane Orbit Period [hr] a [km] e i [deg] RAAN [deg] AgP [deg]

1 1 A 18 8049 0.4082 45 0 90
2 1 B 18 8049 0.4082 45 180 270
3 2 C 18 8049 0.4082 45 0 270
4 2 D 18 8049 0.4082 45 180 90

Table 5.1: Frozen configuration 1 orbital elements

The original constellation comprise eight or twelve satellites, equally spaced in the
four orbits.
The initial setup was divided into three constellations pairing the orbits AB, AD,
and BD. Initially, there were 2 satellites per orbit in the analysis. Eventually, to
achieve the required coverage, the final solution consisted of 3 satellites for each
orbit, totaling 6 across all constellations, as shown in Fig. 5.2
The results of the analysis conducted for the Frozen configuration 1 constellations,
are summarized in Tab. 5.2
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(a) Frozen configuration 1: AB orbits (b) Frozen configuration 1: AD orbits

(c) Frozen configuration 1: BD orbits

Figure 5.2: Constellations derived by Frozen Configuration 1

Frozen configuration 1
Orbits A + B A + D B + D
Satellites 6 6 6
Mare Tranquillitatis coverage 88 % 88 % 93 %
Mare Tranquillitatis gap 12 % 12 % 7%
South Pole coverage 96 % 100% 93 %
South Pole gap 4 % 0% 7 %

Table 5.2: Coverage results for Frozen configuration 1 constellations
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In these cases, due to the excellent coverage at the south pole provided by the AD
constellation, despite the equatorial side has a coverage of slightly below 90%, this
constellation proceeded to the next analysis step with BD to stability assessment.
The stability analysis lead to the results depicted in Fig. 5.3, 5.4, 5.5 Based on
the results, it has been decided to exclude orbit A as it displays a significantly
unstable behavior when compared to orbits B and D. Specifically, its use is deemed
inconvenient due to the rapid variation in RAAN, causing it to overlap with other
orbits, and the change in argument of periapsis from 90 to 180 degrees, responsible
for shifting the periapsis from the southern to the northern pole area. Furthermore,
the apoapsis and periapsis altitudes vary considerably, deviating from the typical
oscillatory behavior observed in frozen orbits. So among the analyzed configurations,
the best compromise is the constellation composed of orbits B and D.
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5.1.3 Frozen configuration 2

The Fig. 5.6 shown the constellation derived from [67], with parameters in Tab.
5.3

Figure 5.6: Frozen configuration 2

Frozen Configuration 2
S/C Plane Orbit Period [hr] a [km] e i [deg] RAAN [deg] AgP [deg]

1 1 A 16.2 7500 0.05 40 0 90
2 2 B 16.2 7500 0.05 40 90 90

Table 5.3: Frozen configuration 2 orbital elements

The constellation initially comprised 6 satellites, evenly divided between 2 orbits.
This configuration was reorganized into two setups, as illustrated in Fig. 5.7. In
the first scenario, only the A orbit with 4 spacecraft is sufficient to achieve the
required communication coverage. The second configuration involves both A and B
orbits of the original, with the number of elements reduced to 4, equally distributed
across the trajectories.
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(a) Frozen configuration 2: orbit A (b) Frozen configuration 2: AB orbits

Figure 5.7: Constellations derived by Frozen Configuration 2

The coverage results for the 5 year propagation of the orbits are summarized in
Tab. 5.4.

Frozen configuration 2
Orbits A A + B
Satellites 4 4
Mare Tranquillitatis coverage 90 % 91 %
Mare Tranquillitatis gap 10 % 9 %
South Pole coverage 91 % 92%
South Pole gap 9 % 8%

Table 5.4: Coverage results for Frozen configuration 2 constellations

Perturbation of orbits for the 5 year mission duration, allowed to obtain the results
of Fig. 5.8. In this case both constellations exhibit a good stability. Furthermore,
the configuration composed of orbits A and B shows a good evolution of relative
RAAN over time that doesn’t require any control to avoid superimposition. The
Argument of Periapsis complete rotation in this case is not a problem, because
both orbits have a very little eccentricity, so the orientation of Periapsis is not
a problem for communication. For what concern inclination, some control may
be implemented in order to avoid that an excessive reduction influences coverage
performances.
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5.1.4 Frozen configuration 3

In the following Fig. 5.9, there are the second constellation proposed by [67] and
orbital elements are in Tab. 5.5 below.

Figure 5.9: Frozen configuration 3

Frozen Configuration 3
S/C Plane Orbit Period [hr] a [km] e i [deg] RAAN [deg] AgP [deg]

1 1 A 24.5 9870 0.185 40 0 90
2 2 B 24.5 9870 0.185 40 90 90

Table 5.5: Frozen configuration 3 orbital elements
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(a) Frozen configuration 3: orbit A (b) Frozen configuration 3: AB orbits

Figure 5.10: Constellations derived by Frozen Configuration 3

This case, very similar to the Frozen configuration 2, consisted of 6 satellites.
The results from simulations conducted for the 5-year mission period allowed the
identification of 2 constellations that met the requirements, as depicted in Fig.
Specifically, both constellations contain 4 spacecrafts, which were positioned in a
single orbit in case a and across two orbital planes in case b.
Tab. 5.6 gather the results of conducted analysis.

Frozen configuration 3
Orbits A A + B
Satellites 4 4
Mare Tranquillitatis coverage 90 % 93 %
Mare Tranquillitatis gap 10 % 7 %
South Pole coverage 92 % 98%
South Pole gap 8 % 2%

Table 5.6: Coverage results for Frozen configuration 3 constellations

The results of both orbits propagation is represented in the graphs of Fig. 5.11. It
can be seen a general good evolution of parameters. For the Argument of Periapsis
the same reasoning can be applied as in the previous case, considering the orbits
almost circular shape. In the final part of the mission, the orbits exhibit an increase
in altitude oscillations, but it has been decided to keep them nonetheless to carry
out analyses of the station-keeping maneuvers. Like the Frozen Configuration 2,
these orbits manifest a reduction in inclination that may need some control.
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5.1.5 Hybrid configuration

The last constellation simulated is in in Fig. 5.12. It is composed of the frozen
orbit defined by [66] for polar coverage, and a circular orbit to provide equatorial
communication. The Tab. 5.7 comprises frozen and circular orbits parameters.

Figure 5.12: Hybrid configuration

Hybrid configuration
S/C Plane Orbit Period [hr] a [km] e i [deg] RAAN [deg] AgP [deg]

1 1 A 15.3 7210 0.6 56.2 0 90
2 2 B 6.2 3937 0 0 0 0

Table 5.7: Hybrid configuration orbital elements

The choice to analyze such a specific configuration was suggested by the analyses
found in [51], which proposed, among various constellations, the use of two circular
orbits, one polar and one equatorial, for communication within their respective
areas as can be seen in Fig. 5.13
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Figure 5.13: Space communication architecture working group constellation
proposal. Image Credits: [51]

The concept has been applied to this mission by revising the used trajectories.
Specifically, the polar circular orbit was replaced by an elliptical Frozen orbit,
maximizing coverage over the pole of interest while avoiding spacecraft spending
too much time in the northern hemisphere where coverage is not required. The
equatorial circular orbit was retained but carefully redesigned in height considering
perturbation effects and achieving desired coverage with the minimum number of
satellites. This lead to the final configuration of Fig. 5.14 that with 5 satellites
satisfy the requirements for coverage.

Figure 5.14: Hybrid configuration: AB orbits

As one can see in the Graphs of Fig. 5.15, 5.16, both orbits shows a good evolution
over time, and despite some variations in inclination, they remain generally stable.
This behaviour suggest that the configuration could accomplish the goals even
without any orbital correction.
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5.1.6 Detailed coverage of lunar outposts
To proceed with the evaluation of the selected constellations, as anticipated in
Chapter 4, a more detailed analysis regarding coverage has been conducted. Subse-
quently, the results and considerations drawn from these simulations are reported.
In particular, focusing on a complete lunar rotation, influence of gaps over coverage
can be assessed. From the coverage results, it emerged that the analyzed orbits
exhibit an interruption time accounting for less than 10% of the total duration of
the analyzed scenario, equating to a maximum of 3 days within the 30-day period.
In order to more thoroughly evaluate the characteristics of the coverage pertaining
to the sites of interest, it was crucial to understand the distribution and average
duration of these interruptions. This aspect is critical because, with a maximum in-
terruption limit of 72 hours, solutions with a higher number of shorter interruptions
are preferred over configurations with fewer but longer inactive periods. In the
following Fig. 5.17 5.18 5.19 5.20 there are the representation of those periods of
gaps. To enhance clarity, the y-axis has been constrained, and the longer intervals
of duration have been labeled.
In all configurations, the gaps have a very low frequency, meaning they occur
after many hours of communication and there are no days where gaps prevails
over coverage. The only exception is found in the hybrid configuration, where
gaps occur approximately every less than 2 hours of coverage for a duration of
less than 10 minutes. To enhance comprehension of the data portrayed in the
preceding graphs, the results have been compiled in the subsequent table. This
table summarizes the total duration of coverage and gaps observed over the span
of 30 days. Additionally, to underscore the quality of coverage, the number of gaps
and their average duration are presented in Tab. 5.8 with other parameters, offering
insights into whether these gaps can be disregarded or warrant consideration during
specific periods. Furthermore, the average frequency of occurrence of gaps has been
assessed; thus, it is possible to quantify the impact of periods without coverage,
even if of short duration. Cases where the gap frequency is low and their duration
is high will be considered unfavorable, indicating a concentration of these gaps
within a restricted time frame.
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(a) Config. 1 constellation BD coverage over 30 days to MT

(b) Config. 1 constellation BD coverage over 30 days to SP

Figure 5.17: Coverage trend of frozen configuration 1 orbits over 30 days
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Figure 5.20: Coverage trend of hybrid configuration orbits over 30 days
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Gap influence over 30 days coverage

Constellation
Total

coverage [hr]

Total
Gap [hr]

Mean gap
duration [hr]

Gap
number

Gap
frequency
[gap/day]

Conf 1
Orbits BD to MT 676 44 1,8 24 0,8

Conf 1
Orbits BD to SP 675 45 1,3 33 1,1

Conf 2
Orbit A to MT 652 63 2 32 1,1

Conf 2
Orbit A to SP 624 95 2 52 1,7

Conf 2
Orbits AB to MT 647 73 1,1 66 2,2

Conf 2
Orbits AB to SP 630 90 0,9 102 3,4

Conf 3
Orbit A to MT 656 64 2,4 27 0,9

Conf 3
Orbit A to SP 623 90 3,2 28 0,93

Conf 3
Orbits AB to MT 663 57 1,4 41 1,4

Conf 3
Orbits AB to SP 686 34 1,2 28 0,93

Hybrid conf
to MT 668 0,86 0,15 347 11,7

Hybrid conf
to SP 720 0 0 0 0

Table 5.8: Constellations gap evaluation over 30 days

5.1.7 Eclipse time evaluation

The evaluation of eclipse time for satellites across the various orbits holds significant
importance due to its direct impact on the power subsystem. Eclipse time refers
to the duration during which a satellite remains in the shadow of a celestial body,
such as the Earth or Moon in this case, diminishing or cutting off solar power
availability to the satellite’s solar panels. This parameter becomes pivotal as it
directly influences the power requirements of the satellite. Specifically, the longer
a satellite spends in eclipse during its orbital period, the greater the need for
an adequate power storage system, typically fulfilled by larger capacity batteries.
Consequently, the increase in battery size not only augments the power storage
capability but also leads to an escalation in both the overall size and mass of the
satellite. A general understanding and assessment of eclipse time across different
orbits become crucial aspects in the design and operational phases of satellite
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missions. To assess the influence of eclipses, mean values over time and maximum
experienced eclipse time have been evaluated, and consequently a ratio between
the average eclipse duration and the satellite’s orbital period. In the following, the
results derived from the orbits under analysis are summarised.

5.1.8 Station keeping analysis
In this section of the study, the outcomes derived from the station-keeping analysis
have been thoroughly explained. The methodology employed for conducting these
simulations has been presented upon in Chapter 4. As previously outlined, two
distinct propulsion systems were employed, and the optimal solutions for each
orbit have been delineated in the subsequent discussion. The analyses conducted
took into account the excursions experienced by uncontrolled orbit parameters,
specifically focusing on their influence on mission performance, aiming to minimize
propulsion costs.

Frozen configuration 1: Orbits BD

The results of implementing station keeping on the Frozen configuration 1 are
reported in the Fig. 5.21

Results for chemical and electrical propulsion are summarized in Tab. ??

Frozen Configuration 1 Station-keeping
Chemical Propulsion Orbit B Orbit D
N° maneuvers 357 325
DeltaV [m/s] 284.4 261.9
Mfuel [kg] 3.705 3.43
Time finite burn [min] 33.31 30.82
Electrical Propulsion Orbit B Orbit D
N° maneuvers 271 245
DeltaV [m/s] 219.74 193.84
Mfuel [kg] 0.555 0.5
Time finite burn [hr] 604 534

Table 5.9: Station keeping control for Frozen configuration 1 results

Frozen configuration 2: Orbits A and B

The results of implementing station keeping on the Frozen configuration A and B
are reported in the Fig. 5.22

Results for chemical and electrical propulsion are summarized in Tab. ??
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(a) Orbit B Apoapsis and Periapsis altitude control

(b) Orbit D Apoapsis and Periapsis altitude control

Figure 5.21: Altitude station keeping control for Frozen configuration 1 constella-
tion
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Frozen Configuration 2 Station-keeping
Chemical Propulsion Orbit A Orbit B
N° maneuvers 286 319
DeltaV [m/s] 197.6 214.4
Mfuel [kg] 2.62 2.84
Time finite burn [min] 23.6 25.5
Electrical Propulsion Orbit A Orbit B
N° maneuvers 290 373
DeltaV [m/s] 200.3 215.8
Mfuel [kg] 0.506 0.545
Time finite burn [hr] 551 594

Table 5.10: Station keeping control for Frozen configuration 2 results

Frozen configuration 3: Orbits A and B

The results of implementing station keeping on the Frozen configuration A and B
are reported in the Fig. 5.23

Results for chemical and electrical propulsion are summarized in Tab. ??

Frozen Configuration 3 Station-keeping
Chemical Propulsion Orbit A Orbit B
N° maneuvers 616 503
DeltaV [m/s] 470 350
Mfuel [kg] 5.88 4.5
Time finite burn [min] 52.88 40.46
Electrical Propulsion Orbit A Orbit B
N° maneuvers 362 486
DeltaV [m/s] 618 502
Mfuel [kg] 0.600 0.92
Time finite burn [hr] 650 941

Table 5.11: Station keeping control for Frozen configuration 3 results

Hybrid configuration: circular and elliptical orbits

The results of implementing station keeping on the Frozen configuration A and B
are reported in the Fig. 5.24

Results for chemical and electrical propulsion are summarized in Tab. 5.12
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(a) Orbit A Apoapsis and Periapsis altitude control

(b) Orbit B Inclination Control

Figure 5.24: Altitude and Inclination station keeping control for Hybrid configu-
ration constellation
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Frozen Hybrid Station-keeping
Chemical Propulsion Orbit A Orbit B
N° maneuvers 245 9
DeltaV [m/s] 235.45 140.6
Mfuel [kg] 4.305 1.893
Time finite burn [min] 27.88 17.02
Electrical Propulsion Orbit A Orbit B
N° maneuvers 233 9
DeltaV [m/s] 223.06 140.4
Mfuel [kg] 0.563 0.356
Time finite burn [hr] 614 388

Table 5.12: Station keeping control for Hybrid configuration constellation results

5.2 Trade-off solutions
This paragraph presents the results of the Analytical Hierarchy Process and conse-
quently, the trade-off regarding the constellation that provides the best compromise
among the various identified figures of merit to best achieve mission objectives and
thereby meet mission requirements. Moreover, this has allowed for a more detailed
definition of the propulsion system to be adopted in the satellite, contributing to
the final refinement of subsystem details.

5.2.1 Orbital configurations ranking
As exposed in Chapter 4, the Hierachy Process have been developed with FOMs
definition. In the following Tab. are summarised the results on Figures of Merit
with the corresponding weight factor.

As can be seen, access duration, ∆V , fuel for station-keeping and gap distribution
are associated to larger values due to their importance over mission. In the following
Tab. 5.14 the final results regarding the orbital configurations are reported.

As anticipated from the previously presented results regarding coverage, orbit
stability, and consequently, station-keeping, the configuration using a single orbit,
specifically the Frozen Orbit 2, emerges as the winning configuration. Particularly,
this outcome highlights the effectiveness of two other configurations: Frozen 2
with orbits A and B, and the hybrid configuration. These configurations have
also exhibited notably optimal characteristics for the mission’s objectives in earlier
analyses.
Upon reviewing the values of primary importance (Coverage, ∆V for station-
keeping, and required fuel) the winning configuration proves superior, except for
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Figures Of Merit Weight Factor
Access duration 0.2295
Gap distribution 0.1044
Eclipse time 0.0651
Station-keeping ∆V 0.2198
Fuel for station-keeping 0.1718
Maneuver time 0.0863
N° of maneuver 0.0588
N° of S/C per orbit 0.0313
N° of orbits 0.033

Table 5.13: Figures of Merits and relative weight factor

Figures Of Merit Frozen
conf 1

Frozen
conf 2 A

Frozen
conf 2 AB

Frozen
conf 3 A

Frozen
conf 3 AB

Hybrid
conf

Access duration 0.03855 0.03751 0.03710 0.03763 0.03875 0.03996
Gap distribution 0.02109 0.00718 0.00883 0.01217 0.01986 0.03531
Eclipse time 0.01139 0.01098 0.01097 0.00979 0.01004 0.01196
Station-keeping deltaV 0.03760 0.05944 0.05215 0.01720 0.01816 0.03526
Fuel for station-keeping 0.02934 0.04450 0.04013 0.01418 0.01489 0.02772
Maneuver time 0.01480 0.02295 0.02024 0.00715 0.00751 0.01368
N° of maneuver 0.00820 0.01479 0.01521 0.00454 0.00500 0.01104
N° of S/C per orbit 0.00382 0.000573 0.00573 0.00573 0.00573 0.00421
N° of orbits 0.00412 0.00824 0.00412 0.00824 0.00412 0.00412

TOTAL 0.16889 0.21232 0.19447 0.11663 0.12406 0.18364

Table 5.14: Weight and total scores of analytical hierarchy process over configu-
rations

the first parameter crucial for the mission. To address this issue, options could
involve increasing the number of satellites in configuration A to 5 or 6, or choosing
to compromise on the overall satellite weight containment by adopting the hybrid
configuration. Alternatively, one might reduce the frequency of maneuvers in the
second constellation, leveraging its high stability to reduce the fuel consumption.
However, this could potentially be done to the advantage of the winning configura-
tion.
Further assessment can be conducted to determine the applicability of these three
best configurations in terms of coverage for potential exploration sites, as previously
hinted. A simple analysis of the coverage of these locations throughout the entire
mission duration revealed results summarized in the Tab. 5.15
As deduced from the outcomes, excluding the hybrid configuration due to its
extremely limited ability to communicate at the North Pole, among the remaining
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Frozen conf 1 A Frozen conf 1 AB Hybrid conf

Location Aitken
Basin

North
Pole

Aitken
Basin

North
Pole

Aitken
Basin

North
Pole

Coverage % 62% 83% 68% 70 % 85 % 10.5%

Table 5.15: Coverage evaluation of exploration sites from best constellations

two, the merit of the single-orbit configuration 2 becomes more evident. It manages
to provide a good compromise in coverage for these areas.
In conclusion, considering the results from previous analyses, coupled with the
evaluation using the FOMs and this additional verification, the constellation derived
from Frozen Orbit 2 with only orbit A emerges as the best compromise in terms
of meeting mission requirements while minimizing system complexity, given the
reduced number of satellites (4) and orbits.

5.2.2 Satellite subsystems: design refinements and budgets
After determining the orbit to place the satellites, the final step involves revisiting
the preliminary analyses conducted on the spacecraft’s subsystem evaluation. This
step aims to further detail the analysis, enriching it with the results obtained from
station-keeping simulations. These simulations allowed the determination, along
with the properties of the analyzed orbits, of the capability to perform control
maneuvers using specific thrusters and quantities of fuel.
In particular, these outcomes made it possible to specify in more detail the mass
of the propulsion system and the required fuel, which consequently contribute to
the overall satellite mass. Upon selecting the thruster, using data sheets helped
derive the necessary power, thus enhancing the power budget. Briefly revisiting
the satellite data as preliminary defined in Chapter 3, in the table, the decision
was made regarding the propulsion system.
In the evaluated optimal solution for the constellation to be used, the use of an
electric propulsion system is feasible. This is due to the average maneuver duration
of approximately 2 hours, which is not prohibitive considering the propulsion type,
as well as the low frequency of approximately 6 maneuvers per month. Several
reasons have led to the preference for the electric propulsion system over the
chemical one. These include a lower total mass, encompassing both the propulsion
system and the required propellant, that lead to a reduction in ∆V . Greater
reliability stemming from the absence of pressurized tanks, easier integration of the
propulsion system within the satellite due to its compliance and ease of installation
provided by the manufacturer. Additionally, the examined electric propulsion
system occupies less space, as the dimensions reported for the chemical propulsion
system do not include the pressurized fuel tanks, which add weight and volume
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to the satellite. Furthermore, the absence of pressurized tanks further enhances
the reliability of the electric system. Another reason influencing the choice of the
electric propulsion system is the increased precision in maneuvers, allowing its
potential use for attitude control, although this aspect has not been evaluated in
this context.

Concluding the preliminary definition of the satellite subsystems, the following
Tab. ?? recalls the data defined by the various analysis to make a comparison with
Hemeria’s platform.

Satellite subsystem data from simulations
Payload Tx power [W] 22
Propulsion system power [W] 50
Propulsion system mass [kg] 1.2
Fuel mass [kg] 0.4

Table 5.16: Satellites subsystems values derived from simulations

With a clear understanding of the propulsion system type, encompassing its mass
and required power characteristics, and having assessed the necessary fuel for
orbital maintenance maneuvers, the satellite subsystem design process can now be
finalized. This step aims to establish a definitive architecture as a reference point,
enabling us to draw the final conclusions. The results derived from the station
keeping analysis, comprises propulsion system with related power consumption and
fuel. As can be seen from Tab. 5.17 recall Hemerias data, there is the possibility
to use this terrestrial Cubesat as platform to accomplish the mission objectives,
using the architecture of communication chosen.
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Hemeria HP-IoT satellite
Platform
Size [mm]

Regular Boosted
220x230x500

Platform Mass [kg] 20 22
Max Payload Mass [kg] 15
Max Payload Volume 8 U

Battery Capacity [Wh] 172
Payload avg. Power [W] 50-80 80-120
Payload Peak Power [W] 200

Uplink Rate [kbps] 64 (S-band)

Downlink Rate [kbps] 1000
(S-band)

1000 (S-band)
150-300 Mbps (X-band)

DeltaV [m/s] >150

Table 5.17: Hemeria satellite Data sheet. Credits: [99]

As can be seen, the Hemeria satellite data can meet the requirements determined
through the conducted analyses. It can therefore be concluded that the preliminary
design of the small satellite has been successfully completed, demonstrating the
feasibility of using a small satellite platform for the intended purpose of establishing
a satellite communication system in lunar orbit.
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Chapter 6

Conclusions and future work

In this study, feasibility and preliminary design of a constellation comprising small
satellites in lunar orbit were completed, aiming to facilitate communication to
specific sites of interest on the lunar surface for upcoming missions focusing on lunar
exploration and space exploitation. The objectives and requirements were achieved
in terms of communication performance using a small satellite platform, supported
by lunar terminals for direct to Earth communication, capable of providing an
agile, reconfigurable, and easily replaceable system, in line with the trends of the
"New Space".

Extensive research in the initial part of this study assessed the proposed sys-
tem’s feasibility, considering both existing terrestrial and lunar architectures, as
well as identifying potential trajectories suitable for deploying the constellation,
accounting for challenges and issues with lunar orbits.
Utilizing tools typical of the mission design process allowed for a thorough de-
lineation of all aspects to be studied, requirements, and objectives, enabling the
formulation of two mission architecture proposals. Being a preliminary study
without existing literature references, multiple strategies were considered, especially
in satellite design definition, ultimately suggesting the possibility of employing an
already functioning terrestrial platform.
Critical evaluations were conducted using simulations via Agi STK software. Com-
munication requirements with ground and lunar terminals were assessed, defining
the necessary communication system and power requirements in both cases. This
led to the identification of the Hemeria CubeSat as the reference for defining the
point design and further exploration of the architecture, which includes satellite
communication solely with lunar antennas. To validate the quality of this prelimi-
nary analysis, data derived from the larger-sized satellite were compared with those
from a previously studied platform, Compass, showing comparable results in mass
and overall power.
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Further simulations were conducted to evaluate the quality of selected orbits,
excluding those failing communication and stability requirements. This led to a
clearer definition of potential solutions among the selected constellations. Analyses
of gap occurrence frequency, eclipse impact on individual satellite orbital periods,
and simulations of orbital control maneuvers were performed.
Each simulation yielded results utilized to assess the best constellation among the
proposed ones using the Analytical Hierarchy Process method and suitable Figures
of Merit.
The selected architecture comprises a single Keplerian Frozen orbit, exhibiting excel-
lent stability with coverage requirements fulfilled using only 4 satellites strategically
placed along the trajectory. Although the orbit showed capability for autonomous
orbital control, station-keeping analysis demonstrated excellent performance using
either chemical or electric propulsion, resulting in DeltaV = 125/140 m/s, depend-
ing on the chosen propulsion method (electric or chemical, respectively).
Thus, the selected orbit allowed for the detailed definition of the propulsion system,
mass requirements, and fuel, completing the preliminary satellite design, resulting
in an overall definition of the primary subsystems’ masses and powers

Future studies stemming from this research may focus on:

• Developing a specific methodology for preliminary satellite design, potentially
based on an existing satellite dataset, including subsystem characteristics
concerning mass and power allocation, categorized by satellite class and type.
This would enable the development of a parametric study method to provide
rapid solutions given mission requirements and a starting point value, such as
results from a link budget study in terms of communication powers.

• In-depth evaluation, through simulations extending beyond existing literature
studies, of stability performances and potential maneuver methodologies for
orbital control in the two most discussed orbit families in this field, namely
Halo and Frozen orbits.

• Further exploration of the derived satellite design, delving into a detailed
definition of the required subsystems, assessing thermal and power budgets,
bus systems, and specific payload elements like antennas.

• Evaluating the possibility of reconfiguring one or more satellites from the
initially imposed orbit to a secondary one to address coverage requirements
in areas not adequately covered by the proposed configuration, for potential
surface exploration purposes. In this case, the interest would lie in studying
an algorithm capable of evaluating trajectory and maneuver strategy for
positioning from any point in the initial orbit to the destination orbit.

106



Conclusions and future work

107



Bibliography

[1] The Global Exploration Roadmap January 2018. 2018. url: www.globalspa
ceexploration.org. (cit. on pp. 1, 2).

[2] ESA - Lunar satellites. url: https : / / www . esa . int / Applications /
Connectivity_and_Secure_Communications/Lunar_satellites (cit. on
pp. 2, 15).

[3] Anil K Maini and Varsha Agrawal. Satellite Technology: Principles and
Applications. 2014. url: www.wiley.com/go/maini3 (cit. on p. 3).

[4] Every Satellite Orbiting Earth and Who Owns Them | Dewesoft. url: https:
//dewesoft.com/blog/every-satellite-orbiting-earth-and-who-
owns-them (cit. on pp. 3–5).

[5] Krishnamurthy Raghunandan. «Introduction to Wireless Communications
and Networks». In: (2022). doi: 10.1007/978- 3- 030- 92188- 0. url:
https://link.springer.com/10.1007/978-3-030-92188-0 (cit. on
p. 5).

[6] J.R. Wertz, D.F. Everett, and J.J. Puschell. Space Mission Engineering:
The New SMAD. Space technology library. Microcosm Press, 2011. isbn:
9781881883159. url: https://books.google.it/books?id=VmQmtwAACAA
J (cit. on pp. 5, 6, 8, 10, 37, 39, 51).

[7] ESA - Types of orbits. url: https://www.esa.int/Enabling_Support/
Space_Transportation/Types_of_orbits#LEO (cit. on pp. 5, 6).

[8] A straightforward introduction to satellite communications. url: https://
www.inmarsat.com/en/insights/corporate/2023/a-straightforward-
introduction-to-satellite-communications.html (cit. on pp. 5, 6, 8,
9).

[9] Geostationary orbit - Wikipedia. url: https://en.wikipedia.org/wiki/
Geostationary_orbit (cit. on p. 6).

[10] Satellites. url: https://www.inmarsat.com/en/about/technology/
satellites.html (cit. on p. 6).

108

www.globalspaceexploration.org.
www.globalspaceexploration.org.
https://www.esa.int/Applications/Connectivity_and_Secure_Communications/Lunar_satellites
https://www.esa.int/Applications/Connectivity_and_Secure_Communications/Lunar_satellites
www.wiley.com/go/maini3
https://dewesoft.com/blog/every-satellite-orbiting-earth-and-who-owns-them
https://dewesoft.com/blog/every-satellite-orbiting-earth-and-who-owns-them
https://dewesoft.com/blog/every-satellite-orbiting-earth-and-who-owns-them
https://doi.org/10.1007/978-3-030-92188-0
https://link.springer.com/10.1007/978-3-030-92188-0
https://books.google.it/books?id=VmQmtwAACAAJ
https://books.google.it/books?id=VmQmtwAACAAJ
https://www.esa.int/Enabling_Support/Space_Transportation/Types_of_orbits#LEO
https://www.esa.int/Enabling_Support/Space_Transportation/Types_of_orbits#LEO
https://www.inmarsat.com/en/insights/corporate/2023/a-straightforward-introduction-to-satellite-communications.html
https://www.inmarsat.com/en/insights/corporate/2023/a-straightforward-introduction-to-satellite-communications.html
https://www.inmarsat.com/en/insights/corporate/2023/a-straightforward-introduction-to-satellite-communications.html
https://en.wikipedia.org/wiki/Geostationary_orbit
https://en.wikipedia.org/wiki/Geostationary_orbit
https://www.inmarsat.com/en/about/technology/satellites.html
https://www.inmarsat.com/en/about/technology/satellites.html


BIBLIOGRAPHY

[11] Tracking and Data Relay Satellites - NASA. url: https://www.nasa.gov/
mission/tracking-and-data-relay-satellites/ (cit. on p. 6).

[12] GEO Satellites | Telesat. url: https://www.telesat.com/geo-satellit
es/ (cit. on p. 6).

[13] List of orbits - Wikipedia. url: https://en.wikipedia.org/wiki/List_
of_orbits (cit. on p. 6).

[14] Inigo Del Portillo, Bruce G Cameron, and Edward F Crawley. A Technical
Comparison of Three Low Earth Orbit Satellite Constellation Systems to
Provide Global Broadband (cit. on pp. 7–10).

[15] Raymond J. Leopold. «Low-Earth Orbit Global Cellular Communiation
Network». In: () (cit. on p. 7).

[16] Fred J Dietrich, Paul Metzen, and Phil Monte. The Globalstar Cellular
Satellite System. 1998 (cit. on pp. 7, 34).

[17] Mark A Sturza. THE TELEDESIC SATELLITE SYSTEM: OVERVIEW
AND DESIGN TRADES (cit. on pp. 7, 34).

[18] Iridium NEXT - eoPortal. url: https://www.eoportal.org/satellite-
missions/iridium-next#mission-capabilities (cit. on pp. 7, 34).

[19] Highly elliptical orbit - Wikipedia. url: https://en.wikipedia.org/wiki/
Highly_elliptical_orbit (cit. on p. 8).

[20] L.M Gaffney, N.D Hulkower, L. Klein, and D.N. Lam. «A Reevaluation
of Selected Mobile Satellite Communications Systems: Ellipso, Globalstar,
IRIDIUM and Odyssey». In: (1994). doi: 10.13140/RG.2.2.11129.90724.
url: https://www.researchgate.net/publication/345652840 (cit. on
pp. 8, 34).

[21] Italy) International Workshop on Signal Processing for Space Communica-
tions (11th : 2010 : Cagliari. Advanced satellite mobile systems conference
(ASMA) [sic] and the 11th signal processing for space communications work-
shop (SPSC), 2010 5th : date, 13-15 Sept. 2010. isbn: 9781424468331 (cit. on
p. 8).

[22] Tundra orbit - Wikipedia. url: https://en.wikipedia.org/wiki/Tundra_
orbit#cite_note-20 (cit. on p. 9).

[23] Quasi-Zenith Satellite System - Wikipedia. url: https://en.wikipedia.
org/wiki/Quasi-Zenith_Satellite_System (cit. on p. 9).

[24] Molniya orbit - Wikipedia. url: https : / / en . wikipedia . org / wiki /
Molniya_orbit (cit. on p. 9).

[25] The Meridian satellite (14F112). url: https://www.russianspaceweb.
com/meridian.html (cit. on p. 9).

109

https://www.nasa.gov/mission/tracking-and-data-relay-satellites/
https://www.nasa.gov/mission/tracking-and-data-relay-satellites/
https://www.telesat.com/geo-satellites/
https://www.telesat.com/geo-satellites/
https://en.wikipedia.org/wiki/List_of_orbits
https://en.wikipedia.org/wiki/List_of_orbits
https://www.eoportal.org/satellite-missions/iridium-next#mission-capabilities
https://www.eoportal.org/satellite-missions/iridium-next#mission-capabilities
https://en.wikipedia.org/wiki/Highly_elliptical_orbit
https://en.wikipedia.org/wiki/Highly_elliptical_orbit
https://doi.org/10.13140/RG.2.2.11129.90724
https://www.researchgate.net/publication/345652840
https://en.wikipedia.org/wiki/Tundra_orbit#cite_note-20
https://en.wikipedia.org/wiki/Tundra_orbit#cite_note-20
https://en.wikipedia.org/wiki/Quasi-Zenith_Satellite_System
https://en.wikipedia.org/wiki/Quasi-Zenith_Satellite_System
https://en.wikipedia.org/wiki/Molniya_orbit
https://en.wikipedia.org/wiki/Molniya_orbit
https://www.russianspaceweb.com/meridian.html
https://www.russianspaceweb.com/meridian.html


BIBLIOGRAPHY

[26] Martin N. Sweeting. «Modern Small Satellites-Changing the Economics of
Space». In: Proceedings of the IEEE 106 (3 Mar. 2018), pp. 343–361. issn:
15582256. doi: 10.1109/JPROC.2018.2806218 (cit. on p. 10).

[27] How Starlink Works. url: https://www.starlink.com/technology (cit.
on p. 11).

[28] U-Space - Your next generation nanosatellites - Keep Exploring. url: https:
//www.u-space.fr/?lang=en (cit. on p. 11).

[29] Loft Orbital | Space made simple. url: https://www.loftorbital.com/
(cit. on p. 11).

[30] Prométhée Earth Intelligence - Earth observation in real time. url: https:
//www.promethee.earth/en/ (cit. on p. 11).

[31] EnduroSat - Class-leading CubeSat Modules, NanoSats & Space Services.
url: https://www.endurosat.com/ (cit. on p. 11).

[32] Space - Hemeria. url: https://www.hemeria-group.com/en/domain/
spatial/ (cit. on p. 11).

[33] Satellite Communications in the New Space Era: A Survey and Future
Challenges. Jan. 2021. doi: 10.1109/COMST.2020.3028247 (cit. on p. 11).

[34] CubeSats and SmallSats. url: https://www.jpl.nasa.gov/topics/
cubesats (cit. on p. 11).

[35] Every Mission to the Moon, Ever | The Planetary Society. url: https:
//www.planetary.org/space-missions/every-moon-mission (cit. on
p. 11).

[36] The Moon. url: https://nssdc.gsfc.nasa.gov/planetary/planets/
moonpage.html (cit. on p. 11).

[37] Nasa. NASA’s Lunar Exploration Program Overview. 2020 (cit. on pp. 11,
13, 14, 29).

[38] Chang’e-4 Far Side Moon-landing Mission of China - eoPortal. url: https:
//www.eoportal.org/satellite-missions/chang-e-4#change-4-far-
side-moon-landing-mission-of-china (cit. on p. 12).

[39] Chang’e-4 Far Side Moon-landing Mission of China - eoPortal. url: https:
//www.eoportal.org/satellite-missions/chang-e-4#change-4-far-
side-moon-landing-mission-of-china (cit. on p. 12).

[40] VIPER In Depth - NASA Science. url: https://science.nasa.gov/
mission/viper/in-depth/ (cit. on p. 12).

[41] OMOTENASHI - Wikipedia. url: https://en.wikipedia.org/wiki/
OMOTENASHI (cit. on p. 13).

110

https://doi.org/10.1109/JPROC.2018.2806218
https://www.starlink.com/technology
https://www.u-space.fr/?lang=en
https://www.u-space.fr/?lang=en
https://www.loftorbital.com/
https://www.promethee.earth/en/
https://www.promethee.earth/en/
https://www.endurosat.com/
https://www.hemeria-group.com/en/domain/spatial/
https://www.hemeria-group.com/en/domain/spatial/
https://doi.org/10.1109/COMST.2020.3028247
https://www.jpl.nasa.gov/topics/cubesats
https://www.jpl.nasa.gov/topics/cubesats
https://www.planetary.org/space-missions/every-moon-mission
https://www.planetary.org/space-missions/every-moon-mission
https://nssdc.gsfc.nasa.gov/planetary/planets/moonpage.html
https://nssdc.gsfc.nasa.gov/planetary/planets/moonpage.html
https://www.eoportal.org/satellite-missions/chang-e-4#change-4-far-side-moon-landing-mission-of-china
https://www.eoportal.org/satellite-missions/chang-e-4#change-4-far-side-moon-landing-mission-of-china
https://www.eoportal.org/satellite-missions/chang-e-4#change-4-far-side-moon-landing-mission-of-china
https://www.eoportal.org/satellite-missions/chang-e-4#change-4-far-side-moon-landing-mission-of-china
https://www.eoportal.org/satellite-missions/chang-e-4#change-4-far-side-moon-landing-mission-of-china
https://www.eoportal.org/satellite-missions/chang-e-4#change-4-far-side-moon-landing-mission-of-china
https://science.nasa.gov/mission/viper/in-depth/
https://science.nasa.gov/mission/viper/in-depth/
https://en.wikipedia.org/wiki/OMOTENASHI
https://en.wikipedia.org/wiki/OMOTENASHI


BIBLIOGRAPHY

[42] Hakuto-R Mission 1 - Wikipedia. url: https://en.wikipedia.org/wiki/
Hakuto-R_Mission_1 (cit. on p. 13).

[43] Luna 25 - Wikipedia. url: https://en.wikipedia.org/wiki/Luna_25
(cit. on p. 13).

[44] Artemis Accords - NASA. url: https://www.nasa.gov/artemis-accords/
(cit. on p. 13).

[45] Institute of Electrical and Electronics Engineers. 2022 IEEE Aerospace
Conference (AERO) 5-12 March 2022. isbn: 9781665437608 (cit. on p. 14).

[46] Cody Kelly. Distress Monitoring and Tracking for The Next Generation of
Lunar Exploration (cit. on p. 14).

[47] Moonlight. url: https://www.telespazio.com/it/business/space-
programmes/moonlight (cit. on p. 15).

[48] Lunar Pathfinder - eoPortal. url: https://www.eoportal.org/satell
ite-missions/lunar-pathfinder#lunar-pathfinder-minisatellite-
mission (cit. on p. 16).

[49] Lunar Mission Services from SSTL | Small Satellite supplier | Surrey Satellite
Technology Ltd | SSTL. url: https://www.sstl.co.uk/what-we-do/
lunar-mission-services (cit. on p. 16).

[50] Lunar Pathfinder Service Guide. 2022 (cit. on p. 16).
[51] Space Communication Architecture Working Group (SCAWG) NASA Space

Communication and Navigation Architecture Recommendations for 2005-
2030 (cit. on pp. 16, 26, 30, 31, 84, 85).

[52] James S Schier, John J Rush, W Dan Williams, and Pete Vrotsos. Space
Communication Architecture Supporting Exploration and Science: Plans and
Studies for 2010-2030 (cit. on p. 16).

[53] Oleson R. Steven and McGuire L. Melissa. «COMPASS Final Report: Lunar
Relay Satellite (LRS)». In: () (cit. on pp. 17, 52).

[54] Justin R Thompson, Hunter G Haygood, and Michael T Kezirian. Design and
Analysis of Lunar Communication and Navigation Satellite Constellation
Architectures. 2010 (cit. on p. 17).

[55] Wallace Tai, Inkyu Kim, Sangman Moon, Day Young Kim, Kar-Ming Cheung,
Cheol Hea Koo, James Schier, and Dong Young Rew. The Lunar Space
Communications Architecture From The KARI-NASA Joint Study*. 2014
(cit. on p. 17).

[56] Lihua Zhang. Development and Prospect of Chinese Lunar Relay Communi-
cation Satellite. Jan. 2021. doi: 10.34133/2021/3471608 (cit. on p. 18).

111

https://en.wikipedia.org/wiki/Hakuto-R_Mission_1
https://en.wikipedia.org/wiki/Hakuto-R_Mission_1
https://en.wikipedia.org/wiki/Luna_25
https://www.nasa.gov/artemis-accords/
https://www.telespazio.com/it/business/space-programmes/moonlight
https://www.telespazio.com/it/business/space-programmes/moonlight
https://www.eoportal.org/satellite-missions/lunar-pathfinder#lunar-pathfinder-minisatellite-mission
https://www.eoportal.org/satellite-missions/lunar-pathfinder#lunar-pathfinder-minisatellite-mission
https://www.eoportal.org/satellite-missions/lunar-pathfinder#lunar-pathfinder-minisatellite-mission
https://www.sstl.co.uk/what-we-do/lunar-mission-services
https://www.sstl.co.uk/what-we-do/lunar-mission-services
https://doi.org/10.34133/2021/3471608


BIBLIOGRAPHY

[57] Queqiao relay satellite - Wikipedia. url: https://en.wikipedia.org/
wiki/Queqiao_relay_satellite (cit. on p. 18).

[58] J. P.S. Carvalho, R. Vilhena de Moraes, and A. F.B.A. Prado. «Some orbital
characteristics of lunar artificial satellites». In: Celestial Mechanics and
Dynamical Astronomy 108 (4 Dec. 2010), pp. 371–388. issn: 09232958. doi:
10.1007/s10569-010-9310-6 (cit. on p. 18).

[59] Liana Dias Gonçalves, Evandro Marconi Rocco, Rodolpho Vilhena de Moraes,
and Antonio Fernando Bertachini de Almeida Prado. Effects of the individual
terms of the lunar potential in the motion of satellites around the moon. url:
http://www.iaras.org/iaras/journals/ijtam (cit. on p. 18).

[60] Kurt W Meyer and Prasun N Desai. Lifetimes of Lunar Satellite Orbits.
1994 (cit. on p. 18).

[61] Zoran Knezevic and Andrea Milani. Orbit Maintenance Of A Lunar Polar
Orbiter. 1998 (cit. on p. 18).

[62] David Folta and David Quinn. Lunar Frozen Orbits. 2006 (cit. on pp. 18–20,
71).

[63] Tao Nie and Pini Gurfil. «Lunar frozen orbits revisited». In: Celestial Me-
chanics and Dynamical Astronomy 130 (10 Oct. 2018). issn: 15729478. doi:
10.1007/s10569-018-9858-0 (cit. on p. 19).

[64] Vladimir A. Chobotov. «Orbital mechanics». In: (2002), p. 460 (cit. on
p. 19).

[65] F. A. Abd El-Salam and S. E. Abd El-Bar. «Families of frozen orbits of
lunar artificial satellites». In: Applied Mathematical Modelling 40 (23-24 Dec.
2016), pp. 9739–9753. issn: 0307904X. doi: 10.1016/j.apm.2016.06.036
(cit. on p. 19).

[66] Todd A. Ely. Stable constellations of frozen elliptical inclined lunar orbits.
July 2005. doi: 10.1007/bf03546355 (cit. on pp. 19, 20, 84).

[67] Tod A. Ely and Lieb Erica. «Constellations of Elliptical Inclined Lunar Orbits
Providing Polar and Global Coverage». In: The Journal of the Astronautical
Science 54 (2006) (cit. on pp. 20, 78, 81).

[68] Halo orbit - Wikipedia. url: https://en.wikipedia.org/wiki/Halo_
orbit (cit. on p. 20).

[69] Farquhar W. Robert. The Control And Use Of Libration-Point Satellites.
1970 (cit. on p. 20).

[70] Daniel J. Grebow, Martin T. Ozimek, Kathleen C. Howell, and David C.
Folta. «Multibody orbit architectures for lunar south pole coverage». In:
vol. 45. American Institute of Aeronautics and Astronautics Inc., 2008,
pp. 344–358. doi: 10.2514/1.28738 (cit. on p. 21).

112

https://en.wikipedia.org/wiki/Queqiao_relay_satellite
https://en.wikipedia.org/wiki/Queqiao_relay_satellite
https://doi.org/10.1007/s10569-010-9310-6
http://www.iaras.org/iaras/journals/ijtam
https://doi.org/10.1007/s10569-018-9858-0
https://doi.org/10.1016/j.apm.2016.06.036
https://doi.org/10.1007/bf03546355
https://en.wikipedia.org/wiki/Halo_orbit
https://en.wikipedia.org/wiki/Halo_orbit
https://doi.org/10.2514/1.28738


BIBLIOGRAPHY

[71] Keric Hill, Jeffrey Parker, George H Born, and Nicole Demandante. A Lunar
L 2 Navigation, Communication, and Gravity Mission. 2006 (cit. on pp. 21,
33).

[72] Daniele Romagnoli and Christian Circi. «Lissajous trajectories for lunar
global positioning and communication systems». In: Celestial Mechanics
and Dynamical Astronomy 107 (4 2010), pp. 409–425. issn: 09232958. doi:
10.1007/s10569-010-9279-1 (cit. on p. 21).

[73] Andrew Ross Wilson and Massimiliano Vasile. «Life cycle engineering of space
systems: Preliminary findings». In: Advances in Space Research 72 (7 Oct.
2023), pp. 2917–2935. issn: 18791948. doi: 10.1016/j.asr.2023.01.023
(cit. on p. 22).

[74] Space engineering System engineering general requirements ECSS Secre-
tariat ESA-ESTEC Requirements & Standards Division Noordwijk, The
Netherlands. 2009 (cit. on p. 23).

[75] Wiley J Larson and Linda K Pranke. «Human Spaceflight : Mission Analysis
and Design». In: Space technology series. (1999), p. 1035 (cit. on p. 24).

[76] NASA Identifies Candidate Regions for Landing Next Americans on Moon
- NASA. url: https://www.nasa.gov/news-release/nasa-identifies-
candidate-regions-for-landing-next-americans-on-moon/ (cit. on
p. 26).

[77] Dennis Wingo. «Site Selection for Lunar Industrialization, Economic De-
velopment, and Settlement». In: https://home.liebertpub.com/space 4 (1
Mar. 2016). issn: 21680264. doi: 10.1089/SPACE.2015.0023. url: https:
//www.liebertpub.com/doi/10.1089/space.2015.0023 (cit. on p. 26).

[78] Lunar Communication Terminals for NASA Exploration Missions: Needs,
Operations Concepts and Architectures (cit. on pp. 26, 30, 47).

[79] «FeasibilityAssessmentOfAllScienceConceptsWithinSouthPoleAitkenBasin».
In: () (cit. on p. 26).

[80] Sabrina Corpino. Progetto di Missioni e Sistemi Spaziali (Space Missions
and Systems Design-SMSD) (cit. on p. 28).

[81] NASA’s Plan for Sustained Lunar Exploration and Development (cit. on
p. 29).

[82] NASA’s Lunar Communications & Navigation Architecture. 2007 (cit. on
p. 30).

[83] Marius Feldmann, Juan A. Fraire, and Felix Walter. «Tracking Lunar Ring
Road Communication». In: vol. 2018-May. Institute of Electrical and Elec-
tronics Engineers Inc., July 2018. isbn: 9781538631805. doi: 10.1109/ICC.
2018.8423031 (cit. on pp. 30, 47).

113

https://doi.org/10.1007/s10569-010-9279-1
https://doi.org/10.1016/j.asr.2023.01.023
https://www.nasa.gov/news-release/nasa-identifies-candidate-regions-for-landing-next-americans-on-moon/
https://www.nasa.gov/news-release/nasa-identifies-candidate-regions-for-landing-next-americans-on-moon/
https://doi.org/10.1089/SPACE.2015.0023
https://www.liebertpub.com/doi/10.1089/space.2015.0023
https://www.liebertpub.com/doi/10.1089/space.2015.0023
https://doi.org/10.1109/ICC.2018.8423031
https://doi.org/10.1109/ICC.2018.8423031


BIBLIOGRAPHY

[84] Integrated Network Architecture for Sustained Human and Robotic Explo-
ration. 2005 (cit. on p. 30).

[85] Co-chairs Matthew Cosby Wallace Tai, Michael D Hose ASA Fabio, Amico
ASI Jean-Luc Issler CNES Peng Jin CNSA Peter Kazakoff, and Martin A
Picard CSA Neal Lii DLR Marco Lanucara ESA Andres Grop ESA Davide
Rovelli ESA R Srinivas ISRO Hiroyuki Itoh JAXA Yosuke Kaneko JAXA
Durk-Jong Park KARI David Israel. The Future Lunar Communications
Architecture. 2019 (cit. on pp. 30, 31).

[86] Cathy Sham. NASA Lunar Spectrum Management: Enabling and Protecting
Lunar Science & Exploration. url: www.nasa.gov (cit. on p. 30).

[87] Space Frequency Coordination Group Recommendation SFCG 32-2R1 COM-
MUNICATION FREQUENCY ALLOCATIONS AND SHARING IN THE
LUNAR REGION (cit. on p. 31).

[88] Zhao Yang Gao and Xi Yun Hou. «Coverage analysis of lunar communica-
tion/navigation constellations based on halo orbits and distant retrograde
orbits». In: Journal of Navigation 73 (4 July 2020), pp. 932–952. issn:
14697785. doi: 10.1017/S0373463320000065 (cit. on p. 33).

[89] Daniel J Grebow. GENERATING PERIODIC ORBITS IN THE CIRCU-
LAR RESTRICTED THREE-BODY PROBLEM WITH APPLICATIONS
TO LUNAR SOUTH POLE COVERAGE. 2006 (cit. on p. 33).

[90] T. P. Garrison, M. Ince, J. Pizzicaroli, and P. A. Swan. «Systems engineering
trades for the IRIDIUM constellation». In: Journal of Spacecraft and Rockets
34 (5 1997), pp. 675–680. issn: 00224650. doi: 10.2514/2.3267 (cit. on
p. 34).

[91] Carl E Fossa, Richard A Raines, Gregg H Gunsch, and Michael A Temple. AN
OVERVIEW OF THE IRIDIUM LOW EARTH ORBIT (LEO) SATELLITE
SYSTEM (cit. on p. 34).

[92] Coulomb Bernard. «The globalstar satellite payload». In: () (cit. on p. 34).
[93] Satellite Database | Union of Concerned Scientists. url: https://www.

ucsusa.org/resources/satellite-database (cit. on p. 34).
[94] Iridium NEXT Engineering Statement (cit. on pp. 34, 39).
[95] Springmann N. Philip and De Weck Olivier L. Parametric Scaling Model for

Nongeosynchronous Communications Satellites. 2004 (cit. on pp. 34, 35).
[96] Mehran Mirshams, Ehsan Zabihian, and Ahmadreza Zabihian. «Statistical

design model (SDM) of communication satellites». In: Institute of Electrical
and Electronics Engineers Inc., Aug. 2015, pp. 353–358. isbn: 9781467377607.
doi: 10.1109/RAST.2015.7208369 (cit. on pp. 35, 36).

114

www.nasa.gov
https://doi.org/10.1017/S0373463320000065
https://doi.org/10.2514/2.3267
https://www.ucsusa.org/resources/satellite-database
https://www.ucsusa.org/resources/satellite-database
https://doi.org/10.1109/RAST.2015.7208369


BIBLIOGRAPHY

[97] M. Mirshams, A.R. Zabihian, and E. Zabihian. Statistical design model and
telecommunication satellites subsystems. isbn: 9781467363969 (cit. on p. 35).

[98] M. Mirshams, E. Zabihian, and A.R. Zabihian. «Statistical model of power
supply subsystem Satellite» (cit. on p. 35).

[99] HP-IOT - Hemeria. url: https://www.hemeria-group.com/en/product/
hp-iot/ (cit. on pp. 38, 53, 104).

[100] Rapid Spacecraft Development Office. «IridiumNEXTEliteBus1000». In: ()
(cit. on pp. 38, 39).

[101] Iridium® NEXT constellation, built by Thales Alenia Space, now completely
deployed in orbit | Thales Group. url: https://www.thalesgroup.com/
en/worldwide/space/press-release/iridiumr-next-constellation-
built-thales-alenia-space-now-completely (cit. on p. 38).

[102] Space Q&A: all about Iridium NEXT | Thales Group. url: https://www.
thalesgroup.com/en/worldwide/space/news/space-qa-all-about-
iridium-next (cit. on p. 39).

[103] Small Spacecraft Technology. State of the Art Small Spacecraft Technology
Report. 2023. url: http://www.sti.nasa.gov (cit. on pp. 48, 49).

[104] European Space Research and Technology Centre. Margin philosophy for
science assessment studies. url: www.esa.int (cit. on p. 50).

[105] California Institute of Technology Jet Propulsion Laboratory. DSN Telecom-
munications Link Design Handbook. 2000. url: http://deepspace.jpl.
nasa.gov/dsndocs/810-005/ (cit. on p. 51).

[106] Bruce R Elbert. The Satellite Communication Applications Handbook (cit. on
p. 51).

[107] Horizontal coordinate system - Wikipedia. url: https://en.wikipedia.
org/wiki/Horizontal_coordinate_system (cit. on pp. 56, 57).

[108] Roger Bate, Donald D. Mueller, and Jerry E. White. Fundamentals of
astrodynamics, p. 455. isbn: 0486600610 (cit. on pp. 57, 58, 60).

[109] STK - High-Precision Orbit Propagator (HPOP). url: https://help.agi.
com/stk/11.2/index.htm#hpop/hpop.htm?Highlight=HPOP (cit. on
p. 58).

[110] Curtis D. Howard. Orbital Mechanics for Engineering Students. 2005. isbn:
0 7506 6169 0 (cit. on p. 60).

[111] Orbital station-keeping - Wikipedia. url: https://en.wikipedia.org/
wiki/Orbital_station-keeping (cit. on p. 64).

115

https://www.hemeria-group.com/en/product/hp-iot/
https://www.hemeria-group.com/en/product/hp-iot/
https://www.thalesgroup.com/en/worldwide/space/press-release/iridiumr-next-constellation-built-thales-alenia-space-now-completely
https://www.thalesgroup.com/en/worldwide/space/press-release/iridiumr-next-constellation-built-thales-alenia-space-now-completely
https://www.thalesgroup.com/en/worldwide/space/press-release/iridiumr-next-constellation-built-thales-alenia-space-now-completely
https://www.thalesgroup.com/en/worldwide/space/news/space-qa-all-about-iridium-next
https://www.thalesgroup.com/en/worldwide/space/news/space-qa-all-about-iridium-next
https://www.thalesgroup.com/en/worldwide/space/news/space-qa-all-about-iridium-next
http://www.sti.nasa.gov
www.esa.int
http://deepspace.jpl.nasa.gov/dsndocs/810-005/
http://deepspace.jpl.nasa.gov/dsndocs/810-005/
https://en.wikipedia.org/wiki/Horizontal_coordinate_system
https://en.wikipedia.org/wiki/Horizontal_coordinate_system
https://help.agi.com/stk/11.2/index.htm#hpop/hpop.htm?Highlight=HPOP
https://help.agi.com/stk/11.2/index.htm#hpop/hpop.htm?Highlight=HPOP
https://en.wikipedia.org/wiki/Orbital_station-keeping
https://en.wikipedia.org/wiki/Orbital_station-keeping


BIBLIOGRAPHY

[112] Hongzheng Cui, Tang Geshi, Yin Jianfeng, Huang Hao, and Han Chao.
Station-keeping strategies for satellite constellation. url: https://www.
researchgate.net/publication/283251845 (cit. on p. 64).

[113] Current Space Situation around the Moon – An assessment. url: https:
//www.isro.gov.in/Current_Space_Situation_around_Moon_Assessme
nt.html (cit. on p. 65).

[114] MR-111C | satsearch. url: https://satsearch.co/products/aerojet-
rocketdyne-mr-111c (cit. on p. 67).

[115] NPT30-I2 1U Electric Propulsion System | satsearch. url: https://sat
search.co/products/thrustme-npt30-i2-1u-electric-propulsion-
system (cit. on pp. 67, 68).

[116] Omkarprasad S. Vaidya and Sushil Kumar. «Analytic hierarchy process: An
overview of applications». In: European Journal of Operational Research 169
(1 Feb. 2006), pp. 1–29. issn: 03772217. doi: 10.1016/j.ejor.2004.04.028
(cit. on p. 69).

116

https://www.researchgate.net/publication/283251845
https://www.researchgate.net/publication/283251845
https://www.isro.gov.in/Current_Space_Situation_around_Moon_Assessment.html
https://www.isro.gov.in/Current_Space_Situation_around_Moon_Assessment.html
https://www.isro.gov.in/Current_Space_Situation_around_Moon_Assessment.html
https://satsearch.co/products/aerojet-rocketdyne-mr-111c
https://satsearch.co/products/aerojet-rocketdyne-mr-111c
https://satsearch.co/products/thrustme-npt30-i2-1u-electric-propulsion-system
https://satsearch.co/products/thrustme-npt30-i2-1u-electric-propulsion-system
https://satsearch.co/products/thrustme-npt30-i2-1u-electric-propulsion-system
https://doi.org/10.1016/j.ejor.2004.04.028

	List of Tables
	List of Figures
	Introduction
	Motivations for the study
	Telecommunication around Earth
	State of the art on telecommunication constellations around the Earth
	New space: a new era of exploration and exploitation

	Telecommunication around Moon
	General interest on providing telecommunication services around the Moon
	State of the art on telecommunication constellations around the Moon
	Behaviour of artificial satellite trajectories around the Moon
	Frozen orbits about the Moon
	Halo orbits in the Earth-Moon system


	Designing for space: approach to mission design
	Mission life cycle
	Charting the steps for mission design process
	Mission objectives and constraints identification
	Regions of interest for lunar outpost
	Stakeholders' identification and secondary objectives

	Requirements, system and mission definition
	Functional analysis elements
	Concept of operations
	Surface elements in the lunar scenario
	Frequency and data rate allocation: End-to-end communication architecture

	Satellite trajectories impact on design: Frozen orbits vs Halo
	How to size the constellation satellites
	Earth satellites database: parametric design approach
	Scaling method
	Link budget


	Mission design: preliminary analysis and results
	Mission analysis for the case study
	Mission statement
	Mission building blocks definition

	Mission architectures: definition and study
	Feasible architectures
	Trade-off on architectures and satellite platforms
	Trade-off on the constellation

	Point design definition

	Mission analysis framework
	STK analysis workflow
	Coverage analysis: considerations and methods
	Simulation constraints
	Assessing the impact of communication gaps on coverage
	Additional considerations

	Orbit perturbations and control mechanisms
	Orbital propagator
	Orbital mechanics: how to change classical elements

	Station keeping strategies and application
	Absolute and relative station keeping
	Ongoing activities around the Moon
	STK implementation
	Selected propulsion technology for satellites control

	Trade-off methodology: Analytical Hierarchy Process

	Mission analysis: simulations and results
	Constellations deployment: preliminary coverage and stability analysis
	Lunar communication terminals to Earth deep space network
	Frozen configuration 1
	Frozen configuration 2
	Frozen configuration 3
	Hybrid configuration
	Detailed coverage of lunar outposts
	Eclipse time evaluation
	Station keeping analysis

	Trade-off solutions
	Orbital configurations ranking
	Satellite subsystems: design refinements and budgets


	Conclusions and future work
	Bibliography

