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Abstract
Titan is Saturn’s largest moon and the Solar System’s second-largest natural satellite. It is the only known moon
with a dense atmosphere and an object in space other than Earth with clear evidence of stable bodies having liquid
surfaces. Data collected from the Cassini mission sheds some light on the composition of Titan. However, there still
exist a large number of unsolved questions about its atmospheric composition, terrain, the reason for methane
deficiency near the surface, and more. To answer these mysteries, this paper presents a multi-faceted mission to
Titan comprising a satellite and lander rover system with a band of drones attached for comprehensive testing and
analysis of Titan’s surface. The primary objective of the orbital satellite will be conducting preliminary analysis of
the moon through observations in multi-band spectrum with improved resolution, terrain mapping, studying the
atmospheric composition and more in preparation for the lander release. The satellite will also include a gradiometer
through which subsurface analysis will be conducted. The lander rover will be a compact laboratory aiding in
conducting analytical testing of the soil on the surface, examining the characteristics of the soil, and low-level
atmospheric analysis— all of which help study and understand the methane problem including information on the
structure of methane lakes on Titan. The drones will conduct small surveys over various distances of the surface of
Titan, enabling mapping of the layout with great detail, providing key sites for future settlement missions, and
analyzing terraforming possibilities on Titan. The mission will help scientists gather comprehensive data on the
moon, laying the basis for the possibility of future habitat missions. This paper, written by a team next generation in
our ambitions for the space industry, hope that this paper is also used for educational purposes for others to gain
experience in the form of a comprehensive mission design considering the latest technologies and goals for exploring
Titan. This paper is submitted as part of the Space Exploration Project Group at the Space Generation Advisory
Council.
Keywords: Titan, Satellite, Drone, Instrumentation, Trajectory, Cryovolcanism
A mission developed for the purpose of addressing

1. Introduction these concerns is presented in this paper starting with a

The exploration of Saturn's enigmatic moon, Titan,
has captivated the scientific community and space
exploration enthusiasts alike. It piques the interest of
fellows interested in the similarities between the moon
and Earth. The Cassini-Huygens and Voyager missions
produced minimal data that lead to more concerns such
as what is the atmospheric composition, what is the
terrain like, what causes the methane deficiency near the
surface etc.

2. Literature Review

IAC-23-A3.5.6

review of the design process of each of the mission’s
subsystems. There is specific focus on the designs of a
lander, orbiter, drone, their interconnectivity, and the
mission itself from Earth to Titan and back. Although
the literature represents these topics in various contexts,
this paper will primarily focus on their application to the
exploration of Titan. Other literary works have explored
the systems aimed to be designed in this paper; the Titan
Explorer flagship study [8], the European T and EM
study [6], and the more recent TSSM study [9] to name
a few. The former study included 3 elements: an orbiter,
an aerial element (hot-air balloon), and a lander (see [7]
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for a review of Titan mission studies). In this scenario
each mission element would independently address
overlapping sets of science objectives; this project is
following the lead of this division of technology to
reduce cost and complexity.

The varied budgets, instruments, and resources to be
allocated to missions are essentially determined by their
science goals, technological difficulty, and perceived
priority. According to GOA's 2022 report [1], new
scope and technical problems inside NASA's programs
resulted in cost and schedule overruns, supporting the
notion that technical complexity and scope are
significant contributors. A brief statement of the
objectives and justification for the mission serves as the
beginning point for Marsden's [2] suggested bottom-up
methodology. This makes it simpler to determine the
mission's major and secondary objectives and build the
requirements around them. According to Cutts [4],
successful journeys to the outer planets require a wide
variety of technologies. As stated by Bieber [3], the
process for calculating the mass is based on historical
data, generalizations, and expert assistance, all of which
help produce more precise mass estimates. Despite the
claims made by Bieber that this is how missions have
been designed for more than three decades, the same
cannot be said of subsystem designs.

The technique of approach for the design of the
subsystems is reliant on the mission requirements and
the resources available at the time of formulation due to
the very particular nature of space missions, which
might differ substantially from themselves. A
comparison of shape and understanding of the location
the lander will be used are frequently conducted before
to designing a lander for the Titan environment.
Dragonfly was designed with a boxy appearance that
included some implementation of streamlining around
the nose, fairings, and drill mechanisms to minimize the
aerodynamic drag during flight.[5] The combination of
higher density and lower viscosity in Titan's atmosphere,
than that of Earth's atmosphere, resulted in an airfoil
operating at a Reynolds number that was many times
higher than on Earth, as highlighted by Lorenz[5].

In general, the use of a drone for Titan in situ studies
has been considered and explored with thorough
investigation but all are yet to be implemented. While
the flagship studies ultimately favored balloons over
drones as their atmospheric element, Titan drones have
been considered several times since. The AFTER
mission proposed by SEEDS students is an example of
the trade analyses done to prove the superiority of the
drone design over other air vehicles in the Titan
environment.[12] Drones coupled with landers offer
more versatility for planetary exploration than solo
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lander missions. Although landers are capable of surface
analyses, they are limited to the area surrounding the
landing site and are only capable of exploring suitable
terrain whereas a drone can explore over 400 times the
area [10,11]. All these factors will be considered in the
process of designing each subsystem of this mission.

This paper concludes with a detailed preliminary
study of the design of elements for a future deep space
mission to Titan and possible paths for the future. Over
the last few decades, a range of mission designs and
concepts have been proposed, each offering unique
insights into the mysteries shrouding this intriguing
celestial body.

Notably, the Dragonfly mission stands as a
pioneering endeavor, showcasing a novel approach with
its rotorcraft lander. This innovative design leverages
Titan's distinct atmospheric and gravitational conditions,
enabling the exploration of multiple terrains in a manner
unlike any prior mission. By offering mobility and
adaptability, Dragonfly promises to unlock a wealth of
information about Titan's organic chemistry, surface
features, and potential habitability. It is upon these
features that this mission aims to build upon.

While Dragonfly commands considerable attention,
it is essential to recognize the legacy of past missions.
The Cassini-Huygens mission, with its Huygens lander,
has provided invaluable data on Titan's atmosphere,
surface, and interactions with Saturn's environment.
This foundational research continues to influence and
guide current and future mission designs.

As we look ahead, the realm of Titan exploration
holds great promise for expanding our understanding of
the origins of life, planetary processes, and the potential
for habitable environments beyond Earth. The literature
reviewed here showcases a dynamic landscape of
mission concepts, each contributing to the broader
tapestry of human knowledge and pushing the
boundaries of technological innovation. While these
missions are designed to explore Titan, they also inspire
us to contemplate the profound questions surrounding
the origins and diversity of life in our universe.

In the years to come, continued advancements in
technology, instrumentation, and mission planning are
likely to usher in an era of unprecedented exploration,
allowing us to unveil more of Titan's mysteries and
potentially reshape our understanding of our place in the
COSMoS.

Page 2 of 15



74" International Astronautical Congress (IAC), Baku, Azerbaijan, 2-6 October 2023.
Copyright ©2023 by the International Astronautical Federation (IAF). All rights reserved.

3. Trajectory Design

A Theory section should extend, not repeat, the
background to the article already dealt with in the
Introduction and lay the foundation for further work. In
contrast, a Calculation section represents a practical
development from a theoretical basis.

The Cassini-Huygens mission stands as a milestone
in Saturn system exploration, notably for its innovative
trajectory design involving gravity assist maneuvers.
Particularly, the VVEJGA (Venus-Venus-Earth-Jupiter
Gravity Assist) trajectory of the Cassini spacecraft
showcased the efficacy of utilizing gravitational forces
to navigate interplanetary distances and conserve
propellant. Without using gravity assist maneuvers, the
spacecraft would not have sufficient velocity to perform
the mission in a realistic time frame and with enough
propellant remaining on-board [1].

Inspired by this trajectory design, our mission to
Titan embraces the essence of these gravity assist
principles. However, due to Jupiter's unfavorable
positioning until the 2030s, we opt for multiple assists
from Venus and Earth. By strategically employing these
planetary encounters, we address challenges related to
launch escape velocities and mass constraints, while
aiming to achieve efficient trajectory adjustments.

The overarching mission framework materializes
through a meticulous iterative process that shapes the
trajectory. A cornerstone of this analysis rests on
delineating a range of entry speeds and flight path
angles. These parameters critically influence the
feasibility of aero-capture by ensuring acceptable aero-
capture delta-Vs, heat loads, and decelerations.

Preliminary Analysis

The first step in mission design was to use patched
conic approximation and Lambert’s Problem to find the
optimal dates, and have a rough estimate on the C3 that
will be required for a given transfer duration. The
planetary ephemerides from the JPL were used in this
analysis to compute the transfer trajectory, and it was
seen that Jupiter couldn’t be used for a gravity assist
maneuver. Hence, the plan incorporates an VEE
(Venus-Earth-Earth Gravity Assist) trajectory.

For the initial date approximation, it was assumed
that a Hohmann transfer would be executed in order to
minimize the launch energy. The position of the Earth
during the launch should be directly opposite to the
position of the target planet at arrival (i.e. the mean
longitude between the two planets should be around
180°). Thus, ephemeris calculations were performed to
find the appropriate day within the given interval of Jan
1, 2025 -
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Dec 31, 2028 using the planetary ephemerides.

Saturn

Spacecraft

Figure 1: Earth-Saturn transfer trajectory between
2025-2031

The synodic period, which is the time interval
between launch opportunities from Earth to Saturn is
372.65 days, which means the mission can be executed
once every year. Using a transfer orbit with the periapsis
radius equal to the radius of Earth’s orbit around the
Sun (1 AU), and the apoapsis radius equal to the radius
of Saturn’s orbit around the Sun (9.537 AU), the
approximate time of flight is found to be 6 years. One of
the ideal dates for launch can be June 6th, 2025.

After the initial transfer eclipse was defined,
numerical methods were employed to solve Lambert’s
problem, combining with a plane change maneuver as
shown in Figure 1.

Ecliptic (Earth's) Plane
Saturn Right
Ascension

—— Saturnat
e~ arrival
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Earth at g
Launc h/
-

Transfer Plane

Saturn Orbital Plane

Figure 2: Transfer Plane
When the spacecraft leaves the Earth’s sphere of

influence, it should have the right speed and direction in
order to establish the desired transfer ellipse. This point
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can be thought as the infinity point of the departure
hyperbola, so the hyperbolic excess velocity vector was
properly designed to enter Saturn’s sphere of influence,
before reaching Titan.

Figure 3: Fundamentals parameters for randezvous
mission. The ¢2 angle is between the spacecraft velocity
vector trlative to the Sun and the orbital speed of the
target planet at arrival, VCS2 is the orbital speed of the
target planet and V3 the velocity of the spacecraft
relative to the target planet [6].

The required C3 value for the following intervals
were computed.

Launch: May 2025 - June 2026

Arrival: Mar 2031 - June 2033

The minimum C3 required for a direct transfer is X
km”2/s"2, which is too great. Hence, multiple gravity
assists were

6.36

MJD)
@
w
=)
o

6.345 |- [0

SATURN BARYCENTER Arrival Date (

6.335 f-fl-r-t+

633 1L

6.08 6085 609 609 61 6105 611 6115 6.12

EARTH Departure Date (MJD) x 10

EVEES Trajectory (EVEMS?)
1 - Earth Departure

Maintaining a suitably low arrival velocity is
imperative to facilitate the successful insertion into
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Titan's orbit. However, the substantial mass allocation
within the spacecraft imposes constraints on the
launcher's ability to provide a hyperbolic escape
velocity during launch, necessitating that this velocity
remains below 4 km/s [2]. The focus of investigation
centers around a launch date of 2025, while additional
constraints on design parameters are outlined in Table X.

2 - Interplanetary Trajectory

Multiple potential flight trajectories emerge based
on the desired launch date and flight time. These
trajectories encompass multiple gravity assists,
particularly from Venus and Earth flybys, considering
that Jupiter's positioning precludes gravity assists to
Saturn in the 2020s.

Delta-V values arising from trajectory options lay
the foundation for propulsion system requisites. Greater
Delta-V incentivizes high specific impulse (Isp) systems.
However, these high Isp systems introduce challenges
such as amplified power system masses. The feasibility
of using solar electric propulsion (SEP) beyond 2 AU is
constrained, necessitating a staged propulsion system
approach that transitions to chemical propulsion.

Trajectory choices also dictate Earth departure
energies (C3), subsequently shaping the selection of
appropriate launch vehicles based on injection mass.
The initial estimate of the overall space system mass is
attained using parametric formulas, refining with
iterative precision.

The trajectory design is a multifaceted iteration that
ensures mission convergence in terms of launch mass
and flight duration. Considerations of alternate
propulsion systems, such as solar electric propulsion,
augment the solution space. Once the arrival date

Gcrystallizes, a parallel set of calculations charts orbit
“Hnsertion and subsequent station keeping.

Energy [

The trajectory to Titan unfolds as an adaptation of
%aturn mission design, enforcing arrival constraints to
minimize energy expenditure. Multitude options,
featuring Earth and Venus flybys, exploit multiple
transfers to elevate the required C3 energy. Optimal
design considerations, informed by diverse parameters,
culminate in a transfer duration based on specific launch
C3s.

3 - Saturn Arrival & Titan Orbit Insertion
Parameters used [3]:
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Titan HPOP Default v10
6995 km

Propagator model
Semi-major axis

Radius of periapsis 5567 km
Radius of apoapsis 8422 km
eccentricity 0.2
Inclination 9 deg
Average orbital speed 1.2 km/s
Orbital period 0.448 days
Titan Radius 2574.73 km

Aerocapture, pivotal for orbit insertion at Saturn and
Titan, undergoes intricate study to determine feasibility.
This involves a range of ballistic coefficients in tandem
with parameters such as altitude and flight path angle.
Montecarlo simulations refine the aerocapture corridor,
paving the way for subsequent high-fidelity analyses.
Orbital maintenance post-insertion is effectuated by
fine-tuning orbital parameters to manage perturbations
induced by Titan and Saturn.

The mission’'s foundational plan involves strategic
release of drones during key Titan flybys post-Saturn
orbit insertion (SOI). These drones would experience
ballistic entry into Titan's atmosphere. Subsequently,
the lander component, crucial for primary mission
communication, is set to be deployed during the second
Titan flyby. The culmination of this phase entails Titan
orbit insertion, which is orchestrated at the conclusion
of the Saturn tour phase through utilization of the
primary engine.

This trajectory leads to capture into an elliptical
Titan orbit, paving the way for a two-month phase of
aerobraking and aerosampling. These maneuvers
facilitate a transition to a circular 1500 km orbit,
ushering in a ??-month orbital science phase (Fig. X)
that forms the climax of the mission.

Within this orbital configuration, the flight system
embraces an orbital altitude of roughly 1500 km,
enabling the spacecraft to encircle Titan approximately
five times within a single Earth day. This intricate
choreography in orbit establishes a fertile ground for
extensive scientific observations and analyses [4].

4. Composition of Titan's Atmosphere

Like the atmosphere of Earth, nitrogen makes up the
majority of Titan's atmosphere. However, Titan's
atmosphere also has a considerable proportion of
methane and ethane, unlike Earth. These hydrocarbons
are more significant since they influence the planet's
weather patterns and may contribute to the development
of organic compounds that could potentially support
life[3].
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Titan's atmosphere also contains traces of additional
substances like carbon dioxide and hydrogen cyanide in
addition to these gases. Even though these gases are
present in very modest amounts, they are nonetheless
crucial since they can greatly affect the climate and
general makeup of the atmosphere[4].

Scientist also predict that; titan may have been
bombarded with the comets full of icy ammonia.Over
the time ammonia would be slowly released from ice
and form the atmosphere with nitrogen.Several
instruments on the NASA and ESA Cassini-Huygens
mission measured the isotopes nitrogen-14 and
nitrogen-15 in Titan’s atmosphere.Nitrogen is created
via water ice delivered to the moon during
formation[15]

Subsurface Ocean

Titan may have a subsurface ocean of liquid water
beneath its frozen cover, according to recent data from
NASA's Cassini spacecraft. Similar to the deep oceans
on Jupiter's moon Europa and Saturn's moon Enceladus,
this one might support life[5].

Temperature structure

Surface temperature of Titan is -179.3°c. It is colder
than Earth.Titan’s atmosphere is more extended,with
scale heights of 15 to 50 km compared to 5 to 8 km on
Earth due toTitan’slower gravity.[14]

Role of Methane

Titan's atmosphere contains a significant amount of
methane, which accounts for 1.6% of the entire
composition. It is essential for influencing the dynamics
and chemistry of the atmosphere.[15]

Methane contributes to the synthesis of organic
molecules, which are necessary for the atmosphere's
ability to produce clouds and haze. Sunlight breaks
down the methane molecules, resulting in a wide range
of hydrocarbons and other complex compounds. The
larger particles that make up the haze and clouds can
then be created when these chemicals combine with
nitrogen and other components[6].

Additionally, methane affects the circulation and
temperature of the atmosphere. The gas raises the
temperature of the moon by absorbing heat from the sun
and releasing it back into the atmosphere[7].

Weather on Titan

The weather on Titan is unlike anything we see here
on Earth. It's one of the coldest regions in our solar
system, with average temperatures of roughly -290
degrees Fahrenheit[10]. Nitrogen dominates the
atmosphere, with trace amounts of methane and other
gases. Methane and ethane-filled rivers and lakes are
produced when these gases condense into clouds and
rain down upon the earth's surface[8].
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Seasonal variations in Titan's weather are among its
most intriguing features. Titan's seasons last seven Earth
years apiece, in contrast to Earth, which has four
seasons as a result of its axial tilt. The equator suffers
violent storms throughout the winter, while the poles are
enveloped in darkness. The equator is rather calm in the
summer, whereas the poles are flooded in sunlight.
Understanding these seasonal variations can help us
better understand Titan's atmosphere[9].

Titan may have volcanic activity as well, but with
liquid water “lava” instead of molten rock. Titan’s
surface is sculpted by flowing methane and ethane.At
the surface of Titan, the atmospheric pressure is about
60 percent greater than on Earth.Cassini saw that Titan
actually has a very complicated hydrological system,
but instead of liquid water, it has weather of
hydrocarbons. The skies are dotted with methane
clouds, which can rain and fill oceans of nearly pure
methane.[13]

Cryovolcanism: It’s a type of ice volcano.

CRYOVOLCANO ANIMATION I

[nasa.gov.cassini.in]

5. Landing Site Selection

Titan, Saturn's largest moon, possesses a distinctive
surface with a dense atmosphere primarily composed of
nitrogen and trace amounts of methane. Notably, Titan
stands as the sole moon within our solar system known
for harboring such a substantial atmosphere. One of its
remarkable attributes includes the existence of lakes and
rivers. However, these bodies of liquid do not contain
water but are instead filled with liquid methane and
ethane. These methane lakes and rivers are
predominantly situated near Titan's polar regions.

Equatorial areas on Titan feature expansive sand
dunes, which are formed from organic particles and can
reach heights of several hundred meters. Additionally,
there are icy mountain ranges constructed from water
ice, reminiscent of Earth's own mountainous landscapes.
Scientists have also contemplated the possibility of
cryovolcanism on Titan, where icy materials like water
and ammonia may erupt, influencing the moon's
geological activity and shaping its surface.

The moon's thick atmosphere poses a challenge for
direct surface observations. To overcome this limitation,
space missions like NASA's Cassini have employed
radar technology to penetrate the haze and map Titan's
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terrain. Titan experiences seasons similar to Earth, but
these seasons have significantly longer durations due to
its extended orbit around Saturn. These seasonal
variations impact the distribution of liquids and weather
patterns on the moon. The unique combination of
organic molecules and liquid on Titan has spurred
scientific curiosity regarding the potential for prebiotic
chemistry, which could lay the foundation for the
emergence of life.

Choosing the ideal landing site for a surface lander
mission on Titan, Saturn's largest moon, is a
multifaceted task that involves a thorough assessment of
several critical factors. Titan's distinctive attributes,
including its thick atmosphere and diverse surface
features, present mission planners with a unique set of
challenges and opportunities.First and foremost, safety
is a paramount consideration. The landing site must be
free from potential hazards such as steep cliffs, large
boulders, or regions with unstable terrain. Information
rom previous missions, particularly NASA's
hich utilized radar to map Titan's surface, will
able in pinpointing safe landing zones.

ific objectives play a pivotal role in site
The primary goal is to collect specific data
an's surface and atmosphere. Consequently,
n areas of geological significance, such as
lakes, rivers, or icy mountains, can offer invaluable
insights into the moon's geological history and potential
for prebiotic chemistry. Weather conditions on Titan
also warrant careful evaluation. Its dense, hazy
atmosphere can impact visibility and communication
with the lander. Thus, mission planners will need to
assess seasonal variations and choose landing sites with
favorable weather conditions to ensure the mission's
success.

Accessibility is another critical factor. The selected
landing site should enable the lander to explore a variety
of surface features and gather valuable data. Proximity
to intriguing targets like lakes or potential cryovolcanic
sites may influence the final site selection. In
conclusion, the process of choosing a landing site for a
surface lander mission on Titan entails a delicate
balance between safety, scientific goals, weather
conditions, and accessibility. It represents a challenging
yet compelling endeavor aimed at advancing our
comprehension of this enigmatic moon.

6. Surface Analysis on Titan

The carbon-rich surface of Titan consists of impact
craters, long linear dunes caused by the drift of the wind,
and possibly volcanic eruptions.[1] Preliminary analysis
is performed by the infrared, thermal, and optical
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cameras installed on the lander providing visual data of
the surface. It gives information on the terrain and its
nature. The basic knowledge of the surface is obtained
from high-resolution imaging and altimetry data. A
panoramic camera or Pancam, along with a microscopic
imager that can capture an image size of 1024x1024
pixels will be placed on the lander to capture images of
the surface, for spectral analysis and to determine the
grain size. [2]

From the Cassini-Huygens mission, it is also
observed that there are only a few craters visible on the
surface of Titan and hence is dynamic. This signifies
that it has winds, flowing liquids, and movement in
tectonic plates. Time-dependent analysis will be made
on these parameters. [1]

The surface is covered with ice and is hard, sample
extraction becomes challenging and is performed by
using a robotic arm used for drilling. The sonic drilling
method, which comes under the rotary drilling
technique, is adopted. In this method, the drilling can be
performed through soil and rock. It reduces friction on
the drill bit and works with high-frequency which helps
in testing various types of surface samples. The drill bit
has sensors that measure downward axial force (F),
torque (T), vertical penetration rate (Va), rotation speed
(), fluid pressure (P), and flow rate (Q).[3]

From the above parameters, specific energy (e) and
drillability strength (Ds) of the surface can be calculated
using the below formulas [3] —

e = [F/A] + [2nVrT / (A*
Va)] A = cross-sectional area
of the borehole

Ds = (64 Vr T?) / (F Va
d) d = diameter of the
borehole

The material used in making the probe and drill bit
is an alloy consisting of chromium, cobalt, and nickel.
Studies reveal that the toughness of the material
increases as the temperature decreases. It has good
strength and is ductile at cryogenic temperatures.[4]

The study of cryovolcanic eruptions and seismic
activity at the selected site gives a better idea of Titan.

A seismometer will be used for observing the
seismic activity on the moon. From the tests performed
on the seismometer, it is capable of functioning at a low
temperature as well. The results obtained will aid in
understanding the internal structure and the surface
dynamics of the moon in detail.

Probes are also used to measure the variation in
surface porosity, temperature variation, surface hardness,
shear strength, and bulk density as the depth changes.
These parameters are recorded by the instruments
present on the lander at regular intervals of time. From
this, we get to understand the variation in the above-
mentioned properties at the selected location at various
time intervals.[5] A thermophysical probe attached with
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thermal sensors will measure the change in thermal
conductivity and temperature with respect to the
variation in depth. [6]

From the previous space missions, Gas
Chromatograph Mass Spectrometer (GCMS), is widely
known to be useful in conducting organic chemical
analysis of the sample. GCMS present in the Huygens
probe found that the methane moisture was present near
the sub-surface on Titan.[1] This gives a lead in
measuring the moisture content present on the surface
and its variation at regular time intervals at that location.
The lander having the neutron probe is sent to the sub-
surface level to determine the variation in moisture
content with the change in depth.

Gamma-ray and neutron spectrometer present on the
lander performs chemical analysis of the surface. The
surface emits gamma rays and neutrons when high-
speed cosmic rays fall on the surface. This instrument
present on the robotic arm, helps in detecting organic
compounds like carbon, nitrogen, hydrogen, and oxygen
through the emitted rays. It also helps in finding minor
inorganic elements. This does not require any sampling
operations to determine the elemental composition of
the ground. It is also being deployed in the DragonFly
mission by NASA.[7][8]

Alpha Particle X-Ray Spectrometer (APXS) and
Laser Induced Breakdown Spectroscope (LIBS),
analyze the elemental composition of the surface sample
at the landing site. The detector present in the APXS
analyses elemental composition through reflected alpha
particles and emitted X-rays. From this data, various
chemical elements forming compounds in the sample
are determined. This will be placed on the robotic arm
of the lander. LIBS analyses samples at the atomic level
and can detect the composition of elements in all three
phases of matter, that is, in solids, liquids, and gases.
This will analyse not only the hard solid surface but,
will also analyze the liquids and gases, if present below
the surface.[6]

Future Scope:

Analyze the surface samples extracted from various
parts of the moon and get a clear understanding of the
surface and atmospheric interaction.

Experimental analysis can be performed by
combining shear vane and geo-vane tools and
modifying their design. This instrument can be deployed
on a lander, rover, or drone, to examine the mechanical
properties of the titan surface like bulk density, shear
stress, and so on. The design modifications will be
based on the results obtained from this mission. [3]

7. Sensors and Instrumentation in Titan Mission
Remote sensors- Remote sensors collect data by
detecting the energy reflected from the celestial body
surface. Uses radio waves or frequency.
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Active sensors- Active sensors generate their own
source of energy, emitting and receiving an energy
signal after it is reflected from the Earth. Active sensors
include different types of radar sensors, altimeters, and
lidar sensors.

Passive sensors- Passive sensors leverage solar energy
and measure the electromagnetic radiation after it has
been reflected off the celestial body. Most passive
systems operate in the visible, infrared, thermal infrared,
and microwave portions of the spectrum. Passive remote
sensors are made up of different spectrometers and
radiometers that measure the visible, infrared, thermal
infrared and microwave regions of the electromagnetic
spectrum to identify distant objects, as well as being
involved in determining the position of a spacecraft or
other objects.

Active vs. Passive

Active Sensors

4 ' 4

’ Y AN
+'Q

Passive Sensors

8. On Board Data Handling

The developmental trajectory of a spacecraft is
markedly influenced by the specific performance
criteria it must meet. This consideration significantly
shapes its overall design process. To adequately address
these performance benchmarks, the spacecraft requires a
pivotal and central component. In this context, the on-
board computer (OBC) functions as an analog to the
spacecraft's brain, orchestrating, overseeing, and
regulating the activities of the various interconnected
subsystems. One specific subsystem that undertakes the
responsibility of enabling these pivotal functions is the
On Board Data Handling (OBDH) system. This
subsystem is intricately linked with nearly all other
subsystems, maintaining constant integration to ensure
their optimal operation. This cohesive integration across

subsystems guarantees the spacecraft's overall
functionality and performance.
Subsystem Function

1. Command Processing
a. Encoding and decoding of commands and
information
b. Recognition and execution of command signals
2. Monitoring and Control
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a. Oversight of the seamless operation of other
subsystems

b. Decision-making (including transitioning into
survival mode and reconfiguration)

C. Formulation and execution of appropriate
commands

3. Data Management

a. Capture, correct action, and transmission of
data received from other subsystems

b. Processing  (such as  modulation and

demodulation when necessary) of data concerning on-
board management
c. Storage of both housekeeping and payload data

Requirements

The OBDH subsystem is required to receive, process,
and distribute directives throughout the mission's
entirety.

The subsystem must effectively handle and retain data
generated by various subsystems.

Continuous monitoring of spacecraft health and status is
mandated over the course of the mission.

OBDH Architecture

The OBDH architecture delineates the interconnections
among various components within a system. The
computer system architecture encompasses the
following aspects:

1. System Structure (Topology): The topology of
a system is revealed through the interlinking of
different subsystems and components.

2. Data Architecture and Protocol: The data
architecture addresses the physical layout of
the data network or bus, along with its
protocols. These protocols establish a set of
rules governing the transfer of data between
different systems.

3. Hardware  Architecture:  The  hardware
architecture defines both the instruction set architecture
and the functional components applicable within
hardware elements.

4. Software Architecture: This facet elucidates the
execution of processing instructions. The sequence of
execution can follow various patterns: top to bottom,
scheduled, repetitive, or priority-based.
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Communications

Any study project requires effective communication to
be successful, but exploring the unusual environment of
Titan requires it even more. Research on Titan is
extremely difficult due to its dense atmosphere and high
temperatures. To guarantee that everyone s
collaborating on a common objective, effective
communication between researchers on Titan and Earth
is crucial[1].

Irrespective  of mission type or payload, an
indispensable subsystem in all missions is the
communication subsystem. This subsystem facilitates
the spacecraft's interaction with ground station(s) and
facilitates data transmission. The communication
subsystem furnishes the spacecraft with both an uplink
for receiving commands and a downlink for transmitting
housekeeping and payload-specific data.

Using cutting-edge technologies like real-time video
conferencing and high-speed data transmission can help
people communicate more effectively. Researchers can
interact with one another almost instantly thanks to
these technologies, which helps them act fast and
effectively. Setting up clear communication standards
and procedures can also aid in reducing
misunderstandings and guaranteeing that everyone is on
the same page[2].

Challenges of Communication on Titan

Communication between Earth and Titan is extremely
difficult due to their huge separation. Even signals
moving at the speed of light take more than an hour to
arrive at their destination with a distance of more than 1
billion kilometers. This implies that it will take at least
two hours for a spacecraft on Titan to respond to any
commands. Researchers who need to make immediate
judgments based on information obtained from the
spacecraft may find this delay to be inconvenient[1].

The interference brought on by Titan's dense
atmosphere is another difficulty. The environment can
absorb or scatter radio waves, which are used for
communication, making it challenging to build a strong
signal. This interference may result in data transmission
issues and incorrect findings interpretation[3].

Innovative Solutions for Communication

Using laser communication technology is one promising
way to enhance communication between Earth and
Titan. Instead of using conventional radio waves to send
data, this technology uses lasers, making long-distance
communication much faster and more dependable.
Another novel approach avoids the necessity for a direct
connection to Earth by employing autonomous drones
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on Titan's surface to act as relays for communication
signals[4]. Information is transmitted between two sites
using lasers in laser communication technology. This
concept includes sending data from a satellite circling
Titan to a ground station on Earth using a laser beam.
Using a pointing system, the laser beam is pointed in the
direction of the ground station while being modulated
with the data or images that will be broadcast. The
information is subsequently decoded by the ground
station after it has received the laser beam[4,6].

Researchers are also investigating the idea of exploiting
quantum entanglement to allow for immediate
communication between Titan and Earth, regardless of
their separation from one another. This technology has
the  potential to  revolutionize interplanetary
communication and significantly advance our
understanding of far-off planets like Titan, even though
it is still entirely speculative[5].

For long space missions, laser communication
technology has a number of advantages over
conventional radio wave transmission.

1. Higher data transfer rates: Compared to radio
waves, laser communication can carry data at
far higher rates, making communication faster
and more effective.

2. Less interference: Solar flares and other
spacecraft that can interfere with radio wave
communication are less likely to interfere with laser
communication.

3. Smaller equipment: Compared to radio wave
communication  equipment, laser communication
equipment is lighter and smaller, making it simpler to
transport and install on spacecraft[4].

Examples of current laser communication systems that
have undergone successful space testing include the
European Space Agency's (ESA) Optical Ground
Station (OGS) and NASA's Lunar  Laser
Communication Demonstration (LLCD). In contrast to
OGS, which reached a transmission throughput of 1.8
gigabits per second between Earth and an orbiting
satellite, LLCD was able to send data between the Moon
and Earth at a rate of 622 megabits per second[6,7].
Even though LLCD and OGS have shown the potential
of laser communication, their use on Titan would need
to be modified to take into account the atmosphere and
distance from Earth of the moon. Alternative
approaches, such the use of numerous ground stations or
relay satellites, could also need to be taken into account.
The best engineering solution for interplanetary laser
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communication on Titan will require more investigation
and development[7].

The laser communication comes along with its own
technical challenges such as Signal Attenuation,
Atmospheric Interference,Power Consumption.

Free Space Optical Communications

Free space optical communications, often known as
lasercom, employs optical electromagnetic radiation
wavelengths to wirelessly transport messages between
user terminals. Despite the limited number of small
satellite optical communications terminals that have
flown, the supply is quickly shifting.

In comparison to RF, lasercom has a substantially
bigger communication bandwidth available due to the
higher frequencies utilized. Much larger data speeds are
possible thanks to this improvement in RF bandwidth. A
lasercom link's beam width is often substantially less
than an RF link.

The wavelength of an electromagnetic wave divided by
the diameter of the transmitted beam determines a
beam's divergence. The wavelength of the transmitted
energy is orders of magnitude lower in lasercom due to
the high frequencies utilized. Because of their short
wavelengths, lasercom systems' transmitter diameters
and beam divergence can also be considerably smaller,
which lowers their size, weight, and power (SWaP) in
comparison to similarly performing RF systems. Due to
their narrow beamwidth, laser communications have a
low likelihood of being intercepted, are challenging to
jam, and have minimal interference. Unlike radio
frequency (RF) technologies, which need to go through
a licensing process in order to connect with a spacecraft,
optical frequencies are currently uncontrolled[14].

System Architecture : A lasercom terminal (LCT)
normally consists of an optical modem, an optical
amplifier, and an optical head.Component placement in
optical terminals might vary, just like in radio terminals;
for instance, the modulator may not be close to the
optical front end.

Frequency, modulation, aperture size, and range are an
optical communication system's four main performance
indicators. High pointing accuracy is often required for
optical communications lines to be successful. A
spacecraft's optical communication terminal normally
comprises a two-stage pointing mechanism with a
coarse- and fine-pointing stage. The optical
communication system frequently uses a second
pointing device, like as a gimbal, as additional
assistance for coarse pointing and frequently largely
relies on the spacecraft attitude determination and
control system (ADCS) for coarse-pointing. Adding
more mirrors to the payload is a common way to create
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fine pointing. However, it has also been shown that
pointing can be accomplished exclusively by spacecraft
attitude control.A very narrow beam is formed when
energy transmits through the optical aperture. The gap
becomes narrower as the aperture increases[14].
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Laser terminal architecture diagram.
Credits: M. Guelman et al. (2004)

Design Consideration In comparison to an RF
terminal, lasercom terminals may have a smaller
footprint and require less power. However, the
standards for lasercom aiming are much more stringent.
The LCT pointing necessary for broad application is one
of the biggest obstacles. Each system design will outline
the specific pointing system used to manage this. While
clouds and rain have an impact on RF bands with high
frequency and bandwidth, cloud cover can be
challenging or even impossible for optical
communications due to the high levels of attenuation by
water vapor. The transmission might be postponed or
switched to another ground station if the cloud coverage
is too dense at a particular ground station. Data routing
around weather may become more practical with
improvements in inter satellite networking and the
creation of massive networks of optical communication
ground stations.

For optical communication systems, aberrations can
also come from the atmosphere. To compensate for
atmospheric effects on the incident wavefront, for
instance, some high-rate optical downlink terminals that
call for coupling the received light into fiber receivers
must use adaptive optics. Due to the received light's
perturbed wavefront, there wouldn't be enough power to
couple into the optical cable, hence the wavefront needs
to be corrected. In order to control the adaptive optics
system working on the received light, adaptive optics
systems sample the incidence wavefront and quantify
the aberration[14].
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Lasercom crosslinks may execute ranging between the
satellites, possibly with great ranging precision, and can
also provide a high bandwidth connection between the
two satellites. Data routing is made easier and can be
done more quickly when two satellites are connected
across distinct orbit planes.

The ground station apertures can be enormous with
essentially unrestricted resources, which is a benefit of
space-to-ground communications. Pointing, acquisition,
and tracking (PAT) requirements are another issue
interfering with optical communications between
satellites[14].

Relay Satellite

i

Ground Station

Lander

Pictorial Representation of Communication

The Relay Satellite : In the communication system
connecting the Titan lander, drone, and ground stations,
the relay satellite is essential. It serves as a link between
these systems, transferring data back and forth to make
sure that Earth-based researchers have access to the data
they require to carry out their work.

It would be extremely hard to communicate on Titan
without the relay satellite. Since there is a great distance
between the moon and Earth, it would be impossible to
communicate directly with the lander or drone. As an
intermediary, the relay satellite communicates data from
the lander and drone to the ground stations and vice
versa[8].

The Lander : A sophisticated network of
communications is used by the Titan lander to send
information back to Earth. The drone on Titan's surface
receives and also transmits the data to the Lander. The
relay satellite then transmits the data back to Earth by
receiving it from the Lander and sending it back up[8].

IAC-23-A3.5.6

ol
—
—

The Drone : The drone is an essential part of Titan's
communication  system. Data  collection and
transmission back to ground stations through the lander
are its main goals. The drone has a number of sensors
that enable it to collect data on Titan's atmosphere and
surface, including temperature, pressure, and chemical
composition[9].

The drone's communication system has some distinctive
features, including the capacity to broadcast data on
different frequencies. This makes data transport more
effective and lessens the chance of signal interference.
The drone is also programmed to prioritize specific sorts
of data according to their significance, making sure that
crucial information is transmitted first[9,10].

Radio Frequency Ground Station : In the
communication network between the Relay Satellite,
Lander, and Drone, Ground stations are essential.
Receiving and processing the data sent by these devices
is their main duty. Scientists evaluate and use the data
after it has been collected to learn more about Titan's
environment and makeup[12,13].
The ground stations are outfitted with cutting-edge
technology that enables them to swiftly and correctly
receive and process massive volumes of data. To extract
useful information from this data, advanced algorithms
and models are used to analyze it. Scientists are better
e togeomprehend Titan's unusual environment and its
for supporting life because of the insights
g from this data[12].
'‘Brute *force' is the key to the solution for contacting
interplanetary spacecraft. Although low-noise receiver
design is constantly improving and electronic circuits
can always be made more sensitive and discriminating,
the only way to overcome the significant spreading loss,
or "free space loss," inherent in space communications
is to boost the signal's radiated power. This entails
developing earth stations with high power transmitters
and extremely big diameter antennas for the uplink to
the spaceship[12]. The high-power amplifiers (HPAS)
employed in space communications are either traveling
wave tubes (TWTSs) or klystrons, both of which are
capable of producing output powers from several
hundred to several thousand watts[12,13].

Optical Ground Station : Since optical communications
require the receiving aperture (usually a mirrored
telescope) to maintain an optical-quality surface so that
the gathered optical energy may be focused onto a
receiver, optical ground stations naturally differ greatly
from RF ground stations. A lot of times, optical ground
stations are situated at or close to astronomical telescope
locations that are in a good environment. Optical ground
stations are frequently installed within weather-
protected domes or other buildings to keep them
covered when it's nasty outside. For unhindered access
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to the sky, these buildings must be opened. It is crucial
to take laser safety and proximity to airports into
account because optical ground stations frequently have
beacons. For low-Earth orbit missions, typical ground-
to-space beacons have optical powers of tens of watts.
The majority of optical ground stations are test
facilities[14].

Deep Space Network : The NASA’s Deep Space
Network that comprises at least four deep space
stations, one with a 70m diameter parabolic reflector,
one with a 26m reflector (mainly for Earth orbit
operations), and two 34 m antennas (for both Earth orbit
and deep space applications), all of the fully-steerable
type. The network is intended to function in the S-band
and X-band (about 2 GHz and 8 GHz, respectively),
which are the two primary bands used for satellite
telemetry tracking and command (TT&C). In the case of
deep space missions, tracking a spacecraft enables the
determination of the position and velocity of a
spacecraft by identifying and tracking the carrier signal
or a specific RF beacon. From a DSN station, command
data is modulated onto a carrier of a separate frequency
and sent to the spacecraft.

The DSNs 70 m antennas have a transmit gain of around
62 dB, a receive gain of approximately 63 dB at S-band,
and a receive gain of approximately 74 dB at X-band
(which is not utilized for sending) in terms of that
crucial signal gain, which is frequency dependent. All of
the DSNs stations will eventually be modified to handle
this frequency, and the new 34m antennas are meant to
operate at Ka band (about 32GHz, a frequency that
permits a far faster data rate). The 70 m stations have
the Network's "ghetto blasters," which radiate 400 kW
of radio power, in addition to their massive antennas
(the 34 m stations employ klystrons defined at 4 kW for
X-band transmissions and at 20 kW for S-band)[12].

A mission with high data rate needs would select a high
frequency such as X-band for downlink and a
directional high-gain antenna for the uplink. If we
would go with radio communication then it's better to
choose the X-band.

Subsystem Function

1. Telemetry, Tracking, and Command

a. Acquire telecommands from the ground station
and convey them to the OBDH system.
b. Obtain telemetry data from the OBDH system

and transmit it to the ground station.

2. Payload Data Transfer

a. Dispatch payload data, such as videos of
honeybees, from the spacecraft to the ground station for
in-depth analysis.
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Requirements

1. The communication subsystem must establish
a robust link between the spacecraft and
ground stations.

2. The communication subsystem should possess
the capability to transmit both payload data and
housekeeping data during every ground pass.
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