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Two major themes for the space sector in recent years have been
the resurgence of missions to the Moon, facilitating the
expansion of human presence into the Solar System, and the
rapid growth in CubeSat launches. Lunar missions will play an
important role in sustainable space exploration, as discussed in
the Global Exploration Roadmap. The Roadmap outlines the
next steps for the current and next generation of explorers and
reaffirms the interest of 14 space agencies to return to the Moon.
Over the past decade, a more daring approach to space
innovation and the proliferation of low-cost small satellites have
invited commercialization and, subsequently, have accelerated
the development of miniaturized technologies and substantially
reduced the costs associated with CubeSats. In this context,
CubeSats are increasingly being considered as platforms for
pioneering missions beyond low-Earth orbit. This paper
describes a 3U nanosatellite mission to the Moon, designed as
part of the UKSEDS Satellite Design Competition, capable of
capturing and analysing details of the lunar environment. To
achieve the primary mission objectives, a camera and an
infrared spectrometer have been included to relay information
about historic lunar landmarks to Earth. The design was
developed to be integrated with Open Cosmos’ OpenKit and
reviewed by experts in the field from SSPI. The paper includes
a detailed assessment of the current state of miniaturized
instruments and the quality of scientific return which can be
achieved by a lunar CubeSat mission. This concludes in an
overall feasibility study of lunar CubeSats, a discussion of the
current limitations and challenges associated with CubeSat
technologies and a framework for future missions.
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1. INTRODUCTION

In recent years, two major themes for the space sector have
been the growth of the small satellite sector, in particular
nanosatellites (1 kg to 10 kg [1]), and a resurgence in
missions to the Moon and Mars. The proliferation of low-cost
small satellites has invited commercialisation and
subsequently, has rapidly reduced the costs associated with
offering satellite-based  services. Advancements in
nanosatellite technologies have made space more accessible
to all, allowing for infinite possibilities in space mission
architectures to support the diverse requirements of the space
community. In the past decade, nanosatellite launches have
increased rapidly from less than 20 launches a year in 2010
to more than 400 launches predicted for 2020 [2][3]. Of the
standardised CubeSat research spacecraft, the 3U and 6U
platforms are currently the most popular sizes. Traditional
satellites have been expensive to build and launch and
therefore, the significant reduction in costs associated with
CubeSats have made them an attractive alternative [4].
Although most of the nanosatellites launched to date have
been to low Earth orbit (LEO) for applications such as remote
sensing or communications, they are now being used for
interplanetary missions as well.

At the same time, there has been an increased interest in
returning to the Moon and Mars. The Global Exploration
Roadmap, created by the International Space Exploration
Coordination Group (ISECG), is the result of global
collaboration and reaffirms the interest of 14 space agencies,
including the European Space Agency (ESA), the National
Acronautics and Space Administration (NASA) and the
Japan Aerospace Exploration Agency (JAXA), to expand the
presence of humans into the solar system [5]. The complexity
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of missions involved in the return of humans to the Moon,
and the eventual human exploration of Mars, will require an
unprecedented level of autonomy and robotic support [6]. In
preparation for this need, CubeSats are an ideal platform for
technology demonstration missions and are increasingly
being considered as platforms for pioneering missions
beyond LEO. As part of NASA’s 2024 Moon Missions, they
have included calls for CubeSats missions and plan to utilise
CubeSats to map the size and distribution of frozen reservoirs
in the lunar South Pole, and demonstrate entry into a near
rectilinear highly elliptical halo orbit over the Moon’s poles
[7]. Additionally, nanosatellites could potentially be used as
part of constellations for applications including
communications, surveying the lunar surface, and creating a
lunar Global Positioning System [8].
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Figure 1: Exponential Increase in Number of
Nanosatellite Launches [2]

Although CubeSats are relatively low in cost and quick to
deploy, they have several limitations which limit the overall
performance of the spacecraft. Due to their size limits,
CubeSats have a significant lack of available power [9] and
cannot carry large payloads. Miniaturised electronics, which
are more sensitive to radiation, and reduced on-board
propulsion capabilities contribute to the short lifetimes of
CubeSats. The mission designed in this report is highly
relevant to the current space environment and addresses some
of the questions relating to the limitations of CubeSat
platforms. This paper describes a 3U nanosatellite mission to
the Moon, assessing the current status of miniaturised
instruments and subsystems and determining the quality of
scientific return which can be achieved by a lunar CubeSat
mission. This concludes in an overall feasibility study of
lunar CubeSats, discussing the challenges associated with
CubeSat technologies and outlining a framework for future
missions.

2. UKSEDS SATELLITE DESIGN COMPETITION

The Satellite Design Competition is an annual competition
organised by the United Kingdom Students for the
Exploration and Development of Space (UKSEDS) society
and invites students to design, construct and operate a
nanosatellite payload system [10]. Students pass through a

rigorous review process with panels of experts within the
space industry, developing their designs from design to
manufacture and testing their performance in a simulated
lunar environment. The 2019-2020 competition was
sponsored by Space & Satellite Professionals International
(SSPI) and Open Cosmos (OC). SSPI provided mentors to
the competing teams and reviewed the rules and requirements
documentation [11], ensuring the goals were achievable and
a reflection of the current interests of the space sector. In
addition to reviewing the competition framework, OC
enabled the expansion of the competition to include a build
phase where selected teams would be able to integrate their
payload on-board OC’s 3U OpenKit platform. Due to the
ongoing Covid-19 pandemic, the competition was
restructured, and the Build and Test phase of the competition
was replaced with an extended design report, focusing on
adapting the baseline design to an actual mission. Students
were still able to use OC’s OpenApp software to support the
mission design portion of the competition.

Figure 2: SELENE Mission Patch

The authors of this paper were members of the Simulated
Environment Lunar Expeditions Nanosat Experiment
(SELENE) team, comprised of students from around the
world, currently studying at Cranfield University
(Astronautics and Space Engineering, Space Masters and
PhDs in Aerospace), and young professionals from Milton
Keynes. Since the competition had an underlying lunar
theme, the satellite was named after Selene, the Greek
goddess of the Moon. SELENE’s primary mission was to
design a nanosatellite capable of detecting, identifying,
analysing and relaying information, regarding a
predetermined list of lunar landmarks, to Earth. The mission
was optimised to maximise the number of revisits to each
historic lunar landmark.

The result of this project was a 3U CubeSat design, integrated
with OC’s 3U OpenKit, which in turn is equipped with
deployable solar arrays, an attitude control system, and a
communication and power subsystem. Designed to launch in
2025, ridesharing aboard an Ariane 6 rocket to enter a lunar
orbit, the payload subsystem consists of a camera, an infrared
(IR) spectrometer, and a thruster, included for station-
keeping. An X-band antenna was included in the original



design, but removed due to mass, data and volume
constraints. The CubeSat will orbit the Moon, capturing data
with the scientific payload and transmitting it to Earth by way
of'a communication relay satellite in a low-lunar orbit (LLO).
The CubeSat will operate for at least 3 months, up to 2 years,
in which time it will observe 10 historic lunar landmarks (see
Appendix A). Upon completion of the mission, the satellite
will de-orbit by means of a lunar impact.

Figure 3: Final Satellite Design with Solar Arrays,
Power and Communications Module (Green), Camera,
IR Spectrometer, and Thruster (Red)

Mission Objectives and Requirements

Primary Objectives

The mission shall detect, identify, analyse and

OB-1 relay good quality data of Lunar landmarks
during nominal operation
The CubeSat’s injection orbit will maximise
0B-2 revisit times to increase the amount of data

acquired from the mission

Secondary Objectives

The mission shall be used to assess the quality
of scientific return a CubeSat can achieve for a
Lunar mission

OB-3

A detailed list of mission requirements, operational
requirements, constraints, and assumptions made during the
design process are included in Appendix B. These were an
amalgamation of objectives given by the competition
organisers, subsequently derived requirements and design
constraints given by OC. The following section will
summarise the final design of the SELENE 3U lunar
nanosatellite and highlight the current challenges associated
with the 3U CubeSat platform. The purpose of this paper is
to assess the current state of miniaturised payload instruments
and quantify the quality of scientific return which can be
achieved by a lunar CubeSat mission.

3. SELENE MISSION DESIGN

Due to the limited mass capabilities of CubeSats, designing
trajectories for outer space missions (e.g. towards the Moon
or Solar System planets) is a challenging task for two main
reasons:

e Escape trajectories can require high propellant
consumption through expensive manoeuvres (i.e.
Av)

e Once the spacecraft is placed in orbit around the
target body, orbit maintenance is usually required
for addressing scientific objectives

This section will focus on the design of the transfer trajectory
towards the Moon, as well as the lunar orbit needed for the
SELENE science phase.

Lunar Transfer Options

To assess the feasibility of solving the first challenge, i.e.
reaching the Moon with limited propellant consumption,
SELENE mission explored two different options:

e Direct transfer with rideshare towards low-lunar
orbit
e Low-energy transfer from Sun-Earth L2 Halo orbit

Both options heavily depend upon rideshare opportunities in
the SELENE mission timeframe (i.e. 2022+). However, after
NASA’s MarCO mission [12] demonstrated the
interplanetary ~ capabilities of CubeSats, rideshare
opportunities towards Moon and Solar System planets are
likely to be available (see for example [13] and [14]). A
European launch vehicle is preferable, since the payload will
be integrated into the OpenKit and tested in ESA member
states before flight. The primary launch provider selected is
the Ariane 6, which is due to be operational in the near future
and will launch from Kourou in French Guiana [15]. It offers
flexibility for small satellite launches, as they can piggyback
with primary payloads at a lower cost. A call for rideshare is
now open for a 2023 lunar transfer orbit insertion [16]. The
United Launch Alliance’s (ULA) Atlas V launcher [17], with
its Centaur upper stage, is the backup launch provider
selected for this mission, and will launch from Cape
Canaveral, USA. The launcher is expected to be functional in
2021, thus fulfilling the project’s launch requirement. ULA
%10
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offers CubeSat rideshare opportunities, which could be
utilised for SELENE, in standard CubeSat dispensers with
their piggyback launches. A launch could be booked several
months in advance if ULA announces a call for CubeSats
Rideshare, or they could be approached at least a year before
the launch with a request for a possible rideshare option. In
recent years, there has been an increase in private launchers
offering services to CubeSats. Rocket Lab's Electron and
Virgin Galactic's LauncherOne are two such services that
could potentially be used for insertion into lunar orbit, as well
as Momentus Space’s Ardoride [ 18] reusable vehicle, able to
transfer spacecraft from LEO to LLO within 3-6 months.

The second option for the SELENE mission consists of a low-
energy transfer from the Sun-Earth L2 Halo orbit towards an
LLO. The Sun-Earth Lagrange points have been targeted by
scientific missions for Sun and outer space observations (see
for example SOHO [19] and LISA pathfinder [20] for
missions targeting L1 Halo orbits, or Gaia [21] targeting L2
orbits). Rideshare opportunities towards Lagrange points
orbits can arise, for example, in the late 2020s with NASA’s
WFIRST [22] and ESA’s M4 mission ARIEL [23]. Small
propulsive manoeuvres exerted in the unstable direction of
Halo orbits permit spacecraft to find the so-called unstable
invariant manifold of the given orbit, i.e. the set of all
trajectories propagated in the unstable direction.
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Figure 5: Total Av Opportunities for SELENE with
Respect to Time of Flight
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A planar ARIEL-like L2 Halo orbit (~26,000 x 86,000 km) is
taken as reference for the SELENE mission (see Figure 4);
the planar approximation is useful for quick computation of
the Av required by the SELENE spacecraft, without the need
for computing complex 3D transfers. Further research will be
focused on a full 3D model for a more detailed design. The
unstable invariant manifold is propagated up until the
spacecraft encounters the Moon orbit. A patched-conic
approach is then used to compute the Av needed for orbit
insertion. Figure 4 shows the departing Halo orbit, the
unstable invariant manifold and the reference trajectory for
the SELENE mission. Figure 5 highlights the Av and time of
flight opportunities for injecting the spacecraft intoa 30 x 216

km altitude lunar orbit for the Moon encounter options
identified by the unstable invariant manifold expansion.
Quasi Frozen Orbit

The orbit selected for the SELENE science mission is a polar
30 x 216 km altitude quasi-frozen orbit [24] (see Figure 6),
with the periselene directly over the lunar south pole. The
quasi-frozen condition ensures that the eccentricity and the
argument of periapsis drift due to lunar non-spherical gravity
effects remains bounded (see Figure 7 and Figure 8
representing the eccentricity and semi-major axis variation
over a propagation of 30 days). In particular, the eccentricity
remains between 0.04 and 0.049, and the semi-major axis
varies between 1858.30 km and 1860.72 km. This condition
allows for near-zero Av needed for station-keeping (~10-15
m/s per month based on previous mission heritage [25]).
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Figure 6: SELENE Quasi-Frozen Lunar Orbit
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Regulations

The regulatory challenges faced in the deployment of a lunar
CubeSat are very similar to those of a geocentric deployment.
Shared hurdles include International Telecommunication
Union (ITU) frequency allocation and registration,
compliance with domestic launch requirements, acquisition
of and compliance with required/optional insurance policies
and international coordination to ensure compliance with
article IX of the Outer Space Treaty [26][27]. With regards
to end of life, a lunar mission would not be required to
comply with Inter-Agency Space Debris Coordination
Committee (IADC) and the Committee on the Peaceful Uses
of Outer Space (COPUOS) space debris regulations which
only cover satellites orbiting the Earth [28][29]. However,
NASA's guidelines on the preservation of lunar artefacts
should be followed when considering satellite disposal [30].

4. SELENE PAYLOAD DESIGN

The system-level budgets have been included to give context
to payload trade-offs and to highlight some restrictions with
the 3U platform. Margins were allocated in accordance with
ESA’s Standard Margin Philosophy [31]. In line with this
margin philosophy, a 5% margin has been added to all off-
the-shelf products and a 10% margin has been added to
modified equipment.

Mass Budget

Open Cosmos allocated a mission payload mass budget of 2
kg. As seen from Table 1, even with margins the payload is
within limits. In the next iteration of the mission, it may be
possible to add another instrument to the payload.

Table 1: Payload Mass Budget

Total | | 1,436.7

Total (incl. margin) 20% 1,724.0

Component Mass (g) | Margin | Total (g)
IR Spectrometer 280 10% 308.0
Camera 167 10% 183.7
Cold Iodine Thruster 900 5% 945.0

Power Budget

The data handling system average power has been estimated
for the OpenKit on-board processor using values from similar
processors and will be continuously active. The average time
over a landmark is 5 minutes. It is assumed that when the
satellite is not taking measurements, it is communicating.
Therefore, there are three possible power modes; science
mode, communication mode and orbital maintenance mode.
The peak load of the satellite will be during an orbit where
the satellite must take scientific measurements, relay the data
and perform a station-keeping manoeuvre.

The peak load occurs at 16.38 W during orbital maintenance
mode, but the power never exceeds the OpenKit limit of 18.5
W. The maximum eclipse time during the mission is 50
minutes, total orbit time 105 minutes. If the satellite can
generate enough power during the shortest sunlit period to
address the peak load for a single orbit, mission operations do
not have to include orbits dedicated solely to charging the
batteries. Table 2 highlights the power budget for the mission.

Table 2: System Power Budget

Power Total Power

Science Mode Margin

(W) s (W)
IR Spectrometer 1.47 10% 1.62
Camera 1.30 10% 1.43
Data Handling 3.00 5% 3.15
Total 6.20
Total (incl. margin) 20% 7.44
Communication 2.00 5% 2.10
Data Handling 3.00 5% 3.15
Total 5.25
Total (incl. margin) 20% 6.30
Thruster 10.00 5% 10.50
Data Handling 3.00 5% 3.15
Total 13.65
Total (incl. margin) 16.38

With an assumed battery discharge efficiency of 0.97 and
charging efficiency of 0.7, the following values were
calculated:

e Total Energy Generated by Solar Panels per Orbit
(Shortest Sunlit Period): 12.15 Wh

e Total Energy Usage per Orbit
Operations): 11 Wh

e Total Energy Usage per
Scenario): 12.96 Wh

(Nominal

Orbit (Worst-Case

Required power only exceeds what the solar panels are able
to provide during a worst-case orbit [maximum eclipse time,
payload taking measurements over landmark (~3W for 5
minutes), continuously powering the data handling



subsystem (~3W) and communications (~2W), and
performing orbit maintenance manoeuvre (~10W for 10
minutes). During nominal operations, when no thrusters are
used, the energy usage per orbit will be approximately 11.17
Wh, which is within limits. Exceeding available power can
be easily avoided by ensuring an orbit manoeuvre is not
required on the same orbit that data is collected. If an
emergency manoeuvre is required, the payload sensors will
be temporarily paused for one orbit to allow the batteries to
recharge. In an emergency, all non-essential subsystems will
be powered down to allow the batteries to recharge to
capacity.

Data Budget

The data budget for the satellite is divided into stored data
and transmitted data (see Tables 3 and 4). Since the acquired
data is pre-processed before transmission, the size of the
stored data and transmitted data differs. The final size of the
data storage required is smaller than the 4GB the OpenKit
provides, thus additional storage would not be needed.

Although the antenna payload was not included as part of the
mission, it is represented here to show the amount of data it
would require and highlights one of variables which led to
the payload being removed from the design. The X-band
antenna and the IR Spectrometer record data continuously for
5 minutes, which corresponds to the time of a landmark pass,
and the camera captures one image per second during those 5
minutes. The size of the camera images are 6 MB, with a
resolution of 2014 x 1536 pixels with a 10-bit pattern (which
is traduced to 16 bits for storage [32]). The data storage
required for the X-band antenna is calculated from the
measurements it returns, at a rate of 65 Mbps. A safety
margin of 20% was included in both budgets to account for
possible errors and disconnections in the transmission.

Table 3: Storage Data Budget

Component | Data Rate Total
Component Storage Recording Data
(GB) (GB/s) (GB)
IR Spectrometer 0 0.000028 0.0085
Camera 2 0.006 1.75
Total 2 0.00603 1.76
Total + Margin 2 0.01 2.12
Antenna 0 0.008 2.38
Total + Margin
+ Antenna 2 ~0.018 4.5

Table 3 shows the storage data budget, while Table 4
represents the data per landmark to be transmitted from the
satellite to the relay orbiter. The data will be qualitatively
filtered and compressed to minimize the transmission data
budget and the time of communication (accounting for a
given uplink data rate of 4 kbps). For each landmark, the two
best images will be selected according to typical image
features. Following selection, the on-board software will
compress all the sensor data with a lossless compression

algorithm. The compression ratio for this type of algorithm is
approximately 2:1 [33] (up to 3:1 in a best-case scenario).
The separation of operations into two passes was due to the
location of the instruments on the satellite. During the first
pass, only the IR spectrometer and the camera will be facing
the lunar surface, and during the second pass, the recording
sensor will be the X-band antenna.

Table 4: Transmission Data Budget

Compressed -
Transmission
Component Data per Pass Time ()
(MB) [2:1 ratio]

IR Spectrometer 4.25 2.5
Camera 6 3.4
Total (Pass 1) 10.25 5.9
Total + Margin 12.3 7.08
X-Band Antenna 1218.75 693.3
Total (Pass 2) 1218.75 693.3
Total + Margin 1462.5 832

The data accounting for the attitude and orbit control system
(AOCS), and any other subsystems provided by Open
Cosmos, have not been included in the data budget. As can
be seen from Table 4, if the X-band antenna were still part of
the payload, the transmission budget would be two orders of
magnitude higher. This is one of the reasons why the antenna
was removed from the design. For the final design, only one
pass is required to collect all the necessary data.

Payload Design

This section provides a brief overview of the selected sensors,
tasked with observing lunar landmarks, integrated into the
1.5U available OpenKit payload space. As part of the final
design, a camera, an IR spectrometer and an X-band antenna
were investigated to achieve all the mission objectives. Due
to data, mass and volume constraints, the X-band antenna was
removed from the design and replaced with a thruster,
required for orbital maintenance.

Previously flown LEO CubeSats included camera payloads
to capture images of Earth. A camera on-board this CubeSat
would satisfy the mission requirement of capturing visual
data of the landmarks. The selected camera for this mission
is the Nanocam C1U by GomSpace [32], chosen primarily
for its mass and power characteristics, and its compatibility
with the OpenKit platform. Nanocam C1U has reasonable
visibility up to 650 km altitude and is sufficiently compact
for the available payload volume in the CubeSat. It is capable
of'its own data processing and has a storage capacity of 2 GB.
The lens is a 1/2” (4:3) format colour CMOS sensor,
capturing images with 2048 x 1536 pixels. For its integration
into the CubeSat, the lens stand will be replaced to reduce its
volume. For an actual mission, having a camera on-board
could have several useful applications, including mapping the
lunar surface, selecting landing locations, and identifying
areas of interest for future missions.



Past lunar missions have used sensors to map the lunar
surface within the infrared (IR) spectrum. Most notably, these
include the Apollo 17 mission, where the lunar surface
temperature was recorded while the spacecraft was in orbit
[34] and the Lunar Reconnaissance Orbiter (LRO) mission,
which utilised the ‘Diviner Lunar Radiometer Experiment’ to
produce the first ever global map of thermal emissions on the
Moon’s surface, including its diurnal and seasonal variability
[35][36]. Literature suggests that mapping the entire infrared
spectrum of the Moon could be a means of identifying surface
mineralogy, through the analysis of special features, since
different chemical compounds found in the lunar soil would
emit different ranges of visible to near-infrared radiation
[37]1[38][39]. Due to the highly diagnostic absorption features
in this wavelength region, the emitted radiation is sensitive to
the surface mineralogy. Therefore, optical instruments, such
as spectrometers, could be used to identify the mineralogical
composition of the lunar surface, including the composition
of regolith or crater edges [40].

Figure 9 shows the reflectance of typical lunar minerals,
which include mafic minerals (rich in magnesium and iron),
such as pyroxene [41] and olivine. These have their
characteristic absorption in the near infrared region, which
varies with composition within the respective locations. On
average, minerals such as high-calcium pyroxene and olivine
have strong absorption near 1000 nm, whereas plagioclase
has absorption at 1250 nm. By varying the different bands of
the spectrum, the composition of the minerals could be
discerned from the received reflected signal.
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Figure 9: Reflectance Spectra of Typical Lunar Minerals

Since humans will be returning to the lunar surface in the near
future, this information would be beneficial in the planning
phase of crewed settlements. With the IR spectrometer, it
would be possible to identify areas with useful resources and
create a thermal map of the lunar surface, aiding in the
identification of future lunar base locations.

Within the competition limitations, requiring the payload to
be commercially available and less than 1U, an Argus-1000
Infrared Spectrometer [42] was chosen as the optimal
instrument for the final design. With a size of 45x50x80 mm
and a mass of approximately 280 g, the sensor can fit into the
desired CubeSat volume envelope, while allowing adequate

space for the other instruments. Its functional spectral
wavelength (0.7-1.7 um, up to 2.4 pm) allows for the
detection of the range of radiances emitted by the mineral
compositions that are of interest.

X-Band Antenna

The lunar soil is composed mainly of fine grains, formed as
a result of environmental degradation over time. Due to the
lack of a thick atmosphere, the lunar surface suffers much
more damage from the space environment compared to the
Earth’s surface. The roughness of the lunar surface can be
obtained from the information provided by Synthetic
Aperture Radar (SAR) independently of the environmental
light. This data will reveal the structure of the different parts
which form the landmarks (floors, walls, rim, peak, ejecta,
and rays). X-band SAR is a powerful tool for landmark
analysis and therefore, the implementation and validation of
this technology in a CubeSat platform will be a valuable
objective.

The development of SAR antennas for the CubeSat platform
is a relatively new area of research and has little flight
heritage. The main problem with using SAR in CubeSats is
the sizing. SAR requires long antennas to achieve a high
resolution. Additionally, pulse radars require high peak
power that cannot be provided by typical 3U power systems.
Preliminary design of the X-band SAR has been done by
applying the design methodology for SmallSats [43]. The
parameters that defined the X-band SAR are presented in
Table 5. The feasibility study concluded that the sizing
constraints do not allow for the integration of a SAR payload
on a 3U CubeSat using existing technology [44].

Table 5: SAR Properties

Bandwidth 12 MHz | Centre Frequency 11.2 GHz
Peak Power 190 W | Spatial Resolution 10 MHz
DC Power 60 W | Swath Width 11 km
Pulse Length 10 Pulse Frequency 400 Hz
Incident Angle 12 Data Rate 65 Mbps
Antenna Width 0.3m | Antenna Length 1.5m

Attitude and Orbit Control System (AOCS)

The competition organisers included details of the on-board
AOCS, which consists of three reaction wheels, to give a
pointing accuracy of 0.5 degrees, and sun sensors. As
aforementioned, a thruster needed to be included for orbit
maintenance. To meet the satellite requirements of ~10-15
m/s of Av per month to stabilise the orbit, the team chose a
cold iodine thruster developed by a French company,
ThrustMe [45]. The 12T5 is a self-contained unit with its own
propellant storage, flow control, power processing unit,
thermal management and intelligent operation and fits within
a 0.5U form factor. With a total Av of approximately 83 m/s,
the I2T5 will have enough thrust to perform the necessary
station-keeping manoeuvres and will still have enough
remaining propellant at end of life for a de-orbiting
manoeuvre. Since there is mass, volume and power left in the



systems budgets, there is potential to collaborate with
ThrustMe in customising the thruster and increasing its total
wet mass. This would allow for the mission to be extended,
resulting in an increase in scientific return.

Data Handling

The on-board software’s main responsibilities are to acquire
data from the sensors and to control the on-board actuators.
Additionally, the subsystem will forward the information to
the ground station and define the commands available
depending on the status of the state machine of the system.
The satellite has an embedded microprocessor provided by
Open Cosmos [46] to control and monitor on-board devices.
The payload will only record data while passing over the
landmarks and afterwards, the processor will prepare the data
for transmission.
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Figure 10: Node Based Software Architecture

The on-board computer will have a node-based software
architecture (see Figure 10). The nodes are separated into two
types: sensor access and recording processes (grey) and
information processing processes (blue). This divides the
software depending on its purpose, making it easier to
implement and test. The main purposes of the processing
nodes are:

e  Photo Processing node: processes the captured
images per landmark and orbit and selects the most
suitable images to transmit. It considers the quality
of the pictures depending on contrast, brightness and
other image features.

e  File Compressor node: compresses the images and
data files for transmission to minimise the quantity
of transmitted data.

o Satellite Communication node: communicates with
the relay satellite.

e Mind node: contains the on-board flow control
machine. It decides when it is time to record, process
or send information from the satellite. To do so, it is
responsible for reading the locations of landmarks
and assessing when they have been reached. This
information is held in a configuration file on-board
the satellite and can be updated at any time during
the lifetime of the mission. This node also handles
the received commands.

The satellite will forward information about the status of the
satellite and its payload to the ground station. Each telemetry
message will contain a header with the necessary fields to
identify a single message and a Cyclic Redundancy Check
(CRC) code at the end. The data section can be filled with
any of the payload files stored on-board and the status of each
component in the satellite.

Table 6: Telemetry Message

Section Name Size
Time 128 bits
ID Message 16 bits
Data Length 32 bits
Data Up to 4 GB
CRC 16 bits

The satellite will be controlled from the ground station
through a series of commands. Each command constitutes a
command code (CC) and an argument if it is needed (see
Table 7). Command messages will also contain a header like
that of telemetry messages.

Table 7: Commands

Name CC | Argument | Type [f)li::]
Set Mode 0 Mode Enum 2
Take Camera 1 | off—on | bool | 1
Picture

Change Resolution ) New' Enum 4
Camera Resolution

Activate 3 | Off—0On | bool | 1
Spectrometer

Get Spectrometer 4 ) i i
Data

Get Last Two 5 ) ) i
Images

Change Landmark New .

Set ¢ 6 Landmarks File 409600
Get Satellite Status 7 - - -

The first command serves to change the satellite mode, in
case the operator needs to check the satellite or modify
something on-board (e.g. the landmark set). The following 3
commands are used to control the payload of the satellite,
while commands 4 and 5 are designed to allow the payload
data to be downloaded. Command 6 uploads a new landmark
set to the satellite, so that more landmarks can be studied.



Command 7 requests the status of each of the components of
the satellite to monitor their performance.

Communications

The communication system is composed of the CubeSat
communication transmitter (antenna and transceiver), a relay
communication satellite and the ground station on Earth. The
CubeSat communication system has been selected based on
the system limitations and the downlink needs. Within these
limitations, it was not possible to communicate directly with
Earth and a communication relay satellite was included in the
design to amplify the signal. The analysis of the link budget
has been divided into two segments: CubeSat — Relay
Satellite communication and Relay Satellite — Ground Station
communication.

The parameters of the CubeSat communication systems are
derived from commercial off-the-shelf (COTS) components
for 3U CubeSats [47] and the parameters of the relay system
have been obtained from TDRS II [48] (see Table 8).

Table 8: CubeSat and Relay Satellite Segment

CubeSat Relay Satellite
Power Tx 2 W (33 dbm) | Gain 5.2 dBi
Gain 0 dBi FN! 15.1 dB/K
Frequency Tx 145.8-146 MHz
System Losses 1.1 dBi

The ground station selected for the analysis is in the White
Sands Test Facility in New Mexico and belongs to the Near-
Earth Network (NEN). The downlink frequency (19.3 —20.2
GHz) was allocated according to the Electronic
Communications Committee (ECC) report on the use of
frequency bands [49]. The properties of the receiver and the
transmitter are presented in Table 9.

Table 9: Relay Satellite and Ground Station Segment

Relay Satellite Ground Station
Diameter 0.75m Diameter 182 m
Gain 99.28 Gain 160.55

19.3 GHz 2
Frequency Tx (Ka-Band) SNR 16 dB
Bandwidth 5dB Floor Noise | 12.6 dB/K

The signal can be demodulated and modulated in Quadrature
Phase Shift Keying (QPSK). For a bit error rate (BER) value
of 10e™, the required signal is approximately by EyNo = 8 dB.
The signal arrives with a power of -135 dBW which leads to
a margin of 94 dBW from signal requirements.

It should be noted that the required power of the signal
produced by the relay satellite to reach the ground station is
lower than the received power from the CubeSat. The relay
satellite operates like a signal reflector; if the CubeSat is
transmitting the information within a 45 km range of the relay

! Floor Noise

satellite, the signal will reach the ground station and the
information can be demodulated. A Low Noise Amplifier
(LNA), with a gain in the order of 10 dB, can be integrated
into satellite communication subsystem to increase the range
to approximately 100 km.

The quality of the signal that arrives at the ground station has
been analysed by simulating the demodulation and
modulation of the signal in QPSK and in the channel.

Concept of Operations (CONOPS)

The operation of the satellite was divided into five mission
phases (see Figures 11 and 12):

e Launch: The satellite will be launched in early 2025
on a rideshare on Ariane 6.

o [Interplanetary Phase and Transfer Manoeuvre: The
satellite will be in hibernation mode until orbit
insertion.

e Orbit Insertion: OC’s attitude control system will
stabilise the spacecraft. The team will deploy the
solar panels, orient the panels to face the Sun and
begin charging the batteries. Both the camera
payload and IR spectrometer will be tested

e  Operational Phase: The satellite will take
measurements of the lunar landmarks and send the
data to the relay satellite. Sending the data will take
multiple orbits, during which the payload will not
collect more data. Once all data has been sent, the
satellite will take measurements at the next
landmark. When the payload is not taking
measurements, the satellite will orient the solar
panels to face the Sun and charge the batteries

e End of life: The satellite will be passivated and use
the remainder of its propellant to de-orbit
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After initialisation, once the satellite power is at its capacity,
the satellite will proceed to the first landmark and take
measurements using the camera and IR spectrometer. On
average, the satellite will have 5 minutes to take
measurements. To transmit the recorded data, the CubeSat
will need to transmit for 4 orbits without taking further
measurements. During that period, the payload sensors will
not take any additional measurements. While the satellite is
transmitting, its solar panels will continue to point towards
the sun to charge the batteries. After all the data has been
transmitted, the satellite will continue to the next landmark
and begin the process again. The thruster will be needed for
occasional orbit maintenance manoeuvres. The thruster will
be fired when the satellite is in the sunlight to avoid
overloading the satellite during eclipse periods.

Environment

The lunar orbit is a hostile operating environment. There is
no atmosphere to protect satellites from the ionising radiation
environment, galactic solar rays or solar flares. In addition,
the satellite needs to operate in a vacuum with temperatures
fluctuating between 119°C and -173°C. Even before the
satellite reaches orbit, it must survive the vibrations and
shocks associated with launch.

Radiation can have three main effects on CubeSat
components, with Single Event Effects (SEEs) posing the
greatest challenge. SEEs occur when high-energy particles
traverse electronic components, causing software upsets, also
known as Single Event Upsets (SEU), which include bit flips.
In more severe cases, SEEs could include latch-ups, also
known as Single Event Latch-ups (SEL), and gate ruptures,
which can destroy a mission. The remaining two degradation
effects from radiation are cumulative, causing the gradual
degradation of electrical components. Total Ionising Dose
occurs when continuous particle impacts create defects
within oxides and Displacement Damage takes place when
those incoming particles displace atoms in the semiconductor
crystal lattice.

Even though all components selected in this CubeSat design,
including the OpenKit, have been qualified for space flight,
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additional shielding from radiation is required and is difficult
to implement. Radiation shielding is the most widely
implemented method of protection against the effects but can
be heavy and large. NASA Langley Research Centre has been
developing radiation shields made from fibre metal laminates
[50]. Several sheets of metallic materials with differing
atomic numbers are layered using the Z-grading method to
protect sensitive spacecraft electronics from ionizing
radiation. These are lighter and more flexible than
conventional shielding material, allowing the team to protect
hard-to-shield locations. Currently this technology is at a
relatively low technology readiness level (TRL), but since
this mission is not due to launch until 2025, further
developments could make this a viable solution.

Rather than including physical shielding, another method
includes radiation hardening, which involves making
electronic components more resistant to radiation damage.
Although these types of fault avoidance techniques are robust
and reliable, they increase power usage, costs and lead times
while decreasing computational power. Alternatively, fault
detection systems could be utilised. These methods impose
fewer restrictions on power and computational power, and
have reduced associated hardware costs, but have increased
hardware and software complexity. SELENE’s components
could utilise error detection and correction techniques
(EDAC), such as field-programmable gate array (FPGA)-
based EDAC, which protect against SEUs, or SEL protection
systems which detect and isolate latch-up currents.
Additionally, watchdog architectures [51] can be
implemented. A watchdog subsystem monitors the system
operations and restarts the system or puts the system in a safe
mode if a fault is detected.

The MarCO mission opted for radiation tolerant electronics
and a cascaded watchdog system in lieu of additional
radiation shielding [52][53]. Whether the team choses to
include additional shielding, radiation hardened or tolerant
components, or utilise fault detection systems, will be a trade-
off between reliability, power, computational power, mass
and cost.



Autonomy

To decrease the cost of the operation phase and enhance the
capabilities of the satellite, some degree of autonomy has to
be included in a space mission. For this project, it would also
increase the output of the scientific mission, as the data rate
for communication is low and every transmission must be
maximised. Aside from this, it is also important to overcome
the delay in the transmission time that would make manual
commanding of every satellite task infeasible. Therefore, as
can be seen in the proposed concept of operations, there are
several tasks that could be performed autonomously and on-
board:

e Deployment of solar panels: One of the first tasks
the satellite must perform after ejection towards its
orbit is solar panel deployment, this will prevent the
batteries from total discharge. It should be
performed autonomously as the satellite will not
have established communication with the relay
satellite at the beginning of the mission.

e Satellite orientation guidance: The on-board
guidance will identify when the satellite needs to
recharge its batteries and reorient the satellite to face
the Sun. It will also reorient the CubeSat when it is
passing over a landmark or when safe mode is
activated and manage the reference signals to OC’s
AOCS system.

e Orbit maintenance: Over time, the satellite deviates
slightly from the desired orbit. This can be detected
by the AOCS sensors and in response, a signal will
be sent to the actuators to orient the spacecraft and
activate the thruster.

e Detection of landmarks: From a preloaded file
containing records of the landmarks of interest, the
satellite will be able to detect if it is passing over a
landmark. This will be performed using its on-board
calculated position.

e On-board pre-processing of payload data: The
limiting maximum data rate for the communication
with the relay satellite emphasises the importance of
minimising the amount of data to transfer. This can
be achieved by selecting the best images per
landmark and then compressing the data before
transmission.

e End of life manoeuvre: At the end of the mission,

the CubeSat thruster will perform a de-orbiting

manoeuvre.

Satellite status monitoring: The CubeSat will be

able to monitor the status of every subsystem and

actuate in accordance, e.g. triggering the safe mode
if the power levels are too low.

The on-board flow control follows the designed operations.
Each status prevents the operator from activating undesired
actuators or sensors, while following the flow of the prepared
procedures. It is possible to change the mode from any state
to another with a command. If connectivity is lost, the
operational phase state machine will safely stop current
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operations before transmitting an emergency signal and
waiting until communications are restored. In this case, if the
power reaches a predetermined low level, safe mode will be
triggered, and the satellite will reorient to face the Sun.

In Figure 13, the blue regions represent the different phases
of the CONOPS, while the yellow regions represent the three
possible modes of operation. Nominally, the CubeSat will be
in autonomous mode, but there are two other modes in case
the operator has to take control of the satellite to implement
corrections. In the operational phase, the CubeSat will wait
until it passes over a landmark and then start recording data
from the camera and the spectrometer. When the pass has
finished, the gathered measurements will be processed and
forwarded to the relay satellite, to be sent to the ground
station.

Autonomous Mode

| Init. Phase

Ohera tional Fhése'

Record Data
,  <—>» Manual Mode

Find Next
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Process Data

Send Data
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| EoL Phase |

Figure 13: On-Board Flow Control
End of Life Operations

There is no doubt that a great deal of attention is usually given
to planning and executing the designated operations of a
space mission. However, it is also crucial to consider what
happens to the satellite at the end of its lifetime.

Differing slightly from Earth-orbiting satellites, there are
three main categories [54] when it comes to methods for
disposing of lunar satellites:

1. Lunar Impact

2. Earth Re-entry

3. Graveyard Orbit Disposal

Due to the limitation of the 3U platform’s mass, it is not
possible to have enough propellant to eject the spacecraft
from its operational orbit to another trajectory, either for an
Earth re-entry disposal or for moving the satellite into one of
the graveyard orbits. Thus, the easiest option will be the lunar
impact strategy.

Unlike Earth satellites that could undergo orbital decay and



deorbit, whereupon they can burn up in the atmosphere, the
lunar impact strategy will guarantee impact with the lunar
surface at the end of the disposal phase. Thus, it is clear that
to avoid further damage, the impact has to be set in
accordance with all mitigations and treaties related to the
Iunar environment, such as those stated in the United Nations
Treaties and Principles on Outer Space [27]. Furthermore, the
disposal has to avoid any interference with historical heritage
sites, for example the respective landmarks for the mission,
to preserve historical and scientific value of lunar artefacts
located on ground [30] and natural resources that would
provide knowledge and insights to the Moon’s history.

5. DISCUSSION

Below are outlined several lessons learned and thoughts
emerging from the exercise of designing this 3U CubeSat.

Additional Infrastructure

The 3U CubeSat platform does not have enough volume or
power to include a communications subsystem powerful
enough to relay information directly from the lunar satellite
to Earth. Therefore, any lunar CubeSat will need to account
for a relay satellite to transmit data from the CubeSat to the
ground stations.

Another issue regarding the small volume and computational
power on-board the CubeSat is the management of
information. This coupled with a very low communication
data rate (4 kbps imposed by the UKSEDS competition)
increases the difficulty of communicating data. To address
this problem, a potential solution would be to increase the on-
board memory in the relay communication satellite. In this
way, the communication satellite would act as a buffer which
stores all the information gathered by the CubeSat and then
forwards it to the ground whenever possible. This solution
would decrease the need for more memory on-board the
CubeSat and would reduce the computational consumption of
the payload on-board the CubeSat.

Limited Payload Options

In earlier sections, this report identified commercially
available spaceflight hardware which can be integrated
within a 3U CubeSat platform. The payloads selected were
required to be off-the-shelf products and take up minimal
space in the CubeSat. This limits the available sensor options
however the chosen sensors for camera and infrared
spectrometer are both good examples weighing below 500g
and occupying less that 1U of the available space.

However, when considering the performance of the sensor,
most commercial products that can be fit into a 3U CubeSat
have notable drawbacks in their ability to capture and deliver
meaningful science returns. For example, the standard IR
sensor has a resolution of around hundreds of meters
[55][42][56][57] which should be adequate for detecting
large deposits of minerals or identifying the temperature
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variation across regions, but at the cost of impairing detection
of smaller scale features. There are instruments with superior
performance, notably NASA’s recent project for the Lunar
Compact InfraRed Imaging System (L-CIRiS) which is an
instrument designed to capture high-spatial resolution
thermal infrared images of the moon [58]. The detailed
specification of the payload is not yet known, however its
predecessor from which it will be adapted — the CIRiS
instrument [59], has a spatial resolution of less than 60m but
a volume larger than 3U for the payload alone.

In general, the average size of high-performance sensors is
beyond the capacity afforded by a 3U CubeSat. Even though
there are options that are small enough, their measurement
quality is drastically worse and not worth the reduction in
volume or mass.

Attitude and Orbit Control Systems

Attitude Determination and Control systems (ADCS) have
been extensively employed in LEO CubeSats [60] and
several options exist for fully integrated ADCS units (i.e.
providing sensors and actuators) for interplanetary CubeSats.
MarCO [61][62] mission has been provided by Blue Canyon
Technologies (BCT) XACT modules for deep space [63],
able to provide £0.003 deg (1o) for two axes and +0.007 deg
(1o) for third axis of pointing accuracy within the 0.5U
CubeSats standard. SELENE mission could also benefit from
this unit for its science phase.

As mentioned, SELENE orbit maintenance also requires
active control to stabilize the orbit, considering 10-15 m/s per
month. Therefore, SELENE will be provided by an on-board
propulsion system able to provide the required Av for orbit
maintenance. Several options exist for this purpose: VACCO
Industries has provided MarCO mission a 2U cold gas
propulsion system [64] and could potentially provide
SELENE with a warm gas Propulsion Unit for CubeSats
(PUC), scalable from 0.14U to 1U, providing sufficient Av
capabilities [65]. Alternatively, the cold iodine thruster
produced by ThrustMe, discussed earlier in the paper, would
also meet the Av requirements and would fit within a form
factor of 0.5U.

Data Efficiency

In order to allow for design flexibility given the constraints
of computing power and data transmission capabilities, the
efficiency in storage and transmission of the data gathered by
scientific instruments must be carefully considered. If
powerful processing capabilities are readily available, they
can be applied to offset data transfer requirements. Similarly,
a higher data rate can be applied to lower the burden on
onboard systems to process data by streaming raw data to
ground stations more readily able to process the data. The
best candidate for these considerations is the data captured by
the onboard camera which accounted for ~80% of the data
budget in our proposed payload design.



Lossless compression algorithms, those which reversibly
reduce the size of data without losing information, are
ubiquitous in computing in applications which seek to
optimise storage space and accelerate data transfer. Due to
the requirement to conduct science based on the returned
data, only lossless compression can be considered. Due to the
limited colour palette of the lunar surface, PNG-8 [66] may
prove useful over the more common 24 bit variant, allowing
for image sizes to be reduced to a third of their native format
while still displaying the same 256 grayscale colours. Other
general-purpose lossless compression algorithms such as
variations of Lempel-Ziv compression [67] could aid in
further reductions although the particular variant would have
to be chosen based on the aforementioned trade-offs between
available computational and communication capabilities.

Recent advancements by smartphone manufacturers have
brought machine vision to the fore as a method for
automatically analysing and optimising image quality.
Technologies such as Google’s Night Sight and Apple’s
Deep fusion demonstrate capabilities for identifying,
selecting and merging the optimal features from a set of
images to produce the highest fidelity representation
possible. The latter technology from Apple is aided by
dedicated neural network hardware on their A13 Bionic chip
[68]. Such approaches can be used for identifying high
quality images and rejecting those of insufficient quality
although going beyond that to creating superior composite
images may be undesirable due to the inherent inaccuracy of
the enhanced scientific data returned.

A limiting factor in the application of even mature hardware
designed for terrestrial use is the harmful impacts of radiation
in the extra-terrestrial environment. This environment often
prohibits the use of cutting-edge COTS hardware, instead
requiring radiation-hardened specialty equipment which
must sacrifice performance for reliability. Experiments such
as NASA’s PhoneSats [69] may shed light on the ability of
COTS hardware to withstand the effects of radiation for short
missions.

Technology Demonstration Mission

The specific data returned by the scientific operations of this
satellite do not offer much greater insight than can already be
attained through existing instruments. Rather, the value of the
satellite will most likely be as part of a constellation or as a
technology demonstrator. For instance, the effectiveness of
the proposed IR sensor and X-Band SAR is well-suited for
evaluation as part of this platform.

6. CONCLUSION

The ubiquity of CubeSats in geocentric applications has made
it clear that they are inextricably linked to the future of space
travel as an enabling technology, providing services which
will power the advancement of space exploration. Moving
beyond Earth-based deployments to lunar missions is a
natural and achievable progression for the technology.
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However, the platform still faces limitations in available
volume which impacts payload selection, power and data
transfer capabilities.

These limitations are not insurmountable, but they do
necessitate the use of external orbit injection and supporting
infrastructure such as relay satellites to extend
communication.

The CubeSat design documented in this paper seeks to push
the boundaries of the 3U platform’s capabilities given the
current state of the art. The consistent miniaturisation of
technology may mean that this form factor will be capable of
even greater science in the future but for the present, a 6U
platform may provide a greater scientific return by alleviating
the constraints imposed by the restrictive 3U volume.

Regardless of the optimal size, the CubeSat has been proven
to allow rapid, low-cost development while still being
capable of powering critical satellite-based services,
contributing to large constellations and serving as a
technology demonstrator to accelerate advancements for both
terrestrial and extra-terrestrial applications.



APPENDICES

A. LUNAR LANDMARKS

Historic lunar landmark provided by the competition
organizers (UKSEDS and OC):

Landmark Co-Ordinates
Apollo .11. Le.mdmg Site - Mare 00.67°N,, 23 47°E
Tranquillitatis

Lunokhod 1 Landing Site 38.24°N, 35.00°W
Apollo 15 Landing Site - o o
Hadley/Appennines 26.13°N, 3.63°E
Chang'e 3 Landing Site 44.12°N, 19.51°W
Chang'e 4 Landing Module 45.44°S, 177.60°E
SMART-1 Impact Site 34.26°S, 46.19°W
Chandrayaan-1 Impact Site 89.76°S, 39.40°W
SELENE Main Orbiter Impact Site 65.50°S, 80.50°E
Beresheet Impact Site 32.60°N, 19.35°E
Mons Huygens 19.92°N, 2.86°W

B. MISSION ASSUMPTIONS AND REQUIREMENTS

List of Assumptions

The satellite payload shall be integrated with Open Cosmos’
3U platform with the following characteristics:

Available payload mass: 2 kg, total satellite mass: 6
kg
Communications: omni-directional, S-band antenna

o Transmitter (Tx) Frequency: 2245 MHz

(S-band)
o Receiver (Rx) Frequency: 2025 MHz (S-
band)

o Tx Output Power: 2W (33 dBm)

o Antenna Gain: 6.9 dB

o System Losses: 5dB
Power: total of 18 solar cells (14 on two double-
deployable solar panels and 4 on the main body of
the satellite)

o Surface Area of each Solar Cell: 26.5 cm2

o Efficiency: 28%

o Yearly Degradation: 0.02

o Inherent Degradation factor: 0.77
Battery cells

o Nominal Cell Capacity: 11.4 Wh each

o Lowest Nominal Voltage: 3 V

o Cell Max Voltage: 4.2 V

o Cell Min Voltage: 2.5V

o Yearly Degradation: 0.14
Attitude Dynamics Control System (ADCS): 3
reaction wheels (pointing accuracy of 0.5 degrees
and sun sensors)
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A Lunar relay satellite will be wused to facilitate
communication between the CubeSat and Earth throughout
the mission lifetime. The following Lunar relay satellite
characteristics were provided by the competition organisers:
e  Lunar Orbit Altitude: 100 km
e Uplink: omni-directional, S-band antenna with a
data rate of 4 kbps
e Downlink: 0.75 m diameter directional parabolic
Ka-band reflector antenna
e  Ground Station Noise: 12.6 dB/K
e Communication latencies shall be assumed to be
negligible

The Lunar transfer manoeuvre shall be provided by the
competition organisers and can be omitted from analysis.

The mission team determined the satellite will launch in 2025
and thus any technologies with TRL 5 or above will be

considered for the satellite design.

Mission Requirements

The satellite shall have a mission timeline of
MR-1 2 years maximum with an expected
operational time period of 3 months

The launch provider and launch date shall be

MR-2 e e
selected by the team, with justifications

The orbit should allow the spacecraft to
maximize the number of revisits to each
lunar landmark during the simulation
duration

MR-3

Operations Requirements

The system shall be able to detect, identify
OR-S-1 and analyze information from historic lunar
landmarks

The satellite shall be able to successfully

OR-S-2
deploy from the CubeSat deployer

Primary Communication with Earth shall be
OR-C-3 facilitated through a Lunar relay satellite to
downlink payload data

The CubeSat shall be able to communicate
with typically available ground station(s)
OR-C-4 | and/or the Lunar Relay Satellite for
telemetry, tracking, and control (TT&C)
purposes

The satellite shall be capable of performing
OR-S-5 the necessary attitude control to maintain the
desired Lunar orbit

The satellite shall have prior knowledge of

OR-5-6 where the Lunar landmark sites are located

The satellite shall have an End of Life
OR-S-7 strategy to minimise the impact to scientific

return of current and future Lunar missions




Constraints

CR-S-1

The satellite payload mass shall not exceed 2
kg

CR-S-2

The payload shall not exceed the OpenKit
available volume of 1.5U

CS-S-3

The payload subsystem shall be integrated
with Open Cosmos’ 3U satellite platform

CR-C-4

Downlink and uplink data rate between the
CubeSat and the Lunar relay satellite shall
be limited to 4 kbps

CR-P-5

The power used by the payload subsystem
shall not exceed 18.5W

CR-E-6

The satellite shall maintain all components
within their respective operating temperature
ranges while in operation

CR-E-7

The satellite shall always maintain all
components within their respective survival
temperature ranges, other than operation,
after launch

CR-E-8

The satellite shall be able to operate within
the hard vacuum of space

CR-E-9

The satellite shall be able to operate within
an ionising radiation environment,

from galactic solar rays and solar flares, and
mitigate against these effects

CR-E-10

The satellite shall pass the sinusoidal
vibration test as per the tables in Appendix
E, simulating launch conditions

CR-E-11

The satellite shall pass the random vibration
tests as per the tables in Appendix E,
simulating launch conditions

CR-R-12

The satellite shall consider the Outer Space
Treaty

CR-R-13

The satellite shall ensure immediate
termination of radio emissions by tele-
command, whenever required under the
provisions of ITU regulations

CR-R-14

The approval time for a communication
frequency by the ITU shall be considered

CR-S-15

The wait time for a launch by the selected
launch provider shall be considered
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