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Abstract

Operation of a small CubeSat in the deep-space microgravity environment brings additional challenging factors including the
increased radiation environment, the significant contribution of non-gravitational forces to the satellite orbit, or the limited communi-
cation opportunities. These factors need to be taken into account in the form of modifications to the classic CubeSat architecture.
Increased radiation resistance, the semi-autonomous satellite operation, navigation, and the active orbit correction are required. Such
a modified CubeSat platform can potentially deliver a high performance to mass and cost ratios. The Asteroid Spectral Imaging Mission
(ASPECT) is a three unit (3U) CubeSat mission built on these principles. It is part of the AIDA (Asteroid Impact & Deflection Assess-
ment) project to the binary asteroid Didymos. ASPECT is equipped with a visible to near-infrared hyperspectral imager and will deliver
both technological knowledge as well as scientific data about the origin and evolution of Solar System small bodies.
� 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The CubeSat concept was developed in 1999 at the Cal-
ifornia Polytechnic State University, San Luis Obispo and
Stanford University’s Space Systems Development Lab as
an affordable, cheap, simple, and open satellite platform
for university student space experiments in low Earth orbit
(LEO). Since then the Cubesat design and philosophy has
been adopted by hundreds of academic, commercial, and
government organizations worldwide (http://www.cube-
sat.org/about/).
http://dx.doi.org/10.1016/j.asr.2017.07.036
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Currently, the use of the CubeSat platform is expanding
beyond LEO with several deep space missions proposed.
Examples include missions to be launched in 2018 by the
Space Launch System, Exploration Mission 1 as BioSen-
tinel (https://www.nasa.gov/centers/ames/engineering/pro-
jects/biosentinel.html, retrieved on June 26, 2017), CuPS
(CubeSat for Solar Particles; Christian et al., 2015),
LunaH-Map (Lunar Polar Hydrogen Mapper; Hardgrove
et al., 2015), Lunar Flashlight (Cohen et al., 2015), Lunar
IceCube (Clark et al., 2016), NEA Scout (Frick et al.,
2015), OMOTENASHI (http://space.skyrocket.de/doc_
sdat/omotenashi.htm, retrieved on June 26, 2017), or Sky-
Fire (http://space.skyrocket.de/doc_sdat/skyfire.htm,
retrieved on June 26, 2017). The InSight mission to Mars
will also include twin MarCO CubeSats (Mars CubeSat
exploration using CubeSats—ASPECT case study. Adv. Space Res.
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Fig. 1. ASPECT preliminary design illustration.
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One; https://www.jpl.nasa.gov/cubesat/missions/marco.
php, retrieved on June 26, 2017) which will cruise to Mars
by their own and relay InSight descent data to the Earth.

In this study we discuss the possibility of a CubeSat
deployment in the orbit of a small (< 1 km) asteroid and
outline a case study design — ASPECT (Asteroid Spectral
Imaging Mission) CubeSat payload for the AIM (Asteroid
Impact Mission) / AIDA (Asteroid Impact & Deflection
Assessment) joint ESA–NASA project.

2. Mission analysis

The deep space environment brings several additional
challenges compared to CubeSat operations at LEO. The
following major factors were identified for successful Cube-
Sat deep-space operations:

F1: Low-gravity environment,
F2: Reduced set of objects for navigation reference,
F3: Presence of significant orbital perturbation forces as
solar wind/radiation pressure, planetary perturbations,
and intrinsic heat radiation force relative to the gravity
of the orbiting object,
F4: Increased radiation background (operation outside
Earth’s magnetosphere),
F5: Limited direct communication opportunities.

In order to cope successfully with the abovementioned
characteristic of the deep-space environment, the following
modifications to the classic CubeSat configuration are
needed:

M1: Active propulsion system,
M2: Multi-reference advanced navigation,
M3: Reliable, semi-autonomous mission operation, nav-
igation, and trajectory correction,
M4: Enhanced radiation shielding/tolerance,
M5: Foldable dish antenna or communication utilizing
relay spacecraft.

3. AIDA project

The AIDA project is a technology demonstration mis-
sion to conduct the first-ever test of a kinetic impactor to
influence the orbit of a small asteroid (Cheng et al., 2015,
2016). The AIDA target is the S-type binary asteroid
(65803) Didymos (formerly 1996 GT). AIDA will also be
the first mission to a binary asteroid.

AIDA consists of AIM by ESA and DART (Double
Asteroid Redirection Test) by NASA. DART is targeted
to impact the Didymos secondary component (Didymos
II) while AIM characterizes the Didymos system prior
and after the DART encounter and monitors the impact
effects (Michel et al., 2016, Michel et al., in this issue). This
will demonstrate the use of a kinetic impactor to deflect
potentially hazardous asteroids.
Please cite this article in press as: Kohout, T., et al. Feasibility of asteroid
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Two proposed dates exist for DART and AIM launch
(2020 and 2022) and Didymos encounter (2022 and 2024,
respectively). As of the time of writing this manuscript
DART entered phase B within NASA. AIM in its full con-
figuration did not secure sufficient funding and support is
being gathered within Europe for a simplified AIM space-
craft designated AIM-D2 (AIM Deflection Demonstration;
Michel et al., in this issue).
4. ASPECT CubeSat

One of the AIM technology demonstration activities is
the deployment of CubeSats in the vicinity of Didymos.
In the original AIM design, the integration of two CubeSat
Opportunity Payloads (COPINS) was planned (Michel
et al., 2016). ASPECT is one of the proposed COPINS
designs.

ASPECT is a 3U (3 unit) CubeSat with a visible to near-
infrared (VIS-NIR) hyperspectral imager payload (Fig. 1)
operating in the spectral range of 500–2500 nm. One Cube-
Sat payload is included in the revised and simplified AIM-
D2 design (Michel et al., in this issue). Based on the results
of the one-year COPINS study conducted in 2016,
ASPECT was selected as the single COPINS payload for
AIM-D2.
5. Technical and scientific objectives

ASPECT is a CubeSat technology demonstration mis-
sion. The technical goals of ASPECT consist of demon-
strating how a CubeSat is able to navigate and operate
autonomously in tandem with the traditional spacecraft
(AIM) far away from the LEO environment and the typical
communication options. The impact by DART will change
the local orbital environment dramatically. While the high
velocity ejecta will escape Didymos gravity immediately
after impact, low velocity debris from Didymos II will
remain in the vicinity of the Didymos binary system and
will make the ASPECT operation more hazardous.
ASPECT will demonstrate whether a CubeSat can handle
exploration using CubeSats—ASPECT case study. Adv. Space Res.
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operation in such a rough environment, withstand occa-
sional collisions of low velocity fragments, and recover to
its attitude and orbit. The technical objective of the spectral
imager payload is to deliver data of the same spectral,
radiometric and spatial quality as in ground calibrations.
The ASPECT technical objectives and expected results
are summarized in Table 1.

In addition to the technology demonstration, ASPECT
will be able to deliver valuable scientific data. The presence
of the VIS-NIR spectral imager will allow a study of the
composition of Didymos surfaces using reflected solar
light. Knowledge of asteroid composition, the physical
appearance of asteroids, and the correct interpretation of
their reflectance spectra, are issues of key importance in
planetary science. It is essential not only in assessing the
hazard due to asteroid impacts with the Earth or in the mit-
igation efforts of potentially hazardous asteroids, but also
in understanding Solar System formation and evolution,
in the studies of planetary surface processes, and in the
preparation and data interpretation of robotic or human
space missions.

AIM will be equipped with an AIM Framing Camera
(AFC, flight spare from the NASA DAWN mission;
Sierks et al., 2011, Michel et al., in this issue). The camera
has a clear filter and seven band-pass filters in the range of
400–1050 nm. Thus, cross-calibration between the
ASPECT spectral imager and AFC will be possible at the
overlapping wavelengths. However, compared to the
AFC, the ASPECT VIS-NIR spectrometer is working with
Table 1
ASPECT technical objectives.

ASPECT technical objectives

AT1 Demonstration of CubeSat autonomous operations in deep space
environment

AT2 Navigation in the vicinity of a binary asteroid
AT3 Demonstration of satellite survival during impact
AT4 Demonstration of joint spacecraft – CubeSat operations
AT5 Demonstration of spectral imaging of asteroid materials

Table 2
ASPECT scientific objectives and expected results.

ASPECT scientific objectives and results

AS1 Map the surface composition of the Didymos system
Result Composition and homogeneity of the Didymos asteroid, changes a
Result Information on the origin and evolution of the Didymos binary sy
AS2 Photometric observations and modeling of the Didymos system un
Result Surface particle size distribution and composition for Didymos II
AS3 Evaluate space weathering effects on Didymos II by comparing m
Result Information on the surface processes on airless bodies due to their
AS4 Identify local shock effects on Didymos II based on spectral prope
Result Information on the processes related to impacts on small Solar Sy
AS5 Observations of the plume produced by the DART impact
Result Evolution and composition of the DART impact plume
AS6 Map global fallback ejecta on Didymos II and Didymos I
Result Detailed global mapping of fallback ejecta on both Didymos I and
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a wider spectral range and has higher spectral resolution.
Thus, observations provided by ASPECT will comple-
ment/extend those by AIM.

The ASPECT scientific observational strategy focuses
primarily on the spectral mapping of Didymos II (the tar-
get of the DART impact) and, secondarily, on performing
a similar task on Didymos I. A 4 km, slightly inclined orbit
will provide almost global coverage of Didymos II. The
ASPECT scientific objectives and expected results are sum-
marized in Table 2.

6. Platform

The CubeSat platform provides required subsystems for
operating the spectral imager payload and communication
with AIM. The operation infrastructure is centered on the
S-band radio link, which provides the satellite attitude con-
trol location data from the AIM mothercraft, as well as
access directly to all the other subsystems of the satellite,
negating the need for a traditional failure-prone hub, e.g.
an Onboard Computer, to access the subsystems. The
ASPECT platform avionics, including the S-band radio
equipment, batteries, attitude and orbit control, and the
electrical power system, are integrated in a 1U module to
minimize external connections and to simplify the system.
Also included in the platform section are solar panel con-
nections and all required harnessing.

The system architecture, space-qualified subsystem
modules, structural components and the platform software
are currently used in the Reaktor Space Lab’s Hello World
(https://www.reaktor.com/blog/introducing-the-reaktor-
hello-world-satellite/, retrieved on July 7, 2017) in-orbit
demonstration satellite hosting a SWIR (shortwave infra-
red) hyperspectral imager from VTT Technical Research
Centre of Finland. The porting of the Hello World design
to ASPECT has been feasibility-checked and planned. The
CubeSat platform will be a radiation-hardened and single-
event-effect (SEE) resistant variant of the Hello World, to
guarantee reliable operation for at least a 3-month mission
duration. The platform side responsibilities include
s a result of DART impact
stem
der varying phase angle and distance
and Didymos I (simultaneous modeling of photometry and spectroscopy)
ature and freshly exposed material
exposure to the interplanetary environment
rties of crater interior
stem bodies

Didymos II

exploration using CubeSats—ASPECT case study. Adv. Space Res.
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Fig. 2. ASPECT high-level system block diagram.

Fig. 3. 3D rendering of the asteroid spectral imager.
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accommodation of the payload and a required cold gas or
equivalent thruster system (1U of space has been allocated
for each). The satellite system block diagram is depicted in
Fig. 2. All subsystems are monitored and switchable during
operations from the electrical power system.

7. Payload

The payload is a miniaturized spectral imager extending
from the visible up to the shortwave infrared wavelengths.
In contrast to more traditional spatial-scanning imaging
spectrometers, the Asteroid Spectral Imager utilizes tun-
able Fabry-Perot Interferometers (FPI) to select the
imaged wavelengths. When multiple snapshots are com-
bined, a spectral datacube is formed, where the wavelength
bands are separated in the time domain (Saari et al., 2009).
The instrument is based on the space-qualified designs of
the Aalto-1 Spectral Imager and Picasso VISION (Saari
et al., 2015; Näsilä et al., 2016).

The instrument envelope is 97 mm � 97 mm � 100 mm
(roughly 1U), which is split into three measurement chan-
nels, one in the visible (VIS), and two in the infrared
(NIR and SWIR). The VIS and NIR channels are imaging
spectrometers, while the SWIR channel only measures a
single point. The target wavelength range is 500–900 nm
for the VIS channel, 900–1600 nm for the NIR channel
and 1600–2500 nm for the SWIR channel. The spectral sep-
aration is done by an tunable FPI. All three channels have
dedicated FPIs optimized for the desired wavelength range.
The imaged wavelengths are freely selectable within these
ranges, and the targeted spectral resolution is about 10–
50 nm. All three channels can be operated simultaneously
and are independent of each other. Even if a single image
sensor or FPI is lost, the mission can still carry on with lim-
ited capabilities. A 3D rendering of the instrument is
shown in Fig. 3 and the main instrument parameters are
listed in Table 3.
Please cite this article in press as: Kohout, T., et al. Feasibility of asteroid
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8. Operational plan

The AIM spacecraft will release ASPECT in the proxim-
ity of the Didymos binary asteroid before proceeding with
its main mission. The optimal satellite orbit is based on sat-
isfying the payload requirements as well as on the stability
of the chosen orbit. Stability around the Didymos system is
primarily defined by the solar radiation pressure and the
complex, time-varying gravitational field of the mutually
orbiting, irregularly shaped small bodies (Scheeres, 2012).

Initially, ASPECT will be placed on a stable commis-
sioning higher altitude orbit for a two-week commissioning
period. During this time, the satellite will check its health
and then transfer to the nominal mission orbit. The two
candidate commissioning orbits are slightly higher than
the nominal mission orbit — semimajor axis a = 5.91 km,
eccentricity e = 0.34, and inclination i = 19 degrees, or
exploration using CubeSats—ASPECT case study. Adv. Space Res.
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Table 3
The main asteroid spectral imager parameters.

Parameter VIS channel NIR channel SWIR channel Notes

Field of View [deg] 6� � 6� 5.3� � 5.3� 5� circular
Spectral range [nm] 500–900 900–1600 1600–2500
Image size [pixels] 614 � 614 256 � 256 1 pixel
No. spectral bands �14 �24 �30 Tunable in flight
Spectral resolution [nm] <20 nm <50 nm <25 nm

Fig. 4. An example of suitable observation geometries for 100% mission
completion. The outer circle is the ASPECT orbit, and the inner circle is
the Didymos II orbit around Didymos I (situated in the centre).
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a = 6.38 km, e = 0.34, and i = 5 degrees for pro- and retro-
grade Didymos II scenarios, respectively.

The nominal mission orbit selection is driven by the per-
formance parameters of the payload defined by observa-
tional requirements. The best nominal orbit solution is
a = 3.33 km and e = 0.4 or a = 3.53 km and e = 0.32 for
pro- and retrograde Didymos II scenarios, respectively.
In both cases, the orbits will require active orbit mainte-
nance throughout the mission as they have about ten days
of stability without orbit correction before impacting Didy-
mos I. The orbital velocity in the nominal mission orbit is
about 0.1 m/s on average.

At the nominal semimajor axis the ground pixel size
stays below 2 m/px with a feasible field of view (FoV)
design during the whole orbit covering the whole of Didy-
mos II. In turn, orbits closer to Didymos I are restricted by
their FoV as Didymos I obstructs large segments of
Didymos II orbit. For example, the 500–700 m semimajor
axis circular orbits are stable for up to 28 days (Damme,
personal communication), but have roughly a 9–6 times
larger portion of the secondary’s orbit blocked by the pri-
mary than for example at the chosen nominal orbits. The
lighting angle for Didymos II and the Sun also precluded
orbits with significantly high inclinations with respect to
the orbit plane of the binary, such as terminator orbits.
A Lagrange point position during the mission is not advan-
tageous, as only one side of Didymos II can be observed in
the case of its synchronous rotation. Example of suitable
observation positions is shown in Fig. 4.

The concern of DART post-impact debris accumulation
on the Didymos II orbital plane as well as provision for
complete coverage of Didymos II (including its ‘‘poles”)
led us to choose a 20 degree inclination with respect to
Didymos II orbital plane.

Almost global imaging coverage of Didymos II will
be achieved from 8 evenly spaced observations with
respect to the Didymos II rotational phase. The
required time to achieve these from the nominal orbit
is approximately 2 weeks. These observations will be
repeated after the DART impact. This together with
the ASPECT commissioning phase defines the overall
minimum ASPECT operational period to 6 weeks
(2 week commissioning, 2 week observations prior
impact, 2 week observations after impact). Together with
a 2 week contingency period the resulting target mission
duration is 8 weeks.
Please cite this article in press as: Kohout, T., et al. Feasibility of asteroid
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9. Discussion

As identified in the mission analysis, the operation of a
small CubeSat in deep-space microgravity environment
brings additional challenges which need to be taken into
account in the form of modifications to classic CubeSat
architecture. Spacecraft operations among small bodies
have been carried out before and thus the required tech-
nologies exist. However, previous small body missions
involved relatively large spacecraft accommodating robust
subsystems.

ASPECT is, in contrast, limited to the 3U
(30 � 10 � 10 cm) envelope and the cold gas propulsion
defined by the AIM COPINS specification. Thus, it is nec-
essary to miniaturize and select the ASPECT platform
components carefully. For this reason, traditional space-
qualified components cannot be used due to their size
and mass and ASPECT will have to largely rely on Cube-
Sat and modified off-the-shelf components. This approach
will result in a reduced operational lifetime and requires
additional total dose and single event upset radiation test-
ing of subsystems. This approach is, however, acceptable
considering the planned 6–8-week ASPECT mission dura-
tion and will enable by far the best performance compared
to mass and cost.
exploration using CubeSats—ASPECT case study. Adv. Space Res.
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If ASPECT is successfully proven in space, it will enable
small satellite deep space exploration. The ASPECT design
can serve as an achievable platform baseline for scientific
and commercial activities to explore and characterize small
bodies.

10. Conclusions

The ASPECT design study demonstrated that it is pos-
sible, within the 3U CubeSat envelope, to design an auton-
omous small satellite to be deployed in the vicinity of a
small binary asteroid. ASPECT will deliver both the tech-
nological knowledge as well as the scientific data about
the origin and evolution of small Solar System bodies
and will contribute to the AIDA project goals delivering
observations of the DART impact and its consequences
on the target asteroid.
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