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Abstract

IDEFIX, a rover to be delivered to the martian moon Phobos, is part of the Martian Moons eXploration (MMX) mis-
sion by the Japan Aerospace Exploration Agency, JAXA. MMX will explore both moons of Mars remotely but will

also land on Phobos and collect samples from its surface and return them back to Earth. The IDEFIX rover will be
released from the main spacecraft during its landing rehearsal at an altitude of about 40 m. It will fall to the surface,
probably bounce several times and upright itself after having come to rest by applying an autonomous sequence

of the deployment of its locomotion system. This sequence is followed by deployment of the solar generator

and recharging of the batteries. After commissioning, on-Phobos operations are planned for at least 100 (Earth-)

days. Sequences of science operations (instrument measurements), driving, battery charging and communications
with Earth (via the main spacecraft) will alternate in a way to maximize scientific return and fulfill technical demonstra-
tion goals. IDEFIX accommodates a payload of four scientific instruments: a Raman spectrometer (RAX), a stereo pair
of cameras looking forwards (NavCams; also used for navigation), a radiometer (miniRAD), and two cameras looking
at the wheel-surface interface (WheelCams). MMX will be launched in autumn 2026, the Rover delivery to Phobos

is currently planned for late 2028, before the first touch down of the spacecraft and sample collection. The Rover

is a contribution by the Centre National d’Etudes Spatiales (CNES) and the German Aerospace Center (DLR) with addi-
tional contributions from INTA (Spain) and JAXA (Japan).
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response to the wheel interactions, as well as to charac-
terize the homogeneity of the surface in the 100 um to
tens of meter range.

The minimum success of the IDEFIX mission is defined
by the first successful landing on a martian moon, includ-
ing a demonstration of uprighting as well as mobility on
Phobos.

In addition to the science objectives (described below)
the success criteria can be listed as:

+ Successful landing and uprighting (World’s first
landing on Phobos)

+ Gather landing site de-risking data for the MMX
Spacecraft (JAXA mission goal for IDEFIX)

+ Images of the surface with mm to sub-mm resolution
(NavCam, Wheelcams)

» At least one successful RAX measurement (first sci-
entifically valuable RAMAN spectrum of Phobos,
first mineralogical science of MMX mission)

« At least one MiniRad measurement sequence cover-
ing a full diurnal cycle

+ Mobility: Successful first drive with a Wheelcam
acquiring images in movie mode (World s first driv-
ing on a milli-g gravity body, regolith science)

+ Autonomous driving demonstration (Auto-Nav Sci-
ence)

Note, that there is, e.g., no requirement for a mini-
mum distance for the rover to travel, as this will be highly
dependent on a currently unknown terrain and the actual
scientific needs (in this context see Lorenz 2020).

The scientific objectives of IDEFIX are explained in
detail in (Michel et al. 2022; Ulamec et al. 2023), the
outline of the MMX mission is described by Nakamura
et al. (2021) with adaptations to a launch date in 2026 by
Kawakatsu et al. (2024).

2 Scientific objectives of IDEFIX

The scientific objectives of IDEFIX are embedded in
those of the overall MMX mission (Kuramoto et al.
2022). They do complement the science that can be per-
formed remotely with the instruments onboard the main
MMX spacecraft or the returned samples (Michel et al.
2022; Ulamec et al. 2023).

The data provided by the rover instruments (see below)
are of particular interest regarding regolith properties
and dust grain dynamics in the low-gravity environment
of Phobos, surface processes like space weathering and
potential electrostatic dust lofting, the geological history
and the composition of Phobos and its thermal and min-
eralogical properties. The data set obtained by the rover
in-situ will provide ground truth and a geological context
for the samples that are going to be returned to Earth.
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They will help understanding the origin and history of
Phobos.
The Rover will perform (Ulamec et al. 2023):

+ Characterization of the surface terrain by close-up
and high-resolution imaging

+ Regolith science (e.g., geometrical properties like the
grain size distribution, mechanical properties like
surface strength and cohesion, and dynamical prop-
erties)

+ Measurements of the mineralogical composition of
the surface material (by Raman spectroscopy)

+ Determination of the thermal properties of the sur-
face material (surface temperature, emissivity, ther-
mal conductivity, layering)

Measurements at various locations on the surface of
Phobos will help to determine the heterogeneity of the
surface material.

By characterizing the regolith mechanical properties
and high-resolution local terrain and rock maps, the risk
of the landing (and sampling) of the main spacecraft can
be reduced, the rover, thus, acts as a scout for the MMX
sampling mission.

2.1 Overall rover system

The overall IDEFIX system consists of the flight segment
to be launched aboard the MMX spacecraft as well as
two complementary ground segments, described in more
detail in Sect. 3.

The communication between the rover ground seg-
ment and the flight segment is linked via the JAXA
ground segment, ground stations and the MMX main
spacecraft (Ulamec 2019).

The IDEFIX flight system consists of the rover (see
Fig. 1), which will be released and operate on the surface
of Phobos as well as the Mechanical Ejection and Sepa-
ration System (MECSS) and the RolBox, which remain
on the mothership. The spacecraft mounted MECSS
attaches the rover to the spacecraft, provides the elec-
trical interfaces during flight and will assure reliable
ejection of the rover from the spacecraft. The spacecraft-
stationary RolBox, equipped with a dedicated onboard
computer, links the rover to the spacecraft using the RF
and antenna systems. It is able to accommodate telecom-
mands and telemetry in a flexible way, as link times from
MMX to either Earth ground stations, or the rover, vary
in a complex way, e.g., due to limited visibility periods.

2.2 Instruments (NavCam, WheelCam, RAX, miniRAD)

The rover design allows the accommodation of four PI
(Principal Investigator) instruments (see Table 1), which
are:
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Fig. 1 IDEFIX rover flight model, during integration at MELCO
in Kamakura, Japan

2.2.1 NavCams

The navigation cameras consist of a stereoscopic pair
with a field of view (diagonal) of 122°, an angular resolu-
tion of 1mrad (1 mm at a distance of 1 m) and a depth-
of-field of approximately 35 cm to infinity. Each camera
is equipped with a 2048x2048 pixel CMOS detector
and RGGB Bayer filters. The spectral response of each
camera, which integrates the characteristics of both
the detector and the optics, ranges from approximately
400 nm to 800 nm. For a full description of the cameras,
we refer the reader to (Théret et al. 2024; Virmontois
et al. 2025, submitted), as they were already present, with
the same characteristics, on the Emirate Lunar Mission
(ELM) Rashid rover (Almaeeni et al. 2021). They have
been geometrically and radiometrically calibrated (Ver-
nazza et al. 2025, this issue).

By providing stereoscopic images of the area around
IDEFIX up to the horizon, the navigation cameras aim to
provide answers to many of the main scientific questions
of the MMX mission concerning the surface geology of
Phobos (see Vernazza et al. 2025, this issue). Specifically,

Table 1 MMX Rover instruments
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the collected images will allow digital terrain models
(DTMs) to be delivered with a ground sampling dimen-
sion better than 1 cm/pixel for the first meter. These
high-resolution DTMs along with the images themselves
will be used to i) produce a photo-geologic map of each
imaged scene, ii) constrain the surface roughness/wavi-
ness, iii) characterize the size, shape and distribution of
particles/boulders larger than a few mm in diameter and
those of small impact craters, iv) identify groove-like pat-
terns, v) attempt to constrain the load bearing strength of
the regolith, vii) determine the morphology and texture
(clasts, joints) of boulders and/or outcrops, viii) under-
stand the effects of space weathering on Phobos (in terms
of albedo and spectral slope), ix) assess the presence of
foreign material on Phobos, x) study erosion processes
affecting rocks, including fragmentation by impacts and
thermal cycling, xi) quantify dust transport across the
surface and finally xii) shed some light on the origin of
the color dichotomy if both blue and red materials are
present in the field of view.

2.2.2 WheelCams

The two WheelCams (Murdoch et al. 2025, this issue)
are placed on the underside of the rover, each looking
at a different rover wheel. Each WheelCam instrument
consists of the detector, the optics and a set of co-located
LEDs. The WheelCam image sensors (Virmontois et al.
2025, submitted) are panchromatic and consist of a 2048
by 2048 array, with each pixel having a 5.5 um pitch. The
optics provide a field of view of 32.5° and a pixel resolu-
tion of approximately 100 pm at the center of the image.
The WheelCam optics are tilted with respect to the
detector providing a focus on a plane positioned near
the ground with a depth-of-field of about+5 cm rela-
tive to this plane. As the field of view of the WheelCams
will almost always be in the shadow the WheelCams
are equipped with 4 white LEDs intended for use while
driving and 3 color LEDs (590 nm, 720 nm, 880 nm) to
allow for multispectral imaging. The electro-optical
performance of the flight model WheelCams has been
fully characterized at several temperatures and a full

Type Mass [kg] Pl institute(s)
NavCams Stereo navigation cameras 04 LAM, Marseille
WheelCams Wheel cameras 022 ISAE-SUPAERO, Toulouse
RAX Raman spectrometer 151 DLR, Berlin; INTA, Madrid,
UVa, Valladolid and Univ.
Tokyo
miniRAD Radiometer 0.34 DLR, Berlin
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geometrical calibration has also been performed (Mur-
doch et al. 2025, this issue).

The WheelCams are protected by a transparent shutter
(like the other instruments). The shutter will be opened
after the deployment and uprighting sequence is com-
plete. The WheelCams can be operated in both an imag-
ing and a movie mode, the latter is intended to be used
during driving.

The WheelCams will capture in-situ images of Phobos’
surface, enabling the examination of the mechanical and
dynamic properties of its regolith by observing the sur-
face and the interactions between the rover wheels and
the regolith. These observations will aid in interpret-
ing data collected by the instruments onboard the main
MMX spacecraft and help mitigate risks associated with
the spacecraft’s sampling operations. The specific Wheel-
Cam science objectives are (i) Determine the physical
properties of the regolith particles, (ii) Determine the
bulk mechanical properties of the regolith, (iii) Deter-
mine the dynamical behavior of the regolith, (iv) Observe
layering in the shallow sub-surface, (v) Constrain on the
mineralogical composition of the surface material, (vi)
Assess space weathering, (vii) Determine regolith geo-
logical classes and (viii) Constrain the absolute local
gravitational acceleration. For a full description of the
WheelCams and the associated science objectives the
reader is referred to Murdoch et al (2025, this issue).

2.2.3 RAX—RAman Spectrometer for MMX

RAX is a compact Raman spectrometer that was devel-
oped specifically for the MMX IDEFIX rover for in-situ
mineralogical analysis (Hagelschuer et al. 2019, 2022;
Cho et al. 2021). It has a volume of about 1 dm?, a mass
of 1.5 kg and is placed at the underside of the rover meas-
uring downwards to the ground (see flight model of
spectrometer unit in Fig. 2). After the rover has lowered
its body height and placed the RAX instrument into its
working range of 80 mm, the integrated opto-mechani-
cal autofocus is used, focusing the green (532 nm), fre-
quency-doubled Nd:YAG laser for excitation (Rodriguez
et al. 2019) onto the surface. A spot of 50 um is analyzed
there. Backscattered light is then collected back through
the autofocus subsystem, Rayleigh light is filtered out and
the remaining photons are guided through the RAX spec-
trometer module onto a 3D-plus CMOS detector (Sellier
etal. 2019). RAX covers a spectral range of 535 to 680 nm
which corresponds to a Raman shift of 90 to 4000 cm™!
with a resolution of about 10 cm™. A so-called Verifica-
tion Target (VT) is also part of the payload. This deuteri-
ated polyethylene terephthalate (PET) pellet (Moral et al.
2023) is attached to the MECCS plate and can be meas-
ured as long as the rover is attached to the main space-
craft to demonstrate and monitor the functionality and
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Fig. 2 The"Raman for MMX" (RAX) spectrometer flight model (FM)
for in-situ mineralogical analysis on Phobos. Integrated into the rover,
the bluish instrument window where the laser is exiting

and the backscattered signal is entering the RAX instrument, is facing
downwards to the ground. On its left side in the picture, the RAX
light emitting diode (LED) can be seen that can be used to illuminate
the sample. On the right side, the two thermal heat switches can be
seen

performance of RAX during cruise. For improved data
quality, two thermal heat switches are connecting RAX
via graphene straps to the rover chassis to transfer heat
away when the instrument becomes too warm (> 18 °C).

The spectral range of RAX enables detection of a wide
variety of minerals, capturing vibrational features rang-
ing from low-frequency lattice modes to high-energy
bond stretches involving hydrogen atoms. Both primary
and altered mineral phases can thus be identified. Dur-
ing instrument performance testing we measured signal-
to-noise ratios (SNRs) of 41 for silicon (521 cm-1), 60 for
calcite (1086 cm-1), and 28 / 34 for olivine (820 cm-1 and
850 cm-1) with a laser power of 20 mW on a spot size
of 50 um for integration times of 1 s and for instrument
temperatures of+40 °C. This temperature is the worst
case in terms of noise and measurements on Phobos are
expected to be obtained at much lower temperatures,
considerably improving the SNR of the Raman features.
The SNR of the strongest Raman feature (1570 cm-1) in
the data of the RAX VT is approximately 300 measured
at -45 °C (Hagelschuer et al. 2022).

2.2.4 miniRAD

The miniRAD instrument will measure the thermal
infrared surface emission in six wavelength bands to
determine surface brightness temperature within the
instrument’s field of view. Figure 3 shows the flight
model. The instrument measures radiative flux using
thermopile sensors (Kessler 2005) and the design is based
on the Rosetta MUPUS thermal mapper (Spohn et al.
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Fig. 3 Top: The miniRAD sensor head showing six apertures

for the individual infrared sensors as well as the mounting bracket
and flexible harness, which serve to thermally decouple the sensor
head from its environment and enhance the sensor head's
temperature homogeneity. Bottom: The miniRAD calibration target,
which is mounted on the IDEFIX shutter and will be used for in-flight
calibration during cruise. The target is micro-structured for maximum
emissivity and can be temperature controlled to provide a defined
stimulus to the miniRAD sensors. Details of the instrument design are
discussed in Knollenberg et al. (2025)

2007, 2015), MARA, the radiometer aboard MASCOT
(Ho et al. 2017, 2021), a small lander of the JAXA Haya-
busa2 mission (Grott et al. 2017, 2019), and the InSight
radiometer (Spohn et al. 2018; Miiller et al. 2020). Each
sensor has a field of view of 45° and will observe a spot at
a distance of 25 to 150 cm in front of the rover.

The miniRAD instrument will investigate the ther-
mophysical properties regolith and boulders along the
rover’s traverse, performing measurements for com-
plete diurnal cycles while the rover is stationary. Using
thermophysical models (e.g, Hamm et al. 2018), the
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miniRAD measurements will enable the determination
of surface thermal inertia (Hamm et al. 2020), regolith
porosity (Ogawa et al. 2019; Grott et al. 2020), boul-
der porosity (Grott el al. 2019), the presence of surficial
dust layers (Biele et al. 2019; Hamm et al. 2023), as well
as regolith and bounder emissivity in IR bands which
constrain mineralogy (Hamm et al. 2022). Furthermore,
the sub-pixel surface roughness will be constrained. The
instrument design and calibration as well as the scientific
objectives and associated measurements are discussed in
detail in Knollenberg et al. (2025, this issue).

3 IDEFIX design and subsystems

The IDEFIX rover will be the first ever element to land on
the surface of Phobos and to rove on a low-gravity body.
It has been designed to cope with the extreme conditions,
in terms of low gravity and thermal environment. Surface
properties are hardly known (Miyamoto et al. 2021), and
thus, the rover has to cope with a wide range of possi-
ble parameters. Not only does IDEFIX need to survive in
the environment for several months, operate its payload
and allow communications with ground via the MMX
mothership, it will also provide mobility. Earlier concepts
for mobility on Phobos were focused on hopping (e.g.,
Ulamec et al. 2011), IDEFIX however is a wheeled rover.
It will move slowly but allow the investigation of a cer-
tain range around its landing spot. The actual distance,
IDEFIX will traverse is strongly dependent on the terrain
it will find and the actual timeline of operations divid-
ing activities between, measurements, battery charging,
communications and roving.

Fig. 4 View of rover in cruise configuration with dimensions.

In this configuration IDEFIX is mounted to the MMX spacecraft
panel from which it will be released in order to land on Phobos.
This is also the configuration during descent and bouncing. Note
the crushable structures on top of the (backside) of the solar panel
to protect it at touch down
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Fig. 5 IDEFIX in on-Phobos configuration with dimensions. The legs
and the solar generator are deployed and the shutters (only front
shutter can be seen here) are open
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The design of IDEFIX is shown in Fig. 4 in its cruise
configuration, with the solar generator, shutters as well
as its “legs” folded. Figures 5 and 6 show the rover fully
deployed in the on-Phobos configuration.

An inner compartment — the so-called Service Module
(SEM) - thermally isolates thermally sensitive electron-
ics from the outside. It provides the electronics, batteries,
and scientific instruments. The SEM is integrated into
the lightweight carbon fiber chassis carrying the locomo-
tion subsystems needed for locomotion and uprighting
of the rover after the freefall landing as well as the solar
generator (folded during landing) and its deployment
mechanism.

The thermal control of IDEFIX is challenging due to
the cold environment of Phobos and the limited electrical
power available for heating and rover operations.

Fig. 6 IDEFIX top view with solar generator and shutters deployed. Visible is the assembly of solar cells on the four panels and the patch antenna

for communications
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Good thermal insulation is required to keep power dis-
sipated by the units inside the SEM as much as possible
inside the MLI and thus to reduce the need of additional
heating power. All the thermal leaks between the inter-
nal module, the chassis and the environment have to be
minimized. During cruise, the rover will be heated by the
orbiter via an umbilical.

On the surface of Phobos the operational modes have
to be chosen carefully to keep the instruments and elec-
tronics within the thermal limits and minimize the
required heating power.

Thermal and power requirements have an effect on the
landing site selection as they limit the latitudes on Pho-
bos where the rover can be operated.

The power system of IDEFIX consists of a solar genera-
tor with four solar panels (three deployable and one fixed
to the top panel of the rover) with a total area of 0.36 m2
(IJpelaan et al 2021), one rechargeable battery and one
power control and distribution unit (PCDU). An umbili-
cal connection between the rover and the MMX moth-
ership will supply power (and provide communications
lines) during the hitchhiking phase.

After separation, communications with the MMX
spacecraft will be established via an S-band RF sys-
tem. The data rate for telecommand is 32 kbit/s and for
telemetry with two possible rates, 64 kbit/s or 512 kbit/s
(Durand et al. 2024).

The overall mass of the rover flight segment (incl. the
units on the main S/C) is about 27.5 kg. (see Table 2 for a
mass breakdown). The rover itself has a mass of 23.47 kg
including 2.44 kg of scientific payload.

For more details on structure, thermal concept and
power system / power management the reader is kindly
referred to, e.g., Ulamec et al. 2019, Temmen et al. 2024,
Durand et al. 2024, IJpelaan et al 2021, André 2023
(thermal).

Here, we focus on the locomotion, as this is most rel-
evant for science operations.

4 Locomotion Concept

One of the major endeavors of IDEFIX is to demonstrate
locomotion on the surface of Phobos under extremely
low gravity (0.0030 to 0.0068 m/s*) with wheels. The
rover locomotion subsystem (LOCO) will not only move
the rover on the surface but also is crucial to upright it
after landing (and bouncing) as well as adapting the dis-
tance of the instruments (most importantly RAX) to Pho-
bos” surface. LOCO comprises four individually actuated
wheels (allowing skid- steering) of about 200 mm diam-
eter mounted to four individually actuated 275 mm long
legs (Barthelmes et al. 2024). With this arrangement, see
Fig. 7, the rover can upright itself after landing regardless
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of the orientation when it comes to rest and explore the
surface of Phobos. The uprighting procedure is based on
a universal sequence of multiple unfolding and refolding
of the legs. Each of these repetitions has a high likelihood
of orienting the rover from any side toward the belly.
This method requires no sensors to identify the rover’s
orientation on the surface (Buse et al. 2022). LOCO pro-
vides four primary modes of operation: driving, align-
ment, uprighting, and passthrough (Skibbe et al. 2024).
In driving mode, the four wheels are differentially driven
while the legs are stationary, allowing the rover to follow
straight lines, curves, or point turns. In alignment mode,
the legs and wheels are moved to change the height and
orientation of the rover’s chassis with respect to the sur-
face with minimal change in position; this is, for exam-
ple, used to aim cameras and instruments or to put the
rover into an optimal orientation toward the sun for bat-
tery charging. In uprighting mode, the leg angles can be
adjusted into the desired position while the wheels are
rotated in a coordinated way, for example, to always roll
on the surface. This mode is used during the autonomous
uprighting phase as well as for manual corrections. A
passthrough mode allows manual commanding of each
wheel and leg individually. Even though the locomo-
tion system is capable of higher velocities, the expected

Table 2 IDEFIX Mass breakdown

Unit Mass [kg] Mass [kg]
miniRAD Sensor and electronics 0.31

RAX 1.51

NavCams 040

WheelCams 0.22

Sum: Scientific Payload 244
SEM structure 2.52

Chassis structure 357

Shutters 061

Solar Generator 376

Locomotion (shoulder. leg. wheel. HDRM) 452

Locomotion e-box 0.64

Thermal H/W (incl. MLI) 0.60

OPR e-box (incl. OBC. PDCU. and RF board) 1.66

Batteries 143

Antenna 0.13

Harness 157

SAS (sun sensor) 0.02

Sum: Rover System 21.03
Sum: landed (system + payload) 23.47
MECSS 253

Rolbox (incl. antenna) 149

Sum: on Orbiter 4.02
Sum IDEFIX 27.49
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Fig.7 Sequence of autonomous uprighting. (top) schematic of and (bottom) impression of rover in simulated environment

nominal driving velocity is 1 mm/s to avoid tipping over
when stopping abruptly. This velocity results from a
combination of microgravity dynamics and uncertainty
in regolith behavior. At higher velocities, the risk of the
rover toppling about its front axis during an emergency
stop increases significantly. In case of entrapment of the
rover after successful uprighting, the individually actu-
ated legs and wheels can be used to shift the weight dis-
tribution and lift individual wheels from the regolith. To
cross areas of particular soft regolith, inching locomotion
can be applied.

Two experimental autonomous navigation systems
are developed, one by DLR and one by CNES; these are
designed to extend the driving range beyond what is pos-
sible to reach with day-by-day manual commands.

The LOCO system records the impact on the surface
during landing (and bouncing) by four 3-axis ADXL356
MEMS accelerometers from Analog Devices. The data
is logged into internal memory and will be requested
after the rover is successfully deployed on the surface; an
abridged version is relayed in real-time to the ascending
mothership to verify immediately that the landing has
been successful. Further, the two CRM200 gyroscopes
from Silicon Sensing provide roll and pitch rates during

descent and will be used to detect excessive roll or pitch
during driving to ensure safe traverses. Together with
images from the spacecraft, these data will help recon-
structing the landing and bouncing trajectories to con-
strain mechanical properties of the landing site.

Demonstrating wheeled roving on the surface of a
milli-g body is one of the key technological goals of the
rover. As the real mechanical behavior of natural regolith
at Phobos’s gravity is somewhat uncertain and traction
between wheels and soil must be extremely small (due to
the low weight of IDEFIX, ~0.1 N), the commissioning of
LOCO ("learning how to drive") is extremely important
and must be done very carefully. Accordingly, the total
distance covered during the rover mission of nominally
100 days, is difficult to estimate. The engineering require-
ment is to cover a distance of 100 m.

5 Rover operations

The description of MMX rover operations is divided into
different parts. The ground segment with its different ele-
ments and key players is the backbone of IDEFIX opera-
tions, both in cruise as well as on Phobos. The concept
is designed to get the highest science return considering
the given constraints and available resources. The rover
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Fig. 8 Sketch of the rover ground segment and connection to the JAXA ground segment

operational concept takes advantage of the fact that two
control centers are involved: one at CNES (FOCSE in
Toulouse), and one at DLR (GRCC in MUSC Cologne).
The two control centers both provide backup to each
other to secure resources and guarantee redundancy, and
they also enable the rover operational planning and exe-
cution to be performed in parallel.

5.1 Ground segment

The rover ground segment is built of different parts and
groups as shown in Fig. 8. Two main elements are the two
control centers the rover is operated from. One control
center is FOCSE, located at CNES Toulouse. The second
one is the GRCC, located at DLR Cologne. Both cent-
ers will have the full ability to operate the rover and will
work with alternating responsibilities. During the cruise/
hitchhike phase, every 3 months flight events of the rover
are planned. These flight events will be executed alter-
nating between the two centers. During the on-Phobos
phase the centers work in parallel, while one center
performs the operational activities at the rover in space
(prime center) the other center plans the activities for the
upcoming about 7 days (secondary center). After a week
the roles of the two centers will be swapped. While one
center (now prime, former secondary) will execute the
activities they planned, the other center (now secondary,
former prime) will in parallel start the planning for the
upcoming week. The operational responsibilities swap
accordingly.

To guarantee the compliance of products from the two
centers several tools are used in common, starting from
the same data bases, commanding tools as well as the
same instance for the planning tool.

The commanding and planning products will be the
same independent of the generating center.

For telemetry analysis the two centers will use their
own usual and approved tools. But also, in this case the
two centers will use the same system database, which
defines the telemetry channels and calibration functions
to be used.

Part of the rover control center are the SSA/PI teams.
These SSA/PI teams support both centers just as the
rover FDS team, which will be located in Toulouse at
CNES, will support both centers. The SSA/PI and FDS
teams will not be duplicated.

The rover ground segment will not communicate with
the rover directly. All rover telecommands and telemetry
will be relayed by the spacecraft and the JAXA ground
segment in Sagamihara.

5.2 Operational constraints
The operations of the rover face various constraints in
addition to coping with the harsh and presently unknown
terrain of Phobos” surface.

The rover will be part of the general operational strat-
egy and planning cycles of the MMX spacecraft but also
the specific MMX constraints for the communication
unit, RolBox, have to be considered. Energy and downlink
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Fig. 9 Sketch for data uplink and downlink constraints for the rover after separation during the on-Phobos phase

capabilities will have to be shared with the other MMX
instruments.

After rover separation additional constraints arise for
the rover operations and planning.

The communication to the rover will be relayed via the
mother spacecraft. The baseline of the activity and opera-
tions planning are one communication pass between
Earth and the MMX spacecraft per Earth day. During
one Earth day the MMX spacecraft will communicate
twice with the rover. No direct Earth-Rover link is pos-
sible. Thus, all rover commanding as well as the returned
telemetry have to be relayed via the mother spacecraft.
(Fig. 9). This scenario leads to the fact that ground
loops will take at least 2 Earth days if new commanding
is depending on the full downlink of data from a before
executed activity in space.

IDEFIX operations are power critical and an impor-
tant constraint is the available energy. Power is gener-
ated with the solar generator and also used to charge the
onboard battery to guarantee stable thermal control and
allow roving or science operations. After energy consum-
ing activities, like driving, several Phobos days (PhoDs,
one PhoD is 7.65 h) will have to be considered for charg-
ing. The rover is equipped with a so-called SKA sub-unit
(attitude control system) to secure the energy charging
abilities of the rover. Around noon on Phobos the SKA
system will adapt, if necessary the rover orientation of
the solar cells toward the sun. This has as a consequence
that locomotion activities like driving have to be planned
during the morning on Phobos.

Thermal aspects as well as visibilities between rover
and spacecraft are crucial factors for the rover operations
planning.

Another important aspect needs to be mentioned.
During the 100 days of the rover main mission there are
also critical MMX spacecraft activities that are planned,
including sampling and landing of the main spacecraft.
In such phases, the spacecraft has limited communica-
tion abilities to the rover as the priorities have to be on
the safe and successful landing and sampling activities. In
addition, it is considered to put the rover in a safe con-
figuration and, if possible, also in a safe position (mini-
mizing the risk of damage or degradation due to MMX
spacecraft thruster plumes or ejected dust). “Safe con-
figuration” in this context means that the rover performs
no critical and complex operations and is ensured not to
become power critical during this phase, when the com-
munication passes to the mother spacecraft are limited
or even non-available at all, for several days. During land-
ing, sampling but especially departure of the spacecraft
from the surface of Phobos significant amounts of ejected
particles from the surface have to be expected. If possible,
the rover will try to "hide” at sufficient distance from the
landing site of the MMX spacecraft to prevent the solar
cells from getting covered with dust. Currently, the land-
ing site selection and separation maneuver are designed
to limit this as much as possible (see Sect. 4.4).

5.3 Mission phases and planning
IDEFIX operations in the frame of the MMX Mission are
divided into different phases:
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Pre-launch phase: the rover flight model is already
attached to the spacecraft and various tests will be per-
formed preparing the rover for the launch.

Flight operations are mainly divided into three main
phases:

5.3.1 Hitchhike phase

The hitchhike phase is defined as the timeframe from
launch until the separation, descent, landing and upright-
ing (SLUD) phase starts. The term “hitchhike phase” has
been chosen as the cruise phase covers the transfer of the
MMX spacecraft from Earth to the Mars system. How-
ever, after entry into the martian system while the MMX
spacecraft is in quasi satellite orbits (QSO ’s) around Pho-
bos, the rover is still attached to MMX preparing for its
actual mission on the surface of Phobos, when the space-
craft instruments already start their science operations.
During this phase the rover will be powered by the main
spacecraft. The hitchhike phase will contain different
rover activities scheduled every 3 months.

Main activities during hitchhike phase are:

+ DPost-launch commissioning (health check+ battery
discharge to its storage level)

+ Regular health checks of rover subsystems, (every
3 months)

+ Battery maintenance (charge/discharge cycle), (every
6 months)

+ Locomotion maintenance (every 6 months)

« Instrument calibration (at least once)

+ RolBox and/or rover software update, (depending on
demand: once or twice)

+ Before Rover separation: full charging of the battery
and final preparations for SLUD,

The hitchhike phase operations will be performed
alternately between the control centers in Cologne (DLR/
MUSC) and Toulouse (CNES). The responsibility will
change every 3 months after the respective flight events
have been executed. The respective secondary will work
as a support and backup, respectively.

5.3.2 SLUD (Separation, Landing, Uprighting
and Deployment) phase

The SLUD phase covers the time from a few hours before
landing and until a few hours after the deployment of the
rover, when the locomotion system and the solar cells
have been deployed and IDEFIX stands in a stable posi-
tion on the surface of Phobos. During this phase the main
spacecraft will descent toward the Phobos surface, in the
frame of the rehearsal for the actual spacecraft landing
maneuver. In a free fall maneuver of the main spacecraft
the rover will be released about 40 m above the surface.
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The rover will tumble ballistically toward the surface of
Phobos. No attitude control is foreseen during descent.
After a first touch down the rover will most probably
bounce several times until it comes to rest (a sequence
similar to the MASCOT landing, see Ho et al. 2021). An
automated sequence will then perform the uprighting of
the rover (see chapter 3) and the deployment of the solar
generator. During this activity it has to be assumed that
the main spacecraft is out of site of the rover, so no com-
munication can take place in this critical timeframe. The
spacecraft will come into visibility of the rover again only
after this uprighting and deployment sequence will have
been completed. The battery is designed to fully support
this activity. Of course, the available energy onboard of
the rover is limited before the solar cells are exposed to
the sun. Consequently, this is a critical operation of the
rover mission if it comes to possible contingencies (limi-
tation of available energy and presumably no command-
ability or chance to retrieve telemetry).

These operations will be performed by the French
operation center FOCSE. The German center in Cologne
MUSC (GRCC) will act as backup.

5.3.3 On-Phobos phase

The on-Phobos phase covers the entire operations of the
rover IDEFIX on the surface of Phobos after the SLUD
phase has finished.

One main aspect at the beginning of this phase is the
commissioning of the rover. In several steps the different
system components as well as the scientific instruments
will be checked. First scientific measurements will be
performed as well as first driving activities. With the first
driving and wheel motions the interaction of the wheels
with the soil are also planned to be recorded. One main
aspect for these activities is to characterize the surface
properties and the behavior of the material. These results
shall support the landing and sampling of the main
spacecraft. This commissioning phase with all its differ-
ent elements is planned to last up to 28 Earth days.

The exact schedule and the necessary ground loops are
presently subject of iterations. After the commissioning
the main exploration phase of the rover is foreseen. With
the images obtained by the NavCams and the area images
of the orbiter cameras (including DTMs), the team will
identify the interesting targets in reach of the rover. The
mobility team will provide assessments of possible driv-
ing routes on the surface as well as the potential driving
risks. Different locations will be target of scientific inves-
tigations. MiniRad and RAX will investigate as many
different locations and specific objects (e.g., particular
rocks) on Phobos, as possible. During the driving as well
as in dedicated experiments the wheel-soil interaction
will be investigated in particular with the WheelCams.
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These have to be planned carefully to allow an efficient
data download strategy to Earth.

Early in the on-Phobos phase, driving will be per-
formed manually. A special team on the ground together
with the operations team will do the planning, risk
assessment and commanding of the driving sessions. The
different expertise necessary for planning a safe driving
are assembled in the mobility group, as mentioned above.
After the first successful driving attempts the auto-navi-
gation systems are foreseen to be exercised. The rover has
two auto-navigation systems onboard. One system from
CNES, one from DLR. In a first phase, the two systems
shall demonstrate their abilities to drive a rover in this
presumably harsh low-gravity environment. Auto-naviga-
tion systems have already been tested on rovers on Earth
as well as on Mars but up to now not on a small body
like Phobos. In a second phase of the exploration phase
the auto-navigation system will be used to optimize and
increase the driving capabilities of the rover. This should
allow to drive larger distances with the rover toward the
end of the 100-day lasting main mission.

5.3.4 Special operations

In addition to driving the rover in a yet unknown terrain,
the RAX measurements are a major challenge for opera-
tions. To position the instrument at the right distance to
the ground to be in focus (within the range of the auto-
focus system), a complex interaction between the loco-
motion system and the RAX instrument is required. The
locomotion system and its movements in the shoulders
will enable the rover to move to different altitudes above
the surface while the RAX instruments is measuring to
meet the necessary focus. Several days with supporting

ground loops are planned for this activity at each loca-
tion, where RAX measurements will be performed.

MiniRad measurements are more straight forward
to be commanded but the operation team, using Nav-
Cam images, needs to take care that the selected target
area (or specific object) is in the FoV, as requested. The
miniRad FoV is aligned with the NavCam field of view.
In a sophisticated ground loop the camera and miniRad
teams can verify the correct orientation of the rover and
possible adaptations can be commanded to the locomo-
tion subsystem.

5.4 Landing site selection

As the delivery of IDEFIX will take place in the frame of
the (first) MMX landing rehearsal, the rover Landing Site
Selection (LSS) will follow closely that of its mothership
MMX, although it departs from it on some aspects.

The main MMX spacecraft and the rover will land in
the same region, i.e., an area of about 300X 300 m that is
investigated for landing zones (see Fig. 11 for clarifying
areas and zones). MMX will drop the rover at the end of
a rehearsal of its own landing, see Fig. 10. The zone for
the MMX landing is rather small (20x20m2) as it per-
forms a controlled landing into it. The zone of the rover,
however, is comparably large, up to 100 m in diameter at
30, because of the possibly extended bouncing phase that
will follow its release from an altitude of about 40 m. The
spacecraft and rover landing zones must be sufficiently
separated since the spacecraft will land before the 100-
day mission of the rover has elapsed. There would be a
high chance of catastrophic loss should the rover be close
to or, in a dramatic extreme case, under the spacecraft
at landing. So, MMX and the rover will land in the same
region but not in the same spot and that creates unique
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interactions and challenges to both LSS observations and
processes. See Fig. 11 for a visual understanding of these
concepts.

The LSS will mostly take place during the first half of
2028. As the spacecraft lowers its orbit from QSO-H and
QSO-M to QSO-La and eventually QSO-Lc, three phases
of increasingly detailed observation will come to refine
the selection. From this observation data and higher
order products generated by JAXA (e.g., digital eleva-
tion models, rock maps, etc.), the CNES Flight Dynamics
team will compute specific LSS products and advise the
IDFEIX team for the definition of landing zones and their
ranking. This selection is ultimately submitted to the
global LSS workflow, governed by JAXA. The final deci-
sion rests on JAXA to guarantee the safety and science
return of the overall mission.

The rover LSS criteria can be summed up as nine
elimination constraints and five quality indices. The
nine constraints are: no Mars visibility (mainly for ther-
mal reasons), bounds on geocentric latitude, bounds on
geodetic latitude, a minimum on Sun horizon angle, a
maximum admissible surface slope, a maximum ter-
rain roughness, a maximum rock density, sufficient dis-
tance to MMX landing site and a minimum length of

“Zones” within a region

communication slots. If any of these constraints is vio-
lated, a landing site is not admissible for IDEFIX. As the
regions, or even the rover landing zone, are quite large,
it is likely that portion of a landing zone violate these
constraints. Each region or zone is therefore associated
with a Hazardous Area Ratio (HAR) that quantifies the
percentage of the region or zone that violates at least
one constraint. To be admissible, a HAR might typi-
cally be of less than 10%, though the precise threshold
is TBD and may need to be adjusted based on-Phobos
reality.

When a site is admissible, the quality indices allow
an automatic scoring to be performed, though their
relative weights are currently not defined, yet. The five
quality indices are encodings of: solar power avail-
able, communication slot duration, terrain slope, ter-
rain roughness and distribution of rocks. Among these,
one may note there is no science quality criteria. That
is because the rover LSS objectives are primarily driven
by the safety of the rover, with the underlying assump-
tion that the global LSS process steers toward scientifi-
cally interesting areas and that any site on Phobos will
have major science relevance to IDEFIX. Moreover,
heritage from Philae or MASCOT have shown that
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scores are only coarse predictors of the actual safety or
appeal of a landing site (Ulamec et al. 2015; Lorda et al.
2020).

For that purpose, any ranking, either of regions or
zones, will be issued by the LSS Assessment Ranking
and Decision group, within the IDEFIX team, including
rover PIs and instrument PIs. This group will analyze
each region and zone, using the scores only as indica-
tors of suitability. Note that these decisions are internal
to the rover team and are then subject to the global LSS
flow of MMX.

6 Conclusions

In a very short time, and under difficult conditions, the
IDEFIX rover has been developed and delivered. Integra-
tion on, and tests with the MMX spacecraft are ongo-
ing, as well as the detailed preparation of operations,
for cruise and on-Phobos phases. Assuming that the last
tests, the launch and critical SLUD (separation-landing-
uprighting-deployment) phases are successful, we are
looking forward to the first wheeled rover mission on a
small body, Mars’ moon Phobos. IDEFIX will become an
important element of the overall MMX mission.
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