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A B S T R A C T

This paper is a case study providing some insights on what improvement could be achieved on the Mars Orientation and rotation Parameters (MOP) determination
using radio tracking data from a moving rover. Thanks to high-performance mobility systems onboard new generation of rovers like ExoMars 2020, the position of the
rover can be precisely known with respect to its previous position. This characteristic, together with the long life of the rovers and their steerable high-gain-antenna
communication system, is shown here to provide an unexpected opportunity to improve the MOP determination. This paper presents the results of numerical sim-
ulations involving radio-science experiments between the moving rover and the Earth ground stations as well as between the rover and an orbiting spacecraft. The
benefits of combining both links (direct-to-Earth and rover-orbiter) for the MOP determination is also assessed. The impacts of the spacecraft position accuracy as well
as the frequency band used to communicate with it are quantified. It is shown that, after one Martian year of operation, the polar motion could be determined with 5
milliarcsecond (mas) of precision (formal error) from the rover-orbiter Doppler link, while it cannot be determined with usual equatorial lander-to-Earth radio link.
This would allow for the first time the direct detection of the Chandler wobble amplitude in the polar motion of Mars, which is an important quantity to constrain the
planet interior and atmospheric models. Although the moving rover Doppler data alone barely improve the current precision on the other MOP (like the length-of-day
and nutation), a combination of those together with historical and future lander data would definitely help to fill gaps in the MOP signal and to decorrelate between
the estimated parameters, thereby reducing the uncertainties in their determination.
1. Introduction

1.1. Geophysical interest

The knowledge of the interior structure of planets is fundamental to
our understanding of their formation and evolution (e.g. Van Hoolst and
Rivoldini (2014)). The planet's orientation and rotation variations can be
used to deduce characteristics of the interior and of the dynamics of the
fluid layers (e.g. Van Hoolst (2007)). The changes in Mars rotation rate
are mostly due to exchanges of angular momentum between the atmo-
sphere and the ice caps. Because of the presence of a normal mode called
the Free Core Nutation (see Sec 3), the liquid core is expected to modify
the periodic oscillations in the spin-axis orientation (called nutations).
The secular drift (i.e. precession) of the spin axis allows determining the
polar moment of inertia (MOI) of the whole planet, which quantifies the
mass concentration towards the center and is a major constraint for
models of the interior structure of planets. These are the reasons why
improving the Mars rotation and Orientation Parameters (MOP) is
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considered by space agencies as high priority objective. End of 2018,
NASA will land on the surface of Mars the InSight mission, carrying the
RISE experiment (Folkner et al., 2012, 2018) and two years later, ESA, in
collaboration with Roscosmos, will send the ExoMars (part 2) mission
with the LaRa instrument (Dehant et al., 2009) on board of the surface
platform. Both RISE (Rotation and Interior Structure Experiment) and
LaRa (Lander Radio-science) are coherent transponders intended for
radio tracking directly from the Earth. Although orbiters have been used
to obtain variations in rotation/orientation of Mars from similar radio
tracking data (e.g. Konopliv et al., (2006, 2011, 2016); Kuchynka et al.,
(2014)), landed probes are the best ones to study the rotation of their
host (e.g. Folkner et al., (1997); Kuchynka et al., (2014); Le Maistre
(2013)). Tied to the planet’ surface, landers are definitely the most
suitable probes because their motion in space is fully and only induced by
the planet motion and deformation, both related to the physical prop-
erties of the planet. Rovers are less interesting at first glance because
their motion on the planet's surface results in a larger displacement in
space than the one induced by the planet rotation and orientation
rch 2018
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variations that we are looking for. Therefore, if not precisely determined,
the rover motion at the surface overwhelms the geophysical signal
affecting the MOPs, explaining why the rover measurements have been
discarded in the Mars rotation studies until now.
1.2. Radio-science historical concepts to measure the MOP

RISE and LaRa are radio-science experiments both dedicated to pre-
cisely measure the rotation and orientation of Mars. Their ability to
improve our knowledge on the MOP and to provide some constraints on
Mars physical parameters using a Direct-To-Earth (DTE) radio link from a
fixed station at the surface of Mars has already been demonstrated
through simulations (Le Maistre et al., 2012). More specific simulations
about these two missions will be published in a near future (e.g. Folkner
et al., (2018) for RISE). Other geodetic experiments with the same goals
have been proposed in the past and sometimes deeply studied. For
instance, in the beginning of the millennium, the NetLander mission
(Harri et al., 1999) was planned to be launched in 2007 and to deploy
four micro-stations on Mars’ surface to better understand the atmo-
sphere, the surface and the internal structure of the red planet (Barriot
et al., 2001; Yseboodt et al., 2003; Rosenblatt et al., 2004). More
recently, a very promising experiment for measuring the rotation of a
celestial body has been proposed for the Moon (Gregnanin et al., 2012)
and for Mars (Yseboodt et al., 2012). This again involves a network of
landers (or rovers) tracked from the Earth with a configuration known as
Same Beam Interferometry (SBI) (Kahn et al., 1992). This experiment is
however not yet selected and will certainly not be sent to Mars before a
decade or more.
1.3. Rationale of the MOP measurements from a moving rover

Still in order to improve the MOP estimates precision, we investigate
here another kind of experiment involving a moving rover. Such an
experiment has not been considered so far since the change in the rover
location between tracking sessions has always been thought to over-
whelm the rotational signal we are looking for. However, although less
promising than the previously cited ones which are fixed at the surface,
there are three good reasons to think that the experiment presented here
is definitely worth investigating for the MOP determination.

First, it involves long-standing probes existing or arriving soon at
Mars. Indeed, four rovers have already been landed on Mars: Sojourner
(1997), Spirit, Opportunity and Curiosity. And two additional ones, Exo-
Mars 2020 ESA rover and Mars 2020 NASA rover, will be launched to
Mars in 2020. Spirit (2004–2010) andOpportunity (2004-), the twins Mars
Exploration Rovers (MER) have been operating fromMars' surface for six
and more than thirteen years respectively. Curiosity (2012-) already
spend more than 5 years at the surface of Mars.1 ExoMars 2020 nominal
mission duration is one Earth year and Mars 2020 nominal mission
duration is one Martian year, which is very long since the nominal
mission duration is the minimum mission insured by the spatial
agencies.2

The second asset lies in the very high performance of the mobility
systems of the new generation of rovers (Winter et al., 2015). For
instance, the ExoMars 2020 rover resorts to an autonomous mobility
system to access sites of scientific interest with minimal ground support.
Such a system combines Guidance, Navigation and Control (GCN)
1 Note that Spirit and Opportunity data has been used only when the rovers
were fixed at the surface of Mars (Le Maistre, 2013; Kuchynka et al., 2014).
Curiosity never stopped and no radio-science campaign has been performed with
it yet. Since the proposed analysis was never performed before, no radio-science
campaign has been considered until now, while the rovers were keeping
moving.
2 All the payloads are build to survive at least over that time, but the effective

mission life time is often much longer than the nominal duration.
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subsystem and locomotion subsystems (see details on the hardware in
Winter et al., (2015). These hardware, together with advanced algo-
rithms, has been proven by Winter et al., (2015) to allow relative local-
isation of the rover (with respect to its initial position) with very high
accuracy (cm level) even if the rover undergoes slippage due to sandy
soil. It seems then reasonable to assume that such mobility system will
permit to position the rover at a given time with a precision of �10-cm
relatively to its previous position.

Finally, a third virtue of the proposed concept comes from the high
performance of the telecommunication system onboard the rovers.
Indeed, the rovers are all3 equipped with telecommunication system
allowing for X-band 2-way coherent Doppler tracking in DTE. Moreover,
they all have steerable High Gain Antennas (HGA), allowing to point the
radio beam toward the Earth without reorienting the rover. This is a very
powerful system, which does not exist on the upcoming landers (LaRa
uses low gain omnidirectional monopole antennas and RISE uses two
directional medium gain horn antennas). It allows to communicate with
the Earth within the maximum antenna performance region, any time
when the Earth is in the rover’ sky. This offers the opportunity to pro-
fusely collect radio-science measurements in a large diversity of geo-
metric configurations (i.e. for different elevations and azimuths of the
Earth during the tracking pass). It ensures also the best Doppler mea-
surement accuracy possible since the transponder (thermal) noise,
depending on the up- and down-link signal-to-noise ratio (e.g. Zuber
et al., (2007)), is then minimised.

These three aspects (long-life time, mobility systems and steerable
HGA) of the 2020 rover missions motivate the present study, since they
provide a real opportunity to offset the negative impact of the displace-
ment of the rover at the surface of the planet in the MOP determination.

We perform numerical simulations to assess the precision that can be
obtained on the determination of the Mars rotation and orientation pa-
rameters by using radio links between a moving rover and the Earth and
between the rover and a spacecraft in orbit aroundMars. We evaluate the
impact of different mission parameters in the determination of the MOP
such as: the frequency band (X-band versus UHF), the precision in rover
positioning at surface (with or without mobility system), the nature of
the radio link (DTE or via orbiter), and the precision in the relay-
spacecraft orbit calculation (well-known versus meter level). The re-
sults of our simulations with a rover are compared to similar ones with a
fixed station on Mars' surface (see Le Maistre et al., (2012) for details on
the DTE link from a lander). We also take a look at the performance of a
“triangular configuration”, involving rover-orbiter, rover-Earth and
orbiter-Earth radio links simultaneously. All the simulations have been
performed using the GINS (G�eod�esie par Int�egrations Num�eriques
Simultan�ees) software. This software has been developed by Center Na-
tional d’Etudes Spatiales (CNES) and further adapted at the Royal Ob-
servatory of Belgium to allow for planetary applications involving surface
landers and rovers (Le Maistre et al., 2012; Le Maistre, 2013).

The simulation setup (Sec. 2) and the Mars rotation model (Sec. 3) are
presented first, followed by the simulation results on the moving rover
positions determination (Sec. 4). Section 5 provides the MOP determi-
nation precision that can be achieved with a moving rover compared to
those obtained with a lander, fixed at the surface of Mars. We then pre-
sent the advantages of having a triangular configuration in the deter-
mination of the rotation parameters (Sec. 6). The conclusions are
summarised in Section 7.

2. Simulation setup

Taking as a reference the lander case which has been deeply studied
in the past, we compare hereafter the simulation results obtained with
the moving rover to those obtained with a lander. We choose to locate
both the lander and the rover near the Opportunity landing site, i.e. at λ ¼
3 Except for Sojourner, which was a technology demonstrator.



Table 1
Tracking characteristics of each link for a 700 days mission duration as consider in this paper. RDTE and LDTE stand for Lander and Rover DTE, respectively.

Measurement type Frequency band Measurement noise Session duration Session recurrence Number of sessions Total data points

RDTE X-band 0.05mm/s@60s 10min. 1 day 700 7000
ROL X-band 0.05mm/s@60s 10min. 1 day 700 7000
ROL UHF 0.30mm/s@60s 10min. 1 day 700 7000
LDTE X-band 0.05mm/s@60s 45min. 3.5 days 200 9000
LOL X-band 0.05mm/s@60s 20min. 7 days 100 2000
LOL UHF 0.30mm/s@60s 20min. 7 days 100 2000
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354∘E of longitude and φ ¼ 2∘S of latitude. X-band DTE Doppler data
from the lander are created exactly as in Le Maistre et al., (2012) (twice a
week, during 45min, over 700 days, with a line-of-sight elevation angle
between [20�,40�]). The lander is tracked once a week during 20min (as
foreseen for late NetLander mission) from the orbiter. The rover tracking
is repeated every day during 10min (as expected for ExoMars rover)
either from the Earth (2-way DTE in X-band) or from the orbiter. Both
Rover-Orbiter-Link (ROL) and Lander-Orbiter-Link (LOL) are created in
UHF– and X-band. Each Doppler data in X-band is superimposed with a
white noise of 0.05mm/s at 60 s of integration time and UHF Doppler
data are produced with a six times larger noise of 0.3mm/s at 60 s (see
Table 1). DTE, LOL and ROL are all generated using the same Mars
rotation model described in the following section.

We consider a quasi-polar (89� of inclination) and circular orbit
(typical for Mars orbiting spacecraft apart from MEX, TGO and MAVEN)
with a semi-major axis equal to 3900 km (i.e. 500 km of altitude). A well-
known orbiter trajectory, only degraded at the centimeter level by the X-
band data noise used to reconstruct the orbit, is considered for compar-
ison with the meter level of orbit accuracy. The well-known orbit is used
to point out the best performance we can theoretically obtain on the MOP
estimates from the datasets considered in this study. The other orbit is
chosen as baseline in these simulations because the typical total orbit
overlap error of the current martian satellites is about 1m (see for
instance Marty et al., (2009); Konopliv et al., (2011)). The 1m-degraded
orbit is produced by perturbing the gravity field when reconstructing the
orbit from the simulated X-band Doppler tracking data of the spacecraft.
Basically, the 80� 80 gravity model used to generate the data is trun-
cated to degree and order 65 when fitting the parameters. In our simu-
lations we consider arcs of 7-days length. The orbiter initial states (IS) are
systematically estimated along with the other parameters (MOP and
lander/rover positions, see next section). However, because of the
gravity field truncation, the IS adjustment can only reduce the orbit er-
rors to �1m, which is the exact purpose of the manipulation. The
overlaps between the orbit used during the estimation process and the
orbit used to create the LOL/ROL data are shown in Fig. 1 for the first
three arcs over the 100 ones used in our simulation. These overlaps are
going from �1.2 m to þ1 m on the along-track (tangential to the orbit)
and remain below 20 cm (8 cm) for the normal (radial) component. In
RMS, these errors are at the 10 � 50 � 3 cm level in RTN (Radia,
Tangential, Normal), which is in good agreement with those computed
by Konopliv et al., (2011) on the real orbiter data (see their Fig. 8). Since
the study here does not focus on the spacecraft precise orbit determina-
tion (POD), and because the order of magnitude of the error introduced
in our orbit along each RTN direction is well inline with the current POD
performances, we do not introduce more realistic perturbations on the
orbiter trajectory.

It is worth to also mention that no data timing error are introduced in
the LOL/ROL, whereas one could expect some because of the non-perfect
stability of the clock onboard the spacecraft.4 In that sense, the simula-
tions shown here for LOL/ROL are a bit optimistic since one could have to
4 The two-way DTE measurements do not suffer such a timing error because
the timestamp is provided by active hydrogen maser of the Earth ground
stations.
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also adjust a pair of clock parameters. Typical clock parameters are the
“clock offset error”, “clock rate offset” and “clock drift” which basically
are the coefficients of a polynomial of degree two. Preliminary simula-
tions showed that such additional clock parameters induce a lost of
precision in the nutation parameter estimates of about 2–5% relative to
the precisions shown in the following sections of the paper. Such
degradation in the MOP determination does not change the conclusions
of the present study.

3. Mars rotation model and parameters setup

The rotation model of Mars allows to transform a vector r!in

expressed in the inertial system related to the Mars Mean Orbit (MMO) of
a given epoch (t0) into the vector r!bf in the body-fixed rotating frame
tied to the planet (both frames being centred on Mars). At J2000 epoch,
the Mars mean orbit reference frame, denotedMMO2000, is such that the
MMO2000 z-axis is the normal of the Mars mean orbital plane of J2000
(at midday), the x-axis is along the ascending node A (see Fig. 2) of the
Mars mean orbit of J2000 on the International Celestial Reference Frame
(ICRF) and the y-axis completes the orthogonal right triad. The z-axis of
the Mars-fixed reference frame is the direction of spin when the polar
motion of Mars is null. The x-axis cut the prime meridian at its inter-
section with the true equator of date (point E in Fig. 2), and the y-axis
completes the orthogonal right triad.

As shown on Fig. 2, I is the inclination of the Mars true equator of date
with respect to the Mars mean orbital plane at J2000 and ψ locates the
longitude of the node D between those two planes (corresponding to the
true equinox of Mars γtMars

) counted from the node A. The sidereal angle ϕ
corresponds to the spin angle of the planet with respect to the stars. It
gives the position of the prime meridian of Mars and is measured along
the true equator of date starting from the node of the true equatorial
plane of date (D). Xp and Yp are two rotation angles characterising the
planet polar motion. They allow passing from the frame tied to the
rotation axis to the frame tied to the planet. All these angles can be
decomposed as follows:

I ¼ I0 þ _I0ðt � t0Þ þ
X6

m¼1

�
Icmcos

�
2π
Tm

t
�
þ Ismsin

�
2π
Tm

t
��

; (2)

ψ ¼ ψ0 þ _ψ0ðt � t0Þ þ
X6

m¼1

�
ψ c

mcos
�
2π
Tm

t
�
þ ψ s

msin
�
2π
Tm

t
��

; (3)

Φ ¼ ϕ0 þ _ϕ0ðt � t0Þ þ
X2

m¼1

�
ϕc
mcos

�
2π
Tm

t
�
þ ϕs

msin
�
2π
Tm

t
��

� ψnutcosI;
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Xp ¼
X2

m¼1

�
Xc
mcos

�
2π
Tm

t
�
þ Xs

msin
�
2π
Tm

t
��

þ
�
Xc
cwcos

�
2π
Tcw

t
�

þ Xs
cwsin

�
2π
Tcw

t
��

; (5)



Fig. 1. Orbit overlap of three consecutive arcs of one week length each for the radial (top), along-track (middle), and normal (bottom) to the orbit plane directions.

Fig. 2. Reference frames and Mars orientation angles for conversion between
Mars mean orbit reference frame of J2000 (in green) and Mars body-fixed
reference frame of date (in red).

r!bf ¼ Ry

��Xp

�
Rx

��Yp

�
RzðϕÞRxð�IÞRzðψÞ r!in: (1)

The rotation of Mars is modelled with five successive elementary rota-
tions (see further details in LeMaistre et al., (2012). (For interpretation of
the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Yp ¼
X2 �

Yc
mcos

�
2π

t
�
þ Ys

msin
�
2π

t
��

þ
�
Yc
cwcos

�
2π

t
�

5 Note that “LOD” to describe ϕc;s
m is a misnomer since the former is assimi-

lated to a time and the latter to an angle. Both are nevertheless related by
c 2 _ 2 s s 2 _ 2 c
m¼1 Tm Tm Tcw

þ Ys
cwsin

�
2π
Tcw

t
��

: (6)

I0 and ψ0 (AB on Fig. 2) are, respectively, the obliquity and longitude of
20
the node of the Mars mean equator at epoch (t0). _I0 is the secular change
in the Mars obliquity and _ψ0 is the precession rate of Mars spin axis. Inut
and ψnut on Fig. 2 are the nutation in obliquity and longitude, respec-
tively. They correspond to the periodic variations (i.e. series) of sine
amplitudes, Ism;ψ

s
m, and cosine amplitudes, Icm;ψ

c
m, in Eqs. (2) and (3). _ϕ0 is

the constant diurnal angular velocity of Mars and ϕc;s
m are the amplitudes

of the seasonal variations of the spin angle, also called hereafter the
Length-Of-Day (LOD) variations amplitudes.5 The forcing periods Tm are
the harmonics of Mars orbital periods. T1 (i.e. m¼ 1) is the annual period
of 687 terrestrial days and the next harmonic periods (m�2) correspond
to the semi-annual (343.5d), the ter-annual (229d), the quarter-annual
(171.7d), etc. An additional frequency denoted by the subscribe cw is
introduced for the polar motion (Eq. (5) and (6)). It corresponds to the
wobbles associated to the Chandler mode of Mars (e.g. Van Hoolst et al.,
(2000b)). The period Tcw of this signal is uncertain but is expected to be
around 200 days (Van Hoolst et al., 2000a,b). The amplitudes of the
complex prograde (pm) and retrograde (rm) nutation terms considered in
the present paper are related to the nutation amplitudes (Defraigne et al.,
1995) in obliquity (Ic;sm ) and longitude (ψ c;s

m ) by:

pme
2iπ
Tm

t þ rme�
2iπ
Tm

t ¼ Icmcos
�
2π
Tm

t
�
þ Ismsin

�
2π
Tm

t
�
þ isinI0

�
ψ c

mcos
�
2π
Tm

t
�

þ ψ s
msin

�
2π
Tm

t
��

; (7)

where i2 ¼�1. A fluid core modifies the prograde and retrograde terms
according to the following equations (Sasao et al., 1977):

p'm ¼ pm

�
1 þ F

TFCN

TFCN � Tm

�
; (8)
LODm ¼ 4π =ðϕ0TmÞϕm and LODm ¼ � 4π =ðϕ0TmÞϕm.



Table 2
Mars rotation model used as the truth model to create the synthetic Doppler data,
along with the a priori constraints on the MOP estimated in our simulations.
Angles at epoch (I0;ψ0;ϕ0), rates ( _I0; _ψ0; _ϕ0) and spin angle amplitudes are from
Konopliv et al. (2016). The amplitudes of the truth model of nutation are
computed from the model of rigid nutation of Roosbeek (1999) modulated by a
liquid core of FCN period equal to �240 days and F equal to 0.07 according to
Eqs. (8) and (9). The polar motion nominal amplitudes are from Van den Acker
et al. (2002), while the Chandler wobbles amplitudes are arbitrarily chosen.

Parameter Symbol Nominal (Truth
model)

a priori
constraint

Obliquity at t0 (deg) I0 25.189 fixed
Longitude at t0 (deg) ψ0 81.97 fixed
Prime meridian at t0 (deg) ϕ0 133.386 fixed
Obliquity rate (mas/year) _I0 �2.0 fixed
Precession rate (mas/year) _ψ0 �7608.3 fixed
Rotation rate (deg/day) _ϕ0 350.891985307 fixed
1-annual cosine spin angle
(mas)

ϕc
1 481 100

1/2-annual cosine spin angle
(mas)

ϕc
2 �103 25

1-annual sine spin angle
(mas)

ϕs
1 �155 35

1/2-annual sine spin angle
(mas)

ϕs
2 �93 20

1-annual prograde nutation
(mas)

p1 102 5

1/2-annual prograde
nutation (mas)

p2 498 40

1/3-annual prograde
nutation (mas)

p3 108 11

1/4-annual prograde
nutation (mas)

p4 18 fixed

1/5-annual prograde
nutation (mas)

p5 3 fixed

1/6-annual prograde
nutation (mas)

p6 0.5 fixed

1-annual retrograde nutation
(mas)

r1 137 14

1/2-annual retrograde
nutation (mas)

r2 18 7

1/3-annual retrograde
nutation (mas)

r3 5 185

1/4-annual retrograde
nutation (mas)

r4 1 fixed

1/5-annual retrograde
nutation (mas)

r5 0 fixed

1/6-annual retrograde
nutation (mas)

r6 0 fixed

1-annual cosine polar motion
(mas)

Xc
1 2 10

1/2-annual cosine polar
motion (mas)

Xc
2 �8 10

Chandler wobble cosine
(mas)

Xc
cw 33 33

1-annual sine polar motion
(mas)

Xs
1 �2 10

1/2-annual sine polar motion
(mas)

Xs
2 �4.5 10

Chandler wobble sine (mas) Xs
cw 33 33

1-annual cosine polar motion
(mas)

Yc
1 �5.5 10

1/2-annual cosine polar
motion (mas)

Yc
2 �4 10

Chandler wobble cosine
(mas)

Yc
cw 33 33

1-annual sine polar motion
(mas)

Ys
1 �10 10

s
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r 'm ¼ rm

�
1 þ F

TFCN

TFCN þ Tm

�
; (9)

where the primed quantities are the amplitudes of nutation for a non-
rigid planet and F and TFCN are the core momentum factor and the
Free-Core-Nutation (FCN) period. They are both related to interior
properties like the moments of inertia and dynamical flattenings of the
whole planet and of the fluid core, as well as Love numbers characterising
their deformation.

The truth model used to create the simulated Doppler data is shown in
Table 2. Among all the MOP of the truth model, we only estimate a subset
of parameters. Basically, all the simulations performed hereafter are
simultaneously estimating the lander/rover position coordinates, the
LOD variations amplitudes (annual and semi-annual) and the nutation
amplitudes (annual, semi-annual and ter-annual). Simulations involving
ROL/LOL measurements also estimate the polar motion parameters. The
other MOPs are maintained fixed (see Table 2) because considered as
well-known (their uncertainty has a signature in the Doppler measure-
ments well below the noise level).

The rotational parameters are perturbed as in Le Maistre et al.,
(2012). A priori constraints on each ΔLOD (i.e. spin angle) parameter are
set to 20% of the truth model. The a priori constraints in nutation am-
plitudes are set to 200% of the largest possible contribution of a liquid
core, which is computed from Eqs. (8) and (9) assuming TFCN ¼ �230
days and F ¼ 0:12. Only the trigonometric amplitudes of nutation are
estimated herein contrary to Le Maistre et al., (2012) who also consid-
ered scenarios where F and the FCN frequency were the estimated
nutation parameters. Also differently from Le Maistre et al., (2012) the
polar motion parameters, still perturbed at the 100% level of the truth
model from Van den Acker et al., (2002), are estimated together with all
other parameters (MOP plus lander/rover coordinates) when dealing
with the LOL/ROL signals. The DTE Doppler data from an equatorial
Martian station are insensitive to the polar motion signal (Le Maistre
et al., 2012; Yseboodt et al., 2017). This is not the case with LOL/ROL
data, which are sensitive to the polar motion because of the Doppler
geometry offered by the polar orbit of the spacecraft. Indeed, as one can
see on Fig. 3 an equatorial lander communicating with a polar orbiter is a
good configuration to observe the polar motion signal, whose signature
reach then 3mm/s RMS in the Doppler, assuming an amplitude of about
65-cm at the surface. Annual and semiannual polar motion parameters a
priori constraints are fixed to 10 mas (which is larger than 100% of the
truth model amplitudes, see Table 2). The amplitudes of the Chandler
wobbles (i.e. Xc

cw;X
s
cw;Y

c
cw;Y

s
cw) are expected to be larger than the annual

and sub-annuals amplitudes of the polar motion (Van den Acker et al.,
2002) and are arbitrarily set to �33 mas6 while their a priori constraints
are taken equal to 100% of the values to retrieve (see Table 2). Finally, a
priori constraints on the lander cartesian coordinates are 200� 200�
200 km. We consider a rover moving at the surface of Mars by hundreds
of meters every week. Each of its successive locations are expected to be
known at the 10-cm level of precision relatively to its previous position.

4. Determination of the moving rover positions

Expecting a mobility system is available, we assume also that the first

rover location (X
!

0) is known at the 10-cm level. Such a 10-cm of accu-
racy is challenging but could be reached from a few days commissioning
phase during which 1) the rover would be fixed and tracked from the
Earth and from an orbiting spacecraft simultaneously, 2) panoramic
images would be used to locate the lander relative to surface features
observed in images, 3) refined method (Le Maistre, 2016) would be
1/2-annual sine polar motion
(mas)

Y2 �0.5 10

Chandler wobble sine (mas) Ys
cw 33 33

6 Note that the amplitude values of the Chandler wobbles (or of any other
MOP amplitudes) have actually no influence on the precision with which one
can estimate them.
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Fig. 3. Polar Motion (PM) signature in the LOL/ROL Doppler observable as a
function of the lander/rover latitude and of the orbiter inclination. The drawn
quantity is the quadratic mean of the signature temporal series over one Martian
year. Doppler unit is mm/s. The spacecraft has a precessing orbit at 500�
500 km altitude. The lander longitude is 354�.
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applied to also constrain the Z coordinate (along the spin axis) which is
otherwise difficult to infer from DTE Doppler data (Le Maistre et al.,
2012). The a priori knowledge coming from the mobility system gives
way to “continuity” constraints (or relative constraints), meaning that the
constraints are relative to the previous position of the rover. These con-
straints are introduced into our software as follows:

X
!

i ¼ X
!

i�1 þ δX
!

i � σXi
�!; (10)

where X
!

i is the ith position vector of the rover at which it has been

tracked and δX
!

i is the ith displacement performed by the rover between
two positions where telecommunication operation have been carried out.

The δX
!

i quantity will be provided by the mobility system with its asso-
Fig. 4. Uncertainties in the coordinate estimates from Doppler tracking of a lander
obtained using 2-way DTE data in X-band are in red. 1σ uncertainties obtained from
band. Thin and thick lines in lander's graphs show precision with spacecraft orbit at
Rover coordinates precisions have been obtained using continuity constraints (cont. co
priori constraints (10 m cont.) on X,Y and Z, instead of the continuity constraints. (F
referred to the Web version of this article.)
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ciated uncertainty σXi
�! ’ ð10;10; 10Þt cm, where the superscript t in-

dicates the transposed of this line vector to produce a column vector as
needed. It must be mentioned that dealing with a moving station with
respect to the surface of the planet amounts in practice to deal with a
network of landers, close to each others, that do not communicate
simultaneously and that have a very short life time. Hereafter we esti-
mate the MOP and rover coordinates every week over 700 days of
mission duration. After a week of operation, the rotational parameters
are estimated together with the 3 coordinates of the first position of the
rover. At the end of the considered mission duration (i.e. after 100
weeks), we have 3� 100 position parameters to estimate in addition to
the MOP. Each rover position provides one normal matrix depending on
the MOP (global parameters) and on its own position parameters (local
parameters). These 100 normal matrices have to be stacked together to
solve for the global parameters.

Fig. 4 shows the 1σ post-fit uncertainties obtained with 2-way DTE
data in X-band and LOL/ROL data in UHF and in X-band. Thanks to the
continuity constraints (Eq. (10)), we succeed to estimate each rover
successive position from DTE measurements with a precision comparable
to those of a lander, while the uncertainties in the rover coordinates
achieved with ROL data and continuity constraints are more than one
order of magnitude larger than those reached using LOL data for the
lander coordinates.

Fig. 4a exhibits a comparison between the X;Y and Z estimated
precision from LOL observable with a spacecraft positioned very accu-
rately (centimeter level) and realistically (meter level). Roughly, the
lander coordinates are estimated 10 times better if errors on the orbit are
at centimeter level instead of meter level. Fig. 4a also shows that LOL
estimates are better than DTE ones after �350 days. This corresponds to
half of a Martian year, which is the minimum duration needed to start
improving the annual signals in the rotation (see Fig. 5a). The first 350-
days estimated uncertainties are mostly driven by the a priori constraints.
A comparison between links ability to estimate parameters within this
first period is not relevant.

The rover precision in X and Y are about 10 times better with
(a) and of a rover (b) as a function of the mission duration. 1σ uncertainties
LOL/ROL data are in blue when using UHF-band and are in green when using X-
centimeter (ideal case) and meter level (realistic case) of accuracy, respectively.
nt. with dots). Red solid lines in rover plots are DTE uncertainties using 10-m of a
or interpretation of the references to colour in this figure legend, the reader is



Fig. 5. Uncertainties in the seasonal rotation variation amplitude estimates from Doppler tracking of a lander (a) and of a rover (b) as a function of the mission
duration. 1σ uncertainties obtained using 2-way DTE data in X-band are in red. 1σ uncertainties obtained from LOL(a)/ROL(b) data are in blue when using UHF-band
and are in green when using X-band. Black horizontal lines represent the current 3σ uncertainties on each amplitude (Konopliv et al., 2016). Thin and thick curves in
lander's graphs show precision with spacecraft orbit at centimeter and meter level of accuracy, respectively. Magenta and orange curves in rover's graphs show
triangular configuration precisions for DTE plus UHF-ROL and DTE plus X-band-ROL, respectively (see Sec. 6). Rover uncertainties are obtained with continuity
constraints in rover coordinates retrieval. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

7 Unless DTE is a very powerful geometry to decorrelate the parameters,
which is unlikely.
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continuity constraints than with 10-m constraint (only DTE 10-m un-
certainties are displayed on Fig. 4b for readability, but ROL solutions
present similar behavior). It is interesting to note that the 10-m a priori
constraint still allows for an X,Y determination one or two order of
magnitudes better than the constrain itself (red solid curves in Fig. 4b).
The cumulative effect of the relative errors in the rover positioning is
partially compensated by the systematic adjustment of the coordinates of
each rover intermediate location. Only Z, in the DTE case, still suffers of a
stacking of errors since the DTE data are not sensitive to Z and thus do not
compensate for the cumulative errors. This is clearly shown in bottom
panel of Fig. 4b, where the red-dotted curve increases over 700 days in a
logarithmic way. Nevertheless, Z is retrieved with a precision still better
than 1m after one Martian year of DTE tracking thanks to the continuity
constraints. Due to the rover motion at the surface of Mars, three addi-
tional parameters have to be estimated every time the rover location
changes and communicates with an Earth ground station or the orbiter.
Since we estimate the MOP and rover coordinates every week over 100
weeks, the first position is estimated 100 times in all, whereas the last
position is estimated only once, which explains the peculiar aspect of the
uncertainties plotted in Fig. 4b.

5. MOP determination with a moving rover

Together with the rover positions, we estimate the MOP. Fig. 5 dis-
plays the formal errors (or uncertainties) of the annual (ϕc

1 and ϕs
1) and

semiannual (ϕc
2 and ϕs

2) amplitude estimates of the length-of-day varia-
tions. Despite the continuity constraints on the rover positions, the un-
certainties in the rover ΔLOD amplitude estimates remains too large to
significantly improve our current knowledge on the seasonal rotation
variations of Mars (see Fig. 5b). ROL and DTE radio links from a rover
provide comparable precision on ΔLOD, even if DTE appears a bit more
efficient to precisely measure the annual rotation variation signal.
Indeed, one can see on Fig. 5b (red curve) that the rover DTE might be
able to provide some helpful information on ϕc

1 by reducing the current
uncertainty on this parameter (shown in black in the figure).

In DTE, lander and rover provide similar ΔLOD estimate precisions
after one Martian year of mission (see red curves in Fig. 5). The factor of
two better in the DTE lander case with respect to the DTE rover case is
partly due to the larger number of data points in the lander case (90min
23
per week) than in the rover case (70min per week) and mostly due to the
larger number of parameters estimated in the rover case (three estimated
coordinates per week) than in the lander case (three estimated co-
ordinates in all).

The large difference between LOL and ROL estimated uncertainties
(see Fig. 5) can not be explained by the difference of data points, which is
this time favorable to the rover (20min per week for the lander against
70min per week for the rover). It can not be totally attributed neither to
the increased number of correlations due to the increased number of
estimated parameters in the rover case because, if so, the DTE red solu-
tions would have been affected similarly.7 The better estimation with
LOL than with ROL (see blue and green curves in Fig. 5) is most likely due
to the fact that the main advantage of the LOL scenario does not apply in
the ROL scenario. Indeed, LOL is very powerful (also with respect to DTE)
because of the various Doppler geometry (i.e. change in the line-of-sight
directions) offered by the fast-varying position of the orbiter in the lander
sky. Such a richness of the Doppler geometry does not exist in the rover
case since each rover location only sees a small number of orbiter passes
with respect to the lander which stands 700 days at the same location.
Such a rich Doppler geometry explains why the LOL Doppler measure-
ments in X-band (green curves in Fig. 5a) allow to estimate ϕ with a
precision three times better than those obtained from DTE measure-
ments. The latter advantage of X-band-LOL with respect to DTE is miti-
gated when LOL is performed in UHF (blue curves in Fig. 5a). The six
time noiser measurements of the UHF-LOL with respect to X-band-DTE is
partly responsible for this mitigation, which leads to similar precision in
ϕ in DTE and UHF-LOL data after 300 days of observation.

Note that the LOL precisions are one order of magnitude better if
errors on the orbit are at centimeter level instead of the current meter
level of accuracy. This is also true in the nutation amplitude estimated
precisions as shown on Fig. 6 for the special case of the semiannual
prograde (p2) and terannual retrograde (r3) amplitudes (i.e. for the most
interesting amplitudes to detect the liquid core signature in the rotation
of Mars, see Le Maistre et al. (2012)). Fig. 6 shows that the mobility
system would allow for a nutation determination with rover not much



Fig. 6. Uncertainties in the nutation semiannual
prograde and terannual retrograde amplitude esti-
mates from Doppler tracking of a lander (left panels)
and of a rover (right panels) as a function of the
mission duration. 1σ uncertainties obtained using 2-
way DTE data in X-band are in red. 1σ uncertainties
obtained from LOL (left panels) and ROL (right
panels) data are in blue when using UHF-band and are
in green when using X-band. Black horizontal lines
correspond to the amplifications due to liquid core
FCN period equal to �240 days (and F¼ 0.07). Thin
and thick lines in lander's graphs (i.e. left panels)
show precision with spacecraft orbit at centimeter and
meter level of accuracy, respectively. Rover un-
certainties are obtained with continuity constraints in
rover coordinates estimates. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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worse than using lander data and which could permit to detect the liquid
core signature after more than 400–500 days of mission if the FCN period
is equal to �240 days or is closer to the terannual forcing period (�229
days).

Fig. 7 Points out the impact of the rover location a priori knowledge
on the determination of the MOP with DTE Doppler data. Only ϕc

2 is
displayed here, but all MOP estimates behave similarly. In addition to the
formal errors (also called here uncertainties), this figure displays the true
errors, which are the absolute differences between the estimated value of
ϕc
2 and its truth value reported in Table 2. If X;Y and Z coordinates of

each stop location of the rover are a priori known with 10m of error and
estimated together with the MOP, taken �10m of a priori constraints on
each coordinate, then the MOP can not be retrieved (violet curve). When
a priori constraints are at the 10-cm level (red curve), the determination
Fig. 7. True errors (open circles) and uncertainties (solid lines) in the semi-
annual cosine amplitude estimates of the seasonal rotation variation (ϕc

2) from
X-band 2-way DTE Doppler tracking of a rover as a function of the mission
duration using different a priori errors and constraints on the rover coordinates:
violet and red solutions are obtained with a priori errors and constraints equal to
10-m and 10-cm, respectively. Turquoise and black solutions of ϕc

2 are obtained
by fixing the rover position to its correct position and to a 10-cm misplaced
position, respectively. Note that black and turquoise uncertainties are super-
imposed. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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is similar to the one we get with the continuity constraints since in the
latter case we systematically estimate the rover position, which
compensate for the stacking effect inherent in the continuity-constraints
method. This figure also shows that a systematic error equal to 10-cm on
each rover coordinate (black curve) does not significantly impact the
MOP determination with DTE Doppler data from a moving rover since
the precisions obtained then are equivalent to the ideal case of a well-
positioned rover (turquoise curve).

The variation of the lander/rover position ð r!¼ fd cos φ cos λ;
d cos φ sin λ; d sin φgÞ due to Polar Motion (PM) can be expressed in a
body-fixed reference frame as:

Δ r!¼ r!� Ry

�
Yp

�
Rx

�
Xp

�
r!; (11)

¼ �
Xpd sinφ ; �Ypd sinφ ; d cosφ

�� Xpcosλþ Ypsinλ
��

; (12)

where φ is the rover latitude, λ is its longitude and d is the distance of the
rover to the center of Mars. Xp (Eq. (5)) and Yp (Eq. (6)) are two time-
varying angles that position the pole of Mars crust with respect to its
pole of rotation. The in-equatorial plane coordinates of Δ r! are modu-
lated by the rover latitude only. Therefore, as it is commonly known, the
higher in latitude the landed probe is, the larger will be the displacement
of the rover in the equatorial plane due to PM. What is less known but
shown in Eq. (12) is that the displacement of the landed probe along the
polar axis, due to PM, is modulated by both the latitude and the longi-
tude. Since the polar motion signature in the Doppler observables is
proportional to Δ r!, a similar dependence on the rover longitude is also
clearly seen in the Xp and Yp RMS contributions to the LOL/ROL Doppler
measurements shown in Fig. 8. This figure shows in addition that these
Xp and Yp contributions are out-of-phase along the longitudes as sug-
gested by the cosλ and sinλ in Eq. (12). One can therefore assumes that
the decrease in uncertainty for the polar motion parameters is very
dependent on both the longitude (λ) and latitude (φ) of the lander/rover.

Since we chose latitude (φ ¼ � 2∘) and longitude (λ ¼ � 6∘) of the
rover both close to zero, the above equation indicates that the synthetic
Doppler observables, proportional to Δ r!, used in our simulations, are
only affected by the Xp contribution to the rover position variations along
the pole axis. As a consequence, for such a location of the rover at the
surface of Mars, the Yp component of the polar motion cannot be deter-



Fig. 8. Polar Motion signature in the LOL/ROL Doppler observables as a function of the lander/rover latitude and longitude. The drawn quantity is the quadratic mean
of the observable temporal series over one martian year. Doppler unit is mm/s. The spacecraft has a quasi-polar (89�) precessing orbit at 500� 500 km altitude.
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mined. Moreover, since the Xp signature in the Doppler (up to 2mm/s
RMS at Opportunity landing site8 given the PM model considered here) is
well above the Doppler noise (0.05mm/s in X-band and 0.3mm/s in UHF
for 60s integration time), this component of PM should be possible to
improve from ROL data. Indeed, our simulations predict that Yp un-
certainties remain unchanged to their a priori value (not shown here)
despite the large number of data accumulated over 700 days, whereas the
precision on Xp obtained from ROLmeasurements should be better than 5
mas after one martian year of mission duration (see Fig. 9). In one hand,
such a high precision in Xp remains large with respect to its expected
annual and semiannual amplitudes (respectively at the 100–200% and
50–100% level of the model used to simulate the data, see Table 2). In the
other hand, the Chandler amplitudes could be estimated at the 5% level,
assuming the 33-mas-truth value considered here (see Table 2) as
representative of the actual Martian Chandler wobble. Such a determi-
nation of the Chandler amplitudes would be powerful to constrain Mars
interior and atmospheric models.

6. Rover-Orbiter-Earth triangular configuration

In this section, we briefly talk over the advantage of having both ROL
and DTE tracking data simultaneously with the tracking of the orbiting
spacecraft. We call this configuration as triangular because of the geo-
metric figure drawn by the three links involved, namely the radio links
between a landed probe, an orbiter, and a ground station on Earth (see
Fig. 10). Such a configuration is planed in ExoMars program, and should
be an ordinary configuration for the next space missions to Mars.

The triangular configuration has two main objectives:

(1) Lander/rover point of view: in order to better determine the MOP,
one needs to precisely reconstruct the motion of the lander/rover
in the inertial space. Since the Doppler data are functions of the
relative velocity, i.e the velocity along the ray path, two Doppler
links with different line-of-sight orientations would offer two
complementary information about the velocity of the probe in 3D-
space, allowing thereby to reduce the correlations between the
adjusted parameters. The goal here is then to quantify the
8 Note that the landing site candidates of ExoMars 2020) are Oxia Planum
(333.2� E, 16.63� N) and Mawrth Vallis (342� E, 22� N). They are both in the
vicinity of Opportunity and should thus enable to estimate Xp but not Yp, simi-
larly to what is shown here by our simulations.
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contribution of a second radio link in the landed probe motion
computation and in the determination of the MOP.

(2) Orbiter point of view: in the same way, a second radio link be-
tween the lander/rover and the orbiter (in addition to the orbiter-
Earth link) should clearly increase the precision of the orbit,
permitting to better separate/understand/estimate each force
acting on the spacecraft (the gravitational as well as the non-
gravitational forces), and so to better determine the geophysical
parameters of interest like gravity field or the tidal Love number,
k2.

The first objective is addressed here and the second one is not treated.
Thus, focussing on the MOP determination, our simulations quantify the
improvement afforded by the triangular data with respect to the isolated
datasets. Fig. 5b displays the 1σ uncertainties evolution of the ΔLOD
amplitudes as a function of the mission duration for each dataset sepa-
rately (red, blue, green curves) and for a combination of ROL and DTE
data (magenta and orange curves). We show that the triangular data
always provide the best estimate precisions, with a more significant
advantage when DTE and ROL (used separately) provide similar preci-
sion on the rotation parameters. In other words, the larger is the differ-
ence between DTE and ROL precisions in the MOP determination, the
lesser useful is the triangular configuration. Indeed, as one can see on
Fig. 5b, the triangular configuration is particularly interesting when
combining DTE (red) and UHF-ROL (blue) datasets to estimate ϕc

2 and ϕs
2

(the semiannual amplitudes of ΔLOD). The combined precision being
then (magenta) at the same level of precision as the one obtained by
combining DTE with X-band-ROL datasets (orange). Compared to the
separated DTE and UHF-ROL estimates, the triangular estimates
(magenta) provide ΔLOD estimate precisions two times better than the
best semiannual estimate precision inferred from the separated datasets.
Such a gain on the determination of ϕc

2 and ϕs
2 would allow to slightly

improve our knowledge on these parameters, not improved by the
separated estimates. Although not shown on Fig. 6 (right panels), the
same conclusion could be drawn for the nutation parameters p2 and r3
and, generally speaking, the exact same statements can be made for the
lander case (i.e. with LOL data instead of ROL data).

7. Conclusion

In order to improve our knowledge on the Mars Orientation and
rotation Parameters (MOP), we studied here what could be done with a
radio-science experiment involving a long-life Martian rover equipped
with a high performance mobility system as expected onboard ExoMars



Fig. 9. Time evolution of the 1σ uncertainties in the Polar Motion Xp component estimated from the ROL Doppler measurements in UHF(blue) and in X-band (green).
Since the rover is located at λ ¼ 354∘E of longitude and φ ¼ 2∘S of latitude, the uncertainties in Yp component can not be improved and is thus not shown here (see
detailed explanation in the text).. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Triangular configuration.
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rover for instance. Such a mobility system should provide each successive
rover position with 10 cm of accuracy relatively to the previous position.
This level of relative positioning error is supported by the study of Winter
et al. (2015), but further investigations and additional studies are needed
to corroborate this assumption and get full confidence in the results
presented here.

Assuming the initial position of the rover precisely determined in the
inertial space from a commissioning phase of a few days, we have shown
that the subsequent positions of the rover during tracking sessions can be
determined with a precision of 10–100 cm in the inertial space (see
Fig. 4) by using continuity constraints built from prior information pro-
vided by the mobility system. In such a case, we have shown that rover
and lander data provide the same order of magnitude in precision on the
Mars nutation parameters (see Fig. 6), while the Mars length-of-day
variation parameters are significantly better estimated from lander
data than from rover data (see Fig. 5). The impact of the current 1-m
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uncertainty in the orbiter trajectory have been shown to increase the
uncertainties in the MOP determination by a factor of ten with respect to
those obtained with a well-known orbiter trajectory. UHF radio link
between the lander/rover and the orbiter (LOL/ROL) is found to provide
comparable results to those obtained with Direct-To-Earth (DTE) link in
X-band assuming the orbit determined at the meter level. We also
emphasised the importance of the radio signal frequency used for the
LOL/ROL link in theMOP determination, showing that the X-band results
are two times better than UHF results. In addition, it is shown that the
Rover-Orbiter-Earth triangular Doppler tracking data are helpful above
all if both ROL and DTE datasets provide similar precision in the MOP
determination when they are used separately. Finally, the polar motion
and Chandler wobble amplitudes have been resolved in the ROL
approach only, since DTE is insensitive to these parameters when the
rover is close to the equator. The decrease in uncertainty for the polar
motion parameters has been found to be very dependent on the latitude
and longitude of the rover. Nevertheless, one of the two components (i.e.
Xp or Yp) should be determined with a precision better than 5 mas after
one Martian year of operation, likely allowing for the first-ever direct
measurement of the Martian Chandler Wobble signal.

Although the proposed radio-science experiment from amoving rover
would barely improve the current precision on the MOP when processed
alone, a combination of those Doppler data together with historical and
future lander data would definitely help to decorrelate between the
estimated parameters and consequently to reduce the uncertainties in the
MOP estimates.
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