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Abstract

Autonomous robotic systems will be the future of planetary exploration missions. For autonomous robotic exploration, reliable
pose estimation is required. This can be provided by cooperative radio localization, where radio signals are exchanged among
the robots and other mission objects. Range and direction information is obtained by measuring the signal round-trip time
(RTT) and direction-of-arrival (DoA), which enables position and orientation estimation of the robots. For the first time, we
have demonstrated cooperative radio localization within a space-analogue exploration mission with two robotic rovers on the
volcano Mt Etna. With this paper, we share our main lessons learned based on a thorough evaluation of measurement data.
Thereby we identify estimation biases as the main error source. We then show how to estimate and compensate these biases
during the mission by simultaneous localization and calibration (SLAC). We further investigate the impact of the radio signals
reflected on the ground and on mission objects on the ranging accuracy. Then, we demonstrate the benefit of cooperation and
the feasibility of single-link localization. In addition, we share tangible ranging and DoA estimation error models based on
measurements in a realistic environment.

Keywords Direction-of-arrival - Error modeling - Moon - Navigation - Simultaneous localization and calibration - Two-way
ranging

1 Introduction

Autonomous robots will play an important role in future
planetary exploration missions [1]. Heterogeneous teams of
robots can combine the potential of e.g. ground-based and
airborne robots and can collaborate to solve complex tasks [2].

To enable autonomous robotic exploration, reliable local-
ization is essential. The pose of the robots, i.e. their positions
and orientations, must be estimated and tracked over time.
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Knowledge of the pose is necessary to control the robots,
but also e.g. to pinpoint scientific measurements and camera
images.

Robotic pose estimation is often done using wheel odome-
try [3], visual odometry [4], inertial sensors or a combination
thereof. However, when the robots travel longer distances,
the pose estimation suffers from drifts due to accumulating
errors. By simultaneous localization and mapping (SLAM),
pose estimates can be greatly improved by detecting loop clo-
sures [5]. For loop closures, previously explored areas must
be revisited. In most cases, loop closures cannot be achieved
when the robots need to travel far away from the lander to
a distant area of interest. Furthermore, allowing additional
travel of the rovers for loop closures might not be feasible
due to energy and time constraints.

For the Moon, a satellite based communication and local-
ization system has been proposed [6] and is being considered
as part of ESA’s Moonlight initiative [7]. However, unlike
satellite navigation on earth, the system will only consist of
very few satellites, thus coverage will not be continuous and
the accuracy will be limited.
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To address these shortcomings, we have developed a coop-
erative radio localization system for robotic pose estimation
[8]. Recently in July 2022, we have demonstrated the system
in a space-analogue mission on the volcano Mt Etna, Sicily,
Italy, see Fig. 1.

With this paper, we provide the following contributions:

e We share our main lessons learned from the space-
analogue mission regarding cooperative radio localiza-
tion.

e Specifically, we investigate the bias as the major error
source of ranging and direction-of-arrival (DoA) obser-
vations.

e We further show how to estimate and compensate such
biases during the mission by simultaneous localization
and calibration (SLAC), which considerably improves
the localization accuracy. We provide comparative mea-
surement results for cooperative and non-cooperative
localization and SLAC.

e We investigate the impact of the two-ray ground reflec-
tion on the ranging accuracy and examine sources of radio
signal scattering.

e We experimentally demonstrate the feasibility of single-
link radio localization.

e We publish error models for ranging and DoA estima-
tion, which can be used to simulate radio localization for
exploration missions and sensor fusion.

The paper is organized as follows. We discuss related work
in Section 2. Then, we introduce our cooperative radio local-

Fig.1 Experiment setting of the
space-analogue mission on Mt
Etna with the lander, two rovers
and multiple anchor and payload
boxes. The rover’s poses are
highlighted in green, the ranges
in blue and the DoAs in orange
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ization system in Section 3 and the space-analogue robotic
exploration mission in Section 4. The following Section 5 is
dedicated to an in-depth analysis of radio localization dur-
ing the analogue mission. We treat seven specific topics and
break each topic down to a concise lessons learned based on
our experiences. In Section 6 we present error models for
ranging and DoA estimation based on the measurement data
from the analogue mission. Finally, Section 7 concludes the

paper.

2 Related Work
2.1 DoA and ToA Estimation

Cooperative radio localization relies on range and/or direc-
tion information extracted from radio signals. The range can
be estimated from the received signal strength (RSS) using a
propagation model. As this often does not match reality with
sufficient accuracy, the approach is prone to errors [9]. An
accurate range estimate between pairs of transceivers can be
obtained from the signal round-trip time (RTT) by measur-
ing the time-of-arrivals (ToAs) of the exchanged radio signals
[10]. Using a multiport antenna, e.g. an antenna array [11] or
a multi-mode antenna [12], the signal DoA can be estimated.

2.2 Cooperative Radio Localization

Localization in radio networks is an active field of research,
see [13, 14] and the references therein. A general dis-
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tinction is between non-cooperative and cooperative radio
localization. For non-cooperative localization, only static
nodes with known position, called anchors, exchange radio
signals with the robots. For cooperative localization, the
robots also exchange radio signals among each other. Both,
non-cooperative and cooperative radio localization have
been analyzed using estimation theory, e.g. by deriving the
Cramér-Rao bound (CRB) for deterministic parameters [15]
or the Bayesian Cramér-Rao bound (BCRB) for random
parameters [16]. In [17] the CRB and the BCRB for posi-
tion and orientation estimation in non-cooperative networks
have been derived. The position error bounds have been
extended to cooperative networks in [18]. Position and ori-
entation error bounds for cooperative networks, assuming
phase synchronization among the nodes, have been derived
in [19]. An extension to the case without phase synchro-
nization is given by [20], but only non-cooperative networks
are considered. The position and orientation CRB has been
extended to arbitrary multiport antennas in [21]. By compar-
ing the position and orientation error bounds of cooperative
and non-cooperative localization, many papers have shown
the superiority of cooperative localization [13, 18, 22, 23].
Positions and orientations are typically estimated and tracked
over time by Bayesian filtering or recursive Bayesian estima-
tion [24]. For an overview of cooperative radio localization
algorithms see [14].

2.3 Measurements and Experiments

Cooperative radio localization is considered in the context of
wireless sensor networks [9, 14], for urban scenarios as part
of cellular networks [25, 26] and for indoor localization [22,
27]. Experiments mainly cover indoor scenarios [22, 28, 29].
We have published first results about cooperative radio local-
ization of robots from the space-analogue mission on Mt Etna
in [30, 31]. Apart from that, cooperative radio localization
has not been demonstrated and thoroughly evaluated in a rel-
evant environment for an extraterrestrial robotic exploration
mission.

3 DLR’s Cooperative Radio Localization
System

At the German Aerospace Center (DLR), we have designed
a cooperative radio localization system for planetary explo-
ration. The system jointly provides localization and commu-
nication. It supports high update rates and high data rates,
which are the requirements for planetary exploration mis-
sions [32]. To fulfill these requirements, the developed sys-
tem is based on orthogonal frequency-division multiplexing
(OFDM), which is used in state-of-the-art communications
systems like IEEE 802.11 Wi-Fi and 4G and 5G cellular

networks. For cooperative radio localization, radio signals
are exchanged among all nodes in the network. To provide
flexibility and avoid a central point of failure, radio channel
access is provided by self-organized time-division multiple
access (TDMA). The nodes are capable of measuring the sig-
nal ToA, which allows to estimate ranges between pairs of
transceivers via the signal RTT.

The radio localization system is implemented as software-
defined radio (SDR). For wireless communications specific
details regarding signals, synchronization etc. of the system
we refer to [8, 31]. The most important system parameters
are stated in Table 1. For the space-analogue mission, the
radio nodes have been integrated into two rovers, three anchor
boxes, two payload boxes and the lander. On the rover Dias, a
multi-mode antenna and a coherent multiport transceiver are
installed, which in addition to ranging enable the estimation
of the signal DoA [33]. The setting of the space-analogue
mission including the lander, payload boxes and the rovers
Dias and Vespucci together with ranges and DoAs is shown
in Fig. 1. The received signals containing range and DoA
information are used by a Bayesian filter together with com-
mand velocity and gyroscope to estimate the 3D poses of the
robots [33]. In addition, the data including raw samples of
the received signals are stored for evaluation in post-proces-
sing.

4 Space-Analogue Robotic Exploration
Mission

We have performed the space-analogue exploration mission
demonstrating cooperative radio localization in the frame of
the Helmholtz future project ARCHES [2, 34]. The goal of
ARCHES was the demonstration of technologies for future
space exploration missions. A specific goal was to show the
feasibility of exploration missions with a significantly higher
level of autonomy compared to current missions. Thereby,
the cooperation of heterogeneous teams of robots to solve
complex tasks has been demonstrated [2]. The final demon-
stration of ARCHES took place as a space-analogue mission
on the volcano Mt Etna on Sicily, Italy, in June and July 2022.
The experiment area of the space-analogue mission is shown
in Fig. 2. The volcanic environment presented the perfect

Table 1 DLR cooperative radio localization system parameters

Parameter Value
Carrier frequency 1.68 GHz
Sampling rate 31.25 MHz
Occupied bandwidth ~ 28.2 MHz
TDMA schedule 100 ms
Transmit power 5 dBm
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Fig.2 Lander and experiment area of the space-analogue mission [31]

conditions for an analogue mission targeting the Moon. The For this paper, we focus on the space-analogue demon-
lander, which had been placed beforehand, was the starting  stration of cooperative radio localization. Figure 3 shows an
point for the robotic exploration mission. aerial image of Mt Etna and the different objects involved in

Fig.3 Aerial image of the
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the mission. The positions of the anchors A1, A2, A3 and the
lander were known beforehand. The positions of the payload
boxes Box1 and Box2 were assumed to be unknown. The
two robotic rovers Dias and Vespucci, see also Fig. 1, were
equipped with a commercial two antenna real-time kine-
matic (RTK) and inertial system for 6D pose ground truth.
The conducted experiment comprised different phases. First,
the rovers drove around the neighborhood of the lander and
located the two payload boxes. Meanwhile, SLAC was per-
formed to improve the calibration of the cooperative radio
localization system [33]. Then, the rovers traveled to a dis-
tant area of interest for exploration. Finally, they returned to
the lander. The duration of the entire experiment was 13 min
15 s. From Fig. 3, we see that in the area between the lander,
the anchors and payload boxes, the estimation is very accu-
rate and the estimated trajectories almost perfectly match the
ground truth. When the rovers travel far away to the area of
interest, localization becomes more challenging due to the
unfavorable geometry for localization. Thus the errors grow,
but remain below a few meters. We discuss the impact of
the geometry on the localization accuracy in more detail in
Section 5.5.

5 Lessons Learned

In the following, we present the main results of the Mt Etna
space-analogue mission regarding cooperative radio local-
ization.

For each topic, we thoroughly analyze the measurement
data. Based on that, we work out the specific problems and
briefly explain the relevant background and theory, where
applicable. We then break each topic down to a concise
lessons learned based on our gained experiences.

5.1 Accurate Ranging Requires Bias Compensation

We start by analyzing the histogram of ranging errors for all
neighbors of anchor node A3 in Fig. 4. The first thing that
draws our attention is that the range estimates are biased. The
bias is agent specific, considerably larger than the standard
deviation (STD) and appears to be constant for the mission
duration. Since RMSE = +/STD? 4 BIAS?, the ranging
root-mean-square error (RMSE) is mainly dominated by the
bias rather than the estimation noise.

Our results are in line with the literature. E.g. in [29,
35], ranging biases larger than the standard deviations are
reported for RTT ranging measurements. The cause for these
quasi-constant biases is to be found in the hardware. When
radio signals propagate through the transceiver hardware,
they experience group delays. When these delays are not
perfectly calibrated and compensated, they cause biased
range estimates. From a hardware perspective, the transceiver
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Fig.4 Probability density histogram of the ranging errors for all neigh-
bors of anchor node A3

should have an observation path to measure and compensate
internal signal delays. Depending on the transceiver archi-
tecture, such an approach does not necessarily combat the
bias entirely. Such hardware induced biases may change over
time, but typically they are stable at least for a longer period,
e.g. the duration of this experiment.

Investigating Fig. 4 further, we realize that the ranging
error standard deviation of the two rovers is larger com-
pared to the static nodes. The reason is twofold. First, when
the rovers drive, the radio propagation environment changes.
The impact of that is analyzed in the next Section 5.2. Sec-
ond, in addition to the quasi-constant ranging bias, there is
a direction-dependent ranging bias present. To analyze the
direction-dependency of the ranging bias, we compensate
the constant bias and plot the ranging error for all signals
received by the rover Dias versus the signal DoA in Fig. 5.
The plot reveals that the ranging error of all signals received
by the rover Dias has a dependency on the DoA, which is sim-
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Fig. 5 Ranging error (constant bias compensated) depending on the
signal DoA for all signals received by the rover Dias
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ilar for all neighbors. Thus, the second ranging error source
is a direction-dependent bias.

We see two reasons for the direction-dependency of the
ranging error. First, more complex antennas with multiple
ports like the multi-mode antenna installed on Dias often
exhibit direction-dependent group delay variations. Second,
anything in the nearfield of the antenna, i.e. the surrounding
structure of the rover, has an impact on the antenna response
and can also cause group delay variations. Both, the antenna
behavior and its surroundings should be considered during
the design process. Ideally, a direction-dependency can be
avoided entirely.

We have identified both, quasi-constant ranging biases
and direction-dependent ranging biases which deteriorate
ranging accuracy. To avoid that, we have proposed the
SLAC algorithm [30, 33]. By SLAC, both quasi-constant
and direction-dependent ranging biases are estimated and
compensated in real-time during the mission. In Fig. 6,
we compare the empirical cumulative distribution functions
(CDFs) of the absolute ranging error for the rovers Dias and
Vespucci for standard RTT ranging and with ranging bias
compensation by SLAC. The SLAC algorithm estimates and
tracks localization and calibration states in a common state
space. A constant ranging bias is estimated for all static nodes
and a direction-dependent ranging bias is estimated for both
rovers. The plot shows the effectiveness of SLAC. By SLAC,
the 90th percentile ranging error for Dias and Vespucci has
been reduced from 0.96 m and 1.06 m to 0.64 m and 0.62 m,
respectively.

Thus, our first lesson learned is that accurate ranging
requires careful compensation of ranging biases.

5.2 Two-ray Ground Reflection Decisively Impacts
Ranging Accuracy

Having understood the causes of a quasi-constant and a
direction-dependent ranging bias, we now investigate the
distance-dependency of the ranging bias. For that, we plot the
ranging error after bias compensation by SLAC versus the
true range of the rover Vespucci to other agents and anchors in
Fig. 7. The plot covers the entire mission duration. A range-
dependent bias is clearly apparent, especially for the lander
with higher antenna position over ground. Furthermore, we
see fast ranging error variations for small distances and slow
variations for larger distances.

The distance-dependent ranging bias is caused by radio
propagation effects, specifically by the ground reflection
[36]. The signal emitted by the transmitter antenna does not
only travel along the direct line-of-sight path to the receiver
antenna. Often there is an additional signal component which
is reflected from the ground in between transmitter and
receiver. Typically, the distance between transmitter and
receiver is large compared to their height above ground. Thus,
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Fig.6 Empirical CDF of the absolute ranging errors of the rovers Dias
and Vespucci for standard RTT ranging and with ranging bias compen-
sation by SLAC

the detour length of the second signal component is small.
Since radio signals travel with the speed of light, the delay
difference between the two signal components is so small,
that it is usually not possible to separate them, even when for
large signal bandwidths. Consequently, we observe aranging
bias, which is caused by the two signals overlaying construc-
tively or destructively at the receiver depending on the detour
length. The effect is well known in satellite navigation [37,
38].In [39], adetailed theoretical analysis of the impact of the
ground reflection on the ranging and radio localization accu-
racy for robotic planetary localization has been performed.
Assuming transmitter and receiver are at a known height
above a flat ground, a theoretical model can be derived [36,
39]. Fixing antenna heights, carrier frequency and ground
properties, it turns out that the ranging bias varies depending
on the distance between transmitter and receiver and can

o Lander . A3 . Box2

. Al o Dias

Ranging error [m]

-3 i i
0 50 100 150

True range [m)|

Fig.7 Ranging error of the rover Vespucci to other anchors and agents
depending on the true range. Quasi-constant agent specific and DoA-
dependent ranging biases have been compensated by SLAC
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be obtained by simulation. We show the main theoretical
result here for clarity and refer the interested reader to [39]
for a thorough treatment of the subject. Figure 8 shows the
resulting ranging RMSE for different antenna heights, taking
into account the system parameters of DLR’s cooperative
radio localization system. The plot clearly shows a strong
dependency of the ranging bias on the distance. Furthermore,
it also shows the impact of the antenna heights of transmitter
and receiver above ground on the ranging bias. For the space-
analogue mission, the antennas of the rovers and payload
boxes were 0.85 m above ground. The lander antenna was
4.5 m above ground, see also Fig. 2. Furthermore, we see
fast ranging RMSE variations for small distances and slow
ranging RMSE variations for large distances, which is in line
with a two-ray propagation model.

Thus, qualitatively the ranging error behavior is similar to
Fig. 7. However, the ranging to anchor A1 and other nodes
with antenna height 0.85 m shows a stronger range depen-
dency than what would be expected from theory. While this
might be surprising at first, it should be stressed that the the-
oretical model and Fig. 8 are only valid for perfectly flat
ground. In contrast to that, the terrain of the space-analogue
experiment site was hilly, see also Fig. 2. Thus, for ameaning-
ful comparison with the theoretical two-ray ground reflection
model, an accurate 3D reconstruction of the terrain would
be necessary, in order to take the reflection points on the
ground correctly into account. This is part of ongoing work
and beyond the scope of this paper. Nevertheless, we have
shown the impact of the ground reflection on the ranging
error.

Hence, the second lessons learned is that considering the
two-ray ground reflection is crucial when analyzing ranging
accuracy for radio localization.

5.3 Accurate DoA Estimation Requires In-Situ
Antenna Calibration

Next, we investigate the DoA estimation performance of the
rover Dias. From the literature it is known that DoA estima-
tion requires accurate knowledge of the antenna response, as
any model mismatch leads to biased DoA estimates [40, 41].
Thus, we have calibrated the four-port multi-mode antenna
installed on Dias in a nearfield measurement chamber before-
hand. However, we could not fit the entire rover into the
measurement chamber. Thus, the impact of the rover struc-
ture itself on the antenna response could not be measured
beforehand. We apply SLAC to do an online calibration of the
antenna response during localization. By that, also changes
in the close vicinity of the antenna during the mission can be
considered. As an example, consider a robot which is capable
of grabbing and transporting payload boxes [42]. Due to the
compactness of the rover, a payload box would be close to
the antenna and could influence the antenna response.
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Fig. 8 Theoretical ranging RMSE versus the transmitter and receiver
ground distance on a flat ground resulting from two-ray ground reflec-
tion model for different transmitter (Tx) and receiver (Rx) height
combinations

The plot in Fig. 9 shows the estimated versus the true DoA
of the radio signals received by the rover Dias, using two dif-
ferent antenna responses for the DoA estimator. Using the
antenna response from the near-field measurement chamber,
the estimated DoAs in general represent the true DoAs well,
however for some directions estimation biases are apparent.
Using the antenna response estimated by SLAC, the estima-
tion biases are mostly compensated and the estimated DoAs
are closer to the true DoAs.

The result is supported by the empirical CDF of the abso-
lute DoA estimation error shown in Fig. 10. Using SLAC, the
90th percentile DoA estimation error is reduced from 12.4°
to 8.4°. This shows the effectiveness of SLAC also for live
antenna response calibration and reduction of DoA estima-
tion biases.
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Fig. 9 Estimated versus true DoA of all signals received by the rover
Dias using antenna calibration from a nearfield measurement chamber
and by SLAC
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Fig. 10 Empirical CDF of the absolute DoA estimation error of all
signals received by the rover Dias using antenna calibration from a
nearfield measurement chamber and by SLAC

Thus, the third lesson learned is that accurate DoA esti-
mation requires careful calibration of the antenna response,
considering also the antenna surroundings, which might
change during a mission.

5.4 Radio Signal Scattering On Mission Objects
Should Be Avoided

At the beginning, when rovers were close to the lander,
we observed that the range estimates for certain radio links
were jumping between two distinct clusters of estimates sev-
eral meters apart, even though the rovers were not moving.
Jumping range estimates are a clear indication of multi-
path propagation. For further investigation, we have applied
the space-alternating generalized expectation maximization
(SAGE) algorithm [43, 44], which tries to separate the
individual multipath components. The approach is com-
mon when analyzing radio propagation measurements for
channel modeling purposes. SAGE is an iterative algorithm.
Using a replica of the known transmitted signal, first the
ToA, DoA and complex amplitude of the strongest multipath
component is estimated. Then the strongest component is
reconstructed using the estimated parameters and subtracted
from the received signal. Afterwards, the parameters of the
second strongest multipath components are estimated, and
so on until athe specified or estimated number of multipath
components, called model order, is reached. For the second
iteration, the weaker signal components are subtracted from
the received signal in order to improve the parameter esti-
mation for the strongest component. The iterative procedure
continues until convergence.

For the analysis, we fix the pose of Dias and focus on
the signals received by Dias from Al. From the ranging and
DoA estimates of the line-of-sight propagation path, we can
determine the position of the transmitter. Locating scatter-

@ Springer

ing points is more complicated. To determine the location of
a scattering point, we use the fact that it lies on an ellipse
with transmitter and receiver in its foci [45]. The ellipse size
is defined by the additional delay of the multipath compo-
nent with respect to (w.r.t.) the line-of-sight path. The actual
scattering point on the ellipse is then found by considering
the receiver orientation and the DoA of the multipath com-
ponent. For the analysis we set the model order to three,
i.e. we estimate the transmitter position and two scattering
points. The results are shown in Fig. 11. We see that the
position estimate of Al is ambiguous and biased due to mul-
tipath propagation. More interesting, the analysis reveals the
causes of the multipath propagation. Although the estimates
are biased, we can attribute the scattering points of the 2nd
path to the rover Vespucci, and the scattering points of the
3rd path to the lander. Since both have metallic structures,
this is not surprising. As we have observed a considerable
impact of signal scattering and reflection only when the two
rovers were very close to each other or to the lander, this was
not a problem during the analogue missing.

Thus, radio signal scattering on mission objects is an
aspect which should be taken into account for multi-agent
missions. In general, there are multiple ways to tackle this
issue. One solution would be to keep larger distances among
the agents, hence scattered signals are much weaker than
line-of-sight signals. When large distances cannot always be
assured, algorithms like in [43, 44] can be applied to separate
the line-of-sight from scattered signals during signal process-
ing. The safest solution would be to attach radio frequency
(RF) absorbing material to the mission objects to avoid radio
signal scattering and reflections.

To summarize, the fourth lesson learned is that radio signal
scattering and reflection should either be avoided by appro-

Estimated Tx position
Scattering 2nd path
Scattering 3rd path

x [m]

Fig.11 Estimated transmitter (Tx) position from the line-of-sight prop-
agation path and scattering points of the second and third multipath
signal components for signals transmitted by Al and received by the
rover Dias
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priate mission and hardware design or be combated by signal
processing algorithms.

5.5 SLAC Outperforms Standard Localization

So far, we have done an in-depth analysis of ranging and
DoA estimation. This allowed us to examine the different
error sources independently, which would be difficult to sep-
arate on the localization layer. Nevertheless, in the end the
position and orientation estimation accuracy are crucial for
a cooperative radio localization system. Typically, positions
and orientations of the robots are estimated and tracked over
time by a Bayesian filter [14]. As mentioned, we propose
to use SLAC, which in addition to positions and orienta-
tions also estimates calibration states. SLAC is implemented
as iterated extended Kalman filter (IEKF), for details see
[30, 33]. Additionally to radio signals, gyroscope measure-
ments and the command velocity of the rovers are used for
localization. In order to provide a fair comparison, we also
show results for a localization-only IEKF, without calibra-
tion states.

First we investigate the position error CDFs of the rovers
Dias and Vespucci shown in Fig. 12, comparing localization-
only and SLAC. At about 0.85 cumulative probability, the
curves are bend, which means about 15% of the position esti-
mates have considerably higher errors compared to the rest.
We attribute this behavior to the different mission phases with
individual position error characteristics, which is also appar-
ent from Fig. 3. When the rovers are in the closer vicinity of
the lander and the anchors, the position errors are low. How-
ever, when the rovers travel to the distant area of interest, the
position errors grow. When the rovers are far away from the
lander, the resulting geometry is very challenging for radio
localization. From the rover’s perspective, all anchors are
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Fig. 12 Empirical CDF of the absolute position error of the rovers Dias
and Vespucci for localization-only and SLAC

located far away in a similar direction. In satellite naviga-
tion, this is referred to as high dilution of precision (DOP)
[38]. From Fig. 12, we see that the position error of Dias is
smaller compared to Vespucci. Dias benefits from its DoA
estimation capability. Also, Vespucci travels further away
from the lander, such that ultimately it is connected to the
network only via Dias. We analyze this challenging single-
link localization scenario in Section 5.7. For both rovers, the
position error with SLAC is considerably lower compared to
localization-only. For Dias, the 90th percentile position error
drops from 4.0 m with localization-only to 1.9 m with SLAC.
For Vespucci, the 90th percentile position error is reduced
from 6.1 m to 2.5 m. Thus, the ranging and DoA estima-
tion biases are successfully estimated and compensated by
SLAC.

Next, we focus on the orientation error CDFs for the two
rovers shown in Fig. 13, again comparing localization-only
to SLAC. In contrast to the position error, the characteristics
of different mission phases are not apparent from the orien-
tation error CDFs. As orientation estimation of the rovers is
aided by gyroscopes, the orientation estimation is less sensi-
tive to challenging geometries. Furthermore, we see that the
orientation of Dias is estimated more accurately compared
to Vespucci, since Dias can observe its orientation directly
through the signal DoAs. We also see the improvement in
orientation estimation by SLAC compared to localization-
only. For Dias the 90th percentile absolute orientation error is
reduced from 6.3° to 5.4° and for Vespucci from 8.5° to 7.9°.
Since orientation estimation is heavily aided by gyroscopes,
the improvement is smaller compared to position estima-
tion.

Thus, as a fifth lesson learned, we conclude that SLAC
outperforms localization-only for both position and orienta-
tion estimation, especially in challenging scenarios.
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Fig. 13 Empirical CDF of the absolute orientation error of the rovers
Dias and Vespucci for localization-only and SLAC
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Table 2 Position RMSEs of the agents for the entire mission

Agent Cooperative SLAC Non-cooperative SLAC Cooperative localization Non-cooperative localization
Dias 1.07m 1.21m 2.00 m 1.46 m
Vespucci .50 m 2.89 m 2.78 m 333 m
Box 1 0.28 m 0.25m 0.43 m 0.88 m
Box 2 0.33 m 0.57 m 0.70 m 1.06 m

5.6 Cooperation is Beneficial

Now we compare cooperative and non-cooperative radio
localization approaches. Non-cooperative means that only
radio signals exchanged between anchors and rovers are used
for localization. Cooperative approaches use all radio sig-
nals exchanged among nodes in the network, i.e. also among
rovers. We compare the position RMSEs from Table 2 and
the orientation RMSEs from Table 3 for cooperative and
non-cooperative localization as well as cooperative and non-
cooperative SLAC. The RMSEs are calculated over the entire
analogue mission, including the very challenging part where
the rovers are more than 150 m away from the lander.

In accordance with Figs. 12 and 13, we see that SLAC out-
performs localization-only. Furthermore, we realize that in
general, cooperative outperform non-cooperative approaches.
Our experimental results thus confirm theoretical results
from literature [13, 18, 22, 23], which we introduced in Sec-
tion 2.2. We see that for cooperative localization, the position
error of one rover also affects the positioning error of the
other rover. Thus, for an individual rover, the error could be
larger for cooperative localization. Looking at the entire net-
work, cooperative outperforms non-cooperative localization.
Finally, with cooperative SLAC the lowest position and ori-
entation errors are obtained, because the ranging and DoA
biases can be better estimated in a cooperative fashion [33].

Hence, the sixth lesson learned is that cooperation is ben-
eficial for radio localization.

5.7 Single-Link Localization Is Feasible

When the rover Vespucci travels far away from the lander,
see Fig. 3, ultimately it is connected to the network only
through the other rover Dias, which results in a challeng-
ing single-link localization scenario. Since Dias is capable
of ranging and DoA estimation, Vespucci can still be local-
ized. This situation is called single-link localization. It has
been theoretically investigated in [46, 47] for cellular net-

Table 3 Orientation RMSE:s of the rovers for the entire mission

work localization, where a mobile user terminal is localized
by a single link to a base station. For robotic planetary explo-
ration, we extend the concept to cooperative localization and
moving rovers.

In order to understand the network connectivity, we first
have a look at Fig. 14. The plot shows the number of
radio links for the rover Vespucci averaged over one sec-
ond, corresponding to ten TDMA cycles. In the first phase,
when Vespucci is close to the lander and the payload boxes,
Vespucci can utilize up to seven radio links. Then, when the
rovers drive away from the lander towards the area of inter-
est, see Fig. 3, the number of available links for Vespucci
decreases. Ultimately, Vespucci is so far away from the lan-
der that it is connected to the network only via Dias. This
corresponds to single-link localization. When the rovers suc-
cessfully return to the lander, the number of links increases
again.

To further stress the feasibility of single-link localization,
we force single-link localization for Vespucci by discarding
all radio signals except the ones to/from Dias for the entire
experiment. The resulting position error CDF is shown in
Fig. 15 in comparison to the default case, where all available
radio links are used. The availability of radio links depends on
the distance between the nodes and the terrain. As expected,
the position error for single-link localization is larger. How-
ever, even with single-link localization, Vespucci can still be
accurately localized.

As a seventh lesson learned, we consider single-link local-
ization to be feasible.

6 Ranging and DoA Error Models

In Sections 5.1 and 5.3, we have shown the importance of
ranging bias compensation and antenna calibration to reduce
DoA estimation bias. Even when this is carefully done and
sophisticated algorithms are applied, the resulting estimates
are not perfect. They still suffer from errors, e.g. due to ther-

Agent Cooperative SLAC Non-cooperative SLAC Cooperative localization Non-cooperative localization
Dias 3.4° 3.8° 4.0° 3.5°
Vespucci 4.9° 5.1° 5.7° 6.7°
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Fig. 14 Available radio links for the rover Vespucci during the space-
analogue mission

mal noise in radio receivers and propagation effects discussed
in Section 5.2. In addition to sharing our lessons learned from
the space analogue mission, another aim of this paper is to
provide tangible error models for ranging and DoA estima-
tion. We share these error models, so they can be used by
the community, e.g. to simulate exploration missions with
cooperative radio localization or investigate fusion with other
sensors. For sensor fusion, accurately modeling the different
sensors characteristics is crucial, as model mismatch could
lead to inconsistent estimates and degraded performance.
Clearly, the experienced errors depend on the system
parameters, mainly transmit power, carrier frequency and sig-
nal bandwidth. The carrier frequency has an impact on the
ranging bias caused by two-ray ground reflection, which we
discussed in Section 5.2. Furthermore, the errors also depend
on hardware properties. As we stressed in Sections 5.1
and 5.3, accurate ranging and DoA estimation requires
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£
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2
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2
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Abs. position error [m]

Fig. 15 Empirical CDF of the absolute position error of the rover
Vespucci using all available radio links, and using only the radio link
with the rover Dias to perform single-link localization

bias compensation and in-situ calibration. Therefore, the
results presented here consider ranging bias compensation
and in-situ antenna calibration by SLAC. Finally, the actual
environment also has an impact, e.g. the soil properties
influence the strength of the ground reflection. Thus, the
exact error models provided here are specific to the DLR
Cooperative Radio Localization System in a Moon-analogue
environment. Nevertheless, the error models provide a good
impression of the performance that can be expected of a coop-
erative radio localization system, that has been demonstrated
in robotic exploration mission in Space-analogue environ-
ment.

We use two probability distributions to model the observed
errors. First, a Gaussian distribution with mean p and stan-
dard deviation o, which has the robability density function

(pdf)

! e_%<%)2. (1

o2

px) =

Second, we use a location-scale t-distribution with location
W, scale o and shape v with pdf

re

_ v (47
p(x) = o m I (D) < 5 ) , 2)

where I'(.) is the gamma function.

Figure 16 shows ranging error histograms for all ranging
measurements of the rovers Dias and Vespucci over the entire
mission duration. A very small amount of ranging errors,
0.12%, are outside of the plotted range [—2 m, 2 m]. Their
practical impact is typically small, as they would usually be
detected and excluded by an outlier rejection mechanism.
The ranging errors of Dias and Vespucci are very similar.

Lo : : : ' Dias
[ Vespucci
Gaussian
i Loc.-scale t

Probability density [1/m]
e
ot

2 15 -1 -05 0 05 1 15 2
Ranging error [m)]

Fig.16 Probability density histogram of the ranging errors of the rovers

Dias and Vespucci, Gaussian pdf with x = Om, 0 = 0.4l m and
Location-scale t pdf with # = 0m, 0 = 0.28 m, v = 3.6
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Fig. 17 Probability density histogram of the DoA estimation errors of
the rover Dias, Gaussian pdf with 4 = 0°, 0 = 5.5° and Location-scale
t pdf with u = 0°,0 =3.8°,v =3.7

Thus, we fit a zero-mean Gaussian distribution to the com-
bined ranging errors of Dias and Vespucci, which yields
o = 0.41 m. The Gaussian distribution is not a perfect fit
for the given measurement data, but we consider it close
enough to be used for algorithms which are restricted to Gaus-
sian errors, e.g. the extended Kalman filter (EKF). To better
represent the actual error characteristics, we fit a zero-mean
location-scale t-distribution and obtaino = 0.28 m, v = 3.6.
It has heavier tails than the Gaussian distribution, and thus
better represents the actual ranging errors.

The DoA estimation error histogram for all signals
received by the rover Dias is shown in Fig. 17. A very small
amount of DoA estimation errors, 0.15%, are outside of the
plotted range [—25°, 25°]. Again, their practical impact is
usually small due to outlier rejection. Fitting a zero-mean
Gaussian pdf gives o = 5.5°. The Gaussian distribution does
not represent the heavy-tailed nature of the DoA estimation
error well. To better represent the actual error characteristics,
we fit a location-scale t-distribution, which yields o = 3.8°,
v=237.

Thus, we have shown that the ranging and DoA estimates
can be modeled as the true range and DoA with additive
noise following a location-scale t-distribution with the stated
parameters.

7 Conclusion

In this paper, we have evaluated cooperative radio localiza-
tion for robotic planetary exploration based on measurement
data from a space-analogue mission executed on Mt Etna.
We found that the dominant error contributions for ranging
and direction-ofarrival (DoA) observations are biases. These
biases can be estimated and compensated during the mis-
sion by simultaneous localization and calibration (SLAC),
which considerably improves ranging and DoA estimation

@ Springer

accuracy. Consequently, SLAC also considerably improves
the pose estimation accuracy compared to localization-only.
For both SLAC and localization, cooperative outperform
non-cooperative approaches. Furthermore, we identified the
volcanic and ground metallic structures of the rovers and the
lander as the cause for signal scattering and reflections.

Single-link localization, where a rover is connected to
the network only via another rover, is shown to be fea-
sible. Furthermore, we have shown that the ranging and
DoA estimation errors can be modeled with a location-scale
t-distribution. In conclusion, we have successfully demon-
strated the feasibility and accuracy of cooperative radio
localization for robotic planetary exploration with a space-
analogue mission.
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