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Abstract—Exploring lunar lava caves is currently under re-
search spotlight. These caves could serve as ideal shelters for
astronauts and instruments, protecting them from dramatic tem-
perature variations and space radiation. However, so far, humans
have only limited knowledge about these lunar caves. Robotic
swarms are an emerging technology suitable for rapidly exploring
large lunar caves. With the ability to optimize trajectories, the
swarm can gather spatial-temporal information most efficiently.
The nodes in the swarm form a self-organized radio network,
providing multi-hop communications as well as precise time and
position references without requiring additional infrastructure
such as global navigation satellite systems (GNSSs) or base
stations. In addition, the swarm can utilize either extra sensors
or communication signals propagating through the network for
environmental sensing. At the German Aerospace Center (DLR),
we design compact and portable nodes with ultra-wide band
(UWB) technology for decentralized timing, positioning, and
environmental sensing. These nodes can be easily carried or
deployed by robots and are thus suitable for proof-of-concept
in space-analog missions. In this paper, we provide an overview
of our UWB swarm navigation system following its development
steps, namely designing mission concepts, establishing a self-
organized network, conducting measurements, localizing the
nodes, and performing radio-based environmental sensing. We
also share insights from the first lunar-analog swarm -cave
navigation mission conducted in the lava cave Cueva de los
Naturalistas, Lanzarote, in 2023, to demonstrate the navigation
capabilities of our swarm.

I. INTRODUCTION

Exploring lunar lava caves is currently under research
spotlight [1]. These caves can be a hundred times larger than
the ones on Earth due to the lower gravity on the Moon [2].
They could serve as ideal shelters protecting astronauts and
instruments from dramatic temperature variation and space
radiation. However, we currently have little knowledge about
these lunar caves. Therefore, in-situ exploring those large
lunar caves becomes the next holy-grail of space exploration.
Robotic swarms are an emerging technology in which a mas-
sive number of robots collaborate to explore large areas. With
the ability to optimize trajectories [3], swarms can efficiently
gather and process spatial-temporal information from a macro
and redundant perspective. This makes them well-suited for
the rapid exploration of large lunar caves. For example, in the
conceptual lava cave exploration mission depicted in Figure 1,

Fig. 1: A conceptual extraterrestrial surface and lava tube
exploration mission [4].

a swarm of crawlers departs from the landing site, deploys
sensor nodes, and collaboratively explores a lava cave on
the Moon. The deployed nodes form a self-organized under-
ground swarm network, providing multi-hop communications
as well as time and position references without requiring
additional infrastructure such as global navigation satellite
systems (GNSSs) or base stations. Due to the high redundancy
of the dense network, swarm communication and navigation
remain highly reliable even in challenging environments with
severe non-line-of-sight (NLOS) and multi-path propagation
conditions, such as caves. Research has been intensively
conducted in fields of self-organized networks [5], ultra-wide
band (UWB) ranging [6] and network localization [7], [8].
However, there is little guidance on the system-level design
of such a communication and navigation network for a real-
world robotic swarm.

At the Institute of Communications and Navigation of the
German Aerospace Center (DLR), we have studied and de-
veloped radio-based swarm navigation technologies for more
than a decade. As a latest evolution of our swarm system, we
design compact, scalable and portable nodes with UWB tech-



nology, dubbed “UWB sensor eggs”, for decentralized timing,
position and environmental sensing [4], [9]. In this paper, we
describe how to tailor our UWB sensor eggs for in-cave swarm
navigation. We first propose a leapfrog navigation concept for
caves, where no other navigation infrastructure is available.
We then describe the self-organized time-division multiple ac-
cess (SOTDMA) scheme for establishing an interference-free
swarm network. Geometry measurements, such as three-way
ranging (3WR) and three-way time difference of arrival (3W-
TDoA), can be extracted from the UWB signals, effectively
eliminating clock imperfections, including clock offsets and
drifts. These measurements enable the localization of up to 20
active eggs and arbitrarily many passive eggs with an update
rate of 5 Hz. In addition, the massive date of the received raw
signal samples from the mesh network reveals environmental
information, such as the width, volume, or even the shape of
the cave. This information is crucial for exploration decision-
making and can further enhance swarm localization through
simultaneous localization and mapping (SLAM) approaches.

As a highlight, we share insights on our swarm navigation
experiment conducted in the lava cave Cueva de los Naturalis-
tas, Lanzarote, 2023, which, to our best knowledge, is the first
swarm navigation proof-of-concept targeting lunar caves. The
experiment demonstrates the ability of our swarm to navigation
and sense the environment in caves.

This paper provides a complete overview picture of our
concepts, system design and first results from the analog
mission, which sheds light on the usage of UWB for joint
communication and navigation for a robotic swarm for future
lunar cave exploration missions.

II. UWB SENSOR EGG FOR SWARM NAVIGATION
A. UWB Sensor Egg

We developed our “sensor eggs” swarm for localization
and sensing applications based on Qorvo UWB modules.
The ostrich-egg-sized sensor eggs have a fully self-organized
and self-contained design. The egg shell is 3D-printed and
airtight. Within an egg, as shown in Figure 2, we integrate
a UWB transceiver (Qorvo DW1000), a Raspberry Pi 3 A+
microcomputer, a power-bank achieving a runtime of over
8 h and various replaceable environmental sensors. The UWB
transceiver is driven by a low-cost quartz crystal oscillator with
a drift of around 10 us per second. This drift is negligible for
establishing an SOTDMA structure, but not for propagation
time-based measurements. Therefore, we model the measured
time at an egg A as ta = aa t + ba, with its clock offset
ba and drift an. Schemes to handle these clock imperfections
will be discussed in Section II-E. All components in an egg
are off-the-shelf hardware, making the sensor eggs compact,
cost-effective, and energy-efficient. As a result, they are easy
to scale up and can be readily carried by a swarm of rovers
or drones.

B. Swarm Network

Our swarm contains up to 20 active eggs, transmitting
UWB signals every 200ms, and, in theory, an arbitrarily
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Fig. 2: An opened-up UWB sensor egg.

many passive eggs, only receiving UWB signals. The swarm
forms a rigid mesh network with UWB signals, which keeps
all the eggs localizable within the swarm. An exemplary
swarm network is illustrated inFigure 3, with six active eggs
(A, B, C, D, F, G) and a passive egg (E). Colored arrows
shows the propagation directions of UWB signals which carry
customized communication messages. For example, egg A
transmits its message 1 M1 at time ta ;. The message
includes the recorded transmission time tﬁ’l, the recorded
receiving time tg,o A té,o _, of messages 0 from egg B and
C, respectively, the position estimate of A pu and its covari-
ance cov[pal]. The transmission and receiving time tags are
used for establishing an interference-free SOTDMA network
in Section II-D and conducting measurements in Section II-E.
The position estimate and its covariance are used for position
estimation at neighboring eggs with, for example, distributed
particle filters (DPFs).

C. Leapfrog Navigation in Caves

We assume a lunar navigation infrastructure that only covers
the entrance of the cave to be explored [10]. A large swarm
network can exploit the concept of leapfrog navigation [11]
to extend its exploration coverage deep into the cave step-
by-step as illustrated in Figure 4. The eggs are grouped into
two clusters. At the first step, the first cluster is deployed
outside the cave, obtaining absolute position information from
the lunar navigation infrastructure, while the second cluster
is dropped into the cave being localized with the help of the
first cluster. As the exploration continue, two clusters move
in an alternating fashion, so that the stationary cluster provide
localization assistance to the moving cluster. [11]

D. Self-Organized SOTDMA Network

A suitable media access control layer (MAC) protocol for
swarms should adapt rapid topology and formation changes, be
fully decentralized in order to avoid a single point of failure,
and provide interference-free channel access. We design a
SOTDMA protocol based on the DESYNC algorithm proposed
in [5]. The basic concept is illustrated in Figure 5 with an
exemplary three-egg network viewing at egg A. Each egg ad-
justs its transmission phase, i.e. the modulo transmission time



Message 1 from A at Tx time ¢4 i:
Maa = {tﬁ,1~té,o—>Avté,o_>A~ Pa,cov[pal -}

Fig. 3: An exemplary rigid swarm network with six active eggs
and one passive egg.

Fig. 4: Concept of leapfrog swarm navigation in a cave.

normalized to a time-division multiple access (TDMA) period,
towards the middle point between its temporal neighbors. For
example, the red egg A adjusts its transmission phase by
observing the receiving time té,o LA té,o _, o of its predecessor
C and its successor B, respectively. The new transmission time
for egg A is calculated as

tan = tao +T+a((tgosa —tho) = (tho — té,o-m))(al)
where 0 < o < 1 is a discount factor to guarantee the
convergence of a stable equally spaced SOTDMA structure
[5]. DESYNC does not demand any central clock or pre-
defined schedule. Therefore, it can support many eggs to join
or leave the network. There are two problems with the original
DESYNC, namely, hidden node and packet-loss, which may
lead to instability of the SOTDMA structure. We solved
these problems in [4] by adding receiving time, e.g. tﬁ,o ZA
and té’o _,A into the communication messages as shown in
Figure 3.

E. Measurements in Swarm Network

Obtaining propagation time-based measurements for local-
ization is one of the key functionalities of the UWB signals,
next to communications. We reuse the same messages as in
Figure 3 for 3WR for active eggs, and 3W-TDoA for passive

tﬁ,l = tﬁ,o + T+ a(Aap — Axc)

T’
Measured Tx time at A

TDMA cycle: T = 200ms

Aac
Fig. 5: SOTDMA scheme.
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Fig. 6: Message exchange diagram for obtaining localization
measurements

eggs. Both of these techniques eliminate the impacts of clock
imperfections as discussed in [4]. In this paper, we only listed
the final results for completeness. We assume an exemplary
network with two active eggs A and B, and one passive egg
E. The message exchange diagram for obtaining localization
measurements is depicted in Figure 12.

1) Three-Way Ranging (TWR) between Active Eggs: The
3WR method can be applied to get the distance estimate
between two active nodes, eliminating the impacts of unknown
clock offsets and drifts. For example the distance between egg
A and B can be estimated as

dAAB —c (tg,l—m - tﬁ,o) (tK,O—>B - tg,o)

A A B B
tB15a —tBooa Ttg1 — B0

(tﬁ,o - tﬁ,o—m) (tg,1 - t]/i,o—ns)
—Ca A B B 2)
tB15a —tBooa T g1 — B0

The systematic remaining ranging error due to clock drifts is
approximated as

as+a
eap ~ dap (“‘23 - 1) : 3)



which is negligible.

2) Time Difference of Arrival (TDoA) at Passive Eggs:
One highlight of our system is to localize arbitrary many
passive eggs by observing the 3W-TDoA from two active
eggs, eliminating the clock imperfections from all eggs that
are involved. The 3W-TDoA at a passive egg E with respect
to active eggs A and B is defined as

dape = dag — dBE. 4

The 3W-TDoA can be obtained by
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where the systematic drift related error is approximated as

_[aa+ap
€ABE ~ 9

—1) (dag — dBE), (6)

which is negligible.

With these obtained measurements, and the exchanged po-
sition estimates and covariances from neighboring eggs, each
egg can estimate its own position with, for example, a DPF
(91, [12].

F. Radio-Sensing

Cave environment is traditionally considered as radio-
challenging due to the curvy path, and ubiquitous reflectors
and scatters along the cave wall, which brings difficulty for
localization. We extend the idea of channel SLAM [13], turn-
ing multi-paths into our friend for localization. Most channel
SLAM algorithms, e.g. [13], [14], considers straight reflection
surfaces, where surface mapping is reduced to estimating static
virtual transmitters’ positions. The straight surface assumption
is valid in artificial environments like indoor and urban canyon.
However, for natural unstructured environments like in caves,
this assumption is no longer applicable. Our swarm mesh net-
work with massive number of UWB links offers an opportunity
to directly estimate the width, volume or even the shape of
the curvy cave surfaces. Figure 7 illustrates one measurement
snapshot, where line-of-sight (LOS) path and one reflected
path can be estimated from the received signal, for exam-
ple, with a super-resolution algorithm like space-alternating
generalized expectation-maximization (SAGE). The LOS path
corresponds to the distance between the transmitter (Tx) and
the receiver (Rx). The reflected path defines an ellipsoid with
Tx and Rx as the two focuses. The ellipsoid is tangential
to the cave surface at an indefinite reflection points. With a
single ellipsoid, only little information regarding the surface
geometry can be extracted. However, with a swarm of N eggs,
one may expect O(N?) number of ellipsoids per snapshot.
When combining these massive number of ellipsoids, the
surface geometry can become observable.
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Fig. 7: One snapshot of reflection point sensing from the
received signal propagated along the LOS path and one
reflected path.

III. EXPERIMENT IN A LANZAROTE LAVA CAVE

In 2023, we conducted a swarm navigation experiment in
a lava cave on Lanzarote named Cueva de los Naturalistas.
The tube shaped cave is formed from lava flow during a
volcanic eruption, which is similar to the cause of lava caves
on the Moon. We expect that the inner surface of Cueva de los
Naturalistas will have a similar radio-characteristic as a lunar
lava cave. Therefore, it is a suitable testbed for lunar cave
analog missions. The section of the cave for our experiment
starts from a skylight and extends five meters underground
for 200 meters. The average diameter of the section is around
four meters. In total of 15 UWB sensor eggs were included in
a six-step leapfrog navigation experiment. Fourteen eggs are
stationary within every step. One egg (node 12) is mounted
on a helmet and carried by a human. After each step, five
stationary eggs were moved forward for the next step of
leapfrog navigation. A leica total station is used for recording
the ground-truth of all the eggs and for mapping the whole
section of the cave into 3D point clouds. An impression of
the experiment is shown in Figure 8. The overall scenario can
be seen in Figure 9, including a top view and a side view of the
cave and ground-truth of the egg deployment and trajectories.
The steps are distinguished by different colors.

Massive data has been collected during the half-day exper-
iment, including all the time tags of signal transmissions and
receptions, 3WRs and 3W-TDoAs measurements, raw received
signal samples, for every link in the network updated in 5
Hz. In this paper we focus on the sixth step, and discuss
some preliminary results. The scenario of the sixth step can
be seen in Figure 11, with one photo and the recorded egg
trajectory and cave surface for an impression. We first look
into the measurements obtained in step 6 from the moving
egg 12 in Figure 12 together with the ground-truth distances.
In Figure 12a we can see the 3WRs are in 10 cm accuracy in
some sections, but are not available in other sections. It is due
to the complex environment with NLOS propagation, but also
due to the hardware imperfection, where sometimes the UWB
transceiver is not able to transmit signals but only listen, for



Fig. 8: Swarm navigation experiments with 15 eggs and a leica

total station for ground-truth.
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(a) Top view of the whole experiment scenario.

(b) Side view of the whole experiment scenario.

Fig. 9: Overview of the whole experiment scenario, recorded
by the leica total station.

example, from 18:01:00 till 18:01:30. Luckily, during this time
period 3W-TDoA measurements can be continuously obtained,
as shown in Figure 13, since it only requires the egg to listen.
On average, we obtain 0.75 3WR and 3.3 3W-TDoA per UWB
signal reception.

Then we investigate the localization performance of the
moving node 12 in Figure 13. A particle filter is implemented

e

(a) A photo of step 6 scenario.
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(a) Recorded egg trajectory and cave surface at step 6.

Fig. 11: Scenario of step 6.

for localization with only 3WR measurements on the left and
with both 3WR and 3W-TDoA measurements on the right.
One can see in both cases the particle filter provides accurate
localization results and with both 3WR and 3W-TDoA mea-
surements, it clearly outperforms the case of only considering
3WR measurements. This result is a strong evidence that our
idea of having some active eggs and arbitrarily many passive
eggs works.

Last but not least, we investigate the proposed radio-sensing
approach in Figure 14. Egg 12 moves along the green trajec-
tory with its estimate plotted in yellow. The received raw signal
samples between the moving egg and two stationary eggs (3
and 16) are processed with SAGE algorithm. As an outcome,
not only the LOS path but also the multi-paths are estimated.
The multi-paths determine ellipsoids tangential to the cave
surface if they are from signal reflections. As egg 12 moves,
many ellipsoids are accumulated in Figure 14, which show a
trace along the cave surface. It is only the first step towards a
full swarm channel SLAM, but indicates that using the dense
swarm network to directly sense unstructured environment is
plausible.
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Fig. 12: Measurements at the moving node 12 at step 6
vs. ground-truth distances.

IV. CONCLUSION

In this paper, we propose a swarm navigation approach fo
lunar cave exploration missions. We depict an overview of our
UWRB sensor eggs which are suitable for such a mission. The
system supports many active eggs and an arbitrary number
of passive eggs. We conduct a large-scale swarm navigation
experiment in a lava cave on Lanzarote, which we believe is
the first lunar cave analog experiments of its kind. The prelim-
inary results verify the overall system design, including self-
organized network, leapfrog navigation concept, measurements
for active and passive eggs with low cost clocks, localization,
and radio-sensing in unstructured environment. It sheds light
on future swarm exploration missions in lava caves on the
Moon.
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