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Abstract: This paper presents a comprehensive study of ultra-wideband (UWB) and multi-band
orthogonal frequency-division multiplexing (MB-OFDM) technologies for lunar rover navigation
and communication in challenging terrains. Lunar missions pose unique challenges, such as signal
propagation in the lunar environment, terrain elevation, and rover movement constraints. To ad-
dress these challenges, we propose a hybrid communication and navigation system that leverages
UWB technology for high-precision positioning and MB-OFDM for robust and high-throughput
communication. We develop a realistic simulation framework that incorporates terrain elevation,
obstacles, and rover movement constraints, along with a simple fading model for communication.
Simulation results demonstrate the effectiveness of the proposed system in navigating lunar rovers
to their target locations while maintaining reliable communication links with a lunar lander. A
novel approach based on game theory for rover navigation is also presented. The study provides
valuable insights into the design and optimization of communication and navigation systems for
future lunar missions, paving the way for seamless integration of advanced terrestrial technologies in
extraterrestrial environments.
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1. Introduction and Overview

The exploration of the Moon has gained renewed interest in recent years, fueled by
ambitious missions from both governmental and private space agencies. These lunar
missions aim to establish a permanent human presence, exploit resources, and conduct
scientific research. A key aspect of lunar missions is the deployment and operation of
rovers, which play a crucial role in the exploration and utilization of the lunar surface.
Ensuring reliable and efficient navigation and communication systems for these rovers is
of paramount importance for the success of such missions.

Ultra-wideband (UWB) [1–4] technology has emerged as a promising candidate for
high-precision positioning and navigation due to its fine time resolution and ability to
operate in cluttered environments. Meanwhile, multi-band orthogonal frequency-division
multiplexing (MB-OFDM) [5,6] has been demonstrated as an effective communication
technique, offering high data rates and robustness against interference and multipath prop-
agation. The integration of UWB and MB-OFDM technologies can provide a comprehensive
solution for lunar rover navigation and communication challenges.

In this paper, we investigate the application of UWB and MB-OFDM technologies for
lunar rover operations [7–9]. We develop a realistic simulation framework that incorporates
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various lunar environment factors, such as terrain elevation, obstacles, and rover movement
constraints. The framework also considers the signal propagation characteristics of the lunar
environment and incorporates a simple fading model to simulate communication links
between rovers and a lunar lander. Through simulations, we demonstrate the effectiveness
of the proposed hybrid system in navigating lunar rovers to their target locations while
maintaining reliable communication links [10,11]. A technique for rover navigation based
on game theory is provided.

The remainder of this paper is organized as follows: Section 2 introduces the main
considerations regarding designing a communication network on the Moon. Section 3
provides a brief overview of UWB and MB-OFDM technologies, along with their potential
applications in lunar missions. Section 3.2 presents a comparison between UWB technology
and THz communication technologies in the context of 5G. Section 4 describes the simu-
lation framework and the various factors considered in modeling the lunar environment,
presents the simulation results, and provides a detailed performance analysis of the pro-
posed system. Section 5 discusses an approach based on game theory for rover navigation.
Finally, Section 6 concludes the paper and provides potential directions for future research.

2. Lunar Communications: Network Topology and Frequency Bands

Designing a lunar communication network requires considering coverage, latency, and
redundancy. In this simplified scenario, we propose a hybrid network consisting of satellite
relays and surface infrastructure. Figure 1 shows an illustration of this hybrid architecture,
which consists of lunar base stations, orbiting satellites, and Earth-based stations.

Earth Moon

Figure 1. Hybrid lunar communication network architecture with satellite relays and surface infras-
tructure. This diagram shows Earth, the Moon, a lunar base station, and orbiting satellites. The
dashed circle represents satellite orbits, while the filled circles on the orbit represent individual
satellites. The dotted lines indicate communication links between Earth, the lunar base station, and
the satellites. The FSOC link between Earth and the Moon is represented by a thick arrow.

To provide context for our assumptions and calculations, we present some essential
data related to the Moon and its communication with Earth. The Moon’s circumference
is about 10,921 km, and the average Earth–Moon distance is 384,400 km. In our proposed
architecture, we assume that the lunar base and relay satellites have a communication
range of 500 km. With N satellites, 11 are needed for full coverage. These satellites can
be placed in circular equatorial or polar orbits to ensure continuous coverage. Optical
communication systems, such as laser-based free space optical communication (FSOC),
can provide high-speed, low-latency communication between Earth and the Moon. In our
analysis, we assume that the FSOC system has a data rate of 10 Gbps. Our calculations
show a one-way latency of 1.28 s and an 800 s (13.3 min) transmission time for a 1 TB file.

To select suitable frequency bands for lunar communication, we must consider interfer-
ence potential and Earth-based network compatibility. We examine the S-band (2–4 GHz),
X-band (8–12 GHz), and Ka-band (26.5–40 GHz), used for satellite communication. Lower
frequency bands offer longer communication ranges but lower data rates, while higher
frequency bands support higher data rates but experience higher signal attenuation. In
conclusion, lower frequency bands like the S-band may be used for basic communication,
while higher frequency bands like the X-band and Ka-band can be used for high-resolution
imagery, video communication, and data-intensive applications.

For the lunar surface communication, we focus on the integration of UWB and MB-
OFDM technologies. These technologies enable high data rates and precise positioning,
facilitating rover navigation and communication in the challenging lunar terrain. In the
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following sections, we will delve into the details of the UWB and MB-OFDM systems and
their implementation in the lunar environment.

Designing an optimal network topology for lunar communications involves consid-
ering multiple factors, including coverage, latency, and redundancy. In this example, we
focus on a simple scenario to illustrate the concepts involved. We propose a hybrid network
topology that combines satellite-based relay systems and surface-based communication
infrastructure.

Assumptions: The Moon’s circumference is approximately 10,921 km. The lunar base
and relay satellites have a communication range of 500 km on the lunar surface. There are
N satellites in orbit providing coverage for the lunar surface. Based on the developed code
and the given assumptions, 11 satellites are required for full coverage of the lunar surface.
This means that, at any given time, there will be a satellite within communication range
(500 km) of any point on the Moon’s surface. In reality, achieving full coverage can be more
complex due to factors like the Moon’s uneven topography and signal attenuation caused
by the lunar regolith, but for the sake of this example, we are using a simplified model. To
elaborate on the concept, these 11 satellites would be placed in strategically chosen orbits to
ensure continuous communication coverage. To achieve this, the satellites could be placed
in a constellation configuration, which could involve:

• Circular equatorial orbits: The satellites are placed in circular orbits around the Moon’s
equator, evenly spaced in terms of longitude. This configuration provides continuous
coverage, as each satellite would cover a specific region of the lunar surface, and their
combined coverage would span the entire Moon;

• Polar orbits: The satellites are placed in orbits that pass over or near the Moon’s poles.
This configuration can also provide continuous coverage, especially when considering
the elliptical or inclined nature of the orbits, which can help to optimize coverage for
regions near the poles or at higher latitudes.

Optical communication systems, such as laser-based systems, can provide high-speed,
low-latency communication between the Moon and Earth. These systems rely on modu-
lating light signals, often in the infrared spectrum, to transmit data. Let us consider the
free space optical communication (FSOC) system for this example, as it is a promising
technology for such applications.

Assumptions: The average distance between the Moon and Earth is approximately
384,400 km. The speed of light in a vacuum is approximately 299,792 km/s. We will
assume a data rate of 10 gigabits per second (Gbps) for the FSOC system. Based on the
developed code and the given assumptions, we calculated the one-way latency and the time
required to transmit a 1 TB file using the free space optical communication (FSOC) system
for communication between the Moon and Earth. The one-way latency of 1.28 s represents
the time it takes for a signal to travel from the Moon to Earth, or vice versa, using the optical
communication system. This is the minimum amount of time required for a message to
be transmitted between the two points, not taking into account any additional processing
delays, encoding, or error correction. This low-latency communication is beneficial for time-
sensitive operations and real-time control of lunar assets, as it allows for near-instantaneous
exchange of information. The calculated time of 800 s (approximately 13.3 min) to transmit
a 1 TB file represents a high data rate of 10 Gbps. This high data rate allows for the
efficient transmission of large volumes of data, which is crucial for lunar missions that
generate significant amounts of scientific data or require high-resolution imagery and video
communication. By using FSOC systems, data can be sent back to Earth rapidly, enabling
timely analysis and decision making.

To study suitable frequency bands and spectrum allocation strategies for lunar com-
munication systems, we need to consider factors like the potential for interference and
compatibility with Earth-based networks. Radio frequency (RF) bands are typically divided
into low, medium, and high frequency ranges. Lower frequency bands can penetrate
obstacles and provide longer communication ranges, while higher frequency bands can
support higher data rates but are more susceptible to signal attenuation.
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Let us start by looking at some popular frequency bands used for space communication
and their respective characteristics:

• The S-band (2–4 GHz) is commonly used for near-Earth satellite communication,
including navigation and weather satellites. It offers moderate data rates and has
relatively low signal attenuation;

• The X-band (8–12 GHz) is used for deep space communication, including Mars mis-
sions and deep space probes. It provides higher data rates than the S-band, but it is
more susceptible to signal attenuation due to its higher frequency;

• The Ka-band (26.5–40 GHz) offers high data rates and is used for high-capacity satellite
communication systems. However, it is more susceptible to signal attenuation caused
by atmospheric conditions, such as rain.

The calculated free space path loss (FSPL) for each frequency band provides insight
into the signal attenuation that occurs over the average Moon–Earth distance. FSPL repre-
sents the loss in signal power that results solely from the spreading of the electromagnetic
wave as it travels through free space. The greater the FSPL is, the more significant the signal
attenuation over the given distance will be. Here are the calculated FSPL values for each
frequency band: S-band—212.10 dB, X-band—224.14 dB, and Ka-band—234.24 dB. These
results indicate that signal attenuation increases with frequency. The S-band experiences
the lowest FSPL, while the Ka-band experiences the highest. Lower frequency bands, such
as the S-band, are generally more resistant to signal attenuation and can penetrate obstacles
more easily, providing longer communication ranges. However, they typically support
lower data rates compared to higher frequency bands. Higher frequency bands, such as the
X-band and Ka-band, can support higher data rates, which is essential for applications that
require the transmission of large volumes of data. However, these bands are more suscepti-
ble to signal attenuation, as demonstrated by their higher FSPL values. Additionally, they
may experience higher levels of interference due to atmospheric conditions, such as rain.

When selecting a frequency band for lunar communication systems, it is crucial to
balance the need for data rate capacity and signal strength. Lower frequency bands, like
the S-band, may be suitable for basic communication and telemetry, while higher frequency
bands, like the X-band and Ka-band, can be used for high-resolution imagery, video
communication, and data-intensive scientific applications.

2.1. Overview of Lunar Missions

An understanding of the general architecture of lunar missions is essential for appreci-
ating the specific challenges and solutions addressed in this paper. Figure 2a presents an
overview of a typical lunar mission, while Figure 2b shows a common visual illustration.

In a standard mission, a lunar lander transports one or more rovers to the lunar sur-
face. Upon landing, the rovers are deployed to carry out various tasks, such as scientific
investigations or logistical operations. The lander often serves as a relay point for commu-
nication between the rovers and Earth-based stations. The critical role of navigation and
communication systems, such as UWB and MB-OFDM, is evident in ensuring the success
of such complex missions [12–14].
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Figure 2. Diagram and visual illustration of a typical lunar mission. (a) General diagram illustrating
the components and architecture of a typical lunar mission. (b) Visual illustration of the setup with a
lander communicating with several rovers.

2.2. Motivation for Employing UWB and MB-OFDM in Lunar Rover Navigation

UWB and MB-OFDM are pivotal technologies for achieving robust and high-throughput
communication between lunar rovers and the lunar lander. These technologies were chosen
due to their unique advantages in the context of lunar exploration. Below, we outline the
contributions of each:

UWB

• High data rate: UWB can provide extremely high data rates, crucial for transmitting
high-definition sensor data;

• Low power consumption: UWB’s low-power spectral density makes it energy-efficient,
prolonging the mission lifespan;

• Robustness: UWB is known for its robustness against multi-path fading and interfer-
ence, which is critical in challenging lunar terrains.

MB-OFDM

• Spectral efficiency: MB-OFDM is highly spectral efficient, making the best use of
available frequency bands;

• Flexibility: It allows flexible allocation of resources, which can be dynamically ad-
justed based on mission requirements;

• Resilience: The technology is resilient to frequency-selective fading, making it ideal
for lunar operations.

The integration of UWB and MB-OFDM technologies with the pathfinding algorithm
forms one of the cornerstones of this research study. These communication technologies
provide the backbone that supports the decision-making capabilities of the pathfinding
algorithm and one of the key components of the game-theoretic proposal, enabling rovers
to make more informed choices based on real-time data.

• Data transmission: High-speed data transmission enabled by UWB and MB-OFDM
ensures that the rovers can receive timely updates, essential for the pathfinding
algorithm to operate optimally;

• Scalability: The adaptability of MB-OFDM supports the operation of multiple rovers,
thereby allowing the pathfinding algorithm to scale its operations;

• Reliability: The robustness of UWB ensures that essential control messages, crucial
for the pathfinding algorithm, are delivered reliably even in the harshest of conditions.
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3. UWB and MB-OFDM

UWB [15] is a radio technology that utilizes a large portion of the radio spectrum,
typically exceeding 500 MHz, for the transmission of low-power, short-range signals. The
key advantage of UWB is its high time resolution, which enables precise positioning and
navigation capabilities. The impulse radio nature of UWB allows it to penetrate obstacles
and operate effectively in cluttered environments, making it suitable for lunar missions [16].

UWB signals are characterized by their large fractional bandwidth, given by:
B f = ( fH − fL)/ fc, where fH and fL are the highest and lowest frequencies of the UWB
signal, respectively, and fc is the center frequency. According to the Federal Communica-
tions Commission (FCC), a signal is considered UWB if its fractional bandwidth is greater
than 0.2 or its bandwidth is greater than 500 MHz.

The time difference of arrival (TDoA) method is commonly employed for UWB-based
positioning systems. The TDoA measures the difference in arrival times of UWB signals
transmitted from multiple anchors to a receiver. By calculating the TDoA values for at least
three anchors, the receiver can accurately determine position using trilateration.

A key feature of UWB signals is their extremely short duration, often in the order of
nanoseconds. These signals are generated by transmitting a series of pulses with a very low
duty cycle, resulting in a wide bandwidth and minimal interference with other narrowband
systems. The mathematical representation of a UWB pulse is given by:

p(t) = A · rect
(

t− t0

Tp

)
· cos(2π fc(t− t0)), (1)

where A is the amplitude, t0 is the pulse start time, Tp is the pulse duration, and fc is the
carrier frequency. The rect function is defined as:

rect(x) =

{
1, if − 1

2 ≤ x ≤ 1
2 ,

0, otherwise.
(2)

The wide bandwidth of UWB signals offers several advantages, including high data
rates, precise time resolution, and robustness against multipath fading and interference [16,17].
Moreover, UWB systems can coexist with other wireless technologies without causing
significant interference, making them suitable for various applications, such as indoor
positioning, radar systems, and wireless personal area networks [18,19].

The UWB channel can be modeled as a linear time-variant system with multipath
components, each characterized by its path gain, delay, and phase shift. The impulse
response of the UWB channel is given by:

h(t, τ) =
Np

∑
z=1

αz(t) · δ(τ − τz(t)) · e−jφz(t), (3)

where Np is the number of multipath components, αz(t) is the path gain, τz(t) is the delay,
φz(t) is the phase shift, and δ(·) is the Dirac delta function. The received UWB signal, r(t),
is obtained by convolving the transmitted signal, s(t), with the channel impulse response:

r(t) = s(t) ∗ h(t, τ) + n(t), (4)

where n(t) is the additive white Gaussian noise (AWGN) with zero mean and variance σ2.
To recover the transmitted signal, a UWB receiver typically employs a matched filter or a
rake receiver that combines the energy from different multipath components.

3.1. UWB Positioning Techniques

UWB technology is particularly well suited for positioning and localization applica-
tions owing to its high time resolution and ability to resolve multipath components. Some
common UWB-based positioning techniques include time of arrival (ToA), time difference
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of arrival (TDoA), and angle of arrival (AoA). These techniques rely on accurate estimation
of the propagation delay or angle of arrival of the UWB signal, which can be achieved using
cross-correlation or maximum likelihood estimation methods.

ToA is a technique that estimates the distance between a transmitter and a receiver by
measuring the time it takes for a UWB signal to travel from the transmitter to the receiver.
The distance d can be calculated using the relation: d = c · tprop, where c is the speed of
light and tprop is the propagation time of the UWB signal. ToA-based positioning typically
requires the transmitter and receiver to be synchronized, and the accuracy of the distance
estimation is directly proportional to the UWB signal’s time resolution.

TDoA is a technique that measures the difference in arrival times of a UWB signal
at multiple receivers. The position of the transmitter can be estimated by finding the
intersection of hyperbolic curves obtained from the time difference measurements. TDoA-
based positioning does not require the transmitter and receiver to be synchronized but
demands precise time synchronization among the receivers.

AoA is a technique that estimates the transmitter’s position by measuring the angle at
which the UWB signal arrives at multiple receivers. The position of the transmitter can be
estimated by finding the intersection of the lines obtained from the angle measurements.
AoA-based positioning typically requires an array of antennas at the receiver to measure
the angle of arrival accurately.

3.2. Comparison of UWB and B5G

This section presents a comparative study of the performance of UWB and a specific
Beyond 5G technology, focusing on key performance indicators such as latency, data rate,
path loss, and distance. To provide a relevant comparison, we consider terahertz (THz)
communication [20], which offers ultra-high data rates and low latency. THz communi-
cation has been proposed as a promising candidate for Beyond 5G networks, particularly
for short-range and high-capacity applications. UWB offers the benefits of high-precision
positioning, robustness against multipath fading and interference, and coexistence with
other wireless technologies, while THz communication provides ultra-high data rates and
low latency.

3.2.1. Latency vs. Distance and Data Rate vs. Distance

Latency is a critical factor in lunar communication systems, as it affects the responsive-
ness and coordination of rovers, landers, and other nodes in the network. The latency in
both UWB and Beyond 5G systems can be modeled as a function of the distance between
the transmitter and receiver, taking into account the propagation speed, the processing
delay, and the queuing delay.

Latency =
Distance

c
+ Processing Delay + Queuing Delay, (5)

where c represents the speed of light in a vacuum.
UWB technology exhibits lower latency as the distance increases within its short-range

operating limits owing to its ultra-wide bandwidth and impulse-based transmission. In
contrast, Beyond 5G [20] systems may experience higher latency due to the increased
overhead from the complex modulation and coding schemes employed to achieve higher
data rates. It is important to note that the UWB technology is suitable for short-range
communication scenarios (e.g., within a lunar base or between closely spaced rovers),
while Beyond 5G technology can be more suitable for longer range communications. The
data rate of a communication system is a crucial aspect of its performance, particularly
when transmitting large amounts of data, such as high-resolution images and scientific
measurements. In UWB systems, the data rate is primarily determined by the available
bandwidth and the modulation scheme employed. The Shannon–Hartley theorem, which
states the maximum achievable data rate for a given bandwidth and signal-to-noise ratio
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(SNR), can provide a rough estimate of the data rate. However, it should be noted that this
equation is a theoretical upper bound.

Data Rate = B× log2(1 + SNR), (6)

where B represents the bandwidth and SNR denotes the signal-to-noise ratio. On the other
hand, Beyond 5G systems leverage advanced techniques, such as massive multiple-input
and multiple-output (MIMO) and beamforming, to achieve high data rates over longer
distances. These techniques help improve the SNR, allowing for higher data rates without
necessarily increasing the available bandwidth. Our simulation results indicate that Beyond
5G systems can achieve higher data rates compared to UWB, particularly at longer distances.
However, this comes at the cost of increased complexity and power consumption, which
may be detrimental in the resource-constrained lunar environment.

3.2.2. Path Loss vs. Distance

Path loss is a significant factor in determining the signal strength and communication
range in wireless systems. In both UWB and Beyond 5G technologies, path loss can be
modeled using the log-distance path loss model:

Path Loss (dB) = PLd0 + 10n log10

(
d
d0

)
, (7)

where PLd0 represents the reference path loss at distance d0, n is the path loss exponent,
and d is the distance between the transmitter and receiver.

UWB systems exhibit lower path loss over short distances due to their wide bandwidth
and impulse-based transmission, as depicted in Figure 3. In contrast, Beyond 5G systems
may experience higher path loss, especially in the presence of obstacles and multipath
propagation. However, advanced techniques, such as beamforming and massive MIMO,
can help mitigate these effects.

Figure 3. Path loss vs. distance comparison using UWB and B5G.

3.3. MB-OFDM

OFDM [21,22] is widely used in modern communication systems for its robustness
against multipath fading and inter-symbol interference. OFDM divides the available
frequency band into multiple closely-spaced orthogonal subcarriers, each carrying a mod-
ulated data symbol. Multi-band OFDM (MB-OFDM) extends the basic OFDM concept
by dividing the available spectrum into several non-overlapping frequency bands, each
containing a group of OFDM subcarriers. This approach provides better spectral effi-
ciency, and allows for dynamic frequency allocation to accommodate varying communica-
tion requirements. The total number of subcarriers in an MB-OFDM system is given by:
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Ntotal = Nbands ∗ Nsubcarriers_per_band, where Nbands is the number of frequency bands and
Nsubcarriers_per_band is the number of OFDM subcarriers within each band.

In OFDM, the orthogonality of the subcarriers allows them to be closely spaced, result-
ing in efficient bandwidth utilization. The time-domain OFDM signal can be represented as:

s(t) =
N−1

∑
o=0

Re
(

Xoej2πo∆ f t
)

, (8)

where N is the number of subcarriers, ∆ f is the subcarrier spacing, Xo is the complex data
symbol for the o-th subcarrier, and t is time.

In MB-OFDM, each band consists of several orthogonal subcarriers, and data are
transmitted by frequency hopping across these bands. This approach provides increased
robustness against narrowband interference and improves spectral efficiency by allowing
the system to adapt to varying channel conditions. The time-domain MB-OFDM signal can
be represented as:

s(t) =
M−1

∑
n=0

N−1

∑
o=0

Re
(

Xn,oej2π(n∆ fb+o∆ f )t
)

, (9)

where M is the number of bands, ∆ fb is the band spacing, and Xn,o is the complex data
symbol for the o-th subcarrier in the n-th band.

3.3.1. Subcarrier Modulation and Demodulation

Data symbols are modulated onto the subcarriers using a variety of modulation
schemes, such as binary phase-shift keying (BPSK), quadrature phase-shift keying (QPSK),
or quadrature amplitude modulation (QAM). The choice of modulation scheme depends
on the desired trade-off between data rate, power consumption, and error performance.
Demodulation is performed using the inverse process, which typically involves fast Fourier
transform (FFT) operations to convert the received time-domain signal into frequency-
domain data.

3.3.2. Channel Estimation and Equalization

Channel estimation and equalization techniques are employed in MB-OFDM sys-
tems to compensate for the effects of channel impairments, such as multipath fading and
frequency-selective fading. Common methods for channel estimation include pilot symbol-
assisted estimation and decision-directed estimation. Equalization techniques, such as zero
forcing (ZF) or minimum mean square error (MMSE) equalizers, are applied to mitigate the
effects of channel distortions. In summary, MB-OFDM technology combines the advantages
of OFDM with frequency hopping across multiple bands, resulting in improved spectral
efficiency and robustness against narrowband interference.

3.4. Theoretical Analysis of RF Interference between UWB and MB-OFDM

RF interference between UWB and MB-OFDM systems poses a critical concern in the
implementation of hybrid communication and navigation systems for lunar rovers. In this
section, we present a theoretical framework that analyzes this potential interference and
discuss possible mitigation techniques.

The key metrics that determine the extent of RF interference are:

1. Spectral overlap: frequency ranges where both UWB and MB-OFDM operate;
2. Signal-to-interference ratio (SIR): measures the strength of the desired signal relative

to interference;
3. Adjacent channel leakage ratio (ACLR): represents power leakage into adjacent fre-

quency bands.
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Let PUWB( f ) and PMB-OFDM( f ) represent the power spectral densities of the UWB and
MB-OFDM systems, respectively. Then, the interference I can be modeled as:

I =
∫ ∞

−∞
PUWB( f ) · PMB-OFDM( f ) d f (10)

For an acceptable level of operation, I should be below a certain threshold Imax.
Potential mitigation strategies:

1. Dynamic frequency selection (DFS): assign non-overlapping frequency bands
when possible;

2. Power control: adjust the transmission power based on the proximity of interfering
signals;

3. Time division multiple access (TDMA): allocate distinct time slots for UWB and
MB-OFDM signals.

The theoretical analysis indicates that careful system design, accounting for interference,
can enable effective coexistence of UWB and MB-OFDM systems in lunar rover applications.

3.5. Potential Applications in Lunar Missions

The integration of UWB and MB-OFDM technologies provides a comprehensive
solution for both navigation and communication in lunar rover operations. By combining
the high data rates, precise positioning, and reliable communication offered by UWB
and MB-OFDM, the resulting system is highly adaptable to varying channel conditions
and challenging environments, such as lunar missions. The use of multiple bands and
orthogonal subcarriers enables efficient utilization of the available spectrum, while the
inherent robustness against multipath fading and narrowband interference ensures reliable
communication links. The high data rates provided by the MB-OFDM UWB system are
suitable for transmitting large amounts of information, such as high-resolution images,
video streams, and scientific data. Furthermore, the precise positioning capabilities enabled
by UWB can assist in navigation and coordination among lunar rovers, landers, and other
communication nodes.

Incorporating these technologies in tandem allows for a flexible and reliable commu-
nication and navigation system that is well suited to the challenging lunar environment.
UWB can provide high-precision positioning and navigation capabilities, enabling rovers to
accurately traverse the lunar surface and reach target locations. Simultaneously, MB-OFDM
can offer robust communication links, ensuring efficient information exchange between
rovers and the lunar lander or other infrastructure. Overall, the integration of UWB and
MB-OFDM technologies offers significant advantages for lunar missions, fostering the
development of an advanced communication and navigation system for lunar rovers that
can effectively navigate and operate in the complex lunar terrain.

4. Simulation Framework and Lunar Environment Modeling

The simulation framework developed in this work (code is available at: https://doi.
org/10.24433/CO.5122707.v1, accessed on 1 August 2023) aims to model the behavior
of rovers in the lunar environment, focusing on their navigation and communication
capabilities. The framework incorporates terrain generation using PERLIN noise, obstacle
placement, rover movement, and communication system modeling, including UWB and
OFDM technologies to illustrate the applicability of MB-OFDM.

The main components of the simulation framework are:

• Terrain generation using PERLIN noise: a grid-based representation of the lunar
surface with varying elevation levels;

• Obstacle placement: random placement of obstacles on the terrain representing rocks
and other surface features;

• Rover movement: modeling rover movement based on navigation algorithms, such
as A* pathfinding or reinforcement learning (RL) techniques like proximal policy
optimization (PPO) [23], considering constraints like terrain elevation and slope;

https://doi.org/10.24433/CO.5122707.v1
https://doi.org/10.24433/CO.5122707.v1
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• Communication system: incorporating UWB positioning, OFDM communication, and
simple fading models to estimate signal strength and communication delay.

The A* pathfinding algorithm [24] is an informed search algorithm that efficiently
finds the shortest path between a given start and end point in a weighted graph, such as a
grid or a graph representing a terrain. It is widely used in various applications, including
robotics, video games, and route planning, due to its effectiveness and performance. The
A* algorithm combines the benefits of Dijkstra’s algorithm, which guarantees the shortest
path, and the greedy best-first-search algorithm, which directs the search towards the goal
using a heuristic function.

Given a graph G = (V, E), where V is the set of vertices (nodes) and E is the set of
edges, let s be the starting node and g be the goal node. The algorithm maintains two sets
of nodes, an open set O and a closed set C. The open set initially contains the starting
node, while the closed set is initially empty. Each node n ∈ V is associated with two cost
values: the actual cost g(n), representing the cost of the path from the starting node to n,
and the estimated total cost f (n), which is the sum of g(n) and a heuristic function h(n)
that estimates the cost from n to the goal node g:

f (n) = g(n) + h(n). (11)

The A* algorithm performs the steps until the goal node is reached or the open set
is empty. The heuristic function h(n) plays a crucial role in the performance of the A*
algorithm. A good heuristic function should be admissible, meaning it never overestimates
the actual cost to reach the goal. A common choice for grid-based graphs is the Euclidean
distance or the Manhattan distance. The choice of the heuristic function depends on the
problem domain and the constraints imposed by the specific application. Upon termination
of the algorithm, if the goal node is reached, the optimal path can be reconstructed by
traversing the parent pointers from the goal node to the starting node, in reverse order. If
the open set is empty and the goal node is not reached, it implies that there is no valid path
between the start and goal nodes. Algorithm 1 illustrates the main steps.

Algorithm 1 A* Pathfinding Algorithm

1: Initialize open set O with the starting node s and closed set C as empty
2: while O is not empty do
3: Select the node n from the open set O with the lowest estimated total cost f (n) and

remove it from O
4: if n is the goal node g then
5: Reconstruct the optimal path and terminate the algorithm
6: end if
7: Add n to the closed set C
8: for each neighbor m of n that is not in the closed set C do
9: Calculate the tentative cost for m, gt(m) = g(n) + c(n, m), where c(n, m) is the

cost of moving from n to m
10: if m is not in the open set O or gt(m) < g(m) then
11: Set g(m) = gt(m)
12: Calculate the estimated total cost for m, f (m) = g(m) + h(m)
13: Set the parent of m to n
14: if m is not in the open set O then
15: Add m to O
16: end if
17: end if
18: end for
19: end while
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4.1. Lunar Environment Modeling

Several factors were considered to model the lunar environment accurately and as-
sess the performance of the proposed navigation and communication system. These
factors included:

• Terrain elevation: A randomly generated elevation map was created to simulate the
uneven lunar surface. Elevation differences impact rover movement and navigation
due to slope constraints;

• Obstacle placement: Obstacles in the lunar environment, such as rocks and craters,
affect rover navigation and communication. The simulation framework places random
obstacles on the terrain and validates rover movement to avoid collisions;

• Rover movement constraints: Rovers on the lunar surface are subject to movement
constraints, such as maximum slope and velocity limits. These constraints were
incorporated into the simulation framework to ensure realistic rover behavior;

• Communication models: The integration of UWB positioning and MB-OFDM commu-
nication, along with a simple fading model, provides a comprehensive communication
system for the lunar rovers. These models were employed to estimate communication
delay and signal strength between the rovers and the lunar lander.

In Figure 4, we show a conceptual plot of a lander acting as an anchor and communi-
cating with several rovers that are exploring the terrain.

Figure 4. Three-dimensional (3D) representation of a lander acting as anchor and communicating to
several rovers.

4.2. Simulation Parameters

To provide a comprehensive evaluation of the proposed system, we consider a set
of realistic parameters for UWB, MB-OFDM, terrain generation, and rover movement
constraints. For instance, Table 1 provides good default parameters for the simulations.

The parameters were chosen based on a balance between real-world feasibility and
the need for extensive simulation testing. The selected parameter values provide a robust
testbed for evaluating the system’s performance in a lunar environment [25].
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Table 1. Summary of good default simulation parameters.

Parameter Category Parameter Value

UWB

Frequency range 3.1–10.6 GHz
Bandwidth 500 MHz
Modulation scheme BPSK
Transmission power −41.3 dBm/MHz

MB-OFDM

Subcarrier spacing 312.5 kHz
Number of subcarriers 128
Modulation scheme 64-QAM
Bandwidth 20 MHz

Terrain

Noise Scale 0.1
Octaves 4
Persistence 0.5
Lacunarity 2.0

Rover

Maximum speed 0.5 m/s
Turning radius 0.3 m
Incline limit 30◦

4.3. Simulation Results

The simulation was performed using the developed framework incorporating UWB
positioning, OFDM communication, terrain generation using PERLIN noise, and rover
movement constraints. The results provide insights into the performance of the proposed
system in a realistic lunar environment. Several scenarios were simulated with varying
terrain, obstacle placements, and rover-target locations; an example is depicted in Figure
5a,b, where we take into account the elevation of the terrain.

(a) Rover paths. (b) Elevation map.

Figure 5. Simulation results. (a) Two-dimensional (2D) representation of a simulated scenario with
several rovers following a given path. (b) Corresponding elevation of the terrain for the simulated
scenario with PERLIN noise.

The simulation results can be summarized as follows:

• Navigation performance: The rovers were able to navigate to their target locations
using the A* pathfinding algorithm, considering terrain elevation, slope constraints,
and obstacle avoidance. The generated paths were efficient and safe, ensuring minimal
travel time and energy consumption;

• Communication performance: The integrated UWB and OFDM communication sys-
tem provided reliable and robust communication between the rovers and the lunar
lander. The simple fading model allowed for the estimation of signal strength and
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communication delay, demonstrating the effectiveness of the proposed system in
maintaining connectivity throughout the mission;

• Robustness and adaptability: The simulation framework demonstrated the ability to
handle various scenarios and environmental conditions, proving the adaptability and
robustness of the proposed system in the lunar environment.

Figure 6a shows the relationship between signal strength and the distance between
the rover and the lunar lander. This plot provides insight into how the signal strength is
affected by the distance traveled by the rover. Figure 6b presents the communication delay
as a function of the distance between the rover and the lunar lander, showcasing the effec-
tiveness of the proposed communication system in maintaining connectivity throughout
the mission.

(a) Signal strength. (b) Communication delay.

Figure 6. Telecommunication analysis. (a) Signal strength (dB) vs. distance (m) between the rover
and the lunar lander. (b) Communication delay (s) vs. distance (m) between the rover and the
lunar lander.

Specifically, Figure 6a,b present the telecommunication analysis concerning two key
metrics: (a) signal strength in dB vs. distance in meters between the rover and the lunar
lander and (b) communication delay in seconds vs. distance in meters between the rover
and the lunar lander.

The simulation results in Figure 6a indicate that the signal strength decreases loga-
rithmically with increasing distance between the rover and the lunar lander. This trend is
expected due to the path loss experienced by radio signals over distance, especially in the
challenging terrain of the lunar surface. The observed behavior is consistent with the FRIIS
transmission equation and the effects of multi-path fading.

The results shown in Figure 6b reveal that the communication delay increases linearly
with the distance between the rover and the lunar lander. This is attributable to the
increased time-of-flight of signals as the distance expands. Additionally, the lunar terrain,
characterized by craters and rocky formations, may introduce additional delays due to the
diffraction and reflection of signals.

These findings have significant implications for the operational boundaries within
which the rover and the lunar lander need to stay to maintain effective communication.
The results support the feasibility of our proposed UWB and MB-OFDM hybrid system for
lunar applications within the parameters and constraints assumed in our simulations.

5. Game-Theoretic Approach in Lunar Rover Navigation

Navigational strategies for lunar rovers have, for the longest time, leaned heavily
on classical pathfinding algorithms, of which A* is emblematic. These algorithms, while
adept at determining the shortest path, may not necessarily account for the multifaceted
challenges lunar rovers confront, especially in scenarios involving multiple rovers with
overlapping objectives. In this intricate web of objectives, one must consider not just
the brevity of the path but also the safety of the rover, its speed, and the quality of its
communication with the lander. Game theory, a mathematical study of interactions between



Mathematics 2023, 11, 3835 15 of 19

rational decision makers, emerges as a potent tool in this context, furnishing a framework
that can encapsulate these various objectives.

In the gamified version of our problem, each lunar rover is conceptualized as a player.
Mathematically, given n rovers, our set of players can be denoted as P = {p1, p2, . . . , pn}.
Each player po seeks to optimize its reward function R(po), which is influenced by its
efficiency in reaching its destination, its adherence to safety protocols, and the integrity of
its communication with the lander.

Let S represent the strategy space for a rover. Each rover po selects a strategy s ∈ S. The
strategies can be mathematically represented as a vector, with potential strategies including:

1. s1: minimize the Euclidean distance to the target;
2. s2: traverse a path that minimizes elevation changes, represented by a function E(s)

that gives the elevation change for strategy s;
3. s3: choose a trajectory that optimizes the communication link with the lander, given

by a function C(s) that gives the communication quality for strategy s.

Each strategy combination results in a payoff matrix Π, where each element πoz
represents the payoff for player o when players select strategies so and sz, respectively. The
payoff is a composite function of:

• T(s): time taken to reach the destination;
• O(s): number of close encounters with obstacles or treacherous terrain;
• C(s): communication quality with the lander.

The payoff function for a rover po can be represented as:

Π(po, s) = αT(s) + βO(s) + γC(s) (12)

where α, β, and γ are weights representing the importance of time, safety, and communica-
tion, respectively.

A NASH equilibrium in our game is a state s∗ such that no player has an incentive to
deviate from its current strategy, given the strategies chosen by the other players. Formally,
for every player pi:

R(po, s∗) ≥ R(po, s) ∀s ∈ S (13)

This equilibrium ensures that each rover’s selected strategy is optimal in the context
of the choices made by its peers, as illustrated below.

Proposition 1. In a two-rover scenario where both rovers have the same reward weights α, β, and γ
and they both prioritize safety (β > α, γ), a strategy s that minimizes the number of close encounters
with obstacles (i.e., minimizes O(s)) will be part of the NASH equilibrium.

Proof. Given the two rovers p1 and p2, let us assume p1 chooses strategy s1, which mini-
mizes O(s), and p2 chooses some other strategy s2.

From the given conditions, the payoff for p1 when choosing s1 is:

Π(p1, s1) = αT(s1) + βO(s1) + γC(s1)

Since s1 minimizes O(s) and β > α, γ, Π(p1, s1) will be greater than the payoff from
any other strategy.

For rover p2, since β > α, γ, it will also achieve its maximum payoff when it chooses a
strategy that minimizes O(s). Thus, the best response for p2 when p1 chooses s1 is to also
choose s1.

Similarly, if p2 were to choose s1, the best response for p1 is s1.
Therefore, in the defined scenario, both rovers choosing the strategy s1 that minimizes

close encounters with obstacles is a NASH equilibrium.
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5.1. System Complexity

The proposed system integrating UWB, MB-OFDM, and a game-theoretic approach for
lunar rover navigation is inherently complex due to various factors. The computational as-
pects become particularly intricate when considering the game-theoretic models described
above. Each rover, modeled as a player in a game, must solve a multi-objective optimiza-
tion problem to find its optimal strategy, which itself is a function of the strategies chosen
by other rovers. This introduces the need for solving a NASH equilibrium, adding an
additional layer of computational burden. Traditional navigational strategies are also sup-
plemented by a rich set of game-theoretic strategies, requiring complex mathematical mod-
eling and solving of payoff matrices to reach an equilibrium state. Communication-wise,
UWB and MB-OFDM demand dynamic bandwidth allocation, channel estimation, and in-
terference mitigation, requiring advanced control algorithms. Furthermore, the time-based
localization techniques used in UWB contribute additional complexity. Implementation-
wise, the system must be robust, lightweight, and energy-efficient, especially considering
the harsh conditions of a lunar mission. Despite these complexities, the proposed system
aims for a balanced trade-off between performance and operational constraints, ensuring
effective lunar exploration.

5.2. Simulation of Simplified Game-Theoretic Approach in Lunar Rover Navigation

To explore the potential advantages of a game-theoretic approach for lunar rover
navigation, we implemented a simplified toy example as a case study. This simulation
involved multiple rovers in a hypothetical lunar environment and aimed to illustrate the
basics of strategy selection and payoff calculations.

The simulation parameters can be seen in Table 2.

Table 2. Simulation parameters for the simplified game-theoretic lunar rover navigation study.

Parameter Value

Number of players N = 3
Strategy space S = {move forward, turn left, turn right, stay, move diagonally}
Payoff function Payoff(p, s) = α× T(s) + β×O(s) + γ×C(s)
Initial weights α = 0.4, β = 0.3, γ = 0.3

Each rover was implemented as an object possessing attributes for both position and
current strategy. Random values were used to approximate real-world metrics such as
time efficiency, obstacle avoidance, and communication strength for the purpose of this
simplified simulation. The simulation utilized dynamic weights α, β, and γ to model
changing priorities in real-world scenarios. For instance, as a rover approaches an obstacle,
it might dynamically adjust the weights to favor obstacle avoidance over time efficiency.

The game was simulated for a total of 100 rounds. During each round, each rover
independently selected a strategy at random from the strategy space S. The payoffs for the
chosen strategies were then calculated, using randomized values as placeholders for the
real-world metrics.

The frequency distribution of strategies, as shown in Figure 7, suggests that, in a
more deterministic and refined model, we would expect strategies to converge toward a
NASH equilibrium. It is important to emphasize that the stochastic elements in this simula-
tion serve primarily as a simplified representation, illustrating the type of sophisticated
calculations that would be involved in a complete, real-world model.
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Figure 7. Distribution of strategies in the simplified game-theoretic lunar rover navigation simulation.

6. Conclusions and Future Work

This paper presented a comprehensive simulation framework for evaluating the per-
formance of an integrated UWB and MB-OFDM communication and navigation system in
a lunar environment. The framework considered various factors, such as terrain generation,
rover movement constraints, obstacle avoidance, and communication channel modeling,
to provide a realistic assessment of the proposed system. The simulation results demon-
strated the effectiveness and robustness of the integrated UWB and OFDM technologies in
ensuring efficient navigation and reliable communication between rovers and the lunar
lander. The study’s findings have significant implications for the design and deployment
of future lunar missions, showcasing the potential of UWB and MB-OFDM technologies
in enhancing the capabilities of lunar rovers and landers. Furthermore, the developed
simulation framework can be utilized for evaluating other communication and naviga-
tion technologies, fostering the development of advanced systems for lunar exploration.
Additionally, a novel approach based on game theory for rover navigation was presented.

Future work could focus on:

• Incorporating more complex communication channel models, including multipath
effects, to provide a more accurate representation of the lunar environment;

• Investigating the performance of alternative communication and navigation technolo-
gies, such as optical or quantum communication systems, in the lunar context;

• Exploring cooperative strategies among multiple rovers for improved navigation,
communication, and mission efficiency;

• Further developing the game-theoretic approach, with the possibility of incorporating
sophisticated AI techniques for autonomous navigation;

• Evaluating the impact of rover energy consumption, considering the limited power
resources available on the Moon, and developing energy-efficient routing and com-
munication algorithms;

• Integrating real-world lunar terrain data and simulating rover missions in specific
regions of the Moon to validate the performance of the proposed system under actual
lunar conditions.

By addressing these research directions, the presented framework can contribute to
the continuous advancement of communication and navigation technologies for lunar
exploration, ultimately enabling more efficient and reliable missions on the Moon.
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