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Abstract

Maritime activities are on the rise, there is a growing demand for high-quality communication
services that can cover larger areas. However, the transmission of high data rates to maritime
users is challenging due to path loss from land base stations, which limits the transmission
power. To overcome this challenge, researchers have been exploring the use of buoys in a
marine environment as relays for communication technology. This paper proposes a
simulation-based approach to investigate the impact of various beamwidths on communication
performance when using a buoy as a relay. The objective is to determine the optimal
beamwidth that yields the highest data rate for the target location. The approach is based on
an offshore wave model where the direction of the buoy changes according to the height of the
wave. The study investigates the performance of the relay in the downlink situation using
receive beamforming, and the capacity at the user in the three-hop situation is verified using
an amplify-and-forward (AF) relay that uses transmit beamforming to the user. The simulation
results suggest that the beamwidth of the relay should be adjusted according to the wave
conditions to optimize the data rate and relay position that satisfies a data rate superior to the
direct path to the target position. Using a buoy as a relay can be a promising solution for
enhancing maritime communications, and the simulation-based approach proposed in this
paper can provide insights into how to optimize beamwidth for effective communication
system design and implementation. In conclusion, the study results suggest that the use of
buoys as relays for maritime communication is a feasible solution for expanding coverage and
enhancing communication quality. The proposed simulation-based approach provides a useful
tool for identifying relay beamwidths for achieving higher data rates in different wave
conditions. These findings have significant implications for the design and deployment of
communication systems in maritime environments.
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1. Introduction

Maritime communication plays a crucial role in ensuring the safety, security, and efficiency

of various ocean-based activities, including shipping, offshore energy production, and
environmental monitoring [1]. However, conventional maritime communication systems face
challenges such as limited coverage and signal degradation due to the unique characteristics
of the marine environment, including the Earth's curvature, atmospheric and sea state
variations, and interference from other communication systems. With the increasing reliance
on maritime activities, the need for reliable and affordable communication systems has
become crucial. Ensuring the safety of navigation and providing infotainment services to
seafarers is crucial for the smooth running of maritime activities. The establishment of
maritime communication systems has been the focus of many initiatives aimed at improving
the quality and coverage of communication services [2],[3]. And various researchers have
explored the use of navigational aids as relay nodes to extend communication coverage and
improve the performance of maritime communication networks [5]. This approach not only
enhances the coverage area but also increases the reliability and robustness of the
communication system. Existing marine communication systems primarily rely on satellite
and very-high frequency VHF communication [6]. For example, the International Maritime
Satellite System (INMARSAT) [7] has been developed to provide high-speed communication
in oceans. However, conventional maritime VHF communication systems are limited in their
ability to support high data rate multimedia services due to their limited bandwidth.
Developing new technologies that can provide low-cost, high-rate multimedia information
services in maritime environments remains an area of active research. One such technology
that has been widely used to extend coverage and improve spatial diversity gain in terrestrial
broadband communication systems is relay-aided communication [7]. Relay communication
technology has also been extended to marine scenarios to support efficient and reliable
information services. For instance, Zhou et al. constructed a multi-hop ship-to-shore wireless
mesh network that relied on ships and buoys acting as relay nodes, achieving a coverage of 30
km at 6 Mbps [8]. In this thesis, we propose a relay-aided MIMO communication system using
buoys as relay nodes to enhance maritime communication systems. The primary objective of
the proposed system is to identify optimal relay locations that offer a superior data rate
compared to the direct path between the transmitter and the target location, as well as to select
the optimal beamwidth for the antenna based on its height and prevailing wave conditions.
The system's performance is evaluated through capacity measurements, which serve as a key
indicator of its effectiveness in various scenarios. To achieve this objective, we present an
Amplify-and-Forward (AF) relay protocol that improves the system's capacity. The system
employs a simulation-based approach, leveraging advanced algorithms and computational
techniques to model the complex interactions between these factors and their impact on
communication capacity. By conducting extensive simulations, the system can identify relay
locations that consistently provide higher data rates than the direct path to the target location,
accounting for variations in antenna height and wave conditions. Furthermore, the proposed
system examines the effects of different beamwidths on communication performance,
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Fig. 1. System architecture in maritime communication

enabling the selection of the optimal beamwidth for each relay location. This analysis
considers the trade-offs between narrower and wider beamwidths, considering factors such as
signal strength, interference, and coverage area. In Section 2 of this thesis, we elaborate on the
channel model for the proposed relay-aided MIMO communication system using buoys. In
Section 3, we present the continuous Line-of-sight (CL0S) as a function of wave height and
antenna height. In Section 4, we present the AF relay protocol and explain how it can improve
the system's capacity. We then conduct numerical simulations in Section 5 to evaluate the
performance of the proposed system under different scenarios. Finally, we summarize the
findings of this thesis in Section 6 and suggest avenues for future research. Overall, the
proposed relay-aided MIMO communication system using buoys has the potential to enhance
maritime communication systems' reliability and affordability, supporting the growing
demand for communication services in maritime activities.

2. Channel Model

The near-shore communication channel, which extends from a cellular tower to ships,
experiences less reflection from the ocean surface, making the line-of-sight (LOS) path more
prominent. Conversely, the second hop in the offshore communication channel may face
significant reflection from the sea surface, potentially leading to serious multipath effects.
Therefore, in our model, Line-of-sight (LoS) single path is conceived for describing the first
hop near-shore channel. Additionally, a modified two-ray reflection model is employed to
describe the second off-shore channel.

In the paper the scenario depicted in Fig. 1, which involves using buoys as relay nodes in
a linear topology for maritime communications, is both practical and valid for several reasons.
Firstly, the linear topology, where only adjacent nodes can communicate, mirrors realistic
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Fig. 2. The Path loss results using the FSL, 2-ray.

maritime environments where direct communication lines between source and destination are
often not feasible due to distance, obstacles, or other environmental factors. In such scenarios,
utilizing buoys as relay stations is a practical solution to enhance signal strength and coverage
over large maritime areas.

Secondly, the assumption of complete Channel State Information (CSI) availability to both
the source and destination is a common theoretical simplification that aids in focusing on the
core aspects of the proposed system, such as the impact of relay beam width on communication
efficacy. While in real-world applications, considering Imperfect Channel State Information
(ICSI) is crucial for a more accurate representation, the exclusion of ICSI in this theoretical
model is valid for the purpose of evaluating the primary effects of relay beam width and
positioning. Therefore, despite some simplifications, the scenario in Fig. 1 provides a relevant
and feasible framework for studying and enhancing maritime communication systems using
buoy-assisted relays.

2.1 Direct path channel model

We assume that the distance between the base station to the relay and the destination is so far
that the characteristics of the 2-ray channel [9] is approximated to the Line-of-Sight (LoS)
characteristics [10].

PLLOS - _27.56 + 20 loglo(d) + loglo(f) (1)

2.2 2-ray path channel model

Due to the characteristics of ocean surface, the two-path model including a direct beam from
the relay to the receiver and a reflected beam at sea level is widely used in ocean channel
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model [10]. In simulations, we assume that wind speeds are experiencing calm conditions in
the sea where they are not high enough to change the roughness of radio wave significantly.
In coastal scenarios, we assume that the sea level is flat and that there are few large waves that
cause roughness. In this paper, for simplicity, the roughness of the sea level was regarded as
0, and the reflection coefficient was assumed to be -1[11].

A ja2nAd
PL, = —20log4, {(ﬁ) |1 + Rexp <—/1 )|} 2)

The free space path loss and 2-ray path mentioned above appear in Fig. 2, depending on the
distance for each frequency.

2.3 Buoy angle

In this paper, we use the Bretschneider spectral model [12],[13], also known as the ISSC
spectrum, for wave modeling in inland seas. It is a statistical model that uses a combination of
wind speed and direction to estimate the significant wave height and spectral energy density.
The model assumes that waves in the ocean are random and that the energy of the waves is
distributed across different frequencies and spectral model is illustrated in Fig. 3. The
Bretschneider model is widely used in ocean engineering and offshore structures design to
estimate the wave loads and responses of structures.

2.3.1 Brettschneider Spectral Model

5 HZw? 5 w4
5,@) = 1= wfpexp< (%)) m?/(rad/s) 3)
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Fig. 4. Modeling the angle of a buoy in a dynamic ocean environment.

In the spectral model expressed as (3), Hs, w,, represent the height (m) of the wave and peak
angular frequency (rad/s), respectively. Here, peak period is T, = 2m/w,,.

2.3.2 Modeling the height of the sea level

The actual wave consists of a large number of frequencies (N¢). Therefore, the wave is the
sum of all frequency elements as shown in (4)[12].

Ny

y(x, t) = Z a; cos(2nfit + kix + a;) 4)

i=1

where a;, k; = w?/g, a; are amplitude, wave number, and phase for the i-th frequency f;,
respectively. Furthermore, the expected amplitude u; of each frequency component can be
calculated as [14]

uf=J2*SAwJ*Aw )

Aw is the frequency interval of the spectrum S, (w;). Amplitude (a;) is obtained by returning
the values calculated using (5) to values following the Rayleigh distribution [15].

2.3.3 Modeling the angle of buoy

The angle 0 between the antenna and the sea level is an important parameter in our study of
ocean waves and their impact on structures. As this angle is continuously changing over time,
it is necessary to develop an approach to estimate its value. To accomplish this, we utilize the
method illustrated in Fig. 4, which involves drawing an auxiliary tangent across point O at a
horizontal coordinate x in meters. This tangent is perpendicular to the vertical line of the sea
level, and the resulting angle & can be approximated using (6)

gzmﬁ40@+n—y@—n>
2

(6)
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where y(x) represents the surface elevation. This equation involves calculating the surface
elevation y(x) at point O and taking the difference in elevation between the points to the left
and right of O, which are x-1 and x+1, respectively. By averaging these differences and
applying a tangent function, we obtain an estimated value of 0. This approach provides a means
to track the changes in the angle over time, enabling us to gain insights into the behavior of
ocean waves. To gain a comprehensive understanding of the behavior of ocean waves, it is
essential to examine the variation of the angle 6 over time, which represents the slope of the
tangent between the antenna and the sea level. To validate the accuracy of the estimated 0,
actual measurement data from a gyro sensor installed on a buoy floating in the sea is utilized.
The actual measured values of the angle of the buoy movement indicate that the average angle
is 0.4 degree and the variance is 8.8 degree. Through mathematical modeling for a moderate
sea state level, the average movement angle of the buoy is about 0.3 degree and the variance
is about 8.9 degree. Then, it is depicted in Fig. 5. Mathematical modeling of the moving angle
of the buoy is used to construct a time-varying channel. The accuracy and reliability of the
modeled channel were verified by comparing it with the channel model based on the actual
data.

3. Probability of Continuous LoS Duration

In this section, it is crucial to determine the obstruction of the line-of-sight (LoS) between a
base station and a buoy within a specific distance. To accomplish this, we utilize (4), which
involves calculating the ratio of the angles formed between the base station and the buoy, and
between the base station and the point at which the signal is obstructed by waves. This equation
provides a means to estimate the LoS obstruction by considering the angles formed by the
signal and the obstruction caused by waves. By analyzing this obstruction, we can gain insights
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into the behavior of wireless signals in the presence of ocean waves, which is critical for
designing effective wireless communication systems for marine applications. The results of
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Fig. 6. Occurrence of the continuous LoS duration for moderate sea state (antenna height = 1m)

this analysis can be used to optimize the placement of antennas and other communication
equipment, ensuring reliable communication between offshore structures and shore-based
facilities.

htw - (Y(O, t) + ha) htw - Y(xnv t)
>
d d—x,

)

In this equation, h;,, represents the height of the base station, h, represents the height of the
buoy's antenna, d represents the distance between the buoy and the base station, x,, represents
an arbitrary position between the buoy and the base station, and »n represents the height of the
sea level. The left-hand side of the equation indicates the point where the obstruction of the
LoS is most likely to occur, as it represents the larger value. And we can assume that buoy
antenna and buoy are located at the same horizontal origin. It is summarized in [16], which
finds the nearest ocean wave breaker(s) and analyzes the average LoS probabilities and
stochastic continuous LoS segments. Our method utilizes continuous LoS (CLoS) and
continuous blocked LoS (BLOS) segments to determine the total LoS time duration and
probability of LoS communication. Within Tsecond window, we define CL0S segments with
time intervals t, t,, ..., t,. The total LoS time duration is denoted as T;,s = Y>N_, t,,.. The
probability of LoS communication, P, s is calculated by

Tros n=1t
PLoszTo= nT = 3
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and Pg;,s = 1 — P ,s. In the simulation, as shown in (8), it was assumed that the link of the
signal was broken when a blockage point occurred due to waves. Fig. 6, 7 are simulation
results for CLoS according to antenna height in the case of moderate waves.
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Fig. 7. Occurrence of the continuous LoS duration for moderate sea state (antenna height = 3m)

4. Amplify and Forward relay process

In this work, we consider a three-hop relay channel where the source (Base Station, BS), a
full-duplex relay node (RN) with multiple antennas, and the destination (User Equipment,UE)
with a single antenna are involved, as depicted in Fig. 1. Throughout the paper, we assume
that the channel is arranged in a linear topology. This implies that only adjacent nodes can
“see” and communicating with each other, as described in [17]. Consequently, there is no
direct link between the source and destination, and each node relies on the relay node to
facilitate communication and the full CSI is available to the source and destination. We
focused on evaluating the performance of the modeled channel environment and therefore
ignored the imperfect channel state information (ICSI) in our analysis. Therefore, the signal
received by relay is

Yier = FrHpox + 05 (9)

where x is the signal transmitted by BS, H, ,s is the first hop channel between BS and relay,
F,, is the i-th relay’s receive beamforming matrix and &, ,¢ ~CNV (0, a2, 1) is additive white
Gaussian noise (AWGN) processes at relay and I is an identity matrix. The signal transmitted

by the relay in the AF mode is VKY,.;, where K is its power gain. Thus, the input-output
relationship of the whole three-hop AF relay channel is [18]
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Yue =V Ky * K1h2rayFr2H2rayFr1Hfon TV K, thz—rayFrZHZmyEr1 + vV KZthayErZ +
SUE (10)

where h,_,,y third hop channel between relay and user, yyg is a received signal at UE,
&, ~CIV (0, O-rzi) and &y~CN (0, o3g) are additive white Gaussian noise (AWGN) at relay
and user, respectively. * denotes Hermitian conjugation. To find the SNR at the destination
in (11) can be expressed as

K, * K193Fr292Fr1HEoSRxHLoS

(11)

Yar = 0_5
Where R, = E{xx*} is the covariance matrix of the source transmitted signal, g, =
|H,_ray|* is the power gain of the second hop channel, and of = ofg +

F, F. Y%, 02VK I, gi is the total noise power at the destination. The AF relay capacity

L

error-free data transmission in the AF protocol, can now be succinctly expressed in (11) as

Car = log(1 + yar) [bps/Hz] (12)

The capacity at the destination is obtained by setting the relay positions differently through the
following capacity (12).

5. Simulation

In Section 5, we provide a more comprehensive explanation of the simulation methodology to
demonstrate its validity and relevance in evaluating the performance of the maritime
communication system. This section outlines the detailed steps and rationale behind our
simulation approach, focusing on how we model the maritime environment and the relay
network. Firstly, we elaborate on the selection of the three-hop AF relay network configuration,
as illustrated in Fig. 1, highlighting why this setup is particularly suitable for maritime
communication. We detail the reasons for equipping the base station (BS) and relays with four
antennas, and the user equipment (UE) with a single antenna, emphasizing how this mirrors
real-world maritime communication systems. Next, we delve into the channel modeling,
explaining our rationale for assuming a LoS single path channel for the first hop (BS to relay)
and a 2-ray channel for the subsequent hops. This part of the section includes a discussion on
how these models accurately represent the signal propagation over water and the specific
challenges posed by the maritime environment, such as wave movement and path loss. We
include a detailed description of how we incorporated the angle of the buoy and path loss into
our channel model to ensure it reflects the dynamic nature of maritime environments.
Furthermore, we expand on the system parameters summarized in Table 1, providing a
detailed justification for each parameter choice and how they impact the simulation results.

Table 1. Applications in each class

Parameters Values
Center Frequency 2 GHz
Bandwidth 10 MHz
BS antenna Height 30m
Relay antenna height 2,3m
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UE antenna height 5m
Beamwidth 15°, 30°, 45°
BS power 46 dBm
Relay power 23 dBm
Sea state level Level 2,3,4,5,6

Ocean wave period 10 sec

Distance BS — Relayl 10 km
Distance Relayl — Relay2 — UE 5km

This is followed by an in-depth analysis of the results depicted in Fig. 8, explaining how the
different distance ratios among the hops (BS-relay, relay-relay, relay-destination) were chosen
and their significance in the study. Additionally, we provide a thorough explanation of the
results obtained from varying the relay's beam width, as shown in Fig. 9 and Fig. 10. This
includes a discussion on how different beam widths affect the receive beam gain and the
system's overall capacity, particularly under varying sea state levels. By enhancing Section 5
with these additional details, we aim to clarify the robustness and relevance of our simulation
methodology, ensuring that the reader can fully appreciate the depth and accuracy of our
approach in modeling and evaluating maritime communication systems. To verify the practical
validity, we explain the simulation parameter settings. The simulation uses a center frequency
of 2 GHz with a bandwidth of 10 MHz. This choice is consistent with typical frequencies used
in maritime communications, particularly in LTE (Long-Term Evolution) systems. The 2 GHz
band is commonly used for mobile communications and is suitable for maritime environments
where high data rate transmission is required over water. The base station (BS) antenna height
is set at 30 meters, the relay antenna heights vary between 2 to 3 meters, and the user equipment
(UE) antenna height is 5 meters. These heights are realistic for maritime communication setups,
considering the elevated position of base stations on land and the lower height of antennas on
buoys and ships. The beam widths used in the simulation (15°, 30°, 45°) allow for a detailed
analysis of different focusing levels of the transmitted signal, which is crucial in understanding
how beam width impacts signal coverage and quality in maritime environments. The BS power
is set at 46 dBm and the relay power at 23 dBm. These power levels are representative of real-
world base stations and relay nodes, ensuring that the simulation reflects actual maritime
communication power constraints. The simulation incorporates varying sea state levels (levels
2 to 6) and an ocean wave period of 10 seconds. These parameters are critical in assessing the
performance of the communication system under different marine conditions. The chosen sea
state levels and wave period provide a comprehensive range of scenarios, from calm to
moderately rough sea conditions, affecting the buoy's movement and, consequently, the
communication link's stability. The distances set in the simulation, such as 10 km from the BS
to the first relay and 5 km between subsequent relays and the UE, are typical of maritime
scenarios where long-range communication is necessary due to the vastness of marine
environments. Overall, the parameter settings in the simulation are well-justified and align
with the conditions and requirements of maritime communications. They reflect a realistic
setup for analyzing the impact of various factors, such as relay beam width and sea state, on
the performance of buoy-assisted maritime communication systems. The simulation model is
designed to reflect the unique challenges of maritime communication, accounting for the
specific environmental conditions encountered at ocean. A critical aspect of the simulation is
the channel modeling. The first hop, from the BS to the relay, is considered as a direct Line-
of-Sight (LoS) single path channel, mirroring the relatively clear line of sight typically
available in maritime settings. In contrast, the second and third hops, between relays and from
relay to destination, are modeled as 2-ray channels. This distinction is crucial as it realistically
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captures the complexity of signal propagation over water, particularly influenced by factors
such as wave movement, sea state, and other maritime conditions. Additionally, the simulation
pays special attention to environmental variables like the angle of the buoy and path loss. By
incorporating these factors, the study provides a more nuanced understanding of how signals
behave in maritime environments, which can vary significantly from terrestrial settings.
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Fig. 8. Capacity performance according to the relay position

The angle of the buoy, for instance, can have a substantial impact on signal strength and quality,
especially in rough sea conditions. The relay system's performance is examined under various
configurations and distance ratios among the three hops (BS-relay, relay-relay, and relay-
destination). These ratios include 2:1:1, 3:1:1, 7:1:1, and 8:1:1, offering insights into how the
physical placement of relays affects the overall network efficiency as depicted Fig. 8. Such
analysis is vital for practical deployment strategies in real-world maritime communication
scenarios. Additionally, The Fig. 9 is simulated the impact of ocean waves on the beamforming
gain in a maritime communication system. It calculates the movement and angle change of a
buoy's antenna due to waves, and analyzes the beamforming gains for different antenna
configurations. This is a histogram showing the distribution of beamforming gains for beam
width of 30 degrees, illustrating the variability of gains due to the wave-induced motion.
Furthermore, the study explores the implications of varying beam width at the relay, assessing
how different degrees of beam width (15, 30, and 45 degrees) influence the network's capacity
as depicted Fig. 10. This analysis is particularly significant as it demonstrates that the optimal
beam width can vary depending on the sea state level. Narrower beam widths tend to be more
effective in calmer sea conditions, enhancing signal focus and reducing interference.
Conversely, in rougher sea states, a wider beam width helps maintain communication by
covering a larger area, countering the effects of signal scattering due to waves and movement.
In conclusion, the methodology adopted in this study is comprehensive, effectively capturing
the intricate aspects of maritime communications. It not only considers the environmental
dynamics unique to maritime settings but also examines the strategic placement of relay
stations and the technical nuances of beam width adjustments. This thorough approach enables
the evaluation of buoy-assisted maritime communication systems' performance, providing
valuable insights for enhancing system design, improving energy efficiency, and ensuring
robust signal coverage in various maritime scenarios. The detailed analysis offers a significant
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contribution to the field, showcasing how advanced simulation techniques can be employed to
optimize communication systems in challenging maritime environments.
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6. Conclusion

In this paper, the methodology adopted in the paper to model the channel and evaluate its
performance. One of the key strengths of this approach is that it takes into account the effect
of sea state level on the channel, which is an important consideration for wireless
communication in maritime environments. we first conducted mathematical modeling of the
ocean wave elevation using the Bretschneider spectral model and then using this determined
angle of the buoy. Taking into account the aforementioned considerations, we performed time-
varying channel modeling and validated it using actual measurement data. In this channel
model, we also estimate the obstruction of the LoS (Line of Sight) caused by ocean waves. By
analyzing the angles formed by the signal and the obstruction caused by waves, insights can
be gained into the behavior of wireless signals in marine environments. This information is
crucial for designing effective wireless communication systems for marine applications. The
results of this analysis can be used to optimize the placement of antennas and other
communication equipment, ensuring reliable communication between offshore structures and
shore-based facilities. Considering overall mentioned, we compared the capacity with respect
to target location and beamwidth of the relay, especially in the context of the three-hop AF
relay, allows for a thorough evaluation of the performance of the channel model. By using an
appropriate beamwidth depending on the sea state, it is possible to achieve higher capacity
with the same power in near-shore communication systems. This result means that energy
efficiency can be obtained by utilizing adaptive beamforming techniques to adjust the
beamwidth according to the sea state. Specifically, even with reduced power consumption, the
system can maintain the same level of capacity by adjusting the beamwidth. Therefore, our
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study highlights the potential for achieving energy efficiency in near-shore communication
systems by optimizing the beamwidth. Overall, the simulation results provide valuable insights
into the performance of the channel in different sea state conditions and can be used to
optimize communication systems for maritime environments. This approach can be
particularly useful for designing reliable and efficient communication networks for various
maritime applications, such as offshore drilling, maritime surveillance, and maritime
transportation. The exploration of novel techniques in this domain will significantly contribute
to the advancement and robustness of the proposed communication framework for oceanic
channels.
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