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The propagation of electromagnetic waves on land and sea is significantly

different. Although the Los scenario is significant in marine wireless

communication, the marine wireless channel exists an obvious two-ray

phenomenon due to the strong reflection path reflected through the sea

surface. By modeling the measured data of marine wireless channels, this

paper calculates the radio propagation characteristics of the Pearl River

estuary. In addition, the wave fluctuations and high humidity environment will

also impact the properties of the marine wireless channel. Therefore, sea surface

morphology models under multiple wind speeds are built. To estimate the path

loss in the same area under different conditions, the Monte Carlo method is

employed to quantify the results. The simulation results show that the electric

wave propagation gradually degenerated from the round earth loss (REL) model

to the free spacemodel with increasing wind speed. Moreover, the distribution of

the shadow fading varies with distance. The findings provide references for the

network planning of marine communication.

KEYWORDS

maritime communication, radio channel, sea surface morphology, channel
measurement, wind speed
1 Introduction

Space-air-ground-sea multiple access is an important key capability in the sixth

generation (6G) network (Chen et al., 2022). 6G can achieve global seamless coverage,

providing support for ultra-low latency (Li et al., 2021), digital twins, and other scenarios

(Tang et al., 2022). However, the coverage of wide-band wireless signals on the ocean is still

quite limited. Currently, maritime radio communication together with satellite and shore-

based networks constitute part of maritime communication (Alqurashi et al., 2022).

However, maritime conventional wireless communication systems mainly focus on the
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MF/HF/VHF bands, and satellite communication (Bekkadal, 2009)

on the ocean provides wide coverage but high costs. Thus, the 3GPP

Rel-16 (Lin et al., 2021) studied the non-terrestrial network (NTN)

to support the 5G communication network and prepared for 6G

technology. Therefore, marine communication is developing from

traditional satellite communications to the marine NTN, and wide-

band wireless communication will be expanded to ocean areas.

As the information is transferred via a medium in wireless

communication, the properties of the wireless channel will

determine the transmission rate and communication quality.

Thus, it is essential to estimate the radio channel characteristics

before network planning. Marine radio channel has special

characteristics (Lees and Williamson, 2020). For example, in the

terrestrial network, the fading is mainly relative to the relative

position of the scatterers and the receiver, which exists in many

Non-line-of-sight (NLoS) scenarios. Unlike that on the ground, the

scatters on the sea surface are far less than that on the ground, but

the radio channel varies with the ocean waves (Wang et al., 2018).

What’s more, the sea surface is a random rough surface (Le Roux

et al., 2009; Chen et al., 2021), so the research on sea surface radio

channels generally belongs to the research of electromagnetic

scattering from rough surfaces. Defer from the terrestrial

environment, the real sea surface also has time-varying

characteristics, and is affected by many factors such as wind

speed, seabed topography, etc. That will generate propagation

mechanism and multipath channel characteristics differed from

other scenarios, which makes radio waves show unique loss and

fading characteristics (Lees and Williamson, 2020). Therefore, the

ocean wave’s impact on the marine radio channel is worth studying.

Therefore, the impact of changing ocean waves on a maritime

radio channel still needs to be studied. The current paper aims to

address this aspect and provides the maritime radio channel

characteristics change with the ocean waves. In particular, this

paper contributes the following aspects:
Fron
• The 5.9 GHz ship-to-ship radio channel measurement is

conducted on the Pearl River estuary. With the introduction

of equipment, a temporary point-to-point wireless

communication network for maritime environments is

built.

• Measured ship-to-ship path loss on the calm sea is

extracted. We extract the path loss data from the

measured data and verify the effectiveness of the round

earth loss (REL) model. Results show that the REL model

fits well with the measured data for a calm sea environment.

• Large scales fading characteristics for the maritime

environment under various wind speeds are analyzed. The

REL model and the PM wave spectrum model are used to

model the propagation characteristics of the sea surface

electromagnetic wave under different wind speeds. Based on

the Monte Carlo method, the path loss and shadow fading

characteristics of 5.9 GHz under the wind speed of 0-6m are

quantitatively described.
The rest parts of this paper are organized as follows: Section 2

introduces the related works for maritime radio channel analysis.
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The description of the measurement campaign is given in Section 3.

The measured path loss and its modeling are represented in Section

4. Sea surface morphology modeling is described in Section 5, while

model verification and results analysis are provided in Section 6.

Finally, the conclusion and discussion are drawn in Section 7.
2 Related works

Currently, empirical models for maritime radio rely primarily

on measurement and statistical data (Habib and Moh, 2019). By

making reasonable geometric assumptions (Huang et al., 2016),

these models reduce the complex channel to a dual or multi-path

path loss model. The reflection path from the sea surface is

calculated using electromagnetic simulation or numerical analysis,

with the roughness of the sea surface taken into account.

As far as the model of the offshore wireless channels is

concerned, most of the current work focuses on the path loss

model of different frequency bands (Maliatsos et al., 2006b;

Maliatsos et al., 2006a). The sea surface radio channel model

needs to consider the sea surface reflection phenomenon, so the

Two-Ray model (Gaitán et al., 2020) was first used to model the sea

wireless channel. The propagation loss measurement of the 5.8 GHz

port WiMAX system carried out in Singapore Port confirms the

effectiveness of the Two-Ray model (Joe et al., 2007), in which

communication mode is from the land base station (BS) to the ship

in the harbor of the WiMAX system. Moreover, the Influence of the

tide and the shadow fading of obstacles on the sea surface could also

be taken into account (Le Roux et al., 2009). The transmitter (TX)

emitted signals of band 3.5 GHz and 5.8 GHz from the BS, while the

receiver (RX) was fixed on the boat.

On basis of the Two-Ray model, the Plane Earth Loss (PEL)

model (Saunders and Aragón-Zavala, 2007; Yee Hui et al., 2014)

takes into account the reflection coefficients of electromagnetic

waves on different media surfaces, which is widely used in cellular

communications. However, as the distance between TX-RX

gradually increases, when it reaches more than a few kilometers,

the earth’s surface can no longer be assumed to be “flat”. Therefore,

the curvature of the earth needs to be considered for long-distance

wide ocean scenes (Yang et al., 2013). REL model (Gaitán et al.,

2020) (Yu et al., 2017), divides the propagation area into two

segments by the reflection point, and the path loss model

considering the curvature of the earth is given. Under the premise

of comprehensive consideration of the earth’s curvature and the

reflection (Molisch, 2012), scattering (Saunders and Aragón-Zavala,

2007), diffraction (Reyes-Guerrero et al., 2011), and other

propagation phenomena (Mabrouk et al., 2015; Alqurashi et al.,

2022), together with environmental geometric analysis and

measurement data, such as the diffuse reflection effect of rough

surfaces could derive a novel path loss model. The effectiveness of

this model has been verified by comparison with the Okumara-

Hata, COST 231 (Singh, 2012), and ITU-R P.1546-2 models (Yang

et al., 2019).

In our previous study (Yang et al., 2018; Li et al., 2021) and the

papers mentioned above, the results were derived under calm sea

conditions. However, the sea surface changes with the waves
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(Janssen, 2004). Ocean waves could cause shadow effects on

electromagnetic reflective surfaces, the divergent effect of reflected

signals, and the surface diffraction effect. Thus, we conducted a

measurement to acquire the ship-to-ship radio channel data. Sea

surfaces should also be modeled by leveraging the morphology

methods. Then, the Monte Carlo method is used to quantify the

results of estimating path loss in the same area under different

conditions. This method is helpful to improve the generalization

ability of the ocean surface channel model and provide accurate

path loss under weather conditions that are difficult to measure.
3 Measurement Campaign

3.1 Equipment

To study the maritime radio channel characteristics, we

conducted a ship-to-ship measurement in the Pearl River Estuary

in Nansha, Guangzhou.

The TX part employed a Keysight signal source connected with a

5.9 GHz omnidirectional antenna (see Figure 1). The output gain of the

amplifier was 40 dBm. The TX continuously transmitted chirp signals

with a bandwidth of 1 MHz and a period of 2.56 ms. The equipment

was both fixed on the TX and RX test boats. Meanwhile, the antenna

was fixed at the highest point of the ship in both TX and RX, which is

about 3 m from the sea surface. The RX part used a Keysight spectrum

analyzer (see Figure 1). The spectrum analyzer was connected to a 5.9

GHz omnidirectional antenna via a low noise amplifier (LNA). We

employed Matlab to control the spectrum analyzer to collect received

signals, with a sampling frequency of 1 MHz. Similarly, the received

antenna was fixed at the top of the boat, which was also 3 m high from

the sea surface.

The detailed parameters of the measurement system are listed

in Table 1.
3.2 Experiment

During the measurement, the sea surface was calm with a breeze

of about 2 m/s (see Figure 2B). The experiment was conducted from

9 am-12 pm in the morning. The above figure shows the

temperature and wind speed data of the area that day. During the

experiment, the temperature was 30-31 °C (see Figure 2A, the wind
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direction was mainly south and southwest (see Figure 2C), the wind

speed was small, and the sea was calm.

The measurement was carried out at the Pearl River estuary

near the west side of Humen Bridge (shown in Figure 3). Nansha

Marina served as the two ships’ departure point. Throughout the

measurement, the TX moved in a small range near the shore, while

the RX left the shore and moved about 3 km to the east. The RX

boat’s average speed was around 10 km/h. The entire measurement

procedure took approximately one hour. Figure 3 depicts the

motion area of the two ships throughout the testing process.

During the whole measurement process, the position with time

stamps for both the TX and RX were recorded by the GPS. The TX

continuously transmitted Chirp signals at 5.9 GHz. The Keysight

spectrum analyzer on the RX boat was connected to a notebook that

collected signals with the Matlab program, the notebook also

recorded the time and GPS information of the collected signals.

During the whole measurement process, about 200 groups of IQ

data were collected by the spectrometer. The spectrum analyzer can

sample 100000 times in a single acquisition, so each group of data

includes 100000 IQ data. The collected IQ data can be used to

analyze RX’s received energy information. Their time and position

data were also obtained. The path loss model of the electromagnetic

wave on the sea can be analyzed through the recorded position

information of the TX and RX and the energy information of the

received signal.
4 Modeling of measured path loss

4.1 REL model

According to the Two-Ray model and the actual measurement

environment, it is stated in the paper (Yang et al., 2013) that when

the TX-RX distance is large enough, the curvature of the earth

cannot be ignored. Therefore, the Two-Ray model is modified by

adding the curvature, as shown in Figure 4. Extending the Two-Ray

model to the REL model allows more reliable channels for

open scenes.

In the REL model, the path loss is still consisted of the directed

path and reflected path. As a result, the modified model also

includes directed path loss and ground-reflected path loss. The

model can be expressed by Formula (1), in which TX power is Pt
and RX power is Pr.
FIGURE 1

Overview of the equipment architecture.
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Lrel = −10 log10
Pr
Pt

= 20 log10 (
l

4pDLOS
) + 20 log10 h + Le _ diff (1)

h = 1 + Rrough · sc · Deff · e
j2pl Ddiff

���
��� (2)

where, h can be derived from Equation (2). Rrough represents

effective reflection coefficient. sc and Deff express the shadowing

and divergence coefficient, respectively. Le_diff is the diffraction loss

caused by the curvature of the earth (Yang et al., 2013).
4.2 Measured path loss

In this part, we will analyze the path loss characteristics of the

sea surface based on the 200 signal data received. Through

calibration in the laboratory, the corresponding relationship

between the data recorded by the spectrum analyzer and the

received energy can be obtained. And then the path loss can be

calculated by combining the transmission power, transmission loss,

transmission antenna gain, reception antenna gain, and

reception loss.

From Figure 5 we can derive that the path loss for a calm sea

surface fits well with the REL model, proving that the REL model is

appropriate for ocean wideband radio propagation. In other words,

the sea surface has specular electromagnetic wave reflection
Frontiers in Marine Science 04
characteristics, since the calm sea surface is like a mirror. The

measured path loss varies from 0 to 500 m and fluctuates

significantly. Furthermore, the path loss increases significantly at

120 m, 180 m, and 360 m.

It is worth noting that as wind speed increases, ocean wave

fluctuation will increase. As a result, the electromagnetic wave

reflection point on the sea surface will change. Furthermore, the

received power will vary. However, due to many limitations,

including equipment conditions, safety considerations, and

personnel scheduling factors, this paper did not obtain the

measured channel path loss characteristics under a variety of

complex sea conditions. As a result, to analyze the channel path

loss characteristics under complex sea conditions, this paper

combines the path loss model measured on the calm sea surface

with the wave model under different wind speeds.
5 Sea surface morphology modeling

The aforementioned REL model is suitable for a calm sea.

Nevertheless, the actual ocean wave fluctuation is extremely

complex. It is formed by mixing waveforms with varying

frequencies, wave heights, propagation directions, and phases.

However, it is very complicated to use actual mathematical

expressions to simulate waves (Peachey, 1986; Bhaskaran, 2019).

Meanwhile, the wave theory of fluid mechanics is incapable of

accurately predicting real-time variant ocean waves. Therefore, we

simulate the ocean waves based on the wave spectrum and

stochastic theory, to control the parameters in real-time simulation.

In a two-dimensional (2D) plane, ocean waves only consider the

changes on the x-z axis. Because it does not involve the change of

waves on the z-pane, the actual simulated results are only 2D wave

curves that cannot adequately describe real-time ocean wave

information. Ocean waves in three dimensions (3D) are studied

by simulating them on the x-y axis at various angles to the z-axis.

Thus, the ocean wave is made up of a variety of random phases,

frequencies, and propagation directions. The following formula

yields the 3D ocean wave (He et al., 2005).
TABLE 1 System parameters.

Parameter Value

Frequency range 5.8995-5.9005 GHz

Center frequency fc 5.9 GHz

Bandwidth B 1 MHz

Transmitting power Pt 40 dBm

Antenna gain G 2 dBi

Tx antenna height 3 m

Rx antenna height 3 m
B

C

A

FIGURE 2

Weather conditions on the day of measurement: (A) is the temperature record; (B) is the wind speed record; and (C) is the wind direction record.
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x(x, y, t) =om
i=1on

j=1An(wi, qj)cos(kixcosqj + kixsinqj − wit

+ ϵij) (3)

In the equation (4), An is the amplitude of multiple random

waves which can be obtained by the following formula:

An =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2S(w , q)DwDq

p
(4)

ki is the wave beam, and eij is the random initial value phase subject

to a uniform distribution. S(w,q) is the directional spectral function
calculated by the following equation.

S(w , q) = Sn(w)G(w , q) (5)

where Sn(w) is the frequency spectrum function, G(w,q) represents
the directional function, w is representative frequency, and q is the

phase that randomly selected in [0, 2p]. Different wave spectrum has

different spectrum functions and orientation functions.

Here, we utilize Pierson Moscowitz (PM) spectrum (He et al.,

2005) as the spectrum function for random wave generation. The

PM spectrum is obtained by fitting the fully grown wave

observation spectrum, which represents the fully grown wind

waves. The spectral function of the PM spectrum is as follows:

S(w) =
ag2

w5 exp( − b
g4

U5w4 ) (6)

where g is the gravitational acceleration, U is the wind speed at

19.5m from the sea surface, and a = 0.0081, b = 0.74. The sea surface

morphology modeling results under different wind speeds by the

aforementioned formulas (shown in Figure 6).
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6 Results and analysis

6.1 Model verification

Figure 6 depicts the simulated sea surface morphology. To

investigate the radio propagation mechanisms, the diagram

shown in Figure 7 illustrates 4 types of ray propagation between

TX and RX. We can see that there are no waves on the sea surface in

Scenario 1. In this situation, the calm sea surface is like a mirror.

The received signal comes from the directed path and reflected path.

This is precisely the scenario we measured.

Although the sea surface cannot be completely calm in reality,

its minor fluctuations are insufficient to change the position of the

sea surface reflection signal over a wide range, so the measured

electromagnetic wave path loss model in this scenario is very

consistent with the REL model. The reflection point and height of

the ship with the waves change as the ocean waves rise in Scenarios

2 and 3. Radio wave propagation characteristics will change due to

interference between the straight path and the reflection path.

Because the antenna height of the two communicating boats is

low (only 3 m), the simulation indicates that electromagnetic waves

may be blocked by the high ocean waves. Scenario 4 shows that

there is only a diffracted path between TX and RX.

Therefore, to simulate the influence of random fluctuation of

sea waves under different wind speeds on electromagnetic wave

propagation on the sea surface, we use the Monte Carlo method

(Hammersley, 2013) to simulate the path loss and shadow fading

characteristics under different wind speeds.
FIGURE 3

Satellite map of the measured area.
FIGURE 4

REL model.
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The Monte Carlo method is also called the statistical simulation

method, which is a numerical simulation method that takes

probability phenomena as the research object. It is a method for

calculating an unknown characteristic quantity by collecting

statistical data through sampling. As a result, it can be used to

calculate, simulate, and test discrete systems. The random

characteristics of the system can be recreated in computational

simulation by creating a probability model that closely matches the

system performance and running random tests on a computer.

Firstly, the sea surface morphology needs to be modeled using

the method mentioned in Section 5. We set the TX coordinate

position on the sea surface area based on these simulated ocean

surfaces. The REL model is then used to calculate the path loss at

each of these points (see Figure 8). Following that, a large amount of

data can be obtained. Using the extracted data, we analyze path loss

and shadow fading. The detailed program is illustrated in Table 2.
6.2 Analysis

From Section 3.2, we can derive that the REL model fits well

with the measured path loss. In this section, we use the REL model
Frontiers in Marine Science 06
to calculate the path loss in the simulation. As shown in Figure 8, it

is the sea surface path loss diagram using the REL model under the

sea wave with 3 m/s wind speed, where the colors represent varying

path loss values. In this paper, 50 figures of simulation data like

Figure 8 are obtained under one wind speed, and 200 groups of path

loss data can be obtained from each simulation data. Based on the

large amount of data obtained, the characteristics of the sea channel

are analyzed.

The TX is located at the lower left corner of the figure. The value

of path loss from the TX to this point is represented by the color in

the figure. A path loss curve can be formed by the value of the point

where the ray from Antenna 1 passes. The figure shows that

undulating waves cause significant differences in path loss curves

in different directions. In this paper, we first obtain a large amount

of morphological information about the sea surface (see Figure 6),

then obtain the path loss as shown in Figure 8, and then extract a

large number of path loss curves from Figure 8. Finally, we perform

statistical analysis on these path loss curves to determine the path

loss and shadow fading characteristics of the sea surface under

wind speed.

The statistical curves of the sea surface path loss for different

wind speeds obtained using the Monte Carlo method are shown in
FIGURE 5

Measured propagation path loss compared with the REL model.
FIGURE 6

Simulated sea surface morphology under varying wind speed.
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Figure 9. Each curve is based on the statistics of 10,000 sets of wave

data under one wind speed simulation.

The path loss under 0 m/s, 1 m/s, and 1.5 m/s waves are the

same as that under a calm sea, indicating that the sea surface with

wind speed less than 1.5 m/s belongs to a calm sea surface, and wave

fluctuation has little influence on electromagnetic wave

propagation. When the wind speed reaches 2 m/s, the two-ray

phenomenon of the sea surface path loss characteristics disappears,

which is mainly manifested in the fluctuation of the path loss value

within the distance of 100 meters to 400 meters. Egli (Oluwole and

Olajide, 2013), Hata (Emeruwa and Ekah, 2018), and Free Space

models are employed in Figure 9. The path loss curve is consistent

with the free space model. This shows that the deterministic
Frontiers in Marine Science 07
interference between the LoS path and the reflection path caused

by the reflection on the calm sea surface has become a random

interference with the wave fluctuation, which causes the path loss

model changes. At the same time, as the wave becomes strong due

to the increased wind speed, it does not have a significant impact on

long-distance propagation statistically, and the long-distance

propagation model still conforms to the free space model.

Because of random wave fluctuation, the reflected and directed

electromagnetic waves randomly overlap or block, resulting in the

random change of the path loss from the transmitting side to the

receiving side. The distribution of this change varies with the wave,

which is associated with shadow fading and divergence. The

distribution characteristics of shadow fading at different waves
FIGURE 7

Radio propagation mechanisms under different sea surface conditions.
FIGURE 8

Energy hot map based on path loss.
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and distances at the sea surface are obtained by simulating the path

loss characteristics of different waves at the same distance at a large

number of source terminals.

In this paper, the distance is divided into three sections to

analyze the shadow-fading effect. Figure 9 shows that two-path

interference caused a significant change in path loss between 0 and

500 m. Thus, we make the 3 sections using Area 1/2/3. In Area 1 (0 -

500 m), the directed path and reflected path have obvious

interference effects (5.9 GHz, receiver antenna height 3 m).

Subsequently, the distance between 500 m to 2500 m is divided

into two sections (Area 2 for 500 m -1500 m and Area 3 for > 1500

m). Interference and shadowing may occur as the distance between

the directed and reflected paths increases.

Because the wave fluctuation has almost no impact on the sea

surface morphology, under 0 m/s, 1 m/s, and 1.5m/s wind speed.

Thus, we only consider the shadow fading under the wind speed of

2 m/s, 3 m/s, 4 m/s, 5 m/s, and 6 m/s.

To find the statistical regularity of the shadow fading, we

analyze the cumulative distribution function (CDF) for three

distance ranges.

Figure 10 depicts the CDF of the shadow fading distribution of

Area 1, ranging from about -13.5 dB to about 15.5 dB because 0-

500m is the obvious region of the REL benefit. The 10% CDF is -

7.18 dB, the 50% CDF is about 0 dB, and the 90% CDF is 8.42 dB.

Table 3 contains the specifics. The CDF varies slightly depending on

the ocean wave, and when the wind speed is low, the dispersion

range of shadow fading is slightly larger. This is because the range of

0 - 500 m is located in the interference area of the directed and

reflected path. Meanwhile, the interference effect change with the

wave fluctuation.
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Figure 11 shows the CDF of the shadow fading distribution of

the RX at a distance of 500-1500 m. It can be seen from the figure

that with the increase of the wind speed, the distribution range of

the shadow fading expands significantly. The specific distribution

values of shadow fading are shown in Table 3. As the wind speed

increases from 2 m/s to 6 m/s, 10% of CDF changes from -3.39 dB

to -6.04 dB, and 90% of CDF changes from 3.47 dB to 6.24 dB. The

simulation shows that wind-induced wave fluctuation significantly

impacts the shadow fading of radio wave propagation on the

sea surface.

Figure 12 shows the CDF of the shadow fading distribution of

the receiving end at a distance longer than 1500 m. An obvious

trend can still be seen in Figure 12, which is similar to what is

displayed in Figure 11. With the increase of the wind speed, the

distribution range of the shadow fading becomes significantly

larger. As the wind speed changes from 2 m/s to 6 m/s, 10% of

CDF changes from -3.08 dB to -5.32 dB, and 90% of CDF changes

from 3 dB to 6.24 dB. It can also be observed from the table that the

distribution range of shadow fading is slightly less than 500 m-1500

m when the distance is larger than 1500 m.
7 Conclusions and discussions

This paper begins by describing a channel measurement activity

that we conducted at sea. And then the paper introduces the REL

model for sea surface propagation and based on the measured data,

it is observed that the propagation characteristics of electromagnetic

waves on the calm sea surface fit the REL model. Because obtaining

channel test data under severe weather is difficult, this paper
TABLE 2 Program of model verification.

Program 1 Path loss modeling under various wind speeds

Step 1. Simulate a large number of wave shapes under different wind speeds through the PM wave spectrum. The details are described in Section 4.
Step 2. Set the TX coordinate position (Antenna 1 in Figure 8) in the simulated ocean wave area, and use REL to simulate the path loss at all points in Figure 6 of the
wave morphology.
Step 3. Extract a large number of maritime radio channel data under different wind speeds.
Step 4. Obtain the path loss under various wind speeds through statistical analysis.
Step 5. Analyze the distribution characteristics of the shadow fading changes at the same distance.
FIGURE 9

Simulated propagation path loss under various wind speeds.
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employs the Monte Carlo method to simulate path loss and shadow

fading characteristics in different waves generated by the PM wave

spectrummodel. The simulation results show that as the wind speed

on the sea increases, the radio wave propagation model transitions

from the REL model to the Free Space model. The general trend of
Frontiers in Marine Science 09
the shadow fading characteristics is that the distribution gradually

widens as the sea waves grow larger.

The simulation results in this paper show that the wave

fluctuation caused by the rising wind speed will weaken the two-

path effect on the sea surface, which will make the originally large
FIGURE 10

CDF of the shadow fading for Area 1.
TABLE 3 Statistic results.

Wind Speeds

Distance ranges (0-500m) Distance ranges (500-1500m) Distance ranges (Above 1500m)

CDF (dB) CDF (dB) CDF (dB)

10% 50% 90% 10% 50% 90% 10% 50% 90%

2 m/s -7.88 -0.67 8.42 -3.39 -0.09 3.47 -3.08 0.03 3.00

3 m/s -8.34 0.079 7.95 -4.00 0.11 3.91 -3.25 0 3.33

4 m/s -8.06 0.89 6.54 -4.81 0.27 3.91 -3.49 -0.14 3.39

5 m/s -6.78 0.076 5.90 -6.43 0.54 5.93 -4.60 -0.34 4.93

6 m/s -6.71 -0.08 7.05 -6.04 -0.03 6.24 -5.32 -0.88 6.24
fr
FIGURE 11

CDF of the shadow fading for Area 2.
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path loss at some distance smaller, which is conducive to

communication, but at the same time, the simulation also shows

that the wave will increase the impact of shadow fading on the sea

surface, resulting in energy fluctuation, which will affect the

performance of the receiver. The findings of our study can serve

as a guide for the development of maritime 5G mobile

communication networks under complex sea conditions.
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