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Abstract 

This research aims to assess the signal propagation behavior of millimeter waves (mmWaves) over maritime 

environments. It focuses on the path loss performance of shore-to-vessel and vessel-to-vessel overwater 

communication at 28 GHz when considering line-of-sight conditions. The study is conducted by means of synthetic 
simulations at four different receiver antenna heights with respect to the water surface, representing emerging 

maritime Internet-of-Things application scenarios. Simulation results are shown concerning the path loss and the 
excess path loss  13 additional path loss relative to that in free-space  13 for each particular antenna height, over 

different TX-RX separations. We also show the cumulative distribution function of the excess path loss. The 
outcomes reveal variations of up to 10 dB in path loss performance depending on the height-distance setup. The 
results also reveal an initial distance range for all antenna heights in which the excess path loss is below 3 dB 

with 90% probability. 
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Abstract—This research aims to assess the signal propagation
behavior of millimeter waves (mmWaves) over maritime environ-
ments. It focuses on the path loss performance of shore-to-vessel
and vessel-to-vessel overwater communication at 28 GHz when
considering line-of-sight conditions. The study is conducted by
means of synthetic simulations at four different receiver antenna
heights with respect to the water surface, representing emerging
maritime Internet-of-Things application scenarios. Simulation
results are shown concerning the path loss and the excess path
loss – additional path loss relative to that in free-space – for each
particular antenna height, over different TX-RX separations. We
also show the cumulative distribution function of the excess path
loss. The outcomes reveal variations of up to 10 dB in path loss
performance depending on the height-distance setup. The results
also reveal an initial distance range for all antenna heights in
which the excess path loss is below 3 dB with 90% probability.

Index Terms—Two-Ray, mmWaves, Over Water, Large Scale.

I. INTRODUCTION

The Internet of Things (IoT) paradigm and the fifth-

generation (5G) wireless communication systems are revolution-

izing network connectivity everywhere. Maritime environments

such as coastal zones, harbors, marinas, etc., are rapidly

becoming smart and connected, leading to new technological

concepts such as The Maritime IoT [1]. Wireless networked

systems leveraging 5G and IoT are nowadays more common in

water environments [2], supporting both traditional (e.g., aqua-

culture [3]) and emerging (e.g., smart marinas [4]) applications

for the benefit of the blue economy.

Millimeter wave (a.k.a., mmWave) frequency bands have

recently been considered as one the candidates for future

maritime communications [5]. While its potential benefits

for emerging and upcoming high-bandwidth IoT/5G-based

applications are promising (e.g., for real-time vessel-to-shore

video transmission [6]), the study of the mmWave signal

propagation behavior over water areas still remains little

explored.

In general, signal reflections on the water surface are

stronger than in terrestrial settings, which can lead to severe

constructive/destructive interference on the receiver side. This

situation can generally be well explained by the two-ray

model [7], which can also be used to explain other phenomena

that can affect mmWave signal propagation over water. For

example, the impact of tides (a.k.a. tidal fading [8]) and

occlusion (or shadowing [9]) due to sea waves are also a

matter of concern in aquatic areas, especially in IoT-driven

scenarios where the typical short to medium range distances

and reduced height settings can intensify attenuation effects.

In this work, we investigate the path loss (PL) performance

of mmWave signals at 28 GHz targeting IoT-driven overwater

communication scenarios in Line-of-Sight (LOS) conditions. To

this purpose, we consider both shore-to-vessel (S2V) and vessel-

to-vessel (V2V) communication when considering varying TX-

RX separations, and different antenna heights. The objective

of this study is to obtain large-scale fading statistics for the

design of mmWave overwater links that are well described by

the two-ray propagation model.

Related Work. Propagation over water is a subject of

study that generates interest in the field of telecommunica-

tions. Existing literature includes studies evaluating conditions

for connecting unmanned surface vehicles (USVs) [10] or

autonomous underwater vehicles (AUV) [11] operating at the

surface, typically based on transmission links using IEEE

802.11 (WiFi) technologies. In [11], measurements considered

two onshore antenna heights to communicate with an AUV

equipped with an external antenna at 17 cm height operating

within 100 m from the shore. In [10], the operation with the

USV considered distances between 50-450 m, and antenna

heights of ∼5-6 m for the onshore node, and between ∼0.4-

0.5 m on the USV. Both studies agree on the suitability of the

two-ray model to predict path loss within the 200 m range.

In an urban setting, the work in [12] analyzed the path loss

performance of mmWave at 28 GHz while also considering

diffraction.

Contributions. This research provides a theoretical study to

better understand the large-fading behavior of LoS overwater

mmWave communication at 28 GHz. It reveals results for



different heights to address potential constraints in TX/RX

antenna installation and/or due to tidal level shifts. These results

shed light on the potential service coverage for IoT-driven

scenarios with USVs/AUVs in a myriad of application settings.

II. CHANNEL MODEL

We consider the two-ray model [13] to perform our theoretical

study. This propagation model is particularly suitable to

represent scenarios in which a single surface reflection has a

dominant effect on multi-path propagation. This aligns well

with our LOS S2V and V2V scenarios, in which we consider

the effect of two distinct components: a LOS direct ray between

the transmitter and the receiver, and an indirect (reflected) ray

from the surface (see Fig. 1 for the S2V case). Note that the

output of the model is the power received (Pr) resulting from

the vectorial summation of the two components, which can be

expressed mathematically as follows:

Pr = Pt
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where Pt is the transmission power, Gl the product of the TX

and RX antenna gains in the LOS direction, Gr the product of

the TX and RX antenna gains in the directions of the reflected

ray, l the length of the direct ray, x + x2 the length of the

reflected ray, ∆φ the phase difference between the LOS and

reflected signals at the receiver, and R the reflection coefficient

as:

R =
sin θ − Z

sin θ + Z
where Z =

√
ε0 − cos2θ

ε0
.

Note we use Z as defined in [14] for vertical polarization,

where θ is the angle of incidence of the reflected ray, and

ε0 = ε − j60σλ where ε is the dielectric constant (relative

permittivity) of the reflective medium relative to unity in free

space and σ is the conductivity of the reflective medium.

III. SIMULATION SETUP

The simulation setup is summarized in Table I, describing

realistic operation conditions for both LOS S2V and V2V

overwater communication at 28 GHz. In all cases, both RX and

TX are considered to use omnidirectional antennas vertically

polarized, separated by a TX-RX (horizontal) distance within

the interval [1, 3000] m. In addition, we assume unitary antenna

gains.

Concerning the physical properties of the water medium,

we assume the dielectric constant and conductivity of typical

seawater [14], i.e., ε = 81 and σ = 5 [S/m].

a) Transmitter: The TX is assumed to be mounted on a

vehicle (floating) on the water surface. In terms of antenna

heights, we consider 0.17 m for all cases, assuming a real-world

AUV operating at the surface, as the one described in [15].

b) Receiver: As for the RX antenna height, we considered

four different values, namely {0.17, 0.5, 1.5, 5.0} m, repre-

senting four typical IoT-driven S2V communication scenarios.

Among these heights, the first one (0.17 m) also applies for V2V
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Fig. 1. The two-ray model showing the length l of the direct LOS ray,
the length x+ x2 of the reflected ray that depends on the water level,
the horizontal distance d between TX and the center of the rotating
arm, and the radius r of the rotating arm that rotates 360 degrees in
the horizontal plane with the RX in its tip.

TABLE I. Simulation Specifications

Parameter Symbol Value

Frequency f 28 GHz

Transmitter height htx 0.17 m

Receiver heights hrx [0.17, 0.5, 1.5, 5] m

Transmission Power Pt 0 dBm

Transmitter Gain Gt 0 dBi

Receiver Gain Gr 0 dBi

Permittivity ε 81

Conductivity σ 5 S/m

Rotatory Arm r 0.4 m

Operational distances d [1, 3000] m

overwater communication, assuming communication among

two vessels under calm water conditions (i.e. a flat surface).

c) Rotating arm: The receiver side (onshore) also considers

the RX to be installed on an arm that rotates 360 degrees in

the horizontal plane (Fig. 1). This setting mimics the behavior

of real-world specialized equipment capabilities (as in [16])

whose end goal is to eliminate small-scale fading effects in

experimental measurements.

Note that the rotating arm modifies the computation of the

effective link distance as follows:

dr =
√

r2 + d2 − (2 r d cosα), (2)

where dr is the effective TX-RX horizontal distance, r is the

arm length, d the horizontal distance between TX and the

center of the rotating arm, and α the horizontal angle of the

rotating arm with the TX-RX direction.

IV. SIMULATION RESULTS

This section presents the results achieved with the referred

simulation setup. We performed a comprehensive large-scale

analysis for the two-ray model at different heights and varying

d in the referred range with increments of 0.1 m. For each value

of d we computed dr for a full 360 degrees rotation of the arm

holding the RX and averaged the performance metrics, namely:

i) path loss (PL), ii) excess path loss (EPL). Then, for clarity,

we also present: iii) the CDF of random EPL observations and

iv) the percentile 90 of EPL for the considered distance range.
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Fig. 2. Path Loss for different hrx and d ∈ [1, 3000] m
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Fig. 3. Excess Path Loss for different hrx and d ∈ [1, 3000] m

(i) Path Loss. Fig. 2 presents the average PL using the

two-ray model at four different antenna heights when varying

distances between 1 and 3000 m. The figure also includes

the free-space path loss (FSPL) as a reference. By graphical

inspection, these results allow us to see a clear difference in

the breakpoint (BP) distances (the point at which the loss starts

to increase steadily) for each of the four height configurations.

Specifically, the BP is about 10 m for a receiver height of

0.17 m, near 30 m for the 0.5 m height, about 100 m for the

1.5 m height, and approximately 300 m for the receiver height

at 5 m. After the last BP, we can observe that the difference

between each receiver height is about 10 dB.

(ii) Excess Path Loss. With the aim of providing a better

understanding of the power loss versus distance, we also consid-

ered the difference between the (two-ray) PL and the classical

FSPL, and described as follows: EPL(d) = PL(d)− FSPL(d).
Fig. 3 shows EPL vs. distance for the four values of hrx . As

expected, we can see there is a clear non-linear behavior due
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Fig. 4. CDF of EPL at different heights for two coverage distances d.
(a): 70 m, (b): 1000 m

to constructive and destructive interference between the direct

and reflected rays (variations of l and x+ x2, as explained by

the two-ray model). This situation shows that the interference

can change in opposite directions at different heights for each

distance. For example, at approximately 170 m of coverage

distance, a receiver height of 1.5 m exhibits an EPL of around

−4 dB, while a receiver height of 5 m shows an EPL of around

6 dB. This highlights a disparity of near 10 dB between two

consecutive receiver heights. Similar observations can be made

for receiver heights of 0.17 m and 0.5 m. This is interesting

as it shows that higher heights do not always result in lower

EPL. In fact, EPL tends to be lower for lower heights within

the mentioned short distances.

(iii) CDF of the EPL. To view the probability of a random

observation of EPL, we analyzed the cumulative distribution

function (CDF) at two distances, namely d = 70 m and d =
1000 m (Fig. 4). In the first case (on top) we observe that EPL

median remains negative (i.e., PL below FSPL) for all receiver

heights. However, the percentile 90 reveals an EPL difference

between a receiver height of 0.17 m and 5 m of around 3 dB.

As the coverage distance increases, receiver heights show higher

EPL swings. This can be observed in Fig. 4 bottom, showing a

coverage distance of 1000 m. Any percentile above the median

shows clear EPL differences between the different heights.

Between the receiver heights of 0.17 m and 5 m the EPL

varies about 21 dB.

(iv) Percentile 90 of EPL. Finally, we show the variation

of the percentile 90 of EPL in the considered distance range

(Fig. 5). This shows the expected maximum EPL at each given

distance, with 90% probability. The observed behavior is similar

for all receiver antenna heights. There is an initial distance

range in which the EPL values are below 3 dB with at least

90% probability, followed by a linear increase with the log of

the distance. The initial distance range with low EPL increases
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with the receiver antenna height, from about 70 m for a height

of 0.17 m, which represents a V2V scenario with antennas

near the reflection surface, to around 150 m for a height of

0.5 m, 400 m at a height of 1.5 m and 1000 m at a height of

5 m, these last cases representing typical S2V scenarios.

V. CONCLUSION

This research presents a comprehensive analysis of millimeter

wave propagation in aquatic environments, focusing on the

evaluation of PL and EPL at different receiver heights. Through

extensive simulations, we obtained valuable insights into the

performance of wireless mmWave communication in distinctive

maritime settings. Our findings reveal distinct trends in signal

behavior at varying receiver heights and distances. The study

highlights the significance of the antenna height at each distance

to determine the path loss in the wireless link. This observation

shows an opportunity to compensate the impact of variations in

antenna height, whether due to installation constraints or tide

changes. Furthermore, it is worth noting that the EPL values

remain relatively small for an initial range of the coverage

distance, meaning the link loss in this range is similar to

that observed in free space. This range is relatively short for

V2V scenarios (we observed about 70 m), but it can grow to

near 1000 m for S2V scenarios. After this initial range, the

EPL grows steadily at a similar rate for all antenna heights.

In future work, we will carry out an empirical validation of

these findings, using practical implementations of mmWave

wireless communication systems in maritime environments, and

extend the analysis to incorporate the influence of sea waves

and tidal dynamics. Overall, we aim at contributing to the

design of robust, efficient, and smarter maritime communication

solutions.
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