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Characterization and Modeling of Marine Channels for Millimeter

Radiowaves

Niloofar Mehrnia

Abstract

In this work, we present and analyze the simulation results of millimeter-wave propa-

gation channel performed over the sea surface for off shore ship to ship scenario. We

present a channel characterization study where channel parameters such as path loss,

received power, root mean square delay spread, and power delay profile are inspected

by taking the ray tracing advantages of the “Wireless InSite” software. 35 GHz and

94 GHz are the bands of interest, as they have minimum water and oxygen attenua-

tion and their performances in practice would be the best among the other frequency

bands. In our study, we investigate the effect of ray spacing, Earth's curvature, and the

sea surface roughness on marine channel characteristics. Our results demonstrate that

2-ray analytical model should be only used for some short ranges over the sea surface

propagating at high frequencies. Besides, free space path loss model cannot predict the

behavior of channel over the sea surface in high frequencies even for the short ranges.

Moreover, the main time dispersion parameters of maritime channel such as mean ex-

cess delay, Root Mean Square (RMS) delay spread, coherence bandwidth (Bc), Doppler

spread as well as coherence time and coherence distance have been investigated in this

work. Cumulative Distribution Functions (CDFs) of time delay parameters indicate that

the maritime channels can be assumed frequency non-selective as long as the bandwidth

of transmitted signal does not exceed 750 MHz and 1.53 GHz at 35 GHz and 94 GHz,

respectively. In addition, based on the results obtained from the Doppler spectrum, the

sea channel is not affected by vessel movements and therefore the efficacy of Doppler

frequency is negligible in maritime environments at these two frequencies. Consequently,

the corresponding coherence times are relatively long enough not to cause distortion due

to motion. As for the coherence distance, our results illustrate that the coherence dis-

tance for off shore marine channels is so large that it offers no space diversity over the sea

channel. Therefore, this thesis study is prior in considering both large and small scale

variations for two different frequencies at the range of millimeter radiowave.

Keywords: Channel modeling, ray tracing, maritime channel, millimeter radiowaves,

mean excess delay, RMS delay spread, coherence bandwidth, coherence distance, Doppler

spread



Milimetre Radyo Dalgaları için Deniz Kanallarının Karakterizasyon

ve Modellemesi

Niloofar Mehrnia

Öz

Bu çalışmada, deniz kanallarında denize açılmış gemiden gemiye milimetre dalga yayılım

simülasyon sonuçları verilmiş ve analiz edilmiştir. “Wireless InSite” yazılımının ışın izleme

avantajı kullanılarak, kanalın yol kaybı, alınan güç, ortalama karekök (RMS) gecikme

yayılımı ve güç gecikme profili gibi kanal parametreleri dikkate alınarak kanal karakteri-

zasyonu yapılmıştır. Minimum su ve oksijen zayıflamasına sahip olan 35 GHz ve 94 GHz

pratikteki performanslarıyla diğer bantlara kıyasla daha iyi sonuç vermesi dolayısıyla

seçilmiş bantlardır. Çalışmamızda ışın aralığının, yeryüzü eğriliğinin ve denizin yüzey

pürüzlülüğünün deniz kanallarının özelliklerine etkisi araştırılmıştır. Elde ettiğimiz sonuç-

lar 2-ışını (2-ray) analitik modelinin sadece yüksek frekanslarda yayılım gösteren deniz üz-

erinde kısa menzillerde kullanılması gerektiğini göstermektedir. Bunların dışında serbest

uzay yolu kaybı modeli kanalların su yüzeyindeki davranışlarını yüksek frekansta kısa

mesafede olsa bile görememektedir. Ayrıca bu çalışmada deniz aşırı kanalların ortalama

kanal gecikmesi, ortalama karekök (RMS) gecikme yayılımı, uyumluluk bant genişliği,

Doppler yayılımı ve uyumluluk zamanı ve mesafesi de analiz edilmiştir. Zaman gecikme

parametrelerinin Kümülatif Dağılım Fonksiyonları (CDFs) 35 GHz ve 94 GHz de gön-

derilen sinyallerin bant genişlikleri 750 MHz ve 1.53 GHz’i aşmadığı sürece deniz kanal-

larının frekans seçici olmadığı kabul edilebileceğini göstermektedir. Bunlara ek olarak,

Doppler spektrumundan elde edilen sonuçlara göre deniz kanalları gemilerin hareketinden

etkilenmez ve bu nedenle bu iki frekansta deniz ortamında Doppler frekansının etkisi

ihmal edilebilir. Sonuç olarak, karşılık gelen uyumluluk süresi hareketten dolayı distor-

siyon meydana getirmeyecek kadar uzundur. Uyumluluk mesafesine gelince, sonuçlarımız

denize açılmış gemiler için deniz kanallarının uyumluluk mesafesinin çok büyük olmasın-

dan ötürü deniz kanallarında bir çeşitlilik sunmamaktadır. Dolayısıyla, bu tez çalışması

milimetre dalga aralığındaki iki frekans için hem büyük hem de küçük ölçekli varyasyon-

ları değerlendirdiği için önemlidir.

Anahtar Sözcükler: Kanal modelleme, ışın takibi, deniz kanalı, milimetre radyo

dalgaları, ortalama kanal gecikmesi, RMS gecikme yayılımı, uyumluluk bant genişliği,

uyumluluk mesafesi, doppler yayılımı
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Chapter 1

Introduction

There are some strong evidences that shows the wireless and mobile communications

are developing so fast; evidences such as remarkable improvements in fields of mobile

applications and services, wireless access networks, and subscribes [5]. In the last decades,

significant changes occurred in the area of Mobile Wireless Communication networks.

The mobile wireless Generation (G) refers to an either slight or considerable change in

essence of the system, frequency, available bandwidth, speed, latency, an so on. Each

generation has its own features which make it different from the previous generations [6].

The first generation (1G) mobile communication was used only for voice calls based on

the frequency modulated analog systems. This Advanced Mobile Phone System (AMPS)

applied Frequency Division Multiple Access (FDMA) with 30kHz channel bandwidth

[7]. The second generation (2G) is a digital technology and supports text messaging

beside voice call technology. 2G overcame some of the weaknesses of first generation

by increasing the privacy, better coverage and capacity [8]. The third generation (3G)

mobile technology provided higher transmission data rate, more capacity and multimedia

support. The fourth generation (4G) has all advantages of 3G as well as fixed internet

to emerge wireless mobile internet, which is an evolution to mobile technology and it

overcame the limitations of 3G. It also reduces the resources cost and increases the

available bandwidth. Figure 1.1 categorizes different communications technologies into

1G to 4G [1].

5G stands for 5th Generation Mobile technology and it will be a new revolution in

mobile market which allows the cell phones to use very high bandwidth. It will be

1
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Table 1.1: Comparison of all generations of mobile technologies [4]

Technology 1G 2G 3G 4G 5G
Start/ De-
ployment

1970-1980 1990-2004 2004-2010 Now Soon (prob-
ably 2020

Data
Band-
width

2kbps 64kbps 2Mbps 1 Gbps Higher than
1Gbps

Technology Analog
cellular
technology

Digital
cellular
technology

CDMA
2000, Blue-
tooth,
UMTS,
EDGE)

Wi-Max,
LTE, Wi-
Fi, OFDM,
MIMO

WWWW
(comming
soon)

Service Mobile
telephony
(voice)

Digital
voice, SMS,
Higher
capacity,
Packetized
data

Integrated
high qual-
ity audio,
video and
data

Dynamic
informa-
tion access,
Wearable
devices

Dynamic
informa-
tion acess,
Wearable
devices
with all
capabilities

Multi
-plexing

FDMA TDMA,
CDMA

CDMA CDMA CDMA

Switching Circuit Circuit,
Packet

Packet All packet All packet

Core Net-
work

PSTN PSTN Packet
N/W

Internet Internet

the first time that users experience such powerful technology, which includes all types of

advance features. Therefore, it is expected that 5G technology will be the most demanded

ecosystem in the close future [8].

Figure 1.1: Evolution of communication networks [1].

The most important subjects in 5G vision is the spectrum issue. From many countries,

Governments, agencies, standardization organizations and research institutions pay great
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attention to the strategies of 5G spectrum [9]. Expected 5G networks will use millimeter

wave band which are suitable for high data throughput in indoor scenarios, where the

propagation losses are sufficiently small and the channels are basically line-of-sight. [10]

presents an inclusive study in analyzing and simulating the performance of 5G- Millimeter

radiowaves specially for outdoor propagation.

Figure 1.2: 5G expected spectrum [2].

Figure 1.3: Features of 5G [3].
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1.1 Motivation and Contribution

Although the propagation characteristics for millimeter waves in indoor and urban areas

have been investigated in the last decades, amount of studies on marine environments is

very low. In addition, among all studies done over the sea surface, only a few of them

have focused on millimeter radiowaves [11]-[13].

In this thesis, we introduce a new maritime channel modeling approach to investigate

channel characteristics over the sea. Our study is based on “Wireless InSite” tool. Al-

though the main usage of this tool is to analyze the radio propagation for indoor and

urban areas, we take advantage of the ray tracing features of this software that allows

an accurate description for the interaction of rays within a maritime environment.

In “Wireless InSite” we are able to create the simulation environment and then specify

its geometry, the terrain’s material and dimension, location and height of transceivers,

antenna type and frequency as well as the waveform and bandwidth. In order to define

the maritime environment, we need to specify permittivity and conductivity of sea water

as the terrain material properties. Once the simulation begins to run, a number of trans-

mission, reflection, and diffraction happens between the transmitter-receiver and other

objects in the simulation environment. These interactions help us to better understand

the channel behavior within the emulated environment.

Through our problem framework setup, we compute some channel properties such as

propagation loss, time of arrival (ToA), and angle of arrival (AoA) for two different

frequency bands of 35 GHz and 94 GHz. After that, they all get imported to Matlab®

and processed to predict other channel parameters like received power, power delay profile

(PDP), root mean square (RMS) delay spread, etc.

“Wireless InSite 2.6.3” is a powerful electromagnetic modeling tool that predicts the ter-

rain and building effects on the propagation of electromagnetic waves and then computes

the characteristics of propagated signal [14]. The tool accomplishes these by shooting

rays from a transmitter, and then propagating the rays through a defined environment.

The rays moving toward the receiver have numerous interactions with the features. These

Interactions include transmission through features, reflections from the feature faces, and

diffraction around objects.
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Various ray-based propagation models such as Full 3D, Vertical Plane, and Urban Canyon

have been provided by Wireless InSite software. These models integrate ray tracing al-

gorithms with the Uniform Theory of Diffraction (UTD). The propagated paths are

detected by ray tracing method while the relevant complex electric field should be eval-

uated by UTD.

In addition to the ray-based methods, Wireless InSite provides several additional models:

Free Space, Empirical Hata, and Cost-Hata. A full-wave Urban Canyon FDTD model

and Moving Window FDTD model are also available.

Since this study is ray tracing based and we consider only transmitter and receiver on

our terrain, Full 3D and Vertical Plane will be applied in our simulations. These tow

models will be discussed in detail later in Chapter 3 and Chapter 4.

The outline for the rest of the thesis is as follows: Chapter 2 will give a brief overview over

the marine channel modeling. Chapter 3 will express the large scale variations and the

effect of different parameters on maritime channel. Chapter 4 then discusses the small

scale behavior of channel over the sea surface with considering all parameters discussed

in Chapter 3. Finally Chapter 5 concludes the work and predicts the future work.



Chapter 2

Literature Review

The previous chapter includes the introduction and motivation of our work. It discussed

the improvements from 1G to 5G and the significance of millimeter radiowaves channel

modelling. In addition, a brief introduction on the applied software, Wireless Insite, was

given. In this chapter, we will overview the studies which focus on maritime channel

modeling.

2.1 Literature Review on Large and Small Scale Variations

Over the years, radiowave propagation for marine environment has evoked interest from

researchers for different communication scenarios and frequencies [15]- [27]. While some

studies focus on the evaporation duct height effect in marine environment [21], [23], others

deal with the impact of different frequencies or different parameters such as antenna

height over the sea channels [17], [20], [25]-[26]. In spite of growing literature on channel

modeling in marine environments, there is a lack of proper channel modeling approach

for millimeter radiowave especially when the requirements of the new cellular systems

such as 5G are discussed. In most of the studies done over maritime environments, 5

GHz frequency band have been considered since they are generally available and free for

everyone to use.

As an example, [16] presented experimental propagation measurements over the sea at 5.8

GHz for a wireless communication link between two antenna, one installed at a boat and

another one installed onshore. Although the study focuses on non line-of-sight (NLoS)

6
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measurements, it has been found that 2-ray model can be fitted to the measured path loss

reasonably well when Line-of-Sight (LoS) condition exists. However, with the existence

of several obstacles such as ships, the received signal had been observed to attenuate

more and therefore a multi-slope path loss model was proposed.

Same as [16], the authors in [18] demonstrated that at short distances the attenuation

rate of transmitted signal is so close to the rate of attenuation of 2-ray model. However,

when the distance is very large, although the LoS condition is preserved, the received

signal attenuates at a higher rate when compared to 2-ray analytical model.

An investigation of LoS radiowave propagation at 5 GHz was presented in [19]. This

work also confirmed that there is good agreement between the experimental results with

the predicted values using . However, with the increase of distance, 2-ray model loses its

ability to predict the propagation loss due to the existence of evaporation duct height over

the sea surface. Then, 3-ray path loss model is introduced that takes into consideration

both the reflected path from the sea surface and the refracted one caused by evaporation

duct layer. However, this work has not shown the accuracy of their model for the higher

frequencies such as millimetre waves.

[25] and [26] investigated the NLoS maritime mobile radio channels at 5 GHz. They

have considered several types of cargo ships as an obstruction to create NLoS maritime

propagation. In addition, the stand-off distance has been introduced to analyze the NLoS

propagation for surveillance applications. A ray tracing based simulator has been used to

verify the measurement results and to identify and visualize the propagation paths. These

studies classified the blockage ships into three types based on their structures, and then

they have found the stand-off distance associated with each type. The results showed that

when the blockage ship has complex periodic structures on top, the diffraction mechanism

is more likely to take place. The multipaths from these structures causes the stand-off

distance to get shorter. In the mentioned studies, the stand-off distance is defined as

the shortest distance at which an Unmanned Surface Vehicle (USV) approaching a cargo

ship, still can establish a trustworthy communication link with the control station on

shore while the cargo ship is acting as an obstacle for the LoS path between transmitter

and receiver.

Moreover, [21] and [23] used parabolic equations in the existence of evaporation duct

to predict the propagation loss for frequencies above 2.5 GHz. However, the maximum
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applied carrier frequency was 10 GHz. Since the complexity of parabolic equations

is so high due to the final mathematical expressions include complicated exponential

functions of Fast Fourier Transform (FFT) and Inverse Fast Fourier Transform (IFFT),

this modeling approach could not draw the attentions. However, parabolic equations

may follow the actual propagation loss pattern better than the other models.

The study done in [16] and [27] focus on time delay dispersion characteristics of mobile

channels for the propagation over the sea at 5.8 GHz. They presented the measurement

results for a series of instantaneous PDPs as well as analyzing the RMS delay spread as

a small scale variations.

In [18], experiments at 5.8 GHz were carried out to investigate large scale and small

scale variations over the sea. Based on their measurements, large scale fading can be

modeled using classical log normal path loss models and small scale fading statistics fits

the extreme value distribution (EVD) function when they are expressed in decibel units.

It should be noted that in [24], measured data have shown that large scale characteriza-

tion of the marine channel depends highly on the antenna height.

In addition, among all studies done over the sea surface at the millimeter radiowaves,

only a few of them have focused on small scale variations [11]-[13]. For instance, in [12]

and [13], a series of measurement campaigns were initiated to accredit existing radar

propagation models for different atmospheric conditions in the marine environment for

millimeter radio waves. Although the path loss effect has been investigated very well in

the mentioned studies, the small scale variations are left unexplained.

The studies [28]-[30] specifically focus on small scale variations of marine channel. Time

dispersive parameters such as mean delay, RMS delay spread and coherence bandwidth

have been extracted to decide whether the channel is frequency selective or not. Never-

theless the interested frequency of those studies is either 2 GHz or 5 GHz. Hereupon,

there is the lack of a comprehensive study to address both small scale and large scale

variations for millimeter radiowaves over the sea channel.
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2.2 Existing Path Loss Models

One of the simple models that can be used for propagation loss prediction for maritime

channels is the free space path loss (FSL) model which considers both antennas in the

vacuum [18]. Based upon the FSL model, the propagation loss can be expressed as [19]

LFSL = −27.56 + 20 log10(f) + 20 log10(d) (2.1)

where f is the frequency in MHz, d is the separation between transmitter (TX) and

receiver (RX) in meter, and LFSL is the free space loss in dB. FSL model is valid only to

prediction the exponentially increasing pattern of propagation loss without considering

the effect of reflected ray from the see surface.

Another model often used as a reference is 2-ray model. This model takes into account

two rays between a transmitter and a receiver including a direct ray and a reflected ray

from the sea surface. For 2-ray model the path loss is given by [18], [31] as

L2−ray = −20 log10

[(
λ

4πd

) ∣∣∣∣1 + av exp(j∆Φ)

∣∣∣∣ ] (2.2)

where L2−ray is the propagation loss in dB, λ is wavelength, d is the propagation distance,

av is the reflection coefficient, and ∆Φ is the phase difference between direct and reflected

rays. In (2.2), if the angle of incidence with the sea considered to be close to grazing

(i.e. the magnitude and the phase of the reflection coefficient are about one and 180◦,

respectively), 2-ray model can then be expressed as [19]

L2−ray = −20 log10

{(
λ

4πd

)[
2 sin

(
2πhthr
λd

)]}
(2.3)

where ht and hr are transmitter and receiver heights in meter.

FSL and 2-ray analytical models will be used in Section 3.3 in order to predict the

propagation loss for marine environment at 35 GHz and 94 GHz.

In the existence of evaporation duct, 3-ray path loss model is introduced including the

effect of refracted ray due to the existence of duct height over the sea surface [19]. Then,

it is concluded that for radio planning, near sea-surface LoS radiowave propagation loss,
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L, in dB could be estimated generally as,

L3−ray =


−20 log10

{(
λ

4πd

) [
2 sin

(
2πhthr
λd

)]}
, d ≤ dbreak

−20 log10
{(

λ
4πd

)
[2(1 + ∆)]

}
, d ≥ dbreak

(2.4)

where ∆ = 2 sin
(
2πhthr
λd

)
sin
(
2π(he−ht)(he−hr

λd

)
, dbreak = 4hthr

λ , and he is the effective

ducting height. 3-ray model considers the refracted ray from the evaporation duct layer

only after dbreak. Hence, as it can be seen from (2.4), before dbreak, 2-ray model is reliable

even with the existence of evaporation duct.

Figure 2.1: Maritime radiowave propagation with the existence of evaporation duct.

2.3 Chapter Conclusion

This chapter presented the survey performed by the authors for marine channel models

at millimeter radiowaves. Different models for predicting the propagation loss over the

sea surface have been investigated for different scenarios. The next chapter contains the

discussion on the large scale variations for maritime environment at 35 GHz and 94 GHz.

To the best of our knowledge, this is the first study that takes into consideration the effect

of different parameters on large scale variation for ray tracing based channel modeling

at the interested frequencies of 5G . Thereafter, small scale variations of channel will be

discussed.



Chapter 3

Large Scale Variations

The previous chapter gave a quick overview on marine channel models as well as the path

loss models that commonly used to predict the propagation loss over the sea channel.

In this chapter, we will make a discussion on large scale variations and how different

parameters can affect the channel over the sea surface. Then, a comparison between

simulated and measured results will be performed to approve the accuracy of our channel

modeling approach 1.

3.1 Methodolgy

In order to model the simulation environment, first we apply either “Full 3D Method” or

“Vertical Plane” to create a 3-D environment as there are no objects except TX and RX

over the terrain. In the second stage, we use Shooting and Bouncing Ray (SBR) method

to trace the rays from the transmitters and propagating the rays through a desired

environment unto the receivers. Those rays which hit building walls will be reflected

specularly and keep moving to be traced up to the maximum number of interactions, or

when the rays hit the terrain boundary. Interactions include reflections from the feature

faces, diffraction around objects, and transmission through features. In the third stage,

some parameters like path loss, ToA, and AoA are computed by simulator and then

imported to Matlab® for more processes in order to obtain channel characteristics for
1The content of this chapter will be submitted for a potential IEEE journal

11
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the environment under consideration. Figure 3.1 provides an overall summary of major

steps followed in the channel modeling methodology.

Figure 3.1: Steps in channel modeling and characterization.

3.1.1 Modeling of the Maritime Environment

In this section, we will review the main parameters which affect the channel model over

the sea surface. These two parameters are evaporation duct height, which is dominant

among the other ducts, and roughness of sea surface that strongly affects the signal

strength specially at millimeter radiowave frequency band. Later, in section 3.2, we will

consider them in our simulations and show how they mutate the maritime channel.

3.1.1.1 Duct Height

Maritime radiowaves propagation over is affected by different ducts such as elevated

ducts, surface ducts, and evaporation ducts. Among the mentioned duct types, evap-

oration duct is dominant near the sea surface since there is a rapid decrease in vapor

pressure from a saturation condition at the sea surface to an ambient vapor pressure at

levels several tens of meters above the sea surface [19]. It has been demonstrated that the

existence of evaporation duct height enhances the received signal strength significantly

at frequencies greater than 3 GHz [32]. In addition, in [19] it has been shown that as

the propagation distance increases beyond a certain point (i.e. dbreak), evaporation duct

causes an additional refracted ray to be received beside the direct and reflected rays from
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the sea surface. Therefore, a multi-ray path loss model, which takes into consideration

the signal trapped in the evaporation duct is introduced. Figure 3.2 illustrates the effect

of distance between TX and RX on receiving the 3rd ray. dbreak can be approximately

estimated as [19]

dbreak =
4hthr
λ

(3.1)

Figure 3.2: Effect of dbreak on receiving the refracted ray due to the evaporation
duct.

3.1.1.2 Roughness

In our simulations we assumed that over the sea, we are experiencing a calm situation

and therefore, the wind speed is not high enough to change the sea surface roughness

significantly [33]. Additionally, depends on location scenario that can be either onshore

or offshore, the related roughness will be different. In onshore scenarios [33], since we

have too many vehicles (e.g., vessels, boats, etc), in such a small region, the vehicle’s

movement causes billows and results in a higher value of roughness, which which cannot

be zero anymore. In [32] sea states have been divided into 9 different categories based on

the roughness diversity. In each state, a boundary of roughness is introduced to mention

the minimum and maximum height of waves. Since we assumed a calm situation is being

experienced, sea state number zero should be considered in our simulations which has

maximum 1 ft wave height. However, in Section 3.2, we will take into account different

roughness values to observe the effect of roughness on the maritime channel. Figure 3.3
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shows the effect of sea surface roughness on the angle of reflection, and consequently, the

reflection coefficient.

Figure 3.3: Effect of roughness on the reflection coefficient.

3.1.2 Type of Propagation Model

Wireless InSite provides several ray-based propagation models such as Full 3D, Urban

Canyon, and Vertical Plane. These models all combine ray tracing algorithms with UTD.

The ray tracing approach is applied to find the propagation paths moving toward each

receiver while UTD is used to evaluate the complex electric field associated with each

ray path. In this study, both Full 3D and Vertical Plane methods are used for different

purposes. The Full 3D method in the software also allows propagating the rays across the

simulated terrain considering the effects of transmission, reflection, and diffraction on the

electric field. However, in order to consider the curvature of Earth, we use Vertical Plane

method which includes the effects of Earth’s curvature in its calculations by employing

a 4/3 Earth radius correction. This is the default Earth’s curvature setting, and may be

deactivated. It should be noted that this method is very helpful to save the run time

whenever we are going to account the Earth’s curvature. Otherwise, the simulation will

take long time to run.

In this study, there are only two dominant rays including direct ray from the transmitter

to the receiver and reflected ray from the sea surface. The effect of 3rd ray, corresponding

to the refracted ray from the evaporation duct height, is negligible since the separation

of TX and RX does not exceed dbreak in our framework setup. Figure 3.4 illustrates the

LoS and sea surface reflected rays within the terrain.
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Figure 3.4: Near sea surface radiowave propagation.

3.2 Effect of Different Parameters on Maritime Channel

Models

In this section, based on our methodology, we present channel characteristics for two

different frequencies. We also investigate the effect of ray spacing, Earth’s curvature and

sea surface roughness on maritime channel models. Since we consider 35 GHz and 94

GHz frequency bands, dbreak would be around 23 km and 61 km, respectively. Hence,

if we assume that the longitude of terrain is 20 km, which is even less than the break

distance of 35 GHz, evaporation duct does not have a significant effect and hence we

still might use Full 3D or Vertical Plane propagation models. We consider a transmitter

height of 5.63 m while its power is chosen to be 23 dBm. The receiver is assumed to have

a height of 20 m at different distances from the transmitter. It should be noted that LoS

was maintained throughout the simulations. The main parameters of the scenario under

the consideration are summarized in Table 3.1 [11]-[12].

3.2.1 Effect of Ray Spacing

After creating a scenario by including the terrain material, transmitter-receiver locations

and heights, etc., the secondary parameter to be considered is the ray spacing relative

to the geometry. The spacing should be small enough that at least two rays intersect
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Table 3.1: Simulation parameters of scenario under consideration

Parameter Value
Carrier Frequency 35 GHz - 94 GHz

Bandwidth 200 MHz
Transmitted Power 23 dBm
Transmitter Height 5.63 m
Receiver Height 20 m

Terrain Dimension 20 km × 1 km
Sea Permittivity 20 Farads/m
Sea Conductivity 81 Siemens/m

Transmitter Antenna Directional
Receiver Antenna Omnidirectional

Polarization Vertical

the majority of facets in line of sight of the receiver. The condition is commonly sat-

isfied when considering the ray spacing relative to the collection surface, but in some

instances, this condition, i.e. receiving at least two rays at all receiver locations, can be

the determining factor in choosing ray spacing. The “ray spacing” entry is a value in

degree and it is defined as the space between adjacent ray paths during the ray tracing.

The proper setting for this parameter depends on several factors including the size of

the project, the size of the facets in the project, and the distance of the facets from

the transmitter. The default value of ray spacing in Wireless InSite simulator is 0.25◦.

However, by increasing the simulated area, ray spacing should be decreased to have more

realistic channel model and prepare the “minimum conditions” in which, the receiving of

the second ray is feasible. In our study presented in [34], we have considered 0.2◦ ray

spacing and based on that, we introduce a proposed model which is a modified version of

2-ray path loss model2. This particular study, tried to propose a new model that cancels

the extra peaks introduced by 2-ray analytical model due to the power of exponential

function. Also in our model, we do not consider simplifications such as incidence angle

being too small. Our proposed model for prediction of propagation loss is as follows:

Lm2−ray = −20 log10

{
(
λ

4πd
)
∣∣1 +R exp(j

α2π∆d

λ
)
∣∣} (3.2)

2This channel model has been accepted by The 24th International Conference on Software, Telecom-
munications and Computer Networks (IEEE SoftCOM2016) with the name “Novel Maritime Channel
Models for Millimeter Radiowaves”
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where λ, d, and ∆d are wavelength, distance between TX and RX, and the difference

between the two ray paths, respectively. The expression ∆d can be obtained in a straight-

forward manner as

∆d =
√

(ht + hr)2 + d2 −
√

(ht − hr)2 + d2 (3.3)

Also, because the roughness assumed to be zero, R, reflection coefficient, is equivalent

to “−1”. Although, there exists an exact relationship between roughness and reflection

coefficient for the low frequencies such as underwater acoustic [35], to the best of our

knowledge, for the high frequencies no exact relation has been expressed. In (3.2), α is

a unit-less coefficient that is obtained by minimizing the least square error of simulation

results and the results predicted by the proposed model. α is around 0.17 and 0.06 for

35 GHz and 94 GHz, respectively.

To observe whether the proposed model is reliable even for the low frequencies, we used

our model for 5.15 GHz and found α as 0.98, a very close number to 1. Therefore, our

model reduces to 2-ray analytical model when the frequency is low. Since α is dependent

on the frequency, it can be seen that by increasing the frequency (e.g., frequencies greater

than 1 GHz), α decreases exponentially. Through least-square error minimization, α can

be expressed as

α = 1.091 exp
(
− 0.06256f

)
+ 0.06982 (3.4)

where f is the frequency in GHz. The root mean square error (RMSE) between the actual

and estimated alpha value is 0.0434. It should be noted that for the low frequencies less

than 1 GHz, α can be set to unity.

Towards better understanding of the proposed model, we make a comparison with the

existing analytical models . In Figure 3.5, we present the path loss versus distance for

35 GHz, 94 GHz, and 5.15 GHz. We have also demonstrated the path loss for 5.15 GHz,

since it is a popular band for WiMAX applications for marine channels. It is observed

that although there is a good agreement between 2-ray path loss model and simulated

results for lower frequencies (Figure3.5c), for high frequencies such as 35 GHz and 94

GHz, both models are unable to model the maritime channel even for transmitter/receiver

separations less than dbreak. However, for short ranges (almost less than 2 km), still 2-ray

model is applicable [18].
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Figure 3.5: Path loss versus distance at different frequencies; (a) at 35 GHz (b) at
94 GHz (c) at 5.15 GHz.



Chapter 3. Large Scale Variations 19

It should be noticed that the FSL model can only predict the exponentially increasing

trend of propagation loss. In the other word, FSL model is appropriate only to predict

the local mean of propagation losses [19]. Our results demonstrates that the proposed

model can predict the last peak of path loss very well without introducing some other

extra peaks considered through 2-ray path loss analytical model. It is also observed

that the propagation loss model for high frequencies can be better predicted with the

proposed model.

As a rule of thumb, for a 500 m × 500 m area, we should use at most 0.2◦ of space

between the rays [31]. Since in our configurations, terrain area is chosen to be 20 km

× 1 km, the ray spacing has to be at most 0.0025◦. In Figure 3.6, the separation of

transmitter and receiver (d) can be expressed as

d = d1 + d2 = (ht + hr) tan(α) (3.5)

By considering 0.25◦ as the ray space, the maximum possible value that can be assigned

to α in such a way that the transmitted ray hit to the sea surface and reflect from is

89.75◦. Hence, the maximum distance between the transmitter-receiver pair that the

reflected ray can be received is

dmax = (5.63 + 20) tan(89.75) (3.6)

that is roughly about 5.874 km. In fact, by choosing the default ray spacing of the

simulator, which is 0.25◦, we are blocking the reflected ray to be received after dmax.

While by choosing a small ray spacing value (i.e. 0.001◦), dmax will be increased to

about 842 km and hence, our terrain dimension will be covered completely. In order

to show how this parameter significantly affects the channel model, path loss curves for

two different ray spacing values (i.e. 0.25◦ and 0.001◦) at both 35 GHz and 94 GHz

frequencies have been illustrated in Figure 3.7.

Figure 3.7 represents that by decreasing the ray spacing we observe more fluctuations

due to the reflected ray from the sea surface. In the other words, whenever the ray

spacing is small enough to make dmax larger than the terrain longitude, even at large

distances, the second ray (i.e. reflected ray from the sea surface) can be received at the

receiver side.
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Figure 3.6: Scenario under the consideration for large scale variations.

Figure 3.8 shows that by decreasing the ray spacing, in some large distances, RMS

delay spread increases. This observation is due to the fact that when the ray spacing is

decreased, receiver catches the reflected ray from the sea surface at some longer distances.

The delay associated with this reflected ray is added to the direct ray’s delay and makes

the delay spread greater by around 5 nsec. Therefore, by increasing the distance, RMS

delay spread of 0.001◦ ray spacing becomes more than that of for 0.25◦ ray spacing.

However, in the short distances, RMS delay spreads of both ray spaces are almost the

same. Thus, to have more reliable channel models, we need to decrease the ray spacing

at a cost of increasing the simulation run time. In Sections 3.2.2 and 3.2.3, we investigate

the effect of other parameters such as Earth’s curvature and sea surface roughness on

the channel model over the sea surface.

3.2.2 Effect of Earth’s Curvature

In this section, we investigate the effect of Earth’s curvature to see how this parameter

affects the channel parameters. As it is mentioned in Section 3.2.1, in order to have

more realistic channel models, ray spacing should be chosen as 0.001◦ in our simulation

setup. However, decreasing the ray spacing, increases the accuracy at the cost of longer

run time. Therefore, using another propagation model, named as ”Vertical Plane”, is

suggested to decrease the run time as well as including the Earth’s curvature effect [14].
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Figure 3.7: Effect of ray spacing on the path loss; (a) at 35 GHz and (b) at 94 GHz.

The Vertical Plane model is a ray-based propagation model that traces all paths from the

transmitter within a two-dimensional vertical plane. It is primarily intended for predict-

ing propagation over irregular terrain at the interested frequencies of very high frequency

(VHF) and ultra high frequency (UHF). Vertical Plane keeps information about all prop-

agation paths including the time and direction of arrival for various contributions. For

the free space cases, the Vertical Plane model results are ideal, with only the antenna

radiation pattern and distance impacting the channel parameters. For the environment

with ground or water, Vertical Plane applies material properties through the reflection
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Figure 3.8: Effect of ray spacing on RMS delay spread; (a) at 35 GHz and (b) at 94
GHz.

coefficients when the ray paths intersect and interact with a surface. It handles reflec-

tions and multiple diffraction through the application of Geometric Optics (GO) and

UTD.

We have already mentioned in Section 3.1.2 that Vertical Plane propagation model in-

cludes the effect of Earth’s curvature by applying 4/3 Earth radius correction. Based on

the results obtained from the simulator, when we are considering the Earth’s curvature,

in some large distances, more than two rays can be received due to the diffraction around

the Earth.
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Based on the observations, the first diffracted ray was received beside the direct and

reflected rays at about 4.8 km, and up to 6 rays have been received after about 16

km away from the transmitter. Most of these received rays had experienced minimum

0 and maximum 2 times diffraction. The first received ray was LoS ray, second one

was reflected ray from the sea surface, after that one or two rays, which had first order

diffraction and finally ray or rays with second order diffraction have been received at

the receiver side. Hence, by increasing the separation of transmitter and receiver, we

are actually increasing the number of received rays (beside LoS and reflected ray) that

experienced either first or second order diffraction.

Another important issue to be mentioned is that by choosing the 0.25◦ ray spacing in

the simulations, we may not see the Earth’s curvature effect since any other ray except

LoS is blocked after about 6 km for this amount of ray spacing. This observation proves

that applying the 2-ray analytical path loss model would not be sufficient for predicting

the propagation loss at the large distances over the sea surface because of the existence

of other diffracted rays due to the Earth’s curvature.

Figure 3.9 illustrates the propagation loss with and without considering the Earth’s

curvature effect. It can be seen that after about 12 km more diffracted rays are received

and path loss value decreases. Also, analytical 2-ray model has been shown on the

figure to be compared with the simulated path losses. As it can be seen in Figure 3.9, by

increasing the distance, 2-ray analytical model is losing its ability to predict the simulated

path loss values.

From Figure 3.10, it is observed that although at short ranges RMS delay spread is the

same for flat and curved terrain, by increasing the distance, RMS delay values would be

greater by considering the Earth’s curvature. This difference, which is around 10 nsec, is

due to receiving more rays beside the direct and reflected rays at some larger distances.

It should be noticed that at some distances, RMS delay is the same for both terrains

(i.e. flat and curved terrains), since at some distances, even larger than 4.8, it is possible

not to receive the diffracted ray. In the other words, under the consideration of Earth’s

curvature, if more than two rays (i.e., direct and reflected rays) been received at the

receiver side, we expect the RMS delay spread to be different than the value obtained

for flat terrain; Otherwise, the RMS delay spread values would be the same. In the next

section, we will consider the effect of surface roughness on the sea channel.
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Figure 3.9: Effect of Earth’s curvature on the path loss; (a) at 35 GHz and (b) at 94
GHz.

3.2.3 Effect of Sea Surface Roughness

As it has been discussed in the previous sections, the ray space should be about 0.001◦

in our simulation. In addition, Earth’s curvature has significant influence on the propa-

gation model and therefore the inclusion of this effect is necessary in order to have more

realistic channel model.

In this section, we will discus the effect of sea surface roughness, which is another impor-

tant factor beside the ray spacing and Earth’s curvature in the maritime environment
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Figure 3.10: Effect of Earth’s curvature on the RMS delay spread; (a) at 35 GHz
and (b) at 94 GHz.

simulations. Roughness can be defined as the standard deviation of the surface height

relative to the mean height, in meters [14]. To account for the decrease in the reflected en-

ergy in the specular direction, the reflection coefficient for a rough surface is determined

by using:

R = R0 exp

[
−8

(
π(∆h)cos(θi)

λ0

)2
]

(3.7)

where R0 is the smooth surface coefficient, θi is the angle of incidence, ∆h is the standard

deviation in the surface height around the mean height, and λ0 is the wavelength [14]. In

2-ray analytical path loss model, the reflection coefficient, R, is assumed to be −1 for all
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surfaces regardless the surface material or applied frequency, and this is another weakness

of 2-ray model application over the sea surface. It was mentioned in Section 3.1.1.2 that

we assumed a calm situation with sea state number zero case. Under these assumptions,

sea surface has maximum 1 ft wave height. To see the effect of roughness, first we assume

that there is no roughness over the sea surface, and then we increase this amount to 1 ft

(or 0.3048 m).
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Figure 3.11: Effect of sea surface roughness on the path loss; (a) at 35 GHz and (b)
at 94 GHz.

Figure 3.11 demonstrates the simulation results for the sea channel without surface rough-

ness and with 1 ft roughness at 35 GHz and 94 GHz. It can be observed from Figure 3.11

that for the sea without surface roughness, the fluctuations are sharper than that of for
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1 ft roughness since the roughness is changing the reflection coefficient from the sea

surface. However, the roughness does not change the location of peaks in the path loss

pattern; it just makes the fluctuations smoother. In another words, by considering the

sea surface roughness, the overall pattern of path loss does not change, and only the

power loss will be changed especially at short distances between the transmitter and the

receiver. In order to show how this property (i.e. roughness) affects the RMS delay

spread, Figure 3.12 has been generated.
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Figure 3.12: Effect of sea surface roughness on the RMS delay spread; (a) at 35
GHz and (b) at 94 GHz.

From Figure 3.12, it is deduced that inclusion of the roughness into the channel model

does not change the RMS delay spread significantly. Though, at 94 GHz, more differences
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can be observed between the RMS delay spread pattern with and without the roughness.

This notable difference is due to the very short wavelength at 94 GHz, which is performing

an effective rule in (3.7), reflection coefficient equation.

3.3 Comparison with the Measurement Results

As it is already discussed, there have been only some sporadic efforts to address maritime

channel modeling at millimeter radiowaves [12]-[13]. In this section, we will perform a

comparison between our simulated results and the measured study presented in [13].

To make a one-to-one comparison, we consider the same environment and parameters

of [13]. For the sake of simplicity but without loss of generality, in our simulations,

the terrain longitude is 20 km to make sure the evaporation duct has no effect on the

channel and the duct height is negligible. The applied frequencies are 35 GHz and 94

GHz with 200 MHz bandwidth. The transmitter and receiver antennas are directional

and omnidirectional, respectively. It should be noted that at 35 GHz the beam width of

transmitter is 1.1◦, while at 94 GHz the beam width is 0.8◦.

It can be seen from Figure 3.13 that the simulated results follow the measured data at

both frequencies almost everywhere. However, in the study done by [13], due to a lack in

accurate definition of the sea surface roughness, some mismatches observed especially at

94 GHz. In the next section, we will show how the roughness affects the channel model

in ray tracing based simulations.

3.4 Chapter Conclusions

In this chapter, an investigation of over the sea surface LoS millimeter radiowave propaga-

tion at two different frequencies (i.e., 35 GHz and 94 GHz) is discussed. We investigated

the effect of varying distance between the transmitter and receiver on path loss, received

power, and RMS delay spread. Our results demonstrated that for high frequencies such

as 35 GHz and 94 GHz, both analytical models (i.e., 2-ray and FSL) are unable to model

the channel over the sea surface. It is observed that for short ranges, prediction of 2-ray

model is still reliable, however. Besides, FSL model can only predict the exponentially in-

creasing of propagation loss at both applied frequencies. Our results additionally showed
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Figure 3.13: Comparison of measured data with simulated results; (a) at 35 GHz
and (b) at 94 GHz.

that 2-ray analytical propagation loss model should only be used for short ranges over

the sea surface at typical frequencies considered by 5G, and FSL model cannot predict

the behavior of channel over the sea surface in high frequencies even for short ranges.

Based on our proposed modelling approach, ray spacing is a very important factor to have

more realistic channel models in ray tracing based channel simulators. This parameter

should be specified small enough to at least two rays been received at the receiver in

almost all RX locations.
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In addition, the terrain shape is another factor which highly affects the simulated re-

sults. By considering the Earth’s curvature, propagation loss will be decreased as more

paths are received at larger distances due to the diffraction around the Earth. How-

ever, because of receiving more paths (i.e. diffracted paths) associated with more delays,

RMS delay spread values would be greater at some distances in which diffracted rays

were received beside LoS and reflected rays at the receiver. Although, ray spacing and

Earth’s curvature both highly affect the channel parameters, sea surface roughness does

not change the propagation loss pattern significantly. Roughness affects how sharply

the fluctuations occur in path loss model. However, the earlier property, causes a little

differences in RMS delay spread pattern.



Chapter 4

Small Scale Variations

After that the previous chapter has explained the large scale variations of channel by

considering the effect of different parameters, this chapter will illustrate the small scale

variations such as RMS delay spread and Doppler frequency1.

4.1 Methodology

In order to determine the small scale variations of maritime channel model, we use

the methodology introduced in the previous chapter. First of all, we need to create

a 3D environment with the specific properties of marine scenario such as conductivity,

permittivity, and roughness. In the next step, we choose SBR method which traces the

rays from a transmitter and then propagates the rays through a defined environment

until they reach a receiver. The rays, which are specularly reflected, have at most 30

interactions. These interactions include transmission, reflection, and diffraction around

the objects. In the final step, the raw data obtained by the simulator will be imported

to Matlab® for more analysis to compute the channel properties such as Doppler and

RMS delay spreads. A 4/3 Earth radius correction has been employed in the simulation

tool to account for the effect of Earth’s curvature. In addition, although the evaporation

duct height is dominant among the other duct heights over the sea environment, since
1This study has been accepted by International Black Sea Conference on Communications and Net-

working (IEEE BlackSeaCom2017) with the name “Multipath Delay Profile and Doppler Spread of
Millimeter Radiowaves over the Sea Channel”

31



Chapter 4. Small Scale Variations 32

the maximum separation of TX and RX sides is not large enough in our scenario, the

effect of duct height is negligible [19], [34].

Figure 4.1 illustrates the scenario under consideration over the sea surface. In our sce-

nario, the transmitter is fixed at the left-top of the environment plan while the receiver is

moving from the middle left point to the middle right point of terrain. In our simulations

we assumed over the sea channel to experience a calm situation or zero state sea condi-

tion [33]. Since the maximum roughness that can occur for zero state is 1 ft, we have

specified 0.3048 m roughness in our simulations, which is equivalent to 1 ft roughness.

To consider the decrease in the reflected energy in the specular direction, the reflection

coefficient for a rough surface is determined by 3.7.

Figure 4.1: Over the sea scenario under the consideration for small scale variations.

4.2 Channel Characteristics

Based on our methodology, in this section we present the time delay domain parameters

as well as the Doppler spread for the maritime scenario for two different frequency bands,

i.e., 35 GHz and 94 GHz. Based on the measurement campaigns reported, which used

the mentioned frequencies for marine environments [12], [13], the bandwidth in our study

is chosen to be 200 MHz.
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The transmitter and receiver heights are 5.63 m and 20 m, respectively. The transmitted

power is 23 dBm and both transmitter and receiver antennas are omnidirectional. Since

the average speed of a typical ship is between 12 knot and 28 knot [36]-[37], in our study,

we take 28 knot as the maximum average receiver speed to see how this speed affects the

channel. Notice that the distance between each consecutive receiver locations is 10 m,

and maximum separation of transmitter and receiver is going to be 10 km.

4.2.1 Mean Delay and RMS Delay Spread

Based on our simulated results, about 4 to 7 paths with different delays arrive at each

receiver location. As an example, PDPs of the start point and the middle point (corre-

sponding to 1 sec and 682 sec after the receiver ship begins to move) have been shown

in Figure 4.2 for 35 GHz and 94 GHz. Figure 4.2 shows that at the start point which

receiver is exactly in front of the transmitter. The dominant path is the direct path and

the other received rays have almost 30 dBm less power than the direct path’s power.
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Figure 4.2: Power delay profiles at different times/locations and various frequencies;
(a) at 35 GHz after 1 sec, (b) at 35 GHz after 682 sec, (c) at 94 GHz after 1 sec, and

(d) at 94 GHz after 682 sec.
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However, the PDP at the middle way indicates that the power of reflected and first

diffracted rays are close to the direct ray’s power. Nonetheless, in the earlier position,

direct path has more power compared to other paths. Further, Figure 4.2 illustrates

that the overall PDP shape at each time/location is the same for 35 GHz and 94 GHz;

except that the received power at 35 GHz is about 10 dBm less [34]. It should be noted

that the PDPs have the spiky shape which is expected due to the character of maritime

environment [30]. This result is remarkably different than those results expected from

indoor and urban areas.

From the average PDPs obtained at each receiver location, statistical properties of the

mean excess delay (Tm) and RMS delay spread (σ) can be estimated from [29] as

Tm =

∑N
i=1 piti∑N
i=1 pi

(4.1)

σ =

√∑N
i=1 piti

2∑N
i=1 pi

− Tm2 (4.2)

where pi denotes the power amplitude value at the discrete time instances ti in multipath

structure of PDP. Since the bandwidth at 35 GHz and 94 GHz assumed to be same (200

MHz), Tm and σ are almost the same at these two frequencies. As an example, the main

parameters of time delay domain for the configurations shown in Figure 4.2 have been

summarized in Table 4.1.

Table 4.1: Summary of time delay parameters for Figure 4.2 configurations

Configuration Tm (µsec) σ (nsec)
(a) and (c) 1.9621 0.0339

(b) and (d) 17.8871 0.0627

All simulated results presented above are related to a single receiver position and we

have not discussed about the overall survey including the key channel parameters of

probabilistic distributions.

Figure 4.3 shows the cumulative distribution functions (CDFs) for the mean excess delay,

RMS delay spread, and 90% coherence bandwidth for both frequencies of interest. Based

on the Figure 4.3, the RMS delay spread values are in nsec order, which means the

reflections from the environment are similar to LoS in the delay domain. In addition, the

RMS delay spread values are low enough not to have frequency selective channels. Also
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in the frequency domain, we can observe that the 90% coherence bandwidths at 35 GHz

and 94 GHz are 744 MHz and 1.53 GHz, respectively. These results may confirm the

conclusion stated above about low RMS delay spread values of these two frequencies for

marine environment. In other words, the results of 90% coherence bandwidths are further

evidence for experiencing frequency non-selective maritime channel for this scenario.

Although the 90% values of mean excess delay and RMS delay spread are exactly the

same for both frequencies, 90% value of coherence bandwidth is not the same for 35 GHz

and 94 GHz. The reason can be explained based on the RMS delay spread results shown

in Figure 4.3b. For the small RMS delay spread values, the CDF of 35 GHz is not exactly

the same as that of 94 GHz. These small values will be large when they get reversed to

compute the corresponding coherence bandwidth. Therefore, the CDF would be different

at wide coherence bandwidths and it affect 90% value of Bc. Table 4.2 summarizes the

key results of channel parameters. Based on the results shown in Table. 4.2, it is possible

Table 4.2: Key maritime channel parameters

Parameter 50% value 90% value

Tm (µsec) 17.89 31.01

σ (nsec) 0.05067 0.09917

Bc (GHz) at 35 GHz 0.3946 0.7448

Bc (GHz) at 94 GHz 0.3946 1.53

to have high data rate transmissions without using a complex communication system

over the sea channel under consideration [30].

4.2.2 Doppler Spread

Next we will show the effect of receiver speed over the sea surface, which causes Doppler

frequency shift. As it is already mentioned, in our study we take into account 28 knot as

the maximum average receiver speed to see how this speed affects the maritime channels.

Apparent change in frequency of the ith propagation path due to the motion of the

transmitter and/or receiver is named as Doppler effect and it is given by [14]:

∆fi = f0

[
diVT
c

+
aiVR
c

]
(4.3)
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Figure 4.3: CDFs at different frequencies; (a) mean delay, (b) RMS delay spread,
and (c) 90% coherence bandwidth.

where VR and VT are the velocities of the receiver and transmitter, respectively. ai and

di are the directions of arrival and departure of the ith ray, f0 is the carrier frequency
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and c is the speed of light defined as 3 × 108 m/s. Under our assumptions, since the

transmitter is fixed at its location, VT is zero, therefore the equation of ∆fi reduces to

∆fi =
aiVR
λ

(4.4)

where λ is the wavelength of the transmitted signal in meter.

Figure 4.4 demonstrates the Doppler spectrum at 682 sec for both 35 GHz and 94 GHz.

By looking at the Doppler spectrum at 682 sec, we observe that the direct path is at

−1.6765 kHz with level−112.165 dBm at 35 GHz carrier frequency and−4.5025 kHz with

level −120.874 dBm at 94 GHz due to the speed of the vessel. Also, we can observe some

further distinct components caused by reflection from the sea surface and diffraction. As

the order of diffraction increases, the power of corresponding path will be decreased. For

observing how the Doppler spread is affecting the channel within the total receiver route,

we have shown the received power versus the Doppler frequency for LoS paths received

at all locations. Figure 4.5 illustrates that at the starting point, where the receiver is

directly looking at the transmitter, the received power is maximum while the Doppler

frequency is minimum. When the receiver is moving far away from the transmitter, the

received power decreases and the absolute value of Doppler frequency increases. It should

be noted that the maximum absolute value of Doppler frequency obtained through our

framework is in a good agreement with the theoretical values, i.e., −1.6805 kHz and

−4.5134 kHz maximum Doppler shift at 35 GHz and 94 GHz, respectively. As a result,

since the baseband signal bandwidth is much greater than the absolute value of maximum

Doppler frequency, the effect of Doppler spread is negligible at the receiver [38]. In the

time domain, the coherence time (Tc) related to Doppler spread is actually a measure

of time duration over which the channel impulse response is essentially invariant. When

the time correlation of the impulse response is 50%, the coherence time is given as [38]

Tc =
9

16πfm
(4.5)

The corresponding coherence times at 35 GHz and 94 GHz are approximately 0.1 msec

and 0.04 msec, respectively. Therefore, for a digital transmission system with symbol

rates larger than 1/TC , the channel will effectively not cause distortion due to the motion.
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Figure 4.4: Doppler spectrum at 682 sec; (a) at 35 GHz, and (b) at 94 GH.

4.2.3 Coherence Distance

Coherence distance is another important small scale characteristic that can be extracted

from the angle of arrival. Coherence distance, Dc, is the amount of separation in space

over which a fading channel appears to be unchanged. Based on the value of Dc, we

determine the antenna distance for multiple transmit and receive chains that can be

used for Multiple Input Multiple Output (MIMO) systems. In this regard, [38] presents

an expression to reveal the effect of shape factors (i.e. angular spread (Λ), angular

constriction (γ), and azimuth direction of maximum fading (θmax)) on Dc. This relation
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Figure 4.5: Doppler spectrum for the total rout; (a) at 35 GHz, and (b) at 94 GHz.

is given as

Dc ≈
λ
√
ln2

Λ
√

23(1− γcos [2(θ − θmax)])
(4.6)

where λ is the wavelength and θ is the direction of arrival. Based on the simulation

outcomes, all received paths are coming almost from the same direction at both 35 GHz

and 94 GHz. In fact, the results indicate that Λ is about zero and therefore Dc is a very

large value. In another words, since the coherence distance is so large and Λ is too small,

there is no space diversity over the sea surface under our assumed scenario [39].
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4.3 Chapter Conclusions

In this chapter, the small scale variations of LoS maritime channel have been investi-

gated at two different frequencies bands, i.e., 35 GHz and 94 GHz. In particular, the

CDF were computed for mean excess delay, RMS delay spread, 90% coherence bandwidth

and coherence time at all receiver locations up to 10 km. According to the CDF results,

the maritime channel can be regarded as frequency non-selective over a bandwidth of

744 MHz and 1.53 GHz at 35 GHz and 94 GHz, respectively, which is large enough to

have high data rate transmission and support the data rate requirements of 5G systems.

Additionally, the Doppler spectrum was computed to show that the channel under in-

vestigation is unaffected by the frequency shift due to the vessel movements. Therefore,

the effect of Doppler frequency is negligible for the sea channel. Also, the corresponding

coherence times are in the order of msec which are long enough not to cause distortions

due to the motion. Accordingly, for maritime environment, it would be possible to apply

simple communication systems, which are operating at 35 GHz and 94 GHz. Finally,

this study shows that MIMO is not suitable for the simulated scenarios since there is no

space diversity for off shore ship to ship sea channels.



Chapter 5

Conclusions and Future Works

In this thesis study, an investigation of maritime LoS millimeter radiowave propagation

was presented at two frequencies, 35 GHz and 94 GHz. We discussed the effect of distance

between transmitter and receiver on the propagation loss, received power, and RMS

delay spread. Our results demonstrate that although there is a good agreement between

simulated results and analytical models (i.e. 2-ray and FSL) for lower frequencies, for

the interested millimeter radiowave frequencies to this study (i.e., 35 GHz and 94 GHz),

both FSL and 2-ray models are not able to model the channel over the sea surface. It is

observed that for short ranges, almost less than 4 km, prediction of 2-ray model is still

reliable, while FSL model could only predict the exponentially increasing of propagation

loss without following the exact path loss trend even for short ranges. Our results also

demonstrate that in order to have more realistic channel model, we need consider the

effect of ray spacing, Earth’s curvature, and sea surface roughness in our simulations and

modeling approach.

Furthermore, the small scale variations of LoS maritime channel were investigated at

35 GHz and 94 GHz. In particular, the CDF were computed for mean excess delay, RMS

delay spread, 90% coherence bandwidth and coherence time at all receiver locations up

to 10 km. According to the CDF results, the maritime channel can be regarded as

frequency non-selective over a bandwidth of 744 MHz and 1.53 GHz at 35 GHz and

94 GHz, respectively, which is large enough to have high data rate transmission and

support the data rate requirements of 5G systems. Additionally, the Doppler spectrum

was computed to show that the channel under investigation is unaffected by the frequency

41
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shift due to the vessel movements. Therefore, the effect of Doppler frequency is negligible

for the sea channel. Also, the corresponding coherence times are in the order of msec

which are long enough not to cause distortions due to the motion. Accordingly, for

maritime environment, it would be possible to apply simple communication systems,

which are operating at 35 GHz and 94 GHz. Finally, this study shows that MIMO is not

suitable for the simulated scenarios since there is no space diversity for off shore ship to

ship sea channels.

As our future work, we are going to obtain a comprehensive equation that considers

the effective parameters on marine channel such as Earth’s curvature and sea surface

reflection coefficient, all together. In addition, we want to focus on a related measurement

campaign to study more on both off shore and on shore scenarios. Moreover, we will

take into consideration the effect of 3rd party ships in order to model the reflection of

millimeter waves from the other objects rather than the sea surface.
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