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Abstract

The millimetre wave (mmWave) band, which has a frequency range of 30-300 GHz,

can provide the desired requirements for future communication systems, such as wide

bandwidth and high data-rate with very low latency. However, these advantages entail

several consequences and challenges: compared with the microwave band, below 6

GHz, the mmWave band not only suffers from increased path loss but also higher sen-

sitivity to blockage effects due to very short wavelengths. Considering the mmWave

band, a human blockage, for example, could severely affect the transmitted signal by

causing attenuation of 20 dB or more. With motion, the attenuation problem becomes

even more serious. The rapid changes of dynamic blockages surrounding a moving

transceiver can cause a significant and sudden impact on channel attenuation, which

affects the overall quality of service for mmWave systems. The main scope of this

thesis is to develop new mathematical models that accurately capture the dynamics

of blockers affecting a moving transceiver in order to compute the resulting channel

attenuation accurately.

The first Markov chain model studied in this work follows a simple approach by assign-

ing a fixed-attenuation value to each blocker and using a geometric model to generate

the transition probability matrices. The transition probabilities are calculated both ana-

lytically and via a geometric simulation, where the results are found to match well. The

proposed model successfully captures the dynamics of the channel caused by blockers

surrounding a moving transceiver. The model works well for stationary scenarios, and

the proposed technique of switching between several Markov chains makes the model

applicable to a non-stationary average number of blockers as well.

The adaptive sum of Markov chains (sum of MC) is another proposed model, which

can model the dynamics of blockage effects more accurately than the simpler Markov

Chain model. It is adaptive to non-stationary scenarios in any given environment, and

it efficiently captures the dynamics of blockages arising from a moving transceiver.

The sum of Markov chains model can integrate any desired attenuation function, in-



cluding the third-generation partnership project (3GPP) blockage model and any lab

measurement attenuation profile. The sum of MC model could be a very useful tool

for communication engineers, allowing them to perform an initial mmWave coverage

analysis for a given environment in the presence of time-varying blockage effects.

Unlike human blockage, which has been widely studied in the literature, the impact of

other small objects on signal strength, such as metal road signs, is not so well under-

stood. This thesis has carried out a measurement campaign for these small blockers,

which induce measured loss in the range of 15- 30 dB, depending on the type and size

of the blocker. The thesis also compares those results with existing simulation block-

age models for these small objects. These blockage models include the 3GPP model,

the multiple knife-edge (MKE) model, and the mmMAGIC model, where the latter

two models show a better fit to the measured attenuation of relatively small block-

ers than the 3GPP model. Finally, the thesis evaluates the impact of blockers on the

overall performance of mmWave multiple-input multiple-output (MIMO) wireless sys-

tems, where a ray-tracing tool is used to establish all possible propagation paths for a

moving transceiver in an outdoor scenario. The performance impact of the measured

attenuation profiles for road signs are evaluated for an outdoor scenario using the sum

of MC model.
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Lay Summary

The innovation technology wave, especially in the communications field, is expected

to continue growing in the next few years. Phones are becoming smarter, home devices

are getting connected, and there is intensive work to build completely driverless vehi-

cles. With more and more devices getting connected, there is an enormous data load

to be shared over the communication networks. The fifth-generation (5G) and beyond

wireless communication systems must have the ability to meet all the high demands

of these applications, some of which are only one-millisecond point-to-point delay for

transferring data, a high data rate in the range of Gigabits per second (Gbps), up to

100 × the number of connected devices compared with a 4G network, and improved

coverage and reliability.

Implementing new technologies are required for achieving these tremendous goals.

The enormous available bandwidth in the millimetre wave (mmWave) bands, which is

in the range 30 to 300 gigahertz (GHz), makes it a very promising solution. Although

the mmWave band is a promising approach for providing the desired requirements

of 5G communications, susceptibility to blockage is one of the challenging aspects

needed to be addressed. For instance, the human blockage weakens the mmWave sig-

nal to be 0.1 % to 1 % of its original power. The issue is even more challenging when

the user moves through the environment. The sudden drop in the signal power, due to

the appearance of blockers, makes the communication link unreliable. Understanding

the behaviour of the blockage effects is the first step towards resolving this issue. There

is a need for a three-dimensional (3D) blockage modelling to enable telecommunica-

tions companies to have an initial coverage study in the presence of blockers. Although

the more advance modelling approaches that have a 3D visualisation of the environ-

ment give a reasonable approximation of reality, they are computationally intensive.

One of the main contributions of this thesis is to provide very efficient 3D blockage

models that are based on a probabilistic blockage approach. This thesis investigates

the blockage effects on the mmWave signal strength, and it provides a comprehensive
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Lay Summary

analysis of the channel attenuation introduced by blockages. The work of this the-

sis, also, contributes to understanding the effects of small-size blockers on the signal

strength. It provides tools to investigate the received data rates of mmWave systems in

the presence of blockers.
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Chapter 1
Introduction

This chapter provides a brief background of the high demand that will be placed on fu-

ture communication systems, as well as shedding light on the applicability of mmWave

frequency bands for these communication systems. It outlines the motivation for the

thesis and highlights the main contributions of the work. It then provides an overview

of the thesis structure and content.

1.1 Brief Background

The exponential growth in communication and data sharing will soon exceed the ca-

pacity limit of the existing cellular communication network [1]. Several factors are

leading to the predicted vast increase in data traffic, including: the continually growing

number of users and the fact that cellular phones are no longer limited to calling and

texting. The average demand of each user has sharply increased due to the advanced

technology and entertainment applications of smart mobile devices, which allow users

to enjoy high definition video streams and data sharing through social media on their

phones. About 92 % of internet users go online via their mobile devices [15]. Ac-

cording to Ericsson [16], the average monthly data use per smartphone is expected to

jump from the 2019 figure of 7.2 GB to 24 GB in 2025. Moreover, moving towards

smart homes and smart cities, by applying the concepts of internet of things (IoT) and

enabling many devices to be connected, will add a further load to the network. With

the above high demands, the fifth generation (5G) is required to provide large data rate

with low latency. As shown in Figure 1.1, Nokia Networks [1] predicts that the user

demand in the United States will exceed the capacity limit of the long-term evolution

(LTE) network by around 2022-2023, where the suggested approach is accelerating

the work of implementing 5G. The very wide bandwidth available at mmWave bands,
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i.e. 30-300 GHz, makes it a promising approach for 5G systems. However, sensitiv-

ity to blockage is one of the main challenges that face the applicability of mmWave

band systems. This challenging aspect needs further investigation work to understand

and model the behaviour of the blockage effects on the performance of the mmWave

communication systems. Addressing this issue leads us to the motivation of this thesis.

Figure 1.1: User-demands in the United States versus the LTE capacity limits. This

figure is adopted from [1]. PB stands for petabyte.

However, the contiguous bandwidth of mmWave band, where it is possible to utilise

several 100 MHz spectrum blocks, makes mmWave band attractive for many other

technologies. The applicability of mmWave band is not limited to 5G, but it goes

further beyond that. There are several other applications and technologies, some of

which have already started to use of mmWave band. Some of these applications are

short-range mmWave RaDAR that is used for weapon systems, point-to-point commu-

nications, inter-satellite links, disaster relief, radar, backhaul connections, etc.
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1.2 Thesis Motivation and Contributions

There is a lack of understanding about the behaviour of the blockage impact on the

mmWave signal strength and channel attenuation, in particular in relation to the dy-

namic case, where motion causes a sudden change in the channel attenuation. How-

ever, this knowledge is essential for designing a reliable mmWave communication sys-

tem. Exploring this issue provides the motivation for this thesis.

The main contributions of the thesis are listed below:

1. Providing a simple Markov chain model that efficiently captures the dynamic

channel attenuation with very low complexity. It assumes that each of the block-

ers surrounding a moving transceiver induces a fixed attenuation. The results of

the simple proposed model show a good fit with the geometric model results,

where the latter is a more complex model. For non-stationary scenarios, we pro-

vide a solution to make the proposed Markov model applicable by having several

Markov chains in sequence, where switching from one to another is based on the

current blockage density.

2. Capturing the blockage attenuation of complex scenarios requires a more ad-

vanced model. The second proposed model is the sum of Markov chains model,

which can even adapt to a changing numbers of blockers with time. The model

entails several advantages, such as integrating any blockage attenuation profile,

including the 3GPP blockage model and all other measurements.

3. There is a lack of understanding in the existing literature about the attenuation

resulting from objects that are smaller than human bodies. This thesis is one

of the first studies to carry out new intensive measurement campaigns for five

distinct types of blocker. It also examines the applicability of four existing sim-

ulation blockage models to predict the attenuation from these small blockers.

We also show how measured blockage attenuations can be incorporated in sim-

ulation studies of mmWave wireless coverage.
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1.3 Thesis Outlines

The remainder of the thesis is structured in the following way:

Chapter 2

The background chapter introduces the mmWave communication system and briefly

discusses the relevant topics that readers need to be aware of to understand the main

contributions of the thesis. It begins by introducing the mmWave band spectrum, defin-

ing the major advantages and the corresponding challenges, as well as highlighting the

main prospective applications. The mmWave propagation mechanisms and main prop-

agation losses are presented. This chapter also provides an overview of the relevant

mmWave technologies, such as MIMO, beamforming and beam switching. The last

section presents a general overview of the mmWave channel models and outlines the

existing standards.

Chapter 3

This chapter provides an introduction to Markov chain approaches in general, then

it introduces the proposed efficient Markov model and compares it with a geometric

model. This chapter is partly based on [17], which proposes an efficient Markov chain

model for modelling the dynamics of human and car blockages and the resulting atten-

uation in an outdoor scenario. It shows how the proposed model works for different

stationary and non-stationary scenarios.

Chapter 4

The core of Chapter 4 is based on [14], which introduces a novel adaptive sum of

Markov chains model that successfully and efficiently captures the dynamics of the

blockage surrounding a moving transceiver in an outdoor scenario. It notes the advan-

tages of the proposed model over the existing blockage models, including the Markov

chain approach in Chapter 3. The chapter presents the major benefit of the model,

which is the ability to integrate any attenuation profile.
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Chapter 5

This chapter is based on two papers [18, 19]; it provides measurement campaigns for

the attenuation caused by different types of relatively small blockages that have road-

sign shapes. The chapter investigates the suitability of four existing knife-edge diffrac-

tion blockage in the literature for these small-sized blockages. An overall mmWave

system evaluation in the presence of blockers for an outdoor scenario is also presented.

Chapter 6

The final chapter concludes and summarises the main contributions of the thesis, as

well as discussing possible future research directions.

5



Chapter 2
Background

This chapter seeks to briefly cover all the related topics and concepts. It introduces

the mmWave band, highlights the main advantages and related challenges. It also

discusses the propagation mechanisms, the mmWave channel model and channel ca-

pacity. It explains the blockage issue and why it is necessary to capture the dynamic

channel attenuation resulting from blockages.

2.1 Millimetre-wave Spectrum Overview

The millimetre-wave (mmWave) band is the name given to the extremely high fre-

quency electromagnetic spectrum that ranges from roughly 30 to 300 GHz. Its name is

drawn from the small wavelength, which is about 10 to 1 mm. The mmWave term has

recently been used by industry referring more specifically to the range from 10 to 100

GHz [20]. However, the idea of utilising the mmWave band is not new; several sys-

tems are already operating in it; such as RaDAR, military communications and back-

haul. One of the main advantages of the mmWave band is the vast available spectrum.

For instance, at the unlicensed 57-66 GHz band, the available spectrum is 10 to 100

times the spectrum of the microwave band, which is below 6 GHz [20]. What draws

the attention is that the bandwidth of all the existing modern wireless communication

systems, including cellular, satellite, WiFi, AM/FM radio and TV, can be easily fitted

within the unlicensed radio spectrum of around 60 GHz [20]. This illustrates the vast

available bandwidth at the mmWave band, which is contiguous bandwidth compared

with sub 6 GHz. This section provides a very brief overview of the main characteristics

of the mmWave band, the advantages, challenges and some applications.
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2.1.1 Main Advantages of mmWave

In comparison to the existing wireless systems, the mmWave band has some unique

metrics that make it attractive for many applications in near future communication

technologies. Some of these unique advantages are the 270 GHz of available spec-

trum and the small antenna elements that can be packed into a smaller space than for

microwave frequency systems. Also, having large antenna arrays leads to very nar-

row beams, which is very useful for many applications [21]. The following are the

main advantages of mmWave bands over the current communication systems [8]: vast

bandwidth, large system capacity, low-latency, unlicensed bands, enhanced through-

put, secure, very close frequency reuse, and directional communications. Among this

list, the most attractive advantage of the mmWave band is the contiguous bandwidth.

2.1.2 Challenges of mmWave

As with any other new technology, some key challenges are faced in implementing the

mmWave band. In this section, we highlight some of the main issues [22]:

1. The high path loss and the atmospheric absorption are significant in the mmWave

band. These issues are presented in detail in Section 2.3.

2. The susceptibility to blockage effects is one of the main issues that mmWave

communications face and this sets a limit to the transmitting distance. In the

last decade, intensive work and measurement campaigns have been carried out

by researchers to investigate a variety of blocker types at different mmWave

frequency bands. The attenuation due to blockage can vary from 10 up to 40 dB

depending on several factors, such as blockage material, location and size. For

instance, the human body attenuates the mmWave signal in the range from 20 to

25 dB [9]. This issue is investigated in detail in Chapters 3 to 5 of this thesis.

3. User and blockage mobility is a crucial issue in the mmWave band since the

small coherence time of mmWave leads to a high Doppler spread [23]. In the

presence of blockers, movement causes a rapid and sudden change to the chan-

nel. This leads to high fluctuation in the received power, which will affect the
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overall quality of service (QoS) of the mmWave band. The behaviour of dy-

namic attenuation requires further investigation. This is studied in Chapters 3 to

5 of this thesis.

2.1.3 Some Possible Approaches to Overcoming the mmWave Chal-

lenges

Several approaches have been suggested by researchers to address some of the above

issues [22]: the high gain obtained by implementing massive MIMO would overcome

the high power loss [24, 25]; directional beam-forming is another key strategy [26];

having an ultra-dense network of small cells (femtocell or pico cell size) is a suitable

design strategy for the future mmWave cellular network [22]. Beam steering can also

help to minimise rapid channel change [27].

Figure 2.1: The eight key factors that are targeted for the future 5G system. This figure

is adopted from [2]. IMT-2020 represents the 5G systems, which is named by ITU-

R, and it stands for International Mobile Telecommunications (IMT) for 2020 and

beyond, while IMT-Advanced represents 4G systems and it stands for International

Mobile Telecommunications-Advanced.
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2.1.4 5G Requirements versus mmWave Advantages

The fifth-generation (5G) of the cellular network will not be limited to cellular com-

munication only. There is a high demand for the provision of connectivity to a large

variety of applications where more devices are getting connected, i.e. the internet of

things (IoT) concept [28]. Due to this high demand, 5G needs to provide (100-1000×)

the capacity of the 4G network [29, 30]. The mmWave spectrum has ample capacity

that could meet all these potential applications. The International Telecommunication

Union (ITU) has defined eight key requirement terms for the 5G network, which are

as follows: peak data rate, user experienced data rate, spectrum efficiency, mobility,

latency, connection density, energy efficiency and area traffic capacity [2]. These re-

quirements are illustrated in Fig. 2.1 and compared with the fourth-generation (4G)

system. For instance, the latency is expected to reduce from 10 ms in the current 4G

network to only 1 ms latency in the 5G network. The mmWave has beneficial features

that can meet the 5G requirements. As stated in [31], a mmWave system incorporating

massive multiple-input multiple-output (MIMO) and small cells is the key factor for

the future 5G network; these are called the “big three” 5G technologies [32]. As a step

towards a future commercial 5G mmWave system, mmWave applications for cellular

communication have also been standardised by the 3GPP NR standards body [33].

2.1.5 Applications of mmWave

The attractive features of the mmWave system make it valuable for many applications.

The following list shows some of numerous examples of how mmWave communica-

tion could be very useful [21]:

1. mmWave fixed–wireless access (FWA): where a wireless link is used to connect

two fixed locations. This is likely to be one of the first applications for mmWave.

Verizon company for example is rolling this out in the USA [34].

2. Future 5G cellular network: which is discussed in Section 2.1.4.

3. Wearable devices: such as smartwatches, wireless headsets, fitness trackers and

augmented reality glasses, require low latency and wide bandwidth [21]. Thus,
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mmWave may have the potential to serve these applications [35, 36].

4. Millimetre-wave in virtual reality (VR): the recent improvement in virtual reality

(VR) technology has required mmWave band to connect VR headsets to VR

servers [37].

5. Communications for autonomous vehicles: a further major step in autonomous

vehicle technology is to make autonomous vehicles communicate with each

other to exchange information, i.e. vehicle-to-vehicle (V2V), and with any

other object in the surrounding environment, i.e. vehicle-to-infrastructure (V2I).

These two systems can be combined to form vehicle-to-everything (V2X) net-

works [38]. In this particular application, low latency communication is crucial

for safety, so mmWave is a promising technology [39]. Car accidents have be-

come a major cause of death and this percentage is increasing dramatically as the

number of cars on roads increases every year. According to the World Health Or-

ganization [40], car collisions kill around 1.25 million people around the world

every year. It is predicted that by enabling autonomous vehicles, car crashes

will decrease, but this may still not be sufficient since relying entirely on sensor

systems such as Light Detection and Ranging (LiDAR) and Radio Detection and

Ranging (RaDAR) may not provide full awareness of what is happening in the

surrounding environment [41]. For instance, relying on LiDAR alone is inad-

equate due to some failure points, such as: 1- it cannot see through obstacles,

fog and blind spots; 2- the gestures of a police officer may not be identified by

LiDAR.

However, through the thesis, we apply our proposed blockage models for the

V2I system as a study case.

2.2 Propagation

When radio waves propagate from a transmitting point to a receiving point as a form of

electromagnetic wave, they may experience different phenomena, such as diffraction,

reflection, absorption and scattering [42]. This section provides a brief background to
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the main types of propagation that are considered in this thesis.

2.2.1 Free Space Propagation

Several propagation mechanisms lead the transmitting signal to travel and arrive at

the receiving point. When the radio wave propagates in free space rather than being

guided by a medium, this is called free space propagation, where the signal travels

through the direct line between the transmitting and the receiving antennas far from

any obstacle. When the source is an isotropic antenna, it propagates and distributes the

signal uniformly in a spherical fashion. The transmit power of the isotropic antenna

is divided by the total area of the surface of the sphere [43]. This is called the power

density (i.e. power per unit area). At a distance d from the source, the power density

is as follows:

Pd =
PT

4πd2
(2.1)

By assuming that the transmitter is transmitting with gain GT towards a receiver that

has an effective area Aeff (which is known as the aperture), and a receiver gain GR,

we obtain the following equation [44]:

PR = PdAeff =
PTGT

4πd2

(
λ2GR

4π

)
=⇒ PR

PT
= GTGR

(
λ

4πd

)2

(2.2)

The last form of (2.2) is known as the Friis equation [45].

2.2.2 Reflection and Scattering

In a crowded area, it is more likely that there will not be a clear LOS path. However,

due to the multipath that result from different propagation mechanisms, the signal can

still travel to and reach the receiver. Reflection off a surface that is large in comparison

to the wavelength is one of the main propagation mechanisms in the mmWave band.

The smoothness level of the reflected surface, relative to the wavelength of the prop-

agated signals, determines what type of reflection or scattering can occur [46]. These

types are as follows: 1- specular reflection for a smooth surface; 2- diffused scattering
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when the surface is rough.

Figure 2.2: Diffraction and Huygens secondary source [3, 4].

2.2.3 Huygens’ Principle

As stated in [3], the reflection of objects is a type of propagation, where the object

is assumed to be large compared to the wavelength, so that makes the wave reflect.

However, when the wavefront confronts an object that is not large, Huygens’ principle

is applied. This concept can be obtained from Maxwell’s equation, and it states that

every point on the wavefront is a source point that could produce secondary spherical

wavelets, as shown in Fig. 2.2. The wavelets from all these points will propagate in

the shadow region behind the blocker. The electric field in the shadow region is the

resultant field from the interference between these secondary wavelets.

2.2.4 Fresnel Zone

In wireless communication systems, the imaginary three-dimensional (3D) elliptical

region between the transmitting and the receiving antennas, as shown in Fig. 2.3, is

known as the Fresnel zone [47,48]. It is constructed of several layers, where the first is
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the inner one. The size of the 3D elliptical is determined by the TX-RX distance and

the carrier frequency, where the radius of the 3D elliptical area at point P is defined

as:

rn =

√
nλd1d2

(d1 + d2)
(2.3)

where n is an integer number representing the index of the zone.

Figure 2.3: Fresnel zones.

2.2.5 Diffraction Phenomena

Diffraction is one of the main propagation techniques that allow the radio wave to

travel around an obstacle using Huygens’ secondary wavelets as a secondary source of

propagation. Since the secondary source produces signals in a spherical shape, which

cause the appearance of bending waves behind the blocker in the shadow region, this

is called diffraction [4].

2.2.6 Knife-edge Diffraction

The simplest scenario of diffraction propagation is knife-edge diffraction (KED), where

the obstacle or blocker between the transmitter and the receiver is assumed to be a very

thin screen with infinite width and very sharp edge. The blocker blocks all the rays,

so none can penetrate. Huygens’ secondary source points are assumed to be along the

vertical imaginary line above the blocker [4], as shown in Fig. 2.2.
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Figure 2.4: Simplified KED model [3, 4].

The main scope of this thesis is investigating the attenuation caused by a blocker, and

a large part of the thesis is based on the KED theory. Thus, it is crucial to explain the

derivation of the KED blocker attenuation, which is obtained from the superposition

electric field behind the KED screen. This is adopted from [4].

From the simplified geometry in Fig. 2.4, the difference between the directed path and

the diffracted path ∆ is:

∆ =
√
d1

2 + h2 +
√
d2

2 + h2− (d1 +d2) =⇒ d1

√
1 +

h2

d1
2 +d2

√
1 +

h2

d2
2 −d1−d2

(2.4)

∆ ≈ d1

(
1 +

h2

2d1
2

)
+ d2

(
1 +

h2

2d2
2

)
− d1 − d2 =⇒ h2

2

(
1

d1
+

1

d2

)
(2.5)

∆ =
h2

2

(
d1 + d2
d1d2

)
(2.6)

Based on the assumption that d1, d2 � h, the angles are as follows:

β = tan−1
h

d1
≈ h

d1
(2.7)

δ = tan−1
h

d2
≈ h

d2
(2.8)

From angle geometry, the angle ϕ is:

ϕ = β + δ ≈ h (d1 + d2)

d1d2
(2.9)

The electrical length is obtained by multiplying the angular wavenumber, i.e. κ = 2π
λ

,
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by ∆ as follows:

Φ = κ∆ =
π

2
h2

2

λ

(d1 + d2)

d1d2
(2.10)

By introducing the Fresnel-Kirchoff parameter v as follows:

v = h

√
2 (d1 + d2)

λd1d2
= ϕ

√
2d1d2

λ (d1 + d2)
(2.11)

the equation could be written as follows:

Φ =
π

2
v2 (2.12)

The later form of v is only used when the distances and angles are known and the

height of the antennas are different.

At the receiver point, the normalised electric field is expressed as:

ED
ELOS

= exp(−jβ∆) = exp
(
−j
π

2
v2
)

(2.13)

where ED is the electric field of a diffracted path while ELOS is the electric field of the

LOS path. The magnitude difference between these two electric fields is assumed to

be zero.

The electric strength at the receiver behind the KED screen is obtained by a Fresnel-

integral that sums up all Huygens’ secondary sources from v to∞ as follows [44]:

ED
ELOS

= F (v) =
1 + j

2

∫ ∞
v

exp
(
−j
π

2
t2
)
dt (2.14)

F (v) =
1 + j

2

[∫ ∞
v

cos
(π

2
t2
)
dt− j

∫ ∞
v

sin
(π

2
t2
)
dt

]
(2.15)

The complex Fresnel-integral is usually written as:

C(v)− jS(v) =

∫ v

0

exp
(
−j
π

2
t2
)
dt (2.16)
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C(v)− jS(v) =

∫ v

0

cos
(π

2
t2
)
dt− j

∫ v

0

sin
(π

2
t2
)
dt (2.17)

To be able to integrate this function, we redefine it as follows:∫ ∞
v

cos
(π

2
t2
)
dt =

∫ ∞
0

cos
(π

2
t2
)
dt−

∫ v

0

cos
(π

2
t2
)
dt (2.18)

The values of the Fresnel-integral at∞ are:

C(∞) = S(∞) =
1

2
(2.19)

F (v) =
1 + j

2

{[
1

2
− C(v)

]
− j

[
1

2
− S(v)

]}
(2.20)

However, instead of computing the complex integration to get the loss, Lee [6] provides

a well-known approximation as follows:

|F (v)| (dB) =



0 v ≤ −1

20 log (0.5− 0.62v) −1 ≤ v ≤ 0

20 log (0.5 exp (−0.95v)) 0 ≤ v ≤ 1

20 log

(
0.4−

√
0.1184− (0.38− 0.1v)2

)
1 ≤ v ≤ 2.4

20 log
(
0.225
v

)
v > 2.4

(2.21)

Another approximation is provided by the 3GPP standards body [5]. This will be

discussed in detail in Chapters 4 and 5. The approximation is expressed as follows:

PBL(dB) = −20 log10 (0.5− Fw) (2.22)

where Fw equals to:

Fw =
atan

(
±π

2

√
π
λ

(D1 +D2 − d)
)

π
(2.23)

where λ is the wavelength, D1 and D2 are the projected distance from the TX and RX
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nodes to the screen, and d is the projected distance between the TX and RX nodes. The

exact calculation of the path loss, and both approximations, i.e. Lee’s and 3GPP’s, are

plotted in Fig. 2.5. The curves show that they match well.

Figure 2.5: Knife-edge diffraction loss: 3GPP’s approximation [5], Lee’s approxima-

tion [6], and the exact calculation of the path loss [7].

2.3 Propagation Loss Factors

Besides the high path loss, having a short wavelength makes the mmWave band more

vulnerable to some additional losses and attenuations, which are not apparent for radio

signals in the microwave bands [10]. In this section, some main attenuation factors are

briefly discussed.
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2.3.1 Free Space Path loss

When the signal propagates in free space, it experiences some loss that is influenced

by the frequency and travelling distance. The loss increases as either the travelling

distance or the frequency gets higher, which means for mmWave frequencies, the loss

is very high. The free space path loss (FSPL) is the inverse of the last form of (2.2), as

follows [49]:

PL =
PT
PR

=

(
4πd

λ

)2

=

(
4πfcd

c

)2

(2.24)

where GT = GR = 1 for an isotropic antenna, and c is the velocity of propagation, i.e.

light speed. For a distance in km and a frequency in GHz, the FSPL can be expressed

in dB as follows [50]:

PL(dB) = 92.44 + 20 log fc[GHz] + 20 log d[km] (2.25)

Figure 2.6: The free space path loss over distance for several LTE bands, WiFi bands,

and multiple mmWave bands.

The high path loss is a major issue in mmWave band due to the high frequency; Fig.

2.6 shows an FSPL comparison between several UK LTE bands 800 and 1800 MHz,
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the 2.4 and 5 GHz WiFi bands [8], and several mmWave bands 28, 60 and 300 GHz.

The mmWave bands certainly experience higher path loss, e.g. the difference between

the FSPL at the LTE 800 MHz, and the 28 GHz band experiences around 30 dB extra

loss at 28 GHz. Several solutions could overcome the high path loss of the mmWave.

Two of these are as follows:

1. Having massive MIMO [31].

2. Another interesting simple technique, proposed by [22, 51], is to keep the an-

tenna aperture constant at both terminals, which will minimise the free space

path loss with the squared carrier frequency fc2.

Figure 2.7: The atmospheric absorption of mmWave. The figure shows the curves of

Oxygen (O2), water vapour (H2O), and rain at sea level versus the carrier frequency.

The density of (H2O) is in g/m3 is presented by the symbol. This figure is adopted

from [8], which is originally generated from [9, 10].
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2.3.2 Atmospheric Attenuation

When a mmWave radio wave propagates through the atmosphere, an attenuation hap-

pens due to absorption by the atmosphere [8, 10]. The air-gas molecules absorb some

energy from the propagated wave and they are vibrated [52]. This atmospheric absorp-

tion mainly happens via oxygen (O2) and water vapour (H2O) molecules. As shown in

Fig. 2.7, the amount of gas absorption varies with the carrier frequency, where some

bands are affected worse than others.

As shown in Fig. 2.7, the oxygen absorption reaches its peak around the 60 GHz band,

which roughly equals 16 dB/km [53], and it experiences another lower peak around

the 120 GHz band [54]. The absorption caused by water vapour molecules reaches its

maximum around the 180 GHz band, which can reach up to several tens of dB [54,55].

These high atmospheric absorption densities result in higher atmospheric attenuation

values that limit the travel distance for the mmWave band. This has a significant impact

on the propagation range; by switching from a 60 GHz band to around 80 GHz, the

operation range extends from 400 m to 3 km [53,56]. Between these absorption peaks,

mmWave spectrum has some potential bandwidth windows that might be suitable for

propagation with less atmospheric attenuation; these windows are around the 35, 94,

140 and 220 GHz bands [10, 21].

2.3.3 Rain Attenuation

Millimetre-wave propagation can be affected by rainfall [57]. The raindrop has a size

of a few mm, which is analogous to the size of the mmWave wavelength (1-10) mm;

this makes the mmWave band more likely to be affected by lower frequency bands

[8]. The rainfall can severely affect the mmWave signal depending on how heavy

or light it is [54]. Based on the rain rate (mm/h), the rain attenuation (dB/km) can

be computed through a number of models in the literature; one of these is provided

by the International Telecommunication Union (ITU) [58]. According to ITU, rain

attenuation is expressed as follows [8, 58]:

γRain (dB/km) = qRn
u (2.26)

20



Chapter 2. Background

where Rn is the rain rate, while u and q variables are functions of several factors, such

as carrier frequency, altitude, the direction of polarisation, etc. For a heavy rain rate

around 50 mm/km, the rain attenuation is about 10 dB/km [54]. Fig. 2.7 illustrates the

rain attenuation versus the mmWave frequency band at two rain rate levels: light rain

of 2 mm/hr and heavy rain of 50 mm/hr.

2.3.4 Foliage Attenuation

Foliage is another attenuation factor for mmWave radio waves that could be significant;

this depends on how deep the foliage is [59]. When the depth is less than 400 m, the

foliage attenuation is expressed empirically as [60, 61]:

γFoliage (dB) = 0.2f 0.3
c[MHz]D

0.6
f [m] (2.27)

where fc is the carrier frequency in MHz and Df is the foliage depth 6 400 m. For

instance, for foliage with 10 m depth, the foliage attenuation at the 800 MHz, which

is a UK LTE band, is 5.9 dB. On the other hand, the foliage attenuation is 17.1 dB

at the 28 GHz band. This means there is roughly three times more attenuation at the

mmWave band.

2.3.5 Material Penetration and Blockage Loss

2.3.5.1 Material Penetration Loss

Compared with sub-6 GHz frequencies, the penetration loss is much higher in the

mmWave band due to its characteristics [62, 63]. The penetration loss varies depend-

ing on the material type and how thick it is. For instance, based on measurement

campaigns reported in [62] at the 28 GHz band, the penetration loss created by the

clear glass of different buildings was measured at between 3.6 and 3.9 dB, while the

penetration loss caused by tinted glass was as high as 20-40 dB. The increased loss

is due to the different material type since the external glass of buildings is usually

integrated with metal for heating and visibility reasons [64]. Several studies in the
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literature, such as [46, 62, 63, 65–67], have carried out intensive measurements at dif-

ferent mmWave frequency bands for several material types and thicknesses, such as a

wall, brick, wooden door, steel door, etc.

2.3.5.2 Blockage Attenuation

The mmWave band shows high sensitivity to blockage attenuation, which is one of the

main challenges. Any object crossing the LOS path between the transmitter and the

receiver points will induce an attenuation that could severely affect the signal strength.

Human blockage, as an example, causes attenuation of 20-25 dB [9]. The attenuation

resulting from a lorry blockage could also be more than 30 dB [68]. This thesis focuses

on the modelling and evaluation of the blockage effect. In Chapter 3 the effect of

human and car blockages will be investigated. Human blockage is also analysed in

more detail in Chapter 4. Relatively small blockages are investigated in Chapter 5.

2.4 mmWave Channel Models

2.4.1 AWGN Channel Capacity and Spectral Efficiency

The Shannon capacity theorem defines a limit for the maximum achievable data rate

that can be transmitted, nearly error-free, i.e. with very small bit-error rate (BER)

≈ 0, over a noisy communication channel [69]. Exceeding this limit leads to an er-

ror probability of 1/2, so that no data can be communicated. The memoryless band-

limited continuous-time communication channel with zero mean additive white Gaus-

sian noise is known as the additive white Gaussian noise (AWGN) channel, which can

be expressed as follows [70]:

y[m] = x[m] + n[m] (2.28)

where y[m] and x[m] respectively are the complex output, and the complex input at

time m. The additive white noise w[m] is independent and identically distributed and

follows a Gaussian distribution with zero mean and variance of σ2
n, i.e. ∼ CN (0, σ2

n).
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The channel capacity for this basic model is derived as follows:

CAWGN(P ,W ) = W log2

(
1 +

P

NoW

)
(bits/s) (2.29)

where P is the power constraint in Watt, and the power spectral density of Gaussian

noise is No/2. The maximum spectral efficiency (SE) of the AWGN channel can then

be expressed as follows [70]:

SEAWGN = log2 (1 + SNR) (bits/s/Hz) (2.30)

where SNR is the signal-to-noise ratio per complex degree of freedom, which is equal

to SNR = P/NoW .

2.4.1.1 Power and Bandwidth Dependency

The main resources of the AWGN channel capacity are the received power P and the

bandwidthW [70]. For a fixed given SNR and varying the bandwidth from nearly zero

to infinity, the AWGN channel capacity can be divided into different regimes:

1. Bandwidth-limited regime: a small bandwidth W yields a large SNR, i.e. SNR

=
P

NoW
>> 1; the channel capacity shows a logarithmic relationship with the

received power, and it is approximately linearly related with bandwidth. Equa-

tion (2.29) is expressed as follows:

CAWGN(P ,W ) = W log

(
P

NoW

)
(bits/s) (2.31)

2. Power-limited regime: when the bandwidthW is large, i.e. the SNR =
P

NoW
<<

1, the channel capacity has a linear relationship with the received power, and it

is insensitive to the bandwidth. Equation (2.29) is redefined as:

CAWGN(P ,W ) = W log

(
1 +

P

NoW

)
≈ W

(
P

NoW

)
log2 e =

P

No

log2 e

(2.32)
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where as W →∞, C∞ =
P

No

log2 e (bits/s).

2.4.2 mmWave MIMO Overview

As mentioned in Section 2.1.4, 5G has quite high demand requirements, one of which

is the system capacity, which needs to provide (100-1000×) the capacity of the 4G

network [29,30]. From information theory, the capacity can be increased in three pos-

sible ways [24, 29, 30]: 1- ultra-dense networks (UDNs), which can be achieved by

reducing the cell size and increasing the overall cell density; 2- large quantities of new

bandwidth, as in the case of the mmWave band; 3- high spectrum efficiency, which

requires the implementation of a very large number of antennas, i.e. MIMO or mas-

sive MIMO [71, 72]. These three approaches reinforce each other; the short mmWave

wavelength would enable engineers to pack a large number of antennas together to

achieve MIMO, and due to the mmWave propagation characteristics, small cells are

essential [30]. MIMO technology could significantly improve the overall performance

of the communication system by providing the following gains: array gain, spatial

diversity gain, interference reduction gain and spatial multiplexing gain [73, 74].

Figure 2.8: Simplified configuration of MIMO System.
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Fig. 2.8 shows a simple diagram for the mmWave MIMO system, which is a multi-

antenna system. The number of the transmitter’s antennas is denoted by NT and NR

for the number of the receiver’s antennas. The MIMO channel matrix has NT × NR

entries, i.e. H ∈ CNT×NR , where the entry Hij represents the channel component from

the transmit antenna i to the receiver antenna j, as shown in the figure. Each RX

antenna receives a direct channel component, e.g. H11, and all non-direct components

such as H21, H31, etc. The MIMO channel matrix can be a narrowband or wideband

channel. The received signal vector y ∈ CNR×1 is as follows:

y = Hx + n (2.33)

where the transmitted signal vector is denoted by x ∈ CNT×1. The additive white

Gaussian noise vector n ∈ CNR×1, which is independent and identically distributed

(I.I.D.) with complex Gaussian distribution, i.e. n ∼ CN (0, N0INr).

2.4.3 Narrowband channel model

Following the work of [8, 75, 76], for the mmWave narrowband channel model, the

Saleh Valenzuela model is extended [77, 78]. For Ncl scatters and NP paths for each

scatter, the narrowband channel matrix is expressed as follows:

H =
NTNR

NP

Ncl∑
j=1

NP (j)∑
i=1

αj,iaR
(
φj,iR , θ

j,i
R

)
aT
(
φj,iT , θ

j,i
T

)H
(2.34)

where j is the cluster index and i is the path index. The scalar αj,i is the path complex

gain, and NTNR are the number of transmitter and receiver antennas respectively. The

azimuth and the elevation angles of arrival (AoA) are
(
φj,iR , θ

j,i
R

)
and angles of departure

(AoD)
(
φj,iT , θ

j,i
T

)
. The steering transmitter and the receiver vectors are represented

respectively by aT
(
φj,iT , θ

j,i
T

)
, aR

(
φj,iR , θ

j,i
R

)
.

The response vector depends on the array configuration and the sample space; for
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uniform plane array (UPA), the steering vector is expressed as follows [76]:

a (φ, θ) =
1

N

[
1, ej2

π
λ
ds(a sin(φ) sin(θ)+b cos(θ)), · · · , ej2

π
λ
ds((A−1) sin(φ) sin(θ)+(B−1) cos(θ))]

(2.35)

where N is the total number of array elements, which is N = AB. The scalar a and b

indicate the antenna element where 0 ≤ a ≤ A and 0 ≤ b ≤ B. The scalar ds is the

separation distance between the antenna elements, and λ is the wavelength.

2.4.4 MIMO Channel Capacity

2.4.4.1 Channel State Information (CSI) is Known at the Transmitter (Waterfil-

ing):

The MIMO channel matrix can be written in a singular value decomposition (SVD)

form as follows [75]:

H = UHΣHVH
H (2.36)

where the unitary matrices are denoted by UH ∈ CNR×NR and VH ∈ CNT×NT . The

matrix ΣH ∈ RNR×NT is a diagonal matrix whose elements are non-negative [74]. The

diagonal entries of ΣH are the singular values of the channel matrix H in decreasing

order, where λ1 ≥ λ2 ≥ · · · ≥ λrmin . The rank of the channel matrix H is rmin where

rmin = min(NT , NR). The scalar λ2i is the ith eigenvalue of HHH [79].

Then equation (2.36) can be expressed as follows [75]:

H =

rmin∑
i=1

λiuivHi (2.37)

Multiplying the transmit vector by the matrix V and then multiplying the receive vector

by the matrix U turns the MIMO channel matrix H into rmin independent orthogonal

parallel channels [80]. Now the optimum method for power allocation is achieved

by applying the waterfilling approach at the transmitter side, which is obtained as

follows [80]:

P ∗i =

(
µ− 1

λ2

)+

, 1 ≤ i ≤ rmin (2.38)
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where P ∗i is the power of the ith transmitted vector. The waterfilling power allocation

µ should satisfy the condition
∑rmin

i=1 P ∗i = PT .

The MIMO channel spectral efficiency is then obtained by summing the sub-channels’

spectral efficiency (SE) values as follows [74, 79]:

SEMIMO =

rmin∑
i=1

log2

(
1 +

P ∗i λ
2
i

σ2
n

)
(2.39)

Figure 2.9: MIMO spectral efficiency, with respect to the SNR, with a different number

of TX and RX antenna arrays compared with Shannon channel capacity [11]. These

capacity results are for the i.i.d. Rayleigh fading channel.

The capacity results, of Fig. 2.9, are for the i.i.d. Rayleigh fading channel. As shown

in the figure, at SNR = 20 dB, the 2× 2 MIMO SE = 11.6 bits/s/Hs, which is around 5

bits/s/Hs more than the Shannon capacity. Also, 8 × 8 MIMO SE shows an improve-

ment of 40 bits/s/Hs over the Shannon capacity at SNR = 20 dB, which is a significant

enhancement that shows the advantages of having a MIMO system.
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2.4.4.2 Channel State Information (CSI) is Unknown at the Transmitter:

If the channel state is unknown at the transmitter side, the power is equally divided

among the sub-channels and then the spectral efficiency is expressed as follows [80]:

SEMIMO = log2

(
det

(
IM +

PT
σ2
nN

HHH

))
(2.40)

where IM is the identity matrix.

2.4.5 Beamforming Overview

Beamforming (BF) is a signal processing technique that enables the communication

system to steer the beam in the desired direction, leading to antenna gain. By ap-

plying the BF technique with multiple data streams between transmitter and user, the

mmWave spectral efficiency is also enhanced further [81]. The 3D beamforming is

a promising technique for the mmWave MIMO system [82]. The beamforming tech-

nique can be applied in several ways: analogue, digital, hybrid (i.e. combined analogue

and digital) [83]. For analogue BF, at each terminal a digital baseband is connected to

a single radio frequency (RF) chain with several phase shifters. Although this is an ef-

ficient technique regarding the hardware complexity and the power consumption [75],

it is limited to a single user and a single transmitted stream. On the other hand, for

the fully digital BF, each antenna element is connected to a separate RF chain; this

would be impractical for mobile devices with a large number of antennas , i.e. mas-

sive MIMO, due to the high power consumption and introduced hardware complex-

ity [76,81,84]. However, hybrid precoding is the most suitable technique, and it is the

most likely to be applied for mmWave massive MIMO where a lower number of RF

chains is required, which reduces the hardware complexity and the power consump-

tion [84]. A hybrid MIMO system for mmWave communications is a popular topic,

and there are many recent studies that attempt to reduce the complexity and enhance

the overall energy and spectral efficiency; however this is beyond the scope of this

thesis.
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2.4.6 Beam Switching for Resolving Blocked Path

For a mmWave communication system, beamforming is essential, not only due to the

extra gain it introduces, but also because it could be an effective solution to minimise

the blockage effect issue, which is a serious problem in mmWave communications.

When the line of sight (LOS) path is blocked, switching the main beam to the next

available non-line of sight (NLOS) is an approach considered by IEEE 802.15.3c activ-

ities [85,86]. Reference [86] is one of the first papers that evaluates the beam-switching

approach for 60 GHz. In the situation where the LOS is blocked, the authors introduce

two mechanisms for undertaking the beam-switching technique: instant decision, and

a decision based on learning the environment. The beam-switching technique, in the

presence of blockers, is applied in Chapter 5 of this thesis, where a ray-tracing tool is

used to establish all possible propagated paths for an outdoor environment.

2.4.7 Existing Standardisations and Projects for mmWave Chan-

nel Models

The mmWave propagation characteristics discussed in Sections 2.2 and 2.3 require in-

tensive work for accurate channel modelling. Over the last two decades, several body

standards and projects have launched comprehensive work on mmWave channel mod-

elling. Reference [8] have undertaken an inclusive survey for the existing mmWave

channel models: narrowband and wideband. Table 2.1 presents a timeline and the fre-

quency band for the main channel models. Some of these standards and projects have

also provided a simulation blockage model, such as the METIS project [12], 3GPP

standard body [5], NYU WIRELESS group [87], and mmMAGIC project [88]. As

part of this thesis work, these blockage models have been adopted and evaluated in

part in Chapter 4, with more detail in Chapter 5.
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Year
Standard/Project/Paper

Name of the Channel Model
Frequency Band Technology

2005 - 2007
IEEE 802.15.3c standardisation project -

Task Group 3c (TG3c) [89]
60 GHz

Wireless

Personal Area

Network

(WPAN)

2009 - 2010 IEEE 802.11ad - Task Group ad (TGad) [90] 60 GHz

Wireless

Local Area

Network

(WLAN)

Since 2011
NYU WIRELESS 5G Channel

Models (5GCM) [91–93]
28, 38, 72 GHz 5G

2012 METIS project [12] up to 100 GHz 5G

2013
NYU WIRELESS’s paper on mobile

broadband (MMB) [27]
28, 38 GHz MMB

2014 MiWEBA project [94] 60 GHz 5G

2014
Quasi Deterministic Radio Channel Generator model

(QuaDRiGa) (Extension of WINNER II) [95]
30 GHz 5G

2015 ETSI-ISG project [96–98] 50-300 GHz 5G

2016 mmMAGIC project [88] up to 100 GHz 5G

2017 3GPP TR 38.900 - 3D channel model [5] up to 100 GHz 5G

Table 2.1: The main mmWave Channel Models over the last two decades. The content

of the table is chosen from [8].

2.5 Blockage Modelling

Blockage modelling at the mmWave band has attracted researchers’ attention in the

past few years. Two main approaches have been followed: intensive measurement

campaigns, especially for human blockages for different frequency bands, and simu-

lation modelling for blockage attenuations. In the literature, the simulation modelling

for blockage effect on the received signal at any point located within a limited cell size

could be summarised into two main steps:

1. The first step in simulation modelling is defining the blockers’ distribution and

density within the cell. Two well-known distributions have been considered by
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researchers: a) The homogeneous Poisson point process (PPP) distribution for

defining blocker locations. Most of the studies that use the PPP distribution need

it to derive the probability density function of the number of blockers from the

equations of the PPP distribution, such as the following: references [99,100]. b)

The uniform distribution for blockers, which is followed by many studies, such

as: [101–104].

2. The second important step in the simulation modelling for blockage effects is

to compute the attenuation that each blocker induces when it blocks the LOS

path. In this approach, different diffraction theories are used to compute the

attenuation in the deep shadow of the blocker, such as: the knife-edge diffraction

theory (KED), the geometrical theory of diffraction (GTD), and the uniform

geometrical theory of diffraction (UTD). Due to the simplicity of the first, i.e.

KED theory, the 3GPP standards body [5] considers it for modelling blockage

in mmWave band. This is discussed in detail in Chapters 4 and 5.

2.5.1 The Importance of Understanding the Dynamic Blockage Ef-

fect on the mmWave Channel

As stated in Section 2.1.2, dynamic blockage is a serious issue in mmWave commu-

nication systems. Dynamic blockages, such as moving people, cars and buses, cause

rapid fluctuations in the mmWave channel, leading to losses in the signal strength

of up to 30-40 dB [68, 105, 106]. Therefore, accurate modelling of the dynamics of

blockage is essential for developing reliable transceivers for mmWave systems [107].

The authors of [107] introduce a novel spatial dynamic channel sounding system at a

frequency of 60 GHz. Based on the results in [100, 108], the authors propose that dy-

namic blockage plays an important role in the engineering design of mmWave cellular

systems. Blockages impact on the channel propagation and achieving the optimum

antenna configuration for a given environment [109]. Understanding the behaviour of

dynamic blockages could provide an important assessment of the future fully adaptive

beamforming. Reference [110] state that the process of environment digitalisation is

one of the factors that will enable advanced beamforming approaches to be used. They
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used ray-tracing tools to investigate pencil-beam forming techniques, assuming full

knowledge of the channel characteristics. Thus, we believe that a more in-depth un-

derstanding of dynamic blockage behaviour in directional mmWave communications,

especially in V2I communication, will help to improve the overall quality of service of

the mmWave system.

2.6 Finite-State Markov Chain Model

For any sequence of a limited number of events, if the probability of one event depends

only on the previous event, then this stochastic model is called a Markov chain model.

The behaviour of any sequence of repeated events can be described by a Markov chain

model that consists of several states, where each state represents one of the possible

events. The transition probabilities between the events are obtained by observation or

by some statistical knowledge. Fig. 2.10 shows a simplified example of two states

Markov chain model. Chapter 3 discusses Markov chain in more detail.

Figure 2.10: Example of 2-States Markov chain model.

The finite-state Markov chain model (FSMC), which consists of a limited number of

states, has been a very useful modelling approach for different aspects and applica-

tions of communication systems. For example, Gilbert and Elliott modelled the burst-

noise over a communication channel using a two-state Markov model to simulate low

noise/high noise [111]. Also, for the second-generation (2G) communication systems,

finite-state Markov channel has been applied [112]. One Markov chain of two-states,

Good and Bad states representing the shadowing level, was used to simulate land mo-

bile satellite channel modelling [113, 114]. The Markov chain model can be used fur-

ther to efficiently simulate the dynamic channel attenuation resulting due to blockage

effects, which this thesis aims to achieve. That is discussed in the nest section.
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2.7 Thesis Main Research Scope

Having discussed most of the related topics to mmWave systems, it is clear from

the above subsection that capturing the behaviour of dynamic blockages is essential

for channel modelling; however, this remains a topic that needs further investigation.

Modelling the dynamic channel attenuation surrounding a moving transceiver can be

done with complex models such as ray tracing tool or 3D geometric models. However,

these models come with very high computational complexity. There is an essential

need to develop new efficient mathematical models, such as using the Markov chain

approach discussed in Section 2.6, that accurately captures the dynamic channel at-

tenuation. Thus, one of the main aims of this thesis is to efficiently model the effect

of dynamic blockage for a V2I mmWave communication system using two proposed

Markov chain models, which is studied in Chapters 3 and 4. This includes computing

the resulting dynamic attenuation and how the mmWave channel changes subject to

this. The attenuation of small-sized blockage objects, such as those the size of road

signs, has also not been sufficiently investigated in the literature, so Chapter 5 of the

thesis provides an intensive measurement campaign, simulation modelling, and full

system evaluation.

2.8 Conclusion

This chapter has provided a fundamental overview of the mmWave band in general. It

discussed different phenomena of signal propagation with mainly focus on diffraction

phenomena. Also, it entailed a detailed discussion about several propagation loss fac-

tors which appear to be serious challenges for mmWave band in comparison with sub-6

GHz band. The chapter also reviewed the main aspects of mmWave channel modelling

and highlighted the main existing standards and projects in this regard. That is fol-

lowed by a brief introduction to Markov chain model and how it has been used in the

literature for channel modelling and other communications aspects. Finally, the chap-

ter meant for shedding light on the blockage issue for mmWave band and explained

how it is essential to have a further investigation, which explains the research scope of

this thesis.
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Chapter 3
Markov Chain for Modelling 3D

Blockage In mmWave V2I
Communications

3.1 Introduction

As discussed in Chapter 2, sensitivity to blockage is a serious challenge that faces

the application of mmWave communications. Motion makes the problem even more

challenging. The sudden appearance and disappearance of the blockers surrounding a

transceiver causes rapid fluctuations and severely affects the performance of the overall

system. Therefore, accurate modelling of the dynamics of blockage is essential for

developing reliable transceivers for mmWave systems [107]. As such, there is a need

for a reliable model that accurately captures the dynamic channel attenuations, which

this thesis aims to achieve. In this chapter we present a simple and efficient model.

The following subsections present a brief overview of the application considered in

this chapter, which is vehicular communications since the dynamic feature is clear.

Then, we briefly discuss the possible modelling approaches and highlight the main

related work that has used the Markov chain as a modelling approach. The last two

subsections outline the main contributions of the chapter and describe the structure of

this chapter.

3.1.1 Considered Application (Vehicular Communications)

Autonomous vehicles are equipped with many sensors that collect data up to hun-

dreds of megabits per second [115]. It is predicted that autonomous vehicles will be

A major part of this chapter is published in IEEE VTC, 2019 [17].
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equipped with as many as 200 sensors per car by 2020 [116]. This would provide

a vast amount of data that may need to be shared with other vehicles for safety pur-

poses [117]. Thus, the fourth generation (4G) [118], which can offer data rates of 100

Mbits/s, may not be sufficient for future vehicular communication [119]. Nonethe-

less, some attractive features of the millimetre wave (mmWave) band frequency range

(from 30 GHz to 300 GHz) include very high data rates, and low latency, making this a

promising candidate to be applied in future vehicle-to-everything (V2X) communica-

tion systems [39], [120]. One of the challenges for mmWave communication systems

is the blockage effect due to the narrow beams of the mmWave band [51]. Since it

is very sensitive to blockage, this effect on the performance of the mmWave system,

particularly for V2I, needs to be understood.

3.1.2 Possible Propagation Modelling Approaches

As stated in [121], there are several methods for radio propagation modelling and

defining the statistical characteristics of the received signal. These can be determined

in two categories: empirical, e.g. WINNER projects [122], and three-dimensional (3D)

geometric-based propagation models, where the latter can be done either by simulation

or analytically. The geometric-based propagation models fall into two categories: first,

the full ray optic tool is an accurate method for modelling the radio propagation, which

uses computer programs to solve Maxwell’s equations [123]. The advantage of the ray-

tracing tool is the ability to establish all possible propagation paths, and this provides

the angular information, delay and the received power for each path. However, by

understanding the concept of path propagation [124], the ray-tracing approach can

be simplified into a 3D map-based geometric model [121], which is a well-known

approach. This is the second category of the map-based models.

There are some advantages and disadvantages to each of these propagation tools. The

empirical methods do not account for the impact of the antenna pattern or the BS-RX

distance, which is the main disadvantage of this method [121]. On the other hand,

the ray-tracing approach is a very accurate model, but its computational complexity is

greater than the others. Assessing the impact of blockage on the signal strength using
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the simplified 3D map-based approach gives a reasonable approximation of reality, but

it is still computationally intensive. We are interested in simplifying these propagation

models even further. Thus, in this chapter, we propose an efficient Markov chain model

that accurately captures the dynamics of blockages and the resulting attenuations. We

first, in the following section, briefly present the exiting studies that use the Markov

chain to study the blockage effects.

3.1.2.1 Markov Chain Blockage Models in the Related Literature

Modelling the blockage event using the Markov chain is not a new concept. A simple

two-state Markov model has been used in several studies in the literature; the author

of [125] introduces a two-state Markov chain approximation, using fade and non-fade

states, for slow Rayleigh fading channels. Likewise, reference [126] uses two-state

Markov, shadowed and non-shadowed states, to capture the blockage for indoor popu-

lated environments. Reference [127] developed two approaches using a Markov model

for modelling the blockage event: a two-state Markov chain and a four-state piecewise

linear modelling approach. These are used to model a human blocker in an outdoor en-

vironment where there is only a single TX-RX LOS. Moreover, reference [128] defines

a Markov model with three states: non-line of sight (NLOS), line of sight (LOS) and

no signal. Reference [129] investigated the spatial correlation of the blockage LOS and

NLOS probabilities in urban mmWave systems, showing that the dependency between

the receiver states at different times due to the motion of the receiver. Reference [130]

extracted transition probabilities of the evolution in the line of sight (LOS) blockage

of the V2V system using a three-state Markov chain with actual measurements of dif-

ferent environments. However, this study did not outline when the signal gets blocked,

how many blockers there are and how much attenuation they cause. The frequency

band used was between 2 GHz and 6 GHz, rather than considering mmWave frequen-

cies. Understanding the effect of blockage on the V2I links therefore still requires

further research.
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3.1.3 Main Contributions

The main contributions of this chapter are as follows:

1. Investigating the impact of blockers on the received signal strength of a mobile

receiver and the behaviour of the dynamics of the blockage surrounding the mov-

ing transceiver. The key focus of this chapter is to capture the spatial dependency

between adjacent sample points along the mobile receiver track.

2. Simplifying the 3D geometric blockage model into a very efficient Markov chain

model.

3. Although a Markov chain requires stationarity, we introduce a novel approach

to make the model applicable even in non-stationary cases: splitting the sample

point track into several sectors and then representing each one with a different

Markov chain.

This chapter is organised as follows: in Section 3.2 the three-dimensional (3D) geomet-

ric blockage model is introduced, with two scenarios: stationary and non-stationary.

The propagation scenarios and the computation of the channel capacity are also dis-

cussed in this section. The next section, Section 3.3, presents the Markov chain model,

explaining how it is constructed and how the transition probabilities are computed. In

this section, the solution for the non-stationary scenario is also proposed. Simulation

comparisons and results are outlined in Section 3.4, and finally Section 3.5 presents

the conclusion.

3.2 The 3D Geometric Blockage Model

3.2.1 System Model

We have created a three-dimensional (3D) geometric model in MATLAB, which mod-

els an outdoor scenario for a mobile transceiver that moves around a base station. The

base station (BS) with hT height is located around the centre of an area AT . The area
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between the BS and the receiver is filled with blockers that are uniformly distributed

with a blockage density ε = NBL
AT

, where NBL is the total number of blockers. The

mobile transceiver, with height hR, moves along the receiver track that goes around

the BS, as in Fig. 3.1.

Figure 3.1: An example the 3D geometric blockage model

We are interested in investigating the effect of blocker dynamics surrounding the mo-

bile transceiver on the line of sight (LOS) path. Thus, in this chapter, we only consider

the LOS path, whilst ignoring all other reflected or diffracted paths. The effects of

only two types of blocker are considered. The blockers are either human bodies or

other cars. For the sake of simplicity, and based on measurements provided by several

other studies, we assume that each blocker introduces a fixed attenuation value. This

approach has been adopted by several studies in the field. If the LOS signal passes

through one human blocker, its power will drop by 20 dB [9], while it will drop by 40

dB [62] if the blocker is another car or a tinted glass window. The more blockers that

cross the LOS path, the more attenuation the signal experiences. This model can easily

be extended to more realistic models, as in [5].

3.2.1.1 The Average Number of Blockers

As the mobile transceiver moves along the receiver track over the RX sample points,

the MATLAB function counts the number of blockers that block the LOS path between

the mobile transceiver and the BS. This number is then stored in a vector called the
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average number of blockers sequence vBL with the dimension 1 × N , where N is

the number of uniformly distributed RX sample points. This also corresponds to the

sample times t1 to tN . However, due to the height difference between the BS and the

RX, sometimes the signal travels over the blocker. Thus, only blockers that cross the

LOS signal path are counted, such as blocker B in Fig. 3.1, while blocker A is not.

Running the simulation repeatedly with a M Monte Carlo run results in an M × N

matrix, which will be used later in this chapter to construct the transition probability

matrix for the Markov chain model. We have defined a simple analytical approach for

computing the average number of blockers affected by the BS-RX d distance and the

blocker width w, which is expressed as follows:

N
′

= ε× w × d (3.1)

where ε = NBL
AT

is the blocker density per unit area. The variable AT represents the

total area, and NBL is the total number of blockers that exist in area AT . The variable

w is the cross-sectional width of one blocker. As shown in Fig. 3.2 (b), the BS location

is at coordinates (x0, y0, z0). The scalar d is the length of the direct LOS path from the

BS to each RX sample point (x, y, z), which changes based on how far the RX sample

point is from the BS. This is computed as follows:

d =
√

(x0 − x)2 + (y0 − y)2 + (z0 − z)2 (m) (3.2)

3.2.1.2 The Gradient of the Average Number of Blockers

It is clear from (3.1) that the ε and w parameters are fixed across the receiver track,

while the scalar d is the only term that changes with the RX movement. However,

we assume that the BS and RX heights do not change, so the only variables in (3.1)

that change, due to the RX movement, are the x-coordinate or the y-coordinate. If

we assume that the mobile transceiver is moving straight along the x-axis, the only

parameter that changes with the movement in (3.1) is the x-coordinate value; therefore,
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d = x. Thus, the gradient G of the average number of blockers N ′ is as follows:

G =
∂N

′

∂x
=

ε× w × x√
(x0 − x)2 + (y0 − y)2 + (z0 − z)2

(3.3)

3.2.2 The Receiver Track Scenarios

The average number of blockers crossing the LOS path is influenced by the BS-RX

distance. Hence, it is influenced by the shape of the receiver track that the mobile

transceiver is following. However, to convert the geometric model into a Markov chain

model, statistical stationarity is required for the average number of blockers N ′ , i.e.

(3.1). The stationary term here means that the average number of blockers does not

show a significant fluctuation over time. This point is explained in detail in Section 3.3.

In the following subsection, we discuss two scenarios: a stationary trajectory (circular)

and then a non-stationary case (straight-line).

Figure 3.2: The of the 3D geometric model. (a) Circular. (b) Straight-line.

40



Chapter 3. Markov Chain for Modelling 3D Blockage In mmWave V2I
Communications

3.2.2.1 Stationary Scenario (Circular-shape Track)

In this scenario, the BS is at the centre of the circle and the receiver track is laid on

the circumference, as in Fig. 3.2 (a). The purpose of having a circular track, where

the distance to the base station is the same, r, is to keep the same average number of

blockers at all sample locations. This scenario is stationary, so the average number

of blockers in (3.1) will be N ′
= K1, where K1 is a constant. In this scenario, the

blockers are assumed to be human bodies.

3.2.2.2 Non-stationary Scenario (Straight-line Track)

In this scenario, the mobile transceiver is moving along a straight-line track and passing

the base station, as shown in Fig. 3.2 (b). The transceiver track is a straight line with a

total length of 170 m, and it is 15 m from the BS. Since the BS is located around the

centre of the track, the BS-RX separation distance towards the two ends of the track is

longer than in the middle of the track. The longer the BS-RX distance, the greater the

chance that more blockers will cross the LOS path. Unlike the previous scenario, there

is a significant difference in the average number of blockers in a sample point located

in the middle compared with a sample point toward the end of the track. The average

number of blockers in (3.1) will be N ′
= K2 × d, where K2 is a constant. The scalar

d is the direct length of the LOS path, i.e. (3.2). The blockers here are cars that follow

the same direction.

3.2.3 Propagation Cases

As stated above, we only consider the LOS path propagation. Since there is a limited

number of blockers distributed in the area between the base station and the mobile

transceiver, two possible scenarios could take place at each RX sample point along the

receiver track: either the LOS path is clear with no blocker, or it is blocked by one or

more blockers. Thus, we consider two propagation cases:

1- LOS Propagation: When no blocker crosses the LOS path between the BS and

the RX, the main factor that affects the received signal is the path loss, which should

41



Chapter 3. Markov Chain for Modelling 3D Blockage In mmWave V2I
Communications

be high, considering the high frequency of mmWave. Thus, from Friis’ equation, the

received power [131] can be written as a function of the antennas’ directivity, DR and

DT , and the free-space path-loss, PL = (4πd/λ)2. The wavelength λ is much smaller

than the separation distance d, so the farfield assumption is made, and assuming 100%

efficient antennas for theoretical analysis.

PR =
PTDTDR

PL
(W) (3.4)

2- Blocked LOS Propagation: In the presence of blockers, since the attenuation that

each blocker causes is known, this attenuation term can be added to (3.4). As men-

tioned above, this depends on the blocker type; if it is another car, then it introduces

40 dB [62] of attenuation, while a human body blockage causes a 20 dB loss [9]. In

this propagation scenario, i.e. when the LOS path is blocked, we also assume that

the received signal suffers from Rayleigh fading due to the blocker effect. The unit

power is equal to |R2|, where |R| is the Rayleigh fading amplitude. Equation (3.5)

is only considered when the signal passes through one or more blocker, i.e. N ′
> 1;

otherwise, for the sake of simplicity, it is not considered.

PR =
PTDTDR|R2|
PLN

′PBL
(W) (3.5)

To show the difference between the two propagation scenarios, the received power of

both have been plotted in Fig. 3.3, which illustrates a small sector of the receiver track

that has several RX sample points. In this example, the carrier frequency fc=30 GHz,

and the BS-RX distance is 10 m. The antennas’ directivity and the Rayleigh fading

terms are ignored here. As shown in the figure, when a human body blocker appears,

it causes a 20 dB drop in the received signal, i.e. the red dashed curve in Fig. 3.3.

This shadow effect lasts for several sample points depending on the blocker’s width

and how far it is from the mobile transceiver. The brown dotted curve in the figure is

the received power averaged over 10 Monte Carlo runs; for each run, the blocker is

located at a random position. However, it is possible in some other scenarios that the

shadow of two or more blockers overlaps, which results in higher attenuation.
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Figure 3.3: The received power with and without a blocker crossing the LOS between

BS and RX. For the brown doted curve we have one blocker that is located at random

location with each run, 20 sample points, and M=10 runs.

3.2.4 Spectral Efficiency

The maximum spectral efficiency achieved through the additive white Gaussian noise

(AWGN) channel at each RX sample point is obtained using the well-known Shannon

equation, which is expressed as a function of the signal-to-noise ratio [132]:

C = log2{1 + PR/No} (bits/s/Hz) (3.6)

The received spectral efficiency is used as a metric to compare the performance of

the proposed Markov chain model with the geometric model. The channel capacity

shows clear dependence on the signal-to-noise SNR ratio value. According to [70], the

relationship between the channel capacity and the SNR is divided into two regions as
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follows:

log2 (1 + SNR) ≈ SNR log2(e) when SNR ≈ 0 (3.7)

log2 (1 + SNR) ≈ log2 (SNR) when SNR >> 1 (3.8)

When the SNR value is low, the channel capacity increases linearly with it, which

means doubling the SNR value yields whilst doubling the channel capacity. Increasing

the SNR by 3 dB doubles the output capacity. However, the higher the SNR value, the

less effect it has on the output channel capacity. Based on the second region, it has a

logarithmic relationship, i.e. we only get one more bit per dimension for every 3 dB

increase in the SNR value.

Based on the received power of Fig. 3.3, the corresponding spectral efficiency for

all the three curves is plotted in Fig. 3.4. Since the SNR is high, a 20 dB drop in the

received power, due to the blocker, produces≈ 7 bits/s/Hz drop in the received spectral

efficiency, i.e. 1 bit/s/Hz for every 3 dB.

Figure 3.4: The received spectral efficiency with and without a blocker crossing the

LOS between BS and RX. For the green doted curve we have one blocker that is located

at random location with each run, 20 sample points, and M=10 runs.
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3.2.5 Geometric Model Computation Process

Although the simplified 3D geometric model is a good approach to study the radio

propagation for a given field in the presence of time-varying blockage effects, the

computational process is quite complex. It is also necessary to consider that at each

sample point along the receiver track we need to check how many blockers cross the

LOS path. Whenever we change the settings or the field, the whole process should be

repeated to count the number of blockers that block the LOS path. However, what is

proposed in this chapter is a Markov chain model that efficiently captures the dynamics

of the blockers surrounding a moving transceiver. This will be explained in detail in

the following section. Table 3.1 shows a comparison between the three models: ray-

tracing, geometric and Markov chain.

Model Complexity Performance Time Consumption

Full Commercial Ray Tracing Very High Best Very High

Simplified Geometric High Good High

Markov Chain Very low Good Very low

Table 3.1: System and Antenna Parameters

3.3 The Markov Chain Model

Markov chain is a very useful tool for simplifying a complex stochastic scenario.

Based on the present event, we can predict the future event since the future and past

events are independent and the present event is known. Thus, in order to capture the

dynamics of the average number of blockers encompassing a moving transceiver, we

can replace the high-computational 3D geometric model with the efficient Markov

chain model. Our goal in this chapter is to convert the 3D geometric model that counts

the effective number of blockers crossing the LOS path into a Markov chain model.
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3.3.1 Overview of Markov Chain

First, this subsection is a very brief overview of the Markov chain model. We begin by

defining the random variable, X , as an output of a random event. The random process,

or the stochastic process, is a set of random variables over time {Xn;n = 0, 1, 2,· · ·}
with finite or infinite state space S [133]. If the set consists of a natural number then

it is called a discrete-time random process, while if the numbers are real, it is called a

continuous-time random process. There are several categories of random process, one

of which is Markov chain [134].

As stated in [134, 135], the Markov chain model has a particular property that makes

it a very useful tool: the Markov or memoryless property. Each Markov chain has

a state space that contains all possible states; we define it here as S = {S0, S1,· · ·}.
The random process is called the Markov process if the following condition applies:

for future states, the conditional distribution, given the current and past states of the

process, depends only on the current states. This means the future state is independent

of the past state. If U is an event that depends only on the subset {Xn−1,Xn−2,· · · , 0},
then for any state j and k in the state space S is as follows [133]:

Pjk = P (Xn+1 = k|Xn = j) (3.9)

3.3.2 Straight-line Scenario and the Markov Reducible Character-

istic

First, let us define the “irreducible” and “reducible” terms. The Markov chain process

is “irreducible” only if any state can reach any other state within the chain no matter

how many steps are required, or how long it takes to reach it [134]. Although not

every state of the Markov chain in Fig. 3.5 (a) is directly connected to the other states,

this Markov chain is irreducible because any state can reach the others, no matter how

many steps are required to reach the destination. On the other hand, a Markov chain is

“reducible” if there are one or more states that are not reachable by all the other states,

where there is a portion of the Markov chain that has only one way, and no coming

back as in Fig. 3.5 (b) [136].
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Figure 3.5: Example of reducible and irreducible Markov chains.

Fig. 3.5 shows some examples of Markov chains with dummy transition matrices.

Each column of a transition matrix represents the set of transition probabilities of

movement from this state to all other states. The transition probabilities of each col-

umn should sum to one. Taking Fig. 3.5 (b) as an example, the second column of

the transition matrix shows all the possible arrows connecting state 2 to itself or other

states. Since state 2 has no connection to state 4, the transition probability P24 is zero.

However, the second row of the transition matrix shows how the second state is ap-

proached by other states. There are no arrows connecting state 3 or 4 to state 2. These

are backward-disconnected, with neither a direct nor indirect connection. Thus, Fig.

3.5 (b) is a reducible chain since states 1 and 2 are not reachable from state 3 or 4. For

instance, if we run a Markov chain sequence based on the transition probability matrix

T(a), we would get a sequence similar to {1, 2, 1, 2, 2, 3, · · ·, 3, 3, 4, 3}. There is no

way back to the first part. However, one reducible Markov chain could be split into

two small irreducible Markov chains. If we split states 1 and 2 from states 3 and 4 in

Fig. 3.5 (b), we have two small irreducible Markov chains. Fig. 3.5 (c) shows more

examples of reducible Markov chains. However, this reducible characteristic is what

happens when we directly convert the straight-line scenario of the geometric model

into one Markov chain. This will be explained in detail in the following subsections.
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Let us take two examples of propagation scenarios for the two cases. We assume that

each state represents the number of blockers crossing the direct LOS path between

the base station and the receiver, i.e. state 1 means one object blocks the LOS, etc.

First, for the irreducible case, i.e. Fig. 3.5 (a), that could happen if we assume that

a receiver (RX), surrounded by blockers, moves through three different areas with

different blockage densities, (i.e. from non-crowded to crowded then again back to a

non-crowded place). First, the RX is either blocked by one or two blockers maximum.

Then, when the RX moves to a crowded place, it is more likely to be blocked by three

or four blockers; once it passed the congested area, it is then blocked by one or two

blockers. However, for the reducible case, i.e. Fig. 3.5 (b), that could happen if we

assume that the RX was blocked by three very wide buildings that completely block

the receiver location. That means there is no way back from state three to state two.

3.3.3 Converting the 3D Blockage Geometric Model into a Markov

Chain Model

The 3D geometric blockage model could be converted into a simple discrete Markov

chain model [137] based on a transition matrix, T, as shown in Fig. 3.6. The probabili-

ties here are created from data samples of the 3D geometric model. The Markov chain

model consists of several states where each state represents the number of blockers

that cross the signal path. As shown in Fig. 3.6, the first state, S0, indicates that there

is no blocker between the mobile transceiver and the BS, while S1 is the state when

there is one blocker, etc. P01 is the transition probability from state S0 – no blocker –

to state S1 – 1 blocker – and so on. The transition probabilities from any state sum to

one. However, when the mobile transceiver moves from one sample point to another,

the transition can go from any state to itself again, or to any other state, to represent the

LOS path status based on the given transition probability, as shown in the vBL blocker

sequence example at the bottom of Fig. 3.6.
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Figure 3.6: Example of Markov chain with 3 states representing 0, 1 or 2 blockers.

The main goal is to make the Markov chain model produce an average number of

blockers sequence, vBL, which matches the statistical behaviour of the geometric model

by only using the transition probability matrix T, where T is already obtained from the

geometric model. In order to be able to compare the results of the two models, their

vectors and matrices should have the same dimensions. Therefore, the dimension of

the one-run sequence should be size N . Repeating the process of the Markov model

M times using the same matrix T gives M ×N matrix of samples.

3.3.4 Transition Probability Matrices

The transition probability matrix of the Markov chain model can be computed using

two approaches: simulation based on the MATLAB geometric model data; or deriving

the transition probability analytically.

3.3.4.1 Transition Probability Matrices by Simulation

From the geometric model, we haveM number of vBL vectors resulting fromM Monte

Carlo simulations. These vectors contain the number of blockers that cross the LOS

path at each sample point. By analysing the dynamic transition across each vector, we

obtain the transition probability matrices. We have M transition probability matrices,

one for each iteration. Then, averaging these matrices introduces one matrix T, on
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which the Markov chain model is based. The transition probability matrix is a square

matrix with a dimension equal to the maximum possible number of blockers obtained

from the geometric model, i.e. max(vBL). In Fig. 3.6, the transition probability, Pjk,

from state j to state k is defined by:

Pjk =
njk∑m
l=1 njl

(3.10)

where njk is the total number of times that the number of blockers in vector vBL

changes from state j to state k along the receiver track, and m is the number of pos-

sible states. Repeating this process for all states allows the matrix T in Fig. 3.6 to be

constructed.

3.3.4.2 Analytical Approach to Computing Transition Probabilities

The transition probability matrix of the Markov chain can also be computed analyti-

cally based on some basic knowledge about the environment. For the low-blockage

density case, a two-state Markov chain model is used, i.e. no blockers or one blocker.

We have a 2-by-2 transition matrix T. The transition probability from the no-blockers

state to the one-blocker state P01 is given as:

P01 =
NBL

N
(3.11)

where NBL is the total number of blockers encountered over the total number of RX

sample points N .

However, P11 represents the probability that the mobile transceiver remains blocked

by the same blocker over time. Blocker size plays an important role in this. The

shadow caused by one blocker continues for several sample points, and once it passes

the blocker, it switches back to the non-blocker state like an ON-OFF curve. Since

blockers have a finite size, the likelihood of staying in the one-blocker state decreases

exponentially with the sample time according to the value of P11. The computation

of the transition probability P11 involves two steps: finding the optimum value for a

very small blocker; then, based on the relationship between the blocker size and the
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transition probability P11, finding the corresponding value for every possible blocker

size.

To derive the optimum value of P11 analytically, consider a small blocker that blocks

only two sample points; i.e. the state at t1, S(t1) = 1 and S(t2) = 1, S(t3) = 0, etc.

The best analytical value of P11 in this case is found by computing the minimum mean-

squared error (MMSE) between the exponential Markov chain and ON-OFF curves:

MSE =
1

N

N∑
k=1

(S(k)− Pk)2 (3.12)

where Pk = P k
11 and it represents the exponential decay of the Markov chain.

Figure 3.7: The best value of the transition probability P11.

As shown in Fig. 3.7, the optimum value of the transition probability P11 correspond-

ing to a very small blocker that leads to the minimum-squared error is P ′
11(MMSE) =

0.525. In Fig. 3.7, we have plotted the ON-OFF curve that represents a small blocker

blocking only two RX sample points, and, after that, it switches to zero. As explained

above, the Markov chain model has an exponential decay curve for P11 since the prob-

ability of being blocked by the same blocker decreases with every new sample point.
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We have scanned all possible probabilities, but plotted only the best P11 curve – the

blue line – and the other two examples – the dash-curves – to show the difference.

The next step after computing the transition probability P11 analytically for a small

blocker that blocks only two RX sample points, is to use this value as a reference point

to compute the transition probability P11 for any blocker size. The transition proba-

bility P11 has a logarithmic relationship with the blocker size. We can use this rela-

tionship to find the transition probability for any blocker size. For example, increasing

the blocker size from wRef.=0.2 to wNew=0.4 (m) means that the corresponding value

P11(0.4) must equal the square root of P11 to achieve the MMSE fit. P11 of any blocker

size can be obtained as follows:

P11(wNew) = P
′

11

(wRef./wNew)
(3.13)

A detailed comparison between the simulation and the analytical approaches is pro-

vided in Section 3.4.1.

3.3.5 One Markov Chain Model for the Stationary Scenario (Cir-

cle)

Due to the stationarity of the circular scenario, one Markov chain is sufficient to model

the average number of blockers affecting each RX sample point along the whole track.

The first main step is to compute the transition probability matrix. Fig. 3.8 represents

the transition probability matrix computed from a geometric model of a circular track.

The circle radius is 10 m, and 200 human blockages are uniformly distributed across

the area. Considering the size and the number of blockers the blockage density is low.

From the matrix, we can see that the maximum number of overlapped blockers is four.

Each column of the matrix represents the movement from this state to another, and it

should sum to one. The bar on the right shows the corresponding value of each colour.

The first column represents the zero-blocker state S0, i.e. clear LOS path. Since the

blockage density is low, movement from S0 to S0 is more likely than from S0 to any

other state, so the first cell is yellow. The second cell in the column representing the
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movement from S0 to S1 has a lower probability, so it is light blue, and so on.

Figure 3.8: The Transition Probability Matrix of a circular scenario. The No. of

NBL=200, 400 RX sample points, and M=50 runs.

Figure 3.9: Average number of blockers seen by the moving transceiver - the circular

scenario. The No. of NBL=200, 400 RX sample points, and M=50 runs.

With the transition probability matrix ready, we can now efficiently compute the aver-

age number of blockers using the Markov chain model. We have significantly reduced

the computation process by switching from the geometric to the Markov chain model.

Fig. 3.9 shows a comparison between the average number of blockers computed by

each model. The MSE between the two curves is 0.019. This low value indicates how

good the efficient Markov chain model is.
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3.3.6 Multiple Markov Chain Model for the Non-stationary Sce-

nario (Straight-line)

In motorway scenarios, it is more realistic to have a straight-line track (Section 3.2.2.2)

than a circular shape (Section 3.2.2.1). The average number of blockers, N ′ , changes

depending on the distance of the mobile transceiver from the BS. The longer the BS-

RX distance is, the greater the chance of more blockers. When the mobile transceiver

is far from the BS at time t1 or tN , i.e. at either edge of the track, it is more likely that

the signal will suffer from more blockers than when it is passing by at time tN/2. Thus,

there is a significant difference in the average number of blockers along the track, as

shown in Fig. 3.10.

Figure 3.10: The Average number of blockers seen by the moving transceiver - the

straight-line scenario. There are 34001 RX sample points along the RX track, which

is divided into 11 sectors.

In Fig. 3.10, it is clear that the average number of blockers curve obtained from the

simulation results of the geometric model follows the same trend as the theoretical one.

However, the Markov chain requires statistical stationarity in the average number of

blockers in order to produce results that match the geometric model. This condition
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will be difficult to meet in any other mobile transceiver track than the circular shape.

Having one Markov chain produced from one transition matrix for the whole mobile

transceiver track has been investigated and it fails to achieve the goal of matching the

geometric model results, as shown in Fig. 3.10. Due to the high fluctuation in the

average number of blockers curve, we found that computing only one transition matrix

for the whole track results in a reducible transition matrix, as explained in Section

3.3.1. Thus, the Markov chain constructed using this transition matrix will fail to

match the V-shape curve of the geometric model since it will be stuck in one state at

some point along the track, as the cyan curve shows in Fig. 3.10.

However, we provide a solution that will make the Markov chain model applicable to

the straight-line track scenario. The solution is to split the mobile transceiver track into

multiple small sectors aiming to keep the variance of the average number of blockers,

N
′ , within each sector as small as possible. The approach of having multiple Markov

chains works very well with the non-stationary scenario. As shown in Fig. 3.10, the

MSE value between the geometric model and the six-Markov chains model is very

small – 0.075.

In selecting the split-position locations along the mobile transceiver track, the goal is

to keep the part of the N ′ curve that belongs to each sector in an almost steady-state

condition. To do so, the gradient G of the average number of blockers – (3.3) – is

obtained and plotted. Then, this curve is divided into small parts along the y-axis,

where the split-points are symmetrical with respect to the origin, as shown in Fig.

3.11. This step is subjective; we try to make the sectors small, especially in the regions

where the slope of the G curve is high. Finally, the projections of these points on the

G curve on the x-axis are the best positions to split the x-axis (the sample points along

the mobile transceiver track) into small sectors.
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Figure 3.11: The gradient of the average number of blockers seen by a mobile

transceiver - the straight-line scenario

The new transition matrices of all small sectors are irreducible, which means each

state in the Markov chain is accessible by all other states. Now, the dynamic of the

Markov chain will flow smoothly; hence the problem is solved. The parameters of

each of these transition probability matrices are computed from the related sectors of

the blocker sequence, vBL, of the offline geometric model or by following the analytical

approach in Section 3.3.4.2. Each sector is represented by a different Markov chain

that is based on the corresponding transition probability matrix T. Now, for one track,

we have multiple Markov chains, that come in sequence order.

However, in Fig. 3.10, due to the symmetrical structure, although the mobile transceiver

track has been divided into eleven sectors, only six Markov chains based on six tran-

sition probabilities are needed. Sector one and sector eleven are represented by the

same Markov chain, and the same T1, and so on. The middle sector is represented

by the sixth Markov chain and T6. However, for the handoff process, when switch-

ing from one Markov chain to another, the state of the first sample point of the new

Markov chain is equal to the last point of the previous chain, (or the nearest state to it)

to maintain spatial consistency.
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Transmit power PT (Total) = 1W No. of MC states S up to 10

Noise power NO = −123.91dB Blocker height hBL = 1.8m

BS height hT = 2.5m Blocker radius (Human) rBL = 0.5m

RX height hR = 1.5m Car blocker dimensions 4.75×1.8m2

Carrier frequency fc = 30GHz DT , DR in (3.4) and (3.5) 8 Dipole antennas

Sample space λ/2 w in (3.1) 2.545 m

The Circular Scenario The Straight-line Scenario

Sample points N = 400 Sample points N = 34001

No. of runs M = 50 No. of runs M = 100

Total No. of Bl. (10, 50, 100, 200, 500) Total No. of Bl. NBL = 50

Circle Radius r (10, 15, 20, 25, 30)m AT Dimensions (m) l1 = 15, l2 = 170

Table 3.2: System and Antenna Parameters

3.4 Comparisons and Results

A comparison between the performance of the two models is required to see how well

the Markov chain model captures the blockage phenomena in both circular (Fig. 3.2

(a)) and straight-line (Fig. 3.2 (b)) scenarios. Table 3.2 specifies all the parameters

used in the simulation for the two scenarios. First, in the straight-line scenario, we

observe that the run-time of the geometric model is 1,000 times the run-time of the

Markov chain model. The channel capacity evaluated at each sample point is affected

by the average number of blocker vectors over the number of iterations. Therefore, the

pattern of the averaged autocorrelation function (ACF) of the channel capacity along

the whole track of the proposed Markov chain model is compared with the geometric

model in different cases, i.e. different circle radii, and different densities. Up to 10

blocker states are considered for the Markov chain model in order to capture different

densities. The ACF is computed as follows:

ACF(∆t) = E[C(t)C(t+ ∆t)] (3.14)
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Another key comparison is to investigate the empirical cumulative distribution func-

tion (ECDF) of the channel capacity obtained using the geometric and Markov chain

models, which is computed as follows:

ECDF(c(t)) = P (C 6 c(t)) (3.15)

3.4.1 Circular Scenario Results Comparisons

As stated in Section 3.2.2.1, the circular scenario is stationary since the average num-

ber of blockers seen at each sample point along the mobile transceiver track remains

constant. In this chapter, several circular radii and blocker density scenarios have

been investigated. In Table 3.3, the values of the average capacity with very small

MSE values indicate that the Markov chain model works very well. It is important to

emphasise here how much the appearance of blockers could severely affect the perfor-

mance of the mmWave system. As is clear in the first part of Table 3.3, the blockage

density is affecting the received spectral efficiency. The received spectral efficiency

drops significantly as the blockage density increases.

The Overall Average Capacity Along all the Circle Track (bits/s/Hz)

No. of Bl. NBL

Radii r =15m
Radii r

Bl. No. NBL = 200

Markov Geometric MSE Markov Geometric MSE

10 12.01 12.12 0.0124 10 0.81 0.91 0.01

50 9.19 9.23 0.0016 15 2.73 2.72 0.0001

100 6.44 6.4 0.0016 20 3.78 3.85 0.0049

200 2.72 2.73 0.0001 25 4.43 4.62 0.0361

500 0.07 0.05 0.0004 30 5.12 5.10 0.0004

Table 3.3: Comparison between Markov chain and the Geometric models

Fig. 3.12 also shows a comparison of the average ACF of the Markov chain and the

geometric models of different circle radius, ranging from a radius of 10 m to 30 m.

The Markov chain curves successfully replicate the results of the geometric model

with very limited error for the five different scenarios. Fig. 3.13 shows the ECDF

comparison of the two models. At 10% of the overall ECDF of the average capacity,
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there is a small error of 0.1 bits/s/Hz; otherwise the Markov chain model fits the

geometric model distribution very well.

Figure 3.12: Average ACF of the Capacity of the circular track with No. of BL=100,

several radii, 400 sample points, and M=150 runs

Figure 3.13: The ECDF of the Capacity of the circular track with No. of BL=10,

r=15m, 400 sample points, and M=150 runs
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Figure 3.14: The Average ACF of the Capacity of the straight-line track with No. of

BL=50, PBL = 20 dB, 34001 sample points, and M=100 runs

3.4.2 Straight-line Scenario Results Comparisons

As mentioned in Section 3.3.6, the straight-line scenario is non-stationary regarding

the average number of blockers. As explained in Fig. 3.2 (b) and Fig. 3.10, the track

should be split into small sectors to achieve stationarity within these. Otherwise, the

Markov chain model will fail to match the geometric model results, as shown in Fig.

3.14 (the green curve). However, six Markov chains are able to provide an overall

average number of blockers that matches the curve of the geometric model (Fig. 3.10).

The splitting positions are chosen carefully, ensuring each split has limited variance in

the average number of blockers using the gradient of the average number of blockers,

G, as described in Section 3.3.6. The result is that the average ACF curve in Fig. 3.14

fits the geometric curve with a small MSE of 0.0011.
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Figure 3.15: The ECDF of the Capacity of the straight-line track with No. of BL=50,

34001 sample points, and M=100 runs

The ECDF curve in Fig. 3.15 of the six combined Markov chains also follows the same

pattern as the geometric model. At 50% of the overall ECDF of the average capacity,

there is a small error of 0.237 bits/s/Hz. The error here is higher than in Fig. 3.13 due

to the higher blocker attenuation, 40 dB, caused by a car. Even a small difference in

N
′ , between the Markov chain and the geometric, would result in a higher error than

in a case where the blocker attenuation is 20 dB. One Markov chain produces around

three blockers as an average number over the entire track (see Fig. 3.10), and each

one of them attenuates the signal by 40 dB. This results in almost zero capacity, as

shown in Fig. 3.15. Having several Markov chains, instead of one chain, significantly

improves the modelling accuracy.

3.4.3 Transition Probability (Simulation versus Analytical)

Fig. 3.16 presents a comparison of the analytical (Section 3.3.4.2) and the simulation

approaches to computing the transition probabilities. The results of the two methods

match each other, which means that the transition probability matrix could be gener-

ated analytically without using the geometric model. Fig. 3.16 (a) presents the transi-
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tion probability P01 as a function of the number of blockers in the area. They have a

linear relationship. However, Fig. 3.16(b) shows the transition probability P11 against

the dimension of the blocker and, as shown in the figure, they have a logarithmic rela-

tionship. The reference blocker size in (3.13) is 0.235 m, which is equal to the sample

space, i.e. two sample points are blocked, and the transition probability P11 = 0.525.

Based on this, we used (3.13) to generate the rest of the curve.

Figure 3.16: Analytical and simulation comparison. (a) P01. (b) P11.
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3.5 Conclusion

A 3D geometric model was introduced to investigate the impact of blockage in mmWave

V2I communications. Although the geometric model gives a reasonable approxima-

tion of reality, it is computationally intensive. Hence, the computationally efficient

Markov chain model is presented in this chapter. The proposed Markov chain model

successfully captures the dynamic attenuation surrounding a moving transceiver. It is

found that analytically derived transition probabilities match well with those obtained

from the geometric model, which means that the transition probability matrix could

be generated without running the geometric model. The average capacity results of

the Markov chain model also match those obtained from the geometric model. The

patterns of the average ACF and the ECDF of the capacity also show that the proposed

Markov chain model works very well with limited error. Although a Markov chain

requires statistical stationarity, this chapter proposed a novel solution by dividing the

receiver track into several sectors represented by several Markov chains. The resulting

model is shown to fit the results from the geometric model well.

It is clear from the results of this chapter that the Markov chain model is a very good

approach. However, in order to overcome the limitations of the Markov chain model

presented in this chapter, we propose a more advanced sum of Markov chains model

in the next chapter.
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Chapter 4
Adaptive Sum of Markov Chains for
Modelling 3D Blockage in mmWave

V2I Communications

4.1 Introduction

As noted in the previous two chapters, at mmWave frequencies, the diffraction of elec-

tromagnetic waves around blockers is less likely to occur than at microwave frequen-

cies due to the significant difference in the size of a typical blocker and the wave-

length [138], so even small obstacles can influence the signal strength [139]. For in-

stance, the human body attenuates the mmWave signal in the range of 20 to 25 dB [9].

The probability of LOS blockage increases exponentially as the receiver moves further

away from BS [99]. Accurately and efficiently modelling the dynamic attenuations

caused by blockers is essential for reliable mmWave communications. The simple

Markov chain presented in Chapter 3 is very efficient and shows good performance in

capturing the blockage attenuations.

The following subsection presents the limitations of the model presented in Chapter

3 that we overcome in the new model in this chapter. Section 4.1.2 provides a brief

overview of the related work and discussion of how human blockage has been mod-

elled in the literature. Section 4.1.4 states the main contributions, and then the structure

of this chapter is presented in Section 4.1.5.

This chapter is published in IEEE Transactions on Vehicular Technology, 2020 [14].
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4.1.1 Limitations of the Simple Markov chain model of Chapter 3

Although the existing Markov chain model exhibits very good performance, and it has

very low complexity, it does have some limitations:

1. For non-stationary scenarios, dividing the receiver track into sectors is required,

and this is not easily automated.

2. Obtaining closed-form results for the transition probability matrix is complex;

especially for the high average number of blockers cases. For these cases, the

only practical option is to feed in the transition probability matrix from simula-

tions of the geometric model.

3. To use the Markov chain for any new scenario, the transition probability matrix

is also needed beforehand; otherwise the simple Markov chain cannot compute

the attenuations caused by blockers. Although it might be possible to have the

transition probability matrix for some scenarios, this is not always feasible.

4. This model works very well for simple scenarios with simplified assumptions,

such as assuming the attenuation caused by a blocker is a fixed value (e.g. 20

dB). Then, the total attenuation is simply the given fixed value (e.g. 20 dB)

multiplied by the number of blockers. However, for this simplified Markov chain

model, it is difficult to adapt if the attenuation value changes due to the blocker’s

location and orientation.

These limitations encourage us to develop a more flexible model that maintains the

advantages of the Markov chain model and overcomes the limitations described above.

Thus, in this chapter, we propose an adaptive Markov chain function that overcomes

all the limitations described.

4.1.2 Related Work on Human Blockage

The literature review provided in Chapter 3 applies here as well. However, in this sec-

tion, we describe more references that are relevant to this specific chapter. In the liter-
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ature, human blockage has been extensively investigated for several frequency ranges

of the mmWave band. In this section, we briefly present the related work.

The impact of human blockage on 60 GHz band has attracted many research endeav-

ours in the early literature based on the IEEE 802.11ad standard. For instance, ref-

erence [103] studied outdoor scenarios, and [9, 13, 140] have investigated the indoor

environment. Reference [141] has provided analysis and comparisons between differ-

ent blockage models at 60 GHz. It states that even clothes have a significant impact

on the resulting attenuation under some circumstances. Other studies investigate the

influence of human blockage at other frequency ranges of 28 GHz [142] and the 73

GHz band was investigated by some studies in [87,127]. Also, the human blockage ef-

fect at 28 GHz, 38 GHz, 60 GHz, and 73 GHz frequency bands were studied in [143],

which concludes that 28 GHz showed a lower blockage loss compared with the other

frequency bands. For two different frequency bands, 26 and 39.5 GHz, the authors

of [144] measured the attenuation resulted from one to three human body blockages

that are simultaneously crossing the direct LOS path. Reference [87] shows that using

directional antennas, one human blocker could attenuate the signal by 30-40 dB. Also,

the 11, 16, 28 and 32 GHz bands are studied in [145]. The paper states that increasing

the frequency within this range would have no significant influence on the attenuation

value.

Two-dimensional (2D) blockage models were proposed in [146, 147], where the ele-

vation angle is ignored. However, by considering the difference in the height of the

transmitter or the receiver and the blockage dimensions, the signal could travel over

the blockage and not be affected at all. The 3GPP standards body [5] proposed two

empirical-based blockage models for a mmWave system. Reference [101] analyses

the effect of blockage on the relationship between the blockage rate and the data frame

length. Reference [102] studied using their novel model the behaviour of correlation

between the LOS path and the reflected paths that are affected by human blockage

around receivers. However, they have avoided using the 3GPP blockage model to re-

duce complexity; instead, they assumed that each blocker introduces a fixed 20 dB

loss.
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4.1.3 How have human blockers been modelled in the literature?

Two main steps are required in blockage modelling. The first is determining the

blocker location: distributing blockers uniformly over the area around the base station

(BS) and the receiver (RX) is a well-known approach e.g. see [101–104]. The second

step is to model the attenuation profile caused by a given blocker. For the mmWave

band, several approaches have been undertaken by researchers to model the attenua-

tion caused by a human blockage. Below, the main approaches are briefly outlined and

listed in increasing order of complexity:

1. A simple approach [17, 103] is to have a fixed attenuation where each human

blockage introduces a fixed attenuation of 20 dB, which is based on experimental

results.

2. Modelling a blocker as a screen and then applying knife-edge diffraction theory

to get the attenuation value is a common approach in the literature. In the METIS

channel models [12], simple knife-edge diffraction is used to calculate the loss

value geometrically. This is one of two empirical-based blockage models pro-

posed by the 3GPP standards body [5]. Several other studies use double-sided

knife-edges and examine it with some measurements, such as [87]. Their results

show that using a directional antenna, one human blocker could attenuate the

signal by 30-40 dB when the TX-RX distance is 5m. Reference [148] also intro-

duces some basic rules to use the simplified double knife-edge to model human

blocker effects in the mmWave band.

3. Other geometric approaches are used to model a blockage, such as the Kirchhoff

KED model and the geometrical theory of diffraction in (GTD) [145]; and the

circular cylinder and dielectric elliptic cylinder in [141]. However, these models

are much more complex to evaluate.

4.1.4 The Main Contributions

To the best of our knowledge, capturing the dynamic of the blockers surrounding a

moving transceiver, and at the same time computing the resulting attenuation has not
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been studied in the literature. This chapter investigates blockage effects on the signal

strength and captures the dynamics of blockers surrounding a moving transceiver.

1. A novel sum of Markov chains model is proposed that successfully captures the

dynamics of the blockage surrounding a moving transceiver that moves around

a base station. Moreover, the performance of the proposed model shows a very

good match with the geometric model results, but with much less complexity.

The simplicity of the proposed model is a very good feature; it is based on several

two-state Markov chains combined in parallel. To estimate the right average

number of blockers for any given environment, the only three inputs required

for the model are the right choice of the transition probability, the length of a

blocker, and how many chains are required.

2. One of the advantages of the proposed sum of Markov chains model is that it can

work very well for both stationary and non-stationary scenarios; non-stationary

means the average number of blockers can vary depending on the TX-RX dis-

tance and the blocker locations since the probability of LOS blockage increases

exponentially with TX-RX distance [99]. This is due to the adaptive feature of

the proposed model, which can adapt and predict the correct dynamics of the

average number of blockers for any given environment.

3. To add more novelty to the work, any attenuation model could be integrated eas-

ily within the novel proposed sum of Markov chains model. One of the block-

age models that could be used is the third-generation partnership project (3GPP)

knife-edge diffraction (KED) blockage model; in this chapter, it is adopted and

integrated within the proposed model. Thus, the resulting attenuation of the

model is not only based on how many blockers there are but also on the relative

locations of these blockers.

4.1.5 Chapter Organisation

The chapter is organised as follows: in Section 4.2 the system model of the chapter

and propagation scenarios are presented. Then, Section 4.3 presents two approaches
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considered in this chapter to compute the attenuation value caused by blockers. First is

assigning a fixed attenuation value for each blocker, and the other approach is to rep-

resent each blocker by the 3GPP blockage model [5], which is a thin vertical screen.

That is along with an attenuation profile of RF lab measurements. Then, in the follow-

ing section, state of the art blockage models – geometric, and Markov chain (MC) –

are introduced with a brief overview of the model of Chapter 3. Section 4.5 comprises

the core of the chapter, where the novel sum of Markov chains (sum of MC) model

is proposed. Section 4.6 provides results and discussion of all the models. Section

4.7 shows a summary of the work and highlights the main achievements, and suggests

possible directions for future work. The last section provides a link to the MATLAB

code used in this chapter.

4.2 The System Model

To investigate the blockage effect on the mmWave V2I communication system, in the

proposed system model we assume that there is a mobile transceiver at the top of a

vehicle that is moving around a base station in the presence of a sparse distribution of

blockers located randomly in the area. Since in the mmWave band the line-of-sight

(LOS) path is far stronger than other non-LOS paths [149], we only consider the LOS

path in this chapter. Whenever the LOS path hits a blocker, attenuation is applied in

the model. As in [103], we assume the angle of arrival does not change. In the fol-

lowing subsections, the geometric model parameters and the theoretical approach for

computing the average number blockers are defined. Then, propagation scenarios are

introduced to investigate how much a blocker could affect the received signal strength.

Finally, since the channel capacity is simple to compute, we use it as a metric to com-

pare the performance of different approaches to model blockage.
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Figure 4.1: The System Model.

4.2.1 Introducing the system model parameters

The system model, as shown in Fig. 4.1 (a), consists of a base station (BS), with

height hT , and a mobile transceiver (MT), with height hR, moving around the BS

following a specified track. For simulation purposes, there are N sample points that

are equally spaced and located on the track. The MT starts moving at sample point 1

and finishes at sample point N , with corresponding sample times t1 to tN . Within the

area AT , there are NBL blockers that could block the LOS path between the BS and

the MT. Any blocker shape could be used; the blocker radius is defined as rBL and the

height is hBL. If a signal passes through any one of these blockers, its power will be

significantly reduced. The more blockers, the greater the overall attenuation the signal

experiences. Since the BS is assumed to be higher than the blockers, only the blockers

that cross the LOS signal path are counted, such as blocker B in Fig. 4.1 (a), while

blockerAwould not have any effect. Therefore, this only refers to the blockers located

within the area of influence, which is where the direct LOS path does not exceed the
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height of a blocker hBL. The scalar Xinfl is the distance between the two edges of the

influence-ring in Fig. 4.1 (a) and it is found from the elevation angle φ of the LOS path

as follows:

tanφ =
(hT − hR)

r
=

(hBL − hR)

Xinfl

(4.1)

Xinfl = r
(hBL − hR)

(hT − hR)
(4.2)

The scalar r is the BS-MT distance in the xy-plane while d is the length of the LOS path

from the BS at coordinates (x0, y0, z0) to the MT sample point (x, y, z). The average

number of blockers at each sample point is obtained by multiplying the blocker density

by the area of visibility of this sample point, as shown in Fig. 4.1 (c), which is a slight

modification of what was shown in Chapter 3. It is calculated as follows:

N
′

G = ε(2rBLXinfl) (4.3)

where ε = NBL
AT

is the average number of blockers per unit area, i.e. the blocker density,

and NBL is the total number of blockers that exist in area AT . The scalar rBL is the

radius of one blocker assuming it is a sheet where the width of the sheet corresponds

to the diameter of an equivalent cylinder representation of the blocker.

As in [101–104] blockers are uniformly distributed, and they can be located anywhere

in area AT . However, the shadow caused by a blocker projection on the MT track

will vary based on the blocker location. Fig. 4.1 (b) shows that a blocker (No. 1)

that is far from the MT track will create a longer shadow on the MT track with length

Sh(1). A shorter shadow area with length, Sh(2), on the other hand, will be created by

a blocker located very close to the MT track, (No. 2). These are the two extreme cases

of the blocker location. The scalar Sh(1) is found by applying the arc length formula

as follows:

θ1 =
(2rBL)

r −Xinfl

=
Sh(1)

r
⇒ Sh(1) =

(2rBL)r

r −Xinfl

(4.4)

Similarly, for blocker No. 2 located on the MT track, the projected sector equals the

diameter of the blocker, i.e. Sh(2) = 2rBL. The average shadow-length, Sh, caused

by one blocker is obtained from integrating over all possible blocker locations, which
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yields the average length as:

Sh = E(Sh) =

∫ Sh(1)

Sh(2)

x

Sh(1)− Sh(2)
dx =

(Sh(1))2 − (Sh(2))2

2(Sh(1)− Sh(2))

=
Sh(1) + Sh(2)

2
= rBL

(
r

r −Xinfl

+ 1

)
(m) (4.5)

However, by dividing the number of sample points over the total length of the MT

track, we get the number of samples per unit length, i.e. N/L. Thus, the average

number of sample points that is affected by one blocker is obtained by multiplying

(4.5) by N/L as follows:

lB = Sh
N

L
=
NrBL
L

(
r

r −Xinfl

+ 1

)
(Samples) (4.6)

In this chapter, we assume a sparse distribution of the blockers, where the total blocker

length or breadth is much less than the BS-MT distance. As stated in the METIS

model [12], for sparsely populated environments, when the shadow of two different

blockers overlap, the net overall attenuation is the sum of the attenuation values (in

dB) for each blocker. The computation of blocker attenuation is explained in detail in

Section 4.3.

4.2.2 Propagation scenarios

As noted at the start of this section, we only consider the LOS path in this chapter.

Thus, similar to [150–152] one of two cases is possible; the LOS path is either non-

blocked or blocked:

4.2.2.1 LOS Propagation

when no blocker crosses the LOS path between the BS and the MT, the Friis equation

of the received power [131] can be written as a function of the antennas’ directivity,

DT andDR, and the free-space path-loss, PL = (4πd/λ)2. The wavelength, λ, is much

smaller than the direct LOS path, d, i.e. the farfield assumption is made and assuming
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100 % efficient antennas for theoretical analysis.

PR(t) =
PT (t)DTDR

PL
(W) (4.7)

4.2.2.2 Blocked LOS Propagation

in the presence of blockers, since the attenuation that each blocker causes PBL is

known, this can be added to (4.7). The received LOS signal in (4.7) will be partially

blocked and hence suffer from unit power Rayleigh fading due to the blocker effect,

with power equal to |R2|, where |R| is the Rayleigh fading amplitude. Equation (4.8)

is only considered when the signal passes through one or more blockers, i.e. N ′
G > 1:

PR(t) =
PT (t)DTDR|R2|
PLN

′
GPBL

(W) (4.8)

4.2.3 Channel Capacity

Thanks to the well-known Shannon equation [132], the maximum spectral efficiency

at each sample point can be obtained easily using the resulting received power as in

(4.9). The channel capacity will be used later to compare the performance of different

blockage models.

C(t) = log2{1 + PR(t)/No} (bits/s/Hz) (4.9)

We used the channel capacity as a metric to evaluate the proposed model. We know

that the Shannon capacity is an upper-bound, and actual system performance should be

below that. However, reference [153] has shown that the Long Term Evolution (LTE)

link capacity curve is close to the Shannon upper-bound with only a small difference.

Hence, the Shannon equation provides a good way to approximate the performance of

real systems using adaptive modulation and coding.
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4.3 Blockage Attenuation Approaches

When a blocker crosses the direct path between a transmitter and a receiver, it attenu-

ates the signal and makes it weaker. The resulting attenuation depends on the blocker’s

kind, size, location, and orientation. As mention in Section 4.1.2, several approaches

have been undertaken by researchers to evaluate the attenuation caused by a human

blockage. In this chapter, we consider two approaches listed in increasing order of

complexity. Moreover, towards the end of this section, an attenuation profile of lab

measurements is presented, which could be used as well.

4.3.1 Approach (1): Fixed-Attenuation Blockage Model

For the mmWave band, if a signal passes through one human blocker, its power will

drop roughly by 20 dB [9]. This simple approach involves introducing a 20 dB fixed

attenuation value whenever the LOS path is blocked.

4.3.2 Approach (2): 3GPP Blockage Model

In principle, not every human body that crosses the LOS path should attenuate the

signal by a fixed value of 20 dB. The attenuation of a blocker will vary depending on

the location and the orientation. However, 3GPP provides a simple model to capture

the loss caused by the shadow of a blocker using the concept of knife-edge diffraction

[5,12]. Each blocker is represented by a rectangular screen, as in Fig. 4.2, and the loss

due to four edges of the screen is:

PBL = −20 log10 (1− (Fh1 + Fh2) (Fw1 + Fw2)) (dB) (4.10)

where Fh1, Fh2, Fw1, and Fw2 are the diffraction values associated with the four edges;

h denotes the blocker height and w the width, as shown in Fig. 4.2. Every edge will

cause shadowing equal to:

F =
atan

(
±π

2

√
π
λ

(D1 +D2 − d)
)

π
(4.11)
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where λ is the wavelength, D1 and D2 are the projected distance from the BS and MT

nodes to the screen, and d is the projected distance between the BS and MT nodes.

Figure 4.2: Shadowing screen model adopted from [5, 12].

According to [5, 12], when one of the BS or MT nodes moves, the orientation of the

screen should be rotated around its centre to be perpendicular to the LOS path, and at

the same time stay vertical on the ground. Thus, if we look at this from the top view,

the cross-section of the rotation makes a circular shape that has a diameter equal to the

3GPP screen width. This is not a cylinder, just a screen that rotates around its centre

to always be perpendicular to the LOS path, as shown in case 2 of Fig. 4.3.

Figure 4.3: Shadow of two overlapped blockers.
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According to the METIS project [12], and the 3GPP standard body [5], for a sparse

distribution of blockers, when the shadow of two blockers overlapped, each one will

attenuate the signal separately. The resulting attenuation for an MT-BS link that is

shadowed by two different blockers is obtained as the sum of the two individual losses,

as shown in case 2 of Fig. 4.3.

This 3GPP blockage model is adopted in this chapter. Whenever a blocker crosses the

LOS path, the above loss equation is applied to obtain the attenuation caused by that

blocker. The attenuation value will vary depending on the blockage location. This

3GPP blockage model can be used in the geometric model and the sum of Markov

chains model, but not the Markov chain model; that is explained in detail in the next

section, in Section 4.4.2.

4.3.3 RF Lab Measurements

Besides these two main approaches, the attenuation profile could be taking from real

measurements and applied for all blockers. Experimental work was carried out in

an anechoic chamber at Heriot-Watt University where a rectangular copper sheet was

placed exactly between two horn antennas, one for the transmitter and one for the

receiver, separated by a distance r = 2 m. A narrowband measurement was performed,

where the frequency was 28 GHz, and the transmitted power was 1 W. The transmitter

and the receiver locations were fixed, and the copper sheet was placed in the middle

to block the direct path between the transmitter and the receiver. The blocker was

moved over several steps from right to left crossing the direct LOS path between the

transmitter and the receiver. At each blocker position, the measurement of the resulting

attenuation was collected, as presented in Fig. 4.4. The red dash curve represents the

measured attenuation of rectangular metal sheet, from Chapter 5, where the blocker is

crossing the LOS path at equidistant between the TX and RX. We observed that the

location of the blocker plays an important role in the resulting attenuation. The loss

equation of the 3GPP blockage model for the same copper blocker is used, and this led

to a similar finding. This RF lab measurements could be used as an attenuation profile

and adopted as another blocker model.
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Figure 4.4: Lab-measurement - Attenuation caused by a rectangular copper sheet.

4.4 Methods to Model Blockages in Computer Simula-

tion

For the mmWave band, modelling the blockage effect in open environments can be

done in one of several ways listed in decreasing order of complexity: 1- full commer-

cial ray tracing; 2- simplified geometric model; 3- Markov chain model of Chapter 3;

or 4- the newly proposed sum of Markov chains model. Although the performance of

the first option is most realistic, where all the possible rays between the BS-RX are

considered, the high complexity and time-required do not make it the preferred option,

so it is out of this chapter’s scope. In this section, the simplified geometric and Markov

chain models are introduced. They will be used for comparison later in this chapter

with the novel sum of Markov chains model, which is presented in the next section,

Section 4.5. Two tasks are required for each model, the first is to determine the aver-

age number of blockers of a given environment, and secondly to compute the resulting
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attenuation. These results, finally, are considered in the received power calculations

(4.8) to obtain the overall channel capacity results (4.9) for each model.

4.4.1 The Geometric Model

4.4.1.1 The Average Number of Blockers

Modelling blockage using a simplified geometric model comes with adequate perfor-

mance and moderate complexity. The key factor that changes the average number of

blockers is the number of blockers that cross the LOS path. However, this number

increases with the BS-MT distance as in (4.3). As stated in [154], the longer the path,

the more blockers would block it on average. The geometric model used in this chapter

was created in MATLAB for three different scenarios to represent different environ-

ments, as shown in Fig. 4.5.

In each scenario, the mobile transceiver (MT) would move around the BS following a

different receiver trajectory: circular, straight-line and sinusoidal shape. It is important

to emphasize that the average number of blockers is not affected by the trajectory

itself, but by the BS-MT distance. As explained in Section 4.5, N equally spaced

sample points are laid along these tracks. Once the MT starts moving and comes

across each sample point, the number of blockers that block the LOS path between the

mobile transceiver and the BS are computed using ray optics and stored in a vector with

dimension N which is completed once the MT reaches the last sample point along the

track at sample time tN . Running the simulation repeatedly with M Monte Carlo runs

results in an M × N average number of blockers matrix, which contains the number

of effective blockers at each sample points.

78



Chapter 4. Adaptive Sum of Markov Chains for Modelling 3D Blockage in mmWave
V2I Communications

Figure 4.5: Scenarios of the Geometric Model.

The receiver’s track scenarios as follows:

1. Circular-shape Scenario: In this scenario, the BS is in the centre of a circle

and the receiver track follows the circle circumference as in Fig. 4.5 (a). The

purpose of having a circular track, where the distance to the base station is the

same, r, is to keep the same average number of blockers at all sample locations,

i.e. the average number of blockers in (4.3) will be N ′
G = K1 where K1 is a

constant. This is a statistically stationary scenario.

2. Straight-line shape Scenario: In this scenario, there is a mobile transceiver that

is moving along a straight track and passing by the base station, as shown in Fig.
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4.5 (b). Unlike the previous scenario, the average number of blockers here varies

as the MT moves along the track based on the BS-MT distance; i.e. the average

number of blockers in (4.3) will be N ′
G = K2 × Xinfl where K2 is a constant

and Xinfl varies along the track and obtained using (4.2).

3. Sinusoidal-shape Scenario: The receiver track here has a sinusoidal shape as

in Fig. 4.5 (c), which is more complicated than the previous two cases, and it

causes the average number of blockers to change with the MT location. In real-

world scenarios, the MT could move around the BS at any distance and in any

direction, so the BS-MT distance will keep changing. A good way to capture

such fluctuations in simulation is to use a sinusoidal-shape scenario where the

BS-MT distance keeps changing.

4.4.1.2 Blockage Attenuation

As mentioned in the previous section; two approaches to compute blockage attenua-

tions are considered. First, when each human blocker causes a 20 dB fixed attenuation

value, the overall resulting attenuation along the MT track is computed by multiply-

ing the number of blockers by 20 dB. However, for 3GPP blockage approach, each

blocker in the geometric model will be treated separately. As explained in Section

4.3.2, at any sample point, whenever the LOS path intersects with a blocker, equation

(4.10) is applied to calculate the attenuation value at this point.

4.4.1.3 Complexity Order of the Geometric Model

Assume that an MT moves around a BS within an area AT . There are NBL blockers

within this area and N sample points. At each sample point, first, we need to check

whether any one of the NBL blockers crosses the LOS path. Then, if K blockers

do cross the LOS path, we need to compute the 3GPP blockage attenuation equation

for each blocker. For simplicity, we define the complexity of the 3GPP equation as

requiring G operations. To carry out a Monte Carlo simulation, the model should be
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run M times. Thus, the complexity order is as follows:

O(NNBLMKG) (4.12)

4.4.2 Markov Chain Model

As proposed in Chapter 3, the average number of blockers surrounding a moving

transceiver could be captured using a Markov chain model with sufficient states to rep-

resent all possible numbers of blockers that could be expected. Each state represents

the case where a specified number of blockers intersect the LOS path. The transition

probability, Pjk, from state j to state k is defined by:

Pjk =
njk∑m
l=1 njl

(4.13)

where njk is the number of times the average number of blockers changes from state

j to state k along the track and m is the number of possible states. These transition

probabilities between these states are obtained from running the geometric model of-

fline and these probabilities are the only input needed for the Markov chain model for

a given environment.

The Markov chain model works very well in a stationary scenario where the average

number of blockers remains at the same level as in a circular-track scenario. For non-

stationary scenarios, a single Markov chain can not model the change in the average

number of blockers. In Chapter 3, we proposed a solution by dividing the receiver

track into several sectors and representing each sector with a different Markov chain

based on a different transition probability matrix.

However, the limitations for this simplified Markov chain model, presented in Section

4.1.1, have led us to propose a more advanced Markov chain model that overcomes all

the limitations and yet retains the efficiency and simplicity of the Markov chain model.

This is presented in the following section.
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4.5 Sum of Markov Chains Model

4.5.1 Introducing the model

The sum of Markov chains model can capture the average number of blockers sur-

rounding a moving vehicle in a very efficient way using only basic knowledge about

the surrounding environment. The fundamental idea of the model is as follows: having

several Markov chains in parallel with a very limited number of states will success-

fully capture the average number of blockers for any given receiver track. The sum of

Markov chains model is based on the Binomial distribution, and it is constructed from

several n chains in parallel, where each chain has only two states: state S0, i.e. a clear

LOS path, and state S1, i.e. blocked by one blocker. The LOS path status converts

from S0 to S1 using the probability P01. Then, it remains in this state for lB sample

points until the mobile transceiver passes this blocker. Once this condition is met, it

switches back to S0, as shown in Fig. 4.6.

Figure 4.6: Two Markov Chain Model states for one chain of the sum of MC.

The diagram in Fig. 4.7 explains the sum of Markov chains model process. Each

chain is treated as an independent event and has no impact on any other chain (i.e.

independent probabilities). Moreover, the values of the probabilities, P01 is the same

across all parallel chains. By making the right choice of P01 with enough number of

chains, the sum of Markov chains model will be able to predict an accurate value for

the average number of blockers N ′
S for a given environment.
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Figure 4.7: Diagram explains the process of the sum of Markov Chains Model.

The main advantage of the sum of Markov chains model is its ability to work success-

fully with any receiver track scenario, whether it is stationary or non-stationary. For

each chain in non-stationary scenarios, such as straight-line and sinusoidal, the input

probability P01 will vary along the track so it is able to produce the required average

number of blockers. Before we provide a numerical example of updating the transition

probability, we first need to define the transition probability P01 in the next section.

The numerical example is provided in Section 4.6.2.

The average number of blockers of the sum of Markov chains for a given environment

can be obtained using two different approaches: analytically and by simulation.

4.5.2 Analytical Calculation of Average Number of Blockers

This approach aims to obtain N ′
S analytically from the input transition probability P01.

This can be done through several steps: first, the input transition probability needs to

be modified. After that, we obtain the probability of a sample point along the chain

being blocked by one blocker PB. Then, the last step before computing the average

number of blockers is to obtain the probabilities of having k blockers in a row.
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4.5.2.1 The Transition Probability P01

In the Markov chain model, presented in Chapter 3, the transition probability from

state 0 (non-blocked state) to state 1 (blocked by one blocker) is:

P01 =
Number of Blockers

Number of Sample Points
(4.14)

This definition is only applicable when the size of the blocker is small enough that it

can block only one sample point at a time. However, in most practical cases, a blocker’s

shadow, as in Fig. 4.1 (b), will cover several sample points, lB, especially when the

sample space between these points is quite small compared to the size of the blocker.

Therefore, we need to redefine the transition probability and make it applicable to any

blocker size and any sample space.

To modify (4.14), we split the sample points into two categories: blocked samples

and non-blocked samples. Assuming all blockers have the same size, the total number

of blocked samples is the number of samples blocked by one blocker multiplied by

the total number of blockers. The total number of non-blocked samples is computed

similarly. Now, the modified transition probability, denoted as PS , can be written as

follows:

PS =
No. of Blockers

No. of Blockers× (lNB + lB)
⇒ PS =

1

(lNB + lB)
(4.15)

where the scalar lB is the number of sample points that are shadowed by one blocker,

which can be computed using (4.6). The scalar lNB is the number of non-blocked sam-

ples before each blocker, and it is obtained from the ratio between the two transition

probabilities that comes out of non-blocked state, as in Fig. 4.6, which is written as

follows:

lNB =
1− P01

P01

(Sample Points) (4.16)

Now, we need to rewrite the modified transition probability PS as a function of the

original transition probability P01, since P01 is still the main input. This is obtained by
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inserting (4.16) into (4.15) as follows:

PS =

(
1− P01

P01

+ lB

)−1
=

(
1

P01

− 1 + lB

)−1
(4.17)

Having the modified transition probability in hand, now we can continue to calculate

the average number of blockers N ′
S .

4.5.2.2 The Probability of being Blocked PB

In each chain in the sum of Markov chains model, the probability of a sample point

being blocked by one blocker, PB, is calculated as:

PB = lBPS = lB

(
1

P01

− 1 + lB

)−1
(4.18)

4.5.2.3 The Probabilities of Having k Blockers in a Row

Adding n two-state chains in parallel will result in 2n outcomes that produce (n + 1)

possible blockers in the range from k = 0 up to n blockers. The probability of having

k blockers in a row is expressed as:

Pk = (PB)k (1− PB)n−k
n

Ck (4.19)

where
n

Ck is the Binomial coefficient. Summing the probabilities for all k should

equal one.

4.5.2.4 Average Number of Blockers N ′
S

The average number of blockers of the sum of Markov chains model is simply the

mean of the Binomial distribution, and it is defined as follows:

N
′

S = E(K) =
k=n∑
k=0

kPk =
k=n∑
k=0

k

(
n

k

)
PB

k (1− PB)n−k (4.20)
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Using the well-known closed form of the Binomial distribution, the average number of

blockers could be simplified further in the following few steps [155]; by first changing

the summation limits to y = k − 1⇒ k = y + 1 and m = n− 1⇒ n = m+ 1:

N
′

S =
k=n∑
k=0

k
n!

k!(n− k)!
PB

k (1− PB)n−k ⇒
y=m∑
y=0

(m+ 1)!

y!(m− y)!
PB

y+1 (1− PB)m−y

(4.21)

Then, substituting the new values would give the following:

N
′

S = (m+ 1)PB

y=m∑
y=0

m!

y!(m− y)!
PB

y (1− PB)m−y (4.22)

From Binomial theory, we know that the second part of the equation equals to one as

follows:
y=m∑
y=0

m!

y!(m− y)!
(1− PB)m−y = (PB + (1− PB))m = 1 (4.23)

Then, finally, the average number of blockers of the sum of Markov chains model is:

N
′

S = nPB = nlB

(
1

P01

− 1 + lB

)−1
(4.24)

In principle, the average number of blockers in (4.24) and (4.3) should be equal, i.e.

N
′
S ' N

′
G. The variable lB is the average number of sample points that is affected by

one blocker, which is obtained in (4.6). The transition probability P01 is the main input

for the above function, which means each value of P01 will produce a corresponding

average number of blockers, N ′
S . To make the model adaptive to any scenario, we

update the probability P01 at each sample point, based on how far the MT sample point

is from the BS. We will have P01 vector of length N . Thus, from (4.24) we can define

the optimal transition probability that leads to the desired average number of blockers

as follows:

P01 =

(
nlB
N

′
G

+ 1− lB
)−1

(4.25)
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Figure 4.8: The relationship’s curve between the input P01 and the output N ′
S of the

sum of Markov chains function, where lB = 30 and n = 5.

4.5.3 Average Number of Blockers by Simulation

A MATLAB function was created that takes the transition probability P01 as an input

and give the average number of blockers of the sum of Markov chains model as an out-

put as shown in Fig. 4.7. To understand the relationship between the input P01 and the

output N ′
S of the sum of Markov chains function, we plotted the probability versus the

output average number of blockers N ′
S in Fig. 4.8. Note, due to the sparse distribution

of blockers, there is no need for very high values of the transition probability. This

curve is a result of combining five chains. Fig. 4.8 could be used as a lookup table and

guidance for the sum of Markov chains function.
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4.5.4 Blockage Attenuation

As explained in Section 4.3, two approaches are considered for blockage attenuation

as presented in Fig.4.7. For the fixed-attenuation scenario, whenever there is a human

blocker, a 20 dB loss is added. As noted in Section 4.2.1, the attenuation of the model

is simply computed by multiplying the number of blockers by 20 dB, e.g. if the LOS

path blocked by 2 blockers, the resulting attenuation is 20 dB + 20 dB = 40 dB. The

second approach is the 3GPP blockage scenario. To avoid computation at each time

we run the sum of Markov chains function, the attenuation equation (4.10) of the 3GPP

blockage model is computed in advance for all possible locations along the direct line

between BS and MT and saved as attenuation levels in a lookup table within a hidden

MATLAB function. Thus, at any chain of the sum of Markov chains model, whenever

the signal status changes to a blocked state, the hidden MATLAB function will choose

randomly one of the attenuation levels and apply it; then, keep it running for lB sample

points until the status switches back to the non-blocked state. However, the sum of

Markov chains model can equally be applied to any other blockage model, which can

be easy used instead of the 3GPP blockage model.

The next step entails inserting these attenuation losses into the calculation of the re-

ceived power. Then, the overall average channel capacity for this model is computed

using (4.9).

4.5.5 Complexity Order of the Adaptive Sum of MC Model:

The 3GPP blockage model here is computed offline for all possible locations, as men-

tioned in the above subsection, so it will not introduce any further complexity to the

sum of the MC model. Likewise, the transition probability P01 vector is computed

offline as well. The complexity order of the sum of MC model is as follows:

O(nNM) (4.26)

where n is the number of chains which is usually a small number, e.g. for all our

scenarios, n ≤ 5. The variables N and M are the number of sample points, and the
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number of Monte Carlo runs respectively. Thus, it is obvious that the proposed sum

of Markov chains model is significantly less complex than the geometric model, i.e.

(4.12).

4.6 Results and Discussions

All the three models – geometric, Markov chain and the sum of Markov chains- aim

to capture the dynamic of the blockers and to investigate the effect of the resulting

attenuation on the LOS link in mmWave communication systems. The proposed sum

of MC model is computationally efficient. For instance, in the sinusoidal-shape track,

which is a complicated non-stationary scenario, we observe that the run-time of the

sum of MC model is 7000 times less than the run-time of the geometric model. In

this section, the overall average channel capacity (4.9) along the receiver track is key

to the comparison between the models. Moreover, the autocorrelation function (ACF)

in (4.27) and the empirical cumulative distribution function (ECDF) in (4.28) of the

average capacity C(t) are used as comparison metrics.

ACF(∆t) = E[C(t)C(t+ ∆t)] (4.27)

ECDF(c(t)) = P (C 6 c(t)) (4.28)

Table 4.1 specifies all the parameters used in the simulation scenarios. In the following

subsections, the results of all the three models – geometric, Markov chain and the sum

of Markov chains – are presented based on the receiver track scenarios; i.e. stationary

scenario (circular-shape track), non-stationary scenarios (straight-line and sinusoidal-

shape tracks). Moreover, to show how the sum of MC model can apply any attenuation

function, the results of integrating the attenuation profile of the lab measurements, see

Section 4.3.3, is presented in the last subsection of the discussion.
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General Settings

BS Power PT (Total) = 1 W BS height hT = 2.5 m

Noise Power NO = −123.91 dB MT height hR = 1.5 m

Bandwidth 100 MHz Blocker dimension
rBL = 0.235 [87]

hBL = 1.8 (m)

Carrier Freq. fc = 30 GHz DT , DR in (4.7) & (4.8) 8 Dipole antennas

The Circular Scenario The Straight-line Scenario

Sample points N = 360 No. of Sample (points & space) N = 34001, λ/2

No. of runs M = 100 No. of runs M = 100

Total No. of BL (10, 50, 100, 200, 500) Total No. of BL NBL = 130

Circle radius r (10, 15, 20, 25, 30)m AT dim. (m) l1 = 15, l2 = 170

The Sinusoidal Scenario RF Lab Settings

Sample points N = 500 BS Power PT (Total) = 1 W

No. of runs M = 500 Carrier Frequency fc = 28 GHz

Total No. of BL NBL = 200
BS, MT (Height)

and BS-MT Distance

hT = 1, hR = 1(m)

r = 2 (m)

AT dim. (m) l1 = 16, l2 = 24 Blocker dimension
lB1 = 0.36 (m)

lB2 = 0.282 (m)

Table 4.1: System and Antenna Parameters

4.6.1 Stationary Scenario: Circular-track Comparisons

The results of the stationary circular-track scenario, see in Fig. 4.5 (a) in subsection

4.4.1.1-(a), are presented based on the type of the blocker; i.e. fixed attenuation blocker

or 3GPP blocker.

4.6.1.1 Fixed Attenuation Blocker Results

In the case of the fixed attenuation blocker, see Section 4.3.1, there is no need to

compute the attenuation value caused by each blocker separately, so the MC model

works here with no problem. Thus, both the Markov chain and the sum of Markov

chains models work very well, and they match well with the geometric model.

Table 4.2 shows the overall channel capacity comparison of two circular shape sce-

90



Chapter 4. Adaptive Sum of Markov Chains for Modelling 3D Blockage in mmWave
V2I Communications

narios, both with the fixed attenuation blockage model. The first scenario shows that

by fixing the whole area and increasing the number of blockers within this area, the

overall channel capacity drop. Both Markov chain and the sum of MC models work

very well when compared with the geometric model. For instance, the difference in

the capacity results of the two models compared with the geometric one is only 0.01

(bits/s/Hz) when the number of existing blockers is 10. The models yield equally close

results for 100 blockers.

The Overall Average Capacity Along all the Circle Track (bits/s/Hz) & Average Number of Blockers (BL) N ′

Circle Scenario 1 (Vary No. of Blockers & Fixed Circle Radius) - Circle Radius is r =10 (m), 360 Sample Points

NBL

Total

No. of

BL in

the Area

1) Geometric Model 2) MC Model 3) Sum of MC Model

Channel

Capacity

Average

No. of BL

N
′

Channel

Capacity

Average

No. of BL

N
′

Channel

Capacity

Average

No. of BL

N
′

No. of MC

Chains
P01

lB No. of

blocked

samples

by one BL

10 13.67 0.037 13.68 0.036 13.66 0.038 1 0.01 4

50 12.7 0.188 12.69 0.189 12.72 0.184 2 0.025 4

100 11.51 0.37 11.52 0.369 11.53 0.367 4 0.025 4

200 9.1 0.738 8.99 0.755 9.24 0.717 5 0.042 4

500 2.17 1.848 2.13 1.855 2.26 1.832 5 0.144 4

Circle Scenario 2 (Fixed No. of BL & Vary Radius) - No. of BL in the Area is NBL = 200, 360 Sample Points

Radius

r

(m)

1) Geometric Model 2) MC Model 3) Sum of MC Model

Channel

Capacity

Average

No. of BL

N
′

Channel

Capacity

Average

No. of BL

N
′

Channel

Capacity

Average

No. of BL

N
′

No. of MC

Chains
P01

lB No. of

blocked

samples

by one BL

10 9.1 0.738 8.99 0.755 9.24 0.717 5 0.042 4

15 9.54 0.492 9.58 0.487 9.46 0.504 4 0.048 3

20 9.58 0.361 9.62 0.355 9.57 0.363 3 0.068 2

25 9.4 0.287 9.41 0.288 9.42 0.287 2 0.085 2

30 9.21 0.237 9.24 0.233 9.20 0.238 1 0.155 2

Table 4.2: Overall Channel Capacity C & Average Number of Blockers N ′ compar-

ison between the three models: 1) Geometric, 2) Markov chain (MC) model, and 3)

sum of Markov chains (sum of MC) - Two Circular Shape Scenarios both with Fixed

Attenuation Blockage Model

The second part of Table 4.2 shows the capacity comparison as well, but here the total

number of blockers is fixed, i.e. 200, and the BS-MT distance r, varies. The capacity
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results of both MC and sum of MC models match the geometric results very well with

very small errors. For example, when r = 30 m, the capacity result of the sum of MC

is only 0.01 (bits/s/Hz) higher than the geometric while the capacity result of the MC

is only 0.03 (bits/s/Hz) higher.

The three models; geometric, Markov chain, and the sum of Markov chains; can be

compared by the average number of blockers they produce. Table 4.3 shows the his-

togram by a percentage of the number of blockers (BL) that intersect with the LOS path

of each model. All models show a good match with each other in the overall average

number of blockers with only slight variations. The small MSE value of 0.19 between

the histogram of geometric and sum of MC models reflects the accuracy of the sum of

MC model in capturing the average number of blockers. One of the advantages of the

sum of Markov chains over the Markov chain is that the average number of blockers

can be mathematically found easily using (4.24), which has a very good match with

the simulation results, as shown in Table 4.3.

Percentage of the Histogram of Average Number of Blockers % Average

No. of

BL N
′

Reference

Section of

The Chapter

Blockage Model

Name & Approach

No. of BL intersecting with LOS path MSE vs.

Geom.0 1 2 3 4 5

(1)

Geom.

Theoretical 43.68 39.35 14.18 2.55 0.23 0.00008 0.26 0.732
Sec.4.2 (4.3) &

Sec.4.5.2 (4.19)

Simulation 44.35 39.92 13.4 2.14 0.16 0.028 0 0.738 Sec. 4.4.1

(2) MC Simulation 43.18 40.31 14.39 1.97 0.14 0.0056 0.42 0.755 Sec. 4.4.2

(3) Sum

of MC

Theoretical 44.85 39 13.57 2.36 0.2 0.0071 0.19 0.74
Sec. 4.5.2

(4.19) & (4.24)

Simulation 46.36 38.18 13.03 2.18 0.24 0.0056 1.2 0.71 4.5.3

Table 4.3: The average number of blockers N ′ comparison between all three models:

1) Geometric (simulation and theoretically), 2) Markov chain model, and 3) the sum

of Markov chains (simulation and theoretically) - Fixed attenuation blockage model

Fig. 4.9 and Fig. 4.10 respectively show the average ACF and the ECDF of the channel

capacity. Both Markov chain and the sum of Markov chains models work very well,

and they match well with the geometric curve. Regarding the sum of Markov chains

model, the sum of 5 chains was used to produce the required average number of block-

ers. The input value of P01 for the MATLAB function is 0.042, and it is fixed all over
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the track. However, the desired average number of blockers can also be achieved, by a

different number of summed chains, but that should be with the right choice of P01. In

Fig. 4.9, the average ACF of the capacity shows a better match with the geometric for

the sum of Markov chains than the Markov chain model. However, Fig. 4.10 shows

that both models match the geometric curve very well.

Figure 4.9: Average ACF of the Capacity of the circular track, r=10 m, with No. of

BL=200, 360 sample points, and M=100 runs - Fixed Attenuation.

Figure 4.10: The ECDF of the Capacity of the circular track, r=10 m, with No. of

BL=200, 360 sample points, and M=100 runs - Fixed Attenuation.
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Figure 4.11: Average ACF of the Capacity of the circular track, r=10 m, with No. of

BL=300, 360 sample points, and M=500 runs - 3GPP Blocker.

Figure 4.12: The ECDF of the Capacity of the circular track, r=10 m, with No. of

BL=300, 360 sample points, and M=500 runs - 3GPP Blocker.

4.6.1.2 3GPP Blocker Results

It is more practical to use an attenuation value caused by a blocker model that varies

based on the location and orientation of the blocker; such as the 3GPP blocker model

in Section 4.3.2. The Markov chain model can not be easily modified to predict how
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much attenuation is caused by each blocker. Here, one of the advantages of the sum

of Markov chains emerges: it is flexible, and it can adopt any attenuation profile. As

shown in Fig. 4.11 and Fig. 4.12, both the average ACF and ECDF of average capacity

curves show that the performance of the sum of Markov chains model is as good as

that of the geometric model.

4.6.2 Non-stationary Scenario Comparisons

The sum of Markov chains model has an adaptation feature that makes it applica-

ble even to non-stationary scenarios such as straight-line and sinusoidal-shape tracks,

where the average number of blockers is not constant. This advantage is obtained by

updating the input value P01 over time based on how far the MT sample point is from

the BS. The optimal P01 values across all positions along the MT track are obtained

from (4.25) and used as an input of the sum of Markov’s MATLAB function.

The following numerical example is to explain how we update P01 along the MT track.

The idea is to get the advantage of knowing the theoretical value of N ′ , which is

based on statistical knowledge of the surrounding environment as clear in (4.24). The

two following scenarios are for the same environment, but we only change how BS-

MT distance. First, let’s assume that we have all the following information about the

environment, which are the blockage density, the blocker size, and the height of BS,

MT, and the blocker as follow: (NT = 130, AT = 255, rBL = 0.55, hT = 2.5, hR =

1.5, hBL = 1.8, N = 34001, L = 170, n = 5):

• First scenario: if the BS-MT distance is r = 15 m, then from (4.24), the theoret-

ical value N ′ = 0.25. Based on this value and using (4.25), the optimal value of

the transition probability P01 = 1.9×10−4.

• Second scenario: now let us assume that the MT moves far from the BS, i.e.

r = 26 m. Then N ′ = 1.45. Based on this value and using (4.25), the optimal

value of the transition probability P01 = 0.0015.

These optimal values are then used as an input to the Sum of MC function.
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Figure 4.13: Average number of blockers along the MT straight-line track with No.

of BL=130, rBL = 0.55 m, 34001 MT sample points, sample space λ/2, and M=100

runs - Fixed Attenuation.

In this chapter, we have introduced two non-stationary scenarios:

4.6.2.1 Straight-line Scenario

As mentioned in Section 4.4.1.1-(b), in this scenario, the mobile transceiver is ap-

proaching and passing the BS. The track length, 170 m, is chosen to investigate the

difference in the average number of blockers with distance. When it is far from the

BS, it is more likely to suffer from more blockers blocking the LOS path, so N ′
G in

Fig. 4.13 starts high, then, it decreases until it reaches the minimum when the MT is

very close to the BS. Then, it starts to rise again. The theoretical approach for com-

puting the average number of blockers N ′
G in (4.3) is matching the geometric-based

simulation curve very well. Although the scenario is not stationary, the resulting N ′
S

curve of the sum of MC model in Fig. 4.13 matches the geometric curve very well.

We used (4.25) to find the optimal transition probability vector P01 as input the sum of

MC function. However, regarding the Markov chain model, i.e. the red curve, since

the scenario is not stationary, it is required to have several chains based on multiple
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probability transition matrices to obtain the MC results, as described in Chapter 3.

Figure 4.14: The Average ACF of the Capacity of the straight-line track with No. of

BL=130, rBL = 0.55 m, 34001 MT sample points, sample space λ/2, and M=100

runs - Fixed Attenuation.

Figure 4.15: The ECDF of the Capacity of the straight-line track with No. of BL=130,

rBL = 0.55 m, 34001 MT sample points, sample space λ/2, and M=100 runs - Fixed

Attenuation.

The average ACF curve of the sum of MC in Fig. 4.14 has a perfect match with the

geometric curve. Both the sum of MC and the Markov chains curves match very well,

but the sum of the MC curve has a slightly better performance. The ECDF of the
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average channel capacity in Fig. 4.15 shows that although all models perform closely,

the sum of MC curve fits better to the geometric curve than the Markov chain curve.

4.6.2.2 Sinusoidal Scenario

This sinusoidal-shape track is even more complicated than the straight-line scenario.

As mentioned in subsection 4.4.1.1-(c), and as shown in Fig. 4.5 (c), the mobile

transceiver is moving along a cosine track, while the BS is at the origin point. In

this scenario, the distance between the BS and MT increases and decreases repeatedly,

hence the average number of blockers fluctuates as well. This is a severe and quite

complicated non-stationary case. By following the simulation approach mentioned in

Section 4.5.3, the output N ′
S of the sum of Markov chains function show a perfect

fit with the geometric average number of blockers in Fig. 4.16. However, due to the

complexity of the scenario, the Markov chain model fails to adapt even with the use of

multiple sectors idea [17]. We have divided the track into 9 sectors which are based on

only two Markov chains: one for the peaks and bottoms of the curve, and one for the

straight lines.

Figure 4.16: Average number of blockers along the MT Cosine-shape track with No.

of BL=200, rBL = 0.2821 m, 500 sample points, andM=500 runs - Fixed Attenuation.
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Both ACF and ECDF channel capacity curves of the sum of Markov chains model, in

Fig. 4.17 and Fig. 4.18 sequentially, are showing an identical match with the geometric

curve. Although we use several chains for different segments, the Markov chain model

fails to adapt to this severe case of non-stationary scenario, as is obvious from the

results Fig. 4.18. These figures show the benefit of the proposed sum of Markov

chains model.

Discussion: In a more general trajectory, three main factors that affect the average

number of blockers: 1) The BS-MT distance. 2) The blocker width. 3) The heights

of the BS, MT, and the blocker. The results show that the adaptive sum of MC model

can successfully update the average number of blockers by adjusting the number of

blockers based on the BS-MT distance through increasing or decreasing the number of

chains n and the transition probabilities P01.

Figure 4.17: The Average ACF of the Capacity of the Cosine track with No. of

BL=200, rBL = 0.2821 m, 500 sample points, and M=500 runs - Fixed Attenuation.
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Figure 4.18: The ECDF of the Capacity of the Cosine track with No. of BL=200,

rBL = 0.2821 m, 500 sample points, and M=500 runs - Fixed Attenuation.

4.6.3 Results of Integrating Lab measurements into the Sum of

MC Model

The novel sum of MC model can integrate any attenuation profile. Clearly, from the

previous results in Section 4.6.1.2, it has adopted the 3GPP blockage model success-

fully. To test this feature furthermore, the attenuation profile of the copper sheet

taken from the lab measurements, see Section 4.3.3, is integrated with the sum of

MC function. To compare the results we have created a circular geometric model

with the following parameters: (r = 2m, blockers are placed 1 m from the BS i.e.

in the middle, rBL = 0.14, 4 copper-sheet blockers, N = 360 sample points, and

hBL = hR = hT = 1 m), which are similar to the lab sittings in Table 4.1. Due to the

blocker size and location, the number of blocked samples for one blocker is lB = 17

samples. The resulting overall average of the channel capacity (4.9) of the sum of MC

is C = 17.67 (bits/s/Hz), which is very close to the average channel capacity obtained

from the geometric model C = 17.85 (bits/s/Hz). This accuracy and adaptation of any

attenuation profile reflect the novelty of the proposed sum of MC model.
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4.7 Conclusion

A novel sum of Markov chains model that successfully captures the dynamics of block-

ers surrounding a moving transceiver in both stationary and non-stationary scenarios

is described. Compared with a baseline geometric model, both the sum of MC and

Markov chains models are computationally efficient. We found that the run-time of

the sum of MC is three orders of magnitude less than the geometric model for a se-

vere non-stationary scenario. The proposed sum of MC model has further advantages,

which overcome the drawbacks of the MC method. These are: 1) It is adaptive for any

complex non-stationary scenario. 2) The ability to integrate any attenuation function;

including the 3GPP blockage model, and any lab-measurement attenuation profile. 3)

Unlike the MC model, the mathematical derivation of the average number of blockers

can be found in closed form. All the average channel capacity results and the curves of

both ECDF and ACF show good performance for the sum of MC compared with the

geometric model. We believe that this computationally efficient sum of MC is valuable

for evaluating high gain beam pattern techniques for directional mmWave communica-

tion systems. For future work, evaluating beam training algorithms with the proposed

blockage model will be investigated. Moreover, instead of operating only on the direct

LOS path, the sum of MC blockage model can easily be extended to apply to multi-

path scenarios. Each path would be treated independently; unless there is a correlation

between the paths. Although the proposed sum of MC model serves the V2I system,

the model can also be modified to apply for more general models, such as vehicle-to-

everything (V2X) systems.

From this chapter and the one before, we can see that human blockage has attracted the

attention of various researchers, where intensive measurements and modelling have

been undertaken. This raises a question about objects that are smaller than human

bodies: will they have the same effect as human blockage? In Chapter 5, we investigate

the effect of small-sized blockages. Chapter 3 and 4 considered only the LOS path for

both cases (blocked and non-blocked); however, it is more practical to study the effect

of multi-path scenarios in the presence of blockers as well, which is also investigated

in Chapter 5.
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4.8 Software

The MATLAB code used for the proposed sum of Markov chains model is available

from the below link:

https://datashare.is.ed.ac.uk/handle/10283/3657
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Chapter 5
Small-Size Blockage Propagation

Modelling for mmWave
Communications Systems

5.1 Introduction

Human and car blockages were considered in Chapter 3, while Chapter 4 focused

on human blockage only. The short wavelength of the mmWave suggests that even

small blockages could affect the mmWave signal strength. There is a lack of literature

investigating the effect of small-sized blockages. Thus, the scope of this chapter is

related to measurements and modelling for small-sized blockages. Unlike Chapter 3

and Chapter 4, where we consider only the LOS path (either blocked or non-blocked),

this chapter also undertakes a comprehensive analysis of mmWave signal strength for

a multi-path environment in the presence of blockers.

Sensitivity to blockage due to the very small wavelength of the mmWave frequency

band is a critical drawback that has attracted researchers’ attention [156]. Under-

standing the behaviour of the blockage effect, sometimes referred to as penetration

loss, is important for the design of beamforming techniques for future mmWave sys-

tems [157–159]. The effect of a human blockage on the signal strength of mmWave

communication systems has been thoroughly investigated by researchers in the past

few years. Besides human blockages, some studies have investigated the loss caused

by some indoor and outdoor objects. For instance, the authors of [160] measured the

Some work of this chapter is published in IEEE PIMRC, 2020 [18], and the whole work is submitted
for publication in IEEE Transactions on Antennas and Propagation [19].
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loss of a tree trunk and a cylindrical building pillar with diameters: 0.42 m and 0.36m,

respectively; where the authors proposed a model named a shield edge diffraction to

capture the measured loss. However, smaller blockage types, in the range of a few

wavelengths, also play an important role, but their impacts on the signal in terms of

power loss and distortion are less studied in the literature. The use of ”small object or

blockage” terminology, through this chapter, means much smaller than human bodies.

Examples of outdoor blockage types include road signs, lampposts and traffic lights,

while indoor blockage types include small pieces of furniture such as chairs, small ta-

bles, or a personal computer screen. Although several studies investigated the material

penetration (blockage) losses of indoor and outdoor environments such as [161], the

impact of small blockers still requires more investigation.

Most papers modelling blockages are based on one of three analytical approaches: the

geometrical theory of diffraction (GTD) [145, 162]; the uniform theory of diffraction

(UTD) [141, 163]; or knife-edge diffraction (KED) [5, 12, 13, 87, 88, 140, 164–166].

Based on a comparison made by different studies as [141,145], all theories give similar

results, but each approach has a different level of complexity, with KED being the

simplest to implement [141], and is the focus of this chapter.

Four different approaches have been adopted by researchers to model blockage using

the KED theory:

1. The first models were proposed by [164, 165]; these use one screen vertically

oriented to the line of sight (LOS) path with a double knife-edge to model human

blockage. Inspired by these studies, a few years later, the METIS channel models

[12] proposed a model that used the same concept to capture the loss caused by

the shadow of a blocker. Later, this model was adopted by the 3GPP standards

body [5] as one of two simulation blockage models that can be applied to any

blocker type.

2. Providing further improvements to the 3GPP model, NYU researchers in [87,

166] stated that the 3GPP blockage model underestimates the blockage attenu-

ation when the transmit and receive antennas are directive. This is because the

3GPP blockage model is based on omnidirectional antennas. They found that
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including directional antenna patterns of the antennas into the 3GPP loss equa-

tion improves the performance of the 3GPP model in capturing the measured

attenuation.

3. The third approach is an extension of the same concept using the multiple knife-

edge (MKE) model to simulate the human blockage by multiple screens account-

ing for the three-dimensional structure [13, 140].

4. The European Union H2020-5GPPP project mmMAGIC [88] proposed a block-

age model that builds on the METIS model. They stated that the 3GPP KED

model [5] underestimates the blockage loss since it does not consider the phase

differences between the four diffracted paths around the blockage screen. Thus,

they proposed a modified model that is claimed to be more accurate. It takes

into account the fading effect resulting from the summation of the four diffracted

paths.

Regarding the limitations of the 3GPP blockage model, the 3GPP standards body [5]

stated that their KED simulation model could be used to model vehicle and human

blockage effects. Reference [148] defined several conditions under which the double

knife-edge model proposed by [167], which is similar to the 3GPP model, could be

used to model human blockage. These rules included:

1. The electrical dimension of the blocker should be w, h ≥ 10λ, where w and h

are the width and the length of the rectangular screen respectively.

2. In the diffracted field, when w, h ≥ 10λ, the polarization is not relevant.

3. The study shows that based on the electrical size of the antenna they used, the

minimum distance between the blocker KED screen and the source is 15 λ; this

could change with a different type of antenna.

A few studies have investigated the loss caused by some parts of the human body, such

as the leg [162] and the arm [141]. References [168, 169] carried out measurements

campaigns for hand blockage for user equipment at 28 GHz. Moreover, several studies,
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such as [170, 171], have added another small KED blockage screen on the top of the

main body screen to consider the head effect for more accurate modelling. This implies

that blockage effects from even a relatively small object should not be ignored. The

diameter of a human leg or arm is close to the diameter of the objects studied in this

chapter, i.e. road signs, lampposts, and small metal furniture.

To the best of our knowledge, the loss caused by small blockers, i.e. relative to the

size of a human, is not completely understood and requires more investigation. This

chapter focuses on investigating the impact of small blockers in indoor and outdoor

environments. We focus on different sizes of metal sheets and cylinders that are small

relative to the human body. These small blockers introduce signal attenuation that

cannot be neglected. As mentioned above, in the literature, there are four existing KED

blockage models, which are: the 3GPP model [5], the version including directional

antenna patterns [87], the MKE model [13], and the mmMAGIC model [88]. The first

research question; would these models succeed in capturing the attenuation of small

blockers? Second, how much small blockers could affect the mmWave signal? These

will be investigated in this chapter.

The main contributions of this study are as follows:

• Providing mmWave measurements for different sizes of metal sheets and cylin-

ders that are similar to those used for road signs, lampposts and small metal

furniture.

• Investigating the applicability and the limitations of four state-of-the-art KED

blockage models to assess which of these is most suitable for small blockers.

• To evaluate small-blockage effects on the received signal, we have inserted the

measured attenuation profiles of small blockers into a designed outdoor environ-

ment using a ray-tracing tool. Also, we have evaluated the performance impact

of a beam-switching technique to select the best available path.

These contributions shed light on how severely the small blockages can affect the

mmWave received signal. This study provides a comprehensive understanding of the
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behaviour of the channel attenuation resulting from blockers that are smaller than hu-

man bodies, which is necessary for forming reliable mmWave systems [107]. Also, it

assesses the performance of the switching-beam technique for resolving blocked paths,

which is an approach recognized by IEEE 802.15.3c [85, 86]

The remainder of the chapter is organized as follows: Section 5.2 presents the four

blockage modelling approaches while Section 5.3 describes mmWave channel models

using a ray-tracing tool. Section 5.4 introduces the measurement settings, and this is

followed by the results and discussions in Section 5.5. Finally, the conclusions are

presented in the last section, i.e. Section 5.6.

5.2 Blockage Modelling Approaches

In the presence of blockers, i.e. when the LOS is blocked, another term is included in

Friis’s free-space path loss equation [131] to become:

PR = PTPLPBL (W) (5.1)

where PR and PT are the received and the transmit power, while PL and PBL are

negative gains in dB that represent the free space path loss, and the observed blockage

shadowing loss.

In this study, we compare the measured attenuation resulting from relatively small

blockers with these blockage models:

1. The 3GPP model (four-sided and two-sided) approaches.

2. the 3GPP version including directional antenna patterns.

3. The MKE model based on two 3GPP screens.

4. The mmMAGIC blockage model.
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5.2.1 Model (1): 3GPP Blockage:

1. Four Sided 3GPP Model: each blocker is a rectangular screen with double

knife-edge diffraction, as shown in Fig. 5.1 (a). The loss is computed using the

four rays diffracted around the edges of the screen as follows [5]:

PBL = −20 log10 (1− (Fh1 + Fh2) (Fw1 + Fw2)) (dB) (5.2)

where Fh1, Fh2, Fw1, and Fw2 are the diffraction values associated with the four

edges; h denotes the screen blocker height and w is the width, as shown in Fig.

5.1 (a). Every edge will cause shadowing equal to:

F =
atan

(
±π

2

√
π
λ

(D1 +D2 − d)
)

π
(5.3)

where λ is the wavelength, D1 and D2 are the projected distance from the TX

and RX nodes to the screen, and d is the projected distance between TX and RX

nodes, as shown in Fig. 5.1 (a).

Figure 5.1: KED Shadowing screen model: (a) One screen blockage model [5] that

represents the following models: 3GPP, 3GPP+antenna gain, and mmMAGIC. (b)

Multiple KED screens [13] that represents the MKE model.
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2. Two Sided 3GPP Model: several studies in the literature have neglected the top

and bottom effect, assuming the screen height goes to infinity, i.e. h→∞. That

is particularly relevant when the blocker-base touches the ground, as is the case

for a human body [87]. Thus, (5.2) is modified as follows:

PBL = −20 log10 (1− (Fw1 + Fw2)) (dB) (5.4)

In this study, the blockers are quite small in size. Therefore, the diffracted rays can

easily travel above and under the blocker, we have studied both equations (5.2) and

(5.4). We find that including all four values of the diffracted rays around all sides of

the screen, i.e. the term (Fh1 + Fh2)(Fw1 + Fw2) in (5.2), results in a reduced overall

attenuation value than considering only the vertical edges, (Fw1 +Fw2), i.e. (5.4). This

can be justified by remembering that the value of (Fh1 + Fh2) is less than one. Thus,

when we multiply it by (Fw1 + Fw2) in (5.2), this will result in a lower attenuation

value from that equation.

5.2.2 Model (2): Including the Antenna Gain:

The 3GPP blockage model captures the blockage attenuation better when both an-

tennas are omnidirectional [12]. When the directional antennas are used, the 3GPP

blockage model underestimates the measured attenuation by more than 20 dB in the

severe case when the blocker is close to one of the antennas, and with around a 10

dB difference in moderate cases [87]. The radiation pattern of the antenna would af-

fect the measured blockage attenuation [172]. Thus, when directional antennas are

used, the KED fields should be weighted by the corresponding linear antenna gain.

The projected paths around the screen, i.e. (D1W1, D1W2, D2W1, D2W2) in Fig. 5.1

(a), should be weighted by the angle-dependent antenna gain [87]. Equation (5.2) is

modified as follows:

PBL = −20 log10

∣∣∣∣(1

2
− Fw1

)
·
√
GD2w1 ·

√
GD1w1

+

(
1

2
− Fw2

)
·
√
GD2w2 ·

√
GD1w2

∣∣∣∣ (dB)

(5.5)
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where Gx, (x = D2w1, D1w1, D2w2, D1w2), are the normalized linear gains of the

directional antennas relative to the normalized boresight gain defined as G(0) = 1.

For the directional antenna, two cases are possible: 1- either the blocker completely

blocks the main beam of the antenna, 2- the blocker partially blocks it. Let us define

the variable WHPBW in the following equation, which is the length of the intersection

line between the main beam and the blocker screen, across from the angle of the half-

power beamwidth (HPBW), as shown in Fig. 5.2.

WHPBW = 2d1|2tan

(
θHPBW

2

)
(m) (5.6)

The first case is when the blocker is in the farfield zone but still close enough that it can

completely block the main beam, i.e. WHPBW ≤ w. Including the antenna gain would

successfully improve the 3GPP model to fit the measured attenuation, as shown in Fig.

5 (subplot 1 and 9) in [87]. The second case is when the blocker partially blocks the

antenna’s main beam, i.e. WHPBW > w of the blocker. Including the antenna gain

would only slightly improve the performance of the 3GPP model by around 2 or 3 dB,

which is still far from the measured loss curve.

Our measurements described in Section III, below, fits better with case 2. Since 2 or

3 dB improvement is not enough, there is a need for an improved version of the 3GPP

blockage model. That leads us to the MKE blockage model.

Figure 5.2: Cross-sectional view of the main antenna pattern and blocker.
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5.2.3 Model (3): Multiple Knife-edge Diffraction (MKE):

Although some of the blockers in this chapter are metal sheets, they are not knife-edge

sharp given the wavelength, λ ≈ 1 cm|fc=28GHz. That makes the blocker structure three

dimensional. As stated on page 528 of [173], the actual attenuation with a rounded

edge may be higher than the case of a very sharp knife-edge. That could justify the

need for using the multiple knife-edge model for these blockers to resolve the gap be-

tween the actual measurements and the 3GPP blockage model. This approach uses the

multiple knife-edge (MKE) diffraction model [13], where the blocker is represented

by two perpendicular screens, as shown in Fig. 5.1 (b). Reference [13] considers only

the screen with the highest attenuation, then, they add an extra attenuation to account

for the human head. However, here the loss equation is as follows:

PBL =
K∑
i=1

−20 log10(1− (Fw1(i) + Fw2(i))) (dB) (5.7)

where K is the number of screens, i.e. K = 2 for the X-shape model, as shown in Fig.

5.1 (b).

Several factors play a major role in the resulting attenuation from the 3GPP block-

age model. From (5.3), it is clear that the TX-RX distance, distance to the blockage

screen, and the carrier frequency are the main factors in the equation. However, other

hidden factors play important roles as well: the screen width and the screen orienta-

tion to the LOS path. Regarding the latter, several methodologies have been adopted

by researchers. These factors are investigated in Section 5.5.

5.2.4 Model (4): The mmMAGIC Blockage Model:

As stated in [88], the 3GPP model [5] does not consider the phase variations between

the diffracted paths. Thus, they still assume the blocker to be a rectangular thin screen,

as in Fig. 5.1, but they have introduced and added some new parameters to the loss

calculation equation to account for the phase variation. The calculation steps of the

mmMAGIC model are the same as the 3GPP model, but they have added some new
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parameters. These new parameters are: phij , Ph and cosϕij . For the mmMAGIC

model, the loss is computed as follows:

PBL = −20 log10

(
1−

2∏
i=1

2∑
j=1

sij

[
1

2
− phij
Ph

Fij

])
(dB) (5.8)

where sij is the sign term, which is sij = sgn (D1ij +D2ij −D1ik −D2ik) if LOS,

where sgn(.) is a function that specifies the sign of the argument. If NLOS, sij = 1.

The scalar k = mod(j, 2) + 1. The remaining variables are defined as follows:

Fij = cosϕij

[
1

2
− 1

π
tan−1

(
Vijπ

2

)]
(5.9)

phij = exp

[
−j2π

λ
(D1ij +D2ij)

]
(5.10)

Ph = exp

[
−j2πd

λ

]
(5.11)

Vij =

√
π

λ

(
D1ij

proj +D2ij
proj − diproj

)
(5.12)

The variable cosϕij in (5.9) considers the increase of diffraction loss in the shadow

zone behind the blockage screen. By assuming the values of the new parameters: phij ,

Ph and cosϕij are one, we simplify to the 3GPP blockage loss equation, i.e. (5.2).

5.3 Modelling mmWave Channel with Ray-tracing

The ray-tracing tool has been proven to be effective in investigating the mmWave sig-

nal propagation at any designated field based on a comparison performed in [174].

We have created an outdoor scenario for a moving transceiver using the EM Terrano

ray-tracing software [175]. As shown in Fig. 5.3, the EM Terrano tool simulates how

the radio signal propagates in a chosen area, and it can compute the possible paths be-

tween the transmitter and the receiver nodes. It provides useful information about each

propagated path, such as the total received power, angles of arrival and departure for

every path propagating from the transmitter to the receiver, path power, delay, electric

field, the number of hit points and their locations. These parameters are imported into
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MATLAB to build a temporal 3D non-stationary multiple-input and multiple-output

(MIMO) channel. Using MATLAB, we then integrate other factors, such as blockage

effects. The separation distance between the antenna elements is a half-wavelength,

i.e. λ/2.

Figure 5.3: 3D View of the ray-tracing scenario.

5.3.1 Channel Modelling

We have created H ∈ CNT×NR MIMO channel matrix for each possible propagation

path between the transmitter and the receiver, where NT and NR are the number of

transmitted and received antennas respectively. Since a narrowband channel is most

suitable for simulating one subcarrier of orthogonal frequency-division multiplexing

(OFDM) data transmission, we add all NP paths together as follows:

H =

NP∑
i=1

√
ρi
NT

aR
(
φiR, θ

i
R

)
aT
(
φiT, θ

i
T

)H (5.13)

where ρi is the received power of each path, while aT and aR are the steering vectors of

the TX and the RX respectively. They are functions of both azimuth θiT|R and elevation

φiT|R angles of departure and arrival of path i.
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5.3.2 Simple Directional Beamforming Technique

Simple directional beamforming is used on both the transmitter and receiver sides to

increase energy efficiency. At each sample point, we assume the channel paths are

measured through a beam training process, so we use beamforming to form multiple

narrow beams that match each possible propagation path when one is blocked; we can

therefore pick the best among the remaining beams. The received signal for the ith

multipath is as follows:

yi = aR
(
φiR, θ

i
R

)H HaT
(
φiT, θ

i
T

)
(5.14)

The received signal and the noise power of each path are computed respectively as

PRi = E(yiyi
H), σ2 = E(nini

H), where the noise part is ni = aR (φiR, θ
i
R)
H
ng. The

additive white Gaussian noise vector ng ∈ CNR×1 has complex Gaussian distribution,

i.e. each entry is distributed as CN (0, σ2
nINR).

5.3.3 The Spectral Efficiency of each path

From the well-known Shannon equation [132], the spectral efficiency is computed as

follows:

SEi = log2(1 + SNRi) (5.15)

where SNRi = (P
′
Ri/σ

2) is the signal to noise ratio.

5.3.4 Integrating Blockage with Channel Modelling

Since one of the main goals of this chapter is to investigate the small blockage effect on

the overall mmWave system for a moving transceiver, we will study how to integrate

the measured attenuation profiles into the ray-tracing model. Instead of increasing the

complexity of the model by creating blockers within the environment built using the

ray-tracing tool, similar to [176], we used one two-states Markov chain function that

was proposed in Chapter 4; the function is published in [14]. The two states are: 1-

non-blocked or blocked by one blocker, and the transition probability between them
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determines the density of blockage. The advantage of this function is its ability to adopt

any available blockage attenuation profile, such as the lab measurements presented in

this chapter.

Thus, as the mobile transceiver moves, one of following two scenarios could happen

for any propagated path i at each n sample point, and it is summarized in a flowchart

of Fig. 5.4:

1. Blocked Path: when the Markov chain blocking function decides that there is

a blocker affecting this sample point, the received power would be affected as

follows:

P
′

Ri(m) = PRi(m)− F (PBL(lB)) (dB) (5.16)

where m = n : (n + lB − 1) and we define F (PBL) as an arbitrary blocker

attenuation function that could be any attenuation profile PBL presented in this

chapter. The blockage effect lasts for lB sample points, where lB is a function

determined by the blocker location and width.

2. Non-blocked Path: when there is no blocker affecting this sample point, the

path received power remains the same as follows: P ′
Ri(m) = PRi(m) where

m = n.

Figure 5.4: A flowchart that shows how the measured blockage attenuation profiles,

provided in this chapter, are integrated into the ray-tracing model of an outdoor sce-

nario. The integration is done by a single Markov chain function based on Chapter 4

(published in [14]). This flowchart applies for each path independently.
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5.3.5 Simple Switching-beams Technique

In the presence of blockers, we can benefit from multi-paths by always selecting the

largest amplitude path at any time. Once the strongest path is blocked, we switch to

the second strongest path, as expressed in (5.17). This simple technique could improve

the overall received power, which is explained in detail in Section 5.5.3.

P
′

R|Best(m) = max (PRi(m) : i = 1, · · · , NP ) (5.17)

where P ′

R|Best is the received power of the strongest path in the presence of blockers, i

is the path’s index, and NP is the maximum number of paths.

5.4 Measurement Settings

Measurement campaigns were carried out in an anechoic chamber at Heriot-Watt Uni-

versity to study small blocking objects. The blocker was placed exactly in the middle

between two directional horn transmit and receive antennas, as shown in Fig. 5.5. The

antenna locations are fixed in their positions while the blocker moves from left to right

so that it crosses the LOS path in the middle between the transmitter and the receiver.

Each blocker is vertically aligned to the LOS path. The blocker and both antennas are

the same height. The centre carrier frequency is 28 GHz, but for some of the mea-

surements, we sweep it over the range of (27 up to 29) GHz. The transmit power is

-10 dBm. The remaining settings are shown in Table 5.1. For the given centre carrier

frequency and the antenna dimensions D, the farfield zone starts from around ≥ 2D2

λ
=

0.35 m≈ 35λ [177]. The blockers are 1 m distant from each antenna. Thus, it is in the

farfield zone. The TX-RX distance in all results is 2 m unless specified otherwise, and

the blocker crosses the LOS path in the middle of the TX-RX distance.
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Transmit Power -10 (dBm)

TX-RX Distance 2 (m)

Antenna Type 20 (dB) Horn Antenna

Antenna Dimensions 3.5 x 2.5 (cm)

Chamber Dimensions 2.67 x 5 x 2.34 (m)

Height of TX, RX, and Blocker 1 (m)

Carrier Frequency 27, 28, 29 (GHz)

Sample Space 1 (cm) ≈ λ

TX/RX Azimuth and Elev. (HPBW) 20.46◦

Blocker’s Dimensions (Width x Height)

1- Small Square BL(1) 16.5 x 16.5 (cm)

2- Rectangular BL(2) 28.2 x 36 (cm)

3- Large Square BL(3) 33 x 33 (cm)

4- Cylinder BL(4) and BL(5) rBL=5.7, h=141, thick. of 0.45 (cm)

Table 5.1: Lab Measurement Sittings

Figure 5.5: The rectangular metal sheet blocking the LOS in the anechoic chamber.
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5.4.1 Blockers Types and Sizes

The size of Fresnel-zones is determined by the carrier frequency and scales with it.

That means the Fresnel zones are quite small for the mmWave band. Thus, even a

small object in an urban environment, such as street furniture, can severely affect the

transmitted signal by blocking the main Fresnel zones. To investigate the attenuation

effect of small objects, we have measured the attenuation of several relatively small

blockers. Most road signs are metal sheets of different sizes, and their holding posts

usually are either metal or strong plastic cylinders. In this chapter, we have carried out

a measurement campaign for three types of blockers as follows:

1. Metal sheet blocker:

(a) BL(1): Small square sheet - size:(16.5 × 16.5) cm.

(b) BL(2): Rectangular sheet - size: (36 × 28.2) cm.

(c) BL(3): Large square sheet - size: (33 × 33) cm.

2. Cylinder Blocker: the dimensions are: radius 5.7 cm, height 141 cm and thick-

ness 4.5 mm.

(a) BL(4): Plastic cylinder.

(b) BL(5): Metallic cylinder: plastic wrapped with thick aluminium foil.

5.5 Results and Discussions

The results in this section are divided into three main parts. First, we investigate the

impact of varying two terms of the 3GPP blockage model on the resulting attenuation,

which are the screen width and the screen vertical orientation. Second, we apply all

four KED simulation blockage models to each scenario of the five measured blockers.

Here we consider only the vertical sides of the screen. In the third part of the results,

we show how the measured blocker profiles can be incorporated in mmWave received

spectral efficiency results for an outdoor scenario created using a ray-tracing tool.
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5.5.1 Part 1 Results: Factors Affect the Attenuations of 3GPP

5.5.1.1 The Impact of Blocker Width

As shown in Section 5.2.1, considering all four sides of the blockage screen would

result in lower attenuation than the only two sides case. Thus, we assume that the

3GPP screen has an infinite height. Having made this assumption, the blocker width

is the only remaining difference between using the 3GPP model (5.4) to model two

completely different blockers, e.g. a human body and a very small metal sheet of a

road sign. It is clear from Fig. 5.1 (a) that when we increase the screen’s width, the

length of D1 and D2 in (5.3) will increase, which will result in a higher attenuation in

(5.4). Fig. 5.6 shows the resulting attenuation of the 3GPP blockage model, i.e. (5.4),

after fixing all other parameters and only varying the screen width within a range from

1 λ to 35 λ, where the wavelength is λ ≈ 1 cm and the centre carrier frequency is 28

GHz.

Figure 5.6: Blockage attenuation versus blocker width in terms of λ. Comparison

between measurements, 3GPP model (5.4), 3GPP (including the antenna gain) (5.5),

and MKE model (X-shape) (5.7). The centre carrier frequency is 28 GHz.

To evaluate the performance of the 3GPP blockage model on capturing the attenuation
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caused by small blockers, we compare the curve with some lab measurements. Fig.

5.6 shows four measured attenuation marks that are obtained by taking the mean value

of the main body of the measured attenuation of each one of the following different-

size blockers: a plastic cylinder and the three metal sheets with different sizes, i.e.

BL(1) → BL(4). These are represented by a square, circle, diamond, and star marks

respectively.

It is clear from Fig. 5.6 that all the four marks of the measured attenuations, which

belong to blockers of different sizes, have roughly the same attenuation level. The

narrow beamwidth of the directive antennas plays an important role here; even small-

size blocker blocks a large portion of the antenna’s main beam which results in weak

wavelets that occur beyond a certain width of blocker.

We find that the smaller the width of the blockage body is, the worse the 3GPP simu-

lation model becomes at capturing the measured attenuation. Moreover, as discussed

in Section 5.2.2, adding the antenna gain would only slightly increase the attenuation

of the 3GPP model by 2 or 3 dB, which is still far from the measured value of the

small square blocker BL(1), i.e. the brown circle in Fig. 5.6. Thus, we apply the two

knife-edge screens (MKE) model, and we find that its attenuation curve is closer to

the measurements of blockers with a very narrow width such as the case of the nar-

row cylinder blocker BL(4), i.e. the purple square point, and the small square blocker

BL(1), i.e. the brown circle in Fig. 5.6. The wider the blocker, e.g. the red diamond

point of BL(2) in Fig. 5.6, the more the including-gain model becomes effective. The

attenuation of each one of the blockers will be analysed in detail in the following.

5.5.1.2 The Impact of Blockage Screen Orientation

The orientation of the blockage screen shown in Fig. 5.1 plays an important role in the

resulting attenuation. References [5, 12] state that the blockage screen should always

be perpendicular to the direct line connecting TX and RX, while reference [164] has

aligned the screen to the movement axis of the blocker. Moreover, the authors of

[87] suggested that a further investigation of the impact of changing the orientation

of the blockage screen could be useful. Based on the previous discussion, we have
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investigated the orientation issue further. To study the impact of the screen on the

resulting attenuation, the blockage screen in Fig. 5.1 is rotated to scan all the possible

angles from 0◦ up to 90◦ corresponding to the LOS path, where zero degrees means

that the screen is aligned to the LOS path and 90◦ is perpendicular to the LOS path. It

is clear from Fig. 5.7 that the screen orientation plays a significant role in the resulting

attenuation, with the maximum occurring when it is perpendicular to the LOS path.

The difference in the resulting attenuation values between the two angles, i.e. 0◦ and

90◦, could be as high as 17 dB for a screen with a width of 33 cm. This finding

highlights that the maximum attenuation is obtained by having the blockage screen

perpendicular to the LOS path as in the 3GPP [5] model. Moreover, from the figure,

we can deduce that the TX-RX distance and the screen width values also change the

resulting attenuation.

Figure 5.7: Blockage attenuation versus blocker screen orientation, in degrees, referred

to the LOS path. Four scenarios of the 3GPP model (5.4); two screens size at two

different TX-RX dis The centre carrier frequency is 28 GHz.
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5.5.2 Part 2 Results: Attenuation of the 5 Small Blockers (Lab-

Measurements versus the 4 KED Simulation Models)

In the following subsections, we present the measured attenuation caused by each one

of the five blockers, i.e. BL(1) → BL(5). For each blocker, we apply all the four

KED blockage simulation models: a) 3GPP eq. (5.4), b) 3GPP + including the gain

eq. (5.5), c) MKE eq. (5.7), and d) mmMAGIC eq. (5.8). It should be mentioned

that the measurement settings were the same for all blockers. Each blocker is moved

from the left side of the anechoic chamber to right side perpendicularly crossing the

LOS in the middle between the two antennas, i.e. 1 m from each antenna, as shown in

Fig. 5.5. The distance between each measurement is 1 cm ≈ λ|fc=28GHz. All figures

show the blockage attenuation values on their own, i.e. removing the path loss effect,

as in [12, 13].

5.5.2.1 Attenuation of BL(1): (16.5× 16.5) cm metal sheet:

Fig. 5.8 shows the measured attenuation caused by a small square metal sheet sized

16.5 cm × 16.5 cm. The measured curve has a W-shape with two troughs. When the

blocker is exactly in the middle between the two antennas, the attenuation value is ≈
-10 dB. When we slightly move the blocker by 5 cm to the right side or the left side

but still blocks the LOS path, the attenuation value increases to 25 dB, which could be

due in part to detailed diffraction effects not captured by the 3GPP model. As stated

in [165], the Huygens-Fresnel integral method provides a perfectly absorbing screen

that could capture the fluctuations. That comes with a higher complexity compared

with the 3GPP blockage model.
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Figure 5.8: The attenuation of BL(1): (16.5 cm by 16.5 cm) metal sheet. Comparison

between measurements and the following models: a) 3GPP eq. (5.4), b) 3GPP (includ-

ing the antenna gain) eq. (5.5), c) MKE (+)-shape eq. (5.7), and d) mmMAGIC eq.

(5.8). The centre carrier frequency is 28 GHz.

Although the curve of the 3GPP model, in Fig. 5.8, matches the measured attenuation

curve when the blocker is exactly in the middle, it fails to estimate the two troughs

with around 20 dB difference. As discussed earlier, including the antenna gain into the

calculations does not help. Simulating the attenuation using one 3GPP screen is in-

sufficient. However, the mmMAGIC blockage model has an advantage over the 3GPP

model since it accounts for the fast-fading resulting from summing the diffracted paths

in the deep shadow behind the blocker. It indirectly models the new wavelets of the

Huygens-Fresnel principle, and it accounts for the fluctuations resulting from sum-

ming the diffracted paths, which is mimicking what happens in the actual diffraction

effect. The mmMAGIC curve performs closer to the measured attenuation, but it is

not able to replicate the two main attenuation peaks at (+/- 5) cm locations. Thus, to

maintain the simplicity of the KED theory, we apply two screens with a (+) shape that

are perpendicular to each other, as shown in Fig. 5.1 (b). The two screens MKE model

has very good performance; it follows the trend of the measurements curve very well.

Since the blocker has a narrow width, the two screens MKE model provides the best

fit to the actual results.
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Figure 5.9: The attenuation of BL(2)- Scenario (1): (36 cm by 28.2 cm) metal sheet.

TX-RX distance is 2 m. Comparison between measurements and these models: a)

3GPP (4-sided eq. (5.2) & 2-sided eq. (5.4)), b) 3GPP (including the antenna gain) eq.

(5.5), c) MKE (X)-shape eq. (5.7), d) mmMAGIC eq. (5.8). The carrier frequency is

28 GHz.

5.5.2.2 Attenuation of BL(2): (36× 28.2) cm metal sheet:

Scenario (1): blocker is not close to the antenna (It does not completely block the en-

tire main antenna beam, i.e. WHPBW > w in Fig. 5.2): As shown in Fig. 5.9, the mea-

sured attenuation caused by a rectangular metal sheet, which is wider than the previous

one, has a V-shape curve has a maximum attenuation of 28 dB. The 3GPP simulation

curve is closer to the measurement curve, but still, there is a gap of ≈ 13 dB in the

middle. However, including the antenna gain enhances the 3GPP performance further,

by around 2 or 3 dB. Apart from the 10-dB difference at zero distance, the 3GPP model

with the antenna gain included shows a good fit to the data. The mmMAGIC model

follows the measured curve, but it underestimates the highest attenuation peak around

the middle at 2.5 cm location. However, the X-shape MKE model has a better fit to the

main body of the attenuation, where the difference between the two curves is only ≈
3dB. However, when the blocker is not exactly in the middle, the 3GPP model with the

antenna gain provides a better fit. Regarding the 3GPP blockage model, as mentioned
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above, considering only the vertical edges, i.e. (5.4), results in a higher attenuation

than considering all the four sides, i.e. (5.2).

Figure 5.10: The attenuation of BL(2) - Scenario (2): (36 cm by 28.2 cm) metal sheet.

Comparison between measurements and the following models: a) 3GPP eq. (5.4), b)

3GPP (including the antenna gain) eq. (5.5), c) MKE (X)-shape eq. (5.7), d) mm-

MAGIC eq. (5.8). The carrier frequency is 28 GHz.

Scenario (2): blocker in the farfield but it is still close to the antenna (It completely

blocks the entire main antenna beam, i.e. WHPBW ≤ w in Fig. 5.2): As discussed in

case one of Section 5.2.2, including the antenna gain into the 3GPP blockage calcula-

tion would improve the performance of the blockage simulation on one condition: if

the main beam is completely blocked. This happens in one of two scenarios: either

the blocker is very large, or the blocker is located close to the antenna, so it blocks the

main lobe of the beam pattern. Fig. 5.10 shows that after bringing the rectangular-sheet

blocker closer to the transmitter antenna, the 3GPP with the antenna gain model shows

an improvement of around 10 dB over the original 3GPP blockage model. However, it

still underestimates the measurements, and the MKE model is closer to the peak of the

measured loss at 2.5 cm.
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5.5.2.3 Attenuation of BL(3): (33× 33) cm metal sheet:

The blocker sheet is now about 30λ wide, Fig. 5.11 shows that the two-sided 3GPP

model (5.2) successfully fits the measurements curve for three different centre carrier

frequency. However, the 3GPP simulation results do not show a significant change

after increasing the centre carrier frequency by 2 GHz (i.e. from 27 GHz to 29 GHz).

The measurement results show again some fluctuations, which are again not captured

due to the limitations of the 3GPP model. The mmMAGIC model shows a fluctua-

tion that has similar behaviour to the measured curve, but it slightly overestimates the

measured attenuation.

Figure 5.11: The attenuation of BL(3): (33 cm by 33 cm) metal sheet for three different

frequencies. Comparison between measurements and the following models: a) 3GPP

eq. (5.4), and b) mmMAGIC eq. (5.8)

5.5.2.4 Attenuation of BL(4): The Plastic Cylinder:

The cylinder blocker has a more complex structure in comparison to the metal sheet

blocker. We have three scenarios for the cylinder blocker: two of them are for a plastic

cylinder in different positions – blocking or not blocking the antenna main beam – in

order to study the impact of adding the antenna gain to the loss calculation. The third
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is for a cylinder wrapped in aluminium foil. The width here is even smaller than the

width of all the previous metal sheet blockers: the cylinder diameter is 11.4 cm.

Figure 5.12: The attenuation of BL(4)- Scenario (1): the plastic cylinder. Comparison

between measurements and these models: a) 3GPP eq. (5.4), b) Vertical 3GPP eq.

(5.4), c) 3GPP (including the antenna gain) eq. (5.5), d) MKE (+)-shape eq. (5.7), and

e) mmMAGIC eq. (5.8). The carrier frequency is 28 GHz.

Scenario (1): blocker is not close to the antenna (It does not completely block the

entire main antenna beam, i.e. WHPBW > w in Fig. 5.2): In Fig. 5.12, the 3GPP

blockage model fails to match the measurements. Given the cylinder width and lo-

cation, the main beam of the directive antenna is not completely blocked. Thus, as

explained in Section 5.2.2, including the antenna gain into the calculation of the 3GPP

blockage does not show a significant improvement. However, the measurements show

a W-shaped curve, where the attenuation in the middle is close to zero, and it peaks

when the blocker is moved to either side. One possible justification for this is that the

diffracted rays around the two vertical sides of the plastic cylinder are adding construc-

tively, so they give the maximum value in the middle where the constructive interfer-

ence occurs. This could happen when two waves are in-phase. However, making the

orientation of the 3GPP blockage screen parallel to the LOS, i.e. the golden dotted line,
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gives a closer behaviour for the measured attenuation than the case of having the 3GPP

screen perpendicularly orientated to the LOS; however, it does not capture the peaks at

(+/- 4) cm locations. The curve of the (+)-shaped MKE model shows behaviour that is

close to the measurements, but it does not capture the zero attenuation at the middle,

i.e. at zero distance. The mmMAGIC blockage model considers the fading resulting

from summing the reflected paths, which is the advantage of the model over the 3GPP

model. Although the mmMAGIC model shows the same behaviour as the measured

curve, it does not match well. However, as stated in [178], due to the shape of the

cylinder blocker, the KED model may not accurately capture the loss since it is based

on a sharp edge assumption not a curved surface. Using a creeping wave linear model,

as in [179, 180], may result in a better fit with the measured loss.

Figure 5.13: The attenuation of BL(4): the plastic cylinder. Comparison between

measurements and the following models: a) 3GPP eq. (5.4), b) Vertical 3GPP eq.

(5.4), c) 3GPP (including the antenna gain) eq. (5.5), d) MKE (+)-shape eq. (5.7), and

e) mmMAGIC eq. (5.8). The centre carrier frequency is 28 GHz.

Scenario (2): blocker in the farfield but it is still close to the antenna (It completely

blocks the entire main antenna beam, i.e. WHPBW ≤ w in Fig. 5.2): Similar to

the rectangular sheet in Fig. 5.13, we brought the plastic cylinder closer. As stated

in Section 5.2.2, the 3GPP plus the antenna gain model shows improvement over the

3GPP blockage. The mmMAGIC model here behaves equally to the 3GPP model.
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However, by changing the 3GPP screen orientation to be aligned in parallel to the LOS

path, we get the best fit for the measurements, i.e. the golden dotted line in Fig. 5.13.

5.5.2.5 Attenuation of BL(5): The Metallic Cylinder:

As shown in Fig. 5.14, the measured attenuation of the metallic cylinder curve has a

W-shape where in the middle it is around -15 dB, while it reaches -20 dB when the

blocker is moved to either side. The behaviour of our measurements is consistent with

the measurements of [162], who used a metal cylinder to model the attenuation caused

by a human leg in the 60 GHz carrier frequency band. Both the 3GPP model with and

without the antenna gain included in the loss computation underestimates the measured

loss. The MKE model shows a similar trend to the measurements, but in the middle

it underestimates it by around 5 dB. The best model here is the mmMAGIC model,

which it has a good fit with the measured curve.

Figure 5.14: The attenuation of BL(5): the metallic cylinder. Comparison between

measurements and the following models: a) 3GPP eq. (5.4), b) 3GPP (including the

antenna gain) eq. (5.5), c) MKE (+)-shape eq. (5.7), and d) mmMAGIC eq. (5.8). The

centre carrier frequency is 28 GHz.

Discussion: Thus, we can conclude from all the above results that the 3GPP blockage

simulation model, i.e. model 1, works very well when the blocker width is roughly

≥ 30λ. When the blocker is in the range of 10 − 20λ, even including the antenna
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gain into the 3GPP blockage calculations may not fit well with the measured results.

Moreover, the second model, i.e. the 3GPP plus antenna gain model, only shows good

agreement with the measured loss curve if the blocker completely blocks the main

beam of either antenna, as in Fig. 5.10. Otherwise, this model tends to underestimate

the measured losses. However, the MKE model shows a better fit with the measure-

ments. The KED theory is based on a very sharp-edge assumption, and this sharpness

dimension scales with the wavelength [173]. For fc = 28 GHz even the metal sheet is

not sharp. The structure becomes three dimensional concerning the mentioned wave-

length, which explains the need for the MKE blockage model to fit the measured data

better. Furthermore, the mmMAGIC model generally shows a good fit with the mea-

sured loss. A summary of all the previous results is presented in a simple flowchart in

Fig. 5.15.

Figure 5.15: A flowchart summarizes Part 2 results, i.e. Section 5.5.2, and explains

which blockage simulation model would fit the measurements better.

The attenuation values for both simulation and measurements do not change signifi-

cantly with increasing the carrier frequency, as shown in Table 5.2. To evaluate the

performance of each blockage simulation model for each blocker type, we have com-

puted the mean squared error (MSE) considering the measurements as the reference

point. For each blocker size, the whole attenuation curve of each model: 3GPP, 3GPP

plus antenna gain, MKE, and mmMAGIC are compared with the whole measured at-

tenuation curve using the MSE function. The results in Table 5.3 support the findings

in the previous subsections. It is obvious from the table that the MKE model is the

better option for blocker BL(1). However, the 3GPP blockage model plus the antenna
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gain is the best model for the rectangular sheet, i.e. BL(2), but if we want to capture

the highest attenuation value, we need the MKE model, as shown in Fig. 5.9. For the

large square metal sheet, i.e. BL(3), the 3GPP model works very well. In general,

both the MKE and the mmMAGIC models work well for small blockers.

Mean Blockage Attenuation (dB)

Blocker Type
Central Frequency

27 GHz 28 GHz 29 GHz

BL(1): Small Square -13.27 -14.12 -14.62

BL(2): Rectangular -17.76 -17.75 -16.6

BL(3): Large Square -14.71 -12.88 -12.83

BL(4): Plastic Cylinder -6.59 -6.17 -5.66

BL(5): Metallic Cylinder -12.47 -12.77 -12.45

Table 5.2: Frequency Comparison based on the Mean Value of the Main Body of the

Measured Attenuation for All Blockage Models.

Mean Squared Error

Blocker Type
Simulation Blockage Model

3GPP
3GPP+

Gain
MKE mmMAGIC

BL(1) Small Square 0.023 0.017 0.008 0.011

BL(2) Rect.
Close 0.015 0.0129 0.0936 0.0186

Far 0.0168 0.0164 0.08 0.0126

BL(3) Large Square 0.0203 0.025 0.16 0.024

BL(4)
Plastic

Cyl.

Close 0.0483 0.0482 0.0558 0.0444

Far 0.088 0.104 0.08 0.115

BL(5) Metallic Cyl. 0.0302 0.026 0.017 0.0086

Table 5.3: Comparisons Between the Simulation Blockage Models Based on MSE -

Measurements are the Reference Point - fc=28 GHz
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5.5.3 Part 3 Results: Blocker effects on the mmWave channel

In this part, the chapter’s focus moves to show how the measured attenuations are

used in computer simulations to do an overall system evaluation of mmWave in the

presence of blockers. As shown in Fig. 5.3 and Fig. 5.4 of Section 5.3, we have created

an outdoor scenario for a moving transceiver using the EM-Terrano ray-tracing tool.

The length of the moving transceiver’s trajectory is 150 m, where the TX is on the

side of the trajectory. The space between the sample points along the trajectory is 1λ.

Both transmitter and receiver sides are implemented by 8-by-8 uniform plane array

UPA, i.e. MIMO system. Also, at each side, we have several beams simultaneously,

one directed at each possible path. From the ray-tracing tool, we found that for the

trajectory scenario proposed in Fig. 5.3, the number of possible paths travelling from

TX to RX is between 2 and 8 paths, depending on the location of the mobile transceiver.

An arbitrary attenuation function has been applied randomly on each propagated path

at different locations by using the two-states Markov chain blocking function [14].

The attenuation function represents the different blockage attenuation measurements

provided in this chapter. In the following results, two out of the five blocker types,

provided in this chapter, have been integrated into the ray-tracing tool. These blockers

are BL(3): the 33-by-33 cm square metal sheet, and BL(5): the metallic cylinder.

Most road-signs have similar shapes to these blockers.

Fig. 5.16 shows the received spectral efficiency (SE) of 200 sample points within a

two-meter sector of the mobile track. We only consider the two strongest paths, plus

the switching-paths technique. For each path, we have plotted three curves: 1- The

green dotted curve that shows the received SE when there is no blocker at all. 2- The

red curve which represents the received SE including blockage effects. The attenuation

is taken from the measurements of this chapter. 3- The blue dashed curve represents

the received SE with blockers effects, but the blockers are from the simulation models

rather than the measurements. For blocker BL(3), we choose the best fit simulation

blockage model which is the 3GPP model, while for BL(5) blocker, we applied the

mmMAGIC model. From these curves, we conclude two points: 1- even small block-

ers could affect the signal significantly and attenuate the received SE by around 6-7

bits/s/Hz. 2- the simulation models (i.e. the blue curves) could be used instead of the
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measured attenuation (i.e. the red curve) since they show a similar performance.

Figure 5.16: The received SE (1 run) at a sector of the RX track in the presence of

two blocker-types: BL(3) and BL(5). The first path, the second path, and select-

ing the highest among the two. In the first two subplots, the red curves represent the

lab-measured attenuation of the blockers while the blue curves are the simulated atten-

uation (3GPP for BL(3) and mmMAGIC for BL(5)).

The LOS and reflected paths arrive from different angles; so if a blocker crosses one of

these paths, the others may not be affected. Thus, the Markov chain blocking function

is independently applied to each path. In Fig. 5.16, the LOS path is attenuated by two

different blockers while only one blocker attenuates the signal of the second path. The

width of the BL(3) blocker is almost triple the width of BL(5), so BL(3) attenuates

the signal for longer.
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Figure 5.17: The ECDF of the received SE of 15000 RX sample points along the

(150 m) RX trajectory - 20 runs. Two cases: high and low blockage probabilities,

P01 = 0.35 & P01 = 0.0005. For each case, three curves: 1) LOS Path. 2) Reflected-

Path. 3) Selecting the non-blocked path among them.

Blockage

Probability

(2-states

Markov

chain

function)

ID of

the

Blocker

Type

1st Path 2nd Path Ave. SE of the

Best Path of the

two in the

Presence of

Blockers

1) No-blocker Scenario

Ave. SE = 7.25 bits/s/Hz

1) No-blocker Scenario

Ave. SE = 7.23 bits/s/Hz

2) Scenario: Blockers are present in between TX and RX

Blocked

(Simulation)

Blocked

(Meas.)

Blocked

(Simulation)

Blocked

(Meas.)

Low

P01= 0.0005

BL(3) 6.99 6.95 6.98 6.94 7.46

BL(5) 7.15 7.13 7.14 7.12 7.51

Medium

P01= 0.0095

BL(3) 5.4 5.06 5.38 5.04 6.29

BL(5) 6.2 6.01 6.19 6 6.99

High

P01= 0.35

BL(3) 4.30 3.76 4.30 3.76 4.56

BL(5) 4.77 4.31 4.78 4.32 5.27

Table 5.4: The average received spectral efficiency (bits/s/Hz) for the first path, second

path, and the best of them. Three different blockage probabilities and two blockers

type (BL(3) 33-Metal sheet and BL(5) Metallic cylinder).
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Fig. 5.17 shows the empirical cumulative distribution function (ECDF) of the average

SE over all sample points, in the presence of blockers, of two different blockage prob-

abilities: high and low, where P01 = 0.0005 & 0.35 respectively. It is clear from Fig.

5.17 that the switching-paths technique works very well, especially in the high block-

age probability case. It selects the strongest received path, and whenever this path is

blocked, it automatically switches to the second strongest path to maximise the SE. In

the case of high blockage probability, it shows a 1 bit/s/Hz improvement over each one

of the two blocked paths. Table 5.4 shows the average received SE for three levels of

blockage probabilities. The higher the probability, the lower the overall average SE.

Due to the wider width of the BL(3) sheet blocker, it attenuates the signal more than

the BL(5) cylinder blocker. Similar to the first two subplots in Fig. 5.17, each blocker

is represented by two attenuation profiles: the lab-measured attenuation of the blockers

and the simulated attenuation (3GPP for BL(3) and mmMAGIC for BL(5)).

Discussion: This subsection shows that it is possible to integrate a lab-measured at-

tenuation within a ray-tracing model without increasing the complexity. The results of

the ray-tracing models show how these small blockers could affect the received signal

and reduce the SE. Moreover, from Fig. 5.16, it is clear that the simulation models

could be used as an alternative to measurements since they both lead to similar effect.

5.6 Conclusions

In mmWave frequencies, small objects such as metal road signs, etc., can cause sig-

nificant attenuation that is in the range of 15–30 dB. In this study, we have taken mea-

surements for five blockers of different sizes and types, i.e. metal sheets and cylinder

blockers. We have adopted four blockage simulation models. We found that the 3GPP

blockage model underestimates the measurements of small-size blockers by around 10

dB while using the multiple knife-edge model fits the measured attenuation curve. Ad-

ditionally, the curve of the mmMAGIC blockage model, in general, performs closely

to the measured attenuation. The wider the blocker, the better performance the 3GPP

loss equation can achieve. The four-sided 3GPP blockage model gives a lower overall

attenuation than the case of considering only the vertical sides.
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We have also discussed in detail the impact of including the antenna gain to the 3GPP

blockage model, which shows only a slight improvement of about 2 or 3 dB over the

3GPP model. Also, increasing the centre carrier frequency by 2 GHz does not lead to

a significant difference in the 3GPP simulation results. However, this increase shows

some fluctuations in the measurement curves. Moreover, the spectral efficiency results

of the mmWave system for an outdoor environment, created using a ray-tracing tool,

shows that even a small-size blocker attenuates the received signal by 6-7 bits/s/Hz.

We have shown that beam-switching technique for choosing the most reliable path is

an effective strategy for reducing the blockage effect.

The next chapter summarises the thesis work and highlights the main contributions of

the thesis.

136



Chapter 6
Conclusions and Future Work

This thesis aimed to provide a better understanding of one of the main challenges

that face operating at mmWave band which is sensitivity to blockage effects. This

is done by implementing new efficient models that accurately capture the blockage

effects on the mmWave signal strength. This thesis contributes to the field of 3D dy-

namic blockage modelling for mmWave communication systems by introducing new

efficient mathematical models; also, by providing a set of lab measurements, which are

compared to the state-of-the-art blockage models. This chapter briefly highlights the

main achievements of this research by first stating the main problems that the thesis

aimed to solve. Then, it succinctly summarises the thesis work, and states the limita-

tions which provide possible directions for future work. Thus, the chapter is divided

into three main sections to cover the three points mentioned above.

6.1 The Research Questions and The Novelty of the Work

The severe effects that blockages cause to mmWave signal strength is a serious prob-

lem. Not only the high power-loss but also the dynamics of this loss due to blockage

motion makes the mmWave communication link unreliable. This impedes us from

benefitting from the substantial advantages of mmWave band such as contiguous band-

width. Although there are several engineering techniques to deal with power loss, that

is not feasible without first capturing and understanding the behaviour of the dynamic

attenuation caused by blockers. Modelling the dynamics of the blockage is essential

for evaluating high gain beamforming techniques, which are used to improve the signal

strength in the mmWave communication systems. Modelling the dynamic channel at-

tenuation can be achieved by using several approaches, such as a ray-tracing tool or 3D

geometric models. Although these modelling approaches show excellent performance
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in capturing the channel attenuation, the higher complexity makes them less practical

for the performance analysis of mmWave signal strength when blockers are present

in the environment. This thesis comes to fulfil this research need by providing very

efficient models that accurately capture the channel attenuations caused by blockers

surrounding a moving transceiver. Our work also shows that even small size objects

can block and severely affect the mmWave signal which has small Fresnel zones. The

thesis contributed by providing a better understanding of the blockage effects of small-

size blockers, which is achieved by experiments and simulation.

6.2 Conclusions of The Main Contributions

This section briefly summarises the novelty work of the three main achieved contribu-

tions: 1) Modelling the dynamic channel attenuation for V2I mmWave communica-

tions. 2) small-sized blockage propagation modelling for mmWave bands. 3) evalua-

tion of the signal strength of mmWave MIMO systems for a multi-path scenario in the

presence of time-varying blockers.

6.2.1 Modelling the Dynamic Channel Attenuation for V2I mmWave

Communications

This thesis proposes two novel efficient Markov chain models that are designed to

successfully perform the two main tasks: capturing the dynamics of blockers affect-

ing a moving transceiver and computing the corresponding channel attenuation. The

results of both models match well with the results of more complex propagation mod-

els. These approaches are: the simple Markov chain model, and the adaptive sum of

Markov chains model. For simple scenarios with a stationary average number of block-

ers, both models work very well, and they show comparable performance. However,

for non-stationary cases, i.e. the average number of blockers fluctuates, the simple

Markov chain model, cannot capture the resulting attenuation directly with a single

chain. However, for very complex cases, this model is less effective. The novel adap-

tive sum of Markov chains model, on the other hand, can be automatically adjusted to
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any complex scenario. It is very computationally efficient compared with more com-

plex models such as ray tracing or geometric models. Furthermore, unlike the simple

Markov chain model that assigns a fixed attenuation value for each blocker, the novel

adaptive sum of Markov chains approach can integrate any attenuation profile, includ-

ing the 3GPP blockage model, and any measured attenuation profile. This significant

advantage, combined with efficiency and simplicity, make the model very beneficial

for network providers to undertake initial mmWave coverage studies in the presence

of blockage effects. Both Markov chain models here are limited to V2I system and

were applied for a single base station scenario. These suggest a potential opportunity

for further investigation.

6.2.2 Small-sized Blockage Propagation Modelling for mmWave

Bands

By considering the small Fresnel zones of the mmWave band, even small objects could

block and severely affect the mmWave signal strength. There is a lack of literature in-

vestigating the attenuation resulting from blockers that are smaller than human bodies.

This thesis carried out measurement campaigns which were to investigate the effect

of five different small objects. We found that the resulting loss was in the range of

15-30 dB, which is comparable with the attenuation induced by far larger blockers.

Based on these new results, we investigate the suitability of four state-of-art knife-

edge diffraction (KED) blockage models for these blockers. Our results show that

the third-generation partnership project (3GPP) blockage model, in general, underes-

timates the attenuation caused by narrow blockers, except when using the directional

antenna model where the blocker is close to one of the antennas. We found that the best

fit to the data is achieved by the recently developed mmMAGIC model that accounts

for the phase differences of the diffracted rays in the deep shadow region behind the

blocker. The work here was limited to investigate the effect of one blocker at a time.
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6.2.3 Evaluation of the Signal Strength of mmWave MIMO Sys-

tems for a Multi-path Scenario in the Presence of Blockers

The third contribution brings the previous two together to undertake a comprehensive

evaluation for blockage effects on the received SE for the multi-path mmWave MIMO

system. Here, we apply several engineering techniques to minimise the blockage ef-

fects. Both transmitter and receiver sides contain a planner antenna array, i.e. forming

a MIMO system. The Electronic beamforming is applied to have several directional

beams that are steering to each possible propagating path. The results show that the

dynamic blockages severely affect the received spectral efficiency. However, we found

that by using the simple beam-switching technique, the blockage effects can be min-

imised by continually selecting the best arriving path. The evaluation work, here, was

limited to the assumption that each blocker independently affects one propagated ray.

Investigating the impact of having correlated propagation paths, where a blocker can

affect two propagated paths simultaneously is an important future research direction.

Figure 6.1: Flowchart summarises all the main points of the thesis.

All the above three main categories of this thesis are summarised in Fig. 6.1.
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6.3 Future Work

Investigating mmWave signal strength and the overall system performance is a popular

topic, and there are many interesting related subjects. However, here we only focus on

some of the ideas that could build on the work of this thesis.

6.3.1 Multiple Transmitters and Small Cells

Across the whole thesis, all the results are based on having only one base station or

transmitter. However, given that it is more likely that future mmWave communications

will have ultra-dense small cells, it would be interesting to investigate the received sig-

nal strength at a moving transceiver in the presence of blockers where there are several

possible base stations available. The blockage attenuation may make the blocked path

from the nearest base station much weaker than the signal of a non-blocked path arriv-

ing from a further away one. Based on this, the better option is to switch to receiving

from the latter base station. This research area could provide a possible extension of

the work of this thesis.

6.3.2 Multiple Blocker Measurements

The blockage measurements provided in Chapter 5 are done one blocker at a time.

It would be interesting to extend the results to investigate the effects of two or more

blockers at one time. Also, investigating the case when one blocker is affecting two

paths simultaneously.

6.3.3 The V2V Systems

Although the two proposed models – Markov chain and the sum of Markov chain –

serve the V2I system, these models can also be modified to apply to more general

models, such as vehicle-to-everything (V2X) systems. When both communication ter-

minals are moving, the dynamic channel attenuation, caused by blockers, is expected

to show a higher fluctuation rate than the case of V2I systems due to the simultane-
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ous movement of both the transmitter and receiver. Capturing the resulting channel

attenuation would be another interesting point to investigate.
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A.1 Conference Papers
A.1.1 First Author

1. F. Alsaleem, J. S. Thompson, and D. I. Laurenson. “Markov chain for modeling
3D blockage in mmWave V2I communications”. In 2019 IEEE 89th Vehicu-
lar Technology Conference (VTC2019-Spring), pages 1–5, April 2019. DOI:
https://doi.org/10.1109/VTCSpring.2019.8746331

2. F. Alsaleem, J. S. Thompson, D. I. Laurenson, S. K. Podilchak, and C. A. Al-
istarh, “Small-size blockage measurements and modelling for mmWave com-
munications systems,” in 2020 IEEE 31st Annual International Symposium
on Personal, Indoor and Mobile Radio Communications (PIMRC), September
2020.

A.1.2 Co-Author

1. Narengerile, F. Alsaleem, J. S. Thompson, and T. Ratnarajah, “Low-complexity
beam training for tracking spatially consistent millimeter wave channels,” in
2020 IEEE 31st Annual International Symposium on Personal, Indoor and
Mobile Radio Communications (PIMRC), September 2020.

A.2 Journal Papers
1. F. Alsaleem, J. S. Thompson, and D. I. Laurenson, “Adaptive sum of markov

chains for modeling 3D blockage in mmWave V2I communications,” IEEE
Transactions on Vehicular Technology, 2020. DOI: https://doi.org/
10.1109/TVT.2020.3003245

2. F. Alsaleem, J. S. Thompson, D. I. Laurenson, S. K. Podilchak, and C. A. Al-
istarh, “Small-Size Blockage Propagation Modelling for mmWave Communi-
cations Systems,” IEEE Transactions on Antennas and Propagation, 2020,
[Under Review].

The second PIMRC conference paper, under (A.1.2 Co-author) section, is not included in the thesis;
however, it used the proposed Markov chain function to model the blockage effects.
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