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Abstract
Fifth Generation (5G) stands for future fitness combined with flexible

technical solutions that combine with the latest wireless technology. 5G

is expected to multiply a thousand times (1000x) in data speed with 20.4

billion devices (IoT) connected to the network by 2020. This literally

means everything connecting to everything. From the network point

of view, lower latency along with high flexibility is not limited just to

5G. It is already being implemented in real networks. The number of

wireless devices connected to networks has increased remarkably over

the last couple of decades. Ubiquitous voice and data connections are

the fundamental requirements for the next generation of wireless technology.

Device-to-Device communication is widely known as D2D. It is a new

paradigm for cellular communication. It was initially proposed to boost

network performance. It is considered to be an integral part of the next

generation (5G) of telecommunications networks. It takes place when two

devices communicate directly without significant help from the base station.

In a cellular network, Device-to-Device communication has been viewed as

a promising technology overcoming many existing problems. These include

capacity, quality and scarce spectrum resources. However, this comes at

the price of increased interference and complex mobility issues, even though

it was proposed as a new paradigm to enhance network performance.

Nevertheless, it is still a challenge to manage devices that are moving.

Cellular devices without well-managed mobility are hardly acceptable. Con-

sidering in-band underlay D2D communication, a well-managed mobility

system in cellular communication should have lower latency, lower power

consumption and higher data rates. In this dissertation, we review existing

mobility management systems for LTE-Advanced technology and propose

an algorithm to be used over the current system so that lower signalling

overheads and less delay, along with uninterrupted D2D communication,

are guaranteed. We model and simulate our algorithm, comparing the

results with mathematical models based on Markov theory.

As in other similar communication systems, mobility management for

D2D communication is yet to be explored fully. There are few research

papers published so far. What we can say is that the intention of such

systems in cellular networks are to enable lower latency, lower power

consumption, less complexity and, last but not least, uninterrupted data

connections. Our simulation results validate our proposed model and

highlight D2D communication and its mobility issues.
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An essential element of our proposal is to estimate the user’s location.

We can say that a mobility management system for D2D communication

is hardly workable if the location of the users is not realisable. This

dissertation also shows some latest techniques for estimating the direction

of arrival (DOA) with mathematical models and simulation results. Smart

antenna systems are proposed. It is possible to determine the location of a

user by considering the uplink transmission system. Estimating the channel

and actual path delay is also an important task, which might be done by

using 1D uniform linear array (ULA) or 2D Uniform Rectangular (URA)

array antenna systems. In this chapter, 1D ULA is described utilising

some well-known techniques. The channel characteristics largely determine

the performance of an end-to-end communication system. It determines

the signal transformation while propagating through the channel between

receivers and transmitters. Accurate channel information is crucial for

both the transmitter and receiver ends to perform at their best. The

ultimate focus of this part is to estimate the channel based on 2D parameter

estimation. Uniform Rectangular Array (URA) is used to perform the 2D

parameter estimation. It is possible to estimate azimuth and elevation of a

source by using the URA model.

The problem of mobility in this context has been investigated in few

papers, with no reliable solutions as yet. We propose a unique algorithm

for mobility management for D2D communications. In this dissertation, we

highlight and explain the mobility model mathematically and analytically,

along with the a simulation of the Markovian model. A Markov model is

essentially a simplified approach to describing a system that occupies a

discrete state at any point in time. We also make a bridge between our

mobility algorithm and a Markovian model.



Research Structure

Figure 1: Stages and structure of the overall research
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Chapter 1

Introduction

In this chapter, the overall research methodology and structure of this dis-

sertation are described. In addition to this, the motivation of this research

topic is explained. Some promising research questions are mentioned, and

the solutions are also proposed. This chapter presents the objectives and

scopes of this dissertation.

1.1 Background of Mobility Management

Nowadays, mobile cellular communication without smooth mobility man-

agement is not acceptable. Device-to-Device (D2D) communication is a

prospective technology that is yet to be implemented to the real network.

A smooth handover method is always a preference for any cellular system,

and many methods were developed from the 2G to the 4G mobile system.

A heterogeneous network is the latest trend, and a perfect handover system

is a key to making it superb for customers. A basic handover system is

shown as a line diagram in Figure 1.1. Here, different signalling messages

are shown from among the UE, Source eNodeB, and Target eNodeB. Our

proposed model for the D2D communication follows this basic model.

However, I extended the algorithm to fit it for D2D communication.

Detailed description is beyond the scope of this chapter.

1.2 Research Motivation

The major motivations for this dissertation could be considered from three

different perspectives. As mentioned in the topic of this dissertation, I stud-

ied the motivation from three significant points of view. They are the mo-
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Figure 1.1: Basic handover model for the cellular network system.
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bility management process, the prospective 5G cellular system and the D2D

communication system.

1.2.1 Motivation from the Mobility Management Pro-

cess

As mentioned in the previous section, a perfect mobility management system

is yet to be developed for D2D communication. As the D2D communication

method is one of the prospective technologies for the 5G cellular network,

it needs a perfect algorithm to manage the mobility of the devices so that

continuous data and voice connection can be maintained. Low latency and

low complexity combined with a compatible system with the previous tech-

nologies are the main challenges.

1.2.2 Motivation from the Prospective 5G Cellular

System

The 5G network is currently the most anticipated technology and it is one

that will change the human lifestyle significantly. A lot of research, exper-

iments and tests have already been done to sort out how the 5G network

will be realised. It is still an ongoing process. Many new technologies are

proposed and considered as the prospective technologies for the 5G network.

Three use cases [17, 18] are considered to drive the 5G revolution.

1.2.2.1 Enhance Mobile Broadband

The low latency of fewer than one millisecond and promising 10Gbps con-

nectivity is no longer a dream of the 5G network.

1.2.2.2 The Internet of Things (IoT)

The 5G network is assumed to be a pivotal driver to implement the IoT.

Massive data delivery is a pre-requisite for the IoT and 5G is almost ready

to handle the challenge.

1.2.2.3 High Reliability

The 5G network will open a new door to network reliability, enabling driver-

less cars, a virtual reality network and expanding many more applications

will enhance the horizons of a unique lifestyle. Only a reliable network can

promise all the advantages.
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1.2.3 Motivation From the D2D Communication Sys-

tem

D2D communication is included in but not limited to prospective 5G tech-

nologies. Implementation of D2D technology in a network can substan-

tially reduce network congestion and increase the data rates including high-

spectrum efficiencies. As the technology is new, proper implementation

mechanism is yet to come.

1.3 Research Objectives and Scopes

This research aims to develop a model or algorithm for the mobility manage-

ment of the D2D communications system. However, it is not very straight-

forward to implement in a real network. The objectives and scope of this

dissertation are as follows:

1.3.1 Research Objectives

The target of this research work is to test an algorithm we have developed

that allows D2D users to move from one place in different directions without

major interruptions to the communication between them. When D2D users

are in cellular mode, handover should take place smoothly without compro-

mising quality. This research considers different mobility scenarios when

two devices move in two different directions from each other with respect

to their base stations. This research also explores the handover possibilities

from one base station to other base stations by keeping two devices

under the same base station. This research also considers the D2D commu-

nications where two devices might be attached to two different base stations.

So far, mobility management for any wireless system is a challenging

process, and only a smart algorithm can make it smooth. Although we have

reliable handover processes for modern heterogeneous 4G technologies, a

more intelligent algorithm would be required to manage the entire mobility

for D2D communication in the 5G cellular network system. In Chapter 7,

a model of D2D implementation in a mobile network has been shown, and

my objective is to extend and develop it by including the mobility issues of

real network scenarios.

It is essential to know the location of devices for D2D communica-

tion to be possible. I also enhance the state-of-the-art methods to estimate
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the direction of arrival by analysing the channel.

Another objective is to explain the mobility of devices analytically

using the popular Markov Chain model. Finally, this research aims to

develop a novel approach for D2D communications for the 5G mobile

cellular network.

1.3.2 Research Scope

Simulation tools like PS-3 and LTE Sim are not able to simulate D2D com-

munication system without modification. I therefore used the MATLAB-

2017 to simulate the proposed algorithm. For some simulations, I also used

the LTE system simulation toolbox. To simulate analytically, I demon-

strated the Markov Chain model and used MATLAB-2017. An implemen-

tation of this model in a real network and detailed analysis of the DOA are

beyond the scope of this dissertation.

1.4 Problem Statement

Nowadays mobile devices are part and parcel of our daily life. The number

of devices attached to the network is not only increasing but the enormous

data requirements are also increasing exponentially. Networks should

have the ability to contact each other from anywhere at any time. 5G

technology is assumed to be a promising next-generation mobile cellular sys-

tem that should be able to handle this massive amount of data requirements.

Wireless network capabilities need to be extended to meet the de-

mand and expectation of 5G networks. D2D communication is a proposed

solution that can solve many problems of internet data speed and can

improve spectrum efficiency too. 5G can be defined by three primary KPIs

[18]: device connection density is higher than one million per kilometre

square (IoT), pick data rate is faster than 10Gbps (enhance mobile broad-

band use case) and latency is below 1ms. D2D communication can play a

significant role in maintaining these KPIs. As the heterogeneous network is

already a trend and the footprint of the network is a must, it is essential

to offload the eNB as much as possible. The D2D communication system

is a promising technology to offload the network infrastructure in this regard.

Mobility is an essential criterion for any wireless network. When D2D

communication takes place, the network performance data speed ramps
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up. However, when one or both of the devices change location, it not still

unknown how this mobility how this mobility and smooth handover would

be managed. It is crucial solving the problem of mobility management to

maintain the network connection uninterrupted for D2D devices. I have

classified five modes based on the moving direction of the D2D users from

the eNB. They are as follows:

• D2D mode

• Cellular mode

• Relay mode

• Call waiting mode

• Call drop

1.4.1 Research Question

Based on the movement probability of D2D users, I have formulated and dis-

cussed four possible directions in this dissertation. There are four directions

when we can raise a question to solve the mobility issues seamlessly.

• D2D transmitter is moving towards another eNB

• D2D receiver is moving towards another eNB.

• Both D2D users are moving towards each other under the same eNB.

• Both D2D users are moving apart towards different eNBs.

From the network point of view, mobility management is the same for all

the directions. I therefore consider only one direction to analyse in depth.

1.4.2 Proposition Derived From the Research Ques-

tion

Considering underlay inband D2D communication, I propose the group han-

dover when one or both devices are moving, i.e., both devices are handled

by the same eNB to reduce the overhead and latency while maintaining the

maximum data speed. If some D2D communication is not feasible due to

the distance from each other or distance from the eNB, some different modes

are proposed. Total received power and the data sum-rate of the D2D users

can be the primary criterion for selecting a possible option.
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1.5 Approach and Methodology

Figure 1.2 shows the approach and methodology used for the research objec-

tives to be accomplished. They follow certain steps until the final result is

found. This methodology considers the background of the topic by reviewing

the scholarly literature, theoretical knowledge enhancement, increasing the

proficiency of simulation tools and finally simulating the proposed model.

The significant steps are as follows:

1. Literature reviews and enhance the knowledge of technical background.

2. Identifying and understanding the existing problem.

3. Developing the technical knowledge regarding the existing problem and

proposing a solution algorithm.

4. Developing a simulation model using the MATLAB simulation tool.

5. Implementing and validating the proposed algorithm through simula-

tions.

6. Analysing simulation performance, undertaking a comparison and up-

dating the model if required.

7. Making recommendations, reaching conclusions, writing the disserta-

tion and preparing it for submission..

1.6 Statement of Contributions

In this dissertation, a new approach for mobility management has been

investigated. For this investigation, I first reviewed the literature and

relevant background regarding the topic. Chapters 2, 3 and 4 are the

relevant literature review. References have been cited where applicable.

However, the tables are the overall summary based on the literature reviews,

and the figures are innovative and unless cited in the caption drawn by the

author of this dissertation.

Chapters 5, 6, and 7 describe the main proposal of this dissertation.

Unless cited, these chapters are the contributions of this dissertation

that represent the proposed theory and relevant mathematical derivation

contributed by the author. All the pictures are drawn by the author unless

cited otherwise in the caption.
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Figure 1.2: Flowchart of approach and methodology
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Chapters 8, 9, and 10 are the simulations and results that are done

on MATLAB 2017b. The author has contributed the simulation and

results. The proposed model is unique and might be helpful for future

researchers and can be a trial to implement in the real network for the 5G

cellular network system.

1.7 Overview and Outline of Dissertation

Structure

Figure 1.3 shows the overall structure of the dissertation. This dissertation

consists in total of 11 chapters. After introducing the basic ideas about the

whole dissertation in Chapter 1, I have organized the rest of the chapters as

follows:

Chapter 2 - This chapter represents the history of telecommunication till

now. Starting from the prehistoric era, this chapter describes all the

generations of the telecommunication system.

Chapter 3 - This chapter is dedicated exclusively to the issues of the 5G

network system. This chapter highlights all the prospective technolo-

gies that might be an integral part of the 5G cellular network system.

Chapter 4 - In this chapter, I have tried to give a brief description of the

D2D communication system. It includes basics and total types of D2D

communication and their pros and cons.

Chapter 5 -This chapter is an in-depth extension of my published paper

[19] and book chapter [20] based on the direction of arrival and channel

estimation for it. It describes state-of-the-art technologies to estimate

the DOA by analysing the channel.

Chapter 6 - A brief explanation of mobility management for D2D com-

munication, including problems and proposed solutions along with the

algorithm are described in this chapter. This chapter is based on my

published conference paper [21, 22].

Chapter 7 - This chapter validates the mobility management from the

Markovian Chain model point of view. It describes in-depth theory

based on the mobility probability of D2D users. This chapter is based

on my published paper [23].
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Figure 1.3: Overview and outline of dissertation structure
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Chapter 8 - This chapter describes the setting up the simulation and re-

sults based on the theory of DOA and the channel estimation described

in Chapter 5.

Chapter 9 - The simulation setup and results for the proposed theory de-

tailed in Chapter 6 are described in this chapter.

Chapter 10 - This chapter is dedicated to the simulation results for the

Markovian model described in Chapter 7. It also simulates different

types of walking models.

Chapter 11 - This final chapter summarises and concludes the dissertation

and suggests the scope of future research.

1.8 Mathematical Conventions

Some mathematical conventions are stated here in order to be consistent

throughout the dissertation. Scalars are denoted by lower case letters, vec-

tors and matrices are denoted by lower case and upper case bold letters

respectively. Hermitian, transpose and pseudo-inverse of a matrix are de-

noted by {.}H , {.}T and {.}†, respectively. The elements of a K ×L matrix

are denoted by {.}k,l, for k = 1, . . . , K and l = 1, . . . , L, respectively. Khatri-

Rao product, Kronecker product, Hadamard and dot product are denoted

by ◦, ⊗, �, and ·, respectively. E{.} denotes statistical expectation, {.}∗
represents conjugate, vec{.} is vectorization operator, and �z� rounds off z

to the largest integer number not greater than z. �{.} and �{} returns the

real and imaginary values, respectively.



Chapter 2

The History of

Telecommunication

Telecommunication is defined as an exchange of information between two

end users over distance through one or more mediums. The history of

telecommunication is not limited to the last couple of decades. Exchanging

information from a distance started even earlier than when Alexander Gra-

ham Bell invented the telephone system in 1876, when the first telephone

patent was issued. The telecommunication system from prehistoric man

with fire signals to the current smartphone with millions of applications is

still key to humanity’s success and survival.

The following timelines illustrate the major communication eras and

the communication methods used. [24] [25]:

In the prehistoric era: fire, smoke signals, beacons and horns had

been used.

6th Century BCE: mail.

5th century BCE: pigeon post.

4th century BCE: Hydraulic semaphore.

Circa 490 BCE: heliographs.

15th century CE: maritime flag semaphore.

1672: first experimental acoustic telephone.

36
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1838: electrical telegraph.

1858: first trans Atlantic telegraph cable.

1867: signal lamps.

1876: telephones.

1877: acoustic phonograph.

1880: telephony via light-beam photophones.

1893: wireless telegraphy.

1896: radio.

1915: first North American transcontinental telephone calling.

1927: television.

1927: first UK-US radio-telephone service.

1930: first experimental videophones.

1934: first commercial radio-telephone service, US,Japan.

1936: world’s first public videophone network.

1946: limited-capacity mobile telephone service for automobiles.

1956: transatlantic telephone cable.

1962: commercial telecommunications satellite.

1964: first published paper on fiber-optic telecommunications.

1969: computer networking.

1973: first modern-era mobile phone.



2.1 History of Mobile Cellular Communication 38

1981: first mobile phone network.

1982: simple Mail Transfer Protocol (SMTP) email.

1983: internet.

2003: Voice over Internet Protocol (VoIP) telephony.

2.1 History of Mobile Cellular Communica-

tion

Mobile communication is regarded as a recent innovation, and most of its

features were introduced after the 1980s. The first mobile phone network

was established in 1981, and later on, it improved enormously in what is

still an ongoing process. The era of cellular communication has been divided

into several generations. It is observed that we get a new generation of the

mobile period almost every 10 years. Table 2.1 shows the time-line of mobile

generations. Short descriptions of the mobile age are illustrated in the next

sections.

2.2 First Generation System

First Generation (1G) system before the 1980s was referred to as an

analog system that used only Frequency Division Multiple Access (FDMA)

technology. Different types of the mobile network were introduced in the

1G as mentioned in Table 2.2.

The 1G mobile system faced many problems. The fact is that it be-

longed to many standards, and different countries followed different

standards. Consequently, they were incompatible with each other. Apart

from this, whole systems were based on analog technology, and that is why

quality and efficiency were considerably low.

THe 1G network was also vulnerable in terms of security. In fact, it

was quite insecure. With only a little bit of effort, people with an all-band

receiver could easily listen to other people’s conversations. It was almost

impossible to transfer enormous volume of data using 1G standard technol-

ogy since the data transfer rate was extremely low, such as 1200bps.
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Generations 1G 2G 3G 4G 5G

Design Be-

gan(aprox.)

1970 1980 1990 2000 2010

Implemen-

tation

(aprox.)

1984 1991 2002 2010 2020

Service Analog

voice

Digital

voice, short

messages,

higher

capacity

packetised

data

Higher

capacity

broadband

data

Higher

capacity,

com-

pletely

IP, mul-

timedia

data

Massive

MIMO,

cloud

RAN,

Device-

to-

Device,

etc.

Technologies AMPS,

TACS,

NMT,

etc.

TDMA,

CDMA,

GSM, PDC,

GPRS,

EDGE.

WCDMA,

CDMA2000

Single

standard

Not stan-

dardised.

Data

bandwidth

1.9

Kbps

384 Kbps 2 Mbps 200Mbps Not de-

fined,

expected

to boost

1000x

Multiplex-

ing

FDMA TDMA,

CDMA

CDMA CDMA Not de-

fined

yet

Core Net-

work

PSTN PSTN,

Packet

network

Packet

network

Internet Not

defined

Table 2.1: Generations of Mobile Telephone Technologies.
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1979 NTT’s (Nippon Telegraph and Telephone) system in

Tokyo

1981 Nordic Mobile Telephone (NMT) (450) in the nordic

countries

1982 Advanced Mobile Phone System (AMPS) in Northern

America, Australia in 1987

1985 Total Access Communication System (TACS) in the UK

1985 NMT(900)

Table 2.2: Examples of 1G standard technologies.

A new era of telecommunication system called Second Generation

(2G) technologies was introduced to overcome the problems that existed in

1G. 2G was based entirely on digital technology.

2.3 Second Generation System

With the development of digital technology, the 2G cellular mobile system

brought tremendous change to people in their daily lives. 2G fixed so many

problems experienced with 1G that it became popular within a very short

time. First, 2G cellular networks were commercially launched in 1991 [26],

although 2G was introduced in the late 1980s through the giant mobile

technologies GSM in Europe and Code Division Multiple Access (CDMA)

in the United States. Figure 2.1 depicts the 2G standard technologies and

their features. Detailed description of each term is outside the scope of this

chapter.

2G had several advantages over 1G, such as its ability to encrypt

conversation digitally. Short Message Services (SMS) was introduced in 2G

first. In term of spectral efficiency, 2G allowed more users at the same time

and same place. As a result of this greater spectral efficiency, 2G technology

significantly improved data rates. Consequently, it enables various services

like picture messages, multimedia messages, etc. The 2G technology used

advanced source and channel coding compared with any earlier technologies

to make the signal even more robust against interference. New access

technologies like Time Division Multiple Access (TDMA) and improved

hand-off control mechanisms were incorporated into 2G. In addition, 2G’s

power emission was greatly reduced and its privacy enhanced by reducing

fraud scope. Table 2.3 shows some 2G standard technologies.
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Before stepping into the new generation, this technology achieved a

couple of milestones within 2G which were further versioned with, for

example, 2.5G and 2.75G.

Figure 2.1: 2G Technologies and features.

2.3.1 2.5G

The 2.5G (Second and a Half Generation) is described as the combination of

packet-switched and circuit domain. The major contribution of 2.5G was the

introduction of General Packet Radio Service (GPRS) for the GSM system.

The equivalent CDMA evolution for the 2.5G technologies was CDMA2000.

Theoretical maximum capacities of GPRS were 85.6 Kbps for the upload

and 21.4 Kbps for the upload.

2.3.2 2.75G

The 2.75G standard was achieved with the introduction of Enhanced Data

rates for GSM Evolution (EDGE) in addition to GPRS in the GSM system.

In order to get it done, 8PSK (8-Phase Shift Keying) encoding method
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Name of the system Country

Digital-Advanced Mobile

Phone Service (D-AMPS)

North America

Global System for Mobile

Communications (GSM)

First in Europe and later spread in many

countries outside of Europe

Japanese Digital Cellu-

lar(JDC)

Japan

Cordless Telephone-2 United Kingdom (UK)

Digital Europen Cordless tele-

phone

Europe

Table 2.3: Examples of 2G standard technologies.

was used. 3rd Generation Partnership Project (3GPP) standardised EDGE

as part of the GSM technology. It enabled users three times the capacity

compared to GPRS networks. The maximum theoretical capacity of EDGE

was 236.8 Kbps for the download and 59.2 Kbps for the upload.

2.4 Third Generation System

The 3G, short for the Third Generation of mobile telecommunication

technology, came with incredible changes and promises. It consisted of

various standards for end users that comply with the IMT-2000 (Inter-

national Mobile Telecommunications - 2000) specifications set by the

IUT (International Telecommunication Union) [27]. Figure 2.2 shows the

technological standard of the 3G cellular system. A brief description is

outside the scope of this chapter.

This technology enables many more features than the 2G system.

Mobile internet became extremely user-friendly; video calls and mobile TV

are just examples of 3G applications. The era of smartphone technologies

started with the introduction of 3G mobile network systems.

The first branded 3G standard was the Universal Mobile Telecommu-

nications System (UMTS), which was first offered in 2000. UMTS was

standardised by the 3GPP and first used in Europe, Japan and China. The

original radio technology used in 3G was Wideband Code Division Multiple

Access (W-CDMA). In 2009, China commercialised the Time Division

Synchronous Code Division Multiple Access (TD-SCDMA) radio interface.

Evolved High-Speed Packet Access, or HSPA+, the latest release of UMTS
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network, could provide peak data rates of up to 22 Mbps for the uplink and

56 Mbps for the downlink.

Figure 2.2: 3G Technologies and features.

In 2002, the CDMA2000 system was standardised by 3rd Generation

Partnership Project 2 (3GPP2). It was used in South Korea and North

America by sharing with the IS-95 standard infrastructure. The radio

technology used in this system was based on spread spectrum.

The 3G network used packet-switched network communication mech-

anism, which is connectionless. In packet switched networks, data are

split into many packets, and headers are added to identify the source

and destination. The 3G system enabled people to use so many modern

applications, like Multimedia Message System (MMS). It was an extended

version of SMS where a picture could be sent directly. It is to be noted that

MMS could be sent to the 2G network, but due to slow network speeds, it

was impractical to send a picture using the 2G network. 3G is could also

provide seamless video calling and video streaming, video conferencing,
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Global Positioning System (GPS), location-based services, telemedicine,

etc. 3G was more secure than any earlier technologies since it used a robust

encrypted system. Similar to 2G, 3G was also extended in further versions.

2.4.1 3.5G

This was a standard that was an interim step towards further technologies

like 4G. It provided better speed and quality performance to the end users.

The leading technologies of 3.5G were Evolved HSPA, High-Speed Down-

link Packet Access (HSDPA), High-Speed UplinkPacket Access (HSUPA)

standardized by 3GPP. Similar technologies standardised by 3GPP2 were

Evolution-Data Optimized (EV-DO) Rev A and EV-DO Rev B.

2.4.2 3.9G

Some debate existed about choosing the standard for 3.9G which is some-

times associated with 3.5G or 4G. However, LTE is sometimes called 3.9G

technology standardised by 3GPP. Other significant technologies were mo-

bile Worldwide Interoperability for Microwave Access (WiMAX) (IEEE

802.16e) and Flash-OFDM, Orthogonal Frequency Division Multiplexing

(IEEE 802.20).

2.5 Forth Generation System

This is the latest standard in wireless mobile communication system suc-

ceeding 3G. The architecture of Fourth Generation System (4G) is entirely

different from any earlier standard, and as a result, it is non-backward

compatible. This technology added new higher frequencies bands. 4G

technologies are the most secure technologies for both end-users and

operators. A pictorial view of 4G standard technologies are mentioned in

Figure 2.3. It is outside the scope of this dissertation to describe each

technology even briefly in this chapter.

The first 4G technical requirements, named the International Mobile

Telecommunications Advanced (IMTAdvanced), were specified by the

International Telecommunications Union-Radio communications sector

(ITU-R) in March 2008. The peak speed was set for 4G services at 100

Mbps for high mobility communications and ay 1Gbps for the less mobile

or stationary users.



2.5 Forth Generation System 45

4G is a more secure and comprehensive all-IP-based mobile standard

broadband solution for the end services like a laptop, modem, smartphone,

and other similar devices. This standard facilitates ultra-broadband internet

service which enables gaming services, streamed multimedia service, and IP

telephony, i.e., IP-based voice data, High Definition TV (HDTV) and many

more.

Figure 2.3: 4G Technologies and features.

Two giants among the latest technologies, such as Multiple Input, Multiple

Output (MIMO) and Orthogonal Frequency-Division Multiple Access

(OFDMA), enable 4G mobile networks to provide this amazing speed.

Smart antenna systems use MIMO, and the OFDMA replaces the conven-

tional spread spectrum radio technology used in 3G. The spectral efficiency

in 4G is the best compared with any previous standards. It was possible

because of the MIMO and OFDMA systems in it. The MIMO system

is based on spatial multiplexing, which helps 4G to achieve long-range

communications, high data rate and high reliability. By contrast, OFDMA
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Items 3G 4G

Speed Up to 2Mbps Low Mobility: Up to

1Gbps, Full Mobility: Up to

100Mbps

Core Network Circuit and packet switch-

ing, wide area concept

Broadband, entirely IP-

based, packet switching

Services Difficulty with global roam-

ing

Smooth roaming

Technologies WCDMA, CDMA2000,

TD-SCDMA

All access convergence,

including OFDMA, Multi-

Carrier Code Division Mul-

tiple Access (MC-CDMA),

Large Area Synchronised

Code Division Multiple

Access (LAS-CDMA)

Table 2.4: A comparison between 3G and 4G.

is robust against fading, enhances scalability and provides higher data rates

where signals are multiplexed orthogonally. Detailed descriptions of MIMO

and OFDMA are beyond the scope of this dissertation. The requirements

set for the 4G offer the highest quality services for next-generation multi-

media support. Coordinated Multi-point Transmission (CoMP), advanced

technology for 4G, also allows more system capacity to cope with massive

data speed requirement.

LTE-Advanced (LTE-A) is the latest telecommunication system used

extensively nowadays as a 4G standard technology. It was standardised

by 3GPP as a part of Release 10 as an enhancement of LTE. Similarly,

standard 802.16m, i.e., WiMAX, was standardised by IEEE.

Unlike 3G, as an All-IP standard, 4G supports Internet Protocol ver-

sion 6 (IPv6). Since a large number of devices are expected to be connected

in the 4G system, IPV4 is not quite sufficient to meet the requirements. A

comparison between 3G and 4G is given in Table 2.4.

2.6 Fifth Generation System

The Fifth Generation (5G) mobile network refers to the next major phase

of mobile telecommunications systems beyond the currently available IMT-
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Advanced/4G standards. 5G is expected to fulfill significant demand for

data services in the telecommunication system along with the new era of the

Internet of Things (IoT). It is expected that the rollout of 5G to meet market

demands will be available by 2020 and vendors/operators are preparing to

launch the 5G standard network for the first time accordingly. Nowadays,

a lot of researchers from universities and institutes are carrying out the

research to debut a possible standard for the 5G mobile telecommunication

system. The next chapter is dedicated to the issues of 5G.



Chapter 3

Issues of the Fifth Generation

Network System

Future fit demand and flexible solutions combined with high quality services

is expected in the 5G telecommunications technology. In recent years,

scientists and researchers have proposed many new technologies which might

be an integral part of 5G. Nowadays telecommunication technologies are

not limited only to voice and data although meeting the enormous increase

in data requirements is the key target. In this chapter, I will highlight some

features and technological enhancements for which it is only a matter of

time before they are added to next generation of mobile communications.

However, to reflect the expected outcomes in 5G, technological improvement

is the key challenge. Some issues that are expected to play a key roles in

5G are reviewed as well as proposed in this chapter.

Wireless devices connected with networks have been increasing remarkably

for the last couple of decades. Ubiquitous internet connection is the key

requirement for the next generation of wireless technology. According to

CISCO, it is expected that 50 billion devices will be connected by 2020s

and almost everything will be connected (Internet of Things) in the network.

As 5G has not been defined yet, it is still an open question whether

it will fit all technologies in order to address all uses and requirements. 5G

is assumed to be about not only boosting the data rate in 4G but also the

massive connections. If we think about the 2G, it was all coverage-oriented.

In 3G and 4G, it was all capacity-oriented, although coverage has also been

an issue. However, it is believed that 5G will be based on green and smart

technologies. Total energy consumption per area per user will be less than

any earlier technologies. Smartness indicates the ability to deal with massive

48
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Figure 3.1: A pictorial view of proposed 5G techonogies and features.
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Generations Analog/

Digital

Service Access method Cell size

1G Analog Voice FDMA Macro

(coverage-

oriented)

2G Digital Voice TDMA Macro

(coverage-

oriented)

3G Digital Data CDMA Macro/Micro

(spectrum

efficient-

oriented)

4G Digital Video OFDMA Micro/Femto

(spectrum

efficient-oriented

5G Digital Video/

Machine to

Machine

Beam Division

Multiple Access

(BDMA)/Sparse

Code Multiple

Access (SCMA)

Hyper (spec-

trum efficient

and energy-

efficient ori-

ented)

Table 3.1: A paradigm shift of cellular architecture [16]

connections maintaining low signalling and global optimisation. It also

means how fast connectivity can be achieved and how reliable the network is.

Figure 3.1 shows what 5G is assumed to be at a glance. Coverage

improvement is presumed to be 100 percent along with 99.999 percent

network availability and data connection reliability. The latency should

be no more than 1ms. Peak data rate should be 1-10 Gbps per user with

10,000 Gbps per kilometer square data density. 5G expects user mobility

speeds to be up to 500Km per hour without compromising the service. It

will also improve the network energy consumption by up to 50 percent.

The enhanced technologies that can enable those conditions are described

in the next sections. The architecture of a 5G network including network

architecture, physical layer and MAC layer perspectives are as in Figure

3.2. [1].
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Figure 3.2: A proposed 5G cellular archetecture [1]. [UCE (Unified Control

Entity), UDW (Unified Data Gateway), SGW-C (Service Gateway Control

Plane), PGW-C (Packet Data Network Gateway Control Plane), GTP-U

(GPRS Tunnelling Protocol for User Plane), SGW-D (Integrates Service

Gateway Data Plane), PGW-D (Packet Data Network Gateway Data Plane),

SDN (Software Defined Network), RoF (Radio-over-Fiber), BBU (Baseband

Unit), RAPs (Radio Access Points), LRAPs (Light RAPs)] Image Source:

[1]
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Detailed explanation of this architecture is beyond the scope of this disser-

tation. Table 3.1 [16] also shows a paradigm shift in the cellular architecture.

In [28], Traffic-Aware Network planning and Green Operation (TANGO)

have been proposed by Zhisheng Niu (2011) for the 5G telecommunication

network where C-plane would be larger, and D-plane would be smaller, i.e.,

decoupling of control coverage and traffic coverage was suggested. Control

coverage should be seamless, and traffic coverage should be elastic, i.e.,

reconfigurable. A base station will go into sleep mode and consume almost

no energy once it has no active user. On the other hand, it could hand over

the user to the nearest convenient base station so that it could save energy

and can go into sleep mode.

A lot of researchers have proposed possible technological enhancement for

the 5G network. Some big projects like METIS [29] and 5GNOW [30]

have already progressed significantly towards 5G. In [31], Federico at al.

(2014) highlight five disruptive technology directions for the 5G network,

as follows:

• Device-centric architecture

• Millimeter wave (mmWave)

• Massive MIMO

• Smarter devices

• Native support for machine-to-machine (M2M) communications

In [9], Jeffrey G. et al. (2014) highlight what 5G would be. The authors

set out three big technologies like mmWave, ultra-densification, and mas-

sive MIMO. Major engineering requirements like data rate, latency, energy,

and cost were also highlighted. Some design issues like access technologies,

spectrum sharing and regulations were also considered.

In [2], the authors discuss the key challenges for radio access technologies

in 5G. Here seven technology enhancement directions are listed also shown

graphically in Figure 3.3. The directions are as follows:

• RAT evolution

• Cell shrinking

• Composite wireless infrastructure
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Figure 3.3: Seven technical direction of cellular network proposed in [2].

• Heterogeneous network

• Flexible spectrum management

• Exploiting cloud concept

• Introduction of intelligence

The authors in [5] discuss network densification for the wireless evolu-

tion into 5G. With their mathematical model, the authors clarify that

network densification is a combination of spectral aggression and spatial

densification. In the case of spatial densification, the authors consider

heterogeneous networks, cell range expansion and advanced interference

cancellation receivers. For the spectral aggregation, some other aspects,

like spectrum availability, multiband operation and RF transceiver design

challenges, are also described. On the other hand, the authors also mention

device-to-device communication (discussed in detail in the next chapter),

small neighborhood cells, mmWave technology and backhaul densification.

A multi-tier 5G wireless cellular network from an interference man-

agement perspective is suggested in [10]. In this paper, the vision and

requirements for the 5G multi-tier network are discussed that are as follows:

• Data rate and latency

• Machine Type Communication (MTC) devices

• mmWave communication
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• Multiple RATS

• Base station densification

• Prioritised spectrum access

• Network-assisted D2D communication

• Energy harvesting for energy-efficient communication.

The authors also clearly mention some challenges for 5G interference man-

agement. The major challenges are designing efficient methods to support

simultaneous association to multiple BSs, designing efficient methods for

cooperation and coordination among multiple tiers, designing optimised

cell association and power control methods for multi-tier networks. The

authors propose some design guidelines for the joint prioritized power

control and resource-aware cell association schemes for the 5G multi-tier

cellular network.

Some general enhancements, like 3D beamforming, new carrier type,

enhancement for coordinated multi-point communications (eCoMP), LTE

hotspot improvement (LTE-Hi), spectrum efficiency enhancements for small

cell, Frequency Division Duplex (FDD)/Time Division Duplex (TDD)

joint operation, Multi-Radio Access Technology (Multi-RAT) operation

enhancement i.e., Wireless Fidelity (WiFi) interworking, Minimization of

Drive Test (MDT), services and enablers of new services, i.e., Machine Type

Communication (MTC), proximity-based services (ProSe) are discussed in

[32] by Huawei Technologies which they named LTE-B or the second phase

of LTE-advanced.

Under the METIS project [33], scenarios for 5G communication net-

work were projected, and the requirements, challenges and prospects also

considered. In [34], a co-operative distributed optimisation mechanism has

been proposed to deploy hyper-dense small cell.

3.1 Architectural Change, Extreme Densifi-

cation

The existing architecture needs to be changed considerably to achieve

the 1000x data rate. Mobile cellular communication has been designed

historically based on cells as the primary units for the radio access network

to ensure the necessary coverage and capacity. Network densification is a
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significant trend of any cellular generation. As a heterogeneous network

was a major modification in the 4G network, the 5G network is assumed

to change into device-centric architecture [31]. It will change the network

densification in different directions. Apparently, no-edge network, i.e.,

uniform network solution, is both the trend and challenge for the 5G

network.

Allocation of a different spectrum with higher frequencies or use of

cognitive radios will require total architectural change in the network so

that coupling of uplink and downlink communication can flow through

different sets of nodes [31]. Proposal for the phantom cell [35], where data

transferred through the small low power cell nodes and signalling or control

information might be sent high power cells, can effectively play a significant

role in the 5G network.

Some technological changes, e.g., cooperative multipoint (CoMP), re-

lay node, will facilitate the shift in architecture, although they are part of

4G technologies. Moreover, using smarter devices can effectively change the

concept of architecture since D2D or M2M (discussed later in this chapter)

are going to be important day to day.

A uniform coverage proposed in [28] would require a massive change

in network architecture where green operation and traffic-aware network

are the key achievements.

An architectural design towards 5G in terms of spatial densification

has been discussed in [5]. It is yet to be confirmed what architectural

change might appear in the next cellular generation. However, a realistic

proposition is required, and all the research efforts so far in simulation

should be tested in a real network.

A pictorial view of the network architectural trend for the seven di-

rections has been highlighted in [2], as stated earlier in Figure 3.3.

3.2 Massive MIMO

Multiple Input Multiple Output (MIMO) has already been incorporated

into WiFi technology and LTE systems. MIMO is the technology that has

already boosted the data rate and increased spectral efficiency in quite

a significant way, and it is clearly a potential technology for the next
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generation network as well. MIMO is now a mature technology, and a lot

of researchers have already investigated the future of MIMO as a probable

solution to achieve the target data rates and spectral efficiency [31] for 5G

technology. Actually, the more antennas as transmitters or receivers are

engaged, the more signal paths there are to facilitate more reliability and

higher data rates. But this comes at the price of increased complexity like

hardware, power consumptions, and proper techniques to decode the data.

Figure 3.4 [3] shows a concept of Massive MIMO. Here, a sufficient number

of antennas are installed at the base station, and by using beamforming

technique, the base station can transmit the data directed to the data users.

Chapter 5 discusses the different beamforming techniques to estimate the di-

rection of the users, which is also important to locate the D2D users properly.

Figure 3.4: A concept of Massive MIMO [3]. Image credit: Linkoping Uni-

versity

Massive MIMO, also widely known as Very Large MIMO, Full-Dimension

MIMO, Large-Scale Antenna Systems, Hyper MIMO, means a large number

of antennas ( e.g., hundreds or thousands) are used simultaneously as

transmitters or receivers or both.

Detail theoretical discussion is beyond the scope of this report. How-

ever, extensive analysis has been done in [36] to achieve the considerable

advantage of massive MIMO. Other issues, e.g., channel estimation, precod-

ing and detection schemes have also been discussed. Some other benefits,

like reduced latency, robustness against jamming, use of inexpensive low-

power components and MAC-layer simplification, were also discussed in [37].
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In [31], some potential issues for massive MIMO to be attached to

the 5G network based on the Henderson-Clark framework were discussed.

The authors state that it would be a scalable technology compared with

4G, which in many aspects is not scalable. On the other hand, deploy-

ment and architectural issues are not that challenging with the existing

infrastructures. This is because they can be replaced with a couple of base

stations since they can provide higher data rates and serve more users at

the same time.

The spectral benefits of massive MIMO with the increased number of

base stations and the power efficiency improvements are discussed in [38, 39]

Although massive MIMO seems to be an integral part of 5G, it has

some challenges and difficulties for deployment in a real network. Some

problems are addressed in [9, 40, 41, 42]. Pilot contamination and overhead

reductions [43, 44], architectural challenges [45], full-dimensional MIMO

and elevation beamforming, channel models [46, 47], coexistence with small

cells [48, 49] and mmWave [50] are the major challenges to be solved.

3.3 mmWave

A frequency spectrum is a scarce resource. Telecommunication operators

have to cost huge capital expenses for the allocated spectrum band. It is

also difficult for the regulators to find new spectrum bandwidth to assign to

operators. Currently, terrestrial wireless operators are highly restricted in

their operations to the allocated microwave frequencies, which are relatively

small in range. The available frequencies used for telecommunication

extends from several hundred megahertz to a few gigahertz and in terms of

wavelengths, in the range of a few centimeters to about a meter. By now,

this spectral band is almost fully occupied, and it is time to search for the

new spectrum band to be allocated to the next-generation wireless system.

The fact is that an immense amount of relatively idle frequency band is

still available in the range of 30-300GHz [51, 52], where the wavelength is

approximately from one to 10 millimeters. Figure 3.5 [4] shows the available

spectrum that can be allocated for the 5G network. The mmWave range

is from 24GHz to 100GHz. The Federal Communications Commission

(FCC) stated in the FCC Fact Sheet on this proposal, “Building on a

tried-and-true approach to spectrum policy that enabled the explosion of

4G (LTE), the Chairmans rules would set in motion the United States rapid

advancement to next-generation 5G networks and technologies.”
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Figure 3.5: Available millimeter wave spectrum proposed for 5G. [4].

The mmWave range is still idle due to a range of reasons. These include

strong path loss, hostile propagation qualities, rain and atmospheric absorp-

tion, strong phase noise, low penetration through objects and diffraction

around obstacles, large arrays, narrow beams and link acquisition. The

authors also illustrate how these could be resolved in the 5G network.

A constraint of semiconductor technology was also an inevitable issue

for mmWave to be deployed. Nowadays, there is almost no problem in

producing hardware for mmWave technologies.

Since network densification is a clear trend of the cellular communi-

cation system, the heterogeneous network requires smaller cells that can

cover a radius from 4 to 200 meters. The mmWave might be a reliable

spectrum solution for these smaller cells, like Pico or Femtocells. As it is

a high-frequency spectrum band, it requires smaller antenna size to cover

the same area compared with lower spectrum bands if to be used for the

smaller area. The power issue is also managed as long as it covers a small

area.

A very directional beam that improves the link adaptability which

enables very dense spatial reuse through spatial or angular isolation is

illustrated in Figure 3.6 [5]. A mmWave base station could be deployed

for the short range. It might be an overlapping coverage but no strong

inter-cell interference by using massive orthogonalisation that leads to a

different cellular architecture.
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Figure 3.6: Example of millimeter wave cellular mobile access [5].
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3.4 Cloud RAN

The idea of Cloud Radio Access Network (C-RAN) is a centralised solution

for cellular mobile network operators. Cloud-based radio access network is

a completely new technology and has never been used in the real network.

It is a new direction to improve cost efficiency further by making the

network flexible, nimble and scalable. A cloud computing resource that is

shared for massive storage is an architecture that enables a couple of main

characteristics like Centralized Processing, Clean, Real-time Cloud, and

Collaborative Radio Access Network [53]. Sometimes, C-RAN is referred to

as Centralized-RAN.

Figure 3.7: Could RAN in the next generation network [6].

In terms of the wireless network, information technology, and recent

progress in the optical network, C-RAN may be regarded as an architec-

tural evolution, a combination of all those technologies with distributed

base station system and its signal processing into a large-scale centralised

deployment. Major characteristics of C-RAN are large-scale centralized

control of the base station, native supports to collaborate radio access

technologies and real-time virtualisation capability based on the open

platform.



3.5 Cognitive Radio and Multi-band Operation 61

A pictorial view of the C-RAN concept has been given in 3.7 [6].

Detail of co-operative transmission in C-RAN considering processing

constraints and fronthaul capacity has been stated in [54]. Two paramount

technology trends that are assumed to play roles in the era of C-RAN are

Network Function Virtualization (NFV) and Software Defined Networking

(SDN)[9]. Details of those architectures are beyond the scope of this chapter

but are described in [55, 56, 57, 58].

3.5 Cognitive Radio and Multi-band Opera-

tion

Radio management in cellular communication has always been considered

a challenging job regardless of the spectrum allocation. Since spectrum is a

scarce resource, it is quite a vital issue to plan the spectrum in such a way

that the quality of the air interface is optimal without compromising the

service. In view of the enormous increase in data requirements, allocated

bandwidth is going to be critical to ensure the increased data rate. Flexible

spectrum management could be a potential solution to improve the overall

problem of spectral issues. However, it will have to overcome many

challenges in a real network. Figure 3.8 depicts the concept architecture of

cognitive radio [7, 8]. Here, unlicensed spectrum is also used parallel with

license band. Cognitive radio could be used for secondary networks with or

without network infrastructure.

Carrier Aggregation (CA) technology has already been used in LTE-A

(Rel-10), which facilitates non-contiguous spectrum utilisation. It enables

much more bandwidth by combining different component carriers. Some

component carriers with flexible/on-demand bandwidth utilisation might

be used to improve further that are parts of an NCT work item in Rel-12.

Utilisation of cognitive radio is going to be a clear trend since a wireless

system consists of various technology and all the technologies like WiFi,

TV, cellular, have different spectrum bands, and sometimes they are

underutilised. It is possible to share the spectrum of one technology with

another when they are not used actively.

No doubt spectrum policy and allocation will play an essential role

in the 5G cellular system. Regarding spectrum regulation and standardisa-

tion of 5G, four options, such as Exclusive Licence, Unlicensed Spectrum,
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Figure 3.8: Cognitive Radio Architecture [7, 8].

Spectrum Sharing and Market-Based Approaches to Spectrum Allocation,

are mentioned in [9]. Detailed discussions of each option are beyond the

scope of this chapter. Some other aspects, like economic considerations

with infrastructure sharing, offloading, mobile virtual network operating,

backhaul, etc, are also highlighted in [9].

3.6 Multi-RAT

Heterogeneous networks that already exist for the 4G cellular system will

continue to decrease the size of the cell as we move towards 5G. The 5G net-

work should be able to handle different types of Radio Access Technologies

(RAT) systems. It should ensure that devices can handle earlier technolo-

gies like 4G or 3G. It is also assumed to be a combination of different types

of technologies, like WiFi and device-to-device communications. Different

radio access systems are used in various wireless systems. 5G should support

all the radio access technologies, and therefore it needs to extend the ability

to handle all complex tasks for the network with different spectrum bands.

A multi-RAT network with many frequency networks is difficult to achieve.

A simplified model is shown in [9] as in Figure 3.9. A RAT selection pro-

cess is proposed using an interesting game-theoretic approach in [59] where

Pareto-efficiency of convergence to Nash equilibria are studied.



3.7 Device to Device Communications 63

Figure 3.9: Example of Multi-RAT system [9].

3.7 Device to Device Communications

Device-to-device, widely known as D2D communication is another direction

of the wireless communication system where a device directly communicates

with another device to increase the overall throughput and spectrum

efficiency by offloading the base station traffic.

In the traditional system, a device establishes a connection with any

other device through the base station irrespective of the location of any

device. In the cellular communication system, it is unlikely that two

users are in close proximity when they are involved with voice or data

communication. However, when two devices are close to each other and

willing to establish a connection to transfer data, video conferencing,

gaming or social networking, it is possible to get them to communicate

directly with or without the active involvement of network base station.

Another aspect of D2D communication is that a device can act as a relay to

forward the traffic from the cell-edge device to the base station or from the

base station to the cell-edge devices where the cell-edge devices might be

located out of the coverage as well. The SINR of cell-edge devices is usually

low, and some devices may locate out of coverage of the base station but

may be located at proximity distance from the network attached devices.

In that case, a network-attached device can perform the role of a relay for

the other device which is less than the SINR threshold to attach with the

base station and still have adequate data throughput.
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Figure 3.10: Example of Multi-hop relay service and D2D proximity com-

munication system [5].

Paper [5] outlines D2D communication as shown in Figure 7.1. Here

multiple device links that share the same bandwidth simultaneously

increase the overall spectral efficiency considerably. On the other hand,

they reduce the latency and power consumptions.

D2D communication still requires efficient protocols and algorithms

to handle these communication scenarios. Major challenges of D2D com-

munication are to find the real opportunities to establish the connection,

duplexing structure of uplink/downlink communication, designing devices

that are D2D-enabled from both protocol and hardware perspectives and

accounting for the extra overheads to control the communication and

estimating the channel [31]. A complete feature and an opportunity for

D2D communication for the next generation cellular network is discussed

full in Chapter 4.

3.8 Some Other Enhancement

The 5G network may have some other aspects. Some of them are included

as follows but the network is not limited to these.
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3.8.1 3-Dimentional Beamforming

In a recent development of active antenna system, it is possible to esti-

mate the elevation of the user in addition to the direction by controlling the

beamforming [32]. Since higher frequency is an option for the next genera-

tion cellular system, it enables more antennas to be installed with reduced

size. SU-MIMO and MU-MIMO could be used for spatial resolution, and

traditional antenna tilting might disappear in 5G.

3.8.2 Enhancement for Co-ordinated Multipoint

Communications (eCoMP)

The 5G network is assumed to be a “No-Edge” network, which means a

network provides stable coverage irrespective of the position of a user. CoMP

is a prominent feature used in LTE-A for improving user experience at cell-

edge. However, enhancement of this technology will also facilitate a seamless

network for non-ideal backhaul scenarios. Cell-edge throughput and mobility

management should be more efficient in 5G and eCoMP might be a solution

for this.

3.8.3 FDD/TDD joint operation

TDD is a better option for achieving higher-resource assignment, consid-

ering huge fluctuation of downlink/uplink traffic in a high-frequency band.

On the other hand, FDD is a unique choice for the low-frequency band in a

macro coverage area. As cell size is reducing and mmWave could be used in

5G, a joint operation of FDD and TDD is a good choice to get the maximum

benefit from each technology. In that case, UE should support both tech-

nologies. This joint operation will also improve the throughput of cell-edge

users.

3.8.4 WiFi Interworking

Some giant operators have already started to deploy WiFi in their coverage

areas to boost cellular network capacity. This is because of the significant

increase of data and mobile broadband users. It would be very unusual to

see a WiFi working jointly with the cellular network without any interrup-

tion of services. Although WiFi interworking requires huge authentication

complexity, access point discovery mechanism, regulation issues and radio

management system, significant research is already going on.
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3.8.5 Enabling of New Services

Every generation of cellular network introduced new sorts of services that

enabled greater user-friendliness than their predecessor. As shown by the

latest advances in smartphone technology, nowadays, cellular operators

are not only able to provide services like voice and data but also other

application-based services like tracking, positioning, congestion control, etc.

Large penetration of smartphones causes user plane congestion in

RAN, and it is a severe problem for operators. To reduce congestion, it is

possible to control the packets of different quality services with the recent

development of multi-antenna arrays, heterogeneous network, eCoMP, 3D

beamforming capability and huge availability of applications. Traditional

positioning systems will be replaced with new positioning solutions which

will be more precise and perfect.

Apart from this, new business opportunities will be explored by in-

troducing Machine Type Communication (MTC), proximity-based services

and group communication services in the 5G cellular network.

3.9 Design Issues of 5G Network

The design issue for any network generation has always been considered a

vital issue. To support a 1000x higher data rate, the 5G network must not

be the same with the existing network system. This network must have

lower energy consumption, decreased latencies and lower cost compared

with any earlier cellular network generations. Some design issues are dis-

cussed in detail in [9]. Authors start with most fundamental design aspect

like physical layer and then step into the evaluation of virtualised network

architectures. There is a possibility that the transition to 5G could in-

volve different signaling and multiple access systems and design architecture.

OFDM is a unique choice for cutting-edge wireless technologies. However,

OFDMA also has some drawbacks, like higher Peak-to-Average Power Ratio

(PAPR). Spectral efficiency is significantly reduced in OFDM (although

better than earlier technologies) by introducing Cyclic Prefix (CP) and

strictly maintaining orthogonality. Paper [60] discussed an approach to

reduce this effect, which increases the downlink cell-edge rate. A potential

alternative to OFDM is mentioned in [9][61], where time-frequency pack-

ing, non-orthogonal signal, multicarrier, Generalized Frequency Division
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Multiplexing (GFDM), single carrier, Tunable OFDM are discussed in detail.

As cloud-based networking is a trend, it is also important to consider

this concept in designing the 5G network. Renewable energy is the future,

and solar power will be used in 5G extensively. So, energy harvesting BSs

[62] are more likely to be used in 5G, as efficient energy utilization is a

significant research area nowadays.

The 5G network is not standardised yet. A lot of researchers are en-

gaged in drawing the network that might be feasible in the real system. The

issues that are discussed here are just some focus directions of researchers

towards 5G. It is not sure yet which technology we will actually experience

in the 2020s.

As D2D communication is a part of this dissertation, next Chapter is all

about D2D communications and its issues.



Chapter 4

Device-to-Device

Communications System in a

Cellular Network

Device-to-device communication, widely known as D2D communication

is a new paradigm of cellular communication initially proposed to boost

network performance. It is a communication technology that facilitates any

device to communicate directly with another device without the support of

major infrastructure, i.e., a base station during the data transfer period.

Base stations only control the devices to enable the communication between

them. A position of the D2D communication system in a multitier cellular

network architecture is mentioned in [10], as shown in Figure 4.1.

Figure 4.1: D2D communication system in a multi-tier cellular network ar-

chitecture [10].
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It is already proven that D2D communication in a cellular network will

improve data rates in many aspects. It can extend coverage considerably

by acting as a relay or directly communicating with the device where other

devices might be located out of the standard cellular coverage. It can

increase network capacity extensively because two devices can exchange

data directly instead of using a base station. As they communicate directly,

D2D communication can offload the data traffic from the base station so

that base station capacity increases and the cellular users can get better

network performance. A D2D-enabled network could also improve energy

efficiency significantly. Since the network will transmit over a short range,

transmitting power should be according to distance, which in turn can

reduce the overall power consumption of both the base station and the

mobile device.

D2D communication will also open the door for new applications

that can make our daily life easier. Paper [11] shows various roles for

D2D communication. Figure 4.2 also indicates the different roles of D2D

communications.

Figure 4.2: Different roles of D2D communication [11].
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4.1 Types of D2D Communication

D2D communications can be classified from different perspectives. Figure

4.3 shows the basic categories of D2D communication.

Figure 4.3: Overall classification of D2D communication.

4.1.1 Based on Cellular Awareness

In this category, a D2D communication system can be classified into three

different types.

• Cellular Unaware D2D

• Cellular Aware D2D, and

• Cellular Controlled D2D
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4.1.1.1 Cellular Unaware D2D

Cellular unaware D2D communication takes place when the cellular network

is not aware of D2D communication. Multiple RATS, e.g., cellular and WiFi

can be used in that type as there is no cooperation between them.

4.1.1.2 Cellular Aware D2D

In this type, a cellular network is aware of the existence of D2D commu-

nication but does not control. Multiple RATS, like LTE and WiFi, can

still be used. Cooperation between cellular and D2D exists in this type of

communication.

4.1.1.3 Cellular Controlled D2D

When D2D communication is an integral part of cellular communication,

and base stations take all the responsibility of D2D communication, it is

called Cellular Controlled D2D. Only single RAT, e.g., LTE-A can be used

in that case.

4.1.2 Based on Spectrum Allocation

Spectrum management in D2D communication is the most critical and chal-

lenging part. Figure 4.4 shows the types of spectrum allocation of different

types of D2D communications [11]. The spectrum allocation of D2D com-

munication can be divided mainly into two part:

• Outband D2D, and

• Inband D2D

4.1.2.1 Outband D2D

Cellular users in outband D2D use licensed cellular spectrum, and D2D

users use available unlicensed spectrum. Outband D2D communication

is less challenging and considerably easy to plan because there is no

interference issue between cellular and D2D links.

Advantages of outband D2D communication:

• There is no interference issue with the cellular link.

• Users with D2D communication can have cellular transmission simul-

taneously.
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Figure 4.4: Classification of D2D communication based on spectrum alloca-

tion [11].

• Easy to plan and flexible to deploy

Disadvantages of outband D2D communications:

• Two wireless modes and interfaces are required, e.g., WiFi and LTE-A.

• Power consumption is high due to an additional interface for ISM band.

• Transmission distance is low because of the free higher frequency spec-

tra, e.g., 2.5GHz, 5GHz.

• Data rates are lower since maximum speed is limited to WiFi technol-

ogy. It cannot transmit data at more than the WiFi speed.

• It may be affected by the uncontrolled behaviour of unlicensed spectra.

• The operator will have almost no control because of using free spec-

trum.

• Regulation issues are a major challenge.

Taking the pros and cons of outband D2D into consideration, some papers

[63, 64, 65, 66] suggest giving control to the cellular networks which is called

controlled outband D2D. In contrast, an other paper [67] proposes control

to the D2D communication user, which is called autonomous D2D.
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4.1.2.2 Inband D2D

Inband D2D communication proposes the use of licensed spectrum for both

cellular and D2D users. It can be divided into two separate types. Fig-

ure 4.4 shows the classification of D2D communications based on spectrum

allocation. There are two kinds of inband D2D and they are:

• Underlay Inband D2D

• Overlay Inband D2D

In the underlay inband D2D network [68, 69], D2D users and cellular users

share the same radio resources. This type of communication is a unique

choice for many researchers and scientists because of the advantage of

its maximum spectral efficiency. This is because no extra bandwidth is

allocated for the D2D users.

When a part of the cellular spectrum is allocated for D2D users, the

system is called overlay D2D. Spectrum efficiency of this type is not as high

as underlay inband D2D; however, it has less interference since dedicated

bandwidth is allocated for D2D users.

Advantages of inband D2D communications:

• The efficiency of the cellular spectrum is greatly increased, especially

in the underlay system.

• Transmission distance can be maximised up to the cellular range.

• Any cellular device can use inband D2D communications.

• Managing Quality of Service (QoS) is easy because the cellular base

stations control the entire spectrum allocation.

• Higher data rates.

Disdvantages of inband D2D communications:

• Some cellular bandwidths may remain unused, especially in the overlay

system, if no D2D communication takes place.

• Interference management is critical, and cellular management is com-

plex and challenging.

• A user cannot have D2D and cellular transmission simultaneously.
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• Mobility management is critical.

• Operators might need more spectrum resources, which could impact

capital expenses (CAPEx) substantially.

So far, D2D communication is the latest concept in the cellular network.

Very few books and publications are available on this topic. Books [70, 71]

explain the wireless D2D network strategy in brief. An excellent survey [11]

explains almost all the basics of D2D communication in a cellular network.

It also highlights the major areas in this regard. Survey papers [68, 69] also

describe the overall concepts and research ideas in D2D communication.

4.2 Basics of D2D Communication Proce-

dures

Many papers have already discussed the basics of the D2D communications

system. Papers [72, 73, 74, 68, 75] analyse the basic procedures of the D2D

commutations. They follow some steps as other communication systems.

I summarize some major procedures, as shown in Figure 4.5. A detailed

analysis of each step is beyond the scope of this dissertation.

4.2.1 Device discovery

The first step to establish a D2D communication is to discover the device

in the proximity. A device must be able to detect the presence of the other

device. It could be network assisted, or a device can search other devices by

sending beacon messages at regular’ time intervals. Papers [76, 77, 78, 79,

80, 81] discuss the different discovery algorithms for the D2D communication

system.

4.2.2 Device Association

Once the device is detected, next step is to attach the device to the network.

This can be could also be via the assisted device itself, using the relay mode

or network assisted.

4.2.3 Device Synchronisation

Device synchronisation takes place immediately after the device association.

The synchronisation happens explicitly between the D2D devices and the
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Figure 4.5: Steps of D2D communication procedure.



4.2 Basics of D2D Communication Procedures 76

base station is notified once the synchronization is done so that the base

station can decide which mode to select for the particular devices.

4.2.4 Mode Selection

Mode selection is an essential part of D2D communications. Two types

of modes can take place while the communication is being established.

The cellular mode is a usual mode when devices transmit data through

the cellular base station. On the other hand, the D2D mode is when a

device sends data directly to the other device. Paper [82] illustrates the

queuing models with the application while paper [83] highlights the flexible

uplink/downlink TDD mode to select the D2D communications mode.

Some other papers [84, 85, 86, 87] also discuss some particular proce-

dures to choose the mode conveniently. The mode selection process also

involves several problems. Some papers from this list have attempted

to solve them. Authors also propose optimisation-based approaches and

Coalitional Game-based methods to select an appropriate mode.

However, I propose five modes selection in Chapter 6, based on the

received signal level from the D2D devices. They are as follows:

• D2D Mode

• Cellular Mode

• Relay Mode

• Call Waiting, and

• Call Drop

4.2.5 Device Power Control

Power control plays a crucial role in quality D2D communication. Proper

power control can reduce the interference considerably so that D2D and cel-

lular communication can interfere with each other only within a threshold

limit. Paper [88] describes the power allocation technique for uplink sub-

channel OFDMA-based D2D communication system. Paper [89] proposes a

power optimisation system of D2D communication for underlaying cellular

communication. Optimum power allocation means proper control of up-

link and downlink power, distributed power control and power control using

MIMO.
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4.2.6 Interference and Beamforming

Interference coordination for D2D communication is closely related to

power control of the devices and base stations. It is required to analyse

the interference and status and makes an optimum power allocation to

avoid interference. Many papers highlight the interference issue and how

to mitigate them. Papers [90, 91, 92, 93, 94, 95, 96] propose different

techniques to allocate power and reduce interference.

Beamforming techniques are used to locate the D2D users accurately

by using DOA estimation techniques. An accurate beamforming technique

can reduce interference considerably, as D2D users can transmit a very

directional beam to each other or the base station can send to the direction

of D2D users only. I propose some beamforming techniques for D2D

communication in Chapter 5.

4.2.7 Resource Management

The key challenge part of D2D communication is to allocate the resource

in such a way that maximum speed with minimum interference is ensured.

As mentioned earlier in this chapter, there are some advantages and disad-

vantages while allocating the resources in the underlay or overlay inband

system. The subcarrier allocation might be centralized or distributed. The

operator controls centralised allocation, and the network, i.e., the devices

manage distributed allocation. Scheduling is also important in this regard.

Time-domain and frequency-domain scheduling are possible. Papers [97, 98]

proposed Stackelberg-type game-based scheduling in the time domain while

papers [99, 100, 101, 102, 103, 104, 80] discuss some different techniques.

4.3 Challenges of D2D communication

The D2D communications system is still not a mature technology. A lot of

research is being carried out to make it feasible in the real network. Some

challenges are as follows:

4.3.1 Security for D2D Communications

Security becomes vital as the technologies get updated day by day. Similar to

other communication systems, security and privacy for the D2D communica-

tions should be considered as a high priority. Security involves cybersecurity

for D2D, physical layer security and user privacy. On the other hand, when
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a device acts as a relay, it is also essential for the data to be encrypted so

that the relay device cant interpret it easily. The data that passes through

another device needs to be rigorously protected. Proper signal processing

techniques should be applied to make sure that third parties cannot retrieve

it. Very few papers [105] discuss the security issues of the D2D cellular

network.

4.3.2 Application of D2D communications

Some advantages of using the D2D communication technique have already

been mentioned at the beginning of this chapter. D2D communication can

also facilitate the vehicular ad-hoc network and enhance both proximity

services and mobile social networks. It may also extend the scope of the

internet of things (IoT), as the device can facilitate coverage issues to connect

any other things located outside the network coverage area. Papers [64, 106,

63, 107] highlight the applications of D2D communications.

4.3.3 Standardisation of D2D Communications

D2D communications techniques have not been fully standardised yet. It

is still an immature technology, and a lot of problems need to be solved

before implementing it into a real network. The Third Generation Partner-

ship Project (3GPP) is telecommunication body mainly responsible for the

standardisation of significant telecommunication technologies. In [108, 109],

some standardisation policies have been mentioned based on proximity ser-

vices.

4.3.4 Mobility Management of D2D Communications

Wireless communication without mobility are hardly acceptable. Mobility

management for any wireless communications has been regarded as the high

priority issue. We have almost smooth mobility management for the latest

telecommunications system like LTE-A. However, mobility for D2D devices

is not so easy to compare with the currently available techniques. The aim of

this dissertation is to establish an algorithm that will facilitate a smooth mo-

bility system for D2D devices. Chapter 6 will discuss the proposed mobility

management system of cellular devices as well as D2D devices.
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4.3.5 Location of D2D Users

Knowing the location of a user is very important to establish good commu-

nication among the devices and the base stations. This knowledge enables

D2D communications and reduces transmission power and interference con-

siderably. It is also a challenge to implement the beamforming techniques in

D2D communications. As users can move anywhere at any time, a precise

beamforming technique is needed to locate the users and track their chang-

ing positions. Finding some state-of-the-art beamforming techniques and

comparing them with simulations are also a part of this dissertation. Chap-

ter 5 is dedicated to estimating the Direction of Arrival (DOA) by analysing

the channel between the devices and base station.



Part II

Our Proposition and Modeling
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Chapter 5

Direction of Arrival (DOA)

and Channel Estimation for

D2D Communication

This chapter is based on our published book chapter [20] and paper [19].

The detailed chapter is available in the Appendices A and B.

The D2D operation mode mostly depends on the exact location of

the users from the base station. Location estimation techniques can play

an essential role in this case. Estimating a user’s location is going to be

an integrated system with the upcoming mobile technology. This chapter

shows some techniques for estimating the Direction of Arrival (DOA) with

mathematical modeling. Chapter 8 presents the simulation results of this

chapter. Estimating the DOA in this chapter is regarded as the purpose

of using the Smart Antenna System (SAS). It is possible to calculate the

location of a user by considering the uplink transmission system of the mo-

bile communication system. Estimating the channel and actual path delay

is also an important task which might be done by using the 1D Uniform

Linear Array (ULA) or 2D Uniform Rectangular Array (URA) antenna

systems. In this chapter, 1D ULA is considered to utilise some popular

techniques. The behaviours of the channel characteristics substantially

determine the performance of a communication system between two ends.

This behaviour defines signal transformation while propagating through the

channel between receivers and transmitters. Accurate channel information

is crucial for both the transmitter and receiver ends to provide their best

service. The ultimate focus of this chapter is to estimate the channel based

on 2D parameter estimation. Uniform Rectangular Array (URA) is used

to perform the 2D parameter estimation. It is possible to determine the
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Azimuth and Elevation of a source by using a URA model.

During the last few decades, wireless communication technology has

improved enormously. However, the technology did not only perform the

communication between two ends. The state-of-the-art technologies cannot

meet all the requirements demanded by people. The primary interest of

recent research is to design a model to estimate efficiently the location,

direction, distance and path delay (induced by the fading channel) of a

source. A proper channel model plays an important role performing those

tasks efficiently. Therefore, the problem of appropriate channel estimation

arises in a large variety of important work for the researchers.

To keep going with the demand of increasing data rate, LTE was

standardised by the 3GPP. This is one of the most popular technologies

because it provides low latency, higher spectrum efficiency, and seamless

mobility. The two leading latest technologies i.e., MIMO and OFDM

(Orthogonal Frequency Division Multiplexing) have been integrated into

LTE system so that it performs better than any earlier technologies. In

this chapter, techniques for estimating the direction of arrival(DOA) are

investigated. It is expected that angle or direction of arrival will play a

vital rule to track the user’s location precisely for the upcoming mobile

generation like 5G.

To estimate DOA, channel estimation should be measured precisely.

Estimation of a channel for a 2D rectangular array is discussed in section

5.2. I have considered only the uplink parameters to estimate the channel.

Proper planning for the uplink channel is crucial because the power of the

user equipment (UE) is limited. We can calculate the DOA and delay of

arrival directly from the estimated channel.

Propagation signals transmitted from arbitrary sources contain a lot

of information about the origins that produce them. This information

includes the location of the sources, path delays, angular elevation, etc. It

is possible to estimate that information by analysing the channel between

two ends with the help of smart antenna technology.

The antenna array receives spatial samples of propagating wave field,

which are then processed to estimate DOA. A DOA estimation technique

performs spatial filtering to separate signals from different spatial locations

that have overlapping frequency contents [110, 111] But there are many other
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techniques also available, and some of them will be discussed in this chapter.

The need for estimating DOA has been increasing enormously to keep pace

with the requirement of advanced technologies like finding the geographical

location of the User Equipment (UE). Positioning has many applications,

such as emergency services, location-based billing, hostage rescue, etc. For

some applications, beam pattern of the antenna array can, therefore, be

changed without physically changing the antenna pattern.

I have considered a Uniform Linear Array (ULA) in the receiving an-

tennas where all the antennas are placed in a line, and the distance between

two adjacent antennas is the same. There are other array configuration

options possible, e.g., Uniform Circular Array (UCA), Uniform Rectangular

Array (URA).

The purposes of using smart antenna system in this dissertation are

for

• Direction of Arrival (DOA) estimation,

• Path delays estimation, and

• Accurate channel estimation,

This chapter (see Appendices A and B) briefly explains how to estimate

them.

In the simulations discussed in Chapter 8, primarily, I considered

four receiving antenna arrays and two different sources located in different

directions. A uniform linear array antenna geometry has been used

according to Figure A.1. For estimating channel, finally, I have considered

the eight receiving antenna arrays for the simulations.

5.1 Techniques for Estimating DOA

There are a couple of techniques used to determine the DOA. They are as

follows:

• Conventional Beamformer Technique,

• Capon Beamformer Technique,

• Multiple Signal Classification (MUSIC) Method, and
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• Estimation of Signal Parameters via Rotational Invariance Technique

(ESPRIT)

Detailed mathematical model are beyond the scope of this chapter but they

are available in the Appendices A and B.

5.1.1 Conventional Beamformer Technique

Conventional Beamformer Technique is the basic and primary technique

used to estimate the DOA. Its sensor spacing is normally half of the wave-

length. If the spacing is larger, it results in the performance degradation.

The smaller spacing usually reduces the total aperture and then results

in a lower spatial resolution that is the ability to distinguish two closely

spaced sources. The spatial resolution directly depends on the number

of sensors, i.e., if the number of sensors with proper spacing is increased,

spatial resolution is also improved.

Some pros and cons of Conventional Beamformer are as follows:

• Spatial resolution determined by the sensors array is not very good If

we do not have a good number of array antennas.

• The array has to be fully calibrated in order get an accurate estimation.

• Multipath is not that much problem since signals are not necessarily

to be uncorrelated.

5.1.2 Capon Beamformer Technique

Capon Beamformer came with a better performance. It is formulated accord-

ing to the Minimum Variance Distortionless Response (MVDR) algorithm

[115]. It was designed to overcome the limitation (poor resolution prob-

lem) of the conventional beamformer.The complexity of this technique is a

bit higher than the Conventional Beamformer. However, we can get better

resolution performance when two users are located in a closer distance.

5.1.3 Multiple Signal Classification (MUSIC) Method

Multiple Signal Classification (MUSIC) method was first formulated by

Schmidt [117], Bienvenue and Kopp [111]. It is one of the most popular

subspace-based techniques to estimate DOA. It depends on the spatial co-

variance matrix of the data. Some considerable facts about the MUSIC are

follows:
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• The total number of sources has be smaller than the total number of

sensors in the array.

• MUSIC shows high-resolution property.

• MUSIC cannot perform well for closely spaced signals and low SNR

conditions. [120].

• MUSIC could be computationally expensive because exhaustive search

through the field of view (all θ in Appendix) is required.

• MUSIC is very sensitive to antenna position, phase errors, and gain.

Therefore, precise calibration is required.

• Since MUSIC is unable to estimate DOAs of the correlated signals

correctly, multipath is a significant problem.

• Accuracy is also dependent on the number of snapshots [120].

5.1.4 Estimation of Signal Parameters via Rotational

Invariance Technique (ESPRIT)

Estimation of Signal Parameters via Rotational Invariance Technique (ES-

PRIT) was proposed by Paulraj, Roy, and Kailath [121]. It is a search-free

DOA estimation technique based on the shift-invariance property of the ULA

steering matrix [117]. ESPRIT is considered as a computationally efficient

technique compared with MUSIC. The Unitary 2D ESPRIT (see Appendix

B) is the most precise techniques used to estimate the DOA.

5.2 Multipath Channel Estimation using 2D

Parameter Estimation Method

In this section, I have considered the Uniform Rectangular Array (URA).

We could estimate azimuth and elevation of a source by using URA model.

This model poses a similar structure to the channel model, which has been

introduced in section A.8. It is possible to estimate the user’s location

(angle) along with the time delay of an incoming signal to the antenna

array sensors with the help of this technique. To estimate this, Unitary

2D ESPRIT method has been considered although elaborating 2D ESPRIT

is not the aim of this section. 1D parameter estimation model that has

already been discussed in Appendix A is easy to implement. However, it

has some drawbacks as well. After formulating unitary ESPRIT [122], 2D
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parameter estimation technique has become much popular because of its

high-resolution estimation ability and computational efficiency. There are

several antenna arrays can be implemented by using the unitary ESPRIT,

i.e., URA, Triangular Antenna Array (TAA). Here, only URA antenna

configuration has been considered. Nevertheless, this estimation technique

can only perform precise result if the array positions are properly spaced

with equal distance. A proper signal model is formulated in the Appendix

part, and finally, multipath channel model is compared with that signal

model for the 2D rectangular channel estimation method (See Appendices

A and B). URA model involves complex geometries [12, 122, 123].

Multipath channel estimation using unitary 2D ESPRIT has also been

discussed in the book chapter which is also available in the Appendix

section A.

As we move forward, next chapter will be dedicated to the mobility man-

agement of the D2D communication, proposed algorithm and its derivation.



Chapter 6

Mobility Management of D2D

Communication

D2D communication takes place when two devices communicate directly

without taking significant help from a base station. For any wireless com-

munication system, mobility management is a big issue. When two devices

are active, one or both users might change their location, and when they are

in cellular mode, it is not difficult to keep the service uninterrupted. How-

ever, when they are in D2D mode, mobility management becomes crucial,

since a proper algorithm is yet to be developed that can handle the commu-

nication without interruption. In this chapter, I propose a novel approach

to handle the mobility of D2D users.

6.1 Mobility and Handover Management for

the LTE-A Network

Mobility management for the LTE-A is so far well standardised and already

implemented. A mobility model that takes into consideration energy and

bandwidth efficiency is proposed in [127] for the LTE-A network. A techni-

cal overview of handover and mobility management for the heterogeneous

network (4G) in LTE-A is provided in [13]. The authors investigated A3

events that take control of the entire handover parameters. Usually, the

mobility of a user is mentioned broadly in three different states, i.e., idle,

active, and detached mode.

When UE searches a network with which to register and does not

belong to any network yet, it is said to be in detached mode. However,

based on the initial request from the UE, Evolved NodeB (eNodeB)
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performs a complicated process in association with Mobility Management

Entity (MME), Evolved Packet Core (EPC), Serving Gateway (S-GW)

and Evolved Packet Core (P-GW). After that, the UE is attached to the

network, but there is no packet data transfer during this time, the UE goes

to an idle mode which is sometimes called a power conservation mode. In

active mode, UE receives or transmits data through the nNodeB. Details

are beyond the scope of this chapter.

In the 4G network, for the event A3 (See Appendix C), we could

optimise the handover in three ways:

• Modifying the parameters a3offset and hysteresisa3

• Changing the parameter timetotriggereventa3

• Modifying of the parameter filtercoefficient and CellIndividualoff-

setEutran

Parameters are set by following the conditions below:

RSRP(target) > RSRP(Serving) + a3offset + hysteresisa3 - cellindi-

vidualoffsetEutran

where RSRP denotes Reference Signal Receive Power.

a3offset is identified as the LTE Event A3 is triggered when a neighbouring

cell becomes better than the serving cell by an offset. a3offeset is the

threshold in dB unit and hysteresisa3 is the time period. If target cell

dB unit is higher than serving cell to a3offset for hysteresisa3 period,

UE starts to measure report. The role of timetoTriggera3 is to avoid

a ping-pong effect in Event A3. CellIndividualoffsetEutran is applied

periodically to each neighbour cell with the purpose of load management.

This parameter is used if the neighbour lists have the special broadcast

configuration.

Handover takes place when the UE moves from one location to an-

other location. A detailed description of the handover process of a UE for

the LTE-A network is also beyond the scope of this chapter. Paper [13]

describes the entire handover process which is shown in Figure 6.1 in terms

of state line diagram.
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Figure 6.1: Procedure of inter-eNodeB and intra-MME/S-GW. Image

source: [13].
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6.2 Mobility and Handover Management for

the D2D Communication of a 5G Net-

work

Low latency and reliable data communication between two devices, while

they are moving is a challenging task that is yet to be developed efficiently.

A few papers have discussed this topic so far. When several base stations are

involved in making the handover, the latency could be increased because ex-

changing the controlling signal makes D2D communications unfeasible while

they are moving. A low latency, smooth mobility management is very crucial

because, besides the human-centric aspect, one of the very important appli-

cations of this communication is vehicle-to-vehicle (V2V) communication

and a bit longer latency might cause severe damage in this regard. Paper

[14] proposes some mobility management solutions that show expected gains

under certain assumptions for a small cell network. The authors categorised

two smart solutions that could reduce the negative impact:

• D2D-aware handover solution

• D2D-triggered handover solution

6.2.1 D2D-Aware Handover Solution

This solution is proposed to reduce the latency by minimising signaling over-

head. Figure 6.2(a) shows the normal communication when two devices are

stable. However, a lot of overhead is involved while UE1 is moving from one

location to another location that is served by another base station. This

is not feasible because of the higher latency. The authors propose a group

handover algorithm so that latency is reduced greatly. An A3 event was con-

sidered where RSRPtarget − RSRPsource > offset. They proposed to control

both devices under the same base station and until and unless this condition

was satisfied they proposed not to perform the handover for the individual

device. Figure 6.3 shows the detailed steps needed to perform this task.

6.2.2 D2D-Triggered Handover Solution

Figure 6.4 shows a signalling flow chart of a D2D-triggered handover process

for which a target cell performs the control of the handover of a new D2D

user to join the group communication. In this type of solution, the authors

intended to cluster the total members of a D2D group within a minimum

number of BSs or cells, so that the network signalling overheads caused
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Figure 6.2: D2D communication and control before and after a normal cel-

lular handover execution. Image source: [14].
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Figure 6.3: D2D-aware handover solution during mobility. Image source:

[14].
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Figure 6.4: A signaling flow-chart of D2D-triggered handover solution during

mobility. Image source: [14].
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by the inter-BS communication, e.g., D2D radio resource information were

reduced.

As I propose only group handover as per Figure 6.3 in my proposal,

described in the next section, a detailed analysis of the D2D-Triggered

handover solution is beyond the scope of this chapter.

6.3 Proposed Model

In this part, I consider the TDD configuration that is already used for LTE-

A. Standard power control mechanism for the TDD will be considered ac-

cordingly. For convenience, I assume that DUEs use the uplink resources of

a mobile cellular network. The purpose of my proposal is to increase the

sum-rate that should remain the same while moving.

Firstly, I consider an area where different users are attached to a cell. Figure

6.5 shows a model that represents different links and channel gains among

the mobiles users and the base station. In this scenario, I consider one eNB

and three devices, numbered p = 1, 2, 3, 4 and q = 1, 2, 3, 4 respectively as

per the diagram. The link is indicated Xpq where p is the position of the first

device, and q is the position of the second device of a link. Three possible

conditions can be considered, and some gains for the specific links might be

ignored as they are negligible compared with others. Cases are as follows:

• Common for both CUEs and DUEs

• for CUEs

• for DUEs

For the first case:

Xpq = 0 if p = 1, 4 and q = 4, 1 respectively (6.1)

or p = 2, 3 and q = 3, 2 respectively (6.2)

For the second case:

Xpq = 0 if p = 2, 4 and q = 4, 2 respectively (6.3)

or p = 3, 4 and q = 4, 3 respectively (6.4)

For the third case:

Xpq = 0 if p = 1, 2 and q = 2, 1 respectively (6.5)

or p = 1, 3 and q = 3, 1 respectively (6.6)
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Figure 6.5: Possible channel gains within a cell.
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Sum rate for the cellular:

rCellular = B log2

(
1 +

SCellular∑
p

∑
q Xpq +N0

)
(6.7)

Sum rate for the DUEs:

rD2D = B log2

(
1 +

SD2D∑
p

∑
q Xpq +N0

)
(6.8)

Total sum-rate can be calculated as:

RSum = rCellular + rD2D (6.9)

where B indicates the bandwidth of each sub-channel. SD2D is the signal

gain of D2D users and SCellular is the signal gain of the cellular user. N0 is

the additive noise.

My proposal considers the paper [15] where an operational procedure

of an LTE network that supports D2D communications is proposed. Figure

6.6 shows how this proposal works. My algorithm extends this procedure

which should support the mobility of DUEs without compromising the

quality.

Consider a total number of CUEs and DUEs pair as Nc and Nd re-

spectively. Assuming each pair consists of two D2D users where one is the

transmitter, and another is the receiver. To improve the spectrum effi-

ciency, I consider using the same uplink resources for both CUEs and DUEs.

I propose an extended algorithm of this model that enables the mo-

bility functionality of D2D users in a 5G cellular network. Figure 6.7

shows the proposed model, and it shows the mobility direction, relevant

channel gain, and communication paths among the cellular users, D2D

users, and base station. I ignore some links as they are negligible according

to Equations 6.1 to 6.6. This figure also shows the notation of channel gains.

Based on the moving opportunities, I consider four scenarios as fol-

lows:

• DUETX moving towards another eNB. Here, DUETX is the transmit-

ter of the D2D pair.
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Figure 6.6: A D2D operation model proposed in [15]
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• DUERX moving towards another eNB. Here, DUERX is the receiver

of the D2D pair.

• Both DUETX and DUERX are moving into same eNB.

• Both DUETX and DUERX are moving apart from each other and

exiting the current eNB serving area.

For convenience, I consider only the first condition in this report where a

D2D transmitter is moving towards another eNB, as shown in Figure 6.7.

The rest of the conditions follow the same strategy.

eNodeB always collects the channel state/gain information and allo-

cates the resources along with transmitting power of CUEs and DUEs. I

assume that total Nc × Nd resource sharing pairs for the current cell and

target cell. One resource sharing pair consists of one D2D pair and one

CUE within the same cell. Consider fij where i ∈ 1, ..Nc and j ∈ 1, ..Nd

composed of CUEs and DUEs. For convenience, to indicate a gain of a

link, dRj is referred to as the D2D receiver, dTj is the D2D transmitter, eT0 is

the cellular user of the target cell, and eS0 is the cellular user of the source

cell. Also, the cellular user is indicated as CUES
i for the source cell and

CUET
i for the target cell. DUETxj is the D2D transmitter, and DUERxj

is the receiver of the same cell. The new gain between the D2D users after

moving is ḠdTj d
R
j .

Assuming the same amount of source sharing pair exists after the moving

takes place in the target cell, i.e., DUEs moving into the new cell would not

change the number of total CUEs and DUEs. So the values of i and j will

remain the same before the handover in the source cell and after the HO in

the target eNB. Figure 6.8 shows the steps of the handover management

during the D2D communication. The handover process is initiated at

(n+2)th time, whereas previous time is for the usual D2D communications

without any mobility scope.

During the data transmission, periodic measurement broadcast sig-

nals are sent to all CUEs and DUEs. In these measurement signals, path

loss and relevant parameters data are sent and based on this information,

D2D users or eNode decide to make the handover. The relevant channel

gains are indicated in Figure 6.7 where channel gain between CUES
i and

DUETxj, and eNB and DUERxj are neglected as indicated earlier in

equations.
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Figure 6.7: Proposed mobility algorithm of D2D users.
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Figure 6.8: Line diagram of proposed model
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It is to be noted that when one of the D2D users is moved to a tar-

get cell, the procedures for the resource allocations and scheduling are the

same as with the source cells. Target eNB determines the transmission

power P̄ dTj for the D2D users. Based on the power allocation, eNB

calculates the matrix S̄C and S̄D for assigning the subchannel to the cellular

users and D2D users. Finally, eNB constructs the matrix P̄D = S̄CP̄F for

all the users within the cell, where, P̄F is the matrix consisting of the values

p̄dTj for each fij. Based on the calculations in paper [15], final transmission

power for D2D users on each subchannel is calculated by the equation,

PD = SD ◦ P̄D (6.10)

where ◦ is a Hadamard operator.

6.3.1 Mode Selection

Mode selection should take place when a cellular network system enables

the D2D communication. It is essential to select the proper mode to have

an uninterrupted communication between the devices and the base station

or between the two D2D users. Usually, we know two modes are available

for the D2D communications enabled network. These are Cellular mode

and D2D mode. However, I propose five different operation modes in my

dissertation. They are as follows:

• D2D Mode

• Cellular Mode

• Relay mode

• Call Waiting, and

• Call Drop

6.3.1.1 D2D Mode

D2D mode is the most wanted mode for the D2D communications system.

In this mode, two D2D users communicate directly with each other without

using the base station. The base station monitors and can control this

operation. The data rate and spectral efficiency are maximum when the

D2D mode is in action.
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6.3.1.2 Cellular Mode

When the D2D mode fails, cellular mode takes place, and this is the standard

mode of operation for a D2D-disabled network. In this mode, two devices

communicate with each other via the base station irrespective of their loca-

tions. The handover process follows the A3 algorithm and the base station

controls the mechanism.

6.3.1.3 Relay mode

Relay mode is another form of D2D communication when one user acts as a

relay and conveys the message from another device to the base station. In

this mode, one device can extend the coverage to its proximity areas where

another device is out of the base station but still reachable via the relay

device. Figure 7.1 shows the relay mode operation where the relay device

extended the coverage.

6.3.1.4 Call Waiting Mode

The call waiting mode takes place only when the base station monitors the

movement of the users, and it is for too short time. A group handover has

been proposed in this thesis, and before taking the group handover, the base

station measures the receive level to make a decision which should be a D2D

mode or cellular mode or relay mode and finally in the worst case, drop the

call.

6.3.1.5 Call Drop

When one or both devices are moving out of the base station coverage area,

and no communication is possible by the received level, the base station

terminates the call. Once this mode is selected, it is not possible to go back

to any other modes.

6.3.2 Mode Selection Algorithm

I propose a mode selection algorithm controlled by the base station. This

algorithm considers the data from the source and target base station as this

algorithm is applicable when the D2D users are moving or about to make

a handover between two base stations. In that case, a modified version of

an A3 handover event is also proposed that fits with two devices for the

D2D communications. This event happens when a neighbour cell becomes

higher than the serving cell by an offset. However, the A3 handover triggers
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for both devices as a group handover. If another device’s received signal

level to the target cell is not enough to get the D2D communication, mode

selection takes place. A selection criterion is set regarding which mode to

operate according to the received levels of both devices.

Flowchart 6.9 shows the detailed algorithm of how the mode selection

process should work. Algorithm 1 also shows the simplified simulation

model of how modes are selected. The selection of modes depends on

mainly the threshold value that is set and the total path loss from the

moving device to the base station.

The next part of this dissertation is to validate and simulation re-

sults of the proposed techniques. A Markov Chain model has been used to

validate the proposed movements.
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Figure 6.9: Flowchart diagram of the proposed mode selection model.
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Data: Source eNodeB: Total loss between D2D pairs =

SourceLD2D, Threshold between D2D pair = SourceThD2D,

Total loss between D2D transmitter and eNodeB =

SourceLDT eNB, Threshold between D2D transmitter and

eNodeB = SourceThDT eNB, Total loss between D2D receiver

and eNodeB = SourceLDReNB, Threshold between D2D

receiver and eNodeB = SourceThDReNB. Target eNodeB:

Total loss between D2D pairs = TargetLD2D, Threshold

between D2D pair = TargetThD2D, Total loss between D2D

transmitter and eNodeB = TargetLDT eNB, Threshold between

D2D transmitter and eNodeB = TargetThDT eNB, Total loss

between D2D receiver and eNodeB = TargetLDReNB,

Threshold between D2D receiver and eNodeB =

TargetThDReNB,

if SourceLD2D ≤ SourceThD2D and SourceLDT eNB ≤
SourceThDT eNB and SourceLDReNB ≤ SourceThDReNB then

Select D2D Mode;

else
Search for the next possible mode

end

if SourceLD2D > SourceThD2D and SourceLDT eNB ≤
SourceThDT eNB and SourceLDReNB ≤ SourceThDReNB then

Select cellular Mode;

else
Search for the next possible mode

end

if SourceLD2D ≤ SourceThD2D and SourceLDT eNB >

SourceThDT eNB and SourceLDReNB ≤ SourceThDReNB then
Select waiting mode to observe the UE’s moving direction;

else
Search for the next possible mode

end

if SourceLDT eNB > SourceThDT eNB and TargetLDT eNB ≤
TargetThDT eNB and TargetLDReNB ≤ TargetThDReNB then

Prepare and trigger for the group handover;

else
Search for the next possible mode

end

if SourceLDT eNB > SourceThDT eNB and TargetLDT eNB >

TargetThDT eNB and TargetLDReNB < TargetThDReNB and

TargetLD2D ≤ TargetThD2D then
Select Relay Mode;

else
Call Drop;

end
Algorithm 1: Simulation model of mode selection algorithm.
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Chapter 7

A Markovian Approach to the

Mobility Management for the

D2D Communication

I have already proposed a unique algorithm of mobility management for

the D2D communication system in the previous chapter. In this chapter, I

highlight and explain the mobility model mathematically and analytically

by taking advantage of the Markovian model. Markov model is essentially

a simplified approach to describing a system that occupies a discrete state

at any point in time. I also make a bridge between my mobility model and

the Markovian model.

7.1 D2D and the Markov Chain Model

D2D communication is a promising technology for the next-generation cel-

lular network system like 5G. It will enhance the data rate, coverage and

quality of the network along with spectral efficiency. Figure 7.1 illustrates

an overall view of D2D communication in a cellular network.

I propose a mobility model for D2D communication in my papers [21, 22],

where a D2D user is considered moving in different directions from the eN-

odeB and another D2D pair. This algorithm proposes the complete handover

model to achieve the maximum sum-rate. In those papers, I simulated the

proposed model and reached at optimum time for the D2D operation while

data sum-rate was satisfactory. In this chapter, I introduce the Markov

Chain model to describe the random mobility of D2D users mathematically

and analytically. The Markov Chain model is a great choice to represent

discrete space. The movement behaviour of D2D users could be described

107
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Figure 7.1: A model of D2D communication in a cellular system.
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entirely by using the Markov Chain model.

7.2 Markov Chain Analysis on Moving D2D

Users

The movement of D2D users is completely unpredictable from the network

point of view. Any device from a pair can move in any direction from the

other device. Initially, I assume that any device can move towards any

direction or remain in the same position.

Figure 7.2: Basic Markov state model of D2D communication devices.

I considered a D2D pair located within an area of a cell, as per Figure 7.2.

I also considered two different states, numbered 1 and 2. The users can

move only between these two states. When a user is located at state 1,

the probability of moving from state 1 to 2 is a and the likelihood of it

remaining at the same position or state is then 1 − a. Similarly, another
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device from the pair located at position 2 can move towards the position 1

or stay in the same place. The probability of changing the position from 2

to 1 is b and staying at the same location is 1 − b. Referring to the books

[128, 129, 130, 131, 132], we can write the transition matrix as:

P =
(
1−a a
b 1−b

)
. (7.1)

The eigenvalues of this matrix are 1 and (1− a− b). Then the matrix could

be written as:

P = U ( 1 0
0 1−a−b )U

−1. (7.2)

For the n number of states, this equation will be

P n = U
(
1 0
0 (1−a−b)n

)
U−1. (7.3)

Now, we can write

pn11 = A+ B(1− a− b)n (7.4)

where pn11 is the first component of the transition matrix P for the n number

of states. A and B indicate some values depend on the following equation.

A = b/(a+ b) and B = a/(a+ b). (7.5)

From the equations 7.4 and 7.5,

pn11 = P1(Xn = 1) =
b

a+ b
+

a

a+ b
(1− a− b)n (7.6)

where (Xn)n≥0 is a Markov Chain. Its initial distribution is λ and transition

matrix is P for i0, i1, ..., in+1 ∈ I and all n ≥ 0. Similarly, we can compute

the other components of P n and finally get transition matrix P for all the

states i ∈ I where i is the state and I is the state space.

P n =

⎛
⎜⎝

b

a+ b
+

a

a+ b
(1−a−b)n

a

a+ b
−

a

a+ b
(1−a−b)n

b

a+ b
−

b

a+ b
1−a−b)n

a

a+ b
+

b

a+ b
(1−a−b)n

⎞
⎟⎠ . (7.7)

Now, we extend from two positions to seven positions of a D2D user can

moves per Figure 7.3. The physical meaning of these seven positions is just

the specific position where we measure the receive level signal of a D2D user

from the eNodeB. Every state is a possible destination from the previous

states as per the moving directions. It is understood that there are much

more states possible in the real network. However, to make a model, only
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Figure 7.3: Seven position Markov Chain model of D2D communication in

a cellular system.
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Figure 7.4: N state model.

7 states have been considered. These states may be located within the

network coverage area or outside the coverage area where different D2D

modes may be operated. To avoid the complexity, we break the model into

some smaller positions, each of which is comparatively easy to understand.

If i is the initial position and j is the next position to the moving direction

where another device is located, we can say that i is leading to j and write

i → j provided the condition is that Pi(Xn = j for some n ≥ 0) > 0.

If a user communicates with any other users from position i to position j

as a part of D2D communication, we write it i ↔ j if i → j and j → i satisfy.

Considering the Markov theorem for the distinct states of i and

j, we can write equivalents as p
(n)
ij > 0 for some n ≥ 1 and

pi0i1pi1i2pi2i3 ....pin−1in > 0 for some states i0i1i2...in, where n ≥ 1, i0 = i and

in = j.

We consider another path model as per Figure. 7.4 to calculate the hitting

probabilities and estimated mean hitting times. It is an asymmetric random

walking model for a D2D user from a location to another location. Here,

0, 1, 2, ..., i− 1, i, i+ 1, ..., N are the integers of locations with absorption at

0 and N . We assume that a+ b = 1.

From the 7.4, let hi = Pi(hit 0). Then, h0 = 1, hN = 0 and hi = bhi−1+ahi+1

for 1 ≤ i ≤ N − 1. Using the boundary conditions, we get finally,

hi =
(b/a)i − (b/a)N

1− (b/a)N
. (7.8)

For the symmetric random walk where a = b, general solution is hi = 1−1/N

and Ei(Time to hit {0, N}) = i(N − 1).

Considering Markov Chain (Xn)n≥0 with transition matrix P , we can

calculate hitting time and first passage time on i as

Hi = inf {n ≥ 0 : Xn = i} and (7.9)

Ti = inf {n ≥ 1 : Xn = i} . (7.10)
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If, X0 = i, Hi and Ti can only differ. Now, we can find the number of visits

to i, return probability to i and mean return time to i from the following

equations respectively.

Vi =
∞∑
n=0

1{Xn=i} (7.11)

fi = Pi(Ti < ∞) (7.12)

mi = Ei(Ti). (7.13)

If Pi(Vi = ∞) = 1, i is recurrent. It means the device user is keeping come

back. And if Pi(Vi = ∞) = 0, i is transient. It means user leave forever

eventually. For the n-step transition probabilities, we can calculate the

equivalence of transience and summability as per the following equations.

∞∑
n=0

p
(n)
ii = ∞ ⇔ fi = 1 implies that i is recurrent, (7.14)

∞∑
n=0

p
(n)
ii < ∞ ⇔ fi < 1 implies that i is transient. (7.15)

7.2.1 Simple Random Walk on One Dimension Z

Consider a random walk model as per Figure 7.5 where 0 < a, b < 1, and

a+ b = 1. Let hi = Pi(hit 0) and consider f0 = P0(return to 0).

Figure 7.5: Simple random walk model in one dimention.

Using the Markov property f1 = b+ ah2
1, we get

f0 = bh−1 + ah1. (7.16)

The smallest solution for h1 is min{1, b/a}. If we consider a = b = 1/2, then

h−1 = h1 = 1 which implies that f0 = 1 and the random walk is recurrent.

If b > a, then h−1 < 1 and this is transience. Similarly, if b < a, then h1 < 1

that implies f0 < 1 and this implies also transience.
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Figure 7.6: Simple random walk model in two dimentions.

7.2.2 Simple Random Walk on Two Dimension Z
2

Using the equation 7.14 and 7.15, we could also analyse the two dimensional

Z
2 random walk model as mentioned in Figure 7.6. If we start at 0 position,

we cannot come back to the original position after an odd number of steps.

Therefore, p
(2n+1)
00 = 0 for all n. With the probability of anbn, and considering

a sequence of steps of length 2n from 0, i.e., n steps right and n steps left,

we get the equation as

p
(2n)
00 = ( 2n

n ) anbn. (7.17)

Using Stirling’s approximation,

p
(2n)
00 =

(2n)!

(n!)2
(ab)n ∼ (4ab)n

A
√
n/2

(7.18)
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where A ∈ [1,∞) and n → ∞. For the symmetric case, 4ab = 1 and the

equation becomes

p
(2n)
00 =

√
2

A
√
n
. (7.19)

So,
∞∑

n=N

p
(2n)
00 =

√
2

A

∞∑
n=N

1√
n
= ∞ (7.20)

which can show that the random walk is recurrent. If a �= b, then 4ab = r <

1, and for some N ,
∞∑

n=N

p
(2n)
00 ≤ 1

A

∞∑
n=N

nn < ∞ (7.21)

and then the random walk is transient.

These equations can help the calculations for the two dimensional

simple symmetric random walk on Z
2 as per the Figure 7.6. As this is

symmetric, the transition probabilities are as follows.

pij =

{
1/4 if |i− j| = 1

0 otherwise
(7.22)

Consider we start at 0. If we call the walk Xn, we can also write independent

symmetric random walks X+
n and X−

n for the projection of the walk on the

diagonal lines. we can get Xn = 0 if and only if X+
n = X−

n = 0. Then, if

n → ∞, for Xn we can get the equation by Stirling formula

p
(2n)
00 =

((
2n

n

)(
1

2

)2n
)2

∼ 2

A2n
. (7.23)

By comparison with
∑∞

n=0 1/n,

∞∑
n=0

p
(n)
00 = ∞, (7.24)

and the walk is recurrent.

7.2.3 Simple Random Walk on Three Dimension Z
3

Consider the simple three dimensional symmetric random walk model Z3.

In that case, transition probabilities are

pij =

{
1/6 if |i− j| = 1

0 otherwise
(7.25)
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As the user can move into three different directions with equal probabilities,

we can not apply the three independent walks on Z as we have done above

for the two dimensional symmetric random walk model.

We again start at 0. If we want to come back to the starting posi-

tion, we must complete even number of steps, 2n. These 2n steps must be

the combination of i up, i down, j north, j south, k east, k west where

i + j + k = n and i, j, k ≥ 0. We can get the equation by counting the

number of ways.

p
(2n)
00 =

∑
i,j,k≥0

i+j+k=n

(2n)!

(i!j!k!)2

(
1

6

)2n

(7.26)

=

(
2n

n

)(
1

2

)2n ∑
i,j,k≥0

i+j+k=n

(
n

ijk

)(
1

3

)2n

. (7.27)

Here,

∑
i,j,k≥0

i+j+k=n

(
n

ijk

)(
1

3

)n

= 1. (7.28)

In the case where n = 3m, we can calculate for all i, j, k(
n

ijk

)
=

(n)!

i!j!k!
≤ n!

m!m!m!
=

(
n

mmm

)
. (7.29)

As n → ∞, this implies,

p
(2n)
00 ≤

(
2n

n

)(
1

2

)2n(
n

mmm

)(
1

3

)n

∼ 1

2A3

(
6

n

)3/2

. (7.30)

After the calculation, for all m, we will have

∞∑
n=0

p
(n)
00 < ∞, (7.31)

and the walk is transient.



Chapter 8

Simulation Setup and Results

for the Direction of Arrival

In this chapter, I discuss setting up the MATLAB simulation model to de-

termine the Direction of Arrival. I also analyse the results of the simulation

and the effect of changing such parameters as the antenna configuration. A

calibration of the receiving antenna array response is needed to experiment

correctly with real hardware. However, as I performed it with the MATLAB

tool, the calibration process was no longer required although I discuss the

calibration system in the first section. Array processing techniques involve

some other factors. For example, the properties of the antenna materials

that determine the electromagnetic field in the space around them, the di-

mensions of the antennas and far and near-field effects are essential. I assume

the receive antenna array is in the far-field of the transmitters, so the an-

tenna characteristic depends on the distance and RF carrier frequencies are

ignored. Further gain offsets and RF carrier phase offsets of the different RF

interfaces have to be compensated for explicitly. Other effects, like antenna

coupling, were not considered in the experiments. As I used MATLAB as a

simulation tool in this dissertation, it is beyond the scope to discuss all of

these factors. The results are usually shown either as a plot diagram directly

copied from the MATLAB or a table format. The scenarios are measured

individually and discussed accordingly.

8.1 Signal Calibration

In reality, estimation accuracy and resolution are severely affected by the

errors in the assumed system model or experimental setup. Additive noise

in the receiver circuitry also limited the accuracy of the results. For this

reason, calibration techniques were used to model these errors and mitigate

117
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them. Under favourable conditions, it is possible to estimate the errors with

some of known parameters and auto-calibrating is also possible. Manual

calibration is also recommended if the auto-calibration mechanism is not

possible. Here, I discuss manual calibration, which is usually done before

starting the experiment with real hardware and the result is included in the

final estimation. Calibration should be used to correct the array response

for errors due to several imperfections. These might be the imbalance

between I/Q data, gain or phase errors in the receiving RF circuitry,

uncertain sensor locations, etc. For details of calibration techniques, I refer

to [133].

A single source as a reference is placed in a position such that it is

perfectly perpendicular to the array antenna axis to calibrate the RF

interfaces. Under these circumstances, the baseband signals from the

different RF interfaces should be identical. However, due to carrier phase

offsets and gain offsets at the different RF interfaces, this was not the case

in practice. For this reason, the correlation of each interface signal with

reference to the first interface should be computed, and the phase and

amplitude information used to correct the different interface signals.

If we consider that the signal of antenna l at sample t is yl(t), then,

the calibration factor is computed thus:

cl =
1

T

T∑
t=1

y∗1(t)yl(t) (8.1)

Ql = cl/
√
| c1 | (8.2)

and the estimated output is

ŷl(t) = yl(t)/Ql (8.3)

ŷl(t) = yl(t) ∗
√
| c1 |/cl. (8.4)

8.2 DOA Estimation Using Common Tech-

niques

I started simulations by first implementing and testing common DOA

estimation techniques like Conventional Beamforming, Capon and MUSIC.

ESPRIT technique was considered for the 2D beamforming technique

to estimate both the delay and direction and two sources and an array

consisting of four antennas as sensors. The sources were placed in two
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Angle of first source 40◦ (variable)

Angle of second source 80◦ (variable)

Angle of third source 120◦ (variable)

Signal transmitted by first source Complex exponential

Signal transmitted by second source Complex exponential

Signal transmitted by third source Complex exponential

Frequency for first sources 2 MHz (variable)

Frequency for second sources 3 MHz (variable)

Frequency for second sources 4 MHz (variable)

Sampling frequency 40 MHz

Number of sensors 4

Angel resolution for plotting 0.1

Number of sample 1000

RF carrier wavelength 12.34cm

RF carrier frequency 2.432GHz

Table 8.1: Simulation setup for DOA estimation using two/three sources

and four sensors.

different directions which could be changed randomly. Near-field effects

were not considered. Table 8.1 shows the specifications of the investigated

simulation, as source signals were complex exponential signals with their

frequencies given in the same table.

I considered three different sources as the mobile devices located in

different directions and elevations. For convenience, firstly, I simulated

the two sources and then added another source to become more practical.

Variable frequencies were considered for different sources, and they were

sampled with a 40MHz sampling frequency. The total number of sensors

that could be used in a base station were four, and I considered 4x1 MIMO

technology in this regard. It is to be noted that the more antenna we could

use as sensors, the better the performance we could get in relation to the

direction of arrival. The RF carrier frequency was 2.432GHz. The total

number of sample and resolution of plotting were 1000 and 0.1 respectively.

The results for my realisation with Conventional, Capon, and MUSIC

techniques are stated in Figures 8.1, 8.2, and 8.3 for the two and three

sources located in different directions. Here, using ESPRIT, the DOA

estimates in simulation realisation were 90.54◦ and 105.26◦ for two sources

located exactly at 90◦ and 105◦ respectively. It is to be noted that the
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Figure 8.1: Simulation of DOA estimation using Conventional, Capon, and

MUSIC techniques for two sources at angles of 90◦ and 115◦.
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Figure 8.2: Simulation of DOA estimation using Conventional, Capon, and

MUSIC techniques for three sources at angles of 60◦, 70◦ and 120◦.
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Figure 8.3: Simulation of DOA estimation using Conventional, Capon and

MUSIC techniques for three sources at angles of 40◦, 80◦, and 120◦.
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simulation result of ESPRIT could not be plotted as it is not a search based

technique. The simulation shows that the ESPRIT technique performance

is outstanding to get direction pretty close to reality.

It is possible that the peaks for the Capon beamformer are even more

accurate than the Conventional beamformer. It was also observed that

MUSIC performed the best among Conventional, Capon, and MUSIC in

terms of side lobe and sharp peak. However, Conventional Beamformer

suffered from poor resolution compared with others since its main lobe was

not sharp enough.

Figure 8.2 shows that for a close angle distance, e.g., 60◦ and 70◦,
the Conventional beamformer technique could not determine the direction

correctly. The Capon beamformer can still determine but not accurately.

However, the MUSIC could estimate the direction quite accurately, and

a sharp peak was observed compared the other two techniques. However,

Figure 8.3 indicates that when angle differences are quite significant, e.g.,

40◦, 80◦, and 120◦ all techniques can perform well, although MUSIC and

ESPRIT are the most recommended.

8.3 DOA Estimation Using Estimated Chan-

nel

In this simulation, I applied the channel estimation technique described in

Section A.8.1 to estimate delay and direction. To allow an array consisting

of eight receiving antennas, I followed the theory as described in Chapter 5.

Here, I used unitary 2D ESPRIT technique (see Appendix B) to estimate

the DOAs.

Considering the MIMO scenario, I could formulate the channel equa-

tion as

x = Hs+ n (8.5)

where H is the channel matrix, x and s are the received and transmitted

vectors, respectively, and n is the noise signal, which is considered negligible.

Channel could be estimated as [
Ĥ
]
i,i
=

yi
xi

(8.6)

where x and y are the received and transmitted signal respectively for the

ith time.
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Number of sources 1

Number of multipath considered 2

Number of sensors 8

Antenna positions Different angels from sensors

Reference signals DMRS

Bandwidth 20 MHz

Number of resource blocks 100

Subcarrier spacing 15 KHz

FFT size 2048 Samples

CP type Normal

Sampling frequency 30.72MHz

Number of subcarriers 1200

Table 8.2: Experimental setup for estimating channel.

True angles

(Degree)

Estimated an-

gles (Degree)

True delay (s) Estimated

delay(s)

90, 110 89.91, 110.66 3.75× 10−7 3.70× 10−7

90, 130 90.11, 131.99 3.75× 10−7 3.65× 10−7

65, 125 66.16, 126.98 3.75× 10−7 3.19× 10−7

110, 125 109.64, 124.49 3.75× 10−7 3.47× 10−7

60, 100 58.23, 98.89 3.75× 10−7 3.31× 10−7

30, 70 31.51, 72.36 3.75× 10−7 3.55× 10−7

Table 8.3: Experimental results for true and estimated DOA and delays.

I considered two paths from the transmitter to the receiver. I mod-

elled multipath environment with two paths by transmitting the same

source signal via two transmitters, while the signal at the second transmitter

was delayed by a small period. Furthermore, I placed the transmitters in

different angular directions to model different DOAs for the two paths.

I also used eight receiving antennas in the sensor array. LTE standard

Zadoff-Chu sequences were considered for the transmission. The basic

parameter setup is depicted in Table 8.2. Table 8.3 shows the simulation

results of several different experimental setups.

The result shows that the delays for the different angles, which were very

close to the actual delays, were entirely satisfactory. For example, for the

angle of 90◦ and 110◦, the estimated directions of arrival were 89.91◦ and

110.66◦, and the delays were estimated as 3.70 × 10−7 for the actual delay
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of 3.75 × 10−7. The simulation for the other directions are also listed in

Table 8.3.

8.3.1 Histogram Analysis of the DOA and Delays

I computed the simulation result for 1000 iterations and Figures 8.4, 8.5

and Figures 8.6, 8.7 show the different histogram (number of occurrences)

for the different DOAs and delays, respectively. I compared the delays with

known values that we set manually.

It can be observed from Figure 8.4 that we have two peaks at the

angles 89.42◦ and 121.8◦, i.e., maximum occurring angles for the true angles

90◦ and 120◦, respectively. The percentage of error was approximately one

for both cases. The same was true for Figure 8.5. We can also observe from

the Figure 8.6 and 8.7 that the estimated path delays were always lower

than the true delays and varied significantly if we varied the time sample

and delay manually.
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Figure 8.4: Histogram for the estimation angles of 90◦ and 120◦.
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Figure 8.5: Histogram for the estimation angles of 58◦ and 113◦.
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Figure 8.6: Histogram for the experimental delay and true delay for 15 time

samples.
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Figure 8.7: Histogram for the experimental delay and true delay for five

time samples.



Chapter 9

Simulation Setup and Results

for the Mobility Management

In this chapter, I discuss setting up the MATLAB simulation model for the

mobility management of D2D communications. I analyse the results of the

simulation. This chapter also mentions some relevant equations that contain

the essential parameters. The detailed theory was discussed in Chapter 6.

Firstly, I set up an animation model in MATLAB to have a better under-

standing of the mobility, and then I simulated the probable mode selection

based on the distances and directions among the cellular device, the D2D

devices, the source base station and the target base station. The mode

selection is one of the most critical tasks for the base station.

9.1 Simulation Parameters and Results

In Chapter 6, four possible moving directions has been proposed. Although,

only one direction has been considered for the mathematical model, as per

Figure 6.7, for simulaiton, all possible directions have been considered.

Based on the power allocation as stated in [21], I simulated the possible

handover attempts done by the mobile station, as only the theory of the

D2D-aware handover solution had been investigated.

It is also considered that none of the devices was out of the network

area at the beginning and if a device moves towards an out-of-network

coverage area but still in proximity to another D2D pair, it may act as a relay.

In order to select the best mode, as per Section 6.3.1, five possible

operational conditions has been proposed that could have occurred. These

were the Cellular mode, D2D mode, Relay mode, Waiting mode and Drop
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mode. The algorithm for the proposed simulation model to select the best

operational mode is depicted in Figure 6.9 and Algorithm 1.

For the high signal-to-noise ratio (SNR) and full load, I applied the

following equation [134]:

RSRP (dBm) = RSSI (dBm)− 10 ∗ log10(12 ∗N). (9.1)

Here, RSRP is the Reference Signal Receive Power and RSSI indicates Re-

ceived Signal Strength Indicator, which can be calculated by the equation:

RSSI = wideband power = noise + serving cell power + interference power.(9.2)

Reference Signal Received Quality (RSRQ) is determined by the following

equation:

RSRQ = N ∗ RSRP

RSSI
, (9.3)

where N is the number of Physical Resource Blocks (PRBs).

Total path loss is calculated according to paper [15].

Pathloss(PL) = α.PLLOS + (1− α).PLNLOS, (9.4)

where, α is the average ratio of D2D users in Line of Sight (LOS) and non

line of sight (NLOS) regions. PLLOS and PLNLOS are the path loss for the

line of sight and non line of sight distance respectively and calculated by

PLLOS/NLOS = K1 +K2. log10 .d. (9.5)

Here, K1 andK2 are the path loss coefficients and calculated from the receiv-

ing and transmitting antennas and frequency used. The pair K1 and K2 are

different for LOS and NLOS paths. d is the distance between the D2D users.

Total calculated shadowing loss is as follows:

L(r) = R(Δr).L(r −Δr) +

√
1− (R(Δr))2.σ.X, (9.6)

where X is a Gaussian random variable with unit variance and zero-mean.

σ is standard deviation. The calculation of R(Δr) is referred to paper [15]

which depends on the decorrelation distance of shadow fading and distance

between the locations.

According to [15], multi-path fading is calculated by the equation:

ML = 10 log10(− log10 Y ), (9.7)
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Figure 9.1: MATLAB animation of proposed model

where, Y is a random variable with uniform distribution.

I have designed a MATLAB(R2016a) simulation model based on the

proposed algorithm with the help of LTE System Toolbox. In some cases,

I also use Simulink. Figure 9.1 shows the MATLAB model where random

moving directions are observed as an animation. In this figure, I consider a

D2D pair and a cellular user. One of the D2D users who mainly transmits

is moving randomly. I set two base stations within the area and they are

placed at different heights. This figure also demonstrates the location of the

different users and base stations. The arrow indicates the moving location

and direction from one to another place. Other lines depict the distances

and directions from the origin point to other users and base stations. The

path loss is measured based on the distances.

The parameters used for the simulations are in Table 9.1. In most of

the cases, I considered standard LTE parameters. Other parameters like

resource and D2D types, SINR, different types of transmitting power,

handover threshold, resource blocks and constant settings are listed in the

same table.

Figure 9.2 shows the simulations results, and it indicates clearly the

superiority of the D2D mode, which is the primary target of our model.

The next available mode is the cellular mode that should take place when
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it doesn’t satisfy the requirements of the D2D mode. The relay mode

comes next and in the simulation result it is followed by the call waiting

mode, which is when the base station waits for a while to observe the

motive of the users. If the users do not satisfy any condition to keep the

connection active, it drops the connection or call; this was around three

percent according to the simulation results.

Figure 9.2: Plot for the occurrences (percentage)

Figure 9.3 shows the sum-rate trend while handover is taking place. It

shows that handover takes place without any major degradation of data

throughput. When the distance from the source base station increases, the

data sum-rate decreases slightly. However, it rises again as soon as the

target base station becomes closer after the handover is triggered. During

the handover, a degradation of the sum-rate observed has almost no or

little effect on the overall sum-rate.

Figure 9.4 shows the trend of path loss over distance. It shows that

path loss increases when the D2D transmitter is moving further away from

the source base station. The handover threshold point is also mentioned

there. This threshold is a variable parameter. It should be set based on the

requirements of network quality and performance.
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Table 9.1: Simulation parameters.

Simulation Parameters Values

Duplexing TDD

Walking model Random

Total loss path loss + shadow fading + multi-path [15]

Cellular User’s location [15 35 25]

D2D User’s location [40 50 60]

Source Base station’s location (80, 15, 10)

Target Base station’s location (20, 80, 20)

Carrier Frequency 2 GHz

Handover Threshold 114dBm

Handover trigger D2D aware

Handover type Group handover

Resource used Uplink

Types of D2D Underlay Inband

Temperature 290K

SINR -20dB

Maximum UE transmit power 21 dBm

Transmit power or eNodeB 39 dBm

Network Layout 2 Sites and no grid maintained

Total number CUEs per cell 1

K1 17.5 dB (NLOS) and 38.8dB (LOS)

K2 43.3 dB (NLOS) and 16.9dB (LOS)

Total number DUEs pair per cell 2

σ 3dB (LOS and NLOS)

MATLAB version 2016a

Number of resource blocks 100 resource block/20KHz (Full)

Total simulation performed 500
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Chapter 10

Simulation Setup and Results

for the Markov Chain Model

In this chapter, a simulation model for the Markov Chain is demonstrated. I

have analysed the Markov chain model in Chapter 7, and I analytically make

this model for the device-to-device communications of the next generation

mobile cellular network. I design some simulation models that reflect differ-

ent random or planned walking models. I discuss setting up the MATLAB

model to simulate the Markov Chain Model for D2D users. The outcomes

of the simulation and the effect of changing location are also discussed in

this chapter.

10.1 Simulation Parameters and Results

For the simulations, firstly, I assumed a simple Markov chain with two states.

I considered the total number of steps to be 50. The speed of the movement

was not considered. Consider a = 0.8 and b = 0.7 from Figure 7.2 and

Equation 7.1. The simulation result of the chain was plotted in Figure 10.1

where the total number of state 1 found was 21 and state 2 was 29 for the

50 steps with an initial state of 1.

10.1.1 Case 1

Next, I considered a six stages Markov chain model at different locations

within the base station. Figure 10.2 depicts the model. I computed the

eigendecomposition and derived the symbolic stationary distribution of a

trivial Markov Chain. As the number of transitions or steps increase, the

stationary distribution represents the time-independent, limiting, distribu-
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Figure 10.1: Simulation results of the 2 state Markov Chain model.

tion of the states for a Markov process. After calculating the transition

matrix, I computed all possible analytical stationary distributions for the

states. While extracting eigenvectors with corresponding eigenvalues that

could be equal to one for some values of the transition probabilities, this

sometimes created a problem, and the simulation stopped with an error

message. It was because of some ambiguity in determining this condition

for any eigenvalue. In this way, we must be sure that it is reliable when the

step is successful.

Figure 10.3 shows the MATLAB simulation output of transition matrix P,

the analytical eigenvectors V and the probability matrix. The probability of

the steady state being A or B in the first eigenvector case is a function of the

transition probabilities a and b, and they are clearly zero. The probability

of the steady state being C is a function of the transition probabilities d,

and this is clearly one. The probability of the steady state being D is also

is a function of c of the transition probabilities, and it is again zero. The

probability of the steady state being E or F in the first eigenvector case is

a function of the transition probabilities e and f . Figure 10.4 shows the

simulation result of the probability of states E and F.

It is seen from the stationary distribution probability that the first, second,
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Figure 10.2: Simulation setup for the 6 state Markov Chain model (Case 1).

and fourth rows are entirely zero. Therefore, states A, B and D are never

reached and are therefore transient. The rest of the groups (C) and (E, F)

do not communicate to each other, and they are recurrent.
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Figure 10.3: MATLAB simulation output of transition matrix P, analytical

eigenvectors V and Probability matrix for Case 1.
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10.1.2 Case 2

I considered different types of steps for the simulation of the second case.

Figure 10.6 shows the model. Here, the steps start from A but once

state C is reached, it never comes back to location A. Figure 10.7 shows

the MATLAB simulation output of transition matrix P , the analytical

eigenvectors V and the probability matrix. It is clear from the probability

matrix that state A and state E are never reached and therefore transient,

i.e., the first and fifth rows are entirely zero. The rest of the states form

two groups (B, C) and (D, F) that are recurrent and do not communicate

with each other. Figures 10.8 to 10.13 show the simulation plot of the

probability where Figures 10.8 and 10.12 depict that they are transient and

never reached.

A couple of cases have been considered where moving directions are

different from each other. However, from the simulation results, we can

see that not all of the states were recurrent. If a state is recurrent, it has

impact behaviour of the mobile users and apparently, eNodeB can predict

the user behaviour beforehand using Markov Chain model.

Figure 10.6: Simulation setup for the 6 state Markov Chain model (Case 2).
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Figure 10.7: MATLAB simulation output of transition matrix P, analytical

eigenvectors V and Probability matrix for Case 2 .
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Chapter 11

Conclusion and Future Work

This chapter concludes the entire dissertation and suggests possible future

research. The first part of this chapter provides a summary of this disser-

tation including the research contribution and discussion of findings. The

second part lists possible future research. Last but not least, this chapter

lists some limitations of this dissertation.

11.1 Summary of the Dissertation

There is no doubt that 5G is going to change our lifestyle massively. This

dissertation focused the mobility problem of D2D communication which is

assumed to be part and parcel of the 5G cellular network. I started this

dissertation from the beginnings of the mobile network system and then

covered almost all the significant changes and updates from the very first

1G technology in the 1980s to prospective 5G technologies in the 2020s.

I also explained extensively the potential technologies for the 5G cellular

network.

Chapter 3 described the major prospective technologies for the 5G

cellular network system. It highlighted mainly massive MIMO, mmWave,

cloud RAN, cognitive radio, multi-RAT, D2D communications and some

other enhancements. It also highlighted the design issues of 5G.

The basics of D2D communication were broadly described in Chapter

4. This chapter mentioned the classification of D2D communications

from the different perspectives. Advantages of different types of D2D

communications was also described. A D2D communication procedure and

some challenges were described in this chapter.
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As the estimation of users’ location is crucial to obtaining the best

connection between two devices, the most up-to-date direction of arrival

estimation techniques for D2D users was also discussed in Chapter 5.

Chapter 6 was dedicated only to mobility management of D2D com-

munication. In this chapter, I then devised a unique solution to manage

the mobility of D2D users. This proposed model may be a part of the

next generation mobile network. The algorithm and simulation results were

also discussed, and it was proved that D2D communications could ensure

maximum sum-rate while the devices are moving.

In Chapter 7, I considered the Markov Chain model to understand

the probable movement directions of users. I also simulated the Markov

Chain model to validate users’ movement directions that could be used to

identify user movement trends in a real network. This chapter described the

theory with the mathematical model and simulation results were mentioned

in Chapter 10.

Finally, I performed the simulations using MATLAB tools to esti-

mate and justify the DOA in Chapter 8 and proposed an algorithm for

mobility management with simulation in Chapter 9. It proved that D2D

communications could ensure maximum sum-rate while the devices are

moving using the proposed model.

The maximum sum-rate comes from using the proposed algorithm

where the selection of different modes efficiently plays an important role.

We have reduced the latency and proposed the group handover to make

sure that minimum signaling overheads are required. Figure 9.2 and 9.3

show that D2D communications take place for most of the cases and during

the handover period, the speed doesn’t fall down so much which ensures

that we get the maximum sum rate.

11.2 Future Works

Firstly, this is a proposed algorithm, and all the simulations were performed

on the MATLAB tool. The MATLab code could be customised by preparing

MATLab GUI, so that the full feature will be more user friendly. There are

other simulation tools available. However, most of them are not compatible

with a D2D communication system. A unique simulation platform could be
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developed by writing codes from scratch. Moreover, this algorithm could be

implemented by using real hardware. However, it would need sponsorship

and support from relevant technology companies.

This algorithm could also be extended in different ways. I considered

one cellular user and two D2D users per cell, and this remained the same

after the handover took place. However, this model could consider more

users per cell, and it would need a more mathematical model that could

increase the complexity accordingly.

I also considered only one device was moving and other device is in a

fixed location. This work could be extended to have both devices moving

at the same time. However, this also increases the complexity.

For my algorithm and simulation, I considered only the uplink re-

sources to be used for the D2D communication; further experimentation

could also use downlink frequencies. I also considered inband underlay D2D

communication for my algorithm and model to get the maximum spectrum

efficiency. The same model could be used to examine outbound or inband

underlay D2D communications.

I strongly believe that it is possible to explore the new era of com-

munication systems by extending the work that has already been done in

this dissertation.

11.3 Limitations of the Dissertation

D2D communications is a very new technology and it has not been

standardised for any previous mobile network generations. Moreover, I

found few papers that discussed the issues of mobility management of

D2D communications. This dissertation is limited by some other practical

issues. For example, it was not possible to obtain a result using the real

network or hardware. Nor could the latest simulation tools design a D2D

communication system straightaway. Instead, this is a generalised algorithm

with simulation results and many more simulation are possible by using the

same and or a modified algorithm.

I have tried my best to get the most realistic simulation considering

the real network parameters.



Appendix A

Direction of Arrival (DOA)

and Channel Estimation

A.1 Signal Model

I consider a ULA consisting of L elements which are placed with uniform

distance d between two adjacent ones as shown in Figure A.1. We also

assume the total number of sources to be P . The wavefront of the far-field

signal (at an angle θ) impinges first on the leftmost antenna element of

the receiving antenna array. Then, each antenna receives the signal with

an amount of phase shift, and that could be calculated with the help of

geometry of the uniform linear array. The fact is that wavefront of the

source signal takes extra time to reach each antenna elements relative to the

first element.

The Figure A.2 exactly shows the geometry of how the signal wavefront

arrives. After arriving at the first antenna, the same signal plane then comes

at the second antenna elements traveling an additional path Δl. Now using

basic trigonometric formula,

Δl = −d cos θ (A.1)

the delay becomes,

τ = −d cos θ/c (A.2)

where c is the speed of light, 3× 108l/s.

The path difference leads to a phase shift of μ between the signals

arriving at the two adjacent antennas. Therefore, the propagation phase
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Figure A.1: Concept of basic beamforming technique.

Figure A.2: Uniform Linear Array (ULA) geometry.
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shift μ between any consecutive two elements is

μ =

(
2π

λ

)
×Δl (A.3)

where λ is the wavelength of the signal.

Using equation (A.1),

μ = −
(
2π

λ

)
× d cos θ. (A.4)

Now, for L-th element in a ULA consisting of L elements, the phase shift

shown in Figure A.2 becomes [112],

μ = − (L− 1)× 2πd cos θ

λ
. (A.5)

Using equation (A.4), DOA can be calculated easily as

θ = − cos−1 (μ/2πd)× λ. (A.6)

The signal is assumed to be narrowband, but for simplicity in practice, I

consider a sinusoidal signal which could be represented in a complex form as

ejω0t where ω0 = 2πf0 and t represents time index. The array antenna ele-

ments receive this signal. For channel estimation, I use another sequence of

the reference signal which is called Zadoff-Chu (ZC) sequence. ZC sequence

is used as a reference signal in the LTE standard specified by the 3GPP. The

detail description of ZC is out of the scope of this chapter.

Now, the signal received by the first antenna is

s1(t) = ej2πf0t. (A.7)

According to the Figure A.2, the second antenna will receive the signal after

additional plane wave traveling the distance Δl which is the delayed version

of the signal received by the first antenna. According to the equation (A.2),

the delayed time is τ . Therefore, the received signal by the second antenna

is

s2(t) = s1 (t− τ) (A.8)

= ej2πf0t × e−(j2πf0τ) (A.9)

= ej2πf0t × e−(j2πf0d cos θ/c) (A.10)

= ej2πf0t × e−(j2πd cos θ/λ). (A.11)



A.1 Signal Model 156

Using equation (A.4),

s2(t) = s1(t)e
jμ. (A.12)

Since noise is added by the system, first antenna will receive the noise in

addition to the signal. I can write as

x1 (t) = s1 (t) + n1 (t) (A.13)

where x1 is the total signal received by the first antenna.

Second antenna will receive

x2 (t) = s1 (t− τ) + n2 (t) . (A.14)

If I continue and represent it in matrix form, then

⎡
⎢⎢⎢⎢⎢⎣

x1 (t)

x2 (t)

x3 (t)
...

xL (t)

⎤
⎥⎥⎥⎥⎥⎦ = s1(t)

⎡
⎢⎢⎢⎢⎢⎣

1

ejμ

e2jμ

...

ej(L−1)μ

⎤
⎥⎥⎥⎥⎥⎦+

⎡
⎢⎢⎢⎢⎢⎣

n1 (t)

n2 (t)

n3 (t)
...

nL (t)

⎤
⎥⎥⎥⎥⎥⎦ (A.15)

where

a(μ) =

⎡
⎢⎢⎢⎢⎢⎣

1

ejμ

e2jμ

...

ej(L−1)μ

⎤
⎥⎥⎥⎥⎥⎦

is called array steering vector.

Considering superposition of all the signals generated by P sources,

si, 1 ≤ i ≤ P and L antenna noises, the output received by the lth array

element at time t can be formulated as

xl (t) = si (t)
P∑
i=1

ej(l−1)μi + nl (t) (A.16)

for l = 1, 2, ....L.

In general, I can write this equation as
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x (t) =
[
a (μ1) a (μ2) a (μ3) · · · a (μP )

]
⎡
⎢⎢⎢⎢⎢⎣

s1 (t)

s2 (t)

s3 (t)
...

sP (t)

⎤
⎥⎥⎥⎥⎥⎦+ n (t) (A.17)

where

x (t) = [x1 (t) x2 (t) · · · xL (t)]
T is the data column vector received by the L

array receiving antennas, and

a (μi) =

⎡
⎢⎢⎢⎢⎢⎣

1

ejμi

ej2μi

...

ej(L−1)μi

⎤
⎥⎥⎥⎥⎥⎦ (A.18)

is called array steering column vector.

Finally, I can write the equation as follows:

x (t) = A(θ)s (t) + n (t) (A.19)

where

s (t) = [s1 (t) s2 (t) · · · sP (t)]T is the signal column vector generated by the

P sources.

n (t) = [n1 (t)n2 (t) · · ·nL (t)]
T is a zero mean spatially uncorrelated addi-

tive noise.

A(θ) = [a (μ1) · · · a (μi) · · · a (μP )] is called the (L× P ) steering matrix.

Referring to the equation (A.18), we can write A(θ) as

A(θ) =

⎡
⎢⎢⎢⎣

1 · · · 1 · · · 1

ejμ1 · · · ejμi · · · ejμP

...
...

...
...

...

ej(L−1)μ1 · · · ej(L−1)μi · · · ej(L−1)μP

⎤
⎥⎥⎥⎦ (A.20)

where

μi = −2π

λ
d cos θi (A.21)
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is called the spatial frequency for the ith source that generates the signal of

the incident angle θi [113].

According to the Figure A.3, I can easily design a weight vector w

to linearly combine the data received by the array elements to form a single

output signal y(t)[114]

Figure A.3: Adding the weight vector to the received signal at each antenna.

y(t) =
P∑
i=1

w∗
i xi (t) (A.22)

= wHx (t) . (A.23)

Total averaged power at the output of the array using y(1), y(2), ..., y(T )

data samples can be expressed as [114],

P̄ (w) =
1

T

T∑
t=1

|y (t) |2 (A.24)

=
1

T

T∑
t=1

wHx (t)xH (t)w (A.25)

= wHR̂XXw (A.26)

where R̂XX is a covariance matrix that can be defined as

R̂XX =
1

T

T∑
t=1

x (t)xH (t) . (A.27)
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A.2 Conventional Beamformer Technique

The conventional beamformer is also known as Delay and Sum method,

Fourier method or Bartlett method. It is one of the most straightforward

methods of estimating DOA. It is computationally attractive and less

costly compared with other techniques. It is also robust against array

imperfection. When the source signal is computed with interference and

noise, this algorithm is still able to give a reasonable estimation of the DOA

[112].

In this type of technique, the array is steered electronically (by changing the

phase delays) in one direction at a time, and the output power is measured.

The DOA is estimated for the incident sources by the directions that give

the maximum output power.

Maximizing the output power can be calculated as

P̄BF (θ) = max
w

E {y (t)}2 (A.28)

Referring to the equation (A.23),

P̄BF (θ) = max
w

E
{
wHx (t)xH (t)w

}
(A.29)

= max
w

wHE
{
x (t)xH (t)

}
w. (A.30)

Using equation (A.19),

P̄BF (θ) = max
w

{
E|s (t) |2|wHA (θ) |2 + σ2|w|2} (A.31)

here, maximization is determined as maxw |wHA (θ) |2 subject to wHw = 1

which imply that

‖wHA (θ) ‖2 ≤ ‖w‖2‖A (θ) ‖2 (A.32)

= ‖A (θ) ‖2. (A.33)

According to [114], the resulting solution can be formulated as

wBF =
A (θ)√

AH (θ)A (θ)
. (A.34)

Substituting this into equation (A.26)

P̄BF (θ) =
AH (θ) R̂XXA (θ)

AH (θ)A (θ)
(A.35)

where θ is from 0 to 180◦.



A.3 Capon Beamformer Technique 160

A.3 Capon Beamformer Technique

Capon beamformer proposes to minimize the contribution of undesired

signals and noises by minimizing the total output power while maintaining

the gain along to the look direction constant [116].

Therefore, equation (A.26) can be written as

min
w

P̄ (w) = min
(
wHR̂XXw

)
, subject to |wHA (θ) | = 1. (A.36)

The weight factor wCap can be found using the technique by Lagrange

multipliers that results as

wCap =
R̂

−1

XXA (θ)

AH (θ) R̂
−1

XXA (θ)
. (A.37)

Substituting this weight vector to the equation (A.26) leads to

P̄Cap(θ) =
1

AH (θ) R̂
−1

XXA (θ)
. (A.38)

A.4 Multiple Signal Classification (MUSIC)

Method

We assume that noise is spatially and temporarily white and they are un-

correlated [118]. Therefore the spatial correlation RXX for a single user can

be written as

RXX = E
{
x (t)xH (t)

}
(A.39)

= A (θ)E
{
s (t) sH (t)

}
AH (θ) + E

{
n (t)nH (t)

}
(A.40)

where E {.} denotes statistical expectation.

I assume that Rs = E
{
s (t) sH (t)

}
is the source covariance matrix

and E
{
n (t)nH (t)

}
= σ2I is the noise covariance matrix. Now I can write

RXX = A (θ)RsA
H (θ) + σ2I (A.41)

= QΛQH (A.42)

where Q is a unitary matrix and Λ is a diagonal matrix of real eigenvalues

such that λ1 ≥ λ2 ≥ λ3 ≥ · · · ≥ λL.
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Any vector that is orthogonal to a is an eigenvector of R̂XX with

the eigenvalue σ2. It is clear that there are (L − P ) such vectors, which

are linearly independent. The rest of the eigenvalues are larger than σ2. So

the eigenvalues (and corresponds their eigenvectors) of R̂XX can be divided

into two groups:

signal eigenvalues : λi > σ2, i = 1, 2, 3, ....., P

noise eigenvalues : λi = σ2, i = P + 1, P + 2, P + 3, ....., L.

.

I can write the equation (A.42)

RXX = ESΛSE
H
S + ENΛNE

H
N (A.43)

where

ΛN contains the diagonal noise eigenvalues.

ΛS contains the diagonal signal eigenvalues.

EN contains eigenvectors associated with the noise eigenvalues (noise sub-

space matrix).

ES contains eigenvectors associated with the signal eigenvalues (signal sub-

space matrix).

Since array steering vectors are orthogonal to the noise subspace eigen-

vectors at the angles θ1, θ2, θ3, · · · , θP , i.e., aH(θ)EN = 0, I can show that

Euclidean distance aH (θ)ENE
H
Na (θ) = 0 for each and every arrival angle

θ1, θ2, θ3 · · · θP .

In practice, we can get a sharp peak at the angle of arrival by plac-

ing this Euclidean distance in the denominator. Therefore, the DOAs can

now be estimated from the P peaks of the following MUSIC function [119]

P̄MUSIC(θ) =
1

AH (θ) ÊN Ê
H

NA (θ)
. (A.44)

A.5 Estimation of Signal Parameters via

Rotational Invariance Technique (ES-

PRIT)

Recall the equation (A.20) for the steering matrix and let Ā and A
¯

be the

matrices with eliminated first and last row respectively as shown in Figure
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Figure A.4: Formation of Ā and A
¯
from A steering matrix.

A.4. Therefore, we can write,

ĀD = A
¯

(A.45)

where

D =

⎡
⎢⎢⎢⎣
Z1 0 0 · · · 0

0 Z2 0 · · · 0
...

...
...

. . .
...

0 0 0 · · · ZL

⎤
⎥⎥⎥⎦ (A.46)

Here, Zi = ejμi .

Now compute the eigendecomposition of sample covariance matrix

RXX and obtain the signal subspace Es.

Let Ēs and E
¯ s are formed from the signal eigen vector matrix Es in

the same way as Ā and A
¯

from A. A full rank P × P matrix C existed

because Es and A span the same subspace, namely signal subspace.

Therefore,

Es = AC

E
¯ s = A

¯
C = ĀDC

Ēs = ĀC.
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So,

E
¯ sC

−1D−1C = ĀDCC−1D−1C = ĀC = Ēs. (A.47)

Using equation (A.47), we get

E
¯ s = ĒsC

−1DC (A.48)

⇒ E
¯ s = ĒsΨ (A.49)

where

Ψ = C−1DC (A.50)

here, C and D are unknown.

Equation (A.50) implies that D is a diagonal matrix of eigenvalues of

Ψ.

Computing the solution for Ψ from equation (A.49),

Ψ =
(
Ē

H
s Ēs

)−1

Ē
H
s E¯ s. (A.51)

From (A.46), it is clear that the eigenvalues of Ψ (contained in D) can be

written as

gl = −2π

λ
d cos θl. (A.52)

In practice, the sample covariance matrix R̂ is used. Then, after computing

the signal subspace estimation ˆ̄Es, the DOAs can be estimated from

θ̂l = cos−1

(−ĝl × λ

2πd

)
(A.53)

where ĝl for l = 1, 2, 3, ..., P are the eigenvalues of

Ψ̂ =
(
ˆ̄EH
s
ˆ̄Es

)−1 ˆ̄EH
s Ê¯ s. (A.54)

A.6 Signal Model for URA

After exploring the signal model for ULA, now I would like to move

on to model signal for the URA that involves a bit complex geometries
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Figure A.5: Array geometry of the URA. Image source: [12].

[12, 122, 123].

Figure A.5 shows a simple model for the URA, where we consider K and L

identical omni-directional sensors along with x- and y-axis, respectively.

Consider the distance between two adjacent sensors dx along with x-

axis and dy along with y-axis. I also consider dx = dy = λ/2. Assuming

that P narrowband coherent radiating sources located in the far field region

with wavelength λ impinge on the URA at azimuth angel θp and elevation

ϕp for p = 1, 2, 3, ..., P .

The received signal at (i, j)th sensor (for i = 1, 2, ..., K and j = 1, 2, ..., L)

can be written by using analytical signal representation [124]

x (t) = As (t) + n (t) (A.55)

where

x (t) = [x1,1 (t) , x2,1 (t) , · · · , xk−1,L (t) , · · · , xK,L (t)]
T

and

n (t) = [n1,1 (t) , n2,1 (t) , · · · , nk−1,L (t) , · · · , nK,L (t)]
T
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for t = 1, 2, ..., T times snapshot. Here, [.]T represents the transpose of a

matrix.

Equation (A.55) has a similar structure to the channel model of equation

(A.88), which is discussed in Section A.8. In equation (A.55), s (t) represents

P × 1 baseband signal vector.

s (t) = [s1 (t) , s2 (t) , ..., sP (t)]T

and A is a KL × P steering matrix whose columns have the form as

vec(aK (μ) aT
L (ν)) for

μ = μ1, μ2, μ3, ..., μP

ν = ν1, ν2, ν3, ..., νP

for p = 1, 2, ..., P , where, μp and νp are DOA parameters corresponding to

the p-th source along with x-direction and y-direction, respectively, i.e.,

μ � sin (θ) cos (ϕ) (A.56)

ν � sin (θ) sin (ϕ) (A.57)

for θ = θ1, θ2, ..., θP and ϕ = ϕ1, ϕ2, ..., ϕP .

Here, aK (μ) and aL (ν) denote steering vectors for URA defines as

[12]

aK(μ) = [e−j(K/2) 2π
λ
dxμ, . . . , e−j(1/2) 2π

λ
dxμ, ej(1/2)

2π
λ
dxμ, . . . , ej(K/2) 2π

λ
dxμ]T

(A.58)

if K is even, or

aK(μ) = [e−j(K−1/2) 2π
λ
dxμ, . . . , e−j 2π

λ
dxμ, 1, ej

2π
λ
dxμ, . . . , ej(K−1/2) 2π

λ
dxμ]T

(A.59)

if K is odd, and similarly

aL(ν) = [e−j(L/2) 2π
λ
dyν , . . . , e−j(1/2) 2π

λ
dyν , ej(1/2)

2π
λ
dyν . . . , ej(L/2)

2π
λ
dyν ]T

(A.60)

if L is even, or

aL(ν) = [e−j(L−1/2) 2π
λ
dyν , . . . , e−j 2π

λ
dyν , 1, ej

2π
λ
dyν , . . . , ej(L−1/2) 2π

λ
dyν ]T (A.61)

if L is odd.

The defined steering vectors hold the conjugate centro-symmetric property,

and it can be expressed mathematically as

ΠKAK = A∗
K (A.62)
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where ΠK is K × K exchange matrix with ones on its anti-diagonal and

zeros elsewhere.

ΠK =

⎡
⎢⎢⎢⎢⎢⎣

0 · · · 0 0 1

0 · · · 0 1 0

0 · · · 1 0 0
...

...
...

...

1 · · · 0 0 0

⎤
⎥⎥⎥⎥⎥⎦
K×K

(A.63)

From the matrix algebra, Π2
K = IK , where

IK =

⎡
⎢⎢⎢⎢⎢⎣

1

1

1
. . .

1

⎤
⎥⎥⎥⎥⎥⎦ . (A.64)

Using this property in equation (A.62), we can write as

ΠKaμ = a∗
μ. (A.65)

A conjugate centro symmetric vector can be calculated from a simple matrix

as in [12] [123] [125]. If K = 2υ is even, then

QK =
1√
2

[
IK jIK
ΠK −jΠK

]
(A.66)

and if K = 2υ + 1 is odd, then

QK =
1√
2

⎡
⎣ IK 0 jIK
0T

√
2 0T

ΠK 0 −jΠK

⎤
⎦ (A.67)

A vector dK(μ) can be defined as [12]

dK (μ) � QH
KaK (μ) (A.68)

Now, it is seen that aK (μ) is transformed into real-valued steering vector

dK (μ). The same procedure for steering vector aL(μ) will transfer the vector

into a form of real valued vector dL(μ)

dL (μ) � QH
L aL (μ) (A.69)
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A.7 Covariance Matrix

Covariance matrix for the array output signal x(t) can be defined as

RXX � ARSA
T + σ2I (A.70)

where RS = E
{
s (t) sH (t)

}
.

RXX is assumed to be full rank, i.e., rank{R} = P. In (A.70), KL × KL

matrix ARsA
T is of rank P (< N), and, therefore, rank-deficient. In the

presence of noise, this low-rank property is exploited to form two subspaces

(will be explained shortly), i.e., the signal subspace and noise subspace,

respectively.

It should be noticed from (A.70), that RXX has KL − P eigenvalues

equal to the noise power σ2. In order to obtain the signal and noise

subspaces, eigen-decomposition is applied to covariance matrix RXX .

Defining λm as the m-th largest values

λ1 ≥ λ2 ≥ . . . λP ≥ λP+1 = . . . = λKL = σ2. (A.71)

The P largest eigenvalues (λ1 ≥ λ2 ≥ . . . λP ) are called signal eigenvalues

and the KL − P smallest eigenvalues (λP+1 = . . . = λKL) are called noise

eigenvalues, therefore we can write

RXX = ESΛSE
H
S + ENΛNE

H
N , (A.72)

where KL × P matrix ES contain the eigenvectors corresponding to the

signal eigenvalues and KL× (KL− P ) matrix EN contain the eigenvectors

corresponding to the noise eigenvalues. In (A.72), P × P diagonal matrix

ΛS and (KL−P )× (KL−P ) diagonal matrix ΛN contain signal and noise

eigenvalues, respectively, i.e.,

ΛS = diag{λ1, λ2, . . . , λP} (A.73)

ΛN = σ2I (A.74)

In practice, the true array covariance matrix is unknown. Assuming we have

t = 1, . . . , T snapshots of data. Using these snapshots we can form a large

sample covariance matrix as

R̂XX =
1

T

T∑
t=1

x(t)xH(t) (A.75)

In order to obtain the signal subspace and the noise subspace, it is assumed

that the number of T snapshots are greater than the number of array
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antenna elements.

The signal and noise subspaces can be obtained by applying eigen-

decomposition to sample covariance matrix R̂XX . Defining λ̂m as the m-th

largest values

λ̂1 ≥ λ̂2 ≥ . . . λ̂P ≥ λ̂P+1 ≥ . . . ≥ λ̂M , (A.76)

The P largest eigenvalues λ̂1 ≥ λ̂2 ≥ . . . λ̂P are called signal eigenvalues and

the KL− P smallest values λ̂P+1 ≥ . . . ≥ λ̂KL are called noise eigenvalues,

therefore we can write

R̂XX = ÊSΛ̂SÊ
H
S + ÊNΛ̂N Ê

H
N , (A.77)

where KL × P matrix ÊS contain the eigenvectors corresponding to the

signal eigenvalues and KL× (KL− P ) matrix ÊN contain the eigenvectors

corresponding to the noise eigenvalues. In (A.77), P × P diagonal matrix

Λ̂S and (KL−P )× (KL−P ) diagonal matrix Λ̂N contain signal and noise

eigenvalues, respectively, i.e.,

Λ̂S = diag{λ̂1, λ̂2, . . . , λ̂P} (A.78)

Λ̂N = diag{λ̂P+1, λ̂P+2, . . . , λ̂KL} (A.79)

A.8 Multipath Channel Estimation

Multipath channel estimation is the final goal of this chapter. Two main

channel parameters are DOAs and delays. To formulate the signal model, I

first consider 4D parameter estimation [126] and then finally I reach to the

final model by considering only 2D. Afterward, I demonstrate that chan-

nel model becomes similar to the array processing signal model which has

already been discussed in the previous sections in this chapter. Using this

signal model, we can implement array processing algorithm to estimate the

channel parameters. However, in this chapter, I will introduce a channel

model formulated as a multidimensional harmonic retrieval problem for a

single user in multipath environment [126].

A.8.1 Signal Model

Consider a MIMO system in which the signal is assumed to travel from

the transmitter to the receiver. We also consider a multipath environment

where P discrete propagation paths existed. Assume that each path is

involved with different parameters like DOA (θ), propagation delay (τp).
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To fit with standard data transmission, first, perform band-limiting

by transmitting the data through a low pass filter and after that sampling

is done at sampling period Ts.

In order to make it simple, consider only 2D case in detailed. Therefore, one

source and array receive antennas are only considered. Now, parameters of

interest are propagation delays τp and DOA θp for p = 1, 2, ..., P . The goal

is to estimate P pairs of exponential (ap, bp) which can be seen as a 2D

harmonic problem [126]

Considering k = 1, . . . , K is the frequency subcarrier index along one

dimension of the array output data and l = 1, . . . , L denotes the antenna

element index along the other dimension of the array output data as in

Figure A.5.

Now, from [126], we can formulate the equation for 2D as

yk,l (i) =
P∑

p=1

zp (i) a
k
pb

l
p + nk,l (i) (A.80)

where

ap = e−j(2π/K)τp (A.81)

and

bp = e−j(2πdR/λ) cos θp (A.82)

Our two parameters of interest are now ap and bp. Now, K and L are the

sample support along the a and b axis, respectively [126]. dR represents the

elemental spacing of the receive side.

Let us define steering vector ap for p-th path

ap = [a1p, a
2
p, . . . , a

K
p ]

T , (A.83)

and vector bp for p-th path

bp = [b1p, b
2
p, . . . , b

L
p ]

T . (A.84)

Steering vectors ap form the column of a K × P matrix A defined as

A = [a1, a2, . . . , aP ]. (A.85)

It should be emphasized, although I use the same notation for the array

steering matrix, namely A, the definition of A in Section A.6 is slightly
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differ from the equation (A.85) although its structure is identical.

Vectors bp form the column of a L× P matrix B defined as

B = [b1,b2, . . . ,bP ] (A.86)

Introducing Khatri-Rao product between B and A, the equation becomes

as

B ◦A = [b1 ⊗ a1,b2 ⊗ a2,b3 ⊗ a3, ....,bP ⊗ aP ] . (A.87)

Introducing a new vector

Ω = [(a1, b1) , ...., (aP , bP )]

containing the parameters of interest and defines the matrix A ∈ C
K×P and

B ∈ C
L×P . Finally, we could state the 2D harmonic retrieval problem as

vector [126]

y (i) = H (Ω) z (i) + n (i) (A.88)

where, y (i) denotes the measurement vector and it can be written as

y (i) = [y1,1 (i) , y2,1 (i) , ..., yK−1,L (i) , yK,L (i)]
T ∈ C

KL×1.

2D Signal matrix H (Ω) is calculated by the Khatri-Rao product of matrices

B and A,

H (Ω) = B ◦A ∈ C
KL×P . (A.89)

In equation (A.88), z (i) = [z1, z2, ..., zP ]
K ∈ C

KL×P is the complex envelop

of the harmonics, which is treated as a nuisance parameter and n (i)

is a vector stands for additive zero mean complex Gaussian noise with

covariance matrix σ2IKL.

This is to be noted that equation (A.88) has the same structure as

the signal model introduced in Section A.6. Matrix H has the parameters of

interest as in structure A in equation (A.55). z (i) has the similar structure

as complex vector s(t) in equation (A.55). Therefore, we can finally apply

unitary 2D ESPRIT to estimate the DOA and path delays of channel from

data vector y(i) in equation (A.88). Here, H (Ω) corresponds to the channel

in frequency domain.
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Unitary 2D ESPRIT

The ESPRIT algorithm was first proposed for 1D DOA estimation in the

ULAs, as stated in Chapter 5. Later on the 1D ESPRIT technique was

generalised into 2D- and multi-dimensional (MD) ESPRIT, in [122] and

[125] for the URAs.

Here, we describe the mathematical formulation of ESPRIT based on

the description of [12]. We consider two selection matrices JK1 and JK2

both of the same size, K − 1×K

JK1 �

⎡
⎢⎢⎢⎣
1 0 0 . . . 0 0

0 1 0 . . . 0 0
...

...
...

. . .
...

...

0 0 0 . . . 1 0

⎤
⎥⎥⎥⎦ (B.1)

and

JK1 �

⎡
⎢⎢⎢⎣
0 1 0 . . . 0 0

0 0 1 . . . 0 0
...

...
...

. . .
...

...

0 0 0 . . . 0 1

⎤
⎥⎥⎥⎦ (B.2)

respectively. It is clear from (B.1) that JK1 selects the first K − 1

components of a vector of size K × 1 when multiplied it from the left side.

Similarly JK2 selects the last K − 1 components.

Using the selection matrices JK1 and JK2, the steering vector defined

in (A.58) satisfy the shift invariance property [135], i.e.,

ej
2π
λ
dxμJK1aK(μ) = JK2aK(μ), (B.3)
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for μ = μ1, . . . , μP , and ν = ν1, . . . , νP , Let us multiply both sides of (B.3)

by QKQ
H
K , so that

ej
2π
λ
dxμJK1QKQ

H
KaK(μ) = JK2QKQ

H
KaK(μ), (B.4)

where, QK is unitary matrix in (A.66). Using definition of dK(μ) from

(A.68), we can write

ej
2π
λ
dxμJK1QKdK(μ) = JK2QKdK(μ). (B.5)

In the next step, we multiply both sides of (B.5) by QH
K−1 from the left then

we have

ej
2π
λ
dxμQH

K−1JK1QKdK(μ) = QH
K−1JK2Q

H
KdK(μ). (B.6)

It should be noted that JK1 and JK2 satisfy the following relationship

ΠK−1JK2ΠK = JK1. (B.7)

Using section A.6 and equation (B.7), the fact that

QKΠK = Q∗
K , (B.8)

we can derive the following relation:

QH
K−1JK2Q

H
K = QH

K−1ΠK−1ΠK−1JK2Q
H
K−1ΠKΠK

= QT
K−1JK1Q

∗
K

= (QT
K−1JK1QK)

∗. (B.9)

Taking the real and imaginary parts of (B.9), we define

F1 � �{QH
K−1JK2Q

H
K} (B.10)

F2 � �{QH
K−1JK2Q

H
K}. (B.11)

Therefore, (B.4) becomes

ej
2π
λ
dxμ(F1 − jF2)dK(μ) = (F1 + jF2)dK(μ). (B.12)

From (B.12) we obtain

(ej
2π
λ
dxμ/2 − e−j 2π

λ
dxμ/2)F1dK(μ) = j(ej

2π
λ
dxμ/2 + e−j 2π

λ
dxμ/2)F2dK(μ).

(B.13)

Then (B.13) can be reformulated as

tan(
2π

λ
dxμ/2)F1dK(μ)d

T
L(ν) = F2dK(μ)d

T
L(ν). (B.14)
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For P < K sources, let us define matrix D as

D(μ, ν) = dK(μ)d
T
L(ν). (B.15)

It was observed that dK(μP ) and dL(νP ) satisfy invariance relationship in

(B.14) and (B.24), respectively. Therefore,

tan(
2π

λ
dxμ/2)F1D(μ, ν) = F2D(μ, ν). (B.16)

An important property of vectorization operator is given as

vec {ABC} = (C⊗A)vec {B} . (B.17)

Using this vectorization operator property, (B.16) can be written as

tan(
2π

λ
dxμ/2)Fμ1d(μ, ν) = Fμ2d(μ, ν), (B.18)

where, Fμ1 is a (K − 1)L×KL matrix

Fμ1 = (IK ⊗ F1), (B.19)

Fμ2 is a (K − 1)L×KL matrix

Fμ2 = (IK ⊗ F2), (B.20)

and using (B.17), we have

d(μ, ν) = vec(D(μ, ν)). (B.21)

The same procedure can be performed for other dimension as well, as we

did for steering vector defined in (A.58). Consider two selection matrices

JL1 and JL2 both of the same size, i.e., L − 1 × L but JL1 selects the first

L − 1 component of a steering vector aL(ν) and JL2 selects the last L − 1

component of the same steering vector. Using these selection matrices, F3

and F4 are defined using the same procedure as for aL(ν) in (B.4), (B.5),

(B.6), and (B.9)

F3 = �{QH
L−1JL3Q

H
L } (B.22)

F4 = �{QH
L−1JL4Q

H
L }. (B.23)

Using the same reasoning as (B.12), and (B.13), we obtain

{tan(2π
λ
dyν/2)F3dL(ν)dL(ν)

T}T = {F4dL(ν)dL(ν)
T}T, (B.24)

where, dK(μ) and dL(ν) are real-valued steering vectors defined in (A.68)

and (A.69), respectively.
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Since dL(ν) satisfy the invariance relation in (B.24), we can write

tan(
2π

λ
dyν/2)D(μ, ν)F3

T = D(μ, ν)F4
T. (B.25)

We can use the vectorization operator as in (B.18), it can be seen that

tan(
2π

λ
dyμ/2)Fν3d(μ, ν) = Fν4d(μ, ν), (B.26)

where, d(μ, ν) is defined in (B.21), Fν3 and Fν3 are K(L−1)×KL matrices

given as

Fν3 = (F3 ⊗ IL), (B.27)

Fν4 = (F4 ⊗ IL). (B.28)

Defining D(μ, ν) as a matrix containing vectors d(μ, ν) for all sources

D(μ, ν) = [d(μ1, ν1),d(μ2, ν2), . . . ,d(μP , νP )], (B.29)

we can see that

Fμ1D(μ, ν)Φμ = Fμ2D(μ, ν) (B.30)

where,

Φμ = diag{tan(2π
λ
dxμ1/2), tan(

2π

λ
dxμ2/2), . . . , tan(

2π

λ
dxμP/2)}. (B.31)

Similarly, (B.26) indicates the shift invariance property for steering matrix

D(μ, ν) satisfies

Fν3D(μ, ν)Φν = Fν4D(μ, ν) (B.32)

where,

Φν = diag{tan(2π
λ
dyν1/2), tan(

2π

λ
dyν2/2), . . . , tan(

2π

λ
dyνP/2)}. (B.33)

Considering the signal model defined in (A.55), where x(t) is a KL × 1

received signal for the t-th, for t = 1, . . . , T . Taking array output for T

snapshots results, in T number of x(t) vectors. Use of vectorization operator

can be made to place the (KL×1) vectors as columns of (KL×T ) complex-

valued matrix X such that

X = [x(1),x(1), . . . ,x(T )]. (B.34)

X can be transformed into a real-valued Y by the following relationship

using vectorization operator, i.e.,

Y = (QH
L ⊗QH

K)X (B.35)
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A covariance matrix Ryy from (A.70) is formed from Y. Eigen Using eigen-

decomposition, Ryy is partitioned into signal space matrix ES containing

eigenvectors for signal eigenvalues and noise space matrix ÊN from (A.72).

Since ES and D(μ, ν) span the same subspace [122]

Es = D(μ, ν)T, (B.36)

where, T is a non-singular P × P matrix.

From (B.36) we have

D(μ, ν) = EsT
−1 (B.37)

Plugging (B.37) into (B.30) and (B.32), and considering the x-axis, we obtain

the following

Fμ1EsΦμ = Fμ2Es, (B.38)

where, Φμ is a (K − 1)L× P matrix

Φμ = T−1ΦμT. (B.39)

The same relation can be written for the other dimension y-axis, i.e.,

Fν3EsΦν = Fν4Es, (B.40)

where, Φν is a (L− 1)K × P matrix

Φν = T−1ΦνT (B.41)

It is clear that Φμ and Φν contain parameters of interest (μ, ν) to be es-

timated. Therefore (B.38) and (B.40) are solved for Φμ and Φν and we

have

Φμ = Fμ1
†Es

†Fμ2Es, (B.42)

and

Φν = Fν3
†Es

†Fν4Es. (B.43)

Pairing Φμ and Φν together through the following definition

Φ � Φμ + jΦν . (B.44)

It can be seen that the eignenvalues of P ×P matrix, denoted by ξi, for i =

1, . . . , P , contain our parameter of interest, μ and ν, then these parameter

of interest can be calculated from

μi =
λ

πdx
tan−1(�{ξi}) (B.45)

and

νi =
λ

πdy
tan−1(�{ξi}). (B.46)
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In practice, we use sample covariance matrix R̂yy and the estimated

signal subspace Ês to perform 2D ESPRIT DOA estimation, where,

R̂yy =
1

T

T∑
t=1

yyH , for y = vec {Y} (B.47)



Appendix C

LTE UE event Measurement

Reporting-Event

A1,A2,A3,A4,A5,B1,B2

In the LTE system, the RRC connection reconfiguration message is used to

configure UE measurement reporting. It replaces the measurement control

message used in the UMTS system. The standard defines 5 intra-system

and 2 inter-system measurement reporting events, as described below.

The LTE events A1, A2, A3, A4 and A5 are based upon either RSRP

or RSRQ messages. Inter-system LTE events B1 and B2 are based upon

CPICH RSCP or CPICH Ec/Io for UMTS system, RSSI for GSM and pilot

strength for CDMA2000.

The criteria for triggering and subsequently cancelling each event are

evaluated after layer-3 filtering has been applied. The criteria for each

event must be satisfied at least during the time it takes to trigger. The time

to trigger can be configured independently fpr each reporting event. The

values are as follows: 0,40,64,80,100,128,160,256,320,480,512,640,1024,1280.

Layer-3 filtering is applied prior to evaluate whether or not any mea-

surement reporting events have been triggered.

Fn = (1− a) ∗ Fn− 1 + (a ∗MEASn).

Here, Fn = updated filtered measurement result.

Fn− 1 = previous filtered measurement result.

a = (1/2)k/4 , where k is appropriate filter coefficient.
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MEASn = latest measurement result received from PHYSICAL layer.

Filter coefficient can be configured independently for LTE RSRP, LTE

RSRQ, UMTS CPICH RSCP, UMTS CPICH Ec/Io and GSM RSSI.

LTE Event A1: The LTE Event A1 is triggered when the serving

cell becomes better than a threshold. The event is triggered when the

following condition is true:

MEAsserv −Hyst > Threshold.

Triggering of the event is subsequently cancelled when the following

condition is true:

MEAsserv +Hyst < Threshold

The hysteresis can be configured with a value between 0 and 30 dB.

Event A2: The LTE Event A2 is triggered when the serving cell becomes

worse than a threshold. The event is triggered when the following condition

is true:

MEAsserv +Hyst < Threshold

Triggering of the event is subsequently cancelled when the following

condition is true.

MEAsserv −Hyst > Threshold

The hysteresis can be configured with a value between 0 and 30 dB.

Event A3: The LTE Event A3 is triggered when a neighbouring cell

becomes better than the serving cell by an offset. The offset can be either

positive or negative. The event is triggered when the following condition is

true:

MEASneigh + Oneigh,freq + Oneigh,cell − Hyst > MEAsserv + Oneigh,freq +

Oserv, cell +Offset

MEASneigh + Oneigh,freq + Oneigh,cell + Hyst < MEAsserv + Oneigh,freq +

Oserv, cell +Offset
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Event A4: The LTE Event A4 is triggered when a neighbouring cell

becomes better than a threshold.

MEASneigh +Oneigh,freq +Oneigh,cell −Hyst > Threshold

Triggering of the event is subsequently cancelled when the following

condition is true:

MEASneigh +Oneigh,freq +Oneigh,cell +Hyst < Threshold

Event A5: LTE Event A5 is triggered when the serving cell becomes worse

than threshold-1 while a neighbouring cell becomes better than threshold-2.

The event is triggered when both of the following conditions are true:

MEAsserv +Hyst < Threshold− 1

MEASneigh +Oneigh,freq +Oneigh,cell −Hyst > Threshold− 2

Triggering of the event is subsequently cancelled when either of the

following conditions are true:

MEAsserv −Hyst > Threshold− 1

MEASneigh +Oneigh,freq +Oneigh,cell +Hyst < Threshold− 2

LTE Event B1: The LTE Event B1 is triggered when a neighbour-

ing inter-system cell becomes better than a threshold. The event is

triggered when the following condition is true:

MEASneigh +Oneigh,freq −Hyst > Threshold

Triggering of the event is subsequently cancelled when the following

condition is true:

MEASneigh +Oneigh,freq +Hyst < Threshold

Event B2: The LTE Event B2 is triggered when the serving cell be-

comes worse than threshold-1 while a neighbouring inter-system cell

becomes better than threshold-2. The event is triggered when both of the
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following conditions are true:

MEAsserv +Hyst < Threshold− 1

MEASneigh +Oneigh,freq −Hyst > Threshold− 2

Triggering of the event is subsequently cancelled when either of the

following conditions are true:

MEAsserv −Hyst > Threshold− 1

MEASneigh +Oneigh,freq +Hyst < Threshold− 2
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