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Abstract

Device-to-Device (D2D) communication has attracted lots of attention as one of the most advanced wireless
communication technologies which allows access to services offered by nearby devices bypassing the Base
Station (BS). The potential advantages of this direct communication paradigm include high data rate, network
offloading and range extension, as well as commercial proximity services and social networking. From the User
Equipments (UEs) and BS perspective, additional protocol overhead and discovery resource are required for
D2D links. In such a context, neighbor discovery and resource allocation approaches need to be studied. For an
efficient D2D communication, the main problem is how the UEs in proximity detect each other and establish a
D2D link in a timely and efficient manner. In this thesis we investigate D2D-enabled cellular network and we
study neighbor discovery and resource allocation in such network. We split the cell into two parts: the inner part
in which UEs communicate via BS and the outer part where UEs use D2D links as a means of communication.
The blocking probability for these two parts is calculated based on Poisson and Engset distributions. We
propose two protocols for neighbor discovery, namely, reactive (on-demand) discovery and proactive (multicast)
discovery and both of them are infrastructure-coordinated protocols. The control overhead is calculated and
numerical results are provided based on three cases of D2D pair requests in different timeslots in order to
compare these two protocols. The performance evaluation and results show that the reactive protocol
performs better when the D2D communication traffic load is low whereas proactive protocol is preferable if
D2D communication demand is high. If the overflowed UEs in proximity are allowed to discover each other
using our protocols together with dedicated resource from the BS and communicate via D2D links; results show
that the cellular network blocking probability is reduced.

Keywords: Device-to-Device communication, ProSe discovery, protocol design, control overhead, performance
comparison.
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Total number of traffic sources/user equipments
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Call congestion/blocking probability
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Erlang distribution blocking probability for cellular UEs
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Number of nodes/UEs selected randomly

Length/larger

Area

Small cell radius/minimum radius

Big cell radius/ target radius
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Random variable
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Total bandwidth
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Reuse factor

Number of D2D pairs
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Time instant

Random number of D2D pairs

Probability of nearest neighbor

Mean
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o2 Variance

P(k) Target probability of finding k D2D nodes out of n nodes selected

P(n|V) Gaussian/Normal distribution probability density function for V' D2D pairs requests
OH™ Control overhead for reactive protocol

OHPT Control overhead for proactive protocol

E[X] Expectation value

P(p) Exponential distribution probability density function

o) Holding parameter of Exponential distribution

P(t) Lognormal distribution probability density function

Pp(x) Rayleigh distribution probability density function
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Are Offered traffic for reactive protocol
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P, Binomial blocking probability
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Ator Total offered traffic
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1 Introduction

Mobile communication systems have been largely explored in order to implement technologies that allow people
to exchange information in a meaningful way. Among these technologies, the Third and Fourth Generation
(3G/4G) together with Long Term Evolution (LTE) were the main solution for cellular networks in terms of high
speed and high capacity wireless communication. Not until recently that these technological wonders seem to
require other innovations that expand the possibilities of what mobile cellular networks can do and what services
they can offer. This is promised by the next generation in which Device-to-Device (D2D) is a part of. This
Chapter presents an overview of D2D communication as one of Five Generation (5G) mobile communication
system. It provides a background on neighbor discovery and resource allocation together with other related
studies by researchers in the field. The problem statement, purpose and proposed solution based on the research
approaches are discussed herein.

1.1 Background and Motivation

Very recently, D2D communication has been one of the significant hot topics in wireless communication systems
focusing on the next generation cellular networks. D2D enables tremendous advances with respect to
communication technologies that provide higher transmission data rates, better spectrum efficiency and emerging
networking applications. The Third Generation Partnership Project (3GPP) has introduced D2D communication
as a striking solution for many scenarios that require direct access, both with and without infrastructure. In the
infrastructure mode, the initiation of a D2D conversation is coordinated by a Base Station (BS). That is, the BS
assists users to discover their D2D peers and then let them communicate with each other directly. On the other
hand, without the assistance from infrastructure, User Equipment (UE) searches and transmits to its neighbor in
the proximity in a self-organized manner.

The Proximity criteria need to be fulfilled for the two users forming a D2D pair to communicate. Among the
required criteria, the geographical distance between them is highlighted. That is a UE must be nearby another
UE in order to communicate through a direct link. The Proximity Service (ProSe) is studied in this context and
it is an essential feature of D2D communication. ProSe discovery is defined as a procedure of how the UEs in
proximity find each other. In [1], ProSe discovery and D2D functionalities are the main focus in case of lack of
network coverage. That is the possibility of UEs to search other surrounding neighbors and detect their presence.
Once this step is done, UEs might try also the possibility of direct communication. When UEs are inside the
network coverage, it is possible that the BS helps them to discover each other, by informing them about their
proximity and coordinates the discovery process. Thus, ProSe feature needs to be integrated in the overall
wireless access network and UEs might have an overview on whether the communication is through direct
mode or via infrastructure mode.

However, UEs demand for higher data rate transmission and higher spectral efficiency increases the traffic load
to BS and this pushes to not only use infrastructure mode but promote as well direct mode. Therefore, D2D
communication allows the network offloading in case of network flooding. Since the D2D communication is
operating with the existing cellular network, resource allocation techniques need to be investigated as well so
that the available resource is efficiently shared between cellular UEs and D2D UEs. The available resource can
be either in terms of number of channels or number of resource blocks (RBs). From LTE perspective, one RB
consists of 180 kHz for the duration of one slot and each RB contains 12 sub-carriers. In infrastructure mode
when the whole resource is used, the remaining UEs which are not served are blocked until another channel is
idle. This is a motivation of studying D2D communication in cellular network because things look different
when D2D links are introduced. There is a possibility that the blocked UEs can use the D2D communication as
long as the proximity criterion is fulfilled and ProSe discovery is enabled. The approximation of the distance
between candidates UEs for D2D needs to be studied together with how much discovery resource is required for
these UEs in proximity, so that we can mitigate the problem of exhausted resources of cellular networks.

Various use cases and scenarios of ProSe discovery have been identified by 3GPP in [2], with an overview on
how discovery can be performed given the requirements, preconditions, service flow and post-conditions. More
approaches have been proposed in [3] on how to support proximity-based services. These solutions cover
proposals from protocol design for ProSe discovery to ProSe communication. All necessary functionalities to be
supported by the BS in order to enable UEs perform ProSe discovery are highlighted therein. In [4], Qualcomm
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proposes techniques and design principles for performing D2D discovery. They propose a common discovery
design for both Public Safety (PS) and non PS applications. Furthermore, they propose a common design across in
network coverage, partial network coverage and out of network coverage scenarios for PS applications. They
suggest that BS reserve periodic resource in the uplink sub-frames for discovery. In [5] and [6], different
strategies are studied for service and neighbor discovery in D2D communication, proposing network-assisted
algorithms for neighbor discovery and interference management. The exchange of signaling messages is
described with respect to the information for identifying a new D2D pair and the path gain between them. They
propose three options for interference management to reduce the interference caused by D2D links. In Option 2,
BSs use the same dedicated frequency resources for discovery. In Option 2 a hopping pattern is allocated to UE
discovery sequence and Option 3 is based on splitting of discovery resource units among UEs at the cell centre
and UEs at the cell edge. A centralized resource allocation technique was used here and it yields significant gains
for their study [6].

However, no numerical analyses for D2D discovery are given by [2]-[4] and no protocol overhead is calculated in
[5] and [6]. In [7], D2D Terminal Discovery mechanism and initial synchronization are studied with limited
interference impact on the primary cellular UEs based on pseudo Physical Random Access Channel (PRACH).
They aimed on the compatibility with existing LTE system and only focus on the reduction of interference impact
on the primary cellular UEs. And at the same time, related researches have been carried out into these topics
[8]-[15]. Most of them focus on power control, node connectivity and interference management for D2D
communication. They propose algorithms for node connectivity and resource allocation schemes for avoiding the
interference. Power optimization techniques are discussed therein for D2D underlaying cellular network.

The BS needs to assign resources to UEs interested in D2D neighbor discovery for control and discovery
information. The available resources are shared between the cellular users and the D2D pairs based on the
Channel State Information (CSI). D2D pairs can use dedicated resource or may reuse the spectrum resources of
the cellular system, thus improves the spectrum efficiency. Since the D2D pair will communicate directly
without any need of BS after the initiation of D2D communication, this gives an advantage that the licensed
spectrum is allocated to local communication. Nevertheless when D2D shares the same resource with cellular
system, this will on the other hand cause the interference to the cellular users using the same spectrum. Here,
techniques for interference management are necessary. Different resource allocation methods for D2D links
have been proposed as well. For instance, in [16], they formulate the problem of radio resource allocation to the
D2D communications as a Mixed Integer Nonlinear Programming (MINLP) for the purpose of minimizing the
interference. A resource allocation and transmitter power control scheme, called Resource Allocation and Power
Control (RAPC) is proposed in [17]. All the proposed schemes are not taking to consideration UEs distributions
throughout the cell, mainly at cell edge and their blocking probability when the network is congested.

Our focus is on investigating the use cases and scenarios suggested for neighbor discovery and propose new
protocols for neighbor discovery. The comparison of proposed protocols design in terms of control overhead is
also a main issue in this thesis. We aim at enabling the blocked UEs to use D2D communication. This work
examines the number of incoming D2D UEs requests for neighbor discovery in the vicinity following different
distributions and takes to consideration the offered traffic of D2D links. Although D2D communication is a hot
topic and lots of studies are in progress, mechanisms for UEs in proximity to detect each other and discovery
resource assignment from BS to D2D links, need to be explored. This is a strong motivation on both UEs and
operators perspective. We want to contribute new knowledge on neighbor discovery and resource allocation
mechanisms in D2D communication systems.

1.2 Problem Statement, Purpose and Scope

Although D2D communication is very interesting, adding D2D features to existing LTE cellular networks poses
many challenges. The operators and BS itself may resist to new technologies that takes away its BS-UE control
and at the same time causes interference to existing UEs. On the other hand, when all traffic are to pass through
the BS, network congestion increases due to limited resource in cellular network and higher data transmission rate
and efficiency spectrum requirements. For D2D communication itself, discovering each other for UEs in
proximity is a serious problem. Resource allocation to D2D pairs is also another challenge to D2D
communication. Therefore a study on neighbor discovery and resource allocation in D2D-enabled cellular
network needs to be done. Our fundamental design questions are:
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1) How UEs can discover potential D2D candidates in proximity and establish a direct connection, with the
assistance from the BS which coordinates the discovery process?

2) How the BS assigns the available resource to both D2D UEs for neighbor discovery and ProSe
communication together with existing traditional cellular UES?

3) What are the benefits of using D2D links in cellular networks? How D2D UEs are distributed, how much
traffic they generate and how to reduce the blocking probability in D2D-enabled cellular network?

4) In addition we need to calculate how much the control overhead required for D2D neighbor discovery is;
considering different D2D UEs distributions.

With regards to these challenges, only 3GPP specifies the use cases and identifies the potential requirements for
both UE and BS controlled discovery and communication between neighboring devices. It is suggested that ProSe
works under continuous Mobile Network Operator (MNO) control and 3GPP network coverage including when
roaming [2]. When the UEs are in roaming network, proximity location reporting has to be transferred between
networks. UEs participating in D2D communication may also belong to different operators.

According to 3GPP in [3], the BS should keep monitoring the location of the UE, compare the location of a UE
with the one it wants to discover and notify them when they are in proximity of each other so that they can setup
a D2D communication. The UE itself needs to subscribe to an alerting service for the purpose of locating other
UEs in proximity. On the other hand, to establish a D2D communication, some configuration parameters have to
be exchanged beforehand, so that there is no explicit user interaction needed.

The main goal of this work is to investigate D2D communication schemes for neighbor discovery and resource
allocation based on infrastructure mode. The purpose of our work is fourfold:

<~ Since the UEs at the cell edges have connection problems with the BS, we indicate the benefits of using
D2D links in a cellular network mainly in outer part of the cell. That is at the cell edges for UEs in
proximity, and the remaining UEs in inner part of the cell, communicate via the BS. We assume that D2D
links use dedicated resources and the blocking probability is calculated for each part. Network congestion
is reduced when D2D links are enabled in case of network flooding.

<~ The next purpose of this thesis is to investigate the existing schemes for neighbor discovery and resource
allocation for D2D communication and propose new protocols for ProSe discovery and ProSe
communication. Here the protocol design that takes to consideration all the ProSe functionalities is
necessary. There is a need to match the use cases and scenarios in [2] with a protocol design for service
discovery. In fact the main problem is that you cannot have protocol design strategies that meet all the
suggested use cases and scenarios. Therefore, our task is to select two use cases and propose protocol
designs for them.

< Moreover, this work studies the performance analysis of the proposed protocols and compares them in
terms of control overhead and transmission range, assuming that the incoming D2D requests for ProSe
discovery follow different random distributions.

<~ Finally the performance analysis is done in terms of the overflowed traffic. We consider offered traffic
per idle source for cellular alone mode. Then, the available resource is shared between the cellular mode
in inner part of the cell and the D2D mode in outer part of the cell. In this case we calculate the blocking
probability assuming a new offered traffic for cellular UEs and D2D offered traffic based on Binomial
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distribution. In addition, we propose how resources can be allocated in case of heterogeneous traffic. That
is a certain percentage of the available resource is assigned for data traffic and the remaining for voice
traffic and vice versa.

This study is limited to mathematical and visualisation analysis using MATLAB simulation environment. We
consider BS coordinated discovery. That is the D2D neighbor discovery and ProSe communication with
infrastructure mode. The study of the interference caused by the introduction of D2D links in cellular network is
out of scope of this work.

1.3 Problem Solution

This study is based on D2D-enabled cellular network in which the D2D UEs coexists with the traditional UEs
communicating via the BS. The goal is to study the neighbor discovery and how available resource is allocated to
D2D links and cellular UEs in a meaningful manner. As long as the communication is through the BS with limited
resource; some of the UEs are blocked. We aim at reducing the BS traffic load and improving network spectral
efficiency by allowing the D2D links in the outer part of the cell, for the UEs which have at least a neighbor in
certain meters away from each selected node. The cell is split into inner part and outer part for cellular and D2D
communication respectively. Resource allocation is achieved by allowing each part to use dedicated resource. We
propose to use D2D links in small cell around the cell edges. Each UE with at least one neighbor within the
targeted distance will need only resource for ProSe discovery and once the discovery is successful, then UEs
communicate using D2D. The performance analysis is done by calculating and comparing the blocking
probability for both UEs in cellular mode and UEs in D2D mode. Two scenarios are considered, the first one with
an infinite number of sources modeled using the Poisson distribution. Secondly, a finite number of sources are
considered following the Engset distribution.

The next problem to solve is to find out which protocols can be used for service discovery for D2D
communication using less control overhead. In this study, we identify two scenarios for D2D service discovery.
The first one is referred to as Network ProSe in which the network provides discovery assistance for
ProSe-enabled UEs requesting a service. The second use case is referred to as Open ProSe and it is a ProSe
discovery procedure in which UEs discover each other without any prerequisite knowledge on the reachability of
other UEs. In both cases, the BS is assisting the neighbor discovery of UEs.

More specifically, we propose two protocols for service discovery in D2D communication where the exchange of
discovery messages is either UE-initiated or BS-initiated. The UE-initiated protocol follows the principle of
reactive (pull) mechanism where the UE starts the first contact to the BS, requesting for ProSe discovery in an
on-demand manner. The BS-initiated protocol instead follows the idea of proactive (push) mechanism,
multicasting an advertisement periodically to all D2D subscribers no matter there is a ProSe request or not. The
frame structure for the two protocols is proposed as well. The comparison of these two protocols is performed
with respect to control overhead under three different cases of D2D UE requests. The performance of the
proposed protocols is evaluated through numerical analysis using MATLAB simulation environment.

In addition we suggest how the available resources can be shared between cellular mode and D2D mode for the
overflowed traffic. The performance analysis in terms of traffic offered is evaluated to assess which protocol
can be used to maximize the benefits of using D2D links to the blocked UEs. So far heterogeneous traffic are
assumed and we assess how D2D links can be used if a high (low) traffic load is required for voice compared to
data traffic and vice versa.

1.4  Thesis Outline
The rest of the thesis is organized in seven chapters as follow:

Chapter 2 presents the background technologies. The teletraffic theory in general and the theory related to service
discovery for D2D communication that we are going to use are discussed.
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Chapter 3 describes teletraffic analysis when D2D links are enabled in cellular networks. Both infinite and finite
numbers of sources scenarios are discussed with respect to Poisson and Engset distributions.

Chapter 4 gives details of our system model, the protocol design and frame structure format for reactive and
proactive protocols. .

Chapter 5 provides the analysis of the protocols. The neighborhood and control overhead are calculated with
respect to three cases. In addition different distributions of D2D requests are studied.

Chapter 6 presents the analysis of the overthrow traffic and heterogeneous traffic.

Chapter 7 concludes this thesis by giving the summary, contributions and future work.
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2 Background Technologies

D2D neighbor discovery and communication is a rich area for research and development as long as direct
communication is concerned. Different research studies have been done, giving insight into the use of D2D
communication in cellular mobile systems. In this chapter, we provide previous studies relevant to our work and
related D2D communication in general. We first discuss the concepts of teletraffic in cellular networks.
Secondly we introduce more about D2D discovery and resource allocation in D2D- enabled cellular network. In
addition, we provide literature review in some theories which are going to be used in this thesis research work.

2.1 Traffic Characteristics and Erlang’s Loss System

The teletraffic system model describes three main elements. The first one is structure which refers to a system
with C identical channels in parallel. The second element is strategy; where an arriving call needs only one
channel and can be accepted if and only if there is at least one idle channel. When all channels are occupied, the
system is congested and all incoming calls are blocked. The last element is traffic. It is assumed that the arrival
process is a 