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Abstract

Device-to-Device (D2D) communications is a term used to describe the new
technology that allows two devices to communicate with each other directly,
without using the base stations or the access points of the network infrastruc-
ture. D2D communication leads to better network performance for a number
of reasons.

Among the challenges of D2D communications are, the discovery of a new
D2D communication pair, a criterion for mode selection and the optimum
resource allocation for the new D2D pair. The discovery process of the new
D2D pair includes transmissions of a number of messages that will provide
the network with all the necessary information which will be used by the
mode selection criterion and determine whether the new pair will use D2D or
traditional cellular communication.

The possibility of Network Assited Device-to-Device Communication, un-
derlaying a cellular network is deliberated in this paper. Specifically, two dis-
covery algorithms are developped, one Centralized, Fully-Network Dependent
discovery algorithm and a second Semi-Centralized, Semi-Network Dependent
discovery algorithm are introduced and a comparative analysis of both is per-
formed and presented. The criteria used for the evaluation of the Discovery
Algorithms are time efficiency and signal overhead. The results show that the
second algorithm is faster in discovering new D2D pairs and requires mini-
mum number of message exchanges. Moreover, the second algorithm is more
efficient than the first one, in case that the new pair is found not to be D2D.

In addition, the importance of a Selection Criterion that allows the eN-
odeB to decide whether traditional Cellular or D2D Communication between
a pair of devices should be used is addressed. An optimum criterion, in terms
of maximizing the total achieved throughput, is suggested and results are an-
alyzed and evaluated. Results show that the proposed criterion is effective
in performing mode selection for the new pair. Results are present in many
different scenarios in order to provide generalizability to the new criterion.
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Chapter 1

Introduction

In Chapter 1, an introduction to D2D communication is provided. More specif-
ically, background information on D2D communication as an underlay to cel-
lular networks is presented and the motivation that led to the investigation of
this new technology is explained. Moreover, the challenges of D2D communica-
tion are analyzed and finally, the problems that will be the main investigation
subject of this thesis are formulated.

1.1 Background Information and Motivation

The increasing number of devices that connect to cellular networks and the
constant need for higher data rates, higher system capacity and increased spec-
trum efficiency have been the major challenges of the development of Third
Generation Partnership Project (3GPP) Long Term Evolution (LTE). Fur-
thermore, the usage of local area networks (WLANs) has increased a lot in
recent years, providing local area services with unlicensed bands. Well-known
systems that utilize the above technology are the WiFi and the Bluetooth.
The drawback of these systems is that interference is uncoordinated and the
possibility of deploying a technology that provides local area communication
in a licensed band, in which interference could be controlled and coordinated
by the network operator, is extremely attractive [1].

Realization of the above challenges has led 3GPP to introduce a new com-
ponent for the LTE-Advanced system, that will provide a solid solution to the
above challenges. This new component is Device-to-Device communications
[2].

In traditional, cellular networks, UEs communicate by relaying information
through the base station, requiring one uplink, from the sending UE to the
base station, and one downlink, from the base station to the receiving UE. D2D
communication enables UEs to communicate directly using one bidirectional
D2D link. Figure 1.1 illustrates D2D communication in a cellular network.

D2D communication is a very promising technology, since it will increase
the total network performance, offering a number of advantages to traditional
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CHAPTER 1. INTRODUCTION 2

Figure 1.1: D2D communication in a cellular network.

cellular networks. First of all, it utilizes the proximity between the communi-
cating devices, allowing them to achieve higher data rates while having lower
power consumption, at the same time. Furthermore, it enables devices to reuse
the same network resources, achieving higher resource utilization. Finally, the
possibility of using one link only rather than using an uplink and a down-
link when communicating via the base station, offers an obvious hop gain in
communications [3].

D2D communication utilizes licensed bands of spectrum, which offers many
advantages, in contrast to using unlicensed bands. The main advantage of
this, is that it allows interference coordination by the network, which will
result in higher Signal-to-Interference-plus-Noise-Ratio (SINR) at the receiver.
However, the resource allocation for D2D communication has been a topic of
discussion among many researchers all over the world.

1.2 Major Challenges of D2D Communication

and Problem Formulation

The first major challenge of D2D communication is Device Discovery. During
the discovery phase, UEs try to discover the presence of other UEs they want
to communicate with. After discovering the presence of other UEs, they are
considered D2D candidates. Two different schemes that identify when two
UEs are D2D candidates have been proposed,

• a-priori scheme, in which D2D candidates are detected before the UEs
start communicating,

• a-posteriori scheme, in which D2D candidates are detected during their
communication phase as cellular pair.

In an a-priori scheme, beacon transmissions by the UEs are necessary in order
to determine if they are D2D candidates [3]. A lot of discovery algorithms
that perform Device Discovery in ad hoc networks have been proposed and
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the possibility of aplying those algorithms to cellular networks has been a
topic of investigation for many researchers. However, it is clear that in cellular
networks, device discovery should be assisted by the network, as it offers better
control of the whole process. Network assisted device discovery that uses a-
priori scheme is considered in the current thesis. Specifically, two network
assisted device discovery algorithms are proposed, analyzed and compared.
During the course of the current study, we will refer to these algorithms as
Centralized, Fully-Network Dependent and Semi-Centralized, Semi-Network
Dependent algorithm respectively. The algorithm analysis and presentation
will be performed in following chapters.

The second major challenge of D2D communication is the criterion for mode
selection. The word mode refers to cellular or D2D communication mode. A
criterion that allows the network to decide whether a new communication
pair is cellular or D2D is proposed, simulated, analyzed and evaluated in the
current thesis. The application of the criterion for mode selection makes it
necessary to provide the network with information about the channel between
the D2D candidates. This information is provided via probe signals that are
transmitted during the discovery phase.

The third major challenge of D2D communication is the resource allocation
to D2D pairs. An important issue of resource allocation is the usage of uplink
or downlink resources. Downlink resources have an advantage, compared to
uplink resources, and two of the most important reasons are the following,

• the power transmitted by the eNodeB is much higher than the one trans-
mitted by the device, which would result in high interference level at all
D2D devices, if downlink resources were assigned,

• the interference caused by the D2D users, using the uplink resources, at
the eNodeB will be small, especially if the device is located at the cell
edge,

This thesis focuses on reusing the uplink resources of the network and proposes
a method to identify the better cellular pairs that the D2D pair will share
resources with. The above process of finding the best cellular pairs to share
resources with the D2D pair is called pairing.

1.3 Related Work

D2D communication has been a major topic of investigation by many re-
searchers, in recent years. In the currect section, the related work that has
been conducted so far in the fields of investigation of this thesis are presented.

In the first part of this section, the related work in device discovery pro-
cess is presented. As mentioned before, device discovery is the process that
will determine if two UEs that want to establish a connection are D2D candi-
dates. In [2], an introduction to this process is presented. Both a centralized
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and a distributed approach are briefly analyzed and different levels of network
involvement are introduced. Moreover, the definition of a beacon signal that
should be used by the devices is presented. In [4], the Dynamic Source Routing
(DSR) protocol presents solutions on route and neighbor discovery in ad-hoc
networks. The possibility of applying the DSR protocol as a solution for D2D
link discovery is analyzed briefly in [5], whereas in [6] and [7], a modified ver-
sion of DSR protocol, named D2DR protocol, that takes into consideration
interference in the existing network, which consists of cellular users. In these
papers, the networks resources are considered to be shared among cellular and
D2D users in a non-orthogonal way. More specifically, it is assumed that cel-
lular users occupy orthogonal channels whereas D2D users utilize the same
resources as cellular users, causing interference in both cellular and D2D links.
The proposed algorithm, D2DR, regulates transmitted power by D2D devices
in order to minimize interference caused in cellular links. Three device discov-
ery algorithms that apply in ad-hoc networks are also presented in [8]. These
solutions consider only ad-hoc networks but the third algorithm presents a so-
lution in which a network leader is elected. This solution could be extended to
support device discovery in cellular networks, in which the role of the network
leader is assigned to the base station.

In the criterion for mode selection part, many different mode selection
schemes have been proposed. In [9] a mode selection scheme based on SINR
targets and bounds for them is presented. This criterion assumes that the link
gains between all the devices are known and the ultimate goal is to satisfy
the SINR targets. The results are also compared with the case that only the
link gain between the D2D UEs is taken into consideration and is compared
with the optimum criterion that was initially proposed. Almost all criteria
for mode selection take into account a power controll scheme and they refer
to maximizing the SINR of all links that exist in the cell and the new D2D
link. Also, in most cases it is assumed that the paths between the devices are
known, or can be known via the transmisssion of probe messages.

A lot of work has also been conducted regarding the resource allocation and
the sharing schemes between cellular and D2D users. One of the main concerns
is whether the D2D links should use orthogonal or non-orthogonal resources
with the cellular links. In [10], with respect to maximizing the throughput
of the cell, many resource allocation schemes are presented and evaluated. It
is proven that a non-orthogonal resource allocation scheme is more favorable,
compared to the others.

1.4 Thesis Structure

In the current section, the structure of the thesis report is presented. In
chapter 1, an introduction to D2D communication, the major challenges of
ongoing research and the work that has been conducted so far are presented. In
chapter 2, the research on device discovery in D2D communication is discussed.
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The two proposed algorithms are analyzed and explained. In chapter 3, the
criterion for mode selection between cellular and D2D modes is introduced and
analyzed. Furthermore, the resource allocation scheme and pairing process are
described as well. In chapter 4, the simulation methods and environment are
introduced. In chapter 5, the final results and the findings of the current thesis
are presented and evaluated. In chapter 6, finally, the conclusion is discussed
and the importance of the results is evaluated.



Chapter 2

Device Discovery In D2D
Communications

In chapter 2, the Device Discovery process for D2D communication is exam-
ined. As mentioned in the previous chapter, the device discovery process will
determine if a new pair that request resources for communication is a D2D can-
didate pair. Two discovery algorithms are presented, analyzed and compared
in this chapter.

2.1 D2D Communication in Cellular Networks

The traditional cellular way of communication between two UEs is performed
by relaying information through the base station. The base station is respon-
sible for controlling and performing all the processes in an area that is served
by the cellular system. In cellular networks, each base station is responsible
for a fraction of the total serving area, including the UEs that exist in that
specific area.

Communication in wireless networks has changed rapidly over the recent
years, creating a constant need for evolution in the field of wireless communi-
cations. New and different traffic demands have emerged recently, which led
to the need for more flexible wireless networks that will comply to the their
needs. D2D communication is a strong example of this as it allows the cellular
network to adapt to the different needs of the devices and lead to more efficient
ways of communication that will increase the total network performance.

D2D communication utilizes the proximity between the communicating
UEs. If the distance between the UEs satisfies the proximity criterion, then
the two UEs are D2D candidates. Being D2D candidates alone does not mean
that they will be a D2D pair. However this is the first step of the D2D discov-
ery process. The final decision will depend on the criterion for mode selection,
which will take into consideration other aspects of the cellular network, such
as the distance between the new pair and the existing pairs in the cell, the
available resources, etc.

6



CHAPTER 2. DEVICE DISCOVERY IN D2D COMMUNICATIONS 7

At this point, it is important to define the two different stages of D2D com-
munication. The first stage is composed by the discovery of D2D candidates,
the application of the mode selection criterion and the allocation of resources
to the new D2D pair. The second phase is the actual communication phase of
the two UEs.

Device Discovery Phase

In device discovery phase, a UE that wants to communicate with another UE
has to be discovered by the base station and discover the receiving UE as well.
The discovery phase inludes a number of messages that have to be exchanged
between the the UEs and between the UEs and the base station. These mes-
sages will provide the network with information about the link between the
UEs and the links between the UEs and the base station, respectively. After
the new pair has been determined to be D2D candidate pair, the criterion for
mode selection is applied. This criterion will determine if the new communi-
cation pair can exchange information in D2D mode. If the result of the mode
selection criterion states that it is not beneficial for the new pair to be D2D,
cellular mode is assigned. If the new pair satisfies all the criteria for D2D com-
munication, D2D mode is assigned. Then, the network has the responsibility
of assigning resources to the new pair. Resource assignment is the final stage
of the discovery phase. After that, discovery phase is completed.

D2D Communication Phase

After completing the discovery phase, the UEs that compose the new D2D
pair, may start exchanging information. Now the new pair is an integrated
part of the cell and exchanges information through a bidirectional link, without
relaying information through the base station.

2.2 Discovery Algorithms

In the current section, two discovery algorithms are presented, based on the
information described in [2]. In general, two different approaches may be
used to enable device discovery. These approaches may be summarized in the
following,

• Centralized Approach. In centralized approach, a UE informs the base
station about its intention to communicate with another UE. Then the
base station orders some message exchanges between the devices, in order
to acquire information about the link between them.

• Distributed Approach. In distributed approach, a UE that wants to com-
municate with another UE, broadcasts probe messages, which are re-
ceived by other UEs. Then it informs the base station about the results
of its inquiry and the base station makes the final decision.
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In every case, different levels of network involvement are defined. The whole
process can either be strictly or loosely controlled by the base station. However,
it is important to mention that only network assisted device discovery processes
are considered in the current thesis. This is because the base station can
apply interference coordination and make the whole process more efficient and
provide significantly better results.

In the following sections, the two proposed discovery algorithms are pre-
sented. For this chapter, as well as for the rest of the thesis, we will re-
fer to these algorithms as Centralized, Fully-Network Dependent and Semi-
Centralized, Semi-Network Dependent algorithms, respectively. Furthermore,
we will define a criterion for successful discovery of D2D candidates. This cri-
terion may be summarized in the following sentences,

A link discovery is considered to be successfull when all the following
criteria are satisfied for each and every link,

• the sender device knows the ID of the receiving device,

• the receiving device knows the ID of the sender device and that the
sender wants to communicate with it,

• the new pair satisfies the proximity criterion.

2.2.1 Centralized, Fully Network Dependent Device Dis-
covery Algorithm

The first algorithm uses the centralized approach. The whole process is ini-
tiated and fully controlled by the base station. Fully controlled means that
each message transmission is ordered by the base station. At this point, it
is important to mention that the discovery of UEs is a process that involves
transmission of messages in between the UEs and also between the UEs and
the base station. It is important to define the content of this messages. The
detailed content of the messages is beyond the scope of this thesis, however, a
brief description is provided. First of all, a discovery message should include
the identity of an entity, in this case the identity of the UE. This is important
during the message exchanges, so that the communicating parts can be iden-
tified. Moreover, the discovery message should work as a reference message
that will allow the network to make an estimation about the path between the
communicating entities. This can be done by defining technical characteristics
of the message, such as the tranmsitting power of the UE. This thesis uses the
transmitting power as a reference for path estimation.

Now, the description of the first algorithm may be presented. Figure 2.1
provides a visualized representation of the the steps that should be followed
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Figure 2.1: Centralized, Fully Network Dependent Discovery Algorithm.

during the discovery process.
For the rest of the thesis, we will assume that UE1 is the UE that initiates

the communication process. Therefore, it is called sending UE. The UE that
is the second member of the communication pair and is the one which does
not initiate the communication process, will be referred to as receiving UE.

In table 2.1, a detailed representation of the steps of the algorithm is pre-
sented. We can see that the first message is send by the UE that wants to
communicate with another UE. This message is sent to the base station. The
UE does not know if D2D mode will be assigned or not. Upon the reception of
this message, the base station needs to investigate if the new communication
pair is D2D candidate. Therefore, it responds to UE 1 and instructs it to send
a discovery message to UE 2. The base station also instructs UE 2 to listen
for this discovery message, sent from UE 1.

In the third step of the algorithm, UE 1 sends the discovery message to
UE 2. If the UEs are in proximity with each other, the discovery message will
be correctly received by UE 2. Correct reception depends on the level of the
SINR at UE 2. For this reason, a certain threshold value for the SINR at UE
2 should defined. Let gij denote the path gain between the transmitter i and
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Algorithm 1: Centralized, Fully Network Dependent Device Discovery Algorithm
Step 1: Sender UE transmits message to base station, requesting commu-

nication with another UE.
Step 2: Base Station orders the sending UE to send a discovery message

to the receiving UE and orders the receiving UE to listen for this
message.

Step 3: Sending UE sends discovery message to the receiving UE.
Step 4: If receiving UE receives the discovery message, it reports the value

of the received SINR back to the Base Station.
Step 5: Base Station instructs both devices to listen for interference by

existing users.
Step 6: Sending and receiving UEs report the values of interference they

received from existing users to the Base Station.
Step 7: Base Station applies Mode Selection Criterion, instructs both UEs

to initiate D2D communication and assigns resources to them.

Table 2.1: Centralized, Fully Network Dependent Discovery Algorithm.

the receiver j. Also, let Pi denote the transmission power of UE 1 and γD2D be
the SINR threshold value for the discovery messages. The discovery message
transmitted by UE 1 to UE 2 will be correctly received if,

gijPi
N0

≥ γD2D (2.1)

where N0 is additive, white Gaussian Noise.
In the fourth step of the algorithm, if UE2 correctly receives the discovery

message, it reports the received value of the SINR to the base station. The base
station knows that the transmitted power by UE1 is set to a reference, pre-
defined value. This allows the base station to make an estimation about the
path between UE 1 and UE 2. After the base station receives this message,
it orders both UEs to listen for interference by existing cellular UEs. This
process is of high importance for the application of the criterion for mode
selection, which will be analyzed later. However, it is important to mention
that listening for interference from UE 1 and UE 2 allows an estimation of
the interference between the new D2D pair and the existing pairs in the cell.
This process is briefly described at this point, but it will be further analyzed
in the following chapter of the current thesis. However, it is important to
understand that the messages exchanged during this initial discovery process
are substantial for the whole D2D communication process.

After the listening for interference by UE 1 and UE 2 is over, both devices
report the received values to the base station. This will provide the base
station with an estimation of the path gain between existing and new devices.
Finally, upon the reception of these messages, the base station applies the
mode selection criterion. The output of this criterion will determine whether
the new pair will be D2D or not.
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At this point, it is noteworthy to say that the analysis of the discovery
algorithms will focus on the actual transmitted messages and not the acknowl-
edgements, which are sent by the receiver of the message, to verify the correct
reception of the transmitted message to the transmitter. This is beyond the
focus of this thesis. However, it is assumed that another channel exists for
the tranmission of acknowledgements. Furthermore, step 3 of the algorithm
is repeated by the tranmsitter UE 1 in case of failure. However, the number
of retransmissions is limited and is defined using a probabilistic model, which
will be presented later on.

Advantages and Disadvantages of the First Algorithm

Among the advantages that the first algorithm offers, is the network involve-
ment, which, as it was mentioned in the beginning of this chapter, is beneficial
for the network as it offers interference estimation and coordination. More-
over, the message exchanges between the UEs allow the base station to make
an estimation about the path between the new pair that requests communica-
tion. Furthermore, the messages sent by UE 1 and UE 2 to the base station,
allow interference estimation that will be created by the new D2D pair to the
existing cellular pairs of the cell. Finally, the step during which UE 1 and UE
2 listen for interference by the existing cellular pairs, allows the base station to
make an estimation about the interference that will be caused to the existing
cellular pairs by the new D2D pair. It should be mentioned that among the
existing pairs of the cell, D2D pairs might already exist. However, this will be
analyzed further in the next chapter of the current thesis.

The disadvantage of the first algorithm is that it requires a large number of
message exchanges between the entities of the network. Also, the base station
does not need to make any estimation about the path gain between UE 2 and
it, as this path is not taken into consideration for interference estimation and
coordination. It could be said that this message is redundant.

2.2.2 Semi-Centralized, Semi-Network Dependent De-
vice Discovery Algorithm

This algorithm is the second discovery algorithm that is proposed by the cur-
rent thesis. it is called Semi-Centralized Semi-Network dependent because
the discovery process is initiated by the mobile and performend without no-
tifying the base station, in the beginning of it. Figure 2.2 offers a visualized
representation of the algorithm.

The same principles apply on the second algorithm, as they where described
in the first one. Table 2.2 provides a better description of the different steps
that are included in the second algorithm.
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Figure 2.2: Semi-Centralized, Semi-Network Dependent Discovery Algorithm.

Algorithm 1: Semi-Centralized, Semi-Network Dependent Discovery Algorithm.
Step 1: Sending UE transmits discovery message to UE 2.
Step 2: If receiving UE receives the discovery message, it reports the value

of the received SINR back to UE 1.
Step 3: Sending UE reports the SINR value to the Base Station and informs

it about the communication intention with UE 2.
Step 4: Base Station instructs both devices to listen for interference by

existing users.
Step 5: Sending and receiving UEs report the values of interference they

received from existing users to the Base Station.
Step 6: Base Station applies Mode Selection Criterion, instructs both UEs

to initiate D2D communication and assigns resources to them.

Table 2.2: Semi-Centralized, Semi-Network Dependent Discovery Algorithm.
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In the first step of the algorithm, UE 1 initiates the discovery process by
sending the discovery message directly to UE 2. Like in the first algorithm,
if the message is received correctly by UE 2, it responds to UE 1 with the
received SINR value, in the second step. It is clear that, during these two initial
steps of the algorithm, the process is independent, as it does not involve any
interaction with the base station. It should be stated that, if there is a failure
during the transmission of the first or the second message, retransmissions
occur. The number of retransmissions, though, is limited and predefined. In
the third step of the algorithm, UE 1 reports the received SINR value to the
base station. This message to the base station offers two advantages. First,
the path gain between UE 1 and UE 2 is estimated and, secondly, the path
gain between UE 1 and the base station is estimated as well.

After this step, the algorithm behaviour is exactly the same as the first
one. The base station instructs both UEs to listen for interference and then
report the received interference values back to the base station. Finally, the
base station applies the mode selection criterion and the resultl determines
whether the new communication pair will be D2D or not.

Advantages and Disadvantages of the Second Algorithm

The advantages of this algorithm are similar to the advantages of the first one.
Through the exchange of the messages between the UEs and between the UEs
and the base station, an estimation about the path gains is provided to the
base station. During the listening for interference, an estimation about the
received interference at the new D2D pair is accomplished. The interference
that will be caused by the new pair to the existing cellular pairs in the cell
is estimated by the message sent from UE 1 to the base station. Another
advantage of the second algorithm, when compared to the first one, is that it
requires one message transmission less. This is because the UE that initiates
the discovery process does not send to the base station at first, but directly
to the second UE. Another advantage is that the information provided by the
first algorithm concerning the path gain between UE 2 and the base station,
is neglected, as it is redundant. Finally, another advantages of the second
algorithm is that it is faster when the two new UEs are not D2D candidates,
as it is discovered during the transmission of the first message.

The disadvantage of the second algorithm is that it requires the receiving
UE to listen for transmissions by other devices, which is far from being energy
efficient.

2.3 Aspects of Device Discovery Algorithms

In this section we will refer to some technical aspects of the device discovery
process. The first of them is the transmission probability of the UEs that are
involved in the discovery process. The transmission probability defines when
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N The number of communication links that need to be discovered.
Γi The SINR value for link i.
γi The SINR threshold for link i.
psuccess Probability of successful transmission in one time slot, for all users.

p
(k)
capture Probability of satisfying the SINR threshold in case of collision

between k users.
R The cell radius.
ri the distance of UE i from the cell center.
rij The distance between UEi and UEj.
α The path loss exponent.
Pi The transmission power of UEi.

Table 2.3: Parameter explanation.

and how often should the device transmit during the discovery process. An
analytical model is presented, but before that an introduction to the network
model is provided. The second aspect of the discovery process is the waiting
time. The waiting time defines the time a transmitting device should wait
before it declares a failure in the process. A failure means that the discovery
message is not received by the receiving UE. This parameter is really important
during the third steps of the first algorithm and during the first and the second
steps of the second algorithm. An analytical model is provided as well in this
case.

2.3.1 Transmission Probability during the Discovery Phase

Before talking about the transmission probability the devices should use dur-
ing the discovery phase, it is substantial to make a brief introdusction of the
network model that is taken into consideration for the development of the
analytical model.

Network Model

For the purposes of investigating the transmission probability, a TDMA-based
model is assumed, in which each UE transmits in every time slot with a prob-
ability of transmission pt. In table 2.3, the reader may find the explanation of
all parameters that are used in the calculations that follow.

The transmission model is based on ALOHA model, in which each device
transmits in the beginning of each time slot, with a certain probability. It is
assumed that for every pair of UEs, only one transmission, either by UE 1 or
UE 2, takes place. That is the reason why N denotes the number of links and
not the number of devices.
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Collisions are a significant part of the message transmisssions during the
discovery phase. A message can be received correctly in the following case,

• If there are no collisions at the same slot, which means the message is
the only one transmitted.

• If there are collisions but the SINR threshold, γi, is satisfied.

In the following of this section, the annotation Pr[.....] will be used, which
denotes the probability of an event.

Optimum Transmission Probability Estimation

Based on the previous analysis, we can say that the probability of a successful
reception of a message in one time slot, for all UEs is given by the following.

psuccess =Pr[No collision] + Pr[Only one collision] ∗ p(2)capture
+ .....+ Pr[there are k collisions] ∗ p(k+1)

capture (2.2)

For every case, the probability of having k collisions, is given by the following
formula,

Pr[k collisions] =

(
N

k

)
∗ ptk ∗ (1− pt)N−k (2.3)

Also, the probability of satisfying the SINR threshold when k+1 users transmit
in the same time slot, is given by the following formula.

p
(k+1)
capture = Pr[Γ1 ≥ γ1] + Pr[Γ2 ≥ γ2] + ...+ Pr[Γk+1 ≥ γk+1] (2.4)

In equation 2.4, it can be seen that the probability of capture is the sum
of probabilities of every user satisfying the SINR threshold value. Now, it is
time to provide some analysis for that probability.

The probability of satisfying the SINR threshold is different for the case UE
transmits to the base station and different for transmissions to other devices.
In figure 2.3, we can see two new D2D pairs that are in the discovery phase.

Let’s assume that UE 3 transmits to the base station and UE 1 transmits to
UE 2. Then, the probability for capture will be the sum of the prpobabilities
that both devices satisfy their threshold values. These probabilities i.i.d. and
also it is assumed that the SINR threshold can only take positive values, which
means that it is impossible to be satisfied more than one device at one time
slot. For UE 3, if we assume that all UEs use the same transmission power
during the discovery process, that probability is given by the following formula,

Pr[Γ3 ≥ γ3] = Pr[

c∗P3

rα3
c∗P1

rα1

≥ γ3] = Pr[(
r1
r3

)
α

≥ γ3] = Pr[r3 ≤ r1 ∗ γ3
−1
α ]

=

∫ R

0

Pr[r3 ≤ r1 ∗ γ3
−1
α ] ∗ f(r1)dr1 (2.5)
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Figure 2.3: Two pairs in discovery phase.

where f(r1) is the Probability density function of r1, the distance of UE 1
from the base station. That distance is assumed to be uniformly distributed
over the cell area, which in fact complies with the rules of Uniform Circular
Distribution. The same analysis can be done for UE 1, giving the probability
of capture for the UE 1 - UE 2 pair,

Pr[Γ1 ≥ γ1] = Pr[

c∗P1

rα1
c∗P3

rα32

≥ γ1] = Pr[(
r32
r1

)
α

≥ γ1] = Pr[r1 ≤ r32 ∗ γ1
−1
α ]

=

∫ 2R

0

Pr[r1 ≤ r32 ∗ γ1
−1
α ] ∗ f(r32)dr32 (2.6)

In this case, UE 1 transmits a discovery message to UE 2. UE 3 transmits a dis-
covery message to the base station, causing interference at UE 2. The distance
between UE 3 and UE 2 is assumed to be uniformly distributed. However, the
distribution of the distance is approximated as uniform distribution between
0 and 2R.

If there are more than two users transmitting at the same time slot, then
the probability of satisfying the SINR threshold value for UE 3 would be more
complicated.

Pr[Γ3 ≥ γ3] = Pr[

c∗P3

rα3∑k
i=1

c∗Pi
rαi

≥ γ3]

=

∫ R

0

∫ R

0

....

∫ R

0

Pr[

c∗P3

rα3∑k
i=1

c∗Pi
rαi

≥ γ3] ∗ f(r2)f(r3).......f(rk)dr2dr3.....drk

(2.7)

The same calculation apply for UE 1. It can be seen that the calculation of
the optimum transmission probability can be rather complicated. However, at
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this point, we may try to approximate the optimum transmission probability
by taking into consideration only up to the case where 1 collision takes place,
during the discovery messages transmissions. Using this approximation, the
probability of having a successful transmission in one time slot is given by the
following formula.

psuccess =Pr[No collision] + Pr[Only one collision] ∗ p(2)capture (2.8)

It is very difficult to estimate if the two transmissions that caused the collision,
were transmissions to the base station or another UE. However, bacause of the
nature of the algorithms, it is more probable that each UE will transmit to
another UE. This is the message between the UEs of the same D2D pair, that
is used to provide an estimation about the path gain between them. So, for the
purpose of the current thesis concerning the optimum transmission probability
estimation, it is assumed that colliding UEs are transmitting to the receiving
UE of the D2D pair. The optimum transmission probability is the one that
maximizes 2.8.

2.3.2 Estimation of Waiting Time During Transmission
of Discovery Messages

In the following section, an estimation of the waiting time the UEs should use
for when transmitting to another UE is attempted. The waiting time is very
important for the discovery process. If a UE sends to another UE and does not
receive an acknowledgement, then it will retransmit the message. However, a
certain limit has to be set to the retransmissions. This limit is given by the
waiting time. For the sake of simplicity, we will neglect the capture effect and
assume that a successful transmission in one time slot, for one UE only, is
given by the following formula,

psuccess = N ∗ pt ∗ (1− pt)N−1 (2.9)

Let’s denote now X, a random variable that shows the number of successful
transmissions of one UE. The CDF of X will be,

Pr[X ≤ k] =
k∑
i=0

(
n

i

)
∗ psuccessi ∗ (1− psuccess)n−i (2.10)

in n slots. We need exactly one correct transmission for every UE. The prob-
ability for that, is,

Pr[X ≥ 1] = 1− Pr[X = 0] = 1− (1− psuccess)n (2.11)

If we choose to satisfy 2.11 with a probability of 0.95 or higher, replacing this
value to 2.11 gives,

Pr[X ≥ 1] ≥ 0.95⇒ n ≥ ln 0.05

ln (1− psuccess)
(2.12)
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The result of 2.12 gives the number of time slots a UE should wait, after trans-
mitting the first discovery message to another UE. During this waiting time,
if there is no correct reception of the discovery message, the UE retransmits
it. After the waiting time is over and no discovery message has been received
correctly, the UE declares a failure in the process and the new pair is no D2D
candidate anymore.

2.3.3 Role of the Network in Device Discovery in D2D
Communications

As it was mentioned in the beginning of this chapter, device discovery is an
important part of D2D communications since it determines if two communi-
cating UEs can be D2D. The analysis performed so far in this chapter, focuses
on the D2D candidates. After determining that two UEs are D2D candidates,
a mode selection criterion has to be applied, which will determine if the new
UEs will finally be D2D.

The transmission probability of UEs is also an important part of device
discovery. It is an indication of how often a UE that wants to be discovered,
should transmit. The transmission probability is assumed to be defined by
the network, at all times. Moreover, the network provides all the necessary
information to devices. This necessary information include synchronization,
information on the total load of the cell, information on the dynamic trans-
mission probability and, finally, information about the waiting time. The role
of the network in significant in D2D discovery process.

Another important part of the discovery process, is the listening for inter-
ference by existing users. Although its significance is not very clear to the
reader up to this point, it will become clear in the following chapters of this
thesis. During the listening for interference time, no transmission of discovery
messages is assumed. If there is more than one D2D pair that needs to be
discovered, all of them have to finish the initial steps of the algorithm, as they
were described in section 2.2, and then listen for interference by existing users.
This implies that, if a pair completes the process before the other, it has to
wait until both pairs are at the same step of the algorithm.

Collisions are a main problem of the discovery process, in case more than
one new D2D pair exists. In order to avoid collisions with existing users,
it is assumed that a separate channel exists, that D2D UEs use during the
discovery process. Furthermore, collisions may take place if only one new
D2D pair exists in the cell. The steps of the algorithms in which collisions
may appear, are the steps during which both the sending UE, as well as the
receiving UE report the interference measurements to the base station. It
can be assumed that both UEs can be scheduled by the network to transmit
their measurements in different time slots. However, for the purposes of this
thesis, it is assumed that both UEs transmit to the base station using half the
transmission probability assigned by the network. In order to explain that,
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let’s assume that the optimum transmission probability of every device, is set
by the network to pt. When the devices reach this point of the algorithm, they
will use a transmission probability of pt

2
.



Chapter 3

Criterion for Mode Selection
and Resource Allocation for
D2D Communications

In chapter 3, a criterion for mode selection is presented. Mode refers to the
type of commuication that will be utilized by a pair of UEs. This type of
communication can be either cellular or D2D. Moreover, a study on resource
allocation is presented in this chapter. Specifically, resource sharing schemes
with existing pairs in the cell, are introduced and analyzed. Although read-
ers may assume that mode selection and resource allocation are two different
concepts, they are in fact very related and dependent. Resource allocation is
always considered when deciding on whether a new pair of UEs should be D2D
or cellular.

3.1 Critetion for Mode Selection

Many different criteria have been suggested by researchers that study D2D
communications. At this point, it is assential to refer to two different scenar-
ios that might apply in the case which a new D2D candidate pair is requesting
resources. The first case is when there are available orthogonal resources in
the network. In this case, the D2D pair may utilize those orthogonal resources
and do not cause interference to existing cellular pairs. The second case is
when there are no orthogonal resources available in the network. This means
that the new D2D pair has to share resources with an existing cellular pair.
In both cases, the proposed criterion for mode selection, may be summarized
in the following statement.

A new communication pair that is a D2D candidate pair, will be assigned
D2D mode of communication, if the Total Sum Throughput of the cell,
when using D2D mode, is higher than any other possible case.

20
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Figure 3.1: New D2D pair when orthogonal resources are available.

For better understanding of the above criterion, it is essential to see how it
applies in both cases that were mentioned above.

3.1.1 Orthogonal Resources Available in Network

Figure 3.1 depicts a new pair of UEs that are in the mode selection part of
the discovery phase. Let gi denote the path gain between UEi and the base
station. Also, let gij denote the path gain between UEi and UEj

Now, let Γi denote the SINR value of UEi at the base station and Γij
denote the SINR value of UEi at receiver UEj. Using the Shannon’s formula
for throughput, we can calculate the throughputs for each link. Let Ri and Rij

denote the throughputs , for each of the above cases respectively. Furthermore,
let Pi be the transmission power of UEi and N the additive, white Gaussian
noise.

Γ1 =
g1 ∗ P1

N
, Γ12 =

g12 ∗ P1

N
(3.1)

and

R1 = cWlog2(1 + Γ1) R12 = cWlog2(1 + Γ12) (3.2)

The application of the criterion for mode selection suggests that, if R12 ≥ R1,
then D2D mode is assigned to the new pair. Else, cellular mode is assigned.

3.1.2 Orthogonal Resources not Available in Network

Figure 3.2 illustrates a new D2D pair that is in the mode assignment part
of the discovery phase, when no extra orthogonal resources are available in
the network for assignment. In this case, the new D2D pair has to share
resources with an existing cellular pair, causing interference to and accepting
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Figure 3.2: New D2D pair when no extra orthogonal resources are available.

interference from it. The same description for the parameters used in the
previous subsection, applies here as well. We assume that uplink resources
are utilized for D2D communication. This means that the D2D transmitter
will cause interference in the uplink of the cellular user and the cellular user
will cause interference in D2D receiver. That is why the cellular downlink is
ommitted in this representation of the cell realization.

The SINRs for the cellular and the D2D link will be,

Γ1 =
g1 ∗ P1

g3 ∗ P3 +N
, Γ34 =

g34 ∗ P3

g14 ∗ P1 +N
(3.3)

respectively. The throughput for every link is given by the following equations.

R1 = cWlog2(1 + Γ1) R34 = cWlog2(1 + Γ34) (3.4)

The SINR and the throughput of the cellular link, without considering the new
D2D pair is given by the following equations.

Γ́1 =
g1 ∗ P1

N
, Ŕ1 = cWlog2(1 + Γ1) (3.5)

The application of the criterion for mode selection indicates that, if R1+R34 ≥
Ŕ1, then D2D mode is assigned to the new pair. Else, the new pair is not
accepted. This means that the call would be dropped and the new pair would
be in outage.

3.1.3 Comments on the criterion for mode selection

The main purpose of the criterion introduced at this chapter is to increase
the sum throughput of the cell. This was also part of the motivation that
led researchers investigate D2D communications. However, it may be noted
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that, in the case which no extra orthogonal network resources are available,
the criterion looks strict, as it will lead to not accepting the new D2D pair.
The criterion may be applied with more loose acceptance, with respect to
increasing the capacity of the cell, by accepting a less increase in the total sum
throughput of the cell.

For the purpose of the current thesis, the second case in which no extra
orthogonal resources are available will be used as a scenario for the following
analysis. More specifically, it will be shown that the criterion may be applied
for different realizations of the existing pairs and for different numbers of new
D2D pairs that request resources. This analysis will be presented in rest of
this thesis.

3.2 Resource Allocation in D2D Communica-

tion

The resource allocation problem in D2D communication, copes with the ques-
tion on which resources should be assigned to the new D2D pair. In the case
which extra orthogonal resources are available in the network, the problem has
actually a simple solution, as, if the criterion for mode selection indicates that
the new pair should be D2D, then orthogonal, uplink resources are assigned
to it. The situation becomes more complicated in the case that no extra or-
thogonal resources are available in the cell. This means that the only option
for the new D2D pair is to share resources with an existing cellular pair. The
complication of the problem lies in the interference that will be caused by the
new D2D pair to the existing cellular user, and the interference caused by
the cellular user to the new D2D pair. An estimation of the interference is
mandatory in this situaton, otherwise, severe interference might be created in
the cell, degrading the network performance in total.

The contribution of the current thesis to this problem, is the proposal of a
way to estimate interference. This became clear during the description of the
discovery algorithms, as it was mentioned that new D2D UEs spend some time
listening for interference from existing users. Figure 3.3 depicts a cell with 1
new D2D pair and 2 cellular users, each one belonging to a separate cellular
pair. The downlink of the cellular communication links is ommitted, for the
reasons that were mentioned in the previous section.

The analysis for throughput calculations is similar to the one that was
presented in the previous section. First, it is assumed that the new D2D pair
shares resources with UE 1. In this case, UE 3 will create interference in the
uplink of the cellular user.

Γ1 =
g1 ∗ P1

g3 ∗ P3 +N
, Γ34 =

g34 ∗ P3

g14 ∗ P1 +N
(3.6)
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Figure 3.3: New D2D pair when no extra orthogonal resources are available
and 2 cellular users exist in the cell.

and

R1 = cWlog2(1 + Γ1) R34 = cWlog2(1 + Γ34) (3.7)

Now, if the criterion for mode selection is applied, it will determine if the D2D
pair can share resources with UE 1. Moreover, we assume that the D2D pair
shares resources with the UE 2. In this case, the throughput calculations are
as follows.

Γ2 =
g2 ∗ P2

g3 ∗ P3 +N
, Γ34 =

g34 ∗ P3

g24 ∗ P1 +N
(3.8)

and

R2 = cWlog2(1 + Γ2) R34 = cWlog2(1 + Γ34) (3.9)

Again, the application of the criterion for mode selection will determine if the
new D2D pair can shares resources with UE 2. Now, the following possible
options are defined.

• The criterion indicates that only one of the two cellular links can share
resources with the new D2D pair.

• The criterion indicates that both cellular links may be used to share
resources with the new D2D pair.

• The criterion indicates that none of the cellular links can share resources
with the D2D pair.

In the first case, the D2D pair will share resources with the cellular pair for
which the criterion is satisfied. In the second case, there are two options.
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Figure 3.4: New D2D pair when no extra orthogonal resources are available
and 2 cellular users exist in the cell.

The first option is to choose the cellular user for which the sum throughput
of the cell is maximized. The second option is to share the resources of both
users. This option will offer the highest sum throughput of the cell, as it utilize
more bandwidth for the D2D pair. In the last case, since there are no extra
orthogonal resources available in the network, the new D2D pair will be in
outage.

The calculations performed above, assume that perfect knowledge of all
the path gains between the UEs and between the UEs and the base station
is obtained. However, this is far from being realistic. A method to estimate
the path gains is proposed in the current thesis. The method description is
provided in th following section.

3.2.1 Method for Estimation of the Path Gains

Let’s assume that the cell realization is described in figure 3.4. The new
D2D pair consists of UE 3 and UE 4. During the discovery process of this
pair, a number of messages where exchanged. It has been mentioned that
the transmited power by each UE, during the discovery phase, is set to a
reference, known value. This allows the estimation of the path gains for the
links. The message that is transmitted from UE 3 to the base station, provides
an estimation of g3. The message transmitted from UE 3 to UE 4 or vice versa,
provides an estimation for g34. The remaining unknown path gains now are
g14 and g24. The reader may recall that, during the discovery phase, both UE
3 and UE 4 listen for interference, after the exchange of the initial messages.
In this case, the interference that UE 3 and UE 4 listen, in the first slot will
be as follows.

I
(1)
3 = g13P1 I

(1)
4 = g14P1 (3.10)
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Figure 3.5: New D2D pair when no extra orthogonal resources are available
and 1 cellular with 1 D2D pair exist in the cell.

respectively. The interference that UE 3 and UE 4 listen, in the second slot
will be as follows.

I
(2)
3 = g23P2 I

(2)
4 = g24P2 (3.11)

Listening for interference from UE 3 is not necessary in the current realization.
However, it is necessary for other realizations that will be presented later on.

This process, allows now the estimation of interference that will be caused
to the D2D link, and more specifically to UE 4, by each cellular user. This
means that we can estimate with accuracy g14 and g24. It is easily understood,
that for the above realization of the cell, estimation of all path gains is pos-
sible and fairly accurate. However, this is not always the case. A D2D pair
might already exist in the cell, sharing resources with another cellular UE. The
estimation of path gains gets more complicated now.

Let’s assume now that the cell realization is depicted in figure 3.5. In this
case, a D2D pair alreasy exists in the cell, sharing resources with the cellular
pair. The new D2D pair will create interference to both the cellular pair and
the receiver of the D2D pair. What is more, the receiver of the new D2D pair
will receive interference from both the cellular user and the D2D transmitter.
In this case, the interference that UE 3 and UE 4 listen, in the every slot will
be as follows.

I
(1)
3 = g13P1 + g23P2 I

(1)
4 = g14P1 + g24P2 (3.12)

The interference that will be caused to the new D2D pair can be estimated
with accuracy as it is the total interference that UE 4 listens. Although we can
not make an assumption about the path gains g14 and g24 separately, we can
estimate the total interference that the new D2D pair will suffer. Concerning
the interference the new D2D pair will create in the cellular user, it can be
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Scenario 1: Three cellular pairs exist in the cell.
Scenario 2: Two cellular and 1 D2D pairs exist in the cell. The D2D pair

already shares resources with one or both of the cellular pairs.
Scenario 3: One cellular and 2 D2D pairs exist in the cell. The D2D pairs

already share resources with the cellular pair.
Scenario 4: Three D2D pairs exist in the cell sharing the same resources with

each other.

Table 3.1: Description of Different scenarios of existing pairs in the cell.

estimated by the discovery message sent to the base station. This means that
an accurate estimation of g3 may be provided. The most difficult task is to
estimate the path gain between the new D2D pair and the existing one. At
this point, reader may understand the significance of letting the transmitter of
the new D2D pair listen for interference. The following assumption is made.

The sending UE of a new D2D pair will approximately create to existing
D2D pairs, as much interference as it receives from them.

In this case, the total interference that UE 3 receives during the discovery
process, is given by equation 3.12. We will make the assumption that the
average value of that interference is

Ī =
1

2
I
(1)
3 (3.13)

This is the estimation of interference that UE 3 will cause to UE 5, which in
turn provides an estimation about the path gain g35.

3.2.2 Resource Allocation in Different Scenarios

This section describes how is resource allocation implemented for different
scenarios. In fact, four different scenarios concerning the existing users in the
cell are described. All scenarios are summarized in table 3.1. In every possible
scenario, one or two new D2D pairs may arrive at the same time in the cell.

In every possible scenario, the maximization of the sum throughput is taken
into consideration. This means that a pair may reuse resources from all existing
links, if possible. In every case, an existing link is chosen to share resources
with only, if it offers a higher utilization of the resources assigned to it. The
disadvantage of that, is that, in the case of 2 new pairs for example, if one of
the new pairs offers higher utilization in all links, only that pair is chosen and
the second one is in outage, although it could be supported, resulting to not
as high sum throughput, as in the the first case.
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Figure 3.6: Scenario 1. Three cellular pairs exist in the cell and one new D2D
pair arrives.

Scenario 1

In this scenario, it is assumed that 3 cellular pairs exist in the cell. Figure 3.6
displays this scenario. Because only uplink resources are taken into consider-
ation, only the transmitters of the cellular pair are displayed. These are UE
1, UE 2 and UE 3. The new D2D pair consists of UE 4 and UE 5. For every
cellular link, the SINR and the throughput, before the new D2D pair arrives,
are as follows.

Γ́i =
gi ∗ Pi
N

, Ŕi = cWlog2(1 + Γ́i) (3.14)

Resource sharing between the new D2D pair and cellular pair i leads to the
following SINR and throughput calculations.

Γi =
gi ∗ Pi

g4 ∗ P4 +N
, Γ45 =

g45 ∗ P4

gi5 ∗ Pi +N
(3.15)

and

Ri = cWlog2(1 + Γi) R45 = cWlog2(1 + Γ45) (3.16)

The criterion indicates that, for every existing cellular pair i, if Ri +R45 ≥ Ŕi,
then the new D2D pair can share resources with. It is pretty straightforward
that the new D2D pair can share resources with one, two or all three cellular
pairs simultaneously. This will lead to sum throughput maximization.

Let’s assume now that 2 new D2D pairs arrive in the cell. This scenario is
depicted in figure 3.7.

In this case, the SINR and throughput calculations for every cellular pair
i, are given in equations 3.4. Also, the same calculation after the introduction
of one new D2D pair as in equations 3.15, apply. The question now is what



CHAPTER 3.
CRITERION FOR MODE SELECTION AND RE-
SOURCE ALLOCATION

29

Figure 3.7: Scenario 1. Three cellular pairs exist in the cell and two new
D2D pairs arrives.

will happen if a second D2D pair arrives at the same time with the first one.
If both D2D pairs share the resources of the same cellular user, the SINR and
throughput calculations are as follows.

Γi =
gi ∗ Pi

g4 ∗ P4 + g6 ∗ P6 +N
, Γ45 =

g45 ∗ P4

gi5 ∗ Pi + g65 ∗ P6 +N

Γ67 =
g67 ∗ P6

gi7 ∗ Pi + g47 ∗ P4 +N
(3.17)

and

Ri = cWlog2(1 + Γi) R45 = cWlog2(1 + Γ45)

R67 = cWlog2(1 + Γ67) (3.18)

The path gains g65 and g47, which are the path gains between the new
D2D pairs are unknown. However, during the discovery phase of the new D2D
pairs, message transmissions take place by the new UEs. It is assumed that
the receiving UE of every new D2D pair gains knowledge about those paths
through these message transmissions. For the purposes of the current thesis,
it is assumed that these path gains are estimated with accuracy by new D2D
pairs. It is impotrant to mention that, during the initial discovery phase, a
separate channel is used for discovery. This means that only transmissions from
the new D2D UEs occur in this channel. This allows the accurate estimation
of the previously mentioned path gains.

Application of the criterion for mode selection in the case where two new
D2D pairs arrive indicates that, if Ri+R45+R67 ≥ Ri+R45 and Ri+R45+R67 ≥
Ri + R67 and of course Ri + R45 + R67 ≥ Ŕi, then both new pairs may share
resources with the cellular pair. Else, the pair which offers higher throughput of
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Figure 3.8: Scenario 1. Two cellular and one D2D pairs exist in the cell and
one new D2D pair arrives.

the cell is chosen. This criterion is very strict in this case too, as if throughput
maximization is more favorable with one pair only, for all links i, then only
that D2D pair is chosen. A different rule could be applied, allowing both new
D2D pairs share resources with cellular pairs, offering the advantage of adding
one more D2D pair in the cell and accepting a lower, but still more efficient
resource sharing. For the purpose of this thesis, a strict criterion is applied,
achieving throughput maximization that way.

Scenario 2

In scenario 2, there are two cellular and one D2D pairs in the cell and one new
D2D pair arrives. The existing D2D pair already shares resources with one
or both cellular pairs. Figure 3.8 displays this scenario. Like in the previous
scenario, only the transmitters of the cellular pairs are displayed. UE 1 and
UE 2 are the two cellular pairs and UE 5 - UE 6 is the D2D pair that exists in
the cell, sharing resources with UE 1. UE 3 - UE 4 is the new D2D pair that
arrives in the cell.

The SINR and throughput calculations for the existing pairs, before the
new D2D pair arrives are as follows.

Γ1 =
g1 ∗ P1

g5 ∗ P5 +N
, Γ56 =

g56 ∗ P5

g16 ∗ P1 +N

Γ2 =
g2 ∗ P2

N
(3.19)

and

R1 = cWlog2(1 + Γ1) R56 = cWlog2(1 + Γ56)

R2 = cWlog2(1 + Γ2) (3.20)
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When the new D2D pair arrives, it can share resources with UE 1 or UE
2 or both. If it shares resources with UE 1, it will have to share with D2D
pair as well. Furthermore, in scenario 1, each cellular link was utilizing W
bandwidth. This means that the total available bandwidth in the cell is 3W .
In scenario 2, each of the cellular pairs utilizes a bandwidth of 3

2
W . The SINR

and throughput calculations, after the introduction of the new pair, are as
follows.

Γ1 =
g1 ∗ P1

g5 ∗ P5 + g3 ∗ P3 +N
, Γ56 =

g56 ∗ P5

g16 ∗ P1 + g36 ∗ P3 +N

Γ2 =
g2 ∗ P2

N
Γ34 =

g34 ∗ P3

g14 ∗ P1 + g54 ∗ P5 +N
(3.21)

and

R1 = c
3

2
Wlog2(1 + Γ1) R56 = c

3

2
Wlog2(1 + Γ56)

R2 = c
3

2
Wlog2(1 + Γ2) R34 = c

3

2
Wlog2(1 + Γ32) (3.22)

If the application of the criterion for mode selection indicates that sharing
resources with UE 1 leads to maximization of the sum throughput, then new
D2D pair will share resources with UE 1. For UE 2, the same calculations
apply, but this time, interference to and from the existing D2D pair are not
considered, as it shares resources only with UE 1. If the criterion for mode
selection indicates that higher utilization of the resourcees of UE 2 may be
achieved if they are shared with new D2D pair, then the new D2D pair will
also share resources with UE 2. It is straightforward that the new D2D pair
may share resources with both UE 1 and UE 2.

For the case that two new D2D pairs arrive simultaneously in the cell, the
analysis performed for the same case of criterion one combined with the one
presented here is considered to be sufficient.

Scenario 3

In scenario 3, it is assumed that 1 cellular pair exists in the cell, sharing
resources with two existing D2D pairs, simultaneously. The new D2D pair
has to share resources with that cellular pair, accepting interference from and
causing interference to all the existing pairs in the cell. Both the analysis for
the SINR and the throughput calculations are similar to those presented for
criterion 2. The differences may be located in the throughput calculations,
as in this scenario, the cellular pair will utilize all resources available in the
network. This means that the total bandwidth utilized by the existing cellular
pair will be 3W . The same bandwidth will be utilized by the new pair or pairs,
in the case which two new D2D pairs arrive at the same time in the cell.
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Scenario 4

In this scenario, three D2D pairs exist in the cell and no cellular par is present.
All D2D pairs utilize the same resources, 3W , causing interference to each
other. The new D2D pair has to share resources with all existing D2D pairs,
simultaneously. The same thing stands for the case which two new D2D pairs
arrive in the cell at the same time. The analysis performed for the previous
scenarios is considered to be sufficient.

3.2.3 Conclusion

In chapter 3, the criterion for mode selection and a resource allocation scheme
were presented. Moreover, a method to estimate the path gains between all
the UEs and between the UEs and the base station were suggested. The
resource allocation scheme was analyzed for a number of different simulation
scenarios. The scenarios are considered to be realistic, although scenario four
is unprobable. However, the analysis for all scenarios strengthens the validity
of the the scheme and offers a sense of generalizability. in the chapter 5,
simulation results are presented and analyzed for every possible scenario.



Chapter 4

Simulation Environment and
Tools

In chapter 4, the simulation environment that was created for the purposes
of the current thesis is presented. It is important to mention that, although
the basic simulation is the same for the transmission probability and the mode
selection criterion with the resource allocation scheme, some different details
are applied. In the course of this chapter, the general simulation environment
will be presented in the first section and then the details for each of the different
topics of investigation.

4.1 Introduction to the Simulation Environ-

ment

A single cell environment is simulated in this thesis. The cell is assumed to be
circular with radius R. The base station is located in the center of the cell.

4.1.1 User Distribution

Users are uniformly distributed over the cell area, following a Circular Uniform
Distribution. Two different types of users are considered, Cellular Users (CU)
and Device-to-Device (D2D) Users. Cellular users communicate using one up-
link and one downlink channel, relaying information through the base station.
D2D users communicate using one bidirectional link only, utilizing the uplink
resources.

4.1.2 Channel Model

The proposed channel model is presented in [11]. It describes different path
loss calculation models for cellular and D2D links.
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Path Loss Model for Cellular Links

For the traditional, cellular links, which are the links between the eNodeB and
the devices, the path loss model is described as follows,

LOS = 22log10(d) + 42 + 20log10(f/5) (dB) (4.1)

NLOS = 36.7log10(d) + 40.9 + 26log10(f/5) (dB) (4.2)

The final path loss calculation is done using the following formula,

Lcell = α ∗ LOS + (1− α) ∗NLOS + χcell (dB) (4.3)

where,
α = min(d/10, 1) ∗ (1− exp(−d/36)) + exp(−d/36) (4.4)

Path Loss Model for D2D Links

For the D2D links, which are the links between devices only, the path loss is
calculated using the following formulas,

LOS = 16.9log10(d) + 46.8 + 20log10(f/5) (dB) (4.5)

NLOS = 40log10(d/1000) + 30log10(f ∗ 1000) + 49 (dB) (4.6)

The final path loss calculation is given from the following formula,

LD2D = α ∗ eNBLOS + (1− α) ∗NLOS + χD2D (dB) (4.7)

where,

α =


1, if d ≤ 4

exp(−(d− 4)/3), if 4 < d < 60

0, if d ≥ 60

(4.8)

In the formulas presented, for both cellular and D2D links, LOS andNLOS
are the Line-of-Sight and Non-Line-of-Sight signal attenuation, respectively,
the distance d between the communicating edges of the link is calculated in
meters (m), the frequency of the carrier signal f is calculated in GHz and α
is the probability of LOS.

In the scope of the simulations of the effect of shadow fading, the variable χ,
which is log-normally distributed, is added to the final path loss calculations.
For the cellular links, this variable is denoted as χcell and has a mean of 0 dB
and variance of 3 dB. For the D2D links, it is denoted as χD2D and has a mean
of 0 dB and variance of 8 dB.
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4.1.3 Network Resources

In all the simulation scenarios, it is assumed that no extra orthogonal resources
are available iin the network. This means that the new D2D pair has to share
resources with existing pairs in the cell, otherwise the new pair is assumed to
be in outage. Furthermore, aplink resources are utilized.

4.2 Simulation Environment for Device Dis-

covery Algorithms

In this part, the discovery algorithms are compared in terms of time. Time here
means the total time slots needed to complete the process, for each algorithm.
The new pairs are dropped in the cell area, following a uniform distribution
over it. This means that the new pair is D2D pair, only for a fraction of the
total repeats of the algorithm. The results presented, are only for the case the
new pair is actually a D2D pair. At this point, it is important to say that
the simulation is run 100, 000 times in order to provide sufficient statistical
accuracy.

Moreover, simulation results about on the study of optimum transmission
probability are provided. The same environment is created and simulated.
The optimum transmission probability is compared with the simle adaptive
1
N

, where N is the number of new pairs. It is called adaptive because, during
the execution of the algorithm, if a pair is discovered, it is removed and the
transmisssion probability increases, as N decreases.

4.3 Simulation Environment for Mode Selec-

tion Criterion and Resource Allocation Scheme

In this case, users are again dropped in the cell area, following a uniform
distribution. However, for the existing users, there are a number of different
scenarios. This means that there are some restrictions in the user distribution,
in order to satisfy the needs for all scenarios. For the new D2D pair, the
distribution is uniform. Again, the new pair is D2D only for a fraction of the
total number of simulations. The results are presented only for this fraction
of the total number of simulations.

4.4 Simulation Tool

In order to simulate the cell environment, Matlab is used to generate the it.
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4.5 Parameters Used in Simulations

In table 4.1, the values for the parameters used in the simulations performed
are presented.

Parameters Values
Cellular Layout Single Cell

Cell Radius 400m
Noise Factor −104 dBm

Device Transmitting Power in Cellular Mode 21 dBm
Device Transmitting Power in D2D Mode 15 dBm

Transmitting Power of Reference Signal during Discovery 21 dBm
SINR Threshold for Cellular UEs γCELL 10 dB

SINR Threshold for D2D UEs γD2D 5 dB
Tota Celll Bandwidth 6 MHz

Table 4.1: Values of Simulation Parameters.



Chapter 5

Simulation Results

In chapter 5, the results of the simulations are presented. First of all, the
comparison of the two discovery algorithms introduced in chapter 3 is per-
formed, with respect to the total amount of time needed to discover D2D
pairs. Furthermore, a comparison between the transmission probability that
was developed in chapter 3 as well and the adaptive 1

N
, where N is the num-

ber of D2D pairs to be discovered, is presented, with respect to time. In the
second part of this chapter, the effectiveness of the mode selection criterion,
that was proposed in chapter 4, is presented, discussed and analyzed. Finally,
the result of the resource allocation scheme on the total throughput of the cell
is discussed.

5.1 D2D Device Discovery Algorithms

In this section, the comparison between the two proposed discovery algorithms,
in terms of time needed to discover D2D pairs, is presented. Moreover, the
comparison between the analytical model for the transmission probability of
the UEs and adaptive 1

N
, in terms of time needed to discover D2D pairs, is

presented.

5.1.1 Comparison Between Proposed Discovery Algo-
rithms

In this section a comparison between the discovery algorithms is presented
for two and four new D2D pairs. The presentation of the simulation results
for more than four new D2D pairs is not necessary as it is highly unlikeable
that more D2D pairs will appear simultaneously in the cell, requesting D2D
connection. Figure 5.1 illustrates the comparison between the two proposed
algorithms, for two and four new D2D pairs that participate in the discovery
process. At this point, it is essential to remind the names of the two algorithms.
The first one is the Centralized, Fully-Network Dependent Algorithm and the
second is the Semi-Centralized, Semi-Network Dependent Algorithm.
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Figure 5.1: CDF of Total Time Needed to Discover two and four new D2D
pairs, using adaptive 1

N
Transmission Probability
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In both parts of figure 5.1, the CDF of the total number of time slots needed
to discover D2D pairs is presented. The cyan line represents the time needed, if
no collisions are allowed and the transmission of every message is scheduled by
the base station, in different time slots, for the first discovery algorithm. The
red line represents the same case for the second discovery algorithm. The blue
line represents the CDF of the total number of time slots needed to discover
D2D pairs, if collisions take place during the discovery process. In this case,
the base station does not schedule UEs in different time slots, for the first
algorithm. Every UE transmits with a certain transmission probability, which
is defined by the base station. The magenta line represents the same thing for
the second algorithm. The figure on the top of the page is for two new D2D
pairs and the figure on the bottom of the page is for four new D2D pairs.

From the top figure, it is clear that the second algorithm provides better
results in the discovery process than the first one. This is because, in the
second discovery algorithm, the first discovery message is transmitted directly
to the receiving UE of the D2D pair, without first requesting permission from
the base station. Another advantage of the second algorithm is that, if the
new pair of UEs is not actually a D2D pair, it is realized by the first message
transmission, whereas in the first algorithm, some initial message transmissions
will occur. In the second figure, the superiority in performance, of the second
algorithm becomes more obvious.

Furthermore, another observation in the upper figure is that, if UEs are
allowed to transmit with a certain transmission probability, in the beginning
of each slot, the performance of the discovery process is degraded, compared
to having the base station schedule the transmissions of the UEs, avoiding col-
lisions. However, the advantage of the using a certain transmission probability
by the UEs is more obvious in the lower figure. It is clear that higher time
efficiency is achieved if done so. The difference is augmented if more D2D pairs
participate in the discovery process.

5.1.2 Comparison Between Analytical and Adaptive Trans-
mission Probaability Models

In this section, a comparison between the analytical and the adaptive models
for the transmission probability is presented. As a reminder to the reader, the
analytical model for the transmission probability was developed and presented
in chapter 3. The adaptive model for the transmission probability could be
sufficiently described by the expression 1

N
, where N is the number of D2D

pairs that take part in the discovery process. It should be mentioned that
both the adaptive and the analytical models adapt dynamic behaviour of the
transmission probability, which means that, if a D2D pair completes the dis-
covery process before others, it is removed by the process and the transmission
probability increases accordingly.

Figure 5.2 displays the comparison between those models, in terms of total
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Figure 5.2: Comparison between Adaptive and Analytical Transmission
Probability, for two and four new D2D pairs.
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time needed to discover D2D pairs, for 2 and for 4 new D2D pairs. The cyan
line represents the total number of time slots needed to discover the D2D
pairs, using the transmission probability provided by the analytical model,
for the first algorithm. The red line displays the same thing for the second
algorithm. The blue represents the total number of slots needed to discover
all D2D pairs, using the adaptive model for the transmission probability, for
the first algorithm. The magenta line represents the same thing for the second
algorithm. The figure in the upper part of the page is for two new D2D pairs
and the figure in the bottom part of the page is for four new D2D pairs.

From the figure on the upper part of the page, it is obvious that the ana-
lytical model for the transmission probability provides better results, in terms
of time.That difference is more obvious in the bottom figure, which depicts the
case with four new D2D pairs. That difference will be augmented for higher
number of new D2D pairs that take part in the discovery process. However,
it is improbable that more D2D pairs will participate in the discovery process
simultaneously.

Another important result to note, is that the analytical model provides even
better results for the second algorithm, in comparison to the first algorithm.
This happens because, during the analysis in chapter 3, it was assumed that
messages that collide are discovery messages intended for other D2D UEs and
not the base station. This provides a better approximation, especially for the
second algorithm, in which two message transmissions from the sending to the
receiving UE of the same D2D pair are necessary.

5.2 Criterion for Mode Selection and Resource

Allocation

In this section, the effectiveness of the proposed criterion for mode selection
is evaluated. The evaluation depends on if the criterion leads in higher sum
throughput in the cell. Moreover, the sum throughput of the cell, using the
criterion, is presented and compared to the sum throughput of the cell, before
the new pair or pairs arrive. The results are presented for one and two new
D2D pairs, for all possible scenarios, which were presented and analyzed in
chapter 3.

5.2.1 One New D2D Pair

Figure 5.3 depicts the effectiveness of the criterion for mode selection. In order
to evaluate the its effectiveness, we use the ratio of the sum throughput of the
cell with the new pair over the sum throughput of the cell without it. In order
to make it more clear for the reader, the ratio is presented in equation 5.1

Ratio =
Sum Throughput of cell with the new D2D Pair

Sum Throughput of cell without the new D2D Pair
(5.1)
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(a) Scenario 1 (b) Scenario 2

(c) Scenario 3 (d) Scenario 4

Figure 5.3: Ratio of Sum Throughput of Cell with New D2D Pair over Sum
Throughput of Cell wthout it, for all four Scenarios.
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The results presented in Figure 5.3 indicate that the criterion for mode
selection is extremely accurate for scenario one, in which three cellular pairs
exist in the cell when the new D2D pair arrives. This is because the part of
the discovery process in which both the transmitting and the receiving UEs
of the new D2D pair listen for interference, allows very accurate interference
estimation at the D2D receiver. Moreover, the base station knows exactly how
much interference is caused to the existing cellular pairs, by the new D2D pair,
as the interference is caused in the uplink of the cellular pair, and the base
station can estimate the path gain between the new D2D pair and itself.

For scenario two, in which two existing cellular and one D2D pair exist
in the cell, the criterion makes wrong estimation for a small percentage (less
than 5 %) of the total cases. The same applies for scenario three, in which one
cellular and two D2D pairs exist in the cell, only in this case the percentage is
a little bit higher (approximately 7 %). The criterion is evaluated as adequate
in both scenarios, as it provides promising results for 95 % and 93 % of the
cases. The reason for not providing accurate results for all the cases, is that,
when one or two D2D pairs exist in the cell sharing resources with an existing
cellular pair, although the estimation of the interference that will be caused
to the new D2D pair is accurate, it is very difficult to predict the interference
the new D2D pair will cause to existing D2D pairs. The estimation provided
in chapter 3, for the interference caused by the new D2D pair to existing D2D
pairs is not sufficient.

For the last scenario, scenario four, in which only three D2D pairs exist in
the cell, sharing the same resources, the behaviour of the criterion is inade-
quate. For almost 50 % of the cases, the criterion fails to provide an accurate
estimation. This happens because only D2D pairs exist in the cell and, as men-
tioned before, the estimation does not provide adequate results, concerning the
interference the new D2D pair will cause to existing D2D pairs.

Figure 5.4 illustrates the total sum throughput of all pairs in the cell when
one new D2D pair arrives, in comparison with the sum throughput of the cell
without the new D2D pair. The results are derived by applying the suggested
mode selection criterion.

The first thing to notice is that resource utilization increases when more
D2D pairs exist in the cell. This means that higher throughput is achieved
that way because the same resources are reused by existing D2D pairs and
cellular pairs. Moreover, highest resource utilization is achieved when three
cellular pairs exist in the cell, as it is depicted in figure 5.4 (a), because we
have perfect estimation of the interference that will be caused to the existing
cellular users, by the new D2D pair and vice versa. The sum throughput
also increases in scenarios two and three, as the interference estimation was
adequate. In scenario four, depicted in the figure 5.4 (d), the sum throughput
of the cell is deeply affected by inaccurate interference estimation, leading to
strong degradation of it.
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(a) Scenario 1 (b) Scenario 2

(c) Scenario 3 (d) Scenario 4

Figure 5.4: Comparison of Sum Throughput of the Cell after new D2D pair
arrives, with Sum Throughput of the Cell before the New D2D Pair arrives,

for all four Scenarios.
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5.2.2 Two New D2D Pairs

In this section, the analysis of the criterion for mode selection is presented for
all four scenarios, when two new D2D pairs arrive in the cell. Moreover, the
throughput analysis presented here is similar to the previous one.

Figure 5.5 depicts the effectiveness of the criterion for mode selection, using
the ratio of equation 5.1 as an evaluation tool.

As it was mentioned in the case which one new pair arrives in the cell,
the proposed criterion for mode selection offers extremely accurate results, in
scenario one in which three cellular pairs exist in the cell. The reasons for
that were explained for the case of one new D2D pair. The behaviour of the
criterion for scenarios two and three is the same as in the case of one new D2D
pair as well. The reason why the same behaviour is observed, is that cellular
users still exist in the cell, providing accurate prediction of the interference
at cellular links. Also, the interference caused at the new D2D pairs can be
estimated correctly, by allowing the receiving UEs of the new D2D pairs listen
for interference.

What is worth to observe is that, in scenario four, in which only D2D pairs
exist in the cell, sharing all the resources of the network, the behaviour of
the criterion is better. A possible explanation to that, is that there are two
new pairs in the cell, providing two different estimations of the interference
that will be caused in the existing D2D pairs. However, the criterion is not
adequate, because in most cases, D2D mode for the new pairs is not applied.
It could be said that it is a safe option, but not a sufficient one.

In figure 5.6, the comparison between the sum throughput of the cell, in-
cluding the new D2D pairs, with the sum throughput of the cell without them,
is presented.

The same observation like in the case of one new D2D pair, concerning
the better utilization of the total resources, when more D2D pairs exist in the
cell, can be made here as well. It should be mentioned that only the cases in
which both new D2D pairs are accepted by the criterion, simultaneously, are
presented in the figures. It can be observed that, in the first three scenarios,
the sum throughput of the cell is increased, as the criterion for mode selection
provides accurate estimation of the interference caused by new D2D pairs to
existing pairs and vice versa. For the last scenario, in which 3 D2D pairs exist
in the cell, the results show an increase in the sum throughput, in contrast
to the same scenario for one new D2D pair. As it was mentioned before, the
criterion provides a better estimation, as more measurements for interference
are reported to the base station. However, the criterion is a safe option and is
not adequate, which makes the results insufficient for evaluating the effect in
sum throughput of the cell.
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(a) Scenario 1 (b) Scenario 2

(c) Scenario 3 (d) Scenario 4

Figure 5.5: Ratio of Sum Throughput of Cell with New D2D Pairs over Sum
Throughput of Cell wthout them, for all four Scenarios.
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(a) Scenario 1 (b) Scenario 2

(c) Scenario 3 (d) Scenario 4

Figure 5.6: Comparison of Sum Throughput of the Cell after two new D2D
pairs arrive, with Sum Throughput of the Cell before the New D2D Pairs

arrives, for all four Scenarios.



Chapter 6

Conclusion and Discussion

In chapter 6, a summary of the final results is presented. Moreover, an evalua-
tion of the discovery algorithms, the transmission probability for the discovery
phase, the criterion for mode selection and the resource allocation is performed.
Furthermore, the findings of the current thesis are presented and their contri-
bution is analyzed. Finally, suggestions about future work, that could be based
on the results of the current thesis is provided.

6.1 Summary and Discussion

The first part of the current thesis consists of the two proposed discovery al-
gorithms, the Centralized, Fully-Network Dependent Algorithm and the Semi-
Centralized, Semi-Network Dependent Algorithm. Results show that the sec-
ond algorithm is more efficient than the first, as it succeeds in discovering the
new D2D pairs faster. Moreover, it is more efficient in the case that a pair is not
actually a D2D one, as it stops the D2D discovery process in the first message,
whereas the first algorithm needs some message transmissions, before doing so.
The difference in performance of the two discovery algorthms is higher when
more D2D pairs participate in the discovery process. The comparison results
were expected, as the second algorithm behaves in a more decentalized way,
ommitting initial message transmissions to the base station.

The second part of this thesis, was the study of the optimum transmisssion
probability. An analytical model was developed and present. This model was
compared to a simple one, which is referred to as adaptive. Results show that
the analytical model provides better results, in terms of time needed to discover
D2D pairs. Results are confirmed by both discovery algortihms. Another
observation was that the analytical model for the transmisssion probability is
more efficient with the second algorithm. Results were expected, as an SINR
threshold is taken into account when collisions take place, for correct message
reception. The analytical model utilizes this threshold whereas the adaptive
model does not. Moreover, the analytical model is more efficient with the
second algorithm, because among the assumptions made for the calculation of
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the transmission probability, it was assumed that when two UEs participate
in a collision, the message transmissions were intended for other UEs and not
the base station.

The third part of the thesis was the study of a criterion for mode selection.
Results show that the criterion is extremely accurate in the scenario which
three cellular pairs exist in the cell. Moreover, it is considered adequate for
the scenarios which include cellular and D2D pairs existing in the cell and
sharing resources. However, the criterion is not effective when only D2D pairs
exist in the cell. The reasons for that were analyzed in chapter 5. A better
estimation of the interference caused by new D2D pairs to existing cellular and
D2D pairs and vice versa would improve the behaviour of the criterion a lot.
The results were expected for all scenarios. Especially for the last scenario,
the estimation of the interference is very difficult and needs improvement.

The last part of the thesis was the resource allocation. it was assumed
that new D2D pairs could utilize as many resources as possible from the cell,
sharing them with existing pairs. Results show that it is possible and it offers
high resource utilization. The results were combined with the criterion for
mode selection. The performance of this resource allocation is higher when
cellular users only exist in the cell.

6.2 Contribution

The contribution of the current thesis is summarized below.

1. Two D2D discovery algorithms were defined, using information for exist-
ing work, analyzed and compared. A suggestion in favor of one of them
is made.

2. An analytical model for the transmission probability of UEs during the
discovery phase was developed and compared with the adaptive one.

3. One criterion for mode selection was proposed and presented. Simula-
tions for different scenarios were presented and evaluated.

4. A method for estimating interference caused by new D2D pairs to existing
ones and vice versa is proposed and analyzed. This method is evaluated
through a number of simulations, for different scenarios.

5. A resource allocation scheme is presented and evaluated through a num-
ber of simulations for different simulation scenarios.

6.3 Future Work

The current thesis uses a number of simulations for different scenarios in order
to evaluate the performance of the all topics of investigaation. The simulation
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environment includes a single cell only. It would be a good suggestion to
perform the simulations in an environment with multiple cells. Moreover, it
is assumed that the links between entities in the network suffer from slow
fading. It would very interesting to evalluate the results, including fast fading.
Furthermore, in the criterion for mode selection and the resource allocation
scheme, no protection for the existing links is provided. The ultimate goal
was the sum throughput maximization without taking into consideration a
minimum CoS for the existing users. An imporvement could be made, by
including this protection. Finally, the scheme for interference estimation could
be further improved, to provide more accurate results.
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