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Abstract

The steep growth in the mobile data traffic has gained a lot of attention in re-
cent years. This growth is mainly the result of emerging applications, multimedia
services, and revolutions in the device technology. With current deployments and
radio resources, operators will not be able to cope with the growing demands. Con-
sequently, there is a need to either provide new resources or increase the efficiency
of what is available. Proposed solutions for accommodating growing data traffic
are based on improvements in three dimensions: efficient use of radio resources
especially the spectrum, technology advancements, and densifying the current in-
frastructure. In this thesis, we focus on the spectrum dimension. Providing more
spectrum is a long-term process. However, increasing the spectrum usage and effi-
ciency can be put rapidly in practice. We discuss potential solutions in the area of
spectrum sharing. Among enabling technologies to facilitate spectrum sharing, we
consider the cognitive radio and device-to-device (D2D) communications.

In order to gain from sharing the spectrum, systems need to somehow deal with
extra sources of interference. In the first part of the thesis, we consider a primary-
secondary sharing model in cognitive radio networks. We employ the cooperative
communication method in order to facilitate the access of the secondary system to
the licensed spectrum of the primary system, and therefore increase the spectrum
usage. The cooperation between the two systems is formed provided that it is ben-
eficial for the primary system. In this way, the primary users’ quality-of-service can
be preserved while at the same time the secondary users can access the spectrum.
This cooperative approach prevents both systems from concurrent transmissions.
As a consequence, the need for interference control techniques are eliminated. We
evaluate different models and transmission schemes and optimize the corresponding
parameters to quantify the gain resulting from cooperative spectrum sharing.

In the second part of the thesis, we consider spectrum sharing within one system
between different types of users. This is done in the context of D2D communications
where close proximity users can transmit directly to each other. For this type of
communications, either dedicated resources are allocated or resources of the cellular
users are reused. We first study the feasibility of cooperation between D2D and
cellular users and identify the scenarios where it can be beneficial. Then we take
on a challenging problem which guarantees the gain from the D2D communication,
namely the mode selection. For this problem, we characterize the decision criteria
that determines if D2D communication is gainful. Next, we focus on the problem
of interference in D2D communications underlaying cellular networks, where the
same spectrum is reused in the spatial domain. In such scenarios, the potential
gain is determined by how the interference is managed, which in turn depends on
the amount of available information at the base station. The more information
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is required, the more signaling is needed. In this part of the thesis, we address
the trade-off between the signaling overhead and the performance of the system
and propose a novel approach for interference control which requires very little
information on the D2D users.
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Thesis Overview
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Chapter 1

Introduction

In recent years, wireless networks have been expected to accommodate large amount
of mobile broadband data which are anticipated to grow even more in the upcoming
decade as can be seen in Figure 1.1. The growth is mainly the result of emerging
multimedia applications that are supported by new types of devices such as smart-
phones and tablets [Eri13a, Eri12]. In addition, multiple devices per user should
be supported [Rea10] which contributes to higher data traffic. As a result, the
total generated mobile data is predicted to have 1000-fold increase by the year
2020 [HSS13]. This is extremely demanding in terms of network resources such as
spectrum, power and infrastructure.

Satisfying these demands relies on improvements in three dimensions: tech-
nology, topology, and spectrum availability and its usage [HSS13]. Traditionally,
the technology has been the main focus leading to solutions such as using high-
order modulation and coding schemes as well as multiple-input multiple-output
(MIMO) systems. In this dimension, the performance gain is limited by hardware
impairments, signaling overhead and computational complexity. Recently, the fo-
cus is shifted to the other two dimensions, i.e., the topology and more efficient
use of the available spectrum. Subsequently, solutions such as network densifica-
tion, including heterogenous and small-cell networks and spectrum sharing have
emerged [Eri13a,Eri12,HSS13].

Network densification is a strategic decision for mobile operators which needs
careful cost evaluation in order to make their businesses profitable. On the other
hand, spectrum sharing in underutilized licensed spectrum has been considered as
an efficient short-term approach for handling the data traffic growth when clearing
or refarming spectrum is not feasible.

Besides the issue of large data volume in the upcoming decade, the user ex-
perience is also an important challenge. Current networks may offer good quality-
of-service (QoS) in isolated areas but they cannot envision the future of wireless
systems in areas where they have to handle users that are located tightly close
to one another such as shopping malls, festivals, stadiums, and even office build-
ings [PBM+13]. Moreover, in such densely populated environments, spectrum is sel-
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4 Introduction

Figure 1.1: Mobile data traffic growth prediction [Cis14].

dom underutilized, but networks still benefit from using their spectrum efficiently
to preserve users’ QoS and at the same time increase the number of connections
per spectrum usage. Consequently, for fully utilized spectrum, there is a need for
more spectrally efficient solutions with low-cost infrastructure deployments.

1.1 Problem Formulation

The radio spectrum can be reused or shared in time, space, and frequency. For
instance, a certain licensed bands may be underutilized or vacant during a period
of time or in a specific location. Even in highly utilized networks like the cellular
networks when the network is fully loaded, it is possible to reuse the spectrum
in the spatial domain. Furthermore, sharing or pooling spectrum among different
operators in case of demand is also possible. Spectrum sharing can be dealt in tech-
nological aspects as well as policy and business aspects. However, in this thesis, we
only deal with the technological aspects and point out the scenarios that are im-
portant. Spectrum sharing provides a lot of possibilities for tackling the problem of
data tsunami in the upcoming years while simultaneously opens up new challenges.

One of the important issues in spectrum sharing is dealing with the created
extra interference which may degrade the performance of legacy network and limit
the potential gains. There are several approaches to deal with interference in net-
works, but they often come at a high price in terms of complexity and signaling
overhead. To address the interference issue, we investigate two kinds of in-band
spectrum sharing with different hierarchy levels for fully utilized spectrum. The
first scenario considers spectrum sharing between two different systems while the
second one considers spectrum sharing within the same system. In terms of the en-
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abling technologies, we consider cognitive radio (CR) and device-to-device (D2D)
communications. Eventually in this thesis, we try to answer the following high level
questions:

• When can two different networks benefit from spectrum sharing?

• When can a single network take advantage of spectrum sharing among its
users?

• What are the trade-offs between interference control, complexity, and signal-
ing overhead in spectrum sharing?

1.1.1 Spectrum Sharing Between Two Different Systems

In this scenario, we consider a primary-secondary network where the secondary
system has a cognitive ability. Cognitive radios are flexible smart devices which
exploit the available information regarding other nodes in their environment in
order to utilize the spectrum. This idea is based on reusing the spectrum in temporal
and spatial domains. There are two types of users in cognitive radio networks. The
cognitive users are called the secondary users (SUs) while the nodes they monitor
in order to exploit their spectrum are called the primary users (PUs). Basically,
PUs are the ones that have the license to use the spectrum while SUs do not have
any rights regarding the spectrum.

Cognitive radio networks have been studied under three different paradigms,
namely interweave, underlay, and overlay [GJMS09]. These paradigms are different
from one another based on the amount of available information at different nodes
as follows:

• Interweave: SUs detect the spectrum holes, i.e., PUs’ inactivities, for trans-
mission.

• Underlay: SUs have to satisfy an interference threshold constraint of PUs
for which they need to have the channel knowledge of PUs.

• Overlay: users are more advanced and have the ability to decode the trans-
mitted messages of PUs in order to help them improve their performance.
One way that facilitates the overlay approach is using cooperative commu-
nications. That is, the cognitive users collaborate with PUs in relaying PUs’
information, and at the same time, they are rewarded with the opportunity
to transmit their own data.

In the interweave paradigm, the SU requires constant monitoring of the PU’s ac-
tivity. This is possible through spectrum sensing or get help from a geolocation
database. The spectrum sensing approach is very challenging and power consum-
ing [YA09] and there is also the risk of hidden transmitters. On the other hand,
the geolocation database might be outdated. If the precision is very important, a
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combination of both sensing and database is proven to be more beneficial [YA09].
The interweave approach is only beneficial when the system is underutilized or the
interaction between the SU and the legacy system is impossible [Peh09]; as it is
difficult to guarantee a certain QoS for the SU.

In the underlay paradigm, the protection of PUs is of an interest. The SUs are
low-power transmitters, however, the aggregate interference can be devastating for
the PUs. So, careful resource and interference management is needed to protect
PUs [GJMS09]. The underlay approach facilitates the spectrum reuse in the spatial
domain in order to control the interference. However, this would not be possible in
dense areas where PUs are close to SUs.

On the other hand, in the overlay paradigm, if SUs are willing to spend some of
their resources to improve the performance of PUs, it can lead to a more beneficial
collaboration between the two different systems which eases down the problem of
interference in spectrum sharing. In such a case, the performance of PUs can be
improved without any extra infrastructure. In this thesis, we focus on the last ap-
proach, i.e., cooperative spectrum sharing also referred to as relay-assisted cognitive
radio.

1.1.2 Spectrum Sharing Between Users Within the Same

System

In this scenario, we consider spectrum sharing between users of the same system
in cellular networks. As the enabling technology for this scenario we use device-
to-device (D2D) communications. In the D2D communication mode, as opposed
to the conventional cellular mode, the D2D transmitter directly transmits its data
to its receiver without using an intermediate node, i.e., the base station (BS).
This type of communication is beneficial for users that are in close proximity of
each other [FDM+12], and thus, they make use of the network topology. D2D
communications can lead to higher data rates, saving transmit power for both the
network and users, and offloading the core network. Note that this scenario assumes
that D2D users are under control of the BS in contrast to cognitive radio systems
and referred to as network-assisted D2D communications [DRW+09,LZLS12].

D2D users can either transmit concurrently with cellular users using the same
resources or have dedicated resources. In this thesis, we mainly focus on the D2D
communications with shared resources. However, the scenario with dedicated re-
sources is also of importance in applications such as public safety and infrastruc-
ture failures [BDF+13]. Therefore, we briefly discuss the D2D communications with
dedicated resources as well.

Cellular networks are designed such that usually there is no intra-cell inter-
ference among users of the same cell. However, when D2D communications are
introduced in the system, sharing the same resources as cellular users, this assump-
tion is not valid anymore. Most of the existing works in the literature assume that
D2D users communicate underlay of cellular users [DYRJ10, YDRT11], similar to
the secondary users in the underlay cognitive radio paradigm. In such communica-
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tion scenario, in order to have a proper design and limit the interference from D2D
users to cellular users, it is assumed that full channel state information (CSI) is
available at the BS. Based on these assumptions, it is shown that by proper inter-
ference management, spectrum sharing between users in the same system can lead
to performance gains.

In D2D communication scenarios where D2D users belong to the same cell
and network as the cellular users, they do not necessarily have lower priority. In
addition, as D2D users are under the control of the BS, their mode of operation
can always be changed to the conventional cellular mode if the overall network
performance is degraded. Due to the broadcasting nature of the wireless channel,
often the information of one user can be overheard and decoded by nearby users.
This additional information may potentially be used by a D2D user in order to help
another user while accessing its resources. Therefore, the network may benefit from
the cooperation between D2D and cellular users. This cooperation also alleviates the
interference constraint on the cellular users. This scenario is similar to the overlay
paradigm in cognitive radio networks, but without any hierarchy between users.
This type of cooperation reduces the concerns related to the incentive of cooperation
in cognitive radio networks while at the same time offers benefits such as coverage
extension, improving the blind spots, and saving in infrastructure costs. In this
thesis, we look for possible cooperative scenarios that may lead to performance
gain.

In the above scenario, we assume that the operation mode of the users, i.e., the
cellular or D2D mode, is already known. But in network-assisted D2D communica-
tions, the BS needs to regulate the best mode of operation for potential D2D users
in the cell at each scheduling decision. The decision of the operation mode is tightly
connected to proper user pairing and scheduling which in turn contributes greatly
in the gain achieved by this type of spectrum sharing. Additionally, the mode se-
lection decision depends on the network’s objective, distance between users, their
expected QoS, and available resources at the BS such as transmit power and number
of antennas. Taking these parameters into account, we aim at characterizing when
the D2D mode is optimal and the spectrum sharing between users is beneficial.

Since in D2D communications with shared resources both cellular and D2D
users employ the same set of network resources, their performance depend on the
level of interference they cause to each other. Therefore, resource and interference
management are of significant importance. In this regard there are various interfer-
ence control techniques such as power control schemes, fractional frequency reuse,
transmit beamforming, interference alignment or cancelation, etc. However, the effi-
ciency of any of these schemes tightly depends on the available CSI among different
nodes in the cell. Having full CSI may not be a practical assumption and there is al-
ways a trade-off among the complexity, signaling overhead, and the overall system
performance which we study. In addition, we develop schemes that require little
knowledge about channel states and still can improve the network performance.
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1.2 Thesis Outline and Contributions

This section outlines the thesis and summarizes the main contributions. This thesis
is based on six peer-reviewed conference papers, and consists of two parts: the first
part includes Chapters 1–5 as described below, and the second part includes the
corresponding papers.

Chapter 2

This chapter gives an overview of the spectrum licensing schemes and describes
why spectrum sharing can be beneficial to the current licensing systems. Different
categories of spectrum sharing in the literature are introduced with corresponding
examples.

Chapter 3

In this chapter, we study the performance of relay-assisted cognitive radio networks.
The considered scenario consists of one primary link as the spectrum license holder
and multiple secondary links that are willing to collaborate with the primary link
in order to access the spectrum. We assume only one secondary user is allowed
to cooperate with the primary link. The objective of the primary user for sharing
spectrum is to improve its own performance with the help of the secondary user. In
case of cooperation, secondary user acts as a relay and allocates a part of its power
for broadcasting the primary user’s data.

In this scenario, we study two problems: in the first one, the objective is to
maximize the primary user’s performance while satisfying the QoS of the secondary
user. We evaluate the scheme with respect to the fraction of the power that the
cooperative secondary user needs to allocate for the primary user’s signal, the effect
of the direct link quality on the cooperation, and the number of available secondary
users. In the second problem, the objective is to select a secondary user as the relay
which has higher incentive to cooperate while meeting a pre-defined gain for the
primary user. This gain requirement guarantees the primary’s performance gain by
cooperation and at the same time allows the secondary user who gains access to
the spectrum. We study this problem under different transmission schemes of the
secondary user and compare the results. The content of this chapter is based on
the following papers:

• Paper A: S. Shalmashi and S. B. Slimane, “Performance Analysis of Relay-
Assisted Cognitive Radio Systems with Superposition Coding,” in Proceed-
ings of IEEE International Symposium on Personal, Indoor and Mobile Radio
Communications (PIMRC), Sydney, Australia, September 2012.

• Paper B: S. Shalmashi and S. B. Slimane, “On Secondary User Transmis-
sion Schemes in Relay-Assisted Cognitive Radio Networks,” in Proceedings
of IEEE Vehicular Technology Conference (VTC Spring), Dresden, Germany,
June 2013.
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Chapter 4

This chapter considers spectrum sharing between different types of users within the
same system and D2D communications as the enabling technology. We address the
three problems discussed in Section 1.1.2, i.e., cooperative communications, mode
selection, and interference management for D2D communications.

The first problem deals with a crowded communication environment where the
number of users is higher than what actually the BS can support. Due to inter-
ference, spectrum sharing leads to a performance gain when users are spatially
well-separated. We propose to use the idea of spectrum sharing in the downlink of
cellular networks, even when users are tightly close to one another. This is possible
if the D2D user cooperates with the BS in order to transmit the cellular user’s data
along with its own data. Due to the device power limitation, the objective is to min-
imize the D2D user’s transmit power allocated for collaboration with the constraint
that the cellular user’s performance does not degrade. We show the feasibility of
such cooperation, the scenarios and parameters that lead to high performance gains.
The first part of the chapter is based on the following paper:

• Paper C: S. Shalmashi and S. B. Slimane, “Cooperative Device-to-Device
Communications in the Downlink of Cellular Networks,” in Proceedings of
IEEE Wireless Communication and Networking Conference (WCNC), Istan-
bul, Turkey, April 2014.

The second problem deals with mode selection; where multiple antennas are
deployed at the BS. We consider two scenarios regarding the resources for D2D
communications. In the first scenario, resources for D2D communications are ded-
icated to the user, whereas in the second scenario resources are shared with the
cellular user. Given the type of resources, dedicated or shared, we decide on the
preferable mode of communication, i.e., the direct communications (D2D mode)
or communication through the BS (cellular mode). For each resource type, we for-
mulate the problem under two different objectives. The optimization problems are
(i) maximize the QoS under constant transmit power, and (ii) minimize the trans-
mit power under a fixed QoS. In both problems, the optimal decision criteria is
derived. We introduce a geometrical approach for these two problems. For the ded-
icated case, we find the area where the receiver should be located in order for the
D2D mode to be optimal. Besides, we show that the size of this area is affected
by the transmit power in problem (i), the number of antennas, and the pre-defined
QoS in problem (ii). In the spectrum sharing case, an upper bound on the tolerable
interference measured at the D2D receiver is derived. We show that these two prob-
lems have different behaviors in terms of D2D optimality. This part of the chapter
is based on the following paper:

• Paper D: S. Shalmashi, E. Björnson, S. B. Slimane, and M. Debbah“Closed-
Form Optimality Characterization of Network-Assisted Device-to-Device Com-
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munications,” in Proceedings of IEEE Wireless Communication and Network-
ing Conference (WCNC), Istanbul, Turkey, April 2014.

The third problem deals with interference management in a scenario with multi-
ple D2D communications reusing the uplink resource of a cellular user based on the
underlay paradigm. Therefore, the effect of aggregated interference of D2D users at
the BS should be considered carefully in order to guarantee the QoS for cellular user
and the gain for D2D communications. However, the quality of scheduling of D2D
users depends on the available CSI at the BS. We study this problem in two parts. In
the first part, we formulate this problem with two constraints: (i) The instantaneous
signal-to-interference-plus-noise ratio (SINR) constraint where instantaneous CSI
is available (ii) the SINR outage constraint where the average CSI is available. We
show that there is a trade-off between the signaling overhead for acquiring CSI at
the BS and the system performance. In the second part of interference management
problem, in order to protect the BS, aggregated interference constraint is considered
and we formulate the problem with the objective that the number of D2D links is
maximized. We study the problem under two different interference constraints: (i)
peak interference constrain (PIC) and (ii) average interference constraint (AIC). In
the former, the assumption is that the instantaneous CSI is available in all nodes,
while in the latter, we assume that the BS has no knowledge about D2D users’
locations and their CSI. The solution of the first formulation is used as a baseline
for comparison to the performance obtained in the second formulation. With the
AIC, we derive an upper bound on the number of D2D users that can be admitted
for simultaneous transmission. The performance results are then compared to the
optimal solution obtained from the PIC. The bound in the AIC is very practical
and cost-effective in terms of signaling overhead and transmit powers, and at the
same time, it is computationally efficient, specially in the event that the BS receives
a request for admission of a new D2D user. This problem is studied in the following
papers:

• Paper E: S. Shalmashi, G. Miao, and S. B. Slimane, “Interference Man-
agement for Multiple Device-to-Device Communications Underlaying Cellular
Networks,” in Proceedings of IEEE International Symposium on Personal, In-
door and Mobile Radio Communications (PIMRC), London, UK, September
2013.

• Paper F: S. Shalmashi, G. Miao, Z. Han, and S. B. Slimane, “Interference
Constrained Device-to-Device Communications,” in Proceedings of IEEE In-
ternational Conference on Communications (ICC), Sydney, Australia, June
2014.

Chapter 5

This chapter concludes the thesis and discuss possible future research directions.
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Contributions Outside the Thesis

The following paper is not included in the thesis.

• A. Thanos, S. Shalmashi, and G. Miao, “Network-Assisted Discovery for
Device-to-Device Communications,” in Proceedings of IEEE Global Commu-
nications Conference (GLOBECOM) Workshop - Device-to-Device (D2D) Com-
munication With and Without Infrastructure, Atlanta, GA, December 2013.





Chapter 2

Spectrum Sharing in Wireless Networks

In this chapter, we present the necessary background for this thesis. First, we try
to answer why spectrum is a valuable commodity, then what enables spectrum
sharing, and finally we describe some of the terminologies that are used throughout
the thesis.

2.1 Why Spectrum Sharing?

Continuously increasing data volume in mobile broadband networks demands higher
capacity in wireless networks. Providing more spectrum and wider bandwidths are
of importance in increasing the network capacity. Traditionally, spectrum was di-
vided and allocated statically for specific usages. This allocation has been autho-
rized in two ways, namely licensed and license-exempt spectrum [KJBDG12], as
described below:

• Licensed spectrum: In this type, an exclusive usage right is granted in fre-
quency, time and location. This right is normally acquired through an auction
for a long-term period (in order of decades) [Eri13b,Laz10,ZM13]. Examples
of licensed spectrum are the bands allocated for terrestrial TV broadcast-
ing, cellular communications, aeronautical radio navigation, and radar for air
traffic control. The benefit of such exclusive licensing is the ability to com-
pletely manage interference and quality-of-service (QoS). All licensed bands
are a-priori allocated.

• License-exempt spectrum: In this type, which includes only a small frac-
tion of the radio spectrum, there are no exclusive rights for users of the band
and there is also no coordination among them. Therefore, systems which are
operating in license-exempt bands should use limited power and follow certain
rules in order to manage interference and are often aimed for short-range com-
munications. An example of license-exempt band is the 2.4 GHz band which is
intended for WiFi and ISM (industrial, science, and medical) bands [Eri13b].

13



14 Spectrum Sharing in Wireless Networks

In mobile broadband services, the assigned spectrum for cellular networks is li-
censed and allocated among different operators. One way to provide more spectrum
for mobile broadband is by clearing and refarming of an allocated band, which is
a time consuming process. Besides, not every part of the frequency spectrum is
suitable for mobile communications as different radio bands have different channel
characteristics [ZM13]. For instance, in bands higher than 5 GHz the wall penetra-
tion is an important issue and high antenna beams are required to maintain the
same quality that can be achieved in lower frequency bands. On the other hand,
in low frequency bands (smaller than 300 MHz) the mobile hardware becomes a
constraint, since it would be difficult to fit the required antenna in the small mo-
bile equipment [Laz10]. Consequently, there is a certain trade-off between capacity
and coverage in different parts of the spectrum [ZM13]. The frequency bands of
interest for mobile communications lie in the range 0.3–3.5 GHz [Laz10] which
is already very crowded. The possibility to access the right part of the frequency
band at the appropriate time is significantly important for operators in wireless net-
works [Rea10], but, as mentioned earlier, any changes regarding releasing new bands
are slow and require a long-term process. Basically, the long-term dedicated licens-
ing, which was aimed to prevent the interference, provides momentary spectrum
scarcity. However, some measurements obtained recently by the Spectrum Policy
Task Force (SPTF) within the Federal Communication Commission (FCC) show
that some of the already licensed spectrum bands such as terrestrial TV broadcast-
ing are lightly used and are being under-utilized during certain times or in certain
locations (i.e., temporal and spatial domains) [GS07]. These have been the enforc-
ing reasons for new solutions that encourage flexibility in spectrum allocation and
efficient reuse of spectrum in order to increase the spectral efficiency.

Spectrum sharing is a form of physical resource sharing that provides solutions
for dynamic spectrum access, allocation, and reuse in an efficient way. Convention-
ally, the only approach for spectrum sharing was among different coverage areas,
i.e., the notion of cells in cellular networks. This type of frequency planning was
used in order to avoid the interference due to frequency reuse and is based on the
fact that the interfering signal power decays by increasing the distance between the
cells that use the same frequency. This solution, however, leads to low spectral effi-
ciency [AZS06] and is used within the coverage of one operator or service provider.
Since then, different solutions for spectrum sharing have been proposed in the lit-
erature in order to quickly provide more spectrum where cleaning and refarming is
not possible. We will explore these solutions in the following section.

2.2 Spectrum Sharing Approaches

The term “spectrum sharing” has been used with different interpretations in the
technical- and business-oriented literature. In this thesis the term “spectrum shar-
ing” refers to efficient use of the radio frequency band, wether the resource sharing
is orthogonal or concurrent among different entities. These entities are either differ-
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ent operators, cells, technologies and systems, or different user types. Moreover, the
spectrum can be shared in time, frequency and space. We mainly focus on sharing
in the licensed band.

Spectrum sharing approaches can be grouped into the following two main cat-
egories [Peh09]:

• Coordination-based spectrum sharing: Coordination means that the en-
tities who share the spectrum either cooperate or coexist with one another.
When cooperation is used, the entities interact in such a way that minimizes
the effect of harmful interference on one another. In this type of spectrum
sharing, there can even be cooperation between entities of different systems
or operators. In the coexistence scenario, the entities are not required to com-
municate and each entity can even be oblivious to operation of the others.
In this case, the entities try to lower the interference to others without any
signaling, for instance a device may sense the activity of the others in the
spectrum. Thus, there is a trade-off between these two types of coordina-
tion. In the cooperation case, since there is some exchange of information,
it can lead to more benefits in terms of usage of the spectrum and lowering
the harmful interference. However, cooperation has certain drawbacks such as
delay, signaling overhead, complexity, and security. On the other hand, inter-
action with legacy devices and the corresponding changes in their protocols
are not always possible. In this kind of scenarios, the coexistence case is more
desirable.

• Hierarchy-based spectrum sharing: In this type, spectrum is shared
based on priories of the entities in two ways, i.e., equal-right sharing or
primary-secondary sharing. In the latter, one system acts as the primary
system that has the right to access the spectrum and the other system is
the secondary one which is allowed to transmit if it does not create signifi-
cant interference to the primary system and degrade the performance of the
primary system. The performances of these two systems are intertwined. How-
ever, in the equal-right sharing, both entities have the same right to access
the spectrum and it can be more flexible than the primary-secondary sharing
method.

Spectrum sharing scenarios can also be mapped to any combinations of the above
categories, i.e., cooperation or coexistence, combined with equal-right or primary-
secondary sharing. In the following, for each of these combinations, we describe
some of the examples of spectrum sharing in the licensed band.

2.2.1 Cooperation and Equal-Right Sharing

Cooperation requires that the cooperative entities follow the same protocol and
have common knowledge or sacrifice some of their resources, such as power and
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time, in order to improve each other’s performance. The equal-right sharing pro-
vides the same property right for all entities that are involved in the sharing
scenario. One example for this type of sharing is when the entities are different
operators, the so-called inter-operator sharing. The inter-operator sharing, which
falls in the cooperative equal-right sharing category, is based on two scenarios
[IKSL13, LEZS14, LJZH10], namely co-primary sharing and licensed shared access
(LSA). In the co-primary scenario, a frequency band is shared among different op-
erators instead of being divided with certain fixed boundaries [LEZS14]. In the LSA
scenario, an already allocated and unused spectrum in a specific location is leased
temporarily to different operators to share.

In both co-primary sharing and LSA scenarios, spectrum sharing between the
operators can be done in an orthogonal or non-orthogonal manner [JBF+14]. In or-
thogonal sharing, an operator may use the shared resources for short or long periods
of time when they are not in use by others. However, in non-orthogonal sharing, the
same resources are used simultaneously resulting in interference between operators.
As a result, the cooperation can increase the mutual benefits for all operators and
maximize the utilization of the spectrum [IKSL13,LEZS14]. In these two scenarios
of inter-operator sharing, the cooperation can be achieved with a common database
or a central controller.

Another example of cooperative equal-right sharing can be found in Heteroge-
nous networks (HetNets). HetNets are used in order to densify the existing network
to meet the challenges of increasing capacity. In HetNets with cooperation, an ex-
isting macrocell is densified with smaller cells, such as picocells and femtocells or
relays [DMW+11] which cooperate with the macrocell in order to maximize the
cell throughput [Eri12]. Similar to inter-operator sharing, spectrum can be shared
with the macrocell in orthogonal or non-orthogonal (spatial reuse of the spectrum)
manner depending on the defined policies and scenarios [ACD+12].

Cooperative equal-right sharing can also happen between two different user
types within one system, for instance, device-to-device (D2D) communications. Ba-
sically, the user in the D2D mode shares the spectrum with the cellular user. For
increasing the spectrum efficiency, the non-orthogonal sharing is more advanta-
geous [FDM+12] compared to the orthogonal sharing. D2D communications can
be implemented in different ways, but the one related to this category is when the
D2D user is assisted by the network, i.e., the BS. In this case, D2D users as well
as cellular users are under control of the BS and there are common protocols in
order to reuse the spectrum in a better way and increase the cell capacity. Both
user types, which are from the same cell and the same operator, have equal rights
to the given spectrum, but the mode of operation (i.e., D2D or cellular) may be
different. We address this scenario in Chapter 4 based on Paper D [SBSD14].

2.2.2 Cooperation and Primary-Secondary Sharing

In this scenario, primary and secondary entities interact with each other even
though they can be from different operators or systems. The secondary entities
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can obtain the permission from the primary one in order to transmit in its spec-
trum. It is also possible that the primary system can provide certain QoS for the
secondary system. The secondary system can potentially be charged by the primary
system or can be asked to help the primary user to increase its performance. In the
latter case, the secondary user allocates some of its resources (power and time) to
improve the primary user’s performance in order to access the primary user’s band.

Cooperative cognitive radio networks belong to this category of spectrum shar-
ing. In such networks, the secondary user who can provide the most help or mo-
mentary incentive to the primary user gets access to primary user’s spectrum for a
given time. We study this scenario in Chapter 3 based on Papers A–B [SS12,SS13].

Cooperation can also exist between two different types of users belonging to
the same system and sharing the same spectrum band. Cooperative D2D commu-
nication is an example of such a system, which we address in Papers C [SS14]. In
this scenario, D2D users are allowed to use the spectrum of the cellular users when
they can help to relay the data of a cellular user. Another scenario for cooperative
primary-secondary spectrum sharing is the network-assisted D2D communications.
In such communication scenario, D2D users act as underlay system to cellular users.
However, they are still under the control of the BS. We investigate these scenarios
in Chapter 4 based on Papers E–F [SBSD14,SMHS14].

2.2.3 Coexistence and Equal-Right Sharing

In this type of spectrum sharing, the band is shared among some entities without
any interaction among them. For instance, a spectrum band can be shared among
different operators without any coordination or can be used in different cells without
any cooperation. Another example is sharing the band between many secondary
users who have the same right of use. This type is mostly common in license-
exempt bands when many devices share the spectrum in an opportunistic fashion
such as WiFi.

2.2.4 Coexistence and Primary-Secondary Sharing

In this category of spectrum sharing, the primary entities are not aware of the
secondary entities’ activities. This type of sharing is beneficial when the legacy
systems are involved as there is no need to change the primary system. However,
there should be some rules in order to protect the primary system [Peh09] from
interference caused by secondary users. Therefore, secondary users either transmit
with very low power or opportunistically try to access the primary’s spectrum when
the primary system is inactive [GJMS09, YA09]. The opportunistic access cannot
guarantee the QoS for the secondary users. Two cognitive radio paradigms, namely
underlay and interweave, belong to this spectrum sharing category. The interweave
paradigm makes use of the opportunistic access while the underlay paradigm is
based on the interference constraint regarding the primary system.
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Figure 2.1: Schematic overview of the thesis based on spectrum sharing categories.

Examples of the use of cognitive radio in the legacy bands are TV White Space
(TVWS) and radar bands. In these bands, the protection of the primary system
can be guaranteed by spectrum sensing and geo-location database. The secondary
access in the TVWS has been realized mostly as license-exempt-based rather than
for mobile operators’ use due to lack of incentive [NIK12]. From regulatory aspects,
the constraints of secondary access to TVWS seem to be easier to handle as there
are already established rules in some countries. In the radar band, the secondary
users can make use of this band in temporal domain [TSZ13] as well as spatial
domain [OSZ14]. This band is an ideal candidates for providing additional capacity
for indoor and short-range systems where the location of primary system is known.

In HetNets, the notion of cognitive femtocell has been proposed in order to in-
crease the usage of the spectrum. Cognitive femtocell consists of a femtocell network
which makes use of the cognitive ability [ARADC11]. In this case, the cognitive fem-
tocell monitor the activity of the primary system, which is a macrocell, and reuse
the channels which are underutilized. They employ spectrum sensing as a method
to monitor the macrocell similar to the interweave paradigm of cognitive radio
networks.

The works in this thesis fall into two categories of spectrum sharing, i.e., coop-
eration with equal-right sharing and cooperation with primary-secondary sharing.
This is summarized in Figure 2.1.



Chapter 3

Cooperative Cognitive Radio Networks

In this chapter, we consider cooperative primary-secondary spectrum sharing in
relay-assisted cognitive radio networks.1 In the overlay cognitive radio networks as
described in Chapter 1, there is a primary system which owns the spectrum and
a secondary system which can potentially cooperate with the primary system and
simultaneously use the same spectrum provided that the performance of the primary
system does not degrade. Cooperation in this chapter refers to the cooperative
communications which was introduced in the context of the relay channel. It has
been shown that using a relay and creating multiple paths can increase the link
reliability and capacity of networks as the result of the diversity gain [LTW04].
In the cooperative cognitive radio scenario that is considered here, the secondary
user (SU) relays the primary user’s (PU’s) data while simultaneously is rewarded
with a chance to access the spectrum and transmit its own data. Since both systems
cooperate with each other, the SU only accesses the spectrum band of the PU when
it is allowed to (as opposed to the underlay cognitive radio). As a consequence
of this cooperation, the effect of interference created due to spectrum sharing is
alleviated. In the following section, we briefly review some of the previous works in
the literature.

3.1 Related Work

A simple setup with one PU and one SU is considered in [HPT09] and [SK11]. In
this scenario, the SU acts as a relay to forward the PU’s message and at the same
time get access to the spectrum and transmits a linear combination of its own signal
and the PU’s data, i.e., the so-called superposition coding. In [HPT09], the region
that minimizes the outage of the PU is derived based on the fraction of power and
distance between the primary transmitter and receiver. In the study [SK11], the
optimal time and power for the primary transmission and cooperation is derived
in which the objective is to maximize the SU’s rate while the PU achieves exactly

1Parts of the material presented in this chapter are based on our work previously published
in [SS12] (© 2012 IEEE) and [SS13] (© 2013 IEEE). Material is reused with permission.
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its direct-link rate. Authors in [HPT09] extended their scenario to the case with
multiple secondary users in [HTP10]. They considered the PU’s outage probability
as the relay selection criterion. Consequently, the best relay is the one which is the
closest to the PU. However, distance-based relay selection is not always the best
selection method as shown in [BKRL06]. Moreover, in [HTP10], the outage is not
optimized for the SUs. In designing any criteria for relay selection, both systems
should be considered since the benefit and gain of the primary system depends on
the value of power and time that the SU is willing to spend for broadcasting the
PUs’ message. In this chapter, we consider more realistic cooperation scenarios in
which incentives of both systems are taken into account. We formulate the problem
in two different ways and study the effects of system parameters on the resulting
gain from cooperation. Furthermore, we study different transmission schemes for
the secondary system and compare their performances. In cooperation scenarios
considered in this chapter, we assume there are no malicious nodes and selfish users
in the system and neglect the effects that may arise with such behaviors. There exist
many studies in the literature on modeling malicious or selfish behaviors of users
using tools from the game theory, see for instance [SSS+08,ZZ09,WZT11,XBN11,
YFX12,CZJ12].

3.2 System Model

From the network architecture point of view, we consider one primary network and
one secondary network in a certain area as depicted in Figure 3.1. The primary net-
work includes one primary user whereas the secondary network consists of multiple
secondary users (SUi) where i ∈ {1, . . . , M}.

There are different types of relaying schemes that can be used in the context of
cognitive radio. In this thesis, we consider the decode-and-forward (DF) protocol in
the half-duplex mode. When the DF scheme is used in the half-duplex mode, the
transmission is carried out in two phases. In the first transmission phase, the PU
broadcasts its message and the SU’s transmitter, receiver, and the PU’s receiver
may overhear this message. In the second phase, if the SU’s transmitter can decode
the PU’s message, it will use the rest of transmission time frame to help the PU and
get the opportunity of transmission itself. Each transmission phase is called a time
slot and the two phases constitute one unit-time frame as shown in Figure 3.2. The
length of the first time slot, in which the PU’s transmitter broadcasts its message,
is δi with 0 ≤ δi ≤ 1. In the second time slot, if a cooperation is formed, the length
of the transmission time slot would be 1 − δi. We assume that only one SU can
cooperate with the PU. Therefore, in our modeling, the best SU (with respect to
the specified objective) that can cooperate with the PU is selected and allowed
spectrum access.

We consider two schemes for the SU’s transmission, namely, superposition coding
and time-splitting schemes. In the superposition coding scheme, if the cooperation
is formed (i.e., δi 6= 1) in the second time slot, the SUi’s transmitter allocates the
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Figure 3.1: System model: one primary link and M secondary links uniformly dis-
tributed over the cell area.

fraction νi of its total transmit power to the PU’s message and the fraction 1 − νi

to its own message. In the duration of the second time slot (see Figure 3.2), a linear
combination of the two messages is broadcasted by the selected SU. However, in
the time-splitting scheme, the SU splits its transmission time slot into two parts
as depicted in Figure 3.3. In the first part, i.e., fraction 1 − βi of the second time
slot, it relays the PU’s data and transmits its own message in the second part, i.e.,
fraction βi of the second time slot.

T = 1

δi 1 − δi

Figure 3.2: Transmission frame structure in the superposition coding scheme.

T = 1

δi (1 − δi)(1 − βi) (1 − δi)βi

Figure 3.3: Transmission frame structure in the time-splitting scheme.

If the secondary transmitter employs the superposition coding scheme in the
second transmission time slot, both PU’s and SU’s receivers experience interference
from the signal intended for the other receiver. Therefore, this interference should
be taken into account when considering the PU’s quality-of-service (QoS). For the



22 Cooperative Cognitive Radio Networks

SU, we assume that the SU’s receiver is capable of interference cancelation. That is,
if the secondary receiver can decode the primary’s signal in the first time slot, it can
cancel out the primary’s signal from its own signal in the second time slot. In case
of the time-splitting scheme, the relayed signal for the PU and the intended signal
for the SU’s receiver are orthogonal to each other. In the following, we formulate
the corresponding problems for each of the described schemes.

3.3 Problem Formulations

We define the achievable rate as the performance metric. Let Rdir be the achievable
rate when the PU’s transmitter transmits to its receiver on the direct link without
any cooperation with the secondary users in the whole transmission frame. Let R

(1)
p,i

be the rate between the primary transmitter and the ith secondary transmitter in

the first time slot, and R
(2)
p,i be the rate between the ith secondary transmitter and

the primary’s receiver. Then, the end-to-end achievable data rate for the PU when
it cooperates with the SUi is limited by the minimum of data rates in the two
transmission time slots [LTW04], i.e.,

Rp,i = min{R
(1)
p,i , R

(2)
p,i }, i ∈ {1, . . . , M}. (3.1)

Let Gpi
be the resulting gain of cooperation between the PU and the SUi defined

as

Gpi
=

Rp,i − Rdir

Rdir
. (3.2)

We model the problem in such a way that the achievable rate from cooperation
with the SUi always satisfy

Rp,i ≥ (Gpi
+ 1)Rdir, (3.3)

where Gpi
is defined by the PU corresponding to its required QoS. There are differ-

ent ways to model the interaction of the primary and secondary systems. They may
have the same or different objectives. Thus, we formulate the relay-assisted cogni-
tive radio problem with two different objectives in Section 3.3.1 and Section 3.3.2.

3.3.1 Maximize Primary User’s Rate

In this part, our objective is to maximize the PU’s data rate while a QoS threshold
is guaranteed for the cooperative SU. That is, the relay candidate among the SUs
that provides higher rate for the PU is chosen to get access to the spectrum of the
PU. On the other hand, the SUs can also have certain rate requirement (QoS) that
should be achieved when cooperating with the PU. In this type of sharing, not only
the PU benefits, but also a certain QoS for the SU can be guaranteed. We con-
sider the superposition coding scheme as the transmission scheme for the SU. Since
the cooperative spectrum sharing should not degrade the PU’s performance, the
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minimum cooperative rate of the PU must be at least equal to the achievable rate
of its direct-link transmission, i.e., the rate without any cooperation and spectrum
sharing. This corresponds to the minimum gain of Gpi

= 0, i.e.,

Rp,i ≥ Rdir. (3.4)

The condition in (3.4) shows all the SU candidates that can provide the PU with
the minimum required rate for cooperation. Let A be the set of such SU candidates.
The objective is to maximize the PU’s rate by cooperation, that is,

max
i

min{R
(1)
p,i , R

(2)
p,i }. (3.5)

Note that Rp,i depends on the values of ν and δi. Therefore, the primary rate should
be optimized with respect to these parameters. Let Rth

si
denote the minimum rate

requirement of the SUs. Then, SU’s achievable rate from cooperation should meet
the following constraint as well:

Rsi
≥ Rth

si
. (3.6)

Let K be the set of SU candidates in A that can fulfill the condition in (3.6). Then,
the SUs that satisfy the constraints in (3.6) as well as (3.4) form the final feasible
set K ⊂ A of possible relay candidates that the PU can choose from. Recall that we
have assumed that the SU’s receiver has the interference cancelation (IC) capability
which can provide the SU with a higher rate. The condition for the SU’s receiver
to be able to decode the PU’s message during the first time slot is

δi log2(1 + Γpt,sri
) ≥ Rp,i. (3.7)

As mentioned earlier, the objective of the problem is a function of the power
νi assigned by SU for relaying the PU’s message and the transmission time slot
duration δi. Therefore, in order to analyze the performance and the cooperation
gain for both primary and secondary systems, we fix the parameter νi and solve the
problem based on the optimal value of δi and try to study the effects of the other
parameters on the cooperation gain. We assume values of ν = {0.85, 0.9, 0.95},
M = 15, and Rth = 1 bps/Hz. The obtained cooperation gain for the PU with
respect to the direct-link quality, which is imposed from condition (3.4), is shown
in Figure 3.4. It can be observed that the PU can benefit from relaying only when
the direct-link quality is poor. In this case, (3.4) is quite relaxed and the number of
relaying candidates that fulfill the condition is high. Also, the more the fraction of
SU’s power allocated to the PU’s signal, the more the PU gains. However, Figure 3.5
shows the effect of the constraint (3.6) on the cooperation gain. When SUs have
higher rate requirements, the PU’s gain decreases noticeably. Even larger values of
νi do not provide a higher average gain for the PU when the requirement of the
SU is high, since in this case, finding a SU that can benefit from cooperation is
difficult.
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3.3.2 Maximize Secondary User’s Rate

We now model the problem of cooperative spectrum sharing in such a way that there
can be more incentive for the SUs in order to be willing to cooperate with the PU
while meeting the PU’s QoS requirements. That is, we formulate the problem with
the objective of maximizing the SU’s data rate while guaranteeing a pre-defined
gain threshold imposed by the PU.

For the relay selection problem, the transmission scheme of the SU is important
as well. Thus, we formulate the problem for both superposition coding and time-
splitting schemes. Moreover, for comparison, we define a combination mode in which
the SU can choose either of these two transmission schemes.

Let Gth denote the pre-defined gain threshold for the PU that needs to be
guaranteed through cooperation. Then, in each transmission frame, for every SU,
we find the optimal resources for cooperation in order to maximize its achievable
data rate. These resources include the primary transmission time δi, the secondary
relaying time βi in the time-splitting scheme, and the secondary fractional power
νi in the superposition scheme. The optimization problem per frame for each SU
based on the time-splitting scheme writes as

maximize
δi,βi

Rs,i (3.8)

subject to Rp,i ≥ Rdir(1 + Gth), (3.9a)

0 ≤ δi ≤ 1, (3.9b)

0 ≤ βi ≤ 1. (3.9c)

For the superposition coding scheme, the problem can be formulated similarly by
replacing the time parameter βi with the power parameter νi. Let MR be the set
of SUs which can satisfy the constraints in (3.9), and therefore, obtain a feasible
solution for the problem in (3.8)–(3.9). Among all SUs that are in set MR, the one
which can achieves the highest rate and therefore has the most incentive is selected
for cooperation. That is,

r = arg max
i∈MR

Rs,i, (3.10)

where r is the index of the SU that is chosen as the relay.
In our performance evaluation, we try to answer the following questions:

• What is the effect of different transmission schemes on the average data rate
of the SU?

• How does the SU’s data rate relate to the PU’s direct-link quality?

• How do the gain requirements of the PU in general limit the SU’s data rate?

• How does the number of SUs affect the cooperative SU’s performance?
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Figure 3.6: Average SU’s rate vs. Γ̄dir, with Gth = 40% and M = 15. (© 2013 IEEE.
Reused with permission.)

We answer these questions by Monte-Carlo simulations. In Figure 3.6, the average
data rate of the SU as a function of PU’s direct-link average SNR (Γ̄dir) is depicted.
It is observed that when the direct-link average SNR is high, the opportunities of
relaying decreases in all three transmission schemes. This is due to the fact that the
constraint (3.9a) becomes difficult to satisfy. Consequently, the cooperation is more
beneficial when the direct-link is weak. This result is also inline with the findings
in [LK08]. Furthermore, the achievable data rate for the SU in the time-splitting
scheme is better than the superposition coding scheme.

We fix the direct-link average SNR Γ̄dir = 2 dB in the remaining part of this
section. Now, for a specific gain requirement of the PU, we vary the number of SUs
that are available (i.e., the parameter M). Figure 3.7 shows that the average SU’s
rate increases by the number of SUs. However, in larger values of M , the resulting
average SU rate in the superposition coding scheme approaches the average rate
in the time-splitting scheme. Because, by increasing the number of users in the
superposition coding scheme, the possibility of interference cancelation is increased
at the same time which results in higher data rates for the SU. In the next step,
we vary values of the PU’s gain requirement. In Figure 3.8, it is observed that the
average SU rate is interconnected with the PU’s gain requirement. When the gain
threshold is higher, there are less opportunities for relaying. Furthermore, in all the
above results, the combined scheme in which the SU can choose its transmission
scheme achieves higher rates than the other two schemes.
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3.4 Summary

In this chapter, we studied the gain resulting from spectrum sharing between two
different systems. We considered cooperative communications as a means to ease
down the requirements on the interference between the two systems. We showed
that the resulting gain from cooperation depends on the way the interactions be-
tween the two systems are modeled. In addition, various parameters, such as the
minimum QoS requirements of each system, the number of SU’s that are looking
for cooperation, and the transmission scheme of the SUs, affect the achieved perfor-
mance gain. It was observed that using the time-splitting scheme lead to a better
performance compared to the superposition coding scheme. However, if with the
possibility of interference cancelation in the secondary receivers, these two schemes
perform close to each other.



Chapter 4

Device-to-Device Communications

In the conventional cellular transmission mode, the user equipment (UE) first trans-
mits its data to the base station (BS) using uplink resources, then the BS forwards
the data to the corresponding receiver using downlink resources.1 However, if the
transmitting UE and the receiving UE are in close proximity of each other, al-
ternatively, the BS can allow users to directly communicate to each other. This
direct transmission mode is referred to as the device-to-device (D2D) mode. D2D
communication is a new technology component which has been proposed in the
3rd generation partnership project (3GPP) long-term evolution (LTE) standard
meetings. It is believed that D2D communications can facilitate peer-to-peer ap-
plications, social networking, multi-casting, and public safety in cases of network
failure. In terms of spectrum resources, depending on the intended application, D2D
communications can use dedicated resources or reuse the resources of other cellular
users in the cell (spectrum sharing). The dedicated resource allocation is important
for applications such as multi-casting and public safety. On the other hand, with
resource sharing, the current spectrum is utilized more efficiently and the number
of users per spectrum is increased.

The works in [JYD+09,YTDR09,DYRJ10,DRW+09,FDM+12] studied the fea-
sibility of D2D communications as underlay for cellular networks and showed the
potential gains in spectrum efficiency. Other potential benefits include energy sav-
ing both in the network and user level as well as omitting one extra hop (i.e.,
the BS) in the transmission leading to lower delays in communications. However,
these gains depend on the proper resource allocation, user-pairing, mode selection,
and interference management in the system. D2D communications are either un-
der control of the BS where all user discovery and radio resource managements
are handled by the BS, or they are managed in an Ad-Hoc manner. In this chap-
ter, we only consider the former which is also referred to as network-assisted D2D
communications.

1Parts of the material presented in this chapter are based on our work previously published
in [SMS13] (© 2013 IEEE), [SBSD14] (© 2014 IEEE), [SS14] (© 2014 IEEE), and accepted for
publication in [SMHS14] (© 2014 IEEE). Material is reused with permission.
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Papers C–F discuss different challenges of spectrum sharing in network-assisted
D2D communications for a single-cell scenario. This chapter summarizes the mod-
eling and important results of these papers.

4.1 Related Work

Introducing D2D communications in cellular networks brings out new challenges;
new decision making criteria are needed for how devices are going to discover their
corresponding receivers [KLA13, TSM13] and for how to decide the best mode of
operation for each device [HCLK10, LPXW12]. After device discovery and mode
selection, pairing users and allocating resources for their transmissions become im-
portant in order to control the interference resulting from resource sharing and
guarantee certain quality-of-service (QoS) for both cellular and D2D users. Effec-
tive interference management techniques require interactions between nodes and
information regarding the channel states between different nodes. To model node
interactions and the potential gain from resource sharing in the system, we need to
define the hierarchical relation between the two different user types in the system,
i.e., cellular and D2D users. This hierarchical relation can be either the equal-right
sharing model or the primary-secondary model as described in Chapter 2.

So far, most of the works in the literature assume the latter hierarchical model,
where D2D users communicate underlay to cellular user equipments (CUEs), with
the goal of protecting CUEs or the BS. One way of such protection is to limit the
transmission power of D2D users which is considered in [JYD+09] and [YTDR09].
Interference-aware channel allocation is proposed in [XYHY12] with the objective of
minimizing the received interference from D2D users while maximizing the number
of D2D links in the cell. In order to guarantee a certain QoS for the D2D users,
the interference from cellular system to D2D users becomes significant as well. To
this end, authors in [MSL+11] employ a different interference regime knowledge
in the receiver to ensure a lower outage probability for D2D communications. In
[MLPH11], interference-limited area knowledge for D2D receivers is used in the
uplink. In this scenario, any CUE in the vicinity of the interference-limited area
cannot be scheduled. In [JKR+09], maximum interference is minimized by means
of power control. Taking into account the QoS of both users, authors in [ZCS10]
proposed a heuristic algorithm for interference management.

Characterizing the achievable gain from utilizing the spectrum through D2D
communications is a complicated task and depends on the interactions and coordi-
nations among different layers (e.g., PHY and MAC layers). As it is not possible to
address all issues at once, there are many simplifications and assumptions in any of
the previously presented works. In the following, we consider three most important
problems in D2D communications and try to build upon existing approaches in
more realistic scenarios and answer relevant research questions in each problem.
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Figure 4.1: System model with one D2D link and M cellular users. (© 2014 IEEE.
Reused with permission.)

4.2 Cooperative D2D Communications in the Downlink

One of the challenging communication scenarios is crowded communication envi-
ronments where there are many close proximity users in a small area. In such en-
vironments, the cellular network can easily become congested due to high number
of connections. Therefore, it is desirable to increase the area spectral efficiency and
the number of connections per spectrum band. In order to control the interference
among users, interactions between users are necessary.

Cooperative D2D communications can be a solution to this problem by allowing
spectrum sharing between cellular links and direct D2D links. The system model is
presented in Figure 4.1 where one D2D link and multiple cellular users coexist in
the same cell. The direct close proximity communications for D2D user is allowed
if spectrum sharing is beneficial for both type of users. In our system model, we
assume that if cooperation is formed, the transmission is done in two phase; two
consequent and equal-sized time slots are used as one transmission frame as shown
in Figure 4.2. In the first time slot, the BS transmits, then in the next time slot,
the D2D transmitter uses superposition coding to transmit a linear combination of
its own signal and the ith CUE’s signal.

T

1

2
T

1

2
T

√

(1 − ν)Pdxd +
√

νPdxci

√

Pcxci

Figure 4.2: Frame structure with two equal-sized time slot.

Now, questions are:

• How the D2D user and CUEs should cooperate such that both systems benefit
from the cooperation?

• Which CUE should be selected for cooperation?

• How much of the D2D user’s transmit power (ν) should be assigned to the
CUE’s signal?
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To answer these questions, let Rci
be the achievable rate for the ith CUE in case

of cooperation with the D2D user and Rdir be the rate when only the BS transmits
with no cooperation. Then, the cooperation would be beneficial for the CUE if

Rci
≥ Rdir. (4.1)

Moreover, in order for the D2D link be able to cooperate with a CUE, it should
be able to decode the signal of that CUE in the first time slot. Let A be the set of
CUEs that the D2D user can cooperate with.

The D2D user can benefits more from its cooperation if it can spend less power
for the CUE’s signal, and therefore, the objective of the D2D user is

minimize
i∈A

νi. (4.2)

For each cooperating CUE, the smallest power fraction for relaying is the solution to
the optimization problem (4.2), denoted by ν∗i , for i ∈ A. Among the set of CUEs,
the one who needs the minimum power for cooperation is chosen for cooperation,
i.e.,

r = arg min
i∈A

ν∗i , (4.3)

where r is the index of the selected CUE. Since, the D2D transmitter and receiver
are located in close proximity of each other, if the D2D transmitter can decode the
CUE’s signal in the first time slot, then with high probability, the D2D receiver
can decode it too. If this is possible, the D2D receiver can cancel the effect of
CUE’s signal from the superimposed signal received in the second time slot, which
improves the gain of the D2D user. Moreover, the D2D user rate increases if it can
cooperate with a cellular user that requires lower value of assigned ν∗i .

Note that D2D users are different from cognitive users, that is, the system should
guarantee their QoS; otherwise they should be scheduled in cellular mode.

We evaluate the feasibility of our model with simulation. First, we investigate
the amount of power that is used for the D2D link’s communication, i.e., 1 − νr,
under different number of available CUEs M = {20, 100, 200} and two different
cell sizes. In Figure 4.3, the cell radius is R = 200 m. As the results indicate,
cooperation opportunity is a function of the number of CUEs that are available in
the area. For instance, in an area with very low density of CUEs such as M = 20, in
almost 40% of realizations, the cooperation is possible and small amount of power
is assigned for the D2D communication and the rest is allocated to the CUE’s
signal. However, by increasing the CUE’s density, e.g., M = 200, the cooperation is
formed in almost 98% of instances. Note that when the CUE’s density is low, the
probability of finding a CUE that has lower requirement on its achievable rate is
lower.

Changing the cell radius to R = 500 m in Figure 4.4, we observe that co-
operation opportunities are increased, which is the result of a relaxed direct link
requirement in (4.1). For instance, when M = 20, in almost 90% of realizations the
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cooperation is possible. Note that we do not use any power control scheme for the
BS’s transmit power, therefore, the direct link data rate is higher in a smaller cell.
The scenario with the smaller cell radius is equivalent to having a higher expected
gain requirement from the CUE in the cooperation which results in decreasing the
cooperation and increasing the amount of required power for cooperation.

To study the effect of capacity increase, we consider a scenario with R = 500
m and M = 20. In Figure 4.5, the achievable data rates for the D2D link and the
CUE with and without cooperation is studied. The cooperative CUE achieves the
direct link data rate which is the minimum requirement for cooperation while the
D2D link can achieve higher data rates if interference cancelation is possible.

Cooperative D2D communications not only provide opportunities for transmis-
sion in high density areas, but also a high data rate for the D2D user leading to
higher cell capacity.

4.3 Mode Selection in D2D Communications with Multiple

Antennas at the BS

In this section, we consider the scenario depicted in Figure 4.6 where UE1 would
like to communicate with UE2. Both users are located in the same cell and equipped
with single antenna whereas the BS is equipped with N antenna arrays. The main
question that we try to answer in this section is:

• When is D2D mode (direct transmission) preferable over cellular mode?
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Figure 4.6: Illustration of the system model where UE1 communicates with UE2,
either via the BS (cellular mode) or by direct transmission (D2D mode). (© 2014
IEEE. Reused with permission.)

In order to be able to compare these two modes, we assume that the length of
transmission is the same. That is, in cellular mode both uplink and downlink are
used for communications while in the D2D mode, two uplink resources are used as
shown in Figure 4.7.

The mode selection problem is tightly related to the way the optimization prob-
lem for the system is modeled. The resource allocation problems are modeled based
on two different approaches. The first one is to maximize the spectral efficiency or
QoS for a given transmit power pUE = p∗UE. This is written as

maximize
R

R

subject to max
(

Rcell(p
∗
UE), RD2D(p∗UE)

)

≥ R.
(P1)

The other approach is to minimize the transmit power required to maintain a given
QoS level R∗, which is written as

minimize
pUE

pUE

subject to max
(

Rcell(pUE), RD2D(pUE)
)

≥ R∗.
(P2)

We will study these two formulations for dedicated and shared resources for D2D
communications and will show how they may behave differently with respect to the
optimal mode of operation.

4.3.1 D2D Mode Optimality with a Dedicated Resource

If D2D resource is dedicated, it can be proved that the solution to (P1) for a given
transmit power p∗UE > 0 is achieved by D2D mode if

|g|2 ≥
√

‖h1‖2(σ2
UE)2κ

σ2
BSp∗UE

, (4.4)
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Figure 4.7: By cutting out the middleman (the BS), D2D mode can effectively use
twice the amount of resources for data transmission than cellular mode. (© 2014
IEEE. Reused with permission.)

where g ∈ C denotes the direct link between the UEs, h1 ∈ CN×1 denotes the
channel between UE1 and the BS. The parameter κ decides whether the UE and
BS can double the energy per channel use in cellular mode (κ = 2), since they
only transmit half of the time, or if the energy is fixed (κ = 1). The additive
circularly-symmetric complex Gaussian noise has variance σ2

i , i ∈ {UE, BS}.
For a given QoS R∗ > 0, the solution to (P2) is achieved by D2D mode if and

only if

|g|2 ≥ 1

2R∗ + 1

σ2
UE

σ2
BS

‖h1‖2κ. (4.5)

4.3.2 D2D Mode Optimality with a Shared Resource

In the shared resource case, a simple sufficient condition for D2D mode optimality
can be proved to be

|g|2 ≥
√

|hH
1 w1|2I2

D2Dκ

p∗UEIul
, (4.6)

where w1 ∈ CN×1 is the unit-norm receiver beamforming vector. Iul and ID2D

denote the interference-plus-noise powers at UE2 and the BS in the uplink, respec-
tively.

The solution to (P2) for a given R∗ is achieved by D2D mode if and only if

|g|2 ≥ 1

2R∗ + 1

ID2D

Iul
|hH

1 w1|2κ. (4.7)

4.3.3 Geometrical Insights

In order to gain geometrical insights on the D2D mode optimality, we consider a
simple path-loss model

|g|2 = cgd−bg
g , (4.8)

‖h1‖2 = Nchd−bh

h , (4.9)

where dg, dh are the distances between UE1 and UE2 and between UE1 and the BS,
respectively. Furthermore, cg, ch, bg, bh > 0 are some arbitrary path-loss parameters.
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Using this model, e.g., in (4.4) with dedicated resource leads to

d
−bg
g

d
− bh

2

h

≥
√

N

σ2
BSp∗UE

σ2
UE

√
κch

cg
. (4.10)

For a fixed distance dh between UE1 and the BS, we can compute the circular area
A around UE1 where UE2 (or all receivers in multi-casting) should be to enable
D2D mode. From (4.10), the optimality condition becomes

A = πd2
g ≤ πd

bh
bg

h

(

p∗UE

N

σ2
BSc2

g

(σ2
UE)2κch

)
1

bg

. (4.11)

It is observed that the area of D2D mode optimality increases with the distance
from the BS. Therefore, D2D mode is more probable in large macro cells and/or
when UE1 is located at the cell border. Moreover, the area grows with the transmit
power as (p∗UE)1/bg and decreases as 1/N1/bg with the number of antennas. Similar
conditions can be derived for (P2). We will compare these areas in the simulations.

In order to gain geometrical insights for the shared spectrum case, in addition
to the path-loss model, we assume zero-forcing (ZF) beamforming at the BS to
cancel the interference. This assumption causes the average SNR loss |hH

1 w1|2 =
N−M

N ‖h1‖2 = (N − M)chd−bh

h , where M (M < N) is the number of interferers.
The interference experienced by UE2 and its distance from UE1 depend on its
coordinates (xr, yr). Then, we have the D2D optimality condition from (4.6) as

ID2D(xr , yr) ≤
√

p∗UEσ2
BSc2

g

(N − M)κch

dbh

h

d
2bg
g (xr , yr)

. (4.12)

Similar approach can be applied for (P2).
For simulations, we consider a single circular cell of radius R with BS in the

center. The distance of the D2D transmitter UE1 from the BS is fixed to R/2. The
scenario when dedicated resources are allocated to UE1 is considered in Figure 4.8
and Figure 4.9. Results in Figure 4.8 show the radius of the D2D optimality area
for (P1) versus the number of antennas and different transmit powers. As proved
in the analytical part, the area of optimality increases with the power. However,
the area is reduced as the number of antennas is increased. In Figure 4.9, for (P2),
the D2D optimality region also becomes small if the QoS constraint is small and
when the number of antennas is large. Figure 4.8 and Figure 4.9 show that these two
problem formulations behave differently. For the spectrum sharing case, we consider
a scenario in which M interferers are placed in equal distance on a circle of radius
R/2. We assume a grid of possible positions for D2D receivers separated by 5 m in
the cell area. Figures 4.10–4.11 show the probability of D2D mode optimality for
each receiver position based on the bounds derived for fading channels. The D2D
optimality region in (P1) is larger than the region derived for (P2). The reason is
that the cost of combating the interference is using higher power, therefore, the
probability of D2D mode optimality is lower in (P2) as depicted in Figure 4.11.
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Figure 4.8: Radius of the circular D2D optimality region vs. number of antennas
for (P1) with dedicated resources. (© 2014 IEEE. Reused with permission.)
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Figure 4.10: Probability of D2D mode optimality in the shared spectrum case with
fading for (P1) with N =8 and M =7. (© 2014 IEEE. Reused with permission.)
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Figure 4.12: System model with one cellular and multiple D2D users. (© 2014 IEEE.
Reused with permission.)

4.4 Interference Management for Multiple D2D

Communications

In this part, we address the problem of interference management in D2D commu-
nications underlaying cellular networks. The system model, which is depicted in
Figure 4.12, is comprised of K D2D links in addition to one CUE that commu-
nicates through the BS in a single cell. When a user is in the D2D mode, it uses
the resources of the CUE in the uplink. Thus, the BS experiences interference from
D2D transmissions in the spectrum band of the CUE. Since more than one user
is allowed to be scheduled on the band, the aggregated interference resulting from
D2D communications becomes very important. We assume that the CUE uses its
maximum transmit power and optimize the power of active D2D links such that
the QoS of the CUE is not degraded. The number of D2D users that are allowed
to be active depends on the amount of available channel state information (CSI) at
the BS, which in turn, has a direct impact on the signaling overhead and transmit
power of users. To this end, we formulate the interference management problem in
the following two sections under different assumptions of the availability of CSI.
To model the active D2D users, we define a binary random variable xk ∈ {0, 1},
k ∈ {1, . . . , K}, where xk = 1 corresponds to the event that the kth D2D user is
active, and xk = 0, otherwise.

4.4.1 Signaling Overhead and System Performance Trade-Off

In this section, in order to manage the interference from multiple D2D transmis-
sions, the BS controls the transmit power of active D2D users. One simple power
control method which has also been used in DS-CDMA systems is to assume that
the received interference power at the BS is the same for all D2D nodes regardless
of their positions. This power control method enforces users that are far away from
the BS to communicate directly to each other in D2D mode while the ones that are
closer to the BS may prefer to be scheduled in cellular mode.

Let p̄ be the received interference power from all D2D users, γ0 and γk denote
the CUE’s and the kth D2D user’s instantaneous signal-to-noise-plus-interference
ratio (SINR), respectively. Then, the corresponding achievable data rates are R0 =
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log2(1 + γ0) and Rk = log2(1 + γk) measured in [bps/Hz]. Our objective is to
maximize the overall spectral efficiency of the network, i.e.,

maximize
pk,xk

R0 +

K
∑

k=1

xkRk. (4.13)

In order to protect the BS, we formulate the problem under two different con-
strains. In the first case, we fix the outage probability for CUE’s transmission and
adapt the power to the instantaneous channel gains, i.e., a fast adaptation approach.
In this type of solution, channel gains of all D2D links are required in the BS which
results in high signaling overhead among network entities. One way to reduce this
overhead is to consider averaging where the D2D transmitter compensates for the
path-loss only, i.e., a slow adaption approach. In this case, a certain threshold for
the outage of the CUE should be allowed.

In the first scenario with fast adaption, a pre-determined SINR threshold, γth
0

is defined to protect the CUE. Then, the instantaneous SINR constraint is

γ0 ≥ γth
0 . (4.14)

Denote the number of active D2D links by L, then we have

p0G00

p̄
∑K

k=1 xk + N
=

p0G00

p̄L + N
≥ γth

0 , (4.15)

where p0 and G00 are the transmit power and the instantaneous channel gain from
the CUE to the BS, respectively, and N is the receiver noise power. Thus, the
relationship between the maximum tolerable received interference power (p̄) from
each D2D transmitter at the BS and the maximum number of supported D2D users
are

p̄ ≤ 1

L
(
p0G00

γth
0

− N). (4.16)

Using an iterative heuristic approach, we can find the value of L and the corre-
sponding transmit powers that maximizes the objective (4.13).

In the second scenario with slow adaptation, we assume the power updates
in D2D transmitters are based on only path-loss information. Therefore, a small
probability of outage is allowed in the BS. The outage probability is derived as

Pout = 1 − e−
γth

0
γ̄0

( γ̄0

γth
0

γ̄d + γ̄0

γth
0

)L

, (4.17)

where γ̄0 and γ̄d are the average SNR of the CUE and D2D users, respectively. The
outage constraint becomes

Pout ≤ pth
out, (4.18)
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where pth
out > 0 is the tolerable outage probability at the BS. Using (4.17)–(4.18),

we can calculate an upper bound on the allowable received interference power, p̄,
at the BS from each active D2D user as

p̄ ≤ p0ḡ00

γth
0











e−
γth

0
γ̄0

1 − pth
out





1
L

− 1







+

, (4.19)

where [z]+ = max{z, 0}. To find the optimal solution for the problem (4.13) based
on the availability of average channel gains with the constraint (4.18), we can follow
an enumeration approach.

We study the performance of our model through simulations. We assumed two
pre-defined thresholds for the CUE γth

0 = 2, 6 dB. In Figure 4.13, the average
number of active D2D users versus different number of available D2D users in the
cell in both approaches are shown. As the results indicate, when the fast adaption is
used the higher number of D2D links are scheduled compared to the slow adaption
method. In slow adaption, due to the lack of instantaneous channel knowledge, the
D2D users’ transmit powers are overestimated which results in fewer active D2D
links. Figure 4.14 shows similar trends for the average cell sum rate.

4.4.2 Interference-Constrained D2D Communications with No

CSI Knowledge

In this section, the goal is to maximize the number of active D2D users in the cell
while ensuring that the aggregated interferences to both cellular and D2D users
meet their QoS requirements. The problem is formulated under two distinctive
constraints: namely, peak interference constraint (PIC) and average interference
constraint (AIC).

We can formulate our first optimization problem under PIC as

max
{

pk∈R+

xk∈{0,1}

}

∀k

K
∑

k=1

xk (4.20)

subject to

γk ≥ γth
d , ∀k ∈ {1, . . . , K}, (4.21a)

K
∑

k=1

xkpkGk0 ≤ Ith, (4.21b)

xkpk − P d
max ≤ 0, ∀k ∈ {1, . . . , K}, (4.21c)

where pk and Gk0 are the transmit power and the instantaneous channel gain from
the kth D2D transmitter to the BS. Constraint (4.21a) accounts for the QoS of D2D
users, constraint (4.21b) assures that the interference to the BS is under a certain
limit Ith, and the last constraint corresponds to the maximum allowable transmit
power in each active device P d

max.
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In the second problem formulation under AIC, we assume that the location
of D2D users are random and unknown to the BS. That is, only the statistics of
the D2D users’ CSI are known to the BS. Therefore, the interference constraint in
(4.21b) is changed to

Ep,G

[

K
∑

k=1

xkpkGk0

]

≤ Ith. (4.22)

The constraint (4.21a) is omitted in this formulation since the BS does not have
any information about the D2D users’ CSI and cannot guarantee their QoS. We
consider channel inversion as the power control policy and derive an upper bound
on the number of D2D users that can simultaneously be active as

L ≤ cd

c0

Ith

prβ(R, α0, αd)
. (4.23)

In the above upper bound, Ith is determined by the CUE’s QoS requirement, cd, c0

are the path-loss coefficients for the D2D users and the CUE. β(R, α0, αd), which is
a function the cell radius R and the path-loss exponents α0, αd, is calculated from
(4.22) based on the channel distributions and power control policy.

In this problem formulation, the only available information at the BS is the
total number of users that have D2D capability, and therefore, it decides with
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minimum information and a very low complexity on the admission of D2D links.
This approach is useful, for example, when the BS decides if a new D2D user can
join the current band.

We validated the performance of these two methods with simulations. We con-
sider a cell size of R = 350 m. First, we compare the achieved cell throughput in
three scenarios: conventional cellular transmission with no D2D communications,
cellular transmission coexisting with multiple D2D users under PIC where full CSI
is known at the BS, and D2D communications under AIC in which no CSI is avail-
able. The results are shown in Figure 4.15 and indicate that our proposed method
can improve the performance even though no information about channel states of
D2D users was available. In the presented results, we removed the solutions re-
garding Ith < 0 as in such cases, without transmission of D2D users, the CUE
was already in outage. Clearly, there is a direct relation between the performance
and the available information. However, the proposed approach reduces the com-
plexity for faster decision making in resource allocation and still can improve the
performance compared to the conventional system with no D2D communications.

As in the AIC approach only the average interference constraint can be guaran-
teed and not the instantaneous QoS for the CUE, we also study the CUE’s outage
probability which can be written as

Pout = Pr

(

K
∑

k=1

xkpkGk0 > Ith

)

(4.24)
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in our simulations. In Figure 4.16, the outage probability of the CUE at the BS
caused by D2D transmissions under AIC is depicted. It is shown even though there
is no available information about D2D users, the outage probability of CUE is quite
low especially when the number of D2D users are low.

4.5 Summary

In this chapter, we studied spectrum sharing between two user types within one
system. One type of users work in cellular mode and transmit in the convectional
way through the BS and the other type can transmit in the D2D communication
mode, i.e., directly to their receivers. We studied three problems. At first we stud-
ied spectrum sharing in crowded areas with close proximity communications. We
considered cooperative communications as a means to ease down the requirements
on the interference between the two user types. In the second part, the problem of
mode selection in D2D communications was studied. We derived closed-form condi-
tions that show which mode of operation is suitable for the user. Finally, we studied
the interference management problem when the D2D users are underlay to cellular
network. We showed that there is a trade-off between performance and available
information for scheduling decision. We also developed an effective method with
very low complexity for estimating the maximum number of admitted D2D users
while guaranteeing a certain average QoS for the CUE.



Chapter 5

Discussions and Future Research Directions

Explosion of data traffic volume is a significant challenge for current cellular net-
works. Providing enough spectral resources, investing in infrastructure, and im-
proving the technology are the main considered solutions. In this thesis, we have
focused on the spectrum in particular and proposed solutions that provide efficient
ways of using the spectrum. In order to improve the spectrum usage, we considered
spectrum sharing in two different scenarios: (i) between two systems and (ii) be-
tween different types of users within the same system. For spectrum sharing to be
beneficial, interactions between entities that are using the same spectrum become
crucial. To this end, proper resource allocation and interference management tech-
niques are highly important to be able to guarantee any gain resulting from these
type of solutions.

We studied spectrum sharing between two different systems in the first part of
this thesis in the context of cooperative primary-secondary sharing. We assumed
that the secondary system can provide help for the primary system by relaying,
in order to get access to the primary system’s licensed band. We showed that this
cooperation can be beneficial for both systems; however, the gains are coupled to the
objective and constraint of both systems. Our results revealed that the resulting gain
for either systems is dependent on the primary user’s direct-link quality, the number
of available secondary users in the system, and the secondary user’s transmission
scheme as well as the quality-of-service requirements of both systems.

In the second part of this thesis, we studied spectrum sharing within the same
system in context of device-to-device communications in cellular networks. Users
that are in close proximity of each other can take advantage of their topology and
operate in the D2D mode. In order to guarantee the gain achieved from this type of
communications, we studied three problems, namely cooperation, mode selection,
and interference management in different hierarchial relations. First, we investigated
the feasibility of cooperation between cellular users and D2D users, especially in the
crowded communication scenarios under the primary-secondary sharing model. The
cooperation between these two different types of users, i.e., cellular and D2D users,
is under the control of the base station (BS) which can provide the opportunity for
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increasing the number of nodes per service area, especially when the radio resources
are limited. We investigated the scenarios in which the system benefits from this
type of cooperative communications.

Next, we studied the problem of mode selection in multi-antenna BS where we
characterized the decision criteria for the operations mode of a user in the equal-
right sharing model under two different objectives. We found the optimal conditions
for determining when D2D mode is preferred compared to the cellular mode in the
dedicated resource scenario. In addition, we derived an upper bound on the tolerable
interference by the user, from which the user can decide to operate in the D2D or
cellular mode based on its received interference. In the final problem of this part,
we studied the effects of available information on the performance gain of spectrum
sharing in D2D communications. We proposed a novel interference management
scheme which can schedule as many D2D users as possible in one frequency band
which requires no channel state information (CSI) of the D2D users leading to
very low signaling overhead. Our results showed that there is a trade-off between
the signaling overhead and the achieved performance which depends on the cell
range, path-loss component, and power control policy. However, with our proposed
scheme, it is still possible to have performance gains even when there is no CSI
available for the D2D users.

5.1 Future Work

In this thesis, we studied the problem in a single-cell scenario where we assumed
the effect of inter-cell interference is negligible. One straightforward extension is
to relax this assumption and investigate how the proposed solutions may behave
in the context of multi-cell scenarios. This is of interest especially in the case of
D2D communications in cellular networks. Except in Paper C, we neglected the
effect of shadowing in our channel models for simplicity; however, more gains in
D2D communications can be obtained due to the effects of shadowing. Finally, it is
interesting to study the effects of multiple antennas in the system more thoroughly.
Providing multiple antennas has a significant effect on the interference resulting
from D2D communications and their mode of operation as we briefly studied in
Paper D.
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