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ABSTRACT

Performance Analysis and Enhancement of
Device-to-Device Communications Underlaying
LTE-A Uplink Cellular Networks Using Fractional

Frequency Reuse Scheme

Ningombam, Devarani Devi
Advisor: Prof. Shin, Seokjoo
Department of Computer Engineering

Graduate School of Chosun University

Due to the increasing demands for various types of high
data rate services, cellular networks are facing the problem of
resource limitations. Future cellular networks target to deliver
high data rates to fulfill the requirements for different services,
with new communications standards such as device-to-device
(D2D) communications. In D2D communication, two devices in
close proximity can communicate directly without crossing
data traffic over the evolved-NodeB (eNB). In D2D
communication, two adjacent devices set up a communication
by reusing the cellular resource. Hence, D2D communication is
considered to be one of the promising communication standard
encouraged by future cellular networks. This result in a
reduced traffic load to the eNB, minimized end-to-end delay,

and maximized spectral efficiency and system capacity.
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Nevertheless, implementing D2D communication in an LTE-
Advanced (LTE-A) cellular network generates rigorous
interference to conventional cellular users and also causes
mutual interference among D2D pairs. Two main types of
uplink interference are: inter-cell interference caused by D2D
transmitter to the cellular user and from the cellular user to
the D2D receiver. Unfortunately, it has been found that the
performance of system degrades with the implementation of
D2D communications into the conventional cellular networks.
In this dissertation, we present a novel resource allocation
method to enhance overall system performance by minimizing
uplink interference. The new technique develops the resource
allocation method by considering fractional frequency reuse
(FFR) technique. More specifically, the work in this thesis is
divided into four sections. In the first section, we study on the
benefit of the non-orthogonal resource reuse scenario of
cellular resources in D2D communication by allowing FFR
technique. Different objectives are considered, including
increasing overall system capacity and spectral efficiency. Our
results demonstrate that the proposed methods can assuredly
enhance system performance with reduced computational
complexity. The second section of the thesis executes with the
effect of distance-constrained resource allocation in D2D
communications, where we evaluate outage probability of both
cellular users and D2D wusers. Our results show that it is
possible to obtain least outage probability by determining
location of user from the eNB while reusing the resources. In
the third section, we accomplish to take benefit of the higher

frequency reuse factor by considering greedy heuristic

ii
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algorithm and binary power control algorithm in a network-
assisted D2D communications. We demonstrate that the
proposed scheme can indeed take benefit of the higher
frequency reuse factor and accommodate optimum system
performance. Finally, in the fourth section of the thesis, we
study the multicast nature of D2D communications
underlaying uplink cellular networks by proposing a
metaheuristic-tabu search algorithm. A metaheuristic-tabu
search algorithm is considered to increase the probability of
finding optimal solutions by reducing uplink interference and
for fairness resource distribution; Jain’s fairness index is
analyzed. We demonstrate that our proposed scheme is
desirable to obtain optimum solution for throughout, spectral
efficiency and QoS target by providing fairness in resource

allocation while minimizing uplink interference.
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Chapter 1

Introduction

1.1. Background

The interest of the comprehensive services for high data rate
transmissions has governed to the evolution of cellular
networks. To fulfill the requirements of the current services for
high data rate transmissions, the successor of Long Term
Evolution (LTE), LTE-Advanced (LTE-A) has been investigated
[1] [2]. Recent advances in communication technologies have
enabled the development of devices in almost all areas of our
day to day life. Third Generation Partnership Project (3GPP)
LTE-A aims at providing high data rate and system capacity for
variety of new techniques namely, multiple-input multiple-
output, device-to-device (D2D) communication, etc. These
devices can communicate with each other directly using an
unlicensed spectrum or by sharing a licensed spectrum with
cellular users (CUs). When the devices use dedicated licensed
spectrum no additional interference occurs; but this is
achieved at the cost of inefficient resource utilization. However,
while sharing the licensed spectrum with CUs, it enables
efficient utilization of spectrum resources. Recently, proximity
based services and information have become a significant topic
of interest [3]. Proximity based local area services is one of the
popular communication technique that reuses the already used
spectrum to enhance spectrum efficiency. However, proximity

based services such as Bluetooth, ZigBee, etc. does not have
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control over the ad hoc network, thus the service providers
cannot guarantee a stable, reliable and well maintained

communication environment [4].

1.2. Overview of Device-to-Device Communication

D2D communication underlaying LTE-A cellular networks is
proposed as an up-and-coming technology for next-generation
cellular networks (5G). The difference between traditional
cellular networks and D2D communications is, in a traditional
cellular network a device can not directly communicate with
each other and all communications are carried out through the

eNB. as shown in Fig. 1.1(a).

DZD palr @

Cellular Cellular
user /' user

g D2D

pair

.

Cellular . Cellular
.

user J user

. &

,_,.I(g’} ------------ i)

o Cellular

j user
Cellular @

user
Cellular
user

DZD pair

Cel lular
user

(a) (b)

Fig. 1.1: (a) Conventional cellular communication, and (b) D2D
communication.

On the other hand, D2D communication enables direct
communication between two devices without passing through
the eNB as shown in Fig. 1.1(b). To establish a D2D
communication among the devices in close proximity to each
other, there are two main mechanisms are involved. First, the
peer device discovery and second, the D2D session setup. Peer

device discovery can be subdivided into restricted-peer device
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discovery and open-peer device discovery. In restricted-peer

device discovery, the device needs certain permissions to

access the network, thus maintaining the user’s privacy. For
open-peer device discovery, the device can be identified as long
as it is near another device. The device session setup initiates
when the device-peer discovery is finished.

According to the link establishment, D2D communication is

categorized into four primary types [5]:

I. Device relaying with operator-controlled link establishment:
A device in a remote area or far away from the evolved node
B (eNB) can communicate with an eNB using another device
as a relay. In this communication scenario, an eNB can
corroborate the relaying devices and thus preserve the
privacy as well as frequency allocation of the devices.

II. Direct D2D communication with operator-controlled link
establishment: A network assisted link can communicate
with each other bypassing the eNB. The eNB controls the
connections, frequency allocation and  pecuniary
communication between devices.

III. Device relaying with device-controlled link establishment:
An eNB has no control over the device communication.
Devices communicate with each other by using relays
between them.

IV. Direct D2D communication with device-controlled link
establishment: An eNB has no control over the device
communication. Communication between devices is
managed by the devices themselves.

Based on spectrum utilization, we can categorize D2D

communication underlaying cellular networks into two primary
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categories as listed below [6].

a) Inband D2D communication/LTE Direct: D2D
communication occurs in a cellular-licensed spectrum in a
dedicated mode (overlay mode) or shared mode (underlay
mode).

b) Outband D2D communication: D2D communication occurs
in an unlicensed spectrum endorsed by other wireless
technologies such as Wi-Fi or Bluetooth.

The main advantages of integrating D2D communication in
the traditional cellular networks are listed as follows: First,
D2D communication reduces mobile traffic to the eNB, which
results in a higher cellular network capacity. Next, D2D
communication facilitates the reutilization of the available
cellular spectrum, thus enabling maximum utilization of the
available spectrum. Finally, D2D communication reduces end-
to-end delay as it allows direct communication between nearby

devices.

02D ->G£2D_
et

(( )) _DFZD— G
D2D-, X A

(b)

(a) ---> Uplink Interference

Fig.1.2: (a) Interference from CU to D2D receiver, and (b) interference
from D2D transmitter to eNB.
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In addition, there are various technical challenges with the
introduction of the D2D communication into the traditional
cellular network such as time synchronization, frequency
synchronization and peer discovery between the users.
Consider an uplink cellular network scenario where the DPs
(DPs) are reusing the uplink cellular links: This generates two
main interferences, interference to the D2D receiver caused by
the signal transmitted from the eNB to the CUs, and
interference to eNB caused by the signal transmitted by the
D2D transmitter to D2D receiver as shown in Fig. 1.2(a) and
Fig. 1.2(b). The co-channel interference caused by the D2D
users to CUs and vice versa deteriorates the system quality of
service (QoS) and spectral efficiency of the overall network.
Therefore, co-channel interference is considered the primary
challenge in the underlay inband D2D communication system.
Integrating D2D communications with traditional cellular
networks can resolve the problem of available spectrum
discovery and avoidance of collision between DPs and CUs [7]
[8]. According to a research conducted by Juniper Research in
2015, by 2020, the number of connected devices will be 38.5
billion, up from 13.4 billion in 2015 a rise of 285% [9].
Furthermore, WINNER+ project has also considered D2D
communication as one of the solution to achieve the overall
performance of cellular systems [10].

In order to enhance the performance for D2D
communications underlaying cellular networks and satisfy QoS
requirements for system, it is of great importance to design
efficient resource allocation techniques. To this end, we identify

resource allocation and power allocation scheme for D2D
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communications underlaying uplink cellular networks as an
interesting research problem with significant room for
improvement.

1.2.1. Radio Resource Allocation and Power Control
The idea of radio resource management is performed with the
allocation of available radio resources among devices in cellular
networks. In radio resource assignment technique, the main
objective is to effectively utilize the whole resources while
guaranteeing QoS requirements of the users. In a D2D
communication underlaying a cellular network, DPs reuse the
licensed cellular resource to enhance the system spectrum
efficiency, which generates severe interference between CUs
and DPs, and also mutual interference among the DPs. Such
interference reduces the QoS determined by the users. To
mitigate the interference, study on the random resource
allocation (RRA) method has been proposed in the literature
[11]. In the RRA method, the available DPs can reuse any
available channel resources of the CUs and derived a closed-
form expression for the outage probability. However, in the RRA
scheme, effective utilization of the available frequency bands
was not achieved. The D2D network underlaying a cellular
network that reuses the traditional cellular links is presented
in [12].

In addition, transmission power control is important for
interference mitigation and power saving. In absence of
interference, higher transmission power enables a network to
communicate at higher data rate which results in higher

system spectrum efficiency. However, when the co-channel
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interference exists, higher transmission power increases co-
channel interference which results in reduced signal-to-
interference-noise ratio (SINR). There have been many works in
power control techniques for D2D communications in literature.
The work in [13] proposed a post-resource allocation and power
control scheme for CUs. Frequency reuse scenario is
determined based on the interference generated by the D2D
users. In [14], system capacity evaluation using a blocking
queuing model has been presented. In their network, an
overlay D2D communication mode is discussed and formulated
a fair admission control problem. Network-assisted D2D
communication and its advantages are listed in [15]. In [16], a
two-step approach for D2D communication underlaying uplink
cellular network has been discussed. At the first-step: a novel
resource allocation based on the static transmits power was
analyzed. At the second-step: interference minimization
problem was formulated for dynamic reusing of cellular
resources. However, in their study, QoS analysis was not
considered. In [17], the authors proposed a joint resource block
and power control method by using Nash Equilibrium
computation technique. In order to improve spectrum efficiency,
the authors in [18] proposed a context-aware cluster based
D2D communications. Moreover, to mitigate these interferences
generated due to D2D communications, the FFR technique is
primarily used by allotting specific spectrum resources to the

UusSers.

1.2.2. Fractional Frequency Reuse (FFR)

The fractional frequency reuse (FFR) method is a well-known
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technique to mitigate interferences caused by the frequency
reuse method. FFR is radio resource partition method in the
LTE-A system [19], which partitions the cell’s available band
into different sections such that the users of the adjacent cell
do not interfere with each other while reusing the cellular
frequency by the DPs as shown in Fig. 1.3. The FFR scheme
facilitates the reuse of the same frequency in cellular networks
to encourage the concurrent communication demands. This
can improve the system spectral efficiency and channel quality
[20, 21]. The FFR scheme utilizes the entire spectrum in a cell
and reduces the co-channel interference within the cell as well

as among the cells.

Uplink
/| spectrum (F) [_
k‘/ \\\\i
Inner cell Outer cell
frequency band (F1) frequency band (FO)
FI,O iFI,1 1 Fl,2 FO,0! FO,1i FO,2

Inner cell frequency Outer cell frequency
sub-bands sub—-bands

Fig. 1.3: Spectrum partition technique.

The frequency reuse factor (RF) is defined as the rate at
which the available spectrum is used by the CUs and DPs at
the same time in a cellular network. In literature, studies have
been conducted on FFR for interference cancellation and
reduction for CUs [22]. The work in [23] proposed a virtual cell
sectorization method to jointly enhance resource allocation and
reuse in a network-controlled D2D communication. In [24], the

authors proposed a frequency-reuse method by considering
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different transmission powers of CUs and DPs based on the
user’s accessing location.

The cellular system throughput optimization problem based
on FFR is formulated in many studies in the literature. The
authors in [25] proposed an optimization problem that
considers QoS constraints on the CUs and DPs. In their study,
the optimal conditions for power for each subchannel were
analyzed. In [26], the authors proposed a resource-allocation
scheme for DPs by dividing whole cell area into two non-
overlapping regions, without cell sectorization (RA w/o
sectorization) scheme. It has been shown that reusing more
than one channel resources of CUs increases the system
throughput significantly. In [27], the authors presented a D2D
communication with FFR and fractional power-control schemes.
The paper focused on the coverage region for both the DPs and
CUs based on transmitter power. The D2D communication as
the underlay to the orthogonal frequency division multiple
access (OFDMA) is analyzed in [28]. In the paper, the authors
presented a downlink resource-reuse method that considers
only the outer cell region users to avoid interference from the
eNBs. Dynamic power control for D2D communications
underlaying uplink multi-cell networks has been presented in
[29]. In their work, an optimization problem is formulated to
minimize the uplink interference due to the integration of D2D

communications to the conventional cellular communications.

1.3. Multicast D2D Communication
Recent years have witnessed rapid trending of multicast D2D

(M-D2D) communications. When the same information should
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be transmitted from one transmitter to multiple receivers,
instead of sending data through multiple unicasts,
multicasting may enhance system capacity and spectral
efficiency. Moreover, compared to unicast (point-to-point)
communication system where a transmitter sends the signal to
a single receiver, M-D2D communication reduces overhead. In
M-D2D communication, nearby devices form an M-D2D
communication group where D2D receivers in the group can
receive the same data from the D2D transmitter over a direct

link, without relying on evolved eNB as shown in Fig. 1.4.

DD,D 02D Rx @

02D Tx

@ D20 Rx
DZEDLRxozo Rx t( ‘)) Q
E A D2D TxD\LD
Dbzo Tx B
‘ﬁ D @ D D D2D user
D2D Rx

. Cellular
ad4] user

Fig. 1.4: M-D2D communication underlaying uplink cellular network.

M-D2D communications can be categorized into: single rate
and multi-rate transmissions [30]. In the single-rate
transmission, D2D transmitter in a multicast group transmits
the same data rate to its corresponding receivers. Whereas, in
the multi-rate transmission, D2D transmitter in a multicast
group transmits multiple data rates according to the receiver’s
demands. This concept envisaged as the promising solution for

the incoming 5G system and Internet of Things (IoT) technology.
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Collection @ chosun



Some of the well-known applications of the M-D2D
communication are media-rich applications such as local
multimedia content sharing of photos, and music and also
high-quality video sharing application such as video
multicasting in social platforms. The resource allocation in M-
D2D communications is challenging since this service is
characterized by strict QoS requirements.

Considerable research has been conducted on M-D2D
communications. The main issues and challenges in a
multicast communications environment are summarized in [31].
The paper classifies the existing multicast protocols based on
several distinct features and performance parameters. In [32],
the authors discussed on modeling and analysis of M-D2D
communication and an optimization problem was formulated
based on the mobility and network assistance issues. The
problem with this study is that the interference coordination
function was not applied. In [33], the authors proposed an
energy-efficient multicast scheduling scheme to achieve high
energy efficiency. Also, the transmission power control method
of the multi-hop D2D transmission paths was analyzed. In [34],
the authors proposed an optimized opportunistic multicast
scheduling over wireless cellular networks. The homogeneous
network that is partitioned into rings uses different channel
links. An optimization problem was formulated to achieve the
optimal solution. In [35], the authors proposed an MC-CDMA
transmission scheme in M-D2D communication. The results
showed that their proposed scheme achieves better SINR for M-
D2D communication. A dynamic power control scheme was

introduced to mitigate interference from M-D2D to cellular

11
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network [36]. Comparing the result of this scheme with that of
conventional multicast transmission scheme shows the

improvement of system throughput.

1.4. Contributions and Overview of the Thesis

Inspired by the existing contributions in literature, in this
thesis, we analyze different resource allocation techniques to
leverage performance of the system with D2D communications.
In Chapters 2-4, we discuss how the D2D communications can
be done to improve the system performance using cell
sectorization method based on different values of frequency
reuse factor. In Chapter 5, we discuss resource allocation and
power control for M-D2D communications. The main
contributions of the thesis are listed below. In Chapter 2, we
design a non-orthogonal resource sharing scheme for D2D
communications using FFR scheme. We consider the RF of one,
in which only one DP can reuse uplink cellular link at a time to
maximize the transmission throughput of the system. A
resource allocation and power control scheme is proposed to
efficiently reuse cellular resources by guaranteeing QoS of both
users and formulated a throughput optimization problem to
find the optimal resource pairing partner. The proposed
algorithm has less complexity compared to the RRA scheme.

In Chapter 3, we consider a distance-based resource
allocation scheme for D2D communications with RF of 2. The
system with RF of 2 enables simultaneously reusing of single
cellular resource by 2 DPs. We formulate the outage probability
problem of both CUs and DPs while reusing cellular resources.

To maximize the overall system throughput, we analyze a

12
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throughput optimization problem. We also analyze Jain’s
fairness index for fairness distribution of resources.

In Chapter 4, we discuss an optimal resource management
scheme with higher frequency reuse factor in D2D
communications. Moreover, the statistical channel information
is analyzed to evaluate the SINR. Then, we formulate the
throughput maximization problem by wusing two efficient
methods: a greedy heuristic method and a binary power control
method. The greedy heuristic search algorithm performs local
search to find the suboptimal solution. Furthermore, in order
to achieve optimal solution, we proposed a binary power
control scheme. The main advantage of the binary power
control scheme is that continuous channel state information
(CSI) update is not required in binary power control scheme.

In Chapter 5, we study resource allocation for M-D2D
communications. Due to the multicast phenomenon of data
transmissions, D2D communications and existing CUs may
cause severe interference between devices. We design a
resource allocation scheme to maximize the overall system
throughput. Moreover a metaheuristic-tabu search algorithm is
analyzed, where one D2D group can simultaneously reuse the
same uplink resource with the conventional CU. Tabu search is
an efficient metaheuristic technique that finds an optimal and
optimal solution of diverse practical applications. In
metaheuristic-tabu search algorithm, a neighborhood function
is defined to overcome the possibility of being trapped at a local
optimum. The main benefits of proposing metaheuristic-tabu
search algorithm in our work are: it requires less computation

time and is efficient for large problem size network.

13

Collection @ chosun



Chapter 2

Fractional Frequency Reuse-Based D2D
Communications

Starting from this chapter, we discuss radio resource allocation
and power control in D2D communications underlaying uplink
cellular networks. The basic idea is to understand the
advantages brought by the D2D communications using FFR
scheme. The issue is first studied for a non-orthogonal reuse of

uplink resources by the CUs and DPs.

2.1. Background and Related Works

In conventional cellular communications, the CUs
communicate with each other through a central node such as
eNB. Underlaying D2D communication is suggested as a
promising technology for the next generation cellular networks,
where users in close proximity can communicate directly to one
another without the base station. However, when D2D
communications underlay cellular networks, the possible gain
from resource sharing is highly driven by how different
interference is managed. Traditional interference management
methods for cellular networks will not work for a D2D
underlaying a cellular network for two main reasons; firstly,
D2D users are only assigned a resource that has already been
assigned to a CU unlike CUs assigned a previously unassigned
resource, and secondly, the D2D users have lower priority than
the traditional CUs because CUs are the primary users of the
cellular network and their service quality cannot be

compromised because of secondary D2D users.
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To analyze this problem, in literature many works have
done to reduce the interference between CUs and DPs. To the
extent of literature works, the authors in [37] discussed the
frequency reusing technique by considering only the frequency
which is not used by the conventional cellular users and select
the best reuse partner to reduce the uplink interference
between D2D links and CUs. Sectional frequency reuse
technique is discussed in [38, 39], where different reuse factors
are considered. This method can achieve higher system
spectral efficiency. Finally, the authors in [40] studied a
method that assigns the channel with the lowest gain to the
D2D wuser. However, such studies have focused on the
performance of the users near the eNB and have not
considered users located at the edge region. Thus, do not
improve the performance of the overall system. The work in [41]
proposed to divide the cell region into two inner and outer
regions, and then the outer region is partitioned into multiple
regions. Frequency reusing structure is studied based on the
interference from CUs to DPs and channel gains of DPs
together. In [42], the authors proposed a frequency reuse
scheme for interference mitigation and reduction in D2D
communications in which the radius of inner cell region is
determined based on the SINR threshold and outage
probability requirement. But, using omnidirectional antenna
increases the interference. In [43], different frequency bands
and transmission powers of eNB and D2D transmitter have
been selected based on the user’s locations in the inner and
outer cell regions. However, in their scheme, whole frequency

band was not considered, which degrade the performance.
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2.2. Network Model

In this paper, we consider an uplink multicell cellular network
as shown in Fig. 2.1. The reason for considering the hexagonal
shape cell is to mitigate the propagation loss caused by the
different terrains. Moreover, the hexagonal cellular geometry
facilitates the analysis of cellular networks. In Fig. 2.1, the cell
area is divided into two regions namely inner and outer cell
regions with cell radius r and R, respectively. In each
hexagonal cell, the base station is placed at the cell center.
Both regions are sectored into three sub-regions using 120°
directional antennas. In this network, the reuse of the channel
resources occurs in two scenarios: First, the DPs in the inner
cell region reuse the channel resources of the CUs in the outer
cell region. Second, the DPs in the outer cell region reuse the
channel resources of the CUs in the inner cell region of the
corresponding sectored region. The non-orthogonal resource
sharing between CUs and DPs is shown in Fig. 2.1(b). The DP
located in a certain cell region can only reuse only one cellular
resource of its corresponding cell region. Reusing the cellular
resource by more than one DP is strictly prohibited.

Consider a cell with M CUs and N D2D users uniformly
distributed in a cell. We define the sets of CUs and D2D users
as C =(1,2,...,M) and D = (1,2,...,N), respectively. Similarly, the
users are categorized as Cy,, Coyt, Din and Dy, Where Cy,, and
Cour are the CUs belonging to inner and outer cell regions,
respectively, and D;,, and D,,; are the D2D users belongs to cell
inner and outer region respectively. In this paper, we consider

the distance between the DP and the CU whose channel
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resource is to be reused by the DP, in which a maximum
separable distance is to be maintained to avoid interference

from the CU to the device receiver.

7
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Fig. 2.1: (a) Multicell network model, and (b) non-orthogonal resource
sharing.

The partitioned frequency band structure based on the
power level is shown in Fig. 2.2, in which the available
spectrum is partitioned into two parts, the inner cell frequency

and the outer cell frequency.
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Fig. 2.2: Spectrum partition based on the power level.

Further, both frequency bands are sub-divided into three
corresponding bands as, Fjo, Fi1, Fi2, Fo,, Fo1 and Fp,, where
Fio, F1; and Fj, are the sub-bands of the inner cell frequency F
and, Fp, Fo; and Fy, are the sub parts of the outer cell
frequency Fy. In our network model, we used the subparts of
both frequencies to meet the design trade-off between spectrum
utilization and interference mitigation in the cellular network.

F=F+Fy=(Fo+F.+F2)+(Foo+Fo1+Foz) (1)

The location of the uniformly distributed cellular devices is
expressed by considering polar coordinates (6., [.), where 6. is
an angle of 6, and [, is the distance from the eNB. Therefore,
the probability density functions of the CU (in polar
coordinates) in the inner and outer cell regions are expressed
as follows [24]:

For the inner cell CUs

2(lc—1s
fle) = 5B VI < e <R, 2)

For the outer cell CUs

2(le—lg
flo) =2 vig <l <, @)
f@.) = ﬁ,VO <6, < 2m, 4)

3
where [ and [; are the shortest distance between the outer and

the inner cell CUs from the eNB, respectively; R is the radius of
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the outer cell, and r is the radius of the inner cell. The
comprehensive functional flow of the proposed scheme is

presented in Algorithm 2.1.

Algorithm 2.1: Working of the Proposed Resource Allocation and Power

Control Scheme

Step1l : Divide cell into F; and F

Step 2 : Sectorize F; into Fyo,F;; andF, , and Fj into Fy g, Fp;and Fyp,

Step 3 : Initialization: Set C = {1,2,3,...... ,N}, D ={1,2,3,....., M}

Step 4 : Check locations of cellular users

Step 5 : P} < Py, < PR, PR < Py, < PR, PO < P, < PR,

P < P, S PR

Step 6:ford=1tom, D=1toM,c= 1ton,C=1toN, do

Step 7 : Calculate the distance between D2D pair and eNB, and D2D pair and
cellular user

Step 8 : Calculate yp, , Y, s Ycpr¥eme

Step 9 : Calculate 0y, , Op,,, Oc¢, and O,

out ?

Step 10 : if (0¢, < pc, » Op, < pp, )and (Oc,, < pc,, Op,, < Pp,,) then

Step 11 : Compute Tp, = log, (1 +vp,, ), Tp,,, log, (1 +vp,, ),

Te, =loga(1+ v, ), Te,, =log2(1+ve,, )» T= To, +Tp,, + Tc, +Tcn
Step 12 : else if (0¢, > pc,. Op, > pp, )and (Oc,, > pc,,.Op,, > Pb,,) then
Step 13 : Recalculate yp, , Yp,.s Ycpr Yo
Step 14 : end if

Step 15 : end for

Moreover, the resource allocation scheme proposed in this
paper is performed by considering different frequency sub-
bands of the network. To allocate resources properly, we
assumed that a DP located in Fj, sub-band cannot reuse the
resources of same sub-band but can reuse the resources of
Fopo. In addition, the distance between the CU located in Fy

sub-band and DP located in Fj, sub-band should maintain.
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This results in the least interference between the CU and DP.
Since the users are assisted by directional antennas, the

available resources are uniformly allocated to all the users.

2.3. Problem Formulation

2.3.1. Interference Analysis

The received power in the communication system is defined as
the product of the transmitted power and the channel
coefficient i.e.,

PR == PT' G, (5)
G=P.¢7L3, (6)

where Py is the received power, Py is the transmitted power, G
is the channel coefficients, F; is the power gain, ¢ is the path

loss and § is the shadowing coefficient.

Notations

b, m= inner cell D2D transmitters

b’ , m =inner cell D20 receivers
a = inner cell cellular user
J = outer cell cellular user
e, n = outer cell D2D transmitters
e’ , n° =outer cell D20 receivers

ng = neighboring users

——> Desired signal

> nwanted signal

Fig. 2.3: Uplink cellular resource reuse scenario.

To maintain reliable information transmission after

integrating D2D communications in the cellular networks, the
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SINR requirement is set up to a minimum level for the D2D
communication. We assumed that in the inner cell region, D2D
transmitter b communicates with receiver b by reusing
resource of the CU j as shown in section S-1 of Fig.2.3.
Similarly, in the outer cell region, D2D transmitter e
communicates with receiver e by reusing resource of the CU g,
as shown in section S-2 of Fig. 2.3. The eNB is denoted as B for
analysis purpose. Considering the interference scenario
presented in Fig. 2.3, we can express the SINR of CUs and the
D2D users of both the inner and outer cell regions as follows:

o For the inner cell user: The received SINR for the inner

cell CU and the DP is given by

]/ — PaA;,ol‘?lca,Blz > y Va € C ec D (7)
Cin PN+PeA;,%|Ge,B|2 =TIt in» out»

-a 2

PbAb_brlab,b |

= Vt'Vb'b' € Din'j € Coutt (8)

YDy = PN+P]-A]TZ‘V|Gj'br|2+Ibr+Ing

respectively, where [, is the interference to D2D receiver b’ in

the inner cell region and can be expressed as follows:

Iy, =%%_, PmA:n‘f‘bf|Gm’br|2,Vm,b' € Dip, (9)

The interference from the neighboring cells I,, can be
denoted as

Ing = X1 L (10)

. For the outer cell user: The received SINR for the outer

cell CU and the DP is given by

P;ATEIG |2
j4A;jBlGjBl = Ye,Vb € Dip, j € Coye, (11)

YVeour = Py +PLAL%1GpBI% —

-a 12
PeAe'e/|Ge’e |

= >y, Ve,e € Doy a € C; 12
YDout pN+paA;¢:,|Gae,|2+1e,+In = Yo ’ out, in, ( )
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respectively, where I is the interference to user D2D receiver e
and can be listed as

Iy = Y5-1 A5G, 1% Ve n € Doy, (13)

Ing = Z4=1 I, (14)

Therefore, F, € P, ,P; € P ., (Pp,Pn) € Pp,, and (P, B,) € Pp, .,
where P;, and P;, , are the transmit power of the CU in the
inner and outer cell regions, respectively, Pp, and Pp  , are the
transmit power of the D2D user in the inner and outer cell
regions, respectively. Similarly, 4,5 and A, p are the distance
between the inner cell CU a and B, and distance between the

outer cell D2D transmitter e and B. A4, , Ay and A4,

distance between the inner cell D2D transmitter b and receiver
b', distance between the outer cell CU j and inner cell D2D
receiver b, and the distance between the co-channel D2D
transmitter m and receiver b . Ajp , App are the distance
between the outer cell CU j and B, and distance between the

inner cell D2D transmitter b and B. A4 Age and An’e' are the

ee’?
distance between outer the cell D2D transmitter e and receiver
e, distance between the co-channel D2D transmitter n and e'.
Moreover, G, g and G, g are the channel coefficient between the
inner cell CU a and B, and channel coefficient between the

outer cell D2D transmitter e and B. Gpp' Gj'b' and G p are the
channel coefficient between the inner cell D2D transmitter b
and receiver b, channel coefficient between the outer cell CU j
and inner cell D2D receiver b', and channel coefficient between

the co-channel D2D transmitter m and b'. Gjp and G, are the

channel coefficient between the outer cell CU j and B, and
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channel coefficient between the inner cell D2D transmitter b

and B. G Ga,e' and Gn, '

. are the channel coefficient between

ee’
the outer cell D2D transmitter e and receiver e , channel
coefficient between the inner cell CU a and outer cell D2D
receiver ¢ , and channel coefficient between the co-channel
D2D transmitter n and receiver e. Py is the noise power, « is
the path-loss exponent, and I,4 is the interference from the
neighboring cells to the D2D receivers. In order to guarantee
the QoS of the D2D users, we defined an uplink interference
region of the CUs as shown in Fig. 2.4. Within this region,
interference from CU to D2D receiver is very severe, hence D2D

communication is not allowed in this region [25].

Outer cell region Uplink

interference
““““““““““ region of outer
cell cellular
user

-
-

Uplink A
: a )
interference Y ) el
region of inner an vl _ 47

cell cellular
user

Fig.2.4: Uplink interference regions of CUs.

For interference region analysis, we consider a scenario
where a communication system attains a minimum allowable
SINR. From equations (7, 12), we defined the uplink

interference region (Uc, ) as listed below.
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PaA;,%|Ga,B|2 _
PeAZ%|Gepl2 — TV
a2 ([ (15)
ﬁ _ Ae,B|Ge,B|
P "t AZ%|Gapl?’
— 12
PeAe,e/lce.e | —
PaA %G, /12 Yo
_a'l '|2 >' (16)
Pe ae' ae
D TVt a2
Py AZC1G, 17
From (15, 16), we have,
-a 12 _
a,eyl a,el Aa,%lGa,Blz )

Yt 5= = =
AL0NGe 1P ve(AgBlGesl®)’

_ -a 2
2 Aa,01‘3|Ga,l3|2 Ae,erlce.el

Y& == = s (17)
AoBlGepl?  AZ%1G, ;12
N ,
y 2 (Aa,B Ae,e) X (|Ga,3| lGe,e') 2
t Ao Ay, |Gl 1Go 1) " )
|Ga,B| |Ge,e’|
In (17), we assume o6 1) == constant value, then
e,B a'e'
Aa'BAr:‘ev
Age =Ucy 2 ( Aep )' (18)

We can see from (18) that to guarantee the QoS of the D2D
communication in outer cell region by reusing inner cell
cellular resource, the distance between inner cell CU and outer
cell D2D receiver should be large.

Similarly, from equations (8, 11), we defined the uplink

interference region (Uc, ) as listed below.

PbA;,(;’|Gb,b’|2 _ \
PalG 2 Vv
7%ip"' jb
i , (19)
A a,|G ,|2
Po_ o A%

- yt -a 2 JJ
Pj Ab,b'lgb,b'l

-a 2
PjAjplGjBl

— =7Vt
PpA,B1Gp 812 ’ (20)
Pj _ . ApBlGrpl
Py "t ATEIG B2’

From (19, 20), we have,
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ARG T ApGIGh sl

_a ,
v 2 (Ab,b’ Aj,B) v 16,1 1681\ 2
t Ajp ApB G, 1 "1GbBl )’

143 >7 (21)

Gyl 16
In (17), we assume | —22. 1951} = . = constant value, then
lGj,bvl |Gb,B|
_ ApbAjB
Ay = Uc,,, = (2222), (22

We can see from (22) that to guarantee the QoS of the D2D
communication in inner cell region by reusing outer cell
cellular resource, the distance between outer cell CU and inner
cell D2D receiver should be large. Therefore, a larger distance
between the users can mitigate uplink interference from the CU
to D2D communication. In this way, we can improve D2D

communication throughput and overall system throughput.

2.3.2. Outage Probability Analysis

Outage probability is important in analyzing the performance of
wireless communication systems. In this paper, we analyze the
outage probabilities of the D2D communications and cellular
networks in a multicell system when the uplink cellular links
are shared by the DPs. The outage probability is stated as the
probability that the spontaneous SINR drops below a
predefined threshold SINR. Therefore, the corresponding
outage probability of a CU and DP in both cell regions in terms
of their SINRs are illustrated as below.

1. For the inner cell user: The outage probability for the CU in

the inner cell region, in terms of the received SINR is given
as
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1 YtPn
=1]—-—- — <
Oco =17 T werpme exp(= 55 < Py )
PaAs%
pyyTh ,Va € Cip, e € Doy, (23)
PaALE ——>
:1_ _aa a,B_a e Pg SpC J
PaAa,B + (PeAe,B)Yt o
1 YtPN)
-1_ - <
O =1 PiAT% 4L 4] exp( Py J PDiw
j j,b' p Tin Yt
W
bA, ' ,
bb ,Vb,b € Din'] € Cout'
PpA~% <_ Py VTh> |
1 _ b,b Pp
=1 e < Pp;,

PbA;g, + (PjA;Z‘v+1br+In)yt }
(24)
where y;, pc,, and pp, denote the threshold SINR, required

outage probability of the CU and D2D wuser, respectively.

Similarly, the outage probability for the inner cell DP in terms

of received SINR is given.

2. For the outer cell user: The outage probability for the CU
and the DP in the outer cell region in terms of their SINRs is

expressed as

1 YTPNn
= - - _ <
N Y exp (- 12 < p,
T PpAcE .
j*B o ,VYb € Dy, j € Courr  (29)
—a PNy
=1- Pj4;B e _P—j <
PjA;g + (PbAE,%)VT = FCoun’ }
L YTPN
0 =1- ex (__ <
Doyt (PaA_a,-H '+1n)YT p Pe pDOut'
1+ ae ea
PeA” T ’
e ee ve o E D a E
Th ’ ’ out’
PoAT® (_PN_V)
€ ee/ PE
= — 3 e

= pDout’ J

-a -a
PeAZ S+ (PaAa'e,+Ie +In)yT

Cin, (26)
where yr, pc,,, and pp, , are the threshold SINR, predefined

required outage probability of the CU and D2D user,

respectively.

26

Collection @ chosun



2.4. System Throughput Optimization

The throughput is defined as
T =log,(1+v) (27)

where y denotes the user’s SINR. Combining the SINR
expressions (7-22) of different users in both cell regions, we can
then formulate the overall system throughput optimization

problem as follows:

max Zlc\vI:l Z%I=1 [Tcin + TCout + TDin + TDout] (28)

where
T¢,, = log, (1 +vy¢,) Tc,,, =log.(1+vc,,,) (29)
Tp,, =log.(1 +vp,), Tp,, =109.(1+vp,,.) (30)
subject to Yo = y&myp > ymin (31)
PI™ < Pp < PJMO%,PRY™ < Pp < PR (32)

where " and yJ*" are the minimum achievable SINRs of the
CU and D2D user respectively. PP and PP'* are the lower and
upper bounds power range for the CU, and PJ*" and PJ*** are
the lower and upper bounds power ranges of the D2D user.
The optimization problem in (28) gives the throughput
maximization by considering throughput of both the CUs and
DPs. Constraints in (31) stand for SINR of both the CUs and
DPs should be greater than the minimum required SINR.
Constraints listed in (32) represent that the power bounds
should be within predefined lower and upper bounds. In a
multicell D2D communication underlaying an uplink cellular
network, the resource pairing criteria between CUs and DPs
directly impact the transmit power of each user.

Proposition: The optimal solution of the optimization problem
in (28) must be the global-optimal solution of the proposed

optimization problem.
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Proof: As a matter of fact, when a DP underlaying uplink
cellular network reused the cellular resource, the power control
mechanism is directly related with the throughput
maximization problem. The upper and lower bound transmit

power of both the users in cell inner and outer regions can be

derived as:
- @ 2o
p Yo PNtPedeBlGenl®) YDy (PNHPIATE|G 241 ¥ i) )
@ A;%1Ga Bl? b A;‘;,|Gb’b,|2 )
- 2 (Pn+Pad=%|G, 1241 +1n) |
P; = yCOut(PN+PbAb.B|Gb.B| ) _ YDoue\"NTFal |, etn) |
j — -a e — = )
J Aj,B|Gj,B|2 Ae’e,|Ge’e,|2

Va e Cin'b € Din'
J € Coutr€ € Doyt

(33)
respectively, where C;,, Cpyt € C and Dj,, Doyt € D. According to
equation (31), if y™" > y. and yJ*" > yp, then the desired signal
cannot be detected. This directly impacts the performance of
the network. Consequently, to gratify the minimum SINR, it is
necessary to control transmit power of both the users. Hence,
P < p. < PIMX pIUN < P < PI9* should be satisfied. This
ensures that the transmit power of both the users does not

exceed the maximum level. This completes the proof.

2.5. Channel Model

The fundamental principle for an eNB to adopt a device
operating in either the cellular or D2D mode is determined by
the location of the device transmitter and receiver versus the
eNB. Therefore, the path loss (PL) measurement is notably
considered as the benchmark for determining the device’s
operating mode. The path losses of different communication
links in this paper are adopted using micro-urban models

specified by the International Telecommunication Union Radio-
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Communication Sector (ITU-R) reports. The path loss models
from the base station to CUs and DPs are calculated as follows
[44]:

PL¢ = 36.710g:0(L) + 2610910 (%) + 40.9

L Fe
PLp = 40logso(;555) + 30l0g10(S5es

(34)

Y+ 49|

where L is the distance from the transmitter to its

corresponding receiver, and F, is the carrier frequency.

2.6. Computational Complexity and Use Case Scenario
of the Proposed Scheme

2.6.1. Computational Complexity Analysis

To improve system throughput by minimizing interference,
algorithm 2.1 allows the limited communication by defining
upper and lower bounds transmit power. In algorithm 2.1, all
available channels for CUs and D2D users are evaluated. This
results in a complexity of O(MN). Furthermore, our proposed
scheme assumes that each DP can only reuse single cellular
resource at a time. Therefore, the complexity becomes 0(M?N).
The conditions (Ocm < Pc;» Op;, < pDin) and ( Oc,, <
PCout» ODoue = Pp,y,) @re the check points for the system outage
level. These conditions control the number of iterations, hence
reduces computational complexity of the system. Thus, our
proposed resource allocation and power control scheme for
D2D communications is a low complexity state-of-the-art

solution, applicable for high data rate services.

2.6.2. Use Case Scenario of the Proposed Scheme
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D2D communications provide various types of advantages over
the conventional cellular networks. In this section, we provide
some use case example scenarios of our proposed scheme. The
basic concept of the proposed scheme is to allow more number
of users in the network to jointly achieve higher system
throughput and mitigate interference. In particular, some of
the popular real-time use case scenarios are: public safety and
traffic offloading. In the proposed scheme, we would like to
analyze the use case scenario “traffic offloading” as an example.
In this scenario, D2D users setup direct connections and
triggered D2D communication by reusing available cellular
resources without the control of eNB. Devices in proximity
exhibit their preferences by analyzing SINR requirements. This
helps to reduce the eNB from traffic burden and greatly

maximizes the overall system throughput.

2.7. Performance Analysis

In this section, we analyzed both the mathematical
computation and simulation using the Monte-Carlo Simulation.
The proposed scheme considers full loaded cellular system that
can support a high density of users. The number of CUs in all
sections of the cell is uniformly distributed and at least one DP
should be present in each cell section. We consider four
different scenarios for sharing cellular resources with the DPs.
We compare the performances of our proposed scheme with the
RRA scheme [12] and RA w/o cell sectorization scheme [26].
The above mentioned references and our proposed scheme
have the same characteristics of the problem statement but

with different system models. The methods considered core
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characteristics of the uplink cellular resources like channel

bandwidth, interference scenarios, noise power, user

distribution model, etc. The resource-sharing scenarios with
different densities of both CUs and DPs are listed below:

A. When the DPs are more than the CUs (D2D > C) as given in
Table 2.1, and the D2D transmitter (Tx) and receiver (Rx)
are located in different cell sections: In this scenario, all the
available cellular resources can be reused by the DPs. This
results in the maximum utilization of the spectrum, but the
performance of the D2D communication may not be
efficient, the number of available resources to be reused by
the DPs is less. As the D2D Tx and Rx are located in
different sections of the cell, the D2D Rx will be interfered
more by the nearby CUs.

B. When the DPs are more than the CUs (D2D > C) as given in
Table 2.1, and the D2D transmitter (Tx) and receiver (Rx)
are located in same cell section: In this scenario, as both
the D2D Tx and Rx are located in the same cell section, the
D2D communication have less interfering devices to the
D2D Rx. This scenario is more efficient than scenario

C. When the number of CUs are more than the number of DPs
(C > D2D) as given in Table 2.2, and the D2D transmitter
(Tx) and receiver (Rx) are located in different cell sections:
Here, more cellular links will not be utilized by the DPs as
the number of sources is high but the consumers are few.
However, when some of the available cellular links are
disconnected or are in sleep mode, the DP can have other

options to choose the remaining active cellular links.
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Table 2.1: Scenario 1 and 2: Table 2.2: Scenario 3 and 4:
D2D > C. C > D2D.

Cell region Number of Cell region Number of

devices devices

Cell inner region |D2D=15, C=40| [ Cell inner region | D2D=15, C=50

Cell outer region |D2D=50, C=10]| [ Cell outer region | D2D=30, C=30

D. When the number of CUs is more than the number of DPs
(C > D2D) as given in Table 2.2, and the D2D transmitter
(Tx) and receiver (Rx) are located in the same cell section: As
the D2D Tx and Rx exist in the same cell section, the

communication will have less interference.

2.7.1. Simulation Parameters and Values

This section provides the detailed simulation parameters and
its values as given in Table 3. Without loss of generality, we
assumed that the transmitter and receiver of a DP are placed in

the same section of the cell and distance between them is short,

i.e. 1-50 m.
Table 2.3: Main simulation parameters.
Parameter Value
eNB transmission power 40-46 dBm(inner cell)
eNB transmission power 43-49 dBm/(outer cell)
D2D transmission power 8-15 dBm
Noise power -174 dBm/Hz
Carrier frequency 2 GHz
Uplink bandwidth S MHz
Path loss exponent 4

2.7.2. Simulation Results and Discussions

This section demonstrates the simulation results and shows
the performance comparison. Fig. 2.5(a and b) shows the
average target SINR vs. cumulative distribution function (CDF)

plot for both the DPs. This Fig. shows that the performance of
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the system with more DPs than CUs achieved closer to the
average target SINR compared to the communication scenario
with less DPs. Our proposed scheme also benefit SINR of
around (= 3.5dB) at the outer cell D2D users compared to the
existing schemes. This is because of the effective distribution of

the SINR based on the distance between the DPs and CUs.
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g il 8 i
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0 0.3 K /] 0.3 "\l
D 4
0.2 '-’ i’.‘ 0.2 7 2
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(a) for outer cell region (b) for inner cell region

Fig. 2.5: Average target SINR vs CDF for DPs.

Fig. 2.6(a and b) shows the average target SINR vs.
cumulative distribution function (CDF) plot for both the CUs.
The performance of the CUs is affected little by the varying
number of DPs in both cell regions. Also, CUs in inner cell
region attain a gain of somewhat (= 4dB) from the existing
schemes. From Fig. 2.6(a), it is seen that in all the
communication scenarios, 60% of CUs can establish
communication with SINR from -7dB to 5.5dB. Moreover, from
Fig. 2.6(b), it is seen that in all the communication scenarios,

60% of CUs can establish communication with SINR from
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10.5dB to 18dB. From Figs. 2.5 and 2.6, our proposed scheme
outperforms the RRA and RA w/o sectorization schemes by

maintaining a specific distance between the D2D Rx and CUs,

as well as between the D2D Tx and Rx.

- 1
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Fig. 2.6: Average target SINR vs CDF for CUs.
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Fig. 2.7: Average target SINR vs CDF for CUs with the same and
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different locations of D2D Tx and Rx.
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Fig. 2.7(a and b) and 8(a and b) show the SINR distributions
of CUs and DPs by keeping D2D Tx and Rx in same and
different locations in a cell, respectively. Figs. 2.7(a) and 2.7(b)
show that for all the communication scenarios, 60% of CUs can
establish communication with SINR from -7.5dB to -2dB and
9dB to 17dB, respectively.

1 =’ 1 W
0.9 / 0.9 {
0.8 0.8 A
@ 0.7 / /g 0.7 ff
£ 0.6 £ 0.6
(91 0.5 : (g 0.5
e 4 | ||[~==RRA =04 -m=RRA
i 0. f RA Wos | & O RA WoS
003 il 1l Proposed | O 0.3 Il | Proposed
: { = (diferent- : = (diferent-
0.2 — HH  location) 02 H—  location)
J Proposed / Proposed
0.1 ( i(same— 0.1 *(same-
location) location)
-40 -20 0 20 40 60 -20 0 20 40 60
Average Target SINR (dB) Average Target SINR (dB)
(a) for outer cell region (b) for inner cell region

Fig. 2.8: Average target SINR vs CDF for DPs with the same and

different locations of D2D Tx and Rx.

Moreover, Figs. 2.8(a) and 2.8(b) show that for all the
communication scenarios, 60% of D2D users can establish
communication with SINR from 2dB to 18dB and 23dB to
28.5dB, respectively. Compared to the RRA scheme and RA
w/o cell sectorization scheme, the proposed optmization
method based on the location-based resource sharing scheme
outperforms in terms if the SINR gain. These results validate

the communication performance scenarios as explained above.

35

Collection @ chosun



22 24
Py Proposed — Proposed g Proposed
3 =& (same- 822 == (same- a, =& (same-
=2 20 location) = location) 2 20 location)
é Proposed \E_/ 20 Proposed 5 P Proposed
s ,‘\ - (different- =] - -9~ (different- b= \ -9~ (different-
v_g- 18 location) E‘ 18 location) [STR location)
h RA WoS | &b RA WoS | "&b 15 NG Wl |+ RA WoS
3 -=-RRA 2 1omi— L |-=-RRA 2 -=RRA
= 16w = =
= 3 = 14 =
3 | \%; = E 10
Z 14 2 K ‘ 2 \'\- {
> >
z z1o L z =
512 S~ E s 5
> > >
o O 6 o
10 (0]
1 4 7 10 1 5 9 13 17 20 1 6 12 18 24 30
Distance Between Distance Between Distance Between
Tx and Rx(m) Tx and Rx(m) Tx and Rx(m)
(@) (®) (©
Py 20 Proposed — 20 Proposed
8, =& (same- & & (same-
= location) = location)
g/ N Proposed \2_/ L Proposed
=15 -v=(different-| 5 15 -w-(different-
g. location) 'f:?- location)
&b RA Wos b RA WoS
S -==-RRA =] -=-RRA
= = I
= 10 = 10
g y 5
2 @ -
> \ U>)\‘ y
Z s <4 = 5 N
= E
2 2
@] o
0 0
1 15 29 40 1 15 29 43 50
Distance Between Distance Between
Tx and Rx(m) Tx and Rx(m)
(@ ()

Fig. 2.9: Throughput with varying distance between D2D Tx and Rx.
(@) 1-10 m, (b) 1-20 m, (c) 1-30 m, (d) 1-40 m, and (e) 1-50 m.
Fig. 2.9(a-e) shows the overall system throughput at the

various distance between the D2D Tx and Rx. As shown in the
Fig., as the targeted D2D Rx is located far away from the Tx,
the strength of the desired signal becomes weaker. Thus, the
received power in the D2D Rx and average target SINR of the
system reduces. It can be seen that when the D2D Tx and Rx
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are located in the same section, the co-channel interference is
alleviated, thus a higher spectrum efficiency is gained.
Therefore, our proposed scheme achieves better spectral
efficiency than the traditional schemes proposed in the

literature for different distances.

2.8. Conclusion

DPs reusing the uplink cellular resources in LTE-A multicell
cellular networks using the FFR scheme are presented in this
paper. The proposed scheme integrates the power control
mechanism for both the DPs and CUs, which guarantees the
effective calculation of the system outage probability in terms
of their SINR. Based on our mathematical analysis, we
guaranteed that the distance-based resource allocation and
power-control scheme could support the QoS requirements of
both the cellular and DPs. This paper provides the network
operators with less computation complexity, to reduce the
interference between the DPs, and between CUs and DPs. The
simulation results show that the proposed scheme alleviates
the overall system throughput and achieves higher spectral

efficiency as compared to the existing schemes.
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Chapter 3

Distance-Constrained Outage Probability
Analysis for D2D Communications

Motivated by the literature works on D2D communications
using FFR scheme for sharing resources, in this chapter we
propose a distance-based resource allocation method for D2D

communications with FRF of 2.

3.1. Background and Related Works

The challenges of D2D communication underlaying uplink
cellular network have been the major concern of many
researchers. The authors in [45] discussed a solution to
mitigate  uplink interference caused by the D2D
communications into the conventional cellular networks. Also,
the throughput maximization problem is evaluated as: initially
the available spectrum is assigned with a constant power, and
then interference reduction phenomenon is considered by
dividing multiple sub problems per available resources.
However, the proposed resource allocation scheme was
analyzed without directional antennas. Therefore, this method
is not spectrally efficient. D2D communication that reuses
uplink cellular resources was discussed in [46] and a novel
method for evaluating an optimal solution was presented. The
disadvantage of this method is: proposed orthogonal resource
sharing technique was considered for DPs and CUs. Therefore,
the proposed scheme could not mitigate intra-cell interference.

The work in [47] proposed to partition the available spectrum
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into different sections to minimize the interference caused by
the D2D communications. In their work, resource allocation
(RA) method is discussed by considering the value of FRF as 1
and a throughput optimization problem is formulated to
maximize the overall system capacity by minimizing system
outage probability. In [48], the authors formulated an
optimization problem to enhance the overall system capacity.
The disadvantage of the proposed method is that the
performance analysis of D2D users is not considered distinctly.
In [49], an exhaustive study on different fairness models used
for wireless networks is presented. Different fairness models
are studied to analyze the fairness distribution of resources
among the users. The work in [42] proposed a resource
allocation scheme by accommodating system efficiency and
Jain’s fairness index for multiple D2D wusers. In [50], the
authors introduced a fairness scheduling algorithm for D2D
communication that shares resources with the conventional
cellular communication. At first, power control method is
analyzed and discussed a Hungarian algorithm. The authors
proposed a Hungarian algorithm to increase the overall system
spectral efficiency by fulfilling the SINR requirement. The work
in [51] study on outage probability analysis method based on
the rate of uplink interference, SINR, and Rayleigh multipath
fading phenomenon, where the additive white Gaussian noise
is assumed. At first, based on the stochastic geometry the
network model is analyzed and using Laplace transforms, and
probability density function the throughput optimization
problem is formulated. In [52], the authors studied outage

probability analysis. The limitation of this scheme is that the
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network model does not accommodate large capacity of users.
Hence, we can achieve a higher system capacity by increasing

the FRF.

3.2. Network Model

In the proposed method, we suppose that there are totally M
D2D users forming a set D={1,2,.....,M}, the total number of
cellular users (CUs) forming a set C={1,2,...... , N} All the D2D
users and CUs follow uniform distribution inside the cell as
shown in Fig. 3.1. A D2D transmitter and its corresponding
receiver form a DP. For analysis, we considered a single
hexagonal cell environment with the eNB located at center of

the cell. The probability density function (PDF) of a DP is

defined as:
21
fl(l) = @, O<l <R, (35)
The cumulative distribution function (CDF) is expressed by:
i 1?2
RO = [ fod=1-(5), (36)

where R; is the D2D communication range.

(a) B 020 user - Desired Signal (b)
Cellular =3 Interference
User
Fig. 3.1: Uplink interference scenarios: (a) interference from CU to
D2D-Rx and (b) interference from D2D-Tx to eNB.
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It is seen from Fig. 3.1 that there exist two main types of
uplink interference due to the integration of D2D
communications in conventional cellular networks. In Fig.
3.1(a), signal transmitted from CU causes interference to D2D-
Rx, and Fig. 3.1(b) shows the uplink interference produced by
D2D-Tx to eNB. Therefore, according to Fig. 3.1(b), the
available spectrum is partitioned into different bands. The
band N;, is used to serve inner region cellular users, M;, is used
to serve inner region DPs. Similarly, the band N,q44. is used to
serve outer region cellular users, M,44, is used to serve outer
region DPs. In the network model, it is assumed that the
locations of DPs and CUs are modeled in terms of distance of
the users from the eNB. Then, each region is subdivided into
three equivalent sub-sections. In our analysis the available
resources are orthogonally assigned by eNB to available CUs,
hence there is no interference between CUs.

Hence, the signal power received by the user from eNB is
expressed as:

PBrec = Prd=%|h|?, (37)
where Pr is the transmission power, d is the distance from the
transmitter to its corresponding receiver, and h is the channel

coefficient. Hence, the signal received by a user is given by:

r(t) = 121(8) + Lnexar Tne(t) + x(1), (38)

where 14, (t) is the signal received from the specified user in a
section of the cell, r,.(t) is the signal from the neighborhood,

and x(t) is the noise.

3.3. Proposed Scheme
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Here, in each cell DPs in inner cell region reuse the resources
of CUs in the edge cell region and vice versa. The pseudo code

of the proposed scheme is presented in Algorithm 3.1.

Algorithm 3.1: Pseudo Code for Resource Allocation Method

1. Get all active cellular users and D2D pairs

2. SetP; =P and Py = Pj'™

3. fort=1toRB do

4 Calculate y;, ¥+, and yy

5. Calculate P]-”“t, ijut, and Pgvt

6 Calculate Ty = Wlog,(1 +v;) and Tp = W[logz(l + yj) + logz(l + yjf)]
7 if (T; = T&™, Tp = TP ) then

8 Calculate Typerqy = YN T, + SH_1 Tp

9 elseif (T, < T, Tp < TF¥" ) then

10. recalculate y;, y;+, and y;, and repeat the step 6
11. end if
12. end for

3.3.1. Analysis of Signal-to-Interference-Plus-Noise Ratio
(SINR)

The SINR received by a device can be calculated as follows,
y = y™, (39)

where y™ is the predefined SINR threshold. To analyze the
received SINR, we consider a CU k that exists in inner cell
region of A-1 (shown in Fig. 3.1) and two-pairs of D2D exist in
edge cell region of A-1. We denote P; as the transmission power
of D2D-Tx i, Py as the transmit power of D2D-Tx i, P, as the
transmit power of CU Kk, [; 5 is the distance from D2D-Tx i to
eNB, [;p is the distance from D2D-Tx i’ to eNB, [;; is the
distance from CU k to D2D-Tx j, I j is the distance from CU k
to D2D-Tx j’, and [, p is the distance from CU k to eNB, h; 5 and
h; p are the channel coefficients between eNB and D2D-Tx i,
and D2D-Tx i’, respectively, hy ; and hy ; represent the channel
coefficients from CU k to D2D-Tx i and D2D-Tx i’, respectively,
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and hy g represent the channel coefficients from eNB to CU k, [;,
is the interference from D2D-Tx i to D2D-Rx j’ and [; is the
interference from D2D-Tx i’ to D2D-RX j, [;,. is the interference
from neighboring D2D-Tx to D2D-Rx j and [, is the
interference from D2D-Tx to D2D-Rx j. Hence, the received
SINRs can be calculated as:
Pl g his|?

- 2 ’
Pk-lk,7-|hk,j| +lir+ Ynexa1ljnet Py

vy = (40)

2
-a
Pl"li’,3'|hi’,B|

Yir = (41)

— 2 ’
Pk-lk,cjl/-lhk,jll +1;+ Zne¢A1 I]'I,ne + Py
respectively, where a is the path loss coefficient and Py is the
noise power.

Similarly, the received SINR of CU kis given by:

Pk-ll:,%-lhk,Blz

Ve = PoliE il +Pi 5% | o| +Snesarlmmet P 42)
where
Iy = Py 5% ||, (43)
I = Pl byl (44)
lime = Pue- Iz e | (45)
line = Pre-lndj- |hnejo| (46)
IB,ne = Pne-lﬁng- |hne,B|2' (47)

Therefore, the channel coefficient relationship should satisfy

following conditions to mitigate interference between users [53].

2 2
5. = lnesl” il
- 2" 2
Yl fhisl
2 (>
R L i
, = O
Y g husl”)

where §; and §;, are channel gains. High values of §; and §;,

(48)

achieve better system performance.
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3.3.2. Analysis of Outage Probability (P°%)
The outage probability is expressed as [54]:
Pt = Rly < y™, (49)

where y™ is the predefined threshold SINR value. The average
SINR is calculated as,

~ Transmit power of a user P
Y = = —, ( 50)

Noise power Py

Considering Equations (39-49) and substituting y = y™", the
outage probability for both DPs and CU can be obtained as:

Th
Y
Pput 4 1 e(_ v ) \
J 14 (Prlic +Pirliy f+Sneza1 Pre gy ™ |
t P.I; g
i*i,B Th ’ (5 1)
. _PnyT"
_ 1 _ i*‘i,B Pi
Pi-liTg + (Pk_l,:'cjr+Pl’/.li_,3'+Zne¢A1 Pne'lT_l:]')yTh
Th
Y
pout _ 1 _ 1 (_ 7z ) \
0 — — py -a Th e
1L(Pk.lk,j,+Pi-li,jr+Zne¢A1 Pne-lne,j')y
t Pl %
i'’,B Th ! (52)
g _Pny " |
=1- Uil B P
Pir-li_’; + (Pk.ll:.?r+Pi-li_,]?f+Zne:A1 Pne'lr_lgj')yTh J
and
Th
Y
Plgut - 1 e(_ y )
14 (Pi.lzg+Pi/-li_’?§3+2ne¢A1 Pne'l;lg,B)yTh
} P,17%
PP , (33)
Th
Py l;% <_PNP—V>
=1- s ©
Pk-lE,% + (Pi.li'g+Pi/-li/fxB+Zne¢A1 Pne'l"_lgrB)yTh

3.3.3. Channel Model
We consider log-normal fading path loss models for both CU
and DPs as [55]:

44

Collection @ chosun



PL; = 49+ 40log,, (ﬁ) +30logio (1({30)

54)
Lir jr c ' (
PLi' = 49440 l0g10 (1030) + 30l0910 (1({00)

PL; = 40.9 + 36.7 log,o(lx) + 26 logqg (%)' (59)

where [; ;, l;, ;,, and [ are the distance between D2D-Tx i and
D2D-Rx j, between D2D-Tx i and D2D-Rx j’, and between
cellular transmitter and receiver, respectively, and f. is the

carrier frequency in GHz.

3.3.4. Optimization

Throughput of the overall system is defines as:

Toverau = Zlcvzl T, + Z%I:lTD' (56)

where T, and Tj, are the throughput of CU and DPs, respectively,
which is defined by:

Te = log,(1 +vy), (57)
Tp = [log,(1+ ;) + log,(1 +v;)], (58)

Therefore, the throughput maximization problem can be
formulated by:

MaXcen,pem Qi Te + X0 TD)}, (59)
subject to

PIMM < p. < PPMOX, pmin < pp < PPYX Y CeN,DeM

) ) X 60
Yot <y ve"™ <yo,VCeN,DeM } (60)

where y7" and yJ¥" are the minimum allowable SINRs of the
CU and DP respectively. PP" and P*** are the minimum and
maximum power range for the CU, and PJ¥" and PJ*** are the
minimum and maximum power ranges of the DP. Equation (60)

ensures that the transmit power of both CUs and DPs should

45

Collection @ chosun



be within the minimum and maximum transmit power range.
Simillarly, Equation (60) ensures that the SINR of both CUs
and DPs should be greater than or equal to minimum SINR
threshold. Hence, the upper and lower bounds transmit power
of CU should satisy the following criteria.

ViePid i i +Pird 5% i | +Enesar Inet P)

e Inisl”

Simillarly, the upper bound and lower bounds transmit

P < < P, (61)

power of both D2D-Rxs are derived as:
P < P, P, < PO, (62)

min
Py <
— 2 — 2
)’j(Pk-lkj't-|hk,j| +it+ Yneza1 Ijnet PN) le(Pk-lk}/-|hk,jI| +i+ Yneza1 Ij1ne + PN)
i 2 ’ _ 2
Pl |hig| Pird % |n ]

Py, (63)

3.3.5. Jain’s fairness Index (JFI)
JFI can be calculated as [50].

Gy, 1)’
m). ¥M_ Tp?’

JFI(Tp) = VDeM (64)

From Equation (58), we have,

(SH, Wltogz (1+y)) +log 4y;0])" )
2
(M). Zlgﬂ(W[logz(1+yj)+log2(1+yj,)2]) L,V DeM (65)
— (ZAD4:1[1092(1+Vj)+1092(1+1’jr)])
(M). TY_,[10g, (14 ) +log2 (1 4] J

JFI(Tp) =

From Equation (695), it is clearly seen that JFI (Tp) value is
having an interval [1/M’ 1], i.e.

1, Proposed scheme attains optimal fair allocation of resources
FI =
J 1/M , Proposed scheme attains least fair allocation of resources

(66)
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3.3.6. Complexity Analysis

The complexity of the resource allocation algorithm for two DPs

sharing same cellular resource is 0(M?).0(N).
3.4. Performance Analysis

3.4.1. Simulation Parameters and Values

In this subsection, we will provide the main simulation
parameters and values used for the proposed resource
allocation scheme. The main simulation parameters are listed

in Table 3.1.

Table 3.1: Simulation parameters and values.

Simulation Parameters Values
Cell outline hexagonal shaped
Total number of resource blocks 50 [39]
CU transmission power 20 dBm
D2D transmission power 15 dBm
Noise Power -174 dBm/Hz
DP distance 1-50 m
Carrier frequency 2 GHz
Uplink bandwidth 10 MHz [39]
Path loss exponent 4

3.4.2. Simulation Results and Discussion

We compare our proposed scheme with the random resource
allocation scheme (labeled as RRA) presented in [54] and
resource allocation scheme with RF of 1 (labeled as RA w/
RF=1) presented in [56]. In RRA scheme, multiple DPs residing
in a cell can reuse the uplink cellular resources at the same
time. However, due to coexistence of both CUs and DPs in
same region of a cell imposed the aggregate interference.

Whereas in the case of the RA w/ RF=1 scheme, allowing only
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one DP to access a cellular resource at a time cannot

accommodate high capacity of a system.

» Performance of D2D communications

Fig. 3.2(a) shows the outage probability distribution of D2D
communications at varying distance from the eNB to D2D-Rx.
We can see from the Fig. 3.2(a) that the D2D outage probability
of the proposed scheme is much lower as compared to the RRA
scheme because a definite interference level is maintained.

0

10° 10

Proposed (A) Proposed (A)

© Proposed (S) & Proposed (S)

—RA WRF=1 [56] (A) —RA WRF=1 [56] (A)
= O RA WRF=1 [56] (S) - O RA WRF=1 [56] (S)
= —RRA [54] (A) = —RRA [54] (A)
'_'g O RRA [54] (S) yO‘O’? B O RRA [54] (S) —O‘OJ
S 107! 8
5 gg;‘sow 2 Lﬁoﬁgﬁ
A~ [-»
8 ,8’66 8 7 kg
) a <
Q 102
alo a

1072
100 200 300 400 500 600 -10 -6 2 2 6 10
Distance Between D2D-Rx SINR Threshold (dB)
and eNB (m)
(@) (b)

Fig. 3.2: (a) D2D outage probability with varying distance from eNB to
D2D-Rx, (b) D2D outage probability with varying SINR threshold.

In the RA w/ RF=1 scheme, increasing the distance between
D2D_Rx and eNB increases the outage probability significantly.
It is observed that the analytical calculation of outage
probability results of D2D is very close from Monte-Carlo
simulation. Fig. 3.2(b) presents the outage probability
distribution at varying SINR threshold value. From Fig. 3.2(b),

we can see that the D2D outage probability increases with the
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increase of threshold value of SINR. Also, we can see that the
proposed scheme achieves much lower outage probability (-10
dB) than existing schemes. Moreover, our proposed resource
allocation scheme with FRF of 2 yields a 20% reduction in
outage probability, thus achieved higher throughput by
maintaining an upper bound and lower bound transmit power.
We observe that the analytical calculation result is very close to

that from simulation result.

8

Proposed (A)
© Proposed (S)
—RA WRF=1 [56] (A)
O RA WRF=1 [56] (S) S
6 |—RRA [54] (A)
O RRA [54] (S) <

7

\}o

D2D Throughput (Mbps)
S
N

o"o
1 oou/':')y
e ad

1 5 9 13 17 20
Available D2D Pairs

Fig. 3.3: D2D throughput with varying number of available DPs.

Fig. 3.3 presents the D2D throughput at varying number of
available DPs in a cell. We can see from the Fig. that the
throughput increases with the increase of DPs. Our proposed
scheme yields highest throughput as compared with other
existing schemes. By using our proposed scheme, data traffic
through the CUs is control; hence it maximizes the success
rate of transmission. Using D2D communications with cellular
resource RF of 2 achieves a 4.43 gain in the D2D throughput

as compared with RRA scheme. Hence, our proposed scheme
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yields a 1.5 gain in the D2D throughput as compared with RA
w/ FRF of 1.

= Performance of overall system

Fig. 3.4(a) depicts the outage probability of the overall system
for different values of distance from the eNB to D2D-Rx.

10° 10°

2
8 2
< =
] ]
e =2
~ 10! 00Y =
] 23]
y S o‘yo)
£ ﬁ £ | 5007 60
e) S 10 o0
: : 2500
8 2 O
£.102 Proposed (A) A & <& <
,(f © Proposed (S) ;g o <& & E:gggzzg EISA))
= —RA WRF=1 [56] (A 2
3 O RA WRF=1 {56% ES)) S —RAWRFZL[561(A)
> O RA WRF=I [56] (S)
o —RRA [54] (A) —RRA [54] (A)

R O RRA [54] (S) O RRA [54] (S)

10 3 102
100 200 300 400 500 600 -15 -7 1 9 17 25
Distance Between D2D-Rx SINR Threshold (dB)
and eNB (m)
(a) (b)

Fig. 3.4: (a) Overall system outage probability with varying distance
from eNB to D2D-Rx, (b) system outage probability with varying SINR
threshold.

When the distance increases, the channel gain decreases, thus
increases outage probability. The significance of the proposed
scheme is that, because of the FFR scheme with FRF of 2, the
proposed scheme provides high utilization of resources within
the distance of 100 m. In Fig. 3.4(b), the outage probability of
the system under varying threshold SINR is shown. The value
of definite value of SINR threshold is varied from -15 dB to 25
dB. The proposed scheme has very low outage probability as
compared to other existing schemes. It can be seen that, with

the SINR threshold of 17 dB, the system outage value for the
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proposed scheme, FRF of 1 scheme, and RRA scheme are
0.0989, 0.125, and 0.20, respectively. This implies that the
proposed scheme minimizes outage probability by means of

joint resource allocation and power control method.
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Fig. 3.5: (a) System outage probability with varying number of
available DPs, (b) throughput of D2D user and CU at varying CU
coverage distance.
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Performance result for the system throughput at varying
number of available DPs is depicted in Fig. 3.5(a). We observed
that with the increase of DPs, RA scheme achieved very less
throughput because there is high rate of interference, in
contrast proposed scheme yields highest throughput by
maximizing the system capacity. Comparing to RA scheme, our
proposed scheme provides a 4.38 throughput gain as compared
with RRA scheme and a 1.45 throughput gain as compared
with RA w/ FRF of 1. The throughput gain of D2D
communications at maximum number of available DPs is
higher than that of the overall system throughput; this is
because as the DPs increases CU throughput decreases.

In Fig. 3.5(b), the throughput of the D2D users and CUs
over varying CU coverage distance. As expected, throughput of
the D2D users is decreases with the increase of cellular
coverage distance. It is observed that CU in the proposed
scheme can afford more capacity as compared with other

existing schemes.

3.5. Conclusion

To deal with the ever increasing traffic through the CUs, D2D
communications has been considered as one of the promising
technique. We studied the problem of non-orthogonal resource
sharing between CUs and DPs in an uplink network to enable
traffic offloading from eNB. In the paper, two-pairs of D2D
users simultaneously shared the same uplink cellular resource.
This introduced severe interference between the CUs and D2D
users. In order to minimize the resource reuse interference, a

resource allocation and power control scheme using FFR
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method with FRF of 2 was proposed. Outage probability has
become an imperative topic in cellular networks as it
determines the capacity of the network. Based on the distances,
the outage probability was calculated by ensuring SINR
requirements of CUs and DPs. Moreover, the proposed scheme
analyzed channel coefficient relationship based on the
distances. We evaluated D2D throughput and overall system
throughput mathematically and simulated using Monte-Carlo
simulation. Moreover, we analyzed the fair allocation of cellular
resource among two DPs by using Jain’s fairness index.
Precisely it is showed that the proposed scheme leverages
higher system throughput by minimizing system outage value.
Our analytical and simulation results showed a promising
solution for accommodating demands for high data rate
services. In the future research, we will extend our work into

the D2D communication scenario with large reuse factor.
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Chapter 4

Resource Management in Network-Assisted
D2D Communications for Higher Frequency
Reuse Factor

In the D2D approach, communications can be generated in two
ways: network-assisted communications and non-network-
assisted communications [58]. Network-assisted D2D
communications can be established with the aid of a radio
access network. In LTE-A, the eNB provides information
regarding the DPs (DPs). In the non-network-assisted D2D
approach, communications can be independently established
without a radio access network. To attain a massive number of
connected devices with minimal interference in D2D
communications, in this chapter we propose a greedy heuristic
search algorithm and binary power control scheme for an

underlaying D2D communications using FFR scheme.

4.1. Background and Related Works

In [59, 60], the authors proposed a novel dynamic power
control scheme based on the FFR technique to maximize the
overall system throughput. A Heuristic search algorithm is
discussed for finding local optimal value. In [61], a resource
management method was discussed for interference
cancellation and maximization of system capacity. In [62], the
authors proposed a resource allocation scheme to mitigate
interference mitigation for D2D communication. Also, the
effects of orthogonal frequency assignment technique to the

system performance were analyzed. A distance dependent
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resource assignment scheme for D2D communications was
proposed in [63]. In this paper, the authors analyzed outage
probability. In [64], the authors proposed a resource allocation
scheme by considering scalable resource reuse method for D2D
communication. A resource reuse scheme for D2D
communication underlaying cellular network was discussed in
[65]. In this study, the Stackelberg game approach was
analyzed for multi-sharing D2D communications to maximize
the independent set of users that simultaneously reused the
same subchannels. Therefore, the performance of the proposed
scheme increases. In [66], the authors proposed a fast
spectrum reuse and power control scheme for D2D
communications. In their study, the analysis was performed in
two steps: First, resource assignment was performed based on
the maximum independent set to reduce the number of
iterations, and second, resource assignment was performed
using the Stackelberg power algorithm to reduce the
computational complexity of the proposed method. A dynamic
FFR scheme to mitigate intercell interference was presented in
[67]. In this study, the authors proposed a non-orthogonal
multiple access multicellular communication system to
simultaneously share subchannels, which results in improved

spectral efficiency.

4.2. Network Model and Problem Formulation

4.2.1 Network Model
In this paper, we focus on an uplink cellular network in which

uplink resources are assigned to CUs by the eNB in an

55

Collection @ chosun



orthogonal manner, which avoids mutual interference among
CUs. The main benefit of the uplink resource reuse
phenomenon is that the eNB can exclusively coordinate the
interference in a fully loaded cellular network [68]. We consider
a regular multicell cellular network, where eNBs are placed at
the center of the cells. It is also assumed that all cells are non-
overlapping. For analysis, in our network architecture, we
estimate that each cell has M DPs forming a set D, D={1, 2, 3,
..., M}, coexisting with N CUs forming a set C, C={1, 2, 3, ..., N\
Thus, there are K subcarriers forming a set X, X= {1, 2, 3, ...,
K}. With an objective of improving system spectrum utilization
rate, it is assumed that DPs and CUs simultaneously share the
same subchannels, and multiple DPs are allowed to reuse the
same subchannel at a time. In order to mitigate uplink
interference, we assume that DPs in the center cell region can
reuse the resources of CUs located in the edge zone and vice
versa. However, DPs in the center cell region cannot reuse the
resources of CUs located in the center zone, and DPs located in
the edge zone cannot reuse the resources of CUs located in the
center zone. In order to indicate the resource reuse factor, we
define a binary variable 8 ,, where meD,neN and keX. When
6#1‘,1 =1, DP m can simultaneously reuse subcarrier k with CU
n, otherwise 6%, =0. In our proposed scheme, we have
formulated the resource reuse factor (F) as follows:
F= Zgﬂ Z%=1 6#1,11 +1. (67)
Hence, the objective function is proportionate to maximizing
N1 XM _1 8% . This facilitates maximum resource reuse factor.

To simplify the analysis, we have made the following
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assumption. We consider that the cell structure is analogous to
circle. Therefore, to analyze the resource reuse scenario, the
probability density function (PDF) of users in center zone in

terms of polar coordinates (p;,, @) is [69]

2(pin— lp_r";in
flom) = 2P (68)
and fl)=5- V0<p<= (69)

Therefore, the corresponding cumulative distribution
function (CDF) is
P(pin) = Jymin f(Pin)dpin )

r 2(Pin=Pin"")
. _ aminy2
dmipl?%mn (r Pin )

1

dpin )
P Pin S pin < T (70)

= Gy [2(pin)? — Zpin-pzzm];min
_ 2T
(r—pH™) J

Similarly, the PDF of users in edge zone in terms of polar

coordinates (pyy: @) is

_ 2(pout_prryrllzi;l)
f(pout) - (R_p;r)rﬂlgz)z (71)
and fl@)=—,v0<p<= (72)

Therefore, the corresponding cumulative distribution
function (CDF) is

R
P(pout) = fpgﬁ? f Pout)APout

= (R 2(Pout—pgut")
= ﬂgﬁ? (R_pmi?)z pout > min

ou
yPout < Pout < R,

1

= (R_p%igl)z [Z(pout)z - Zpout-pg}p]ﬁgg?
2R
(R=pit) J

(73)
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4.2.2. Problem Formulation

The transmission powers of CU n and DP m is formulated as

[70]:
P, = P,{"“".;i—’% (74)
and P, = Pjax. 2, (75)
mg,My

respectively, where B, and P, represent the transmit power for
CU n and D2D transmitter m,, respectively, and P;"** and P:**
represent the maximal transmit powers of CU n and D2D
transmitter m; , respectively. Py represents the normalized
power density, a denotes the path loss exponent, [, denotes
the distances from the eNB to CU n, and l, , denotes the
distance between D2D transmitter m; and receiver m,..

Hence, the received powers for CU n and DP m are as

follows [44]:
_ 2
Pg, = Py.13%. |hng
2
= pax 2 15 |y (76)
nB

= P-r{nax.PN.|hn’B|2 }

2 \

_ -a
PRm - Pmt' lmt'mr' |hmt'mr|

p _ 2
and = Przltax- l—a—N . lm‘f:mr' |hmt:mr| L’ (77)

mg,my
2
— max
= P Py | Ay, |

respectively, where h,p represents the channel coefficient
between the eNB and the CU n and hy, , represents the

channel coefficient between the D2D transmitter m, and

receiver m,.

4.2.3. Channel Model
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In this study, we assume the Winner II BSf PL model for urban

areas. Therefore, the PL model is expressed as [71]

PLpp = 57 + 23.510g10(1) + 23l0gy, (£), (78)

where | denotes the distance from a transmitter to its
corresponding receiver in meters (30 m< [ < 1.5 km) and fis the

carrier frequency in GHz (2 GHz < f< 6 GHz).

4.2.4. Interference Management

In the network-assisted D2D communications, first the eNB
collects CSI and required SINR information of all the users.
Then, eNB calculates the transmit powers of CUS and DPs. In
this subsection, we formulate the SINR problem which aims at
minimizing the sum interference [72]. The uplink interference
scenarios for a multicell cellular network are shown in Fig. 4.1.
Taking the cell 1 as target cell, in which the D2D transmitter
m, communicates with D2D receiver m, located in edge zone by
reusing subcarrier resource k of the CU n located in center
zone. During data transmission between the D2D transmitter
m; and receiver m,, the possible uplink interference introduced
in the network are, namely co-channel interference from D2D
transmitter m; to eNB(I;nt), co-channel interference from CU n

to D2D receiver m,.(Iy; ), interference from the D2D transmitter

m; of neighboring cell 2 to eNB of cell 1(I;nt’), interference from
the CU n' of neighboring cell 2 to D2D receiver m, of cell 1(I,’,‘L'T),
and mutual interference between D2D receiver m, and

neighboring cell D2D transmitter m; (I,’,’l‘r').
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Fig. 4.1: Demonstration of the interference between two neighboring
cells, when a D2D communications is overlapped on a cellular
resource.

Therefore, the SINRs of CU n and DP m on subcarrier k are

k _ Phlnglinsl®

k= TnnBlnEL yn e C,meDk €X (79)
g™ 2
g tlg top
k 67’51,11'P7’,;lt'l7’_nat,m-r|hmt,m1‘|2 i Vi
and yy = ,vyn' € C,my,m,,m; € D,k € X, (80)

n n' m,’:
Imr+1mr+1mr+crn2

respectively, where P¥ and P,ﬁt represent the transmit power of

CU n and D2D transmitter m, for channel k, respectively, and
o, is the noise power.

Thus, we define the interference terms as follows:

It = X SN 1 88 PR 1 g, 512, (81)
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= ¥Mn=1 P,’fl;- l,;cf,3|hmg,3|2' (82)

miEm,
— VM N k -
I, = Ym=1Zn=1 P’ L, o, |2, (83)
! N k -
Iy = Zm=1 Xn=n P LF s, 12, (84)
n#+n

In! = ZVn=1 Zh1 8m Pt L o Rt 17 (85)
mtimt
where I, p and [, ; denote the distance from the eNB to D2D

transmitter m; and D2D transmitter m;, respectively, L, ,

Ly m,» and L, denote the distance from D2D receiver m, to

CU n, CUn’, and D2D transmitter m;, respectively. h, p and
hy: g denote the channel coefficient between the eNB and D2D

transmitterm,, and between the eNB and D2D transmitter my,

respectively, hnpm, , hp'm, , and hy denote the channel

tMr
coefficient between D2D receiver m,, and CU n, between D2D
receiver m, and CU n’, and between D2D receiver m,, and D2D
transmitter m; , respectively. From Equations (79)—(85), the
throughput of the system can be calculated using Shannon’s
equation as follows:
= log,(1 + SINR). (86)
Therefore, the sum throughput of the system can be
expressed as
T=T,+Tp. (87)
From (86), we can derive the overall system throughput as

follows:
T = Ym=1Xn=1[log2(1+ v¥) + log, (1 + v%)]. (88)

From Equations (79) and (80), Equation (88) becomes
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( log, < - Pil;f’élfln,slz) N ]

N u Ip +I);nt+an2
T =4 Xn=12m=1 ok —a 5 . (89)
Sm,n-Pmt-lmt,mr | hmt,mr |
log,| 1+ PR~
n n t 2
l D+ 41y 4oy J

Therefore, we can calculate the spectral efficiency of CUs as

follows [73]:

Pk1-%\h, 5|2 Pk1-%\n, 5|2
By = log, (1+22E5000) _ 1o, (1 + il Pnsl > (90)
n Ip t+IB tyop?

Thus, the throughput gain of CUs is expressed as follows:

G. = lng 1 + Pric l;,% |hn,B |2 + logz 1 + 6,7“;1,n' Prﬁt' lr_notl,mr |hmt,mr |2 _
n ! !
I+ 1)+ 0,2 I+ 15+ 1+ 0,2

B

Pr’f-lﬁ,"élhn,slz)

log, (1 + 4228 (91)

4.3. Throughput Optimization
Here, the sum throughput optimization problem of the network

can be formulated as follows:

Prt L 1M

Al. arg max YN_.F (log2 (1 + ) + X1 Gn) (92)
m €D, keK

on?
subject to
Pr’flr_l%|hn3|2 k i
——— 2V, ,Vn€C,my,m; €D,k €X, (93.9)
It 41, t o, e
B B n

- 2
8k P U o | oy |

> VK YN EC, mym; €D,kEX,  (93.b)

m

1,’;lr+1,’,§'r+1m;f+an2
PM™ < P¥ < PMOX yn e Ck € X, (93.¢)
P,’,{lti" < BE < PR, Vm,eD,k €X, (93.d)
6k ,€{01}, vmeD,neCkeX, (93.¢)
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where yx . and y, . denote the minimum SINR requirements of
CU n and DP m using channel k, respectively. B/™" and P,Il"t""
are the minimal transmit power of CU n and D2D transmitter
m;, respectively. B"** and Bp'** represent the maximal transmit
power of CU n and Py, respectively. The constraints in
Equations (93.a) and (93.b) imply that the SINRs of both CUs
and DPs should be equal to or more than the minimum
required SINR to achieve the QoS requirements. The
constraints in Equations (93.c) and (93.d) guarantee that the
transmit power of CUs and DPs should be within the upper
and lower bound power levels. The constraint in Equation
(93.e) guaranteed the versatility of resource reuse factor within
the upper and lower bounds power level. From the optimization
problem formulated in Equation (92), it is observe that the
problem statement aimed to find the optimal solution with an
exhaustive search.

The throughput optimization problem has complexity of
O(N X K). Finally, we allocate the subcarrier resources to DPs,
such that the resource reuse factor is greater than one. Hence,
the complexity of the final step is O(M X K X F). Therefore, the
overall computational complexity of the network is O(N X K) +

OM X K X F).
4.4. Proposed Scheme

4.4.1. Greedy Heuristic Resource Management Scheme
(GHRMS)

In this section, we discuss a greedy heuristic resource

management scheme (GHRMS). The GHRMS is a well-known

63

Collection @ chosun



method for solving optimization problems [74]. Therefore, the
interference induced by CU n to D2D receiver m,, interference
induced by D2D transmitter m, to eNB, and mutual
interference between DPs should be less than a certain
threshold level. That is,

Gpm, < Goi V1 € C,my€ D, (94)
Gmyp < Gt g, VM €D, (95)
and Gnlim, < G;’i'mr,Vmg,mr eD, (96)

—_ ] 2 — ] 2 —
where Gy, = L, |hnm, |© and G, 5 = Ll plhin,s|° and Gmé,mr =

-a 2 Th Th
lm{,mrlhmé,mrl - Gum, » Gup and Gmé,

threshold channel gains. The pseudo code for the GHRMS is

are the predefined

my

shown in Algorithm 4.1. In this algorithm, in Step 5, we first
define U, = (U,, U,,) as the function of CUs U, and DPs U, that
introduces the least interference among them.

At the initiation of resource management process, the eNB
gathers the channel information for all CUs and DPs in a cell
(Step 6). From Step 7 to Step 9, starting from n=1, the
algorithm iterates through all CUs. For all n and m, the
GHRMS searches the DPs that can reuse cellular resources. In
Step 10, if DPs can reuse CUs resources, then Step 11 presents
the benchmarks for selecting the users that can reduce the
uplink interference induced due to the integration of D2D
communications into the traditional cellular networks. In Step
12, based on the channel conditions, we calculate the SINRs
for CUS and DPs. Step 13 declines the remaining matching
subcarrier resource assignment and computes the QoS

requirements with the current SINRs. In Step 14, we solved the
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throughput maximization problem with higher resource reuse
factor. Else the state of the resource reuse condition is

rechecked in Step 16.

Algorithm 4.1: Greedy Heuristic Resource Management Scheme
Initialization

Step 1: C= Set of CUs

Step 2: D= Set of DPs

Step 3: X= Set of uplink subcarriers

Step 4: F= Resource reuse factor

Step 5: U, = (Uy,, Uy,)

Resource management

Step 6: Obtain all channel information for CUs and DPs

Step 7: n=1

Step 8: for each ne U, do

Step 9: for each me U, do

Step 10: if 6% , = 1then

Step 11: if Gy, < Gty Gy g < GH' 5 and Gy < G:ﬁ.mr then
Steo 12: Calculate y¥ and vk

Step 13: Decline all matching subcarrier assignments and

compute the QoS requirements with the current SINR value
Step 14: Solve Al
Step 15: else

Step 16: Check 6% ,,
Step 17: Solve the subcarrier assignments problem to obtain
the
minimum interference solution
Step 18: end
Step 19: end
Step 20: end
Step 21: end

Finally, in Step 17, we continue the matching for subcarrier
resource assignment until the benchmark is achieved. In the
GHRMS, the set of DPs included in the previous search for an
optimal solution is removed from the remaining search
procedures. This step reduces interference and overcomes the

complexity of the search procedure.
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4.4.2. Binary Power Control Scheme (BPCS)

The use of the binary power control scheme (BPCS) for
network-assisted multicell cellular networks is well known
[75,76]. To solve the optimization problem formulated in
Equation (92), we can reformulate the throughput problem for

CU n and DP m as follows:

. 1
Ty = ~¥5=1logz(1+v) (97)
. 1
and Ty = 132 logy(1+¥h), (98)

respectively, where T,; and T,, represent the optimal throughput
for CUs and DPs, respectively.
Therefore, the transmit powers of CUs (P}, ..., P¥) and DPs

(P, ..., P¥) should satisfy the following conditions:

A2. (P{, ..., P{) = arg maxp ccrex Ln=1[T7] (99)
A3. (Pll' ---'levg) = arg maXmeD,kEXZ?n=1[T;‘L] (100)
subject to
Gnp < GIM,vnec, (101.a)
Gmp < GI,vmeD, (101.b)
pmin < pk < pmax yn e C,k € X, (101.c)
PRn < BX < PI*,Vm.eD,k €X, (101.d)
6k . €{01}, vmeD,neCkeX. (101.e)

The pseudo code for the BPCS is shown in Algorithm 4.2. In
BPCS, the transmission is initiated only if the channel quality
is sufficient, i.e., Gop < GL% and Gpp < GL'5. This constraint

implies that the smaller values of G,z and G, minimize
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interference between CUs and DPs, resulting in higher
throughput and spectral efficiency. Therefore, Algorithm 4.2 is
applied to control the transmit power of CUs and DPs that have

a higher channel gain for the eNB and low interference.

Algorithm 4.2: Binary Power Control Scheme

Initialization

Step 1: N=Set of CUs

Step 2: M= Set of DPs

Step 3: K= Set of uplink subcarriers
Step 4: 6,’$l= Resource reuse factor
Step 5: U, = (U,, Uy,,)

Step 6: G, 5 < G4

Step 7: G p < Gy

Step 8: 6k, €{0,1}

Step 9: BY = B, Bk, = P
Power Control Algorithm

Step 10: n=1

Step 11: for each ne U, do

Step 12: for each me U,, do

Step 13: if T,<T, and T, <T,, then

Step 14: Pf « B and By, « Pne*
Step 15: else B « P and Pk, « "
Step 16: end

Stepl7: end

Step 18: end

4.4.3. Complexity Analysis
The proposed scheme has computational complexity of
O[K{N + (M x F)}] for estimating resource reuse partner for all

CUs and DPs.

4.5. Simulation Results and Discussion
In this section, we first present the simulation environment

used for our analysis and then evaluate the simulation results.
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4.5.1. Simulation Environment

Here, we provide the simulation environment to evaluate the
performance of the proposed scheme. The network assumes
log-normal shadowing effect with standard deviation of 8dB
and also assumes a path-loss exponent of 4. The main
simulation parameters are listed in Table 1, and other
simulation parameters were selected based on the 3GPP LTE
regulation [77]. We evaluate the performance using Monte
Carlo simulation with a total of 10,000 iterations. We compare
the performance of the proposed method in terms of the system

capacity, spectrum efficiency, and transmit power.

Table 4.1: Simulation parameters and values.

Parameter Value
Number of cells 7
Noise power density -174 dBm/Hz
Distance between D2D 1~70 m
transmitter and receiver
Carrier frequency 2 GHz [31]
Uplink bandwidth S5 MHz [31]
Path-loss exponent 4
Antenna type 120° directional antenna
Number of CUs per cell 65
Number of DPs per cell 80

4.5.2. Simulation Results and Discussion

This subsection presents a comparative performance analysis
of the resource management method without FFR scheme
(RRM), resource management with greedy heuristic scheme
(RM-WGHRMS) and resource management with binary power
control scheme (RM-WBPCS). Fig. 4.2 shows the CDF of the
SINR for DPs, CUs, and the overall system. We can see from
Fig. 4.2(a) that the GHRMS and BPCS allocate uplink resources
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to DPs that fulfill the SINR requirements. Thus, the SINR of
DPs in our proposed method is higher than those in both
resource management method without FFR scheme and

resource management method with GHRMS.

S /ﬁw 7 S ";fjw
ff {p j[/’ fr[z;/
W)
oegig/ &@f Fiians 4

0 0 0 v
-5 10 25 40 55 70 -5 10 25 40 55 70 -5 10 25 40 55 70

SINR (dB) SINR (dB) SINR (dB)
(2) (b) (©)

CDF
CDF
CDF

\C\c

Fig. 4.2: CDF of the SINR for (a) DPs, (b) CUs, and (c) the overall
system.

However, Fig. 4.2(b) shows that the SINR of CUs in our
proposed method is less than the SINR of DPs. This is because
of the matter that CUs experiences interference from DPs.
Finally, Fig. 4.2(c) shows that the overall system SINR
distribution of our proposed scheme achieves the highest
value. We observed that the proposed scheme outperforms the
other schemes in terms of SINR.

Fig. 4.3 presents the achievable capacity distribution for
DPs, CUs, and the overall system. From Fig. 4.3(a), we can
denote that the capacity distribution of DPs for our proposed
scheme has the best performance. In contrast, from Fig. 4.3(b),

we can observe that the capacity distribution of CUs is less
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than that of DPs. This result arises from the fact that the CUs

experienced interference from co-channel DPs.
OO 1 me 0 1
08 4 058 7[ yzf X/ 058 ;f
0.6 j[ 0.6 0.6 /
0.4 {j 0.4 {%’ 0.4 }}
0.2 0.2 0.2

% -O-RRM ff -O-RRM / -O-RRM

-OFRM-WGHRMS| -FRM-WGHRMS -OFRM-WGHRMS

{-RM-WBPCS ~<-RM-WBPCS

CDF
CDF
CDF

\O\JQ%

<-RM-WBPCS
300 50 70 90 100 30 50 70 90 100 30 50 70 90 100
Capacity (Mbps) Capacity (Mbps) Capacity (Mbps)

(@) (b) (c)

Fig. 4.3: Total achievable capacity for (a) DPs, (b) CUs, and (c) the
overall system.

In addition, we can observe from Fig. 4.3(c) that the
proposed scheme has the best capacity among existing
schemes, since a larger frequency reuse factor increases the
capacity of the system. Moreover, the results depicted in Fig. 5
show that the FFR scheme assures the QoS requirements for
DPs and CUs and achieves the optimal resource reuse partner
between CUs and DPs.

The CDFs of the spectral efficiency for DPs, CUs, and the
overall system are shown in Figs. 4.4(a), 4.4(b), and 4.4(c),
respectively. Fig. 4.4(a) shows that our proposed scheme has
the best spectral efficiency for DPs among the existing
schemes. Moreover, Fig. 4.4(b) demonstrates that the proposed
scheme yields a higher spectral efficiency for CUs compared to
the other schemes. In addition, we can see from Fig. 4.4(c) that

our proposed scheme attains the highest overall system
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spectral efficiency; since the proposed resource management
with GHRMS combined with the BPCS increases the spectrum

utilization of the cell.
E Ry aul P
-OFRM-WGHRMS /

o L4 os

ERTHEREY ANRNRES)
NS AN AN BT
ey
ey @ég‘;’y B[4 $ee

OQOERKRIV M v
5 12 19 26 33 40 5 12 19 26 33 40 5 12 19 26 33 40
Spectral efficiency (bps/Hz) Spectral efficiency (bps/Hz) Spectral efficiency (bps/Hz)

(a) (b) ©

CDF
CDF

o
CDF

Fig. 4.4: CDF of the spectral efficiency for (a) DPs, (b) CUs, and (c) the
overall system.

In Fig. 4.5, the average throughput of our proposed scheme
is compared with existing schemes. Fig. 4.5(a) demonstrates
that the throughput of DPs increases significantly with varying
number of DPs. In contrast; Fig. 4.5(b) shows that the
throughput of CUs decreases dramatically with increasing DP
number, which occurs because an increased DP number
generates high uplink interference for traditional CUs. But, we
can see from Fig. 4.5(c) that the overall system throughput
increases with varying number of DPs and that our proposed
scheme outperforms the other schemes. The throughput
increases with the increase of number of active DPs in a cell at
first, then after reaching a peak number of affordable active

DPs, the throughput saturates. We can see from Fig. 4.5(c)
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that, after the number of active DPs exceeds 65, the

throughput saturates.

3 -O-RRM -O-RRM

2 20 16 ‘
-O-RM-WGHRMS w -O-RM-WGHRMs|| _ 15
<-RM-WBPCS <-RM-WBPCS

1
DOQOO‘L*“” oy

553
f=}

W

300‘7°0

=1

ooo%q

D2D Throughput (Mbps)
S O
X
\

Cellular Throughput (Mbps)

W

g

w

Overall System Throughput (Mbps)

-O-RRM
-OFRM-WGHRMS
RM-WBPCS
0 0 0 ba
1 21 41 61 80 1 21 41 61 80 1 21 41 61 80
Number of D2D pairs Number of D2D pairs Number of D2D pairs

(@) (b) ©

Fig. 4.5: Average throughput analysis with varying numbers of
available DPs for (a) DPs, (b) CUs, and (c) the overall system.

Fig. 4.6 shows the spectral efficiency for varying D2D
transmit power. We can observe from Fig. 4.6(a) that the
spectral efficiency DPs increases with increasing D2D transmit
power. In contrast, we can see from Fig. 4.6(b) that the spectral
efficiency of the CUs decreases with increasing D2D user
transmit power, which occurs because a higher D2D transmit
power increases the uplink interference for CUs. Moreover, Fig.
4.6(c) shows that our proposed scheme yields the highest
spectral efficiency among the studied schemes. We can see
from Fig. 4.6(c) that the spectral efficiency increases promptly
as the D2D transmit power increases. However, after the D2D
transmit power exceeds 11 dBm, the spectral efficiency

decreases.
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Fig. 4.6: Spectral efficiency analysis with varying transmits power
consumption of D2D for (a) DPs, (b) CUs, and (c) overall system.

4.5. Conclusion

We have performed a brief analysis on the interference
scenarios and techniques to mitigate the interference for
underlay D2D communications in cellular networks. To
mitigate the uplink interference and improve the overall system
throughput, we have proposed an optimal resource
management and power control scheme with cell sectorization
method. We also considered the FFR technique, which allows
fractional reuse of resources between the traditional CUs and
DPs in a non-orthogonal fashion. Then, we formulated an
optimization problem for multiple DPs simultaneously sharing
the same cellular resources to fulfill the required QoS of both
CUs and DPs. We analyzed the proposed scheme in two steps.
We first solved a greedy heuristic algorithm with a local search
scenario to overcome the complexity of the resource reuse
pairing phenomenon. Then, we proposed a binary power

control scheme to maximize the system capacity for large scale

73

Collection @ chosun



networks. From the simulation results, we can see that the
proposed scheme attains high system throughput and spectral
efficiency, and also minimizes uplink interference generated by

the M-D2D communication.
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Chapter 5

Multicast D2D (M-D2D) Communications
Underlaying LTE-A Uplink Cellular Networks

In this chapter, we discuss the problem of throughput
optimization for M-D2D communications underlaying uplink
cellular networks, to achieve high throughput and spectrum

efficiency.

5.1. Background and Related Works

Due to the increasing demands for various types of high data
rate services, cellular networks are facing the problem of
resource limitations. For solving these problems, M-D2D
communications underlaying LTE-Advanced (LTE-A) cellular
networks have become enormously favorable [78]. In M-D2D
communication, nearby devices form an M-D2D group where
D2D receivers in the group can receive the same data from the
D2D transmitter over a direct link, without relaying on eNB
[79]. M-D2D communications can be categorized into: single
rate and multi-rate transmissions [80]. In the single-rate
transmission, D2D transmitter in a multicast group transmits
the same data rate to its corresponding receivers. Whereas, in
the multi-rate transmission, D2D transmitter in a multicast
group transmits multiple data rates according to the receiver’s
demands. Compared to unicast (point-to-point) communication
system where a transmitter sends the signal to a single
receiver, M-D2D communication reduces overhead and

increases spectral efficiency. This concept envisaged as the
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promising solution for the incoming 5G system and Internet of
Things (IoT) technology. However, the system faces challenges
in coordinating conventional cellular communication and D2D
communication over single resource simultaneously. The
interference from CU to D2D receivers in a multicast group and
interference from M-D2D transmitter to eNB are incorporated
as the main challenge. In [81, 82], the authors proposed an
MC-CDMA transmission scheme in M-D2D communication.
The results showed that their proposed scheme achieves better
SINR compared with conventional scheme. Interference
coordination = mechanisms for M-D2D communication
underlying uplink cellular networks are discussed in [55]. A
dynamic power control scheme was introduced to mitigate
interference from M-D2D to cellular network. Comparing the
result of this scheme with that of conventional multicast
transmission scheme shows the improvement of system
throughput.

With the introduction of M-D2D communications into the
conventional cellular networks motivate to open the door to
various use cases. Some of the well-known applications of the
M-D2D communication are media-rich applications such as
local multimedia content sharing of photos, and music and
also high-quality video sharing application such as video
multicasting in social platforms. The main issues and
challenges in a multicast communications environment are
summarized in [36]. The paper classifies the existing multicast
protocols based on several distinct features and performance
parameters. In [31], the authors discussed on modeling and

analysis of M-D2D communication and an optimization
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problem was formulated based on the mobility and network
assistance issues. Comparing the result of this scheme with
that of the static network demonstrates the enhancement in
mean number of covered receivers. The problem with this study
is that the interference coordination function was not applied.
A millimeter wave (mmWave) small cell is becoming popular as
a promising solution for D2D communications due to
availability of abundant spectrum. In [32], the authors
proposed an energy-efficient multicast scheduling scheme to
achieve high energy efficiency. Also, the transmission power
control method of the multi-hop D2D transmission paths was
analyzed. The disadvantage of their scheme is that the
mmWave communications have high path loss problems. In
[83], the authors proposed an optimized opportunistic
multicast scheduling over wireless cellular networks. The
homogeneous network that is partitioned into rings uses
different channel links. An optimization problem was
formulated to achieve the optimal solution and results showed
that their proposed scheme achieves significant performance

gain.

5.2. Proposed Scheme

This section presents the proposed network model. A detail of
users’ distribution has been given. Problem formulation is
discussed later in this section. To make this paper easy to
follow, we present some frequently used notations in the

proposed scheme in Table 5.1.
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Table 5.1: Notations used in problem formulation.

Notation Definition
R Radius of outer region of cell
r Radius of inner region of cell
Pg Transmission power of eNB
P jedage Transmission power of M-D2D
group gedge
Lin g Distance between CU c¢™ and eNB
lgedge‘B Distance between M-D2D
' transmitter g¢*?° and eNB
l edge edge Distance between M-D2D
e transmitter g*° and i edge
g. ° and receiver g,
lcin,gedge Distance between CU ¢® and M-
i D2D receiver g¢%9°
lf;fl"B Minimum possible distance of CU
' from the eNB
H inp Channel coefficient between CU ¢
and eNB
ngdge,B Channel coefficient between M-D2D
' transmitter g°*’° and eNB
H edge edge Channel coefficient between M-D2D
e transmitter g*° and i edge
g. ° and receiver g,
Hcin‘gedge Channel coefficient between CU ¢
i and M-D2D receiver g%9°
a Path loss coefficient
o2 Noise power
Yrh Minimum SINR requirement of a
user defined by the system

5.2.1. Network Model

For easy analysis, we assume CUs as primary users that can
access the available resources assigned by the eNB and D2D
users as the secondary users that can reuse the cellular
resources to generate a transmission. Suppose in each cell
there are totally N; CUs constituting a set C, where C = {1, 2, ...

, N¢}, the total number of D2D users constituting a set D, where

D = {1, 2, ... , Np}, and the total number of M-D2D groups
constituting a set G, where G = {1, 2, ... , N;}. We assumed that
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all CUs and D2D users are uniformly distributed in each cell.
In each M-D2D group, we select a D2D user as multicast
transmitter, which transmits the same signal to multiple
receivers in the group. Thus, the total sum throughput
increases with the number of successful communications of
the group. We assumed that one M-D2D group can reuse only
one cellular link at a time.

In the network model, we assume that the available
resources are allotted to CUs by the eNB in an orthogonal
manner. Therefore, there is no intra-cell interference between
the CUs. For resource reuse method, we assume that the outer
region M-D2D communication is allowed to reuse only the
inner region cellular resource of each cell. In order to calculate
the number of resource blocks assigned to different sub-bands,
it is necessary to analyze the density of CUs in the inner region
of each cell. Hence, the probability density function (PDF) of

the CU ¢™ in polar coordinates (l.in g, 0) is expressed as [84]

2(1 i, -1 .
f(lyin ) = %v Wy Slemp <7 (102)
cinp
and fO) = 7w VO< 0 <=, (103)

)

where ¢ is the angle of CU location and [ .inp is the distance

between CU c™ in the inner region of a cell and eNB. In the
proposed scheme, we considered that the uplink interference of

a cellular network is known and is defined by the matrix I as

11,1, 11,2,....., INg,l ]

Il,ZJ 11,2, ------ 1] INGrZ (104)

|
|

Livg Ting oor Ingwel
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The main goal of this paper is to minimize the interference
into the least value so as to improve the system performance.
Considering the interference matrix, we assumed a
communication scenario where an M-D2D group is reusing the

resource of a CU. Then, the resource assignment matrix Z is

defined as
[21,1: AR ZNG,1 ]
z -] Zl;z, ZLZ,: ...... , ZNf;,Z ' (105)
\Zine: Zimgr s Zgwed

To formulate the problem of an optimal resource allocation
scheme, we assume one M-D2D group reuses at most one
cellular resource, and each resource can be reused by at most
one M-D2D group. That is

N
g=1%cg =

Note that the number of receivers in a group should be
more than one; if the number of receiver in a group is equal to
one then the system is in unicast communication scenario. In
the network model, each cellular communication has a serving
eNB and we considered that the D2D transmitters are reusing
cellular links. Each D2D transmitter has the same signal for all
the determined D2D receivers and the serving eNB has the
knowledge of the multicast message of each D2D transmitter.
In the proposed method, to guarantee the QoS requirements of
the CUs and D2D users, D2D users are allowed to reuse the
resources only when the distance between CUs and D2D users
is far enough. If CUs and D2D users are close to each other,

considerable interference will generate.
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5.2.2. Problem Formulation

In order to enhance the system performance, we should

minimize both co-channel interference and inter-cell

interference. Then, we can find the optimal resource sharing
pair between CUs and M-D2D groups. In the general case, to
find the the M-D2D

communications, we suppose in each cell there are totally Ry

resource sharing partner for
uplink interference regions as shown in Fig. 5.1, constituting a
set Ry, where Ry ={1,2,...,Ry}. Within these regions, the D2D
receivers are interfered by CUs, thus D2D communications

cannot guarantee the system QoS [44].

| . N Uplink
e
Cellular user Cellular Link ( inter ference
‘ regions (UIR)
H D2D0-Transmitter —=- D20 Link
) —=_ Interference from --=_ [Interference from
D D2D-Receiver D2D-Transmitter to cellular user to D20-
eNB Receiver
UIR—1
UIR-2 -
/'_\ / \
UZ\ { @ v
*4

S

Fig. 5.1: (a) M-D2D transmission by reusing uplink cellular resource,
(b) Uplink interference scenarios.

Without loss of generality, in the proposed method, we
assume one of the uplink interference regions, say uplink

interference region-1 having the radius U;. In order to avoid

81

Collection @ chosun



high interference from CUs to D2D receivers, we should
maintain an enough distance between CUs and M-D2D groups.
Therefore, we assumed that the M-D2D groups in cell outer-
region can only reuse the resources of CUs exist in the cell
inner-region. Reusing of cellular resource by the M-D2D groups
in the same section of cell is not allowed.

Proposition 1. The radius U; of uplink interference region-1

can be expressed as

2
YThel in o -l edge edge
B 9t g Iy g

U1=

, (107)

l edge
gy ° B
where yr;, is the threshold SINR.
Proof. The proof is presented in Appendix A.
In cellular communication, the received power Py is the
multiplication of transmitted power P; and channel gain L as
PR=PTXL, (108)
where L=1"% x |H|?. The term [is the channel distance and H is

the channel coefficient. Therefore, we can express the SINR as

Pr
I+02’

Y= (109)
where I is the interference in the network. To maintain reliable
transmission, in the proposed method we assume that M-D2D
groups are located in cell outer region and CUs are located in
cell inner region. According to Fig. 5.1, we can express the

SINR of CU ¢ and M-D2D group g°%9¢ as

2
Pe. U5 |H in
c"' B c“'“.B
Vein = . 2 (1 ].O)
P N |H 2+I.g+o0o
gedge g?d‘ge,B g?d‘ge,B c,B n
2
-a
Pg€dg€' U edge edge-|H edge edge
d = e by i O 111
an ]/gedge = 2 . ( )
-a 2
Pp. lcin,g;’dw' H in gedge| +lgm* o
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where I.p denotes co-channel interference from eNBs to CU
and I;,, denotes co-channel interference from D2D
transmitters in upper layers of network to M-D2D receivers. We
can express I, and I, , as

Ieg = Ynecn=1Pp % |Hnp|? (112)
and Iym = Yo=1 P Igh. [Hym| 2 (113)

5.2.3. Coverage Probability

Coverage probability is defined as the probability that a user
can successfully transmit the signal from a transmitter to its
corresponding receiver, with the SINR equal to or higher than
the threshold SINR. In other words, the coverage probability of
a system is complementary of the outage probability. Therefore,

the coverage probability P¢°Y can be expressed as

PCOV =1- POut’ (]_ 14)
where
PO = S PO+ T Cige; Pl (115)

where PO% is the outage probability of the system.

[ iad
Cln,B

Pg.
Substituting y = z o into Equation (110), we have

2
c*',B
Yein = 5——Fa (116)
edge'' edge
g g
g ,B Icp 1
t H 24 [of + =
Pn I X . edge Po I X >
B- Cin'B gt B B- Cin,B 14

P ed e-l_gd e +Ic,B>
( gee9e "gede g

Pg. U4
B tcinp

Let Y =

, then according to [45], the outage

probabilities for CU ¢ (Pg,‘ft) can be expressed as

_YTh
POut=1- 1+YTm ) (117)

Substituting all the values of Y and y in Equation (117), we

have
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<_ oRYTR

out 1 Pp. U}

Pci" =1- e B/, (118)
P edge-U edge *1cB |VTh

-
Pp. lcin,B

Similarly, the outage probability of M-D2D group g¢%9¢

(P;e%ge) in terms of their respective SINR can be expressed as

0%-1’Th
1 Pgedge- l_gdge edge
out ,
Pgedge =1- e 9t = 9r . (119)
PB. U edgetlgm [YTh
cthg,

P ecdge U edge
gee9e ggdae,

edge
g9

Substituting Equations (118) and (119) into Equation (115),

we have
2
__On¥YTh
out Ne 1 ( Pp- Lin )
pout — 1-— e cnB/ 4
iTl=1 -
¢ (Pgedge. lgedge B + IC,B) YTh
1+ Pt l’_“
B- Cin,B
TRV TR
Ng 1 Pgedge- l;gdge gedae
ey 1 e () (120
Pp. l__a edge“g'm YTh
. cin g?
5 edge: l_gdge edge
g 9; 770y
Therefore, Equation (114) can be listed as
(_ % YTh >
—a
e 1- - e\ "B lang) 4
<Pgedge' l;gdge’8+ Ic,B)VTh
14 Ppg. l;i‘fl,B
pCov — 1 — < 5 ) (121)
_ n¥YTh
N, 1 P edge: l_gdge edge
Zggdgezl 1- e ¢ ge —9r
<PB- l;igl'gidge+lg;m>yTh
T
gedge gid‘ge'gidye

The throughputs of the CU ¢™ (T,in) and D2D group g®%9¢

(T geage) can be respectively listed as
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2
-a
Pp- lcin,B'chin,Bl

T,.n=log,| 1+ (122)
P qAs JH eq 24 [. g+ o2
gedge gidge,B getz ge‘B c,B n
2
Pg‘fdge' l;gdge gedge' ngdge gedge
i t Ir
and Tgedge = lng 1+ £ L 7 . (123)
-a 2
Pp. lcin,gf.dge. Hcin,gf,dge +Igm+ on

5.3. Throughput Optimization
Combined with the SINR expressions of both CUs and M-D2D
groups, we formulate the overall throughput optimization

problem as follows:

— ) N¢ ) Ng
T = argclneclgedgeec max ( cin=1Tcm + dedgelegedge) (124)

subject to

PF™ < Py < PR, PRiile < Pgedge < Plidse, ¥V g°*9° € G,
Yrn < Ve,V eC, . (125)

Yrn < Vgease, Vg €G,

where PJ"" and P;'ég;e denote the minimum transmit power of

max

eNB and M-D2D group g®%9¢, respectively. PJ*** and jedge

denote the maximum transmit power of eNB and M-D2D group
g€ respectively. In the power control mechanism, the M-
D2D transmitter in a group selects its transmission power such
that the signal power at the destined receivers will be under
predefined range. From the optimization problem formulated in
(124), we observed that the resource allocation and power
control approach are closely related with each other. During
resource pairing between CUs and D2D users, the variation of

interference scenario can impact on the transmit power.
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Proposition 2. The transmit power of eNB and M-D2D group

g%%9¢ in Equation (125) can be recalculated as follows:

2, Th Th Th Th
In-Yeiy: Bgtedgeﬂ (ﬁgfd‘ge'g;{d‘ge-]’cin+Vgedge>+ch-ﬁgidge'3-ygedge<IB,c-ycm-ﬁg¢Eadge'g$dge‘Hg,m)

PR < < P

. _Th .

(ﬁcmyg-ﬁgfdge'gidge Ycin-ﬁgfd‘geﬂ-ygedye- ch,gid‘ge)
2 . Th Th

min o'n-Ygedge(chﬂ-'ygedge+Ycin-ﬁcin’y;zdge)+1.:,B-'Vcin-‘ygedge~ Bci",gidge

gedge =

< ngx
= edge
. _Th g
(.Bg:’dge'gidye-ﬁcm'g Ycin-ﬁgfd‘ge'g-yged‘ge- Bci",ggdge)

(126)
Proof. The proof is presented in Appendix B.
The pseudo code of the proposed resource allocation is

shown in Algorithm 5.1.

Algorithm 5.1: Pseudo Code of the Resource Allocation Algorithm

Initialization
C: The set of cellular users
D: The set of D2D users
G: The set of D2D groups
Resource allocation
for ¢ €C, g°° €G do
Calculate Yein, ¥ gage

N N
Calculate P, PR, , PO = 306 PO + 3060 _ Pridie

g cin=1"¢ gaige =1
: Out * ; Out
if (P S arguin, ¢ gage o MNP ) then

N
Calculate T i, Tjage , T = arggin ¢ gaige ¢ max( o _ T+

cin=1
Ng
dedge =1 Tgaige )

else if (P%“* > arg i, jage .c min P7) then

eCyg
Recalculate y_u, ¥ gelge
Recalculate P94, pout, , pout = pout 4 pout

c g c g
Recalculate T i, Tgaige

_ N¢ N¢
T = arg in ¢ galge ¢y, Max (Zcin=1 T.m + Zgaige 1 Tgaige )
end if
end for

The overall resource allocation mechanism includes optimal

matching of sub-channel resources between CUs and D2D
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groups and SINR assignment. At the beginning of the sub-
channel resource allocation, the eNB collects the information of
all M-D2D groups and match one sub-channel resource of the
CU to M-D2D group. This phenomenon repeats for all available
M-D2D groups. The main objective of the optimal resource
allocation is to improve aggregate D2D throughput and achieve
higher values of SINR. After the sub-channel resource
allocation is completed, optimal SINR is determined. Then, we
calculate the outage probability in terms of the SINR for each
M-D2D group and CU. Finally, we formulated the aggregate

throughput optimization problem.

5.3.1. Computational Complexity
Therefore, the overall complexity of the proposed scheme is

[O(N¢ X Ng) + Np x O(Ng)].

5.4. Metaheuristic-Tabu Search Algorithm

Metaheuristic-tabu search algorithm is an optimization
algorithm which maintains a short term memory of the definite
changes of existent search procedure within a specific region.
Thus, it prevents nullification of the definite changes in next
search steps and controls the embedded heuristic technique. In
addition, this algorithm can reduce interference from CUs to
D2D wusers while reusing uplink cellular resources. The
metaheuristic-tabu search starts with an initial viable solution
and solves the optimization problem by managing
neighborhood exploration heuristic. Then, a tabu list is
initialized with this initial solution. Tabu list is dynamic in

nature and used to browse the solution space efficiently, thus
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prevents cycling of search steps. If the tabu list is very long,

then all moves will become forbidden.

Algorithm 5.2: Metaheuristic-tabu search algorithm.

Initialization
E: The number of iterations
A: The initial solution
% generate initial solution and stored in a temporary location
COSTyes; < COST(A)
B« A % consider the initial solution as the best solution
Ly « @ % initialization of TABULIST
Search for an optimal solution from the valid move

while TABUSEARCH|)
do Vmove < {i € E}a Vmove ¢ LT
% find a valid move with an iteration
if Vinove # )

then C < V..

% obtained a solution from the valid move

Lr & C|Ly <« C

% exchanging or replacing new solution for all

elements of TABULIST CHECK {COST(C ) < COST(C")}

% select best solution among ¢ and C"

UPDATE TABULIST(A)

if COST(A,A) < COSTpese
thenB « A
COST,,s; < COST(4)
A A
return B
end
end
end

On the other hand, if the tabu list is very short, then the
search mechanism ends up examining a local optimum. The
main factor that affects the tabu list is the size of neighborhood
of the current solution. Therefore, adjusting length of the tabu

list is considered as a critical approach in finding an optimal
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solution. Once the tabu list is full, previous elements of the list
are removed and generate a neighborhood solution, which has
the highest matching with optimal solution for the newly added
solution. If the neighborhood solution does not matched with
the current solution, then another solution that has the
highest matching value becomes the best solution. In the
literature, a tabu-search-based metaheuristic algorithm is
presented to find the optimal solution for scalable video coding
multicast system [82]. The paper proposed a multicast
transmission scheme by converting a simplified problem into a
well-defined orienteering problem over relay-based wireless
networks. The pseudo code of the proposed metaheuristic-tabu
search algorithm is presented in Algorithm 5.2. The tabu list
structure considered in the proposed scheme followed first-in-
first-out (FIFO) mechanism.

5.5. Jain’s Fairness Index

Fairness distribution of resources is an important basis in
designing cellular networks, where two or more devices have to
share the same sub-channel resource. In this section, we
introduce Jain’s fairness index to analyze the fair distribution
of resources among M-D2D groups [83]. In the proposed
scheme, while allocating sub-channel resource to M-D2D group,
such that the receivers in the group should attain an aggregate

throughput T jeage - Therefore, in order to analyze the fair

distribution of sub-channel resources, we introduce Jain’s

fairness index (JF]) for the system as follows:

Ng T 2
dedgezl gedge

JFI =

2,‘v’g"’dg"’EG. (127)

NG
Ng. T
G dedge=1 gedge
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Substituting Equation (123) in Equation (127), we have,

2\2

2 I

/ P edge- l_gdge edge
g 9¢ ° 9r

H edge edge
Ng 9t 9r
dedgezl loyZl 1+

—a 2
Pp. lcingedge. Hcingedge +Ig‘m+ O'n/
B Y
JFI = r 5,V g°9¢ € G.

2

/ P edge- l_gd e edge|H edge edge \\

N | [ 9;79¢9779 1 g9 0y P

NgY G log,| 14 ¢
G gedge—q g2| 1+ 2
pg. 1% |H +1g m+ o3
B Lin gedge i gedge| +lom* 7k
(128)

The value of JFI is confined between O and 1. If all M-D2D
groups receive the same amount of resources, then JFI is 1,

this means the overall resource allocation is 100% fair.

5.6. Performance Discussion

In this section, we present simulation parameters and several
simulation results to verify the performance of the proposed
resource sharing scheme.

5.6.1. Simulation Environment

We consider a multi-cell cellular network in which the available
resources are allocated to the CUs and there is no interference
between the CUs. The main simulation parameters are listed in
Table 5.2. The path loss model for CUs and D2D users are
considered to be in LOS model. In the proposed scheme, all the
users are uniformly placed in a cell and each simulation result
is analyzed by averaging over a large number of iterations. The
proposed algorithm for M-D2D communications has been
implemented in Matlab using Monte-Carlo simulation. Other
simulation parameters are selected based on 3GPP E-UTRA

regulation [50].
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Table 5.2: Simulation parameters and values.

Parameters Values
Noise power -174 dBm/Hz
D2D grouping radius 1~-50 m
Total number resource blocks 50 [50]
Link bandwidth 180 kHz
The maximum transmission 15 dBm
power of D2D user
The maximum transmission 25 dBm
power of CU
Number of D2D groups 20
Number of D2D receivers in a 2~5
group
User distribution Uniform
Channel bandwidth 10 MHz [50]
Path loss exponent 4

5.6.2. Simulation Results

In this Subsection, we compare our proposed spectrum reuse-
based throughput optimization for M-D2D communications
against random resource allocation scheme discussed in [20].
The study analyzed a cluster formation based resource
allocation method, which allocates the resources randomly. For
performance comparison, we level our proposed scheme as RA
w/ MH-TS. Specifically, we denote our proposed resource
allocation scheme before introducing the metaheuristic-tabu
search algorithm as RA w/o M-TS. We denote the reference
scheme [20] as RRA w/ MH-TS and RRA w/o MH-TS.

The variation of coverage probability of M-D2D users with
respect to threshold SINR is shown in Fig. 5.2(a). From Fig.
5.2(a), we can see that our proposed scheme attains highest
coverage probability as compared with other schemes.
Moreover, we observe that as the threshold SINR increases the

coverage probability decreases. Specifically, for all the methods,
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M-D2D wusers achieved 63.54% to 87.76% of coverage
probability at threshold SINR of SdB.

1 1

“¥-RA w/ MH-TS ¥-RA w/ MH-TS
oy “®-RA w/o MH-TS | 2 -®-RA w/o MH-TS
= #=RRA w/ MH-TS || = -#=RRA w/ MH-TS
=208 -#-RRA w/o MH-TS| 2 0.8 -8-RRA w/o MH-TS
2 3
g £
(5] (&)
0.6 X £ 0.6 \
> >
5 X :
Z 04 % 0.4 \
172
S =]
2 5 X
a 0.2 E 0.2
= &
0 0
-5 5 15 25 30 -20 -5 10 25 40
Threshold SINR (dB) Threshold SINR (dB)
(@) (b)

Fig. 5.2: (a) Coverage probability of M-D2D user with varying
threshold SINR, (b) coverage probability of CU with varying threshold
SINR.

Fig. 5.2(b) depicts the variation of coverage probability of
CUs with respect to threshold SINR. It can be seen from Fig.
5.2(b) that for all the methods, the CU with metaheuristic-tabu
search algorithm attained 65% to 86.84% of coverage
probability at threshold SINR of -5dB. As shown in Figs. 5.2(a)
and 5.2(b), coverage probability becomes worse for both M-D2D
and CUs with the increase in the threshold SINR of the
network. Finally, we observe that for given threshold SINR, the
coverage probabilities of M-D2D communications are greater
than those for cellular communications. This is due to the fact
that the communication distances in M-D2D communications

are less.

92

Collection @ chosun



The variation of average throughput of M-D2D user as a
function of number of M-D2D groups in a cell is shown in Fig.
5.3(a). We observe that the throughput increases as the
number of number of M-D2D groups in a cell increases.
Moreover, it is seen that the throughput of our proposed
resource allocation scheme shows a trend of continuous
increase. Therefore, we can conclude from our observation that
FFR technique significantly employed for designing a high

throughput cellular network.
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Fig. 5.3: (a) Average throughput of M-D2D user as a function of
number of M-D2D groups in a cell, (b) average throughput of CU as a
function of number of M-D2D groups in a cell.

In Fig. 5.3(b), we plot the average throughput achieved by
the CU as a function of number of M-D2D groups in a cell.
With the increase in the number of M-D2D groups in a cell, CU
throughput decreases. This is due to the fact that the M-D2D
transmitter generates uplink interference to the eNB, which

directly impacts on the performance of CUs.
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Fig. 5.4: (a) Received SINR of M-D2D as a function of distance
between M-D2D receivers and CU, (b) received SINR of CU as a
function of distance between M-D2D transmitter and eNB.

Fig. 5.4(a) shows the received SINR of M-D2D user with
respect to the variable distance between M-D2D receivers and
CU. As shown in Fig. 5.4(a), the received SINR of M-D2D
increases with the increase of distance between M-D2D
receivers and CUs. This is due to the fact that the larger the
distance, the lower the aggregate uplink interference from CUs
to M-D2D receivers. Observed from Fig. 5.4(a), our proposed
resource allocation and metaheuristic-tabu search scheme has
the best performance compared with other schemes. The
variation of received SINR of CU with respect to distance
between M-D2D transmitter and eNB is plotted in Fig. 5.4(b).
As can be seen, received SINR increases as distance increases
and compared with RRA scheme, our proposed scheme can

accommodate high SINR.
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Fig. 5.5: (a) Power consumption of overall system as a function of
distance between D2D transmitter and D2D receiver, (b) fairness as a
function of distance between D2D transmitter and receiver.

The total power consumption as a function of distance
between D2D transmitter and its corresponding receivers in an
M-D2D group is shown in Fig. 5.5(a). It is seen from Fig. 5.5(a)
that as the distance increases the link quality decreases,
therefore M-D2D transmitter has to transmit data to its
corresponding receivers with a higher transmission power.
However, the overall power consumption of our proposed
scheme is much lesser than RRA scheme with and without
metaheuristic-tabu search algorithm. This is due to the fact
that metaheuristic-tabu search algorithm ignores certain
repetitions while finding best resource reuse partners. Fig.
5.5(b) shows the fairness of resource distribution against the
distance between D2D transmitter and receiver. For simple
analysis, we assumed the optimal fairness index as 1. It can be

seen from Fig. 5.5(b) that as the distance between D2D
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transmitter and receiver of a multicast group increases, the
fairness index decreases drastically. We observe that our
proposed scheme obtains nearly optimal fairness index as

compared with the existing scheme.
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Fig. 5.6: (a) Cumulative distribution of spectral efficiency of M-D2D
user, (b) cumulative distribution of spectral efficiency of CU.

Fig. 5.6(a) plots the spectral efficiency distribution of M-
D2D users. Observed from Fig. 5.6(a), our proposed joint
resource allocation and metaheuristic-tabu search algorithm
has the best performance compared with other schemes. This
is because our proposed metaheuristic-tabu search algorithm
finds the most promising resource sharing partner between
CUs and M-D2D users which can reduce the total uplink
interference. On the other hand, RRA scheme without
metaheuristic-tabu search algorithm experiences lower spectral
efficiency; this is due to the interference from CUs to nearby M-
D2D receivers. Finally, we notice that 70% of M-D2D users in

our proposed scheme achieved a spectral efficiency of
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71.08bits/sec/Hz. Spectral efficiency distribution of CUs is
shown in Fig. 5.6(b). We can observe that our proposed scheme
has the best throughput performance compared with existing
schemes. This is because our proposed scheme aims at
maximizing the user’s throughput based on the resource
partition technique. Also, from Fig. 5.6(b), it is seen that in the
proposed communication scenario, 60% of users achieved a
spectral efficiency of 72.51bps/Hz. Finally, we notice that the
spectral efficiencies of M-D2D users are greater than those for
CUs, due to generally smaller communication distances in M-

D2D communications.

5.7. Conclusion

In this paper, we have considered joint resource allocation and
metaheuristic-tabu search algorithm for M-D2D
communications reusing uplink cellular resources. The main
drawback of M-D2D communications underlaying cellular
network is the interference caused by D2D users to
conventional cellular networks. To mitigate the interference, we
proposed a spectrum reuse method based on the FFR
technique. Then, to achieve higher system performance, we
formulated a sum throughput optimization problem. However,
the computational complexity of the optimization problem was
high due to large number of iterations. To achieve low
computational complexity, we introduced a metaheuristic-tabu
search algorithm. Moreover, fairness of the resource allocation
was analyzed by using efficient Jain’s fairness index, which
maintains a level of required SINR. For analysis, we assumed

the optimal value of the fairness index as 1. We performed
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extensive simulations in terms of target SINR, distance between
D2D transmitter and receiver, threshold SINR, and number of
successful D2D receivers in an M-D2D group. We compared
our proposed scheme with the RRA scheme with and without
metaheuristic-tabu search algorithm. The results demonstrated
that our proposed scheme provides a good tradeoff between the
interference mitigation and required throughput, thus
effectively increases overall system throughput and spectral
efficiency. As a future work, this approach can be extended by
assuming resource reuse factor more than 1 for the M-D2D

communications.
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Appendix A
For uplink interference region analysis, the general expressions

of the received SINRs of CU ¢ and D2D group g are calculated

as follows:
P 1~
Pg. 17 m gedge edge edge
B Gy
e 322 Yrnand ——c = Vrn- (A1)
gedge: gedgeB n B- mgedge n
t

Neglecting noise power from above Equation (A.1), we have

-a
Pgedge- l edgegedge

= YTh and Py L@ =T = YTh- (A2)

edge
mg 9

Pp. sz

p edge-l edge
g 9:7%° B

Solving Equation A.2, [ cin gedge Can be expressed as

Yrrl e edge l gdge edge
9t B g, Ir

—-a - —-a
cinp Y1hl cin gedge
I~ 5
gedge gedge CmB
a —
l edge — Y r. (AS)
g, - edge Yin
g; ~ B
2 -a
YTh-lgedge
la_ = —t
in ,edge ]
9y lgedge gedge lcm B

Since the uplink interference region is defined by the

distance between CU and M-D2D receiver, we have

2
VTh“-lcin'B . lgedge gedge
U, = L O (A.4)

l edge
g7%%% B

This completes the proof.
Appendix B

Substituting y.» = 2 and Pz = P{" in Equation (113), we
have

Th 5 l;l(le |HcmB|2
ycin = - (B]')

24 Igc+ o2

P edge- 1% .‘H edge
gedage g?d‘ge,B gy g B
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2
i =1 “ i =&
Let IBCm,B = lCm,B' |HCm'B| and ﬁgfd‘ge,B gfdge,B. |Hg§dge'B

then Equation (B.1) becomes

Th
PB . B in
,B
yg:il = P cdge-B ed - +Ig o+ 02’ (B2)
ge ge- gﬁ ge‘B B,c n
Th
Pg. Bcin,B I c 0721
Pgedge = Thﬁ - B _B . (BS)
Yein: g?dge'B gidge,B g‘t’,dge,B

From Equation (114), we have

P _edge- B edge edge
gg gtgrgrg

edge = B.4
yg Pp. Bcin,gidge-'- Ig,m+ O'%y ( )
P edge- B edge edge
=t __lm (B.5)
Y edge- B i edge B in edge B iy edge )
g9 cin g g cin g’ g cin g 9
Substituting Equation (B.3) in (B.5), we have
Pgedge- Bgizdge'gidge Igm o‘% 5
. in
P cage = Tgeds Bcin'gidge Bci",gidge Bci",gidge o Ipc
eage — Th
9 Ycin-Bgtedge’B Bgidge,B
2
[of
2, (B.6)
gtedge’B

; —_ Th . =
g;?dge-ﬁcm,g Vcin-ﬁgfdge'B-Vgedge- .chjgﬁdge)

Pgedge (ﬁg;zdge'

2 ) Th Th
On-¥Y gedge (.ch,B-Vgedge + ycin'.BCin gedge) + IB,c-Vcin-Vgedge-ﬂcin gedger
JIr JIr

(B.7)

2 . Th Th
Un-ygedge (ch'B-Vgedge +Vr:in -Bcinlgidge>+IB,c-Vcin-Vgedge- ﬁcin,gid‘ge

Pgedge =

. _.Th
(Bgsdge‘g;idge-ﬁcm'lg Vcin-ﬁgidge’B-Vgedge- ch,gid‘ge>

(B.8)
Similarly, from Equation (B.5), we have
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Pp. B

B Ipc ah B o J
- P _edge edge

ngi’;l-p edgeB BgedgeB BgedgeB 9t g gr g I 2

pTh — 9¢ t t gm On
B - )
Y edge- B i, edge B .. edge B .. edge

g9 cin g g cin g2 g cing? g

(B.9)

PTh(' P ea dge—YEM. B eage .V jedge. B.; d)=
5" \Being 'Bgf ge gedoe Ve ﬁgte ge gV gedge ﬁcm'gre ge

2 ., Th Th
On-Yein - ﬁg;zdge,B (Bg;zdge, fdge- Yein + ]/gedge) +

g
VC”IZQ ﬂgtedge’B- ygedge (IB,C' ]/g:;l ﬂgfdge’g;’dge + Ig’m), (B 10)
Pih =

2.,Th Th Th Th
onYe.. - ﬁ Y.+ +vyc. .ﬂ . Ig cYe: .,B +1
n-Yein gegdye’B (Bgﬁdge'gidge Yein Vgedge> Yein ggdge'B Ygedge< B.cYeipn ggdge‘gidge g.m)

. _.,Th ]
<ﬂcm_B-Bgidge’g$dge Ycin-ﬁgidge'B-Vgedge- ch‘gidge)

(B.11)
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