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Abstract

With the advancement in technology, the demand for wireless data is growing explosively over

years. The unprecedented rise in demand for higher data rates is attributed to factors such as an

increase in the number of mobile applications, alarming growth in bandwidth-needy applications

like video streaming, and the use of multiple devices by the same user. This has resulted in a push

for an investigation of new architecture and technologies to satisfy the ever increasing demands

and requirements of the wireless networks.

Data-based applications have gained immense popularity as a necessity in our day-to-day life. In

order to connect the growing number of wireless devices, resources are reused in the cellular sys-

tem. In the traditional cellular wireless network, the cellular user equipment (UE) communicates

its data to the base station (BS) using uplink (UL) network resources. Similarly, the data at the

BS is communicated to the cellular UE on employing downlink (DL) network resources. However,

if the transmitting and receiving UEs are in close proximity to one another, the BS can allow with

control/limited control the UEs to directly communicate with each other. This direct communica-

tion mode between the transmitting and receiving UEs is referred as the device-to-device (D2D)

communications. The introduction of D2D communication in cellular wireless networks provides

advantage in terms of proximity gain at crowded arenas like shopping places, carnivals and festi-

vals, and o�ce buildings. Thus, transmission is achieved with high data rate, lesser delays, and

less power consumption. In underlaying D2D mode, the cellular resources are reused by D2D links

and achieve a reuse gain as one of the advantages of D2D communications. D2D communication

underlying cellular network o�ers an advantage in terms of improved spectral e�ciency but at the

cost of increase in interference due to sharing of resources.

The main challenge in allowing links using the same resources for the cellular DL or UL trans-

missions is the mutual interference between the D2D and cellular links. In order to manage the

mutual interference an interference cancellation (IC) strategy is presented which considers orthog-

onal precoding vectors for links sharing the same resources. This IC strategy improves the outage

probability and the overall capacity of cellular and D2D UEs sharing the same resources.

The channel model for communication in macro cell is generally considered as Rayeligh faded as

it characterizes channel with scattered components. However, at high frequencies the communi-

cation distance is small and the channel constitutes of more specular components than scattered
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components. Beaulieu-Xie (BX) fading model characterizes channels with multiple specular com-

ponent when compared to the Ricean and generalized Ricean channel model used for line-of-sight

(LOS) communication. The BX model has applications in high frequency wireless systems oper-

ating in millimeter-wave and terahertz band having small cell size. The model is also applicable

for high speed vehicluar communication. The BX distribution is derived from the non-central chi

distribution. Also it exhibits a seamless relationship to other fading models, such as the Ricean,

generalized Ricean, Nakagami-m, Rayleigh fading models, and κ-µ distributions.

The need for Vehicle-to-Vehicle (V2V) communications rises from the idea of the growing intelligent

transportation technologies for the next generation on vehicular communications. D2D communi-

cation technology can be an enabler for V2V applications as it o�oad a crowded cellular network

and create a direct and localized communications without or with less involvement of the BS. In

other words, V2V services has a localized nature which �ts to the core idea of D2D communica-

tions. Furthermore, V2V services require a low latency which exactly �ts to the reduced latency

of D2D communications due to the hop gain. Finally, a high reliable communication which is one

of the basic requirements of V2V applications and again �ts right in to the D2D proximity gain

advantage.

This thesis aims to analyze the D2D underlying cellular network performance and its application in

V2V systems. The outage performance and ergodic capacity of a D2D underlying cellular network

with multiple antenna at each node are analyzed. At the source node, orthogonal precoded data is

communicated and decoding at the receiver cancels interference from some of the interfering links.

The links are assumed to be Rayleigh faded. Considering equal power is transmitted at all the

D2D nodes, the e�ects of the number of interferes, fraction of cellular to D2D power, and number

of transmit and receive antennas on the systems' performance are shown. Further, we analyzed the

performance of the relay-assisted D2D underlying cellular network with multiple antennas at each

node. Considering cellular link majorly contributes to the interference as the power transmitted at

the D2D source is small covering a smaller radius. The outage and symbol error probability (SEP)

performance of the system are analyzed on considering interference mitigation techniques. The

links are considered to be Rayleigh faded. The exact and the asymptotic expressions for the outage

and SEP of the relay-assisted D2D underlying cellular network are also analyzed in the presence

of a single interfering source when the links are BX faded. Each node of the system is considered

to be equipped with a single antenna. The e�ect of channel parameters, relay placement, and

modulation order on the system performance is observed. D2D-based V2V system with multiple

antennas at each node is analyzed and expressions for the exact and asymptotic outage probability
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are deduced. The diversity order of the system is also determined. Decode-and-forward (DF)

protocol is assumed at the relay node to process the signal.
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Chapter 1

Introduction

The volume of mobile data tra�c demand has shown explosive growth and studies predict that the

exponential growth will continue in the future. The growth is mainly with the introduction of a

myriad of smart hand-held devices like smartphones and tablets [1, 2]. The unprecedented rise in

bandwidth-needy device applications like video streaming, the use of multiple devices by the same

user and multimedia �les have resulted in a push for an investigation of new architectures and tech-

nologies. Over the years mobile broadband technologies have evolved and reached a certain level of

maturity. Now, we are on the verge of a transition into state of fully connected society where high

capacity is needed. Therefore incremental changes in the current systems and technologies are not

enough to make this transition [3]. Future wireless technology is evolving to meet network chal-

lenges like scarce spectrum, demanding and diverse applications, reliability, ubiquitous coverage,

and seamless indoor and outdoor operation. The device challenges include limitation on power, size

and cost of the device, deploying multiple antennas at small handheld devices, multiradio integra-

tion, and coexistance of new technologies with the existing once. The future wireless system intend

to provide extremely high-speed and high-capacity communication, enhanced coverage, extremely

low power consumption, reduced cost, extremely low latency, more reliable communication, and

massive connectivity [4]. The 6G technology will be supported by above 6 GHz bands, metasur-

faces, optical wireless communication, and drone based communications. The applications will

be diverse including tracking, autonomous vehicles, smart cities, ehealth, industrial automation,

1
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Chapter1: Introduction 2

wearables, arti�cial intelligence, holographic teleportation, unmanned aerial vehicles, wireless data

centers, etc.

D2D communication has been recognized as one of the promising components to enable the explo-

sive demand for mobile data. In this chapter, the concept of D2D communications, interference

management, and wireless medium are discussed.

1.1 D2D Communication

In the traditional cellular network, the user equipment (UE) transmits its data to the base station

using uplink (UL) network resources; then the BS forwards received data to the corresponding

receiver using downlink (DL) network resources. However, if the transmitting UE and receiving

UE are in close proximity to one another, the BS can allow the UEs to directly communicate with

each other. This direct communication between the UEs is referred to as D2D mode.

D2D communication is a new paradigm in cellular networks [5]. UEs in close proximity uses direct

link to communicate data instead of sending their signals all the way through core network [6, 7].

This o�oading of information from the UL and DL of the core network o�ers advantage in the

form of improved hop gain of the system. Since UEs are in close proximity of each other, D2D

provides higher data rates, lesser delays, and lower power consumption [8, 9]. Further, sharing of

radio resources by the cellular link and other D2D users in a cell improves reuse gain [10]. Some

of the practical applications of D2D communication includes information sharing between UEs to

transfer �les and videos with higher data rates using unicast, groupcast or broadcast modes of

transmission with way less energy than the conventional cellular users. D2D can operate even if

the core network is paralyzed in a disaster hit areas. It o�oads data and computation from the

core network. Data at the BS can be o�oaded to a UE with good connection so that other UEs

can download the data. UEs with less processing capability can also o�oad computational heavy

tasks to nearby capable UEs. D2D UEs can be used as relays to extend the coverage range and to

create cooperative diversity which is relaying through multiple UEs. D2D communication optimizes

resource utilization improving spectral e�ciency of the network. Relaying assists the UEs to further

enhance their performance and the coverage range. In underlay D2D communication, two closely

placed UEs can communicate with each other over a licensed cellular bandwidth without or with
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Chapter1: Introduction 3

partial involvement of the BS. Some of the functionalities of D2D communication are exhibited by

Bluetooth and Wi-Fi which work in unlicensed bandwidth having no control of the interference.

Moreover, these systems do not provide the required QoS and security [8].

Depending on the involvement of BS, the following four types of D2D operation modes can be

de�ned.

1. D2D communication with operator controlled link establishment: the transmitting UE and

the receiving UE exchange data with each other and form a UE-to-UE direct link instead

of UE-to-BS-UE link. In this mode, the BS establishes connection between D2D UEs using

control channels. This enables the BS to manage interference among the devices.

2. D2D communication with device controlled link establishment: the UE-to-UE link is estab-

lished without the involvement of BS. In addition, call set up, interference management, and

resource allocation are handled by the devices themselves. The radio resources are used such

that the interference to other devices in the D2D tier and at the micro and macro cell tiers

is minimum.

3. Device relaying with operator controlled link establishment: a UE at the edge of a cell or

device (in a poor coverage area) can communicate with the BS by relaying its data via other

devices. This results in improving the battery life and achieves better Quality of Service

(QoS). The base station has a partial or complete control and handles all the tasks of link

establishment.

4. Device relaying with device controlled link establishment: the base station is not involved

in the process of link establishment between the UE-to-UE and UE-to-relay-UE. The trans-

mitting and receiving UEs are capable of and responsible for coordinating communication.

This includes establishing relay-assisted link, interference management, resource allocation,

and call set up.

D2D technology can operate on the cellular spectrum or on unlicensed spectrum. D2D commu-

nications can be classi�ed into inband and outband communications. Inband D2D, the cellular

spectrum is shared by both the cellular and D2D link. The use of cellular spectrum helps in con-

trolling the interference. Inband D2D can operate either in underlay or overlay mode. In underlay
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mode, the same resources are shared by both D2D UEs and cellular UEs. Due to the sharing

of radio resources, interference between D2D links and conventional cellular links pose a threat,

therefore interference management is necessary. In overlay mode, D2D links are allocated dedicated

radio resources not interfering with each other but at a cost of reduced spectrum e�ciency. Out-

band D2D uses unlicensed spectrum unlike the inband D2D, thus avoids the interference between

D2D and cellular links. However, it gets additional interfaces from devices operating in unlicensed

spectrum, like Bluetooth and Wi-Fi. Cellular technologies with two wireless interfaces like LTE

and Wi-Fi can accommodate outband, thereby, cellular and D2D communications can happen at

the same time [11]. Outband D2D can be controlled or uncontrolled.

Despite the numerous bene�ts of D2D communications, there are concerns in implementation

of this technology. Interference management is one of the main concerns due to the sharing of

resources between UEs in D2D and the cellular UEs. Other concerns include resource allocation,

device discovery, security, mode selection, and power control.

1.2 Interference Management

An introduction of D2D into the traditional cellular network provides advantage in terms of reduced

burden on the core network, improved overall throughput, enhanced battery life and increase in

data rate [12, 13]. However, resource sharing between D2D communications and traditional cellular

networks causes inter-tier interference [14]. The network resources assignment can be orthogonal

or non-orthogonal. D2D and cellular UEs do not interfere on orthogonal resource assignment but

requires additional resources. On the other hand, non-orthogonal network resource assignment

improves spectrum e�ciency at the cost of increased interference between D2D and traditional

cellular links. The non-orthogonal assignment is more practical as it accommodates more users

using the same resources. In underlay cellular networks, the interference between D2D links and

cellular UEs and among D2D links sharing the same spectrum resources reduces capacity of the

network [11, 15]. The most important challenges in underlay D2D system are radio resource

management and interference management [10, 15]. Network densi�cation enhances tra�c volume

and user data rate but results in increased co-channel interference due to increment in number of

users and higher tra�c volume. This is more severe at the cell edges. In fact, interference is one

of the major factor that hinders further improvement of the cellular networks.
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In order to improve the performance of D2D enabled cellular networks, extensive studies has been

done. In [16], orthogonal time-frequency resource allocation schemes are adopted to avoid inter-

ference. Intelligent power control and link scheduling schemes are employed in [17, 18] to mitigate

interference between D2D and cellular links. Advanced signal processing techniques are applied

at transmitter and receiver of cellular links and D2D UE-to-UE links to cancel the interference in

[19, 20]. In the IC techniques, the interference is �rst regenerated and then subsequently canceled

from the desired signal. The following are the best known IC techniques: successive IC, parallel

IC, and iterative IC.

1.3 Beaulieu-Xie (BX) fading

In the literature, various channel models that characterizes channels with scattered and line-of-

sight (LOS) components are presented. In [21], the BX fading model that characterizes channels

with multiple specular component when compared to the Ricean and generalized Ricean channel

model used for LOS communication is presented. The BX model has applications in high frequency

wireless systems operating in millimeter-wave and terahertz band having small cell size. The model

is also applicable for high speed vehicluar communication. The BX distribution is derived from the

non-central chi distribution. Also it exhibits a seamless relationship to other fading models, such

as the Ricean, generalized Ricean, Nakagami-m, Rayleigh fading models, and κ-µ distributions.

1.4 D2D based Vehicle-to-Vehicle (V2V) Applications

D2D technology can be an enabler for V2V applications because of its very idea to o�oad a crowded

network and create a direct and localized communications without or with less involvement of the

BS. V2V services also have a localized nature which �ts to the core idea of D2D communications.

Furthermore, V2V services requires low latency which again is also o�ered in case of D2D due to

the hop gain. Finally, a highly reliable communication link which is one of the basic requirements

of V2V applications and again �ts right into the D2D proximity gain advantage [22]. In fact, the

D2D underlay mode of communications is proposed as a potential solution for V2V applications.

The down side of using D2D underlay for V2V applications is the reuse of resources used by the

traditional cellular network which results in system performance degradation due to interference.
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Also, V2V communications requires a low latency and high reliability but yet again achieving these

requirements is still a challenge to be resolved and investigated.

Autonomous driving is seen as the future for automobile industry. V2V communications is one

of the future intelligent transportation technologies. In vehicular communication high reliability

and low latency are the key components in order to avoid accidents. A low latency transmission is

required in order to send ultra-fast warning messages within an extremely short time frame [23].

Newly emerging technologies uses higher frequency bands, that are in the range of 30 GHz and

300 GHz. At these frequencies, it is possible to achieve data rate close to 1 Tbps and latency less

than 1 ms [24�26].

Vehicular-to-everything (V2X) consider all surrounding elements to enable vehicular communica-

tion like vehicles, roads, tra�c lights, message signs, etc and uses this information to make them

intelligent. V2X incorporates speci�c types of communication as vehicle to infrastructure (V2I),

vehicle-to-device (V2D), vehicle-to-network (V2N), vehicle-to-pedestrian (V2P), and V2V.

1.5 Precoding

Multiple-input multiple-output (MIMO) o�ers a great deal of advantage in terms of overall through-

put and data rate of the system. It has the ability to handle a number of parallel data streams

that are transmitted on di�erent antennas. Therefore, MIMO is considered necessary in 6G com-

munication systems. There are close loop and open loop MIMO precoding methods and both can

enhance systems performance. To be more speci�c, in the close loop multiple-input multiple-output

(MIMO) precoding technique, the feedback of channel state information (CSI) is considered to be

known at the source terminal. These systems can be designed on estimating CSI at the receiver

and then feedback this CSI to the transmitter through a feedback link with a very limited capacity.

Based on CSI, DL/UL data can be precoded before it is transmitted in order to improve signal-to-

interference and noise ratio (SINR) at the receiving side and thereby improve the capacity of the

overall system.

Precoding techniques transfers the systems complexity to the transmitter side or the BS side. The

processing stage of the precoder is important in an LTE system as it make use of the computa-

tionally and power capabilities of the BS. Precoding at the transmitter reduces the performance
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BS sends common reference signal (CRS)
which contains CSI

UE gets the CSI

BS identi�es the precoding vector from
the code book based on the received pre-
coding matrix indicator PMI from the
UE

precoding operations are performed be-
fore transmission of information signal

In case of change in PMI with the instan-
taneous state, information on new PMI is
sent to the UE

BS sends the precoded data and CRS

UE choose precoding matrix from the
code book using CSI

UE feedback the PMI

UE is informed about the precoding vec-
tor used

UE uses the precoding vector for decod-
ing

UE demodulates the data

Figure 1.1: Mechanism for precoding matrix allocation

loss due to interference and channel fading. In the proposed technique, the interference is canceled

on selecting orthogonal precoding vectors from the code book de�ned for LTE 3GPP standard.

These vectors are selected in such a way that channel fading reduces and the magnitude square of

the product of channel coe�cients and the precoding matrix maximizes. Due to the impracticality

of getting instantaneous CSI, a limited close loop feedback mechanism can be used. In this mech-

anism, the receiver informs the transmitting UE about the index of the precoding matrix from a

code book in case of code book based precoding implementation. In this thesis, the code book

based implementation is considered. The only di�erence is, in our case, the orthogonality among

the precoding vectors for di�erent links has to be maintained in order to reduce the interference

when same resources are shared by di�erent links. The precoding matrix used at the transmitter

is required at the receiver for detecting the desired information signal. In the codebook based

precoding, orthogonality is maintained as it assigns orthogonal vectors to the UEs sharing same
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resources from the existing LTE based code book. Based on the number of transmitting antennas

DFT or house holder based code books are used in LTE [27]. The precoding process considered in

the thesis is summarized in the Table 1.1.

1.6 Challenges

A number of challenges arise due to the introduction of D2D into the traditional cellular networks.

For D2D communications to be successful the challenges include peer discovery and link estab-

lishment. To accomplish the peer discovery process, the D2D UEs are required to broadcast their

messages to search for potential peers and set up the D2D links [10]. In the case of network-

assisted D2D communications, the BS helps D2D UEs to broadcast their messages as well as set

up the D2D communication links [10, 28]. The fundamental challenge is synchronizing the peers

and de�ning the role of BS in the link setup for an e�cient peer discovery process [29]. After the

D2D link establishment, interference and radio resource management becomes the next challenges

[10, 15]. In underlying D2D communications, the spectrum resources are shared by both the D2D

UEs and the cellular UEs and the sharing may result in mutual interference. In D2D communica-

tions, interference and resource management are crucial as they help in achieving the bene�ts of

D2D communications [10, 15, 30, 31]. The challenges of interference management are considered

in this thesis.

1.7 Literature Review

In this section, a survey on various interference cancellation techniques, interference alignment

techniques, relay-assisted underlying D2D communication, BX-fading, and D2D-enabled V2V com-

munication is presented.

1.7.1 Interference Management

The introduction of D2D communications links underlying classical cellular networks results in the

following interference types.
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� Inter-tier Interference also known as inter-cell interference is interference caused by users

in di�erent cells sharing the same resources.

� Intra-tier interference is interference caused by the BS and the other D2D users using the

same resources within a cell.

In this thesis, intra-tier interference is considered. The inter-cell interference is ignored since it is

negligible for coordinated transmissions among cells.

In the literature, the interference management techniques are based on power control mechanisms,

IC strategy, and resource allocation techniques. In [32�34], the authors have developed methods to

manage interference using power control mechanisms. The techniques to reduce interference with

mode selection are presented in [31, 35]. Resource allocation methods to reduce interference are

proposed in [36, 37]. Table 1.1 and 1.2 lists the interference cancellation and interference alignment

techniques, respectively and their contributions in underlay D2D systems.

Table 1.1: Summary of interference cancellation schemes for underlying D2D cellular networks

Ref. Interference

type

Article's contributions Performance

measuring

parameters

Remarks

[38] Inter-tier
D2D to DL,
UL to D2D

Proposed practical and e�cient
scheme to generate awareness of
the interference between cellu-
lar and D2D links at the BS.
Achieved signi�cant SINR gains
and almost three-fold increase
in capacity.

SINR, capac-
ity

Used single transmit
and receive antenna.
Intra-tier in D2D links
is ignored.

[39] Inter-cell,
intra-cell

Proposed a combined power
control and link selection algo-
rithm with temporary removal.

Outage prob-
ability, con-
vergence rate

BS and UEs equipped
with an omnidirectional
antenna.

[40] Inter-tier Proposed a novel MIMO orthog-
onal precoding approach.

Outage
probability,
capacity

Considered single cellu-
lar UE and single D2D
link each equipped with
a single transmit and re-
ceive antenna.

[41] Cellular to
D2D

Proposed MIMO transmission
approaches for cellular DL to
avoid generating interference to
D2D links sharing the same re-
sources. Achieved substantial
gains in SINR of the D2D links
and increase in overall capacity
gains.

SINR and ca-
pacity.

Considered cellular to
D2D interference only.
Inter-tier is ignored.
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Continuation of Table 1.1

Ref. Interference

type

Article's contributions Performance

measuring

parameters

Remarks

[19] Cellular to
D2D

Proposed three receive schemes
for reliable demodulation of the
D2D receiver while sharing the
same resources with the cellu-
lar link. Achieved a remark-
able outage enhancement using
re-transmission receive mode.

Outage prob-
ability

Single cellular UE
and single D2D link
is considered. UEs
are equipped with
single transmit-receive
antenna.

[42] Cellular to
D2D

Proposed an interference lim-
ited area to manage the cellular
to D2D interference. achieved a
capacity increase in D2D with a
negligibly small loss in capacity
of the cellular UEs.

Capacity UEs equipped with sin-
gle transmit-receive an-
tenna. DL to D2D and
D2D to cellular are not
considered.

[32] Cellular to
D2D

Proposed a simple power control
method to the D2D UEs which
limits the SINR degradation of
the cellular link to a certain de-
gree.

SINR and
cumulative
distribution
function
(CDF)

Single cellular UE and
single D2D pair. BS
has no instantaneous
CSI. Inter-tier interfer-
ence not considered.

[43] Inter-tier Studied the performance of suc-
cessive interference cancellation
(SIC) in D2D enabled cellular
networks using stochastic geom-
etry. Derived successful trans-
mission probabilities of D2D
and cellular links.

Successful
transmission
probabilities

Used multiple D2D and
cellular links. Consid-
ered both tiers.

Table 1.2: Summary of interference alignment schemes for underlying D2D cellular networks

Ref. Interference

type

Article's contributions Performance

measuring

parameters

Remarks

[44] Inter-tier
and intra-
tier

Proposed an interference mit-
igating scheme for underlying
D2D and developed a D2D ca-
pacity maximizing optimization
problem.

Capacity Considered one cellular
UE and multiple D2D
links. Obtained decod-
ing and precoding ma-
trices.

[45] Inter-cell,
intra-cell,
intra-tier

Proposed an approach for re-
source management and inter-
ference avoidance in multiple
D2D underlying cellular links
and optimized the system per-
formance to achieve maximum
throughput.

Throughput
and number
of UEs.

Considered two adja-
cent cells and assumed
knowledge of interfer-
ence level and CSI.
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Continuation of Table 1.2

Ref. Interference

type

Article's contributions Performance

measuring

parameters

Remarks

[46] Inter-tier Proposed interference aware
power allocation of the cellular
links following the resource
allocation of D2D links and
achieved decreased number of
dropped cellular UEs due to
severe interference.

Power trans-
mission and
number of
dropped
cellular UEs.

Considered single cell,
single cellular UE and
single D2D link.

[47] Intra-tier
and D2D
inter-tier.

Proposed a fair and restricted
resource allocation assignment
to minimize system interference
while maintaining system sum
rate. Claimed their algorithm
out performs other state of the
art algorithms.

System sum
rate and
total system
interference
with respect
to number of
D2D UEs.

Considered multiple cel-
lular UEs and D2D
UEs.

[48] Cellular
to D2D
multicast
and intra-
multicast
D2D.

Presented a strategy to maxi-
mize the sum rate using a joint
channel assignment and power
allocation frame work. Frame
work guarantees a rate above
some speci�ed outage for all
UEs.

Outage prob-
ability and
total rate.

Multicast D2D is con-
sidered. D2D UEs
are equipped with sin-
gle transmitter and mul-
tiple receiving antennas.

[49] Inter-cell,
intra-cell
and D2D
inter-tier.

Proposed an analytical ap-
proach to characterize the inter-
ference due to the coexistence of
cellular and D2D links. Demon-
strated system throughput in-
crease through proper selection
of underlay D2D UEs.

Throughput,
SINR and
e�ect of
distance
and device
density.

UEs equipped with sin-
gle transmit-receive an-
tenna. Inter-cell inter-
ference is considered.

[50] Inter-tier Studied FFR in underlay D2D
communication to mitigate the
mutual interference. Introduced
accessible and reusable regions
to protect the outages of both
cellular and D2d links.

SINR and
Outage
probability

Considered UL scenar-
ios. D2D Inter-tier not
considered.

[51] D2D Inter-
tier and
DL-to- D2D.

Investigated interference coordi-
nation in underlaying D2D for
FD MIMO. Proposed coordina-
tion techniques for D2D links to
mitigate DL interference and in-
terference between D2D links.

Throughput
and number
of active
D2D links.

Considered single cell
with FD MIMO and
multiple D2D links.
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1.7.2 Performance of relay-assisted underlay D2D communications system.

As performance measuring metrics, outage probability, ergodic capacity, outage capacity, and

symbol error probability (SEP) are considered in this thesis. In this section, review of work done

on performance analysis of relay-assisted underlay D2D communication system is presented in

Table 1.3.

Table 1.3: Summary of underlay relay-assisted D2D cellular networks.

Ref. Interference

type

Article's contributions Performance

measuring

parameters

Remarks

[52] Residual self
interference
(RSI)

Analysed the FD-SM decode-
and-forward (DF) relay system
and obtained the closed form
expressions of SEP. Proposed
a simple power allocation algo-
rithm to compensate the e�ect
of RSI and improved SEP.

SEP Con-
sidered RSI
only.

Done for single source-
relay-destination sys-
tem.

[53] RSI Proposed an e�ective power al-
location approach for the FD re-
lay node to minimize the e�ect
of RSI. Claimed their scheme
improved system performance.

Outage
probability,
Through-
put, SEP
and ergodic
capacity.

Considered nodes with
single transmit-receive
antenna. Derived closed
from expressions for
single source-relay-
destination node only.

[54] Cellular to
D2D and
cellular to
relay.

Presented D2D communication
based on MIMO relay technol-
ogy under imperfect channel es-
timation. Analysed channel es-
timation error and number of
UE antennas and determined
their e�ect on the system out-
age.

Outage prob-
ability.

Considered single cell,
single cellular UE sin-
gle D2D link relayed
through a relay. Used
relay to improve out-
age without interference
handling approach.

[55] . . . Reviewed and highlighted re-
search issues and challenges of
relay assisted D2D communica-
tion. Proposed matching theory
for relay allocation considering
uncertainties due to relay mobil-
ity.

Outage prob-
ability.

Considered relay alloca-
tion problem and re-
viewed the rest of the
challenges.

[56] Cellular to
D2D, cellu-
lar to relay
and D2D to
cellular.

Proposes an approach that in-
tegrates advantages of D2D and
relay along with a technique to
improve the spectral e�ciency.
Presented a way of choosing a
better relay and improve relay
throughput.

Outage prob-
ability and
total rate.

D2D inter-tier is not
considered. Cellular
and D2D UEs equipped
with single transmit-
receive antenna.
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Continuation of Table 1.3

Ref. Interference

type

Article's contributions Performance

measuring

parameters

Remarks

[57] Cellular to
D2D-relay
link.

Devised a power control ap-
proach at D2D and relay in or-
der to maintain the QoS require-
ments of a prioritized cellular
links. Indicated outage proba-
bility performance gain when re-
lay is introduced.

Outage prob-
ability.

UEs equipped with sin-
gle transmit-receive an-
tenna. RSI is assumed
to be canceled.

[58] Cross-tier. Investigated the coverage prob-
ability and transmission capac-
ity of cellular and D2Dlinks
using FD-AF relay. Derived
closed form expressions of both
parameters for both links.

SINR, cov-
erage prob-
ability and
transmission
capacity.

Considered UL scenar-
ios. D2D Inter-tier not
considered. UEs and re-
lay equipped with sin-
gle transmit-receive an-
tenna.

[59] Cellular to
D2D and
D2D to
cellular.

Proposed a game theory based
algorithm in relay selection
of D2D communications.
Achieved improved distance
coverage, reduced interrup-
tion probability and improved
system throughput.

SINR, out-
age proba-
bility and
Throughput.

Considered single cell
scenario and ignored
D2D inter-tier interfer-
ence.

1.7.3 Performance of D2D enabled V2V communications.

In the literature, D2D-based V2V underlaying cellular network are analyzed to improve the per-

formance measured in terms of average SEP and outage probability and optimize the resources

at the nodes of the network. Di�erent resource optimization techniques to enhance the overall

performance of the system are discussed in [64, 93�96]. A power control strategy at the network

nodes is presented in [64]. The techniques for radio resource management are presented in [93, 95].

The resource allocation techniques are described in [94, 96] for one way system and [18] for a two-

way cellular network. The outage probability for a D2D-based V2V single-input multiple-output

(SIMO) system in presence of co-channel interference and imperfect channel state information

(CSI) are analyzed in [97]. The expressions for outage probability and the average symbol er-

ror rate (SER) of a dual-hop regenerative cooperative system are obtained in [98]. The bit error

probability (BEP) of a V2V multi-hop system in a single crowded lane is examined in [99]. In
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[100], the outage probability and the amount of fading for a signal hop multiple-input multiple-

output (MIMO) system is analyzed in Rayleigh fading. The related literature on D2D-enabled

V2V network and its contributions are listed in Table 1.4.

Table 1.4: Summary of D2D-enabled V2V communications.

Ref. Interference

type

Article's contributions Performance

measuring

parameters

Remarks

[60] Intra-cell in-
terference.

Proposed to use the D2D un-
derlay as a carrier for vehicle
safety applications and used a
location dependent resource al-
location for mobile D2D UEs
that will satisfy the require-
ments safety applications.

CDF and
D2D capac-
ity.

Single V-UE reuses the
cellular spectrum re-
sources. Used UL re-
sources for reuse.

[61] Intra-cell Investigated spectrum resource
management problem for D2D
based V2V applications. Pro-
posed separate power allocation
and RB algorithm to deal with
the problem.

CDF, sum
rate of C-UE
and average
power of
V-UE.

V-UE to V-UE interfer-
ence is not considered.

[62] Intra-cell Investigated the RRM for V2X
applications based on D2D com-
munications. Proposed an e�-
cient power control and resource
allocation for V2X applications.

System
throughput
and RB
utilisation.

Single V2I and V2V
links share the same re-
sources. Interference in
multiple V2V is not con-
sidered.

[63] Intra-cell Investigated the spectrum shar-
ing problem in V2I and V2V
communications. Proposed two
interference graph theory based
resource sharing approaches to
deal with the problem.

CDF and
network sum
rate.

Sub-optimal perfor-
mance is obtained.

[22] Between
V2V and
cellular
transmis-
sions.

Analysed mathematical model
actual requirements for cellular
and V2V communications. pro-
posed a power allocation and
RB algorithm to satisfy the re-
quirements of V2V.

CDF V-UEs use orthogonal
RBs.

[64] Cellular to
V2V and
inter-tier
V2V.

Studied how to e�ciently ap-
ply underlying D2D cellular sys-
tems to support V2V links. Pro-
posed a D2D-V grouping to ob-
tain optimal performance of the
D2D-V system.

Sum rate,
minimum
rate and
V2V density.

Neighbouring UEs in
di�erent grouping com-
municate through tradi-
tional cellular links.
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Continuation of Table 1.4

Ref. Interference

type

Article's contributions Performance

measuring

parameters

Remarks

[65] Intra-cell Focused on optimal power allo-
cation in V2V communications
with channel uncertainty. Pro-
posed a novel optimization ap-
proach to handle reliable V2V in
two tier communication links.

Real outage
percentage
and sum
rate.

V-UEs and C-UEs are
equipped with single
transmitting and receiv-
ing antenna. All V2V
links are di�erently
faded

[66] Co-channel
between V2I
and V2V,
Co-channel
between
V2V and
V2V

Investigated latency con-
strained resource allocation
in V2V communications.
Proved convergence of proposed
resource allocation algorithm.

Sum rate and
total number
of V2V links

V-UEs equipped with
single transmit receive
antenna.

1.8 Motivations and Objectives

D2D communication has a huge potential to be a part of the future generations of the wireless

technology as it o�ers improved spectral e�ciency of the system. Intensive research is ongoing in

both academia and industry to address the challenges of introducing D2D to the classical cellular

networks. D2D provides e�cient utilization of the limited spectrum. In case of broadcast and

multicast, a single UE can connect to multiple nearby D2D capable UEs. In order to maximize

the spectral e�ciency by introducing D2D capabilities, the classical cellular resources are shared

for communication among UEs. This improves the spectral e�ciency but results in interference

between users sharing the same resources. Therefore, interference management plays a vital role in

improving the performance of the system. The interference related problems in D2D underlaying

cellular network are addressed in this work. This thesis objectives are outlined as follows.

1. Analyze the expressions for the outage probability, ergodic capacity, outage capacity at the

cellular and D2D receiver for a D2D underlaying cellular system. Here, the cellular and the

D2D receiver observes interference due to the sharing of resources. Each node is assumed

to be equipped with multiple antennas. The links are considered to be Rayleigh faded. The

e�ect of the number of transmit and receive antennas on the performance of the system
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is observed. The e�ect of number of interfering nodes is also determined considering the

transmit power is same for all D2D UEs. Further, the transmit power at the cellular and the

D2D UEs is varied to observe their e�ect on the performance.

2. Deduce the expressions for the end-to-end outage probability and SEP for a relay-assisted

D2D communication system underlying a cellular network. Each node is assumed to have

multiple antennas. The links connecting the nodes are Rayleigh faded. The signal received

at the relay and the destination node observes interference from the cellular link (UL/DL)

and D2D devices in the vicinity. The power of the signal transmitted over cellular link is

high when compared to that sent over the D2D link, therefore the interference caused due to

cellular link is comparatively larger. It is considered that the interference at the relay and

destination due to cellular transmission is mitigated using interference mitigation techniques.

3. Consider BX fading channel model to observe the e�ect of interference in relay-assisted

D2D underlaying cellular system. This channel model is more practical in system with

dominant specular component. BX fading model is a generalized channel model therefore

the parameters of each link can be varied and their e�ect on the performance can be observed.

Each node is equipped with single antenna and only one interfering source is considered. In

this work, the expression of the outage probability and the SEP are deduced. The e�ect of

relay location, transmit power at source and relay, varying link parameters, and modulation

on the end-to-end performance is analyzed.

4. Consider multi-antenna V2V underlaying cellular networks in rush hour multilane highway

scenarios. The closed-form expressions for the outage probability are deduced for i) D2D-

based V2V transmission and ii) relay-assisted V2V communication. The links are considered

to be Rayleigh faded. The outage performance is analyzed in the presence of an interfering

link sharing the resources. The e�ect of relay residual interference (RSI) at the relay node

is also considered. The high signal-to-interference and noise ratio (SINR) approximations of

the outage probability are derived. The diversity order of the system is determined.

1.9 Thesis Organization

The thesis is organized as follows.
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� Chapter 1 presents a brief overview on the need of underlay D2D in improving network

capacity. D2D o�oads tra�c from the network and provides advantage such as improved

performance, reduced latency, and reduced battery power consumption. However, due to

underlaying D2D communication su�ers interference as the resources are shared in a cell.

The existing works on underlay D2D communication with IC are discussed. The work on

orthogonal precoding techniques in literature is also mentioned. At high frequencies, channel

fading model with specular components is more practical than that with shadowed fading,

therefore BX fading is considered. The applications of underlay D2D in V2V communication

are also presented. Towards the end of the chapter, the thesis contributions are summarized

and a brief outline of the thesis is provided.

� Chapter 2 focuses on analyzing performance of underlay D2D communication system where

the resources assigned for cellular DL or UL transmissions are shared with D2D users. IC

method is considered which allocates orthogonal precoding vectors in case of underlay D2D

transmissions over the channel assigned for cellular communication. The expressions for the

outage probability, ergodic capacity, outage capacity at the cellular and D2D receiver are

deduced. Numerical results are plotted to observe the e�ect of the di�erent parameters on

the performance.

� Chapter 3 presents the performance analysis of a relay assisted D2D communication un-

derlaying cellular network. The interference due to cellular transmission at the relay and

destination node of the relay-assisted D2D link are mitigated using interference mitigation

technique. The exact expressions of the end-to-end outage probability and average SEP are

deduced. Numerical results are plotted to observe the impact of number of transmit/re-

ceive antennas, power transmitted at the source and relay nodes, modulation order, and

interference due to other D2D devices.

� In Chapter 4, the expression for performance analysis of a DF relay based D2D communi-

cation system is analyzed. The RF links connecting the nodes are considered to BX faded.

The expressions for the end-to-end average SEP, outage probability, and outage capacity

are derived. Further, plots to present the e�ect of RF link parameters on the optimal relay

location.
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� In Chapter 5, the performance of a direct and relayed D2D-based V2V underlay commu-

nications system is analyzed. Orthogonal precoding is consider to handle the interference at

receiving nodes. A closed form expression for the end-to-end outage probability is derived

for direct and relayed transmission.

� Chapter 6 includes concluding remarks and possible directions for future work.
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Chapter 2

Interference Cancellation in Multiple

D2D Underlaying LTE Cellular

Networks

2.1 Introduction

In the traditional cellular wireless network, the UE transmits its data to the BS using UL network

resources. Similarly, the data at the BS is communicated to the UE on employing DL network

resources. However, if the transmitting UE and receiving UE are in close proximity to one another,

the BS can allow the UEs to directly communicate with each other. This direct communication

mode between the UEs is referred to as the D2D mode. D2D communication in cellular wireless

networks provides an advantage in terms of proximity gain as UEs are located close to each other.

Thus it supports high rate data transmission, lesser delays, and low power consumption [8]. In

underlay mode, the cellular resources are reused for D2D communication giving an advantage in

terms of reuse gain [67]. The hop gain in D2D communication refers to using a single link in D2D

communication mode instead of both UL and DL while communicating via the base station in

cellular network mode.

19
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In D2D communication, the BS station has di�erent levels of involvement in network resource allo-

cation. We consider D2D communication with operator controlled (DC-OC) link establishment. In

DC-OC, transmitting and receiving UEs communicate and exchange data with each other without

the need for an operator although it assists in link establishment and resource allocation. The

major challenge in allowing D2D links to use the same resources as the cellular DL or UL is high

mutual interference between the links. In comparison to the cellular DL or UL transmission in

macro and micro cells, D2D UEs transmit low power. This makes D2D receivers more vulnerable

to high interference caused due to simultaneous communication over cellular links. Further, the

proximity of D2D UEs to the cellular receivers may result in potentially severe near-far problems.

In [38], interference aware scheduling approach is used to coordinate transmission and handle high

interference and near-far problems. Power control schemes for DL D2D communication are stud-

ied in [39]. An UL interference reducing scheme for D2D communication through combined power

control and link selection has been studied in [39]. In [40], a novel IC scheme used to avoid in-

terference between cellular DL and a single D2D link is presented. A novel interference avoiding

precoding schemes for cellular DL transmissions in the presence of intracell D2D is proposed in

[41]. An interference cancellation scheme for underlay D2D communication in cellular networks is

developed using receive mode selection in [19].

In this chapter, we consider an interference cancellation technique for underlay D2D communication

networks with multiple antennas at each node. This method is implemented by selecting orthogonal

precoding vectors for the UEs using same resources. We have analyzed the performance of this IC

scheme. The UL/ DL link resources are shared by a cellular UE and multiple D2D UEs. Due to

the sharing of resources by a cellular UE and multiple D2D UEs, they interfere with each other.

We have applied a power control mechanism used in [42] to analyze expressions for the outage

probability and capacity of the system considered. To the best of our knowledge, the outage

analysis on cancelling interference in D2D underlaying cellular network with each node equipped

with multiple antennas is not reported in the literature.

2.2 System model

Consider the LTE TDD network scenario where the resources assigned for cellular UL/DL trans-

mission are shared with K D2D user pairs. These shared resources cause interference for each
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Figure 2.1: Uplink and downlink transmission in underlay D2D communication network with
K D2D user pairs

other. That is communication over cellular link e�ect D2D transmissions and D2D devices pose

interference to the cellular device and other D2D devices in the vicinity as shown in Fig. 2.1.

We consider that interference at the BS due to low power D2D UEs is negligible and therefore

it is ignored. However, cellular DL transmission is a�ected due to all D2D devices in the vicin-

ity. Further, inter-cell interference is also ignored as it is negligible for coordinated transmissions

among cells. Each communication pair has Nt transmit and Nr receive antennas and operates in

half-duplex mode. A symbol vector xk of dimension Nt × 1 is transmitted with signal power Pk,

where k = 0 for CUE and k ∈ {1, . . . ,K} for kth D2D transmitter. The Nr × 1 received signal

vector at cellular UE Y 0 and kth D2D receiver Y k is given by

Yk =
√
PkHkϕkxk +

K∑
i=0
i ̸=k

√
PiH iϕixi + nk , k = 0, . . . ,K, (2.1)

where H0 and Hk, k ∈ {1, . . . ,K} are Nr×Nt channel matrices corresponding to cellular link and

kth D2D user pair link, respectively sharing the same resources. The (i, j)th element of matrix

H0 and Hk represents complex gain from transmit antenna j to receive antenna i. The elements

are independent and circularly symmetric complex Gaussian with zero mean and unit variance in

each direction. Further, ϕ0 and ϕk are Nt×Nt precoding matrices used for interference mitigation

at the BS and kth D2D pair transmitter, respectively. nk is Nr × 1 additive white Gaussian noise
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(AWGN) having zero mean and covariance matrix σ2nINr , where INr denotes Nr × Nr identity

matrix. In (2.1),
√
PkHkϕkxk is the desired signal component and the second term corresponds

to interference caused by the other devices using the same resources.

We consider signal at the receiver is combined using maximum ratio combining (MRC). Thus the

weight vector considered at the kth receiver is given by W k = Hkϕk, for k = 0, . . . ,K. The signal

received is Ỹ k = WH
k Y k, that is

Ỹ k =
√
PkHkϕkϕ

H
k HH

k xk +

K∑
i=0
i ̸=k

√
PiH iϕiϕ

H
k HH

k xi + ϕH
k HH

k nk . (2.2)

Using (2.2), the signal-to-interference noise ratio (SINR) at the kth receiver is

Γk =
||Hkϕkϕ

H
k HH

k ||2
N0
Pk

||ϕH
k HH

k ||2 +
∑K

i=0
i ̸=k

Pi
Pk

||H iϕiϕ
H
k HH

k ||2
, (2.3)

where N0 is noise power spectral density (PSD). The transmit precoding matrix ϕk should be

known at the transmitter and the receiver in order to precode and decode the information. It

is di�cult to have perfect channel state information known at the transmitter, therefore using a

limited feedback mechanism the index of the precoding vector is communicated to the transmitter

from a codebook Φ. In conventional MIMO precoding (CMP), ϕk is chosen on adopting the

following measure [40]

arg max
ϕk∈Φ

||Hkϕk||2 . (2.4)

In (2.3), we assume K ′ terms in the denominator contributes to the interference and the precoding

matrices selected using (2.4) are orthogonal for the remaining (K +1−K ′) terms. The precoding

vectors are orthogonal if ϕiϕ
H
k = 0 for i ̸= k, where 0 is the zero matrix of order Nt × Nt.

Using the Cauchy-Schwarz inequality that states ||ϕkHk||2 ≤ ||ϕk||2||Hk||2 and the property that

||ϕk||2 = 1, (2.3) is rewritten as

Γk ≤ ||Hk||2
N0
Pk

+
∑K′

i=0
i ̸=k

Pi
Pk

||H i||2
. (2.5)

Let power transmitted at all the D2D UEs be the same, that is P1, . . . , PK = PD. Thus the ratio

of power transmitted at the CUE to that at the D2D UE is constant, given by P0/PD = α, α ≥ 1.
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Further using high SINR approximations, (2.5) is simpli�ed for cellular link and the D2D links as

Γ0 ≤
||H0||2

1
α

∑K′

i=1 ||H i||2
and Γk ≤ ||Hk||2

α||H0||2 +
∑K′

i=1
i ̸=k

||H i||2
, (2.6)

respectively.

LetX = ||Hk||2 and Y =
∑K′

i=1 ||H i||2. The PDF ofX is the sum ofNtNr independent exponential

distributed random variables which is given by a Gamma distribution [68]. That is [69, Eq. 6.45]

fX(x) =
xNtNr−1

Γ(NtNr)
exp(−x)u(x) , (2.7)

where Γ(·) is Gamma function and u(·) is a unit step function. Now, Y is the sum ofK ′ independent

Gamma distributed random variables. The PDF of Y is obtained using [70, Eq. 6.60] as

fY (y) =
yK

′NtNr−1

Γ(K ′NtNr)
exp(−y)u(y) . (2.8)

Using (2.7) and (2.8), the PDF of Z = X/Y is given by

fZ(z) =

∫ ∞

0
yfX,Y (yz, y)dy

=

∫ ∞

0
y
(yz)NtNr−1yK

′NtNr−1

Γ(NtNr)Γ(K ′NtNr)
exp(−y(1 + z))dy

=
Γ((K ′ + 1)NtNr)

Γ(NtNr)Γ(K ′NtNr)

zNtNr−1

(1 + z)(K′+1)NtNr
. (2.9)

2.3 Outage Probability

In this section, we analyze an expression of the outage probability for transmission over both

cellular and D2D links. The outage probability is CDF of SINR at γth, where γth is the minimum

SINR required for reliable communication.

Using (2.6) and (2.9), the PDF of Γ0 is given by

fΓ0(z) =
Γ((K ′ + 1)NtNr)

Γ(NtNr)Γ(K ′NtNr)

(αK′
z)NtNr

z(α+ z)(K′+1)NtNr
(2.10)
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and the corresponding CDF is

FΓ0(z) =
Γ((K ′ + 1)NtNr)

Γ(NtNr + 1)Γ(K ′NtNr)

( z
α

)NtNr

2F1(NtNr, (K
′ + 1)NtNr;NtNr + 1,−z/a) , (2.11)

where 2F1(·) is an Gaussian hypergeometric function. Similarly, the PDF and CDF of Γk can be

computed using (2.6), (2.7), and (2.8). On simplifying using [69, eq. (6.59)] and [70, eq. 3.351.3],

the PDF is given as

fΓk
(z) =

z(NtNr−1)

αNtNrΓ(NtNr)

(
(−1)(K

′−1)NtNr

NtNr∑
j=1

(
K ′NtNr − j − 1

NtNr − j

)

× Γ(NtNr + j)((1/α)− 1)j−K′NtNr

(j − 1)!(z + (1/α))NtNr+j
+ (−1)NtNr

(K′−1)NtNr∑
j=1

(
K ′NtNr − j − 1

NtNr − 1

)

× Γ(NtNr + j)(1− (1/α))j−K′NtNr

(j − 1)!(z + 1)NtNr+j

)
. (2.12)

Further, the CDF of (2.12) is obtained using [70, eq. 3.194.1] as

FΓk
(z) =

zNtNr

αNtNrΓ(NtNr + 1)

(
(−1)(K

′−1)NtNr

NtNr∑
j=1

(
K ′NtNr − j − 1

NtNr − j

)
Γ(NtNr + j)

(j − 1)!

× α(NtNr+j)
2F1(NtNr + j,NtNr;NtNr + 1;−αz)

((1/α)− 1)K′NtNr−j
+ (−1)NtNr

×
(K′−1)NtNr∑

j=1

(
K ′NtNr − j − 1

NtNr − 1

)
Γ(NtNr + j)

(j − 1)!
2F1(NtNr + j,NtNr;NtNr + 1;−z)

(1− (1/α))K′NtNr−j

)
.

(2.13)

Now, on substituting z as γth in (2.11) and (2.13), we get the expression of outage probability for

cellular and D2D transmission, respectively.

2.4 Ergodic Capacity

In the previous section, we deduced an expression of PDF for the SINR. The PDFs can be used to

analyze the ergodic capacity of the given system. The ergodic capacity in bps is given by

C = B

∫ ∞

0
log2(1 + z)fΓk

(z)dz , (2.14)
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where B is bandwidth in Hz. For k = 0, the ergodic capacity is obtained on substituting (2.10) in

(2.14), we get

C =
B

ln 2

Γ((K ′ + 1)NtNr)

Γ(NtNr)Γ(K ′NtNr)

∫ ∞

0

ln(1 + z)(αK′
z)NtNr

z(α+ z)(K′+1)NtNr
dz

=
1

ln 2

Γ((K ′ + 1)NtNr)

Γ(NtNr)Γ(K ′NtNr)

NtNr−1∑
ℓ=0

(−1)ℓ

(KNtNr + ℓ)2

(
NtNr − 1

ℓ

)
× 2F1(KNtNr + ℓ, 1;KNtNr + ℓ+ 1; 1− (1/α)) . (2.15)

Similarly, for k = 1, . . . ,K ergodic capacity can be obtained on substituting (2.12) in (2.14). That

is

C =
B

ln 2

1

αNtNrΓ(NtNr)

(
(−1)(K

′−1)NtNr

NtNr∑
j=1

(
K ′NtNr − j − 1

NtNr − j

)
Γ(NtNr + j)

((1/α)− 1)K′NtNr−j

× 1

(j − 1)!

∫ ∞

0

ln(1 + z)z(NtNr−1)

(z + (1/α))NtNr+j
dz + (−1)NtNr

(K′−1)NtNr∑
j=1

(
K ′NtNr − j − 1

NtNr − 1

)

× Γ(NtNr + j)

(1− (1/α))K′NtNr−j

1

(j − 1)!

∫ ∞

0

ln(1 + z)z(NtNr−1)

(z + 1)NtNr+j
dz

)

=
1

ln 2

1

αNtNrΓ(NtNr)

(
(−1)(K

′−1)NtNr

NtNr∑
j=1

(
K ′NtNr − j − 1

NtNr − j

)
Γ(NtNr + j)

((1/α)− 1)K′NtNr−j

× 1

(j − 1)!

NtNr−1∑
ℓ=0

(−1)ℓ
(
NtNr − 1

ℓ

)
αj

(ℓ+ j)2
+ (−1)NtNr

(K′−1)NtNr∑
j=1

(
K ′NtNr − j − 1

NtNr − 1

)

× Γ(NtNr + j)

(1− (1/α))K′NtNr−j

1

(j − 1)!

NtNr−1∑
ℓ=0

(−1)ℓ
(
NtNr − 1

ℓ

)
1

(ℓ+ j)2

)
. (2.16)

2.5 Capacity with Outage

In ergodic capacity, averaging is done over the instantaneous SINR, therefore, the signal is expected

to fade through all possible fading states. Thus observation interval is long. However, capacity

with an outage is mainly applicable in slowly varying channels. That is, the instantaneous SINR

is constant over a large number of transmissions. The outage capacity is given by

Cout = B(1− Pout) log2(1 + γmin) , (2.17)
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Figure 2.2: Plot of outage probability versus γth at cellular UE.

where Pout is outage probability obtained in Section 2.3 and γmin is minimum SINR required for

reliable communication.

2.6 Numerical Results and Discussion

In this section, numerical results for the outage probability, ergodic capacity, and outage capacity

are plotted when SINR is observed at the i) cellular UE and ii) D2D UE. The precoding matrices

considered at the transmitters are chosen according to the 3 GPP LTE speci�cations [71]. The

simulation results are obtained using the Monte Carlo method considering perfect CSI at the

receiver. Cellular nodes transmit signals with higher power when compared to D2D nodes. It is

assumed that power transmitted at all the D2D nodes is the same. We considered 106 iterations

to simulate each point on the plot.

In Figs. 2.2-2.5, numerical results for the outage probability are plotted with threshold SINR, γth.

The outage probability with variation in NtNr and α for cellular UE is shown in Figs. 2.2 and 2.3

using (2.11) and for D2D UEs in Figs. 2.4 and 2.5 using (2.13). In Figs. 2.2 and 2.3, it is considered

that 6 of the K precoding matrices are not orthogonal and thus cause interference. We observe

that with the increase in α, the outage probability improves at the cellular receiver and degrades at
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Figure 2.3: Plot of outage probability versus γth at D2D UE.
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Figure 2.4: Plot of outage probability versus γth at cellular UE.

the D2D receiver. The e�ect of increase in the number of transmit or receive antennas represented

using their product NtNr on outage probability is also shown. The crossovers in plots represent

trade-o� in the parameters. At low threshold SINR, the higher value of NtNr is preferred as it

o�ers a diversity advantage and therefore improves the performance. However, at high threshold
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Figure 2.5: Plot of outage probability versus γth at D2D UE.
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Figure 2.6: Plot of normalized ergodic capacity versus K ′.

SINR, the links are more reliable therefore diversity is not very advantages and small values of

NtNr are preferred. In Figs. 2.4 and 2.5, variation in outage probability with an increase in the

number of interfering D2D UEs, K ′ (having non-orthogonal precoding matrix) is shown for α = 10

dB. The outage probability degrades with an increase in K ′ but for some NtNr performance is

better for higher K ′. Thus, we can say an that loss in outage performance with increase in K ′

TH-3540_156102021



Chapter2: Interference cancellation in multiple D2D underlaying LTE cellular networks 29

10
-4

10
-3

10
-2

10
-1

10
0

Outage Probability

0

1

2

3

C
/B

 (
b
p
s
/H

z
)

10
-4

10
-3

10
-2

10
-1

10
0

Outage Probability

0

0.05

0.1

0.15

0.2

Figure 2.7: Plot of normalized outage capacity versus outage probability Pout.

can be improved by increasing NtNr. Further, it is also observed that for the same α, the outage

probability is high when SINR is observed at the D2D UE. Numerical results are justi�ed using

the simulation plots.

The ergodic capacity at the cellular and D2D UEs are plotted in Fig. 2.6 using (2.16) and (2.17).

It is observed that ergodic capacity degrades with gain in K ′. Further, for the same α, ergodic

capacity is better in case of communication over the cellular link than D2D transmission. With an

increase in α ergodic capacity for cellular transmission improves. In Fig. 2.7, outage capacity is

plotted using (2.17). It is seen that outage capacity improves with addition in NtNr and degrades

with gain in interferers (K ′). Further, the outage capacity for cellular link is high when more

power is transmitted over the link.

2.7 Conclusion

In this chapter, we analyze performance on employing the IC method which allocates orthogonal

precoding vectors in case of underlay D2D transmissions over the channel assigned for cellular

communication. The expressions for the outage probability, ergodic capacity, outage capacity at

the cellular and D2D receiver are deduced. Numerical results are plotted to observe the e�ect of
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the di�erent parameters on the performance. It is observed that outage probability at the cellular

and D2D receivers reduce with an increase in the number of transmit or receive antennas. However,

with gain in transmit power at cellular UE, the outage performance improves at cellular receiver

and degrades at D2D receiver. Further, crossover in outage probability plots indicates tradeo� in

parameters NtNr, α, and K
′. The ergodic capacity and outage capacity at the cellular and D2D

receivers are also obtained. It is observed that capacity improves with addition in transmit/receive

antennas and degrades with growth in the number of interferers. Also, at the cellular receiver gain

in capacity is observed for a larger di�erence between the transmit power at the cellular and D2D

UEs.
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Chapter 3

Performance Analysis of a

Relay-Assisted D2D Underlay Cellular

Network

3.1 Introduction

D2D communication underlying cellular network o�ers an advantage in terms of improved spectral

e�ciency but at the cost of the increase in interference due to sharing of resources [72, 73]. Accord-

ing to 3GPP standardized relay technology for LTE-A, the bene�ts of using a relay are improved

reliability of the network, better cell edge performances, and expansion in cell edge coverage. These

bene�ts of the relay technology can also be used to enhance the performance of D2D communi-

cations. Employing multiple antennas at the transmit and the receive nodes can further add to

the performance of a communication system. The cellular link communicates signal with higher

power over a longer distance when compared to power communicated over D2D link. Therefore,

cellular link majorly contributes to interference. In our work, it is considered that interference

caused by the cellular device can be removed using interference mitigation techniques and only the

other D2D devices reusing the resources contribute to the interference.

31
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The concept of relaying in wireless networks is widely explored in the literature. In D2D commu-

nication, relaying establish a connection when the two devices are not in line-of-sight and extends

the range of reliable transmission. On underlying, interference disrupts the reliable transmission of

the data to end user. Therefore, interference management techniques are considered in literature.

In [45, 46], interference-aware power management techniques are presented where the transmit

power at the source and the relay node is optimally decided in order to minimize the interference.

Algorithm to achieve the target sum rate on sharing radio resource blocks is presented in [47].

A joint radio resource management and power allocation technique to maximize the sum rate is

presented in [48]. Device spatial distribution is considered in [49] for interference management.

The authors proposed a location-based interference mitigation technique in [50], where the D2D

users in the inner region reuse resources assigned for cellular communication in the outer region

and vice-a-versa. A method to derive the boundary of the accessible and reusable region is cal-

culated. In [51], channel state information is used to mitigate interference caused by a cellular

user equipment (CUE) to D2D pairs. Beamforming for interference management and interference

cancellation techniques are presented in [74].

The outage probability for an underlay D2D system with single antenna at transmit and receive

node is analyzed in [75]. A closed-form expression for the outage probability of a spatial modulation

multiple-input multiple-output (MIMO) system with antenna selection is derived in [76]. In [52]

and [77], closed-form expressions for the outage probability and symbol error probability (SEP)

are obtained for di�erent coherent and non-coherent modulation schemes. The SEP of a full

duplex decode-and-forward (DF) relay system is obtained in [78]. In [79], authors have proposed

an e�ective power allocation scheme to reduce the residual self-interference in a full-duplex relay

system and found a closed expression of the outage, SEP and throughput. In [53], authors have

analyzed the outage performance for D2D devices with perfect successive interference cancellation

(SIC) and imperfect SIC. In [73], base station controls the maximum power transmitted by the

D2D transmitter in order to mitigate interference caused at the neighbouring nodes.

In this chapter, we have analyzed the performance of a relay-assisted D2D communication system

underlying a cellular network. The interference caused due to CUE is mitigated using decoding

matrices. The expressions for the outage probability and SEP are deduced to analyze the impact

of interference on the system. We assume each node to be equipped with Nt transmit and Nr

receive antennas.
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Figure 3.1: Relay-assisted underlay D2D communication network

3.2 System Model

We consider relay-assisted D2D communication underlaying a cellular network as shown in Fig.

3.1. The signal received at the relay observes interference from the transmission over the cellular

link (UL/DL) and K D2D devices in the vicinity. Similarly, the signal received at the destination

node observes interference due to transmission over cellular and L D2D relay nodes. Using di�erent

power control mechanisms, the interference caused by D2D user equipments (UEs) and relay due

to the cellular link can be managed [76]. It is assumed that the inter-cell interference is negligible

due to coordination among the cells [80]. However, interference at D2D UEs can be critical, thus

requiring interference management strategies.

We assume that each communicating terminal is equipped with Nt transmit and Nr receive anten-

nas. Additionally, it is considered that each device operates in half-duplex mode. The D2D source

terminal S sends a d×1 symbol vector xS with power PS to the relay node R. The signal received

at R in the �rst time slot is given by

yR =
√
PSHSRΦSxS +

√
PCHCRΦCxC +

K∑
i=1

√
PiRH iRΦixi + nR , (3.1)
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where Φℓ is the precoding matrix with dimension Nt × d employed at node ℓ and HℓR for ℓ ∈

{S,C, 1, 2, . . . ,K} are channel matrices of the link connecting nodes ℓ and R. The elements of

HℓR are independent and circularly symmetric complex Gaussian distributed with zero mean and

unit variance. HℓR are matrices with dimensions Nr × Nt. xC and xi are d × 1 symbol vectors

transmitted over cellular and D2D link with power PC and PiR, respectively. nR is Nr×1 additive

white Gaussian noise (AWGN) at the relay. In (3.1), the �rst term corresponds to the desired signal

component, the second term represents interference caused by the cellular transmission and the

third term is the interference due to D2D devices communicating using the same cellular resources.

Consider DF protocol is employed at the relay node to process the received data. Let uR be a

d×1 signal vector decoded at the relay node and forwarded to the destination node D. The signal

received at D is

yD =
√
PRGRDΨRuR +

√
PCGCDΨCuC +

L∑
i=1

√
PiDGiDΨiui + nD (3.2)

where Ψℓ is the precoding matrix employed at node ℓ having dimensions Nt × d and GℓD are

channel matrices of the link connecting nodes ℓ and D, for ℓ ∈ {R,C, 1, 2, . . . , L}. The elements of

GℓD are independent and circularly symmetric complex Gaussian distributed with zero mean and

unit variance. HℓR has dimension Nr ×Nt. uC and ui are d× 1 symbol vectors transmitted over

cellular and D2D link with power PC and PiD, respectively. nD is Nr × 1 AWGN at the relay.

3.3 Interference Mitigation

The power of the signal transmitted over cellular link is high when compared to that sent over

the D2D link, therefore the interference caused due to cellular link is comparatively larger. We

consider interference at nodes R and D due to cellular transmission is mitigated using decoding

matrices UR and UD, respectively with dimension Nr × d [80]. The columns of UR and UD are

orthonormal basis of the channel matrices HCR and HCD, respectively. Using (3.1) and (3.2), the

signals at nodes R and D on decoding are represented as

ŷR = UH
RyR

=
√
PSU

H
RHSRΦSxS +

√
PCU

H
RHCRΦCxC +

K∑
i=1

√
PiRU

H
RH iRΦixi +wR (3.3)
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and

ŷD = UH
DyD

=
√
PRU

H
DGRDΨRuR +

√
PCU

H
DGCDΨCuC +

L∑
i=1

√
PiDU

H
DGiDΨiui +wD , (3.4)

respectively, where wR = UH
RnR and wD = UH

Dn2 are d × 1 vectors with PSD N0. Assuming

interference from the CUE is aligned to the null space of the decoding matrices used at nodes R and

D. Thus, we have UH
RHCRΦC = 0 and UH

DGCDΨC = 0. Further, the desired signal is processed

through a full rank matrix, that gives rank(UH
RHSRΦS) = d and rank(UH

DGRDΨR) = d as in

[80]. The precoding and decoding matrices used are assumed to have orthonormal column vectors

with ΦH
i Φi = Id×d, Ψ

H
i Ψi = Id×d and UH

j U j = Id×d, where Id×d is d× d identity matrix. This

interference alignment technique does not make an attempt to maximize the desired signal power

within the desired subspace. Hence, the interference is eliminated while there is no combining or

array gain for the desired signal which reduces this technique's optimality at intermediate SNR

values. Using (3.3) and (3.4), the instantaneous SINRs at nodes R and D after cancellation of the

interference caused by the CUE, are given by

γR =
PS ||UH

RHSRΦS ||2∑K
i=1 PiR||UH

RH iRΦi||2 + n0

(3.5a)

γD =
PR||UH

DGRDΨR||2∑L
i=1 PiD||UH

DGiDΨi||2 + n0

, (3.5b)

respectively, where n0 is nr × 1 vector representing the power of noise signal. We consider noise

power n0 is very small when compared to interference due to D2D devices at the nodes R and

D. Further, we assume that the signal overall D2D communication links is transmitted with the

same power PD. PD is the power required for reliable communication to the farthest intended user

over the link. Using the Cauchy-Schwarz inequality and the fact that ||U ℓ||2 = 1, ||Φℓ||2 = 1 and

||Ψℓ||2 = 1, (3.5) can be simpli�ed to

γR ≤ PS

PD

||HSR||2∑K
i=1 ||H iR||2

, (3.6a)

γD ≤ PR

PD

||GRD||2∑L
i=1 ||GiD||2

, (3.6b)
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respectively. We represent NtNr as N for the convenience of writing. In (3.6), numerator is sum

of N independent exponentially distributed random variables (RVs) given by Gamma distribution

and denominator is sum of K and L independent Gamma distributed RVs [68].

The CDF of γq for q ∈ {R,D} is given by

Fγq(z) =
Γ((ℓq + 1)N)

Γ(N + 1)Γ(ℓqN)

(
z

αq

)N

2F1(N, (ℓq + 1)N ;N + 1;−z/αq) , (3.7)

where ℓR = K, ℓD = L, αR = PS/PD and αD = PR/PD. Using [81, eqs. (15.1.1) and (15.3.5)],

the Gauss hypergeometric function 2F1(·) in (3.7) can be rewritten written as

2F1(N, (ℓq + 1)N ;N + 1;−z/αq) =

(
1+

z

αq

)−N

2F1

(
(ℓq + 1)N, 1;N + 1;

z

z + αq

)
=

(
1+

z

αq

)−N Γ(N + 1)

Γ((ℓq + 1)N)

∞∑
n=0

Γ((ℓq + 1)N + n)

Γ(N + n+ 1)

(
z

z + αq

)n

.

(3.8)

Substituting (3.8) in (3.7), we get

Fγq(z) =
1

Γ(ℓqN)

∞∑
n=0

Γ((ℓq + 1)N + n)

Γ(N + n+ 1)

(
z

z + αq

)N+n

. (3.9)

3.4 Performance Analysis

In this section, we present expressions of the outage probability and the SEP for relay-assisted

D2D communication underlaying a cellular network.

3.4.1 Outage Probability

The signal received at the destination is in outage if either of the two links connecting nodes S to

R or nodes R to D is in outage. Thus the outage probability at node D is

Po = 1− (1− P (R)
o )(1− P (D)

o )

= P (R)
o + P (D)

o − P (R)
o P (D)

o , (3.10)
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where P
(R)
o is the probability that signal transmitted by node S to node R is in outage and P

(D)
o

is the probability that the signal communicated over link connecting nodes R and D is in outage.

The outage probability P
(q)
o in (3.10) is same as the CDF Fγq(z) in (3.7) for z = γth, where γth is

the threshold SINR for reliable communication.

3.4.2 Symbol Error Probability

The SEP for coherent modulation techniques can be expressed as [82]

Pe = aE[Q(
√
bγ)]

=
a√
2π

∫ ∞

0
Fγ

(
u2

b

)
exp

(
−u

2

2

)
du , (3.11)

where a and b are constants speci�c to a modulation technique, the detailed values are speci�ed

in Table 6.1 of [82], γ is the instantaneous end-to-end SINR of the link connecting nodes S, R and

D. Fγ(·) is the CDF of γ. Let x = u2/b, then (3.11) can be rewritten as

Pe =
a
√
b

2
√
2π

∫ ∞

0

1√
x
Fγ(x) exp

(
−bx

2

)
dx . (3.12)

The end-to-end SEP at node D can be determined by substituting the end-to-end CDF Fγ(x) in

(3.12). Since SR and RD links are independent of each other, we have

Fγ(x) = FγR(x) + FγD(x)− FγR(x)FγD(x) , (3.13)

where Fγq(x) for q ∈ {R,D} is given (3.7). We observe that the end-to-end CDF in (3.13) is same

as the outage probability at node D given in (3.10). Using (3.7), (3.12) and (3.13), the end-to-end

SEP at node D can be written as

Pe =
a
√
b

2
√
2π

(∫ ∞

0

FγR(x)√
x

exp

(
−bx

2

)
dx +

∫ ∞

0

FγD(x)√
x

exp

(
−bx

2

)
dx

−
∫ ∞

0

FγR(x)FγD(x)√
x

exp

(
−bx

2

)
dx

)
. (3.14)
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Substituting (3.9) in (3.14) and adjusting the terms, the �rst and second term of (3.14) for q ∈

{R,D} can be rewritten as

P (q)
e =

a
√
b

2
√
2π

1

Γ(ℓqN)

∞∑
n=0

Γ((ℓq + 1)N + n)

Γ(N + n+ 1)

∫ ∞

0

1√
x

(
x

x+ αq

)N+n

exp

(
−bx

2

)
dx . (3.15)

The integral in (3.15) can be simpli�ed using [71, eq. (3.383.6)], that is

∫ ∞

0

1√
x

(
x

x+ αq

)N+n

exp

(
−bx

2

)
dx = 2N+n

√
2

b
Γ(N + n+

1

2
) exp

(
αqb

4

)
D1−2(N+n+1/2)(

√
αqb) .

(3.16)

Substituting (3.16) in (3.15), we get

P (q)
e =

2N+n−1a√
π

∞∑
n=0

Γ((ℓq + 1)N + n)Γ(N + n+ 1/2)

Γ(ℓqN)Γ(N + n+ 1)
exp

(
αqb

4

)
D1−2(N+n+1/2)(

√
αqb) , (3.17)

where Dv(·) is parabolic cylinder function.

The third term of (3.14) can be similarly simpli�ed. However, it does not contribute much to the

overall value of SEP therefore it can be ignored in order to obtain the simpli�ed expression of Pe.

3.5 Numerical Results and Discussion

In this section, numerical results for the outage probability and SEP at the destination of the

relay-assisted D2D underlying cellular system are plotted. It is observed that the numerical results

are perfectly matching with the simulation results obtained using Monte Carlo method. We have

generated 106 samples to plot the simulation results. We observe the impact on performance due to

the increase in transmit and receive antennas, the number of interferes at the relay and destination

node, transmit power at node S and node R, modulation scheme, and modulation order.

Numerical results for the outage probability in (3.10) are plotted with varying SIR thresholds in

Figs. 3.2 and 3.3. In 3.2, we observe that with an increase in the number of transmit and receive

antennas, the outage probability reduces. Further, it is observed that outage probability degrades

with an increase in the number of D2D devices interfering at the relay and the destination node.

The simulation plots justi�es the analytical results obtained for the outage probability. The outage

probability is plotted on varying α1 and α2 in Fig. 3. From the �gure, it is observed that with an
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Figure 3.2: Plot of outage probability Po versus threshold SIR γth.

increase in transmit power at the D2D source or relay with respect to the power transmitted by

the other D2D devices the outage probability reduces.

The SEP versus α1 is plotted in Fig. 3.4 for M -ary phase shift keying (MPSK) modulated data

using (3.12), where a = 2 and b = 2(sin(π/M))2. We consider α2 is same as α1 for the plot. The

results are shown for varying modulation order M ∈ {2, 4, 8, 16}, K ∈ {1, 10}, and L ∈ {1, 10}.

The reduction in SEP performance with increase in modulation order and the number of interferes

can be seen from the plot. Further, in Fig. 3.5 the SEP is plotted with α, where α is fraction

of total power Pt assigned to node S and node R. Here, PS = (1 − α)Pt and PR = αPt. It is

observed from the plot that performance is better when power communicated at node S and node

R are almost equally assigned. However, the optimum performance is obtained for α > 0.5, that

is, power at relay node to be slightly greater than that at node S.

3.6 Conclusion

In this chapter, we analyze of the outage probability and SEP for a relay-assisted D2D communi-

cation system underlying a cellular network. We consider that the interference due to the cellular

link is removed using an interference mitigation technique. Numerical results are plotted to observe
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Figure 3.3: Plot of outage probability Po versus SIR thresholds γth for k = 10, L = 10, N = 4
and varying α1 and α2.

the e�ects of di�erent parameters on the outage and SEP performance measures. It is observed

that the outage probability reduces with an increase in the number of transmit/receive antennas.

Further, the outage performance improves with increase in power at the D2D source and relay

node. The SEP performance of the system degrades with an increase in the modulation order and

increment in number of interferes. The relay-assisted D2D system performs best when the data

at relay node is transmitted with slightly more power than that at the source node. The end-to-

end performance is also dependent on the placement of relay node with respect to the source and

destination node. This can be explored as part of future work.
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Figure 3.4: Plot of SEP versus α1(= α2)(in dB) for K ∈ {1, 10}, L ∈ {1, 10}, NtNr = 4 and
MPSK modulation with varying M .
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Figure 3.5: Plot of SEP versus α, where α is fraction of total power Pt assigned to node S and
node R. PS = (1− α)Pt, PR = αPt, K ∈ {2, 4}, L ∈ {2, 4}, NtNr = {2, 4, 6}, and M = 4.
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Chapter 4

Performance Analysis of Underlay DF

Relay System under Beaulieu-Xie

Fading

4.1 Introduction

D2D underlaying cellular communication reuses the resources within a cell. This increases the

cell capacity by accommodating more users in a cell. At high frequencies, the signal is heavily

attenuated by obstacles and can reach shorter distances. Thus, relaying can assist in extending

the coverage range and improving reliability at the receiver. DF is one of the popular techniques

used for relaying in which the signal is decoded and then forwarded to the destination. In the

literature, various channel models that characterize channels with scattered and LOS components

are presented. In [21], the BX fading model that characterizes channels with multiple specular

components when compared to the Ricean and generalized Ricean channel model used for LOS

communication is presented. The BX model has applications in high-frequency wireless systems op-

erating in millimeter-wave and terahertz bands having small cell sizes. The model is also applicable

for high-speed vehicular communication. The BX distribution is derived from the non-central chi

distribution. Also, it exhibits a seamless relationship to other fading models, such as the Ricean,

generalized Ricean, Nakagami-m, Rayleigh fading models, and κ-µ distributions.

43
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D2D communications underlaying cellular networks are widely explored in literature. Channel

allocation and power control techniques for improved spectral e�ciency and power e�ciency of an

underlay D2D system are presented in [64]. A centralized power control technique for an underlay

D2D system is presented in [83] for improved coverage probability while reducing interference. In

[61], algorithms are demonstrated for joint power control at the cellular and D2D source node in

the case of an underlay D2D communication system to reduce the outage probability based on

SINR.

The authors proposed the BX fading model in [21], where they discussed the transformation of

BX distribution to generalized Ricean, non-central chi, and κ − µ distribution. The performance

metrics like the level crossing rate and the average fade duration for the BX fading model are

analyzed in [84]. The lower and the upper bound of the outage probability and the bit error rate

(BER) on employing selection combining and equal-gain combining at the receiver are obtained in

[85] and [86], respectively. The outage probability of an amplify-and-forward (AF)) relay system

with a BX faded RF link and a free-space optical (FSO) link is analyzed in [87]. The PDF, CDF,

and moment generating function (MGF) of the envelope for the cascaded double BX fading channel

are deduced in [88]. These parameters are then used to obtain di�erent performance metrics in

this chapter.

In our previous work 3 [89], we analyzed the performance of a DF relay system underlaying a

cellular network in the presence of interfering sources; the links are considered to be Rayleigh

faded. In this work, we have examined the performance when links are BX faded which is more

practical in high-frequency wireless applications. To the best of our knowledge, no work is reported

in the literature on analyzing the e�ect of interference on the performance of a system with BX

faded RF links. Each link of the system can be considered to be faded di�erently allowing us to

analyze the system performance under varying channel conditions. In our system, an interference

link a�ects the signal received at the relay and the destination node in a DF relay-based underlay

D2D communication system. The expressions for the end-to-end average symbol error rate, outage

probability, and outage capacity of the system are deduced. Further, we observe the e�ect of

distance and power allocation on the performance of the system.
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Figure 4.1: System model

4.2 System Model and Channel Model

4.2.1 System model

We consider an underlay D2D cellular system as shown in Fig. 4.1. The D2D pair constitutes a

source S, a relay R, and a destination D. The resources used for cellular communication are reused

for transmission at S and R in the D2D pair. Consider R and D observe co-channel interference

due to the reuse of resources assigned for uplink/downlink transmission in cellular communication

at node I in time slot 1 and node J in time slot 2, respectively. The nodes S, R, D, I, and J

are assumed to be in the same cell. The link connecting nodes i and j for i ∈ {S,R, I, J} and

j ∈ {R,D} are represented as ij. Assume the direct link between S and D is absent and each

node is equipped with a single antenna.

The signal received at the relay yR and the destination yD in the �rst and the second time slots

are

yR =
√
PSd

−α
SRhSRxS +

√
PId

−α
JRhIRxI + nR and

yD =
√
PRd

−α
RDhRDxR +

√
PJd

−α
JDhJDxJ + nD , (4.1)

TH-3540_156102021



Chapter4: Underlay DF Relay System under Beaulieu-Xie Fading 46

respectively. Pi is power transmitted at node i, dij is the distance between nodes i and j, hij is

the channel gain of the link ij, xi is the symbol transmitted at node i, and nj is additive white

Gaussian noise (AWGN) added at node j, for i ∈ {S,R, I, J} and j ∈ {R,D}. α is the path loss

exponent. All links are assumed to have the same path loss exponent for computational ease. Both

the signal and the interference links are considered to be BX faded. Using (4.1), the instantaneous

SINR at nodes R and D are given by

ζSR =
PSd

−α
SR|hSR|2

PId
−α
IR |hIR|2 +N0

ζRD =
PRd

−α
RD|hRD|2

PJd
−α
JD|hJD|2 +N0

, (4.2)

respectively, where N0 is noise power spectral density. The instantaneous SINRs in (4.2) can be

approximated for (PI/N0)d
−α
IR |hIR|2 >> 1 and (PJ/N0)d

−α
JD|hJD|2 >> 1 as

ζSR ≈
(PS/N0)d

−α
SR|hSR|2

(PI/N0)d
−α
IR |hIR|2

ζRD ≈
(PR/N0)d

−α
RD|hRD|2

(PJ/N0)d
−α
JD|hJD|2

. (4.3)

4.2.2 Channel model

The PDF of the BX fading model is given by

fX(x) =
2mxm

Ωλm−1
exp

(
−m(x2 + λ2)

Ω

)
Im−1

(
2m

Ω
λx

)
u(x), (4.4)

where u(·) is the unit step function and In(·) is modi�ed Bessel function of the �rst kind and nth

order. The parameter m controls the shape, Ω the spread, and λ in�uences the location and height

of the mode of the PDF. Parameter m is a measure of the severity of fading and is also known

as the fading �gure. Similar to the K factor in the Rician distribution, the parameter K for BX

faded channel is de�ned as K = λ2/Ω, where λ2 is the power contained in LOS components and

Ω represents the power of non-LOS components [21].
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The PDF of instantaneous SNR of ijth link γij given by (Pi/N0)d
−α
ij |hij |2 in (4.3) can be repre-

sented in terms of parameters mi and Ki of link ij. The PDF distribution is given by [90]

fγij (γ) =
miKi

γ

(
(1 +Ki)γ

Kiγ̄ij

)mi+1

2

exp

(
−mi

(
Ki +

(1 +Ki)γ

γ̄ij

))
×Imi−1

(
2mi

√
Ki(1 +Ki)γ

γ̄ij

)
, (4.5)

where γ̄ij is the average SNR of link ij. Using the series form representation of the Bessel function,

the PDF in (4.5) can be rewritten as

fγij (γ) =

(
mi(1 +Ki)

γ̄ij

)ℓ+mi

exp

(
−mi

(
Ki +

(1 +Ki)γ

γ̄ij

)) ∞∑
ℓ=0

mℓ
i

Kℓ
i γ

ℓ+mi−1

ℓ!Γ(ℓ+mi)
, (4.6)

where Γ(·) is Gamma operation.

4.3 Performance Analysis

Let X represent the numerator and Y denote the denominator term of the instantaneous SINR

in (4.3). For BX faded channel, the distribution of X and Y is given by (4.5). Using variable

transformation, the PDF of Z = X/Y is obtained using

fZ(z) =

∫ ∞

−∞
|y|fXY (yz, y)dy , (4.7)

where fXY (x, y) is the joint distribution of random variables X and Y . The signal and the

interference link are independent, therefore the joint distribution in (4.7) can be rewritten as

fXY (yz, y) = fX(yz)fY (y). Using (4.6) and (4.7), the PDF of the instantaneous SINR ζSR in (4.3)

can be written as

fζSR
(z) = exp (− (mSKS +mIKI))

∞∑
i=0

∞∑
j=0

(mSKS)
i (mIKI)

j zi+mS−1Ai+mS
S Aj+mI

I

i!j!Γ(i+mS)Γ(j +mI)

×
∫ ∞

0
y(i+j+mS+mI−1) exp (−y(ASz +AI))dy , (4.8)
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where An = mn(1 +Kn)/γ̄n, n ∈ {S, I}. On solving the integral in (4.8), we get

fζSR
(z) = exp (− (mSKS +mIKI))

∞∑
i=0

∞∑
j=0

(mSKS)
i (mIKI)

j z
i+mS−1

i!j!

Γ(i+ j +mS +mI)

Γ(i+mS)Γ(j +mI)

×
Ai+mS

S Aj+mI
I

(ASz +AI)(i+j+mS+mI)
. (4.9)

Using (4.9), the CDF of ζSR is obtained as

FζSR
(z) = exp (− (mSKS +mIKI))

∞∑
i=0

∞∑
j=0

(mSKS)
i

(i+mS)
(mIKI)

j Γ(i+ j +mS +mI)

Γ(i+mS)Γ(j +mI)

×
(
AS

AI

)i+mS z(i+mS)

i!j!
2F1

(
i+mS , i+ j +mS +mI ; 1 + i+mS ;−

AS

AI
z

)
,(4.10)

where An = mn(1 + Kn)/γ̄n, n ∈ {R, J}. 2F1(·; ·; ·) is the Gaussian hypergeometric function.

Similarly, the CDF of the instantaneous SINR ζRD in (4.3) can be written as

FζRD
(z) = exp (− (mRKR +mJKJ))

∞∑
i=0

∞∑
j=0

(mRKR)
i

(i+mR)
(mJKJ)

j Γ(i+ j +mR +mJ)

Γ(i+mR)Γ(j +mJ)

×
(
AR

AJ

)i+mR z(i+mR)

i!j!
2F1

(
i+mR, i+ j +mR +mJ ; 1 + i+mR;−

AR

AJ
z

)
.(4.11)

4.3.1 Outage Probability

In a DF relay system, the signal received at the node D is in the outage if one of the two links SR

and RD is in the outage. Since the links SR and RD are independent of each other, the outage

probability of the system is given by

Fζ(ζth) = Pr(ζ < ζth)

= 1− Pr(ζSR > ζth)Pr(ζRD > ζth) , (4.12)

where ζth is the prede�ned threshold. Rewriting (4.12) in terms of the CDF function, we get

Fζ(ζth) = 1− (1− FζSR
(ζth))(1− FζRD

(ζth))

= FζSR
(ζth) + FζRD

(ζth)− FζSR
(ζth)FζRD

(ζth) . (4.13)

The end-to-end outage probability can be obtained by substituting (4.10) and (4.11) in (4.13).
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4.3.2 Outage capacity

Outage capacity is de�ned as the probability that the capacity falls below a certain threshold, ηth.

We have

Cout = Fζ(2
ηth/W − 1) , (4.14)

where Fζ(·) is the CDF of the end-to-end instantaneous SINR expressed in (4.13) and W is the

received signal bandwidth.

4.3.3 Average Symbol Error Probability

The generalized expression for the average SEP of coherent modulation techniques is

Pe = aE[Q(
√
bζ)] . (4.15)

The expression in (4.15) can be simpli�ed to

Pe =
a
√
b

2
√
2π

∫ ∞

0

1√
x
Fζ(x) exp

(
−bx

2

)
dx , (4.16)

where Fζ(x) is de�ned in (4.13). On substituting (4.13) in (4.16), the end-to-end average SEP can

be written as

Pe =
a
√
b

2
√
2π

(∫ ∞

0

1√
x
FζSR

(x) exp

(
−bx

2

)
dx +

∫ ∞

0

1√
x
FζRD

(x) exp

(
−bx

2

)
dx

−
∫ ∞

0

1√
x
FζSR

(x)FζRD
(x) exp

(
−bx

2

)
dx

)
=

a
√
b

2
√
2π

(T1 + T2 − T3) , (4.17)

TH-3540_156102021



Chapter4: Underlay DF Relay System under Beaulieu-Xie Fading 50

where T1, T2, and T3 are the three integral terms in (4.17). On substituting (4.23) in (4.17), the

term T1 can be simpli�ed to

T1 = exp (−mSKS) exp (−mIKI)

∞∑
i=0

∞∑
j=0

(mSKS)
i
(mIKI)

j
Γ(i+ j +mS +mI)

i!j!Γ(i+mS + 1)Γ(j +mI)

(
AS

AI

)i+mS

×
∫ ∞

0

z(i+mS−0.5) exp

(
−bz

2

)
2F1

(
i+mS , i+ j +mS +mI , 1 + i+mS ,−

ASz

AI

)
dz

= exp (−mSKS) exp (−mIKI)

∞∑
i=0

∞∑
j=0

(mSKS)
i
(mIKI)

j

i!j!

(√
2π

b

−2

(
AI

AS

)1/2
Γ(i+mS + 1/2)Γ(j +mI − 1/2)

Γ(i+mS)Γ(j +mI)
pFq

(
1

2
, i+mS +

1

2
;
3

2
,
3

2
− j −mI ;

b

2

AI

AS

)
−
(
b

2

)j+mI−1/2(
AI

AS

)j+mI Γ(1/2− j −mI)Γ(i+ j +mS +mI)

Γ(i+mS)Γ(j +mI + 1)

× pFq

(
j +mI , i+ j +mS +mI ; j +mI +

1

2
, j +mI + 1;

b

2

AI

AS

))
. (4.18)

The term T2 can be similarly evaluated and is expressed as

T2 = exp (−mRKR) exp (−mJKJ)

∞∑
i=0

∞∑
j=0

(mRKR)
i
(mJKJ)

j

i!j!

(√
2π

b

−2

(
AJ

AR

)1/2
Γ(i+mR + 1/2)Γ(j +mJ − 1/2)

Γ(i+mR)Γ(j +mJ)
pFq

(
1

2
, i+mR +

1

2
;
3

2
,
3

2
− j −mJ ;

b

2

AJ

AR

)
−
(
b

2

)j+mJ−1/2(
AJ

AR

)j+mJ Γ(1/2− j −mJ)Γ(i+ j +mR +mJ)

Γ(i+mR)Γ(j +mJ + 1)

× pFq

(
j +mJ , i+ j +mR +mJ ; j +mJ +

1

2
, j +mJ + 1;

b

2

AJ

AR

))
. (4.19)
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Further, the term T3 can be simpli�ed using [91, eq. (4.3.14)] to

T3 = exp (−mSKS) exp (−mIKI) exp (−mRKR) exp (−mJKJ)

∞∑
i=0

∞∑
j=0

∞∑
k=0

∞∑
ℓ=0

(mSKS)
i
(mIKI)

j

i!j!

× (mRKR)
k
(mJKJ)

ℓ

k!ℓ!

Γ(i+ j +mS +mI)

Γ(i+mS + 1)Γ(j +mI)

Γ(k + ℓ+mR +mJ)

Γ(k +mR + 1)Γ(ℓ+mJ)

(
AS

AI

)i+mS
(
AR

AJ

)k+mR

×
∫ ∞

0

z(i+k+mS+mR−0.5) exp

(
−bz

2

)
2F1

(
i+mS , i+ j +mS +mI , 1 + i+mS ,−

ASz

AI

)
× 2F1

(
k +mR, k + ℓ+mR +mJ , 1 + k +mR,−

ARz

AJ

)
dz

= exp (−mSKS) exp (−mIKI) exp (−mRKR) exp (−mJKJ)

∞∑
i=0

∞∑
j=0

∞∑
k=0

∞∑
ℓ=0

(mSKS)
i
(mIKI)

j

i!j!

× (mRKR)
k
(mJKJ)

ℓ

k!ℓ!

Γ(i+ j +mS +mI)

Γ(i+mS + 1)Γ(j +mI)

Γ(k + ℓ+mR +mJ)

Γ(k +mR + 1)Γ(ℓ+mJ)

(
AS

AI

)i+mS
(
AR

AJ

)k+mR

×
∫ ∞

0

∞∑
n=0

(i+mS)n(i+ j +mS +mI)n
n!(1 + i+mS)n

z(i+k+mS+mR−0.5) exp

(
−bz

2

)(
−ASz

AI

)n

dz

× 4F3

(
k+mR, k+ℓ+mR+mJ ,−(i+mS+n),−n; 1+k+mR, 1−i−mS−n, 1−i−j−mS−mI−n;

AIAR

ASAJ

)
= exp (−mSKS) exp (−mIKI) exp (−mRKR) exp (−mJKJ)

∞∑
i=0

∞∑
j=0

∞∑
k=0

∞∑
ℓ=0

(mSKS)
i
(mIKI)

j

i!j!

× (mRKR)
k
(mJKJ)

ℓ

k!ℓ!

Γ(i+ j +mS +mI)

Γ(i+mS + 1)Γ(j +mI)

Γ(k + ℓ+mR +mJ)

Γ(k +mR + 1)Γ(ℓ+mJ)

(
AS

AI

)i+mS
(
AR

AJ

)k+mR

×
∞∑

n=0

(i+mS)n(i+ j +mS +mI)n
n!(1 + i+mS)n

(
−AS

AI

)n(
b

2

)−(0.5+i+k+n+mS+mR)

Γ(0.5 + i+ k + n+mS +mR)

× 4F3

(
k+mR, k+ℓ+mR+mJ ,−(i+mS+n),−n; 1+k+mR, 1−i−mS−n, 1−i−j−mS−mI−n;

AIAR

ASAJ

)
.

(4.20)

4.4 Asymptotic Approximations

4.4.1 Outage probability

At high SNRs, the CDF expressions in (4.10) and (4.11) can be approximated as

lim
γ̄SR→∞

FζSR
(z) = F∞

ζSR
(z)

= exp (− (mSKS+mIKI))

∞∑
i=0

∞∑
j=0

(mSKS)
i (mIKI)

j

i!j!

× Γ(i+j+mS+mI)

Γ(i+mS + 1)Γ(j +mI)

(
AS

AI

)i+mS

z(i+mS)

(4.21)
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and

lim
γ̄RD→∞

FζRD
(z) = F∞

ζRD
(z)

= exp(− (mRKR+mJKJ))

∞∑
i=0

∞∑
j=0

(mRKR)
i (mJKJ)

j

i!j!

× Γ(i+ j +mR +mJ)

Γ(i+mR + 1)Γ(j +mJ)

(
AR

AJ

)i+mR

z(i+mR) , (4.22)

respectively. Substituting An for n ∈ {S,R, I, J} in (4.23) and (4.24), respectively and replacing

γ̄S/γ̄I and γ̄R/γ̄J by ζ̄SR and ζ̄RD, respectively, we get

F∞
ζSR

(z) = exp (− (mSKS +mIKI))
∞∑
i=0

∞∑
j=0

Ki
SK

j
I

i!j!

(
1 +KS

1 +KI

)i+mS

× Γ(i+ j +mS +mI)

Γ(i+mS + 1)Γ(j +mI)

m
(2i+mS)
S

m
(i−j+mS)
I

(
z

ζ̄SR

)(i+mS)

(4.23)

and

F∞
ζRD

(z) = exp (− (mRKR +mJKJ))
∞∑
i=0

∞∑
j=0

Ki
RK

j
J

i!j!

(
1 +KR

1 +KJ

)i+mR

× Γ(i+ j +mR +mJ)

Γ(i+mR + 1)Γ(j +mJ)

m
(2i+mR)
R

m
(i−j+mR)
J

(
z

ζ̄RD

)(i+mR)

. (4.24)

Here ζ̄SR and ζ̄RD are average SINR at nodesR andD, respectively. The asymptotic approximation

for the outage probability can be obtained by substituting (4.23) and (4.24) in (4.13).

4.4.2 Average symbol error probability

The contribution of the term involving the product of FζSR
(x) and FζRD

(x) in (4.17) is little, thus

it can be ignored. Further, using the asymptotic approximations of CDFs FζSR
(x) and FζRD

(x) in

(4.23) and (4.24), respectively, the SEP is given by

Pe ≈
a
√
b

2
√
2π

(T̃1 + T̃2) . (4.25)
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Here, T̃1 and T̃2 are simpli�ed to

T̃1 = exp (−(mSKS+mIKI))

∞∑
i=0

∞∑
j=0

(mSKS)
i (mIKI)

j Γ(i+ j +mS +mI)

i!j!Γ(i+mS + 1)Γ(j +mI)

×
(
AS

AI

)i+mS
∫ ∞

0
z(i+mS−0.5) exp

(
−bz

2

)
dz

= exp (−(mSKS +mIKI))

∞∑
i=0

∞∑
j=0

(mSKS)
i (mIKI)

j

i!j!

×Γ(i+ j +mS +mI)Γ(i+mS + 0.5)

Γ(i+mS + 1)Γ(j +mI)

(
AS

AI

)i+mS
(
2

b

)i+mS+0.5

(4.26)

and

T̃2 = exp (−mRKR) exp (−mJKJ)
∞∑
i=0

∞∑
j=0

(mRKR)
i (mJKJ)

j

i!j!

×Γ(i+ j +mR +mJ)Γ(i+mR + 0.5)

Γ(i+mR + 1)Γ(j +mJ)

(
AR

AJ

)i+mR
(
2

b

)i+mR+0.5

, (4.27)

respectively.

4.5 Numerical Results and Discussion

In this section, we have plotted the analytical results obtained in sections III and IV. The analytical

results are validated with the simulation results. The simulation results are obtained using the

Monte Carlo method on assuming perfect channel state information at the receiver. We consider

the transmit power PS and PR at S and R to be −10 dBm and the power transmitted at the

cellular user equipment (CUE), that is, PI = PJ = 20 dBm. Further, the distance of nodes R and

D from the CUE are assumed as dJR = dJD = 500 meters. The distances dSR = dRD = 10 meters.

The signal and interference links are assumed to have the same path loss exponent α = 3. The

noise power spectral density N0 is assumed to be −143.97 dBm. The parameter K is 0 dB for no

specular component.

The outage probability is plotted in Figs. 4.2-4.4 using (4.10), (4.11), and (4.13). The number of

summation terms considered in (4.10) and (4.11) for i and j is 20. The terms needed for improved

accuracy vary with the numeric value of the parameters m and K. Even the smaller number

of terms provide reasonably good accuracy for lower values of parameters m and K. The terms
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Figure 4.2: Plot of outage probability versus threshold SINR for varying mean SNR and channel
parameters.

considered increase with increment in the value of parameters. For K = 4 dB and m = 4, 20

summation terms give reliable results. This is also justi�ed in the plot comparing analytical and

simulation results. Therefore, we have considered 20 summation terms for the numerical plots.

The plot of end-to-end outage probability versus threshold SINR is shown in Fig. 4.2. We consider

the parameters of all the BX faded links to be the same, that is KS = KR = KI = KJ and

mS = mR = mI = mJ . The plots for Rayleigh faded (m = 1 and K = 0) and Rician faded

(m = 1) links are also shown in the �gure. It is observed that the probability of a signal in an

outage reduces with an increase in channel parameters m or/and K since fading decreases with an

increment in m or/and K. The growth in performance is more for the increase in m corresponding

to the severity of fading. The numerical outcomes are validated using simulation results in the plot.

The high SNR approximation for the outage probability obtained in Section IV is also plotted. It

is found to be a close approximation of the outage probability.

In Fig. 4.3, we have shown the e�ect of power assignment at the source and the relay node on

the outage performance. PT is considered to be the normalized total power. A fraction η of PT is

used at the source node and the remaining fraction (1 − η) is utilized at the relay node for data

transmission. The plots are shown for varying K, that is, i) KS = 4dB and KR = 1dB and ii)
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Figure 4.3: Plot of outage probability versus normalized total power PT where PSR = ηPT and
PRD = (1− η)PT , η ∈ (0, 1).

KS = 1dB and KR = 4dB. In i), the SR link has a higher directional component when compared

to the RD link, and in ii) RD link has a more prominent directional component than the SR link.

As seen in the �gure, the optimal η ≈ 0.4 for i) and η ≈ 0.6 for ii). The power assigned at a node

for optimal performance is higher for the node transmitting over the link with a lesser directional

component. When both SR and RD links are equally faded, the optimal value of η is 0.5, which

means equal power allocation at nodes S and R.

The e�ect of relay location on the end-to-end outage performance of the system is shown in Fig.

4.4. Here dSD is considered 20 meters. Further, it is assumed that S, R, and D are co-linear,

that is dSD = dSR + dRD. Considering the links are similarly faded, the optimal location of the

relay node is halfway between the source and destination (≈ 10 meters). However, if the links fade

di�erently, the optimum relay location shifts from the center towards the node with weaker link

quality. The performance improves if the signal travels a smaller distance over the poorer link.

The deviation from halfway is more prominent with increment in m.

The outage capacity of the system obtained using (4.14) is plotted against the normalized outage

threshold in Fig. 4.5 for the varying value of parameters m (mS = mR = mI = mJ = m) and K

TH-3540_156102021



Chapter4: Underlay DF Relay System under Beaulieu-Xie Fading 56

5 10 15 20
10

-9

10
-8

10
-7

10
-6

10
-5

10
-4

Figure 4.4: Plot of outage probability versus dSR for dSD = 10 meters and dSD = dSR + dRD.
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Figure 4.5: Plot of outage capacity versus normalized outage threshold for varying channel
parameters.

(KS = KR = KI = KJ = K). The outage capacity reduces with growth in parameters m and K.

The reduction is more for an increase in m.

Using (4.17), the average SEP Pe versus average SNR γ̄ (γ̄ = γ̄SR = γ̄RD) is plotted in Fig. 4.6

for varying modulation order M and channel parameters. The data at the source and relay are
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Figure 4.6: Plot of SEP versus mean SNR γ̄SR = γ̄RD = γ̄ for varying M

considered to be MPSK modulated. The average power transmitted at the CUE is considered as

10dBm, thus γ̄IR = γ̄JD = 10dBm. As expected, the average SEP rises with an increase in the

modulation order. For the same M , the SEP reduces with an increment in channel parameters.

The approximate expression for the SEP in (4.25) is also plotted and is found to be a close

approximation. The plots can be obtained for other coherent modulation techniques by substituting

a and b in (4.15) [82, Table 6.1].

The e�ect of relay location on the end-to-end outage performance of the system is shown in Fig.

4.4. Here dSD is considered 20 meters. Further, it is assumed that S, R, and D are co-linear, that

is dSD = dSR + dRD. We observe the optimal location of the relay node is halfway between the

source and destination, that is 10 meters if the links are similarly faded. However, if the links are

di�erently faded the optimum relay location shift from the center towards the node with weaker

link quality. This is because the performance improves if the signal travels a smaller distance over

the poorer link. The deviation from halfway is more prominent when m increases.
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4.6 Conclusion

In this chapter, we deduced the expressions for the outage probability, the outage capacity, and

the average SEP of a DF relay-assisted D2D communication system underlying a cellular network.

We consider that the RF links are modeled by BX fading. Numerical results are plotted to observe

the e�ects of channel parameters on the end-to-end performance of the system. It is observed

that the probability of signal in outage decreases with a reduction in fading, that is, an increase in

parametersm and K. For the samem, the performance improves with an increase in parameter K.

However, the performance improvement is signi�cantly more with an increase in m. This follows

for the outage capacity which also reduces with an increase in channel parameters m and K. The

outage probability is also plotted with varying fractions of the normalized total power assigned

at the source and the relay node. The optimum power assignment is higher for nodes with poor

link quality to ensure reliable end-to-end communication. Further, the e�ect of relay location on

the outage performance is also explored. The optimal relay location is halfway between the source

and destination node when both SR and RD links are identically faded. In case, the channel

parameters of the links are di�erent, the optimal relay location drifts from halfway to the node

with weaker link quality. The approximate expression for the outage probability and the average

SEP are also obtained and are found to be a close approximation.
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Chapter 5

Performance Analysis of D2D-based

V2V Communication System

5.1 Introduction

Intelligent transportation technologies are continuously evolving with the advancement in wireless

technology. The evolution in wireless technology has further enabled vehicular communication

with immense growth in data rate and reduced latency. Due to the localized nature of V2V, it is

promising to adapt to the sudden changes in surroundings. This can avoid fatal roadway accidents

by providing early warnings. It can also provide additional features including information on

smart parking and tra�c congestion. D2D communication technology can be an enabler for V2V

applications as later also have a localized nature which �ts the core idea of D2D communications

[22, 92]. The devices located in the coverage range of each other can communicate directly without

or with partial involvement of the BS. This o�ers an inherent advantage in terms of lower latency

and higher reliability [22]. A low latency transmission is required in V2V applications to send ultra-

fast warning messages with a concise time frame [23, 25]. Emerging technologies are considering

high-frequency bands between 30 GHz and 300 GHz that o�er extremely high data rate up and

latency less than 1 ms [25, 26].

59

TH-3540_156102021



Chapter5: D2D-based V2V Communication System 60

In this chapter, an underlay D2D-based V2V system is considered where each user is equipped

with multiple antennas. The system performance is analyzed in presence of the intra-cell mutual

interference between two V2V pairs moving in opposite directions on a divided highway and using

the same uplink resources. Two cases are considered for the analysis: i) direct V2V communication

and ii) relayed V2V communication in absence of direct link.

5.2 System Model

We consider the system shown in Fig. 5.1 where a V2V source S communicates a signal to the

V2V destination D via a direct or relayed link. A relay R mounted on the vehicle helps to extend

the coverage. During transmission, vehicles may have a coverage range longer than half of the

highway width, this results in interference as vehicles on the other half of the highway move in the

opposite direction. Interfering nodes in the case of direct and relayed transmission are denoted by

I and J , respectively. The links connecting nodes p and q be denoted as pq, where p ∈ {S,R, I, J}

and q ∈ {R,D}. To avoid rapid communication interruptions and hando�s, vehicles moving in the

same direction communicate with each other. Thus, we assume nodes S, R, and D are moving

in the same direction. We assume the highway is crowded (rush hour) or vehicles move at almost

the same velocity. In both scenarios, the relative velocity is almost constant resulting in a small

doppler shift that can be ignored. Further, the e�ect of Doppler shift on the interference link

is considered negligible. All the vehicular nodes are assumed to be equipped with Nt transmit

and Nr receive antennas. A full duplex DF relay is considered to forward the signal, thus the

self-interference experienced at the relay node is included in the analysis. The channel coe�cients

are assumed to follow an independent complex Gaussian distribution.

Consider V2V source S and interfering vehicle I transmits symbol vector xS and xI , respectively

having dimension Nt × 1. The signal received at V2V destination D in case of direct transmission

is given by

yD =
√
PSd

−β
SDHSDxS +

√
PId

−β
IDHIDxI + ηD , (5.1)

where HSD and HID are Nr × Nt channel matrices corresponding to SD and interference link

ID, respectively. dSD and dRD are the distances between links SD and ID, respectively. β is the

path loss exponent. PS and PI are the power transmitted at the source and interfering vehicle and
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Figure 5.1: System model of D2D-based underlay V2V network with a direct and relayed link.

ηD is additive white Gaussian noise (AWGN) at D having dimension Nr×1. The (i, j)th elements

of the channel matrices represent complex gain from transmit antenna j to receive antenna i. The

elements are independent and circularly symmetric complex Gaussian with zero mean and variance

N0.

In the case of V2V communication through a relaying vehicle, the signal received at nodes R and

D are

yR =
√
PSd

−β
SRHSRxS +

√
PIHIRxI +

√
PRHRRxR + ηR , and

yD =
√
PRd

−β
RDHRDxR +

√
PJd

−β
JDHJDxJ + ηD, (5.2)

respectively. Here HSR, HRD, HRR, HIR and HJD are Nr ×Nt channel matrices corresponding

to links SR, RD, RSI, IR, and JD, respectively. The (i, j)th elements of the channel matrices

represent complex gain from transmit antenna j to receive antenna i for the corresponding link.

The matrix elements are independent and circularly symmetric complex Gaussian distributed with

zero mean and variance N0. ηR and ηD are Nr × 1 for AWGN at R and D, respectively.

Using (5.1), the SINR of the direct link is given by

ΓSD =
σSD||HSD||2

σID||HID||2 + 1
, (5.3)
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where σSD (= PSd
−β
SD/N0) and σID (= PId

−β
ID/N0) are the desired signal-to-noise power ratio (SNR)

and interference-to-noise power ratio (INR) at node D. Similarly, the SINR for SR and RD link

in case of relayed transmission can be obtained using (5.2) as

ΓSR =
σSR||HSR||2

σIR||HIR||2 + σRR||HRR||2 + 1
, and (5.4a)

ΓRD =
σRD||HRD||2

σJD||HJD||2 + 1
. (5.4b)

where σSR (= PSd
−β
SR/N0), σIR (= PId

−β
IR/N0), σRR (= αPR/N0), σRD (= PRd

−β
RD/N0), and σJD

(= PJd
−β
JD/N0) are the desired SNR at R, INR at R, RSI to noise power ratio, desired SNR at D

and INR at D.

5.3 Outage Probability

In this section, the closed-form expressions for the end-to-end outage probabilities of direct and

relay-assisted D2D-based V2V communication systems are deduced. The signal received is said to

be in an outage if the SINR at the destination is smaller than the prede�ned threshold γth.

5.3.1 Direct transmission

Consider SINR on direct transmission in (5.3) and assumeX = σSD||HSD||2 and Y = σID||HID||2+

1. The channel coe�cients are assumed to be Rayleigh faded, therefore ||HSD||2 and ||HID||2

follows a gamma distribution [68]. The channels are assumed to be i.i.d. The PDFs of X and Y

are given as

fX(x) =
xN−1

Γ(N)σNSD
exp

(
− x

σSD

)
u(x) (5.5)

and

fY (y) =
(y − 1)N−1

Γ(N)σNID
exp

(
−(y − 1)

σID

)
u(y − 1) , (5.6)

respectively, where N = Nr × Nt and u(·) unit step function. Using the PDFs of X and Y , the

PDF of SINR Z = X/Y , can be calculated using

fZ(z) =

∫ ∞

−∞
|y|fX(yz)fY (y)dy . (5.7)
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Substituting the PDFs (5.5) and (5.6) in (5.7), we have

fZ(z) =
z(N−1) exp (1/σID)

(Γ(N))2(σSDσID)N

∫ ∞

1
yN (y − 1)(N−1) exp

(
−y
(

z

σSD
+

1

σID

))
dy . (5.8)

On making a variable change, (5.8) can be rewritten as

fZ(z) =
z(N−1) exp (1/σID)

(Γ(N))2(σSDσID)N

∫ ∞

0
τ (N−1)(τ + 1)N exp

(
−τ
(

z

σSD
+

1

σID

))
dτ . (5.9)

On employing the binomial expansion of (τ + 1)N , (5.9) can be rewritten as

fZ(z) =
z(N−1) exp (−z/σSD)
(Γ(N))2(σSDσID)N

N∑
k=0

(
N

k

)∫ ∞

0
τ (N+k−1) exp

(
−τ
(

z

σSD
+

1

σID

))
dτ , (5.10)

where
(
N
k

)
is binomial coe�cient. The integral in (5.10) can be solved using [18, eq. 3.351.3], thus

we have

fZ(z) =
z(N−1) exp (−z/σSD)
(Γ(N))2 (σIDσSD)

N

N∑
k=0

(
N

k

)
Γ(N + k)

(
z

σSD
+

1

σID

)−(N+k)

, (5.11)

where Γ(·) is gamma function. Using the PDF in (5.11), the CDF of Z can be evaluated as

FZ(z) =
1

(Γ(N))2 (σIDσSD)
N

N∑
k=0

(
N

k

)
Γ(N+k)

∫ z

0
z(N−1)

(
z

σSD
+

1

σID

)−(N+k)

exp

(
− z

σSD

)
dz .

(5.12)

The outage probability at the destination, P dir
o (γth) is same as the CDF calculated in (5.12)

for z = γth. Substituting the Taylor series expansion of exponential function in (5.12), that is

exp(−z/σSD) =
∑∞

ℓ=0((−1)ℓzℓ)/(σℓSDℓ!) and solving the integral, we get

P dir
o (γth) =

1

(Γ(N))2σNSD

N∑
k=0

∞∑
ℓ=0

(−1)ℓ
(
N

k

)
Γ(N + k)σkID
ℓ!(N + ℓ)σℓSD

γ
(N+ℓ)
th

× 2F1

(
N + k,N + ℓ;N + ℓ+ 1;−σIDγth

σSD

)
, (5.13)

where 2F1(·, ·; ·; ·) represents Gauss hypergeometric function.
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5.3.2 DF Relaying

In the case of relayed transmission, the SINR at R is given in (5.4a). Let X = σSR||HSR||2 and

Y = σIR||HIR||2 + σRR||HRR||2 + 1 = U + V + 1. The channel coe�cients are assumed to be

Rayleigh distributed, thus, ||HSR||2, ||HIR||2 and ||HRR||2 follows a gamma distribution. The

channels are also assumed to be iid. The PDF of X is

fX(x) =
xN−1

Γ(N)σNSR
exp

(
− x

σSR

)
, for x ≥ 0 . (5.14)

Now to �nd the PDF of Y , the PDF of W = U + V is derived using

fW (w) =

∫ ∞

−∞
fU (w − v)fV (v)dv , (5.15)

where the PDFs of U and V are given as

fU (u) =
uN−1

Γ(N)σNIR
exp

(
− u

σIR

)
, for u ≥ 0 and

fV (v) =
vN−1

Γ(N)σNRR

exp

(
− v

σRR

)
, for v ≥ 0 , (5.16)

respectively. On substituting (5.16) in (5.15) and using Y = W + 1, the distribution of Y can be

written as

fY (y) =
exp(−(y − 1)/σIR)

(Γ(N))2(σIRσRR)N

∫ (y−1)

0
(y − v − 1)(N−1)v(N−1) exp

(
−v
(

1

σRR
− 1

σIR

))
dv . (5.17)

The PDF of Z = X/Y can be deduced on substituting (5.14) and (5.17) in (5.7), we get

fZ(z) =
zN−1 exp(1/σIR)

(Γ(N))3(σSRσIRσRR)N

∫ ∞

1
yN exp

(
−y
(

z

σSR
+

1

σIR

))∫ (y−1)

0
(y − v − 1)(N−1)

×v(N−1) exp

(
−v
(

1

σRR
− 1

σIR

))
dvdy . (5.18)
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The integral over v in (5.18) can be simpli�ed using [70, eqs. 3.383.1], which on substituting [70,

8.384.1] and [81, eq. 13.1.2] results in

fZ(z) =
zN−1 exp(1/σIR)

(Γ(N))2(σSRσIRσRR)N

∞∑
k=0

Γ(N + k)

k!Γ(2N + k)

(
1

σIR
− 1

σRR

)k ∫ ∞

1
yN (y − 1)(2N+k−1)

× exp

(
−y
(

z

σSR
+

1

σIR

))
dy . (5.19)

Solving the integral in (5.19) using [70, eq. 3.383.4] and simplifying the expression on employing

[70, eqs. 9.232 and 9.220.4], the PDF of ΓSR in (5.4a) is obtained as

fZ(z) =
zN−1

(Γ(N))2(σSRσIRσRR)N

∞∑
k=0

Γ(N + k)

k!

(
1

σIR
− 1

σRR

)k

exp

(
− z

σSR

)
×ψ

(
2N + k, 3N + k + 1;

z

σSR
+

1

σIR

)
. (5.20)

The PDF in (5.20) can be rewritten using the series form expansion of ψ(·) in [101]. Thus we get

fZ(z) =
zN−1

(Γ(N))2(σSRσIRσRR)N

∞∑
k=0

N∑
ℓ=0

Γ(N + k)

k!

Γ(2N + k + ℓ)

Γ(2N + k)

(
N

N − ℓ

)(
1

σIR
− 1

σRR

)k

×
(

z

σSR
+

1

σIR

)−(2N+k+ℓ)

exp

(
− z

σSR

)
. (5.21)

The CDF of ΓSR can be deduced by expressing the exponential function in terms of its Taylor

series expansion and integrating it over the interval [0, z], that is

FZ(z) =
1

(Γ(N))2(σSRσIRσRR)N

∞∑
k=0

N∑
ℓ=0

∞∑
m=0

(−1)m

k!m!σmSR

Γ(N + k)Γ(2N + k + ℓ)

Γ(2N + k)

×
(

N

N − ℓ

)(
1

σIR
− 1

σRR

)k ∫ z

0
zN+m−1

(
z

σSR
+

1

σIR

)−(2N+k+ℓ)

dz . (5.22)

The outage probability of SR link, PSR
o (γth) is same as the CDF of ΓSR in (5.22) for z = γth. The

integral in (5.22) can be solved using [70, eq. 3.383.4], we have

PSR
o (γth) =

σNIR
(Γ(N))2(σSRσRR)N

∞∑
k=0

N∑
ℓ=0

∞∑
m=0

(−1)mσ
(k+ℓ)
IR

k!m!σmSR

Γ(N + k)Γ(2N + k + ℓ)

Γ(2N + k)(N +m)

(
N

N − ℓ

)

×
(

1

σIR
− 1

σRR

)k

γ
(N+m)
th 2F1

(
2N + k + ℓ,N +m; 1 +N +m;−σIR

σSR
γth

)
.

(5.23)
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The outage probability of RD link has the same form as (5.16). Thus

PRD
o (γth) =

1

(Γ(N))2σNRD

N∑
k=0

∞∑
ℓ=0

(−1)ℓ
(
N

k

)
Γ(N + k)σkJD
ℓ!(N + ℓ)σℓRD

γ
(N+ℓ)
th

× 2F1

(
N + k,N + ℓ;N + ℓ+ 1;−σJDγth

σRD

)
. (5.24)

The signal received at the destination is in an outage if one of the two links SR and RD is in

an outage or both SR and RD links are in an outage. Therefore the outage probability at the

destination is

P rel
o (γth) = PSR

o (γth) + PRD
o (γth)− PSR

o (γth)P
RD
o (γth) , (5.25)

where analytical expression of PSR
o (γth) and P

RD
o (γth) are given in (5.23) and (5.24), respectively.

5.4 Asymptotic Outage Probability and Diversity Order

Using (5.13), the asymptotic expression for the outage probability of the direct link can be obtained

for σSD → ∞ as

lim
σSD→∞

P dir
o (γth) =

γNth
Γ(N)σNSD

N∑
k=0

Γ(N + k)

k!(N − k)!
σkID. (5.26)

Since P dir
o ∝ σ−N

SD in (5.26), the diversity order of the SD link is N .

In the case of relayed transmission, the high SINR approximation for the outage probability of SR

link deduced using (5.23) can be given by

lim
σSR→∞

PSR
o (γth) =

γNth
Γ(N)σNSRσ

N
RR

∞∑
k=0

N∑
ℓ=0

σ
(N+k+ℓ)
IR

k!ℓ!(N − ℓ)!

Γ(N + k)Γ(2N + k + ℓ)

Γ(2N + k)

(
1

σIR
− 1

σRR

)k

.

(5.27)

Similar to (5.26), the asymptotic expression for the outage probability of RD link is

lim
σRD→∞

PRD
o (γth) =

γNth
Γ(N)σNRD

N∑
k=0

Γ(N + k)

k!(N − k)!
σkJD . (5.28)

On substituting (5.27) and (5.28) in (5.25), the high SINR approximation of the outage probability

on relaying can be obtained. Since PSR
o (γth) and P

RD
o (γth) for high SINRs in (5.27) and (5.28)

are proportional to σNSR and σNRD, respectively, the diversity order on relaying is N .
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Parameter Value

Transmit power, PS , PR, PI , PJ 27 dBm

Noise power, N0 −143.97 dBm

Number of highway lanes 4-12 meters

Lane width 2.7-4.6 m as per [102]

Desired link length 4-24 meters

Interfering link length 8-44 meters

Path loss exponent 2− 6

5.5 Numerical Results and Discussion

In this section, the analytical results deduced in Sections III and IV are plotted along with the

simulation results obtained using the Monte Carlo method on assuming perfect CSI at the receiver.

The transmit power at the V2V nodes is considered as 27 dBm, that is PSR = PRD = PIR = PJD =

27 dBm. The distances dSD, dSR, and dRD links are considered to be i) 10m, 5m, 5m and ii) 10m,

6m, 5m respectively. Further, the length of the interference links dIR and dJD are assumed to be

80m. Let the signal and interference links have the same path loss exponent α = 3. The noise

power spectral density is considered to be −143.97 dBm. The range of the parameters is tabulated

below

The analytical expression for the outage probabilities deduced in section III for Rayleigh faded

links are plotted in Figs. 5.2 for varying values of N = Nt×Nr. It is observed that the probability

of signal received at node D in an outage for the same threshold value is small for the higher

number of antennas. This is attributed to the fact that diversity order improves with increase in

N . The slope of plots increases with N indicating increment in diversity order with N . Further,

it is observed that the performance improves on relaying for the same linear distance between the

source and destination node, that is dSR + dRD = dSD. The relay node may not be advantageous

when the dSR + dRD >> dSD. The analytical results are validated using the simulation plots.

In Fig. 5.3, the closed form and the asymptotic approximation for the outage probability obtained

in sections III and IV are plotted. The analytical results for outage probability are plotted with
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Figure 5.2: Plot of outage probability versus SINR threshold for direct transmission (dir) and
on DF relaying (rel)

varying transmit power for γ̄th = 0 (dB). It is observed that the asymptotic results closely approx-

imate the closed-form expressions at high SINRs. Further, the diversity order obtained in section

IV is also justi�ed through the plots.

5.6 Conclusions

In this chapter, we deduced the closed-form expressions of the outage probability for a multi-

antenna V2V underlying cellular network. The analysis is presented for V2V communication over

i) direct link and ii) relayed transmission using a relay node mounted on a vehicle. The links are

assumed to be Rayleigh faded. It is observed that a relay-based V2V system outperforms direct

transmission for the same linear distance between source and destination. Further, the asymptotic

expressions for the outage probability are obtained and agree with the simulation and analytical

results at high SINRs. The outage performance improves with an increase in the number of transmit

and receive antennas. The systems' diversity order is a product of the number of transmit and

receive antennas.
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Figure 5.3: Plot of outage probability versus transmit power considering equal transmit power
at each network node.
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Chapter 6

Conclusions and Future Work

In this thesis, interference management, one of the core and challenging issues of D2D underlying

cellular network is considered. The performance analysis and interference management of di�erent

system models with underlying D2D have been investigated. In this chapter, we conclude the

thesis by summarizing the work done highlighting the main contributions, and suggesting some

directions for possible future work.

6.1 Summary of Contributions

Chapter 2 of the thesis focuses on analyzing performance of underlay D2D communication sys-

tem where the resources assigned for cellular DL or UL transmissions are shared with D2D users.

IC method is considered which allocates orthogonal precoding vectors in case of underlay D2D

transmissions over the channel assigned for cellular communication. The expressions for the out-

age probability, ergodic capacity, outage capacity at the cellular and D2D receiver are deduced.

Numerical results are plotted to observe the e�ect of the di�erent parameters on the performance.

The performance analysis of a relay assisted D2D communication underlaying cellular network is

performed in Chapter 3. The interference due to cellular transmission at the relay and destination

node of the relay-assisted D2D link are mitigated using interference alignment technique. The exact

expressions of the end-to-end outage probability and average SEP are deduced. Numerical results

71
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are plotted to observe the impact of number of transmit/receive antennas, power transmitted at

the source and relay nodes, modulation order, and interference due to other D2D devices.

In Chapter 4, the expression for performance analysis of a DF relay based D2D communication

system is analyzed. The RF links connecting the nodes are considered to BX faded. The expressions

for the end-to-end average SEP, outage probability, and outage capacity are derived. Further, plots

to present the e�ect of RF link parameters on the optimal relay location.

The performance of a direct and relayed D2D-based V2V underlay communications system is

analyzed in Chapter 5. Orthogonal precoding is consider to handle the interference at receiving

nodes. A closed form expression for the end-to-end outage probability is derived for direct and

relayed transmission.

6.2 Future Work

The topics presented in this thesis have a potential for further explorations and following are some

of the possible future research directions

� The orthogonal precoding technique is considered to mitigate interference due to other D2D

links operating in the vicinity and are located in the same cell. This can be extended to

cell-free MIMO scenario.

� In interference alignment technique considered for relayed-assisted D2D underlay cellular

network, the interference due to cellular link is aligned due to its higher power. In the

future, a decoding matrix can be designed to handle interference due to other D2D links.

� The contribution of interference is analyzed in Chapter 4 for an underlay D2D SISO system

with BX faded channel. The analysis for the outage probability, capacity and SEP, can be

extended to MIMO system with multiple D2D links.

� In all the works, the devices are considered to be stationary for the analysis. This can be

extended to the system when the UE terminals are moving.

� A single cell scenario is considered for the analysis, this can be extended to multi-cell and

cell-free scenario.
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� In the performance analysis of D2D based V2V applications, the e�ect of mobility and

Doppler shift are ignored assuming vehicles are moving on a crowded highway during rush

hours. In the future work, the mobility and Doppler shift can be taken into consideration

for the analysis.
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