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Abstract

Device-to-Device (D2D) communication is one of the technologies for next gen-
eration communication system. Unlike traditional cellular network, D2D allows
proximity users to communicate directly with each other without routing the
data through a base station. The main aim of this study is to improve the over-
all energy efficiency (EE) of D2D communications overlaying cellular system. To
reduce the complexity of joint EE optimization, we decompose the main EE prob-
lem into two subproblems; resource efficiency (RE) optimization in the first stage
and EE optimization for D2D pairs in the second stage. Firstly, we propose an
alternative two-stage RE-EE scheme for a single cellular user equipment (CUE)
and a D2D pair utilizing uplink spectrum. Later, we extend this work for multiple
CUEs and D2D pairs by considering the downlink orthogonal frequency division
multiple access (OFDMA). By exploiting a range of optimization tools including
the Bisection method, interior point algorithm, fractional programming, Dinkel-
bach approach, Lagrange dual decomposition, difference of convex functions, and
concave-convex procedure, the original non-convex problems are solved and we
present iterative two-stage RE-EE solutions. Simulation results demonstrate that
the proposed two-stage scheme for uplink scenario outperforms the cellular mode
and dedicated mode of communications and the performance is close to the global
optimal solution. The results also show that the proposed schemes for downlink
resource sharing provide improved system EE performance with significant gain
on EE for D2D users compared to a two-stage EE-EE solution, which is obtained
numerically. Furthermore, the RE and EE optimization for non-orthogonal mul-
tiple access (NOMA) are considered to study the effect of users’ access to the
whole spectrum. The results indicate that the proposed RE scheme for NOMA
with D2D communications achieves higher system EE compared to the OFDMA
based schemes.
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Chapter 1

Introduction

1.1 Future Wireless Networks

The demand on wireless data traffic has been increasing significantly since the
introduction of smart phones. The growth of cellular subscribers in the developed
and developing countries also contributes to this demand. According to [1], the
global mobile data traffic grew 63% in 2016 as it reached 7.2 exabytes per month
at the end of 2016, up from 4.4 exabytes per month at the end of 2015. The
amount will increase sevenfold between 2016 and 2021, reaching 49.0 exabytes
per month by 2021. Furthermore, it is forecasted that in 2021, 78% of mobile
data traffic will be video and there will be 11.6 billion mobile devices, which
surpasses the global projected population at that time.

Currently, the fourth generation (4G) wireless communication, LTE Advanced
(LTE-A) is being deployed. LTE-A improves the capacity and coverage by imple-
menting technologies such as Carrier Aggregation (CA), Coordinated multipoint
(CoMP), Advanced multiple-input multiple-output (MIMO), Relays, heterogen-
eous networks (HetNets), and Enhanced Inter Cell Interference Cancellation (eI-
CIC) [2]. The performance targets that LTE-A aims to achieve are peak data
rate of 1 GBps in the downlink and 500 Mbps in the uplink, mobility up to 350

km/h and less than 50 ms latency [3]. However, these performance targets would
not be able to cater the tremendous growth of future mobile data network.

A lot of research have been done to find new alternatives and potential solu-
tions for future wireless network. Research groups such as METIS [4] have been
investigating new technologies for the next fifth generation (5G) cellular network.

19

http://www.google.com


CHAPTER 1. INTRODUCTION 20

In order to enhance the performance of wireless network beyond 4G system, sev-
eral technologies have been proposed such as massive MIMO, mmWave com-
munication full duplex communication [5] and non-orthogonal multiple access
(NOMA) [6]. Another technology for increasing the achievable rate in cellular
communications is Device-to-Device (D2D) communication [7] where devices can
directly exchange data without having to route it through a central infrastruc-
ture communication. Future wireless network is expected to be heterogeneous
and involve technologies such as Internet of Things (IoT) and machine to ma-
chine (M2M) communications. Next generation network also focuses on providing
greener communication system.

1.2 Motivation

The tremendous growth of information and communication technology as well
as cellular network market has contributed to world’s energy consumption. The
major energy consumption for wireless network came from base station (BS)
which accounts for around 57% of total power consumption in a typical cellular
network [8, 9]. Mobile switching and core transmission of the network are also
the main contributors to the network power consumption. Energy consumption
has become an important problem and this has led network operators, regulatory
bodies such as ITU and 3GPP and research projects such as EARTH [10] and
GreenTouch [11] to consider energy aspect of wireless communication networks.
In addition, one of the requirements for 5G system is the need to improve the
energy efficiency (EE) of communication networks [12].

System performances in terms of coverage and spectral efficiency have al-
ways been the focus of the network designer [13]. Coverage performance can be
obtained by studying the distribution of signal to interference plus noise ratio
(SINR) of users while spectral efficiency (SE) is a measure of how many bits of
information can be transferred to served users for a given wireless bandwidth. Re-
cently, another metric that has gained much attention is the EE of the network.
EE is a measure of the number of delivered bits per consuming energy [14], or
“bits-per-Joule” [15]. From the network operators’ point of view, reducing energy
costs can directly reduce their operation expenditures while other parties are also
interested in reducing the carbon footprint contributed by wireless communica-
tions. Designers of future wireless technologies must also consider energy aspect
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of the design. In addition, a conventional system will occupy as much as band-
width as possible to maximize the EE. As a result, it reduces the efficient use of
bandwidth. On the other hand, the system requires as much power as possible to
optimize the SE. This shows that optimizing EE and SE are important aspects
which may lead to a conflict. Therefore, the tradeoff between EE and SE has
been studied in [16–19]. In addition, a new metric called resource efficiency (RE)
is proposed in [20], which is capable of exploiting the tradeoff between EE and
SE by balancing consumption power and occupied bandwidth.

D2D communication, which is one of the future technologies, enables devices
to communicate directly with each other, without routing the data paths through
a central infrastructure such as BS or access point. Bluetooth and WiFi are two
examples of traditional D2D communications as devices in the close range can
operate in ad-hoc manner for file transferring and information sharing. Both
Bluetooth and WiFi are operating in unlicensed industrial, scientific and med-
ical (ISM) band. However, D2D communications in cellular network depend on
licensed frequency and share the spectrum with other cellular users. A poten-
tial application of D2D is proximity-based services such as social applications,
advertisements, and local exchange of information. Another important applica-
tion is for public safety support, where devices would still be able to engage in
communication even in case of damage to the network infrastructure. The in-
troduction of D2D communications poses many new challenges and risks to the
traditional cellular architecture and users. There are many studies have been
conducted to tackle the challenges of D2D communications particularly to reduce
the interference in the network. Majority of works on D2D focus on radio resource
management aspects of D2D communications such as resource allocation, power
control, interference management and mode selection.

Currently, the EE aspect of D2D communications has attracted a lot of atten-
tion. Although the transmission power of mobile devices is much lower compared
to the BS, the small improvement in the energy aspect of D2D communications
has a significant contribution towards the overall energy consumption. Further-
more, as the number of mobile devices and connections are forecasted to reach
11.5 billion, of which 40% are smartphones [1], it is vital to improve the EE of
the devices since they have direct impact on the networks. In addition, D2D
communications are also considered as supplements to cellular communications.
Therefore, it is most likely that cellular and D2D communications will coexist.
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However, few works have studied the EE-SE tradeoff of D2D communications
underlaying or overlaying cellular system. These factors have become the main
motivations to further investigate the EE and EE-SE tradeoff for D2D commu-
nications overlaying cellular system.

1.3 Contributions

In this thesis, several energy efficient schemes for D2D communications have been
investigated. The main contributions of this thesis are summarized as follows.

1. Proposed a low complexity, two-stage scheme to maximize the system EE of
D2D communication overlaying cellular system using uplink resources. In
the first stage, resource efficiency (RE) problem for a cellular user equipment
(CUE) is formulated and solved using the Bisection method. In the next
stage, Dinkelbach and interior point method (IPM) are exploited to solve
the EE optimization problem for a D2D pair.

2. Extended the proposed framework for multiple CUEs and D2D pairs in
downlink resource sharing scenario. RE optimization problem is formulated
as a mixed integer nonlinear problem (MINLP). We proposed a resource
allocation algorithm, Full RE scheme which is based on Dinkelbach and
Lagrange Dual Decomposition (LDD) methods to solve this problem.

3. Proposed a lower complexity (LC) RE scheme compared to the Full RE
scheme to solve the RE optimization problem. This scheme consists of two
steps; resource block (RB) allocation and power allocation. In the first
step, equal power allocation is utilized while an optimal solution based on
Dinkelbach and LDD approaches are employed to obtain the optimal power
allocation in the second step.

4. Proposed an efficient algorithm based on Dinkelbach method and concave-
convex procedure (CCCP) to maximize the EE of D2D communications in
non-orthogonal resource sharing mode, where each remaining RB is allowed
to be reused by multiple D2D pairs. Simulation results show that the scheme
provides better EE as compared to the orthogonal resource sharing mode.

5. Provided two-stage RE-EE solutions to maximize the system EE for down-
link resource sharing. Simulation results showed that the system EE achieve
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by a two-stage LC RE-EE scheme is slightly higher than an upper bounds
of EE-EE scheme which is solved using an optimal numerical solution. In
addition, the LC RE-EE scheme performs close to the Full RE-EE scheme,
while having lower complexity. Furthermore, the proposed schemes can
enhance the EE of D2D pairs.

6. Studied the RE optimization problem for downlink non-orthogonal multiple
access (NOMA) system, where a two-step scheme is proposed. The first step
in this approach is to perform RB allocation to maximize the RE of the BS.
A proper power allocation based on DC programming technique is devised
in the second step to maximize the EE of the NOMA system. Simulation
results show that the proposed RE for NOMA scheme with D2D operating
in non-orthogonal mode achieves higher EE compared to the orthogonal
multiple access (OMA) based schemes.

1.4 Thesis Organization

The rest of this thesis is organized as follows:
Chapter 2 provides the background on wireless communications. It includes

the current LTE-Advanced technologies and future 5G wireless networks. The
need for energy efficient communications as well as EE and SE metrics are ex-
plained in this chapter. Overview of D2D communication, its standardization,
and communication scenarios are also briefly presented. Existing literatures that
contribute to the radio resource management aspect of D2D are briefly reviewed.

Chapter 3 focuses on EE optimization for uplink D2D communication where
a D2D pair shares the uplink resources of a CUE. In this chapter, we propose
a new framework to investigate the system EE in two stages. In the first stage,
RE optimization problem is formulated for the CUE and the EE maximization
problem for the D2D pair is set up in the second stage.

In Chapter 4, the proposed two-stage EE optimization framework is extended
for the case of multiple CUEs and D2D pairs in downlink OFDMA system. A
full RE and lower complexity RE schemes are proposed. We also propose to
maximize the EE for D2D pairs using non-orthogonal sharing mode, where each
unallocated RB is reused by all D2D pairs.

In chapter 5, non-orthogonal multiple access (NOMA) system is studied. The
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RE optimization for power domain NOMA system with the coexistence of D2D
communications is evaluated in this chapter.

Chapter 6 concludes the thesis and discusses the potential future plan of this
research.
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Chapter 2

Background Theory

2.1 Introduction

This chapter starts with a brief overview of the evolution of cellular network from
the first generation to the current generation. A brief overview of LTE-Advanced,
LTE-Advanced Pro and future 5G wireless network requirements and promising
technologies are presented. The importance of energy efficient communication,
EE and SE metrics are reviewed in Section 2.3. The background of D2D com-
munications is presented in Section 2.4 which includes the advantages of D2D,
standardization, and classification. To get the insight of basic D2D communic-
ations, a simple D2D simulation is provided and the overview of radio resource
management aspects of D2D is briefly discussed. Finally, the system EE of D2D
communications that is used in this work is defined in Section 2.5.

2.2 Wireless Communication Systems

The first generation (1G) of wireless cellular network started in early 80s with
a variety of mobile radio standards such as Advanced Mobile Phone System
(AMPS) in the United States and Nordic Mobile Telephone (NMT) in Europe.
The primary focus of this technology is to provide voice communications over
wireless channel [21]. In this analogue system, Frequency Division Multiple Ac-
cess (FDMA) scheme was used. However, 1G system suffered from inefficient use
of frequency spectrum.

25
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In 1990s, the second generation (2G) network, based on digital transmission
technique was introduced to provide additional enhancements from previous gen-
eration such as higher capacity, supporting more users and security improvements.
The most popular technologies for 2G are GSM and IS-95. GSM uses the combin-
ation of FDMA and Time Division Multiple Access (TDMA) to allocate specific
communication slots for users. Short Messaging Services (SMS) was also first
introduced in GSM network. Compared to GSM, IS-95 uses Code Division Mul-
tiple Access (CDMA) to provide access to the users. CDMA increases network
capacity by allowing users to occupy all channels at the same time but each user
is assigned a unique code. Later, GSM network was improved further with the
introduction of General Packet Radio Service (GPRS) and Enhanced Data rates
for GSM Evolution (EDGE) to enhance its mobile data network capabilities.

IMT-2000 [22] is the third generation (3G) mobile system which was started
around the year 2000 with the introduction of CDMA2000 and WCDMA tech-
nologies. 3G wireless systems provide higher transmission rates which are at a
minimum speed of 2 Mbps for stationary users and 384 kbps in a moving vehicle.
To further extend and improve the performance of existing 3G networks, a family
of High Speed Packet Access (HSPA) was introduced, beginning with High Speed
Downlink Packet Access (HSDPA), High Speed Uplink Packet Access (HSUPA)
and HSPA-Plus. The specifications for HSUPA are included in 3GPP Release 6
while HSPA-Plus was first defined in the technical standard 3GPP Release 7.

In 2008, ITU-R issued International Mobile Telecommunications Advanced
(IMT-Advanced) as the fourth generation (4G) wireless network [23]. To meet
the increasing demand for high-data-rate mobile network, the Third Generation
Partnership Project (3GPP) has started working on Long Term Evolution (LTE)
systems during the Release 8 of the standards [24]. In LTE, new physical layer
specifications consisting of an Orthogonal Frequency Division Multiple Access
(OFDMA) based downlink and Single Carrier Frequency Division Multiple Ac-
cess (SC-FDMA) based uplink are defined [25]. The LTE specifications provide
downlink peak rates of 300Mbps and uplink peak rates of 75 Mbps. The LTE also
supports scalable carrier bandwidths, from 1.4 MHz to 20 MHz and supports both
Frequency Division Duplexing (FDD) and Time-Division duplexing (TDD) [2].
However, LTE system still does not fully comply with ITU 4G requirements and
is considered as 3.9G technology [26].

Currently, the first accepted 4G system [27], LTE Advanced (LTE-A) has
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been widely deployed. IMT-Advanced is known as the formal definition of the
4G wireless network [26]. LTE-A complies with the IMT-Advanced requirements
for 4G standards by providing peak data rate of 1Gbps in the downlink. Several
key features of IMT-Advanced established in [3, 23] are:

1. Peak data rates of 100 Mbps for high mobility and 1 Gbps for low mobility
(1 Gbps for downlink and 500 Mbps for uplink).

2. Downlink peak spectrum efficiency of 30 bps/Hz and uplink peak spectrum
efficiency of 15 bps/Hz.

3. Latency round trip time is less than 5 ms.

4. Support mobility for various mobile speeds up to 350 km/h.

5. Capability of interworking with other radio access systems.

Although the LTE-A technical specification was introduced in 3GPP Release 10,
it actually evolved from the initial Release 8 of LTE and with additional changes
introduced in LTE through Release 9. The current release for LTE-A is Release
12 [28,29].

In 2015, LTE-A Pro (LTE-A Pro) was approved by the 3GPP to denote the
next stage in the development towards 5G, following LTE-A. LTE-A Pro will be
used for specifications defined under 3GPP’s Release 13 and Release 14. Some
main features for LTE-A Pro include Machine-Type Communications (MTC)
enhancements, License Assisted Access (LAA), Narrowband IoT, Full-Dimension
(FD) MIMO and dual connectivity [30].

The 5G cellular wireless networks are conceived to overcome the challenges of
present cellular networks. 5G wireless networks could provide higher data rates,
lower end-to-end latency and reduce energy consumption and cost [31]. The
following are essential requirements that have been identified for 5G [12,31–35].

1. Data rate: Data rate remains the most important metric for wireless com-
munications. The next generation wireless network need to support diverse
types of applications that have different data rate requirements. Applica-
tion such as high definition video streaming requires very high data rate
while public safety application requires lower data rate. It is widely agreed
that, the 5G system should achieve peak data rate in the range of tens
of Gbps or more than 10 times of current 4G system and also 1000 times
higher in terms of system capacity.
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2. Latency: Real time application such as online two-way gaming has stringent
delay requirement. The 5G system should be able to provide up to 1 ms
end-to-end latency for applications that require extremely low latency.

3. Cost and energy consumption: The next generation network should provide
a significant cost benefit in terms of operating expenditure (OPEX) and cap-
ital expenditure (CAPEX) for delivering services to the subscriber. There
is also a growing concern about energy consumption per bit, which is the
EE of the network.

To satisfy the important requirements for 5G wireless networks, several prom-
ising technologies have been proposed such as network densification, Massive
MIMO, mmWave communications, full-duplex communications, D2D communic-
ations [12, 31–34, 36] and non-orthogonal multiple access (NOMA) [37]. The 5G
cellular system will be heterogeneous networks consisting of macro cells, small
cells, relays and remote radio heads (RRHs). In future, the deployment of het-
erogeneous cells will be significantly denser compared to current systems. High
capacity and high spectral efficiency can be achieved in ultra-dense network via
densely deployed wireless network equipments. Typical scenarios of ultra-dense
network include office, dense residential areas, university campus, open-air gath-
ering, stadium, and apartment.

MIMO systems consist of multiple antennas at the transmitter and receiver.
By increasing the number of antennas, a significant performance improvement
can be obtained. In Massive MIMO systems, the number of antennas at the base
station can range to hundreds or even thousands. Massive MIMO system can offer
significant enhancement in SE and EE [32]. One way to increase the through-
put will be through bandwidth expansion, in which the use of new frequency
spectrum is required. Huge amounts of new spectrum are likely to be found in
higher frequency bands in the mmWave range of 30 − 300 GHz [31]. There are
on-going efforts to study the use of millimeter wave frequencies for next gener-
ation wireless networks. Generally, it is not possible to use the same channel
for simultaneous transmission of uplink and downlink signal due to the strong
self-interference. However, with the advance in RF technologies, it is possible
to build in-band full duplex radios. Full duplex technology allows simultaneous
transmission and reception on the same frequency and time resources [12] [36],
with the potential to provide higher data rate and reduce latency. In addition,
the use of direct D2D communications in future cellular system can enhance the
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performance in terms of SE, throughput, network offloading, fairness, coverage
extension, latency and power saving [12]. Lastly, NOMA allows multiple users
to be multiplexed into transmission power domain by exploiting the channel gain
differences. As a promising multiple access scheme for future radio access, NOMA
offers several advantages over orthogonal multiple access (OMA) such as improve
spectral efficiency, support massive connectivity, and provide low transmission
latency [38].

2.3 Energy Efficient Communications

The exponential growth of wireless data traffic has urged network operators to
expand their network infrastructure in order to provide more coverage and higher
network capacity to end users. However, operators have to invest more not only
for the deployment cost but also for the operating cost, which includes the energy
bill to run the network. In addition, the rapid increase of energy consumption in
wireless networks contributs to the increase of greenhouse gas emission.

Realizing the effect of greenhouse to the environment, many parties have
taken immediate actions to reduce greenhouse gas emission and energy consump-
tion particularly in wireless communications. Government bodies, regulatory
bodies, equipment manufacturers, network operators as well as research groups
are working together to reduce carbon footprint contributed by wireless network
operation. To maintain sustainable development and protect the environment,
3GPP, for example, initiated a study on Energy Saving Management (EMS) in
LTE networks [39]. EMS is responsible for optimizing the resource utilization
of the whole or parts of the network to actual needs for power saving purposes.
Network energy consumption reduction will enable network operators to save
their operating cost. Research consortium such as GreenTouch [11] was launched
with the goal to improve the EE in communication networks by a factor of 1000
compared to the year 2010. The Green Meter Research [40] study demonstrated
that in 2020, it is possible to reduce the end-to-end net energy consumption in
the networks by up to 98% compared to 2010, in which significant improvements
come from the components of mobile access networks. Huawei’s Green Pipe [41]
is an example on how operator can contribute to environment protection, cost
reduction and energy savings.
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International research projects dedicated to energy efficient wireless commu-
nications are being carried out and their solutions and visions can be found
in [15, 16]. Several strategies to achieve energy efficient wireless networks such
as in the area of radio resource management, network deployment aspects and
transmission schemes are introduced in [15]. These areas could significantly re-
duce the energy consumption of the entire network. In [16], the authors presented
a framework for green radio research which consists of four fundamental tradeoff:
deployment efficiency versus EE, SE versus EE, bandwidth versus power, and
delay versus power. The concept of energy-efficient communications is intro-
duced [14]. Some existing fundamental works, advanced techniques and potential
future research for energy efficient wireless communications are also presented.
In [8], a survey of methods to improve the power efficiency of cellular networks
is presented. The author discussed some research issues and challenges, as well
as suggested some emerging technologies to enable an energy efficient cellular
network.

Recently, Next Generation Mobile Networks (NGMN) published the 5G white
paper [12] to express the operators’ views on future wireless network. Based on
Technology Gap Analysis Table in the white paper, the 5G system aims to reduce
energy consumption of the whole network by a factor of 2. Since 5G system has to
support the traffic increase in the order of 1000x, a 2000x EE increase is expected.
In this aspect, EE is defined as the number of bits that can be transmitted per
Joule of energy, where the energy is computed over the whole network, including
legacy cellular technologies, radio access, core networks, and data centers [12].

2.3.1 Energy Efficiency, Spectral Efficiency and Resource

Efficiency Metrics

In the literature, there are several definitions for EE metric [42] based on different
perspectives such as ratio between efficient output energy to total input energy,
performance per unit energy consumption, energy consumption ratio, and area
EE [8, 43]. However, the most popular metric is bits per joule, which is defined
as the ratio of system throughput over the energy consumption [15, 44–46]. EE
with the unit of bits per joule which is equivalent to bits per second per watt can
be expressed as
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EE =
R

P
(2.1)

where R is the achievable rate and P is the total power, consists of transmit power
and circuit power consumptions. For long range applications, such as when the
distance between a BS and a user is large, transmit power dominates the total
power consumption while circuit power dominates the total energy consumption
for short range applications [15, 44]. R is the achievable rate and is determined
by Shannon’s capacity formula [47–49] as follows

R = Wtotlog2 (1 + SINR) (2.2)

where Wtot is the system bandwidth and SINR stands for signal to interference
plus noise ratio at the receiver terminal.

SE is another performance criterion for wireless network and is defined as the
system throughput per unit bandwidth. Both EE and SE are two important sys-
tem performance indicators. The tradeoff between SE and EE has been analyzed
in [16]. For a communication system based on the Additive White Gaussian Noise
(AWGN) channel and following Shannon’s capacity formula, SE and EE can be
expressed as [16]

ηSE =
R

Wtot

= log2

(
1 +

Pr
WtotN0

)
(2.3)

and
ηEE =

R

P
=
Wtot

P
log2

(
1 +

Pr
WtotN0

)
(2.4)

respectively. Pr is the received power and N0 stands for the power spectral density
of AWGN. Therefore, the EE-SE relation can be expressed as

ηEE =
ηSE

(2ηSE − 1)N0

. (2.5)

On the one hand, from the above equation, ηEE converges to a constant when
ηSE approaches zero. On the other hand, ηEE approaches zero when ηSE moves to
infinity. However, this SE-EE relationship does not hold under practical systems
because other factors such as circuit power, transmission distance, and resource
management algorithms have significant impact on the tradeoff [16].

In conventional EE optimization, the bandwidth will be fully utilized in or-
der to maximize EE. Had SE be used for optimization, the solution will use less
bandwidth, allowing UEs to communicate but at the expense of higher energy
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consumption. Recently, a new metric called resource efficiency (RE) has been
proposed which is capable of optimizing both EE and SE simultaneously by bal-
ancing the power consumption and occupied bandwidth [20]. RE can be expressed
as

ηRE = ηEE + β̄ηSE (2.6)

where β = β (Wtot/Ptot). Ptot is the overall power budget. In (2.6) , RE is a
combination of EE and SE, (Wtot/Ptot) acts as unit normalizer for SE and EE
and β is the weighted factor to control the balance of EE and SE. When β = 0,
RE optimize EE while SE is optimized when β =∞. Therefore, the RE metric is
capable of exploiting the tradeoff between EE and SE and adapt its optimization
based on the available resources.

2.4 Wireless Channel Models

Wireless communication operates through the air interface. In wireless commu-
nication, radio propagation refers to the behavior of radio waves when they are
propagated from transmitter to receiver. Propagation environment in wireless
communication is very dynamic and unpredictable compared to that in wired
communication because of the characteristics of wireless channel. The signal
transmitted over wireless channels are affected by three basic propagation mech-
anisms: reflection, diffraction, and scattering [50–52]. Reflection occurs when
electromagnetic waves hit obstructions with very large dimensions compared to
the wavelength, such as the Earth’s surface and building. It causes the transmit-
ted signal to be reflected to different direction, rather than towards the receiver.
Diffraction happens when the radio signals can still propagate by bending around
obstacles such as edges of buildings and walls. The secondary waves generated
by diffraction propagate into shadowed region and can reach the receiver, which
is not in the line of sight of the transmitter. Lastly, scattering forces the radio
wave to spread out when impinge upon objects which are small compared to the
propagation wavelength. Foliage, street sign and lamp posts are some examples of
obstacles that can induce scattering. Furthermore, there is a special phenomenon
in a wireless channel which is called fading. Fading refers to the variation of the
signal amplitude over time and frequency, which can be classified into large scale
fading and small scale fading [48, 50]. In the next section, a brief description of
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the wireless channel models for these two types of fading are described.

2.4.1 Large-Scale Fading

Large-scale fading occurs over large distances between the transmitter and the
receiver. Large scale fading is characterized by path loss and shadowing.

Path loss describes the power attenuation of the signal as a function of the
propagation distance. The further the signal travels, the more attenuation it
experiences. The simplest model for signal propagation is the free-space path loss
model which is used to predict received signal strength in the line-of-sight (LOS)
environment where there is no obstacle between the receiver and the transmitter
[51]. The received signal power at a distance d from the transmitter is expressed
by the Friis equation [47,50], given as

Pr (d) =
PtGtGrλ

2

(4πd)2 (2.7)

where Pt represents the transmit power, Gt and Gr are the transmitter and re-
ceiver gains, respectively, and λ is the wavelength. By assuming Gt = Gr = 1,
the free-space path loss, PL is derived as

PL (d) [dB] = 10 log10

(
Pt
Pr

)
= 20 log10

(
4πd

λ

)
. (2.8)

A simplified and more generalized form of the path loss model can be obtained
by modifying the free-space path loss with the path loss exponent n that varies
with the environments [47,50], which is given as

PL (d) [dB] = PL (d0) + 10n log10

(
d

d0

)
(2.9)

where d0 is a reference distance which is typically assumed to be 1−10 m indoors
and 10− 100 m outdoors [47]. The path loss exponent can vary from 2 to around
6 depending on the propagation environment. For example, n = 2 corresponds
to the free space [51].

Equation (2.9) implies that the average signal strength at a specific transmit-
ter and receiver separation is always the same irrespective of the differences in
the environment. However, a signal will typically experience random variation
due to blockage from objects in the signal path, changes in reflecting surfaces
and existence of scattering objects [47]. Therefore, additional model is required
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to include the effect of the random variation about the path loss. This random
attenuation is called shadowing effect, which is commonly modeled using log-
normal distribution. The effect of shadowing to the path loss can be expressed
as

PL (d) [dB] = PL (d0) + 10n log10

(
d

d0

)
+Xσ (2.10)

where Xσ denotes a Gaussian random variable with a zero mean and a standard
deviation of σ.

2.4.2 Small-Scale Fading

Small-scale fading refers to rapid fluctuations of signal levels due to the construct-
ive and destructive interference of multiple signal paths over short period of time
or short distance [50, 51]. Many factors can influence small-scale fading such as
multipath propagation, speed of the mobile, speed of surrounding objects, and
the transmission bandwidth of the signal [51].

Multipath fading occurs when signal arrives at the receiver through different
paths, as a result of the propagation mechanisms. This creates several copies of
the transmitted signal as each path can arrive with different gains, phases and
delays. The baseband impulse response of a multipath channel with S number of
equally spaced multipath components can be modeled as [51]

h (t, τ) =
S−1∑
i=0

ai (t, τ) exp [j (2πfcτi (t) + φi (t, τ))] δ (τ − τi (t)) (2.11)

where ai (t, τ), τi (t) and (2πfcτi (t) + φi (t, τ)) are the real amplitudes, excess
delays and phase shifts respectively. There are two time-related variables in
(2.11), as t is time variation due to motion and τ is time variation due to multipath
delay.

The received signal frequency is shifted due to relative motion of transmitter
and receiver causing what is called the Doppler shift. This shift can influence
small-scale fading and it depends on the velocity and direction of motion of a
mobile terminal. The Doppler shift fd can be expressed as

fd =
v

λ
cosψ (2.12)

where v is the speed of movement, λ is the wavelength and ψ is the angle between
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Table 2.1 – Power delay profile

Tap Relative delay (ns) Average power (dB)
1 0 0
2 200 -0.9
3 800 -4.9
4 1200 -8.0
5 2300 -7.8
6 3700 -23.9

the direction of motion and the wave’s arrival path.
The small scale fading can be classified into flat fading and frequency selective

fading, based on the delay spread caused by multiple paths of the signal arrived
at the receiver at different times. It can also be classified into fast and slow
fading depending on the Doppler spread which results from the relative motion
between the transmitter and receiver [50, 51]. In flat fading, the transmitted
signal bandwidth is much smaller than the coherence bandwidth of the channel.
The coherence bandwidth is the range of frequencies over which the channel
has a constant gain and linear phase response. On the other hand, frequency
selective fading occurs when the transmitted signal bandwidth is larger than the
coherence bandwidth. In this case, the received signal is distorted because of
multiple waveforms and channel induces intersymbol interference (ISI) to the
signal.

In a fast fading channel, the coherence time is smaller than the symbol period
and as a result, the channel impulse response quickly varies within the symbol
period. The coherence time is the time duration that the channel impulse response
remains fairly constant. In contrast, the transmitted signal undergoes slow fading
if the channel impulse response changes much slower than the signal. In other
words, coherence time is greater than the symbol period. Therefore, it can be
assumed that the channel is static, which does not change over the duration of
one or more symbols.

In this thesis, the ITU Pedestrian-B wireless channel model is used where the
average power and the relative delays of the multipath are listed in Table 2.1 [53].
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Figure 2.1 – D2D communication with uplink channel reuse.

2.5 Device-to-Device Communications

2.5.1 Overview of D2D Communications

Device-to-Device (D2D) communications are one of the potential technologies for
future 5G wireless networks [54–56]. D2D communication, as shown in Figure 2.1
and Figure 2.2 allows D2D user equipments (DUEs) which are located in close
proximity to communicate directly with each other without going through a BS,
but reuse radio resources within the cellular network. The figures show that one
cellular user equipment (CUE) is communicating with the BS using uplink or
downlink resources, while one D2D pair (DUE1 and DUE2) can communicate
directly in overlay or underlay mode. DUE1 is the D2D transmitter (DTx) while
DUE2 is the D2D receiver (DRx). The cellular infrastructure however may assist
with some tasks such as peer discovery and synchronization [57]. By sharing the
radio resources and avoiding data routing through the BS, D2D communication
can improve the SE and offload some traffics from the cellular network [58].

D2D communication has received a lot of attentions from research community,
telecommunication companies as well as standardization bodies. Since it is con-
sidered as one of the potential candidates for next generation networks, extensive
research is going on to ensure this technology can fulfill the requirements set
by industries and standardization bodies. Furthermore, apart from giving ad-
vantages to service provider by lowering the total OPEX, D2D should be able
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Figure 2.2 – D2D communication with downlink channel reuse.

to provide end users the best performance in terms of Quality of Service (QoS).
The D2D communication will be able to provide a number of services to end
users, such as public safety communication in case of infrastructure damage as
well as proximity awareness. The D2D communication can achieve four types of
gains [59] as follows:

• Proximity gain: the close range communication using a D2D link enables
high bit rates, low delays, and low power-consumption.

• Hop gain: D2D transmission uses only a single link (one hop) rather than
using uplink and downlink (two hops) resource when communicating via
base station.

• Reuse gain: D2D and cellular link can simultaneously share the same radio
resources.

• Pairing gain: more flexible communication as user equipment (UE) can
communicate with the BS in cellular mode or communicate directly in D2D
mode.

Other than providing new services, improving the SE, traffic offloading and afore-
mentioned important gains, D2D communication also has the potential to improve
the energy consumption of the network [58].

D2D communication underlaying cellular network will allow the network to



CHAPTER 2. BACKGROUND THEORY 38

benefit from the potential advantages. However, D2D communication will in-
troduce two main challenges namely the interference to the CUE and the need
to guarantee the minimum QoS requirements [60]. When a D2D pair uses the
same radio resources for communication as the CUE, intra-cell interference may
degrade the network performance and may not satisfy the QoS requirements of
both cellular and D2D users. Mode selection, power control, resource allocation,
mobility management and security are some other challenges and research issues
in D2D communication underlaying LTE-A networks.

2.5.2 Standardizations and Communication Scenarios

D2D communication has been included by the 3GPP in LTE Release 12 [29]. A
study item for Proximity Services (ProSe) has been specified in [61]. The objective
of this study item is to examine the feasibility of D2D communications for use
cases such as social and public safety applications. ProSe consists of two main
components which are D2D discovery and D2D communication of devices in close
physical proximity. D2D discovery allows a ProSe-enabled mobile device to use
the LTE radio interface to discover the presence of other ProSe-enable devices in
its vicinity and to be discoverable, as a part of social networking application. D2D
communication enables mobile devices to communicate with each other in direct
mode, without routing the traffic through the operator network but with some
controls from operator such as in terms of radio resource allocation and security
of the connections. The architectural enhancements to support ProSe are studied
in [62]. In this document, a number of different possible communication scenarios
are provided as shown in Table 2.2 and illustrated in Figure 2.3.

Furthermore, another study related to radio aspect of D2D communication has
been performed in [63]. Since D2D communication has different characteristics
compared to traditional cellular communication, the main goal of this study is to
define an evaluation methodology and channel models for different D2D scenarios.
The study also aimed to identify physical layer options and enhancements to
incorporate proximity discovery and direct communication. Comparison with
existing device to device discovery mechanisms such as WiFi Direct and Bluetooth
and also possible impacts on existing operator services are also within the scope
of the study.

The enhancements for D2D communication to support more advanced ProSe
for public safety and consumer use case are described in LTE Release 13 [64].
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Figure 2.3 – Direct communication scenarios [62].
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Table 2.2 – D2D communication scenarios [62].

Scenario In/Out coverage Serving PLMN/cellUE1 UE2
A Out Out No serving PLMN/cell
B In Out No serving PLMN/cell for UE-2
C In In Same PLMN, same cell
D In In Same PLMN, different cell

E In In Different PLMN, different cell
(both UEs are in both cells’ coverage)

F In In
Different PLMN, different cell

(UE-1 in both cell’s coverage and
UE-2 is in serving cell’s coverage)

G In In Different PLMN, different cell
(both UEs are in their own serving cell’s coverage)

This includes the support for D2D in the presence of multiple carriers, public land
mobile network (PLMN) and coverage extension by allowing a UE to operate as
a relay for another UE [65]. It should be noted that scenario C is considered in
this thesis.

2.5.3 Classification of D2D Communication

D2D can be classified as inband or outband depending on whether the commu-
nications occurs in licensed cellular spectrum or unlicensed spectrum [66–69].
Inband communication can be further divided into underlay and overlay while
the outband communication can be categorized into controlled and autonomous.

Majority of works focus on underlaying inband D2D because it can enhance
the spectral efficiency, since cellular and D2D user share the same radio resources.
However, interference becomes the most important issue in this type of commu-
nication. To avoid the interference issue, overlay inband is proposed in which
some portions of cellular resources are allocated specifically for D2D communic-
ations. As a result, this approach reduces the amount of available resources for
cellular communications.

Controlled outband D2D communication can be managed by the cellular net-
work while autonomous outband D2D can operate on its own. The advantage
of outband D2D is that there is no interference issue between D2D and cellular
communications. Outband D2D communication can provide simultaneous D2D
and cellular transmission. However, interference in unlicensed spectrum is not in
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the control of BS and additional radio interface might be required.

2.5.4 Interference Scenarios

Two basic interference scenarios could occur when D2D communications share
the spectrum with other CUEs. For public safety applications, DUEs have access
to dedicated spectrum. However, for commercial or social applications, DUEs
have to share the spectrum with existing cellular devices. There are two types of
resource sharing direction for D2D communication, namely uplink and downlink.

When downlink resources are being reused by DUEs, CUEs will receive inter-
ference from D2D transmitters, and the BS may cause strong interference to the
D2D receivers. For applications that require high data rates, downlink direction
can become more congested compared to the uplink [70].

On the other hand, when uplink resources are reused by the DUEs in the
cell, the BS becomes a victim and receives interference from the D2D transmit-
ters. Similarly, the D2D receivers will receive interference signal from the nearby
CUEs. Uplink resources are more favorable because they are usually less utilized
compared to downlink resources. By reusing uplink resources, interference can
be minimized as the interference can be better handled by the BS [58].

2.5.5 Overview of Radio Resource Management for D2D

Communications

Radio resource management (RRM) in D2D communications consists of mode
selection, power control, resource allocation and interference management [57]
[71] [72]. Mode selection is the process to select the best mode for DUEs. There
are three communication modes for the D2D pair that can be considered [73–75]:

1. Non-Orthogonal Sharing / Reuse Mode (RM): Both D2D and cellular users
reuse the same downlink or uplink resources, causing interference to each
other.

2. Orthogonal Sharing / Dedicated Mode (DM): D2D communication alloc-
ated some portion of the resources and the remaining resources are left to
the cellular user. There is no interference between cellular and D2D user.

3. Cellular Mode (CM): The DUEs communicate with each other through the
BS, similar like a traditional cellular system.
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To bring more freedoms for potential DUEs, the optimal D2D mode switching
problem is investigated in [76]. The optimal SE problems for the three D2D
transmission modes are formulated. The aim is to maximize the system SE while
considering the QoS requirements and power constraints for both D2D pairs and
cellular users. The Bisection algorithm is used to solve optimization problem in
the DM and CM while concave-convex procedure (CCCP) is adopted to solve the
more complicated optimization problem in reuse mode.

Power control is one of the key RRM techniques to reduce intra-cell and inter-
cell interference [72]. It is the most straightforward approach used for reducing
interference from D2D to cellular network [68]. As new intra-cell and inter-cell
interference scenarios are created by D2D communications, the existing power
control may not be suitable if this proximity communication is introduced in an
LTE network. Power control in D2D falls into two categories namely centralized
and distributed [77, 78]. The performance of several power control schemes for
D2D communication are studied in [72].

Resource allocation schemes for D2D communication generally can be cat-
egorized into centralized scheme [79] [80] and distributed scheme [59] [81]. In
centralized scheme, BS fully controls the resource allocation for both traditional
cellular and D2D links. Therefore, the BS needs to know the channel state in-
formation (CSI) of all involved links and has to deal with control overhead and
computational requirement. On the other hand, in the distributed scheme, the
resource allocation for the D2D communication is performed by UEs of each D2D
link. Although the computational overhead in distributed scheme is reduced, its
performance is usually worse than the centralized scheme [82]. As a result, semi-
distributed resource allocation schemes have been proposed in [82,83]. Two types
of resource allocation schemes which are cell level and user level for D2D under-
laying LTE-A are proposed in [84]. The purpose of the first scheme is to reduce
interference between DUEs and CUEs. On the other hand, the second scheme
schedules the resources between DUEs and CUEs in an energy efficient manner.

Since D2D communications underlaying cellular networks introduce new inter-
ference scenario, managing this interference is important to realize its advantages.
When DUEs share downlink cellular resources, the interference sources consist of
interference from the BS in the same cell, interference from other co-channel D2D
in the same cell, and interference from BSs and co-channel DUEs from other cells.
In contrast, when the DUEs share the uplink cellular resources, the interference
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sources consist of interference from all co-channel CUEs in the same cell and other
cells, and interference from all co-channel DUEs reside in the same cell and other
cells. The radio resource managements mentioned above can also be considered
as research aspects to effectively manage the interference in D2D communications
underlaying cellular networks [85]. Some other techniques to mitigate interfer-
ence are by using Fractional Frequency Reuse (FFR) [86], interference alignment
(IA) [87] and interference coordination mechanism [88].

2.5.6 D2D Simulation Scenario

For a scenario where D2D communication is underlaying cellular system, the
intra-cell interference due to uplink or downlink resource sharing need to be
taken into account [55]. As mentioned in [89], uplink resource reuse has bet-
ter performance on D2D rate compared to the downlink resource reuse provided
that the interference from the DTx to the BS is reduced. Therefore, the effect of
the co-channel interference is investigated in this section.

As illustrated in Figure 2.1, the D2D pair operates in underlay communication
in which the three UEs share the uplink radio resources at the same time. The
resource sharing causes co-channel interference in the cell.

The CUE is free to be anywhere inside the cell coverage area according to a
uniform distribution. The distance between DTx to the BS is fixed, while DRx
is uniformly distributed inside a region of radius d from the DTx. In that figure,
CUE communication is through the BS while DUE1 and DUE2 are communicat-
ing directly in D2D mode. The distance between DTx and DRx is fixed to 25 m.
The CUE and DTx are distributed within a range, R of 500 m from the BS.

The transmit power for BS and all UEs are set to be 46 dBm and 24 dBm
respectively. All channel gains between two nodes are modelled as Rayleigh
fading channels, thus the channel responses follow the independent identical
complex Gaussian distribution. The free-space propagation path loss model
p = p0

(
d
d0

)−n
is used, where p and p0 represent signal power measured at d and

d0 away from the transmitter. The path loss exponent is set to 4. Accordingly,
the received power of each link can be expressed as

pr,ij = pih
2
ij = pid

−n
ij h

2
0 (2.13)

where pr,ij and dij are the received power and the distance of the i − j link re-
spectively. pi represents the transmit power of device i and h0 is the complex
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Figure 2.4 – Downlink SINR distribution.

Gaussian channel coefficient that follows the distribution CN (0, 1). For simpli-
city, the received power at d0 = 1 equals the transmit power. The SINR of user
j is given as

γj =
pih

2
0d
−n
ij

pint,j +N0

(2.14)

where pint,j denotes the interference signal power received by user j and N0 ac-
counts for the noise power at the receiver. The thermal noise density N0 is −174

dBm/Hz. The simulation results are averaged over 10000 channel realizations.
The locations of users are updated for each iteration.

Figure 2.4 and 2.5 show the SINR distribution of D2D communication in the
downlink and uplink, respectively. When DUEs share cellular downlink resources,
D2D SINR is better if the pair is located farther away from BS [89]. D2D SINR
is lower than CUE SINR due to significant interference from the BS. The inter-
ference from BS to the DRx is higher compared to the interference from DTx to
the CUE because BS transmit power is larger than a DUE. As a result, SINR for
CUE is better than D2D.

When D2D shares uplink resources, it is clear that the D2D SINR is better
than the BS SINR [89]. The short distance between the D2D pair is likely to make
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Figure 2.5 – Uplink SINR distribution.

D2D receive power larger than BS receive power. However, BS SINR increases
when D2D pair is farther away from BS because the transmission power of DTx
could also contribute to the interference.

2.5.7 Energy Efficiency for D2D Communication

Other than radio resource management aspects, EE is another important topic
for D2D communication underlaying cellular network [90]. In this section, the EE
formulation is introduced and the overall EE of a cellular system coexists with
D2D communication is defined.

The scenario of D2D communication as in Figure 2.1 is referred. During the
uplink period of the cellular network, the CUE transmits data to the BS, while
the DTx transmits data to the DRx. The DRx suffers interference due to the
transmission from the CUE. At the same time, the BS receives interference from
the DTx. The received SINR at the BS is calculated as

γcUL =
PcHcB

PdHdB +WN0

. (2.15)

The received SINR at the DRx for uplink resource sharing is
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γdUL =
PdHdd

PcHcd +WN0

(2.16)

where Pc and Pd are the transmit power of CUE and DTx respectively. HcB

represents the channel gain between the CUE and the BS whereas HdB is the
channel gain between DTx and the BS. Hdd denotes the channel gain between the
D2D pair while Hcd is the channel gain between CUE and DRx. N0 accounts for
the thermal noise power at the receiver. Thus, the achievable rates of the CUE
and DUE corresponding to γcUL and γdUL are given by

rcUL = Wlog2 (1 + γcUL) (2.17)

rdUL = Wlog2 (1 + γdUL) (2.18)

respectively. The total system rate can be expressed as

RsumUL = rcUL + rdUL. (2.19)

Therefore, the system EE for uplink scenario is defined as

ηEE−UL =
RsumUL

(εPc + PcirUE) + (εPd + PcirUE)
(2.20)

where ε is the reciprocal of drain efficiency of power amplifier, PcirUE is the circuit
power consumption of the UE.

However, when D2D communications sharing the downlink resources as shown
in Figure 2.2, the received SINR at the CUE can be expressed as

γcDL =
PBSHBc

PdHdc +WN0

while the received SINR at the DRx for downlink resource sharing can be calcu-
lated as

γdDL =
PdHdd

PBSHBd +WN0

(2.21)

where PBS is the transmit power of the BS. HBc represents the channel gain
between the BS and the CUE whereas Hdc is the channel gain between DTx and
CUE. HBd is the channel gain between BS and DRx. Therefore, the achievable
rates of the BS and DUE corresponding to γcDL and γdDL are given by

rcDL = Wlog2 (1 + γcDL) (2.22)

rdDL = Wlog2 (1 + γdDL) (2.23)
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respectively. Similarly, the total system rate can be expressed as

RsumDL = rcDL + rdDL (2.24)

Finally, the system EE for downlink scenario is defined as

ηEE−DL =
RsumDL

(εPBS + PcirBS) + (εPd + PcirUE)
(2.25)

where PcirBS is the circuit power consumption of the BS.
We note that there are previous works that define total system EE differently

such as in [91–94]. Note that the system EE defined in (2.20) and (2.25) are
for reuse mode. In dedicated mode or when D2D communications operating
underlaying cellular system, the interference from the BS, CUE and DTx can be
removed and only the allocated bandwidth are used to obtain the corresponding
achievable rates.

2.6 Summary

In this chapter, relevant background on wireless communication systems is presen-
ted. A brief history of wireless communication systems, their evolution and re-
quirements towards 4G system are summarized. Next, the future 5G wireless
network’s essential requirements and potential technologies are briefly explained.
The needs of energy efficient communication, EE metric and its relation with SE
metric are also presented. The overview of D2D communication and important
aspects of D2D which include standardization, classification and some scenarios
are discussed. Finally, basic simulation for D2D communication and its EE for-
mulation in single cell scenario are presented.

.



Chapter 3

Energy Efficiency of D2D

Overlaying Uplink Cellular System

3.1 Introduction

This chapter focuses on a new framework for optimizing the EE of D2D com-
munication. It starts with a review of existing works on EE optimization for
D2D communication using uplink cellular resources in Section 3.2. Section 3.3
describes the system model and the problem formulation. To solve the overall
EE of the system, the problem is divided into two sub problems: the resource
efficiency (RE) problem for the CUE and the EE problem for the DUE. The
proposed RE optimization for the CUEs is described and solved in Section 3.4.
Section 3.5 describes the EE optimization for the DUE and two different methods
to solve it. Section 3.6 provides the simulation results of the proposed two-stage
scheme. Note that part of this work is published in P4.

3.2 Related Works

Energy efficient D2D communication for a single CUE and one D2D pair have
been investigated in [91,95–97]. In particular, energy efficient power allocation

schemes for D2D communications are analyzed in [91] for three different uplink
resource sharing modes which are reuse mode (RM), dedicated mode (DM) and

48
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cellular mode (CM). In RM, resources are reused by cellular and D2D users while
in DM, exclusive resources are assigned for cellular and D2D users. Users in
RM could cause interferences to each other but there is no interference in DM
since resources occupied by CUE are orthogonal to those allocated to DUEs.
In addition, resource utilization in RM is higher compared to DM. Lastly, in
CM mode, DUEs communicate with each other via BS same like the traditional
cellular system. The objective of that work is to maximize the network EE
subject to the maximum transmission power constraint and the problems for the
three modes are formulated while taking into account the maximum transmission
power of users. However, the QoS requirement of the cellular and D2D users are
not constrained. Simulation results showed that if DUEs communicate with each
other directly, it could provide more energy efficient communications.

Energy efficient D2D mode switching for the three D2D transmission modes
is studied in [95]. Compared to [91], this work also consider the minimum rate
requirement for all users as one of the constraints. Dinkelbach method and IPM
are used to solve the DM and CM modes. In RM, CCCP is used together with
the Dinkelbach method to obtain the optimal power allocation. It is shown by
simulation that the RM is preferred to achieve the highest EE. Slightly different
from [91,95], the primary aim of [96] is to maximize the EE of DUEs while meeting
the throughput requirements and maximum transmit power constraints of both
the CUE and the DUEs. In that work, three different regions for the D2D’s cir-
cuit power consumption are defined, namely low consumption, high consumption
and medium consumption regions. For each region, the optimal power control is
derived and a distributed algorithm for implementing the optimal power control is
proposed. In [97], the authors investigated the energy efficient D2D communica-
tions where both CUE and DUE have outage probablity constraints. An efficient
power allocation scheme based on Dinkelbach and Lagrange Dual Decomposition
(LDD) methods is proposed to maximize the average EE of D2D communications.

To maximize each UE’s EE subject to its specific QoS and maximum transmis-
sion power constraints, a distributed interference-aware energy-efficient resource
allocation algorithm is proposed in [92]. The authors consider multiple CUEs
and multiple D2D pairs sharing the uplink resources. As compared to [91,95–97],
power amplifier efficiency is also taken into account in the EE optimization prob-
lem. The distributed resource allocation problem is modeled as a non-cooperative
game, where each UE is self-interested and wants to maximize its own EE. The
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non-convex EE maximization problem is transformed into a convex optimization
problem by exploiting the properties of nonlinear fractional programming. The
proposed EE scheme performs better compared to spectral efficient and random
power allocation algorithms.

In [93], energy-efficient resource allocation and power control algorithm to
maximize the total system EE for D2D underlaying cellular networks is pro-
posed. A grouping scheme is designed by taking into account the interference
limitations and EE gain due to resource sharing. Then, for each group, a dis-
tributed iterative power control algorithm can be used to maximize the total EE
of UEs. In [98], an EE optimization based network selection and power allocation
scheme is proposed. The initial problem is formulated as non-convex optimization
problem where three types of constraints are considered, namely minimum data
rate requirement, minimum received power and maximum hardware dependent
radiated power. Again, the nonlinear fractional programming and LDD are also
used to solve the problem. The work in [99] investigated joint mode selection and
power control to maximize the system EE of D2D communication underlaying
cellular network while guaranteeing the QoS of both cellular and D2D users. The
optimal solution to the problem is obtained using the fractional programming
and the branch-and-bound (BnB) method. Low-complexity heuristic algorithms
are also proposed for three different load scenarios.

To maximize the EE of D2D communications, a joint resource allocation and
power control scheme has been studied in [100]. Based on the properties of frac-
tional programming, the original nonconvex optimization problem in fractional
form is transformed into an equivalent optimization problem in subtractive form
and solved using an iterative approach. In each iteration, part of the constraints
are removed by adopting the penalty function approach and a resource allocation
and power allocation scheme is designed to maximize the EE.

The work in [101] studied the resource allocation problem for maximizing the
minimum weighted EE of D2D links while guaranteeing the QoS of cellular links.
To simplify the problem, the optimal power allocation of the cellular links is
derived to transform the original problem into the joint subchannel and power
allocation problem for D2D links. A dual-based algorithm which employs Bi-
section method and two relaxation-based algorithms; BnB and relaxation-based
rounding (RBR) algorithms are proposed. The low-complexity RBR algorithm
that utilizes gradient-based method can achieve excellent performance which is
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close to the optimal BnB algorithm.
In [102], the authors focused on joint channel allocation and power control for

D2D pairs underlaid cellular network. The aim of that work is to maximize the
EE of D2D links while guaranteeing the minimum throughput of CUEs, where
the EE maximization problem is divided into two subproblems to obtain a subop-
timal solution.The energy-efficient power control for DUEs underlaying cellular
networks is studied in [103]. By considering only a single CUE, resource blocks
(RBs) are reused by multiple D2D pairs to maximize the individual EE and attain
the max-min fairness.

The power control problems for D2D communications underlaying cellular
networks, considering the total EE and individual EE of D2D pairs are studied
in [104], where multiple D2D pairs are allowed to reuse the RB allocated to
one CUE. It was shown that both types of EE increase with the increase of
RB but decrease with the increase of D2D pair number. With regards to user-
priority-based mobile health applications, the EE maximization of all D2D users is
studied in [105]. Lastly in [106], a joint power control and priority-based resource
allocation approach is proposed for enhancing the EE of D2D links.

In summary, the majority of works on EE optimization for D2D communica-
tions focused on the uplink resource sharing because uplink spectrum is usually
underutilized [107,108]. Moreover, CUEs have lower transmit power than the BS
and can be far from the DUEs; thus causing less interference. These works also
highlighted the performance gain in term of EE that D2D communication offers
over conventional cellular communication. D2D communications are proven to
be important for 5G networks in which one of the aims is to increase the EE.

3.3 System Model and Problem Formulation

3.3.1 System Model

To implement the new framework, a scenario as shown in Fig. 3.1 is considered,
where one D2D pair is using uplink resources of one CUE. To avoid the co-channel
interference in the cell if underlay mode is used, the D2D pair operates in an
overlay communication [109]. In this case, separate spectrum will be used by the
cellular and D2D users. Since D2D communication is proposed as a supplement
to existing cellular users, priority is given to the cellular user to communicate
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Figure 3.1 – D2D communication as an overlay to a cellular system.

with the BS and use the uplink resources. The remaining bandwidth will be
allocated to the DUEs.

The achievable rates of the CUE, Rc and the D2D pair, Rd can be calculated
as

Rc = Wclog2

(
1 +

PcHcB

WcN0

)
(3.1)

Rd = Wdlog2

(
1 +

PdHdd

WdN0

)
(3.2)

where Pc represents the transmit power of the CUE, Wc denotes the allocated
spectrum resources for CUE. Pd denotes the transmit power of the D2D trans-
mitter (DTx) and the allocated spectrum resources for D2D is given by Wd. N0

is the noise power spectral density, while HcB and Hdd are the channel gains of
the link between CUE and BS and D2D link respectively.

The overall power consumptions for the CUE and D2D links consist of trans-
mit power and circuit power which can be expressed as

Ptc = εPc + PcirUE (3.3)

Ptd = εPd + PcirUE (3.4)

where ε is the inverse of drain efficiency of power amplifier and PcirUE is the
circuit power of CUE and DUE. In the same way, the overall power budget of
user can be modeled as
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Ptot = εPmax + PcirUE (3.5)

where Pmax represents the maximum transmit power of user for uplink transmis-
sion.

3.3.2 Problem Formulation

In this chapter, we aim to maximize the system EE of D2D communication over-
laying cellular system. In order to reduce the complexity of join EE optimization
for CUE and DUEs, we develop a scheme to solve the main EE optimization
problem in two stages. In the first stage, RE optimization problem for the CUE
is considered and then EE optimization for the D2D pair is solved in the second
stage. Both optimization problems require two types of constraints. The first
constraint is to maintain the QoS for all links which are given as

Rc ≥ Rmin
c (3.6)

Rd ≥ Rmin
d (3.7)

where Rmin
c and Rmin

d denote the minimum rates for the CUE and the D2D
pair, respectively. The second constraint ensures that the transmission power of
individual links are limited as follows

Pc ≤ Pmax
c (3.8)

Pd ≤ Pmax
d (3.9)

where Pmax
c and Pmax

d are the maximum transmission power of the CUE and the
D2D pair, respectively.

The first problem aims to maximize the RE for the CUE. RE which is intro-
duced in [20], is defined as

RE =
Rc

Ptc

(
1 + β

τp
τw

)
. (3.10)

The tradeoff parameter, β is used to control the balance of EE and SE. Power
utilization and bandwidth utilization are denoted by τp and τw respectively and
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are given by

τp =
Ptc
Ptot

(3.11)

τw =
W

Wtot

(3.12)

where W is the occupied bandwidth and Wtot is the total spectrum bandwidth of
the system.

Therefore, the RE optimization for CUE can be formulated as

max
Wc,Pc

REC =
Rc

εPc + PcirUE

(
1 + β

τp
τw

)
(3.13)

s.t. (3.6) ,Wc ≤ Wtot, (3.8) .

The second problem maximizes the EE of the D2D link which can be expressed
as

max
Pd

EED =
Rd

εPd + PcirUE
(3.14)

s.t. (3.7) , (3.9) .

3.4 Proposed Resource Efficiency Optimization for

CUE

RE is introduced to optimize both EE and SE simultaneously. Generally, the
CUE has the priority to transmit signals without being interfered by other users.
In this first stage, RE maximization for the CUE is performed to obtain the
optimal transmission power and bandwidth allocation.

The optimization problem (3.13) is difficult to be solved directly due to the
non-convex fractional structure of the objective function. In order to solve this
problem, we investigate the relationship of RE with respect to the optimization
variables, Pc andWc by plotting the objective function in (3.13) using parameters
provided in Table 3.1.

Figure 3.2 shows the 3D plot of the RE objective function within the range
of the bandwidth and power constraints. Based on the figure, for β = 0 the
maximum value of RE is achieved when all bandwidth are allocated to the CUE.
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Table 3.1 – Plotting parameters.

Parameters Value
Spectrum resources for CUE (Wc) 0− 1.25 MHz
Transmit power of CUE (Pmax

c ) 0− 250 mW
Minimum rate of CUE (Rmin

c ) 1 Mbps
Tradeoff parameter(β) 0, 10
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Figure 3.2 – RE plot for β = 0.

For a given value of bandwidth, the RE is quasiconcave in transmit power
as shown in Figure 3.3. Furthermore, based on Figure 3.4 the gradient of RE
vanishes when the optimal point is obtained.
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Figure 3.3 – Plot of RE versus transmit power Pc (β = 0, Wc = 1.25MHz).
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Figure 3.4 – Gradient of RE for β = 0.

When β = 0, problem 3.13 simply become an EE problem which requires the
most of the bandwidth. For a larger value of β such as β = 10, the maximum
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value of RE is achieved while requiring a lower value of bandwidth as shown in
Figure 3.5
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Figure 3.5 – RE plot for β = 10.

The plot of RE and its gradient with respect to transmit power Pc for β = 10

are shown in Figure 3.6 and Figure 3.7 respectively.
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Figure 3.6 – Plot of RE versus transmit power Pc (β = 10, Wc = 120 kHz).
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Figure 3.7 – Gradient of RE for β = 10.

By using the third dimension (3D) and single dimension plots of the RE
function, we can verify that RE is quasiconcave in the transmit power for a given
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Figure 3.8 – Contour plot of RE and the minimum rate constraint line (β =
10).

value of β and Wc. Therefore, we devise a solution to the problem by keeping
one of the two optimization variables as constant and optimize the other. As a
result, the Bisection method can be used to obtain the optimal power allocation
for the RE problem. It is important to note that when β > 0, less amount of
bandwidth will be allocated to the CUE in order to obtain the maximum value
of RE. However, it does not guarantee that the minimum rate requirement for
CUE can be achieved as shown in Fig 3.8. Hence, the optimal bandwidth is the
one that can satisfy the minimum rate requirement.

To solve the RE problem with respect to transmit power using the Bisection
method, the gradient equation of RE is required. For a given value of bandwidth,
the gradient of RE can be derived as

dRE (Pc)

d (Pc)
=

(A/B)− C
(εPc + PcirUE)2 ln (2)

(3.15)

where
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A = HcB (εPc + PcirUE) ((PcirUE + εPmax
c )Wc + β (εPc + PcirUE)Wtot) ,

B = (Pcir + εPmax
c ) (HcBPc +N0Wc) , (3.16)

C = εWc ln

(
1 +

HcBPc
N0Wc

)
. (3.17)

Algorithm 3.1 shows the resource allocation scheme to solve the RE optimiz-
ation problem.

Algorithm 3.1 RE optimization algorithm for CUE
1: Initialization : za, zb, ε > 0, k = 1, Wc = Wstep

2: while Wc 6= Wtot do
3: while |za − zb| ≥ ε do
4: z = 1

2
(za + zb)

5: α1 ← Solve (3.15) using Pc = za
6: α2 ← Solve (3.15) using Pc = z
7: if α1α2 < 0 then
8: zb = z
9: else

10: za = z
11: end if
12: end while
13: Wc ← Wc +Wstep

14: k ← k + 1
15: end while

In each k iteration, the value of RE is calculated and saved. The maximum
value of RE which satisfies the rate constraint is selected and the corresponding
W ∗
c and P ∗c can be obtained. In Algorithm 3.1, the transmission power constraint

is considered in the interval [za, zb]. The complexity of Bisection method is given
as O(log2 n) where n = zb−za

ε
. To solve the overall RE problem, the number of

iteration required isK times, whereK = (Wtot/Wstep). Therefore, the complexity
of RE optimization is O(K log2 n).

3.5 Energy Efficiency Optimization for D2D Pair

In this section, two different methods are proposed to solve the EE optimization
for the D2D pair.
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3.5.1 Dinkelbach and Lagrange Dual Decomposition

In the second stage, the D2D pair can use all remaining bandwidth to maximize
its own EE. Therefore, the EE problem for D2D link becomes simpler as we only
need to solve the optimal power allocation.

Dinkelbach method [110, 111] is a popular approach to solve nonlinear frac-
tional programming problem. It is an application of the Newton method [112]
to solve convex nonlinear fractional programming models by solving a sequence
of nonlinear programming models successively [113]. The nonlinear fractional
problem for D2D in (3.14) can be transformed into a subtractive form, which is
concave as follows

max
Pd

ηEE = Rd − q (εPd + PcirUE) (3.18)

s.t (3.7) , (3.9) .

where q is the value of EE.
Based on the nonlinear fractional programming theory [110], the maximum

EE q∗ = Rd
εP ∗d+PcirUE

is achieved if and only if maxPd Rd − q∗ (εPd + PcirUE) =

Rd− q∗ (εP ∗d + PcirUE) = 0. This indicates that an equivalent optimization prob-
lem exists with an objective function in the subtractive form. The transformed
problem (3.18) is a convex optimization problem which can be solved using La-
grange Dual Decomposition (LDD) method. The Lagrange dual function can be
written as

L (Pd, δ, θ) = Rd − q (εPd + PcirUE) + δ
(
Rd −Rmin

d

)
(3.19)

+θ (Pmax
d − Pd)

where δ and θ are the Lagrange multipliers that account for constraint (3.7) and
(3.9), respectively. Therefore, the dual problem is formulated as

min
δ,θ

max
Pd

L (Pd, δ, θ) (3.20)

s.t. δ ≥ 0, θ ≥ 0.

For the given values of q, δ and θ, the transmission power for D2D user can
be computed by taking the derivative of (3.19) with respect to Pd which is given
as
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dL

dPd
=

Hdd

N0 ln(2)
(

1 + PdHdd
WdN0

) +
δHdd

N0 ln(2)
(

1 + PdHdd
WdN0

) (3.21)

−εq − θ

and then setting to zero.
The transmission power can be derived as

Pd =

[
Wd (1 + δ)

ln(2) (εq + θ)
− WdN0

Hdd

]+

(3.22)

where [x]+ = max {0, x}. In addition, the Lagrange multiplier δ and θ can be
updated by subgradient method using the following equations

δ (n+ 1) =
[
δ (n)− sn1

(
Rd −Rmin

d

)]+ (3.23)

θ (n+ 1) = [θ (n)− sn2 (Pmax
d − Pd)]+ (3.24)

where n is the iteration index, sn1 and sn2 are positive step sizes. The energy
efficient algorithm for problem (3.18) is presented in Table 3.2

Algorithm 3.2 EE optimization algorithm for DUE using Dinkelbach and sub-
gradient methods.
1: Initialization : ε > 0, i = 0, q(i) = 0, δ = 0.001, θ = 0.01, Imax
2: while |F (q)| ≥ ε or i ≤ Imax do
3: Repeat
4: Find Pd using (3.22)
5: Update δ and θ using (3.23) and (3.24) respectively
6: Until δ and θ are converged
7: Update q(i+ 1) = Rd

εPd+Pcir

8: Update F (q)
9: i = i+ 1

10: end while

3.5.2 Dinkelbach and Interior Point Method

Specifically, the EE problem in subtractive form becomes a convex optimization
problem due to the concavity of the transformed objective function and the con-
straints are convex [95]. Therefore, the Dinkelbach method [110] together with
interior point method (IPM) can also be used to obtain the optimal solution
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to the problem. The alternative energy efficient algorithm for problem (3.18) is
presented in Algorithm 3.3

Algorithm 3.3 EE optimization algorithm for DUE using Dinkelbach and IPM.

1: Initialization : ε > 0, i = 0, q(i) = 0, ηEE(i), Imax
2: while ηEE(i) ≥ ε or i ≤ Imax do
3: Solve problem (3.18) by IPM to get Pd and ηEE
4: Update q(i+ 1) = Rd

εPd+Pcir
5: i = i+ 1
6: end while

3.6 Simulation Results

In this section, we evaluate the performance of the proposed two stage RE-EE
scheme. In the simulation, both CUE and DTx are uniformly distributed in a
cell. DRx is randomly located with a distance of d from DTx. The channel gain
between transmitter i and receiver j is calculated as hi,j = c0ςi,jκi,jd

−α
i,j , where

c0 is the pathloss coefficient, ςi,j is the shadowing, κi,j is the squared magnitude
of the Rayleigh fading, di,j is the distance between transmitter and receiver, and
α is the path loss exponent. The channel model parameters include path loss
coefficient of −20 dB, unit mean for the Rayleigh fading process, a path loss
exponent of 4, and a standard deviation of 8 dB for the log-normal shadowing.
Table 3.2 summarizes the main simulation parameters.

Table 3.2 – Simulation parameters

Parameters Value
Spectrum bandwidth (Wtot) 1.25 MHz

Cell radius (R) 500 m
D2D pair distance (d) 20, 40, ..., 120 m

Maximum transmit power of CUE (Pmax
c ) 250 mW, 500 mW

Maximum transmit power of D2D (Pmax
d ) 250 mW

Minimum rate of CUE and D2D (Rmin
c , Rmin

d ) [0, 5] Mbps
Circuit power(PcirUE) 100 mW

Noise power spectral density (N0) −174 dBm/Hz
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3.6.1 RE for CUE

The impact of the weighted parameter β to EE and SE is depicted in Fig. 3.9.
It shows that the EE is decreasing with β, whereas SE is increasing with β.
At certain points, the value of RE’s weighted factor could provide the tradeoff
between RE and EE for the CUE in the system. The cross point between EE
and SE occurs when β = 2.25. Fig. 3.10 compares the plot of the proposed
RE-EE scheme with the global optimal solution derived using Matlab’s Global
Optimization Toolbox. From the figure, it can be seen that the proposed scheme
allocates the bandwidth and power effectively and is similar to the global optimal
solution. More importantly, this shows the relationship of RE optimization to
power and bandwidth, whereby when β = 0, the optimization is focused on EE
and the bandwidth is fully utilized while the power is minimized. On the other
hand, when β is high, the focus is on SE and the results are reversed.
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Figure 3.9 – Impact of weighted parameter to EE and SE.
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Figure 3.10 – Bandwidth and power allocation.

The ratio of optimal transmit power and Pmax
c versus the weighted coefficient

β is shown in Figure 3.11. This result indicates that to achieve maximum SE for
higher values of Pmax

c , a higher value of β needs to be chosen. However, it should
be noted that lower EE is achieved when β is higher.

3.6.2 EE for D2D Pair

Figure 3.12 shows the comparison of average EE of D2D communication for three
different methods. Matlab’s MultiStart solver is used to obtain the global op-
timal solution from various start points. The average transmit power of DTx
is presented in Figure 3.13. The findings show that the combination of Dinkel-
bach with LDD or IPM methods can solve the EE optimization problem for D2D
communication and achieve similar results as the global optimal solution.

3.6.3 System EE

Fig. 3.14 shows the individual EE for CUE and D2D pair versus the D2D sep-
aration. The close proximity between D2D pair enables D2D communication to
achieve higher EE than CUE. It is apparent from the figure that the EE of D2D
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Figure 3.11 – Optimal transmit power for different values of β.
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Figure 3.12 – EE versus D2D radius (Rmin
d = 1 Mbps,Wd = 625kHz).
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Figure 3.13 – Transmit power versus D2D radius (Rmin
d = 1 Mbps, Wd =

625kHz).

pair is very much higher than the EE of the CUE. The result indicates that sig-
nificant EE improvement can be achieved by establishing D2D communication.
However, as the distance between D2D pair increases, more transmission power
is required to overcome the deteriorating channel condition. As a result, the EE
for D2D pair decreases. It can also be observed that the EE does not change for
the CUE as the D2D users are communicating in an overlay manner which cause
no interference to the CUE.
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Figure 3.14 – EE versus D2D pair distance.

Fig. 3.15 compares the total EE performance of the proposed scheme with
the high complexity global optimal solution. In addition, it is also compared to
the dedicated mode (DM) with the bandwidth and power for the CUE and D2D
pair being optimized simultaneously, and the cellular mode (CM) where all users
are routed through the BS. The EE optimization problems for DM, and CM are
described in [95]and solved using Matlab’s numerical solution. From the figure,
the performance of the proposed scheme is close to the global optimal solution
but with much lower complexity due to the two stage optimization. Moreover, the
proposed method is better than the DM and CM. Therefore, the proposed scheme
can provide an energy efficient solution for the D2D enabled cellular system.
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3.7 Summary

In this chapter, D2D communication overlaying cellular system and sharing the
uplink resources is presented. Several works related to EE optimization for D2D
communication are summarized. A two-stage framework is proposed to maximize
the system EE while guaranteeing the minimum rate requirements and power
constraints for all users. In the first stage, the RE problem for the CUE is
formulated and solved by applying an iterative algorithm with Bisection method.
Using a weighted parameter to control the available resources for CUE, the D2D
pair can use the remaining bandwidth to maximize its EE. To solve the EE
problem in the second stage, Dinkelbach with LDD or IPM can be adopted to
obtain the optimal power allocation for the D2D pair. Simulation results showed
that the proposed scheme offers higher overall EE as compared to cellular and
dedicated mode of transmission. In addition, the proposed scheme performs close
to the global optimal solution but with lower complexity.



Chapter 4

Energy Efficient D2D in Downlink
Cellular System

4.1 Introduction

In this chapter, the RE optimization for the BS in downlink scenario and EE
optimization for D2D pairs are proposed. Several works related to D2D commu-
nications sharing downlink cellular system which aim to maximize the EE are
presented in Section 4.2. The system model for D2D communications overlay-
ing cellular system with multiple CUEs and D2D pairs is provided in Section 4.3.
Furthermore, a full RE and lower complexity RE schemes are presented in Section
4.4 and the EE optimization for the D2D pairs is solved in Section 4.5. Finally,
simulation results which validate the effectiveness of the proposed schemes are
provided in Section 4.6. The work presented in this chapter forms most of P1.

4.2 Related Works

The EE optimization for D2D in downlink scenario has rarely been discussed
mainly due to the overwhelming interference from the BS in the underlay mode.
During the downlink period, the CUE receives data from the BS and interference
from DTx sharing the same RB. The DRx suffers serious interference due to large
transmit power of the BS, which make it difficult to guarantee the quality of D2D
services [114]. In [115], an interference alignment (IA)-based EE optimization for
D2D MIMO downlink underlay network is proposed to maximize the EE with
the constraints on maximum transmit power and data rate requirements. Both

70
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original EE problems for D2D link and cellular link are computationally difficult
to be solved. Therefore, the IA technique is used to mitigate interferences so that
the computational complexity can be reduced. In that work, the EE problems
for D2D link and cellular link are treated independently and an IA-based energy-
efficient scheme is also proposed to further improve the EE of both D2D and
cellular links.

In [116], optimization problem that maximizes the EE of the D2D communi-
cations, while guaranteeing the constraints on the minimum data rate for D2D
and cellular users as well as the maximum transmit power of D2D transmitters
is formulated. Two different assumptions are considered; full and average CSI of
the intercell interferers available at the D2D transmitters. The difference of two
convex functions (DC) programming approach is used to solve the first case while
iteration search based on the subgradient method is used to obtain the power al-
location for the latter case. However, the BS power consumption is ignored in
this work.

The authors of [117] considered the problem of resource allocation for cogni-
tive radio systems in which a primary and a secondary link share the available
spectrum by underlay or overlay communications. In both approaches, the co-
existence of a multiple-input single-output (MISO) primary link with a MIMO
secondary link is studied and the problems are formulated as the maximization
of the secondary link’s EE.

A self-organized cross-layer optimization scheme for enhancing the EE of the
D2D communications, which includes RB and power allocation, is studied in [118].
A heterogeneous cellular network is considered in that work and the joint RB and
power allocation is modeled as a non-cooperative game. Moreover, a joint power
control and matching algorithm is outlined in [119] for D2D underlaying cellular
networks. However, the focus of that work is to maximize the total EE of all
D2D links as in [116], not the system EE, and D2D pairs communicate using
underlay mode. In addition, the authors assume that the downlink RBs of each
CUE can be shared by at most one D2D link. Therefore, the spectrum may not
be efficiently utilized.

In [120], the authors addressed the downlink resource allocation problem for
D2D communication with wireless power transfer (WPT) technique in a cellu-
lar network. To maximize the weighted EE of all D2D pairs, a game theoretic
approach is used and a distributed learning algorithm is proposed. The authors
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in [121] have studied the resource allocation problem in simultaneous wireless in-
formation and power transfer (SWIPT)-based D2D underlay networks. The joint
power control and partner selection problem is formulated as a two-dimensional
energy-efficient stable matching scheme and the solution is obtained using the
Gale-Shapley (GS) algorithm. Besides, the work in [122] aims to maximize the
average EE of all D2D links. A joint energy harvesting (EH) time slot allocation,
power and RB allocation iterative algorithm which based on the Dinkelbach and
Lagrangian constrained optimization is proposed.

Heterogeneous statistical QoS constraints are considered in [123], where CUEs
support delay tolerant services with different delay constraints while DUE groups
need to guarantee the outage probability within a certain range. A hierarchical
game-based power allocation algorithm is proposed which consists of power alloc-
ations for CUEs and D2D user groups. By exploiting LDD and Newton iteration
method, the power allocation for the CUEs is derived in order to maximize the
payoff-cost utility function of the BS. In addition, fractional programming and
convex optimization techniques are employed to obtain the power allocation of
the group to maximize the EE of each D2D user group subject to the outage
probability constraint.

The resource allocation problems for EH aided D2D communication network
are studied in [124, 125]. In both literatures, a DTx harvests energy from a cel-
lular BS and utilizes the harvested energy to transmit its information signal to
a DRx and overlay mode is considered where cellular transceivers and a D2D
pair exploit orthogonal resources. Furthermore, battery capacity constraint is
imposed in [125]. By exploiting fractional programming theory with additional
relaxation approach, the non-convex problems are transformed into convex op-
timization problems and iterative algorithms are designed to maximize the system
EE. Although the energy consumption at the BS is taken into account in the EE
formulation, the achievable rate of the CUEs is ignored in these works.

It is worth mentioning that, most works investigating the EE of D2D com-
munications in downlink are limited to maximizing the EE of the D2D pairs or
separate EE of cellular links and D2D links. The main contribution of this chap-
ter is therefore to maximize the system EE while considering the total achievable
rate and the overall system energy consumption. In addition, resource efficiency
(RE) approach that provides the EE-SE tradeoff for the cellular links is also
studied in this work.
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4.3 System Model

In this work, a multiuser OFDMA downlink system with one BS located at the
center of the cell is considered. There are K cellular UEs (CUEs), and L D2D
pairs. Each D2D pair consists of two D2D UEs (DUEs). The UEs and BS are
equipped with a single omni-directional antenna. The system bandwidth is Wtot

with a total of N RBs; hence the bandwidth for each RB is Ws = Wtot/N. The
CUEs communicate via BS while the DUEs communicate directly to each other
in pair. The DUEs can operate in an orthogonal or non-orthogonal resource
sharing mode and utilize the remaining RBs not being assigned to the CUEs. We
denote C as the number of RBs allocated to the CUEs and M as the number
of RBs designated to DUEs. The relationship between C, M and N is given as
C +M ≤ N . The value of C and M are not fixed and will be determined in the
RE optimization stage.

Fig. 4.1 shows the scenario of D2D communications overlaying cellular net-
work, where four CUEs take up orthogonal downlink resources and two D2D pairs
(DUE1 and DUE2, DUE3 and DUE4) sharing the same resource not allocated
to the CUEs. A DUE can switch between transmitting and receiving modes in
the cellular downlink band using a time division duplexing (TDD). During the
downlink period of the cellular system, the BS transmits data to the CUEs with-
out exerting any interference to the DUEs. However, D2D pairs are exposed to
the interference from each other.

4.3.1 Cellular Users

Let K = {1, 2, ..., K} and N = {1, 2, ..., N} denote the sets of all CUEs and all
RBs, respectively. The transmit power and the channel gain of the kth CUE on
the nth RB are represented as pk,n and hk,n, respectively. The achievable rate of
the kth CUE on the nth RB is formulated as

rk,n = Ws log2 (1 + pk,nΓk,n) (4.1)

where Γk,n =
hk,n
WsN0

denotes the channel to noise ratio (CNR). The channel gain
from the BS to CUE k over RB n is modeled as hk,n = ςkgk,nd

−α
k , where ςk denotes

the shadowing, gk,n accounts the effect of fading, dk is the distance between BS
and the kth CUE, and α is the path loss exponent. The achievable rate for the
kth CUE is represented as Rk and the sum rate can be calculated as
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Figure 4.1 – System model of D2D communications overlaying downlink cel-
lular system.

Rc =
K∑
k=1

Rk =
K∑
k=1

N∑
n=1

ωk,nrk,n (4.2)

where ωk,n denotes the RB allocation indicator for the CUEs, which equals to 1

if RB n is allocated to the kth user and 0 otherwise. The overall transmit power
for the kth user, Pk and the total transmit power, PT are given by

Pk =
N∑
n=1

ωk,npk,n, PT =
K∑
k=1

Pk. (4.3)

The overall power consumption model at the BS is given as

P = εPT + PcirBS (4.4)

where ε is the inverse of drain efficiency of power amplifier and PcirBS denotes
the BS circuit power. The overall power budget at the base station is modeled as

Ptot = εPmax + PcirBS (4.5)

where Pmax is the maximum transmission power of the BS.
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4.3.2 D2D Users in Non-Orthogonal Mode

A D2D pair consists of a DTx and a DRx. In non-orthogonal resource shar-
ing mode, each available RB will be reused by multiple D2D pairs which results
in co-tier interference. However, higher SE can be achieved by proper interfer-
ence management [66]. In addition, by optimizing each DTx transmit power, the
overwhelming interference can be controlled to improve the EE for D2D com-
munications. Let L = {1, 2, ..., L} and M = {1, 2, ...,M} denote the sets of all
D2D pairs and all RBs designated to the D2D pairs, respectively. The transmit
power of the lth D2D pair on the mth RB is represented as pl,m. The signal to
interference plus noise ratio (SINR) of D2D pair l on RB m is given as

Γl,m =
pl,mhl,m∑L

l′=1,l′ 6=l pl′ ,mhl′ l,m +WsN0

. (4.6)

The channel gain between the lth D2D pair over the mth RB is modeled as
hl,m = ςlgl,md

−α
l , where ςl is the shadowing, gl,m is the squared magnitude of the

fading, and dl is the distance between D2D pair. Similarly, the channel gain from
the DTx l′to DRx l on RB m is represented as hl′ l,m.

Therefore, the achievable rate of the lth D2D pair on themth RB is formulated
as

rl,m = Ws log2 (1 + Γl,m) . (4.7)

The aggregate rate for the lth D2D pair is represented as Rl and the sum rate
for D2D communications is calculated as

Rd =
L∑
l=1

Rl =
L∑
l=1

M∑
m=1

rl,m. (4.8)

The total transmit power of all D2D pairs, PD is given by

PD =
L∑
l=1

M∑
m=1

pl,m. (4.9)

Finally, the overall power consumption model for D2D communications is
given as
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PDT = εPD + LPcirUE (4.10)

where PcirUE represents the circuit power for each DTx.

4.3.3 D2D Users in Orthogonal Mode

For comparison, the case of D2D communications in orthogonal resource sharing
mode is also considered, where each remaining RB will be allocated to only one
D2D pair. In this mode, no interference exists amongst D2D pairs. The transmit
power of the lth D2D pair on the mth RB in orthogonal mode is represented as
p̄l,m.

The achievable rate of the lth D2D pair on the mth RB is formulated as

r̄l,m = Ws log2

(
1 +

p̄l,mhl,m
WsN0

)
. (4.11)

The aggregate rate for the lth D2D pair is represented as R̄l, and the overall rate
for the D2D communications is given by

R̄d =
L∑
l=1

R̄l =
L∑
l=1

M∑
m=1

ωl,mr̄l,m (4.12)

where ωl,m denotes the RB allocation indicator for D2D pairs. The total transmit
power of all D2D pairs in orthogonal mode can be expressed as

P̄D =
L∑
l=1

M∑
m=1

ωl,mp̄l,m. (4.13)
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4.4 Resource Efficiency Optimization for Down-

link OFDMA System

4.4.1 RE Problem Formulation

The first subproblem in the two-stage optimization scheme aims to maximize the
RE for the BS. Based on the work in [20], RE is defined as

RE =
Rc

P

(
1 + β

τp
τw

)
(4.14)

where τp and τw represent power utilization and bandwidth utilization, respec-
tively and are given by

τp =
P

Ptot
, τw =

W

Wtot

(4.15)

where W is the occupied bandwidth while β is the tradeoff parameter which
controls the balance between EE and SE. From (4.14), we can deduce that when
β = 0, the problem is optimizing the EE. However, when β is larger, it optimizes
SE.

In the first stage, the RE optimization problem for downlink cellular trans-
mission can be formulated as

ηRE = max
ωk,n,pk,n

Rc

P

(
1 + β

τp
τw

)
(4.16a)

s.t
N∑
n=1

ωk,nrk,n ≥ Rc
min (4.16b)

K∑
k=1

N∑
n=1

ωk,npk,n ≤ Pmax (4.16c)

K∑
k=1

ωk,n ≤ 1, ∀n ∈ N (4.16d)

ωk,n ∈ {0, 1} (4.16e)

pk,n ≥ 0, ∀k ∈ K, ∀n ∈ N (4.16f)
K∑
k=1

N∑
n=1

ωk,n ≤ N (4.16g)

where Rc
min denotes the minimum rate requirement for each CUE. Constraint

(4.16b) guarantees the quality of service (QoS) requirement of every CUE while
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(4.16c) indicates the upper limit on the maximum transmit power. Constraint
(4.16d) and (4.16e) ensure that RB n is allocated to at most one CUE at a
particular time. Constraint (4.16g) is implemented to ensure that the number of
RBs utilized for RE optimization does not exceed the total number of RBs.

4.4.2 Full Resource Efficiency Optimization Scheme (Full

RE)

In the first stage, the joint RB and power allocation for RE optimization are
performed to guarantee the quality of service (QoS) of the cellular links. The
idea is to save as much RBs as possible during the RE optimization stage, so that
the remaining RBs can be allocated to the D2D pairs. This allows D2D pairs
to communicate in an overlaying manner where the strong interference from the
BS can be avoided. Problem (23) is a mixed integer non-linear programming
(MINLP) problem and hard to be solved directly. To solve this problem, the
RB allocation integer variables ωk,n ∈ {0, 1} is first relaxed into continuous vari-
ables [126], ω̃k,n ∈ [0, 1] which reflects the time sharing strategy [127, 128] before
transforming the original problem into a subtractive form.

By relaxing the RB allocation indicators, problem (23) can be written as

ηRE = max
ω̃k,n,pk,n

Rc

P

(
1 + β

τp
τw

)
(4.17a)

s.t (4.16b) - (4.16d), (4.16f) (4.17b)

ω̃k,n ∈ [0, 1] . (4.17c)

RE optimization is a non-convex problem due to the fractional form of the
objective function and cannot be solved directly. However, (4.17a) can be trans-
formed into an equivalent problem in subtractive form based on non-linear frac-
tional programming technique [110]. We define the maximum RE of the BS as

q∗c = max
{ω̃,p}

ηRE (ω̃, p) =
Rc

(
1 + β τp

τw

)
εPT + PcirBS

=
U (ω̃∗, p∗)

D (ω̃∗, p∗)
(4.18)
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where ω̃∗ and p∗ are the optimal RB and power allocation strategies, respec-
tively.

Theorem 1 q∗c can be achieved if and only if

max
{ω̃,p}

U (ω̃, p)− q∗cD (ω̃, p)

= U (ω̃∗, p∗)− q∗cD (ω̃∗, p∗) = 0 (4.19)

Proof. Please refer to [110] for a proof of Theorem 1.
Theorem 1 indicates that for the considered RE optimization problem with an

objective function in the fractional form, there exists an equivalent optimization
problem with an objective function in the subtractive form. Therefore, the focus is
given to the equivalent transformed objective function of original problem (4.17a)

which can be rewritten as

Fc (qc) =Rc

(
1 + β

τp
τw

)
− qcP

=
K∑
k=1

N∑
n=1

ω̃k,nrk,n

(
1 + β

τp
τw

)

− qc

(
ε

K∑
k=1

N∑
n=1

ω̃k,npk,n + PcirBS

)
.

s.t (4.16b) - (4.16d), (4.16f), ω̃k,n ∈ [0, 1] . (4.20)

It should be noted that Fc (qc) monotonically decreases when qc increases.
Therefore, the optimal RE q∗c is obtained by finding the root of Fc (qc), which can
be implemented using the Dinkelbach method [110] or the bisection method [112].
From (4.20), when qc → −∞, Fc (qc) > 0; on the other hand, when qc → ∞,
Fc (qc) < 0. Therefore, Fc (qc) > 0, when qc ≤ 0 because the first and second
terms of (4.20) are positive. Hence, Fc (qc) = 0 occurs at qc > 0. As a result,
(4.20) is solved for qc > 0.

In the next step, we employ LDD method similar as in [129, 130] for solving
(4.20). The Lagrangian function of (4.20) is given by
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LRE (ω̃k,n, pk,n,λ, µ) =
K∑
k=1

N∑
n=1

ω̃k,nrk,n

(
1 + β

τp
τw

)

− qc

(
ε

K∑
k=1

N∑
n=1

ω̃k,npk,n + PcirBS

)

−
K∑
k=1

λk

(
Rc
min −

N∑
n=1

ω̃k,nrk,n

)

− µ

(
K∑
k=1

N∑
n=1

ω̃k,npk,n − Pmax

)
(4.21)

where λ and µ are the Lagrange multipliers for constraints (4.16b) and (4.16c),
respectively. The corresponding dual problem can be expressed as

min
λ,µ≥0

max
ω̃k,n,pk,n

LRE (ω̃k,n, pk,n,λ, µ) . (4.22)

By taking the first-order derivation of (4.21) w.r.t pk,n, we get

dLRE
dpk,n

=
ω̃k,nWc

[(
1 + β τp

τw

)
+ λk

]
× Γk,n

(1 + Γk,npk,n) ln (2)
− (µ+ εqc) . (4.23)

The power for user k on RB n can be computed by setting (4.23) to zero,
yielding

pk,n =

Ws

((
1 + β τp

τw

)
+ λ
)

(µ+ εqc) ln (2)
− 1

Γk,n

+

(4.24)

where [x]+ = max {0, x}. Similarly, the first-order derivative of (4.21) with re-
spect to ω̃k,n is

dLRE
dω̃k,n

= Ws log2 (1 + pk,nΓk,n)

[(
1 + β

τp
τw

)
+ λ

]
− pk,n (εqc + µ)

= Qk,n. (4.25)

Since only a single user is allowed to transmit on each RB, the RB assignment
index ω̃k,n can be determined as
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ω̃k,n =

1, k = max1≤k≤K Qk,n

0, otherwise.
(4.26)

In order to update the dual variable λ and µ, the subgradient method [131]
can be used to solve (4.22). The subgradient updating equations are given as

λk (i+ 1) =

[
λ (i)− ζ iλ

(
N∑
n=1

ω̃k,nrk,n −Rc
min

)]+

(4.27)

µ (i+ 1) =

[
µ (i)− γiµ

(
Pmax −

K∑
k=1

N∑
n=1

ω̃k,npk,n

)]+

(4.28)

where i is the iteration index, ζ iλ and γiµ are positive step sizes. There are several
step size selections such as diminishing step size and constant step size and if
sufficiently small step size is chosen, the distance between the current solution to
the optimal solution decreases [132]. Here, the step size of 1√

i
is used [133]. The

channel gain from the BS to all CUEs across different RBs can be represented
as a matrix H, which consists of K rows and N columns. For a given H, the
resource allocation algorithm for the Full RE scheme is presented in Algorithm
4.1.

Algorithm 4.1 Full RE Optimization
Require: β,K,N,H, z = 0, T = K − 1
1: A ← vector of the best channel gain for K users
2: B ← the remaining channel gain matrix sorted in descending order
3: H1 = [diag(A), B]
4: while T 6= N do
5: T = T + 1
6: H2 = H1(1 : K, 1 : T )
7: Apply Algorithm 4.2 to find ω̃k,n and pk,n
8: z = z + 1
9: Calculate RE(z) according to (4.14)

10: end while
11: Obtain S = arg maxz RE(z)
12: C = S + (K − 1)
13: return (RE, C)

Compared to D2D communication, CUEs have the priority to access the avail-
able resources. Therefore, the first step to solve the RE problem is to allocate
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Algorithm 4.2 RB and power allocation
Require: ε, t = 0, qc(t) = 0, Tmax
1: while (|Fc(qc)| > ε) || (t < Tmax) do
2: Initialize i = 0, λk(i), µ(i), Imax
3: while ((| λk(i+ 1)− λk(i)| > ε) or
4: (| µ(i+ 1)− µ(i)| > ε)) and (i ≤ Imax) do
5: for n = 1 : N do
6: for k = 1 : K do
7: Find pk,n and Qk,n using (4.24) and (4.25)
8: end for
9: Obtain ω̃k,n using (4.26)

10: end for
11: Update λk and µ using (4.27) and (4.28) respectively
12: i = i+ 1
13: end while
14: Update qc(t+ 1) =

Rc(1+β
τp
τw

)

εPT+PcirBS
15: Update Fc(qc)
16: t = t+ 1
17: end while
18: return (ω̃k,n, pk,n)

one RB to each CUE with their respective best RB to ensure all CUEs have at
least one RB to send their data. The remaining RBs are sorted by the channel
gain in descending order. Then, the power allocation for each CUE on each RB is
performed. To solve the overall RE optimization formulated in (4.16), lines 4 to
10 of Algorithm 4.1 is repeated until the overall RBs has been considered and the
values of RE are stored. The corresponding RB and power allocation to achieve
the maximum value of RE for the BS can be obtained and subsequently, the num-
ber of RBs utilized in the RE optimization stage C is determined. The remaining
RBs, M , will be reused by each D2D pairs in the second stage of optimization.

4.4.3 Lower Complexity RE Optimization Scheme (LC RE)

The complexity of Algorithm 4.1 to solve problem (4.16) is potentially high due
to the iterations to solve joint RB and power allocation for different number of
RB sets. In order to reduce this complexity, an alternative approach is proposed
to solve the RE problem suboptimally with lower complexity by separating the
RB and power allocation into two separate steps.
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Resource Block Allocation

The first step in this approach is to perform RB allocation to maximize the RE
of the BS. Equal power allocation (EPA) is used in this step to equally distribute
the maximum transmission power to all RBs. Similar to the initially steps of the
Full RE solution, the best RB is first allocated to each CUE, and the remaining
RBs are sorted in descending order of the channel gain. These remaining RBs
are also allocated to the respective CUEs with the best channel gain. The RB
allocation step is presented in Algorithm 4.3.

Algorithm 4.3 RB allocation
Require: β, K, N, H, z = 0, T = K − 1
1: A ← vector of the best channel gain for K users
2: B ← the remaining channel gain matrix sorted in descending order
3: H1 = [diag(A), B]
4: while T 6= N do
5: T = T + 1
6: H2 = H1(1 : K, 1 : T )
7: Obtain ωk,n by assigning the RBs to users with best element in H2
8: z = z + 1
9: Using EPA, calculate RE(z) according to (4.14)

10: end while
11: Obtain S = arg maxz RE(z)
12: C = S + (K − 1)
13: return (ωk,n, C)

Optimal Power Allocation

Once the RB allocation and selection is completed, the number of optimization
variables of the original RE problem is reduced to a single one. Specifically, since
ω̃ is solved in the first step, the remaining problem is to solve the power allocation
for CUEs, p. In addition, since the number of CUE RBs, C, is already obtained,
power allocation is only needed for the C RBs, which make the complexity even
lower. Since RE is to balance between EE and bandwidth usage, which is already
used in the RB allocation step, the power allocation here therefore do not need
to optimize RE but to directly maximizes EE. For a given RB assignment, the
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EE maximization problem for the BS is formulated as

ηEEC = max
p

∑K
k=1

∑
nεΩk

Ws log2 (1 + pk,nΓk,n)

ε
∑K

k=1

∑
nεΩk

pk,n + PcirBS
(4.29a)

s.t
∑
nεΩk

Ws log2 (1 + pk,nΓk,n) ≥ Rc
min, ∀k ∈ K (4.29b)

K∑
k=1

∑
nεΩk

pk,n ≤ Pmax (4.29c)

pk,n ≥ 0, ∀k ∈ K, ∀n ∈ N (4.29d)

where Ωk is the set of RBs for CUE k. Problem (4.29) is in fractional form and
thus it can also be converted to a subtractive form as

ηEEC (ϕ) = max
pk,n

K∑
k=1

∑
nεΩk

Ws log2 (1 + pk,nΓk,n)

− ϕ

(
ε

K∑
k=1

∑
nεΩk

pk,n + PcirBS

)

s.t (4.29b) - (4.29d). (4.30)

Lemma 1 Problem (4.30) is a convex optimization problem.

Proof. The objective function in (4.30) can be divided into two parts which
are the total rate, R =

∑K
k=1

∑
nεΩk

Ws log2 (1 + pk,nΓk,n) and the overall power

consumption, P =
(
ε
∑K

k=1

∑
nεΩk

pk,n + PcirBS

)
. For a given RB assignment,

the equations can be expanded as

R =
K∑
k=1

C∑
n=1

ωk,nrk,n

=
K∑
k=1

C∑
n=1

ωk,nWs log2 (1 + pk,nΓk,n) , (4.31)

P =

(
ε

K∑
k=1

C∑
n=1

ωk,npk,n + PcirBS

)
. (4.32)

First, by assuming ωk,n = 1, we proof that rk,n is concave with respect to pk,n.
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The first order derivation of rk,n is given as

δrk,n
δpk,n

=
WsΓk,n

(1 + pk,nΓk,n) ln (2)
. (4.33)

From (4.33) , we can verify that WsΓk,n

(1+pk,nΓk,n) ln(2)
is strictly monotonically de-

creasing with pk,n and therefore the second order derivative, δ2rk,n
δ2pk,n

< 0 or the
Hessian is negative definite. Since R is the linear combination of rk,n, thus, R is
also concave in pk,n.

Secondly, (4.32) is an affine function with respect to pk,n. Finally, we note
that the rate constraint in (4.29b) has the same structure as R and the power
constraint in (4.29c) is linear. Therefore, problem (4.30) is a convex optimization
problem because the objective function is concave and the constraints are concave
and affine.

As a convex optimization problem, Dinkelbach and LDD methods can be used
to solve problem (4.30) . The Lagrangian for (4.30) is given as

LEEC (pk,n,v, δ) =
K∑
k=1

∑
nεΩk

Ws log2 (1 + pk,nΓk,n)

−ϕ

(
ε

K∑
k=1

∑
nεΩk

pk,n + PcirBS

)

−
K∑
k=1

vk

(
Rc
min −

∑
nεΩk

Ws log2 (1 + pk,nΓk,n)

)

−δ

(
K∑
k=1

∑
nεΩk

pk,n − Pmax

)
. (4.34)

By taking the first-order derivation of (4.34) w.r.t pk,n and setting the result to
zero, the power for user k on RB n can be computed as

pk,n =

[
Ws (1 + vk)

(δ + εϕ) ln (2)
− 1

Γk,n

]+

. (4.35)

Similarly, the Lagrange multiplier can be updated using the following equa-
tions
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vk (i+ 1) =
[
ν (i)− ζ iν (Rk −Rc

min)
]+ (4.36)

δ (i+ 1) =

[
δ (i)− γiδ

(
Pmax −

K∑
k=1

∑
nεΩk

pk,n

)]+

(4.37)

where Rk =
∑

nεΩk
Ws log2 (1 + pk,nΓk,n) . The optimal power allocation algorithm

is depicted in Algorithm 4.4. For each Dinkelbach iteration, the value of ϕ is
updated using the following equation

ϕ (t+ 1) =

∑K
k=1

∑
nεΩk

Ws log2 (1 + pk,nΓk,n)

ε
∑K

k=1

∑
nεΩk

pk,n + PcirBS
(4.38)

Algorithm 4.4 Energy efficient power allocation
Require: ε, t = 0, α(t) = 0, Tmax
1: while (|ηEEC(α)| > ε) || (t < Tmax) do
2: Set i = 0, νk(i), δ(i), Imax
3: while ((| νk(i+ 1)− νk(i)| > ε) or
4: (| δ(i+ 1)− δ(i)| > ε)) and (i ≤ Imax) do
5: for n = 1 : C do
6: for k = 1 : K do
7: Find pk,n using (4.35)
8: end for
9: end for

10: Update νk and δ using (4.36) and (4.37)
11: i = i+ 1
12: end while
13: Update ϕ according to (4.38)
14: Update ηEEC(ϕ)
15: t = t+ 1
16: end while
17: return (ϕ)

4.5 Energy Efficiency Optimization for D2D Pairs

in Non-Orthogonal Mode (EENO)

In the second stage, EE optimization for D2D pairs takes place once the RE
optimization stage is completed. The DUEs will utilize the remaining M RBs to
maximize their EE. Here, D2D communications are implementing non-orthogonal
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resource sharing mode where each RB is shared by multiple D2D pairs. Therefore,
the problem of EE optimization for D2D communications is simplified to solving
the power allocation for D2D pairs. The optimal power allocation is required in
order to mitigate the co-tier interference.

In this section, we propose an EE optimization scheme for D2D pairs using
non-orthogonal resource sharing mode (EENO). This scheme will be compared
with EE optimization scheme for D2D pair in orthogonal mode (EEO).

4.5.1 EE Problem Formulation

In this work, we focus on D2D communications in non-orthogonal mode. There-
fore, the EE optimization problem for D2D communications in the second stage
can be expressed as

ηEE = max
pl,m

Rd

εPD + LPcirUE
(4.39a)

s.t
M∑
m=1

rl,m ≥ Rd
min (4.39b)

M∑
m=1

pl,m ≤ P d
max, ∀l ∈ L (4.39c)

pl,m ≥ 0, ∀l ∈ L, ∀m ∈M (4.39d)

where Rd
min and P d

max represent the minimum rate requirement and the maxi-
mum transmission power for each D2D pair respectively. There is no number of
RB constraint for D2D pairs because all remaining RBs will be fully utilized to
maximize the EE.

4.5.2 Proposed Solution

Problem (4.39) is also a fractional programming problem and hence can be con-
verted into subtractive form as

max
p∈P

Fd (qd,p) = Rd − qd (εPD + LPcirUE) (4.40)

s.t (4.39b) − (4.39d)
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where P is the set consisting of feasible power allocation strategies. The transmis-
sion power for lth DTx on each RB is given as %l = [ρl,1, ρl,2, ..., ρl,M ]. Therefore,
the vector of all power allocation strategies is denoted as p = [%1, %2, ..., %L].

The objective function in (4.40) is still non-convex function due to the in-
terference term in the denominator of Rd and it is difficult to find the global
solution. However, we can further transform the problem to a DC programming
problem [134] by formulating the objective function as

f (p) = fcave1 (p)− fcave2 (p) (4.41)

where

fcave1 (p) =
L∑
l=1

M∑
m=1

Ws log2

pl,mhl,m +
L∑

l′=1,l′ 6=l

pl′ ,mhl′ ,m

+WsN0

)
− qd

(
ε

L∑
l=1

M∑
m=1

pl,m + LPcirUE

)
(4.42)

and

fcave2 (p) =
L∑
l=1

M∑
m=1

Ws log2

 L∑
l′=1,l′ 6=l

pl′ ,mhl′ ,m +WsN0

 (4.43)

The constraint (4.39b) can be rearranged as linear form. Therefore, problem
(4.40) can be converted as maximizing a DC objective function under a convex
constraint set and given as

max
p∈P

{fcave1 (p)− fcave2 (p)} . (4.44)

A DC programming problem can be solved using DC algorithm (DCA). Since
fcave2 (p) in (4.44) is differentiable, CCCP can be utilized [95] to solve the prob-
lem. The basic idea of CCCP is to iteratively linearize the convex part of the DC
objective function, −fcave2 (p) [135]. As in [95], the following iterative updating
procedure is used in CCCP algorithm

p(i+1) = arg max
p∈P

{
fcave1 (p)−5fcave2

(
p(i)
)
∗ pT

}
(4.45)

where 5fcave2
(
p(i)
)
,
[
5(i)

1 ,5
(i)
2 , ...,5

(i)
LM

]
represents the gradient of fcave2 (p)
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at p(i) and pT denotes the transpose of p. Note that the first part in (4.45),
fcave1 (p), is concave, and the second part, − 5 fcave2

(
p(i)
)
∗ pT , is linear. As

a result, (4.45) is a convex optimization problem and can be solved efficiently
using interior point algorithm. Algorithm 4.5 [136] presents the energy-efficient
resource allocation algorithm for D2D communications.

Algorithm 4.5 EE Optimization for D2D pairs
Require: ε, t = 0, qd(t) = 0, Tmax
1: while (|Fd(qd)| > ε) || (t < Tmax) do
2: Initialize i = 0, ∀p ∈ P
3: while (|p(i+1) − p(i)| > ε) do
4: Update the power allocation using (4.45)
5: i = i+ 1
6: end while
7: Update qd(t+ 1) = Rd

εPD+LPcirUE
8: Update Fd(qd)
9: t = t+ 1

10: end while
11: return (p, qd)

4.6 Simulation Results

In this section, the performance of the proposed two-stage EE optimization
schemes are evaluated. In the first stage, two different algorithms are proposed:
the Full RE and the LC RE schemes. For each RE scheme, EE is maximized for
all D2D pairs in the second stage. In this section, the results for each stage are
presented separately. In the end, the performance of the proposed schemes are
compared with other benchmark schemes.

In the simulation, CUEs and DTx locations are uniformly distributed in a cell
with radius of 500 m. The DRx are uniformly distributed within a maximum
distance of dmax from the DTx. The downlink frequency-selective fading channel
is generated with the ITU Pedestrian-B model [53]. The channel model parameter
for DUE links include unit mean for the Rayleigh fading. For all links, a path loss
exponent of 4, and a standard deviation of 8dB for the log-normal shadowing are
used. The drain efficiency of the power amplifier is set to 38%. Other simulation
parameters are summarized in Table 4.1.
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Table 4.1 – Simulation parameters

Parameters Value
Number of cellular users (K) 4
Number of D2D pairs (L) 2, 4

Number of resource blocks (N) 25
Resource block bandwidth (Ws) 200 kHz

Maximum D2D pair distance (dmax) 20, 40, ..., 120 m
Rate requirement for each CUE (Rc

min) 0.5 Mbps
Rate requirement for each D2D pair (Rd

min) 1 Mbps
Maximum transmit power of BS (Pmax) 10 W

BS circuit power (PcirBS) 5 W
Maximum transmit power of D2D link (P d

max) 250 mW
DTx circuit power (PcirUE) 100 mW

Noise power spectral density (N0) −174 dBm/Hz

Table 4.2 – Number of RBs assigned to CUEs

β 0− 10 15 16− 17 18 19− 20 30
C 25 24 23 22 21 15

β 22− 23 24− 25 26 27− 29 30 40
C 19 18 17 16 15 13

4.6.1 RE Optimization for BS

Fig. 4.2 shows the impact of the tradeoff parameter, β to EE and SE. As shown
in the original RE paper [20], the EE decreases with increasing β while the SE
increases with increasing β. Varying this β in RE provides the tradeoff between
EE and SE for the BS. If larger β is used, CUEs are operating at high SE region
which is not energy efficient. On the other hand if lower β is used, the solution
focuses on maximizing EE for CUEs but uses more bandwidth, leaving insufficient
spectrum for D2D pairs. Table 4.2 shows the average number of RBs assigned
to the CUEs, which is also obtained from Algorithm 4.1 based on various β. It
shows that when β is low, all 25 RBs are used by the CUEs to achieve the highest
EE, while less RBs is used when β is higher. Since CUEs have higher priority and
DUEs are considered as supplement to cellular system, β is set as 23 to enhance
the EE of the BS, which result in an average of 19 RBs allocated to the CUEs.

The EE-SE plots for the proposed LC RE implementation is shown in Fig. 4.3.
The relations of EE and SE with respect to β are similar to Fig. 4.2. However,
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Figure 4.2 – Impact of weighted parameter β to EE and SE using Full RE
scheme.

the tradeoff point of EE-SE occurs at different value of β . It is important to note
that for β = 6, this lower complexity scheme allocates similar average number of
RBs (19 RBs) to CUEs as in Full RE method.

4.6.2 EE Optimization for D2D Pairs

The EE results between non-orthogonal and orthogonal resource sharing mode
with different number of D2D pairs and RBs are shown in Fig. 4.4. It is also
compared with optimal solution in which problem (4.34) is solved using an op-
timal numerical tool. Due to the high complexity for the optimal solution, only
the L = 2, M = 8 case is simulated. In addition, the orthogonal mode forms a
MINLP problem which is also difficult to be solved directly. Therefore, a con-
tinuous relaxation version of this problem is also solved using Matlab’s optimal
numerical solution and presented as comparison. The figure shows that the EE
for DUEs obtained using the proposed algorithm is close to the optimal solution.
Considering the case of L = 2 withM increases from 4 to 8, the EE increases with
the number of available RBs for the same number of D2D pairs. It can also be seen
that the EE achieved using non-orthogonal resource sharing is higher than that
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Figure 4.3 – EE-SE for LC RE approach.

of the orthogonal mode for the same number of D2D pairs and RBs. This shows
that even with interference between D2D pairs, the proposed scheme can allocate
the power effectively to maximize the EE. Next, we evaluate the performance
when both the number of D2D pairs and number of RBs are doubled (i.e., L = 2,
M = 4 to L = 4, M = 8). Although the ratio between L and M is the same,
the EE is improved when these parameters are doubled due to more flexibility
in the allocation. In particular, the performance gain in non-orthogonal case is
much more significant than the orthogonal case as the flexibility is even higher.
This further strengthens the support for operating in non-orthogonal mode. Fur-
thermore, the EE obtained by the non-orthogonal case of L = 4, M = 8 is lower
than that of L = 2, M = 8. This is because when more D2D pairs are sharing
the same RB, larger co-tier interference is generated and thus the EE is reduced.

Fig. 4.5 presents the EE of D2D communications operating in non-orthogonal
mode with different transmission power constraints. As expected, the shorter the
distance between a D2D pair, the larger the EE becomes. In addition, EE peaks
at a relatively low power level, and reduces to a certain power level when more
power is allowed. This shows that D2D communications using the proposed
non-orthogonal mode could achieve high EE without the need of utilizing higher
transmission power.
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Figure 4.6 – D2D pairs transmission power (L = 2, M = 8).

The results on transmission power and rate for 2 D2D pairs with 8 RBs are
depicted in Fig. 4.6 and Fig. 4.7 respectively. It can be seen that the transmission
power of DUEs operating in non-orthogonal mode is always higher than that of
orthogonal mode. For both modes, the transmit power increases as the distance
between D2D pair increases. This is because higher transmission power is required
when the separation between D2D pair is larger to overcame path loss. The gap
between transmission power of non-orthogonal and orthogonal mode increases
with respect to dmax. This is because when the separation between DTx and DRx
is larger, cross-tier interference becomes more significant. Therefore, additional
transmission power is required in non-orthogonal mode to satisfy the same QoS
requirement with respect to the orthogonal mode. On the other hand, due to the
reuse of RBs, non-orthogonal mode enables the D2D pairs to obtain higher rates
as depicted in Fig. 4.7.

4.6.3 System EE

Next, the performance of the proposed schemes are compared with other bench-
mark schemes. For all benchmark schemes, RB and power allocation are solved
for a given fixed number of RBs. Specifically, 19 RBs are allocated to the CUEs
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based on the results from Table 4.2 and the remaining 6 RBs are designated to
the D2D pairs. Two-stage energy efficient solutions such as energy efficient non-
orthogonal (EE-EENO) mode, energy efficient orthogonal (EE-EEO) mode, and
the solution for sum rate maximization problem (Sum Rate) are selected for com-
parison. The first stage of EE-EENO and EE-EEO schemes aim to maximize the
EE of the BS while EE for D2D pairs is maximized in the second stage, where
D2D users communicate in non-orthogonal mode for the former scheme while
orthogonal mode is used in the latter. Similarly, each of our proposed scheme
has two different variations depending on the D2D mode of communication and
designated as Full RE-EENO, Full RE-EEO, LC RE-EENO and LC RE-EEO.
It must be noted that for the benchmark schemes, numerical optimization tool
is used and thus those results are effectively upper bounds; while the proposed
schemes are iterative algorithms, providing actual achievable results.

Fig. 4.8 shows the overall EE of the system. It can be seen that all EE based
schemes achieve much larger EE compared to the Sum Rate solution. This is
because in order to maximize the sum rate, both BS and DTx use the maximum
transmission power and thus achieve poor EE. It can also be observed that the
LC RE-EENO scheme achieves a slightly higher overall EE than the EE-EENO,
even though the latter is an upper bound. Although the EE-EENO scheme
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Figure 4.8 – System EE versus maximum D2D pair distance (L = 2).

has the lowest power consumption, the LC RE-EENO and RE-EENO schemes
achieve higher sum rate by utilizing the RE optimization approach. Furthermore,
the joint RB and power allocation in the Full RE scheme achieves marginally
higher total EE than the LC RE-EENO. However this is only true in lower D2D
distance. In larger D2D distance, the Full RE-EENO drops slightly below LC RE-
EENO, which will be further explained in the next figure. The results indicate the
advantage of the proposed RE-based schemes where the number of RBs utilized
in both stages are dynamic. Similar to the above results, all non-orthogonal based
schemes outperform their corresponding schemes in orthogonal mode.

Finally, we evaluate the EE performance of the cellular downlink and the
D2D links separately by the proposed Full RE-EENO, LC RE-EENO and the
EE-EENO schemes which are depicted in Fig. 4.9. The figure shows that the
EE of BS in LC RE-EENO scheme is marginally lower than that of EE-EENO
scheme, but the EE improvement for the DUEs is higher. It can be seen that
although the Full RE-EENO scheme achieves the lowest EE for the BS compared
to other schemes, the EE improvement for the DUEs is significantly higher. This
also explains the result in Fig. 4.8 on large D2D distance, where the Full RE
solution aims to provide more RBs to the D2D pairs for better EE, but in turn
suffers on the EE of the BS. Even though the RE-based schemes achieve higher
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EE for DUEs, the total EE of these schemes as shown in Fig 4.8 are quite similar.
This means that the total EE is dominated by the high power consumption in
the BS and as such the overall gain is diminished. An important finding is
that the proposed RE-based schemes can enhance the EE performance of D2D
pairs, which is more critical as it is battery limited. It must also be noted that
the EE of BS is slightly reduced, which is inline with the concept of RE that
slightly reducing the EE performance can result large bandwidth saving for other
systems (in this case the D2D pairs) to utilize. The results indicate that the
use of RE optimization in the first stage can provide a balance between EE and
SE performance, which allows additional degree of freedom to network operators
in using cellular resources more efficiently. Therefore, the proposed schemes can
provide a flexible energy efficient solution for the D2D enabled OFDMA cellular
system.

4.7 Summary

In this chapter, existing works on D2D communications utilizing downlink cellu-
lar resources are reviewed. A two-stage optimization problem to maximize the
system EE of D2D communications overlaying cellular system is formulated. In
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the first stage, a joint RB and power allocation algorithm is proposed based
on fractional programming approach and LDD to maximize the RE of the BS.
The RE optimization stage enables some RBs to be left unoccupied which are
then used by the DUEs. To further reduce the complexity, a lower complexity
RE implementation is also proposed in the first stage. In the second stage, EE
optimization for D2D pairs in non-orthogonal mode is solved using a range of
optimization tools including fractional programming, Dinkelbach method, and
CCCP algorithm. Lastly, simulation results showing the EE improvement of the
proposed schemes are presented. Simulation results showed that the overall EE
achieve by the LC RE-EENO scheme is slightly higher than the upper bounds of
EE-EENO and close to the Full RE-EENO schemes, while having lower complex-
ity compared to the Full RE-EENO. Furthermore, the proposed Full RE-EENO
and LC RE-EENO schemes can enhance the EE of D2D communications at the
expense of slight degradation on the EE of the BS.



Chapter 5

Resource Efficiency Optimization
for NOMA System with D2D

5.1 Introduction

In this chapter, an overview of non-orthogonal multiple access (NOMA) is de-
scribed in Section 5.2. Section 5.3 discusses some related works on EE and EE-
SE tradeoff for NOMA as well as the coexistence of NOMA and D2D commu-
nications. The scenario of D2D communications overlaying a NOMA system is
presented in Section 5.4. The proposed two-stage scheme to maximize the system
EE of the NOMA-D2D scenario is provided. Specifically, Section 5.5 describes
the first stage of the proposed scheme, which is the RE optimization for NOMA
while the EE optimization for D2D pairs in the second stage is provided in Sec-
tion 5.6. Lastly, simulation results which validate the performance improvement
of the NOMA-D2D system are presented in Section 5.7.

5.2 Overview of Non-Orthogonal Multiple Access

Multiple access techniques can be fundamentally categorized as orthogonal mul-
tiple access (OMA) and NOMA. In OMA, each user can utilize orthogonal com-
munication resources such as time slot, frequency band or code to avoid interfer-
ence. Example of OMA schemes are FDMA, TDMA, CDMA and OFDMA. On
the other hand, NOMA allows multiple users to use non-orthogonal resources at
the same time.

In general, there are two types of NOMA schemes namely code-domain and

99
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Figure 5.1 – Downlink NOMA for 2 users.

power-domain. In code-domain NOMA such as sparse code multiple access
(SCMA), different users are assigned different codes and multiplexed over the
same resources. This work focuses on power-domain NOMA in which different
users are allocated different power level according to their channel condition to
obtain higher system performance. To explain the basic principle of NOMA, a
system consists of one BS and two CUEs is considered as shown in Fig. 5.1. CUE1
and CUE2 represent users near and far away from the serving BS, respectively.
This means that CUE1 is the strong user as it has better channel conditions than
the weaker user, CUE2. Their transmit powers are P1 and P2, and channel gains
are H1 and H2.

In this scenario, the BS employs superposition coding (SC) [137] to lay over
the signal designated to both CUEs. In other words, multiple users’ information
signals are superimposed at the transmitter side with different allocated power
coefficient. The challenge for the BS is to decide how to allocate the power among
users. In downlink NOMA, the weak user is allocated higher transmission power
than the strong user. Moreover, all UEs receive the same signal that contains the
information for all users. At the receiver side, successive interference cancellation
(SIC) is employed for decoding the signal to recover the intended information for
the UEs [138]. The user with the highest transmission power (CUE2) treats the
signal of other user (CUE1) as noise and thus can recover its data immediately
from the received signal. However, CUE1 needs to perform SIC by detecting the
signal that is stronger that its own desired signal. Then the signal is subtracted
from the received signal to obtain its own data. The SIC process for the 2 users
scenario is shown in Fig. 5.2.

For two CUEs multiplexed over one RB with bandwidth ofWs, the achievable
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Figure 5.2 – SIC for 2 users.

rate for the strong and weak NOMA user is respectively given as

R1 = Ws log2

(
1 +

P1H1

WsN0

)
(5.1)

R2 = Ws log2

(
1 +

P2H2

P1H2 +WsN0

)
. (5.2)

On the other hand, the rate achieved by two users in OMA case can be written
as

R1 = ςWs log2

(
1 +

P1H1

ςWsN0

)
(5.3)

R2 = (1− ς)Ws log2

(
1 +

P2H2

(1− ς)WsN0

)
. (5.4)

where ς ∈ [0, 1] is the factor of bandwidth allocation (bandwidth splitting factor)
among the two users.

To compare the performance of NOMA and OMA, we assume H1 = 100,
H2 = 1, Ws = 1 Hz, P1 +P2 = 1 and N0 = 1. In NOMA [138], when the power is
assigned as P1 = 1

5
P and P2 = 4

5
P , the achievable rates are calculated according

to (5.1) and (5.2) as R1 = 4.39 bps/Hz and R2 = 0.74 bps/Hz respectively. On
the other hand, in OMA, when equal bandwidth and equal power are allocated to
CUE1 and CUE2

(
ς = 0.5, P1 = P2 = 1

2
P
)
, the user rates are calculated accord-

ing to (5.3) and (5.4) as R1 = 3.33 bps/Hz and R2 = 0.50 bps/Hz respectively.
From this example, it is observed that NOMA scheme outperforms OMA in term
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of sum rate. In addition, it can be seen from (5.1) and (5.2) that power allocation
for each CUE greatly affects the user rate performance.

5.3 Related Works

Recently, there has been growing interest in EE of NOMA system as it becomes
an important performance measure of wireless communication systems. The re-
source allocation problem that maximizes the EE in NOMA systems has also
been considered in [139–141]. In [139], EE optimization is studied in a fading
MIMO-NOMA system with a limited number of two users. Whereas in [141], the
authors developed the optimal power allocation for maximizing the EE with QoS
constraints but only for the users on one channel. The joint power allocation
and channel assignment for maximizing the EE is considered in [140], in which a
solution is obtained using DC programming approach. However, each subchannel
is only allocated with two users, which limits the application of NOMA.

EE-SE tradeoff is an important study for energy efficient system design as
it provides a balance between EE and SE in resource allocation. A few literat-
ures have studied the EE-SE tradeoff for NOMA system such as in [142, 143].
In [142], a multi-objective optimization problem (MOOP) to investigate the
tradeoff between EE and SE with fairness is considered.α-fairness unity func-
tion is adopted to measure the fairness level among users. The original problem
is transformed into a single-objective optimization problem (SOOP ) by using the
weighted sum method. The work in [143] studied the EE and SE tradeoff prob-
lem in hybrid multi-carrier non-orthogonal multiple access (MC-NOMA) system.
To tackle the challenging non-convex problem, a weighted Tchebycheff method
is used to convert the problem into a SOOP, and algorithm based on LDD and
sequential convex programming is proposed to solve it. However, both works did
not consider the existence of D2D communications in the system.

With regard to NOMA-D2D system, the work in [144] is one of the earliest lit-
eratures which investigated the coexistence of NOMA and D2D communications.
In that work, the authors proposed a new mechanism that jointly coordinates
beamforming based multiuser MIMO (MU-MIMO), NOMA, and D2D commu-
nications in a downlink cellular network. An optimization problem aiming to
maximize the total system throughput performance is formulated and a subop-
timal approach is developed to solve the problem.
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To investigate the promising application of NOMA in the D2D communica-
tions, a NOMA-based D2D communications framework is proposed in [145]. In
the framework, a D2D group concept which utilizes NOMA transmission within
D2D communications is introduced. In a particular D2D group, one DTx is
allowed to communicate with multiple DTx simultaneously while multiple D2D
groups can reuse the same subchannel. An algorithm is proposed based on match-
ing theory to allocate proper subchannels for the D2D groups in order to maximize
the sum rate. Simulation results showed that the proposed algorithm achieved
the near-optimal performance compared to the exhaustive-search method and
outperformed the conventional OMA-based framework. However, that work did
not consider NOMA-based cellular links.

In [146], the power control and channel assignment problem in D2D commu-
nications underlaying a NOMA cellular system is studied. The objective is to
maximize the sum rate of D2D pairs while guaranteeing the minimum rate re-
quirements of NOMA CUEs. First, the authors derive the optimal conditions for
power control of the CUEs. Then, a dual-based iterative algorithm is proposed to
solve the resource allocation problem. Nevertheless, one subchannel is only alloc-
ated to at most one D2D pair. As a result, the SE can not be further improved.
The work in [147] investigated the potential of integrating NOMA with D2D com-
munication. Two types of D2D-NOMA integration are specified; forward-D2D
NOMA and reverse-D2D NOMA. The former involves NOMA transmission from
one DTx to a cluster of DRxs while the latter allows NOMA transmission from
a cluster of DTxs to a single DRx. Similar with conventional D2D communica-
tions, D2D-NOMA communications can share the uplink or downlink resources
of CUEs.

In [148], NOMA technique is adopted to schedule a set of CUEs on the spec-
trum resource while D2D pairs reuse these spectrum resources in an orthogonal
manner. Compared to [145], both CUEs and D2D pairs form a cluster and these
users are scheduled over a subchannel. However, only two NOMA-based CUEs
are allowed to use the same subchannel. Furthermore, [149] studied the impact
of the integration of D2D communications with a downlink NOMA system where
only a cluster of two CUEs and a D2D pair is considered. Mobile association and
power allocation in D2D-enabled HetNets with NOMA protocol is investigated
in [150]. In that work, two NOMA users can connect to any BS using direct mode
or relay mode. In the direct mode, BSs broadcast the superimposed signals to
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the users. In the relay mode, BSs first broadcast the superimposed signals, and
then the near user acts as a relay to forward the message to the far user. All the
aforementioned NOMA-D2D coexistence did not consider the EE of the system.

Joint power control and time allocation problem of a D2D communication
underlaying NOMA-based cellular network with energy harvesting is studied
in [151]. Both CUEs and DTx harvest energy from a hybrid access point in
the downlink and transmit information in the uplink. An iterative algorithm is
proposed to maximize the EE of the D2D pair while guaranteeing the QoS of
CUEs. Moreover, NOMA technique for D2D communications is applied in [152]
to maximize the system EE. A downlink resource allocation scenario where CUEs
share the RBs with D2D clusters in a single cell network is studied. Specifically,
the DTx communicates with a set of DRxs on one RB simultaneously by applying
NOMA technology. Suboptimal solution is proposed to solve the joint RB, D2D
transmission power and allocation coefficient for the NOMA system.

In all these above related works, the EE-SE tradeoff for NOMA system with
overlaying D2D communication has not been investigated, which becomes the
motivation of this research.

5.4 System Model

In this work, we consider a downlink transmisson scenario where a BS simultan-
eously serves K single antenna CUEs where k ∈ {1, 2, ..., K}. The BS transmits
the signals to the CUEs through n RBs where n ∈ {1, 2, ..., N}. The total band-
width of the system, Wtot is equally divided into N RBs where the bandwidth
of each RB is Ws = Wtot/N . The BS knows the instantaneous channel state
information (CSI) of all users. As illustrated in Fig. 5.3, the distances between
the CUEs to the BS is defined as d1 < d2 < d3 < dK . This means that CUE1
is located nearest to the BS, followed by CUE2 and CUE3. CUE4 is located
farthest from the BS, which is near to the cell edge. Therefore, CUE1 has the
best channel conditions, followed by CUE2, CUE3 and CUE4. In other words,
CUE1 is the strongest NOMA user which will be allocated the least power while
CUE4 is the weakest NOMA user and will be allocated the highest transmission
power. Meanwhile, L D2D pairs, each including one transmitter and one receiver
coexist in the system, by sharing the resources in overlay manner as presented in
the subsection 4.3.2.
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Figure 5.3 – Downlink NOMA-D2D system (K = 4, L = 2).

Let the transmit power and the channel gain of the kth CUE on the nth
RB are represented as pk,n and hk,n, respectively. According to the principle of
NOMA, one channel can be assigned to multiple users and SIC is used to decode
their signals [153]. As assumed in [150], we have h1,n ≥ h2,n ≥ h3,n ≥ hK,n.
The optimal order for decoding is in the order of the increasing channel gain
to noise ratio (CNR), eg., (hk,n/WsN0) [138, 140, 153]. Based on this order, any
user can successfully decode the signals of the other users with smaller CNR
values. This means that, the interference from the weaker users can be cancelled
and removed by the user who has better channel condition [140]. Therefore, the
NOMA protocol allocates higher power to the users with lower CNRs [138, 154],
leading to p1,n ≤ p2,n ≤ p3,n ≤ pK,n.

For the kth users multiplexed over nth RB, the achievable sum rate is ex-
pressed as

Rc = Ws

K∑
k=1

N∑
n=1

log2 (1 + pk,nΓk,n) (5.5)

where the received SINR of CUE1 and CUE2 are given respectively by

Γ1,n =
p1,nh1,n

WsN0

, Γ2,n =
p2,nh2,n

p1,nh2,n +WsN0

, (5.6)

and that of the CUE3 is given by
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Γ3,n =
p3,nh3,n

(p1,n + p2,n)h3,n +WsN0

. (5.7)

Finally, the SINR of the weakest user, Kth CUE is expressed as

ΓK,n =
pK,nhK,n

(
∑K−1

k=1 pk,n)hK,n +WsN0

. (5.8)

According to the SINR expression in (5.6)− (5.8), the transmit power allocation
to one user affects the achievable sum rate as well as the EE of the system. The
overall transmit power for the kth user, Pk and the total transmit power, PT are
given by

Pk =
N∑
n=1

pk,n, PT =
K∑
k=1

Pk. (5.9)

It should be noted that the overall power consumption model and the overall
power budget at the BS as well as power utilization and bandwidth utilization
are modeled similarly as in Chapter 3. Identically, the RE for NOMA system can
be formulated as

RENOMA =
Rc

P

(
1 + β

τp
τw

)
. (5.10)

where P = εPT + PcirBS.

5.5 RE Optimization for NOMA

In this section, the RE for NOMA (RE NOMA) scheme is proposed. The RE
optimization problem for the NOMA system can be formulated as

ηRE−NOMA = max
pk,n

Rc

P

(
1 + β

τp
τw

)
(5.11a)

s.t
N∑
n=1

rk,n ≥ Rc
min (5.11b)

K∑
k=1

N∑
n=1

pk,n ≤ Pmax (5.11c)

pk,n ≥ 0, ∀k ∈ K, ∀n ∈ N (5.11d)

S ≤ N (5.11e)
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where S denotes the number of used RBs. Constraint (5.11e) ensures that the
number of RBs utilized for the RE optimization does not exceed the total number
of RBs. Clearly, there is no RB allocation indicator constraint in the RE for
NOMA problem because each RB will be used by all CUEs. Similar to [155], we
assume each user has the same minimum rate requirement as in (5.11b).

Problem (5.11) is a non-convex problem due to the fractional of the objective
function which makes it difficult to obtain the optimal solution. In order to
solve this problem, an approach is proposed to solve the RE problem for NOMA
suboptimally in two steps including RB allocation and power allocation.

Resource Block Allocation

The first step in this approach is to perform RB allocation to maximize the
RE of the BS. Fractional Transmit Power Allocation (FTPA) is used in this
step to allocate initial transmission power to all CUEs in each RB. FTPA is
widely adopted in NOMA system because of its low computational complexity
[138,140,156]. In the FTPA scheme, the transmit power of kth CUE on the nth
RB, pk,n is allocated according to the channel gains of all the multiplexed users
on RB n, which is given as [140,154]

pk,n = pn
(hk,n/WsN0)−αFTPA∑K
i=1 (hi,n/WsN0)−αFTPA

(5.12)

where pn is the assigned total transmission power for nth RB which is assumed to
be equal and αFTPA (0 ≤ αFTPA ≤ 1) is the decay factor. αFTPA = 0 represents
equal power allocation. For larger αFTPA, the transmit power allocated to the user
with largest CNR becomes lower, and more power is allocated to the user with
the lowest CNR, in order to achieve the user-fairness and the optimal decoding.

The use of FTPA allows power allocation to each CUE that shares an RB
and therefore, the value of the RE objective function can be calculated. In each
iteration, the value of RE is saved and finally, the corresponding number of RBs
required to maximize the RE of the BS, Q can be obtained. The RB allocation
step is presented in Algorithm 5.1.

Power Allocation

Once the RB allocation step is completed, the remaining problem is to find the
actual power allocation for CUEs. In the second step, proper power allocation is



CHAPTER 5. RE OPTIMIZATION FOR NOMA SYSTEM WITH D2D 108

Algorithm 5.1 RB allocation
Require: β, K, N, H, z = 0, T = 0
1: while T 6= N do
2: T = T + 1
3: H1 = H(1 : K, 1 : T )
4: z = z + 1
5: Using (5.12), calculate RE(z) according to (5.10)
6: end while
7: Obtain Q = arg maxz RE(z) return (Q, RE)

only needed for the Q RBs. Since RE maximization is already used in the RB
allocation step, the power allocation here aims to maximize the EE. For a given
RB allocation, the EE maximization problem for the BS is formulated as

ηEEC−NOMA = max
p

Ws

∑K
k=1

∑
nεQ log (1 + pk,nΓk,n)

ε
∑K

k=1

∑
nεQ pk,n + PcirBS

(5.13a)

s.t
∑
nεQ

Ws log2 (1 + pk,nΓk,n) ≥ Rc
min, ∀k ∈ K (5.13b)

K∑
k=1

∑
nεQ

pk,n ≤ Pmax (5.13c)

pk,n ≥ 0, ∀k ∈ K, ∀n ∈ N (5.13d)

Problem (5.13) is in fractional form which can be transformed into a subtrac-
tive form as follows

max
p∈P

Fn (qn,p) = Ws

K∑
k=1

∑
nεQ

log (1 + pk,nΓk,n)− qn

(
ε

K∑
k=1

∑
nεQ

pk,n + PcirBS

)
(5.14)

s.t (5.13b) − (5.13d)

where P is the set consisting of feasible power allocation strategies and qn is the
value of EE for NOMA. The transmission power for kth CUE on each RB is given
as %k = [ρk,1, ρk,2, ..., ρk,Q]. Therefore, the vector of all power allocation strategies
is denoted as p = [%1, %2, ..., %K ]T .

The objective function in (5.14) is still non-convex and can be further con-
verted to a DC programming problem [157] by formulating the objective function
as
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v (p) = f (p)− g (p) (5.15)

where

f (p) = Ws

[
Q∑
n=1

log2 (p1,nh1,n +WsN0) +

Q∑
nε1

log2 ((p1,n + p2,n)h2,n +WsN0)

]

+Ws

Q∑
n=1

log2 ((p1,n + p2,n + p3,n)h3,n +WsN0)

+Ws

Q∑
n=1

log2

(
(
K∑
k=1

pk,n)hK,n +WsN0

)

− qn

(
ε

K∑
k=1

∑
nεQ

pk,n + PcirBS

)
and

g (p) =Ws

Q∑
n=1

log2 (WsN0) +Ws

Q∑
n=1

log2 (p1,nh2,n +WsN0)

+Ws

Q∑
n=1

log2 ((p1,n + p2,n)h3,n +WsN0)

+Ws

Q∑
n=1

log2

(
(
K−1∑
k=1

pk,n)hK,n +WsN0

)
.

Therefore, problem (5.14) can be recast as

max
p∈P

{f (p)− g (p)} . (5.16)

s.t (5.13b) − (5.13d)

The function g (p) in (5.16) can be approximated by its first order Taylor expan-
sion at p(i) i.e., g

(
p(i)
)

+∇g
(
p(i)
)T (

p− p(i)
)
in each iteration, where ∇g

(
p(i)
)T



CHAPTER 5. RE OPTIMIZATION FOR NOMA SYSTEM WITH D2D 110

denotes the gradient of g (p)at the point p(i)which is given by

∇g (p)



∑Q
n=1

h2,nWs

ln 2(WsN0+(p1,n)h2,n)
+
∑Q

n=1
h3,nWs

ln 2(WsN0+(p1,n+p2,n)h3,n)
+∑Q

n=1
hK,nWs

ln 2(WsN0+(
∑K−1
k=1 pk,n)hK,n)

, : CUE1∑Q
n=1

h3,nWs

ln 2(WsN0+(p1,n+p2,n)h3,n)
+∑Q

n=1
hK,nWs

ln 2(WsN0+(
∑K−1
k=1 pk,n)hK,n)

, : CUE2∑Q
n=1

hK,nWs

ln 2(WsN0+(
∑K−1
k=1 pk,n)hK,n)

, : CUE3

0. : CUEK

Finally, the approximated problem is expressed as

max
p∈P

v (p) = f (p)− g
(
p(i)
)
−∇g

(
p(i)
)T (

p− p(i)
)
. (5.17)

s.t (5.13b) − (5.13d)

It can be seen from (5.17) that both f (p) and the remaining terms are concave
functions. Algorithm 5.2 presents the energy efficient power allocation algorithm
for the NOMA system.

Algorithm 5.2 Energy efficient power allocation for NOMA users
Require: ε, t = 0, qn(t) = 0, Tmax
1: while (|Fn(qn)| > ε) || (t < Tmax) do
2: Initialize i = 0, ∀p ∈ P
3: while ((|V (p(i+1))− V (p(i))| > ε) do
4: Solve problem (5.17) using IPM
5: i = i+ 1
6: end while
7: Update qn(t+ 1) = Rc

εP+PcirBS
8: Update Fn(qn)
9: t = t+ 1

10: end while
11: return (p, qn)
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5.6 Energy Efficiency Optimization for D2D Pairs

in Non-Orthogonal Mode (EENO)

The EE optimization for D2D is performed once the RE NOMA stage is com-
pleted. In this second stage, D2D communications are employing non-orthogonal
resource sharing mode where each RB is used by multiple D2D pairs. The DUEs
will utilize all remainingM RBs to maximize their EE. Therefore, only the power
allocation problem for D2D pairs need to be solved. In this section, we only focus-
ing on the EE optimization scheme for D2D pairs using non-orthogonal resource
sharing mode (EENO) because it provides better EE performance than the D2D
pair in orthogonal mode (EEO). As in Section 4.5, the EE optimization problem
for D2D communications is expressed as

ηEE = max
pl,m

Rd

εPD + LPcirUE
(5.18a)

s.t
M∑
m=1

rl,m ≥ Rd
min (5.18b)

M∑
m=1

pl,m ≤ P d
max, ∀l ∈ L (5.18c)

pl,m ≥ 0, ∀l ∈ L, ∀m ∈M (5.18d)

where Rd
min and P d

max represent the minimum rate requirement and the maximum
transmission power for each D2D pair respectively. Algorithm 4.5 is used to solve
this problem.

5.7 Simulation Results

In the proposed RE NOMA-EENO scheme, the first stage (RE NOMA) is im-
plemented in two steps using Algorithm 5.1 and 5.2. However, the results for
RE NOMA presented in this section are obtained by solving problem (5.13) in
the second step using an optimal numerical solution. Regardless of this, the EE
optimization for the D2D pairs in the second stage is performed similar as in
Section 4.5. Simulation parameters used in this chapter are summarized in Table
5.1.

Fig. 5.4 shows the relationship between the tradeoff parameter, β with the EE
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Table 5.1 – Simulation parameters

Parameters Value
Cell radius (R) 500 m

Number of cellular users (K) 4
Number of D2D pairs (L) 2, 4

Number of resource blocks (N) 25
Resource block bandwidth (Ws) 200 kHz

Maximum D2D pair distance (dmax) 20, 40, ..., 120 m
Rate requirement for each CUE (Rc

min) 0.5 Mbps
Rate requirement for each D2D pair (Rd

min) 1 Mbps
Maximum transmit power of BS (Pmax) 10 W

BS circuit power (PcirBS) 5 W
Maximum transmit power of D2D link (P d

max) 250 mW
DTx circuit power (PcirUE) 100 mW

Drain efficiency of power amplifier 0.38
Noise power spectral density (N0) −174 dBm/Hz

Shadowing 8 dB
Decay factor (αFTPA) 0.4

and SE performance of the NOMA system. Similar with the case of OFDMA, the
EE performance decreases with β whereas the SE increases with β. It can be seen
that the proposed RE NOMA approach achieves better EE and SE performance
at low and high value of β, respectively compared with the Full RE scheme in
Fig. 4.2 and LC RE scheme in Fig. 4.3.

It should be noted that the value of β for RE NOMA to achieve the same
number of RB as the RE for OFDMA (19 RBs) is 2. Therefore, by fixing the
β = 2 for the proposed RE NOMA in the first stage and utilizing the same EE
maximization scheme for D2D pairs for the second stage, the result as shown
in Figure 5.5 is obtained. The benchmark OFDMA results are obtained from
Figure 4.8 in Chapter 4. By multiplexing 4 CUEs on the same RB, the proposed
RE NOMA-EENO scheme improves the overall EE of the BS. As a result, the
proposed RE NOMA-EENO scheme achieves the highest system EE compared
to other schemes.

Figure 5.6 shows the detailed EE comparison of the proposed RE NOMA-
EENO scheme with the proposed LC RE-EENO and EE-EENO schemes. The
proposed RE NOMA-EENO scheme achieves the highest EE for both the BS and
D2D pairs. In average, the proposed RE NOMA scheme allocates slightly more
RB to the D2D pairs which leads to the EE improvement.
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Figure 5.4 – EE-SE for NOMA
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Figure 5.6 – EE comparison (β = 2).

The first tradeoff investigated in this chapter is the EE-SE tradeoff of the
NOMA system. However, the value of tradeoff parameter β also affects the sys-
tem EE. Figure 5.7 shows the impact of tradeoff parameter to the system EE.
When larger value of β is chosen, lesser RBs are allocated to the cellular links.
This means that more RB can be assigned to the D2D pairs to maximize their
EE. Although the EE of CUEs is reduced, a significant EE improvement can be
achieved by the D2D users. As a result, the system EE is increased.

A detailed EE comparison of the proposed RE NOMA-EENO with β = 5

is depicted in Figure 5.8. In terms of BS’s EE, the proposed scheme recorded a
reduction of EE compared to the case of β = 2. However, there is a significant EE
improvement for the DUEs which contributes to the enhancement of the system
EE.

5.8 Summary

In this chapter, an overview of NOMA is presented. Previous studies which
investigated the EE and EE-SE for NOMA as well as the coexistence of NOMA
with D2D communications are discussed. RE optimization problem for a NOMA
system is formulated and a two-step scheme is proposed to solve the problem.
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Using the RE optimization for NOMA, some RBs are left unoccupied and can
be used by D2D pairs to maximize the system EE. Moreover, non-orthogonal
resource sharing mode is utilized by the D2D pair. Simulation results indicated
that the use of RE optimization can provide a balance between EE and SE for
the NOMA system. In addition, using the NOMA protocol for the downlink
communication between the BS and CUEs can improve the EE of the BS as well
as the overall EE of the NOMA-D2D system.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis studied the EE improvement of D2D communications overlaying cel-
lular system. The main aim of this work is to enhance the overall EE of the
system, where D2D pairs either sharing the uplink or downlink cellular resources.
By dividing the main EE problem into two sub problems and implemented in two
stages, efficient algorithms can be used to solve the complex problem effectively.

In Chapter 2, some background information on wireless communications in-
cluding LTE-Advanced and 5G technologies are presented. It is clear that EE
has becoming one of the important aspects of future wireless communication
systems. Overview of D2D communications, advantages of D2D, its challenges,
standardization, classification and related scenarios are discussed. In addition,
some radio resource management of D2D communication and basic D2D sim-
ulation scenario are provided. An overview of radio resource management for
D2D communications is described. Moreover, basic simulation on the perform-
ance D2D communication is also presented. Due to its proximity communication,
D2D has the potential to improve the overall EE and throughput of the system.
However, some aspects of communications such as the distance from D2D users to
the BS or other cellular users, transmission power, and interference issue must be
considered if D2D communication to take place underlaying or overlaying cellular
network. Lastly, the EE formulation for a cellular system coexisting with D2D
communication is defined.

In Chapter 3, a two-stage optimization framework is proposed to maximize the
overall EE of D2D communication sharing the uplink cellular resources. In the

117
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first stage, RE optimization for a CUE is performed to obtain the optimal power
and bandwidth allocations. The RE optimization problem for the CUE is non-
convex due to the fractional structure of the objective function. However, for
a given value of bandwidth, the RE is quasiconcave with respect to the transmit
power of the CUE. An iterative algorithm based on the Bisection method is
proposed to solve the RE problem. By selecting the value of tradeoff parameter,
some bandwidth will be left unoccupied by the CUE. This remaining bandwidth
will be used by a D2D pair in the second stage to maximize its EE. By converting
the original EE problem into subtractive form, the optimal transmit power for
the D2D pair is obtained using Dinkelbach and interior point method. Numerical
results show that the proposed RE algorithm in the first stage of the optimization
achieves similar performance to a global optimization solution while the optimal
EE for the D2D pair is obtained in the second stage. Moreover, the simulations
confirm that the proposed two-stage scheme performs close to the global optimal
solution and provides better overall EE performance compared to the cellular
mode and dedicated mode of communications.

The proposed two-stage optimization scheme is extended in Chapter 4 to study
the EE optimization of D2D communications overlaying downlink OFDMA sys-
tem. In this chapter, we consider multiple number of CUEs and D2D pairs where
each CUE will be allocated orthogonal RBs while D2D pairs will reuse unalloc-
ated RBs between each other. To solve the complex EE problem of the system,
it is divided into two subproblems: RE optimization for BS and EE optimization
for D2D users. We provide the solution to the main EE problem using a two-
stage optimization scheme. In the first stage, a joint RB and power allocation
algorithm is proposed based on fractional programming approach and Lagrange
dual decomposition to maximize the RE of the BS. The RE optimization stage
enables some RBs to be left unoccupied which are then used by the DUEs. To
further reduce the complexity, a lower complexity RE implementation is also
proposed in the first stage. In the second stage of optimization, D2D pairs are
allowed to reuse all remaining RBs to enhance their EE performance. By exploit-
ing a range of optimization tools including fractional programming, Dinkelbach
method, and CCCP algorithm, the power allocation for D2D pairs are solved.
Simulation results showed that the system EE achieved by the LC RE-EENO
scheme is slightly higher than the upper bounds of EE-EENO and close to the
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Full RE-EENO schemes, while having lower complexity compared to the Full RE-
EENO. Furthermore, the proposed Full RE-EENO and LC RE-EENO schemes
can enhance the EE of D2D communications at the expense of slight degradation
on the EE of the BS.

Finally, the performance of a NOMA-D2D system is examined in Chapter 5,
in which D2D communications coexist with NOMA system and utilize the RBs in
overlay manner. A two-step algorithm is proposed to study the EE-SE tradeoff of
the NOMA system in the first stage. Motivated by the previous lower complexity
LC RE scheme, the first step aims to maximize the RE of the NOMA system
by utilizing FTPA scheme. The number of RBs allocated to the CUEs is deter-
mined in this step. Using FTPA, the power allocation for CUEs is suboptimal.
Therefore, proper power allocation is performed in the second step. To obtain
optimal power allocation, DC programming method can be adopted to allocate
power for each CUE within each RB. The power allocation scheme in this step is
designed to maximize the EE of the NOMA system. In the second stage, the EE
optimization for D2D pairs is proceeded and implemented similarly as in Chap-
ter 4. Simulation results show that the proposed RE NOMA approach achieves
higher EE and SE performance compared to the RE for OFDMA schemes. In
addition, the use of NOMA scheme allows the proposed RE NOMA-EENO to
outperformed other schemes in term of the system EE.

6.2 Future Work

This thesis studied the resource allocation problem for maximizing the sys-
tem EE of D2D communications overlaying conventional CUEs and NOMA users.
There are several features and applications of D2D communications that are not
considered in this work. Several potential future research as extensions to this
work are elaborated as below.

Cross cell and multi cell D2D communications

The EE aspect of D2D communication with frequency reuse network has not been
investigated in the existing works. Furthermore, an interesting D2D communic-
ation scenario is cross cell communication where both DTx and DRx located in
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different coverage area of a BS. This means that both potential D2D pair are loc-
ated at cell edge. For this type of scenario, the EE for cell edge users has not been
investigated well and the power transmitted by cell edge users will be higher due
to larger distance from the BS. Since UE rely on battery, the battery level should
be taken into account and energy usage should be optimized. One of important
challenges is to manage interference in cross-cell D2D communication. Therefore,
radio resource managements such as mode selection, power control and resource
allocation need to be jointly considered with EE aspect of this particular network
scenario.

D2D in heterogeneous and ultra-dense networks

Both small cell and D2D communications have the potential to offload traffic from
the cellular network. Therefore, further work can be done to study the coexistence
between D2D and small cell and their cooperation to improve the EE in the
network. The performance of EE D2D communication underlay small cell network
while taking into account the backhaul energy consumption can be investigated.
Furthermore, ultra-dense networks is one of the emerging technologies for future
wireless systems. In this type of network, CUEs and D2D users will be within
the coverage of multiple small cells. Thus mitigating interference and improving
the EE become complex task and required further investigation.

D2D communications with energy harvesting

Energy Harvesting (EH) for D2D communications is worth to be investigated be-
cause UEs have limited battery capacity. Therefore, UEs can be equipped with
EH module and harvest energy from other sources and help in D2D communica-
tions.

NOMA-D2D scenarios

The works that considered the coexistence of NOMA and D2D communications
are still limited. D2D users can implement NOMA protocol where a DTx trans-
mits to several DTxs in group. To enhance the system EE, D2D users can commu-
nicate in underlay mode and share the resources of other NOMA users. However,
the current works have not considered the capability of resource constrained D2D
users which have to perform power domain multiplexing at the DTx and SIC at
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the DRx. Furthermore, cooperative NOMA-D2D scenario can be investigated.
In addition, it is also interesting to study the resource allocation problem when
code domain NOMA, such as SCMA is applied into D2D communications.

D2D-based vehicular communications One of important applications for
D2D communications is related to public safety. Recently, the use of D2D in
vehicular communications network has gained new interest from researchers.
Vehicle-to-vehicle (V2V) communications requires low latency and reliable data
transmission. One advantage of D2D-based V2V communication is that chan-
nel congestion and collision used in 802.11p based V2V communication can be
avoided. D2D-based V2V communication can ensure the connectivity between
vehicular user equipments (VUEs), where VUEs can communicate directly using
the radio resources of CUEs. Therefore, radio resource management schemes need
to be developed to control the interference and improving the SE and EE of the
system. In addition, further investigation on the application of D2D communic-
ations with vehicular communications can be explored.
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