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ABSTRACT

Due to the steep growth in mobile data traffic, it will be a challenge for 5G networks to

ful-fill the requirement using limited resources in licensed spectrum. However, the joint

deployment of smaller cells in the Macro-cell has attempted to overcome this issue. It is

observed that users are adversely affected by limited resources in the licensed band. Due to

the scarcity of resources in the licensed band, it is better to deploy a small cell operating at

an unlicensed spectrum like WLAN. Establishing Device to Device communication (D2D)

in the cooperative deployment of cellular networks and WLAN can accommodate the on

growing user data demand by intelligently allocating the resources, hence, forming a

centralized control in a distributive manner.

This Thesis gives a detailed overview of all the LTE technologies operating in an unlicensed

band which includes; LTE-U, LAA, LWA, and MuLTEfire. The technologies are compared

with extensive simulation and further D2D communication is applied in these technologies

to observe their behaviour.

This Thesis also introduces a three-tier architecture for next generation 5G networks which

can offload traffic from cellular networks to WLAN in a dense environment. It proposes a

Scalable MAC Protocol (SC-MP) to efficiently allocate resources for Wi-Fi users with D2D

communication. SC-MP will allocate WLAN resources to the normal users in a centralized

and efficient manner based on a novel PCF strategy, which will develop a centralized

control in a distributive manner. The SC-MP is compared to legacy DCF protocol defined

in IEEE 802.11 through extensive simulation to evaluate the network performance. The

key result is that SC-MP is able to improve the performance compared to DCF for metrics

that include; network throughput, network capacity, and network delay.

Furthermore, the thesis gives a detailed mathematical analysis of SC-MP using Markov

modelling and semi-Markov modelling. Effective capacity is derived using three-state

xvi



semi-Markov modelling for the proposed SC-MP. Analytical results are validated through

the simulation results. In addition, an optimal queue scheduling and resource allocation

problem with QoS guaranteed between the licensed and unlicensed band is formulated to

minimize the bandwidth of licensed spectrum and maximize the aggregated effective

capacity of a three-tier network. The results proved that the proposed SC-MP can perform

better compared with the state of art.
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Chapter 1

Introduction
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Figure 1.1: Heterogenous Wireless Communication Network Towards 5G Networks

Nowadays, the world is dominated by modern science and technology, and the internet
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is playing a major role in everyone’s life. During the past few decades, the volume of mobile

data traffic has increased at a rapid pace due to popular multimedia applications on smart-

phones and tablets. Besides the high data volume problem, the user experience is also a

major challenge. It will be a challenge for current networks to give good Quality-Of-Service

in a dense environment where users are in close proximity to each other. Currently, wireless

communication systems revolve around 3G and 4G networks. To meet the requirements of

future technology and enhance the communication networks, worldwide technologists are

looking forward to the next generation wireless systems, 5G.

5G is expected to substantially improve wireless communications and enable a wide range of

machine-type communication applications, such as e-Health, vehicular safety, and industrial

automation.

The Third Generation Partnership Project (3GPP) is a collaborative project aimed at devel-

oping global specifications for the current and future generations of wireless networks. 3GPP

caters for the majority of the telecommunication wireless networks in the world. According

to 3GPP, the 5G network will produce drastic changes by introducing new dimensions, such

as an entirely new air interface and a new transport layer based on ICN (information-centric

networking). 5G will propose an improvement in already developed techniques and one of

them is D2D communication, which is already introduced in LTE-A (LTE advanced). 5G will

also influence the core infrastructure by enabling software defined networks (SDN), packet

layering and encryption flexibility.

The question that arises in our minds is why do we need 5G, and what additional benefits

it can provide to the wireless industry?

5G will emerge in an attempt to address the following challenges:

• Higher Data Rate

• Capacity enhancement
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• Lower E2E latency

• Massive Device connectivity

• Cost reduction

• Consistent QoS provisioning

• Wearable device with artificial intelligence (AI)

• Ability to connect the user to different Wireless Access Technologies like 2.5G, 3G, 4G,

Wi-Fi and WPAN (Wireless Personal Area Network)

Due to the substantial benefits, a considerable number of researchers and industries are work-

ing toward to making 5G a reality. Ericsson, Alcatel-Lucent, Huawei, DOCOMO, Nokia and

European Telecom companies launched 5GPPP (5G Infrastructure Public Private Partner-

ship) in 2014. 5GPPP created METIS, whose primary function is to help launch 5G by

2020 [1]. Since 5G is an emerging technology, a significant number of papers is published in

the various area of 5G. One of the important ideas of designing 5G cellular architecture is to

seperate the outdoor and indoor scenarios to prevent the penetration loss through building

walls [2]. In paper [2–4], the authors propose 5G outdoor network architecture in which the

BS are deployed outdoor in the middle of the cell. Outdoor BS are equipped with large

antenna arrays that can benefit massive MIMO technologies [2]. In paper [5], the author

suggests an indoor architecture and in such an architecture the user communicate with in-

door wireless AP with large antenna arrays installed outside the buildings [2]. Papers [6–11],

explain a detailed overview of 5G networks, in addition to its features and challenges.

1.1 Research Areas in 5G Networks

Some important research areas of 5G are discussed below:
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• Massive Multiple Input and Multiple Output (MIMO): Massive MIMO contain multiple

transmitters and receivers to multiply the capacity of radio links. It is a technique

for sending and receiving more than one data signal with the same radio channel

simultaneously via multipath propagation [12]. Massive MIMO is deployed to overcome

interference. It enables direct communication with beamforming and also increases the

capacity of the cell. Paper [13], proposes the hybrid architecture with beamforming

solution for 5G. An extensive survey of cooperative MIMO channel models is presented

in [14].

• Cognitive Radio Technology: In Cognitive radio, multiple radio technologies share the

same spectrum, hence allowing the cellular networks to effectively utilize the under-

utilized frequency bands without causing interference. Since 5G will interconnect with

all wireless technologies, the cognitive radio will adapt to these wireless technologies

and will work with all of them. The author in the paper [15], gives an overview survey

of cognitive radio including, the fundamental requirements, architecture, applications,

and its challenges.

• Millimetre Wave Frequency (mmWave): Millimeter frequency band (20-60 GHz) will

be implemented to support a data access speed of 10 Gbit/s. The connection comprises

short wireless links at the end of the fiber wired connection, hence creating a converged

fiber-wireless network. The author in [16], proposes a mmWave communication survey

towards 5G, which includes, characteristics, challenges, and applications of mmWave

communication.

• Relaying:. Multi-hop relay communication has gained global attention and will be

a promising technology for the next generation wireless networks. To improve the

coverage and throughput, it is estimated that large-scale relaying will be deployed in

5G [17]. Multi-hop cooperative networks have the capability to increase the capacity,
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density and to reduce energy consumption by bringing the RAN closer to the end

user [18]. The author in [19] proposes two-way relaying in 5G with multiple antennas

at the nodes.

• Full Duplex: Other favorable techniques in 5G include Full-duplex. Full duplex can

double the spectrum efficiency by simultaneous transmission and reception on the same

frequency and time resource. It can also reduce E2E packet delay and improve network

efficiency [17].

• Software Defined Networks (SDN): SDN and virtualization is an innovative feature

towards 5G as they can enable flexible and automated deployment. To gain higher

speed and massive connectivity, it is important that decisions made at the core side

should be faster, structured and congestion controlled. Morever, SDN concept enables

us to adapt the operation of the back-haul network to the needs of the radio access

network [18]. This can be achieved by using software defined controllers that appear

to have a global view of the network and is a single logical switch to applications and

policy engines. SDN provides better inter-cell management, enforcement of Quality of

Service (QoS), firewall policies, and seamless user mobility across different technolo-

gies. Researchers have proposed different SDN architectures towards next generation

in papers [20–22].

• Heterogeneous Networks (HetNets): HetNets refers to the deployment of different radio

networks in a single cell that has different transmission power, radio access technology

(RAT), and are supported by a different type of back-haul links. Deploying smaller cells

(Pico/Femto/Micro/Relay Nodes) in a macro-cell will not only increase the coverage

but will also enhance the capacity and Quality of Service (QoS). Additionally, HetNets

will play a vital role in enabling spatial and frequency reuse. In [23–25], resource

allocation schemes are proposed in heterogeneous networks, based on QoS. Papers [26–
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29], propose ideas to offload traffic from a macro-cell to a smaller cell using Common

Radio Resource Management (CRRM). A comprehensive survey of HetNets has been

presented in [30].

• Device to Device Communication (D2D): Due to the massive connectivity of devices in

5G, D2D communication will play a vibrant role towards 5G networks. D2D commu-

nication is gaining immense popularity nowadays, as it can provide high throughput,

extended network coverage, efficient spectral usage, improved energy efficiency, delay,

and fairness. D2D communication enables users to communicate with each other with

minimum involvement from the Base station (BS). D2D communication offers decen-

tralized location-based services that enable efficient, flexible, and secure applications,

including social network applications. D2D communication is still an unexploited re-

search area, that requires extensive survey efforts from industry as well as from the

academia. D2D communication can be complex as it has many challenges to be ad-

dressed before it can be fully adopted, such as interference management, resource allo-

cation, Quality of Service (QoS), communication session set-up, upgrading of network

and network cost.

Heterogeneous networks and Device-to-Device (D2D) networks are the focus of this thesis

and will be discussed in detail in Chapter 2.

1.2 Thesis Statement

Device-to-Device communication is one of the important features towards the improvement

of 5G networks that can offload traffic in a heterogeneous network using licensed or unli-

censed spectrum. Introducing D2D communication in a heterogeneous network can bring

new challenges, including decision-making criteria for scheduling problems, radio resource

management, coexistence with other techniques and technologies. All these issues should be
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addressed in order to integrate D2D communication in heterogeneous networks.

D2D communication will allow direct packet transmission between peers with little or no

involvement from a cellular base station (BS). Efficient resource allocation is one of the ma-

jor challenges for D2D communication either in cellular or ad-hoc networks. Researchers

have provided multiple solutions for resource allocation in cellular networks and proposed

different MAC protocols in ad-hoc networks but no work has been proposed yet that can

suggest an efficient MAC protocol to offload traffic in heterogeneous networks using both

cellular and ad-hoc networks.

1.3 Objectives and Overview of Thesis

The objective of this thesis is to develop an efficient MAC protocol in a three-tier het-

erogeneous network to offload traffic from cellular networks to wireless local area networks

(WLAN) based on IEEE 802.11 MAC. A Scalable MAC Protocol (SC-MP) is proposed for

D2D communication based on the IEEE 802.11 PCF access mechanism. A novel SDN-based

mechanism for PCF based on the best Signal to Noise Ratio (SNR) polling scheme is in-

troduced in contrast to a round robin scheme. The throughput of the network is further

increased by sharing multimedia through D2D communication between WLAN users. Our

proposed architecture is built on the LWA technology with modification in the resource al-

location scheme based on IEEE 802.11 PCF to access a WLAN channel with an additional

increase in throughput by D2D communication. The protocol entitled, Scalable MAC Proto-

col (SC-MP), increases the network capacity while decreasing the network delay and giving

fair channel access to users by using a polling coordinated function (PCF).

A second major objective is to develop a new analytical model for SC-MP that is novel in

the depth of analysis offered in terms of effective capacity and saturation throughput. A

hypothetical system is set-up to measure the effective capacity of Scalable MAC Protocol
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(SC-MP), under statistical QoS limitations using a three-state semi-Markovian model and

further analyzing the throughput using a four-state traditional Markov chain.

Furthermore, the optimal joint queue scheduling and resource allocation problem is for-

mulated with the QoS guarantee between licensed and unlicensed band to minimize the

bandwidth of licensed band. A new iterative algorithm is proposed to convexify the problem

as a series of block coordinated descent (BCD) and Difference of Convex functions (D.C)

program.

1.4 Thesis Outline and Contributions

This section comprises the outline of the thesis and summarizes the main contributions.

• In Chapter 2, an extensive review of relevant literature is presented, including MAC

protocols for both infrastructure and ad-hoc D2D networks. Furthermore, the features

and challenges of a D2D MAC protocol - in particular, several over-looked and under-

explored areas such as fairness, scalability and interoperability - are discussed.

• In Chapter 3, a detailed overview and comparison of LTE technologies operating in

an unlicensed 5GHz band that includes; carrier Wi-Fi, LTE-U, LTE-LAA, LWA, and

MuLTEfire are discussed. A detailed simulation is performed for LTE-LAA, LWA and

MuLTEfire technologies in the presence of a Wi-Fi hotspot and results are compared.

Furthermore, the performance of these technologies is investigated by applying D2D

communication over them. It is concluded from the results that MuLTEfire can increase

the throughput of users drastically but the network saturates quickly. For a scalable

network, it will be best to use D2D with LWA as it increases the throughput and the

capacity of the network.

• In Chapter 4, an innovative three-tier network is proposed for a dense environment
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based on LWA technology, consisting of Macro BS, WLAN BS, and D2D communica-

tion. A new centralized Scalable MAC Protocol (SC-MP) is proposed for D2D commu-

nication between WLAN users, based on the IEEE 802.11 Point Coordination Function

(PCF) access mechanism. The proposed scheme will allocate WLAN resources to users

in a centralized and efficient manner based on a novel PCF strategy, which will develop

a centralized control in a distributive manner. A polling scheme in PCF will be based

on the basis of best SNR in contrast to a round robin scheme. Simulation results show

that the proposed MAC scheme can increase the network capacity while decreasing the

network delay and perform better than the legacy distributed coordination function

(DCF) defined in IEEE 802.11.

• In Chapter 5, An analytical three state semi-Markovian model is proposed for SC-

MP based on PCF access mechanism with D2D communication. A new closed-form

expression is theoretically derived to evaluate the effective capacity of SC-MP against

the QoS and instantaneous transmission rate for random diverse traffic; voice and

video. The three-state semi-Markovian model is modified to a traditional four-state

Markovian model using a discrete Markov chain to analyze the saturation throughput

having persistent traffic for voice and video/multimedia. Furthermore, the behaviour

of D2D communication is observed in the model. The analytical results are validated

using simulation tool Matlab.

• In Chapter 6, an optimal queue scheduling and resource allocation problem is investi-

gated under various statistical delay constraints of three-tier network based on LWA

technology with a modification in resource allocation scheme based on IEEE 802.11

PCF to access WLAN channels and further offload multimedia files through D2D com-

munication. The optimal joint queue scheduling and resource allocation problem is

formulated with the QoS guarantee between licensed and unlicensed bands to mini-
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mize the bandwidth of the licensed band. A new iterative algorithm is proposed to

convexify the problem as a series of block coordinated descent (BCD) and difference

of convex functions (D.C) program. A simulation is performed using two scenarios

of the proposed schemes; in the first scenario, the voice traffic uses a licensed band

whereas multimedia traffic uses a unlicensed band and in the second scenario half of

the voice traffic goes through the licensed band and another half of the traffic goes to

the unlicensed band along with the multimedia traffic. Our result proved that both

scenarios perform better than SMS and scenario 2 outperforms scenario 1.

• In Chapter 7, the contributions and key results of the thesis are summarised. Directions

for possible future research are also discussed.

1.5 Related Publications

The publications related to the contribution of the Thesis are as follows:

• Performance comparison and high-level simulation of LTE solutions operating in an

unlicensed 5GHz band; LTE-Unlicensed (LTE-U), LTE-License Assisted Access (LTE-

LAA), LTE WiFi Link Aggregation (LWA), and MuLTEfire and further applying D2D

communication in these technologies (Chapter 3): Bushra Ismaiel, Mehran Abolhasan,

David Smith, Wei Ni and Daniel Franklin, “A Survey and Comparison Of Device-

To-Device Architecture Using LTE unlicensed Band”, in IEEE Vehicular Technology

Conference (VTC), June 2017 [31].

• An innovative three-tier 5G architecture is proposed for D2D communication, which

will offload cellular traffic to WLAN in a dense environment using a Scalable MAC

Protocol (SC-MP). Simulation results show that the proposed MAC scheme can in-

crease the capacity of the network and perform better relative to the legacy Distributed

10



Coordination Function (DCF) defined in IEEE 802.11 (Chapter 4): Bushra Ismaiel,

Mehran Abolhasan, David Smith, Wei Ni and Daniel Franklin, “Scalable MAC proto-

col for D2D communication for future 5G networks”, in Consumer Communications

and Networking Conference (CCNC), Jan 2017 [32].

• A three-state semi-Markovian model is proposed to derive a closed-form expression of

effective capacity in terms of transmission rate and quality-of-service (QoS) of SC-MP.

Further, SC-MP is analytically modeled using a four-state traditional Markov model

to derive the saturation throughput. The analytical results are validated through

simulations, hence proving the appropriateness of the model (Chapter 5): Bushra

Ismaiel, Mehran Abolhasan, Wei Ni, David Smith and Daniel Franklin, “Analysis of

Effective Capacity and Throughput of Polling Based Heterogeneous Networks”, in

IEEE Transaction on Vehicular Technology, May 2018 [33].

• Resource allocation and optimal joint queuing scheduling problems are formulated with

the QoS guarantee between licensed and unlicensed bands to minimize the bandwidth

of the licensed band using SC-MP. A new iterative algorithm is proposed to convexify

the problem as series of sub-problems based on Block Coordinate Descent (BCD) and

difference of two convex functions (D.C) program. The simulation results show that

the scheme performs better than the existing scheme (Chapter 6): Bushra Ismaiel,

Mehran Abolhasan, Wei Ni, David Smith and Daniel Franklin, ”PCF-Based LTE Wi-

Fi Aggregation for Coordinating and Offloading the Cellular Traffic to D2D Network”,

to be appear in IEEE Transaction on Vehicular Technology, September 2018 [34].

• A survey paper with an extensive literature review of both infrastructure-assisted cel-

lular D2D and distributed/ad-hoc techniques are studied, and their scalability is com-

pared. Furthermore, the features and challenges of D2D MAC protocol - in particular,

several over-looked and under-explored areas such as fairness, scalability, and interop-
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erability are discussed (Chapter 2): Bushra Ismaiel, Mehran Abolhasan, David Smith,

Wei Ni and Daniel Franklin, “MAC Protocols for Device-to-Device Communication in

5G Networks-A Survey”, submitted to IEEE Access, July 2018 [35].
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Chapter 2

Literature Review

2.1 Introduction

This thesis explores the performance gain of heterogeneous networks using IEEE 802.11 MAC

layer with D2D communication. This chapter includes general discussion of architecture

of heterogeneous and Device-to-Device networks. Moreover, resource allocation and MAC

protocols of infrastructure assisted and ad-hoc networks are discussed in detail. The key

topics of this chapter includes:

• Features of heterogeneous networks and comparison with traditional cellular network;

• Different resource allocation schemes in heterogeneous networks with centralized con-

trol;

• Features of device-to-device communication and importance towards 5G networks;

• Resource allocation schemes in infrastructure assisted D2D communication;

• MAC protocols in distributed/ad-hoc networks;and

• Comparison of MAC protocols based with their advantages and disadvantages.
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2.2 Heterogeneous Networks

Currently, most of the wireless networks are deployed as homogeneous networks. The Ho-

mogeneous cellular network is a network in which there are planned base stations with the

users connected to it. Base stations have the same transmit power levels, antenna pattern,

receiver noise floors and back-haul connectivity to the network. Macro base stations are

carefully planned to overcome the interference and minimize the coverage holes.

Heterogeneous Network Traditional Cellular Network
Connects to BS to provide highest
data rate

Connects to the strongest signal
strength BS

BS are placed opportunistically
and locations are better modelled as
random process. Smaller cells are
nested in macro cell

Hexagonal grid is a best model for BS
locations. BS have distinct
coverage area

Outage/Coverage probability in terms of
rate/ area spectral efficiency

Outage/coverage probability in terms
of SINR/spectral efficiency

Downlink and uplink should not
necessarily use the same the
same BS and can have different
SINRs

Same BS uplink and downlink have
approximately same SINR.
Best downlink and uplink BS

Interference is hard due to irregular
back-haul and sheer number of
BS

Employ fractional frequency reuse to
tolerate very poor cell edge rate

Hand-offs and dropped call are
more frequent in terms of high mobility.
High overhead.

Hand-offs to stronger BS when
poor coverage area

Table 2.1: Heterogeneous Networks Vs Traditional Cellular Networks

Due to the rapid growth of mobile data traffic, it is a challenege for network operators to

fulfil the requirement of the users using limited resources in licensed spectrum. Heteroge-

neous network can increase the capacity while keeping the same infrastructure and deploying

smaller cells. Heterogeneous networks are an essential part for the next generation wireless

network. Heterogeneous networks are utilizing a diverse set of base stations can be deployed
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Core Network

Micro Cell

Pico Cell

Femto Cell

Macro 
Cell

Relay

Internet

Figure 2.1: Heterogeneous Network Architecture towards 5G

to increase the spectral efficiency of the network.The Table. 2.1 shows a comparison between

heterogeneous network and traditional cellular network [30].

A typical heterogeneous network is shown in Figure. 2.1, where a macro base station is

overlayed with Pico/Femto cells. Normally the small cells are unplanned and deployed to

eliminate the coverage holes present in a homogeneous network. The idea of Heterogeneous

network is to overlay low power and low cost devices on coverage holes and increase ca-

pacity.The macro cells have large coverage, larger capacity and high transmit power. Small

cells include Femto, pico and micro cells which are normally used to extend the coverage

or increase the capacity as they have a smaller capacity, smaller coverage area and small

transmit power. Properties of different cells are shown in the Table. 2.2, [36].

There are many advantages in heterogeneous networks that are making them a contender

for next generation wireless networks [36]:

• Improved spectral efficiency

• Numerous small cells can be used in one macro cell to improve the performance and

15



Characteristics Femto Pico Micro Macro

Indoor/Outdoor Indoor
Indoor/
Outdoor

Outdoor Outdoor

Number of
Users

4-16 32-100 200 200-1000+

Maximum of
Output Power

20-100mW 250mW 2-10W 40-100W

Maximum Cell
Radius

10-50m 200m 2km 10-40km

Bandwidth 10Mhz 10-20Mhz 20-40Mhz 60-75Mhz
Technology 3G/4G/Wi-Fi 3G/4G/Wi-Fi 3G/4G/Wi-Fi 3G/4G

Back-haul
DSL/Cable/
Fiber

Microwave/
mm

Fiber/
microwave

Fiber/
Microwave

Table 2.2: Properties of Different Cells

capacity of the network

• It works on the topology in which Macro cell can operate in licensed band whereas the

small cells can operate in licensed/unlicensed band.

• Macrocell is connected to small cell through back-haul or sometime with a booster as

well.

• Self organizing network (SON) can be used in HetNets to mitigate the interference and

optimize the network.

• Using Wi-Fi (unlicensed band) in multiple tiers can increase the capacity of the network

• HetNets can be used to offload traffic from macro cells to small cells.

• Besides capacity HetNets can decrease the cost as well as smaller cells are much cheaper.

• Deployment of low power devices are easier and efficient.
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2.2.1 Resource Allocation in Heterogeneous Networks

In [37] dynamic resource allocation problem for heterogeneous services in cognitive radios

with imperfect channel sensing is proposed. Cognitive radio networks consist of primary and

secondary users using OFDMA. In each time slot, a secondary channel can sense and utilize

the idle channel. Once the channel is sensed by the secondary user, it sends the channel

information to the secondary BS which makes the decision regarding whether the channel is

idle or not. The major disadvantage of this is that they cannot be applied to all small cells

such as Femto cells.

Asynchronous split phase protocol [38] for the heterogeneous network have been proposed.

No tight synchronization is required and nodes can hop independently to make efficient

use of channel resources. The WiFlex platform has been proposed, and this supports com-

munication among heterogeneous devices with different physical capabilities. Fairness and

priority access are also taken into account so one type of device does not starve another.

The MAC protocol is divided into three phases. Initially devices in the common control

channel go through an observe and review phase, which eliminates the hidden node problem

while implementing as implements priority where a higher priority device may override prior

reservations. The disadvantage of this protocol is the low efficiency under low load, and idle

slots on the data channel, which cause inefficient bandwidth utilization. The result show

that the total throughput is higher when no fairness algorithm is used. A tradeoff between

fairness and throughput exists.

2.2.1.1 Resource Allocation in Dense Heterogeneous Networks

In [23] load offloading in two tiers is proposed by joint resource partitioning to improve the

rate of cell edge users in co-channel heterogeneous network. A resource partitioning is done

in such a way that the macro cell stops transmitting for certain time/frequency and let the

smaller cells schedule the users of the corresponding resources, this protects from interference
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as well. Rate distribution was derived in a heterogeneous network taking in account joint

resource partitioning and limited bandwidth back-hauls. However, no optimal partition is

analytically given.

In [24] a decentralized algorithm is proposed for resource allocation in a heterogeneous net-

work with mobile terminals having dual interfaces. It allows the users to use licensed band

(LTE) or unlicensed band (Wi-Fi). The algorithm assigns resources on the basis of call

arrivals, call departures, and service requests. It will help to improve the call blocking,

sufficient resources to be provided to each user and reduce the overhead, hence offloading

traffic between different RAT in an efficient manner. Cellular/Wi-Fi interworking requires

communication management through asynchronous radio access technology (RAT) and also

interface modifications is also required which make difficult to achieve user service continuity

and also resource allocation is hard to achieve.

In [25] proposed a novel approach to offload traffic in a heterogeneous network using Software

defined network (SDN). Partial real time services are offloaded using load balancing and also

taking in account QoS and network conditions. A new load balancing method is proposed

to improve the equilibrium and stability of the network. The offload manager calculates the

traffic flow of all the users in the Wi-Fi offloading zone and if Wi-Fi can transfer all the re-

quired information of that user within the time delay it will be offloaded to Wi-Fi otherwise

partial offload will be applied by the offload manager which is situated in SDN.

The results show that this scheme saves primary resources and decreases the threshold miss

probability.

2.2.1.2 Resource Allocation In HetNets Based on QoS

It is difficult to support QoS in heterogeneous networks as many of the users may use these

devices. To implement QoS tight coordination is required and especially using unlicensed

bands in different tiers may cause a security problem as well. Some papers have proposed
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QoS in HetNets which has both their as and disadvantages.

In [39], QoS has been enhanced using Wi-Fi and LTE, small cells that allow for tighter

Figure 2.2: Throughput Fairness Test

multi-radio coordination. QoS-aware scheduling algorithms have been designed for on time

throughput optimization and measurement of the number of packets delivered to a user

prior to the delayed deadline. The Cross RAT coordination scheme is also proposed to de-

crease the delay and further enhance QoS. This scheme particularly seeks to increase the

number of users receiving data throughput in excess of their targeted timely throughput.

Users that have received more than the required bits at any given time are not assigned

any resources. The Scheduler only finds the users who have received less bit in the given

time and hence increase throughput using minimum resources. Figure. 2.2, shows a graph

between throughput and number of connections, which gives a comparison between different

schemes. The blue line represents the proportional fair (PF) scheduling with premium ser-

vice, the green line represents the proportional fair (PF) scheduling with no premium service

and the red line represent no proportional fair (PF). Initially PF without premium service
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gives better throughput but as the number of connection increases the throughput drops

down rapidly [39].

In [40] different schemes for QoS are compared in HetNets and fault tolerant architecture

is also presented to support QoS under multiple heterogeneous networks. The first scheme

is the first serve bandwidth allocation scheme where equal priority is employed. In the

proposed scheme first user is served and allocated a bandwidth. The network accepts the

call as long as it satisfies the users bandwidth requirement. In the second scheme, lowest

priority is given to the user which can access most wireless networks. In the third scheme

when allocating resources, low QoS users will be given higher priority over high QoS users.

The fourth scheme is based on the users QoS history, if a user has always been given high

priority by all wireless networks, the user will be given high priority. The last scheme is based

on the mobility of the users, the greater the mobility, the higher the priority. Although the

last scheme would provide the best results theoretically, it is much more complex than the

other schemes [40].

The Table. 2.3 presents the description of the schemes.

2.2.1.3 Common Radio Resource Management (CRRM)

A major challenge in a heterogenous network is the Radio Resource Management (RRM).

The common radio resource management is to jointly manage radio resources in overlapped

radio access technologies (RAT) in an optimization-based mindset. It is a type of a het-

erogeneous network in which capacity can be increased by directing some of the traffic to

smaller cells or Wi-Fi. Interaction between CRRM and RRM has two main functions; one

is information reporting in which RRM report the relevant information to CRRM (available

QoS, max bit rate for a given service, average buffer delay, cell load, received power level,

etc) and the second function is RRM decision support function which describes the way of

20



Description of QoS Scheme Comments

FCFS (equal priority for users)

QoS renegotiation, voluntary downgrade
and prioritized update can be employed
to improve the overall
performance

Priority based on the amount of
resources requested

This is likely to reduce call blocking for
users with significantly lower QoS
requirements

Priority based on the number of
networks a user can access at the location

This may result in better placement
of users to different wireless
networks

Priority based on the QoS history

Likely to involve some additional
overhead, but a user with previous
record of satisfactory QoS may
be more open to a temporarily
lower QoS

Priority based on mobility
pattern (class)

A faster user is likely to free up the
network resources in a shorter
time than a slower user

Priority based on two or more factors
(number of networks, QoS required,
QoS history, mobility class etc)

Many possible combinations exist
and much more work is necessary to
evaluate the effectiveness of the different
combinations of factors used to determine
priorities

Table 2.3: A Comparison of Differnt Resource Allocation Schemes for Heterogeneous Net-
works

interaction between RRM and CRRM based on the decisions [26] .

The advantages of CRRM are:

• Load sharing for efficient usage of resources

• Interference distribution to provide higher spectral efficiency

• Improved QoS management.

Researchers have looked into CRRM and provided different schemes to improve the network

performance. Currently, most of the researchers are looking into low to intermediate inter-
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Figure 2.3: Common Radio Resource Management Model

action degree models [26]. Applying CRRM, users can be allocated to most suitable RAT

to improve system performance and QoS in terms of load balancing and guaranteed service.

WLAN first scheme [41] has been proposed, in which voice and data traffic attempt to

connect to WLAN to increase the capacity of BS. The author proves that overall resource

utilization can be increased when admission regions for voice and data services in cellular

and WLAN are properly configured. The mean data packet service rate is obtained for each

vector in the admission region. The access point of WLAN is equipped with the admission

control module and decides whether to accept or reject an incoming call based on the num-

bers of ongoing calls and the admission region. When there are large numbers of voice calls

in WLAN, the overall performance degrades.

In [27], a fuzzy neural scheme is proposed to manage common radio resources. It proposes

three main functions: RAT and cell selection, bit rate allocation and admission control. Ad-

mission control in two steps. In the first step, a combination of three cells is being selected
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around the different RAT. In the second step, the most suitable RAT is selected and grants

bit rate to each user. This scheme determines the necessary bit rate at the assigned RAT,

however, it does not address the issue of intra-Rat radio resources assignment.

In [28], the paper proposes the benefits of changing the load based handover thresholds. It

improves the load balancing algorithm by proposing an adaptive load threshold rather than

a fixed one. In the adaptive threshold algorithm, the load balancing threshold is adjusted

depending on a load of its inter-RAT neighboring cells. The higher the load in the neigh-

boring cells, higher threshold is set. Results show that the adaptive threshold algorithm

performs better than the fixed threshold algorithm. This scheme is proposed for real-time

services, however, does not capture the service dimension problem.

In [42], a scheme is proposed to offload traffic from the Macro cell to WLAN on the basis of

mobility. A slow user is connected to the WLAN using CSMA and a fast user will connect

to the BS. The sub-channels are allocated to center part and the edge part of the cell. If

a slow user is rejected by WLAN it will try to connect to the center part of the cell to BS

only if the sub-channel is available. If this is not the case, the user will be connected to

the sub-channel of the edge part to the BS. QoS is also taken into account by setting the

throughput of WLAN to a certain threshold. Congestion increases if WLAN area increases,

which results in a high call block hence degrading network performance.

In [43], discusses different strategies for initial RAT selection. It proposes a policy based

algorithm for initial RAT selection. In VG the voice users are connected to the GERAN

and other service users are connected to UTRAN, in VU policy, it is vice versa. IN policy

have been proposed in which indoor uses are allocated to the GERAN and outdoor users are

allocated to the UTRAN. If there is no capacity in the GERAN the user is directed to the

UTRAN. Simulation results show that when the voice users are high IN*VG policy performs

better than VG*IN. IN*VG also achieve better load balancing as well. However, this scheme

only take into account the technical aspect and not the economical aspect.
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In [29] proposes three different schemes in combining WWAN/WLAN network. In the first

scheme ”Always WWAN” users are connected to WWAN as default which decreases the

vertical handoffs (VHO) whereas which have a capacity issue. The second scheme ”Always

WLAN” users are default connected to WLAN which will increase the VHO for high mo-

bility users. The third scheme decides RAT based on different parameters if a user remains

in the hotspot area will be connected to WLAN whereas if it will leave the area will be

connected to WWAN. The third scheme performs better than the rest two in reference to

blocking/dropping probability, but is more complex and require lots of information.

In [44], a new CRRM scheme is proposed to offload traffic from cellular to WLAN on the

basis of mobility, load, and service. Whenever a new user arrives, it will try to connect

to cellular BS, and if no channel is available, it will run the offloading algorithm. In the

offloading algorithm, when there are the resources available in WLAN some of the cellular

users in the hotspot region will connect to WLAN and the new users will connect to cellular

BS. If the new user is in the overlapping area, the mobility of the user is considered. If

the users mobility is above the threshold value, it will connect to cellular BS. If the users

mobility is below the threshold and is a non-real time, the service will connect to WLAN.

If the users mobility is less than the threshold and is a real time service then cellular BS is

selected on the basis of load threshold. The disadvantage of this is, if too many much traffic

is on WLAN, blocking probability is high.

2.2.2 Challenges in Heterogeneous Networks

There are few challenges in HetNets from traditional networks [30]:

• Performance metrics

• Network topology

• Mobility

24



• Interference Management

• Downlink uplink relationship

• Back-haul bottleneck

D2D is gaining immense popularity, as it can provide high throughput, extended network

coverage, efficient spectral usage, improved energy efficiency and delay, and green commu-

nications through reduced power consumption. Furthermore, a detailed literature review of

D2D communication and its mac protocol will be discussed in heterogeneous networks.

2.3 Device to Device Communication (D2D)

D2D Communication

Multi-Hop D2D 
Communication

Relay

Macro Cell

Small 
Cell

Macro BS

Figure 2.4: Device To Device Networks

Wireless communication is advancing towards 5G heterogeneous networks and one of the in-
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tegral features of 5G is Device-to-Device communication (D2D). With the massive increase

in technology usage and the number of the connected devices, it is predicted that these will

continue to increase in the near future, which will increase the traffic volume as well and

D2D can play a significant role to fulfill these requirements. D2D communication will fa-

cilitate the interoperability between the public safety and commercial networks for example

constructing a hybrid system consisting both the cellular and ad-hoc links.

D2D communication was part of 4G/LTE-A (longterm evolution advanced); however, issues

with using D2D communication in LTE-A persist, including authorization, authentication,

and direct communication between devices that are under subscriptions with different oper-

ators [5]. D2D will be an integral part of the next generation of networks, that is, 5G (fifth

generation). D2D communication refers to technology that enables devices to communicate

without using the network infrastructure.

• Features of D2D Networks D2D communication has distinct features that make it at-

tractive for 5G networks. It will be useful for offloading the traffic from the Macro cell

to smaller cells. D2D communication will increase spectral efficiency and resources will

be saved. Sharing of spectrum resources between cellular and D2D users will result in

a capacity gain. In the case of faulty/damaged cellular network, D2D communication

will help cellular communication terminals to develop an ad-hoc network. Multi-hop

D2D communication can be used for peer-to-peer communication or even access to

cellular networks, this can expand the number of wireless applications [45]. D2D com-

munication will also decrease End-to-End latency as the time delay will decrease due to

the direct communication link between D2D users. Another important feature of D2D

communication is the green environment, it will help to reduce the power consump-

tion, the battery can last for more time as the distances between the devices will be

less as compare to the distance between the device and BS. D2D communication can
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establish a group communication, where the number of devices may vary depending

on application and communication approach. Also, using the D2D proximity of equip-

ment will provide high bit rates due to the close proximity and potentially favorable

propagation conditions. D2D technology based on nearby user discovery will enhance

user experience in location based services, social and commercial activities and data

sharing.

• Types of D2D Networks There are four types of D2D communication [46]

– Device Relay Operator Control (DR-OC): Communicates with BS through an-

other device acting as a relay where there is poor coverage at the edge of the

cell.

– Direct D2D communication with operator controlled link establishment (DC-OC):

Two devices communicating with each other without BS involvement, apart from

the link which is established by the BS.

– Device Relay Device Controlled link establishment (DR-DC): Operator is not used

in link establishment, but the source and destination communicate with each other

using relays.

– Direct D2D communication with device controlled link establishment: The source

and destination can communicate with each other without operator involvement.

Resources should be used in such a way to minimize the interference with other

devices in the same or a different radio network.

• Challenges of D2D Networks: The first step to establish D2D communication is the

peer discovery of the two users; the device should be aware of other devices to which

it needs to communicate. Peer discovery depends on the distance between the two

devices and it should be short enough in order to support the reliable connection. User
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mobility varies the distance between the devices, hence causing a major reason for D2D

communication failure. The other major challenge is reusing of cellular frequencies

which cause interference between cellular and D2D user. Interference management

and allocation of resources should be done intelligently, as it is the crucial part that

can have a significant impact on the network performance. Relay selection in the

network design is also a challenge in D2D network, as the number of relays in the

network should be optimal. Synchronization is also a challenge in scenarios like outdoor

coverage or multi-hop D2D networks. Optimum power consumption in also another

obstacle in D2D assisted networks, as the energy of the user devices are limited [47].

D2D communication operating in an unlicensed band can be at high-security risk.

Security is another area which needs to be addressed in D2D networks.

• Application of D2D Networks: D2D communication can be implemented in a number

of applications including local services, emergency communication, and IoT things. Lo-

cal services are mainly used for the social applications like finding nearby users to share

data or play games. It will also help local advertising service based on proximity that

can target users to maximize its benefits for example nearby shops can send discounts

and promotions to users which are in their vicinity. Local services can offload traffic

from cellular to WLAN, by sharing the same videos between users, hence creating a

hot spot.

An impromptu network can be setup using D2D in a short time as a replacement for

damaged communication network and infrastructure during the earthquake and other

natural calamities. Multi-hop D2D can establish an ad-hoc network to ensure the

smooth wireless connection between the terminals.

One of the most important application for D2D communication is IoT; a typical ex-

ample is a vehicle to vehicle communications (V2V). If a vehicle is at high speed it can

warn other nearby vehicles in the D2D mode before slowing down or changing lanes.
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Similarly, M2M is also another application that communicates between machines with-

out human interaction. Home appliances and other items embedded with electronics,

software, sensors, actuators, and connectivity which enables these things to connect

and exchange data are all included in IoT.

Other applications for D2D communication may include; multi-user MIMO enhance-

ment, cooperative relaying and virtual MIMO. Nowadays IPTV is gaining a lot of

popularity and it can be watched using D2D communication.

• Spectrum Sharing: D2D communication was proposed to optimise spectrum efficiency

and resource utilisation. The spectrum sharing approaches in D2D and cellular net-

works are defined as either outband or inband communication.

Inband D2D Communication: D2D links in inband communication share the pri-

D2D Communication

Underlay D2D Communication

D2D 
Cellular 

Communication

Overlay D2D Communication

Tim
e

Figure 2.5: Inband Spectrum Sharing in D2D Communication Networks

mary licensed spectrum that is used in regular cellular communications. There are

two types of inband D2D communication: overlay D2D communication and underlay
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D2D communication. In overlay D2D communication, a portion of licensed spectrum is

dedicated to D2D communication, and the other portion is used for cellular communi-

cation. In underlay D2D communication, no portion of licensed spectrum is dedicated

to D2D communication. The motivation behind using inband communication is the

tight control and high security due to the centralised radio management. However,

inband D2D communication introduces additional challenges and complexity in inter-

ference management.

Outband D2D Communication: D2D links in outband communication use unlicensed

Cellular Spectrum 
(Licensed Band) Unlicensed Band

Cellular 
Communication D2D 

Communication

Tim
e

Figure 2.6: Outband Spectrum Sharing in D2D Communication Networks

spectrum to eliminate the interference issue between D2D communication and cellular

links. This method requires an additional interface and other wireless technologies,

such as Wi-Fi, Bluetooth or ZigBee. Outband D2D communication helps to eliminate

the interference between D2D and cellular users, but interference may still be present

due to other electronic devices (Bluetooth, Wi-Fi). Cellular devices with two interfaces

can use outband D2D communication [48].

• Categorization of D2D Networks: D2D networks can be categorized into two groups:

infrastructure assisted D2D networks and ad-hoc networks.

Infrastructure assisted D2D is generally proposed for single hop communication. Infrastructure-

assisted D2D communication is a cellular-based service with centralised control. Infras-
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tructure assisted D2D can perform better than ad-hoc networks because D2D operates

in a cellular spectrum (licensed band) as well in an unlicensed band under centralized

control, whereas Wi-Fi and Bluetooth operate in an unlicensed band with no central-

ized control, which can become a major problem as proximity based services proliferate.

Wi-Fi and Bluetooth require manual pairing which can cause a drawback for proximity

services. Since both Wi-Fi and Bluetooth use unlicensed bands, the security features

are not suitable for public safety services. One of the key challenges in infrastructure-

assisted D2D communication is spectrum sharing, whereas some of the advantages are

that it is highly scalable and provides good security. One of the major aspects of MAC

protocol design in infrastructure-assisted D2D communication is resource allocation.

ad-hoc networks are mostly distributed wireless network operating in an unlicensed

band [49]. MAC protocols in ad hoc network can be decentralised or centralised based

on the technique adopted to design the MAC protocol. Ad hoc networks can be very

beneficial in applications such as military communications on the battle field [50, 51].

However ad-hoc networks are not scalable risks. Ad hoc networks can be classified

into various types of networks: wireless mesh networks (WMN), wireless sensor net-

works (WSN), mobile ad hoc networks (MANET), and vehicular ad hoc networks

(VANET) [52].

2.3.1 MAC Protocols in D2D Networks

The main objectives of MAC protocols are to efficiently utilise the transmission medium and

maximise its reuse [53]. Resource allocation is a vital research area in D2D networks, due to

its crucial impact on the system performance. In 5G, D2D communication can be used as

a multi-hop or relay, therefore, radio resource management and scheduling is more complex

and difficult as compared to the traditional cellular network. The selection of the D2D

resources is considered to be a key factor for guaranteeing fair, reliable, and interference-
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free spectrum sharing between cellular and D2D communications, as well as among D2D

communications [54].

In recent years, wireless MAC protocols have experienced a number of structural evolutions,

as shown in Table. 2.4. In this section, we will review the papers that employ resource

Evolution 1
(1980-1999)

Evolution 2
(2000-2008)

Evolution 3
(2009-2010)

Evolution 4
(2011-Present)

CSMA/TDMA
Based Protocols

Multi-Channel /
Multi-Radio

MAC Protocols

Intelligent MAC protocol Techniques D2D MAC Protocols in
LTE/LTE-A networkCooperative / Hybrid

MAC Protocols
Cognitive Radio
MAC Protocols

MACA [55] DBTMA [56]

Distributive
cooperative MAC
protocol for multi-hop
networks [57]

CRAHNs [58]

Efficient resource
allocation for
D2D communication
underlaying LTE
network [59]

MACAW [60]
MAC protocol with
directional antenna [61]

CRBAR [62] AMRCC [63]
A decentralised spectrum
management using D2D and
cellular links [64]

MACA-BI [65] DCA [66] VC-MAC [67] DCR-MAC [68] A stochastic geometry
analysis of D2D overlaying
multi-channel downlink
cellular networks [69]

FPRP [70] S-MAC [71] CoRe-MAC [72]
DH-MAC [73]

PAMAS [74] RBAR [75]
A hybrid reservation
MAC protocol [76]

Table 2.4: Evolution in MAC in Wireless Networks

allocation in infrastructure assisted D2D networks and ad-hoc networks along with their

advantages and disadvantages.

2.3.2 Resource Allocation in Infrastructure Assisted D2D Net-

works

Two important features in infrastructure-assisted D2D communication are resource alloca-

tion and establishing a link between two users. Different scenarios of D2D communication

are shown in Figure 2.7.

In Figure. 2.7 (a), a device relays its messages through another relay using operator-

controlled (DR-OC) link establishment, which is suitable when coverage is poor. In Figure.

2.7 (b), two devices communicate through operator-controlled (DC-OC) links can share the

content without the need of eNB, as the eNB only establishes the control link. In Figure.
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(a) A device relaying with operator controlled link 
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controlled (DC-OC)
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controlled link establishment (DC-DC)

Figure 2.7: D2D communication scenerios underlaying LTE-A Networks

2.7 (c), a device relays via device-controlled (DR-DC) links, where the eNB does not control

communication link. In this scenario, more than one device can be used as a relay. In Figure.

2.7 (d), direct D2D communication is established with a device-controlled link (DC-DC). In

this scenario, two devices can communicate without the allocation of resources through the

eNB. The devices periodically broadcast their identity to other devices.

Infrastructure-assisted D2D communication is cellular based, and the MAC protocols work

mainly on TDMA-based strategies. The primary function of MAC is to efficiently utilise

the access medium between the nodes and maximise spatial reuse [77]. Radio resource

management and scheduling is complex in cellular D2D communication compared to tradi-

tional cellular networks, as D2D communication can be used as multi-hop or relay extension.

Therefore, the selection of D2D resources is considered to be a key factor for guaranteeing

fair, reliable, and interference-free spectrum sharing between cellular and D2D communica-
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tions [54, 78].

In [59], an optimal resource allocation method is proposed using an underlay system to im-

prove the data rate of D2D communication and the spectral efficiency by reusing more than

one cellular user resource by one D2D pair. A D2D user can reuse the resources of a cellular

user by guaranteeing a minimum transmission data rate to the cellular user at a given SINR.

The main complexity of this method is that resources are allocated based on the channel

state information (CSI) of all the links, which is difficult to predict and also requires tight

interference control.

In [79], a new bidirectional spectrum sharing technique is proposed to improve the sum rate

of D2D users and cellular users using overlay D2D communications. In this protocol, the

D2D users can communicate bidirectionally with each other while one of the D2D users

assists the two-way communication between the cellular BS and the cellular user. This pro-

tocol can further improve the performance by applying relay selection, which is not taken

into consideration.

In [80], a distributed multislot multichannel MAC protocol is proposed using outband D2D

communication. The protocol allows for concurrent data broadcasting on different chan-

nels. D2D synchronisation is implemented in the application of an OFDMA system with

multiple resource blocks. D2D transmitters transfer content for the data channels during

the contention phase and check their channel list. If there is a control signal on the control

channel, the channel ID is later removed from the list. There is no feedback mechanism in

this protocol, and half-duplex radio is cost effective.

In [81], a two-stage resource allocation approach is presented to accommodate as many users

as possible in a limited spectrum using full-duplex radio and D2D data offloading. In the

first stage, the scheduler of the full-duplex-enabled BS allocates wireless subchannels to each

pair of uplink and downlink half-duplex UEs. In the second stage, D2D communication is

used to address the inter-node interference by replacing fullduplex cellular links with D2D
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links. This scheme can increase the capacity using limited spectrum resources by utilizing

the same resource for uplink and downlink users. Nevertheless, full-duplex schemes are less

energy efficient than half-duplex schemes.

In [82], authors focus on maximising the throughput by guaranteeing the quality of service

(QoS) through channel selection and power control in heterogeneous network. Two classes of

application has been analysed in it; file sharing and streaming. The channel gain information

is gathered from the BS and algorithm checks for the optimal one. This scheme provides

better resource utilization as compared to other state-of-art allocation scheme but the only

disadvantage is the increase in overhead.

In [83], matching theory is exploited for resource allocation. The objective is to match the

resources and the users according to a set of quality of service (QoS) metrics. These QoS

metrics are classified into three categories: one player can match one player from the op-

posite set (one-to-one match), one player can match to multiple players of the other set

(many-to-one match), and at least one player of the two sets can match to more than one

player of the other set (many-to-many matches). Each cellular and D2D user decides their

preference in consideration of the channel conditions, transmission power, and QoS metrics.

The pair cannot be matched if these criteria are not met. A D2D user can change its prefer-

ences to increase performance. In this work, the selection of desirable matching is a critical

design issue, and the optimality of a stable solution may not be guaranteed. Additionally,

supplementary signalling may also be required during a deferred acceptance algorithm.

In [84], the operator controls resource allocation and data transmission to provide better

user experience as compared to traditional free D2D communication. The operator con-

trols access authentication, resource allocation, connection control and lawful interception

of communication information. It is a centralised resource allocation scheme in which eNB

informs the D2D UEs of the resources available for data transmission using control signalling

which gives quick and accurate user discovery. However, it may cause high signal overhead
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at the BS as compared to light BS control. In light BS control, the BS only periodically

broadcasts the set of resources used for transmitting and receiving discovery beacons and

users who want to participate in D2D communications can send or listen to the discovery

beacon within the discovery resources.

In [85], a scheme is proposed to maximise the throughput and guarantee the quality of service

(QoS) of both cellular users (CU) and D2D pairs. A centralised resource allocation scheme

is presented using a convex approximation method, and the distributed resource allocation

scheme is presented using a Stackelberg game. In the distributed scheme, the BS is the

leader and decides the interference price for D2D communication in the uplink to maximise

its own profit, and the uplink transmission from the CUs to the BS is protected through the

pricing. One complexity in this scheme is the pricing of the resources, which must be done

in a novel way for practical implementation

In [86], a new scheme is proposed in which D2D users opportunistically select their transmis-

sion mode: direct transmission between D2D users (direct one-hop transmission) or indirect

transmission through the BS (indirect two-hop transmission). A stochastic optimization

problem is formulated to improve the sum rate of the system while satisfying the QoS of

each user. An optimal subchannel scheduling algorithm is applied to provide opportunis-

tic subchannel scheduling and transmission mode selection for D2D users considering the

time-varying channel condition of each wireless link and the QoS requirement of each user.

Pairing is a key technique to achieve high reuse gains.

In [87],an auction-based distributed resource allocation scheme is proposed for a multitier

D2D cellular network. The scheme is proposed to decrease the intracell interference and

increase the data rate of the user. However, specific improvement results compared to other

approaches are not evident.

In [64], a decentralised spectrum management consisting of both cellular and D2D links is

proposed. The Stackelberg game is applied for resource allocation, and the SPPP algorithm
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is used to identify the optimal price. The interference tolerance level is a predefined parame-

ter, and the BS adjusts the prices to control total interference. D2D communication acquires

the CSI of the links from the BS. The CSI is updated depending on user mobility. In this

scheme, the BS broadcasts the price and measures the aggregate interference at this price.

If the interference is greater than the tolerance level, the cost is increased; however, if this

is not the case, the price is decreased. The total rates of D2D communication and cellular

links are shown using different algorithms. SPPP and a bisection algorithm provide better

D2D/cellular rates than other algorithms

In [88], an efficient resource allocation method is proposed by using a greedy heuristic algo-

rithm. In this scheme, eNodeB controls D2D connections, and the D2D shared radio resource

allocation problem is resolved as an MINLP problem. Then, a greedy heuristic algorithm

is applied to minimise the interference and improve the gain by using the information pro-

vided by the primary scheduler. In this scheme, the cooperation between the cellular users

and D2D pairs is not considered, and the interference channel gain alone is not optimal for

pairing the cellular user and D2D pair.

In [89], a distributed joint spectrum sharing scheme is proposed to optimise the throughput

of D2D users and minimise the interference between cellular users and D2D pairs. Resource

allocation is solved through a Stackelberg game. This scheme overcomes the complexity and

resolves the interference problem between the cellular user 7 and D2D pair, but only the

QoS of cellular users is taken into account.

In [69], a new scheme based on stochastic geometry is proposed. In this scheme, UE at the

cell edge will connect to a BS in a two-hop manner, where the D2D links act as the relay.

This scheme is used to increase the coverage of a cell. The received signal strength threshold

is set to any UE with a value less than the threshold. This enables connection to the BS

through the D2D relay (2 hops at the most). Channels are reserved for D2D communication,

and if a UE has to communicate through a relay, the BS assigns a channel. In this case, the
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complexity lies in calculating the threshold of the received signal strength. The threshold

should be an optimum value, as an excessively large value will result in congestion in the BS

and an excessively small value can lead to high D2D relays.

In [90], a new scheme is proposed to increase the throughput of video files in the cellular

network using a clustering and caching strategy. A BS controls D2D communication, and

the BS maintains records of all the 6 videos downloaded by the user in its memory. If any

user needs to download the same file, the BS directs the user to the nearest device that has

the desirable data, which is then transmitted through the D2D link. The results show that

this method can improve throughput for high user density in a cell. In this scheme, strategies

to request distribution and to bring files into cache memory are of great importance.

In [91], a new scheme using half- and full-duplex channel sharing between a cellular user

and the D2D link is proposed using a clustering strategy. The half-duplex scheme is divided

into two stages. In the first stage, cluster members remain silent, and the BS transmits the

data. By contrast, in the second stage, the BS remains silent and the cluster head transmits

data to the cluster members. In the full-duplex scheme, the cluster head transmits and re-

ceives in the same frequency band. The drawback of using the half-duplex scheme is that it

degrades the reuse gain of the cellular spectrum resource, whereas in full-duplex mode, the

transmit powers at the cluster head and at the BS should be well coordinated to eliminate

the co-channel interference.

In [92], opportunistic scheduling is proposed with D2D communication using a clustering

strategy to improve the throughput in contrast to round robin schedulers, and fairness is

provided to the users. The cluster member with the highest CQI (channel quality indicator)

becomes the cluster head. The cluster head is responsible for forwarding the cellular traffic

of its clients (cluster members of the same cluster) to the BS. The coalition game theory

approach is applied to analyse the cluster formation mechanism. The complexity lies in the

cluster head life because in the case of stable conditions, the cluster head will discharge
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quickly compared to the cluster members

In [93], a cognitive-based two-phase solution is proposed for fair resource allocation between

cellular UEs and D2D UEs. In the first phase, fair subchannel and rate allocations are

performed for the cellular DL and UL flows with max-min fairness. In the second phase,

resource allocation for D2D flows with rate protection is performed. This approach does not

optimally maximise the spectral efficiency.

In [94], a dynamic common control channel MAC protocol (DCCC-MAC) for cognitive radio

networks is proposed. DCCC-MAC eliminates the requirement of a dedicated channel for

control information exchange. The common control channel (CCC) is dynamically selected

by a set of secondary users (SUs) using a support vector machine (SVM)-based learning

technique. The protocol include four main phases: in the first phase, SUs sense the channel;

in the second phase, SUs select the CCC; in the third, phase data are transmitted; and in

the last phase, beaconing occurs. The proposed protocol minimises the control overhead by

finding the CCC efficiently using SVM-based machine learning. The author in this paper

does not identify the difference between this proposed scheme and other classical CR MAC

protocols.

In [95], a synchronous distributed opportunistic scheduling protocol under fairness con-

straints (DO-Fast) is proposed. DO-Fast uses a round robin strategy to integrate the oppor-

tunistic scheduling. In this algorithm, at the beginning of each frame, D2D links broadcast

and order their channel state indicators (CSI). D2D links are divided into two groups: high

CSI order and low CSI order. In each traffic slot of the frame, the D2D links in each group

select their priorities randomly within their group. The complexity lies in selecting the opti-

mal group, as the throughput and delay can increase if the low CSI order group is selected.

In [96], a new scheme, FlashLinQ, is proposed to extend the managed services by cellu-

lar providers by deploying an ad hoc network. FlashLinQ is a distributed resource allo-

cation scheme based on OFDM (orthogonal frequency division multiplexing) synchronous
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MAC/PHY architecture for D2D communications. The objective is to schedule a channel-

state-aware maximal-independent set at any given time slot based on the current traffic and

channel condition, and the scheduling algorithm leads to spatial throughput gains over an

ad hoc system. This resource allocation scheme can be used in fully controlled D2D com-

munication networks and in loosely controlled D2D communication.

A comparison summary of all the MAC protocols in infrastructure-assisted D2D networks,

the problem they address and their drawbacks is shown in Table. 2.5.
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Proposed Scheme Problem Addresses Disadvantages

Optimal Resource Allocation [59]
Increase the data rate and
spectral efficiency

Channel state information for all links
is hard to predict.
Tight interference control is required

Matching Theory for Resource
Allocation [83]

Improve the Quality of
Service (QoS)

Selection of desirable matching is
critical issue.
Supplementary signalling is also
required during
deferred acceptance algorithm

Operator control Resource
Allocation [84]

Improve the Quality of
Service (QoS)

Overhead is increased

Two stage Resource Allocation [81]
Scheme

Increase the capacity Less energy efficient

Stochastic Geometry for
Resource Allocation [69]

Increase the coverage

Complexity lies in calculating the
signal strength threshold.
Too large will result in congestion and
too low will lead to high D2D relays

Distributed Multi-slot
Multi-channel MAC Protocol [80]

Increase the data rate
No feedback mechanism.
Increase the cost due to half-duplex
radio.

Clustering and Caching Scheme [90]
Increase the throughput of
Video files

Complexity lies in requesting and
bringing the files in the cache memory.

Stackelberg Game for Resource
Allocation [85]

Improve Quality Of Service
(QoS) and maximise the
throughput

Complexity lies in defining the price
for interference

Auction based Distributed
Resource Allocation Scheme [87]

Increase the data rate and
decrease the
intra-cell interference

Comparison with other techniques
are not clear

Dynamic Common Control
Channel MAC Protocol
for Cognitive Radio [94]

Decrease the control
overhead

No comparison is shown with other
similar cognitive
radio MAC Protocols

Opportunistic scheduling
using clustering
strategy [92]

Increases throughput,
energy efficient
and provide fairness

Cluster head charging
drains quickly in
stable conditions

Channel selection and
Power control
for Resource Allocation [82]

Increase the throughput and
improve Qulaity of Service
(QoS)

Overhead is increased

Distributed Opportunistic scheduling
protocol under Fairness constraints
(DO-Fast) [95]

Provides fairness
Delay increases if low CSI
group has more chance
to transmit

Efficient Resource Allocation
Using Greedy Heuristic
Algorithm [88]

Increase gain and minimises
Interference

Only interference channel gain
is not optimal to pair the
cellular user and D2D pair.

Distributed Joint Spectrum
Sharing for Resource
Allocation [89]

Increase throughput and
minimise Interference

Only QoS of cellular users
are taken into account

Opportunistic sub-channel
selection in
D2D [86]

Improve the sum-rate
and QoS

Pairing is the
key technique for high reuse
gains

Bi-directional Spectrum Sharing
for Resource Allocation [81]

Improve the sum-rate
Relay selection should have further
adopted to improve the performance

Table 2.5: Summary Table for MAC Protocols Of Infrastructure Assisted D2D Networks
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2.3.3 Ad-hoc Networks

Wireless ADHOC Network

Wi-Fi Router

Figure 2.8: Ad-hoc Networks

Ad-hoc networks are decentralised wireless networks operating in an unlicensed band that do

not rely on pre-existing networks. A wireless distributed/ad-hoc network is shown in Fig. 6.

Ad-hoc networks are a type of multi-hop wireless network that can communicate with each

other through a common channel. Ad-hoc networks also have limitations that include small

wireless transmission range, high packet loss in dense environments, limited bandwidth and

power constraints.

A comparison between ad-hoc and Infrastructure assisted D2D network is shown in Table.

2.6.

Ad-hoc networks can be classified into a number of different networks: Wireless Mesh Net-

work (WMN), Wireless Sensor Networks (WSN), Mobile Ad-hoc Networks (MANET) and

Vehicular Ad-hoc Networks (VANET).
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Infrastructure Assisted D2D Networks Ad-hoc Networks
Operate in licensed and unlicensed band Operate in unlicensed band
Centralized Control No centralized control
In licensed band there are less
security risks

Operates in unlicensed band
high security risks

Mostly used in one or two hops as a relay Works in multiple hops
Adventageous for proximity services and
public safety

Not suitable for proximity services

Recommended for highly dense
environment

Not suitable for highly dense

environment

Table 2.6: Infrastructure Assisted D2D Networks Vs Ad-hoc Networks

Wireless Sensor Networks (WSN): Wireless sensor networks are a type of ad-hoc networks in

which the sensors are spatially distributed to monitor physical or environmental conditions

and to pass their data through the network to the main location.

Figure 2.9: Wireless Sensor Network

Wireless Mesh Networks (WMW): Wireless mesh network is a type of ad-hoc network in

which radio nodes are connected in a mesh topology. They consist of mesh clients, routers

and gateways.

Mobile Ad-hoc Networks (MANET): Mobile ad-hoc network is infrastructure less of mobile
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Figure 2.10: Wireless Mesh Network

Figure 2.11: Mobile Ad-hoc Networks
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devices. They are free to move anywhere frequently, which changes their links with other

devices.

Vehicular Ad-hoc Networks (VANET): Vehicular ad-hoc networks were created on the prin-

ciple of mobile ad-hoc networks. They provide wireless communication services between

vehicles and vehicle to roadside infrastructure.

Figure 2.12: Vehicular Ad-hoc Networks

2.3.4 MAC Protocols in Ad-hoc Networks

Certain measures should be taken into account when designing an ad hoc MAC protocol,

including efficient bandwidth utilisation, minimum control overhead, few delays and minimal

packet retransmission [97–99]. Furthermore, energy consumption should be minimised, and

the MAC protocol must be scalable to large networks [97, 100].

IEEE 802.11 has already standardised the WLAN MAC Protocol in distributed coordination

function (DCF), point coordination function (PCF) and hybrid coordination function (HCF).
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Figure 2.13: Types of MAC Protocols in Ad-hoc Network

Besides IEEE 802.11-based MAC standards, a number of MAC protocol variations and

improvements have been proposed. These protocols are categorised into contention protocols,

contention-free protocols and channelization protocols. The different types of MAC protocols

are shown in Figure. 2.13.

2.3.4.1 Contention Protocol

The fundamental access method for the contention protocol is DCF, which works on the prin-

ciple of carrier sense multiple access collision avoidance (CSMA/CA). CSMA/CA supports

asynchronous data transfer on a best effort basis. CSMA/CA uses carrier sense functionality

and a binary exponential backoff (BEB) mechanism. Each window, and the backoff timer

decreases for each idle time slot (TS). The node starts transmitting packets when the timer

expires or reaches zero. If the transmission fails, the size of the CW doubles. When a channel

is idle for the DCF interframe space (DIFS) period, the winning node sends an RTS request

to the receiver, and after receiving the RTS request, the receiver sends a clear-to-send (CTS)
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message to the sender. Once the sender receives CTS, it sends the packet, which allows the

receiver to send an ACK message [101–103]. RTS-CTS Mechanism is shown in the Figure.

2.14. To date, the majority of the literature on contention protocols focuses on improving

RTS DATA

CTS ACK

NAV

Station 1

Station 2

DIFS SIFS SIFS

NAV CTS

NAV RTS

SIFS

Figure 2.14: RTS-CTS Mechanism

the hidden and exposed node problem. The contention based MAC schemes can be classified

into; sender initiated, receiver initiated, synchronized protocol, multiple channel protocol,

Quality of Service (QoS) protocols and clustering protocols.

A Sender initiated protocols

The multiple access with collision avoidance (MACA) protocol [55] represents an

RTS/CTS method without the use of an ACK message. The sender sends an RTS

to the receiver. When the neighbouring node hears the RTS message, it stop its trans-

mission. Once the RTS is received, a CTS message is sent back to the sender to initiate

data transmission. If the node transmits a packet, the node uses a binary exponential

backoff (BEB) algorithm to backoff a random interval of time before trying. The lim-

itation of this protocol is that it does not use the ACK message and, 10 hence, does

not provide any acknowledgement of data transmission at the data link layer. If a
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Figure 2.15: MACA Vs MACAW

transmission fails for any reason, re-transmission must be performed by the transport

layer, which increases the potential delay.

MACA for Wireless (MACAW) [60] is a modification of MACA. After sending the

packets, an ACK message is sent by the receiver to the sender. All the neighbouring

nodes overhearing the ACK message know that the packet has been delivered, and the

transmission is completed.

Floor acquisition multiple access (FAMA) [104] is also a modification of MACA in which

the sending node sends an RTS using either non-persistent packet sensing (NPS) or

non-persistent carrier sensing (NCS). The receiver responds with a CTS packet that

contains the address of the sender. Stations overhearing this CTS packet recognise the

station that has acquired the channel. The CTS packets are repeated long enough for

the benefit of any hidden sender.

These protocols show good performance in light load conditions; however, under heavy

load conditions, there is a high probability of collision, which can lower the throughput
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of the network.

Multiple Access with Reduced Handshake (MARCH) [105]is a multi-hop protocol that

reduces the number of control messages. RTS/CTS is exchanged during the first hop,

and for all the subsequent hops, only CTS messages are used. In MARCH, the MAC

layer maintains a table comprising information of the routes and the forwarding nodes

in the routes. Due to the low control overhead, collisions are reduced in the heavy load

condition. The results show that it can perform better than MACA during heavy load.

Many assumptions are proposed in this protocol, including the notions that all the

nodes are equidistant from each other and that the transmit power of all ther nodes is

the same, even though in reality, this may not always be the case.

B Receiver Initiated Protocols

Receiver-initiated protocols attempt to reduce the control message overhead. MACA

by invitation (MACA-BI) [65] is a receiver-initiated protocol that reduces the number

of control packet exchanges. Instead of a sender waiting to gain access to the chan-

nel, MACA-BI requires a receiver to request the sender to send the data by using a

ready-toreceive (RTR) packet instead of the RTS and CTS packets. Therefore, this

protocol is a two-way exchange (RTRDATA) as opposed to the three-way exchange

(RTSCTS- DATA) of MACA. MACA-BI requires the traffic information of the neigh-

bouring nodes, which is present in the DATA message.

Receiver initiated multiple access (RIMA) [106]is a new packet arrival prediction

method. RIMA is an improved modification of MACA-BI in which mobile hosts (MH)

are assumed to have the same packet arrival rate. When an MH receives a packet, the

neighbouring MH also receives a packet and sends an RTR packet to invite the neigh-

bouring MH to start transmitting. These protocols can reduce the control overhead

and also show better performance than sender-initiated protocols when traffic is light.

The main drawback is the correct prediction of the packet arrival time by the receiver,
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which is hard to achieve.

A rate adaptive MAC protocol for multi-hop wireless networks (RBAR) [75] presents

a rate adaptation mechanism in the receiver instead of a sender. Channel quality es-

timation is calculated on the receiver side, and rate selection is performed per packet

basis during the RTS/CTS exchange, before packet transmission. This scheme cannot

be implemented in real wireless networks because it is not compatible with 802.11, as

both the data and control packet formats require modification.

C Synchronized

A distributed medium access control protocol for synchronised networks (SYN-MAC)

[107] proposes a binary countdown scheme to solve unfairness and the hidden termi-

nal problem. Time synchronisation is achieved through GPS receivers. Each sender

creates a binary number, and the one with the highest binary number wins access to

the channel. This scheme includes three steps: contention resolution, hidden station

elimination (used to resolve the hidden station problem and data transmission), and

acknowledgement message. SYN-MAC performs well in terms of collision probability,

packet delay tolerance, and efficiency.

Z-MAC [108] combines the strengths of TDMA and CSMA while offsetting their weak-

nesses in a sensor network. The main feature of Z-MAC is its adaptability to the

level of contention in the network under low contention. Z-MAC behaves like CSMA

and occasionally like TDMA under high contention. Before a node transmits during a

slot, a carrier sensing mechanism is implemented and a packet is transmitted when the

channel is clear. However, the owner of the slot always has priority over non-owners in

accessing the channel. The priority is implemented by adjusting the initial contention

window size in such a way that the owners are always given an earlier opportunity to

transmit than non-owners. The goal is to reduce collision since owners are given the

50



initial opportunity to transmit. When a slot is not in use by its owners, non-owners

can borrow the slot. This priority scheme has the effect of implicitly switching between

CSMA and TDMA depending on the level of contention. When the interference and

synchronisation become less accurate, performance degrades to CSMA.

D Multi channel protocols

One of the earliest papers in this category is Busy Tone Multiple Access Protocol

(BTMA) [109] a centralised multichannel protocol that proposes using a separate busy

channel to solve the hidden node problem. The transmitting channel is divided into

two parts: the busy tone channel and the data channel. A node senses the channel,

and if there is no busy tone, it will transmit the busy tone and start sending data.

When a node is transmitting, no other nodes within two hops can transmit data.

Dual Busy Tone Multiple Access Protocol (DBTMA) [56] is an extension of BTMA.

The transmission channel is 11 split into two channels: the data channel and the con-

trol channel (RTS, CTS and busy tone). The two busy tone channels are at different

frequencies and are meant for transmission and reception. This scheme uses a dis-

tributed approach to solve the hidden terminal problem, in contrast to the centralised

approach utilised by BTMA. This scheme is not suitable for many users in small areas,

as at any time, only one user can access the data channel.

In [110],a full-duplex spectrum sensing (FD-SS) MAC protocol is proposed for multi-

channel non-time-slotted cognitive radio networks, where primary users (PU) randomly

access and leave the licensed channels. The FDSS scheme is developed to guarantee

high-throughput transmission for primary users (PUs) and high channel utilization for

secondary users (SUs) by timely sensing the PUs reactivation during the same time

when the SUs are transmitting their signals. However, this scheme is not applicable to

hierarchical spectrum access, where PUs should have higher spectrum access priority
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than SUs.

A distributed multichannel MAC protocol [111] recommends a slow and fast hopping

sequence with a dual radio interface to improve network capacity. Transmission is

performed on one interface with fast hopping, and reception is performed in another

interface with slow hopping. Four components control the protocol:

• Hopping control generates hopping sequence for both slow and fast hopping.

• Discovery sends hello packets to discover the nodes.

• Rendezvous is performed when nodes have slow hopping channel information and

ready to send data.

• Broadcast support broadcast packet on both interfaces.

A parallel rendezvous approach requires special coordination between sender-receiver

pairs, so they use the same channel to make transmission arrangements. This protocol

requires loose synchronisation in the network.

E QoS MAC Protocols

Quality of service (QoS) is important and necessary for real-time services such as voice

and video. QoS in ad hoc networks is challenging as it means to provide a guarantee

and assurance about the level of service given to an application. QoS is different for

various applications as it depends on the specific requirements of an application. Some

applications are delay sensitive and may require delay guarantees (like voice). Some

applications require that the packet should flow at a certain minimum bandwidth, and

bandwidth is the QoS parameter [112]. Other applications require reliability, that is,

packets are delivered reliably from the source to the destination [112]. Several chal-

lenges exist in provisioning QoS in ad hoc networks. Due to dynamically changing

topology, QoS may suffer. MAC protocols in ad hoc networks are distributed, which
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can complicate QoS provisioning. Furthermore, the hidden node problem can degrade

the QoS. Ad hoc networks, such as MANET and WSN, have limited bandwidth and

battery life, which can also cause adverse effects on the provisioning of QoS. Ad hoc

networks are less secure than infrastructure-assisted networks as they implement net-

work access control and have security challenges [112]. QoS is easy to manage in

centralised and reservation-based MAC protocols. However, many protocols use a dis-

tributed contention-based approach.

In [113], a distributed multi-constrained QoS scheduling algorithm is proposed for

delay/throughput-sensitive applications to guarantee constrained QoS. Medium access

with delay and throughput constraints priority is given to urgent packets using co-

ordinated multi-hop scheduling to maintain end-to-end QoS targets. This approach

piggybacks scheduling information onto RTS/DATA packets and uses this information

in existing IEEE 802.11 priority backoff schemes to determine the exact schedule. This

scheme decreases the end-to-end (ETE) packet delay and achieves low QoS outage

probability compared to other protocols. The limitation is that the nodes must moni-

tor all transmitted packets to extract the scheduling information.

Multi-hop access collision avoidance with piggyback reservation (MACA/PR) [114]

is an extension of FAMA that proposes guaranteed bandwidth for real-time services

through reservations. The RTS/CTS message is used during the first packet to set up

the reservations; the remaining packets do not require this message. An ACK message

serves to renew the reservation. If ACK is not received due to link failure, retransmis-

sion occurs from the network layer. Reserving a significant portion of the channel for

a single transmission is not suitable as it may block the nodes from transmitting for a

long time

Dynamic Multi-Channel Assignment MAC Protocol (DCA) [66] is designed to increase

the throughput and utilisation. DCA implements an on-demand method to assign
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channels to the host, and the number of channels is independent of topology. No clock

synchronisation is required, and few control messages are exchanged to assign channel

medium access. Bandwidth is divided into control channels (resolve contention and

assign data channels to the mobile hosts) and data channels (send data packets and

ACK). Each mobile host maintains a channel usage list (CUL) containing a list of

neighbours and a free channel list (FCL). The receiving node matches the CUL with

the FCL and makes the sender aware of the free data channels. The spectral efficiency

decreases for separate dedicated control radios and channels.

F Clustering protocols

Contention protocols can employ clustering strategy to improve network performance.

Distributed Queuing Medium Access Control Protocol (DQMAN) [115] consists of

a dynamic clustering mechanism and is integrated with a near-optimum distributed

queuing medium access control protocol. When a node seizes the channel, it becomes

the temporary cluster head of a spontaneous cluster and coordinates peer-to-peer com-

munications between cluster members. Nodes within the range of the cluster head

become cluster members. Nodes implicitly belong to a cluster as long as they receive

and can decode the control packets from the cluster head. This protocol shows that

the clustering strategy performs better than the standard IEEE 802.11 DCF.

There are many challenges in contention protocols: lack of centralised control, net-

work topology changes with mobility, a collision cannot be detected entirely leading to

channel inefficiency, unfairness also occurs as nodes with a smaller contention window

always win, and quality of service (QoS) needs to be provisioned careful when designing

the contention MAC protocol. Table V compares the contention protocols and their

proposed schemes, advantages and disadvantages.
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Type of
Protocol

Classification
of Protocols

Proposed Scheme Problem Addressed Advantages/Disadvantages

Contention
Protocols

Sender
Initiated

MACA
Hidden/Expose node
problem and
Power control

Advantage: No Data collision.
Disadvantage: Increases packet
delay in case of transmission
failure as there
is no ACK and decreases
in bandwidth utilization

MACAW
Hidden/Expose node
problem

Advantage: Improve back-off
mechanism and ensure fair
allocation of resources
in transmitters.
Disadvantages: Does not fully
solve hidden node problem
and also has longer step
exchange between the nodes.

FAMA [104]
Minimize node
Collision

Advantage: Reduces
hidden/expose node problem.
Disadvantage: Not recommended
for heavy load of
traffic due to increase of
collision.

MARCH [105]
Hidden/Expose node
problem

Advantage: Reduces collision
in heavy load and also
reduces the handshakes in multi-hop
network.
High throughput and
low control overhead.
Disadvantage:Access to
routing information is
required.

Receiver
Initiated

MACA-BI [65]
Hidden/Expose node
problem

Advantage: Reduce control
overhead and have
better performance than sender
initiated under light
load.
Disadvantage: Difficult to
predict packet arrival time.

RIMA [106]
Hidden
node problem

Advantage: Reduce control overhead
and have better performance than
sender initiated under light load.
Disadvantage: Difficult to predict
packet arrival time.

RBAR [75]

Channel quality
estimation and
Hidden/Expose
node problem

Advantage: Estimation is more
accurate and can be
implemented in IEEE 802.11.
Disadvantage: More overheads and
routing protocol prefers
long reliable links.

Clustering DQMAN [115]
Hidden/Expose node
problem

Advantages:Performs better
in a large network and is
efficient
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Type of
Protocol

Classification
of Protocols

Proposed Scheme Problem Advantages/Disadvantages

Contention
Protocols

Synchronized
SYN-MAC [107]

Unfairness and
hidden node
problem

Advantages: Perform better in terms
of collision probability,
packet delay tolerance
and efficiency.
Disadvantage: Does not use
channel efficiently.

Z-MAC [108]
Hidden node
problem/Congestion

Advantages: Reduces Hidden
Terminal problem. Less
processing and resources
are required.
Disadvantages: Signalling
overhead increased due
to TDMA and cannot mitigate
the effect of funnelling events
to a sink choke point.

Multi-Channel
BTMA [109]

Hidden/Expose node
problem

Advantages: Very simple
protocol.Collision probability
is very low.
Disadvantage: Bandwidth
utilization is low

DBTMA [56]
Hidden/Expose node
problem

Advantage: Completely
eliminated the hidden node
problem.
Disadvantage: Not suitable for
many users in smaller area as
one user can access data
channel at a time

[51]
Network
capacity

Advantage: Loose
synchronization is required.
Disadvantage:Tight coordination
is required between sender
receiver pairs

QoS
MACA/PR [114]

Hidden/Expose node
problem

Advantage: Global
synchronization is
not required.
Disadvantage: Random empty
slots are not utilized
efficiently

DCA [66] Power control

Advantage: No clock
synchronization required and
low control overhead.
Disadvantage: Decrease in
spectral efficiency when few
channels are available
and also increases the cost.

[52] QoS (priority traffic)

Disadvantage: Requires all
the nodes to have scheduling
information and does
not provide backward
compatibility

Table 2.7: Comparison Summary of Contention Protocols in Distributed/Ad-hoc Wireless
Networks
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Figure 2.16: PCF Operation Structure During CFP

2.3.4.2 Contention Free MAC Protocols

To overcome the challenges of contention protocols, the contention-free framework has been

explored by researchers, and several strategies have been proposed. The fundamental access

method for the contention-free protocol is PCF. PCF lies above DCF and has higher priority

than DCF. PCF has a point coordinator (PC) that is located at an access point (AP). The

point coordinator (PC) creates a polling list and polls the node accordingly. Nodes that have

data to transmit do so when they are polled.

During the contention-free period (CFP), the PC delivers frames to the station and polls the

previously registered stations in the polling lists. The PC ensures that the interval between

two polling stations is not more than the PCF interframe spacing (PIFS) [116–118]. PCF

frame transmission is shown in Figure. 2.16.

The previous literature on contention-free MAC protocols can be categorised into polling

MAC protocols, TDMA-based polling protocols and quality of service protocols.
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A Polling MAC Protocols:

Distributed Deficit Round Robin (DDRR) MAC protocol [119]proposes a distributed

fair queuing scheme with a deficit counter (DC) to each station in the polling list.

This scheme was proposed to allocate bandwidth fairly to voice and video with differ-

ent packet sizes. Only nodes with positive DC are polled, and for every poll, the DC

is decremented by the length of the packet. The node will no longer be polled when

the DC is negative. The disadvantage is that during heavy loads, access delay is not

guaranteed.

Cyclic Shift and Station Removal (CSSR) MAC protocol [120] uses a discrete-time

Markov chain and improves the performance when silence detection is used at wireless

terminals. The AP polls only active stations and removes them from the polling list if

they are silent by sending a null frame. After some time, the idle station is returned to

the active polling list. The disadvantage is that voice packets can be lost if talk-spurt

starts when the node is idle.

Earliest Deadline First (EDF) MAC protocol [121] caters to the different delay re-

quirements of real-time services in heterogeneous networks. It supports real-time and

non-real-time services in WLAN with dynamic timedivision duplexed (D-TDD) trans-

mission. The packet with the earliest deadline is polled first. This scheme works well

in a heterogeneous environment, but the limitation is that the proposed admission

control works for constant bit rate traffic only.

Simultaneous Transmit Response Polling (STRP) MAC protocol [122] enables simulta-

neous polling and transmission of information packets using the capture effect. Nodes

are divided into logical rings as active rings and idle rings. Any node that has data to

transmit will enter into the active ring and will be polled in a round robin fashion. The
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capture effect can help the point coordinator (PC) to receive and interpret a strong

signal regarding a weak signal. This scheme can increase the delay when transferring

from the active ring to the idle ring.

Two Step Multi-polling (TS-MP) MAC protocol [123] proposes a TXOP allocation

with two polling frames to reduce the overhead. The first frame gathers information

(pending frames, transmission rates), and the second frame contains the polling scheme

based on the first frame. CBR (constant bit rate) and VBR (variable bit rate) real-time

traffic are taken into account. This scheme achieves better performance than CP-MP

(contention period multi-polling) MAC protocols, but the status collection process in-

creases the delay.

Relay-Enabled Point Coordination (rPCF) MAC protocol [124] minimises the control

overhead by improving the performance. This scheme transmits data using a relay by

taking into account the channel condition of each link. If the channel conditions do

not satisfy the requirements, the relay is used to transmit data. Each node maintains

a table (containing the data rate and sender ID) and updates the AP if any changes

occur in the table. Similarly, the AP maintains a table containing the data rate and

the sender and receiver IDs. The AP piggybacks the selected transmission rate to the

node to update it, and the AP informs the sender if it has to transmit the data via

one or two hops. The modification is made in the MAC header. The results have been

compared with PCF-based ARF using NS-2, indicating that the proposed scheme per-

forms better.

GreenPoll MAC protocol [125] is an energy saving protocol that turns off the radio

once the data have been exchanged. The contention-free period is split into two vir-

tual phases. In the first phase, nodes with no data to transmit go to sleep, whereas

nodes that need to transmit data remain awake. Once the awake stations transmit

data, they go to sleep until the cycle is completed or the NAV timer expires. The last
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node never goes to sleep, so it must remain awake during the entire cycle, which can

increase the overall energy consumption of the network.

B TDMA based Polling MAC protocol

Isochronous coordination function (ICF) MAC protocol [126] reduces the control over-

head and provides fair polling for uplink and downlink voice traffic. ICF emulates a

dynamic TDMA-like mechanism, reduces the polling overhead and provides fair polling

for uplink and downlink voice traffic. ICF suggests a TDMA-like time slot assignment

that is broadcast through a super ICF-poll frame at the start of each ICF cycle. The

ICF super poll frame, which is a TDMA-like time slot, is transmitted, thereby substan-

tially reducing the polling overhead. A Markov model is used for voice traffic in the

proposed protocol, which is compared with other polling-based protocols. However,

the protocol does not provide the explicit contention-free medium that is required for

voice traffic.

In [71], energy is saved via the awake and sleep periods implemented using a clustering

strategy. Nodes are polled by the cluster head based in round robin order. Each node

with data to transmit is assigned a time slot (TS). Nodes that do not have data to

transmit go into sleep mode for a certain amount of time. The proposed model is

compared with S-MAC using NS-2. This scheme saves energy and has less delay than

the SMAC protocol.

Polling and reservation access scheme (PRAS) MAC protocol [127] is a centralised pro-

tocol using both reservation and polling techniques to assign transmission slots. This

protocol is proposed for priority scheme ATM service using a piggyback mechanism.

The piggybacking overhead should be minimised, and the polling period should be

efficiently adjusted to reduce bandwidth waste.
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C QoS Polling MAC Protocols

Priority ELF MAC protocol [128] proposes wireless scheduling based on an effort-

outcome disconnection and effort-limited fairness (ELF) strategy using dynamic weight

adjustments. The ELF guarantees that all flows with an error rate below a threshold

receive their expected service. All flows experiencing an error rate below a per-flow

threshold receive their expected service. During the PCF duration, the point coordi-

nator (PC) checks the station with the highest type of service (TOS) and allows the

highest TOS station to transmit or receive data first. The point coordinator (PC)

also checks the values of the counters, which record some frames transmitted by each

station in a particular period, and whether each counter is larger than one. If not, the

PC will not transmit data or poll frame to a station even though the PC have data to

send in their queues or frames. In this protocol, it is impractical to guarantee identical

throughputs to each user over short time scales.

The combination of reservation and polling multiple access with distributed schedul-

ing (CRPMA/DS) MAC protocol [129] proposes a distributed scheduling architecture

for ATM services. Different frequencies are assigned for uplink and downlink as the

protocol works on a TDMAFDD principle. The BS allocates the bandwidth to users,

and users decide what kind of traffic to transmit. This scheme reduces collisions by

applying the contention resolution algorithm and also serves data traffic with a high

transfer rate. The disadvantage in reserving the bandwidth is that it is wasted if there

is no traffic. In [130], the authors propose non pre-emptive priority scheme to transfer

voice packets efficiently. The AP dynamically creates the polling list by assigning a

priority to each voice packet based on two parameters: packet transfer rate and jitter.

When no voice packet is transmitted, the protocol changes to DCF mode to transfer

data packets.
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Polling MAC protocols also face some challenges, including unpredictable beacon delays,

unknown transmission duration of polled stations and lack of suitability for small networks

with few users, as the delay will increase without improving the network performance. A

comparison summary for contention free MAC protocols is shown in Table.2.8.

62



Type of
Protocol

Classification
of Protocols

Proposed Scheme Problem Advantages/Disadvantages

Contention
Free Protocols

Polling

CSSR [120]
Scheduling
Polling list

Advantage:Reduce wastage of
polling frames.
Disadvantage:Voice packet are
lost if talk-spurt is on in
an idle mode. Takes longer time
to connect to the node.

DDRR [119]
Fair Bandwidth
allocation

Advantage: Suitable for
heterogeneous network with
real time traffic.
Disadvantage: Does not measure
access delay for heavy
load networks.

EDF [121]
Access
Delay for real
time traffic

Advantage: Suitable for
heterogeneous real time traffic.
Disadvantage: Admission control
only work for constant
bit rate traffic

STRP [122] Schedule Polling

Advantage: Taking in account
capture phenomena which
increases the efficiency.
Disadvantage: Increase delay.

TS-MP [123]
Scheduling
Polling list

Advantage: Shows better
performance.
Disadvantage:Overhead is
increased.

rPCF [124]

Reduce
Transmission delay
and improve
Throughput

Advantage: Improve system
performance.
Disadvantage: Overhead is
increased

GreenPoll [125]
Energy
Consumption

Advantage: Conserve energy
of the user and Wlan.
Disadvantage: Performance degrades
as last node does
not sleep and conserve energy.

[64]
Scheduling
Polling list

Advantage: Improved adaptive
polling discipline.
Disadvantage:High polling rate can
cause high collision and too
law may result in high delay

TDMA based
Polling

ICF [126]
Scheduling
Polling list

Advantage: Reduces polling
overhead and provides fair
polling.
Disadvantage:Does not provide
explicit contention free
environment which is required
for voice traffic.

[65]
Energy
Consumption

Advantage: Less delay and
energy is conserved

PRAS [127] QoS

Disadvantage: Bandwidth is wasted
if not utilized efficiently
and piggybacking overhead
should be reduced

QoS Polling
Priority
ELF [128]

QoS
Disadvantage: Not practical to guarantee identical
throughputs to each user over short
period of time

CRPMA/DS [129] QoS
Advantage: Reduces collision.
Disadvantage: Reserved bandwidth is wasted if
there is no traffic

Table 2.8: Comparison Summary of Contention Free Protocols in Distributed/Ad-hoc Wire-
less Networks
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2.3.4.3 Channelization MAC Protocol

The research on time division medium access (TDMA)-based MAC spans decades. TDMA

uses a pre-computed schedule to transmit packets and can solve the hidden terminal problem

without additional message overhead. The TDMA technique can provide low latency and

guaranteed bandwidth [131,132].

In [133], the authors propose a MAC protocol that minimises the end-to-end delay and im-

proves the bandwidth utilisation using QoS parameters. A shorter TDMA frame is proposed

to reduce the delay, and scheduling is performed in a distributive manner. The delay-aware

link scheduling problem is solved in two parts. A TDMA algorithm is developed to find

conflict-free TDMA class, and a polynomial algorithm is developed to find the transmission

order to minimise the endto- end delay. This protocol does not take into account burst

traffic, and delays are neglected.

Adaptive MAC Protocol for Heterogeneous networks (AMPH) [134] is proposed with QoS

support to provide high channel utilisation with hybrid and adaptive behaviour for good data

delivery of heterogeneous traffic. Nodes can transmit in any time slot; each node is assigned

a TS in such a way that two nodes within two hops cannot have the same TS. Priority is

given to the owners of the slot and to higher priority traffic. Lower priority packets are not

considered and can be lost.

Five Phase Reservation Protocol (FPRP) [70] proposes a distributed MAC protocol for se-

curing temporary channel access before transmission using inband signalling. Each slot is

divided into information and reservation slots. Each node that needs to reserve the infor-

mation slot should contend for it during the reservation slot. The reservation slot has five

phases. The first four phases are used for reservation to eliminate the hidden node problem,

and the fifth phase reuses the same slot efficiently within two hops. A node that reserves an

information slot can transmit with a low chance of collision during the slot. In this protocol,

the primary complexity lies in establishing reservations that do not conflict within twohop
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neighbours. Additionally, due to inband signalling, this protocol suffers from unused time

slots when signals collide because of their randomness.

The Node Activation Multiple Access (NAMA) [135] proposes a distributed election algo-

rithm to achieve collision-free transmission. For each slot, one transmitter is selected in a

two-hop neighbourhood. Collision-free data are received by the onehop neighbour. Energy

conservation is not taken into account in NAMA.

Traffic Adaptive Medium Access (TRAMA) [136] is a modification of NAMA that increases

the utilisation of energy in an efficient manner. TRAMA uses a distributed election scheme

based on the traffic information at each node to determine which nodes can transmit in a

particular time slot. Nodes that do not have data to transmit are switched into idle mode.

The disadvantage of this method is that the delays are high compared to contention-based

protocols because the sleep time is high.

Distributed RAND (DRAND) [137] proposes a channel reuse scheduling algorithm that

avoids collisions within a twohop neighbourhood. Once a slot is assigned, each node reuses

its slot periodically in each frame. A node allocated to a slot is the owner, and other nodes

are non-owners. Each slot can have more than one owner as DRAND allows any two nodes

beyond a two-hop neighbourhood to own the same slot. This scheme does not require any

synchronisation and can adapt to local topology changes. DRAND is most advantageous

when there is less mobility. The disadvantage is that it does not provide any method to

change or repair schedules.

TDMA-based MAC protocols also face some challenges: tight synchronisation is required,

and they create interference at a frequency that is directly related to the time slot length.

Table. 2.9 compares the channelization MAC protocols
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Type of
Protocol

Classification
of Protocols

Proposed Scheme Problem Advantages/Disadvantages

Channelization
Protocol

TDMA

AMPH [134] QoS

Advantage: Provides fair
data delivery for higher
priority packets.
Disadvantage: Lower priority
packets are lost.

[69] End to End delay

Advantage: Frame size
has been reduced and
scheduling is distributive.
Disadvantage: Not recommended
for bursty traffic and
delay is not taken into
account.

FPRP [70] Scheduling

Advantages: Hidden terminal
problem is handled efficiently.
Suitable for scalable
and dynamic networks.
Disadvantages: It suffers from unused
time slots when signals
collide because of their
randomness. Also the
overhead is increased

NAMA [135] Scheduling

Advantage: Receive collision
free data.
Disadvantage: No energy
conservation is taken
into account

TRAMA [136]
Throughput
and Energy Efficiency

Advantages: Reduces collision
and increase energy savings.
Disadvantage: Length of the
random access interval affects
the overall duty cycle
and energy savings

DRAND [137] Scheduling

Advantages: No synchronization
required. Easily adaptable
to the topology change.
Disadvantages:Schedules can
not be modified.

Table 2.9: Channelization Protocols Comparison Summary in Distributed/Ad-hoc Wireless
Networks
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Figure 2.17: HCF Mechanism

2.3.4.4 Hybrid Coordination Function

The hybrid coordination function (HCF) is an improved amendment of DCF that defines a

set of quality of service (QoS) enhancements for wireless LAN applications through modifi-

cations to the MAC layer [138]. HCF enables transmission and reception in both the CFP

and CP. HCF consists of two parts: enhance distributed coordination function (EDCF)

for contention-based access and controlled access (HCCA) for contention-free access. Both

HCCA and EDCF define traffic classes (TC) and traffic streams (TS), for example, internet

browsing can be given lower priority and voice over WLAN can be given higher priority.

Figure. 2.17 shows the mechanism for HCF.

Minimal work has been performed using the hybrid coordination function (HCF). Further

attention is needed, as it can be used to design a better MAC protocol where QoS is required.
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A Hybrid MAC Protocols

Adaptive Enhanced Distributed Coordination Function (AEDCF) [139]is built on top

of the EDCF. The contention window size is adjusted by taking into account the net-

work and application requirements. AEDCF does not reset the contention window size

to a minimum but takes into account the collision rate in each station. This scheme

outperforms EDCF by reducing collision rates for highly loaded networks.

Adaptive Fair Enhanced Distributed Coordination Function (AFEDCF) [140]extends

EDCF to further improve network performance. The contention window size increases

during the deferring period when the channel is busy, and an adaptive backoff mech-

anism is used when the channel is idle. AFEDCF reduces the idle time slots through

the adaptive backoff mechanism by taking in account the channel load. This method

increases the quality, especially for multimedia applications.

In [141], throughput and channel access delay are improved by applying a delay-aware

distributed dynamic adaptation for the contention window. This scheme is known

as D2D, and the medium access protocol used is D2D channel access (D2DCA). The

protocol is a modified version of EDCA, where only the backoff algorithm for collision

avoidance is modified. The D2D mechanism takes into account the delay deviation

ratio and the channel busyness ratio. The idea of D2D is that if a station experiences

adequate channel access delay, the station should not increase the channel access de-

lay of other stations by blindly resetting the CW to its minimum value. The D2D

scheme is adaptive to changes in congestion level. The results show that the scheme

outperforms EDCA.

Hybrid MAC protocols also face some challenges. The admission decision should be made

at different active stations rather than the admitting station, increasing the flow throughput
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beyond a certain threshold results in en-queuing delays, the protocols are characterised by

high randomness, and fairness is difficult to guarantee [142].

Type of
Protocol

Classification
of Protocols

Proposed Scheme Problem Advantages/Disadvantages

HCF QoS
AEDCF QoS

Advantage: Collision rate is reduced for highly loaded
network.
Disadvantage: Not suitable for intro AC QoS
differentiation

AFEDCF QoS
Advantage: Reduces idle TS.
Disadvantage: Not suitable for intro AC QoS
differentiation

D2DCA QoS Advantage: Performs better than EDCA.

Table 2.10: Summary Comparison of Hybrid MAC Protocols in Distributed/Ad-hoc Wireless
Networks

2.4 Conclusion

A comprehensive literature review was undertaken explaining the two important features of

5G networks that includes; Device-to-Device communication and heterogeneous networks.

Resource allocation methods for D2D communication are explained in detail in infrastruc-

ture assisted network. Different types of MAC protocol for ad-hoc networks are discussed

with their advantages and disadvantages.

The research focuses on resource allocation of D2D communication in heterogeneous net-

works. The research proposes a Scalable MAC Protocol (SC-MP) based on point coordina-

tion function (PCF), that offloads the traffic from licensed band to unlicensed band. The

proposed MAC protocol increases the network capacity and network performance as com-

pared to traditional DCF MAC protocol. The importance of PCF access mechanism is that

operates in centralized manner and highly suitable for dense environment as it avoids colli-

sion. Hence, SC-MP creates a centralized control in a distributive manner. The proposed

scheme can be applied to to IEEE 802.11 devices without requiring significant modification

to the physical layer.
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Chapter 3

Performance Investigation of D2D

Communication over LTE Solutions

Operating in Unlicensed Band

3.1 Introduction

The usage of unlicensed spectrum has provided an excellent opportunity for the mobile op-

erators to meet the data requirement of mobile users. Mobile operators can expand the

network capacity and provide a better quality of service (QoS) by using LTE in unlicensed

5GHz band at a lower cost [143].

Device to Device (D2D) communication an integral part of the future 5G standard, aims

to improve the capacity, spectral efficiency, and coverage by enabling direct communication

between the devices with minimal involvement from the base station (BS) in infrastructure

assisted cellular system. D2D communication has been a central topic of research for quite

some time and it has been shown that D2D communication increases the network throughput

while minimizing the interference and power usage [144]. D2D communication can be very

70



beneficial for the mobile operators when they combine D2D with LTE technologies operating

in unlicensed 5GHz band.

This chapter evaluates a detail overview of LTE technologies operating in an unlicensed

5GHz band that includes; carrier Wi-Fi, LTE-U, LTE-LAA, LWA, and MuLTEfire. A detail

overview of these technologies are discussed that includes; architecture, working mechanism,

co-existence with Wi-Fi and overall cost. A comparison is done between these technologies

and further their advantages and disadvantages are concluded.

Furthermore, this chapter also present a detail simulation for LTE-LAA, LWA and MuLTE-

fire technologies in the presence of Wi-Fi hotspot and compare their results. The performance

of D2D communication over these strategies are also evaluated.

3.2 Background Of LTE Operating in Unlicensed Band

The concept of LTE in the unlicensed spectrum was introduced first time in the TV white

space [145]. In this scheme frequency hopping and time hopping was used by LTE small cells

in TV white space band to reduce interference between other devices in the band. Currently,

the crucial issue for LTE networks to exploit 5GHz unlicensed spectrum is the coexistence

problem with Wi-Fi technology [146]. LTE adopts scheduling based access technology in

licensed band, whereas Wi-Fi works on contention-based access mechanism and carrier sens-

ing technology. The LTE unlicensed proposal has been a big concern for the Wi-Fi vendors

and service providers, which have used 5GHz band for a long time and want to continue to

do so without being unfairly penalized by the introduction of LTE [143].

Recently new types of LTE-Wi-Fi aggregation solutions have been proposed at the radio link,

as well at the TCP link [147]. One is carrier Wi-Fi, in which network operators can deploy

their own Wi-Fi to offload traffic and reduce congestion [148]. LTE unlicensed (LTE-U), is

the first version of LTE unlicensed which was initially proposed by Ericsson and Qualcomm
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in 2013, based on 3GPP release 10-12 [143]. LTE-U works on the mechanism of carrier sens-

ing adaptive transmission (CSAT) and can only be used in China, USA, South Korea and

India [149]. For worldwide deployment, LTE unlicensed needs to deploy Listen-Before-Talk

(LBT) mechanism. LTE-Licensed Assisted Access (LTE-LAA) has been standardised by

3GPP in release 13 for downlink operation, which uses the mechanism of LBT and is the

modified version of LTE-U [150]. It is believed that if LTE-LAA and Wi-Fi use the same

spectrum, LTE-LAA will have more chance to dominate the spectrum and Wi-Fi devices

will keep deferring to LTE-LAA transmissions [147]. An alternative solution was proposed to

LTE-U/LTE-LAA, called as LTE Wi-Fi link aggregation (LWA). A part of LWA is released

by 3GPP in release 13 [151]. LWA increases the capacity by offloading some of the LTE

traffic through Wi-Fi using CSMA protocol. Currently, Qualcomm proposed another LTE

based technology known as Multifire that solely operates in an unlicensed band and does

not require an anchor in the licensed spectrum. [152].

A detail architecture and comparison of LTE solutions in unlicensed band is explained in

the next section.

3.3 State Of Art: LTE Networks Operating in Unli-

censed Bands

In this section, the different solutions are investigated provided for LTE operating in an un-

licensed 5GHz band. Their architecture, working mechanism, cost and co-existence problem

with Wi-Fi are discussed. Furthermore, a comparison is shown for these technologies with

their advantages and disadvantages.

72



3.3.1 Carrier Wi-Fi

Carrier Wi-Fi is considered to be the first step for mobile operators to utilize the unlicensed

bands. Network operators can deploy their own Wi-Fi access points (AP) to further offload

traffic, increase coverage and reduce congestion.

Carrier Wi-Fi can lead to ineffectiveness of network management and low spectrum efficiency

as it adopts different access and management mechanisms from LTE networks [148].

3.3.2 LTE-Unlicensed (LTE-U)

LTE-U uses the same LTE channels as LTE CA but unlike LTE CA LTE-U operates in

unlicensed band at 5GHz [147]. In LTE-U, only LTE channel can work as the primary

channel whereas the unlicensed channel can work as the secondary channel. LTE-U works

on the mechanism of carrier sensing adaptive transmission (CSAT), where the channel is

sensed by the LTE devices for a longer period of time (up to 200ms) and based on the

activities define an ON and OFF duration for a duty cycle [148]. LTE devices can transmit

when the duty cycle is in ON mode and remains silent when the duty cycle is in OFF mode.

In the OFF mode, LTE-U allows the Wi-Fi users to access the network using unlicensed

band.

LTE-U requires a new installation of 5 GHz LTE-enabled hardware on the user device and

small cells. LTE-U will only be implemented in the regions where regulation does not require

LBT, such as China, Korea, India, and USA [149]. The biggest issue of LTE-U is its intrusion

to Wi-Fi, as it can block the access to Wi-Fi users by giving priority to LTE-U users.

3.3.3 LTE-Licensed Assisted Access (LTE-LAA)

LTE-LAA is the modified version of LTE-U and adopts LBT mechanism for the coexistence

of LTE-LAA and Wi-Fi, as shown in Figure. 6.1 (a). In LBT, LTE device first listens to
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Figure 3.1: LTE in unlicensed bands: LWA, LAA, MuLTEfire

check for ongoing transmission. If the channel is clear it will transmit for a period of time

and then back-off to re-check the channel availability, but if the channel is busy it will not

transmit and keep on listening unless the channel is available [148]. The LTE device examine

another channel if the current channel is busy after several attempts [148].

Two options for LBT schemes have been suggested by the European Union; Frame-Based

Equipment (FBE) and Load-Based Equipment (LBE) [147]. In FBE, the transmit/receive

structure is not directly demand-driven but has fixed timing. After every frame, clear channel

assessment (CCA) is checked if the channel is free the data is transmitted otherwise it has

to wait for another frame period. In LBE LBT, CCA is performed whenever there is data

to transmit. If the channel is available data is transmitted but if the channel is busy it will

retransmit the data after the back-off time during extended CCA (eCCA) [147].

LTE-LAA is developed with the single global solution framework and is replacing the current

terminology LTE-U [153]. LTE-LAA is the version of LTE in an unlicensed band that 3GPP
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standardizes in Release 13 and is set to become a global standard as it strives to meet

regulatory requirements worldwide [149]. As LTE-LAA is the modified version of LTE-U, it

also requires an additional installation of 5GHz LTE-enabled hardware.

The biggest concern for LTE-LAA is the co-existence with Wi-Fi technology. Qualcomm

and Ericsson tested and claimed that LTE-LAA operates with little interference with Wi-Fi

and can increase the system capacity with faster mobile broadband speed [154]. Whereas,

some of the companies like Google are not in favour of LAA as it can block the access to

Wi-Fi users and will degrade the overall network throughput of Wi-Fi by giving priority to

LTE-LAA users [155].

3.3.4 LTE Wi-Fi Link Aggregation (LWA)

LWA emerged as an alternative technology to LTE-U and LTE-LAA and is capable of lever-

aging existing Wi-Fi access points (AP) to improve the network performance [148]. LWA

architecture is shown in Figure. 6.1 (b).

For the transmission of LTE traffic, LWA uses unlicensed band similar to LTE-U and LTE-

LAA but the transmission is done through Wi-Fi. Unlike LTE-U/LAA, LWA does not

require a new LBT based protocol, but LWA uses the current Wi-Fi protocol to transmit the

LTE traffic. LWA base station performs scheduling of packets at PDCP layer and transmits

some over LTE and other on Wi-Fi after encapsulating in Wi-Fi frames. All the packets

received from LTE and Wi-Fi are then aggregated at PDCP layer of LWA UE. LWA base

stations can improve the LTE performance by managing the radio resources according to

the load and RF conditions [147]. During this transmission, Wi-Fi APs can use LTE core

network for authentication, security, billing, etc, without a dedicated Gateway (GW) and

without disturbing the native Wi-Fi APs.

LWA uses LTE on LTE band and Wi-Fi on Wi-Fi band which is not the case in LTE-U/LTE-

LAA. LWA requires the deployment of small cells and other Wi-Fi APs near it can get a
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software upgrade to support LWA. The Wi-Fi APs can also support non-LWA traffic by using

separate service set identifier (SSID) [148]. Some researchers believe that LWA will perform

better in terms of co-existence than LTE-U/LTE-LAA in the presence of Wi-Fi as it offloads

the traffic using the same protocol as Wi-Fi, hence sharing the spectrum fairly [147]. Some

researchers also believe that LWA is a solution that leverage’s the existing Wi-Fi APs and

does not impact on an unlicensed band, hence improving the network performance [147].

Also Wi-Fi companies are much in favour of LWA as it boosts the LTE user data with-

out affecting pre-existing Wi-Fi users. Alcatel-Lucent is collaborating with Qualcomm to

demonstrate LWA at Mobile World Congress [156].

3.3.5 MuLTEfire

MuLTEfire is based on 3GPP LTE-LAA and LTE-eLAA (LTE-enhanced licensed Assisted

Access). Figure. 6.1 (c) shows the architecture for MuLTEfire. MuLTEfire performs like

LTE-LAA and LTE-eLAA only the difference is that it operates in an unlicensed band with-

out a licensed anchor node.

According to Qualcomm, MuLTEFire will benefit mobile operators with new deployment

opportunities for offloading their mobile network traffic [152]. The primary goal for MuL-

TEfire is to provide a seamless user experience in a hyper-dense network by combining the

benefits of LTE technology with the simplicity of Wi-Fi like deployments. It is a solution

that may be attractive to network operators and cable operators that lack licensed spectrum,

although this mode has not been discussed in 3GPP [149].

A comparison among the different LTE technologies operating in an unlicensed band; Car-

rier Wi-Fi, LTE-U, LTE-LAA, LWA, and MuLTEfire is shown in Table. 3.1. It is easier to

deploy carrier Wi-Fi as the network operator can easily deploy their own Wi-Fi to offload

traffic but the spectrum efficiency cannot be same as of LTE as Wi-Fi and LTE works on

different mechanism. LTE-U/LTE-LAA carrier aggregates the licensed and unlicensed band
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to further improve the performance, whereas LWA aggregates the link of licensed and un-

licensed band and MuLTEfire solely operates in unlicensed band. The major disadvantage

of LTE-U, LTE-LAA and MuLTEfire is the contention problem with Wi-Fi as compared to

LWA. LTE-LAA and MuLTEfire are still in the process of getting standardised.

Carrier Wi-Fi LTE-U LTE-LAA LWA MuLTEfire

Features
Deploy operator
own Wi-Fi

LTE operates in
unlicensed 5GHz
band using CSAT

LTE operates in
unlicensed 5GHz
band using LBT

LTE operates in
unlicensed 5GHz
band aggregated
with carrier Wi-Fi

LTE only
operates
in unlicensed
5GHz band
using LBT

Advantage Easy to deploy
Unified
management
mechansim

Unified management
mechanism.
Global standard.

Easy to implement.
Quick for
commercialization

Unified
management
mechansim in
unlicensed band

Disadvantage

Lack the
performance
benefits from
LTE in
unlicensed band

Contention
problem with
Wi-Fi.
Applicable
where CSAT
mechanism is
applied. No global
standardisation

Contention problem
with Wi-Fi.
Commercialization
will take longer time

For better QoS
latency
of the link between
the LTE eNB
and Wi-Fi AP
should be kept
low.

Contention
Problem
with Wi-Fi.
Need to replace
or upgrade
old Wi-Fi AP
to get LTE
performance.

Access
Network
Cost

Medium
(New Wi-Fi
AP)

High (New LTE
enabled
cell with LTE-U)

High (New LTE
enabled cell with
LTE-LAA)

Medium (New
small Cell LWA
aware Wi-Fi AP)

High (New
LTE enabled
Cell)

New Hardware
Support

No
UE and eNB
(5GHz)

UE and eNB
(5GHz)

No
UE and eNB
(5GHz)

LTE-Wi-Fi
Coexistence
Problem

No
Contention
Problem

Contention
Problem

No
Contention
Problem

Global Problem No
Global
Harmonization

Required No
Global
Harmonization
Required

Standardisation 3GPP
LTE-U
forum/3GPP

3GPP 3GPP 3GPP

Table 3.1: Comparison between Carrier Wi-Fi, LTE-U, LTE-LAA, LWA and MuLTEfire

3.4 Simulation

In the simulation, a single LTE macro cell is considered with small cell deployed in it. This

small cell is LTE-LAA/LWA/MuLTEfire, taking one at a time for simulation. A single Wi-Fi

AP is also deployed in the same LTE macro cell whose coverage area overlaps with the same

77



small cell; LTE-LAA/LWA/MuLTEfire. The small cell (LTE-LAA/LWA/MuLTEfire) and

Wi-Fi share the same 20 MHz unlicensed sub-band within the 5 GHz band. LTE system

with a maximum capacity of 100 Mbps and WLAN with the capacity of 54 Mbps. The

ITU-UMI model is used to generate the channels between the users and the Wi-Fi BS. The

number of Wi-Fi users are fixed and are associated with Wi-Fi AP. It is assumed that the

number of LTE-LAA/LWA/MuLTEfire users are randomly distributed around the small cell

in a 250 m × 250 m area. Hand-overs are not considered here. Total network throughput is

the aggregated throughput of the users operating in the licensed band as well as in the unli-

censed band and the offered load is the total number of users in the licensed and unlicensed

band.
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Figure 3.2: Total Network Throughput vs Offered Load

Total network throughput graph versus offered load is shown in Figure 3.2. LTE users only

operates in licensed band and the throughput saturates quickly at around 20 users, whereas
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MuLTEfire operates in unlicensed or shared spectrum and has the highest throughput and

has more chance to capture the channel and transmit the data. MuLTEfire has the highest

throughput but saturates quickly as can be seen from the graph and might not be suitable

for a scalable network as it can not accommodate more users. Whereas it can be observed

from the graph that LWA can provide higher throughput when the users increases as com-

pared to LTE-LAA. LTE-LAA and MuLTEfire can be a better solution for small loads as

the throughput is higher whereas for higher load LWA can perform better.

Figure. 3.3 shows the effect of Wi-Fi users in the presence of a small cell; LTE-LAA, LWA,

and MuLTEfire. The throughput of Wi-Fi users degrades in the presence of LTE-LAA small

cell, as preference is given to LTE-LAA users over Wi-Fi users. This is because LTE has a

continuously as well as a periodically transmitting protocol to transfer a variety of control

and reference signals whereas Wi-Fi is designed to coexist with other technologies through

random backoff and channel sensing. Due to this Wi-Fi users will have little chance to sense

a clear channel and transmit. Similarly, in case of MuLTEfire, the Wi-Fi throughput de-

grades further as it is LTE that is operating solely in an unlicensed band. Whereas, in case

of LWA the Wi-Fi throughput is does not degrade much as there is no contention problem

between the Wi-Fi and LWA users and can share the spectrum fairly.

Figure. 3.4 illustrates the delay graph vs the number of users. It can be seen from the graph

that LTE-LAA has higher delay than LWA. Due to the mechanism of LBT in LTE-LAA, it

can increase the delay when contending for the channel in the presence of Wi-Fi. Whereas

MuLTEfire has minimum delay as it solely operates in unlicensed band.

To further extend the idea D2D communication is applied in the given scenario. The be-

haviour of D2D communication is investigated when applied to LTE-LAA, LWA and MuLTE-

fire. It is observed from the Figure. 3.5 that D2D communication in MuLTEfire can increase

the throughput drastically as it operates only in unlicensed band and has more chance for

the users to communicate through D2D communication. But it can also be observed that
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network saturates quickly when using D2D communication in MuLTEfire. Whereas, if we
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Figure 3.5: Network Throughput with D2D communication

need to have a scalable network it will be more beneficial to apply D2D communication using

LTE-LAA and LWA, as more users can be accommodated with higher throughput.

3.5 Conclusion

This chapter presents a detailed overview of the solutions for LTE operating in unlicensed

5GHz band, along with their features and comparison. Simulation is also performed for

LTE-LAA, LWA, and MuLTEfire in the presence of Wi-Fi hot spot. It is concluded from

the simulation results that MuLTEfire can provide higher throughput but limits overall

scalability of the network coexistence. Consequently, Wi-Fi users have a higher impact in

the presence of MuLTEfire and can degrade the performance of Wi-Fi throughput. LTE-LAA

has higher throughput for smaller load but the throughput decreases as the load increases
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and also Wi-Fi throughput degrades. Whereas, LWA can provide better throughput than

LTE-LAA for a large network and has minimal effect on the Wi-Fi users as there is no

contention between the users. Similarly, when D2D communication is investigated in these

techniques MuLTEfire can increase the throughput but cannot increase the users whereas

LWA and LTE-LAA can accommodate more users, where LWA showing better throughput.

LWA gives better results when a Wi-Fi AP is deployed near it and is more cost-effective and

easy to implement as compared to LTE-LAA. For future challenges, it will be very important

that all the technologies operating in 5GHz band should have equal control to access the

medium to satisfy fairness.

A new Scalable Mac Protocol (SC-MP) is proposed in Chapter 4 for offloading traffic from

licensed band to unlicensed band in three tier architecture based on LWA technology.
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Chapter 4

Scalable MAC Protocol For D2D

Communication For Future 5G

Networks

4.1 Introduction

As more users and devices become connected, one of the leading challenges facing mobile op-

erators is to meet the demand of secure and high speed data to the customers with consistent

quality. To meet this demand deployment of smaller cells has gained significant importance,

as it will not only increase capacity but will also enhance the coverage of the network. Wire-

less local area network (WLAN), as an additional small cell, is gaining immense popularity,

as it enables access to local services and internet at a lower cost for infrastructure by utilizing

unlicensed band [144].

Joint deployment of cellular networks and WLAN can combine the unique strength of Wi-

Fi with cellular network and can offer the subscriber a true compelling experience. It will

increase the overall capacity of the heterogeneous networks with minimum interference. Re-
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cently, different LTE-Wi-Fi aggregation solutions have been introduced to boost the capacity

as mentioned in Chapter 3.

As mentioned in Chapter 3, allowing D2D communication in LTE-Wi-Fi aggregation so-

lutions can be very beneficial with D2D operating in unlicensed band for Wi-Fi transmis-

sions, to further offload traffic and enhance coverage while minimizing cross-tier and cross-

technology interference.

Nowadays, popular YouTube videos and movies are downloaded by sending a request to BS,

such requests waste precious spectral resources. Storage space is the fastest growing quan-

tity in communication devices. Smart-phones and tablets, that have 10-64 GB of storage

are under-utilized [90]. D2D communication can be very beneficial for sharing of various

types of contents. Service providers can take advantage of D2D functionality by offloading

traffic in an area where traffic is increased for a certain period of time, for example, during

an exhibition, fair, or stadium by allowing direct transmission between two devices without

choking the network.

The aim of this chapter is to propose an idea which can revolutionize an architecture for next

generation and can accomplish the capacity issue in a dense environment without degrading

the network performance. A three tier 5G architecture is proposed where the cellular traffic

will be offloaded from Macro Base Station (MBS) to Wireless Local Area Network Base

Station (WBS). A Scalable MAC (SC-MP) protocol for D2D communication based on IEEE

802.11 PCF access mechanism is proposed. Furthermore, a novel SDN-based mechanism for

PCF based on best Signal to Noise Ratio (SNR) polling scheme is proposed. The through-

put of the network is further increased by sharing multimedia through D2D communication

between WLAN users. The proposed architecture builds on the LWA technology with mod-

ification in resource allocation scheme based on IEEE 802.11 PCF to access WLAN channel

with an additional increase in throughput by D2D communication. The simulation results

show that the proposed scheme can perform better in a dense network when compared IEEE
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802.11 Distributed coordinated function (DCF) access mechanism and LTE-U.

4.2 Background

Few papers have been published relating to offloading excess traffic from cellular to WLAN

networks [23,25], especially in indoor environments [157], but this area requires extensive at-

tention in research, especially for outdoor environment with further improvement using D2D

communication. Resource Allocation is one of the vital features that needs to be addressed

efficiently and effectively to improve the performance of the network when offloading traffic

using D2D communication in heterogeneous network.

4.3 System Model

4.3.1 Proposed Three Tier Architecture

Often, during peak times, Macro Base Station cannot accommodate all users, either QoS

is degraded due to interference or the call cannot get through due to network saturation.

Deploying a temporary WLAN Base Station (WBS) in these problematic areas will be very

beneficial as it can accommodate more users without degrading the QoS. It is easier to deploy

WLAN because of its cost effectiveness and relatively low difficulty to deployment. Figure.

6.1 presents a system model that proposes a three tier 5G heterogeneous architecture for

a dense environment. Long Term Evolution (LTE) technology is used as a baseline in the

proposed architecture for the cellular network.

A cell consists of one LTE MBS that is overlayed by one WBS. Real-time services; voice

and video are taken into consideration. All users operate in multi-mode terminals that can

function in both radio technologies: LTE and WLAN. In the proposed scenario, Quality

of service (QoS) is taken into account and users are differentiated in two categories, pre-
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Figure 4.1: Proposed three tier Future 5G Architecture For Dense Environment

mium/corporate and normal users. Signal to interference Noise ratio (SINR) is a major

parameter for users in the downlink to access WLAN. Premium users are always given pri-

ority over normal users and, as a result, they are always connected to LTE MBS. LTE MBS

will calculate the SINR of each premium user and will accommodate the best premium users

with the best SINR and will dedicate a certain amount of bandwidth (BW). The premium

users can use the dedicated bandwidth for voice or video applications. Normal users are

offloaded to WLAN based on the SNR, to further improve the network performance.

It is assumed that the network is synchronized and WBS is aware of the geographical location

of users. If a user moves from one location to another, the location of that user are updated

by WBS. As this architecture is proposed for 5G, it is also assumed that Software Defined

Network (SDN) is deployed at the core end. To gain higher speed and massive connectivity,

it is important that decisions made at the core side be rapid, structured and congestion

controlled. Software defined controllers that appear to have a global view of the network
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will manage the network services quicker and more efficiently. Currently, SDN and routing

protocol are out of the scope of our paper but for further understanding paper [158] can be

referred.

Resource allocation in WLAN has to take place efficiently and intelligently so that most

normal users can be accommodated without saturating the network. To achieve this, we

propose a new MAC protocol called SC-MP which is described in the following section.

4.3.2 Scalable MAC Protocol (SC-MP)

Resource allocation schemes need to be devised so that they can balance the traffic load and

minimize the interference simultaneously, hence allowing for a balance between these two

objectives to be achieved.

SC-MP combines the advantages of PCF and Time Division Multiple Access (TDMA-based)

services for transporting voice and video packets efficiently. PCF works efficiently under high

network load and reduces contention for a large number of users. TDMA partitions time

into fixed slots and users transmit data in their assigned slots, hence avoiding collision and

packet loss. TDMA based protocols are more energy efficient and the energy consumed is

proportional to the length of the transmission cycle while the latency is proportional to the

size of the network [71]. As PCF works over polling based scheme, instead of using simple

round robin scheme, we introduce a best SNR polling scheme, as it will minimize the delay

by taking in account the channel conditions and can connect the users with the best coverage

first. In this protocol, each user is assigned a time slot (TS) once its polled by the point

coordinator, resulting in dynamic slot assignments on a frame-by-frame basis. WBS will be

acting as a point coordinator (PC) for the users associated with WLAN. WBS has to first

sense the channel idle for PCF Inter-frame Space (PIFS) period and then a beacon frame

is transmitted at the start of the contention-free period by WBS. As WBS is aware of the

location of users, it calculates the distance of the user from WBS and further calculates
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Figure 4.2: Polling scheme based on Best SNR in SC-MP

the SNR of each user in its vicinity and will create the polling list with descending SNR.

In this scheme, WBS must poll all stations regardless of whether a station has a pending

frame or not. Each frame begins with the polling of the first user which has the best SNR

and this order continues with better SNRs taking priority over. If the first user needs to

transmit a packet, a TS is assigned to the user by WBS immediately. Once the transmission

is over, WBS polls the second user on the polling list and so on. If the user does not need

to transmit data, a null frame is sent by the user and no TS is assigned to it and the next

user will be polled. If all the users in the polling list are not polled and the cycle ends, in

the next cycle WBS will resume polling from where the polling list ended. This will provide

fairness between the normal users. The advantage of creating a polling list on the basis of

SNR is that the best coverage or closest user is always served first which will cause less delay

and maximize the throughput.

Figure. 4.2 shows the polling mechanism for SC-MP based on best SNR, where station A has
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the best SNR followed by station B and station C. Station A is polled and a TS is assigned

by the WBS for voice call. Similarly station C is polled and assigned a TS to download a

video.

SC-MP will not only allocate resources in an efficient manner but also provide fairness to all

users. Since each station is scheduled to transmit at a definite time slot no collision occurs

in SC-MP, this will, in turn, maximize the throughput.

4.3.3 Device to Device Communication (D2D) in SC-MP

The SC-MP scheme is further extended by introducing D2D communication for caching

popular multimedia files, in particular the video files, to mobile devices and WLAN BS.

When a user is polled by WBS and needs to download a video, WBS check in its cache

memory, whether or not it has already been downloaded. If the video is not downloaded,

WBS assigns a time slot to the user to download the video, as shown in Figure. 4.2 for

station C. Once the video is downloaded, it will be stored in the cache memory of WBS with

the location information of the user. If a new user request for the already downloaded video,

WBS will check for the video and location information of the user in reference to that video.

WBS will check the distance between the downloaded user and the new user. If the distance

is below the threshold value, WBS will allow D2D communication between the two users by

assigning a free channel for a specific time period. If a video is not requested, by any other

user for a certain time, WBS deletes the video from the cache memory to save storage space.

By allowing D2D communication in WLAN, it can decrease the delay especially for the

normal users at the edge of the cell, which in return will improve the network performance.

Also D2D communication can further increase the capacity of the network by saving WLAN

resources in efficient manner.

A flow chart for the proposed scheme is shown in Figure. 4.3.
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Figure 4.3: Flow Chart of Proposed Scheme
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4.4 Simulation Result

A single hexagonal cell is considered with one LTE MBS overlaid with one WBS. In the

analysis, both voice and video applications are considered. LTE system with a maximum

capacity of 100 Mbps and WLAN with the capacity of 54 Mbps. Users are randomly gen-

erated that varies from 20 to 150. In the simulation, 20 percent of users are assumed to

be premium users with the rest being normal and 5 Mbps bandwidth is dedicated to the

premium users which they can use for video or voice applications.

The network load, network throughput, and packet loss ratio is evaluated through simula-

tion. The simulation consists of three scenarios, first scenario is the LTE system without

offloading, second scenario is the LTE system offloading to WLAN using the DCF access

mechanism, and the third scenario is the proposed scheme which is the LTE system with

offloading to WLAN using the PCF access mechanism with D2D communication.

Figure. 4.4 illustrates the result for a total network load versus the number of users. The

maximum load capacity of LTE system is 100 Mbps and load capacity for WLAN is 54

Mbps. The graph shows that LTE system without offloading reaches saturation around at

60 users, which includes the premium users as well as the normal users. It can be seen

from the graph that proposed scheme performs better as compared to DCF when the traffic

offloading scenario is taken into LTE system. In a large network, the DCF access mechanism

can cause high collisions between the users. Further, load increases in the proposed scheme

due to D2D communication between the WLAN users.

Figure. 4.5 shows the network throughput graph. LTE system without offloading has the

lowest throughput whereas the proposed scheme shows the better result than LTE without

offloading and LTE offloading with DCF. As the number of normal users increases, more

users try to connect to WBS, hence increasing the throughput of the WLAN, since more

packets are successfully received at the access point. The throughput of WLAN using the
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Figure 4.4: Total Network Load vs Total Number of Workstations

DCF access mechanism is less than the proposed scheme because more collision occurs with

the increase of users, whereas in the proposed scheme throughput increases as there is no

collision in the PCF access mechanism and two users within range can start D2D communi-

cation for content sharing.

Packet loss ratio graph has been shown in the Figure. 4.6. The proposed scheme has almost

no packet loss as each active user is assigned a time slot to transmit the data and using D2D

communication they can communicate without the loss of packet as the distance between

the users is short. It can be seen from the graph that if DCF is used to offload traffic in

WLAN, it can create high packet loss ratio due to the collision. The results show that the

proposed scheme can not only increase the capacity but also can maximize the throughput

of premium and normal users using D2D communication.
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4.5 Applications

The proposed three tier 5G architecture and proposed Scalable MAC protocol for D2D

communication has great potential to be applied in practical scenarios. It will be beneficial

for events like:

• Sport matches in a stadium

• Concerts

• Award ceremonies

• Fun fairs

• School holiday programs

4.6 Conclusion

The collective use of smart-phones and data-hungry applications have evolved in significant

growth in demand for wireless data services in recent years. To meet this requirement, one

of the solution is to offload cellular traffic from a Macro cell to a smaller cell, particularly

WLAN, as it operates in the unlicensed band.

In this chapter, a novel three tier 5G architecture is proposed with a technique to offload

traffic from LTE to WLAN. Furthermore, a scalable MAC protocol for D2D communication

is proposed based on PCF access mechanism. The best SINR polling scheme is used for PCF

which can take in consideration the channel condition of the user instead on simple round

robin scheme. D2D communication further increases the network throughput by sharing

content files between the WLAN users and decreases the delay of the normal users.

A comprehensive series of simulation quantifies the SC-MP effectiveness, The key simulation

results show that proposed architecture and scheme performs better as compared to IEEE
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802.11 DCF access mechanism in terms of throughput, packet loss, and greater number of

users can be accommodated when implementing D2D communication in WLAN.

This chapter identifies interesting points towards future research which includes, detailed

economic comparison of energy consumption in SC-MP and detailed examination of scenar-

ios in more complex mobility models.

Chapter 5 analytically explores the throughput and effective capacity of SC-MP using

Markov chain and semi-Markov modelling.
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Chapter 5

Analysis of Effective Capacity and

Throughput of Polling Based

Heterogeneous Networks

This chapter proposes a performance model for Scalable MAC Protocol (SC-MP) based on

IEEE 802.11 point coordinated function (PCF) having diverse traffic; voice and video/multimedia.

D2D communication is further applied to offload the video/multimedia traffic. In particular,

the chapter establishes a three-state semi-Markovian model to derive a closed-form expres-

sion of effective capacity in terms of transmission rate and quality-of-service (QoS). Further,

SC-MP is analytically modelled using four-state traditional Markov model to derive the sat-

uration throughput. The analytical results are validated through simulations and proving

the appropriateness of the model.

The major contributions and results of this chapter can be summarized as follows:

• An analytical three state semi-Markovian model is proposed for SC-MP based on PCF

access mechanism with D2D communication;

96



• A new closed-form expression is derived to evaluate the effective capacity of SC-MP

against the QoS and instantaneous transmission rate for random diverse traffic; voice

and video. The three-state semi-Markovian model is modified to traditional four-state

Markovian model to analyze the saturation throughput having persistent traffic for

voice and video/multimedia; and

• Analytical results are validated by extensive Matlab simulations. We compare the

proposed scheme SC-MP with DCF access mechanism with D2D communication sup-

ported.

The chapter is organized as follows. In Section 5.1, related works are mentioned. In Section

5.2, a hypothetical structure of SC-MP is set-up to analyze the effective capacity of the

three-state semi-Markovian model. In Section 5.3, the semi-Markovian model is modified

to traditional Markovian model to analyze the throughput of SC-MP. Furthermore, the

analytical model is validated against a detailed simulation in Section 5.4. Conclusion is

discussed in Section 5.5.

5.1 Related Work

In this section some related works are discussed. The performance characteristics of PCF

has been extensively studied in [159–161]. The performance of video transmission using PCF

mechanism is discussed in [162,163]. In [164], two-level of polling scheme has been discussed

for real time services to analyze the delay through embedded Markov chain theory and

probability generating method. In [165], polling system has been analyzed using exhausted

services through embedded Markov chain theory. An analytical model for the delay in PCF

for real time and sensitive traffic is presented in [166]. The method neither guarantees the

QoS and low delay for sensitive traffic. In [167], an analytical model for non-ideal channel

conditions is presented for throughput, expected channel access delay, and frame loss PCF.
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None of the articles give a detail analytical study of using D2D communication with WLAN

using PCF as access mechanism.

The effective capacity/bandwidth theory provides for an asymptotically tight linkage be-

tween source characteristics, system resources, and QoS [168,169]. The effective bandwidth

theory exemplifies the traffic details of time-varying bursty resources in a single function,

known as effective bandwidth function, that can be utilized to express the minimal server

capacity required to satisfy a given overflow probability related QoS limitations [170, 171].

In [172], a cooperative ARQ MAC protocol is proposed that is compatible to the legacy

IEEE 802.11 DCF. It coordinates the transmissions among a set of relay nodes which act as

helpers in a bidirectional communication. The maximization of the effective capacity with

QoS and power constraints using DCF is proposed in [173]. Not much work has been done

in the past taking into account effective capacity until recently [170,173–176].

In [174, 175], the effective capacity is focused on the modelling of rate fluctuations at the

physical layer. Whereas [170, 176], focuses on the effective capacity of DCF based MAC

layer.

The articles [170, 172, 174–178], used DCF as access mechanism for WLAN and is not rec-

ommended for dense environment due to contention problem and high packet loss. Instead,

this chapter will propose the saturated throughput and effective capacity theory for MAC

layer using PCF scheme with diverse traffic; voice and video/multimedia.

5.2 System Model and Analysis of Effective Capacity

of SC-MP Through Semi-Markov Process

The semi-Markov process is the generalization of Markov chain that augments the specifica-

tion of the process by including a state holding-time [177]. The semi-Markovian process is

the actual random process that evolves over time and any realisation of the process has a de-
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fined state for any given time. The entire process is not Markovian, i.e., memoryless, instead

the process is Markovian only at the specified jump instants. In this section, the effective ca-

P(r1|v2)

P(r1|m2)

P(r2|r1)

r1

v1

m1

r2

v2

m2

P(r1|r2)

Figure 5.1: State Diagram of network using Semi-Markov Model with two users

pacity of the SC-MP is investigated for diverse random traffic; voice and video/multimedia,

given the QoS exponent θ and instantaneous transmit rate R, using semi-Markovian model.

The overall transmit power of Wi-Fi is Ptot. The power is allocated to K Wi-Fi users as-

sociated with Wi-Fi BS. The transmit power for k Wi-Fi user is Pk. B is the bandwidth

and each Wi-Fi user is allocated a subband of
B

K
, where k = 1,. . .,K. Similar to [176], the

instantaneous transmit rate R is given as

Rk =
B

K
log2(1 +

GkPk

σ2
) (5.1)

where B is the total bandwidth, K is the total number of users, Gk is the channel gain of

the Wi-Fi user, Pk is the transmit power of Wi-Fi user and σ2 is the noise power. The (5.1)

can be rewritten as

Rk = Bk log2(1 + γk) (5.2)
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where γk is the signal to noise ratio (SNR) of user k.

It is significant to mention that effective capacity is on a user basis and can be computed

given the QoS requirement of a user, and the transmit power and bandwidth allocated to a

user. The bandwidths can be divided unequally among the users.

The quality-of-Service (QoS), is one of the imperative parameters towards 5G technology and

is very crucial to implement. The Wi-Fi users can have diverse QoS requirements including

end-to-end delay compromised of queuing delay and transmission delay. A set of FIFO

queues is used to buffer data traffic destined to different Wi-Fi users, one queue per user.

The QoS can be can be characterized statistically by employing the QoS exponent θk, where

k = 1,......,K, as given by [174,176,178];

θk = − lim
Qth

k →∞
log(Pr{Qk(∞) > Qth

k })
Qth

k

(5.3)

where Qk(t) is the length of the FIFO queue at the corresponding Wi-Fi AP to buffer the

downlink traffic for Wi-Fi user k at time t, Qth
k is the threshold of the queue length specified

for the traffic, and PrQk(∞) > Qth
k is the buffer-overflow probability. In this sense, θk

provides the exponential decaying rate of the probability that the threshold is exceeded.

The effective capacity for Wi-Fi user k, k = 1, . . ., K, denoted by Ck(θk). It specifies the

maximum, consistent, steady-state arrival rate at the input of the FIFO queue, as given

by [174,178];

Ck(θk) = − lim
t→∞

1

θkt
log(E{e−θkSk(t)}) (5.4)

where Sk(t) is the number of bits successfully delivered to Wi-Fi user n during (0,t] and

E{.} denotes expectation.

K number of users is modelled with total 3K states with each user having 3 states. In

Figure. 5.1, a semi-Markovian model is shown with 2 users having 6 states in total.

Two types of traffic is considered in the framework for the allocation of a time slot; voice
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and video/multimedia. Moreover, D2D communication is also applied to video/multimedia

traffic for offloading the traffic. It is assumed that the duration of voice traffic in a time slot

is random and the voice duration can vary for every user depending on the packets in the

buffer. Similarly, for multimedia traffic either the user is allocated a time slot to transmit or

the user will be allowed for D2D communication. The probability that a user has data in the

buffer is P, and 1-P is the probability that there is no data in the buffer. The probability P

can either be a voice traffic or a video/multimedia traffic.

P = PV or P = PM (5.5)

where PV is the probability of voice traffic and PM is the probability of video/multimedia

traffic.

Two types of channel condition are used in modelling the SC-MP; A and B. B is the

channel condition that should be satisfied for the allocation of the time slot for voice and

video/multimedia traffic. Whereas, A is the channel condition that should be satisfied for

D2D communication between two users. D2D communication will be allowed if the video

requested by the user is already downloaded by the neighbouring user/users and is in the

cache memory of the AP and satisfies the channel condition A. The probabilities are defined

as, PN= Probability that video requested is not downloaded by any neighbouring users,

PS= Probability that channel condition B is not satisfied and PD= Probability that channel

condition A is not satisfied.

Each user has 3 unique states: rk = polling state of a Wi-Fi user, vk = time slot allocation for

a Wi-Fi user having voice traffic and satisfying the channel condition B, mk = a time slot is

allocated for video/multimedia traffic to a Wi-Fi user after satisfying the channel condition

B or allow D2D communication to a Wi-Fi user if the neighbour has already downloaded

the video/multimedia file and satisfy the channel condition A, where n = 1, . . ., K.
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The probabilities of the transition states are denoted as P(vk|rk), P(mk|rk), P(rk+1|vk),
P(rk+1|mk), and P(rk+1|rk).
Derivation of Semi-Markovian Model Transition Probabilities

The transition probability equations for the two users modelled in Figure. 5.1 is derived,

transitioning from one state to another.

Transition Probability P(v1|r1) & P(v2|r2)
When the user1 is polled by the access point (AP) and is in polling state r1 and has voice

data in its buffer. AP will allocate a time slot TS1 to the user1 if it satisfies the channel

condition B. The transition probability from polling state r1 to v1 for user1 is given as

PA1 = P (v1|r1) = PV 1(1− PS1) (5.6)

Similarly, the transition probability for user2 is given as

PA2 = P (v2|r2) = PV 2(1− PS2) (5.7)

where PV 1 and PV 2 are the probabilities of voice traffic for user1 and user2. 1-PS1 and 1-PS2

are the probabilities that satisfies the channel condition B for time slot allocation for user1

and user2. If all the users have voice traffic and satisfies the channel condition than the

probability for voice is 100% i.e 1, whereas if no user has voice traffic or voice user does not

satisfies the channel condition B the probability for voice will be 0.

Transition Probability P(m1|r1) & P(m2|r2)
When the user1 is polled by the access point (AP) and is in polling state r1 and has

video/multimedia traffic in its buffer. The AP will check if the video/multimedia file is

already downloaded by any neighbouring user/users and is in its cache memory. If the video

is not already downloaded, AP will allocate a time slot TS2 if the user1 satisfies the channel

condition B. If the video/multimedia file is already downloaded, AP will calculate the chan-
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nel condition A between user1 and the neighbouring user/users who already have downloaded

the video. D2D communication is established between the two users after satisfying channel

condition A using contention period. The transition probability from r1 to m1 is given as

PF1 = (PM1|r1) = PM1(1− PS1) + (PM1)(PS1)[1− (PND1 + ((1− PND1)PD1)
N)] (5.8)

Similarly, for user2 the transition probability is given as

PF2 = (PM2|r2) = PM2(1− PS2) + (PM2)(PS2)[1− (PND2 + ((1− PND2)PD2)
Nn)] (5.9)

where PM1 and PM2 are the probabilities of video/multimedia traffic for user1 and user2.

1-PS1 and 1-PS2 are the probabilities that satisfies the channel condition B for time slot

allocation for user1 and user2, Nn is the total number of neighbours that downloaded the

video, PND1 and PND2 are the probabilities that video requested by user1 and user2 is not

downloaded by any neighbouring users and PD1 and PD2 are the probabilities that channel

condition A is not satisfied for D2D communication for user1 and user2. If users do not have

any video/multimedia traffic or does not satisfy channel condition B/A, the probability for

video/multimedia traffic will be zero. If users do not satisfy the channel condition for D2D

communication or no neighbouring users have downloaded the video/multimedia (5.8), (5.9)

reduces to

PF1 = (PM1|r1) = PM1(1− PS1) (5.10)

PF2 = (PM2|r2) = PM2(1− PS2) (5.11)
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Transition Probability P(r2|r1) & P(r1|r2)
When the user1 is polled by the access point (AP) and is in polling state r1 and has no data

to transmit or does not satisfy channel condition A and B, the AP will poll the next user in

the polling list. The transition probability for polling state r1 to polling state r2 is given as

PE1 = 1− PA1 − PF1 (5.12)

PE2 = 1− PA2 − PF2 (5.13)

where PA1, PF1, PA2 and PF2 are derived in (5.6), (5.8), (5.7) and (5.9).

Transition Probability P(r2|v1), P(r2|rm1), P(r1|v2) & P(r1|m2)

The transition probability for all these states is 1.

Semi-Markov Modelling and Effective Capacity

The state transition probabilities generate the transition matrix Q, using semi-Markovian

model for 2 users and is given as

Q =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 PA1 PF1 PE1 0 0

0 0 0 1 0 0

0 0 0 1 0 0

PE2 0 0 0 PA2 PF2

1 0 0 0 0 0

1 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5.14)
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where PA1, PF1, PE1, PA2, PF2, PE2 are already derived in (5.6), (5.8), (5.12), (5.7), (5.9)

and (5.13).

Γ(s, u) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

M1(−u) 0 0 0 0 0

0 M2(Rs− u) 0 0 0 0

0 0 M3(Rs− u) 0 0 0

0 0 0 M4(−u) 0 0

0 0 0 0 M5(Rs− u) 0

0 0 0 0 0 M6(Rs− u)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5.15)

H(s, u) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 M1(−u)PA1 M1(−u)PF1 M1(−u)PE1 0 0

0 0 0 M2(Rs− u) 0 0

0 0 0 M3(Rs− u) 0 0

M4(−u)PE2 0 0 0 M4(−u)PA2 M4(−u)PF2

M5(Rs− u) 0 0 0 0 0

M6(Rs− u) 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5.16)

The duration of both states r1 and r2 is Tr1 and Tr2 and is constant for both users. The

duration for v1 and v2 is random and denoted by Tv1 and Tv2 , which depend on the number

of packets in the buffer. The duration for m1 and m2 is random and is denoted by Tm1 and

Tm2, it can either transmit video/multimedia traffic through time slot or can allow D2D

communication between users depending on the channel condition and neighbouring down-

loaded traffic.

The moment generating functions (MGF) of Tr1, Tv1, Tm1, Tr2, Tv2, and Tm2 areM1(t)=e
tT r1,
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M2(t)=Σe
tTv1PA1, M3(t)=Σe

tTm1PF1, M4(t)=e
tT r2, M5(t)=Σe

tTv2PA2, and M6(t)=Σe
tTm2PF2.

where PA1, PF1, PA2, PF2 are already derived in (5.6), (5.8), (5.7) and (5.9).

Two auxiliary variables are defined, s and u, with reference to [170,179]. A diagonal matrix

is created Γ(s,u). The diagonal elements of Γ(s,u) are the MGFs of the six state semi-

Markovian model and is given in (5.15).

|H(-θ,-θC)-φ(-θ,-θC)I| =
∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

−φ(−θ,−θC) M1(−u)PA1 M1(−u)PF1 M1(−u)PE1 0 0

0 −φ(−θ,−θC) 0 M2(Rs− u) 0 0

0 0 −φ(−θ,−θC) M3(Rs− u) 0 0

M4(−u)PE2 0 0 −φ(−θ,−θC) M4(−u)PA2 M4(−u)PF2

M5(Rs− u) 0 0 0 −φ(−θ,−θC) 0

M6(Rs− u) 0 0 0 0 −φ(−θ,−θC)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(5.17)

= φ(−θ,−θC)6 − φ(−θ,−θC)4M1(θC)M4(θC)− φ(−θ,−θC)3M1(θC)M4(θC)X−

φ(−θ,−θC)2M1(θC)M4(θC)Y

(5.18)

The matrix H(s,u) is a non-negative irreducible matrix, as it cannot be arranged to upper

triangular matrix, e.g, by using the Gaussian-Newton Method [176]. The spectral radius of

H(s,u), denoted by φ(s,u)=ρ(H(s,u)) is a simple eigenvalue of H(s,u) and ρ(.) represents

the spectra radius.

Each permissible pair of s and u can be written as H(s,u)=Γ(s,u)Q and is given in (5.16).

With reference to [179, Theorem 3.1], there exist a unique u∗(s) for given s≤0, such that

φ(s, u∗(s)) = 1 and limt→∞
1

t
log(E{eS(t)}) = u∗(s). In [179, Theorem 3.2], the effective
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capacity C = u(s)
s
, when φ(s,u(s)) = 1 and θ = -s.

As the result, the effective capacity C can be evaluated by solving φ(-θ,−θC) = 1 for

θ >0 [170,179]. Meanwhile, φ(-θ,-θC) is the eigenvalue of (H(-θ,-θC)), we have (6.4), where

I is the identity matrix and |.| is the determinant of the matrix. The determinant is given

in (6.5) where

X = PA1PE2 +M3(−Rθ + θC)PF1PE2 +M5(−Rθ + θC)PE1PA2 +M6(−Rθ + θC)PE1PF2

(5.19)

Y = PA1PA2M2(−Rθ + θC)M5(−Rθ + θC) + PA1PF2M2(−Rθ + θC)M6(−Rθ + θC)PA1PF2

+PA2PF1M3(−Rθ + θC)M5(−Rθ + θC) + PF2PF1M3(−Rθ + θC)M6(−Rθ + θC)

(5.20)

The eigen value is substituted λ = φ(-θ,-θC) = 1 in (6.5). Further (6.5) is modified and

propose to decouple θ between voice and video/multimedia. θv and θm representing the QoS

exponent of voice and video/multimedia, respectively. The effective capacity of voice and

video is denoted by Cvθv and Cmθm. The effective capacity is calculated by changing the

value of θ for both voice and video/multimedia.

5.3 Markov Chain and Analysis of Throughput of SC-

MP

In this section the throughput of SC-MP is analysed and extend from three-state semi-

Markovian model to four-state Markovian model. For comparison purpose, we develop a

standard Markov model to analyze the effective capacity of the proposed SC-MP. As defined
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in the standard Markov model, each of the states needs to have a consistent state duration.

The capacity of the Markov model can analyzed based on the steady-state probabilities of

the states, as well as the time invariant durations of the states [180, 181]. We note that

the state of multimedia on backhaul and the state of multimedia on D2D can have different

durations depending on D2D traffic availability and channel condition. It is reasonable to set

them as two separate states, as typically done in Markov modelling. In contrast, multimedia

and D2D can be modelled statistically as a single multimedia state in the semi-Markov

model. The semi-Markov model is able to capture time varying durations of each state.

The multimedia and D2D can be probabilistically defined to characterize the duration of the

single multimedia state and can merge into the state. Therefore, the semi-Markov modelling

can have one less state than the Markov model which can characterize the state transitions

of the proposed system.

In Markovian model the voice traffic is constant and video/multimedia state is split into two

states; time slot allocation to video/multimedia traffic state and D2D communication state

and is shown in Figure. 5.2. The transition probabilities for Markovian model is derived

accordingly to the state diagram.

The transition probability from polling state r1 to v1 and r2 to v2 for user1 and for user2 is

same as derived in Section 5.2 and is given as

PA1 = P (v1|r1) = PV 1(1− PS1) (5.21)

PA2 = P (v2|r2) = PV 2(1− PS2) (5.22)

The transition probability for allocation of time slot of video/multimedia traffic from polling
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P(r1|v2)

P(r1|m2)

P(r1|d2)

P(m1|r1) P(r2|r1)

r1

v1 m1 d1

r2

v2 m2 d2

P(r1|r2)

Figure 5.2: State Diagram of network using Markov Model with two users
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state r1 to m1 for user1 is given as

PB1 = P (m1|r1) = PM1(1− PS1) (5.23)

Similarly, the transition probability for user2 is given as

PB2 = P (m2|r2) = PM2(1− PS2) (5.24)

The transition probability for D2D communication from polling state r1 to d1 for user1 is

given as

PC1 = P (d1|r1) = (PM1)(PS1)[1− (PND1

+((1− PND1)PD1)
Nn)]

(5.25)

Similarly, the transition probability for user2 is given as

PC2 = P (d2|r2) = (PM2)(PS2)[1− (PND2

+((1− PND2)PD2)
Nn)]

(5.26)

The transition probability for polling state r1 to polling state r2 for user1 is given as

PE1 = P (r2|r1) = 1− PA1 − PB1 − PC1 (5.27)

Similarly, the transition probability for user2 is given as

PE2 = P (r1|r2) = 1− PA2 − PB2 − PC2 (5.28)
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The transition probability for all other states are 1.

The state transition probabilities derived are used to generate a matrix, M, to solve the

Markov process. Taking in consideration the model in Figure. 5.2, having 2 users with total

8 states and transition probabilities mentioned above, the matrix M is given as

M =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 PA1 PB1 PC1 PE1 0 0 0

0 0 0 0 1 0 0 0

0 0 0 0 1 0 0 0

0 0 0 0 1 0 0 0

PE2 0 0 0 0 PA2 PB2 PC2

1 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5.29)

where PA1, PB1, PC1, PE1, PA2, PB2, PC2, PE2 are the state transition probabilities derived

in (5.6), (5.23), (5.25), (5.27), (5.7), (5.24), (5.26) and (5.28).

We know that the sum of all the probabilities must be 1. To find the steady state we multiply

the matrix M by the column vector matrix V which is given as

V =

[
1 0 0 0 0 0 0 0

]T
(5.30)

Throughput Analysis With Markov Chain

The normalized system throughput, defined as the fraction of time used to successfully

transmit payload bits is given as

S =
Successfull Data Transmission

Total time taken to transmit the Data
(5.31)
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Combining the expressions for the state probabilities derived, the generalized throughput

equation we have

S =
NPAdv +NPBdm +NPCdd
NPAtv +NPBtm +NPCtd

(5.32)

where PA, PB, PC , and PE are the steady state probabilities, N is the total number of users,

dv is the data rate for voice, dm is the data rate for video/multimedia, dd is the data rate for

D2D communication. The value tv is the time spent to transmit voice traffic for the users

and can vary with the probability of the voice traffic. The value tm is the time spent to

transmit multimedia traffic for the users when D2D communication is not taking place. The

higher the probability of multimedia traffic with no D2D communications, the larger the

value of tm is. The lower the probability of multimedia traffic with no D2D communications,

the smaller the value of tm. Similarly, td is the time spend to transmit the multimedia traffic

using D2D communication. The higher the probability of D2D communication the larger

the value of td is. The smaller the probability of D2D communication the smaller the value

of td is. td always takes smaller time to transmit, as compared to tm and tv as the distance

between the users is small. The data rate is the same for all users.

5.4 Results and Analysis

In this section, the analytical results of Scalable MAC Protocol (SC-MP) model derived

semi-Markov process and Markov chain are validated through simulation. The SC-MP is

implemented in Matlab simulation tool and is compared with the proposed analytical mod-

els.

The performance of effective capacity of SC-MP is investigated by varying the QoS exponent

and the number of users. The behaviour of effective capacity is also observed by changing

the voice probability, multimedia probability, neighbour traffic probability and channel con-

dition probabilities for time slot allocation and D2D communication. Further the analytical
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Parameter Value
SIFS Length 10 μs
Time slot Length 20 μs
DIFS 50 μs
PIFS 30 μs
Beacon Size 36 byte
CF- End Size 20 byte
CF-Poll 20 byte
CF -ACK 20 byte

Table 5.1: Simulation Settings

throughput behaviour of SC-MP is validated using traditional Markov chain through simu-

lation.

We consider the IEEE 802.11g WLAN PHY [182] characteristics for simulations. The PHY

layer modulation mode is set to 64 QAM, 3/4 code rate and 54 Mb/s data rate. In the simu-

lations, the traffic model is constant with packets arrival using the Poisson distribution with

a mean rate λ = 20 frames/sec. The users are randomly and uniformly distributed in a 250

m × 250 m area with the Wi-Fi BS at the centre. The ITU-UMI model is used to generate

the channels between the users and the BS, where σ2 = -174 dbm/Hz at each user and Pt

= 23 dbm. The transmit data rate of a user is calculated using R = (B/N)(1+GnPn/σ
2),

where n = 1, . . . , N . The simulation parameter settings are indicated in Table 5.1

In Figure. 5.3, the analytical effective capacity is compared with the simulation results,

where PV=0.3, PM=0.7, PD=0.3 and PN=0.7. Each curve is plotted by increasing the per-

sistent incoming rate of the Wi-Fi users and evaluating the achieved QoS exponent θ. The

QoS exponent is specified at the x-axis, while the incoming rate is specified at the y-axis.

The analytical results coincide with the simulation results for voice and video traffic, which

proves that our analysis is correct. As the θ > 10−6, the QoS is too stringent and the effective

capacity is very small. In the case of θ < 10−7 the effective capacity is large and QoS is not

strict. Further, it can also be observed that the effective capacity of voice is higher than the
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SC-MP Voice Analytical, N =6
SC-MP Voice Analytical, N =30
SC-MP Voice Simulation, N =6
SC-MP Voice Simulation, N =30
SC-MP Video Analytical, N =6
SC-MP Video Analytical, N =30
SC-MP Video Simulation, N =6
SC-MP Video Simulation, N =30
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SC-MP Traditional Markov chain Video, N=6
DCF + D2D Voice, N=6
DCF + D2D Voice, N=30
DCF + D2D Video, N=6
DCF + D2D Video, N=30

Figure 5.3: Effective Capacity vs The QoS Exponent: PV=0.3, PM=0.7, PN=0.7, and
PD=0.3

video as video requires higher bit rate than voice in a single standard link. We also analyti-

cally plot the effective capacity using the existing traditional Markov chain with taking the

average time of the traffic of the semi-Markovian model. It is observed that the semi-Markov

process is able to capture the stochastic characteristics of voice and video/multimedia pack-

ets, while the traditional Markov model cannot. Using Markov model, the effective capacity

performance can be biased and cannot capture QoS. In case θ is large the Markov model is

over-estimated and in case θ is small the Markov model is under-estimated.

Further, we compare SC-MP to IEEE 802.11 Distributed Coordination Function (DCF)

with D2D communication supported. In Fig. 5.3, the effective capacity of DCF with D2D

communication is slightly better than SC-MP when the number of users is smaller. As the

number of users increases the effective capacity of DCF+D2D decreases, as compared to

SC-MP. In a large network, the DCF+D2D MAC protocol can cause high collisions between

the users.

In Figure. 5.4, the values of probabilities are changed to further observe the behaviour
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SC-MP Video Analytical, N=30
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DCF+D2D Video, N=30

Figure 5.4: Effective Capacity vs The QoS Exponent: PV=0.45, PM=0.55, PN=0.4, and
PD=0.4

of effective capacity with respect to QoS exponent. The effective capacity for PV=0.45,

PM=0.55, PD=0.4 and PN=0.4 is plotted. The traffic probability for voice increases and the

probability for video traffic decreases in Fig. 5.4, as compared to Fig. 5.3. By increasing the

voice traffic probability, the effective capacity for voice decreases, as compared to Fig. 5.3.

Similarly, the video effective increases in Fig. 5.4, as the video traffic probability decreases,

as compared to Fig. 5.3. The effective capacity increases with low traffic probability and

decreases with high traffic probability. It can also be observed that with the increase of the

number of Wi-Fi users also the effective capacity decreases. As the θ < 10−6 there is very

little change in effective capacity. Similarly, we plotted the traditional Markovian model as

well and there is a slight change in the values and similar result is observed that for large θ

the Markov model is over-estimated and for small θ the Markov model is under-estimated.

Similarly in Fig. 5.4, the performance of DCF+D2D degrades as the number of users in-

creases as compared to SC-MP.
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Figure 5.5: Effective Capacity vs Number of Wi-Fi users: PV=0.3, PM=0.7, PN=0.7, and
PD=0.3

In Figures. 5.5 and 5.6, the effective capacity is plotted with the growing number of Wi-Fi

users taking θ = 10−7 and 10−6 respectively. The effective capacity higher for θ−7 than

θ−6. The effective capacity decreases with the increase in the number of Wi-Fi users. It is

also observed the decrease in effective capacity slows down with increasing number of Wi-Fi

users. This is because the effective capacity is less susceptible to the increasing number of

Wi-Fi users. The effective capacity decreases as the probability of the traffic increases.

In Figures. 5.5 and 5.6, the effective capacity for voice and video of DCF+D2D decreases

rapidly as the number of users increases. SC-MP out performs DCF+D2D in a scalable

network, as there is no collision under the PCF access mechanism.

In Figure.5.5, the probability of voice users is less than the video users and probability for

D2D communication is very low. The effective capacity for voice is higher than the video

as video requires higher bit rate. Whereas, in Figure. 5.6, the effective capacity of voice
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Figure 5.6: Effective Capacity vs Number of Wi-Fi users: PV=0.45, PM=0.55, PN=0.4, and
PD=0.4

decreases with the increase of the probability of voice traffic. Similarly, the video effective

capacity increases with the decrease of the video traffic probability and due to D2D commu-

nication more number of Wi-Fi users can be accommodated at a particular effective capacity

as compared to Figure. 5.5.

In Figure. 5.7, we compare the analytical and simulation results for voice throughput and

video throughput. The value of probabilities are PV=0.3, PM=0.7, PD=0.3 and PN=0.7.

The traffic model is constant arrival in Markov modelling. The throughput of the video is

higher than than the voice because the probability for video users is more than the voice

users. The D2D traffic is low as the probability for D2D channel condition and neighbouring

downloaded traffic is low and the video throughput saturates at around 120 users, whereas

the total throughput saturates before than 120 users as it will combine the throughput of

voice and video.
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Figure 5.7: Throughput Graph: PV=0.3, PM=0.7, PN=0.7, and PD=0.3

The throughput of SC-MP for voice and video is higher than DCF+D2D. The throughput

of DCF+D2D is lower than the proposed scheme because collisions increasingly occur with

the increase of users, where as in the proposed scheme there is no collision as it works under

the PCF access mechanism.

5.5 Conclusion

In this chapter, an analytical model is developed to investigate the performance of SC-MP. A

three-state semi-Markovian model is developed to analyze the effective capacity and a closed-

form expressions is derived from establishing the connections between the effective capacity,

channel conditions and transmission durations in a polling based network. Further the three-

state semi-Markovian model is modified to four-state traditional Markovian model using

discrete Markov chain to analyze the throughput and the behaviour of D2D communication
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in the network regardless of QoS. The analytical results were validated using simulations.

Our investigation gives a good understanding of PCF with D2D communication for a scalable

Wi-Fi network.

The work in this chapter also identifies several interesting areas or future work, including

implementing of load balancing between LTE and Wi-Fi network on the basis of QoS and a

detailed examination of effective capacity in scenarios using more complex mobility models.

In Chapter 6, the derived effective capacity for the unlicensed band in Chapter 5 is used to

obtain a solution for optimal queue scheduling and resource allocation problem under various

statical delay constraints of a three-tier network.
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Chapter 6

PCF-Based LTE Wi-Fi Aggregation

for Coordinating and Offloading the

Cellular Traffic to D2D Network

6.1 Introduction

In this chapter, optimal queuing scheduling and resource allocation problem for three-tier

heterogeneous network based on LTE Wi-Fi aggregation (LWA), to offload diverse traffic;

voice and multimedia, from licensed band to unlicensed band using Scalable MAC Protocol

(SC-MP) under various static delay constraints. The access mechanism used for Wi-Fi in

SC-MP is Point Coordination Function (PCF), which further offloads the multimedia traffic

using D2D communication in unlicensed band. The proposed scheme builds on and further

extends the approach proposed in [183].

The key contributions can be summarized as:

• A three-tier network based on LWA technology is proposed to offload diverse traf-

fic from licensed to unlicensed band with modification in resource allocation scheme
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based on IEEE 802.11 PCF to access Wi-Fi channels and further offload multimedia

files through D2D communication. The optimal joint queue scheduling and resource

allocation problem of three-tier network is formulated to minimize the bandwidth of

licensed band by guaranteeing the QoS.

• An iterative algorithm is proposed to convexify the problem using generic block coor-

dinated descent (BCD) and difference of convex functions (D.C) program.

• Simulation is performed using two scenarios of the proposed schemes; in the first sce-

nario the voice traffic uses licensed band whereas multimedia traffic uses unlicensed

band and in the second scenario half of the voice traffic goes through licensed band

and other half of the traffic goes to unlicensed band along with the multimedia traffic.

The results are compared with an existing scheme SMS and scheme proposed in [183].

The chapter is organized as follows. In Section 6.2, foundation and related works are dis-

cussed and surveyed. In Section 6.3, the system model is presented. In Section 6.4, the

closed form expression for the unlicensed band and the licensed band is derived. In Section

6.5, the optimal joint queue scheduling and resource allocation problems with the QoS guar-

antee between licensed and unlicensed band are formulated to minimize the usage of licensed

bandwidth of three-tier heterogeneous network. A new iterative algorithm is proposed based

on BCD and DC programs to solve the problem. In Section 6.6, the simulation results are

shown, and finally, conclusion is presented in Section 6.7.

6.2 Related Work

In this section, related works are discussed. In [184], LWA analytical model was proposed

using Markovian model. In [185], convex optimization technique was used to optimize the

power of licensed band and time duration of the unlicensed band to maximize the total
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algorithmic utility of users. In [186], a linear program technique was used to optimize the

licensed bandwidth allocation and rate allocation in the unlicensed band to maximize the

overall throughput. In [187], a cross-system learning approach is proposed to optimize the

power, cell range expansion bias, sub-band selection and traffic scheduling and the delay-

tolerant traffic is steered to unlicensed band. The access mechanism used in Wi-Fi in [185–

187] is DCF which is contrary to our work as we will be using PCF as an access mechanism

and further offloading the traffic using D2D communication, which is very useful for the

dense environment as assigning QoS.

Some related work have been focused on the QoS of the queues transmitted through a single

interface. In [170], a semi-Markovian model was proposed for Wi-Fi based on distributed

coordinated function (DCF) access channel mechanism. It provides for an asymptotically

tight linkage between source characteristics, system resources, and QoS. In [188], a unified

framework for LWA was proposed based on QoS class indicator, but there was no analytical

model. A non-trivial effort would be required to extend these works to multiple heterogeneous

interfaces, as proposed in this paper. In [189], Karush-Kuhn-Tucker technique was used to

maximize the effective capacity of the mobile video traffic. In [174,175], the effective capacity

is focused on the modelling of rate fluctuations at the physical layer. In [183], author proposes

to offload traffic from licensed band to unlicensed band using LWA technology under delay

constraints and also derive effective capacity using semi-Markovian model. Our work differs

from [183] as we will be introducing a three tier network to offload voice/multimedia traffic

from licensed to unlicensed band with modification in resource allocation scheme based on

IEEE 802.11 PCF to access Wi-Fi channels and further offload multimedia files through D2D

communication. We can conclude that our proposed scheme is scalable and perform better

with no contention problem in it.

This chapter addresses an analytical model of three-tier heterogeneous network using Scalable

MAC protocol [32] for Wi-Fi network, to evaluate an optimal joint queue scheduling and
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resource allocation problem under various static delay constraints. The simulation results

prove that the proposed scheme has significant performance gain as compared to the state

of art.

6.3 System Model

Tier 3
D2D 

LTE BS

Wi-Fi AP 2
Tier 1

Tier 2

Tier 3
D2D

LTLTLTLTLTE BSLLLTL ELL

Wi-Fi AP 2
Tier 1

Tier 2

Wi-Fi AP 1

Figure 6.1: Proposed Three-Tier Heterogeneous Network

The proposed architecture builds on the LTE-Wi-Fi aggregation (LWA) technology with

modification in resource allocation scheme based on IEEE 802.11 PCF to access WLAN

channel and D2D communication itegration. The Figure. 6.1, shows the architecture of

proposed three-tier network.

A macro LTE base station (BS) is considered with an LTE air interface in the licensed band

overlayed by a Wi-Fi base station (BS) with Wi-Fi air interface in the unlicensed band. We

have also considered another Wi-Fi node operating in an unlicensed band within the coverage

of three-tier network. Wi-Fi AP 1 and Wi-Fi AP 2 are static, causing a static interference
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between them. Two frequency bands are considered; band a is the licensed bandwidth and

band b is the unlicensed bandwidth. The total bandwidth is given as Bn where n = a, b. Both

voice and multimedia traffic is taken into account and licensed and unlicensed bandwidth are

further sub-divided. Let Bav and Bam be the licensed bandwidth for voice and multimedia

and Bbv and Bbm be the unlicensed bandwidth for voice and multimedia. There are total K

number of users, where γk,n represent the signal-to-interference-noise ratio (SINR) of a user

k in band n and k = 1,. . . , K. The packets are delivered to the users either using licensed

LTE air interface or using unlicensed Wi-Fi air interface.

Licensed band

Controller

Voice

Multimedia

Unlicensed band

Multimedia

Multimedia

Voice

Voice
License

edia

dia

Figure 6.2: Queuing Model Of Three-Tier Network

The Wi-Fi users operating in the unlicensed band use Scalable MAC Protocol (SC-MP)

based on point coordination function (PCF) to access the channel [32]. D2D communication

is further applied for caching video/multimedia files using CP in PCF [32].

Rayleigh block flat-fading channels is assumed in both licensed and unlicensed bands. The

channel remains unchanged during a time frame T, but can vary independently across dif-

ferent time frames. The packets arriving at the scheduler for the user k can be scheduled

to proceed using either licensed LTE air interface or unlicensed Wi-Fi air interface. Two
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transmit queues are formed for the two air interface as shown in the Figure. 6.2. A binary

variable yn,k is defined to select the band for the packets. The bandwidth allocated to a user

with binary variable yn,k is αn,k.

The QoS exponent θk is the QoS packets intended for the user k. The larger the value of θk,

the more stringent is the QoS and the smaller the value of θk the more loose is the QoS. If

both air interfaces are selected, we propose to decouple θk between the two interfaces. QoS

exponent of user k in band n is denoted as θn,k. We propose to precisely design the binary

variable yn,k, bandwidth αn,k and QoS θn,k such that the maximum number of packets can

be delivered without compromising θk for all the users.

We also propose that each user n requires a minimum data rate of Rk, a delay bound of

Dk
th and the maximum probability threshold of the delay bound being violated is Pk

th. The

effective capacity Cn,k(θn,k), can be defined to the maximum consistent arrival rate at the

input of the transmit queue for user k in band n, as given by [174,178];

Cn,k(θn,k) = − lim
t→∞

1

θn,kt
log(E{e−θn,kSn,k(t)}) (6.1)

where Sk(t) is the number of bits successfully delivered to Wi-Fi user k during (0,t] and

E{.} denotes expectation.

According to the effective capacity theory [189], the delay-bound violation probability of the

transmit queue in each individual band can be approximated as;

Pr{D > Dk
th} ≈ e−θn,kCn,k(θn,k)D

n
th , ∀k ∈ K, ∀n ∈ N (6.2)

Overall, the delay-bound violation probability needs to satisfy;

∑
n∈N

yn,ke
−θn,kCn,k(θn,k)D

k
thCn,k(θn,k)∑

n∈N
xn,kCn,k(θn,k)

≤ P k
th, ∀k ∈ K, (6.3)
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where
∑

n∈N yn,ke
−θn,kCn,k(θn,k)D

k
thCn,k(θm,n) accounts for the total number of packets delivered

to user k before the delay bound through the two bands, and
∑

n∈N yn,kCn,k(θn,k) is the total

number of packets delivered to user.

6.4 Effective Capacity of LTE and Scalable MAC Pro-

tocol (SC-MP)

In this section we will discuss the effective capacity of SC-MP operating in unlicensed band

and LTE operating in licensed band, while preserving the QoS.

6.4.1 Effective Capacity Of SC-MP in unlicensed band

The effective capacity of SC-MP in unlicensed band is evaluated in Chapter 5 and is given

as;

|H(-θ,-θC)-φ(-θ,-θC)I| =
∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

−φ(−θ,−θC) M1(−u)PA1 M1(−u)PF1 M1(−u)PE1 0 0

0 −φ(−θ,−θC) 0 M2(Rs− u) 0 0

0 0 −φ(−θ,−θC) M3(Rs− u) 0 0

M4(−u)PE2 0 0 −φ(−θ,−θC) M4(−u)PA2 M4(−u)PF2

M5(Rs− u) 0 0 0 −φ(−θ,−θC) 0

M6(Rs− u) 0 0 0 0 −φ(−θ,−θC)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(6.4)
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= φ(−θ,−θC)6 − φ(−θ,−θC)4M1(θC)M4(θC)− φ(−θ,−θC)3M1(θC)M4(θC)X−

φ(−θ,−θC)2M1(θC)M4(θC)Y

(6.5)

where,

X = M2(−Rθ + θC)PA1PE2 +M3(−Rθ + θC)PF1PE2+

M5(−Rθ + θC)PE1PA2 +M6(−Rθ + θC)PE1PF2

Y = PA1PA2M2(−Rθ + θC)M5(−Rθ + θC) + PA1PF2

M2(−Rθ + θC)M6(−Rθ + θC) + PA2PF1

M3(−Rθ + θC)M5(−Rθ + θC) + PF2PF1

M3(−Rθ + θC)M6(−Rθ + θC)

We substitute the eigen value λ = φ(-θ,-θC) = 1 in (6.5).

The closed form expression of effective capacity for voice and multimedia of 2 users of SC-MP

in unlicensed band is given as;

Cbv(αbv, θb) =
z

θb
+ αbvlog(1 + γb) (6.6)

Cbm(αbm, θb) =
z

θb
+ αbmlog(1 + γb) (6.7)

where γb is signal-to-interference-noise-ratio (SINR) of user in unlicensed band and z z is a

constant value and varies with the value of probabilities defined, that is; PV , PM , PD and

PN for every user. We can be calculate the value of z by inserting the values of PV , PM , PD

and PN in equation 6.5.
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6.4.2 Effective Capacity of LTE in Licensed Band

The effective capacity of LTE in licensed band of user k is given by [183,190];

Ca,k(αa,k, θa,k) = − 1

θa,kT
log(Eγ{e−θa,kαa,kT log2(1+γa,k)}) (6.8)

where γa,k is the signal-to-interference-noise ratio of user (SINR) k in licensed band.

The closed form expression of effective capacity for voice and multimedia of LTE in

licensed band is given as:

Cav,k(αav,k, θa,k) = − 1

θa,kT
log(Eγ{e−θa,kαav,kT log2(1+γa,k)}) (6.9)

Cam,k(αam,k, θa,k) = − 1

θa,kT
log(Eγ{e−θa,kαam,kT log2(1+γa,k)}) (6.10)

6.5 Minimizing the Bandwidth Of Licensed Band

The important objective of this section is to minimize the requirement of licensed bandwidth

in three-tier heterogeneous network while guaranteeing the QoS for all users. For current

problem formulation, we have assumed that voice traffic uses both licensed and unlicensed

band, whereas multimedia traffic goes through the unlicensed band to minimize the usage

of licensed band. In next Section 6.6, we compare this scenario with another scenario where

voice traffic goes to licensed band and multimedia traffic goes through unlicensed band and

observe their performance.

According to [183], we can also formulate the problem in our scheme as

P1 : minimize
αn,k,θn,k,yn,k

∑
k∈K

yn,kαn,k (6.11a)
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s.t,

∑
n∈N

yn,ke
−θn,kCn,k(θn,k)D

k
thCn,k(θn,k)∑

n∈N
yn,kCn,k(θn,k)

≤ P k
th, ∀k ∈ K (6.11b)

∑
k∈K

yb,kαb,k ≤ Bb (6.11c)

∑
n∈N

yn,kCn,k(αn,k, θn,k) ≥ Rk, ∀k ∈ K (6.11d)

yn,k = 0, 1, ∀k ∈ K, ∀n ∈ N (6.11e)

αn,k ≥ 0, θn,k ≥ 0, ∀k ∈ N, ∀n ∈ N (6.11f)

where (6.11b) describes to meet the requirement of QoS of user k, (6.11c) states the total

unlicensed bandwidth that should not exceed Bb, (6.11d) represents the minimum data rate

of the user k, , (6.11e), and (6.11f) are the generic restraints to specify the problem.

It can be observed that from P1, e−θn,kCn,kD
k
th and yn,kCn,k are coupled and the effective

capacity in (6.11d) is not joint convex on αn,k and θn,k.

As yn,k being a binary variable and according to [183], it is said that

yn,kCn,k(αn,k, θn,k) = Cn,k(yn,kαn,k, θn,k) (6.12)

However, P1 is a combinational mixed integer program. The effective capacity in (6.11d) is

not joint convex on αn,k and θn,k as e−θn,kCn,kD
k
th and yn,kCn,k are coupled in multiplicative

way.
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Using Chebyshev’s sum inequality [191], (6.11d) can be written as

1

|N |
∑
n∈N

e−θn,kCn,k(θn,k)D
k
th

∑
n∈N

Cn,k ≤ P k
th

∑
n∈N

Cn,k (6.13)

where |N | stands for cardinality. If a packet is transmitted to user k in band n the (6.11b)

can be rewritten as ;

e−θn,kCn,k(θn,k)D
k
th ≤ P k

th (6.14)

Combining (6.13) and (6.14), (6.11b) can be rewritten as

∑
n∈N

e−θn,kCn,k(θn,k)D
k
th − 1 + yn,k ≤ P k

th

∑
n∈N

yn,k (6.15)

The (6.11e), can be relaxed as the intersection of the following region [192];

0 ≤ yn,k ≤ 1, ∀k ∈ K, ∀n ∈ N (6.16)

∑
n∈N

∑
k∈K

(yn,k − (yn,k)
2) (6.17)

We state two variables for simplification; ωn,k = αn,kθn,k and βn,k =
1

θn,k
, where αn,k =

ωn,kβn,k. The effective capacity of SC-MP and licensed band in (6.6), (6.7), and (6.9) can be

rewritten in terms of auxiliary variables as

Cav,k(ωav,k, βa,k) = −βa,k

T
log(Eγ{e−ωav,kT log2(1+γa)}) (6.18)

Cbv(αbv, βb) = zβb + ωbvβblog2(1 + γb) (6.19)
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Cbm(αbm, βb) = zβb + ωbmβblog2(1 + γb) (6.20)

Using (6.18), (6.19) and (6.20), (6.15) can be rewritten as

e

log(Eγ{e−ωav,kT log2(1+γa)})
T

Dk
th
+

e−(2z+ωbvβblog2(1+γb)+ωbmβblog2(1+γb)D
k
th − 2+

∑
n∈N

yn,k ≤ P k
th

∑
n∈N

yn,k, ∀k ∈ K

(6.21)

We will also relax the binary constraint (6.11f) as the intersection of the following region

[192];

0 ≤ yn,k ≤ 1, ∀k ∈ K, ∀n ∈ N (6.22)

∑
n∈N

∑
k∈K

(yn,k − (yn,k)
2) (6.23)

As an outcome and according to [183], P1 can be simplified to be a continuous problem and

can be written as

P2 : minimize
{ωn,k},{βn,k},{yn,k}

∑
k∈K

ωa,kβa,k (6.24a)

e

log(Eγ{e−ωav,kT log2(1+γa)})
T

Dk
th
+

e−(2z+ωbvβblog2(1+γb)+ωbmβblog2(1+γb)D
k
th − 2+

∑
n∈N

yn,k ≤ P k
th

∑
n∈N

yn,k, ∀k ∈ K

(6.24b)
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∑
k∈K

(ωbv,k + ωbm,k)βb,k ≤ Bb (6.24c)

s.t,
∑
n∈N

Cn,k(ωn,k, βn,k) ≥ Rk, ∀k ∈ K (6.24d)

∑
n∈N

yn,k ≥ 1, ∀k ∈ K (6.24e)

∑
n∈N

∑
k∈K

(yn,k − (yn,k)
2) (6.24f)

ωn,k ≥ 0, βn,k ≥ 0, 0 ≤ yn,k ≤ 1, ∀n ∈ N, ∀k ∈ K (6.24g)

0 ≤ ωa,nβa,n ≤ yn,kχ, ∀k ∈ K, ∀n ∈ N (6.24h)

As (6.24a), (6.24c), and (6.24d) are affine, therefore P2 is linear on {βn,k}.
Using difference of convex (DC) programming, P2 can be reformulated using P3

P3:minimize
{ωn,k},{yn,k}

∑
k∈K

ωa,kβa,k + λ
∑
n∈N

∑
k∈K

yn,k−

λ
∑
n∈N

∑
k∈K

(yn,k)
2,

(6.25)

s.t(6.24b)− (6.24d), (6.24f)− (6.24h), (6.26)

where λ is a large penalty factor.
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Let;

f1(ωn,k, yn,k) =
∑
k∈K

ωa,kβa,k + λ
∑
n∈N

∑
k∈K

yn,k (6.27)

f2(yn,k) = λ
∑
n∈N

∑
k∈K

(yn,k)
2 (6.28)

f1(ωn,k, yn,k)− f2(yn,k) (6.29)

where (6.29) is the difference of two convex functions.

According to [193], P3 is equivalent to P2 for large value of λ.

An algorithm is summarized based on a block coordinated descent (BCD) framework [194].

In the algorithm we initial number of users K, minimum data rate for each user Rk, signal-

to-noise ratio of user γn,k, requirement for QoS, and total unlicensed bandwidth Bb. The

algorithm consist of 2 loops. In the inner loop, given {ωn,k} and {yn,k}, P2 is linear pro-

gramming on {βn,k}, and can be solved efficiently using interior-point method [195] and has

a complexity of O((2XY )3(3Y +X+XY )). In the outer loop, given {βn,k}, P2 is a DC pro-

gram in {ωn,k, yn,k} and has a complexity of O((XY )3). The total complexity of algorithm

1 is O((XY )6(3Y +X +XY )) based on [192].

6.6 Simulation

In this section, we evaluate the performance of the proposed algorithm through simulation.

There is one LTE Base station (LTE-BS) over-layed by WLAN BS (WBS). In our proposed

scheme the WLAN BS contend the channel with the existing Wi-Fi systems before it can

poll the users. We have also considered another Wi-Fi node operating in an unlicensed

band within the coverage of three-tier network. The channel model used for licensed and

unlicensed bands are the ITU-UMi Models. We have assumed in total 10 users uniformly
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distributed and all have the same minimum data rate requirement and QoS requirement.

We assumed the time frame length of LTE T = 1 ms.

We have used both voice and multimedia traffic, for voice we used persistent scheduling

and for video we use adaptive scheduling. We have taken two different scenarios for our

proposed scheme. In scenario 1, the voice traffic is assigned to the licensed band and the

multimedia traffic is assigned to the unlicensed band. In scenario 2, half of the voice traffic

goes on the licensed band and other half will go through the unlicensed band along with the

multimedia traffic. The proposed scenarios are also compared with the existing algorithm,

Static mapping scheme (SMS) and scheme proposed in [183], to evaluate the performance.

Static Mapping Scheme (SMS): In this scheme, a static mapping table is established

where a design parameter γ (0 ≤ γ ≥ 1) is decided according to the QoS Class Indicator

(QCI) or the types of traffics. In our simulations, we set γ = 0.6.

Cellular users are first ordered in descending order in terms of SINR of the unlicensed band.

The LWA BS sequentially assigns the unlicensed bandwidth and the QoS exponent to the

ordered users by solving the following equations

e−θb,kCb,kD
k
th = P k

th (6.30)

Cb,k(αb,k, θb,k) =
z

θb,k
+ αb,klog(1 + γb,k) (6.31)

LWA BS will keep on assigning the unlicensed bandwidth until the total allocated bandwidth

reaches the total unlicensed bandwidth or all the QoS users are satisfied. If the unlicensed

band is insufficient to satisfy the QoS of the users, the rest of the traffic goes to the licensed

band. The remaining users are ordered in descending SINR of the licensed band. The LWA

BS sequentially allocate the licensed bandwidth and the QoS exponent to the ordered users
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by solving the following equations,

e−θa,kCa,kD
k
th = P k

th (6.32)

6.6.1 Performance evaluation for minimizing the bandwidth of li-

censed band

In Figure. 6.3, we investigate the bandwidth of licensed band with the delay requirements,

where PV=0.3, PM=0.7, PD=0.6 and PN=0.4. There are in total 10 users within the cover-

age area of LTE and Wi-Fi. The figure shows that as the delay bound increases the required

bandwidth of the licensed band decreases. It can also be observed that the our proposed

scenarios performs better in terms of delay as compared to the existing scheme in [183] and

SMS scheme. Also, proposed scenario 2 can perform much better than scenario 1, when the

voice traffic is split between the licensed and unlicensed band.
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Figure 6.3: Licensed Bandwidth vs Delay bound: PV=0.3, PM=0.7, PN=0.4, and PD=0.6
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Figure 6.4: Licensed Bandwidth vs Delay Bound: PV=0.6, PM=0.4, PN=0.4, and PD=0.4

In Figure. 6.4, the values of probabilities are changed to further observe the behaviour of

licensed bandwidth with the delay requirements. The Fig. 5 is plotted for PV=0.4, PM=0.6,

PD=0.4 and PND=0.4. It can be observed that by increasing the probability of voice users

will increase the requirement of licensed bandwidth as well. Also, our proposed scheme per-

forms better than the existing scheme in [183] and the SMS scheme.

In Figure. 6.5 and 6.6, the required licensed bandwidth is investigated with the number

of transmitters by changing the value of probabilities. The required licensed bandwidth

increases with the increase of transmitters. In Fig. 6.6, the voice probability is increased

and the requirement for licensed bandwidth also increases. Also, it can be observed that

our proposed scheme can reduce the licensed bandwidth as compared to the existing scheme

in [183] and SMS. Scenario 2 can provide 50% less requirement of licensed band as than

scenario 1.
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Figure 6.5: Licensed Bandwidth vs Number of Transmitters: PV=0.3, PM=0.7, PN=0.4,
and PD=0.6
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In Figure. 6.7 and 6.8, we investigate the delay bound with the number of transmitters

by changing the probabilities. All users have the same delay threshold Dn
th = 0.05 s. The

delay increases as the transmitter increases but our proposed schemes can reduce the delay

as compared to the existing scheme in [183] and the SMS scheme. Scenario 2 can further

reduce the delay as compared with scenario 1.

6.7 Conclusion

In this chapter, an optimal queue scheduling and resource allocation problem is investigated

under various statistical delay constraints of three-tier network based on LWA technology

with modification in resource allocation scheme based on IEEE 802.11 PCF to access WLAN

channels and further offload multimedia files through D2D communication. a closed-form

expression of effective capacity for the unlicensed band is derived using semi-Markovian pro-

cess. Secondly, we formulate the optimal joint queue scheduling and resource allocation

problem with the QoS guarantee between licensed and unlicensed band to minimize the

bandwidth of licensed band. A new iterative algorithm is proposed to convexify the problem

as a series of block coordinated descent (BCD) and difference of convex functions (D.C)

program.

Further, an extensive simulation was carried out with the proposed scheme with two scenar-

ios, the first scenario had all the voice traffic on the licensed band and multimedia traffic

traffic on the unlicensed band and the second scenario splitted the voice traffic to licensed

and unlicensed band whereas all the multimedia traffic goes to unlicensed band. The simula-

tion results showed that the proposed scheme can provide improved performance than SMS

and existing scheme in [183]. Also scenario 2 can perform 50% better than scenario 1.
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Chapter 7

Conclusion and Future Works

7.1 Conclusion

In the next decade, the tremendous growth of data traffic volume poses a significant challenge

for current cellular networks and is one of the main reason for the next generation of mobile

networks, referred to as the fifth generation (5G). There are several solutions proposed for

5G that can increase the efficiency of the available resources or aim at providing new radio

resources or infrastructures. The primary factors that will help to enhance the capacity

and coverage in 5G include; device-to-device communication, heterogeneous networks, and

software defined networks. Device-to-Device communication in heterogeneous networks is a

good example to increase the capacity and coverage in a dense environment, by which users

can communicate directly without the involvement of base station. The merger of different

networks and D2D communication will be very beneficial to further enhance the performance

of the network and hence allow us to look towards 5G.

In this thesis, a new Scalable MAC Protocol based on IEEE 802.11 PCF access mechanism

is proposed for a three-tier network to increase the coverage and capacity in a dense envi-

ronment while decreasing the delay and giving fairness to the users. In this chapter, we give
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the summary of the results and the contributions.

7.1.1 Literature Review

A comprehensive literature review of heterogeneous network and MAC protocols of D2D

communication is presented. Both infrastructures assisted cellular D2D communication and

ad-hoc techniques are studied and their scalability is compared. Following conclusion is

concluded from the literature review:

• Heterogeneous Networks are a center of attraction during LTE and will be an essential

part of 5G networks. CRRM will play an important role in HetNets to offload traffic

from a larger cell to a smaller cell. It can bring significant improvement in load balanc-

ing, interference distribution, reduction of unnecessary handovers (HOs) and reduction

of dropping/blocking probability [26]. It may increase the signaling but a trade-off is

required between signaling and performance to get the best results.

• Device-to-Device (D2D) communication will play a vital role to further enhance the

capacity and coverage. Although D2D communication was already introduced in LTE-

A (LTE advanced) with further improvement, it will be an integral part of 5G networks.

In the literature review, different techniques are discussed for resource allocation in

D2D communication. Most of the papers discussed in the literature review require

tight interference control. It has been assumed that BS is aware of instantaneous CSI

of cellular/D2D links e.g [59], [64]. The assumption is required as BS must participate

in making scheduling decisions for both cellular and D2D users.

• D2D communication in infrastructure assisted networks are operating under central-

ized control and a majority of the scheduling is handled by the BS. Although ad-hoc

networks are distributed, it is important for D2D operating systems should be com-

bined with ad-hoc networks in order to further enhance the coverage and capacity
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problems because this can enhance overall performance.

• The MAC protocols in ad-hoc networks based on IEEE 802.11 DCF, PCF and HCF

are discussed in detail using different techniques and strategies. Clustering strategy is

proposed in [115] using DCF, hence can play a significant role in improving network

performance and solving capacity problems. For future generation clustering strategies

can also play an important role to fulfill the requirements of capacity, coverage, and

QoS.

• To increase capacity in certain areas, D2D communication in HetNets will be the best

possible solution especially for a special event like exhibitions, stadium or fairs where

a large crowd gathers for a certain period of time. The access mechanism used for

WLAN should be PCF as it does not have contention problems and is centralized

control which is suitable for dense environment

7.1.2 Performance Investigation of D2D Communication over LTE

Solutions Operating in Unlicensed Band

A detailed overview of LTE technologies operating in an unlicensed 5GHz band that includes;

carrier Wi-Fi, LTE-U, LTE-LAA, LWA, and MuLTEfire is discussed. These technologies are

compared and their advantages and disadvantages are concluded.

Simulation is done for LTE-LAA, LWA, and MuLTEfire in the presence of Wi-Fi hot-spot.

From the simulation and results, it is analyzed that MuLTEfire can provide higher through-

put but limit the overall scalability of the network coexistence. Consequently, Wi-Fi users

have a higher impact in the presence of MuLTEfire and can degrade the performance of

Wi-Fi throughput. LTE-LAA has higher throughput for smaller load but the throughput

decreases as the load increases and also Wi-Fi throughput degrades. Whereas LWA can

provide better throughput than LTE-LAA for a large network and has minimal effect on the
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Wi-Fi users as there is no contention between the users. Similarly, when D2D communica-

tion is investigated in these techniques MuLTEfire can increase the throughput but cannot

increase the users whereas LWA and LTE-LAA can accommodate more users, where LWA

showing better throughput. LWA gives better results when a Wi-Fi AP is deployed near

it and is more cost-effective and easy to implement as compared to LTE-LAA. For future

challenges, it will be very important that all the technologies operating in the 5GHz band

should have equal control to access the medium to satisfy fairness.

7.1.3 Scalable MAC Protocol For D2D Communication For Fu-

ture 5G Networks

An innovative three-tier 5G architecture comprising of LTE BS, WLAN BS and D2D com-

munication is proposed to offload traffic from cellular to WLAN. The proposed architecture

builds on the LWA technology with modification in resource allocation scheme based on

IEEE 802.11 PCF to access WLAN channel with an additional increase in throughput by

D2D communication. A scalable MAC protocol (SC-MP) for D2D communication is pro-

posed based on PCF access mechanism. The importance of PCF access mechanism is that it

operates in a centralized manner and highly suitable for the dense environment, hence, can

create a centralized control in a distributive manner. The best SNR polling scheme is used

for PCF which can take into consideration the channel condition of the user instead of on

simple round robin scheme. D2D communication further increases the network throughput

by sharing content files between the WLAN users and decreases the delay of the normal

users.

The simulation results show that the proposed MAC scheme can increase the capacity of

the network and perform better relative to the legacy Distributed Coordination Function

(DCF) defined in IEEE 802.11. It is also observed that greater number of users can be
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accommodated without wasting the resources by applying D2D communication in WLAN.

7.1.4 Analysis of Effective Capacity and Throughput of Polling

Based Heterogeneous Networks

An analytical model is developed to investigate the performance of SC-MP based on IEEE

802.11 PCF access mechanism with D2D communication. A three-state semi-Markovian

model is developed to analyze the effective capacity and a closed-form expression is derived

from establishing the connections between the effective capacity, channel conditions and

transmission durations in a polling based network. Further, the three-state semi-Markovian

model is modified to four-state traditional Markovian model using discrete Markov chain to

analyze the throughput and the behavior of D2D communication in the network regardless

of QoS. The analytical results were validated using simulations, hence proving the appropri-

ateness of the model.

7.1.5 Optimal Scheduling and Resource Allocation in LWA-Driven

D2D-Enabled Networks

An optimal queue scheduling and resource allocation problem is investigated under various

statistical delay constraints of three-tier network based on LWA technology with modifica-

tion in resource allocation scheme based on IEEE 802.11 PCF to access WLAN channels

and further offload multimedia files through D2D communication. The optimal joint queue

scheduling and resource allocation problem is formulated with the QoS guarantee between

licensed and unlicensed band to minimize the bandwidth of licensed band. A new itera-

tive algorithm is proposed to convexify the problem as a series of block coordinated descent

(BCD) and difference of convex functions (D.C) program. Further, the simulation was car-

ried out with the proposed scheme with two scenarios, the first scenario had all the voice
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traffic on the licensed band and multimedia traffic on the unlicensed band and the second

scenario split the voice traffic to licensed and unlicensed band whereas all the multimedia

traffic goes to the unlicensed band. The simulation results showed that our proposed scheme

can provide improved performance than SMS. Also, scenario 2 can perform 50% better than

scenario 1. The results proved that the optimized algorithm has a significant gain compared

to the scheme SMS.

7.2 Future Works

In this section, based on the assumptions, results, and observations discussed in this thesis,

a number of interesting opportunities for future work are listed below;

• In Chapter 3, the LTE technologies operating in the unlicensed band; LTE-U, LTE-

LAA, LWA, and MuLTEfire, are compared through simulation with further applying

D2D communication. It will be very interesting to investigate the behaviour of D2D

communication in these technologies through testbed and comparing the result with

the simulation result. The testbeds can give more realistic and accurate results towards

the real life.

• The proposed scheme SC-MP can also be further extended by using multiple WLAN

in a multiple cells. The main challenge will be to manage the offloading of traffic

and the interference problem. Further, the power levels of the user equipment can

be optimized for the D2D communications. The performance gain can be quantified

through extensive mobile simulations, including realistic vehicular mobility model with

taking energy consumption is account as well.

• The proposed scheme SC-MP can also be further extended by using multiple WLAN in

a single cell and finding the best possible position for WLAN to increase the coverage
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and the capacity. The main challenge will be the interference between the cells.

• The analytical model can further be extended to multi-objective function in which the

aggregated effective capacity can be maximized and aggregated delay can be minimized

with the QoS guarantee between the licensed and unlicensed band.
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