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Abstract

The oncoming Internet-of-things applications and smart machine-to-machine com-
munication lead to an enormous increase in network traffic. To meet the escalating
demands of these time-critical applications, a wireless network that has an optical
backbone with a colossal bandwidth capacity is required, for which the radio-over-
fiber (RoF) technology is a promising candidate. To accomplish this goal, we propose
RoF network architectures to support single and multiple wavelengths with simple
and cost-effective remote antenna units (RAUs). Moreover, we propose a medium
access control (MAC) protocol for the proposed RoF architectures, in which a central
office (CO) registers and identifies the users in the network and distributes resources
for the data transfer. In this work, we propose single-gate and multi-gate polling
algorithms for the time frame allocation to the users. Further, we propose dynamic
wavelength allocation algorithms to distribute the wavelengths among the RAUs ac-
cording to the traffic generated by them. Moreover, we present an analytical delay
model for single and multiple wavelength architectures, considering the user iden-
tification and data transfer delay for single-gate and multi-gate polling algorithms.

We verify it with the results obtained from simulations.

Further, the RoF networks need to support the stringent delay requirements of the
time-critical applications for a high density of mobile users in the network. However,
the existing user registration and identification approaches for these networks mostly
use a random access-based approach, which is not efficient for a high user density and
cannot keep the overall mean delay within the permissible limit for such applications.
In this thesis, we present a MAC protocol for the RoF network, for which we propose
hybrid user identification and neighbor-aware hybrid user identification algorithms.
Further, we propose an analytical delay model for the MAC protocol, which gives
overall end-to-end mean delay considering the hybrid user identification approach
and data transfer. Moreover, the results obtained from the analytical model closely
follow the simulation results and the proposed algorithms are able to maintain the

stringent delay thresholds for both low and high user densities.

Furthermore, in this work, we introduce a very small cellular (referred to as atto-
cellular) RoF network, which can maintain a delay threshold of 10 us to serve the

futuristic robotic applications. An atto-cell is a radio cell typically less than 1 m?

il



v

with antennas integrated into the floor tiles. For this network, we propose several
architectures for the backbone network using RoF-based technology. To support
these architectures, we consider the MAC protocol for the RoF network, which uses
a simple polling approach for the data transfer. Further, we compute the splitting
ratio for various cell sizes based on the network load for a delay requirement of 10
us. We propose an analytical model for the same to validate the results obtained
from the simulations. Finally, we present the cost analysis of atto-cellular RoF
architectures. Based on this, we give some general design recommendations for the

RoF network.

In the modern digital world, quality-of-experience (QoE) has become the central
area of concern to ensure end-to-end user satisfaction. In this thesis, we analyze the
quality-of-service (QoS) for different traffic classes for the RoF network. For this,
we consider a simple and gated polling algorithm for the data transfer with dynamic
weighted queuing for the queues of different traffic classes for the RoF networks
comprising of atto-cells and micro-cells, respectively. The aforementioned polling
approaches maintain a delay within the maximum bounds for high and medium
priority traffic classes with high channel utilization. Further, we propose a model
to map QoE with the QoS parameters, like delay, jitter, and packet loss rate, and

quantify QoE by representing the degree of user satisfaction by a mean opinion score.
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Abbreviations

ACK
ADC
ADWA
AMGAV
A-RoF
AWG

CapEx

CcO

CoMP

CoS
C-RAN
CSMA/CA
CTS

DAC
DAS
DBA
DIFS
D-RoF
DWA

eMBB
E/O
EPON

FSO

Acknowledgment

Analog-to-Digital Convertor

Adaptive Dynamic Wavelength Allocation
Adaptive Multi-Gate polling with Void filling
Analogue Radio-over-Fiber

Arrayed Waveguide Grating

Capital Expenditure

Central Office

Coordinated Multi-Point

Classes-of-Service

Cloud Radio Access Network

Carrier Sense Multiple Access with Collision Avoidance
Clear-to-Send

Digital-to-Analog Convertor

Distributed Antenna System

Dynamic Bandwidth Allocation

Distributed Coordination Function Inter Frame Space
Digital Radio-over-Fiber

Dynamic Wavelength Allocation

Enhanced Mobile Broadband
Electrical-to-Optical
Ethernet Passive Optical Network

Free Space Optical
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Abbreviations

FSK

gMT-MAC
GPON

IoT
IPACT

KPI

LED
LoS
LTE

M2M
MAC
MEC
MIMO
MOS
MT-MAC

NOMA

O/E
OFDM

PIC
PS
PSK

Frequency Shift Keying

Gated Medium Transparent Medium Access Control

Gigabit Passive Optical Network

Internet-of-Things
Interleaved Polling with Adaptive Cycle Time

Key Performance Indicator

Light Emitting Diode
Line-of-Sight

Long Term Evolution

Machine-to-Machine

Medium Access Control
Moving Extended Cell

Multiple Input Multiple Output
Mean Opinion Score

Medium Transparent Medium Access Control

Non-Orthogonal Multiple Access

Optical-to-Electrical
Orthogonal Frequency Division Multiplexing

Photonic Integrated Circuit
Power Splitter
Phase Shift Keying

Quadrature Amplitude Modulation
Quality-of-Experience

Quality-of-Service

Remote Antenna Unit



Abbreviations

Xvil

RF

R&F
RoF
RTS
RTT

SOA
SIFS

TDMA
THO

URLLC

VCZ
VLC

WSN

4G
5G

Radio Frequency
Radio & Fiber
Radio-over-Fiber
Request-to-Send
Round Trip Time

Semiconductor Optical Amplifier

Short Inter Frame Space

Time Division Multiple Access

Traditional Handover

Ultra-Reliable and Low Latency Communication

Virtual Cellular Zone

Visible Light Communication

Wireless Sensor Network

Fourth-Generation
Fifth-Generation



Symbols

NRrr

Total number of users in the network

Average number of users per wavelength

Number of wavelengths in the network

Number of RAUs in the network

Number of users in the cell of i'® RAU

Number of RAUs that changed their wavelength to i*" wavelength
Number of slots for control and signaling

Number of slots for control and signaling reserved for handovers
Number of slots in identification frame

Number of GATE messages to be sent to every user in a data transfer
cycle in multi-gate polling

Number of beacon messages transmitted by a user in the neighbor
discovery phase

Number of users in the cells of RAUs tuned to i wavelength
Number of previous users in the RAU’s cell

Number of newly arrived users in the RAU’s cell

Average number of users present in a RAU’s cell

Number unresolved users attempting transmission after receiving the
POLL frame

Number of users which successfully transmit the REPLY packet in an
identification frame

Average number of successful users in each POLL frame

Number of clusters in the cell of an RAU

Average number of contending users per cluster

User density

Number of radio frequencies
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Symbols

XX

Nsp (1)

Nomaz (7)

B;
)\nv )\ho
Mns Bho

g

Tres
dnd

dsa, dua

dho
dr
Ar—tes dia
Eld}p(i)]

dDT

dID
din
de (i)

J

dz‘

nj

Average number of users in i cells

Minimum number of users per RF out of j users in i cells for load
balancing

Maximum number of users per RF out of j users in 7 cells for load
balancing

Buffer size

Arrival rates of existing users and the users after handover, respectively
Service rate of session completion and session handover, respectively
Length of the registration phase

Length of the identification phase

Guard time between two consecutive users

Time to send the report message

Time to send the ACK message

Maximum RTT between the CO and a user

Time after which the wavelength allocation repeats

Time required by an RAU to tune its transceivers to another wavelength
Length of data transfer cycle

Length of a contention round in an identification frame

Time required to send REPLY packet

Time between the transmission of the successive beacon message

Time required to transmit a beacon message

Time required to transmit a response message

Neighbor discovery delay

Delay in the transfer of data packets for single-gate polling, and
multi-gate polling, respectively

Handover delay

Overall mean delay

Data transfer delay with and without the wavelength allocation, respectively
Expected mean delay of successful REPLY packet reception at the CO at
attempt

Mean data transfer delay

Mean identification delay

Delay threshold to compute splitting ratio

Mean delay considering « users in a cell out of 7 users in ¢ cells

Mean delay considering n; users in a cell



Symbols

xx1

deyy(i)
Pep
Pon

DA
Ps(uta us)

Ds
Psucc@)
P.(cp)

Ppr(4)

Effective delay considering j users in i cells

Probability of connection drop

Probability of a user to be in the on-period for self-similar traffic
Probability of wavelength switching in ADWA algorithm
Probability of u; users attempt to transmit and u users successfully
transmit in a unique slot in a POLL frame

Probability of successful transmission by a user in a POLL frame
Probability of successful transmission in i** POLL frame
Probability of having ¢, clusters in the RAU’s cell

Probability of ¢ users being in the same cell as in the previous
identification phase

Probability of ¢ newly arrived users in a cell

Probability of finding 7 users in ¢ cells

Normalized network load

Instantaneous load on a wavelength

Relative change in the load on a wavelength for self-similar traffic
Data rate per wavelength

Data rate per user

Splitting ratio

Acceptable loss in the splitting





