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Abstract

All over the world, the concept of smart cities is taking a boom. The smart city is defined as
a paradigm, predominantly made up of information and communication-based technologies.
Smart cities are using these technologies to handle the ever-increasing urbanization challenges
by practicing sustainable development and making human life smarter, easier, and more pro-
ductive without imparting any negative consequences on human life. Smart city applications
like smart home, smart hospital, smart transport, smart education, smart agriculture etc. gen-
erates a huge amount of data that needs to be processed and transmitted.

With this increasing bandwidth requirements in smart cities, there is a need for high-capacity
optical networks featuring ultrahigh bandwidths. Conventional Single Core Fibers (SCF) has
a limited bandwidth which are not suitable for future bandwidth hungry applications of smart
cities. So, there is a need to boost and modernize the current optical transmission fiber for
these applications. Multi-Core Fibers (MCF) is recognized as a possible solution enabling
high capacity data transmission in smart cities. MCF have multiple cores enclosed in a sin-
gle cladding, which increases the transmission capacity by as many folds as the number of
cores they have. This research introduces, for the first time, novel 21-core homogeneous MCF
structure with three different types of core placement layouts (1-Ring, 2-Ring, and Square
Lattice) to densely pack the cores with a minimum cladding diameter of 200um, to support
high-speed smart city applications. All the three structures have been designed with a low-
RI Trench-Assisted (TA) profile to significantly reduce the Inter-Core Crosstalk (ICXT). The
results shows that, among all structures, the TA Square Lattice core arrangement has the min-
imum ICXT value, i.e., approximately -60dB/100Km, because of its largest core-to-core dis-
tance. To further suppress the crosstalk, air holes have been placed between the TA cores.
Placing the low-index air-hole shield closer to the trench enhances the modal confinement
within relatively large trench-assisted core structures. The MCEF structures further extended
with 31 and 37 TA and air-hole-assisted cores with reduced ICXT of -70dB for 100Km of
fiber length. The air-hole pairs and triplets are placed between adjacent TA cores in order to

further suppress modal field overlap. The performance evaluation of the designed MCFs has



been carried out for a large number of design parameters.

The current existing static and dynamic optical networks cannot efficiently optimize network
resources and do not support intelligent decision-making for smart cities, rendering them en-
ergy inefficient. In this thesis, a novel Software-Defined Network (SDN)-controlled dynami-
cally reconfigurable Time Division Multiplexing (TDM) and Dense Wavelength-Division Mul-
tiplexing (DWDM)-based Elastic Optical Network (EON) for smart cities have been designed
and simulated, which maximizes the utilization of network resources, making it energy ef-
ficient. To enhance the decision making of the SDN controller, three algorithms have been
developed i.e. Inter-Application Wavelength Redirection (IAWR) with ROADM, Dynamic
Load Balancing (DLB), and Bandwidth Selection with Resource Allocation (BSRA) based
on the different bandwidth requirements of primary and secondary applications of smart city.
These algorithms sense the free bandwidth in primary applications and then assign this free
bandwidth to secondary applications accordingly. The proposed SDN controller selects the
best algorithm that optimally utilizes the network resources and routes the traffic through it.
The performance of the designed EON for a smart city is analyzed and a three way correlation
is designed between various input parameters with respect to different smart city applications
and performance parameters such as the user satisfaction rate, timing diagrams, eye diagrams,
bit error rate and quality factor. The proposed algorithms utilize the network resources more
efficiently and helped to maintain the required quality of service.

The smart city architecture require the convergence of wireless and optical communication
network, where data is fetched from sensors in wireless form and then transmitted through
optical channel. So, a MIMO based hybrid wireless and optical communication system has
been designed using MCEF. For wireless channel, the benefits of Coded Cooperation (CC) have
been exploited and merged with Cognitive Radio (CR) for the collection of data wirelessly
from all the primary and secondary applications of smart cities. Then, an MCF-based MIMO
optical network has been designed for the smart city application and its performance has been
analyzed.

The results evaluated in this thesis show significant improvement over the available results of

the previous research.
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Chapter 1

Introduction

In this chapter, the concept of the smart city is broadly introduced, and along with that, the
technologies required in designing the smart cities are also briefly discussed. Subsequently,
the role of optical communication in designing smart cities is explained. In this context, the
requirement of Multi-Core Fiber (MCF) in designing of smart city optical network is analyzed.
The role of SDN controlled dynamically reconfigurable optical fiber communication in smart

cities is also introduced. Then, the research objectives and organization of the thesis are stated.

1.1 The Concept of Smart City

The smart city is defined as a high-performance urban context, where citizens are intercon-
nected with each other and with the city itself. The concept of smart cities has attracted global
attention, which leads to a constant flow of information and data, personalized to the user’s
needs [1]. This in turn, is exponentially increasing the global internet traffic, requiring high-
capacity transport networks [2]. If this traffic keeps on increasing at same rate for the next
two decades, then it is expected that transmission capacity will be increased by three to five
times. The smart city predominantly uses Information and Communication-based Technolo-
gies (ICT) to manage this ever-increasing urbanization challenges by practicing sustainable
development and making human life smarter, easier, and more productive, without any neg-
ative consequences |3|, [4]. The ICT is based infrastructure is considered as the brain of the
city, which reacts to the circumstances intelligently. Smart city supports a number of applica-
tions such as given in Fig. For example smart home application of smart city will create a
virtual environment at home by controlling appliances like refrigerators and washing machines

smartly and remotely, offering better energy management. Smart home also provides the pos-



Smart
Transport

Smart
Agriculture

Figure 1.1: Overview of smart city applications

sibility to monitor the health situation of the elderly at home, and this reduces treatment costs
and human labour. The intelligent mobility systems are integral to smart cities connecting the
humans, vehicles, and the infrastructure of city itself. Likewise, sensors eqipped smart traffic
lights can detect the traffic level to make the transit faster and safer accordingly. Another main
component of smart city is smart education, which strengthns the basic education by providing
advanced training, and certification. Educational technologies like e-learning in universities
and community colleges adds innovation in education system, which defines a smart city. The
smart grid is not just about utilities and technologies, it is about providing the information
and tools required to make choices about energy use by sensing along the transmission lines.
Smart city optimizes the water facilities, by detecting leaks or monitoring water distribution
across the city and allows people to make more informed decisions about water management,
encouraging the circular approach of reusing water multiple times to reduce the dependency on
freshwater. Smart city empowers agriculture with modern ICT managing tools to increase the
quantity and quality of products while optimizing the human labor required making it smart

agrculture. Smart city also provides opportunity to manage and battle ever-growing volumes

4



of urban and municipal waste smartly. Smart city has many benefits for healthcare like self-
sufficiency and advanced monitoring capabilities, and these apply to the patients, governments
and medical fraternity. All these smart city applications generate a significant amount of data
that needs to be processed and transmitted [5]. This, in turn, requires a robust network de-
ployment that can intelligently support a large bandwidth with low energy consumption and
minimal delays, while achieving high service reliability [6]. As all smart city networks are
time-critical systems, therefore, the scalability of the network capacity should be fast and effi-

cient.

1.2 Optical Technologies used in Smart City

Optical fiber communication is an integral part of ICT and acts as the backbone of telecom-
munications infrastructure and has become the technology of interest for both the research and
industry areas. Optical fiber plays a key role as transmission media because of its exemplary
advantages of extensive bandwidth, low loss, low cost, lightweight, and electromagnetic inter-
ference immunity. Therefore, the communication networks designed over optical fiber are the
only viable solution to enable this scalability in managing the massive capacity demands of
smart cities ensuring the seamless connectivity to the end user [7].

The data generated by smart city applications are increasing the internet traffic by 20%-60%
in a year, exponentially increasing the transmission capacity by 100 times every ten years [2].
These ever-increasing expectations of end-user and technological breakthroughs have created
unparalleled pressure and complexity on Single Core Fiber (SCF) too [8]], [9]. Recent SCF
transmission systems have achieved capacities up to about 100 Tb/s per fiber by employing
wavelength, polarization, time-division multiplexings, and multi-level modulations [10], [11].
Every possible step has been taken to fulfill this capacity crunch, such as the expansion of
the transmission window in SCEF, along with advanced multiplexing techniques, such as Space
Division Multiplexing (SDM). Despite these efforts, SCFs have achieved a Shannon trans-
mission capacity limit of approximately 100 70/s [12], making them unable to handle this

exponentially growing capacity demand as shown in Fig.

Worlwide single-mode optical fibers serves as the preeminent transmission medium for op-
tical communication systems. Optical fiber works on the principal of total internal reflection
at core-cladding boundary. Most commonly used Refractive Index (RI) profile in single-mode
fibers and some multi-mode is the Step-Index (SI) profile, where RI is distributed uniformly

across the core length and decreases sharply at the core-cladding interface ensuring the lower
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Figure 1.2: Capacity growth per fiber over decades.

RI in the cladding. In Multi-Mode Fibers (MMF) number of wavelengths can be tranmsit-
ted simultaneously by using propagation modes to increase capacity. An MMF will generally
bluster a wider diameter core than SMF counterpart, usually used high power applications and
short-distance communication links.

To further increase the capapcity of optical fiber, there is a need to enhance the spectral ef-
ficiency of the fiber. In this regard, SDM is the only viable solution, that can enhance the
capacity per cross-sectional area of the fiber |13], [14] can handle huge transmission capacity
and bandwidth of smart cities. MCF is described as an optical fiber with more than one core
within the same cladding, supporting single mode or few-mode propagation in each core |15].
An MCEF is described as an optical fiber with more than one core within the same cladding,
supporting single-mode or few-mode propagation in each core [15] as decribed in Fig. The
literature shows that MCF with the SDM technique can handle huge transmission capacity and
bandwidth [[16]. MCFs are basically grouped in three ways, first is uncoupled (A > 30um) and
coupled MCF (A < 30um) [17], depending on the core pitch i.e.distance between centers of
two cores, /A), while second is single-mode (SM) and few-mode (FM) MCF, depending upon
the propagating modes supported by cores in MCF | 18] [[19] and lastly, it can be homogeneous
and heterogeneous depending upon the refractive index of cores in MCF [20] [21].

The capacity (C) in SCF is defined as,



Figure 1.3: Cross-sectional view of (a) SCF and (b) MCF (7 cores).

C =logs (1+SNR)dB, (1.1)

where SNR stands for signal-to-noise ratio [22]. It is anticipated that the MCF posses the same

total power as of SCF, the capacity in MCF is defined as

C = Nlogy (1+ SNR/N)dB, (1.2)

where N is the total count of cores in an MCF. To further increase the capacity in MCF, keep

the per core power in MCF same as SCF, then the capacity in MCF can be expressed as

C = Nlogs (1+ SNR)dB, (1.3)

Therefore, the capacity of an MCF increases as many folds as the number of cores increases
in MCF. To further increase the capacity of an optical networks employing MCEF, it is substan-
tially required to increase the count of cores within a fixed cladding diameter, which eventu-
ally results in reduced core pitch (A). Inter-Core Crosstalk (ICXT) is the main challenge in
weakly coupled MCF designs, which adversely affects system performance. However, this
can be controlled, but only up to a certain limit of -30 dB/100 km by selecting the optimal
cladding diameter and core pitch values [23]]. The most important parameters required in the
design of MCF are the cladding thickness (CT), which is the distance between the center of
the outermost core and cladding edge, and cladding diameter (CD), a moderate CD that can
accommodate maximum number of cores is preferable. To suppress the micro-bending losses
along with the high core density arrangement, the values of CD and CT should be selected

wisely [24]. Although a greater CD can accommodate more cores practically, it is undesirable

7



owing to several mechanical reliabilities. Apart from SI-RI profile Trench-Assisted (TA) RI
profile is also used in designing of MCF. TA-RI profile possess strong light confining capa-
bilities because of the existence of a low index trench layer that can reduce the overlap of
electromagnetic fields between neighboring cores as shown in Fig. This results in lower
ICXT than an MCF with a SI core. Another important design factor need to be considered in

designing of MCEF is the number of cores and their spatial arrangement inside the cladding.

Cladding

Core

Figure 1.4: Crosssectional view of (a) SI and (b) TA fiber core.

Although, the ever-increasing expectations of end users and technological breakthroughs
have necessitated networks with increasing complexity and pressure. While, the current net-
work lacks sufficient flexibility, hard to provision and manage the network path. With the
increase in demand for more dynamic applications, the network operators are looking forward
to re-organization of the network architectures so that they may be able to bring in the econ-
omy in deployment, and operation and to scale the optical core network. Accordingly, many
researchers are focusing on making the available optical networks dynamically reconfigurable
for smart cities.

Research suggests that automated networks are the potential way of managing the increased
network pressure and complexity in smar cities. While Software Defined Networks (SDN) is
the most preferable technique used for the design of dynamic optical networks for smart cities,
as it decouples the hardware part of the network from software [25]. SDN empowers net-
work service providers with the capability to organize, govern and manage transport network
elements and their resources in an open and programmable way so that network efficiency is
improved. The basic need of SDN-enabled optical transport is that every element should be
able to be programmable through software. SDN provides the flexibility to introduce inno-
vative and differentiated new services quickly, with previously unimagined constraints. SDN
centrally controls the entire network and enables network designers to obtain a global view

of the entire network, thereby facilitating these networks to be programmed from a remote
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console [26]. Which allows to modifying the bandwidth demands of smart city applications
without changing the physical network. This makes the network significantly more flexi-
ble than before, moreover, the structure of data plane devices becomes simpler and easier to

manufacture, which, in turn, leads to low-cost solutions. The Tableis showing the basic

Table 1.1: Comparison between Static and SDN Networks

] Characterstics \ Static \ SDN

Features The data and control plane are | Segregates the data plane
customized with new proto- | from the control plane with
col for each problem. centralized  programmable

controller.

Configuration Require manual configuration | Supports automated configu-
procedures,making this a te- | ration with centralized valida-
dious and error prone. tion via software controlling.

Performance Because of heterogeneity,the | Able to improve network per-
optimization of whole net- | formance globally with cen-
work is difficult. tralized control.

Innovation Difficult to implement new | Provides flexibility through
ideas beacuse widely used | programmable network plat-
proprietary. form.

Cost As control and data plane | Here, the data and con-
are positioned on the same | trol plane are positioned sep-
switch, making the switch | arately making suitable to
costly manufacture and cost effec-

tive.

difference between static and SDN control optical networks.

1.3 Research Gaps

Research states that smart cities will produce around 1.1 billion connections by 2025 glob-
ally. The volume and velocity of smart city data will require new networking architectures to
accommodate their speed and volume. Literature review indicates that, smart cities will not
connect more people but also boost the use of billions of sensors in real time which leads to
proliferation of bandwidth. The major impediment to moving the smart city from the theoreti-
cal to the practical is the sheer speed and bandwidth to handle the amount of data generated in
smart cities. Next generations smart cities applications like driverless cars requires networks
that has high capacity, low latency, and reduced cost per bit. Therefore, it will require the use
of higher wavelength bands with larger channel bandwidth. In order to fulfill these challenging

performance targets, there is a need of paradigm shift in the network design with a much closer
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interaction between optical and wireless systems. Literature gives few optical technolpogies
as the viable solution to meet the stringent network demands in a better way with improved
and enhanced network infrastructure. There is a need to develop and implement multiple new

optical components and modules for efficient optical network designs.

e This exponential increase in data has driven an increasing need for high counts of feeder
fibers, to avoid congestion problems. Hence, low cost, high fiber count, high density
cables are necessary to construct practical future optical access networks. MCF offers
a possible solution to increase the fiber density and overcome cable size limitations
and congestion problems. In this context, the combination of this new multi-core con-
cept with the existing single/multi-mode fiber can increase the fiber capacity in multiple

folds.

e Available networks need to be more bandwidth-efficient with high throughput and flex-
ibility to fulfill the requirements of upcoming bandwidth hungry application. While
literature has very vast research on TDM and WDM as the solution for these problems.
Furthermore, wireless data traffic, residential broadband, and enterprise connectivity are
presently carried by separate networks and need to be converged onto a single network
architecture. Fibre-to-the-x (FTTx with x being building, home, cabinet) networks and
passive optical networks (PONs) are the most up-and-coming technologies to facilitate
the convergence of these different services on a single metro-access optical network. The
convergence of these different data types have imposed strict requirement of wireless
services on the available metro-access optical network segment of the future next gen-
eration optical network. Realistic optical access networks-based applications of smart
cities will require a hybridization of all available optical transmission technologies like
WDM (Wavelength Division multiplexing) and TDM (Time Division Multiplexing) with
a combination of traffic types to be transported on the network to further scale network
capacities. Therefore, in this research a hybridized technique i.e. WDM in combination

with TDM collectively called as TWDM is proposed to provide all these requirements.

e Connecting the whole smart city applications will require the convergence of wireless
and optical networks. Therefore, there is a need to design a hybrid network system,
where an optical network serves as the backbone structure of smart cities. The designed
hybrid network system allows to collect the data from the different sensor nodes of smart
city applications through a wireless channel and then transmitting that over the optical

channel. Reliability is another major issue that needs to be countered while designing
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the communication networks for smart cities as it involves the transmission of many

critical applications data.

Elastic Optical Networks (EON), called flexible networks, are another proposed solution
for increasing the network throughput against fixed wavelength division multiplexing
(WDM) networks. The term flexibility refers to the ability of network to dynamically
adjust its resources such as optical bandwidth, modulation format according to the re-
quirements of each connection. The introduction of software-defined networking (SDN)
[16] has provided a potential approach to implementing a programmable and flexible
control plane over the common physical network infrastructure making it an elastic op-
tical network. Although SDN has been widely researched and partially developed in
the conventional IP network, it has not yet been extended to optical networks for smart
cities. EON makes it possible to have flexible networks for high data rate applications
and provides adaptive modulation for each connection demand based on quality of trans-
mission (QoT) over routes. This flexible network will reduce the deployment costs of
field network and requires no powered sites between the central offices and the sub-
scribers. The intelligence required at the network edge and the variable characteristics

of networks are need to be modified in real-time.

Objectives of the Thesis

On the basis of research gaps the research objectives of this thesis are as follows:

To analyze and design Passive Optical Network (PON) using multi-core/ single-mode

fiber for smart cities.

To analyze and design a hybrid optical system by converging dynamically reconfig-
urable Time Division Multiplexing (TDM) and Dense Wavelength Division Multiplex-
ing (DWDM) system called as TDWDM for the above designed PON to enhance the

capacity of smart cities.

To analyze and develop Multiple Input Multiple Output (MIMO) technique for reliable

transmission of optical network.

To analyze and develop an Elastic Optical Network (EON) through SDN called as ES-

DON for smart cities.

To compare the performance of above proposed systems.
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1.5 Research Methodology

The research methodology used in this thesis is described as follows:

e To multi fold the transmission capacity of optical fibers, an optical fiber with multi-
ple cores, MCF is designed in OptiFDTD and the complete analysis of designed MCF

characterstics is done using OptiMode of Optiwave.

e A robust optical network model is designed for the optimization of the combined bene-
fits of TDM with DWDM for smart city consisting of four primary and four secondary
applications. While designing the proposed network all the expected practical impair-
ments like transmitter, channel and receiver noise etc. are considered to make the system

more practical and realistic.

o After that a Coded Cooperation (CC) with Cognitive Radio (CR) based wireless channel
model is developed to wirelessly collect the smart city sensor nodes data. The collected
data at optical router is transmitted further through a MIMO based optical network.
MIMO is applied to enhance the reliability of proposed optical network then network
performance parameters are measured to justify the compatibility of the network with

the next generation communication demand of smart cities.

e To dynamically reconfigure the proposed optical network through SDN controlled ROADM,
a novel algorithm is designed that efficiently utilize network resources and route the
smart city traffic accordingly, results are obtained in terms of BER and network trans-

mission capacity for the estimated data of smart cities.

e To further enhance the reconfigurability of SDN controller for designed optical network,
three novel algorithms are proposed that efficiently utilize network resources and route
the smart city traffic accordingly, rendering the entire network as an EON. The results
of the proposed system are taken in terms of BER, Quality factor, timing diagrams,
received power, link budget etc. and their 2-way correlation is derived with the design

parameters of the network.

e This type of optical network is designed to provide maximum network freedom by flex-
ibly selecting functionalities while preserving a substantial network configuration cost

and promoting network innovation at the same time.

This research work helpsleads to expand the dimensions of optical technologies essential for

designing of smart city communication framework. Through this research, significant efforts
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have been made to enhance the tranmission capapcity of optical fiber by designing MCF with
high SDM. Another important significance of this study is the design and analysis of a novel
SDN controlled dynamically reconfigurable TDM-DWDM based elastic optical network for

smart cities.

1.6 Thesis Organization

Chapter 2 provides a detailed study of the existing state-of-the-art of the various ICT tech-
niques available in the literature and are required in designing of smart cities communication
network. The chapter also discusses about the need of optical technologies in of designing
smart citiy networks along with their merits and demerits at different levels. It helped to out-
line research gaps in the concerned area. On the basis of the research gaps the final research

objectives are defined which are addressed in the thesis later.

Chapter 3 introduces the designing of MCF for high-density SDM according to the defined
objectiv. Two types of MCFs are designed one is a 21-core homogeneous MCF structure
with three different types of core placement layouts (1-Ring, 2-Ring, and Square Lattice) to
densely pack the cores with a minimum cladding diameter with two different RI profiles (SI
and TA) [27]. Another designed explained in the chapter is of MCF with and 37 TA and air-
hole-assisted cores. The air-hole pairs and triplets are placed between adjacent TA cores to
further suppress modal field overlap which will reduce ICXT. The impact of important design
parameters, such as transmission distance, bending radius, operating wavelength, and core
diameter on ICXT for all the design structures for both the RI profiles and air-hole arrangement
are numerically analyzed. Furthermore, other transmission characteristics, such as group delay
and dispersion concerning wavelength, are also analyzed for the above-stated design structures

[28].

Chapter S presents the design of a novel SDN controlled dynamically reconfigurable TDM-
DWDM-based EON for smart cities, which will maximize the utilization of network resources
and makes it energy efficient. An EON model for four primary and four secondary applica-
tions of the smart city using practical data rates has been proposed. To enhance the decision-
making of SDN controllers, Three algorithms i.e. Inter-Application Wavelength Redirection
(IAWR) with ROADM, Dynamic Load Balancing (DLB), and Bandwidth Selection with Re-
source Allocation (BSRA) depending upon the different bandwidth requirements of primary

and secondary applications are proposed. The proposed algorithms are intended to improve
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network efficiency and make it energy efficient as they will sense the free bandwidth of pri-
mary applications and assigns them to secondary applications accordingly. The proposed SDN
controller is smart enough to route the traffic through that algorithm which optimally utilizes
the network resources. The performance of the designed EON for a smart city is analyzed for
different performance parameters like user satisfaction rate, timing diagrams, eye diagrams,
BER, and quality factor. The chapter concludes that the proposed algorithms utilize the net-

work resources in the best possible way by keeping the quality of service under control.

Chapter 4 explains the design of CC with a CR-based wireless channel model, developed to
wirelessly collect the smart city sensor node’s data. The channel model stated in this chapter
is designed in a way that it efficiently utilizes the bandwidth while collecting the data of every
application of smart city and sending it over to an optical router. This collected data at the
optical router is further transmitted through a designed MIMO-based optical network. MIMO
is applied to enhance the reliability of the proposed optical network for smart cities. After that,
network performance parameters are measured to justify the compatibility of the network with

the next-generation communication demand of smart cities [29].

Chapter 6 highlights the important conclusions drawn from these research objectives and

gives the details of future scope of work
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Chapter 2

Literature Review

2.1 Introduction

This chapter reviewed the existing state of the art for the design and analysis of efficient op-
tical networks and its advancement over the conventional network to handle the continuously
increasing transmission capacity demand. The literature has been surveyed with the objective

of further scope and applications. The literature study has been broadly grouped as

e Introduction to Smart Cities

Role of Communication Technologies in Smart Cities.

Multi-Core Fiber

Dynamically Reconfigurable Time-Dense Wavelength Divison Multiplexed (TDWDM)

networks

Software Defined Optical Networks (SDON)

2.2 Introduction to Smart Cities

According to the projections, about 70% of the world’s future population is expected to live
in cities by 2050 [30]. Which will create an unprecedented level of pressure on the available
resources of the city. Therefore, there is a need to optimize city resources while improving
the quality of life for citizens by using smart technologies. A smart city is an innovative

urban strategy that makes use of modern technology to lessen the impact that a city has on
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its surrounding environment and to improve the quality of life for its residents. Future smart
city applications facilitate the businesses to remodel their way of operation and prosper in a
globally connected digital economy. One such enthusiastic future project is smart city, which
is accepted at global level to make resident’s life more comfortable and easy [31], [32]]. Smart
city supports ubiquitous connectivity to unweil the untapped benefits of safety, mobility, and
digital transformation. This requires a wireline-to-wireless network convergence. The key

requirements of smart cities are stated as:

e Latency of 1 millisecond

Bandwidth of 1000x per unit area

100x increase in number of connected devices

Supporting 99.999% availability with 100% coverage

Up to 90% energy usage reduction in network

Large battery life for machine-type devices

2.3 Need of Information and Communication Technologies

in Smart City

Smart city is a concept which controls each and every aspect of the city from electrical
grids to traffic management and generates huge amount of data. The authors in [33] presented
the basic characteristics and applications of a smart city as shown in Fig. To manage
the ever-increasing population in the cities, infrastructure in the cities must be upgraded and
managed. ICT is the fundamental enabler in the smart city and acts as a foundational plat-
form upon which the different smart services can operate efficiently and optimally. Authors
in [34], [35] have mentioned key enabling technologies with their fundamental principals and
concepts which are required in designing the major smart city sub-systems. The authors have
also explained the latest research available in the area of smart cities with the help of examples
and case studies.

In [36], the authors have discussed the role of ICT in the development of smart cities by provid-
ing services, developing policies, and governance to the masses. Specifically, seven domains
of smart city have been identified by the authors required in urbanization and realization of a
smart city and discussed how these domains can be interlinked to provide a seamlessly con-

nected infrastructure necessary for the smart city. The authors reviewed the literature in [37]
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Figure 2.1: Smart City Applications.

to explain the concept of “Smart” in “Smart Cities”. They have listed and reviewed differ-
ent matrices supporting the smartness concept of a smart city and mentioned the differences,
similarities, and features of a smart city based on these matrices. A pictorial evolution of role

of ICT in smart cities has been illustrated in Fig. In , the author has explained the
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Figure 2.2: Evolution of Smart Cities.

role of big data generated by various components of a smart city and concluded that each type
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of data either data collected over a longer period or shorter period both are important for the
dynamism of a smart city. In [39], authors have developed a framework based on the IoT,
essentially required in the development of smart cities. The developed framework includes
different entities and aspects of smart cities like networking, security, cyber security, sensors,

governance, and infrastructure.

2.3.1 Role of Optical Communication in Smart Cities

Researchers are continuously working on different aspects of smart cities, in [40|], an impor-
tant application of smart city i.e. smart agriculture has been discussed by the authors. Like-
wise in [41], |[42] two other major applications smart energy, smart water, and sanitation have
been thoroughly discussed and their design requirements have also been explained in detail.
In [43]], |44] authors have reviewed different types of digital and communication technologies
required in designing smart city applications at ground level. For better understanding, the
authors have stated the designing process also. The researchers in [45] reviewed the concept
of smart cities and presented a roadmap for sustainable smart cities. The paper describes every
enabling technology required in designing smart cities like cloud computing, IoT, big data,
5G, and optical communication. The technical and socio-economical challenges associated
with smart cities have also been explained in this research [46].

Research says that there is a need to plan a smart city with a reliable communication infras-
tructure that can support stringent network requirements, which is not possible without optical
communication. Optical communication is currently the main means for high-rate transmis-
sion in communication networks while supporting the required bandwidth and requirements
that are expected to be imposed on the front-haul network to support the smart city vision.
Optical communication is one of the best communication technology that can perfectly ac-
commodate the present and future requirements of smart city applications. As it provides
huge bandwidth with minimal latency for real-time data analysis. Ultimately, delivering a
remarkable interconnectivity with huge convergence in smart cities [47]. Future smart city
applications facilitate businesses to remodel their way of operation and prosper in a globally
connected digital economy. One such enthusiastic future project is a smart city, which is ac-
cepted at the global level to make resident’s life more comfortable and easy [31], [32]. Smart
city supports ubiquitous connectivity to unveil the untapped benefits of safety, mobility, and

digital transformation. This requires a wireline-to-wireless network convergence.
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2.4 Optical Technologies Supporting Smart Cities

Smart city supports machine-to-machine communication which generates data in exponen-
tial form and requires advanced optical network technologies [48], [49]. This chapter discusses
the state of the art of the available optical technologies, employed to enhance the channel ca-

pacity and optical fiber efficiency like SDM, TDM, WDM, and SDN as shown in Fig. [2.3]

Designed MCF
SDM
Combined TDM with DWDM
TDWDM
Designed SDN Controller for
EON TDWDM

Figure 2.3: Optical Technologies used in designing of Smart City Network.

2.4.1 Role of Multi Core Fiber in Smart Cities

To handle the capacity crunch in smart cities, there is a need to expand the per cross-sectional
area capacity of the fiber termed spatial capacity. SDM has been proposed as a best-suited
technology to overcome the capacity saturation issues of conventional single mode-single core
fibers (SM-SCFs) [50]. SDM provides the flexibility to transmit several different signals si-
multaneously through multiple spatial paths in cost-effective ways [51] and MCF is the best
way to introduce these multiple spatial paths into a fiber. As in MCF, multiple cores with ade-
quately low core-to-core crosstalk placed inside a single cladding enabling a record capacity of
1Pb/s [52]. Therefore, through this thesis, MCFs have been presented as a future long-distance
transmission media with huge transmission bandwidth for a smart city.

One of the essential requirements in MCF is the number of spatial channels it can support
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simultaneously. While maximizing the core density in MCFs certain design parameters need
to be taken care of like propagation constant, effective refractive index, coupling coefficient,
cladding, and core diameter, bending radius [53]. It has been realized that a decrease in bend-
ing radius for the same cladding diameter increases the failure probability drastically [54]. To
confine the mode transmission within the core, the core-to-core distance should be sufficiently
large termed an uncoupled MCEF. Likewise, in coupled MCF the cores are placed close enough
to produce coupling between their modes. To maintain a trade-off between ICXT and spatial
density in MCF, the number of cores, the core-to-core distance, and the structural positioning
of cores inside cladding need to be decided considering the cladding diameter and target ICXT
level [55]], [56]. Uncoupled MCEF favors having a thicker glass cladding to pack the cores with
suppressed ICXT. Although, the thicker cladding deteriorates mechanical reliability. While in
coupled MCF number of cores can be packed within the standard 125um cladding diameter
with well-proven reliability in the field for many years [57]. Thus, Coupled MCF supports
higher spatial channel density in comparison to uncoupled MCF for the same cladding diame-
ter 58], [59].

Methods to enhance the transmission capacity of each fiber have also been studied extensively
in [60], [61]. Researchers in [62] suggested that the maximum acceptable CD is 230 pm
to obtain a failure probability of 1% over 20 years, assuming a minimum bending radius of
60 mm and 200 turns. In [63]], an MCF with seven similar trench-assisted (TA) pure silica
cores were arranged in a hexagonal manner, and the crosstalk and attenuation values achieved
were the lowest for the seven-core MCF. In [[64], more than seven cores were arranged in the
form of a one-ring structure, and its performance was theoretically analyzed. They further
concluded that this single-ring structure is better than the hexagonal close-packed structure
with a crosstalk of —40dB. To suppress the unnecessary modes of propagation with high core
multiplicity, an air-hole structure was proposed in [65]. The authors in [66] designed a seven-
core MCF with different-diameter air holes in which the air holes with large diameters are
surrounded by multiple small air holes leaving the junction in between and forming a trench-
like structure over SI and RI cores with air holes. In [67], to suppress ICXT, a conventional
seven-core arrangement few-mode fiber was designed in which each core was wrapped with a
low RI trench embedded with air holes. The authors used a pure silica substrate for the fiber,
and the cores were doped with SiO; and GeO,. A heterogeneous 12 core with 4-L P modes
was designed in [68] with an air-trench-assisted graded-index fiber. Statistics mentioned in
Table|2.1|shows the variation of ICXT with the number of cores in MCF. Literature shows that
different types of MCF have been proposed by many researchers with total number of cores

varying from 7 to 19 placed in CD of 150-250um. Therefore, to maintain the trade-off rela-
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Table 2.1: Characteristics of Reported and Designed MCFs

Number of | CD(um) CT(um) Crosstalk Reference
cores (dB/100
km)
7 150 45 -30 [63]
10 204 43 -23 [54]
12 200 35 -50 [64]
19 250 40 -35 [15]
19 220 35 -36.8 [78]
19 165 35 -40 [79]
7 150 35 -52.98 [66]
7 150 35 -66 [67]
12 200 35 -66 [68]
21 200 35 -20 Proposed(SI)
21 200 35 -60 Proposed(TA)
21 200 35 -70 Proposed(Air-
Core)

tionship between low crosstalk and high space multiplicity, there is a need to carefully select
the maximum number of cores and their arrangement within a limited cladding diameter based
on the acceptable ICXT level and upper cladding size.

Employing the air holes between the cores is also an attractive technique for reducing the
crosstalk as air-holes creates a wall between cores. MCF with air-hole assisted fibers have
been proposed to suppress the ICXT at least -20dB in comparison to MCFs without air-
holes [126], [127]. In [65], the authors introduced a MCF structure that suppressed unwanted
modes and reduced crosstalk to levels below -62dB. The authors in [129] showed that ICXT
can be further reduced by incorporating air holes between the cores with a trench profiles.
In [72] the authors have illustrated the effect of air holes on crosstalk for a 19-core arranged
in different rings and square lattice of 165um cladding MCF. They showed that crosstalk can
be reduces by 20dB even after adding a single air hole. In [73], the authors have successfully
suppressed the crosstalk by -40dB and -60dB for LP;; and L Fy, respectively. The authors
in [76] have achieved low crosstalk by surrounding each trench assisted core of a 7-core MCF
in 192um CD with six air holes. In [77], the authors have proposed a 6-core fiber within
a 125um cladding employing air hole-assisted structure. They maintained a crosstalk lower
than -30dB over 100km fiber.

Researchers in the literature showed that increasing the number of cores result in extremely
high crosstalk as adjacent cores will almost touch each other limiting the fiber core density.

Moreover, there is a need to add air holes between cores to minimize crosstalk, which also
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limits the core density in the MCF. A summary of MCF designs with air holes in the literature

is illustrated in Table[2.2] The available theoretical and experimental MCFs as presented above

Table 2.2: Characteristics of Reported and Designed MCFs for Various Core-Air-Hole Ar-
rangement

No. of | CD(um) Core-Air-Hole Arrangement | ICXT(dB) | Reference
Cores

12 200 Air-trench cores -55 to 60 [[170]

19 200 12 Air-holes on each core -60 [181]]

70 200 6 Air-holes on each core -46 [152]

07 175 Air-Trench cores -50 [182]]

06 125 6 Air-holes on each core -55.5 [1127]]

07 192 6 Air-holes on each core -60 [173]

07 125 6 Air-holes on each core -45 [174]

19 250 1 Air-hole between each core | -20 [[75]

31 200 Triangle lattice -25 Proposed
37 200 Hexagon lattice -70 Proposed

prove that placing air holes between cores is an effective and reliable approach to reducing the
ICXT.

Therefore, in this thesis, novel 31- and 37- core trench-assisted and air-hole-assisted MCFs are
designed. The cores are placed in a hexagon or triangle lattice structure. Also, each core in
the structure is surrounded by air holes placed in different ways to suppress crosstalk between
the neighboring cores. The design of the air-hole-assisted MCFs is adjusted to accommodate
a maximum number of cores with minimum crosstalk within 200pm CD.

It is also evident from the literature that currently available optical technologies with fixed
spectrum allocation will not be capable to fulfill the rigid and huge demands of smart cities.
That is reason that migration to the flexible concept is the subject of extensive research in re-
cent years. Therefore, along with increasing the spatial density of optical fiber, there is a need

to design reconfigurable optical networks for smart cities.

2.4.2 Dynamically Reconfigurable Optical Networks

Optical networks are the only viable solution that can enable this scalability to handle the
massive capacity demand of smart cities while easily incorporating the changes in applica-
tions. [177]. Optical networks ensure seamless connectivity to end-user. In respect of that,
optical networks have vast available research. Firstly, WDM optical networks have been de-
signed for high data rates [81]. In WDM, each user is assigned a specific wavelength for
their data transmission [82]. WDM is divided into Dense WDM (DWDM) and Coarse WDM
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(CWDM), depending on the channel spacing. CWDM generally carries only eight wave-
lengths with a channel spacing of 20 nm while DWDM can carry up to 160 wavelengths with
a channel spacing of 0.8/0.4 nm (100 GHz/50 GHz grid). The authors also explain the different
types of approaches for the implementation of WDM in optical networks. For data transmis-
sion over long distances, DWDM is exploited to provide high capacity. A lot of work has been
done to further nurture the WDM, like in [83], phase modulator scheme for the modulation of
upstream data in the bidirectional WDM-PON system has been studied and simulation results
have been carried out for two data formats RZ and NRZ for different optical fiber length. An-
other optical technology used in smart cities is time division multiplexing (TDM) technology
offers the sharing of the same bandwidth among multiple users on the same wavelength based
on specified time assignment as discussed in [84]. [85] states that TDM technology has been
widely used in designing optical networks as its cost efficient. On the other hand, it’s not
secure enough as it offers shared infrastructure. In [86] authors have made successful efforts
to reduce the latency of TDM in mobile fronthaul networks for high bandwidth applications.
The multiplexing of time with wavelength was another benchmark development to further en-
hance the optical network capacity. TDM-WDM-based passive Optical Networks (PON) [173]
were considered as the next-generation fiber access (FTTx) technology [175], providing an
upgrade path for the current Gigabit Passive Optical Network (GPON) for ultra-broadband
services |176]. Vast research is available for TWDM-based optical networks. [90] explains the
role of TWDM in designing next-generation optical networks to handle high-speed transmis-
sion demands. In [91] authors have designed a long-reach optical network using the TWDM
technique. [92] describes in detail the challenges and opportunities faced while designing op-
tical networks by the TWDM technique.

There has been a continuous evolution in the domain of optical networks to meet the expecta-
tions of next-generation applications. An optical network is the only core network that carries
the competence level of supporting numerous smart city applications like FTTx and real-time
monitoring. Optical access networks are becoming ultra-broadband to provide the first fiber
connections to the end users [93]- [95]]. PON is a type of point-to-multipoint optical access net-
work system with the advantage of high fiber efficiency. A typical PON consists of an optical
line terminal (OLT) at the central office, an optical distribution network (ODN) with passive
power or wavelength splitters, and optical network units (ONUs) at subscriber’s locations. A
large number of cloud data centers have been deployed all over in metropolitan areas, resulting
in significant traffic growth [96]. Channels supporting long-haul transmission with ultrahigh
spectral efficiency and wavelength of terabit/second super channels [97], are required in smart

cities as their backbone networks.
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In [98] key technologies for PON based on TWDM have been analyzed along with the tech-
niques to improve power budget and bandwidth capacity. [99] explains the different possible
solutions for the next-generation access networks and has also discussed the major technical
challenges in implementing the WDM networks.

Many bandwidth allocation algorithms have also been developed by different researchers
in [[100] a novel algorithm to allocate wavelength and bandwidth has been proposed that can
minimize the number of active wavelength channels considering the high burntness and delay
requirement of fronthaul data transmission. Reference [101] shows the designing of a sleep-
aware DWBA scheme for TWDM-PON for CSM mode. The main feature of this scheme is
that it will allow the bandwidth only to active ONUs, which minimizes the bandwidth waste
and the bandwidth lost at the ONU end. Designing the energy-efficient optical network was the
next level of achievment in this area. Therefore, in [[102] designing of energy-efficient flexible
hybrid WDM-TDM-based optical networks have been discussed and the analysis shows that
the designed system performs better in term of traffic load supported by the system.

The hybrid WDM/TDM PON architecture with ring-star topology was proposed in [103] with
Photonic Networking Research Lab (PNRL) researchers. The focus was to upgrade the DWA
/ DBA and the migration of TDM PON to dense WDM PON with advanced WDM techniques
for the FTTH applications. The above new novel approach was attempted in 2004 by the PNRL
researchers for the PON network and called Hybrid WDM/TDM-PON or SUCCESS-HPON.
This architecture is meant for the smooth migration from TDM PON to dense WDM PON.
Again the PNRL research team has analyzed various scheduling algorithms including batch
scheduling algorithms using OMNET++ testbed and measured the end-to-end delay, through-
put, and average packet delay for both downstream and upstream transmission for 10Gbps line
rate. In [104]], emerging optical access network technologies with high capacity, low latency,
and low cost and power per bit have been reviewed. Advances in high-capacity passive optical
networks (PONs), such as 100 Gbit/s PON, have also been reviewed.

Many groups of researchers including the PNRL group proposed many demonstrations for hy-
brid WDM/TDM PON for the line rate 2.5Gbps to 10Gbps with SMF distance 30km and above
have been studied in [105]. This section outlines three major proposals which were given by
three different groups of researchers in the year 2005. One group of researchers analyzed the
unicast and multicast data using the free spectral range periodicity of two cascaded AWG in
hybrid WDM/TDM PON for the line rate 2.5Gbps. It was suggested that the topology was
having the features of security, and suitability of tunable laser and fixed laser for unicast and
multicast respectively. The second group of researchers identified and proposed a novelty of

SUCCESS PON, to operate the DWA scheme. Also, it has been suggested as a powerful ar-
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chitecture for NGA optical networks in terms of cost, scalability, and performance in [106]. In
2007, the proposed lower-cost maintenance self-protection scheme describes the usage of op-
tical components AWG, WDM coupler, and optical splitter at OLT, RN, and ONUs of hybrid
WDM /TDM PON. The study has been made for 16 ONUs in [[107] and found out the power
budget is 23 dB for downstream and 11.2dB for upstream respectively. In addition, a scheme
has been proposed in [108] for HDTV/Gigabit/ CATV applications with bidirectional hybrid
dense WDM PON. In this architecture four Vertical-Cavity Surface Emitting Lasers (VCSEL)
and DFB laser were operated with a 1550nm wavelength range to carry the bit rate 1.25Gbps
in bidirectional for the SMF distance 40km with Ethernet link, and finally supported 129 and
77 channels for HDTV and CATV respectively. The obtained results have proven the better
BER 10-9 received optical power within the range -28 to -26.2dBm and controlled the power
penalty improvements without using the AWG component in the hybrid dense WDM / TDM
PON system. The author has designed an innovative hybrid system but the value of BER in
this research is quite low, which needs to further enhance.

Authors in [109] reviewed the PON and concluded that they are the most extensive type of
fiber-based optical network in the whole world. The authors also stated current and future
generation PON technologies and techniques like G-PON and E-PON used to implement the
PON architectures. These developed PON have wavelength and speed restrictions.

Extended hybrid PON architecture which has been proposed in [[110] by Bouda et al., shared a
wavelength similar to GPON using colorless ONT. It supports 128 users with four 1x32 PONs
over an SMF distance of 60km and shared 40Gbps in downstream transmission using Course
WDM (CWDM) and Medium-Dense WDM (MDWDM) filters. The obtained results were
compared with the GPON module over the distance transmission of 80km and given better
result improvement in BER 10-15 and received signal power in the range of -29 to -28dBm.
Applications consuming huge bandwidth like 4K/8K HD TV have been encouraging optical
access networks to expand continuously. Therefore, several PON systems like GPON and
EPON have been standardized by IEEE. Likewise, 40Gbit/s TWDM has been standardized
by the Full-Service Access Network [[111]], [112]. In continuation to that IEEE has also initi-
ated the 100G-EPON task force intending to accomplish a per-channel data rate of at least 25
Gbits/s [[113]. Recently, with the help of 10G optics, a flexible PON delivering adaptive data
rates between 25 and 40 Gbits/s, respectively, supporting link loss budgets of 30 and 21.5 dB,
has been demonstrated in [116].

Paola Iovanna et al. in [117] presents an optical transport architecture that can serve as both
backhaul and fronthaul, to convey radio traffic on the same optical infrastructure. This paper

defines an Xhaul concept that can unify and enhance the traditional backhaul and fronthaul
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segments by enabling a flexible deployment and the reconfiguration of network elements and
networking functions. In this paper, Xhaul sets connectivity services through the implementa-
tion of a control plane that provides a unified network model, supporting different underlying
data planes and protocol split schemes. Several implementations are possible for a Xhaul net-
work. Xhaul solution is based on DWDM fiber rings connecting a central hub to remote nodes
where radio and wireline clients are connected. Xhaul has been enabled by a new type of
photonic device having a deep integration of optical functions on a single chip and presenting
cost, footprint, and power consumption adequate for the target network segment.

In [118], Naoki Suzuki et al. have reviewed the recent progress of the latest 100 Gb/s to 1
Tb/s class coherent PON technology for forthcoming 5G and B5G era mobile front-haul and
mobile backhaul access networks. As the key success factor for realizing 100 Gb/s to 1 Tb/s
based coherent PON systems, the latest technology trend of digital signal processors large-
scale integration (DSP-LSI) and its accompanying embedded coherent transceiver have been
summarized from the point of view of reducing the power consumption and miniaturizing the
form-factor. To highlight the strong progress with higher-speed coherent PON systems, the au-
thor has first demonstrated a 100 Gb/s/\ 8* 8 wavelengths (800 Gb/s for each direction) based
real-time wavelength division multiplexing (WDM)-PON system using a simplified DSP suit-
able for PONs with access spans of less than 80 km [114] is presented. Furthermore, a 100
Gb/s/ )\ based time division multiplexing (TDM)-PON system with a fast burst-mode preamble
length of 816 ns using our pilot-aided equalization technique is also presented, addressing the
technical issue of burst-mode coherent reception [119], which will be one of the major prob-
lems for the implementation of coherent PON systems that are to co-exist with existing PON
systems.

To support 5G applications, the author in [120] have mentioned the concept of converged ac-
cess networks that is integrating wireless and optical network through a two-stage optimization
framework resulting in an optimal mix of wireless and optical transport network technologies.
In[121], [151] TWDM PON-based long-reach wavelength-routed architecture termed LRWR-
PON had been developed and evaluated. The designed system implemented commercial im-
plementation supporting up to 768 users per fiber strand for a transmission distance of 50 km.
The designed LRWR-PON consists of eight additional point-to-point wavelengths on each
fiber to support wireless sites and/or high-speed dedicated bandwidth applications, greatly
simplifying converged network designs. The analysis shows the simplification of the civil
construction enabled by LRWR-PON greatly outweighs the increased optical component com-
plexity.

In [122], a high-bandwidth-efficiency and low-processing-latency mobile fronthaul architec-
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ture based on physical layer functional split and TDM-PON with a unified mobile scheduler,
refer to as Mobile-PON has been developed. The investigation shows that the use of a unified
mobile scheduler eliminates the need for conventional PON scheduling. Through simulations,
authors have shown that fronthaul bandwidth efficiency can be increased 10-fold with no addi-
tional processing latency for PON scheduling. But authors have mainly focused on the uplink
since most of the challenging issues are only for uplink but do not exist for downlink.

The standard TDM and WDM bandwidth allocation algorithms are static in nature and have
greater latency, which directly affects the processing time. While, smart city implies a real
time dynamic traffic environment with traffic demands ranging from low to high bandwidth,
therefore, unavailability of the bandwidth will block the real time demands of end users in
smart cities. Hence, The fixed routing and spectrum allocation act as a constraint in smart
cities.

This augmenting expectations of end-user and the technological breakthroughs have created
unparalleled pressure and complexity on network providers. In light of that many authors are
working hard to make available optical networks dynamically reconfigurable. The authors
in [123]] have theoretically developed a routing power model for optical networks, numer-
ical simulations have also been performed to explore the impact of dynamic traffic on the
wavelength-routing capability of ROADMs. Authors in |124] have designed ROADM-based
DWDM optical networks and have analyzed the performance of the system in terms of BER,
OSNR, and Q-factor. These networks are as good as the hardware that controlled them.
Research suggests that an automated network is the only solution that can tackle the increasing
network pressure and complexity. A comprehensive summary in [26], summarizes different
time and frequency allocation techniques used to enhance the flexibility and capacity of TDM-
based optical networks. It also describes the various suitable techniques to encounter the
problems associated with the TDM technique.

In [131] authors have proposed an effective dynamic bandwidth allocation algorithm for uplink
data transmission. For dynamic allocation of wavelength and slot, a controller is designed with
a unique optical dynamic bandwidth management strategy. The simulation compares the pro-
posed algorithm with the interleaved polling with the adaptive cycle time algorithm. Therefore,
there is a need to design a communication framework using optical networks and algorithms
that can efficiently utilize the network resources and can route the traffic accordingly to handle
the smart city data with better quality of service. Taking the broader view Elastic Optical Net-
works (EON) is the solution that utilizes a combination of intelligence, software control and
automation, and a programmable infrastructure through SDN. EON offers a range of benefits

over static optical networks as described in Fig.
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As SDN can programmatically (re)configure and dynamically optimizes the use of the net-

Elastic Optical Network
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Figure 2.4: Advantages of Elastic Optical Networks.

work resources based on the requirement. SDN is the most preferable technique used in de-
signing dynamic optical networks as it decouples the hardware part of the network from soft-
ware, which gives the flexibility to introduce innovative, differentiated new services quickly
with previously unimagined constraints and provides a holistic view of the network. SDN
centrally controls the whole network and gives freedom to network designers to have a global
view of the entire network, allowing them to be programmed from a remote console which
makes the network much more flexible than before and also makes the structure of data plane
devices simpler, even easier to manufacture, which in turn leads to a low-cost solution. There-
fore, in have designed an SDN-ROADM based DWDM optical network in which an
OpenFlow switch is used as the control part for ideal optical switches in the banyan architec-
ture switch of ROADM and the result shows that the received signal of the DWDM network
shows better results in terms of BER and Q-factor in comparison with other optical networks.

Comparative performance analysis of different types of algorithms operating in the control
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plane of the three varied architectures in which one is Physically Distributed, the second is
Logically Distributed, and the third is Physically Centralized has been done in [127]. The
designed system has been analyzed in terms of latency and the corresponding results were
supported by valid mathematical analysis. Various algorithms for SDON have also been de-
veloped by several researchers like in [[128], a multi-dimensional resource allocation algorithm
for software-defined TWDM/OFDMA-based PON access network have been developed which
have successfully increased the network throughput and user satisfaction rate by 30% during
peak traffic hours in comparison to fixed allocation. Using optical networks in smart cities is
a challenging task due to its energy consumption, operational expenditure (OPEX), communi-
cation latency between different users, reliability of service, etc., despite all these challenges
researchers are working hard to implement the WDM-PON networks in the smart cities. Like
in, [129] a design of ring-based latency aware and energy-efficient hybrid WDM TDM-PON
for smart cities in which ODN has the capability of interconnection. The result shows that
the proposed WDM TDM-PON has efficiently reduced the transmission latency, operational
expenditure, and energy consumption by establishing the interconnection with the ODN and
avoiding the transmission through OLT every time. Likewise in [170]] a smart hospital network
architecture using a hybrid next-generation optical network for smart cities based on visible
light communication has been designed and the result shows that a 2.5Gbps per channel in-
formation rate has been achieved for serving 53 users in the hospital scenarios. This system
provides a novel solution for connecting medicine and patients through wired and wireless
channels in hospitals. But these network architectures are not designed for the smart city as
they can’t allocate/reroute the network resources as per the requirement of the user in the smart
city.

Literature suggests that static optical network has been used for many years but it has also
resulted in a situation where all the available bandwidth has been assigned to the primary ap-
plication and there is no scope for secondary application. On the other hand, it is shown that
bandwidth is underutilized by many primary applications. This bandwidth scarcity problem
has land us to use the bandwidth efficiently.

In [132] authors described the access network challenges like on-demand modifications in traf-
fic transmission policies and software, that can be handled by SDN only. The research paper
also listed the research progress for SDN-based optical networks. The authors in [133] had
reviewed the challenges faced by the high bandwidthlow latency SDN based back-haul optical
networks designed high-bandwidth back-hauling networks required for integrating SG with
SDON. A related overview of general SDON based on different physical transmission media,

including copper digital subscriber line [[134] and PONSs, has been presented in [135]. Au-

29



thors in [[136] had surveyed the used cases for SDN-controlled broadband access networks for
various features like dynamic reconfigurability for bandwidth and cost. The authors in [[137]]
reviewed the main problems encountered while implementing the SDN in optical and wireless
access networks. Although our focus is on optical networks, for completeness we note that
for the field of wireless and mobile networks, SDN-based networking mechanisms have been
surveyed in [138]]- [[143]] while network virtualization has been surveyed in [144] for general
wireless networks and in [145], [144] for wireless sensor networks. SDN and virtualization
strategies for LTE wireless cellular networks have been surveyed in [145]. SDN-based 5G
wireless network developments for mobile networks have been outlined in [146]- [[150].

There is vast literature available for optical networks, but there is a requirement for a dynamic

optical network system that can satisfy the requirements of future smart cities.

2.5 Summary

In this chapter, the applications of recent optical technologies required in designing smart
cities are studied. It has been observed that optical technologies have vast research in every
domain. Table[2.3|shows the summarised literature review with the research gap for the main
contributed papers. Literature shows that there have been several research and investigation
going to enhance the transmission capacity of present optical fiber through SDM and it is
found that multi-core fibers are the most studied technology to multi-fold the channel capacity.
Due to the limitation of the cladding diameter of MCFs related to their mechanical reliability,
the number of cores as well as the core arrangement have to be carefully determined based
on the required transmission capacity. On the basis of these parameters, number of MCFs
have been reviwed in this chapter. Literature suggests that to get closer to the aspirational
goals of smart cities, there is a need to design network systems with the help of emerging
technologies like MCF and SDN. Researchers are working in the area of designing SDN-
based optical networks which can dynamically reconfigure the network resources according to
their requirement. Many SDN algorithms have been designed in the literature to make optical
networks as elastic optical networks. Therefore, a need was felt to design such type of optical
networks for smart cities too. In chapter 3 different types of MCFs have been designed with
ultra-low inter core crosstalk. A SDN controlled dynamically reconfigurable TDM-DWDM
based ealstic optical networks for smart cities have been designed in the chapter 4. In next
chapter 5, both the designed optical technologies have been merged to design a MIMO based

optical network using MCF.
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Table 2.3: Literature Surveyed based on Objectives and Research Gap

Ref. | Design Design Parameters Results Form Research Gap
Name

[152] | Low- 10Gbps, Uplink | PON as a poten- | Has reviewed only non-
Latency Bandwidth-10MHz, tial candidate for | dynamic and non- elas-
TDM-PON | Frame duration-10ms, | 5G tic optical networks

Bandwidth/Resource
Block-180kHz, Re-
source Block/ Time-
Slot-50RB/0.5 ms

[153] | Wavelength-| GPON, 768 TDM user | Insertion Loss Vs | Low link length, Used
Routed per fiber strand includ- | Wavelength, Cen- | single mode fiber only,
TWDM ing PtP, business, resi- | tral wavelength | High channel spacing
PON dential connections for | Vs Channel No.

50Km with 64 power | and Tempera-

split at 10Gbps speed ture, Normalized
Output Power Vs
Wavelength

[154] | PON  for | Time-division multiple | PON as a poten- | Has reviewed only non-

5G access,  Wavelength- | tial candidate for | dynamic and non- elas-
division multiple | 5G tic optical networks
access, network layer
implementation, optical
access technologies for
5G

[155]] | SDN in | TDM-DWDM  PON, | BER Vs ODN | Used single mode fiber,
Converged | SDN, Residential-10G | loss(dB), Power | Results are shown for
5G/ Optical | PON, Business-100G | Vs Time(p | 20Km link length only,
Access P2P wavelength chan- | s) , BER Vs | Low channel -capac-
Networks nel, 100km, 512 or | P2P(dB), Time | ity, Basic modulation

1024 users with reach | Vs Event Number | scheme
of 20km,BER< e~12

Fronthaul channel

operate error free in

both  direction for

ODN loss upto 28dB,

SDN implemented for

dynamic  wavelength

allocation,

[[156] | Software Distributed optical | Algorithms are | Very low link length,
defined packet Switching | designed to | Single mode fiber used,
optical through OpenFlow | achieve the de- | Low bandwidth
networks Agent, Virtual optical | sired parameters

network managed | in java subscript
by different SDN | to enable SDN
controllers controller
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Chapter 3

Design and Performance Analysis of Multi

Core Fibers for Smart Cities

3.1 Introduction

MCFs have emerged as an effective and promising technology to handle the ever-increasing
capacity demand of smart cities and have also become the primary focus of researchers. Ef-
forts have been made in research to design a MCFs that can maximize the capacity and pro-
vide low ICXT. In this chapter, the state-of-the-art of MCFs as a future large-capacity long-
distance transmission media for smart cities is presented. Firstly, core density in MCFs is dis-
cussed starting with placing two heterogeneous cores and then extending up to 37 cores. Next,
crosstalk estimation and crosstalk suppression techniques in MCFs are described. To maintain
the trade-off relationship between low crosstalk and high space multiplicity, precisely selected
the maximum number of cores i.e. 37, and their arrangement within a limited CD based on the
acceptable ICXT level and CD. During the process, the reduction in crosstalk through the TA-
RI profile in comparison with the SI profile is investigated and studied. One another approach
i.e. placement of air holes is also investigated to reduce the ICXT to an ultra-low level with

enhanced core multiplicity.

3.2 Design and Analysis of Multi Core Fiber

The main contribution of this chapter is:
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3.3

A 2 core uncoupled heterogeneous MCEF structure has been designed for four different
core, cladding and trench radius by suitably optimizing the parameters to achieve the

minimum value of crosstalk.

To further improve the structure, TA cores are arranged in different positions which

suppress the crosstalk to ultra-low crosstalk (ULXT).

For high space multiplicity, 21 cores are placed in three different structures to efficiently
utilize the cladding space to accommodate a greater number of cores with in a limited
CD of 200um. All the structures are analyzed to obtain the optimum value of the core

pitch to achieve the minimum crosstalk level.

After this, two MCFs structures with 31 and 37 trench-assisted and air-hole-assisted
cores with reduced ICXT are designed. The air-hole pairs and triplets are placed between

adjacent trench-assisted cores in order to further suppress modal field overlap.

The ICXT analysis of the 31 core design underlines the significance of enclosing the
outer cores with the air-hole structure. The effect of core pitch on the ICXT is also
investigated. Placing the low-index air-hole shield closer to the trench enhances the

modal confinement within relatively large trench-assisted core structures.

Subsequently, to eliminate the maximum crosstalk possibility space, air holes are placed
in an optimized way in MCF with 37 cores so that the mechanical strength of the optical
fiber remains unaffected, and the minimum crosstalk value can be achieved despite the

abundant TA cores in a limited cladding diameter.

Inter-Core Crosstalk of Multi Core Fibers

In MCE, each core has the capability to be used as an individual waveguide having ade-

quately low interference level with adjacent cores. When a part of optical power launched into
one core gets coupled with adjacent core during the propagation is termed as ICXT, as shown
in Fig. which is a crucial problem with MCFs. The ICXT estimation is an important prob-
lem while deciding the structural parameters in MCFs. Coupled-mode theory (CMT) has been
used in literature to evaluate this problem theoretically [[157]. Analytical expressions of the

average coupling coefficient based on exponential autocorrelation function is defined as [[158].

/

P
XT = 10logy, <P> dB, 3.1)
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Figure 3.1: Coupling of power from input to adjacent core.

where P and P represents the output power from the input and neighboring core, respectively
[168]. The RI profile of core in MCF is another important factor in deciding the ICXT of MCF.
Here, two types of R.1. profile are used SI and TA. In SI where the refractive index is uniformly
distributed across the length of the core, facing a sharp decrease at the core-cladding interface
as to guarantee a lower refractive index in the cladding. Most fibers have a low refractive index
contrast, causing the electric field to leak and travel through the cladding, resulting in weakly
guided fiber modes. The TA core arrangement, is used as an efficient technique to enhance
the mode confinement area, is implemented, and it proves to be an indispensable technique
to suppress ICXT to an extremely low level. To densely pack the cladding by more number
of cores with minimum ICXT, all cores are covered with a trench assistance layer to reduce
the overlap of the electric field distribution among adjacent cores. ICXT can be successfully
reduced by more than 20-30dB by introducing the trench layer. Fig. 3.2 shows the RI profiles
for TA and SI cores fiber, where ny, 71 and n are the R.I. of the cladding, core and trench-core
respectively, while, A; and A, represents the relative refractive index difference between core-
cladding and cladding-trench, respectively. A; is varied while A5 is kept constant at -0.7%.
The A represents the pitch which is defined as distance between any two neighboring cores as
shown in Fig. @ Further, r, represents the radius of core, while r, and r;3 are the distance
from the inner and outer edge of the trench to the center of core respectively. w; is the trench
width, ro = 2ry and r3 = ro + w; * r1.w; = 0.857y is the trench width, and o = 1.157. For

both RI profiles, the RI of the core is n;. To theoretically evaluate this problem, the literature
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Figure 3.2: Refractive index profile of step and trench-assisted core.
suggests CMT [157], defining the coupled mode equations for MCFs as [158|
dA, , ,

dz =) Z kuvAu(2)exp (j A& Buvz) f(2)) 3.2)

uFv

where A, and A, are the mode amplitudes for cores v and v, respectively, and the propagation
constant between cores u and v is represented by A [, propagating in the z direction. f(z) is
defined as a random phase function, and k,, represents the mode coupling coefficient within

two cores [159].

weo [ ffooo (N? — N?) Ef.E,dxdy
[ [ U (EzH, + EH) dedy

where w is an angular frequency of the electromagnetic fields, ¢, is the permittivity of vacuum,
N?(z,y) denotes the RI distribution in the entire coupled region, N? represents the RI distri-
bution of waveguide v (which includes core v and cladding in MCFs), **’ denotes the complex

conjugate and U, is a unit vector. The coupled power equation (CPE) is described as [160]

S () P2~ 2] (3.4)

uFv
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where P, and P, are defined as the average power, and h,, is the power coupling coefficient

between the cores v and v and is defined as

(3.5)
where P,(0) is the average power in core v at point z close to z = 0. After solving the above
equation in the simplest form, h,, is obtained as

_ 2kLR,
-5

Poge (3.6)

Therefore, the average crosstalk between cores u and v for SI-RI base MCF is given as [63]:

2k2 Ry

XT = hyL =
BA

L, (3.7)

where k,, is the mode coupling coefficient between the cores « and v, (3 is the defined mode
propagation constant, 1, is the bending radius and L is the length of the fiber. Equation
(3.7) shows the direct dependence of the average ICXT on the bending radius, core pitch, fiber
length, and mode coupling coefficient, while it is inversely dependent on the effective RI and
propagation wavelength. For an SI core profile-based MCEF, the mode coupling coefficient &,

expression between two adjacent cores is stated in [158] as

v A U12 Ty Wi
Fow = — L) A, 3.8
1 ‘/13K12(W1) WlAexp T1 ( )

where,
Wi=mn (/62 - l{:Qno) ) (3.9)

and

Ur = ri/ (B — 7). (3.10)
B = kn.ss and k= wave number 27”, A is defined as the wavelength of light in vacuum, and

7\/2‘A1’ (3.11)

Vi =2mrim \ )

and K (W) is defined as the modified Bessel function of the first order with the second type.

Similarly, the mode coupling coefficient (k,,) between two adjacent cores for TA-MCFs can
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be written as [161], [162],

K = ﬂ?lff”lf?zwl) VZZW <_ WiA + 2 (IZQ — Wl)wt> | G
where,
W=/ (VE + W), (3.13)
and
Vi = 2mr1ng QA‘AQ’ : (3.14)
T =W,/ [Wl Wy — Wl)%} , (3.15)

Therefore, the average crosstalk between cores u and v for TA-RI base MCF can be written

as [63]:

(3.16)

where (k,,) is the mode coupling coefficient between the cores u and v, 3 is the defined mode
propagation constant, R,, is the bending radius and L is the length of the fiber. To estimate
the reduction in ICXT by changing the RI profile from SI to TA, the main difference between
TA and SI based MCF structures comes from the mode coupling coefficient, and the ratio of

ICXT for the two different RI profiles based MCF is

’ 2
ICXTra [k
AITA _ (Cw 3.17
ICXTs; (ku> ’ G-17)
where,
k.. 2 Wi
Yw ) Peap | —4 (Wy — W) 2| (3.18)
Ko T
[CXTra,, — ICXTsy,, = 10logiol — 17.4 (Wy — W) ? : (3.19)
1

where 17.4 comes from 40log;pe. To further suppress crosstalk, air holes can be incorporated

to suppress the propagation of unnecessary modes. To balance the optical transmission char-
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acteristics and the feasibility of actual fabrication, air holes are selectively placed to reduce
inter-core crosstalk. An attempt has been made to efficiently arrange the number of air holes,
the air-hole diameter, and crosstalk. Results confirm that crosstalk reduces by a minimum of

-10dB as the fiber length is decreased, by placing air holes.

3.4 Design of Multi Core Fiber with 2 Cores

This section presents the novel design architecture of a 2 cores TA heterogeneous multi-core
fiber structure with four different cores, cladding, trench sizes, and refractive index profiles.
These four different parameters are chosen precisely to get the optimal value of crosstalk con-
cerning important designing parameters of heterogeneous MCF bending radius, positions of
cores, length of the fiber, and wavelength of transmission. Fig. and show the schematic

of the designed MCF with two cores and its cross-sectional view after simulation. For the

Trench- Trench-
Assisted Assisted

7ore Core
\ I\

'4CT

-
Cladding Claddifg

Figure 3.3: 2 uncoupled heterogeneous cores MCF structure with different core positions.

analysis of ICXT, the third window of optical communication having wavelength A=1550nm
is used, and a fiber of length L=100Km is taken. The refractive index of first core « and second

core v can be calculated from A; and A, using the following equations

2
g
Ny = 4| ———— (3.20)
Vi
2
L
Ny = 4| ———— (3.21)
Vi-2g
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Figure 3.4: Cross-section and optical power intensity view of 2 uncoupled heterogeneous core
MCEF structure using OptiMode Solver.

For the estimation of effective mode area (A, ) and effective refractive index (n.ss) as given

in Table the OptiMode software of Optiwave is used. By taking the CD and CT values

Table 3.1: Different Fiber Design Parameters for 2-core Heterogeneous MCF for Inter-core
Crosstalk Analysis

Core Name | r; To/r1 | wy Ay Nepp | Aepr(pm)
A 9.3um 2 1.0 0.304% 1.44 | 7126.9
B 2.27pm 2 1.1 0.294% 1.44 | 7123.1
C 5.18um 2 1.2 0.28% | 1.44 | 7119.6
D 5.03pm 2 1.3 0.263% 1.44 | 7120.9

as 150pm and 25um respectively, the values of core pitch A for two different core placements
are taken as S0pm straight and at right angle triangle. In the next section, the level of crosstalk
analysis for 2 core heterogeneous MCF has been discussed along with the impact of cladding

pitch, bending radius, fiber length, and wavelength on the crosstalk.

3.4.1 Crosstalk Analysis of Multi Core Fiber with 2-Cores

The ICXT is calculated as a total sum of crosstalk on a particular core because of its neigh-
boring core for all four different fiber design parameters in this chapter. The dependence of
inter-core crosstalk on bending radius has been presented in Fig. @ for all four different
fiber design parameters for uncoupled heterogeneous TA refractive index profile as shown
in Tabl The inter-core crosstalk shows the basic cumulative pattern with wavelengths

as it decreases by 10-15dB for each fiber design parameter and Core B with radius 5.27um,
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A1=0.294% and trench width of 1.1pm has the minimum value of inter-core crosstalk. While
Core D shows the maximum decrease in crosstalk value when there are increases in the bend-

ing radius from 0.3um to 0.5um. The Fig. shows the effect of length of fiber on crosstalk
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Figure 3.5: Relation between inter-core crosstalk and bending radius for right angle core place-
ment.
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Figure 3.6: Relation between inter-core crosstalk and fiber length for 2-core MCF.

for all four different fiber design parameters for uncoupled heterogeneous TA RI profile as

shown in Table [3.1] at wavelength of 1550nm and bending radius of -140mm. The result
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shows that Core A of highest radius with A1=0.304% and trench width of 1.0um shows the

minimum value of crosstalk -120dB.

3.4.2 Analysis of Dispersion and Group Delay for Multi Core Fiber with

2-Cores

The group delay can be described as the maximum delay in time experienced by the op-
tical pulse while propagating through the optical element. The analysis of group delay in
MCEF is required for the performance analysis MCF based time-delay sensitive applications
like radio-over-fiber (RoF) distribution and MWP signal processing in fiber-wireless access
networks, and also in a long-haul high-capacity digital communication system where MIMO

processing is used. Fig. shows that Core D has the best group delay among all. The group
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Figure 3.7: Relation group delay and wavelength for 2-core MCF.

delay can be described as the maximum delay in time experienced by the optical pulse while
propagating through the optical element. The analysis of group delay in MCF is required for
the performance analysis MCF based time-delay sensitive applications like radio-over-fiber
(RoF) distribution and MWP signal processing in fiber-wireless access networks, and also in a
long-haul high-capacity digital communication system where MIMO processing is used. Fig.
shows that Core D has the best group delay among all. Fig. shows the variation in
dispersion with wavelength for all four different fiber design parameters for uncoupled het-

erogeneous TA RI profile. The results shows that core B with A1=0.294% and trench width
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of 1.1um shows the maximum dispersion w.r.t all other three. Dispersion is known as pulse
broadening, which serve as a major hurdle in signal transmission through MCF. Hence, it is
strongly advised to maintain dispersion at ultra-low level at operating wavelength i.e. 1550nm

here. The guided light traveling through optical fiber experiences phase delay in the direction
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Figure 3.9: Relation between modal index with wavelength for 2-core MCF.
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of propagation, modal index is used to measure this delay. The propagation delay is mainly
affected by core and cladding refractive index. The result in Fig. shows that all the Core
B,C and D has the maximum modal index except core A. After analysing the 2-core MCEF, it
can be concluded that there is a scope to increase the number of cores within the same CD.
The next section of this chapter describes the novel designed MCFs with 21 cores to enhance

the spatial mutiplicity.

3.5 Design of Multi Core Fiber with 21-Cores

In addition to the prior work [4], 21-core homogeneous single mode MCEF structures with
three different types of layouts (1-Ring, 2-Ring, and Square Lattice) has been designed to
densely pack the cores with a minimum cladding diameter of 200um . As shown in Fig.
[3.10] the first structure is a single ring, where 21 cores are placed in a ring format. The
second structure comprises two rings (an outer with 12 cores and an inner with 8§ cores). The
third structure is called a Square Lattice in which the cores are arranged in a square shape.
These different core placement methods are used to obtain the optimal CT to minimize the
micro-bending losses in the outer cores as much as possible [165], [167]. Therefore, the
CT value must be precisely chosen. The full-vector finite element method has been used

to design the MCEF structures. The cladding and core diameters are set as 200um and 15um ,

Sl Cores

A4

Figure 3.10: 21 SI core-based (a) 1-Ring, (b) 2-Ring, (c) Square Lattice MCF structures.

respectively, for all the three proposed MCEF structures to balance the bending and confinement
losses, which leads to transmission loss at the outer cores [166]. Fig. @ shows that two
different RI profiles, SI and TA-SI, are used for crosstalk analysis. In the TA-RI profile, a
low RI trench layer is created over each core to suppress the electromagnetic field overlapping

between adjacent cores, resulting in reduced crosstalk when compared with the MCF without
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a trench. For the analysis of ICXT, the operating wavelength X is set to 1550 nm, and a fiber
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Figure 3.11: 21 TA core-based (a) 1-Ring, (b) 2-Ring, (c) Square Lattice MCF structures.

of length L=100Km is considered. The distance between any two neighboring cores in the
1-Ring, 2-Ring, and Square Lattice structures is called A, as shown in Fig. |3.10} The values
of the core pitch A, that is, s1, $o, and s3 for all three different structural arrangements can be

obtained as

2
=2R i
$1 1k (SIHQ*N

) = 20.33um, (3.22)

where N is the total number of cores in the ring, and Ry = CD — CT

Ry /2
Ry = 1*/% — 33.640m = 34um., (3.23)
COS (m)
— Ry« sin 2" )| = 26.02 (3.24)
Sy = 2Ry 51n2*M = 26.02um .

where M is the number of cores in the inner ring,

2m
2*M1

sy = 2Ry * <sm > = 33.64um , (3.25)
where M is the number of cores in the outer ring. The minimum core pitch value is considered
for further calculation, and s3 = 32.5um .

In the next section, the dependence of the ICXT of 21-core MCFs on structural and design
parameters are discusssed, such as the bending radius, operating wavelength, core diameter,
and fiber length. As shown in Table the effective RI (n.sr) and effective mode area
(Acsr) are estimated using the OptiMode simulation software of Optiwave for both SI and

TA-SI cores for all three structures. The remaining parameters are the same as those described
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Table 3.2: Calculated Values of Effective RI (n.ss) and Effective Area(A.;y)

RI profile Design Structure ‘ Nefy ‘ Aepp(pm?) ‘
SI Cores 1-Ring 1.4526964 180

SI Cores 2-Ring 1.4530447 158

SI Cores Square Lattice 1.4532266 148

TA Cores 1-Ring 1.4598101 49

TA Cores 2-Ring 1.4520256 25

TA Cores Square Lattice 1.4501038 58

TA air holes 1-Ring 1.4509721 78

TA air holes 2-Ring 1.4520256 25

TA air holes Square Lattice 1.4501017 57

above. Typically, to maintain the crosstalk level below -30dB, k., within the neighboring cores

> Yuv

should be maintained below 0.01 per meter for a transmission distance of 10Km [165], [168].

3.5.1 Crosstalk Analysis of Multi Core Fiber with 21-Cores

OptiFDTD of Optiwave is used to optimize the fiber structures; subsequently, the data is in-
tegrated to MATLAB for analysis. The ICXT is numerically evaluated as the sum of crosstalk

on a particular core because of its neighboring cores for all types of core arrangements. Fig.
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Figure 3.12: Variation of ICXT according to the core diameter (CD) in um for the SI profile.
and illustrate the effect of varying the core diameter in the MCF for both the SI and
TA-SI core profiles for all three core arrangements. Few parameters trench depth Ay=-1.40%
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Figure 3.13: Variation of ICXT according to the core diameter (CD) for ym in the TA-SI
profile.

and bending radius R, = 140mm are fixed for a 100Km fiber operating at a wavelength of
A= 1550nm. The ICXT is not within the permissible range, with the core diameter for the SI
index profile. The results show that there is an overall decrease of -70dB in the ICXT when
the RI profile is changed from SI to TA; it further decreased and reached -140dB for 2-Ring
and Square Lattice. This occurred because of the increasing nature of the effective RI (n.yy)
with the core diameter. Therefore, it can be concluded that the 2-Ring and Square Lattice
core arrangements in the TA-SI have the minimum crosstalk for the 21 MCF structures. Fig.
and|3.15|show the variation in the core-to-core crosstalk with the transmission distance
for 1-Ring, 2-Ring, and Square Lattice structures for both the SI and TA step RI profiles. The
fiber bending radius and operating wavelength are considered as 140mm and 1550nm, respec-
tively. The variation in the crosstalk behavior is analyzed for transmission distances of more
than 100Km. The results show that the crosstalk level is reduced by approximately -60dB
when the RI profile is changed from SI to TA. The figures show the superior ICXT value for
the square arrangement in comparison with the 1-Ring and 2-Ring structures. Furthermore,
it is observed that because of the larger trench depth of (A5)=-1.40%, the crosstalk level is
maintained below -30dB even for a transmission distance of 100Km in all MCF structures.

The variation of ICXT with the transmission wavelength is shown in Figs. andfor
all three core arrangements for both the SI and TA step RI profiles. The trench width (w;) and
trench depth (A») are considered to be 2.125um and -1.40%, respectively, for all three core
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Figure 3.15: Variation of ICXT according to the transmission length (L) in meter for the
TA-SI core profile.

arrangements. The ICXT shows a basic cumulative pattern with wavelengths as it reduces
sharply to -40dB in the TA-SI-RI profile at 1550nm for the square lattice 21 core arrange-
ment, maintaining a bending radius of Rb = 140mm and fiber length of 100Km. The ICXT
increased slightly when the transmission wavelength is increased in both cases. These types of

MCF structures are mainly preferred for designing wavelength-division multiplexing (WDM)-
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Figure 3.17: Variation of ICXT according to the transmission wavelength ()\) in (um) for the
TA-SI profile.

dependent optical transmission and network systems . The impact of the bending radius
of the fiber on ICXT is shown in Figs. @and@for all three core arrangements for both
the SI and TA step RI profiles. The Square Lattice structure shows the lowest value of ICXT
compared to the remaining core structures (1-Ring and 2-Ring) for the TA step RI profiles,

which is primarily because of its largest core pitch value. Fig. |3.20|illustrates the crosstalk
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Figure 3.19: Variation of ICXT according to the bending radius () in mm for TA-SI profile.

variation along the fiber length when the air hole is placed in a TA core arrangement. It is
known that the crosstalk level increases with the fiber length. The result shows that the lowest
value of ICXT approaches -70dB in comparison to Fig. @over the considered fiber length
of 10Km to 100Km for a square lattice. The variation of ICXT for 10000Kms of fiber length is
also analysed in Fig. [3.21} which is about -28dB at 10000Kms for square lattice 21 core MCF

with air holes. Fig. |3.22|confirms that the crosstalk can be further suppressed by placing air
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Figure 3.20: Variation of ICXT according to the transmission length (L) in meter for the TA
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Figure 3.21: Variation of ICXT with respect to transmission length (L) in meter for TA air
holes assisted structure.

holes between the TA cores. The results show that the crosstalk value reduces sharply mainly
for the Square Lattice core arrangement by placing the air holes (in comparison with Fig. @
at a bending radius of 140mm, maintaining the air holes diameter at 5pm. The impact of the
bending radius of the fiber on ICXT is shown in Fig. for all three core arrangements for
the TA-air hole MCF for a fiber length of 100Kms operating at a wavelength of 1550nm at a
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Figure 3.23: Variation of ICXT according to the bending radius in mm for the TA air holes
assisted structure.

trench depth (Ay) of -1.40%. The Square Lattice structure shows the lowest ICXT value com-
pared to the remaining core structures (1-Ring and 2-Ring). Compared to Fig. [3.18| the results
show that the effect of the bending radius on ICXT in the air-hole-assisted TA-SI refractive

index profile is significantly small.
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3.5.2 Analysis of Dispersion and Group Delay for Multi Core Fiber with
21-Cores

In this section, the variation of dispersion and group delay is discussed for wavelength in
the ST and TA-RI profiles for all three core arrangements for the 21 core MCF. Dispersion is
defined as pulse broadening, which acts as a barrier to signal transmission through the MCF.
Therefore, it must be maintained at the lowest level at an operating wavelength of 1550nm.
The dispersion is proportional to the double derivative of the real part of the effective refractive
index (n.sy) with respect to the wavelength, as given below:

A dzRe[neff}

Dispersion = —2 ~K 2
ispersion e ps/nm m (3.26)

where c is the speed of light, and Re[n. | is calculated using OptiMode software of Optiwave.
The illustrative analysis is performed as shown in Figs. and for the 21 cores
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Figure 3.24: Dispersion and wavelength in (pm) relationship for SI-RI profile.

MCEF, which states that the dispersion varies in the range of -0.5 to 0.25 ps/nm — Km for
the SI-RI profile, while it remains zero for the 1-Ring structure in the TA-RI profile. The
Square Lattice structure exhibits minimum dispersion at the operating wavelength. The other
important transmission parameter is the group delay, which is defined as the maximum time
delay experienced by the optical signal during its transmission through the optical element.

Mathematically, the group delay is defined as the product of the propagation distance z by the
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Figure 3.26: Group delay and wavelength in (xm) relationship for the SI-RI profile.

first frequency derivative of the propagation constant.

dX d(nerek
GroupDelay = Z—MSBC (3.27)
dw  dX

where, A = 2%3 and k is the wave number. Group delay analysis is important for the time-
delay-sensitive applications of MCFs, such as MWP signal processing in fiber-wireless access

networks and radio-over-fiber distribution. This analysis is also helpful in a long-haul high-
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capacity digital communication system. Fig. and show that the group delay is
considerably low and invariant to the wavelength for the TA-RI profile. The results show
that the 21-core ring structure has the minimum group delay with respect to the propagation

wavelength, making it the best suited for time-delay-sensitive applications. As the air hole
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Figure 3.27: Group delay and wavelength in (zm) relationship for the TA-SI core profile.

placement has reduced the crosstalk in the above designed MCF, which leave the possibility
to add more number of cores with air holes within the same CD. In next section, 31 and 37 air

hole assisted trench assisted MCF is designed with considerably low crosstalk.

3.6 Design and Analysis of Air-hole Assisted Trench-Assisted
MCEF for Crosstalk Suppression

High density multi-core fiber structures have been designed with 31-and 37- trench assisted
air-hole assisted cores are placed in hexagon and triangle lattice structure in cladding diameter
of 200um as shown in Fig. to Trench assisted refractive index profile is used to
suppresses the overlapping of the electromagnetic fields among the cores which results in sup-
pressed crosstalk. However, air-holes have been placed uniquely in pairs of three on horizontal
axis and two on diagonal side. The particularity of this design is the air-hole placement which
forms a groove-like structure around the cores, which can evidently prevent the leakage of core
energy and isolate the light from other cores. The air-holes are placed in such a manner to min-

imize their number and achieve minimum crosstalk.The MCF structures having air-holes all
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around the cores are also good in manufacturability [[181]. [170]. Subsequently, six different
MCEF designs have been considered in this work; two designs with 31-cores as shown in Fig.

and Fig. [3.28|and four designs with 37-cores with different horizontal and diagonal core

Air-Holes
=

Cladding
hickness, CT

Core Diameter, d

Core Pitch, A

Figure 3.28: 31 Trench Assisted Cores with Air Holes arranged in Triangle Lattice.
pitch as shown in Table Fig. 3.28 shows the cores along the edges have no air-holes as

Table 3.3: Characteristics of Designed MCFs

Cores Air-Hole Ar- | Ay (pm) Agig(pm) | CT(pm)
rangement

31 Partially sur- | 30 25 40
rounded

31 Fully surrounded | 30 25 40

37 Fully surrounded | 25 23.585 25

37 Fully surrounded | 25 25 25

37 Fully surrounded | 23.585 25 25

37 Fully surrounded | 23.585 23.585 25

proposed in [165]], [167] to minimize the micro-bending losses in outer cores using minimum
CT and core pitch. The reduction in the value of CT may increase the bending and confine-
ment losses leading to transmission loss in outer cores [[166]]. Therefore, the values of CT and

core pitch are chosen precisely in this work and have covered all the trench-assisted cores with
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Figure 3.29: 31 Trench Assisted Cores Fully Surrounded by Air Holes in Triangle Lattice.

air-holes as shown in Fig. and Fig. |3.30] Full vector finite element method is used in

Trench Core
with Air-

Figure 3.30: Single Core view of 31 Trench Assisted Cores with Air Holes.

the simulation of the different designs of MCF structures. Tabl@illustrates the parameters
used for the different designs investigated in this work. The core pitch and cladding thickness
parameters are mainly varied to accommodate these designs for 31-cores and 37-cores. The

core pitch parameter is defined using (A, and Ag;,) parameters shown in the Tabl

57



Figure 3.31: 37 Trench Assisted Cores with Air Holes arranged in Hexagon Lattice.

Table 3.4: Parameters of Designed Multi Core Fiber

Parameters ‘ Value

Cladding Diameter 200pum

Cladding Thickness (CT) 25um

Core Diameter(d) 18 um

Hole Diameter 5 pum

r1 3 um

) 1.25 % r1=3.75um

Trench Width (w;)
Relative R.I.(A1,A9)

0.75 * r1=2.25um
0.304%, 0.69%

Cladding Index 1.45
Core Index 1.4544282029
Trench Index 1.4399

3.6.1 Crosstalk Analysis of Air-hole Assisted Trench-Assisted MCF De-

sign

The inter-core crosstalk for the different MCF structures are calculated and analyzed in this
section. The ICXT parameter is crucial for identifying the maximum possible spatial density
of the MCEF structure that can be achieved. Based on the symmetry of the designed structures,
there are 12 distinct cores combinations in the 37-core structure as shown in Fig. [3.31] Each

core has an aureole of air holes that is created to suppress the crosstalk for the structure in
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Figure 3.32: Crosstalk for 31 Trench Assisted Cores for Partially and Fully Surrounded Edges.

200um as shown in Fig. [3.30] The crosstalk for each core considering all the core pitches

for 100Km of fiber length is calculated as given in Table 3.4. Based on the design symmetry
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Figure 3.33: Crosstalk for 37 Trench Assisted Cores for different Core Pitch.
for the 31-cores design, there are 10 distinct cores. The ICXT is calculated for both cases
of partially surrounded and fully surrounded edge cores as shown in Fig. |3.32] The results

shown in Fig. and Fig. (3.33| illustrates that the inner cores like 1, 2, 4, 6, 7 and 9 has

the same crosstalk for both cases while the cores at edges like 3, 5 and 10 have decreased
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crosstalk by at least 25dB for the fully surrounded air-holes case. The result shows that in
spite of reducing the core pitch, the achieved crosstalk can be as low as -40dB compared to the
maximum investigated core pitch. These results show that it can accommodate more number
of cores by reducing the core pitch when surrounding each core with air-holes. Up to 20 cores
have been placed in CD of 200pm with minimum XT of -60dB demonstrated in the literature.
However, 37-cores are successfully placed using trench assisted and air-hole assisted in the

same CD with a minimum XT of -70dB.

3.7 Summary

The outcomes of this chapter are two fold. Firstly, this chapter addresses the designing of
MCEF with tradtional RI profiles. Secondaly, it targets the reduction of ICXT in MCF through
advanced RI profiles. In this chapter, a novel 21 core MCF is designed with three different core
arrangements (1-Ring, 2-Ring, and Square Lattice structure) for two different RI profiles. The
dependence of the ICXT on all the required fiber design parameters, such as wavelength, core
radius, bending radius, and transmission distance, is also analyzed for both the RI profiles. The
results show that, among all arrangements, the TA Square Lattice core arrangement showed
the minimum ICXT value, i.e., approximately -60dB/100Km, because of its high-density core
packing with the largest core pitch. The concept of air-holes is also incorporated and analyzed
in order to densly pack the cores in MCF with reduced ICXT. For that, a 31-core and 37-core
trench-assisted air-holes assisted MCF is designed and analyzed in this chapter and found that

the smallest pitch offered the best ICXT of -70dB for 100Km of fiber length.
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Chapter 4

Design of SDN-Controlled Dynamically
Reconfigurable TDM-DWDM-Based
Elastic Optical Network for Smart Cities

4.1 Introduction

The concept of smart cities has attracted global attention. A smart city is defined as a
paradigm predominantly consisting of communication based technologies [171]. Smart cities
use ICT technologies to manage the ever-increasing urbanization challenges by practicing sus-
tainable development and making human life smarter, easier, and more productive, without
any negative consequences |172]. Smart city applications such as smart homes, smart hos-
pitals, smart transport, smart education, and smart agriculture generate a significant amount
of data that needs to be processed and transmitted. This, in turn, requires a robust network
deployment that can intelligently support a large bandwidth with low energy consumption and
minimal delays, while achieving high service reliability [173]. Hence, the scalability of the
network capacity should be fast and efficient, as these networks are time-critical systems.
Optical networks are a viable solution to enable this scalability in managing the massive ca-
pacity demands of smart cities, while easily incorporating the changes in applications [[177].
Optical networks ensure seamless connectivity to the end user, these have also been exten-
sively studied.

Therefore, a communication framework using optical networks and algorithms for the efficient

utilization of network resources and routing of traffic accordingly is required to manage smart
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city data and maintain good quality of service. This requirement can be fulfilled by using
broader-view EONs that include a combination of intelligence, software control and automa-
tion, and a programmable infrastructure through SDN.

In this regard, this chapter proposes a novel SDN-controlled dynamically reconfigurable TDM-
DWDM-based EON for smart cities. The proposed SDN controller can constantly perform
self-configuration and self-optimization by assessing network traffic demands; it can also adapt
to the current bandwidth requirements of the smart city and features better future compatibil-
ity. Moreover, an EON model for four primary applications (smart education, smart home,
smart transport, and smart health) and four secondary applications (smart agriculture, smart
water management, smart grids, and smart waste management) using practical data is pro-
posed. With regard to practicality, the feasible data rates of smart city applications reported
in literature are employed. To manage smart city traffic, the designed network is combined
with an SDN controller. Furthermore, to enhance the SDN intelligence, three novel bandwidth
management algorithms are developed that could efficiently utilize the network resources for
centrally controlling and routing the traffic depending upon the conditions. These proposed
algorithms utilize the available free bandwidth slots of the primary applications to transmit
data of the secondary applications, thus making the network more energy efficient. The main

contributions of this chapter is summarized as follows:

e A robust optical network model is designed for the optimization of the combined benefits
of TDM with DWDM, for smart cities consisting of four primary and four secondary

applications.

e To dynamically reconfigure the proposed optical network through SDN, three novel al-
gorithms are designed, that efficiently utilize network resources and route the smart city

traffic accordingly, rendering the entire network as an EON.

o The first designed algorithm is a wavelength redirection algorithm that transmits the data

of secondary application over the primary application wavelength.

e The next designed algorithm is a novel DLB algorithm for SDN to sense the availability

of the free primary application bandwidth.

e To further improve the user satisfaction rate, a BSRA algorithm is designed for SDN
that specifically divides the bandwidth requirement of the secondary applications and

transmits it over the available primary slots.
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4.2 Proposed Smart City Network Architecture and Design

This chapter presents a novel SDN-controlled, dynamically reconfigurable TDM-DWDM-
based EON for smart cities, as illustrated in Fig. The smart city system model consists
of core infrastructure elements segregated as primary applications (i.e. smart home, smart
hospital, smart education, and smart transport) and secondary applications (smart agriculture,

smart waste, smart grids, and smart water). This proposed model exploits the under-utilized

SDN Controller

Smart Education

Smart WasteTricks
Er Smart Dustbins
a h

|smart Garbage Dumping. ¥ smart istribution

Figure 4.1: SDN-controlled TDM-DWDM-based smart city system model.
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bandwidth of the primary applications in an opportunistic manner for the secondary applica-
tions, which is the core idea driving the development of this EON. This smart city architecture
converges wireless and optical communication for network design, where the optical network
is the backbone structure in smart cities. Data from different applications are collected using
sensors through the wireless channel and then transmitted through the optical channel. Four
sectors, A,B,C and D are considered for each smart city application, according to their geo-
graphical areas. Further, the data from N applications in a sector are collected through the
wireless channel and stored at a cloud server, represented by the dotted line in Fig. 4.1. The
TDM technique multiplexes the data of each sector from the cloud server to utilize the band-
width efficiently. Four DWDM wavelengths of 1550, 1550.8, 1551.6, and 1552.4 nm, with a
0.8 nm channel spacing, are used to transmit the data of primary applications, indicated with
colored solid lines in Fig. 4.1. These four wavelengths are also shared by the secondary appli-
cations, based on the primary bandwidth availability. A continuous wave (CW) laser featuring
an optical power of 10 dBm is used as the optical transmitter, with a 10 MHz linewidth. An
amplitude modulator with a modulation index of 1 was used to multiplex the smart city data
with the CW laser. In this smart city model, the practical data rates for each primary and sec-
ondary application is considered, as obtained from different available resources [|178-180], to
realize a more realistic model. Next, weekly average traffic for all the primary and secondary
applications are calculated. The whole system is then analyzed for each designed SDN con-

trolled algorithms. The graphs show the data rates/bandwidth requirements of each application
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Figure 4.2: Weekly Average traffic of primary applications in smart cities.
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at every time slot. Fig.[4.2]and[4.3|shows the average data rates of the primary and secondary
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Figure 4.3: Weekly Average traffic of secondary applications in smart cities.

applications for a 24 h period. The traffic graph of primary applications in Fig. 4.2|shows that
the bandwidth is under-utilized and could be used to transmit the secondary application data.
For this, the architecture of the SDN controller to efficiently manage the network resources
among all the smart city applications and to improve its energy efficiency is designed. To this
end, three novel algorithms for the SDN controller architecture are developed. The algorithms
are capable of sensing the under-utilized bandwidth of primary applications and allocating
it to secondary applications according to their requirements. In addition, the designed SDN
controller determines the algorithm that can transmit the maximum amount of data, without
any interference from a secondary application on the primary application bandwidth, thereby
affording the maximum user satisfaction rate. Through the average traffic graph shown in Fig.
three different scenarios for the primary applications: without load, with mild load, and
with heavy load are considered. Based on these three data traffic scenarios, three algorithms
for the SDN controller are designed, which could provide a viable solution for the respective
scenarios.

The first IAWR algorithm is activated under the no-load scenario for primary applications.
The SDN controller transmits the secondary application data on the respective primary appli-
cation wavelength through ROADM. The second Dynamic Load Balancing (DLB) algorithm
is designed for the scenario in which a primary application is continuously transmitting data

but has under-utilized bandwidth, which can then be used to transmit the data of a secondary
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application, determined by the SDN, enabled by the designed algorithm. Similarly, the third
algorithm is designed for the scenario in which there are no sufficient under-utilized bandwidth
slots for the primary applications. The designed Bandwidth Selection with Resource Alloca-
tion (BSRA) algorithm splits the secondary application load accordingly and then transmits it
on the marginally available primary application bandwidth slots. The flow chart presented in

Fig. @depicts the hierarchical use of the algorithm by the SDN controller. Thus, the proposed

)
v

Traverse all the wavelengths

Y

Record bandwidth of all the primary and secondary
applications

|

Are there any bandwidth request from secondary
applications?

Y

Transmit the secondary data on primary bandwidth through
IAWR algorithm

-=—__Successful allocation of bandwidth to secondary >Ye_s
application

Perform load balancing between primary and secondary
applications using DLB

Yes

-=—__Successful allocation of bandwidth to secondary
application

Perform load balancing between primary and secondary
applications using BSRA

v
End

A

Figure 4.4: Hierarchical presentation of algorithm usage by the SDN controller
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algorithm uses the available bandwidth, without causing any interference in the functioning of
primary applications. It can detect the free bandwidth slots of primary applications and use
them in an optimized manner. Optisystem 19.0 of Optiwave is used to set up the optical net-
work for the smart city. The SDN controller algorithms are designed in MATLAB. Next,
the optical network and the controller algorithms are co-simulated to analyze the operation

of the overall system. As shown in Table [4.T] the primary applications are assigned with the

Table 4.1: Available Data Rate of Smart City Applications.

Application Tentative  Data | Application Type
Rate

Smart Home 5-10 Gbps Primary

Smart Hospital 8-10 Gbps Primary

Smart Transport 8-10 Gbps Primary

Smart Education 6-8 Gbps Primary

Smart Agriculture 2 Gbps Secondary

Smart Waste 3 Gbps Secondary

Smart Grids 3 Gbps Secondary

Smart Water 5 Gbps Secondary

asynchronous band of the data rate generated from their different respective components.

4.3 Inter-Application Wavelength Redirection Algorithm for
Elastic Optical Network

This section of the chapter presents the design of the dynamically reconfigurable ROADM-
based TDM-DWDM optical network, as shown in Fig. ROADM is a practical approach to
remotely control wavelengths that can be added/dropped or passed through a node [[181], [[182].
In this architecture, the main advantage of using ROADM is the dynamic allocation of the
available network bandwidth to individual users, without affecting the traffic and equaliza-
tion of the power levels of different wavelength channels processed through every ROADM.
The designed optical network provides capability and flexibility on the provisioning of wave-
lengths, regardless of the changes in the network. When there is no load at a primary applica-
tion, the correspondingly assigned wavelength is optically switched to a secondary application,
as demonstrated in Fig. [4.5] In this optical network architecture, the optical switch is centrally
controlled by the SDN controller through the IAWR algorithm, rendering it a reconfigurable
optical access network for smart cities.

The proposed SDN-controlled ROADM-based TDM-DWDM optical access network for
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Figure 4.5: SDN-controlled ROADM-based TDM-DWDM smart city network.

smart cities is dynamic and flexible, as it supports complementary real-time traffic adjust-
ments between the primary and secondary applications. The bandwidth request varies for each
smart city application: some may involve no load, whereas other secondary applications may
have bandwidth requirements at that time. Based on this situation, a novel IAWR algorithm
to redirect wavelengths from a no-load primary application to a secondary application is pro-
posed, thereby increasing the bandwidth satisfaction rate of the designed smart city optical
network. The secondary applications then use this wavelength only during the time where
there is no load from the concerned primary application. For example, smart education has no

traffic load from 10 P.M. to 3 A.M.; therefore, this time slot can be used by any other secondary
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application for the transmission of its data. Table shows two time slots when the primary
applications smart home and smart education have no loads. At this time, SDN will automati-
cally drop these primary applications and add secondary applications such as smart agriculture

and smart water on the corresponding wavelengths through ROADM. This approach improves

Table 4.2: Wavelength redirection time for secondary applications.

Primary Application Availability of Time | Redirected Secondary
Slots Application

Smart Home 12AM. -3 AM. Smart Agriculture

Smart Education 11PM. -4 AM. Smart Water

the transmission quality of the network and the bandwidth satisfaction rate of the end user.

The algorithm used in the SDN controller is summarized below:

Algorithm 1 Inter-Application Wavelength Redirection Algorithm
Require: Initialize the mapping of input port with the output port,

Check the current time of primary applications,

Check the current time with listed available time slots for secondary applications,

if current time matches with the available time slots for secondary applications then
switch off the primary application and switch on the secondary application

else

switch on/continue the primary applications and keep secondary application switched off.
end if

4.3.1 Results and Discussion

A well-organized communication network is a mainstay of any successful network. These
networks transport various ultrahigh quality data pertaining to smart city applications. There-
fore, the designed networks should be able to provide deterministic, quantifiable, and, at times,
guaranteed services. Fig. shows the status of the ROADM output at 12 P.M. All the four
primary applications transmit their data as (A,C,E,G) and receive them as (B,D,F,H), with their
corresponding eye diagram (1,2,3,4) justifying the successful transmission. Fig.[4.6]shows the
successful transmission and reception of the smart home primary application (A and B) data
at a speed of 5 Gbps and smart education (G,H) at 6 Gbps. The average traffic graph (Fig.
4.2) shows that the smart home and smart education applications generate almost negligible
amounts of data around 1 A.M. Therefore, this time slot can be used by another associated

secondary application to transmit its data. Fig. shows the output of ROADM at 1 A.M,,
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Figure 4.6: Data transmitted and received by smart home and smart agriculture in their respec-
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cation(12PM.) L

LI 1141 T

. [Smart Agriculture (1A.M,) ] ' [ Smart Hospital (1AM,) | ' [Smart Transport (1PM) | _ [ Smart Water 1AM, |

LR

P B | b L o

‘ SmanAgnculm.re Am)] ( sm;n H:s:ital (1A.M.) 1 . v [sm;n 1';:5‘;0“ (1P.M.).] i ‘ ( sn:anv;vamr‘(1A.M.) i
§ ‘ | N
i ‘ i 1 N ‘ i ;
W | & |4 :
P l F :
| Bl | LA
® ¢, N |
! ) \ A
| 1 1
l I‘ : ‘[ :(T i I \‘
;" ‘!' ‘ " ! U ; '
Hh { \
{1 ‘\ / i {
i g I
PN i S Y
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when the smart home wavelength is dropped and smart agriculture generates data at a rate of
2 Gbps, indicated as A, B. Meanwhile, smart water with a data rate of 3 Gbps is added by

dropping smart education. To validate their successful transmission, the corresponding eye

diagrams are also shown.
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4.4 Joint Bandwidth Allocation Algorithms for Elastic Op-

tical Network

As described in the previous section, the SDN-controlled ROADM can transmit the load of
either primary or secondary applications at a time. However, it is necessary to address the case
involving simultaneously bandwidth requests from both applications. Table 4.2|shows that the
number of slots is limited for any primary wavelength with no load. The conceptual diagram
shown in Fig. [4.8]illustrates that both the primary and secondary applications can transmit
their data on the same wavelength, depending upon their respective bandwidth requirements.
The MATLAB switch, acting as the SDN controller, centrally controls all the smart city ap-
plications through the designed algorithms. The SDN controller can continuously sense the
occupancy on a particular wavelength and the bandwidth requirement of secondary applica-
tions. Essentially, the SDN controller is the authority deciding the transmission wavelength
for a secondary application that has the required slot along with the primary application. Here,
a novel joint bandwidth allocation algorithm for the SDN-controlled TDM-DWDM EON for
smart cities is proposed to manage simultaneous bandwidth demands from primary and sec-
ondary applications. To describe the proposed algorithm, the following set of parameters
below are defined.

I: set of smart city primary applications (PA)

BW;= Total bandwidth requirement of set I

J: set of smart city secondary applications (SA)

Buw: set of bands of required bandwidths

BWp4;: is the bandwidth request of any ith primary application from set I

BWga;: is the bandwidth request of any jth secondary applications from set J

BWpg,: is the total request bandwidth of band Bw

BWjrez: Maximum bandwidth of the whole network

With the mapping among the number of available wavelengths, primary applications, sec-
ondary applications, and their required bandwidths, the goal is to maximize the use of the
wavelength by utilizing the bandwidth resources fairly between the primary and secondary
users of the smart city. The procedure of the proposed algorithm is fully described in Fig.
To better understand the proposed joint bandwidth allocation scheme, two algorithms are
proposed: the DLB and BSRA algorithms. The algorithms used herein are described in detail

in the following subsections.
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Algorithm 2 Dynamic Load Balancing
Require: Traverse all the wavelengths of the given set I and calculate

if BW ==empty then

transmit corresponding secondary application data on primary wavelength through
ROADM
else

go to next step, perform the DLB

end if
Traverse all the B in given I,

Sort the PA in decreasing order of their loads,
Figure out the heavily loaded PA,,,, and lightly load P A,,;, among given I,
Traverse all the Bw in the given set J,

Sort all the SA in J in decreasing order of their load SA,,,, and S A,,;, are the heavily and
lightly loaded SAs among set J,

fori=1tol
forj=1toJ
if BWpa; + BWgy; <= BWj 4. then

Transmit the PA,,,, with SA,,;, and PA,,;, with SA,,..
else
j+1; then

i+1;
search for next BWpa, + BWga; <= BWiay

end if
go to next step and continue till entire U(j)==empty,

DLB
Sort all the SSA in U(j) SPA in I in decreasing order of their load
for: i=1to 1
for: j=1toJ and BWspa, > BWssa,,
Calculate the dynamic load with Dynamic;,qq,
Dynamicioeqg = BWspa,-BWssa;,
if Dynamic;,,;==minimum then

transmit the load of corresponding SSAj with SPA:
else

j+1

search for next Dynamic;,,q==minimum value

end

1+1;

end

end if
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ments at the same time. Therefore, a novel dynamic load balance-based resource allocation
algorithm is Proposed to balance the bandwidth between the primary and secondary applica-
tions. This balancing improves the bandwidth satisfaction rate of secondary applications by
utilizing the given bandwidth for the maximum available duration, through redistributing a
heavily loaded secondary application to the wavelength of a lightly loaded primary applica-
tion. It is worth noting that the transmission parameters (modulation format and symbol rate)
remain the same, regarding of whether the secondary application is reassigned to any wave-
length. Thus, the transmission delay of secondary applications is reduced. This algorithm can

be summarized as Algorithm 2.

4.5.1 Results and Discussion

The DLB algorithm provides flexibility in simultaneously transmitting both primary and sec-

ondary application data. When the bandwidth requirement of any primary application is low,
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the DLB-based SDN controller transmits any secondary application data, along with the pri-
mary data, on the associated wavelength. The DLB algorithm-based SDN controller provides
the best mapping for the simultaneous transmission of the primary and secondary application
data on a single wavelength. Fig. shows the input data with the rates for both primary
and secondary applications, along with their outputs at a particular time slot. In particular, the
first switch, highlighted in a dark color, depicts the output at 4 A.M., where smart agriculture
transmits data at a rate of 2 Gbps along with smart home, which has a data rate of 4 Gbps.
Likewise, smart waste transmits data at a rate of 2.5 Gbps along with smart hospital, which
has a data rate of 1.8 Gbps, at 2 P.M. Similarly, smart grids and smart water transmit data with
rates of 2.4 Gbps and 4.2 Gbps, repectively, along with smart transport and smart education,
at 11 PM. and 6 A.M., respectively. Here, the results are shown for three particular scenarios.

Fig. shows that, at 2 P.M., the bandwidth requirement of smart hospital is approximately
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Figure 4.10: Joint transmission and reception of smart hospital and smart waste data.
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T

4 Gbps, which is relatively low compared to its maximum given range of 8 Gbps. In contrast,
smart waste requires a data rate of 2.8 Gbps at this time. The result indicates the successful
transmission and reception of smart waste (C,D) along with smart hospital (A,B), as verified
by the eye diagram with a quality factor of approximately 14.32. Similarly, the results in Fig.
4.11|show that the smart education data are transmitted along with the smart water data at 6

A.M., when the bandwidth required by smart education is approximately 1 Gbps and that by
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Figure 4.11: Joint transmission and reception of smart education and smart water data

smart water is 4.2 Gbps. The corresponding eye diagrams are also presented, with a quality
factor of 17.03. The results in Fig. @illustrated that the smart transport data are transmitted
along with the smart grids data at 12 A.M., when the bandwidth required by smart transport
is approximately 1 Gbps and that by smart grid is around 3 Gbps. The corresponding eye
diagrams are also presented, with a quality factor of 17.33. The results in Fig. shows that
the smart home data and smart agriculture can transmit their data all together at 3 P.M., when
the bandwidth required by smart home is approximately 5 Gbps and that by smart agriculture
is around 1 Gbps. The corresponding eye diagrams are also presented, with a quality factor of

17.10.

4.6 Bandwidth Selection with Resource Allocation Algorithm
for Elastic Optical Network

In the above-stated algorithm, a secondary application searches for available bandwidth to
transfer its load. However, it is possible that no direct bandwidth is available on any primary
application wavelength to transfer the entire load of the secondary application, that may hap-

pen during heavy load hours. Therefore, a BSRA algorithm is Proposed where the entire load
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of a secondary application is split into slots to transmit the load across the available primary
application bandwidth slots for the corresponding wavelength. The detailed algorithm is stated

as Algorithm

Algorithm 3 Bandwidth Selection with Resource Allocation
Require: Traverse the entire available wavelength, switch on all the applications for

Ensure: BWsa; + BWpa; = BW e

All the users request bandwidth are normally distributed, calculate the loads of primary and
secondary applications, BWgs4; and BWp4;,

Calculate BWgr= BW 00 - BWpa;
if BWg4; <= BWp then

use the corresponding attributed primary application band for secondary application

else
g0 to next step

end if
if BWg4; >BWp, then
divide the BWg 4; into sub-bands Bw = BWgsg4;/2 and calculate the new BW),,

else
g0 to next step
end if

Search for other primary applications bandwidths for secondary application sub-band to get
transmitted

Continue with primary application data During each round keep on calculating the N (Num-
ber of sub-bands) and Bw till all the secondary data is transmitted.

4.6.1 Results and Discussion

The BSRA algorithm can be used to transfer the secondary application data at any point in
time, along with a primary application. Based on the available bandwidth slots, the BSRA-
based SDN controller transmits the secondary loads. As an example, the SDN controller sent
smart water data with the data of two primary applications: smart home and smart transport.
The load generated by smart water is approximately 4 Gbps at 8 PM. Fig. [4.2] shows that
there is no 4 Gbps slot available among the primary applications. Therefore, this 4 Gbps is
then divided into two slots of 2 Gbps each: one 2 Gbps load of smart water is transmitted with
smart home, whereas the other 2 Gbps load is transmitted with the smart transport primary

application. The same scenario is demonstrated through the timing diagrams, validated by the

corresponding eye diagrams in Fig.
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Figure 4.14: Transmission and reception of smart water, smart home and smart transport data
through BSRA.

4.7 Overall Network Performance

The smart city optical network system consists of an SDN controller and the TDM-DWDM
PON system, as shown in Fig. This includes 4 primary and secondary applications, 4
wavelengths, 4 areas covered under each smart city application, and N=20 devices in each case.
The weekly recorded bandwidth requirement range for each application is presented in Figs
and According to the varying bandwidths requested by the smart city applications in each
time slot, the wavelength assignment and the data rate are varied; however, the maximum data
rate remains fixed at 10 Gbps.

In this study, the user satisfaction rate is defined as the ratio of the bandwidth provided by
the primary application system to the secondary application traffic requests, as shown in the
following formula:

Us = BWalloc/BWr(iQ7 (41)

where Us indicates the user satisfaction rate, BW ;.. is the bandwidth allocated to the sec-

ondary application, and BW,., is the bandwidth requested by the secondary application. A
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performance comparison of the user satisfaction rates between the proposed DLB and BSRA
algorithms is performed.

The results shown from Fig. to describes that the proposed BSRA algorithm
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Figure 4.15: User satisfaction rate for smart home and smart agriculture.
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Figure 4.16: User satisfaction rate for smart education and smart water.

outperforms the DLB algorithm in terms of the user satisfaction rate in every scenario. Dur-
ing peak traffic periods, an increase of up to 30% in the bandwidth satisfaction rate is noted.

Moreover, the bandwidth requests of secondary applications are almost entirely satisfied. This
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Figure 4.17: User satisfaction rate for smart hospital and smart waste.
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Figure 4.18: User satisfaction rate for smart transport and smart grids.

is because the BSRA algorithm redirects the wavelength of light-load primary applications to
heavy-load secondary applications, effectively reducing the network congestion. Therefore,
the BSRA algorithm can considerably improve the user satisfaction rate by balancing the re-
quirement and assignment of bandwidths for secondary application on the primary application
wavelengths. Fig. todepicts the simulation results of total throughput through both
the designed algorithms DLB and BSRA for all the four scenarios covering all the primary and
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secondary applications. The results illustrates that BSRA outperforms DLB for all scenarios

by reaching up to the level of desired bandwidth of the corrosponding applications.
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Figure 4.19: Throughput for smart home and smart agriculture.
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Figure 4.20: Throughput for smart education and smart water.
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BER essentially specifies the ratio of error bits received among the total bits sent. It is used to

measure the quality of transmission, which is expressed as a negative power of 10. According

to the forward error correction (FEC) limit, a BER exceeding 10~ is unacceptable. Here,
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Figure 4.21: Throughput for smart hospital and smart waste.
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Figure 4.22: Throughput for smart transport and smart grids.

the BER observations indicated in Fig. [4.23]depicts that the designed SDN-controlled TDM-
DWDM-based EON system performs satisfactorily at higher data rates. The results show that,
even with the lowest received power, the system performance exceeds the acceptable range, as
the BER remains below the aforementioned threshold (i.e., <= (107?)

The results shown in Fig. illustrate the performance of the proposed system in the form of

the Q-Factor. The maximum accomplishable data rate with an acceptable Q-Factor (Q>=6.0)
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Figure 4.24: Final quality factor for data rates of smart city applications.

is 32 Gbps, at the minimum received power of -33dB. Meanwhile, the system exhibits re-
markable results at a received power of -22dB, as the Q-Factor is 14.2 for a data rate of 32

Gbps.
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4.8 Summary

This chapter presented an SDN-controlled dynamically reconfigurable TDM-DWDM-based
EON for smart cities, which enabled the utilization and allocation of the under-utilized band-
widths of primary applications to secondary applications. The architecture of the SDN con-
troller is designed such that it precisely manages the network resources among all the smart
city applications, thus affording a more energy-efficient network. Furthermore, three novel al-
gorithms are developed (IAWR, DLB, and BSRA) for the SDN controller architecture. These
algorithms can sense the under-utilized bandwidths of primary applications and allocate them
to secondary applications based on their requirements. Notably, the proposed algorithm ex-
ploits the under-utilized bandwidths of primary applications, without any interference in their
functioning. The proposed algorithms can detect available bandwidth slots of the primary ap-
plications and optimally utilize them, thereby improving the user satisfaction rate and ensuring
a good user experience. Moreover, the SDN provides a global view of the overall network and
centrally controls all the smart city applications by allocating network resources accordingly.
The results indicate that user satisfaction is increased by at least 30%, even during peak hours,
under the proposed scenarios. Moreover, the system performance is remarkable in terms of
the BER and quality factor. This can be believed that, in the future, such high-speed optical
networks can be readily implemented in smart cities. Further, this will offer opportunities
to launch smart city applications, while addressing the communication needs of the citizens

efficiently.
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Chapter 5

Design of Multi Input Multi Output based
Optical Network using Multi Core Fiber

5.1 Introduction

The designed smart city architecture converges wireless and optical communication for net-
work design, whereas the optical network is the backbone structure of smart cities while the
data from the different sensor nodes of smart city applications is collected through a wireless
channel and then transmitted via an optical channel. Through this chapter, a hybrid system
has been introduced, where the benefits of Coded Cooperation (CC) have been exploited and
merged with Cognitive Radio (CR) to develop a system model for the collection of data wire-
lessly from all the primary and secondary applications of smart cities. After this, a MCF-
based MIMO optical network have been designed for the transmission of smart hospital data
as MIMO widely used in optical networks for long-distance. The results evaluated based on
bit error rate, quality factor and eye diagrams shows significant improvement. The benefits of
MIMO techniques are readily apparent. Deploying MIMO with MCF has only a marginally

higher cost structure than SCF, but the capacity gains are far from marginal.

5.2 System Model for MIMO based Optical Network using
MCF

In this chapter, a system model is designed for the successfull transmission of smart city
applications data particularly smart hospital through MCF as shown in Fig. [5.1] The system

model consists of three parts transmitter, MCF-channel and receiver. All the three parts are
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designed and explained in the next sections of this chapter.
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Figure 5.1: MCF based MIMO Optical Network Setup

5.3 Tranmsitter for MIMO based Optical Network Setup

Different types of smart city applications have been defined in the last chapter. Smart city
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Figure 5.2: Smart Hospital Sensor Nodes Transmission Model

applications are not limited to point-to-point or point-to-multipoint applications but require
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wide coverage through wireless communication. The data from all the sensor nodes of these
applications is collected through a wireless channel. While the wireless channel is itself facing
the challenge to fulfill the spectrum requirements of bandwidth-hungry wireless applications
of the smart city. One of the best possible approaches is to utilize the existing frequency
spectrum more smartly. For such types of applications in smart cities, CR is the best solution
that offers an optimized way of spectrum allocation. CR can be configured and programmed to
use the best possible vacant frequency spectrum in its vicinity which leads to the utilization of
the same spectrum in a much more efficient way. In this chapter, a hybrid transmitting system
has been proposed where the benefits of cooperative communication based coded cooperation
technique have been exploited and merged with cognitive radio to develop a spectrum as well
as bandwidth-efficient MIMO-based optical network. To clearly understand the designing
of MIMO based optical network for smart, this chapter is designed speciffically for single
aaplication of smart city i.e. smart hospitals as shown in Fig. 5.2. Here, all the sensor nodes of
smart hospitals has been segregrated into two types: primary sensor nodes (sensor collecting
the patient’s critical data) and secondary sensor nodes (sensor associated with other hospital
infrastructure like e-dustbins). A system model is designed for CC based CR system where
both the primary and secondarey sensor nodes cooperate by transmitting their bits over the two
consecutive bit periods. The bits can be transmitted by a sensor during the first interval and the
partner sensor can detect and retransmit it again during the second interval. To authenticate
this process, the probability of received signal P from the sensor nodes (n;&ny) at the optical

router (o) is calcuted as follows:

pP= (1 Py (Onymy <27 —1)H + Py <25 — )P (Iy0 < 27 — 1)) : 5.1)

P (1 _/Oaf(@nmdx) H+ (1 - /Oaf(x)nm,dx> (1 - /Oaf(x)nhodx> L 62

where,
H =P (14000 (1 +Vp,0)7) <27, (5.3)
and
E_
a=25", (5.4)

where P, is defined as probability, ¥/ is the channel gain, R is the rate of transmission and

( is the fraction of bits tranmsmitted by one sensor node to another node. While f (), n,
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and f(z),, , are probability density functions of the received signal at the optical router. The
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Figure 5.3: Variation of outage probability w.r.t channel gain.

results in Fig. shows the variation of outage probability with respect to channel gain. The

result shows that outage probability decreases with increase in channel gain.

5.4 MCF-Channel Design for MIMO based Optical Networks

Through this chapter, the benefits of the MCF designed in chapter 3 are utilized in order to
enhance the reliability and tranmisson capacity of the smart city optical networks designed in
chapter 4. Two types of MIMO based smart city optical networks are designed. First network
is designed with 2- and second with 4- TA-RI cores. To design the MCEF, the cladding and core
diameters are set as 150um and 15um, respectively, to balance the bending and confinement
losses. In the TA-RI profile, a low RI trench layer is created over each core to suppress the
electromagnetic field overlapping between adjacent cores, resulting in reduced crosstalk. The
TA-RI profile of is defined as ns, n;, and ny, called as the RI of the trench core, core, and
cladding, respectively, and ng = 1.45. A; = 0.70% and As=—1.40% represent the relative
difference in RI between the core-cladding and cladding-trench, respectively. Both the MCFs

are designed with core to core distance (A) of 70pm.
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5.4.1 Design of 2-TA-RI Core MCF

Fig. shows the designed schematic of TA-RI profile based MCF and its respective modal
field after simualtion. The modal field shows that light is passing through all the cores mainly

without and scattering and losses. When some parts of the optical power transmitted through

TA-RI Core !

Cladding

Figure 5.4: TA-RI based 2- core MCF structure and its modal field.

one core get coupled with the adjacent core is defined as ICXT as already explained in chapter

3. OptiFDTD of Optiwave has been used to optimize the fiber structures. Firstly, the designed

-41 T T T T T T
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Figure 5.5: Variation of 2-core MCF crosstalk with wavelength in zm.

2-core MCF is analysed on the basis of its ICXT. The Fig. [5.5]and [5.6]shows the variation
in ICXT w.r.t to wavelength and fiber length for both the cores. Both the result shows that

91



ICXT is in acceptable range and both the cores can be used to successfully transmit the smart

hospital data.
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Figure 5.6: Variation of 2-core MCF crosstalk with fiber length in meter.

5.4.2 Design of MIMO Optical Network with 4-TA-RI Core MCF

Fig. [5.7]shows the designed schematic of TA-RI profile based MCF and its respective modal
field after simualtion. The modal field shows that light is passing through all the cores mainly
without and scattering and losses. The ICXT of designed MCF with 4-TA-RI core is analyzed.

.........................................

Cladding

Figure 5.7: TA-RI based 4-core MCF structure and its modal field.
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Fig. shows the variation of ICXT with respect to the wavelength. The result shows that
the designed MCF yields best crosstalk of -46.5dB at 1550nm wavelength and it gradually
increases to -41dB as wavelength changes to 1620nm. The result shown in Fig. illustrates
that firstly, the ICXT increases sharply from -65dB to -30dB when fiber length is increased

from 100Km to 400Km and then increases gradually. Subsequently, that data integrated into
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Figure 5.9: Variation of crosstalk with fiber lenghth in meter.

Optisystem for analysis of ICXT of the designed MCF. In the next section, by using the de-
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signed MCF, a MIMO-based optical network has been designed to transmit the crucial data of

a smart hospital.

5.5 Design of Receiver for MIMO based Optical Network
Setup

After transmitting data through multiple cores of the designed MCEF, it is received at the
splitter. The spitter distribute the received signal in 1:x ratio, where x is an integer with value
2,4,8 and so on. It is the most widely used component in fiber optic networks as it does
not require any electronics and power to operate. After this, the optical signal falls on the
photodetector, which converts the optical data into electrical signal and forwards it to the

regerative repeaters as shown in Fig. 5.10. The regenrative repeaters detects the signal received
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Figure 5.10: Receiver for MIMO based Optical Network Setup.

from photodetector and amplify its strength. The regenrated digital signal is free from the
noise. The number of analyzers is used at this point to analyze the signal quality like the
BER analyzer and power meter. The eye analyzer is also used to measure the received signal

strength.
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5.6 Design of MIMO based Optical Network using MCF

In the above section, the 2 and 4-core MCF are successfully designed and crosstalk has

been calculated. The other system design parameters are given in Table By using the

Table 5.1: Optimized Design Parameters for MIMO based MCF Optical Network

Optimized Parameter Value

CW Laser Power 0dBm

CW Laser Linewidth 10MHz

MZ Modulator Extinction | 30dB

Ratio

Optical fiber length 50Km

Optical Fiber Dispersion 16.75ps/nm/Km
Dispersion Slope 0.075ps/nm?*/km
Self Phase Modulation Yes

Effective Area 80um?

obtained crosstalk value, a MIMO-based optical network is designed. Smart city supports sev-
eral applications as explained in chapter 4, here for reference smart hospital data is considered
for transmission through MIMO. Concerning chapter 4, here also, four sectors (A, B, C, D)
are considered each with ’N’ no. of smart hospitals. The data from different nodes of each

smart hospital is sensed and collected through CC-CR based designed wireless channel. In the
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Figure 5.11: Data tranmsitted and received through 2-TA-RI cores of MCF.
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proposed model, the code word of each smart hospital node is partitioned using CC and the
portions of these code words are transmitted independently over the fading channels by utiliz-
ing minimum bandwidth. All the cores of MCF are carrying the data of smart hospitals at the
wavelength of 193.1 THz, 193.2 THz, 193.3 THz, and 193.4 THz respectively enhancing the
reliability of the optical network. The Fig. 5.2 shows that data is collected through designed
CC-CR wireless channel from all the nodes of each sector smart hopsitals in smart cities. The
collected data is then transmitted through MCF with 2-cores creating a MIMO system. The
designed system is transmitting data on two optical wavelengths i.e. 193.2THz and 193.3THz
has shown in Fig. 5.1. The modulated data from both the wavelengths is then passed through
optical attenuator carrying the attenuation value equals to ICXT value of MCF with 2-cores.
The timing diagram in Fig. 5.11 shows the data through each core, say 1 and 2. The data of *N’
no. of nodes of the smart hospital for each sector (A, B, C, D) is collected through the designed
CC-CR-based wireless channel. The collected data of each sector is then transmitted through

each core of the designed MCF individually as shown in Fig.|5.12| Four optical attenuators are

.
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Core#d

N *;,- 193.4 Tz
A

CW Laser

Figure 5.12: 4-core MCF based MIMO optical network setup
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Figure 5.13: Data tranmsitted and received through all the 4-TA-RI cores of MCF.

used having a value equal to the crosstalk of each core. As the same data is tranmsitted through
all the TA-RI cores having different crosstalk values replicated through an optical attenuator
in the designed optical network of a smart hospital. The timing diagram shown in Fig. 5.13
illustrates that the same data of the smart hospital is sent through all the cores of the designed

MCEF. The transmitted data have experienced a different level of crosstalk in each core.

5.7 Results and Discussion

This section illustrates the results obtained from the simualtion setup of the designed MIMO
based optical network with MCF to reliably transmit the smart hospital data. To obtain the
results of the designed MIMO-based optical network with MCF in terms of BER and Q factor,
the crosstalk value at 1550nm wavelength for the distance of 50 Km is considered from the
results shown in Fig. 5.5, 5.6, 5.8 and 5.9.

BER is used to check the transmission quality of the designed optical network by measuring
the ratio of error bits received among the total bits sent. According to the FEC limit, the
BER greater than 1079 is not acceptable. The result in Fig. shows that even with the
highest data rate the system performance is above the acceptable range as BER remains below
(<=107?) with the MCFs. The result shown in Fig illustrates the performance of the
proposed system in the form of a Q-Factor. The maximum accomplishable data rate with
acceptable Q-Factor (@) >= 6.0) is 14 Gbps. This shows that system is performing quite well
with both the MCFs for a higher level of crosstalk generated by the designed TA-RI core-
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Figure 5.15: Variation of quality factor w.r.t data rate.

based MCF. The above-stated BER and Q factor shows that data is successfully transmitted

and received at the receiver end.
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5.8 Summary

In this chapter, firstly, 2-and 4-trench assisted core-based MCF have been successfully de-
signed and analyzed in terms of variation of ICXT w.r.t fiber length and wavelength. A CC-CR
based wireless channel has also been designed to wirelessly collect the smart city application’s
data. The above MCF has been used to design a reliable MIMO-based optical network for the
transmission of smart hospital data. The designed optical network has been analyzed in terms
of BER and Q factor, which shows that the designed overall optical network is performing
considerably well. Results state that the designed 2-core MIMO-MCEF can carry up to 14Gbps
data of smart hospitals while the 4-core MCF-MIMO optical network can carry up to 12Gbps

data.
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Chapter 6

Conclusion and Future Scope

6.1 Introduction

In this chapter, a brief summary of the work, reported earlier in the thesis is presented. In
this thesis, smart city optical network is designed and simulated by using Multi Core Fibers
(MCF). An SDN-Controlled Dynamically Reconfigurable TDM-DWDM-Based Elastic Opti-
cal Network (EON) is also designed for Smart Cities. The main results obtained in the work

and how they contribute to the designing of efficient smart city applications are discussed.

6.2 Conclusion

To meet the increasing capacity demands of smart city applications, there is a need to boost

and modernize the current optical transmission fibers. This thesis work introduces the design
and analysis of MCF to multi-fold the optical fiber capacity. The salient features and results
of all the designed MCFs are recapitulate here.
Firstly, an MCF with 2 uncoupled heterogeneous cores have been designed with four different
fiber design parameters. The MCF is designed with fixed Cladding Diameter (CD of 150m)
and Cladding Thickness (CT of 25um). The effect of some important fiber design parameters
like bending radius, wavelength, transmission distance on Inter-Core Crosstalk (ICXT) perfor-
mance have been analyzed. The results depicts the minimum ICXT value of -218dB/100Km,
when both core are placed at right angle. After that, the dispersion, group delay and modal
index behaviour of designed MCF have been analyzed on the operating wavelength for all four
different fiber design parameters.

In continuation to that, a novel 21 core MCF have been designed with three different core
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structures (1-Ring, 2-Ring, and Square Lattice) for two different RI profiles. To balance the
structural irregularities, the values of CD and CT were fixed to (200m) and (35um), respec-
tively, and calculated the ICXT. The dependence of the ICXT on all the required fiber design
parameters, such as wavelength, core radius, bending radius, and transmission distance, have
also been analyzed for both the RI profiles. The results show that, among all structures, the
TA Square Lattice core structure showed the minimum ICXT value, i.e., approximately -60
dB/100Km, because of its high-density core packing with the largest core pitch. To further re-
duce this ICXT, air holes were placed in the TA 1-Ring, 2-Ring, and Square Lattice structures.
This further reduced the crosstalk to -70dB for the square lattice, which is 16.66% less than
that of the TA RI MCEF. Finally, the variation of dispersion and group delay with operating
wavelength for all three design structures for each core arrangement (SI and TA) have also
analyzed.

In extension of the above, a 31-core and 37-core trench-assisted air-holes assisted MCFs have
also been designed. It is found that the smallest pitch offered the best inter-core crosstalk
values. The crosstalk of the minimum pitch value is reduced by -40dB in comparison with
the largest investigated core pitch. This is because of the use of air-holes placed between the
cores. As a result, more cores can be accommodated inside the cladding with reduced core
pitch even down to 20pm with air-holes. Otherwise, without air holes, core pitch should be at
least 40pm. The presented analytical model provides a powerful tool for designing high-count
homogeneous MCFs as high as 37 trench assisted cores for optimum CD with the minimum
XT of -70dB for 100Km of fiber length.

Nonetheless, smart city applications generate a significantly large amount of data, which needs
to be handled. To scale the network capacity faster and smarter SDN controller-based intelli-
gent algorithms have been designed which can optimize the network resources based on band-
width requirements, making it energy efficient. In next step of this work, an SDN-controlled
dynamically reconfigurable TDM-DWDM based EON for smart cities, which enabled the uti-
lization and allocation of the under-utilized bandwidths of primary applications to secondary
applications. The architecture of the SDN controller is designed such that it precisely manages
the network resources among all the smart city applications, thus affording a more energy-
efficient network. Furthermore, three novel algorithms (IAWR, DLB, and BSRA) have been
developed for the SDN controller architecture. These algorithms can sense the under-utilized
bandwidths of primary applications and allocate them to secondary applications based on their
requirements. Notably, the proposed algorithm exploits the under-utilized bandwidths of pri-
mary applications, without any interference in their functioning. The proposed algorithms

can detect available bandwidth slots of the primary applications and optimally utilize them,
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thereby improving the user satisfaction rate and ensuring a good user experience. The first de-
signed algorithm is a wavelength redirection algorithm that transmits the data of the secondary
application over the primary application wavelength. The next designed algorithm is a novel
dynamic load balancing (DLB) algorithm for SDN to detect the availability of the free primary
application bandwidth. To further improve the user satisfaction rate, a bandwidth selection
with resource allocation (BSRA) algorithm is designed for SDN that specifically divides the
bandwidth requirement of the secondary applications and transmits it over the available pri-
mary slots. Moreover, the SDN provides a global view of the overall network and centrally
controls all the smart city applications by allocating network resources accordingly. For the
practical impairment of the designed SDN controller, the practical data rates of all the smart
city applications have been considered for simulations. The results indicate that user satis-
faction is increased by at least 30%, even during peak hours, under the proposed scenarios.
Moreover, the system performance is remarkable in terms of the BER and quality factor.

For the best utilization of the designed MCF and optical network, the work has been concluded
by designing a realistic hybrid simulation model using the designed MCF and TDM-DWDM
system for a particular smart city application. For reliable data collection from the sensor
nodes of smart cities, a CC-based CR system has been designed, where the benefits of CC
have been exploited and merged with CR. Further, a MIMO-based transmission system has
been simulated using the MCF. The designed optical network is then tested for smart hospital
application of smart city and performance is analyzed in terms of BER and Q factor, which
shows that the designed overall optical network is performing considerably well.

The comparison between designed MCFs brings out the tradeoff between the supported band-
width and the hardware required for satisfactory output. The technology providers can choose
amongst the designed MCFs as 21-core MCF provide reasonable bandwidth with nominal
complexity, while 31-core and 37-core are densely packed MCFs and are capable of support-
ing huge bandwidth but inviting comparatively higher hardware cost due to the complexity of
the structure. The designed dynamically reconfigurable TDM-DWDM-based EON is expected
to help technology providers to transmit the maximum data of primary and secondary appli-
cations of the smart city by utilizing the minimum network resources, rendering them energy

efficient without compromising the quality below the pre defined standards.
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6.3 Future Scope

In various ways the present work can be extended, some of which are mentioned below.
MCFs can be hybridize with the RoF systems where the different wireless channels can trans-
mit their data over the same optical wavelength continuously.

The possibility of combining MCF with additional multiplexing techniques such as TDM,
DWDM, and SDN will provide more efficient network management and real-time visibility
of the network performance. These types of systems can be used to develop efficacious and
dynamic security mechanisms for smart cities.

Additionally, high-core density MCFs are appropriate for connecting large-phase array anten-
nas used in multi-user MIMO (MU-MIMO) systems.

The proposed system can be readily implemented in high-speed optical networks in smart
cities. Further, this will afford cities opportunities to launch smart city applications, while
addressing the communication needs of the citizens efficiently. Comprehensive developments

in this manner will help improve the quality of life.
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