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Abstract

The 4" generation long term evolution4G-LTE) mobile technology is widely
adopted that offer both higher capacity and efficient bandwidth usage at a global level.
However, considering that in cellular networks the major data traffic mostly occurs
indoor, provding high quality can be a daunting task-UTE provides strong support
for both outdoor and indoor coverage by adopting enhanced NodeB (eNB) and home
eNB (HeNB), respectivelyThis research work preseni$ a singlemode filtering
technique (SMFT) as simple design, low cost scheme to degrade the dispersion
behaviour of the hybrid radio over the mutiode fibre (MMF) and free space optics
(ROMMF-FSO); (i) the hybrid radieoverfibre and radieoverFSO (RoFFSO)
system as a solution to extend the indooverage of 4&.TE; and (ii) the use of
perfluorinated gradedhdex polymeroptical fibre (PFGI-POF) for inbuilding
networks.The results show that SMFT may increase ROMREFO bandwidth by
2 GHz and enhance the error vector magnitude (EY®tformance by 4%. The
proposed system was also made to experience weak turbulence and thick fog for
transmission of 67.2 Mbps 4BAM 4G-LTE. A design for the residential gateway is
proposed as the interface between the 1550 and 850 nm wavelengths. Thefl00
PFGI-POF is adopted as-touilding network with 4GLTE being transmitted over
the proposed hybricadio-overPOF and=SO(RoPOFFSO) link under the thick fog
condition. The proposed system can transmH A& at a data rate of up to 33.6 Mbps
and 1@.8 Mbps, with the latter encountering a power penalty of ~8 dB to compensate
for the induced fog loss. Furthermore, the successful transmission of 60 Mbps at
2.6 GHz was reported to have achieved the EVM of 3.5% and BERLB00 m of

PRGI-POF.
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Chapter 1

Introduction

1.1 Growth and Evolution in the Field of Communications

The rapid development of the mobile communications in recent yedrsha
implications it may possibly have on the mobile operators to fulfil the increasing
demand in terms of coverage and data services have widely been discussed. In this
regard, a massive growth and considerable deployment of optical systems may offer

same workable solutions to cope with the wireless traffic bottleﬁck

Figure 1.1 illustrates a statistical data which was measured and predicted by

Ericsson|2]. It specifically highlightshe global subscription growth for both the fixed

and mobile broadband services from the year of 2011 till 2021. It can be seen that the
growth rate for the mobile servicesredatively more significant thato those of the

fixed services. Notably, theotial mobile subscriptions until the year of 2016 were

about 7.4 billion, from which 63 million were new subscribers in the first quarter of

Figurel.l: The growth of both mobile and fixdmtoadband services [2]

1



2016. More interestingly, it is projected to reach an estien@teillion by the end of

2021. The increase of the bite broadband is due to the large bundles of data services

that offered by the mobile oper.

A direct infaence which can be drawn from the discussion in the foregoing is that
the ever increasing demand for the mobile broadband usage is one of the most
important issues that may adversely affect the mobile communication sector. In
reference to the abovmentiored figure, theglobal data traffic growth is reportedly
up by 8% between the year of 2015 and 2and it is predicted to increase 10
fold by the year of ZOZEI. A recentstudy repated in shows that the use siart
phones and tablets are increased from 86% to 95% in a population of 1.27 billion
people between the year of 2015 and 201éhe Europe and United Statdsis
noteworthy that the recently increased smart phone subscriptiaddition to the
trendof adoptingthe concept of the internet of things (I@Nd an aggregate increment
of the aveage data volume per devigey account for such a rapid increase observed

in data traffic. In order to cope with the increasing demand for larger volume of data

Figurel.2: The evolution of mobile communication technologies



more efficiently, a number of mobile network topologies have recently been

developed by the mobile operators as indicat¢figare 1.2| It has to be noted that

the first generation (1G) of the international mobile communication system, which
was established in the 1980s utilizes an analogue technology. The most established
systems associated with the 1G were the Total Access Communication System
(TACS) in Europe, Nordic Mobile Telephone (NMT) in the Nordic or Scandinavian
countries, Analogue Mobile Phone System (AMPS) in the USA, and the Japanese
Total Access Communication &gm (JTACS) in both Japan and Hong Kong. It is
worth highlighting that their standards were narrowband, mostly designed for voice
services ad they support low bandwidtfor which the peak data rate was just at

9.6 kbps. In contrast, the second generation (2G) was the next stage of wireless
system development. Notably, it was the first digital mobile aysthich came to be
known as the Global System for Mobile Communications (GSM), which provided
data services over the mobile systems by means of enabling transmission of text
messages, emails, and other data applications. The GSM technology was further
devdoped later to support relatively higher data rate of up to 114 kbps by means of
transmitting packet data using General Packet Radio Services (GPRS) technology.
Subsequently, the Enhanced Data Rates for GSM Evolution (EDGE) technology that
supports relatiely faster data rates and higher throughput capacity i.e., 3 to 4 times in
comparison with the GPRS was adopﬁjlj. It was not the end as further
improvement continued to be made in order to provide better services such as video
calling, streaming, and gaming. Such services were made available by means of the
39 generation (3G) system which was better known as the Univésbile
Telecommunication System (UMTS). This system was developed to provide the

subscribers with services which are of better quality such as the ones involving data



and multimedia. It is also worth highlighting that the 3G UMTS wideband
networks managed to fulfithe requirements of the International Mobile
Telecommunicationr2000 (IMT-2000), which were introduced by th& §eneration
partnership wject (3GPP) organisation in the year of Zﬁ . The roles of 3GPP
involve to help enhancing and defining the mobile system standards from almost every
UHJLRQ RI WKH ZRUOG DQG WR SURYLGH WKH XSGDWH
which are delivered to the mobile network operators as a wor rAccordingly,

the 3GPP introduces High Speed Packet Access (HSPA) based on the Wideband Code
Division Multiple Access (WCDMA) technology to help enhance the capacity of the
mobile systems, support the voice owgernet protoco(VolP), and achieve higher

data rate of up to 14 Mbps, which is presently further improved to 28 Mbps in HSPA+
systemsﬂ. In its 8" release, 3GPP developed t4€ generatiodong term
evolution (4GLTE) as a framework for it to fther develop the existing radio
technologies, which may help meet the rapid increase observed in the data
requirement . The work plan within 3GPP has continued to develop LTE towards
the culmination of the LTEAdvanced in Release 10 armyond, which can be
considered as a giant step in the evolution of LTE over the yEaes4GLTE is
supporting69% of the total mobile data traffic in 20@. As the demand by both

new and existing users has always been one the rise, it is more likely that the 4G
technology and its infrastructure may have to migrate to-géheration (5G) mobile
system, which is designed to supply mugjigabit broadband services such as
ultra-high definition video . The growth of the mobile communication

technologies can be seen in the targeted peak rate, range, and cell size as presented in

Table 1.1, in which the data were obtained f.



Tablel.1: The outline of the main mobile technologies

Technology Multiplexing Protocol Sﬁ\iﬁgm Pegl;tz ata Cel;kF:T;a}dius

AMPS/NMT FDMA 150/450 9.6 kbps 40
GSM TDMA 900 / 1800 9.6 kbps 35
GPRS TDMA 900/1800  171.6 kbps 35
EDGE TDMA 900/1800  473.6 kbps 26
UMTS CDMA 873 /1900 2 Mbps 2
HSPA CDMA 2100 14.4 Mbps 1.23

5G-Multi-radio MIMO OFDM 3-90 GHz >1 Gbps <100 m

access

1.1.1 LTE Concepts

As it was highlighted in the earlier section, the-dGE mobile technologys
widely adopted by almost every mobile operator in their attempts to offer higher

capacity and efficient bandwidth usage on a global e

It is worth highlighting that the shift from the 3G technologies into the 4G was
primarily due to the remarkable advancement made within the communication
technology. It is particularly about the advancement in the mobile devices, which have
been developed wittheir processor performance, power consumption, and relatively
larger memory size. Besides, the huge bandwidth backbone based on the optical fibre
has further led to the rapid increase of using internet services unconventionally over
the smart phones. hhis regard, the 4&TE introduced a network architecture that
included enhanced NodeB (eNB) and home eNB (HeNB) for both outdoor and indoor
wireless applications, respectiv. Despite such a positive development, the

increasing demand for the mobile broadband usage and the possible implications such
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an increase may have on the mobile communication sector have been omeastthe
discussed issues. The LTE which many consider as a sophisticated technology was
introduced into the market to meet the rapid increase observed in the number of users
and broadband applications by providing relatively higher data rates, betteaigmver

lower latency and more importantly, maintain the quality of service ( )

It has to be noted that the main objectives of the LTE technology are to, inter alia,
enhance data throughput for both downlink (DL) and upljbk) scenarios in
comparison with the previous mobile technologies. In this regard, LTE uses the
adaptive modulation and coding scheme, in which the modulation scheme is altered
in line with the channel condition for user equipment (UE). In additior, Tiieuses
single carrier modulation (SCM) of the quadrature phase shift keying (QPSK), 16
guadrature amplitude edulation and 64QAM modulation. One of these SCM
schemes is adopted temerate number of subcarrieffie SCM subcarriers arthen
multiplexed using orthogonal frequency division multiplexing (OFDMnd single
carrier frequency division multiple access (E0MA) asa multiple access in the DL
andUL, respectivelyAt first, the LTE data rate capability was to deliver 100 Mbps
with 2x2 multiple iput multiple output (MIMO) antenna configuration, which at
present has been increased to 300 Mbps usidgMIMO. An increased demand for
arelatively higher data rate over long distance links may account for the adoption of
MIMO OFDM communication system#t is noteworthy that another increase in the
peak rate was observed in the year of 2015 up to 450 Mbps by adopting of LTE
Advanced, which is targeted to reach 1 Gbps transmissioﬁté\/loreover, LTE
technology is dsigned to support high mobility communications such as while

travelling in trains and cars, particularly, for the transportations moving at a speed of

up to 350 km/.



1.2 Problem Statement

The targets discussed in the foregoing sections can be achieved by means of
increasing the density of the base stations (BSs), which may in turn help enhance the
system performance. Most of the recent BSs have been used for either the macro or
micro cellswith the cell radius of 1 km by relying on the framework of eNB. More
specifically, eNB assigns the resources to the UE for both DL and UL. Taking a closer
look at the smart LTE architecturghowsthat the radio access networlessa single
type of node.e.,eNB, which is designed with buiih operation of the central station
(CS). In addition, eNB is respons#ffor all signal processing functions such as
the modulation to the higher order formatdup-conversiorof the carrier frequency
and amplificatio. Note that such inegrated functions make the design of eNB
rather complex with costly structu. Furthermore, the allocated LTE spectrum
for the urban areas is 1.8 GHz and 2.6 GHz in contrast to the LTE spectrum for the
rural areas i.e., 800 M. It is also worth highlighting that there is a need to
address the significant traffic growth by means of adopting relatively higher frequency
bands as proposed in the next generation 5G technology, which is designed to operate
in a spectrum of between -390 GHz . Notwithstanding such potentials, the
transmitted radio frequency (RF) signals beyond the 2 GHz will possibly experience
high propagation losses, which will result in low penetration levels tovétls and
buildings. According t, the propagation path loss for the signal at 2.6 GHz
transmitted for 1 km in urban area is ~107 8Bte that such losses along with high
multipath losses in the urban environment have reportedly resulted in providing rather
poor indoor coveragi5|, which is also worsened by the degradation in the signal
to-noise ratio (SNR). In order to overcome high penetration loss, it is sensible to adopt

multiple scenarios such as increasing the number of eNB or emitting more power from



both the eNB andJE using high power amplifiers. However, bo#iolutions may
reportedly have a number of drawbacks suclthashigh cost, complexity and its
potential impact on thgE battery lifetime as the amplifiers may consume most of the
battery powe. On the other hand, the higher modulation schemes, which are
required for relatively higher data rates can be difficult to achHmvedoor networks
owing to the deterioration obsed in thechannel conditions within eNB Iteedge
Iocations. In , it was demonstrated that the indddE may consume an
estimated 80% of all mobile broadband traffic. In additiacant estimation

and indicated that 45% of huseholds and 30% of businesses have equally

experienced poor indoor coverage.

Enhancing the indoor coverage can be a real challenge for the indoor radio
planning between the operating networks and the mobile users, for which there rises
a need for the aghbion of some special techniques such as the distributed antenna
systems (DAS) and femtocell technology. Historical records reveal that the DAS idea
was founded in the 1980s and was subsequently developed by the operators to split
the transmitted power bgeen separated low power antenna units, which cover the
in-building area. DAS system was ppmsed by using passive components such
as the splitters and coaxial cables. However, such components were used for the GSM
only as the 3G and beyond technologies on the other hand, use relatively higher
frequencies, for which the signal is degraded grematiyg to the high attenuation of
the passive components in such frequencies. The estimated loss for-theh0.5
coaxial cable is about 11 dB per 100 m on frequencies beyond 2or which
the use of coaxial cable for bigger buildings is not always possible. This is because of
the installation problems and limited positions for the antennas due to the weight and

cable rigidity.



It is worth highlighting that one of the most promising cdatks to overcome the
drawbacks of the passive DAS system is the integration with the optical technology
using radieoverfiore (RoF) . In recent years, the fibte-thex (FTTX)
technology has already widely been implemented on a global scale to provide the
broadband services to the premises and buildings. The FTTx links may serve as the
ideal infrastructure for the ibuilding networkby means of implementing the RoF
networks without having to fulfil any significant hardware requirem The
RoF technology has notably drawn a growing interestirfdyuilding applications
owing to a number of advantages such as enhancing the coverage by using the low
power DAS systems and the tremendous bandwidth of the optical fibre, which can
handle bandwidt#hungry application. In the ROFDAS, active components are
used such as the master unit or residential gateway (RG), remote unit (RU) and the
optical fibre. It has to be noted that the RG is thefiate between the access and in
building networks, in which controlling the signals and adjusting the power levels can
be performed by means of the internal converters and amplifiers. In the RU,-optical
to-electrical conversion and vice versa is perforpedr to beaming the radio signal
by means of the antenna. The optical fibre is used for transmitting the optical signal
between the RG and RU for relatively longer distance in comparison with the
conventional copper cables and it is also capable of stpgonulti-radio services
simultaneously. RoDAS technology can be considered the optimal solution to
extend the indoor coverage owing to factors such as providing scalable architecture,

flexibility and easier installatiof33].

On the other hand, tI8GPP LTE is capable of addressing the indoor coverage by
means of the HeNB in the promising small cells technology, which was suggested in

Release 1ﬁ and Release ﬁ . The small cells refer to the femtocells (i.e., home
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base stations) and picocells, which are both capable of covering distances of up to
30 m and ~100n, respedvely. They are able to do so owing to the relatively lower
power that is transmitted from their base stations along with the effects of reflections
and deflections from the walls and other indoor obstﬁs It has to be noted that

the pico/femtocells are cellular network access points, which aposed for the

indoor applications to connect the standard moblgdJthe mobile operators. It can

be done by means of either the residential broadband access such as copper cable,
which is capable of offering aansmission of 3 Mbps and 128ps for DLand UL,
respectivel , or using optical fibres along with the wirelessasie technologies

. The pico/femtocells are usually operated under the coverage of the larger cells

such as microcells or macrocells and they may deploy the same licence srum

Despite the similarities between the DAS and small cell scenarios, partignlarly
the output power and coverage area, both technologies differ in terms of the operation
techniques. DAS operates as pdmimnultipoint solution, where all the distributed
antennas connected to main node. RG). Additionally,DAS performsthe process
of optical to electrical conversion andne@rting the DL radio signal to the UE, and
simultaneously carrighe UL radio signafrom the UE back to the R®n the hand,
small cell technology uses small indoor base stations (i.e HeNB), which have the
ability of performing all the complicated signal processing such as the modulation,
multiplexing and codingln RoFDAS, the HeNB operates as RU to extend the indoor

coverage with less complicated design.

The use o0RoORDAS technology offers several advantages for both mobile users
and operators. As for the users, this technology offers better mobile coverage in the
indoor environments, relatively higher data transfer performance, lower transmission

of power and an extende&dE battery life. In contrast, the benefits for the operators
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Figurel.3: Indoor coverage using RePAS technology

are such as the enhancement of the indoor coverage, which may help increase the
network capacity and number of users. In addition, it also helps decrease the growth
of the macrocell backhaul cs. Furthermore, in a recently reported st,

it was shown thahe use of the residential DA® the urban areas may decrease the
total energy consumption by 60% among the high data traffic users. Linking this with
the LTE, t has to be ned that theemtocells include the HeNB, which operates as
RU to extend the indoor coverage. As thentocellare considered as the secured
extension to the mobile services within buildings, therefore they are linked over the
IP broadband that can be prded by the FTTx technology, which can be extended to
the inbuilding RoF to help reduce the small cell architecture complexity. The process
of wireless signal generation and modulation can be carried out witheNiBeat

which the optical fibre is used distribute the signals to the antenna stat

Figurel.3|illustrates an example for such an extension by meansgypfcal RoF

application of theDAS for in-building network, in which the RG ariRlJ are used to
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enhance the indoor 4GTE coverageThe singlemode fibre (SMF) connects the RG

with theeNB, upon which most of the signal processing is performed. Tradityonall

a SMF is used for the loAgaul backbone networks due to factors such as its huge
bandwidth, low attenuation and low chromatic dispersion. It is also worth highlighting
that the SMF offers a bandwidth of at least 25 THz, for which the transmitted signal
may experience an attenuation and chromatic dispersion of ~0.2 dB/km and
~17 ps/nm.km at 1550 nm optical wavelength, respecti. However, the
requirements for costffective solutions of ibuilding networks are seen as part of

the main constraints for adopting the SMF fibres. For the indoor applicatiens,
multi-modefibre (MMF) and polymer optical fibre (POF) are commonly usedbth

the local area networks and the last mile access networks. Presently, the MMF is
identified by their optical mode (OM) as outlined in the ISO/IEC 11801 stard

It is considered as a fibre backbone infrasticestn the existing buildings, particularly

the OM1 and OM2 that are capable of supporting data rate up of up to 1 Gbps or OM3
and OM4, which on the other hand are capable of supporting data rate of up to
10 Gbps. The global MMF infrastructure, which is currently installed in
buildings, is about 17 million kﬁ. Moreover,the promising solution for such
networks uses the POF as a channel in order to transport the wireless signals due to
the conveniences in relation to the installation, nesahce, connectorization, and
small bending radiu. The POF notably offers the potential low cost solution for
indoor networks in terms of devices along with the possibility of sharing the existing
ducts with the electrical cabl. However, it has to be borne in mind that the POF
channels may however experience relatively higher attenuation levels for around
100 dB/km, which may in turn lead to a substantial sigat&énuatiorbecause of

the reduction observed in the received power@NR. In relation to such a scenario,
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a practical investigation was reported , which showed a transmission of
53.3 Mbps over 200 m of POF using OFDM for tb#ra-wideband (UWB)

applications in RoF networks.

Additionally, the multtimode propagation phenomenon, which means the
simultaneous excitation of various modes inside the fibre core may generate the modal
dispersion, which may typically take place at the rate of ~10 Such a modal
dispersion is capable of limiting the MMF or the POF bandwidth significantly owing
to the pulse broadening that may potentially lead to the intersymbol interference (ISI).
Consequently, the fibre capacity and bandwidth may remain limitedefatively
shorter distance applications such as the residential building with a typical distance of
between 100 m and 300. A serial transmission of 64 Gbps and 56 Gbps was

repored to take place over 57 m and 157 m MMF, respectively, achieving bit error

rate (BER) less than #®using onroff keying (OOK} 50"51 . In the study o, the

same BER for a rate of 48.7 Gbps was presented for 200 m MMF by means of using
pulse modulation scheme along with the signal processing formats for dispersion
compensating. In this regard, several techniques have already been proposed to
mitigate themodal dispersion using signal processing or electronic equalizer schemes
within the receiver. Such equalizers are, inter alia, the zero forcing (ZF) or the
minimum mean square error (MMSE) equalizer, or even nonlinear equalizers like
decision feedback eglizer (DFE). However, such techniques are not exempt from
major drawbacks for either. They include the inefficient performance owing to the
significant noise enhancement, particularly to the linear schemes, or relatively higher
complexity designs which nyaincrease exponentially with the received data rate
along with the channel estimation requirem. An electronic equalizer was

adopted i to target the data rate of 1.25 Gbps over 50 m of POF achieving BER
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of 10°. Moreover, a transmission of 2.1 Glipger 100 m POF by means of using DFE
was reported i. However, it is worth highlighting that these techniques included
additional complexities to the system in terms of thegh@nnel characterization.
Besides, in some applications, there is no guarantee thgptbal tequalizer methods

such as the ZF or the MMSE equalizer are capable of compensating the effect of the
modal dispersion totally as was reported . Therefore, several physical
techniques have been proposed to reduce the number of propagatiegat the

receiver such as the singieode filtering technique (SMFT@, and the offset

launch techniqu.

Along with the wireless RF and RoF technologies, the free space optics (FSO) has
also equally drawn attention to provide relatively higher data rate wireless
connectivity. The transmission of RF signals over B5O channel, which is known
as radieover )62 5R)62 LY DQ DWWUDFWLYH RSWLRQ LQ W]
networks along with the wireless local area networks (WLA!@I. The
FSO technology notably offers higher bandwidth, free license, low deployment cost,
and immunity to the electromagnetic. However, the performance of FSO links can be
degraded severely omg partly to the atmospheric channel conditions such as smoke,
fog, and turbulenc. It is noteworthy that the combination of RoF and RoFSO
technologies can be adopted to extend the multi wireless services for access, WLAN
and inbuilding networksn rural and urban environments. The RoF technology has
already been proposed for both networks while the RoFSO link can be deployed in

places where there is no fibre optic infrastructure in place (i.e., mostly in rural areas).
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1.3 Aims and Objectives

Considenng the discussion in the foregoing, the aim of the present study therefore
is to introduce the RoF and RoFSO systems to help enhance the performance of the
indoor 4GLTE communication networks for the inter amdra-building networks.

The RoF is expectetd be a more suitable design to help enhance the indoor coverage
for the 4GLTE networks, while the RoFSO technology is adopted to extend and
connect multindoor RoF links for both the rural and urban environments. The

integration between both systems nmayminate in a hybrid system of RoF and

RoOFSO (RoH-SO).
The objectives of this research include:

1. The simulation of the hybrid ReRoFSO using 4&TE at 800 MHz and
2.6 GHz for the rural and urban areas, respectively.

2. Evaluate the system performaneging the quality metrics such as the error
vector magnitude (EVM), and BER.

3. Propose an efficient and simple design technique to compensate the modal
behaviour of the MMF channel in the hybrid radio over MMF and FSO
channels (ROMMH-SO).

4. Experimental imfmentation of the proposed hybrid ROMNASO system to
verify the theoretical model along with validating the system design under real
weather conditions such as turbulence and fog.

5. Propose and design a practical system to transmit theT&Ssignal over
longer possible POF channel for the indoor environment, which can be affected

by limiting factors of the relatively higher attenuation and modal dispersion.
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1.4 Original Contribution

The original contributions to the world of knowledge from this study are

sumnarised in the following:

X A hybrid ROMMFRFSO optical system is proposed in chaptewBich
includes both MMF and FSO channels as a solution to extend the
transmission of the LTE signal§he hybrid system is intended to connect
multi building networks intte last metre (interoom networks) and the last
mile of the access networks in urban areas. A system performance is
investigated to look into the potential impact of the modal dispersion in the
transmission system. In this regard, the SMFT filtering tegln is
adopted to enhance the hybrid system performamger a weak
turbulence effectin the SMFT, a simple patchcord of SMF wesedin
order to attenuate the modal effects in such hybrid systeisaoteworthy
that the investigation was carried antterms of the of the total system
transfer function, laser beam profile at the receiver and the EVM results of
the received LTE signalhe results have been published in [C1], [C2] and
[J1].

X In chapter 4, the performance of the hybrid ROMMEO optical system
is investigated under the impact of atmospheric fog in the rural dife@s.
SMFT was used to enhance the performance of th& #&ssignal and
verified by means of using link budget and M\analysis. These results

have been published in [C3].
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x A design for the RG is proposed in chapter 4 as a workable solution to
connect indoor mobile users to the backbone core network particularly, for
the rural environments. The proposed system empldyadhybrid radio
over POF and radio over FSO (RoRB§O0) in sparsely populated regions
with low cost solutions in comparison with the existent coaxial copper
cablesThese results have been published in [C4].

x As the QoS of the 4GTE for in-building networks degraded at a
relatively higher frequency, a practical RoF system is therefore proposed
in chapter 5 in order to help optimise the indoor coverage by adopting the
low cost vertical cavity surface emitting laser (VCSEL) as a direct
modulated (DM)&ser and PI&I-POF as an optical channel. The resulting

output has been published in [C5].

The overall contribution of this research is graphically illustrated with a research

road map as depictedgurel.4
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Figurel.4: Block diagram of the original contributions of the study
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1.5 ResearchOutcome

The outcomes of the research programme have either been publishedrevigsezd for

publications in journals and conferences. They are enlisted in the following:

Journals

[J1] H. K. Al-Musawi, T. Cseh, J. Bohata, W. P. Ng, Z. Ghassem®o¥yanovec, E.
Udvary and P. Pesek, " Adaptation of mode filtering technique #th BE&hybrid
RoMMF-FSO for lastmile access netrworkJournal of Lightwave Technology,

vol. PP, pp. 11, 2017.

Conferences

[C1] H. K. Al-Musawi, T. Cseh, J. Bohata, P. PlesW. P. Ng, Z. Ghassemlooy, E.
Udvary, T. Berceli, and S. Zvanovec, "Experimental optimization of the hybrid
ROMMF-FSO system using mode filtering techniques,” 2016 IEEE
International Conference on Communications Workshops (I€Q)6, pp. 405

410.

[C2] H. K. Al-Musawi, T. Cseh, J. Bohata, P. Pesek, W. P. Ng, Z. Ghassemlooy, E.
Udvary, S. Zvanovec, and M. ljaz, "Fundamental investigation of extending 4G
LTE signal over MMF/SMH-SO under controlled turbulence conditions,2@16
International Symposm on Communication Systems, Networks and Digital

Signal Processing (CSNDSR)016, pp. 16.

[C3] T.Cseh, H. K. AIMusawi, M. M. Abadi, Z. Ghassemlooy, W. P. Ng, E. Udvary,
T. Berceli, and S. Zvanovec, "Improvements in combined radio over multimode

fibore and radio over FSO systems by applying mode filtering,2@15 17th
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International Conference on Transparent Optical Networks (ICTQR]5, pp.

1-4.

[C4] H. K. Al-Musawi, T. Cseh, M. M. Abadi, W. P. Ng, Z. Ghassemlooy, E. Udvary,
and T. Berceli, "Experimental demonstration of transmitting LTE over FSO-for in
building POF networks," in 20157th International Conference on Transparent

Optical Networks (ICTON 2015, pp. 4.

[C5] H. K. Al-Musawi, W. P. Ng, Z. Ghassemlooy, C. Lu, and N. Lalam, "Experimental
analysis of EVM and BER for indoor radaverfibre networks using polymer
optical fibre,” in 2015 20th European Conference on Networks and Optical
Commuircations (NOC), 2015, pp. 16.

[C6] N. Lalam, W. P. Ng, X. Dai, and H. K. Atlusawi, "Characterization of Brillouin
frequency shift in Brillouin Optical Time Domain Analysis (BOTDAj'2015
20th European Conference on Networks and Optical Communisa{Ni©C)

2015, pp. 14

1.6 ThesisOrganization

This thesis is mainly focused on the research work dedicated to the integration
between the RoF and RoFSO networks in terms of the indoor coverage fortA&44B
2.6 GHz and 800 MHz. The organisation of tthiesisis divided into six main chapters
focusing on the outcomes of the research including a review of literature, original
contributions, conclusions and the implications for future works. More specifically,
chapter one outlines the principle introductemd provides an overview of the recent
developments in the mobile communications including the related mobile technologies,
particularly the 4&G_TE. In addition, the problem statement, aims and objectives, original

contributions of this research as waedlthe resulting publications are provided in the same
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chapter. Moving on, chapter two presents a detailed introduction on both RoF and RoFSO
covering the significant parts which are required to construct a hybridRR&650
network including MMF, POF and Ebchannels, and as well as the main challenges in
relation to the hybrid system performance. Also, the theoretical expressions that can be
used to model the hybrid ROMMIFSO and RoPOFSO networks are discussed too.
Next, chapter three delineates the mdaiiaviour of the MMF in the Hybrid RoOMMF

FSO in thdastmile accessietworks. Theoretical and experimental models are presented
including the use of the SMFT as a physical solution to mitigate the modal dispersion
under atmospheric weak turbulence effdttis is followed by the chapter four, which is
divided irto two main sections. The first section addresses a further practical investigation
of using the SMFT on the hybrid RoOMMFSO but under foggy weather. In contrast, the
second section is dedicatemithe RG design in the hybrid RoP®IEO. Next, chapter

five introduces the theoretical and experimental models for the RoF, which can be used to
help enhance the 4GTE indoor coverage including the use of the VCSEL along with the
PFGI-POF as the most gable low cost candidates. Finally, chapter six concludes this
study and outlines some recommendations for future works in the field to help enhance

the indoor coverage for the next generation mobile technology, namely the 5G technology.
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Chapter 2
Fundamentals of Hybrid Radio-Over-
Fibre and Free-Space Optics

Communication Systems

2.1 Introduction

In the ancient history, light was mostly used by most of the civilizations on record for
communication purposes. Their optical signalling methods varied from mirrors, smoke
signals, and fire beacons to convey messages to their intended audience. Tlygngnderl
ideas of such methods were taken to another level with the invention of the first optical
telegraph in the year of 1794 based on visible coded signals. The newly invented optical
telegraph served two French cities which were 200 km apart by mesgiayo$tations
. However, the use of this method was found ineffective due to its relatively higher
cost but lower efficiency in comparison with the electrical telegraph. It has to be noted
that the firstfree space opticd=60O channel was the Phefihone patent, which was
demonstrated by Alexander Graham Bell in the year of ﬁ In this regard, the
main idea of the experiment was using intensitydulated sunlight beam to transmit
voice data over the air for 200 m. Despite such an effort, the patent did not succeed due
to the irregudr nature of sunlight along with weaknesses of the devices used. With the
earliest use of Light Amplification by Stimulated Emission of Radiation device (LASER)
by T. H. Maiman at the Hughes research laboratory in 1960s, the era of optical technology

has herefore transformeﬂ. The invention of the LASER has been one of the most
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significant scientific achievements in the twentieth century. The FSO demonstrations
which were recorded within the span of 1960s and 1970s include the first TV over FSO

in the year of 196 .

It is dso worth highlighting that the significant contribution of b@harles K. Kao
and George Hockham who jointly found a way to reduce the losses incurred through fibres by
an estimated 20 dB/km for inteffice communicationsvas another majatevelopmentlt
was suggested that a dielectric fibre which uses cladding with a relatively lower refractive
index than the core could a potentially practical solution for the guiding of@tMore
related studies looking into reducing the fibre losses incurred were carried out in the 1970s.
Such sudies began with the use of light wave systems operating at 800 nm wavelength and
subsequently shifting to the 1310 nm by means of which, the losses were reduced to ~1 dB/km,
in addition to the chromatic dispersiaha zero level. However, the capacity of the optical
systems was limited only to ~100 Mbps owing to the modal dispersionmtiemode fibre
(MMF) . Such a limitation was overcome in the 1980s by me&issnglemode fibre
(SMP), in which the modal dispersion was eliminated. The next step was about shifting the
optical system to operate at the 1550 nm, which was capable of keeping the fibre loss at the
lowest i.e., as low as 0.2 dB/km and enabling lorgpan between the repeaters. Also, the
appearance of aarbiumdopedfibre amplifier (EDFA) which operates at the 1550 nm
window, drew the attention of scholars for long distance optical systems. However, fibres at
this wavelength window exhibitedcromatic dispersion of ~17 ps/(nm.km), which can be

considered as the major linear impairment in the SMF syﬁws

Three main infrastructures are part of traditional terrestrial telecommunication
networks, namely the access network, the metropolitan area and theetooek. By
means of the access network, the end users are able to connect to the rest of the network

system within the range of a few kilometres. In contrast, the metropolitan network is
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capable of covering metropolitan areas of up to a few hundreddditesy and it notably
consists of both the access anebuilding networks. Better still, the core network is
capable of aggregating the traffic from multiple metropolitan networks and it may route
the data to the backbone channel of the network for ateusands of kilometr

.

With the advent of relatively higher volume of internet applications, which rely on
data streaming, an explosive growth of data communication traffic has in turn been
observed over the years. Such a development has culminaeslibstantial increase for
the network capacity. In addition, the bandwidth requirements in this regard may equally
have to cope with such an increasing traffic demand, failing which may leadredtbe
frequency RF) spectrum congestion. It is notewloy that the shift from the RF carrier
LOQWR WKH RSWLFDO FDUULHU FDQ EH FRQVLGHUHG D\
bandwidth and a relatively lower energy consump . The technology of
transmitting information signals to the end users over the optical fibre is knowe as th
radio-over- fibre (RoP. In employing4™ generation long term evolution 4G-LTE)
technology, there is a need for the adoption of a framework to help improve the coverage
and capacity of both the outdoor and indoor wireless applications bythsiaghanced
NodeB (eNB) andlistributed antenna system (DAﬁe)spectiveI. In this regardthe
SMF has been proposed as an effective channel for thénbrgnetworks duto its huge
bandwidth, low attenuation and low chromatic disper . Notwithstanding, as the
coverage of the eNB base stations is limited to 1 km only, expanding the wireless coverage
for relatively longer distance can be quite challenging. Alternatively, a relay node (RN)
was prgosed i as a more efficient solution for further outdoor coverage extension.

In relation to its mechanism, the RN is located in the RF cell edge in order to link the end

users with the eNBs by means of the SMF based networkhariRiof= may deal with the
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interface between the eNB and RN. In addition, the RoF technology can be effectively
used for the irbuilding networks to help strengthen the-UGE indoor signal coverage,
which is considered relatively weaker indoors owing to low penetration IlsOn

the other hand, with the terrestrial communication systems, the ramlierfree-space
optics (RoFSOjechnology can be adopted for the last mile access networks in order to

extend the broadband connectivity to the regions, in which the fibre may not be available.

This chapter therefore discusses the terrestrial access networks using both RoFSO and

RoF tetinologies and their specifications in terms of their features, applications, system

block diagram and challenges for each techno|bayure2.1|depids a scenario of using

both technologies in both densely and sparsely populated areas. The RoF technology uses
the SMF for the londnaul networks, while thpolymer optical fibore POR or the MMF
is deployedfor the short distance 4huilding networksfor connecting theaesidential
gateway RG) with theremote unit (RU)TheFSO links with the lineof-sight (LOS) links

are used tinter-connect buildingsDV SDUW RI WKH 30DVW PLOH" FRQC
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Figure2.1: A scenario of deployment of RoF and RoFSO in both urban and rural areas
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2.2 An Overview of Radio-Over-Fibre

Both fixed and mobile wireless networks in recent years have intended to deliver
high-speed broadband services. Notwithstanding, owing partly to the insufficient
bandwidth of the low frequency ranges, the wireless systems have been operating in
the high merowave frequency band (usually in GHz). In the cellular systems, a
considerable amount of attention has been turned to use small cell architectures to
simultaneously help improve the coverage and increase the traffic capacity. Therefore,
both the 4G an&" generation §G) cellular systems are now widely adopting either
the picocell or femtocell as their framework in line with the predicted future data
traffic. It is worth highlighting that the complexity and the cost of the BSs for such
systems can be csidered as critical parameters. The RoF technology, which many

scholars consider as a promising technique to deliver broadband services is the main

part of the emerging opticalireless network.

RoF refers to the technology, by means of which light is modulated by RF signal
and it is subsequently propagated through an optical fibre channel. In general, three
methods are mostly applied for transmitting radio signals over fibre by means of direct
intensity modulation (IM) i.e., baseband, intermediate frequency (IF) and RF band
transmissio. In relation to baseband, data are transmitted in digital format into
the base stationsBS9, at which the signal processing is carried out including the
modulation of the apppriate format (i.e.quadrature phase shift keyin@QRSK),
quadrature amplitude modulatiolQAM), and orthogonal frequency division
multiplexing OFDM)), up-conversion to the microwave carrier frequency and
amplification prior to being radiated by measfsthe antenna to theser equipment

(UE) eventually. In such a scenario, ttentral statiofCS) may have to be equipped
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Figure2.2: The RoF systems for indoand outdoor LTE applications

with relatively simpler optoelectronic devices. However, it has to be noted that the
BSs require complex equipment with signal motata circuitry, which are
particularly specified for high frequency mobile networks. In addition, in thet@fe

any system upgrade, thesguipmentmay require replacement, totn the IF
transmission, the data modulation on IF band is implemented DSHaut the other

signal processing may still take place in the BSs. In the RF transmission in contrast,
all complex processing is shifted from the multiple BSs to the CS. At the BS, the
received signal has to be dowanverted into the electrical domaivhich is followed

by an amplification and subsequently radiated by the antenna. In the event of the
amplifier and antenna having been designed to operate in a broad frequency range, the
upgraded system may not require any replacement of the deviceshla scenario,

the adoption of the RF transmitting the data can therefore be considered as the most

effective solution to deal with the overaktwork complexity.

Upon looking into the 4&.TE, it can be discovered that the RoF is adopted to

facilitate the wireless access and distributedbenlink (DL) RF signals from the
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Figure2.3: Overview of RoF system

eNBto theRUsfor both the outdoor and indoor applicatiorespectively. The signals
are then transmitted to the UEs by means of wireless connec8uityltaneously,

the RoF carries theplink (UL) signals from the UEs back to tleNB, as it is

illustrated inFigure2.2| It is noteworthy that the SMF is mostly used to extend the

signal coverage for longer distances, whereas the POF or MMF is adopted for the dead
zones such as the-building and tunnels. Irthe traditional telecommunication
systems, the RF signal processing such as the carrier modulation, frequency up
conversion and the multiplexing are carried out atBBeand are subsequently fed
back to the antenna. Upon looking into similar mechanigmthe RoF, it can be
discovered that such complicated processing functions can be transferreeBthe
instead of the multBSs which help simplify the desigof BSs significantly and

therefore reduce the installation and maintance s

As illustrated ir[Figure2.3 a typical RoF is used as an intedabetween the CS

and theBSs. The DL electrical data are delivered by the core network and are
subsequently collected by the CS, at which the signal processing is performed
including the frequency uponversion and the electriel-optical conversion by
means of modulating theader diode (LD). The modulated optical signal is then

transmitted through an optical fibre prior to its launch at the BS. At the BS, following
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the process of optical into electrical conversion by means of a photodetector (PD), the
electrical signal is evenally transmitted to the UEs through an antenna. On the

contrary, the UL signal is the reverse process of the DL signal.

2.2.1 RoF Applications

In relation to the scenario of small cells, thstributed antenna systgiDAS) may
appealingly serve as a suitalsleurce to create hotspot points, which are distributed
throughout the small cells and linked to a centralized st It has been
empirically proven in related studies that the RoF is the most successful technique,
which is capable of fulfilling the requirements of small cell topology, including the
DAS topology for both outdoor and indoor applications. The outdoosacwtworks
which adopts the SMF and the indoor access networks which on the other hand uses
the POF or MMF, are equally preferred for the short communication @s It is
worth highlighting that tB deployment of optical fibre links for telecommunication
distribution purposes was first introduced in the year of 1991 using term of microwave
photonic. The RoF networks hawince then been used because of the increasing
demand required for massive bit rate communication appliaiRelated previous
works in cellular systems have introduced a rmétivice operation using RoF such
as in, where botlglobal system for mobile@mmunications@SM) anduniversal
mobile telecommunicatiogystem UMTS) performance were evaluated theoretically
using 50 km of SMF @ing as an optical link between the centralised station and
remote unit (RU). In, an analysis of the RoF system that can support both
wideband code division multiple access WCDMA) operating at 900 MHz and
wireless local area networMMLAN) operating at 2.4 GHz was carried out. Another
experimental work b explored the podsility of transmitting multiwireless
services such as theltrawideband (UWB), worldwide interoperability for
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microwave acces@ViMAX) and UMTS over SMF and MMF for 50 km and 400 m
distances, respectively. Moreover, the integration 6£4& with the Rd- system was
investigated both theoretically and practicall, the findngs of which indicated

an erroffree transmission of 2.6 GHz LTE signal with-@AM modulation over

60 km SMF achieving ~6 %rror vector magnitude (EVMAdditionally, in the study

of , radicoverMMF (ROMMF) based ordistributed feedback laséDFB) with

IM was demonstrated to support the transmission of RF carrier of up to 20 GHz.
Besides, another experimental presentation of transmission OFDMstaultard
signals for both UWB and WLAN was reported using low costerticd cavity
surface emitting laseWCSEL) andgradedindexPOF(GI-POR. In the study o,

it was reported about other recent works demonstrating the transmission of/8 LTE
at 64QAM and 4pulse amplitude modulation (PAM) achieving a throughput of
479 Mbps and 1.4 Gbps, respectively, over 20 m ePGF used to fed the 5G small

cells.

It is noteworthy that several practical applications for the RoF systems have
already been carried out ranging frorrbimilding distribution such as shopping malls
tunnels and wireline links to military radar systems and broadcasting of cable TV
signals usindibre-to-the-home (FTTH) syste. In this regard, the RoF systems
have already been proposed by some of the commercial investors such as Commscope
corporation, Zinwave corporatio and TE connectivit. The above
mentioned examples for applying the RoF were in Osaka station in Japan, the 2000
Olympic Games in Sydney, and the Bluewater shopping centre, UK respefislely
Also, several European operators such as France Telecom, Telecom ltalia, and

Telefonicaadopted the POF as a link for indoor communication systems a few years

ago.
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2.3 An Overview of Radio-Over-FSO

Presently, the FSO technology has widely drawn the attention of scholars in the
domain of communication. It is worth highlighting that the H&€er based system is
considered as a wedlstablished technology, in which the transmissiomfofrmation
laden optical radiation happens through the atmosphere from point to point. The first
commercial laser link was presented in Japan by Nippon Electric Company (NEC) in
the year of 1970 using Heliuldeon (HeNe) laser for a distance of 14 :
However, aving to high security purposes, the use of FSO for a few decades was
restricted to military communication purposes only in comparison with the other RF
links . In this regard, the FSO technology in the 1970s experienced rather a slow
penetration into the civil commercial market because of the existing RF networks were
DGHTXDWH HQRXJK WR FRSH ZLWK WKH XVHUVY GHPL
tracking and paiting optical schemes, which were required to handle the atmospheric

effects of this technology.

The rapid growth of the optoelectronic devices along with a number of other
factors such as the rise of optical infrastructure,-effsctive compared to thather
technologies, and the ease of deployment are among the reasons for the rebirth the
FSO technolog. The FSO technology has recently emerged as a commercially
applicable solution, which is considered as a complgary technology to the RF
systems due to its capacity to meet the -@vereasing data demands within the access
networks. It is also noteworthy that the RF technology has reached its bandwidth
limitations owing to the spectrum conges, interferencand Iicencéssue. The
)62 VA\VWHP LQ WKLV UHJDUG KDV DWWUDFWHG WKH DW

access networks serving as a bridge between the local networks eebéhe local

and wide networkﬂ.
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2.3.1 Features of FSOCommunications

The following key features associated with the FSO technology have helped make
it more applicale in comparison with the other existing conventional RF
technologies, such as microwave and millimetre wave-(mawve), as outlined in the

following:

X High data rate: With the drastic increase observed in wireless data traffic,
quite a number of independamiports have therefore warned of the potential
RF spectrum crises looming on the hori. In such a scenario, the FSO
technology has alternatively offered a large data bandwidth of up to 400 THz
, which is capable of coping with the future broadband demand. At present,
availablecommercial FSO products reportedly offer transmitting relatively
higher data rates of up to 10 Gb/s such as the TereScope 10GE produced by
MRV ,whereas the experimental research have achieved transmission of
up to 1.6 Thit/s using just a single FSO I.

X Unlicensed spectrum: The congestion of the RF spectrum and the
interference between the adjacent carriers are some of the major obstacles for
the wireless RF communication systems. Therefore, some of the relevant
authorities, such as the fedec@mmunication commission (FCC) in the US
and office of communication (Ofcom) in the UK, have devised stringent
regulations to allocate the RF spectrum slices in their attempts to keep such
interferences minimaﬁ. Notwithstanding, the large fee along with the
limited spectrum has necessitated complementary solutions such as adopting
the optical channels. It has to be noted that the commercial FSO structures
work within the infrared (IR) spectral range to achiewenimum signal
absorption and scattering i.e., between 850 and 1550 nm, which are mostly
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around the frequencies of 200 T. Furthermore, the abovaentioned
wavelengths are reportedly used in the fibre optic commatioit systems.
Therefore, the devices of industrial standards can be used for both
technologies, particularly in the transmitter and receiver. At present, the FSO
spectrum band is not regulated as licensing is not a requirement for frequencies
beyond 300 Giz ‘i3|

Narrow beam size:An extremely narrow beam is known for the laser beam
with the diffraction of limited divergence ranging between (DO]lmra,

which indicates the optical power confinement happening within the narrow
area. Therefore, the FSO links may have an adequate spatial isolation from the
potential interferece, and consequently, the FSO systems may have the
capacity to operate independently, allowing for unlimited degrees of frequency
reuse applications. Furthermore, the narrow beam may also make it difficult
for the interception of the transmitted data by timintended users. However,

this feature implies precise and tight alignment require S

Power efficient: One of the major challenges of advancing the future
information and communication technology (ICT) systems is the energy
efficiency particularly, about the per consumption of the devices and
infrastructure of indoor and outdoor networks. It is projected that the total
power consumption of the ICT networks may increase annually by 13% due
to the rapid growth of the communication induﬁ. Moreover, the ICT
sector is one of targeted applications to mitigate the carbon emission due to its
contribution of 3% of the total global energy consumption. An estimation
study which was reported showed the carbon emission increasing at a

5% incremental rate annually, which was caused by the expected growth of the
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extensive mobile etworks and powehungry BSs. The use of the FSO
technology is therefore deemed as a promising solution to resolve such power
efficiency issues, as FSO links reportedly use rather low power schemes.
+HQFH WKH )62 WHFKQRORJ\ LV releg) 9d.ithelpsHG DV I
minimize energy consumption, which makes it an environ#fresridly
technology compared to the conventional RF sysﬂ.

Cost effective: The relatively lower cost of the FSO systems is another
advantage of this technology in comparisoother communication schemes.
Mostly, FSO links do not require the common installation operatiorts asic
trenching of roads and digging up tunnels, in addition to the free Iie
Owing to the smaller size of the optical transceivers, they do not require much

space to be installed compared to the RF antf38)aA related market study

carried out by10(Q revealed that thenonthly cost per Mbps in the RF systems

was about double that of the FSO based networks.
Ease and fast installation:The key requirement to establish FSO link is to
ensure LOS between the transmitters and receivers. However, the expected

time for FSO linkestablishment may take up to a few hd®1]. Moreover,

a recent survey which sampled thgerators in Europe and the USA indicated

that the FSO links were installed faster than the other communication schemes

103.

Inherent security: Considerations for security issues in relation to data
communications are of utmost importance. It is in order to ensure that there is
no access for unauthorised parties to the communication link. In this regard,

the LOS FSO technology allowslatively higher transmission security, which

can be considered as very useful for both military and banking s¢t@#s
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The confined FSO beam provides a significant degree of covertness, with
inherent physical layer, which is immune to eavesdropping. The malicious
interception is almost impossébwing to the optical beam obstruction, which

may lead to link failure for the intended recipients. Furthermore, IR FSO links

PD\ MDP WKH UHVLVWDQW RZLQJ WR ODVHUTfV QD

make interception and detection very diffi.

2.3.2 Area of FSOApplications

The FSO technology has a wide range of applications, which include short and
long distances terrestrial applications, in addition to the space applications. In recent
years, most of the FSO applications were limited to immovable terminals (i.e.
trarsmitter and receiver are fixed) with a minimum level of mobility only. There are
two main connecting topologies: i) poite-point links such as those used to connect

two buildings, and ii) pointo-multipoint links such as those used on campuses and

hosptals|104. Typically, the FSO applications include the links of gretmdround,

groundto-aircraft, satelliteto-satellite, and satelliteo-ground station.The main

FSO applications are described in the following:

X Last mile access linksThe adoption of the FSO technology in the last mile
networks is motivated by the unique features associated with the FSO systems
in addition to the rapid demand for delivering higfeed data to the end users.
The FSO links represent an efficient solutibtRU WKH pODVW PLOHY E
which helps bridge the gap between the existing fibre optic infrastructure and
the end users. The deployment of the fibre optic technologies as a backbone
network has in recent years been increased to address the tremendous

bandwidth broadband requirements. Such a development indicates a shift from
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the reliance on bandwidth bottleneck towards the last mile access network. It
has to be noted that by means of deployment of the FTTH, an excellent

performance can be observed dutay require massive investments to be

made]105. The capacity of the wireless networks to offer high data rages (i.

giga per second) still has some limitations due to a relatively lower carrier

frequency being used, in addition to the RF broadcast nature and the available

regulated spectrufl0§g. Moreover, the lack of wired/wireless infrastructure

especially in rurbareas is observed due to lower density of population and
number of potential use. It is because of such obstacles, the FSO systems
have been proposed as a esi$ective and high performance soluti. In
addition, the FSO links can be deployed in po@apoint, pointto-multipoint,

and ring or mesh connections. At present, most of the commercial FSO
products which are widely available offer transmitting high data rateg t

2.5 or 10 Gb/s such as SONAbeam 2&D0Ontroduced by fSONA and
TereScope 10GE produced by MRV, respecti.

Hybrid RF-FSO systems:The hybrid link refers to using the FSO in
combination with noroptical wireless technology. Some practical limitations
associated with the RF networks and potential adverse influences from the
weather such as fog, rain, asthoke have necessitated a hybrid scheme to
overcome the lintations of both technologie¥he integration between the RF
and FSO systems is one of the proposed solutions to cope with tRERF

challenges and to achieve 99.9 % availability in severe atmaspronditions

107 .Therefore, some of the recent studies have looked into the hybrid RF

FSO system in terms of investigating the modulation technid@k, hybrid
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system measuremer{t09, diversity schemell 10, coding techniquel 11

112, and channel modellirﬁ )

Long range FSO links: An outdoor LOS FSO network providing 2.5 Gbps

over a distance of 4.4 km was reportedit4], whereas irf115, 10 Gbps

were transmitted over 16 channels using wavelength division multiplexing
(WDM) up to 2.16 km link distance. The first commercial outdoor FSO system
was introduced in the year of 2008 which delivered 10 @s In the same

year, a terrestrial FSO communication system was reported experimentally in

114 highlighting tre transmission of-8hannels with 40 Gbps per channel

data rate (i.e., 320 Gbps as total data rate). Another studylby

demonstrated a practical investigation of transmitting a digital TV based RF
signal overa 1 km FSO link at a wavelength of 1550 nm.

Cellular communications: One of the important issues in the 4G and the next
generation 5G cellular networks is designing a backhaul featuring both high
capacity and cost effective, which may enable it to copé w&i massive
predicted future traffic. It is also worth highlighting that the FSO link is a
promising candidate technology that can be deployed between the BSs and the
mobile swithing centres or to connect irdemilding optical networks,

allowing for mud higher throughput in comparison with the wireline

connections and microwave link$1g. Some recent practical investigations

which were reported i[119-121] illustrated a successful transmission of 4G

LTE signals over FSO link under fog or turbulence fading effects.
Redundant link and disaster recovery:Temporary FSO links are required
for disaster and emergency situations ranging from both natural anchadn

ones,which may potentially lead to the collapse of the local communications
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infrastructure. The FSO links can therefore be utilised within hours due to

lightweight, low power and easy to instﬁ 119.

x Back up to optical fibre link: The FSO link can based in the event of the
optical fibre either linking down or unavailable. Moreover, the FSO links are

mostly used where the optical fibres are impractical due to the physical

obstacle .

In addition, a growing interest in FSO technology has been observed ithboth
military and homeland security applications owing partly to its installation processes
which can be carried out within 24 hours or even less. It is noteworthy that a very high
bandwidth FSO link can be deployed to connect remotepeomanent sites, diffidt
territories, border control and battlefields. Besides, an equal increase in commercial
interest to adopt the FSO in the optical sensing applications has also been observed.

These applications are notably favoured in the security and military appisatio

122-124. In the case of the present work however, the focus is on the terrestrial FSO

applications for the lashile access networks.

2.4 Hybrid RoF-FSO System

The combination of RoF and RoFSO may offer an appealing option for distributing
radio signals and connecting mtiltidoor RoF networks in places where the
underground fibre may not be availabparticularly inrural and sparsely populated
areas. It is worth highlighting that this option is even more interesting, since it requires
no digging between two buildings and thus the cost of installation is relatively lower.
In this regard, a theoretical study@ highlighted the most efficient technologies,
which can be used to enhanihe wireless lashile access links such as adopting the

optical fibre in addition to the FSO as complementary technologies for the RF based
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technology. The integration between the RoF and RoFSO systems was demonstrated

theoretically in]125 and experimentally i]117] to indicate the transmission of

OFDM signal between two RoF links using 1 km FSO under the turbulence effect.
Either POF or MMF is adopted forghn-building RoF technology as both types are

equally preferable for short span communication systems. According to the prediction

made in|12€, an estimated 17 million kilometres worldwide had adie been

installed as indoor links. The POF channel on the other hand has drawn more attention

for the indoor networks as a cost competitive channel, less brittle, durable and more

flexible compared to the silica based optical fibf@87[12g. In , a hybrid

community antenna television (CATV) and QR&XDM signals were demonstrated
practically over a link of 60 km SMF and 25 m-BOF. It represented the long reach
SDVVLYH RSWLFDO QHWZR U Nnis&2rietw®@lQ @Espgecvely XA/ HU V 1

transmission of 40 Gbps over a hybrid optical links including FSO and POF is

proposed {129 using adaptive OFDM coding format.
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2.4.1 System Model

The block diagram of the hybrid RGFSO system as showrnkigure2.4jhas used:

(a) direct modulation (DM) that refers iatensity modulation with direct detection

(IM/DD) modulation techniquewhich is widely used for the ost costeffective

typical system 118 and (b) external modulation (EM), which is proposed for

high data rate applications that may require relatively lower noise 1¢¥8%. The

FSO link requires a LOS path, which indicates that no obstacles are found between
the transntter and receiver. The typical deployment of the FSO network architectures
are pointto-point in a ring, mesh and star structure. Almost every communication
system includes the following three parts: transmitter, channel and the receiver. For
the hybrid R&-FSO system proposed in the present study, the optical channel consists
of the optical fibre in addition to the FSO channel. Further details of each part are

introduced in the following sections.

(@)

(b)

Figure2.4: Block diagram of the Hybrid ReFSO communication model using
(a) Direct modulation, and (b) External modulation
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2.4.2 Optical Transmitter

The transmitter side consists of a @nylight source, modulator and amplifier. A
driver circuit is deployed to regulate the biasing current of laser and to stabilise its
performance. It is worth highlighting that a Biise can be used to change the bipolar

analogue signal into unipolar form

The input electrical signal is a passband signal based on OFDM at 800 MHz or
2.6 GHz LTE frequency banﬂ. In the base band, the signalcomposedf the
QPSK, 16QAM or 64-QAM as asingle carrier modulatiorSCM) at analogue radio
bandwidth of 5 MHz 10 MHz, 15 MHz and 20 MHz, which are the standard values

for the LTE technolog. The electrical signal converts into optical signal using

laser diode either by means@M as shown ifFigure2.4|(a) a the EM as shown in

Figure2.4|{(b). In this regard, thBM is considered as a cost effective technique and

is used widely for most of the commeroigdtical system 11§. In addition, the

source electrical signal is modulated irfte tntensity of the optical radiation only. On

the contrary, in the EM, both intensity and phase/frequency of the light can be
modulated. The EM can be performed by means of Maehnder electroptical
modulator (MZM). In comparison with thBM, the MZM is proposed for high
frequency digital applications to decrease the signal distortion and noise. Moreover,
MZM-based transmitters are preferred to operate at dense wavelength division
multiplexing (DWDM), due to their wavelength range flexibility, which aapable

of providing relatively higher system capacif$3(d. The modulated signal is

amplified using the EDFA in order to compensate for the link loss and simultaneously,

ensure sufficient link power budget prior to being launched into the optical channel.
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Many factors affect the selection of the proper light source for the high data rate
short distance networks such as the transmission modes and the signal spectral width
The light emitting diode (LED) and LD are the most popular transmitters as both can

be deployed for the optical communication systems. The LED is used commonly for

low data and short range communicatiph31], whereas the LD is more widely used

for the optical communication links as it can be ulechigher data rate and longer
transmission span for tiredoor andoutdoor networkﬂ. There are three main laser
types, namely fabrperot (FP) laser, the DFB, and the VCSEL. The key properties

for these sources include the narrow linewidth, high optical power, and transmitting

efficient coupling light to the optical fibfd37.[Table2.1|provides a comparison of

basic properties (i.e., typical values) for the main light soﬁs;lss’. The LED

emits light with wide spectral witd [134], and improvement powerf up to 0.2 m W

at a relatively lower cost. However,etharge numerical aperture (NA) abdoad

spectral widtrof LED may result in transmission distortion in of the evametworks

employing multimode fibres as a backbq®85. The signal distortion caused by the

intersymbol interferencd{l) and accumulated modal dispers{d3q. On the other

hand, using multilongitudinal modes (MLM) FP laser may increase the signal
distortion by the enlargement of chromatic dispersion ef. By contrast,

VCSELs have a narrow spectral output and a low threshold curremtbioeitl mA,

Table2.1: Typical specification of the maiight sources [45, 133]

Specification LED FP VCSEL DFB

Linewidth (nm) 35 30 3 <1
Optical power (mwW) 0.2 7 10 10
Modulation (Gbps)  0.25 1.7 1 4
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which means that VCSELs can operate at a constant currentvéheimconsistent

temperature. In addition, an acceptable bandwidthoabl0 GHz, can be

supplied by VCSELSs for the shedistance network 135. Thereforea VCSEL

effectively strikes a balance between the cost and quality and thereforeitselkes

real candidate for short distance transmission systems, such as RoF polymer based

links |136. The recent trend is to employ DFB for long haul systems, adekiise

emits a single longitudinal mode with a high transmission power and a narrow

wavelength band. As the typical operating power of the DFB laser is 11@/%

capability in recent years has improved deliver more thar200 mw‘il 137.

However, high costs may possibly limit their applications within building neg¢wo

which is why the need for employing the DFB mainly in the long span outdoor

applicationq13q.

For the FSO networks, there are several transmission wavelangih, which are
designed mainly to operate within the spectral window raf§&80-900 nm and
152031600 nm. The former range is usually adopted for the major FSO applications
because of the components being available for relatively lower cost, buhdt dz:n
assuredor the eye safetthat it may keep the emission power at lower levels. On the
other hand, the 1550 nm band is attractive for a number of reasons: i) compatibility
with the 3% window wavelength band that is adopted by the wavelegigikion

multiplexing networks and EDFA technology; ii) eye safety with approximately 50

to-100 times more than 800 nm, which means transmitting higher é@8&r139;

iii) low atmospheric attenuation; iv) lower levels of the solar backgtoadiation and
v) lower Doppler shift. Therefore, the 1550 nm transmitted signal over the FSO may
have more power that can overcome relatively some of the atmospheric fading effects,

particularly the fog. However, relatively higher cost of the componesttster
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alignment requirements and lower detector sensitivity are the main drawbacks
associated with the 1550 nm band. Typically, the detectors that operate at 1550 nm

are reportedly less sensitive, relatively smaller surface area compared to the silicon

avalanche photodiode (8iPD) at 850 nn139g. Finally, the transmitter optics such

as the telescope or lens are deployed to collimate the light towards the receiver to keep

the divergence angle smaller, which may help reduce the geometricgl40ss

In the present work, thauthorhas adopted the VCSEL at 850 nm and DFB at

1550 for both the indoor and outdoor applications, respectiFayre2.5|illustrates

the internal structure of the DFB and VCSEL laser diodes. The DFB laser is a type of
edgeemitting lasers, which operates in a dominant single mode, while suppressing
other modes of oscillation. The optical feedback can be accomplished bigarai

grating that exists within the active region as it can be sgé&igure 2.5((a). The

Bragg gratings may cause spatially periodic variatioriee effective refractive index
of the laser waveguide culminating in an effective selection of one longitudinal mode.
In this regard, the DFB is considered as a suitable candidate for the outdoor
communication applications such as long haul optical fima FSO networks owing

to its capability to radiate single mode with high output power and narrow linewidth.

In |141], a transmission of 10 Gbps was demonstrated for a distance of more than

80 km SMF using the DFB at 1550 nm wavelength.
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(b)
Figure2.5: Schematic layer structure of (a) DEBd (b) VCSEL laser

Figure2.5((b) illustrates the typical structure of the VCSEL laser diode, in which

the lasing is achieved vertically either at the top or bottom of the diode. The inner
cavity consists of the amplifygnlayers that are fabricated on top of each other on the

substrate. The active region sandwich consists of multiple quantum wells and is

surrounded by highly reflectivity mirrors within the range of ~99.5 to 99.944].

These mirros are located at the top and bottom of the structure and they contain the
distributed Bragg reflectors, which are made from altering material of several quarter

wavelength thick layers with different refractive indices. It has to be noted that the
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VCSEL iscapable of operating in a single longitudinal mode due to its extremely short
cavity, which is about 1 um. The emitted light is perpendicular to the surface and in

circular form, which may help improve the coupling efficiency into the optical fibre.

Thereby, the use of the VCSEL in the optical communication has increased rapidly
. The first commercial VCSEL emerged in the year of 1996, which was initiated

by Honeywell for 850 nm emissions. Subsequently, ynaompanies started to

produce the VCSEL in other wavelength windows, i.e., 1330 and 153048 It is

also noteworthy that several techniques were developed in the last decade to control
the transverse VCSEL modes such as the ecanidinement technique, in which a
layer of aluminiummoxide is used as a directional apegtto confine the optical mode.

This type of laser is capable of replacing the DFB in multiple optical applications as
long as the output power is efficient for the system budget. The most common
application is the indoor optical application because dbitscost compared to the

DFB. Moreover, VCSEL is considered suitable for the WDM applications owing to

its capability for wavelength tuning over a wide range in addition to its capacity of

creating VCSEL arraypl43145.

2.4.2.1 Laser Fundamental Concepts

To understand the mechanism of light generation within light sourcésh afe
employed in the hybrid optical communication system, it is of utmost importance to
consider both the basic atomic concepts and the device structure. It is worth
highlighting that laser is a device that amplifies the light, where it operates witine
the stimulated emission producing highly coherent radiation and highly

monochromatic. In other words, it has a narrow linewidth and highly directional beam

144.
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The laser operation is relative to the interaction observed betweegtihand
materials such as Indium Gallium Arsenide Phosphide (InGaAsP) or other ternary and

guaternary semiconductor compounds that are used to fabricate the PN j@tion

135. The PN junction is considered as a barrier between #ypepand rype

semiconductors. The basic mechanism responsible for the light emission is the
recombination of the electrons and holes in PN junction, where the electrical field is
generated owindo the potential differences observed between the two materials
leading to create a depletion region with a width depending on the doping concentrates
of each P and N type. It is therefore, a forward current is required to overcome such a
barrier. This cuent is the threshold point at which the laser conducting begins, where

it starts to emit light when the current is increased beyond this point. The diffusion of
electrons and holes across the depletion region may lead to present both in the same
region smultaneously. Thus, a recombination may begin between both the carriers,
which in turn may generate the spontaneous and stimulated emission as a result of
optical feedback and optical gain. The lasing process is a consequence of the positive
optical feedbek that may potentially lead to the oscillation inside the laser cavity. The
stimulated emission can be fulfilled when the optical gain equals the loss, in addition

to the positive optical feedback, which can be achieved by providing cleaved facets in

theactive region or by the distributed gratir@5 144.

Despite the different laser types, the basic principle under which they operate is almost
the same. Lser operation is a result of interaction of quanta of energy, better known as
photons, with the material atoms. Based on the quantum theory, these atoms are

distributed in certain discrete energy states. The process of light absorption or emission
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may leado make an atomic transition between these f’tgsreZ.G represents a simple

two energy levels, in which a transition between these states involves an absorption or
emission of a photon with energy of , Wwhereh LV 3 O toGshifity is

optical frequency,E: and E; is the ground state energy and excited state energy,

respectively. In the thermal equilibrium condition, the system is in the ground state, which

meansN: > N2 [147], whereN; andNz is the number of electrons on the ground and excited

states, respectively. The absorption may occur when a photon incident on the material

leading to an electron transition froato E> as shown ifFigure 2.6|(a). This electron

may return to the ground state shortly after due to the instable condition, thereby a photon

is emitted for the process of spontaneous emissiofHigere 2.6|(b)). The photons are

emitted in a random phase and arbitrary polarization. The spontaneous emission rate is

explained by , WhereAz: is the spontaneous emission coefficient.

Figure 2.6|(c) illustrates the process of the stimulated emission. Here, the system is

exposed by an incident pton while an electron remains in the excited state. Thereby, the
electron is dropped immediately to the ground state with the gdrase of the incident
photon.The stimulated emission is essentially negligible in thermal equilibrium condition

consideringhat the most incident photons are absorbed. It can be achieved in the event

(@) (b) ()

Figure2.6: Energy state diagram: (a) sdwption, (b) Spontaneous emission, a
(c) Stimulated emission
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of the electron population in the excited state being greater than that of the ground state,
i.e.,N2 > Ni. This condition is known as the population inversion, which can be obtained
E\ LQMHFWLQJ WKH HOHFWURQV LQWR WKH GHYLFH FRC

technique. The total rate at which the population decreases due ttte stimulated

emission is , Where !(v) is the energy density of the external

applied field B>: is the stimulated emission coefficieT148. The negative sign may

denote the decrease of the population aiNtievel.

The operation of the semiconductor laser cardéscribedin terms of the carrier

density levelFigure2.7|shows the growth of the carrier dengityand photon densitg

against the injected biasing curréqt Ni represents the threshold carrier density, which

is required to start the lasing procebk. is the transparency carrier density i.e., the
minimum density, for which the material starts to be transparent to the photons, i.e.
starting optical gaig.. At the condition of belowransparenti.e.,N <N the optical gain

is negative, which indicatesrelatively higher photon decay rate in comparison with the

spontaneous emission photons that may deteriorate due to the effect of the cavity and

reflectors loses. At the , asl increases, thé&l equally increases as well.

Lasergain is positive but , Wheregm is the threshold gain. Hence, the photon

rate is not large enough to balance the decay ratd. &, whenl is increased beyond
the thresholdw, the optical gain begins to be more than the decay rateSirueeases
and becomes so large due to a relatively higher recombination rate resulting from the

stimulated emission, which in turn preventihg from increasing beyond thé&.
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Figure2.7: Semiconductor laser operation in terms of: (a) Carrierityesusd (b)
Photon density versus the biasing current

Figure 2.7|(b) displays a linear increment &when the injected current exceeds the

threshold point i.e., the lasing point.

The semiconductor laser behaviour can be defined using differential rate
eqguations, which may better describe the interaction observed betwééartd&in
the active region in terms of the ratechange with time evolution. Basic form of the

rate equations is:

In the present study, the DFB is used as a light source for the EM scheme, for
which the transfer function of the MZM is required to model the optical signal. In the
indoor application, the VCSEL diode is adopted inINd scheme, which required to

be moddkd using differential rate equations. The detailed rate equations for a VCSEL

working at 850 nm can be expressed as in the following equfiéﬁdSl :
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(2.1)

(2.2)

where is the internal quantum efficiencls is the input signal curreng is the

electronic chargeVact represents the volume of the active regi@is the carrier life

time, go is the optical gain coefficient, LV WKH JDLQ VDWXUDWLRQ FRI
lateral confinement factonyg is the group velocity represents the fraction of

spontaneous ensm®n, 2is the photon life time.

The output optical powd?op:can be obtained 50 :

(2.3)

wherew LV WKH UDGLXV RI WKHs R Brigitudibd dobfingmeW LR Q  +

factor,Rs is the reflectivity of atype reflector. The parameter values are listgichinle

2.2| which are adopted fro1|141|150 152.The rate equations describe the behaviour

of the semiconductor laser and help better understand the lasel apticelectrical

performance under DM in addition to the potential limitatifi®y. The currentsin

(2.1)and (2.2) can be expressed as:

(2.4)
where I,y and & is the amplitude and modulation frequency for the sinusoidal

modulation current.

The VCSEL can be modelled by solving the equations (2.1) and (2.2). The RF carrier

that was shown in (2.4) can be used to modulate the VCSEL directly, for which the
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Table2.2: Parameter values used in the VCSEL rate equations

Parameter Parameter Symbols Parameter Values
Vact Active region volume 4.8x108 m?
e Electronic charge 1.6x10*°C
2 Carrier life time 5ns
Coupling efficiency 0.6
Oo Optical gain coefficient 5.65x10% m*/s
Nir Transparencgarrier density 3.25x164m3
Gain saturation coefficient 1x10% m3
= Lateral confinement factor 1
= Longitudinal confinement factor 0.07
Fraction of spontaneous emission 1x10°
2 Photon life time 6 ps
& Radius of mode distribution 3 um
h 30DQFNYTV FRQVWDQW 6.63x10%
Ro Reflectivity of mtype Bragg reflector 0.997
Vg Group velocity 8.1x10' m/s

output power can be observed using (2.3). The first step for the rate equation resolution

is to consider the case of the steady state, where in this state:

(2.5)

(2.6)

As illustrated ipFigure 2.7| whenl<ly, the S§ which is the initial value of the

photons number. Whild= N;, whereNi; is the initial value of the carrier number below
the threshold level, i.eNi. To observe the carrier density and photon density

development numerically, the change rateNandS can be represented in terms of

the boundary condition as in the following equations:

: (2.7)

, (2.8)

where depends on the laser cavity distahegiyand can be estimated as:
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(2.9)

2.4.3 Optical Channel

The hybrid RoFHFSO system is proposed to enhance thel4& signal
performance for the building networks. In this regard, the optical channel consists of
the optical fibore and FSO channel, for which the optical fibre is used as a backbone
cable for the intebuilding structure connecting the indoor facilitiés.contrast, the
FSO channel is used as an infrastructure for the-intilding, which serve to connect
multiple RoF links. In the following sections, both channels in addition to the

impairments associated with thewil be discussedh detail.

2.4.4 Optical Fibre

The RoF schemes can use the SMF, MMF or (POF) links depending on the length

of the network and applicatioESéI. In RoF links, a simultaneous operation of

multiple systems can be considered as a significant advantage of the RoF technology,

which has already been used by the SMifneny deployment§l53. The SMF is

characterised by the high performance in terms of very low dispersion and attenuation,

and ultrahigh bandwidtHength product (BW.L), which is typically about

17 ps/km.nm0.2 dB/km, and 100 GHznk, respectively135. However, the cost of

using SMF for irbuilding networks may result in considerable delays in terms of

installation, maintenance, and fibre itself, due to the relatively smaller SMF core size

i.e., 5um to 10um |154, it requires higher precision equipment émelneed for well

trained technician$13q. Alternatively, MMF with its large core i.e., 50 pym to

62.5 um|154 can be easier to install due to its low sensitiwith splicing process

and connector misalignmer{sy. In several instances, MMF according tcoitgical
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mode OM) properties have been utilized for short distance networks. The majority of
the existing iAbuilding fibre networks have deployed the MMF links, either OM1 and

OM2, which may suppoftt Gbps data rate or OM3 and OM4, which on the other hand

may support 10 mos, and according to the projection mad¢liag, an estimated

17 million kilometres worldwide had already been installed with indoor links. ©n th

other hand, the POF has the largest core size in comparison withehé&lmen types

i.e., 100 um to1880 um|139, and it can be readily installed even by unskilled

individuals, thus det-yourself (DIY) installation process can be implemented with

low cost|136.|Figure2.8|shows a comprehensive study of using diffecatle types

(i.e., copper CATSE, POF, SMF, and MMF) for #building networks in terms of its

cost and power consumption for the required devices that can be connected with such

links [127].

As it can be seen frgfigure2.8(a), the installation cost of POF is relatividyer

than the CAT5E because of the factor of sharing the ducts with the electrical power
cables. Moreover, the differences observed in installation cost of POF with the SMF

and MMF, particularly in terms of easy connectorizing of POF links are quite clea

On the other hand, the operation cost shoWriguire2.8(b) explains the advantages

of POF over the silica fibres. However, the power consumutid?OF solutions is

slightly more than that of CABE, because of the consumption of media converters

127. Another cost analysis bﬁ supported using POF as building backbone

network, for which three topologies are presented, namely single star, double, and
ring. A study of cost evaluation for these topologies using the SMF, MMF, and POF
was carried out. In this regard, thedings indicated that the devices that are used
with POF links may involve relatively lower cost than thos&SMF and MMEF in

particular, the media converters, mounted connectors, WDM filters, add/drop
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Figure2.8: Comparison of different #building channels in terms of: (a)
Installation cost and (lBower consumption per room [126]

multiplexer (ADM), in addition to the fibre cost. TIROF represents the potentially

lower cost solution for such networks in terms of devices and the possibility of sharing

the existing ducts with the electrical ca.

In the present study, the MMF and P@te adopteas irbuilding networks for
their attractive properties. However, different challenges may limit the RoF capacity,

which are discussed in the following:

2.4.4.1 Optical Fibre Limitations

The optical fibre limitations are classified into linear and-hoear effects, which

can be neglected in the POF channel owing to the short distance application for such
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links in addition to the low input optical power, particularly for fh@F. The
linear effects may include both the fibre attenuation and dispersion. ibiee f
attenuation effect may reduce the signal power reaching the receiver. The optical

power of the light, which travels through the fibre may decay exponentially with

distancd. according td134], as stated in the following:

(2.10)

whereP, is the received poweR,; is the power launched into the fibre ands the

attenuation coefficient (dB/km).

The use of silica optical fibres (i.e., SMF and MMF) is considered more traditional
in the optical communication system owing to the lower attéonuédvels. However,
the fibre loss is a sum of three major mechanisms, namely the intrinsic loss, bending
and splicing losses. The intrinsic loss, which mainly consists of the absorption and
Rayleigh scattering loss, depends on the wavelength of theniteetsoptical signal.

The silica fibres may exhibit lower intrinsic losses of about 0.3 and 0.15 dB/km in the

wavelength regions of 1300 and506nm, respectively147. On the other hand, the

POF channel, which uses polymers instead of the silica material, exhibits mueh high
attenuation levels. The earlier POF type is polymethylmethacrylate (PMMA), where
the smallest attenuation is approximately 100 dB/km at around 550 nm because of the
strong absorption of carbdrydrogen (GH) bonds and Rayleigh scattering. In
addition, here have also been some recent developments, which have led to reduce

the fibre loss by replacing the hydrogen atoms (H) with heavier atoms like fluorine

(F), which may create €€ bondg{157]. In |158(159, a comparison of the different

POF types was presented. It has been highlighted in recent studiesrthatrinated

POF(PFPOR represents a better choice among other POF types:-RO™;-the low
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loss wavelength dependent characteristics are extended to more than 1350 nm, which
may lead to use the same laser diodes and photodiodes that are already used for the
silica fibre. The dwer level attenuation reported for the-POF is around 60 and

20 dB/km at the 850 and 1300 nm regions, respect|tdl§]. However these values

are still considerably higher in compamswith the silica based fibres. The main
causes for the POF fibre are the Rayleigh scattering, absorption, principally at the C
H bond, and losses through geometric imperfection at the core/cladding ince
In contrast with silica fibres, the attenuation for the guided modes of the POF is not

identical and the attenuation level for bamode may depend on the propagation

angle. Thus, the average attenuation for all modes may significantl yOther

factors which may equally contribute to POF attenuation are, inter alia, the mode

conversion and mode mixing at the fibre bends and the fibre links respectively, in

addition to the unguided or leaky modes which may travel over th‘é35 .

$SDUW IURP WKH ILEUH ORVVHV WKH GLVSHUVLRQ

performance due to the signal broadening, which may lead to th&ig¢sire 2.9

summarizes the dispersion types that appear in the optical fibres. The dispersion
mechanism depends either on the optical signal wavelangtlor propagation paths.

In the multimode fibres, the pulse broadening is produced by the modal dispersion and
chromatic dispersion including the material and profile dispersion (i.e., in the graded
index fibres). The waveguide and polarization modeeadspn are exhibited in SMF

only . Owing to the proposed work in this thesis zoomsnrusing multimode

fibres i.e.,either silica or polymer based, thethortherefore discusses the modal

dispersion, which is the most dominant type that may potentially limit the available

fibre bandwidth{139.
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Figure2.9: Dispersion mechanisms in the optical fibres

The light transmitting over stepdex POF (SPOF) is suffered massive number

of modes, while this number reduced with theR&F. The number of propagated

modes can be described us\hg)aramete:

(2.11)

where is the wavelength of the lighg is the core radius of the fibr&lA is the
numerical aperturey andn, describe the refractive indices at the fibre core and fibre

cladding, respectively.

The greateNA anda, the more modes can be seen guided through the fibre i.e.,
approximately proportional t& 2. The condition ofsingle mode propagation is
Vi < 2.405, which may require much smaller fibre core radius or reducing the relative
refractive index difference. Both these procedures may generate more difficulties in

terms of fibre jointing, launching light intthe fibre, and fibre fabrication process

139.

59



The most important parameters that can affect the dispersial In the
multimode fibres are the wavelength, refractive index profile, light lunching condition,

ILEUH OD\LQJ FRQGLWLRQ DQG WKH KR.JHQHLW\ RI

The refractive index profile has a significant effect on the propagated light
distribution, which is important to reduce the dispersion effect in fmdtie fibres.

If we consider circular and symmetric -BDF, the refractive index profile can be

defined by the power lajd5]] as:

(2.12)

wherer is the distance from the core cenjel V WKH UHIUDFWLYH LQGH][ H

is the refractive index contrast that is defined as:

(2.13)

Moreover, the wavelength dependence of the refractive index is fit by a¢nnee

Sellmeier dispersion relatiphd4:

(2.14)

where B; (unit-less) andC; (nm) indicate the oscillator strength and oscillator

wavelength, respective|Jable2.3[shows the coefficients used for (2.14)raticated

in |16Q, which is specified for the PMMA and fluorinated (PHFHFER) polymers.

The GHPOF fibre can be characterized by its transfer function considering the

chromatic, which is known to be strong in the POF fibres, modal dispersion and
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Table2.3: Sellmeie coefficients for the PMMA and PPOF [159]

Polymer B1 B2 Bs C1 C2 Cs
PMMA 0.4963 0.696 0.322 7180 1174 9237
PHFIP 2FA 0.42 0.046 0.348 5874 8785 9271

differential mode attenuation (DMA), while the mode coupling can be neglected as

indicated in|161]|162.

The transfer function of the G@OFHpor(f) can be stated as:

(2.15)
where Hen(f) and Hmod(f) refer to the chromatic dispersion and modal dispersion,
respectively. The transfer function in (2.15) describes two independent effects that can
be assessed separately. The chromatic dispersion is generated sinceyttimeeh

each mode is considered as a function of the wavelength, which mainly depends on

the laser linewidtlas given by163:

(2.16)

where , T is the modulation frequencyD [ps/nm.km] isthe material

dispersion coefficientL is the fibre length [km],1 is the laser linewidth [nm]The

chromaticdispersion coefficient obtained b1161 :

(2.17)

The double prime indicates the second derivative ofntléth respect to the
wavelength, which can be derived from (2.14). The coeffidient the PMMA and

PFPOF can be estimated using (@,1as it is shown ifigurez.lo The value oD

is ~-60 and ~160 ps/km.nm for the RPOF and RIMA, respectively, which are in

agreement with the values reported in the literature and data gl&kt©n the other
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Figure2.10: Material dispersion for the PMMA and FFOF
hand, the modal dispersion is caused by different propagation velocity of the mode

groups and can be described as:

(2.18)

whereK is the total number of the mode groupsrepresents the input power of the
K" mode group 2, and .« are the group delay and mode dependent attenuation

coefficient of thek" mode group, respectivelwhich can be determined T%l :

(2.19)

(2.20)

(2.21)

wherenest is the effective refractive indexéis the profile dispersion parametes,is
the attenuation of the fundamental moges thep™-order modified Bessel function,

wandkp are the weighting and fitting constants, respectivalyand éare given by:

62



Table2.4: Parameter values used in the®FPOF model

Parameter Parameter Symbols Parameter values
Nef Group refractive index in the core 1.356
n, Cladding refractive index 1.342
" Refractive index contrast 0.01
NA Numerical aperture 0.19
2a Core diameter 62.5 um
Wavelength 850 nm
1 Laser linewidth 0.65 nm
g Refractive index exponent 2
) Profile dispersion parameter 0.6034
D Chromatic dispersion parameter 60 ps/nm.km
w, Ko Weighting and fittingconstants 12.2,9
K Total number of mode groups 22
(2.22)
(2.23)

Here the primaén  and denotes for the first derivative with respect to the

wavelength, which can be derived from @.&nd(2.13), respectively

As it can be seen from (2.18), the POF transfer function strongly depends on the
Px, which is an indication of the launching condition and power distribution across the
fibre core. In general, there are two types of launching comditinamely the
overfilled launch (OFL)conditionand restricted mode launch (RML). In OFL, all
modes can be excited equally, while in RML only a restricted number of modes can

be generated, which can be obtained using a-fdgerinterface such as theoate

filtering techniqueq165. By compensating (2.16) and (2.18) in (2.15) using the

parameters highlighted |fable 2.4} the Hpor(f) is simulated ir[Figure 2.11] for

100 m of PFGI-POF showing the channel frequency respongeere the OFL

condition is adopted.he fluctuations observed in thieor(f) reveal that POF channel

may suffer from amatic degradation due to the modal behaviour through the fibre,
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Figure2.11: Frequency response for 100 m of8FPOF

which may limit the BW.L significantly. The simulatedror(f) indicates similar
behaviour to thtaused in the experimental part. The experimental part will be

explained in section 5.2.

2.4.5 Atmospheric Channel

7KH (DUWKTVY DWPRVSKHUH LV FRQVLGHUHG DV D G\(
may not serve as an ideal medium for optical field propagation. It can affect the optical
signal characteristics which may result in distortion in terms of several aspects such

as diffraction, attenuation, turbulenireluced fluctuation in both amplitude and phase

linearly |[166. As the chanreproperties are random in nature, their atmospheric

effects can be characterized by means of the statistical approaches such as Kim theory,
log-normal, GammdaGamma, and negative exponential mﬁ.
2.4.5.1 Atmospheric ChannelLoss

The light intensity irthe atmospheric channel may get degraded by the attenuation
effect, which can be because of the interaction observed between the optical beam and

aerosol particlegpresent within the atmospherét dry air, it is composed of
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permanent gases with a concatitbn of about 21% oxygen, 78% nitrogen, and 0.9%
argon of total tropospheric gases. In addition to about 0.04% carbon dioxid®%4

ozone , the water vapour {8) is about 4% only, in addition to the particles of dust,
combustion, and soil which make 1x10°% . Such a scenario may indicate that

the FSO communications can be severely affected by the light absorption and
scatteing, which may have been resulted by gaseous molecules and aerosol particles

in the atmosphere.

The absorption process is produced when a gaseous molecule, which can lead to
TXDQWXP VWDWH H[FLWDWLRQ WR D KLJKHU rdQHUJ\ C
Hence, some photon energies can be converted into heat. Moreover, the atmospheric
absorption is a function of wavelength and therefore it may characterize a selective
behaviour, which may in turn lead to create preferable windows that have minimal
absoption rate. The absorption rate is relatively smaller at the visible wavelengths,

i.e., 400 to 700 nm, near IR at the wavelengths of 830, 940, and 15@@.

On the contrary, the absorption may lead to eliminate the radiptimpagation at

wavelengths below 200 nm, where the absorption is dominated by@hmblecules

164. On the othehand, the collisions observed between the photons and molecules

may result in the scattering that may lead to deteriorate the performance of FSO
drastically in the visible and IR wavelengths. It may induce noise into the receiver in
addition to degradinghe optical beam intensiﬁ. In the scattering process, the
SKRWRQVY HQHUJ\ LV UHGLVWULEXWHG ZLWK DQG ZL
scattering phenomenon is affected by the size of particles with respect to the
transmission wavelength. The scattering is specified setceral regimes such as

Rayleigh and Mie regimes. Rayleigh scattering is notably caused by the interaction

observed between the propagated light with the atmospheric molecules that are smaller
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in size compared to the radiation wavelength. It is applidablihe clear atmosphere
and its dominant only at the wavelengths which are shorter than 1500 nm , owing

SDUWO\ WR WKH VFDWWHULQJ FR*H bbLifdicet€\Vih theH L QJ S

Rayleigh law]166. Mie scattering may occur when the size of particles that scatter

light is similar in scale to the wavelength. Hence, haze, aerosol, and fog molecules are
the contrbutors to the Mie scattering. In particular, the latter effect is the major source

of such type of scattering resulting in extreme loss of the light intﬁy

The atmospheric loss can be considered as a time invariant parameter over multiple
fading effects of the atmospheric channel and may have resulted from the combined
deterministic factors of absorption and scattering. Thereforea terrestrial FSO
network, transmitting an optical beam over the free space link diglarice path loss

componenty can be defined using the exponential Bée& PEHUWYfV ODZ DV > @

, (2.24)

where | denotes for the atmospheric attenuation coefficient i.e., wavelength and

weather dependent parameter. Typical values afe 0.43, 4.3 and 43 dB/km for

clear, haze and fog weather, respecti.

2.4.5.2 Fog andVisibility

In terrestrial FSO, fog is among the atmospheric components that can potentially
OLPLW WKH OLQNYY OHQJWK 7KH ODUJHVW LPSDFW R
of fog droplets that mayary between 0.5 um to 2 prwhich are in the same order of
the typical FSO wavelengths where the Mie scattering may become dont
The loss in the receiver signal due to the fog effect is mainly because of the scattering

rather than the absorption, particularly in the IR ra@. The visibilityweather
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Table2.5: Attenuation coefficients based on link visibility [104]

JRITV Visibility V (m) Attenuation | (dB/km)
Dense 40-70 143250
Thick 70-200 40-143
Moderate 250500 20-40
Light 500-1000 9-20

conditions such as fog may cause significant attenuation of the transmitted laser beam,
which applies degradation in the channel range and au#jlaFor example, dense
fog may cause a severe intensity deterioration in the propagated signal owing to

relatively higher attenuation on the order of hundreds of decibels per kilﬁe

Practical measurements reportedli6§ compared between two fog events: one was

in Graz, Austria with continental (i.e., moderate) fog condition, and the second was in
La Turbie, France with advection (i.e., dense) fog. The results indicated that the fog

attenuation was 130 dB/km and 480 dB/kespectively, which may cause significant

restriction in relation to the availability of the F$9. $FFRUGLQJ WR .LPYfV P

the fog attenuation is characterised based on the @@ TV Y\, Whiel i© L W\

defined as the distance where the optical beam power may drop to a fraction of 5% or

2% of its original powel|16§. As repoted in [169, the attenuation for the FSO

visibility below 100 m can reach up to 170 dB/km under the dense fog corndiiiole.

2.5[showsan empirical data for the attenuatiatased on the link visibility104].

2.4.5.3 BeamDivergence

One of the reasons to adopt the laser sources in the FSO networks is their capacity
to transmit narrow optical beam, but due to the diffraction phenomenon, the travelling

optical beam may experience spreading, which in turn may reduce the received optical
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energy. The beam spreading that is caused by pure diffraction is related to the
wavelength, size of emitting aperture, and shape of the wavefront, which can be
assumed as a uniform plane wave. Therefore, part of transmitted beam may not be
captured by theeceiver, a loss which is known as geometric loss. It can however be

increased with the FSO distance unless the size of the receiver is increased or receiver

diversity technique is us. Figure2.12ldemonstrates a typical FSO channel. The

optical beam is transmitted from a LD withangle, and then launched to free space
distance withd; distance using optical lenses, which are positicatethe focal length
Lfocal to collimate and focusing the incoming optical beam into the PD. However, the
optical beam is observed to spread constantly with the increaseatfa rate
determined by the divergence angie Hencethe beam diametér.e., spot size) &/

at the receiver can be defined by:

(2.25)

Note that the g is a function of transmitted beam waist radiWg) and it can be

estimated bﬁ :

Figure2.12: Typical atmospheric channel
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(2.26)

A theoretical model was proposed|it69 showingthat the , andWs can be

tuned to increase the average capacity for a given transmitted power. As the beam
spreads through the FSO channel, geometric spreading Ags$ i€ generated

depending primarily on the divergence angle, receiver aperturbaifrééspace link

and it can be defined 4¢40Q:

, (2.27)

wheredixanddix are the transmitter and receiver aperture diameter, respectively.

2.4.5.4 Atmospheric Turbulence

In the FSO channel with no fog, the atmospheric attenuation that is related to the

visibility can be neglectefl 1. However, the temperature inhomogeneity may cause

a turbulence effect, whicis associated with the variations in the refractive index of
the FSO pathThe channel fading because of the turbulence is known as scintillation,

which refers to the random fluctuations in the amplitude and the phase of the received

irradiance.ConsequeWWO\ XQVWDEOH DLU PDVVHV FDOOHG DV

different sizedeading to deviations and fluctuations observed in the optical beam in
comparison with its original state. Hence, a significant degradation in the FSO

performance can be observedpecially in the long distance frepace propagation

paths|118. Numerous theoretical and practical investigations have demonstrated the

effects @ scintillation in relation to the FSO communication systems and have

developed a variety of models to categorize its behaJd8¢ |166 (168 (17].

'HSHQGLQJ RQ WKH VFLQWLOODWLRQYTV VWUHQJWK
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weak, moderate, strong and satura. In |166, a comprehensive study of

turbulence models was presented to address the terrestrial FSO systems. In addition to
the temperature, some other recent studies have also shown that the wind velocity,

medium pressure and the altitude may affect the turbulence strengtrefidotive

index structure paramete&Q[m‘2’3] is commonly adopted to describe the optical

charateristics of the medium, which may depend on the altitude weather condition.

Several theoretical and practical models were presen QB?‘QYI to predict the&q

for different weather conditions. Thetained results have shown that the scintillation,
i.e., turbulence is strongly dependent on the wind velocity, pressure, altitude, relative

humidity and aerosols size for both daytime and riighé conditions.

One of the most useful parameters is the scintillation inblewhich can be used
to quantify the irradiance fluctuations effect and to characterize the strength of the
optical turbulence. It is usually adopted to define the probability distributiotidmnc

(PDF) of the irradiance fluctuations owing to the scintillatias given by

: (2.28)

wherelop denotes the received optical intensity afélefers to the ensemble average.

In order to fully characterize the turbulerogluced scintillation fading effect,
several statistical models were developed both theoretically and practically in order to
predict and deduce the stochastic nature of the irradiance fluctuations undentiffer

atmospheric conditions. The random behaviour of the turbulent medium can be

expressed as probabilistic terms rather than determifl@&. Therefore, the optical

beam fluctuations resulting from the scintillation can be represented in terms of the
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PDF |17(0.The most common models are the -tagmal and Gamm&amma

distribution models, which are widely used to describe the PDF under weak and weak

to strong turbulence regimes, respectivgly/. Several schemes have been

introduced to mitigate the optical turbulence effect such as the aperture averaging

173 and spatial diversity usingultiple input multiple output (MIMO)systems

174. More details about the atmospheric turbulence mathematical model are

discussed in chapter 3 of thieesis

2.4.6 Optical Receiver

In ROFROFSO system, the optical receiver is used to recover the electrical
transmitted signal from theacident light. It has to be noted that it is composed of
receiver optics, $#-n (PIN) PD, transmpedance amplifier (TIA), and the signal
analyser. For the FSO part, the receiver telescope or lens focuses on the received
optical beam towards the PD, whicbnverts the optical energy into electrical energy
prior to being amplified by the TIA. The signal analyser captures the amplified signal
for off-line signal processing, equalization, demodulation and link performance
assessment. The aperture of the telpeds usually large to help enable it collect as
much of the uncorrelated propagation fields as possible, which is called as the aperture
averaging technique. However, the background ambient light can be captured as well
with a wide aperture area that ynequally introduce additional noise at the receiver
. Hence, an optical band pass filter may need to be adopted to decrease the impact

of the background noise.

There are two main detection schemes, nhamehDIMand coherent detection.
The IM-DD is widely adopted in the optical communication systems because of its

simplicity and coseffective detection scheme, whereas the light intensity is used to
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deliver the information data without considering the phase of the optical carrier.
However, its perfomance is limited by the noise generated in the receiver amplifier

and PD, which may degrade the receiver sensiﬂﬂ.

On the other hand, the coherent detection pays attention to the light intensity, phase
and the frequency. This technique adopts an optical local oscillator nedbeer,
where its output combines with the received signal prior to being detected by the PD.
It is worth highlighting that the use of coherent detection may enhance the spectral
andsignatto-noise ratio (SNREgfficiency, and it has been examined asethod to
extend the transmission span for lemaul networks before introducing EDFA as an

effective device to increase the link span dramatically. Recently, it drew more

attention for the higher data rate optical system1;17ﬁ and[174, an optimization

for the coherent OFDM system was carried out. Additionally, an experimental

transmission of the OFDM along 80 km SMF was reporte #7]. Nguyenet al

178 demonstrated theoretically a nonlinear equalizer in the coh@&€DM system

for transmitting40 Gbps over 400 km SMF link. However, the coherent detection
involved relatively higher costnd architecture that is more complex. Hence, the IM

DD scheme is adopted in most of the RoF and RoFSO systems. In this study, as the
RoFis adoptedn the 4GLTE architecture, there are some potential advantages of
shifting the system complexity and si¢jpaocessing to the CS rather than the multiple
BSs. The use of coherent detection may increase the design complexity for the BS
significantly, which is found contradicting to the main purpose of using RoF topology
for the 4GLTE systems. Consequently, thé-DD is deployed in thighesis The IM-

DD scheme is introduced theoretically and practically for the RoF in tReET&Sn
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Table2.6: Accessible emission limits for 850 nm and 1550 nm wavelen
[53]

Average optical power (mw)

Type
=850 nm = 1550 nm
Class 1 '0.22 "10
This category reserved for the range between 4(

Class 2 700 nm, same AEL for Class 1.

Class 3R 0.22-2.2 10-50

Class 3B 2.2-500 50- 500

Class 4 “500 “500

2.5 Eye Safety and Standards

Theoretically, high power optical beams may suppress some of the transmission

limitations though compensating the high channel attenuation may lead to meeting the

required data rate, hieve high SNR and improve the transmission path fufi89.

However, the design of FSO system is always governed by the peak power constraints,

which is related to the eye and skin safety standards that impose restrictions on the

peak of the propagated optical powW&d§. A number of international standards

bodies provide guidelines on the safety of optical radiations, such as the European
committee for electrotechnical standardization (CENELEC), American national
standards institute (ANSI) and the international eleattoteeal commission (IEC), in

which the latter standard is widely adopted in FSO design reguldﬁ@ﬁ’s These

standards classify the exposure limits of the laser sources. In general, the lasers are

classified into four categories, namely Class 1 to Class 4. Class 1 represents the lower

power while Class 4 being the most powerful laser grpigble 2.6|presents the

accessible emission limits (AEL) for the wavelengths of 850 nm andif&5@hich

are the widely adopted wavelengths in the FSO I
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As presented 1ﬁ able2.6| the Class 1 lasers that operate at 1550 nm wavelength

are able to generate about 50 times more optical power in comparison with the
850 nm wavelengttue to the fact that the light wavelengths beyond 1400 nm tend to

be absorbed by the eye cornea, prior to be concentrated and focused on getina

Accordingly, longer FSO span and higher data rate can be supported. Nevertheless, it
is noteworthy that the laser output power deé the laser classification and there is

no inherent or eye safe wavelength.

2.6 Summary

In this chapter, the principles of both the RoF and RoFSO technologies are
discussed, following which related studies of these two constructs are reviewed. The
fundametal features of the RoF and RoFSO systems are presented imndadalition
to the applications of both technologies including the short and long range networks.
The combination of hybrid RoF and RoFSO is presented as an appealing option for
distributingradio signals and connecting muhidoor RoF networks in places where
the underground fibre may not be availalilee basic hybrid RofFSO block diagram
is presented to show the main system concepts, including the transmitter, channel and
the optical reeiver. On the other hand, the main challenges that may potentially affect
the sysem performance are introducehe MMF and POF impairments are
explainedn detail with the analytic model that can be used to simulate the channel in
terms of the channelansfer function. The impact of the FSO channel is highlighted
including the contribution of the atmospheaitenuation, turbulence and fdghe fog
effect and the visibility range are discussed for different fog types. A background of
the atmospheric tuddence is discussed with the aim of characterizing the turbulence

effect. These effects are presented in a basic theoretical model and will be taken up
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for discussion at length in the following chaptéviareover, since the ROMMFSO
system is presented this thesis, the modal dispersiohthe MMF represents the
main challenge thanay limit the system performancé&herefore, a mod8ltering

technique will be presented to mitigate the modal effects in the following chapter.
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Chapter 3
Modal effects Mitigation of a novel
Hybrid ROMMF/FSO system under

turbulence effect

3.1 Introduction

In chapter 2,ie overview of the hybritchdio over multimodefibre and free space
optics ROMMF-FSO wasintroducedfor transmitting the % generatiolong term

evolution (4GLTE), where the main challenges were discussed in detail.

The integration of optical an@dio frequencyRF) systems represents one of the
most attractive solutions to alewith the growing traffic demands. Thadio-over
fibre (RoF technology has the ability to improve the coverage by means of adopting
enhanced NodeB (eNB) angimote unit (RU) that deployed in the distributed antenna
system (DAS)for the access and -uilding networks. Traditionallysinglemode

fibre (SMF) is employed for long distance applications owing to its low attenuation,

whereas, the MMF is widely used for short distance applicajitizg. In [179, the

coverage oENB was extended up to 2.1 km by means of using the RoF technology
based on SMF. Commercial LTRoF solutions were demonstrated by CommScope

for in-building applications by employing distributed antenna system to overcome the

high RF signal penetration dees |[18(0. An experimental demonstration of

transmitting LTE over 525 nMIMF was reported i at wavelength of 1310 nm

with a ~3%error vector magnitudeEYM). At present, MMFs, identified by their
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optical mode ©M), have different modal bandwidth as outlined in the ISO/IEC 11801

standard 181 and are considered for use as fibre backbone infrastructure in existing

buildings. The types of MMF are defined byerfilled launch QFL) bandwidth,
which refers to a launching technique that employs a light source with a spot size
larger than the fibre core diameter. The typical AGfdndwidth length products

(BW.L) of OM1, OM2, OM3, and OM4 at 850 nm are 200, 500, 1500, and

0+]ANP UH V[38$1FA\survey (h‘\126 highlighted that ~17 million km

of MMF are employed in hbuilding networks worldwide. Nonetheless, the modal

dispersion in such fibres may induttee pulse broadening that limits the available

bandwidth severelj126§. Correspondingly, several techniques were proposed in

order to mitigate the impact of the number ofpropagating modal groups the

receiver, including theinglemode filtering techniqu¢SMFT) and the offset

launch techniqu.

Apart from RoF, there is another complementary technology of FSO, which can
EH HPSOR\HG LQ WKH *ODVW PLOH" RI WKH DFFHVV QH
RF type signals. This particular technology is referred tadis-overFSO (RoFSQ)
which offers high bandwidth, immunity to the electromagnetic interference and free
license fees in comparison to RF wireless communications. It is noteworthy that the
link performance of FSO systems are affected by atmospheric channel conditions such

as atmospheriabsorption, scattering and scintillation, which affect the transmission

quality, as well as the link availability16q [172. Scintillation is a random

phenomenon initiated by small temperature variatialosig the optical path, i.e.,

optical turbulence, which in turn, resulted in the refractive index and irradiance

fluctuations]17d. In J114, several schemes were introduced to combat turbulence

induced fading effects. Apart from that, the impact of turbulence on the propagating
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optical beam can be evaluated by means of employing several statistical models,

which include lognormal and gammgamma distribution model adopted for weak

and weakstrong turbulence regimes, respectivily?. In this study, theauthor

adopted lognormal model taheoreticallyassess the performance of the proposed

system under weak turbulence.

It is noteworthy that theambination of RoF and RoFSO will be employed in both
access and tbuilding networks in order textend the transmission range of the
Wirelessserviceﬂ. RoFSO will be employed as a bridge between the fRalk

systems, in which, no fibre optic infrastructure exists in the place, particularly in rural

areas. I{125, an analytic model for transmission ofathogonal frequency division

multiplexing (OFDM) signal over a FSO link was reported, exhibiting that RoFSO is

highly sensitive to the atmospheric turbulence, received optical power and modulation

index. In|117], experimental investigation of the worlqit2g was reported, whereby

a digital TV-based RF signal was transmitted over a 1 km FSO lin@&tl550 nm.
Although a lot of researchaswidely considered the atmospheric effects on the FSO

link when using short length SMFs, the perturbing effects generated by haVE-

been not studied. In|172, experimental demonstration of the baseband signal

transmission at 100 Mbps over a 1 m of MMF and a 2.5 m of a FSO link with weak
turbulence was reported with a packet error rate (PER) of bfGneans of using

coding. Furthermore, an experimental RoF and RoFSO systems using the RF

frequency ranges from 0-:4 GHz and a 10 km of SMF were reportedlifqg.

In this chapter, a ROMMIFSOsystemis proposedor the last metre (intetoom

networks) and the last mitd the access networks presented flRigure3.1| Theline

of sight LOS) FSO links are employed to inteonnect buildings with transmission
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Figure3.1: ROMMF-FSO scenario providing wireless services in theraestre
and lastmile access networK§21]

spans of a few kilometrgd 8. Indoor RoF systems with MMBre deployedor

connecting theesidential gatewayRG) with the RU. A mode filtering technique is
propogd and theoretical and experimental verifications are carried out in order to
mitigate the modal effects with the aim of improving the system performance, in terms
of the channel transfer function, optical beam profile and EVM for a rangjgrad}

to-noise ratio SNR). The author has published the resulting output of this chapﬁin

120|121].

3.1.1 Mode Filtering Techniques

It should be noted that the hybrid ROMMNRSO link may provide an advantageous
solution. Nevertheless, MMF may experience digantly higher distortion effects

with regards to modal dispersigpb83. Different mode groups propagatediferent

velocities within MMF and thus, resuh signal distortion athe photodetectorRD).
In a hybrid system, different modal groups of the MMF to the free space are coupled
with a different group delay, which in turn, may result in affecting the hybrid RoMMF

FSO link. Furthermore, different mode groups have differeatrbshapes as they are
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affected differently by the channel condition they go through such as turbulence. This,
in turn, may lead to additional distortions and fluctuations in the frequency response
of the system. The reduction of the modal dependencemeteto be very important
owing to the fact that the modal dispersion has the strongest effebe trybrid
channel. Several methods were proposed to improve the modal behaviour of the fibre
channel, and some of them will be adopted for the hybrid channel. The utmost
imperative techniques are mode filteri and offset launch techniqu. The

latter requires precise positioning, hence the complicated practical applications.
Nevertheless, it is reported that this technique is unable to solve the hybrid ROMMF
FS2 VA\VWHPYV EHDP SURILOH SUREOHP &RQVHTXHQWO
adoptedfor the proposed hybrid ROMMFSO system. It should be noted that there
are a number of mode filtering schemes, which are used to reduce the number of mode
groups. One fothem is the SMF filter, which has the ability to filter all higher mode
groups, except for the fundamental m. The SMF filter is installed between the
MMF and the FSO part of the link to ensure that only the fundamental mode is
transmitted over the free space channel. Henceautt®rintends toinvestigate the
development of thenode filtering for ROMMFFSO system with SMF. Apart from

that, the gradient inde§GRIN) lenses are employed, through which the transmitted
signal will be coupled to the free space. The GRIN lens is employed at the receiver
side to project the light beam to be focused onto the PD. In addition, with the
employment of GRIN lens, tfeSOchanneloss is reduced due to the beam focusing,

which in turn, leads to further improvement in the performance of the system.
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3.2 Theoretical M odel

The proposed system presentdéFigure3.2|is modelled using MATLABM with

the following principal aspects:

3.2.1 Hybrid Linear Model

The hybrid ROMMFFSO link can be separated into three different sections,
namely transmittefTx (i.e., electricaloptical conversion)eceiver,Rx (i.e., optical
electrical conversion) and optical channel, which includes the fibre to free space

interface (se&igure3.2). OFDM LTE signal is generated at the Tx and the baseband

signal is composed of iguadrature amplitude modulatigh6-QAM) at 20 MHz as
asingle carrier modulatiorSCM), X(m), wherem « «Ns-1 is the subcarrier
index, andNs=2048is the number of subcarriers. Al Hoint inversefast Fourier

transform (IFFT) is applied to generate the OFDM sigs@), which is used to

describe the LTE signal as:

, (3.1)

wherex =0 « «Ns-1 is the time domain index. The cyclic prefix (CP) is added
at the rate of ¥ in order to gener&g(x) signal to avoid ISI, which is then passed
through a paralleflo-serial converter (P/S) and a digitatanalogue (DAC) converter.
The conthuous signaSe(t) is then converted into a passband OFDM si@ag(t) at

freof 2.6 GHz, which is the most common LTE band deployed in EL@, and

is givenby:

(3.2)
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Figure3.2: Theoretical model of the ROMMFSO system [121]

where

The LTE signalSgr(t) is employed to externally modulate the output of a
distributed feedback las¢bFB) laser by means of usingMach®Zehnder electro
optical modulato(MZM). In comparison, the MZM is recommended to be employed
for high-frequencydigital applications in order to decrease the signal distortion and
noise than thalirect modulation PM). Moreover, MZM based transmitters are
preferred to be operated@ggnsenvavelength division multiplexing (DWDMXue to

their wavelength range flexibility, which are able provide higher system capacity

13d. The transmitted optical field atahoutput of the MZMEy(t) and the power

transfer function are specified by185:

, (3.3)

: (3.4)
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whereE;(t) is the input optical fields of the MZM/viasis the MZM biasing voltage,
VeLV WKH GULYLQJ YROWDJH ZKLFK LV UHTXLUHG WR F

output, and.mzm is the MZM insertion loss.

The output of MZM is amplified by therbiumdopedfibre amplifier EDFA) in
order to compensate the link loss, as wellasrisure a sufficient link power budget,
prior to the transmission over 1 km, 1 m and 2 m of MMF, SMF and FSO links,
respectively. Apart from that, a patch cord SMF is leygd as a mode filter between

MMF and FSO.

At the Rx, following the optical telectrical conversion by means of using a PD,
the modilated signal, which is doweonverted into 20 MHz using a local oscillator
running at the same frequency of 2.6 GHz as in the Tx. The remaining parts of the Rx
are exactly the same as the Tx, exceptterfrequency domain akero forcing ZF)
equalizer, which is useith compensate for phase and amplitude distortions incurred

by propagating signal.

In this work, a number of assumptiomas postulatedvhich include: (i) a linear

MZM (i.e., chirp free)(ii) no fibre nonlinearities since the optical power level is

relatively low, i.e., not exceedia dBm|18¢; and (iii) a norselective frequency of

FSO channel since theSP link has a negligible delapread11§. It is noteworthy

that the proposed link in clear channel is timeariant and thereforet can be
modelledas a lineatime-invariant system. In addition, it cdoe defined in terms of
the link transfer function, which gends strongly on the modal group delay and the

modal power distribution induced by the link characteristics and launching conditions

at the Tx/Rx ends and the intermediate MMF/SMF interfa8e].
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3.2.2 Fibre Channel

The modulated optical sighs launched to the free space MMF and SMF as

depicted iTFigureS.Z In the proposedhodel, SMF is employed as a mode filtering

technique, in whicldominantmode is allowed tde propagatedThe total transfer

function Hetal(f) is specified as:

: (35)

whereHuwmr(f), Hsme(f) andHrso( f) are the transfer functions for MMF, SMF and

FSO channels, respectivelwvr(f) is given a418§:

(3.6)

where f is the modulating frequencyd [ps/nm.km] isthe material dispersion
coefficient L is the fibre length [km],1 is the laser linewidth [nm[K is the total

number of the mode groupBy, , and are the input power, group delay and

mode dependent attenuation coefficient ofkhenode grouplt should be noted that,

the first and second terms in §B.represent the chromatic and modal dispersions
respectively Chromatic dispersion depends oe #pectral extent of the light source,
while modal dispersion is due to the different propagation velocity of the mode groups.

For the refractive index with a parabolic profile in the fibre c(#€,9) can be used to

describethe total number of mode grpsin the MMF aq161}:

(37)
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wheredwwr is the MMF core diametengttis the effective refractive index of the MMF
core,g is the refractive index profilparameteand "~ is the refractive index contrast.
For the fibre that adopted in the theoretical model, the parametavis©er, g and

“are 50um, 1.45, 2 and 0.0(please see Table 3.the number of propagating mode

groupsK is 10.

The linearHswr(f) describes the effect of the chromatic dispersion in addition to
the SMF attenuation. Nevertheless, these effectsdbeameglectediue to the short

length of SMF (i.e., 1 m). However, the insertion loss due to the coupling between

MMF and SMF isconsidered in this work (s@able3.1). As indicated iffFigure3.2

the output of MMF is applied to SMF asnodefiltelin order to ensure the propagation
of the fundamental mode the free space channel. Accordingly, the transfer function

of the filtered beam can be defined as:

: (3.8

which is approximated using.©) as:

(3.9)

Where Prung, Znd @nd .fung are the power, groupgelay and the attenuation of the
transmitted fundamental mode, respectiviéiyias to be noted that a unifopower

distributionin the MMF cores consideredo estimateéPsundin (3.9).

3.2.3 FSO Channel

In modelling a clear FSO channel, the simplest planeewawdel is adopted, in
which, the electrical field distribution céne modelleds the superposition of far field

distributions of each mode groups. The far field delay different mode groups in
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identical way and thus, a clear FSO channel can be mddaiea summative
attenuation. AFSO channel statérso, which representghe optical intensity

fluctuations due to thatmospheric loss, and turbulen@nd misalignmeninduced

fading is defined a:

whereh; and hs denote attenuations due to beam extinction arising from scattering,

: (3.10)

absorption and geometric spread and scintillation. Notablyaukigorassumed that
there is no misalignment induced losdess a deterministicparameter and hence, is

considered as eonstant scaling factor over a long time scale, compared to the bit

intervals of ~16 s[189, which is given b:

: (3.1D

whereAx = Ndi /2)? is the Rx aperture aredy is the Rx aperture diametesg is the
divergenceangle,d is the FSO span, andis the atmospheric attenuation coefficient,
which is ~0.43 dB/km for clear channel conditif90]. Dyis timevariant factors,
which exhibit variations in the fading channel in the order of milliseconds, in which

their stochastic behaviour is described by their respective distriby The

turbulence (i.e., scintillation} causedby random variations in the refractive index of

the medium, along the transmission path. The refractive index structure parameter

&, [M?7] is widely employed to measure the strength of the refractivexind

fluctuations, whichs definedas|164:
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: (3.12)

whereP is the atmospheric pressurenmilibar, T represents the absolute temperature
in Kelvin, &; stands for the temperature structure constant that describe&gthe
sensitivity tosmallscaletemperature variations, which can be obtained from the mean

square temperature difference of two adjacent temperature poansT,, separated

by distanceR, as outlined by170Q:

(3.13)

wherelp andLo are the inner and outer scales of the temperature fluctuations.

Turbulence ilassifiedas weak, moderate and strong, depending on the strength of
scintillation and is defined using Rytov variandge The 1;is deduced based on the

assumption that the laser beam propagates in a plane wave with honusgeneo

turbulence (i.e.&gis constant along the horizontal path), which is give[i12§:

, (3.14)

where is the opticalwavenumber. Note thatl=< 1, 1:~1, and 15“ 1

corresponds to weak, moderate and strong turbulence regimes, respgt@delifor

weak turbulence, legormal distribution model is widely used to describe the FSO

channel statistically with therobability distribution functionRDF of the irradiance

fluctuation is given by189:

, (3.15)
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where is the PDF of the atmospheric channel andis ~ for the caseof

plane wave propagatiofil89. [Figure 3.3| illustrates the variation in legormal

distribution against the turbulent channel skafer different values of in the weak
turbulence regime. It is evident that for = 0.01 and less, the PDF distribution is

nearly Gaussian. However, for 0.1 the PDF distributions are not Gaussian and

are skewed to the right, wdhi indicate the significant effect of the atmospheric

turbulence on the intensity fluctuations of the optical signal.

The link total transfer function can be approximated by:

, (3.16)

where ..ota and Liwtal IS the total system attenuation and total channel distance,
respectivelyEquation 3.16 includes the effects of both fibre and FSO channels, where

the later is represented in terms of link attenuation in clear weather condition.

The proposed system cae assessed by means of using. EVM that can be defined

as|191|197:

Figure3.3: Log-normal PDF variations fatifferentvalues of Rytov
variance [120]
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(3.17)

whereNsis the number of the symbols for the in phageadrature ¢Q) constellation,
S(x) and S(xs) are the received and transmitted baseband symBals.is the
maximum magnitude of the ideal transmitted symbol power, which is utilised for

normalization.

Also, the system frequency response and laser beam profile are employed to

evaluate the system performance under modal effects and turbulence fading.

3.3 Experimental Model

The schematic block diagram of the experimental set up for the proposed system

is presented {frigure3.4{ All the key relevant system parameters are shoylrabie

3.1] The LTE signal (i.e.16:QAM with a passband frequency of 2.6 Ghlzda bit

rate of 67.2 Mbpksis generated at the Tx using a Rohde&Schwarz (R&S) vector signal

generator (VSG), which igsedto externally modulate a DFB laser abf 1550 nm

Figure3.4: Experimental setup ®@0MMF-FSO system with three practical
scenarios [121]
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Table3.1: System parameters

Parameter Values

Modulation scheme 16-:QAM

Baseband multiplexing OFDM

Carrier frequency 2.6 GHz

Signal bandwidthbit rate 20 MHz, 67.2 Mbps
RF power -10 dBm

DFB wavelengthpower 1550 nm 6 dBm
Relativeintensity noise (RIN) -145 dB/Hz

MZM insertion loss 6 dB

EDFA gain, noise figure 13.5dB, 3dB
MMF dumr, Nefr, -fund 50 um, 1.45, 0.3 dB/km
MMF ", g 0.0, 2

SMF loss 0.15dB/km
MMF/SMF coupling loss 1.7 dB

FSO total loss 15 dB

GRIN lens aperture 1.8 mm
Planeconvex lens diameter 25.4 mm

PIN PD responsivity 0.75 AIW

TIA 3dB bandwidth DCto 12 GHz
VSA noise floor at 2.6 GHz - 152 dbm

using MZM. Note that, a polarizain controller (PC) issmployedto control the
polarization of the DFB laser. A low noise EDFA and a variable optical attenuator are

used to optimize the transmitted optical power prior to b&ngchedinto a 1 km

OM2 MMF. As for the channel, three setugre considered (seEBigure 3.4), which

depicts various intepuilding network configurations. In all three setups, collimating
optical lenses are used to launch light from fibre into a free space channel and capture
light from the channel into a fibr&he output of the Tx (i.e.,@downlink LTE signal)

is transmittedvia: (i) Setup A;(ii) Setup B which includes either & km MMF or a

1 km SMF to validate the proposed technique; and (iii) SetupsCpresented in

Table3.2| Setups A& B are chosen to show the DL connection betweeuitding

network to the UE, while setup C represents the FSO connection between multiple in

building networks as shown|iigure3.1| It has to be noted that, a 100 m MMF

setupC represents the fibre length used in an indoor environment. In Setups B and C,

pigtailed GRIN lenses are used to align the optical beam propagating through the FSO
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Table3.2: Experimental setups with their applications

Setup Details Application
A 1 km MMF, 50 cm long free space channi Building-to-UE (MMF-FSO)
and 2 m MMF connection without SMFT
B 1 km MMF, 1 m SMF, 2 m FSO channel ai Building-to-UE (MMF-FSO)
1 m SMF connection with SMFT
C 1 km MMF, 1 m SMF, 2 m FSO channel, Inter-building network (MMFFSO
m SMF and 100 m MMF MMF) with SMFT

channel. The GRIN lens can correct the monochromatic aberrations, as well as

enhance the alignmetdleranceand the coupling efficiency (i.e., fibre to free space

and free space to fibr§)93.

At the Rx, a combination gfi-n (PIN)PD and dransimpedance amplifier (TIA)

are employed to regenerates electrical LTE signal, which is captured by means of

using a reatime sign analyser for offine signal pocessinggqualization|[194],

demodulation and link performance assessment.

In order to YDOLGDWH WKH SURSRVHG V\VWHPYV SHUIF
turbulence, a dedicated indoor FSO chamiseraddedto mimic the outdoor
environment. To generate turbuleneeg fans were used to blow hot and caldinto
the chamber, perpendicularly to theopagating optical beanfwenty temperature
sensors with a spacing of 10 cm were deployed along the chamber to monitor and
measure the temperature profile. In order to create different scintillation effects, two
levels of thermal gradient, i.e., 6° C aBd° C were introduced to the chamber.

Subsequently, these values are used to determine the turbulence strength in terms of

, followed by using (3.2) and (3.%), respectively. The weak turbulence
calculded values of are 5.37x103m?3and 4.09x18°m?and fordi= 2 m, while

the values of are 1.2x1¢ and 0.1, respectively. The experimental implementation

of the proposed system is iIIustratecIiHigureS.S which demonstrates the setup of
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Figure3.5: Laboratory setup showing the ROMMFSO systenj56]
RoMMF channel, including the beam profile measurement and the two FSO channels
for ROFSO network. The beapmofile is captured using a BP1:0R beam scanning

profiler from Thorlabs.

3.4 Results and Dscussions

In this section, the performance SMFT is evaluatedin terms of the measured
system transfer function and the laser beam profile. Also, the influence of atmospheric
turbulence on LTE signals transmitted over ROMMEO links is investigated
theoretically and practically. The measured sysperformance is validated in terms

of EVM by using MATLAB™ simulations.

3.4.1 Transfer Function

The transfer function of the overall system is measured using the Agilent E5071C
network analyser. The system transfer function describes the perturbing effibets on

propagating optical beams along with the MMF and FSO channels, due to the multi

mode propagation within MMF as described3t6).|Figure3.6|illustrates the transfer

function of the ROMMH-SO system for setups A, B and C. At lower frequencies, the

transfer function for setup A, with no SMFT showed degrading in the system gain due
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Figure3.6: Transfer function of the ROMMIFSO system [121]

to the high attenuation and dispersion with a maximum drop at 1 GHz. The results
revealed that the system performance fluctuates beyond the baseband showing highly
sensitive performance to frequency changes. Furthermore, this shows a limited pass
band bandidth to ~1 GHz (by considering ~1.45 GHz and ~2.45 GHz as the lower
and upper cubff frequencies, respectively). This indicates that LTE based OFDM
signal at a 2.6 GHz carrier frequency will experience frequency selective fading,

which in turn, resultedn corrupted orthogonality that leads to channel induced ISl

195.

In comparison to Setup A, the transfer functions for setups B and C depict a
significant enhancement in the frequency dependent stability when SMFT is adopted.
Notably, the SMFT interface can filter out higher order modes, which makes the
system transferunction much flatter. This is established through minimizing the
number of modal groups as evident by a significant reduction in the ripple level from

~5 dB to < 1 dB and hence, enhancing the channel bandwidth effectively for a wider

range up to 3 GHz. Ftivermore|Figure 3.6|compares the experimental results with

the predicted transfer function modibial(f) of theSetup Bin clear weather FSO link

using(3.16). The difference lies on the low frequencies (i.e., f <1 GHz) owing to the
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no consideration of the transfer function of the optoelectronic devices (i.e., MZM and

PD) in the theoretical model.

3.4.2 Optical BeamProfile

The beam profile was captured in Htate by means of using a BPHR beam

scanning profiler from Thorlabgigure 3.7 illustrates the measured laser beam

profiles for setups A and B for three different turbulence strengths (j)ein addition

to the clear FSO chann|é1able3.3 depicted a summary of the obtained results. The

beam profile showed the optical power distribution at a plane transverse to the beam

(@)

(b)

Figure3.7: Beam profile of the ROMMASO shown turbulence effect:
on: (a) Amplitude, and (b) FWHNL21]
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Table3.3: Beam profile characteristics

Setup Peak Power Coupling FWHM (jum)
(mW) Efficiency (dB)

A 0.1 - 374

B- clear FSO 2.3 13.6 258

B- 1=1.2x10* 2.1 13.22 267

B- 1.=0.1 1.6 12 281

propagation pathfFigure3.7|(a) shows the peak power of the received beam for the

two setups. As regards setup A with no filtering, the received signal was attenuated
severely due to several reasons such as the lack of alignment, a large divergence angle

and modal effest Interestingly, the employment of SMFT (setup B) overcomes these

effects significantlyTable3.3[illustrates the enhancement of the peak recesptidal

power, showing significant improvement in the coupkfitciencyby 13.6 dB, which

was determined with respect to setupFfgure3.7(b) disgays the normalized power

of the beam profile in order to illustrate beam width in terms of the full width at half
maximum (FWHM). The optical beam is subjected to the shape deformations, which
is mainly due to the diffraction and deflection that causethtvans in the power
levels of the received signal. As regards the received beam irAsgtp measured
beam profile has several peaks and the beam profile is relatively wide. In contrast, the
received beam in setup B, the measured beam profile shampaovement in the

FWHM by ~ 100 pm.

Even though MMF can support propagation ¢drge numbenf modes, a finite

number of modes clustered in groups with nearly the same propagation characteristics

are considerefl61]. For thefibre with the parabolic refractive index profile (i.g52)

the number of propagatimgodegroupsK estimated using (3) is 10. On the contrary,

the beam shape is close to the Gaussian distributith the dominant mode

propagation when SMFT is adopted in the setup B as obsenkedure 3.8| which

95



Figure3.8: 3D illustration of the beam profile: (a) with no SMFT, and
(b) with SMFT[121]

indicates threglimension (3D) illustration of the captured beam profitecan be

observed ifFigure3.8(a) that the modal distribution at the receigedistorteddue to

the optical propagation with no SMFT (setup A), wittigure 3.8(b) illustrates the

Gaussian distributio of the received optical beafollowing SMFT, which has

eliminatedhigh order modes.

3.4.3 EVM Results

The EVM parameter demonstrates the impact of distortion induced in the system.
7KH SURSRVHG V\VWHP LV GHVLIJQHG WR DFKLHYH "7

is required by the3 generationpartnership mject BGPP LTE for 16QAM

modulation|194.In the simulation model, the LTE signal was used to modthate

DFB laser externally by means of using MZM. The MMF/SMF interface is modelled
using (3.B), while the lognormal distribution model is used to simulate the FSO
channel under weak turbulence regime. Predicted E\@lteare determined using
(3.17), while the measured values are captured using the signal analyser, which is
equipped with builin vector signal analyser (VSA) softwafFerstly, the influence of

SMFTis investigatedvith no turbulence induced fading effect.
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Figure3.9|demonstrates the measured EVM against the SNR for the three setups

in comparison to the badk-back (B2B) setupThe EVM-SNR performance can be
used toestimate the minimum SNR that shoukldonsider to achieve the 3GPP LTE

EVM requirement.On the other handhe noise floor of the VSA at 2.6 GHz is

-152 dBm|194, which indicates a negligible noise induced bg imeasurement

equipment.In setup A, EVM values are high and not stable due to the irradiance
fluctuation, which is caused by the modal effects. The system performsamntenced
by using SMFT in setups B and C. At a SNR of 20 dB, EVM is reduced from ~11%

to ~7% (i.e., 4% enhancement) when using a filter, wisicthentifiedas the setuB-

MMF in|Figure 3.9] Additionally, a 1 km SMF was used in the setup B instead of a

1 km MMF and a 1 m SMF to validate the obtained results. The EVM value decreased
from ~7% to ~6.6% (i.e., 0.4% difference only) for the same SNR value2(.eB)

compared to a 1 km MMF. The EVM valuegre measuredia the VSA with a

precision of +0.294194. Note that, the EVM resultare basewn the average of

three sets of measurementslenidentical conditions. The required additional power

of the input signal to achieve the EVM linmtreferredo as the power penalty (PP).

Figure3.9: Measured EMM performance of the ROMNHSO system in clea
channel[121]
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Figure3.10: Measured and tloeetical EVM performance afetup B
under clear air condition and two weak turbulence |eN&l§]

PPs with respect to the B2Bnk are 3.9 dB, 0.5 dB, 0.3 dB, and 2.3 dB for setups A,
B-MMF, B-SMF, and C, resptively. The PP difference between the seBiSMF

and the setyB-MMF is 0.2 dB.

The turbulence effect is investigated theoretically and practically using setups B

and C, in terms of EVM measurements as illustratgeigare3.10jandFigure3.11

The inset figures show the measured constelladiagrams for the received LTE

signal for the turbulence channel withtbulencea.e.,  of 0.1. It should be noted that

all constellation diagrams in this study have been captured for a 20 dB qFgNRe

3.10/depicts the theoretical and measured EVM values for the two levels of turbulence

strength for the FSO channel as in setup B.

The simulation results show a good agreement compared to the measured SNR

values at the EVM limit with < 1 dB difference at of 0.1. The summary of the

measured EVM and PPs are present¢balnle 3.4{for a clear FSO channel and two

turbulence strengths. The results demonstrate that, for increased turbulence strength,
EVM levelswill deteriorate due to the optical intensityctiuations and fading, which

is caused by the random variation of air refractive index. Notably, the turbulence
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Figure3.11: Measured and tloeetical EVM performance afetupC
under clear air condition and two weak turbulence |eN&l§]

strength (i.e., ) depends on the temperature gradient along the propagation channel

12Q. Consequently, a further spreading of PDF of theivedesignal can be induced

as a result of signal fadir‘g?O. The PPs, with respect to a clear channel shown in

Table3.4|indicates that at higher turbulenew¢ls (i.e., of 0.1 experienced in case

of  of 4.09x10'° m?3) the PP increased by ~2 dB. In order to compare setups B

and C, the turbulence levels keptidentical|Figure 3.11|depicts the predicted and

measured EVM values for setup C, while the obtained results are outlifiedle

3.4] which shows an increase of the required SNR values to achieve the EVM limit

due to the additive loss and dispersion. In addition, the@edd simulation shows

similar trend for measured\iR values. However, the measured SNR values show an
increase by ~2 dB at the EVM limit for of 0.1 compared to the simulation due to

the intensity fluctuation of £0.3% of the experimental EVM results. This intensity
fluctuation is magnified by the modal effects generated by the additional MMF

following the FSOFurthermore, the EDFA amplified spontaneous noise (ASE) does
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Figure3.12: Analysed EVMperformance for FSO span of 500 121]

affect the system performance and is not taken into consideration in this work and it

will be studied in the futre.

Finally, further analysewerecarried out for the FSO path of 500 m long, which

f‘ﬂlQ?.

is the typical range for the lastile access network in the urban af

3.12jillustrates the predicted EVM as a function of SNR with weak turbulence (i.e.,

= 1.2x10% and 0.1) and no turbulence. The results show that in order to achieve the

3GPP LTE EVM target of 12.5% the SNR power penalties are ~2 dB and ~11 dB for

Figure

of 1.2x10%* and 0.1, respectively compared with no turbulence.

3.5 Summary

In this chapter, the hybrid ROMMFSO scheme was demonstrated in order to

enhance the performance of the-UTE signal for radieover indoor MMF system as

Table3.4: Measured SNR and PP at the EVM limit for setups B and !

Setup B Setup C
Turbulence SNR PP SNR PP
Strength (dB) (dB) (dB) (dB)
Clear FSO 14.1 -- 15.8
1=1.2x10 18.25 4.15 20 4.2
1:=0.1 20.33 6.23 23.55 7.75
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part of the last mile access networks. It is fothmat adopting SMFayreduce the

EVM level, apart frommitigatingthe modal effects within the MMFSO interface.

This has resulted in a negligible difference compared to-E8® in terms of EVM

and PPs. Additionally, the proposed system was found ta@owepthe available
channel bandwidth by at least 2 GHz due tordticedevel of ripple fluctuation in

the system transfer function by 4 dB. Moreover, the laser beam profile measurements
indicated that the use of SMHRMay significantly enhance the recew power and
FWHM. Also, the author has experimentally and theoretically validated the
performance of the proposed system under turbulence by transmitting the LTE signal
over the MMF and FSO channels. Furthermore, theoretical analysis for a longer FSO
chamel was carried out. The obtained results showed that for the FSO link span of
500 m to meet th&VM target of 12.5% the SNR power penalties were ~2 dB and
~11 dB for  of 1.2x10* and 0.1, respectively compared with no turbulence case.
The results confirm that theroposedechnique can be used successfully in the real
practical environment for the lastile access networks, achieving the 3GPP LTE
target of 12.5% EVMIn the next bapter, further experimental investigation of the
hybrid RoOFFSO system will be presented to examine the system performance under

foggy weather condition.
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Chapter 4
Transmitting LT E Signals over a Hybrid
RoF-FSO system under Fog

Atmospheric channel

4.1 Introduction

The previous chapter introduced a mode filtering technigue to mitigate the modal
dispersion in théaybrid radio over multimode and free space optié8oMMF-FSO)
system,which is validated under a real weak turbulence channel. In this chapter, a
thick fog effect $ exposed to the proposed hybrid ROMKEO system, where the
system performance will be characterized for transmitting different dataofattee

4™ generatiodong term evolution (4&.TE) signal.

4G-LTE technology wasntroduced to meet the rapid increase in the number of

users and broadband applicati. Currently, most mobile operators worldwide
have adopted the 4GTE mobile tecimology . It should be noted that the
architectural fatures of 4&_TE were developed to meet the continuing growth of
data traffic and coverage issues. Moreover, the 6 technology adopts small cell
scenarios in enhancing the wireless coverage and as a resulgnademtecellular
networks were adoptie A promising solution for transporting 4G E signals within
smalkcellular systems is the optical network. This concept is known aadieover

fibre (RoF), in which, theradio frequencyRF) broadband signals will be transported

via optical fibre to outdoor/indoor cellular networks in order to extend the multi
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wireless services for access anébuilding networks. In this regard, the optical fibre
access technology suchfase-to-the-home FTTH) has been employed as the bridge
between broadband network distributer and building devices. Apart from that, the
singlemode fibre(SMF) has been used for the broadband backbone network due to
its low attenuation and huge bandwi{ifi]. However, as regards thelwor networks,
lower deployment costs must be observed in order to fulfil thectmst/requirements.
This can be achieved bgdopting the distributed antenna systems (DAS) and
employing MMF to carry the 4&TE signals over the indoor connections since it is

mainly adoptedor short communication networks.

Visani et.al. demonstrated theoretityland practically an optimised version
of the ROMMF by means of using tHabry-perot (FP) laser and central launch
technique for the 4L TE wireless service for the indoor applications achieving ~3%
error vector magnitudd&e{YM) at 1950 MHz band. It shadibe noted that thgolymer
optical fibore POBR is preferable to be employed inlwilding networks due to the
fact that it is less brittle and more flexible compared to the silica based fibres.

Moreover, due to its large mdiameter, this type of fibis generally associated with

the ease of installation as well as low maintenancetln 134, a novelradio-

overPOF RoPOR system was proposed by means of usiedical cavity surface
emitting laser YCSEL) and light injectiorlocking technique for the intrauilding
networks with < 4% EVM for 50 ngradedindex POF GI-POR channel distance.

Since capacity and coverage have been the key concerns for the recent mobile
communications, eelay node RN) will be employed for further coverage extension.

It was proposed that the RN to be positioned in the RF cell edge and linkeskethe

equipment JE) with the enhanced NodeB (eNB)ase stations via SMF based
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network for outdoor applications, whilaome remote unit (RUyas proposed for

indoor wireless applicatio.

Nevertheless, the cost of deploying RoF for long haul applications may agsise as
issue particularly in the rural areas where the cost will be even higher because of some
regulations and environmental considerations, which may affect the fibre length
employed and access to it. The combination of buried fibre and aerial deployment
based on the RoF and the FSO technologies, which is also knomadia®verFSO
(RoFSQ, may effectively offer a much better solution for both rural and urban
environments with the FSO links, which offer thee of sight LOS) path. It is
noteworthy thatn typical office and industrial environments, the combination of
hybrid RoF and/or ROFSO can be a better option for distributing radio signals and
connecting multindoor RoF networks, in which, the underground fibre may not be
available at all places, gamwlarly in the rural and sparsely populated areas. The latter
option is even more appealing, since no digging is required between two buildings and
consequently, the cost of installation will be lower. A theoretical stud
highlighted that the most efficient technology that will be employed to better enhance
the wireless lasmile access links is by adopting the optical fibre, in addition to the

FSO as complementary technologies for the RF based technology.

The integrationbetween the RoF and RoFSO systems has been demonstrated

theoretically in |12 and by means of experiment {117 to demonstrate a

transmission obrthogonal fequency division multiplexingOFDM) signal between
two RoF links using 1 km FSO under turbulence effect. However, these studies were

carried out with the sole focus on the FSO channel effects without due consideration

for the aspects of optical fibre tgpand distance. Further research |98, were

carried out on a dual transmission link, which operates at 1550 and 850 nm
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wavelengths over an SMF link, followed by thavelength division multiplexing
(WDM) to guide both optical waves into one POF channel. A collimator lens was

utilised at the end of the POF in order to propagate the beams over the FSO link.

Furthermore, a herogeneous optical access system was proposgi®®h which

include POF, FSO and indomifrared (R) links with the abity of delivering 40 Gbps

by means of using adaptive coded OFDM scheme. In this chapter, the hybrid RoF
RoOFSO systemand its characteristicare investigated experimentallynder fog
weather fading effect by employing simple and easy setup without adapting
coding technique. The MMF is employed as it has been widely adopted in-the in

building networks.

Apart from that, POF is used not only to minimise the installation cost, but also
due to the fact that it has high attenuation levels that may lead/¢dysémited
transmission distance. Bpmparison, the MMF has relatively higher linear distortion
and lower bandwidth than the SMF due to their modal dispersion. Therefore, in order
to limit the effect of modal dispersion, a filtering technique, whidhirigple and cost
effective, has been used for filtering the higher order modes, which in turn has resulted
in improving the bandwidth of the RoF system. Although there are different types of
mode filters, employing a short SMF patchcord as a mode filserdportedly to have
better performance compared to other solutions such as air gap filter. Notably, it is the
cheapest and easiest method to mitigate the effect of modal disp@ﬁ' he
RoFSO andRoF are employed in the proposed system to connect mobile phone users

to the backbone network and hence, increasingeffieiency of coverage and
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bandwidth in sparsely populated regions with low cost solutions in comparison to the

existing coaxial coppearables.

The proposed solution is presenteffigure4.1| in which, the FSO transceivers

DUH SODFHG RQ WRS RI WKH EXLOGLQJV WR HQVXUH

connectivity |182. The MMF or the POF is used to connect R&s and F®

transceiver modules to the B 12¢. Correspondingly, the current chapter

proposed thathe mode filtering techniquiee investigated experimentally under the
atmospheric channel fading due to fog effect. The system performance will be
assessed in terms of the lipkwer budget and EVM for a range sifjnatto-noise

ratio (SNR) values under the effect of thick fofhe authorhas published the findings

of this chapter i4119(201].

4.2 Fog Atmospheric Channel

As discussed ilChapter 2, the performance of FSO networks is mainly affected
by the large optical signal attenuation, which is due to the presence of air paréitles th
produce scattering and absorption of the propagated beam. It should be noted that this
fog effect will be dominant particularly when the water droplets dimensions are close

to the optical signal wavelengt ﬁ . With regard the FSO links, the fog attenuation

Figure4.1: Hybrid RoFFSO system structure [201]

106



is considered as the most challenging fa¢t89. As reported in|109, due to

moderate fog, the channel attenuation can reach up to 130 dB/km, while for dense fog

weatler condition, it may reach up to 480 dB/km. In addition, practical investigation

was reported 139 showing that the moderate fog attenuation level is stable over

the event time. In contrast, the observation of the dense fog demonstrates major
fluctuations of the attenuation over the gatime scale with a variation rate of more
than 45% of the average attenuation value per second. Several empirical models that

predict the fog attenuation behaviour based on experiment€12m.a)r theoretical

considerations|203 were reported in the literatureGenerally, fognduced

attenuation is characterized by means of different parameters such as the Wsibility
the transmittance thresholgh and . The channel visibility is defined as the distance
to object, where the optical beam power (iTé.) drops to a fraction of 2% or 5% of

its original powe1204. As regards the dense fog, the aerosol size is supposed to be

larger than the propagating optical wavelength and thus, it can be concluded that there

is no wavelength dependency of the fog attenuation as indicated in the measurements

statedin |139. Nonetheless, Kruse modetedicts that the feghduced attenuation

may drop with the higher wavelength levels. Therefore, the atmosphean be

expressed in terms of the attenuation coefficiefiB/km), T and (nm) a:

, (4.2)

where o refers to the maximum sensitive wavelength for human eye, which is
typically set at 550 nmg is coefficient depending on the particle size distribution and

the visibility, which is defined by Kim theoretical model‘izos’ as:
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(4.2)

The visibility range indicates the wéatr condition. For example, the visibility

range of 500 m &/ < 1 km,V <500 m,V < 200 m anav < 50 m refers to light,

moderate, thick and dense fog Weaih@rspectively 104 1198. Kim et.al,

proposed a theoretical model indicating the wavelength independency for visibilities

less than500 m in]203. However, an experimental evidencg I67] revealed that

the optimum wavelength windows of 0.83, 0.94, and 1.55 um are most suitable for
fog conditions to ensure the link availability. Thereforean be defined by knowing

the transmittancd of the optical signal and propagating distadcén km) using

BeerLambert law a$205:

, (4.3)

which can be written as:

(4.4)

It is noteworthy that in the current chapter, the-temé measurements for the fog
induced attenuation using 1550 nm laser spectrum are reported to be in line with the

measured visibility.
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4.3 Atmospheric Visibility Measurement

Figure4.2|illustrates an artificial atmospheric chamber, which is used to mimic the

real outdoor atmospheric weather. The chamber has a dimension of 550x33x30 cm
consisting of seven sections; eaclte tyas a buitn fan and thermometer, in addition

to air outlet for air circulationThe intensity of the hot air inside the chamber is
controlled by aluminiunrbased plates. Therefore, the temperature, as well as the wind
inside the chamber can be contedllto mimic, as close as possible the outdoor
atmospheric conditions. The fog is generatedbigymachine from ProSound (model:
NB88GB), where it is pumped inside the closed chamber and its amount is controlled
by the ventilation process. Accordingly, thansmittance of the FSO path can be
controlled, as long as the aerosols inside the chamber are settled down

homogeneouslyAn emprical approach utilising the wavelength of 550 nm to measure

the visibility, along with the length of the outdoor FSO link \adepted ir]167(206

to estimate the closest value of the-foduced attenuation corresponding to the

measured link visibilityFigure4.3|illustrates the block diagram of this approach. An

optical source, which operates at 550 nm wavelength (i.e., green laser source) is

adopted to characterize the fog. The visibilityneasured at a distance, in which,

Figure4.2: The laboratory controlled atmospheric chamber
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Figure4.3: Fog attenuation and visibility experimental set up
parallel beams travel through the atmospheric chamber until the visual contrast drops
to 2% (i.e.,Tih = 2%) of its original contrast. Accordingly, the attenuation coefficient
|can be calculated in terms of the meadfesing (4.1), which can be employed to

calculate the FSO attenuation in (dB) using (4.4).

4.4 Hybrid RoMMF -FSO under Fog Amospheric Effect

As regardstis work, the cmbination of radio over multimode fibre and radio
overfreespace optical systems is experimentally investigated. In such hybrid systems,
amode filtering technique is alopted indealingwith the modal eff ects. Considering
the mode filtering effect,a link budget analysis is performed as an addition tthe
measurement of EVM in order toverify the efficiency of the proposed systems in
dealing with the modal efect. The resits obtained werebelow 12.3% 3 generation
partnershiproject @GPP) LTE EVM requirement, which is defined for 1guadrature

amplitude modulatiof16-QAM).
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4.4.1 ProposedExperimental Setup

Figure 4.4| demonstrates theutline of the propased hybrid RoMM F-RoFSO

system and the system parameters are presentgichliie 4.1) The LTE signal is

generated at the transmitter using Agilent signal studio N7624B, which configure the
vector signal generatoVgEG) in OFDM at 800 MHz band. T& is the typical
downlink OL) carrier frequency adopted in LTE for Europe, particularly in the rural
area. The baseband signal is composed ofJ&M at 20 MHz and a bit rate of

67.2 Mbps.

The most widely used modulation format in wireless communication systems is
adopted i.e., &AM modulation format. Moreover, the LTE RF signal is employed
for intensity moduhtion (M) of a distributed feedbackDFB) laser at the
wavelength of 1550 nm. The laser source output is passed through a variable optical
attenuator (VOA) and therbiumdopedfibre amplifier EDFA), which are usedo
optimise the transmitted powsgrior to being launched nto 1 km of MMF. The
singlemode filtering techniqueSMFT) is employedasa filter technique to eliminate
themodaleffect at be end of MMF. Subsequently, theutput is fed nto anoptical
collimator for propagation over the freespace tannel of 11 m length, in which, a flat

mirror is utilised to double the free space channel distaimcor atmospheric

Figure4.4: Block diagram of the experimental setup [201]
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Table4.1: ROMMFFSO System parameters

Parameter Values
Modulation scheme 16-:QAM
Baseband multiplexing OFDM
Carrier frequency 800 MHz
Signal bandwidth 20 MHz
Bit rate 67 Mbps
RF power 0dBm
DFB wavelength 1550 nm
DFB power 6dBm
EDFA gain, noise figure 7dB, 3.5dB
MMF core size, loss, NA 62.5 um,0.15dB/km, 0275
Newport PD responsivity 1 AW
Collimator divergence angle 0.022 degree
Collimatoraperture diameter 7 mm
Receiver lens diameter 60 mm

chamberwasused in order b asessthe impact of fog and turbulence on the proposed
system. A lensisused tofocusthe incident light signal onto the photodetectorRD) at
the recever side. The output of the PD isamplified using atransimpedance amplifier
(TIA), which dterwardswascagptured by meansof vectorsignal analyser for further

EVM analysis.

4.4.2 Link B udgetAnalysis

The experimental link budget analysis is carried outn order b invesigate he
performance of the SVF mode filtering system from the power loss perspectiveThe

available link margir . zcan be calculated tﬂ:
, (4.5)

where 2:is the receiver sensitivity referring to the minimum received power required
to achieve the level of 12.5% EVM hieh is the 3GPP LTE requirement for the 16
QAM. 2js the transmitted optical power including the amplification generated by the
EDFA. Liibre , Leoupiing@ndLrsoare fibre, MMFto-SMF coupling and FSO link losses,

respectively.
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For the negligible pointingrrors,the major losses that are contributedi#soare

the atmospheric and geometric loss@&serefore, equation (4.5) can be written as:

, (4.6)

whereAgeois thegeometric loss defined in (2.2 Based on the results showfiliable

4.2| the mode filter is observed to be dominant in the total optical loss. Apart from

that, the link margin wasat 24 dB in the clear channel, which will be utilised to
extrapolatethe FSO channel distance up-i®.5 km using (2.27) and (8). On the

other hand, the FSO loss was observed to increase by 4.43 dB in the thick fog
atmospheric channel. Nevertheless, lihk margin will be added to the proposed

system in order to increase the FSO length under thick fog effect a3 3on-

Table4.2: ROMMF-FSO link budget for the clear and fog atmospheric chai

Weather condition

Parameter Clear Thick Fog

DFB output power (dBm) 6 6
VOA value (dB) 2 2
EDFA gain (dB) 7 7
Pi (dBm) 11 10
(point A inFigure4.4
Lsibre (dB) 0.8 0.8
1 km MMF and connectors
loss
MMF/SMF coupling loss 3.2 3.2
Insertion loss of collimator 0.4 0.4
(dB)
Lcoupling (dB) 3.6 3.6

1 dB/km 0.43 43
di (m) 11 11
FSO loss (dB)=4.348 +Ageo 0.6 5.03
(atmospheri@and geometric
attenuatiol
Total loss (dB) 5 9.43
Pr (dBm) -18 -18
Lm (dB) 24 19.57
Maximum FSO span ~2.5 km ~133 m
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4.4.3 EVM Performance Analysis

The impact of diferext modes of propagation may not only cawse modal

dispersion infibre, lut may also dfect the dharacterstics of bem prgpagationin the

FSO tamel. Thus, the proposed system performance is investigated in terms of the

RF domain. In doing sahe EVM of the link is measured with the modulated RF

signal atthe carrierfrequency of 800 MHz underfog channel candition as illustrated

in

Figure4.5

The method to generate fog inside the indoor atmospheric chamber is

describedn section 43. The linkvisibility is estmated by mesuring the atenuation

of agreen laser (i.e., 550 nmavelength) in fog chamel consistent with the clear

chanrel as eference. In the gperimental setup, the visibility was set tdl00 m with

4.43 dB attauation.

The EVM performanceis investigated for typical LTE bandwidth of 5 MHz,

10 MHz, 15 MHz and 20 MHz. The realts comprised ofthe RoFSOin clear

condition Hybrid ROMMFRFSO for clear and fog channel effects sir@wn in|Figure

4.5

At low bandwidth, the&eVM values areelatively small (i.e., not higher than4%),

but increasing the signal bandwidth resulted inhigher EVM due to he reduced SNR.

Figure4.5: EVM performance for the ROMMFESO for clear and fog

atmospheric channel [201]
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Expectedlythe EVM increasesafterthe signal waspropagated hrough the 1km MMF
link. Due to the additiondbsses that degraded the received sigtha impacts of
atmospheric conditions on the FSO link increasedthe EVM level. Notably,the EVM
results ae rdatively low for all types of the hybrid ROMMF-FSO links. The worst
casefor the presentmposedhybrid link is when EVMis only ~8%, which issmaller

than te aitical 12.9%, defined by the 3GPP for 4G'E systems, hence, showing the

error-free capability of the proposesgistem [196.

4.5 Hybrid RoOPOF-FSO System

In this section, a desigofresidential gateway (RG9r theperfluorinateds1-POF
(PFGI-POF)in-building network is presented. The proposed scheme addresses the
integration between the outdoor and indoofl 4 networks by means of employing

the RoFSO technology for rural emmiments in order to enhance the wireless

performance with low deployment cost as demonstratgelgare 4.6| The system

performance is characterized under thick fog atmospheric fading effect, with due
consideration of 17.5%, 12.5% and 8% EVM as the figure of merit foquadrature

phase shift keyingQPSK),16-QAM and 64QAM, respectivel1196 .

Figure4.6: 4G-LTE access network in rural environments [119]
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4.5.1 Proposed Experimental &tup

The overall experimental setup for the DL L-bEerRoFSO channel is indicated

in|Figure4.7(and the system parameters are preserm‘(?(ati)le4.4 The transmitter,

which was described in section 4.4.1, represents the outdoor SMF system backbone
link and the LTE base station (i.e, eNB optical domain. Here, the LTE signals are
generated in the OFDM format with QPSK-Q&M and 64QAM in the baseband

by means of using Agilent ESG E4438C. It should be noted that the LTE signals at
800 MHz have analogue radio bandwidth of 5 MHz, 10 MHz MHz and 20 MHz,

which are the standard values for the LTE techno ﬁ . The standard transmitted

data rate associated with the LTE signal bandwidth is presenteable 4.3||207

(@)

(b)

Figure4.7: (a) Block diagram of the experimental hybrid system, and (b)
Laboratory setup showing the RoPOF and F@e@vorks [119]
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Table4.4: System parameters

Parameter

Value

Modulation scheme

QPSK, 16QAM, 64QAM

Baseband multiplexing OFDM
Carrierfrequency 800 MHz
Signal bandwidth 5, 10, 15, 20 MHz
RF power -8 dBm

DFB wavelength 1550 nm
DFB power 3 dBm
VCSEL wavelength 850 nm
VCSEL power -3dBm
EDFA gain, noise figure 20dB, 3.5dB
FSO channel distancd, 11m
PFGI-POF core size, losBlA 62.5 um, 60 dB/km, 0.19
Newport PD responsivity 1AW
Thorlabs PD responsivity 0.525 A/IW
Collimator divergence angle 0.022 degree
Collimatoraperture diameter 7 mm
Receiver lens diameter 60 mm

208. The reaitime LTE signal is applied directly to intensity modulated DFB laser

source operating at 1550 nm wavelength. This is followed by the isption of

optical launch power level by means of using VOA and fixed gain EDFA.

At the RoFSO patrt, the output of EDFA is coupledlay SMF patchcord to the
collimator in order to adjust the divergence angle of the FSO beam, which is
transmitted over a free space channel of 11 m long. At the input stage of the RG, the
optical beam is passed through an aperture (i.e., lens) and isechpting optical
receiver from Newport. The RG emplogs wavelength conversion between the
RoFSO link, which operates at 1550 nm, and the RoPOF link operating at the

commonly employed wavelength of 850 nm.

Table4.3: LTE bit rate throughputs

Bandwidth 5 MHz 10 MHz 15 MHz 20 MHz
QPSK bit rate (Mbps) 8.4 16.8 252 336
16-QAM bit rate (Mbps) 16.8 336 50.4 67.2
64-QAM bit rate (Mbps) 252 50.4 75.6 1008
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The output of Newport optical receiver is themeerted into an electrical signal
by means of a TIA amplifier, in which the output is further amplified using an RF
amplifier prior to the IM of 850 niCSEL source. A Newport laser controller is used
to provide 5 mA, as a bias current for the laser dpeyan the linear region. At the
RoPOF network, the output of the VCSEL is coupled to 100m e&5PFOF, which
is a typical distance employed for residential buildi. Note that this output is
detected bymeans of an optical receiver. The RF amplifier output is captured and
analysed using Agilent N9010 EXA Signal Analyser. The EVM measurement is

employed for the investigation and analysis process.

4.5.2 Link B udgetAnalysis

With regard to the Hybrid ROPOGIFSO sygtem, the main losses are primarily due
to the high POF attenuation and the atmospheric induced attenuation in the FSO
channel. In the clear hybrid channel, the attenuation in the link is due to electrical

optical (E/O) and opticaglectrical (O/E) conversns, fibre to FSO coupling and POF.

Table4.5|presents the summary of the measured power, while the measurement points

are labelled irjFigure 4.7 In subcarrier modulated intensiyodulation/direct

detection optical systems, the power of the input electrical signal is limited owing to
the threshold current of the DFB laser. In oradeobtain the best slopeficiency of

the DFB laser, the biasing level is set to 34 mA to ensure both maximum input RF
power of-8 dBm andRF linear modulationThe RF attenuation after ROFSO link is

13 dB, which is caused by the 0.07mW/mA slope efficieotyhe DFB laser, in
addition to the propagation loss of FSO channel. After the RG, the losses are due to
the 0.15mW/mA slope efficiency of the VCSEL and the POF loss. Hence, the optical
losses resulted in double attenuation in the electrical domaithasd8 dB optical

loss of the total channel is equivalent to 16 dB loss in the electrical ddahedtrical
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gain for the RoFSO and RoPOF links are 9.8 dB and 7.1 dB, respectosling

from the RF amplification at the RG and the indoor receiver.

On the other hand, the attenuasalue to the E/O and O/E for tliRoFSO and
RoPOFnetworksare9.2dB and 4.5 dB, respectively, which indicates tigh POF
attenuation in the RoPOF linkt should be noted thahe optical link budget is
investigated under cleand fogchannel conditiomin order toextrapolate the FSO

channel distance up to ~755 m and ~80 m, respectively.
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Table4.5: ROPOFFSO link budget for the outdoor and indoor links

Electrical Optical weather condition
Description Point  Electrical Description Point  Clear Thick
power Fog
Outoor RoOFSO link
RF input powedBm) El -8 Pi (dBm) 01 2.7 -2.7
Received power ahe RG(dBm) E2 -21 L coupling (dB) - 1 1
(Insertion loss of collimator)
RF amplifier gain -- 22.8 FSO input power (dBm) 02 -3.7 -3.7
Amplified power at the RGdB) E3 1.8 1 dB/km -- 0.43 43
RF Gain (dB) - 9.8 FSO loss (dB)=4.34& 1+Ageo - 0.9 6.33
(clearatmospheri@and
geometricattenuatioh
Powermargin (dB) [RF amplification RF - 13 Received power at the RG 03 -4.6 -10.03
gain] (dBm)
Attenuation due to E/O and O/E conversio  -- 9.2 Total loss (dB)of RoFSO - 1.9 7.33
[Required power(2xoptical loss) link
Indoor POF link
RF loss of the RoPORnk (dB) - 20.1 Pi (dBm) 04 -3 -3
Received power at the indoor lig#Bm) E4 -183 Libre (dB) - 6 6
100 m POFRand connectors
loss
RF amplifier gaindB) -- 23.6 Received power at tHadoor 05 -9 -9
link (dBm)
Amplified power at the indoor linkdB) ES 5.3 Total loss (dB)of RoPOF -- 6 6
link
RF Gain (dB) - 7.1 Pr(dBm) -18 -18
Powermargin (dB) [RF amplification RF -- 16.5 Lm (dB) 13.4 8.97
gain]
Attenuation due to E/O an@d/E conversion -- 4.5 Maximum FSO span ~755m ~80m

[Required power(2xoptical loss)
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4.5.3 EVM ResultsAnalysis

Figure4.8|depicts the EVM versus the LTE signal bandwidth for QP SKQAG

and 64QAM modulation schemes for 100 af PFGI-POF to perform the RoOPOF

only, ROPOFFSO link with and without fog, as well as the B2B link, which describes

the direct transmitter to receiver link. The results strewnin|Figure 4.8| which

(@)

(b)

(€)

Figure4.8: EVM performance for the proposed hybrid system using :(a
QPSK, (b) 16QAM, and (c) 64QAM
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represent the average of four sets of measurements under identical conditions.

Moreover, the 3GPP EVM requirement for 4GE is highlighted ir[Figure4.8 as

17.5%, 12.5% and 8% for the QPSK;Q@8M and 64QAM, respectively{19q. For

the LTE QPSK, the EVM values for employing BE-GI-POF only, without the FSO
channel is close to the level of the B2B with the increase rate of ~1% due to short fibre
distance and high optical poweR (7 dBm) that are launched to the RG. On the other
hand, the EVM is doubled when the FSO channeddded for the setup, which
highlighted the effect of additional losses generated by the fibre/FSO coupling and the
geometric losses. Furthermore, the EVM increased from ~3.5% to ~16% for the

20 MHz bandwidth due to femduced attenuation in 108 visibility, which can be

classified as thick fo 104{|199.

Nevertheless, these results indicate an drem transmission with the QPSK

scheme up to 33.6 Mbps, which is achieved with EVM values less that the LTE EVM

limit. |Figure 4.8(b) and (c) illustrate the results of the-Q&M and 64QAM LTE

transmission, respectively. The transmitted data rate for theQP increased to

67.2 Mbps and up to 100.8 Mbps for-@RAM. Notably, both modulations indicate a
successful transmission for the clear FSO channel. However, the performance of the
proposed hybrid systers degraded with high EVM values for the FSO link with fog,
which displays the EVM value of ~17% and > 19.5% forQ&M and 64QAM at

20 MHz bandwidth, respectively. As predicted, QPSK displays lower EVM in
comparison to the 2@ AM and 64QAM, because fathe decreasing SNR for higher
modulation order, which leads to the increased symbol error prob

Accordingly, the SNR power penalty for both-Q&M and 64QAM can be

determined with respect to the EVM limit.
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Figure4.9: Power penalty vs LTE signal bandwidth for theQAM and 64
QAM modulation schemes [119]

Figure4.9|demonstrates the measured PP against the signal bandwidth with respect

to the required SNR at the EVM limit, which are 18 dB and 22 dB for th@ AN

and 64QAM, respectively. The PP increases in linear with the LTE signal bandwidth
due to the drop in the SNR value, which reaches a maximum value of ~3 dB and
~8 dB at 20 MHz bandwidth for 1AM and 64QAM modulation schemes,
respectively. This indicates thequired additional power to compensate the thick fog

induced attenuation.

4.6 Summary

To sum up, a hybrid ReFSO was experimentally investigated under atmospheric fog
effect. This chaptewas divided into two main sections, the first sectioutlinesthe
adoption of SMFT to address to the modal dispersion effect created in MMF link and
herce, improving the overall hybrid network performance. The effectiveness of the mode
filtering techniquewvasverified by means of using power budget and EVM analgsis.
errorfree transmission was demonstraggdup to 20 MHz signal bandwidfor 1 km
MMF and 11 m FSO under thick fog effesith the EVM of ~8 %, which is less than
the 3GPP LTE requirement, i.e. 12.5% forQAM . On the other hand, the second section
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of this chapter demonstrated the use of 100 RGPPOF as indoor optical network
proposng a practical desigaf the RGto extend the LTE signal coverageumal areasin

thick fog effect, a successful transmission of thelA& signal with QPSK and up to

33.6 Mbps was demonstrated while observing ~3 dB and ~8 dB of power pedaity un
the same fog condition at the LTE bandwidth of 20 MHz foQFoM and 64QAM,
respectively. To conclude, the measurement results have verified the capabilities of the

proposed hybrid radio over FSO and radio over POF system under fog condition.
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Chapter 5
Optimising the 4G-L TE indoor coverage

using PRGI-POF

5.1 Introduction

In chapters 3 and 4 design of the hybrid systemas proposedbr the last mile
access networksnder the impact of the outdoor weather conditidriss chapter is
dedicated to an efficient design for the indoor coverage of'tigederatiodong term

evolution (4GLTE) signalsin urban environments

For the last few years, the rapid development of mobile communications has
evidently become one of the most important issues to mobile operators in meeting up
the tremendous demand with regard to coverage and data services. A massive growth
and considerabl deployment of optical systems have offered foreseen solutions in

coping with the wireless traffic bottlene. A recent survey iTZOQ showed that

the total mobile subscriptions up to the year of 2014 were about 6.7 billion and the
number is expected to reach around 9.3 billion by the end of 2019. Furthermore, it is
predicted that the explosion of bandwidth demandsin@gase rapidly over the next

few years. The traffic reached up to 15 gigabyte per capita in the year of 2016, which
is more than 4 gigabyte per capita reported in the year of]lt should be noted
that, and posited that between 80%30% of data services and 2/3 of mobile
calls take place inside buildings, while a poor indoor coverage experienced by

households and businesses are 45% and 30%, respectively. The typical approaches
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being adopted for improving the coverage are based omtReX W ViLa@dHhighQ
power antennas. However, these solutions have a number of drawbacks such as high
cost of base stations implementation, as well as4@ALTE penetration level and
beyond network operating at 2 G. Consequently, the sizes of wireless cells at
these frequencies tend to be small. In genéhal,wireless cells sizes are > 1 km,
~500 m, ~100 m, <30 m for the macrocell, microcell, picocell and femtocell,
respectively. It is noteworthy that 43 E provides a framework that has the ability

to enhance the coverage and capacity in indoor wirglppbcations by means of
usinghome eNB (HeNB)ased on small cell scenariﬁ. The integrabn of

optical and wireless networks is one of the most promising wireless access technology
in congested urban areas, especially in terms of increased capacity, coverage and

energy consumptiof69|.

The radio-overfibre (RoF technology has attracted significant interest for in
building applications due to its advantages, such as enhancing the coverage by means
of low powerdistributed antenna systeAS) and utilizing the wide bandwidth of
optical fiore +HQFH 5R) LV GHHPHG WR KDYH WKH SRWHQW!I

the conventional approaches to wireless acceq21, it has been reported that in

the dual transmission of a baseband signal based on electrical multiplexing at
~10 Glps and a 60 GHz wirelesgdio frequency (RF} capable of offering the data

rate of 155 Mbps. As regards the optical transmission part, a dispersion siniffied

mode fibre(SMF) at a wavelength o550 nm together with agxternal modulation

(EM) hasbeen employed. Simultaneous baseband;retann to zero data format at

2.5 Gbps, and RF stdarrier multiplexed based cable television transmission over a

5 km of standard multimode fibre was demonstratef2id]. In comparison to the

This term is used ir2@] to describe using outdoor macrocelletdance the indoor coverage.
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glass optical fibres, plastic optical fibre suchsapolymethylmethacrylate (PMMA)
andperfluorinated gradethdex polymeroptical fibre (PFGI-POF)are deemed to be
more compatible to be emplayen highspeed/mediurnange home/office based
networks owing to the fact that they are less brittle and more flexible. Furthermore,

PFGI-POF offers higher bandwidth in thefrared (R) spectra, particularly both at

1t and 29 optical transmission windes of 850 and 1300 nm, respectivgBi3].

Figure5.1|illustrates a typical PI&I-POF based network for wireless services. The

RF signal captured either by a directional donoeané whichis carried via a coaxial

cable to theesidential gateway (RGr by theoutdoor optical channelhe RG is an
interface between the outdoor and indoor optical networks. Following the electro
optical conversion at RG, the optical signals astriduted within buildings through

POFs to theemote unit (RU) The converted RF signal is broadcasted by means of
low power antenna modules with a typical coverage area in the range of tens of metres

(i.e., femtocell size).

Figure5.1: In-building PFGI-POFnetwork forindoor LTE coverage [191]
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Notably, the utilisation oDAS and femtocell is the most promising scenario in
improving the indoor coverage and thaality of service (QoS. It is worth
highlighting that the key advantage of the proposed system is the employment of PF

GI-POF, which offers ease of installation and low maintenance cost devices, as well

as the possibility of sharing the existing ducts with electrical cs In {127,

POF channel was deemed to be a cost competitive medium compared to SMF, silica
basedmulti-mode fibre MMF) and copper CAIE channel types for ibuilding
network aplications. However, higher fibre loss is the most significant factor that
may affect the system performance and limit the coverage span. Consequently, it was

reported that the typical distance for residential buildings are about rand

less thar800 m. In|212, an extension of the classit@seband existing network

using PRGI-POF bandwidth with the purpose of adding further services in a
home/office network was proposed to offer indoor coverage of wireless signals using
the RoF techology. The system uses 100 nR#GI-POF, which offers simultaneous
transmission of 10 Gbs at 850 nm and 1300 nm. Additionally, a system based on
62.5 umdiameter of PFGI-POF utilising theultra-wideband UWB) signal at a data

rate of 53.3 Mbps over 200 m is demonstratﬂ.

This chapter demonstrates a successful transmissiondaynsmof employing
300 m of PFGI-POF in RoFbased network using single carrier frequency of
quadrature phase shift keying (QPSK)-diadrature amplitude modulatiqi6-
QAM) and 64QAM modulation which are used for theireless transmission in 4G
LTE standar. Notably, an error vector magnitude (EVM) @&.5% is achieved
for 300 m channel distance and transmitting data rate od &0 Mbps in 2.6 GHz
band. The system performance is evaluated by means of capturing the eye and

constellation diagrams in order to estimate liteerror rate BER) and the EVM
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values, in addition to determining the required power penalty to achiek&EiEeVM

limit for each modulation schem&he authorhas published the findings of-building

radio-overPOF RoPOR system inf191]].

5.2 POF Transfer Function

Polymer optical fibre has in the last decade, attracted considerable attention
especially in short and medium optical communication network applications. POF

channel model is typically lsted to the channel transfer function either in time

domain|162 or frequency domaifil61], which may describe the linear distortion in

the POF channel as regards its attenuation and dispersion. The transfer function
analysis provides an indication of the oveslétem frequency response in terms of
transmission paramete®; over the frequency range. An Agilent E5071C ENA
network analyser is employed to measure theterahd system transfer function,

including thevertical cavity surface emitting laser (VCSEir)d photodetectorRD)

as depicted ifFigure 5.2| The network analyser RF output is set for a range of

frequencies up 3 GHz and0 dBm for all measurements. RF signal is used to

modulate the VCSEL intensively via the Biéisat the transmitter, which is used to

Figure5.2: Endto-end system transfer functioneasurement setup
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shift the analogue RBignal from bipolar to unipolar in order to drive the VCSEL.
The VCSEL bias is set to be at 7 mA, which is in the linear characteristic region.
Moving on, the optical signal is then applied to theGAFPOF channel with a distance

of 100, 200 and 300 m toeasure the transfer function for the system without the PF
GI-POF by means of connecting the VCSEL to the PD via 1 m MMF patchcord. On
the other hand, the received signal at the receiver side is identified using the PD and
followed by the low noise ampidr, the output of which is captured using the network

analyser for further analysis.

The system transfer function of ®IOF is considered as quasatic as illustrated

in |161}|213|214]. Consequently, its investigation will be employed to predict the

fading effects of the optical signal travelling along the POF link and subsequently to

perform the system perfoance analysigzigure5.3|depicted the different lengths of

transfer function of the POF channel, which is up to 300 m, as well as the transfer
function for the system without including the POF (i.e., VCSEL only). It should be
noted that the same parameters were used for all the measurements including biasing,

RF power and launching condition. At low frequency levels, the transfer function for

Figure5.3: Measuredransfer function for the RBI-POF up to 300 m
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all the setups were degraded due to high attenuation with maximum drop at

~500 MHz.

Notably, the system performance fluctuated beyond the baseband, showing high

level of frequency sensitivity, which is one of the MMF characteristics observed in

219 owing to the variations of the mode group powers. The gain is observed to

significantly decrease with the iger POF channel, which is caused by high
attenuation levels. Apart from that, the POF transfer function incorporates different
perturbing effects such as the modalayandmode dependent attenuatidxil these
effects are the products of the mutibodepropagation inside the POF. Nevertheless,
this investigation illustrated the linear behaviour of the POF channel. Notably, the
system transfer function for the VCSEL has almost the same performance for all the

setups except for the gain degradation withallditional link distance up to 300 m.

5.3 Proposed System and Theoretical Model

The proposed practical setup for RoF over theGMPOF channel is shown in

Figure 5.4 constructed orsingle carrier modulationSCM) and the key sysim

Figure5.4: Experimental setup of the radio over-BIFPOF channel
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Table5.1: System parameters

Parameter

Values

SCM modulation
Bit rate

Carrier frequency

QPSK, 16QAM
QPSK=20 Mb/s,
16-QAM= 40 Mb/s
64-QAM= 60 Mb/s
2.6 GHz

Signal bandwidth 10 MHz

VCSEL bias 7 mA

Optical launch power -14 dBmto 3 dBm
Wavelength 850 nm

Linewidth 3 nm

POF core size 62.5 pm

POF NA 0.19

POF loss 60 dB/km

POF length 100 m, 200 m, 300 m
PIN PD responsivity 0.525 A/W
LNA-gain, NF 25dB, 2.5 dB

parameters are presented able5.1| The RF signal is generated by means of Agilent

ESG E4438ector signal generatov§G) with three modulation schemes of QPSK,
16-QAM and 64QAM. The VSG produces RF signal in re¢mhe passband frequency

of 2.6 GHz with 10 MHz bandwidth, the standard LTE signal frequency used in the
urban areas of Euro. The VSG output is applied fdirect modulation (DMpf

the VCSEL diode (PELD Inc.) at a wavelength of 850m. The operation of the
VCSEL can be defined by means of laser differential rate equations that elucidate the
interaction between carrier density and photon density in active region, in terms of

rate of change with time evolution using (2.1) and (2.2).

Figure5.5|illustrated the characteristics of the VCSEL, which can be divided into

three regions, i.e., A, B and C. The laser is off the threshotd @b+ 1.7 mA in region

A, while region B is the most linear part of the light current (LI) curve and VCSEL is
biased at 7 mA in order to ensure maximum amplitude swing (i.e., hsggreatto-

noise ratio (SNR))Region C displays the saturation characteristics of laser beyond

the biasing current of 12 mA. The VCSEL diode is deemed as a suitable candidate for
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Figure5.5: LI curve of the VCSEL showing the operating regions [191]

short distance transmissions due to its fair trade off between the cost and device
characteristics (i.elinewidth, power, and low threshold current). For biasing VCSEL

and controlling its temperature, a combined device from Nevigpoged

The transfer function of REI-POF has been discussed in chapter 2, in which, it
is defined by compensating (2.16)da(2.18) in (2.15). Depending on the wavelength,
core diameter, and the numerical aperture, the propagation of light is driven by a
number of mode groups, which can be estimated as 22 using (2.19). Each guided mode
group has a particular propagation vetpehat is able to produce a modal delay and
modedependent attenuatioApart from the mode dependent attenuation, the transfer
function model of the RBI-POF also depicts the effect of intramodal (chromatic)

and intermodal dispersion, while the mode coupling effect can be disregarded for the

GI-POF|161]]. Following the measuring of efid-end system transfer function, the

practical transfer functiors employedn the simulation model to predict the system

performance. Also, the system using 62.5 um@HOF (Chromis Fiberoptics) of

100, 200, and 300 m length, which is optimised to operate at 850 nm are Fegted

5.6/ depicted the linear increment of the fibre loss with the distance and the fibre

attenuation coefficient is ~0.06 4B.
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Figure5.6: Practical measurements of tAE-GI-POF attenuation up to 300 m
[191]

The RF signal at the receiver is extracted using a Thorlabs PD and a low noise
transimpedance amplifie(TIA) prior to being processed by Agilent MXA signal
analyser, together with the Agilent 8960%8ctor signal analyseEA). The VSA

software isused to analyse the detected symbols, i.e., the estimate of EVM and BER.

The EVM describes the receiver performance in the presence of channel

impairments and noise. The detecsgthbolS(xs) is represented by:

(5.1)
whereg(xs) is the multiplicative channel impairment which is due to the multipath
fading and dispersion that may lead to IS{xs) is the transmittedalue of thexs"
symboland (xs) is the additive white Gaussian noise (AWGN) with a power spectral

density ofNo/2 . In an AWGN channel, witlyx) 8§ DQG D ODUJH QXPE

symbols, the ideal EVM is expressasing (3.17)as|197:

(5.2)
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However, as regards SNRs and considering the channel impairments, the

measured EVM is expected to be less than the ideal \TS

BER is the popular criterion for assessing the performanammimunication
systems, while EVM metric has the advantage upon BER due to the fact that it

provides the desired measure of performance prior to the demodulation pedékss

In the course of comprehending the deviation of EVM values with respect to its ideal
level, the BER will be evaluated and linked to the EVM performance. BER is
estimated using the eye diagram by means of thec@r for each value of SNR. The

Q-factor repesents the ratio of eye opening to the total noise, which is determined by

using the following equatioﬁ 1449:

(5.3)

wherepo, p1are the mean values of low and high levels, respectivglyk are the

standard deviation of the low and high signals. Consequently, a higher eye opening is

indicated by lower BER, which is estimated ugjhdq:

(5.4
Additionally, the BER is the approximation of the EVM walad217[21§:
(5.5)

whereM is the constellation siz&;is the modulation formadependent factor, which

is specified in|21g as 1, 9/5 and 7/3 for the QPSK,-Q&AM and 64QAM,

respectively.

Hence, the EVM value can be derived as:
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(5.6)

In (5.5) and (5.6), the BEERVM performance is dependent on the modulation
format even with the normalisation procesg3rl7) with due consideration for the
nonlinear effects ahelectronic noise especially at lower SNR, wherdtimarameter

is a dominant effect on the error estimation process.

It should be noted that the required value of BER for aitaged wireless

communications is 3.8x10[199, while the required EVM for th& generation

partnershipproject @GPP) in 4G-LTE systems are 17.5 % , 12.5%, and &fothe

QPSK, 16QAM, and 64QAM, respectively as outlined ifil9q. Hence, in this

analysis, the relationship between EVM and BER is deduced and the results are
compared with the predicted data extended from the simulation model that uses the
system transfer function to estimate the EVM values. The simulatiodel is

employed to estimate the true EVM values at low SNR due to the fact that errors in
estimation process performed by the VSA software are caused by high symbol error

probability on this range of SNR.

5.4 Results andDiscussions

Figure5.7|illustrates the EVM plots captured by VSA against the optical launch

power (OLP) for QPSK, XQAM, and 64QAM. The OLP is controlled by changing
the bias current from 2 mA up to 12 mA. Foe thackto-back 82B) system, the RF
signal and the input electrical power used were 2.6 GHzZhdBm, respectively.

Apart from that, the regions are defined in accordance with the VCSEL characteristics

(seelFigure 5.5). In region A with low OLP values and DM effect, the positive

frequency chirp (PFC) was stimulated by signal distortions, which increased the EVM
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Figure5.7: The EVM against OLP performance of B2B QPSK,Q&M and
64-QAM [191]

values for the three modulation scherf#&sy. Moreover, this particular performance

is dependent on theydamic range characteristics of the VCSEL as depiciedjure

5.5[ in which, low modulation index leads to a decline in SNR, which in turn, leading

to an increase in EVM. With regards to regiontBe high dynamic rangef the

VCSEL L-I curve shown ifFigure5.5|can increase the output OLP that leads to a high

SNR,which was shown by lower EVMs for the three modulations2AdBm, EVM
values of ~8.5%, ~6 %, and ~ 2.5% were observed for QPSKRAM, and 64QAM,
respectively. Finally, the difference of EVM betwethre three modulations was
observed to increase with OLP owing to the nonlinear behaviour of VCSEL that were

exhibited at high bias currerj22d.

In addition to degrmining the OLP, the EVM performance against the SNR values

has been determined, which is presenteﬁigure 5.8|for transmitting 20 Mbps,

40 Mbps and 60 Mbps using QPSK,-Q&M and 64QAM modulation formats,

respectively, up to 300 metres of -BPOF. The EVM value was estimated using
VSA software, which analyses the constellation diagram of received signal. On the
other hand, SNR was measured usfi®A by means of calculating the ratio between

the measured signal power to measured noise power over the signal bandwidth.
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Figure5.8: Practical EVM performance of the RoPOF using QPSKQ2&/1 and
64-QAM modulation schemes [191]

Figure 5.8| depicts the plots for B2B links and the predicted data obtained by

employing theMATLAB ™ simulation modelwhere the SCM signal is generated at

the transmitterin baseband either in QPSK, -TFAM or 64QAM at 10 MHz
bandwidth. The baseband signal is then converted into a passband signal at 2.6 GHz,
whichis used to direct modulate the VCSEL that is modelled by (2.1), (2.2) and (2.3).
The optical signal is then tmamitted over the RGI-POF channelvhich adoptghe
measuredransfer function explained in section (5.2). Hertle effect of modulation

order on the EVM for the same SNR can be observed EVM differenceof its
estimated value increased for the &modulation order due to high symbol error

probability, as highlighted ifgz. It should be noted that at lower values of SNR,

the measured values were less than the predicted data particularly@éM&nd
64-QAM. This is due to the error in the estimation process of the constellation point.
Accordingly, atheoreticalmodel will be $ed to estimate the true EVM values at the
low SNR values. However, higher values of SNR demonstrated that the measured
plots are much closer to the predicted results as the ISI started to be mitigated. The
maximum acceptable EVMs for QPSK,-Q&AM, and 64QAM are 17.5%, 12.5%,

and 8% at SNR of at ~15 dB, ~16.2 dB, and ~17.5 dB, respectively, which were in
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Figure5.9: The EVM against BER performance of the RoPOF using QPSK,
QAM and 64QAM modulation schemes [191]

the erroffree levels outlined i1221 . These values were achieved up to 300 metres

transmission span for the QPSK;Q&M and 64QAM. Furthermore, the EVMBER

performance was scrutinized for the three modulation formats, B2B and a range of PF

GI-POF length as shown [iigure5.9| First, the received dataere captured using

the signal analyser, which was followed by the estimation of BER estimated using
(5.3) and (5.4). Subsequently, the EVM value will be estimated using if5.6)
comparison to measured values for QPSK;Q¥M and 64QAM. Also, the
constellation diagrams and plots for B2B links at BERKEXffor the three modulation

formats were displayed, which is lower than the forward error correction (FEC) limit

of 102 [199. This figure complemen&igure5.8| in whichthe maximum acceptable

EVM corresponded with the targeted BER, depending on the modulation type since
the EVM standard for 6®AM should be less than what of QPSK andQ&M due
to the high noise sensitivity of the high order modulation schemes compaiezl to

low modulation ordr.
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Figure5.10: The EVM against input RF power performance of the RoPOF us
(a) QPSK, (b16-QAM and (c) 64QAM modulation schemes

Furthermore, the system performance was degraded for longer POF distance

owing to the high attenuation levelsgure5.10jindicates the EVM performance for

a range of the RF input power for the three modulation formats up to 300 Gt PF

POF channelising the experimental setgpown in]

Figure5.4
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channel losseseither optical orelectrical power should be increaseld this
investigation, theRF power wa optimisedwhile the VCSEL biased with 7 mA for

the all measurementst this juncture, the effect of POF losses on the RF power is
investigated in order to achieve the requiredl4k& EVM for each modulation type.

This exploration may lead to the estimation of the increased necessary in input signal

power to offset the EVM degradation, which is referred to as the power penalty.

Figure5.11lillustrates the input power penaltgainst the PFI-POF length for

the specified EVM limit of 17.5%, 12.5% and 8% for the QPSkQ¥M and 64

QAM modulation schemes, respectively. Notably, the electrical power penalty values

were related with the optical loss of H-POF (sed-igureb5.6). It should be noted

that for such transmission spans, the most dominant effect is the channel attenuation.
Power penalty depends primarily on the aielnattenuation since a low OLP is
applied, and thus, channel nonlinear effects do not influence the system performance.
Moreover, the increment of power penalty was not dependent on the modulation order
and the transmitted data rate, which shows the ém@l$ of modal dispersion up to

300 metres oPF~GI-POF.

Figure5.11: Power penalty vs POF length for the QPSK-Q&M and 64QAM
modulation schemes [191]
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5.5 Summary

To sum up, the implementation of RoF by means of employirG PFOF for
QPSK, 16QAM, and 64QAM was validated both theoretically and experimentally
in this chapter. The scenario of adoptiDdS for shortdistance communication
systems was also demonstgtoy providing the RF signals. The eiogend system
transfer function was practically investigated to be employed in the simulation model
with the aim of accurately estimating the system performance at low SNR values.
Apart from that, the advantage ofiug a VCSEL laser was illustrated by employing
low biasing current and obtaining lower values of EVM at OLRlfut-2 dBm for
the three modulation types. The relationship among EVM, BER and SNR were
investigated both practically and theoretically, inesrtb show that the system can
operate within the specified EVM limits of 17.5%, 12.5% and 8% for QPSIQAIK
and 64QAM, respectively up to 300 metres transmission span. An EVM of ~3.5%
and BER of 10 wasachieved in transmitting 60 Mbps over 300 meR&GI-POF
length. Finally, an investigatiomascarried out of the input signal power penalty for
the three modulation schemes and a range & PIFOF length followed by the linear
behaviour of the P&I-POF channel being outlined and showed that thee fib
attenuation was the most significant factor of such networks in this range of POF

distance.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The drastic development along with the explosive growth observed in the
telecommunication systems are reflected in the recent steady rise of the number of
subscribers and high data traffic. Such a development necessitates a mobile
technology, which can etfiently cope with the bandwidthungry and delagensitive
applications. It is worth highlighting that tB& generatiorpartnership mject @GPP)
adopted thd™ generationlong term evolution4{G-LTE) as a framework to meet both
the rapid recent anfiliture growth in relation to data traffic requirements. The 4G
LTE and the next generation mobile technologies have adopted higher frequency
bands in order to address the significant data evolution. However, as it was discussed
earlier in chapter 2 the radio frequency RF) signals that are transmitted over
frequencies relatively higher than 2 GHz may experience a severe path loss. Such a
loss may exceedl00 dB at 2.6 GHz band along with the multipath fading in urban
environments. Consequently, rather lowenetration levels to the walls and buildings

may result in poor indoor coverage.

Therefore, thighesisproposed an integration between thdic-overfibre (RoFH
andradio-overfree space opticRROFSQ technologies in terms of a hybrid R&1SO
systemin order to extend the wireless services for the access dnalding networks
for both rural and urban ared$hethesisbegan with an overview of the evolution of

the mobile communication technologies, which was delved dee&rapter 1An
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overview of the hybrid ROH-SO including the related optoelectronic devices was
outlined in Chapter 2. More specifically, the significant features of the RoF and
RoFSO technologies along with the main applicatiwese demonstrated. In addition,

a detailed accoumf the hybrid ROFFSO system model was provided in terms of the
transmitter, channel and the receiver. Different modulation schemes, nataegity
modulation (M) andexternal modulationEM) that are adopted in the hybrid RoF
FSO system werdescribedo capturetheir advantages and capabilities in supporting
relatively higher data rate and the transmission length. Furthermore, a fair comparison
between different light sources, which can possibly be adopted in the hybrid RoF
FSO, was drawn. It was deered that the IM method with tkertical cavity surface
emitting laseVCSEL) and EM withDistributed feedbackdFB) laseroffered the

best characteristics for the indoor and outdoor network applications, respectively.
Therefore, both lasers were studied in terms of their structures and the mathematical
models, which can be used to model the laser diode for the indoor netwbrks
channels were introduced in this research, namelyntbki-mode fibre MMF),
polymer optical fiboréPOR and FSO, for which the impairments of each channel were

discussed in detail along with the associated mathematical expressions.

In Chapter 3the hybridradio over MMF and FSO channels (ROMNESO)was
proposed to improve the 4GTE indoor performance for the application of
connecting multiple i¥building ROMMF networks using FSO link in the lastle
access network. Besides, the modal disper$iat was induced in the MMF channels
was demonstrated. In addition, thiegle-mode filtering techniquéSMFT) as a cost
effective and simple design technique, which can be used to mitigate the modal
behaviour, was also focused. The system performanseveduated theoretically and

practically in terms of the total system transfer function, optical beam profile and the

144



error vector magnitude (EVMys signatto-noise ratio $NR) performance. The
obtained results revealed the modal behaviour of the MMEerms of random
variations of the transfer function beyond the baseband with high sensitivity to the
frequency changes. Moreover, the pass band bandwidth was limited to ~1 GHz, which
may potentially cause a significant degradation for the LTE signals toperat

2.6 GHz.On the contrary, the adoption of the SMFT may filter off the propagated
mode groups except for the fundamental mode. As a result, SMFT was found to have
enhanced the transfer function in terms of a dramatic decrease in thetitunst@end
increased the channel bandwidth by 2 GHz at least owing to diminishing the modal

behaviour of the MMF channel.

Furthermore, the experimental results of the received beam profile indicated that
the adoption of the SMFT along with theadient indg (GRIN) lenshelped improve
the coupling efficiency and tHall width at half maximum (FWHM)py 13.6 dB and
~100 um. Additionally, the proposed technique also enhanced the EVM performance
by 4% for the clear atmospheric channel. As it was highlightdieeahe system
performance was also validated under real outdoor environment by two turbulence
levels on the FSO channel, which were undeak turbulence regimeThe
experimental EVM results under turbulence showed the ability of transmitting
67.2 Mbps over 1 km MMF, 2 m FSO and 100 m MMF by retaining the error free
EVM requirements for the 3GPP LTE, which was 12.5 % éequadrature amplitude
modulation (16QAM). On the other hand, the theoretical analysis of the EVM
performance pointed to thaility of extending the FSO channel of up to 500 m
achieving the EVM < 12.5%, which indicated that the proposed technique can be

adopted successfully in the real environment for thenhalgt access networks.
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Further research on the ROMMFSO wasoutlinedin chapter 4. The SMFT was
tested in the atmospheric fog channel, which may potentially cause a sever degradation
in the SNR value. A 1 km MMF and 11 m FSO link were used to design the hybrid
ROMMF-FSO for transmithg the 4GLTE signal at 16QAM basebad modulation
of 5, 10, 15 and 20 MHz. The pass band frequency was observed at 800 MHz, which
is notably the typical wireless band for the rural areas. The hybrid system was
proposed to extend the 43 E indoor coverage in the sparsely populated areasawher
the infrastructure for the fibre optical networks was rather scarce and scattered. The
system performance was investigated in terms of power link budget and EVM
performance. The obtained results revealed a successful transmission oflfhE 4G
signal ofup to 20 MHz signal bandwidth at 67.2 Mbps bit rate with the EVM of
~8 %, which is less than the 3GPP LTE requirements. In addition, the link budget
analysis confirmed that the proposed hybrid system was able to operate even with
longer FSO chamel, but only up to 3 km and ~140 m for the clear and thick fog

atmospheric weather, respectively.

On the other hand, the use of the POF instead of the MMF was investigated in
chapter 4. A hybridradiocoverPOF and radimverFSO RoPOFFSO was
demonstreed eerimentally with the use dfl m of FSO channel and 100 m of
perfluorinated gradethdex POF (PFGI-POF)as irbuilding network. In this regard,
the FSO channel was used to transmitdbenlink (DL) 4G-LTE signals from the
enhanced NodeB (eNBd theresidential gatewayRG). It has to be noted that the
A4G-LTE signal was generated for tlsengle carrier modulationSCM) quadrature
phase shift keyingQPSK), 166QAM and 64QAM in order to transmit bit rates of up
to 33.6, 67.2 and 100.8 Mbps, respectively. In this study, a design for the RG was

introduced, which can be used as the interface between the access and indoor
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networks. The link assessment was aafike for the link budget and EVM
performance under the effect of clear and thick fog atmospheric channel. In the clear
channel, the obtained EVM results indicated a successful transmission ofHT&E4G
signals of up to 100.8 Mbps fulfilling the 3GPP LTE EVequirements for the three
modulation schemes. In thick fog fading effect, however, maximum successful
transmission was observed only up to 33.6 Mbps, where the higher bit rate signals

required gpower penalty®RP up to ~8 dB for transmitting the 100Mbps signal.

Focusing on the RoF network, chapter 5 demonstrated theoretical and
experimental investigations of the-lmiilding RoF using PfsI-POF links up to
300 m. The RoF links transmitted the three SCM modulation signals, namely QPSK,
166:QAM and 64QAM at 2.6 GHz band. Th®AS scenario was presented by
providing thehome RUwith the RF signal through the optical fibres. The features of
the PFGI-POF were introduced for the-building networks and to use the VCSEL
as a good balance solution betm the cost and the quality. The VCSEL
characteristics were investigated in relation to ltgket current (LI) curve and the
EVM vs optical launch power@LP), which revealed the low VCSEL biasing current
and the minimum EVM value at -2 dBm for the thre modulation formats. The
system performance was evaluated theoretically and practically in terms of the total
transfer function, EVMbit error rate BER) and OLP. The obtained results indicated
that the capacity of the proposed system to may help omratessfully within the
3GPP LTE EVM limits of up to 300 m of PGI-POF. An average EVM of 3.5% and
BER 10°was reported for transmitting 60 Mbps othez system that can operate within
the specified EVM limits of 17.5%, 12.5% and ~8% for QPSkQIM and 64QAM,
respectively up to 300 metres transmission distance. A successful transmission of 60 Mbps

was achieved with EVM of ~ 3.5% and BER of°1inally, the PP for the input signal
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was investigated by relying on three modulation formats. The PPsebolived the linear
behaviour of the PIGI-POF and the results outlined that the fibre attenuation was the

most significant factor of such networks within such a range of POF distance.

To concludea hybrid Rd--FSO system waisitroduced tamprove the pedrmance
of 4G-LTE signal for the radio over indoor MMF system in the last mile bottleneck
access networks. Moreover, the SMFT technique was adtptedigate the modal
effects and deliver 67 Mbps under weak turbulence effect within the 12.5% LTE EVM
requrements.The SMFT was tested under thick fog effect with 100 visibility range
to deliver 67 Mbps with the EVM of ~8%. Furthermore, Hybrid ROFEHO was
presented with a design of the RG. The proposed system was verified by transmitting
LTE signal with diferent data rate up to 100 Mbps. Finally, Indoor RoF was
investigated using different lengths of -BFPOF up to 300 m. Successful

Transmitting of 60 Mbps was achieved with ~3.5% EVM and BBR.

6.2 Future Works

It is noteworthy that within the given tinfeame, the present study has contributed to
the design and development of the hybrid F&&O and irbuilding RoF networks. In this
section, the author recommends further research, which will be carried out in the future to

extend the research reportedhe present thesis.

In this research, the proposed hybrid R&FO system was investigated using
downlink (DL) LTE signalln order to further emphasize on the Lig€hnology uplink
(UL) LTE signal can be used in the hybrid RoMNBOfor further investigatn on using

the SMFT technique.

In hybrid ROMMRFSO system, the investigation will be verified practically by

means of using longer FSO channel to connect multiple buildings. Additionally, it is
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deemed that further investigations can cover multiple efféaett may impact on the
system performance, such as @meplified spontaneous noise (AS&pduced by the

erbiumdopedfibre amplifier (EDFA)

Apart from that, the theoretical and experimental investigation for the present
study focused on the SMFT as gi®, costeffective and powerful technique to
mitigate the modal behaviour of the MMF links in comparison to the typical signal
processing tools such as the digital equalizers. However, the indoor networks beyond
300 metres of PII-POF channel may lead #ostrong effect of the fibre attenuation
and modal dispersion. This, in turn may degrade the SNR and significantly increase
the pulse broadening. It should be noted that an equaliser in the receiver is required to
compensate the amplitude and phase distts induced by the optical propagations.
Therefore, further research looking into the design of less complexity equalizers that
may be used at the receiver side to extend the transmission distance is of utmost
importance. On comparison, the Rlamear egalizers are considered as attractive

candidates owing to their better performance than the linear types.

On the other hand, the POF attenuation is the most dominant distortion factor
because of its operation within the 850 nm. An amplification solutionigbly
recommended in order to compensate the high level of loss. Currently, the tapered
semiconductor optical amplifier has drawn the attention of many as an optical
amplifier in the 850 nm wavelength. Furthermore, the employment of such amplifiers

may &tend the POF channel for longer than 500 m.

The present study proposes the utilization of VCSEL due to some reasons, namely
its low cost, low threshold point and narrow circular beam, which improve the fibre

coupling. However, its low output power has teedency to be adopted in short
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distance networks. Notably, the nonlinear of VCSEL is a limiting factor in the
analogue optical communications. Hence, an intensive investigation is recommended
in order to enhance the-building optical networks that antthe adoption of the

VCSEL as a light source.

In the last few years, mobile and wireless networks have made remayt@btha
In this regard, he 4GLTE technology has now been used by the most mobile
operators worldwide Meanwhile, the dramatic developnieof the mobile data
services driven by the smart devices and broadband applications has triggered the
investigation of the fifth generation (5G) for the next generation of the mobile
communications. Hence, further study on the hybrid -R8B® system usingG
mobile technology is highly recommended to cope with the future data traffic

requirements.

Finally, the present study investigates the hybrid RoOMREO, hybrid RoPOF
FSO and RoPOF mainly to enhance the indoor coverage for wireless communications.
In this regard, the MMF and POF were proposed as an optical channel for short
distance indoor data applications. Recently, tremendous interest is evident in the
integration of various data transmission and optical sensing applications. The low cost
of POF may b employed as temperature and strain sensors fhuiliding
environments based on several techniques, such as multimode interference, rillouin

based distributed sensors and intensity macrobend sensors.
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