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CHAPTER 1

INTRODUCTION TO FREE SPACE OPTICAL (FSO) COMMUNICATION

Zabih Ghassemlooyi, Arun Majumdar2,and Arockia Bazil Rajs3

1. 1 Introduction

The evolution of wireless communication applications over the past decades is enormous,
driven by the ever increasing number of wireless broadband internet, mobile phones, smart
devices, social web, gaming, and video-centric applications. The number of end users is
grown by about 30-40% per year i.e., from 16 million to 3.6 billion in 1995 and 2016 [1,2],
which has put a tremendous pressure on the network infra-structure thus forcing the service
providers to upgrade their current systems for higher wireless access data rate and improve
quality of service. Until now, the radio frequency (RF) based wireless systems have been the
prominent and mature technology in a range of fields including wireless local area network
(WLAN), global positioning system (GPS), RF identification (RF ID) systems, home satellite
network, etc. [3]. In addition, the third and fourth generations (3G/4G) wireless networks
have experienced a growing increase in the data traffic due to the wide-spread use of smart
devices any-time any-where. The volume of mobile and wireless users and thus the data
traffic are predicted to increase a thousand-fold over the next decade [4], thus resulting in the
mobile spectrum congestion (i.e., bandwidth bottleneck) at both the backhaul and last mile
access networks [5]. Of course, the situation is going to get even more challenging by the
introduction of 5G and beyond wireless technologies.

However, operators consider alternative technologies to overcome the spectrum congestion in
certain applications, where the RF based technology cannot be used or is not suitable. For
example, in highly populated indoor environments (train station, airports, etc.), and ‘the last
mile access’ network, where the end user, using the RF based wireless technologies, do
experience lower data rates and low quality services due to the spectrum congestion (i.e.,
bandwidth bottleneck). Thus ensuring the most efficient and effective utilization of the RF
spectrum in dense-traffic areas. This could include point-to-multipoint links in areas where
spectrum for the conventional point-to-point links is becoming scarce and costly. The
microwave, millimetre wave and optical fiber based technologies will continue to retain their
importance as a backhaul bearer. To increase the bandwidth and capacity, service providers
are considering moving to higher frequencies (i.e., 40 and 80 GHz bands), but at the expense
of reduced transmission coverage, which has adverse effects on the cost (i.e., deployment,
site rental, maintenance, equipment, etc.).

In a perfect scenario, all end users should have access to the optical fibre based backbone
network with an ultra-high capacity, to benefit from truly high-speed data communications
with a very low end-to-end transmission latency. Fiber optical communication systems as the
most reliable and high bandwidth transmission technology meet the bandwidth requirements
and high quality of services mostly at the backbone network with the potential to move in
into the last mile and last meter access networks. However, the cost and challenges associate
with installation of optical fibre particularly in rural areas as well as maintenance of such a
network is rather high, therefore is not considered for the last mile access network [6]. Of
course, for environments where deployment of optical fibre is not economical a combination
of satellite communications and optical fibre communications technologies would be the



most suitable option. However, this could also be quite costly and therefore may not be
feasible in the long run.

1.2 Free Space Optics

The demand for high bandwidth and secure communication is increasing in future. Therefore,
free space optical (FSO) wireless communications technology could be one possible
alternative option to the RF technologies that can be adopted in certain application to un-
locked the bandwidth bottleneck issue more specifically in the last mile access networks,
between mobile base station in RF cellular wireless network, and as of the radio over optical
fiber [7-9]. During the last decade, we have seen a growing research and development
activities in the FSO communications in the field of high data rates wireless technology
applications as well as the emergence of commercial systems. The principle reason behind
the increasing popularity of FSO is its capability to meet the user’s ever increasing demand
for bandwidth, which is not possible with the existing RF based wireless technologies [6,10].

Note that, most FSO systems are based on the line-of sight (LoS) intensity modulation/direct
detection (IM/DD) laser (single or multiple wavelength) transmission, which offering similar
capabilities as optical fiber communications with attractive features including (i) huge
bandwidth; (i) no licensing fee since the optical spectrum bands lies outside the
telecommunication regulations; (iii) inherent security at the physical layer for mostly the
point-to-point link configurations; (iv) low cost of installation and maintenance [10-13]; (v)
lower power consumption; (vi) immunity to the RF-based electromagnetic interference [8-10];
(vil) back-bone network compatibility, where FSO 1is operating at optical transmission
windows of 850, 1300 and 1550 nm, which are compatible with optical fiber back bone
networks, as well as 10 um [14]; and (viii) no or very little inter-channel interference due to a
narrow laser beams, which guarantees high spatial selectivity. FSO systems employing
heterodyne detection techniques are also used in order to increase the sensitivity of the
receiver and improve the robustness of the systems against channel induced impairments [15].
Some of the key features of FSO links are as follows:

(1) The global information and communications technology is responsible for 2 - 10 %
of the global energy consumption according to the report smart 2020 [16]. The
global warming and the existing concern to reduce the power usage is a critical
motivation to replace RF links with FSO in certain applications since the FSO
technology is potentially green in terms of energy consumption compared to RF
[17,18].

(i) At the present time RF-based wireless technologies provides 1 to 2 Mbps for
unregulated 2.4 GHz ISM bands [19], 20 Mbps 875 Mbps at 5.7 GHz 4G mobile
and 60 GHz millimetre wave (MMW), respectively [20]. Potentially FSO can
provide bandwidth as large as 2000 THz, which is far beyond the maximum data
rate of RF technologies [21,22]. In addaition, FSO offers dense spatial reuse [23].

(i11)) A review survey conducted with the operators in Europe and USA companies
concluded that FSO is much faster to deploy than any other fixed communication
technology [23]. Moreover, the speed of installation of FSO is in hours as
compared to the RF wireless technology which can take up to months [10,14].

(iv)  The main advantage of the confined beam of FSO communications is the ability to
provide a significant degree of covertness. A malicious eavesdropper would need
to within the LoS transmission path in order to intercept the light and therefore
access the information [24]. This makes the interception almost impossible as the
eavesdropper’s antenna is also likely to cause link outage for the intended



recipient due to beam obstruction. Jamming an FSO is also difficult because of the
nature of optical beam is narrow and also invisible [25,26].

1.3 FSO Applications

The FSO technology with data rates ranging from multi-Gbps to a few Mbit/sec or less, over
typical link spans of a few micro-meters to hundreds of meters have been adopted for civilian
applications 27,28] including:

In-chip optical interconnections - with path lengths ranging from hundreds of
microns up to ~ 1 cm.

Last meter indoor communications - with path length <100 m - usually using
infrared and visible lights.

Last mile access network in rural areas [29] — The bandwidth bottlenecks within
the access network is a major issue, which has been depriving the end users with
sufficient amount of bandwidth in order to meet their requirements [23]. A number
of technologies (wired and wireless) have been developed to bridge the last mile.
With the increasing level of deployment of fibre optic technology such as the
Ethernet passive optical networks (EPON), the bandwidth bottleneck is being
shifted towards the last mile access network. EPONSs are designed to carry Ethernet
frames at gigabit Ethernet rates but are not cost effective [30,31]. However, wireless
networks capable of offering gigabit per second data rates in the last mile access
network still have bandwidth limitations, thus enabling the end users to have a full
access to broadband internet [32]. This problem is more acute in the rural areas
where access to high-speed broadband using the existing technologies is rather
limited [33,34]. In such scenarios the FSO technology could offer gigabit Ethernet
to the end users. FSO can replace optical fibre access technologies such as fibre to
the home (FTTH) in order to provide connectivity between in-building networks
and to broadband and backbone data networks [35,36].

LAN-to-LAN inter-connectivity- [27,37] and electronic commerce [38] —
provides high-speed, flexibility and high security connectivity for campus and
metropolitan applications.

Audio and video streaming [39] — for video surveillance and monitoring, as well
as live broadcasting of sporting events, in emergency situation [40] etc.

Unmanned aerial vehicle (UAV) and high attitude platforms [27,41] — for
monitoring traffic and disaster areas, or broadcasting vital data to the emergency
services etc.

Disaster and emergency relief network — where the existing communications
networks is no longer operational and therefore FSO systems can be quickly used to
establish communications links for emergency services.

Inter-satellite communications, ground to/from satellite communications, and
deep space communications- Numerous ultra-long-haul outdoor optical wireless
systems have been proposed and implemented in a wide range of applications
including terrestrial, earth-to-satellite and satellite-to-earth, earth-to-high altitude
platform, intersatellite, and interplanetary communication links [42-45]. Major
technical advances in the field of adaptive optics and beam acquisition/tracking,
which are the critical and importance functions in ultra-long-haul outdoor FSO links
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have enabled the deployment of tractable broadband outdoor optical wireless
communications systems [46,47]. FSO satellite network can provide a high-
bandwidth optical wireless network access to the end users since the satellites can
cover large areas on the earth.

e Underwater communications networks - Is suitable for various applications like
undersea explorations, environmental monitoring, disaster prevention, distributed
tactical surveillance (unmanned underwater vehicles), and underwater sensors to
monitor the surveillance, targeting, and intrusion detection [48]. FSO can provide
broadband communications for underwater wireless sensor networks such as to
transmit video streams or downloads a large burst of stored data in a brief time slot.
This is very crucial when the data is required from a specific location or within a
short polling time slot.

e Hybrid FSO/RF communications - FSO and RF communications can be realized
as a complementary scheme in order to overcome the limitations of both
technologies and achieve 99.999% link availability under all weather conditions
[48-50]. The scattering effects due to fog/smoke and atmospheric turbulence
degrades the bit error rate (BER) performance of a FSO link. Note that, for a FSO
link at 830 nm the measured attenuation due to fog is 37 dB/km at a visibility of
200 m, whereas for a 58 GHz RF link it is 3 dB/km [51]. However, with rain the RF
link experience attenuation of 17 dB/km at a rain rate of 40 mm/hr, whereas for a
FSO link at a wavelength of 830 it is 2 dB/km [51]. Note that, the probability of
occurrence of fog and rain simultaneously is very low [52]. Hence, the RF link
provides a back-up link to FSO in fog conditions [53]. Table 1.1 summarises the
differences between FSO and RF communications.

Table 1.1 Comparison between FSO and RF communication systems.

Parameter FSO Link RF Link
Data rate Up to 10’s Gbps wusing | <1 Gbps

multiple wavelength
Devices size Small Medium - Large
Bandwidth License free Required for most

frequency range

Security at the physical | Very high Very low
layer
Network architecture Scalable Non-scalable
Cost Moderate Low to moderate
Link performance effects | fog, Atmospheric turbulence Multipath fading, rain,

misalignment or obstruction interferences
Transmission range e Short to medium Long

e Long for ground to space

and space to ground

Noise limitation Background light Other sources
Installation complexity Low Medium

1.4 Key features and advantageous

In most cases, the FSO modules, which are compact in size, are installed on the tall buildings,
connected from rooftop-to-rooftop, window-to-rooftop or window-to-window. In practice,
using a hybrid link the availability of five nines (99.999 %) is reported [19]) as well as to
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reduce the cost of the complete system. The cost effectiveness of FSO system compared to
the RF system is more obvious, when the RF system is supposed to deliver the same high
data rate connection service [54-58]. With the emergence of powerful and efficient
optoelectronic components and advanced communication techniques, current states-of-the-art
FSO prototypes have demonstrated transmission data rates of 10 Gbps over a range of few
kilometres, which are commercially available with improve the link quality (e.g., it is
desirable to achieve ideal 100 % link availability in all weather conditions [59], a data rate of
7.5 Gbps up to distance of 40 km [61], and up to 1.6 Tbps over a 80 m single outdoor link
based on the dense wavelength division multiplexing technique [61-63].

One option adopted in order to increase the spectral efficiency (i.e., total data rate) and
performance of FSO is to adopt spatial division multiplexing (SDM), where multiple
independent data carrying optical beams simultaneously are transmitted over the same free
space channel [14,16]. Note, a sub-set of SDM use mode division multiplexing, where
orthogonal modes from a model basis set are used for transmitting each optical beams [64], in
order to ensure multiplexing, transmission and demultiplexing of different beams with little
inherent crosstalk [65]. In [66] an experimental demonstration of 400 Gbps FSO transmission
using mode division multiplexing was reported.

Note that, SDM can provide a simple solution to the major setbacks in designing multiple
input multiple output (MIMO) systems, i.e., reduced interchannel interference and improved
inter-antenna synchronization [16,19]. Space shift keying (SSK) - a special case of SDM [19]
- exploits only the spatial positions of transmitters to encode the information bits thereby
trading the receiver’s complexity off against the data rate. More recently, quantum key
distribution has been recognized as the only approach so far to realize secure communications,
which can be implemented in FSO links [67-69]. In [70], a high-speed (120 Mbps) four-state
continuous-variable quantum key distribution system, based on wavelength-division
multiplexing, polarization multiplexing, and orbital angular momentum multiplexing was
investigated under atmospheric turbulence.

In order to improve link availability (i.e., 99.999 % availability) hybrid FSO-RF systems are
proposed and adopted. Indeed, the gap between the backbone and a last mile access network
can be filled by adopting the hybrid RF-FSO technology, thereby enabling multiplexing of a
number RF users via a single FSO link. More recently, a hybrid dual-hop amplify-and-
forward based RF-FSO link have been considered [71-73], which offers a strong option for
the last mile access network connectivity. For such links, the system performance has been
investigated assuming Rayleigh and Gamma-Gamma fading on the RF and FSO links,
respectively [71], and considering the effect of pointing error [74]. Note, the hybrid FSO-RF
system performance can be increased by adopting relay selection approaches, such as the
partial relay selection [76,77], the relay is selected based on the CSI of only one hop, in
contrast the other relay selection approach requiring global knowledge of the CSI of all hops.
In [78], a unified and general performance evaluation of a dual-hop amplify-and-forward
based RF-FSO link with the relay selection strategy based on outdated CSI estimates is
reported.

The FSO technology along with plastic optical fiber/ multimode fiber and indoor optical
wireless communication links can also be used as part of heterogeneous optical networks to
address the bandwidth bottleneck in communications networks, where ultra wideband RF
signal at 60 GHz are transmitted over fiber (i.e., the radio-over-fiber (RoF)). Note that, RoF
approach requires frequent electrical-to-optical and optical-to-electrical conversions and
costly optical components. In addition, it is not very efficient in terms of optical bandwidth
utilization since it transmits low-speed wireless data over a wide bandwidth optical channel



[80]. The FSO based heterogeneous optical networks can deliver high speed optical signal i.e.,
40 Gbps and beyond to the end-user, thus providing high-bandwidth, and solving
interoperability problem of future optical networks [80]. Furthermore, optical networking
facilitates the operation complexity at the IP layer and thus reduce the connection latency and
the cost to deploy and operate the networks.

1.5 FSO Networks

The LoS FSO based topologies can be classified into three categories of point-to-point, ring
and mesh networks as shown in Fig. 1.1. The 1* topology is the most basic and most
commonly adopted, which only requires two LoS FSO transceiver between two locations
typically few hundred meters up to few kilometers (usually < 4 km) a part. The 2™ topology
is composed of more than two nodes offering improved network and traffic protection.
However, it does suffer from the link failure, which can be resolved using the traffic loop
back mechanism provided there is a monitoring mechanism to detect the fault as well as
protocols to activate the loop-back mechanism, which is usually located at the physical layer
near to the transceiver head or at the MAC layer [79]. To cover a longer and wider
transmission span and area, the ring network can be linked up with another ring networks.

The mesh topology, which is capable of interconnecting multi-nodes, the communication
links are scalable and expandable up to several kilometers-square, therefore is considered as
the best solution to interconnect FSO nodes in different terrain. In addition, this topology
offers flexibility in mounting the individual FSO module at different conditions as well as the
best network and service protection, which is suitable as part of ad-hoc networks provided the
LoS is maintained (i.e., high availability, connectivity, increased capacity, and network
utilization) [80]. In this topology, one detecting a faulty node, the traffic is rerouted via an
alternative path based on the routing algorithms. However, the drawbacks are complexity and
increased maintenance cost (requiring traffic capacity, traffic routing, and traffic balancing).
As in the ring topology network, this network needs thorough monitoring for fault detection,
require traffic balancing so that all nodes deliver the acceptable performances, and also
maintain the traffic priorities.

Point-to-Point

Fig. 1.1 FSO topologies
The basic concept of FSO communications is similar to RF communications in terms of data
generation, modulation, transmission, reception, and processing of data. A typical IM/DD
FSO link is shown in Fig. 1.2. Both the transmitter and the receiver must directly point to
each other without having any obstruction in their path to ensure the communications link is
always established. The unguided channel could be either space, seawater, or the atmosphere.
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Fig. 1.2 The block diagram of an FSO communication system

The Tx composed of four main components of laser modulator, driver, optical source, and
transmit telescope. Both laser diodes and light emitting diodes (LED) based transmitters can
be used in FSO systems [81], where laser based FSO links are mostly used for high data rates
(> Gbps) and long range transmission [82] and LED based FSO systems are used for low data
rates and short range inter-building communications [83]. The IM laser beam is transmitted
via the transmit telescope, which collimates and directs the optical radiation towards the
receiver telescope at the other end through free space channel. The functionality of the driver
is to regulate current flowing through the light source and stabilizes its performances as well
as neutralizes temperatures and aging effects on the performance of the laser. While there are
a number of modulation scheme that can be adopted in FSO systems, the most common
modulation formats considered is the binary amplitude-shift-keying or widely-known as the
on-and-off (OOK) due to its high bandwidth efficiency.

The non-return-to-zero (NRZ) OOK format is the most simplest followed by return-to-zero
(RZ), which offers higher sensitivity compared to NRZ OOK [84] and with the clock
frequency being part of the signal spectrum. However, in both NRZ and RZ based OOK
long transmitted bit stream of “1”” and “0” can lead to the loss of clock synchronization. This
can be avoided by using Manchester coding, and pulse position modulations, the clock can
easily be recovered, but at the cost of increased transmission bandwidth. OOK has become a
dominant form of signalling because of the transmitter and the receiver hardware are
relatively simple and fiber optics networks generally operate a high signal-to-noise ratio
(SNR) with a lower dynamic range requirement and well controlled signal levels at the
receiver [85,86].

In addition, line codes (i.e., 8B10B with 25% more bandwidth requirement than NRZ) can be
used to maintain a constant short time average of the signal (i.e., the baseline) in order to
reduce inter-symbol interference due to high-pass filtering at the receiver, and to recover the
clock signal [85]. Alternatively, modulation can be carried out externally where the
transmitted laser beam’s phase and frequency is modulated using the external modulator such
as the symmetric Mach-Zehnder interferometer. Note, the transmit optics such as telescope or
lens is used to focus the optical energy towards the receiver in order to minimize the
divergence [86,87].

The commercial FSO systems can be classified into two transmission windows of 780-850
nm and 1520-1600 nm [88]. The transmission windows of 780-850 nm is preferable for FSO
due to low cost, reliable, and high performance transmitter and detector components are
readily available and are commonly used in networks and transmission equipment. Moreover,



avalanche photodiode and a cheaper vertical-cavity surface-emitting lasers (VCSEL) can be
used in this wavelength range offering modulation speeds beyond 3 Gbps [89]. On the other
hand, the 1550 nm wavelength is well suited for free space transmission due to low
attenuation (i.e., Rayleigh scattering), as well as the proliferation of high-quality transmitter
and detector components. In addition, it facilitate higher transmit power, 50 times greater
than 800 nm wavelength [40], due to lower eye safety requirements, thus enabling data
transmission over longer distances. According to [88], laser beams at 1550 nm wavelength
are more eye safety since the laser beam at the wavelength above 1400 nm is absorbed by the
lens and the cornea, and thus there is no destructive focal point to create damage on the retina
[61]. On the other hand, at 800 nm the retina could be permanently damaged as the
collimated light beam entering the eye is concentrated by a factor of 100 000 times when it
strikes the retina. Most of the optical devices are also compatible with 1550 nm. However,
the trade-off are less receiver sensitivity and higher component cost.

At the receiver end, a large receiver telescope aperture is desirable in order to collect the
uncorrelated flux of optical beams and focusing their average flux onto the photodetector.
This is called aperture averaging; however, this will collect more background noise intrinsic
to a wide aperture area [90]. Hence, an optical band pass filter is normally used to minimize
the magnitude of the background noise. Compared to the transmitter, the receiver choice is
much more limited. The two most common photodetectors used are PIN diode and avalanche
photodiode (APD).Note, PIN based optical receivers are widely used in outdoor FSO links
compared to APD, which shows reduced SNR by amplifying the ambient noise [91]. In
addition, APD require a much higher bias voltages level (i.e., >30 V for InGaAs to 300 V for
the silicon based APDs) [92].

The received optical beam is collected and focused by the receiver telescope to the PD, which
converts the optical signal into an electrical form prior to being amplified by trans-impedance
amplifier, and demodulator. Semiconductor photodiodes (i.e., p-i-n and avalanche photodiode)
are usually preferable because of their compact size, relatively high spectral sensitivity, and a
very fast response time (rise and fall time) [12,93]. Normally, an optical band filter is placed
before the PD to minimize the effects of background radiation [94]. Following amplification,
the original electrical signal is reconstructed by the demodulator from the time-varying
current in spite of the channel-induced degradation and the noise added at the receiver. The
design of demodulator is depends on the nature of the signal (i.e., analog or digital) and the
modulation format [14,95]. Prior to the information is recovered, post detection processor is
used where the necessary filtering and signal processing is done to guarantee a high fidelity
data are carried out. With IM/DD based FSO communication systems, effective detection
techniques are needed to mitigate the channel induced performance degradations [96-99].
There are a number of detection schemes including.

(1) A maximum-likelihood sequence detection (MLSD) scheme - which
outperforms the maximum-likelihood (ML) symbol-by-symbol detection scheme
provided the temporal correlation of turbulence t, is known [96]. However, for
To = 1 — 10 ms the computational (i.e., implementation) complexity for MLSD at
the receiver is relatively high. To overcome, this issue suboptimal MLSD schemes
based on the single-step Markov chain (SMC) model could be adopted [100],
which require perfect channel state information at the receiving end. Provided, T,
is known, a pilot symbol, periodically added to the data frame in pilot-symbol
assisted modulation (PSAM), could be used to mitigate the effects of channel
fading, but at the cost reduced system throughputs [101].



(i)

(iii)

(iv)

(1)

(ii)

(iii)

The decision-feedback (DF) detection scheme — a ML sequence receiver with
no requirement for the knowledge of CSI, channel distribution and transmitted
power where detection is based on the prior knowledge of previous decisions
made and on the observation window over 1,[102]. However, this scheme has a
drawback where the value of Tty depends on the data stream, where one needs to
use a fast multi-symbol detection scheme based on block-wise decisions and a fast
search algorithm [103]. The main drawback of this method is trade-off between
the throughput and performance as well as being too complex to implement.

A blind detection scheme - where there is no CSI has been proposed considering
the case for background-noise limited and a sub-optimum ML detection based
receivers [104] and [105], respectively but poor performance over a small
observation window.

Differential signaling (DS) - which utilizes a pre-fixed threshold level under
various channel conditions (rain, turbulence, etc.), and it does not require CSI and
neither has extensive computations at the receiver [106]. Note that, in this scheme
(a) the system throughput is not reduced since no pilot signals or training
sequences are used; (b) offers simplified detection procedure; (c) mitigates for the
background noise (i.e., the ambient noise) at the receive [107].

Spatial diversity and multiplexing [98,99] - This technique offers substantial
link performance improvement in spatially uncorrelated channels by employing
multiple apertures at the transmitter and/or the receiver that are sufficiently spaced
as in single-input multiple-output (SIMO), multiple-input single-output (MISO) or
multiple-input multiple-output (MIMO) systems [12, 108,109,110]. In FSO
systems, the most commonly adopted spatial diversity techniques are repetition
coding, which achieves transmit diversity by simultaneous transmission of the
data via all transmitters, and orthogonal space time block codes. Note that, in
IM/DD FSO links repetition coding outperforms orthogonal space time block
codes [111,112]. Multiplexing of multiple orbital angular momentum (OAM)
beams is another possible approach for increasing system capacity (up to 100
Tbps combined with wavelength division multiplexing) and spectral efficiency in
FSO systems [113].

Relay-assisted or multi-hop FSO — a powerful fading mitigation tool as an
alternate option in realizing the spatial diversity scheme advantages, which is
based on the broadcast nature of the RF wireless technology [114-118].An all-
optical FSO relay-assisted system can be adopted to mitigate the destructive
effects due to distance dependent atmospheric turbulence induced fading [119]. It
offers an efficient and low-cost solution compared to the MIMO systems as it
does not need an additional transmitter and receiver aperture.

Hybrid FSO/RF - the hybrid FSO/RF link refers to a single antenna unit with
dual functionalities at the transmitter and receiver for both optical and RF signals
transmission [120]. The key features of the hybrid system are (i) reduced power
consumption and costs, which is achieved by means of incorporating the optical
aperture as part of the RF antenna and only utilizing FSO or RF path at any given
time depending on the weather conditions; (ii) link alignment, where both FSO
and RF could be used to establish the link alignment and maintain it via auto-
tracking system within a certain degree; (iii) high link availability, which ensures
full link availability under all weather conditions with higher data rates capability;
and (iv) installation cost and complexity, which is much lower in the hybrid
antenna based wireless link than the dual antenna base systems [118-124].



FSO systems with coherent receivers and the benefit of adopting spatial diversity techniques
are extensively reported in the literature [15, 125,126]. Coherent detection (homodyne and
heterodyne) is employed in less reliable FSO links in order to increase the sensitivity of the
receiver and improve the robustness of the systems against channel induced impairments such
as turbulence [15,127]. In homodyne based detection, which uses a local optical oscillator
synchronized to the transmitted optical signal carrier frequency, the optical signal is directly
demodulated to the baseband. However, optical synchronization is a bit unstable in practice,
therefore heterodyne detection is adopted, which simplifies the receiver design by converting
the optical signal back into an electrical signal with an intermediate frequency followed by a
phase noise compensation technique for the IF signal phase noise tracking.A FSO link with a
coherent receiver, which mitigates the degradation performance caused by phase fluctuations
due to turbulence phase compensation schemes, have been proposed [128,129].

Note that, in coherent FSO systems with relatively higher system complexity compared with
IM/DD offer features such (i) the signal dependent shot noise limited SNR, provided the
optical local oscillator has a sufficiently high power; (ii) the extraction of phase information
allows for a large number of modulation schemes compared IM/DD; (iii) excellent
background noise rejection compared to IM/DD; and (iv) higher sensitivity, and improved
spectral efficiency [130,131].

Note, in LoSFSO systems links, the link performance highly depends on the number of
received photons. For DD based FSO systems, there is an optimal receiver’s field of view to
ensure improve link performance. If the radial angle-of-arrival of the optical signal is within
the receiver’s field of view, then the entire received optical beam will be collected at the
receiver. However, if the receiver’s field-of-view is small, then the number of received
photons is strongly related to the turbulence induced angular spread, which needs considering
in order to properly investigate the performance of FSO systems. Thus, the receiver’s
aperture acts as a spatial filter only collecting photons within its field of view. In [130], the
benefit of coherent detection over DD in the presence of angular spread was investigated.
Moreover, spatial diversity receivers, which are able to significantly improve the
performance of atmospheric optical systems, are discussed in detail.

In optical communications including optical wireless communications, where the transmitted
data rates are very high, the bit duration is very short compared to the channel coherence time.
Therefore, in a turbulence channel the FSO link performance is best measure by the outage
probability instead of the most commonly used bit error probability [125]. Note that, outage
occurs when the error probability is above a threshold level, which indicates how often the
link performance falls below the given threshold level.

1.6 Factors Affecting FSO Systems

There has been tremendous technical advancement of available components such as
laser/LED transmitters, high sensitivity optical receivers offering extremely high bandwidth,
efficient modulation techniques, improvement in low power consumption, weight, and size.
In spite of many such technological development, the major limitation of FSO
communications performance is the atmosphere conditions. The terrestrial LoS FSO link
operating in the troposphere layer will experience a medium, which is continuously changing
in chemical composition, humidity, pressure, temperature, and air movements. As a result,
the FSO link performance is hampered by the atmospheric channel, which is highly variable,
unpredictable and vulnerable to different weather conditions such as such as smoke, fog, haze,
sandstorm, low clouds, snow, rain, atmospheric turbulence and pointing errors [1, 29,132],
which may result in noticeable distance related power loss, and phase distortion at the
receiving end [29,108,135]. With conditions of the earth’s atmosphere, only a few
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atmospheric windows are suitable for FSO due to selective absorption by gases and water
vapour [62]. The interaction with solid and liquid water particles in adverse weather can also
generates signal fades which can lead to link outage [136]. Moreover, even in clear sky
conditions, the turbulence induced by temperature and pressure gradients results into random
fluctuations and loss of wave-front coherence [7]. Fog, haze, and dust induced atmospheric
attenuation are critical and can result in link failure. Scattering due to collision of photons
with the scatterers, which is wavelength dependent, leads to reduced light intensity over a
longer transmission span. Physical obstructions due to tall buildings, flying birds, trees, etc.,
can temporarily block the propagating beam, this resulting in burst error or link failure;
whereas geometric losses due to the beam spreading reduces the power level i.e., lower SNR
at the receiver [137]. Absorption due to water molecules and carbon dioxide, reduces the
power density of the propagating optical beam and therefore directly affecting the FSO link
availability [138].

Atmospheric condition thus ultimately determines the FSO communication systems
performance not only of terrestrial applications but also for space (satellite) links involving
uplink-downlink communications (e.g., between ground and satellite, aircraft or UAV
terminals), because a portion of the atmospheric path always includes turbulence and multiple
scattering effects. There has been many research published during the last two decades on the
subject of effects of atmosphere on optical communication channel and therefore are not
repeated in this section. Interested readers can review them for understanding the details of
the atmospheric channel for establishing communications between a transmitter and a
receiver.

The FSO link visibility, attenuation in dB/km, and effective link range for a FSO system
under various weather conditions are discussed [12,139]. For telecommunication applications,
FSO systems will need to meet very high availability requirements. For example, carrier-class
availability is considered to be 99.999% (‘5 nines”) for very high data rate communications.
This reliability of 99.999% is equivalent to the link availability as the percentage of time over
a year that an FSO link will be operational is the same as “down 5 minute/year”. The FSO
link ranges in the worst measured conditions for fog, snow and rain in order to extrapolate
99.999% availability link ranges, as well as actual 99.999% link ranges for Phoenix, San Juan,
Las Vegas and Honolulu are given in [139].

1.7 FSO Link Reliability

The connection in a FSO system is accomplished by means of a narrow optical beam with
low divergence. For a successful and reliable installation of optical link, it is therefore
necessary to know the steady parameters for standard atmosphere and statistical character of
the weather in a given locality. The performance of a FSO communications system is
generally quantified by the “link margin” (LM), which is defined as ration of the signal
power received to the signal power required to achieve a specified data rate with a specified
acceptable probability of error. The LM calculation is therefore essential in order to design an
acceptable system. The atmospheric conditions affecting the FSO link performance needs to
be considered in the calculation. A link budget model, which includes dependence on the
atmospheric channel and on the transmitter and the receiver [9,140-142], will aid designers in
optimizing the FSO base station main parameters in order to be able to establish a data link
with adequate performance. The link budget includes all average losses of optical power P;
[dBm] transmitted by the laser source, the received power P, [dBm], receiver sensitivity N,
[dBm] and propagation loss L, [dBm]. If we express the link margin (LM) in dBm, then we
can write [9]:

IM=F-L,-N, (1.1)
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The LM value shows how much margin a FSO system has at a given range to compensate for
scattering, absorption (due to fog, snow and rain) and scintillation (turbulence). A simple
calculation shows that, using a laser with a transmit power of 30 mW, detector sensitivity of
25 nW, mis-pointing loss of 3 dB, optical loss of 4 dB the FSO link margin is estimated as
54 dB. It is shown that, for this link budget the FSO range even in the heaviest fog of 350
dB/km attenuation, which corresponds to 99.999% link availability, is still possible up to 140
m range.

We can define the dynamic range as the interval of acceptable power in which the link
function is guaranteed with a definite error rate. The receiver is saturated when P,>P; (a
specified saturation value), and the required signal-to-noise ratio is not provided when P,< Np.
Link reliability is quantified by the availability, which is the percentage of time 7., (%), when
the data transmission bit rate is more than its required value. The link availability can
equivalently be defined as the probability that additional power losses L4 caused by
atmospheric effects (including absorption and scattering) are less (in dB) than the LM, which
is defined as:

o lim (1 2)
T, =100%: [p(a,)-da,
0
where probability density p(a)is the probability density of an attenuation coefficient o
(dB/km), L is the range, and the limiting attenuation coefficient value is given by:

Cpy = LM(L). 1000/ (1.3)

p(ag)can be determined from long-time monitoring of the received signal level from a real
measuring link, or using the data collected over a local area in the past for a long time. In
practical network design, the concept of link availability in presence of atmospheric
turbulence is an important consideration. In many FSO systems, an automatic tracking
systems are used so that pointing errors are not taken into account in defining the link
reliability.

Practical solution to extend the high availability range can be (i) hybrid FSO/RF
communications system [120,78]; and (ii) optical network topologies employing relayed FSO
links [9] in order to extend the 99.999% link rank range to longer distances so that the system
will open up a much larger metro-access market to the carriers. To evaluate a FSO as an
access technology for a particular location and link range, it is very useful to estimate these
availabilities of the link. Enterprise-class availabilities can also extend the possible FSO link
ranges to much longer distances depending on the geographical locations. The researchers
have suggested that for high reliability, the optimum network architecture is a meshed
network, because it combines the advantages of ring and star architectures.

A reliability analysis of FSO communications link using aberrated divergent rectangular
partially coherent flat-topped beam is been reported in [143], which is based on numerical
values for power-in-bucket (PIB), SNR and BER considering atmospheric losses due to
absorption, scattering and turbulence. Reliability of FSO links including laser link stability
can be improved using auto-track subsystems in presence of different beam divergences
considering the atmospheric effects including absorption, scattering and turbulence [144]. An
innovative approach based on all-optical relaying technique to mitigate the degrading effects
of atmospheric turbulence-induced fading by relaying data from the source to the destination
using intermediate terminals [27,71,97,114,119]. The proposed techniques of optical amplify-
and-forward relaying and optical regenerate-and-forward relaying were applied to multihop
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FSO systems in order to extend the maximum accessible distance for high data rates FSO
systems. These techniques thus improved the reliability of the FSO system. Reliability of
optical communication system is also discussed using polarization shift keying modulated
FSO systems [12,145]. There are other techniques to improve the reliability of the FSO
systems such as Hybrid FSO/RF communication using channel coding, soft-switching hybrid
FSO/RF links using field-programmable gate arrays, modulation schemes combined with
LDPC forward correction scheme, and multipath diversity [48, 71, 73, 120]. Optimization of
FSO-based network for cellular backhauling in order to improve reliability is achieved by
introducing a novel integer linear programming model [146].

References

1. “Internet growth statistics,” 2016. [Online]. Available:http://www.internetworldstats.
com/ emarketing.htm. [Accessed: 04-Sep-2016].

2. S. Wabnitz and B. J. Eggleton, All-optical signal processing: Data communicationand
storage. Springer Series in Optical Sciences, 2015.

3. K.-L. Du and M.N.S.Swamy, Wireless communication systems from RFsubsystems to
4G enabling technologies. United Kindom: Cambridge UniversityPress, 2010.

4. A. Osseiran et al., “Scenarios for the 5G mobile and wireless communications : thevision
of the METIS project,” IEEE Commun. Mag., vol. 52, no. 5, pp. 26-35,2014.

5. A. K. Majumdar, Advanced free space optics (FSO): A system approach, vol. 140.USA:
Springer, 2015.

6. S. Arnon, J. R. Barry, G. K. Karagiannidis, R. Schober, and M. Uysal, Advancedoptical
wireless communication systems. New York, USA: Cambridge UniversityPress, 2012.

7. L. Andrews, R. Phillips, and C. Hopen, Laser Beam Scintillation WithApplications. New
York: USA: SPIE Press, 2001.

8. H. Henniger and O. Wilfert, “An introduction to free-space opticalcommunications,”
Radio Eng., vol. 19, no. 2, pp. 203-212, Jun. 2010.

9. Arun K. Majumdar and Jennifer C. Ricklin, Free-Space Laser Communications:
Principles and Advances, Springer, New York 2008.

10. A. B Raj, Free Space Optical Communication: System Design, Modeling,
Characterization and Dealing with Turbulence, de Gruyter, Gmbh, 2015.

11. http://www.laseroptronics.com/index.cfm/id/57-66.htm. Last visited 12 Aug. 2018.

12. Z. Ghassemlooy, W. Popoola, and S. Rajbhandari, Optical wirelesscommunications:
System and channel modelling with MATLAB. United Kingdom:CRC Press Taylor and
Francis Group, 2013.

13. M. A. Khalighi and M. Uysal, “Survey on free space optical communication:
Acommunication theory perspective,” IEEE Commun. Surv. Tutorials, vol. 16, no.4, pp.
2231-2258,2014.

14. H. Willebrand and B. Ghuman, Free Space Optics: Enabling Optical Connectivity in
Today’s Networks, 1st ed. US: Sams Publishing, 2001.

15. V. W. S. Chan, “Free-space optical communications,” Journal of LightwaveTechnology,
vol. 24, no. 12, pp. 4750-4762, Dec 2006.

16. G. e.-S. Initiative, "SMART 2020: Enabling the low carbon economyin the information
age," press release, Brussels, Belgium, June, vol.20, 2008.

17. E. Bonetto, S. Buzzi, D. Cuda, G. A. G. Castillo, and F. Neri, "Optical technologies can
improve the energy efficiency of networks," in Optical Communication, 2009. ECOC '09.
35th European Conference on, 2009, pp. 1-4.

18. E. Gulsen, E. Olivetti, L. C. Kimerling, and R. Kirchain, "Energy concerns in
information and communication technology and the potential for photonics integration,"

13


http://www.laseroptronics.com/index.cfm/id/57-66.htm

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

in Sustainable Systems and Technology (ISSST), 2010 IEEE International Symposium
on, 2010, pp. 1-1.

A. Sikora and V. F. Groza, "Coexistence of IEEE802. 15.4 with otherSystems in the 2.4
GHz-ISM-Band," in Instrumentation andMeasurement Technology Conference, 2005.
IMTC 2005.Proceedings of the IEEE, 2005, pp. 1786-1791.

L. Rakotondrainibe, Y. Kokar, G. Zaharia, and G. El-Zein, "60 GHz high data rate
wireless communication system," in VehicularTechnology Conference, 2009. VTC
Spring 2009. IEEE 69th, 2009, pp. 1-5.

D. Sinefeld, D. Shayovitz, O. Golani, and D. M. Marom, "Adaptiverate and bandwidth
WDM optical sampling pulse streams with LCoS-basedphotonic spectral processor," in
Optical Fiber CommunicationConference, 2013.

J. I. Saari, M. M. Krause, B. R. Walsh, and P. Kambhampati,"Terahertz bandwidth all-
optical modulation and logic usingmultiexcitons in semiconductor nanocrystals," Nano
letters, 2013.

A. K. Rahman, M. S. Anuar, S. A. Aljunid, and M. N. Junita, “Study of rain attenuation
consequence in free space optic transmission,” in Proceedings of the 2nd Malaysia
Conference on Photonics Telecommunication Technologies (NCTT-MCP '08), pp. 64—
70, IEEE, Putrajaya, Malaysia, August 2008.

X. Liu, "Secrecy capacity of wireless channels subject to log-normal fading," Security
and Communication Networks, pp. n/a-n/a, 2013.

L. F. Abdulameer, U. Sripati, and M. Kulkarni, "Enhancement of security for free space
optics based on reconfigurable chaotic technique," in International Conference on
Communication and Electronics System Design, 2013, pp. 876000-876000-7.

R. McClintock, A. Haddadi, and M. Razeghi, "Free-space optical communication using
mid-infrared or solar-blind ultraviolet sources and detectors," in Proc. of SPIE Vol, 2012,
pp. 826810-1.

F. Ahdi and S. Subramaniam, “Optimal placement of FSO relays fornetwork disaster
recovery,” in Proc. IEEE International Conference onCommunications (ICC), pp. 3921 —
3926, June 2013, Budapest, Hungary.

R. Peach, G. Burdge, F. Reitberger, C. Visone, M. Oyler, C. Jensen, and J. Sonnenberg,
"Performance of a 10 Gbps QoS-based buffer in a FSO/RF IP network," in SPIE Optical
Engineering+ Applications, 2010, pp. 781402-781402-12.

K. P. Peppas and C. K. Datsikas, “Average symbol error probabilityof general-order
rectangular quadrature amplitude modulation of opticalwireless communication systems
over atmospheric turbulence channels,”]. Opt. Commun. Netw., vol. 2, no. 2, pp. 102—
110, Feb. 2010.

S. Ahmad Anas, F. Hamat, S. Hitam, and R. K. Sahbudin, "Hybrid fiber-to-the-x and free
space optics for high bandwidth access networks," Photonic Network Communications,
pp. 1-7,2012.

G. Kramer and G. Pesavento, "Ethernet passive optical network (EPON): building a
next-generation optical access network," Communications magazine, IEEE, vol. 40, pp.
66-73, 2002.

H. A. Fadhil, A. Amphawan, H. A. Shamsuddin, T. Hussein Abd, H. M. Al-Khafaji, S.
Aljunid, and N. Ahmed, "Optimization of free space optics parameters: An optimum
solution for bad weather conditions," Optik-International Journal for Light and Electron
Optics, 2013.

E. Leitgeb, J. Bregenzer, P. Fasser, and M. Gebhart, "Free space optics-extension to
fiber-networks for the," in Lasers and Electro-Optics Society, 2002. LEOS 2002. The
15th Annual Meeting of the IEEE, 2002, pp. 459-460.

14



34

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

E. Leitgeb, M. Gebhart, and U. Birnbacher, "Optical networks, last mile access and
applications," Journal of Optical and Fiber Communications Research, vol. 2, pp. 56-85,
2005.

A. Acampora, "Last mile by laser," Scientific American, vol. 287, pp. 32-7, 2002.

N. Blaunstein, S. Arnon, A. Zilberman, and N. Kopeika, "Applied aspects of optical
communication and LIDAR," Boca Raton : CRC Press, London, pp. 53-55, 2010.

AB Raj, A, Arputha Vijaya Selvi, J] & Raghavan, S 2014, ‘Real-time Measurement of
Meteorological Parameters for Estimating Low Altitude Atmospheric Turbulence
Strength (Cn2)’, IET- Science Measurement & Technology, vol.8, iss.6, pp. 459-469,
2014.

W. O. Popoola and Z. Ghassemlooy, “BPSK subcarrier intensity modulatedfree-space
optical communications in atmospheric turbulence,” J.Lightw. Technol., vol. 27, no. 8,
pp- 967-973, Apr. 20009.

E. Bayaki, R. Schober, and R. K. Mallik, “Performance analysis ofMIMO free-space
optical systems in Gamma-Gamma fading,” IEEETrans. Commun., vol. 57, no. 11, pp.
3415-3424,, Nov. 2009.

W. Popoola, Z. Ghassemlooy, J. Allen, E. Leitgeb, and S. Gao, “Freespaceoptical
communication employing subcarrier modulation andspatial diversity in atmospheric
turbulence channel,” IET Opt., vol. 2,no. 1, pp. 16-23, Feb. 2008.

N. Letzepis and A. G. Fabregas, “Outage probability of the GaussianMIMO free-space
optical channel with PPM,” IEEE Trans. Commun.,vol. 57, no. 12, pp. 3682-3690, Dec.
2009.

H. Hemmati, Deep Space Optical Communications. John Wiley & Sons, 2006.

H. Hemmati and B. J. Thompson, Near-Earth Laser Communications. Taylor & Francis
Group, 2008.

H. Kaushal, V. K. Jain, and S. Kar, “Improvement of ground to satellite FSO link
performance using transmit diversity in weak atmospheric turbulence,” in International
Conference on Intelligent and Advanced Systems (ICIAS) 2010, 2010, pp. 1-6.

M. Toyoshima, Y. Takayama, T. Takahashi, K. Suzuki, S. Kimura, K. Takizawa, T. Kuri,
W. Klaus, M. Toyoda, H. Kunimori, T. Jono, and K. Arai, “Ground-to-Satellite Laser
Communication Experiments,” IEEE Aerosp. Electron. Syst. Mag., vol. 23, no. 8, pp.
10-18, 2008.

AB Raj et al., Comparison of different models for ground-level atmospheric turbulence
strength (Cn2) prediction with a new model according to local weather data for FSO
applications, Aplied Optics, vol. 54, no. 4, pp. 802-815, 2015.

AB Raj, JAV Selvi, D Kumar, N Sivakumaran, 2014, “Mitigation of beam fluctuation
due to atmospheric turbulence and prediction of control quality using intelligent
decision-making tools”, Applied optics 53 (17), 3796-3806

O. Awwad, A. Al-Fugaha, B. Khan, and G. B. Brahim, "Topology Control Schema for
Better QoS in Hybrid RF/FSO Mesh Networks," Communications, IEEE Transactions on,
vol. 60, pp. 1398-1406, 2012.

V. Vishnevskii, O. Semenova, and S. Y. Sharov, "Modeling and analysis of a hybrid
communication channel based on free-space optical and radio-frequency technologies,"
Automation and Remote Control, vol. 74, pp. 521-528, 2013.

J. Libich, M. Mudroch, P. Dvorak, and S. Zvanovec, "Performance analysis of hybrid
FSO/RF link," in Antennas and Propagation (EUCAP), 2012 6th European Conference
on, 2012, pp. 1235-1238.

F. Nadeem, V. Kvicera, M. S. Awan, E. Leitgeb, S. Muhammad, and G. Kandus,
"Weather effects on hybrid FSO/RF communication link," Selected Areas in
Communications, IEEE Journal on, vol. 27, pp. 1687-1697, 2009.

15


https://scholar.google.co.in/scholar?oi=bibs&cluster=15594959487049940395&btnI=1&hl=en
https://scholar.google.co.in/scholar?oi=bibs&cluster=15594959487049940395&btnI=1&hl=en
https://scholar.google.co.in/scholar?oi=bibs&cluster=15594959487049940395&btnI=1&hl=en
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:u-x6o8ySG0sC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:u-x6o8ySG0sC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:u-x6o8ySG0sC

52.

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Z. Kolka, Z. Kincl, V. Biolkova, and D. Biolek, "Hybrid FSO/RF test link," in Ultra
Modern Telecommunications and Control Systems and Workshops (ICUMT), 2012 4th
International Congress on, 2012, pp. 502-505.

Y. Tang, M. Brandt-Pearce, and S. Wilson, "Link Adaptation for Throughput
Optimization of Parallel Channels with Application to Hybrid FSO/RF Systems," 2012.
Guowei Yang, Mohammad-Ali Khalighi, Zabih Ghassemlooy, and Salah Bourennane,
"Performance evaluation of receive-diversity free-space optical communications over
correlated Gamma—Gamma fading channels," Appl. Opt. 52, 5903-5911 (2013)

X. Liu, “Free-space optics optimization models for building swayand atmospheric
interference using variable wavelength,” IEEE Trans.Commun., vol. 57, no. 2, pp. 492—
498, Feb. 20009.

W. Gappmair, “Further results on the capacity of free-space opticalchannels in turbulent
atmosphere,” IET Commun., vol. 5, no. 9, pp.1262—1267, June 2011.

I. E. Lee, Z. Ghassemlooy, W. P. Ng, and M.-A. Khalighi, “Jointoptimization of a
partially coherent Gaussian beam for free-space opticalcommunication over turbulent
channels with pointing errors,” OpticsLett., vol. 38, no. 3, pp. 350-352, Feb. 2013.

F. Yang, J. Cheng, and T. A. Tsiftsis, “Free-space optical communicationwith nonzero
boresight pointing errors,” IEEE Trans. Commun., vol. 62,n0. 2, pp. 713-725, Feb. 2014.
A. Paraskevopoulos, J. Vucic, S. H. Voss, R. Swoboda, and K.-D. Langer,
“Opticalwireless communication systems in the Mb/s to Gb/s range , suitable for
industrialapplications,” IEEE/ASME Trans. Mechatronics, vol. 15, no. 4, pp. 541—
547,2010.

Y. Ai, Z. Xiong, J. Chen, F. Zhang, Y. Liu, S. Zhang, R. Dong, and Y. Xiao, "The
analysis of 7.5 Gbps 40 Km FSO experiments," in Photonics Society Summer Topical
Meeting Series, 2012 IEEE, 2012, pp. 128-129.

G. Parca, “Optical wireless transmission at 1.6-Tbit/s (16x100 Gbit/s) for next
generation convergent urban infrastructures,” Opt. Eng., vol. 52, no. 11, p. 116102,Nov.
2013.

M. Uysal, C. Capsoni, Z. Ghassemlooy, and A. Bousouvalas, Optical
wirelesscommunications : An emerging technology, Switzerland: Springer International
Publishing, 2016.

E. Ciaramella et al., “1.28 Terabit/s (32x40 Gbit/s) WDM transmission system forfree
space optical communications,” IEEE J. Sel. Areas Commun., vol. 27, no. 9,pp. 1639—
1645, 2009.

Ivan B. Djordjevic, "Deep-space and near-Earth optical communications by coded orbital
angular momentum (OAM) modulation," Opt. Express 19, 14277-14289 (2011).

Graham Gibson, Johannes Courtial, Miles J. Padgett, Mikhail Vasnetsov, Valeriy Pas’ko,
Stephen M. Barnett, and Sonja Franke-Arnold, "Free-space information transfer using
light beams carrying orbital angular momentum," Opt. Express 12, 5448-5456 (2004).

K. Pang et al., "Experimental Demonstration of 400-Gbit/s Free-Space Mode-Division-
Multiplexing by Varying Both Indices when using Four Laguerre-Gaussian Modes or
Four Hermite-Gaussian Modes," 2018 Conference on Lasers and Electro-Optics (CLEO),
San Jose, CA, USA, 2018, pp. 1-2.

B. Heim, C. Peuntinger, N. Killoran, I. Khan, C. Wittmann, Ch. Marquardt, and G.
Leuchs, “Atmosphericcontinuous-variable quantum communication,” New J. Phys.
16(11), 113018 (2014).

X. Sun, 1. B. Djordjevic, and M. A. Neifeld, “Multiple spatial modes based QKD over
marine free-space opticalchannels in the presence of atmospheric turbulence,” Opt.
Express 24(24), 27663-27673 (2016).

16



69

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

C. Paterson, “Atmospheric turbulence and orbital angular momentum of single photons
for opticalcommunication,” Phys. Rev. Lett. 94(15), 153901 (2005).

Zhen Qu and Ivan B. Djordjevic, "High-speed free-space optical continuous-variable
quantum key distribution enabled by three-dimensional multiplexing," Opt. Express 25,
7919-7928 (2017)

E. Lee, J. Park, D. Han, and G. Yoon, “Performance analysis of theasymmetric dual-hop
relay transmission with mixed RF/FSO links,”IEEE Photonics Technology Letters, vol.
23, no. 21, pp. 1642—-1644, Nov. 2011.

H. AlQuwaiee, 1. S. Ansari, and M.-S. Alouini, “On the performanceof free-space optical
communication systems over double GeneralizedGamma channel,” IEEE J. Select. Areas
Commun., vol. 33, no. 9, pp.1829-1840, Sep. 2015.

P. V. Trinh, T. C. Thang, and A. T. Pham, “Mixed mmWave RF/FSOrelaying systems
over generalized fading channels with pointing errors,”IEEE Photonics Journal, vol. 9,
no. 1, pp. 1-14, Feb. 2017.

B. Asharafzadeh, E. Soleimani-Nasab, and M. Kamandar, “Performanceanalysis of
mixed DGG and generalized Nakagami-m dual-hop FSO/RFtransmission systems,” in
Proc. IEEE TELFOR’16, Nov. 2016, pp. 1-4.

Arockia Bazil Raj, AJV Selvi, KD Durai, RS Singaravelu, 2014, “Intensity feedback-
based beam wandering mitigation in free-space optical communication using neural
control technique”, EURASIP Journal on Wireless Communications and Networking
2014 (1), 1-18

D. B. da Costa and S. Aissa, “End-to-end performance of dual-hopsemi-blind relaying
systems with partial relay selection,”IEEE Trans.Wireless Commun., vol. 8, no. 8, pp.
43064315, Aug. 2009.

M. Soysa, H. A. Suraweera, C. Tellambura, and H. K. Garg, “Partialand opportunistic
relay selection with outdated channel estimates,”[EEETrans. Commun., vol. 60, no. 3, pp.
840-850, Mar. 2012

G. N. Kamga and S. Aissa, "Relay Selection Based Hybrid RF/FSO Transmission over
Double Generalized Gamma Channels under Outdated CSI and Pointing Errors," 2018
IEEE International Conference on Communications (ICC), Kansas City, MO, USA, 2018,
pp- 1-6.
doi: 10.1109/ICC.2018.8422434

S. V. Kartalopoulos, Free Space Optical Networks for Ultra-Broad Band Services. 2011.
P. C. Gurumohan and J. Hui, “Topology design for free space optical networks,” in IEEE
International Conference on Computer Communications and Networks, 2003, pp. 576—
579.

J. Liao, A. Mirvakili, A. Boryssenko, V. Joyner, and Z. R. Huang, "Integration of LED
chip within patch antenna geometry for hybrid FSO/RF communication," Electronics
Letters, vol. 46, pp. 1332-1333, 2010.

A. Jabeena, B. Praneeth, and P. Arulmozhivarman, "Laser Based Optical Transceiver for
Data Transfer of Free Space Optical Communication," European Journal of Scientific
Research, vol. 67, pp. 294-300, 2012.

Y. H. Kho, L. Yong, K. L. Lau, and K. P. Kiu, "Design of an Indoor Wireless Optical
Transceiver System with Source and Channel Coding," in Industrial Electronics and
Applications (ISIEA), 2012 IEEE Symposium on, 2012, pp. 45-49.

Pauer, M., Winter, P., Leeb, W. Bit Error probability reductionin direct detection optical
receivers using rz coding. Journal of LightwaveTechnology, 2001, vol. 19, no. 9, p. 1255
—1262.

17


https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:LkGwnXOMwfcC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:LkGwnXOMwfcC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:LkGwnXOMwfcC

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

Street, A., Samaras, K., Obrien, D., Edwards, D. Closed form expressions for baseline
wander effects in wireless ir applications. Electronics Letters, 1997, vol. 33, no. 12, p.
1060 — 1062.

S. Bloom, E. Korevaar, J. Schuster, and H. Willebrand, "Understanding the performance
of free-space optics," Journal of Optical Networking, vol. 2, pp. 178-200, 2003.

J. C. Palais. (2005). Fiber optic communication.

D. Rockwell and S. Mecherle, “Wavelength selection for optical wireless
communications systems.” fSona Communication Corporation, 2001.

A. K. Majumdar, “Free space laser communication performance in the atmospheric
channel,” in Free space laser communications: Principles and advances, vol. 2, 2005, pp.
57-108.

M. Khalighi, N. Aitamer, N. Schwartz, and S. Bourennane, "Turbulence mitigation by
aperture averaging in wireless optical systems," in Telecommunications, 2009. ConTEL
2009. 10th International Conference on, 2009, pp. 59-66.

F. Xu, M. Khalighi, and S. Bourennane, "Impact of different noise sources on the
performance of PIN-and APD-based FSO receivers," in Telecommunications (ConTEL),
Proceedings of the 2011 11th International Conference on, 2011, pp. 211-218.

K. Kiasaleh, "Performance of APD-based, PPM free-space optical communication
systems in atmospheric turbulence," Communications, IEEE Transactions on, vol. 53, pp.
1455-1461, 2005.

G. P. Agrawal, Lightwave technology: Telecommuniction systems. New Jersey: Wiley-
Interscience, 2005

Z. Ghassemlooy and W. O. Popoola, “Terrestrial Free-Space Optical Communications,”
in Mobile and Wireless Communications: Network layer and circuit level design, S. A.
Fares and F. Adachi, Eds. InTech, 2010, pp. 355-392.

L. Ibbotson, “The Fundamentals of Signal Transmission,” 1999.

X. Zhu and J. M. Kahn, "Free-space optical communication through atmospheric
turbulence channels," Communications, IEEE Transactions on, vol. 50, pp. 1293-1300,
2002.

M. Safari, M. Rad, and M. Uysal, “Multi-hop relaying over the atmosphericpoisson
channel: Outage analysis and optimization,” IEEETransactions on Communications, vol.
60, no. 3, pp. 817-829, March2012.

E. Lee and V. W. S. Chan, “Part 1: optical communication over theclear turbulent
atmospheric channel using diversity,” IEEE Journal onSelected Areas in
Communications, vol. 22, no. 9, pp. 1896—-1906, Nov2004.

M. Safari and S. Hranilovic, “Diversity and multiplexing for near-fieldatmospheric
optical communication,” IEEE Transactions on Communications,vol. 61, no. 5, pp.
1988-1997, May 2013.

X. Zhu and J. M. Kahn, "Markov chain model in maximum-likelihood sequence
detection for free-space optical communication through atmospheric turbulence
channels," Communications, IEEE Transactions on, vol. 51, pp. 509-516, 2003.

X. Zhu and J. M. Kahn, "Pilot-symbol assisted modulation for correlated turbulent free-
space optical channels," in Proc. SPIE 4489, Free-Space Laser Communication and
Laser Imaging, 2002, pp. 138-145.

102. M. L. B. Riediger, R. Schober, and L. Lampe, "Decision-feedback detection for free-

space optical communications," in IEEE 66th Vehicular Technology Conference Fall.
2007, 2007, pp. 1193-1197.

103. M. L. B. Riediger, R. Schober, and L. Lampe, "Fast multiple-symbol detection for free-

space optical communications," Communications, IEEE Transactions on, vol. 57, pp.

1119-1128, 2009.

18



104. M. L. B. Riediger, R. Schober, and L. Lampe, "Blind detection of on-off keying for free-
space optical communications," in Electrical and Computer Engineering, 2008. CCECE
2008. Canadian Conference on, 2008, pp. 001361-001364.

105. N. D. Chatzidiamantis, G. K. Karagiannidis, and M. Uysal, "Generalized maximum-
likelihood sequence detection for photon-counting free space optical systems,"
Communications, IEEE Transactions on, vol. 58, pp. 3381-3385, 2010.

106. M. Mansour Abadi, Z. Ghassemlooy, M. A. Khalighi, S. Zvanovec, and M. R. Bhatnagar,
"FSO detection using differential signaling in outdoor correlated-channels condition,"
Photonics Technology Letters, IEEE, vol. 28, pp. 55-58, 2016.

107. M. A. Khalighi, F. Xu, Y. Jaafar, and S. Bourennane, "Double-laser differential signaling
for reducing the effect of background radiation in free-space optical systems," Optical
Communications and Networking, IEEE/OSA Journal of, vol. 3, pp. 145-154, 2011.

108. G. Yang, M. A. Khalighi, S. Bourennane, and Z. Ghassemlooy, “Fadingcorrelation and
analytical performance evaluation of the space-diversityfree-space optical communications
system,” J. Opt., vol. 16, no. 3, pp.1-10, Feb. 2014.

109. R. Priyadarshani, M. R. Bhatnagar, Z. Ghassemlooy, and S. Zvanovec,“Effect of
correlation on BER performance of the FSO-MISO systemwith repetition coding over
gamma-gamma turbulence,” IEEE Photon.J., vol. 9, no. 5, pp. 1-15, Aug. 2017.

110. M. Abaza, R. Mesleh, A. Mansour, and E. H. M. Aggoune, “Spatialdiversity for FSO
communication systems over atmospheric turbulencechannels,” IEEE Wireless Comm.
Net. Conf. (WCNC), pp. 382-387, Apr.2014.

111. M. Safari and M. Uysal, “Do we really need OSTBCs for free-spaceoptical
communication with direct detection?” IEEE Trans. WirelessCommun., vol. 7, no. 11, pp.
44454448, Nov. 2008.

112. X. Song and J. Cheng, “Subcarrier intensity modulated MIMO opticalcommunications in
atmospheric turbulence,” IEEE J. Opt. Commun.Netw., vol. 5, no. 9, pp. 1001-1009, Sept.
2013.

113. Yong xiong Ren et al, Atmospheric turbulence effects on the performance of a free space
optical link employing orbital angular momentum multiplexing, Optics Letters, Vol. 38,
No. 20, October 15, 2013.

114. M. Safari and M. Uysal, “Relay-assisted free-space optical communication,” IEEETrans.
Wirel. Commun., vol. 7, no. 12, pp. 5441-5449, 2008.

115. A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity-Part I:System
description,” IEEE Trans. Commun., vol. 51, no. 11, pp. 1927-1938, 2003.

116. A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity-Part
II:Implementation aspects and performance analysis,” IEEE Trans. Commun., vol.51, no.
11, pp. 1939-1948, 2003.

117. J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative Diversity inWireless
Networks: Efficient Protocols and Outage Behavior,” IEEE Trans. Inf.Theory, vol. 50, no.
12, pp. 3062-3080, Dec. 2004.

118. G. Kramer, M. Gastpar, and P. Gupta, “Cooperative strategies and capacitytheorems for
relay networks,” IEEE Trans. Inf. Theory, vol. 51, no. 9, pp. 3037-3063, 2005.

119. N. A. M. Nor, Z. Ghassemlooy, J. Bohata, P. Saxena, M. Komanec, S. Zvanovec, M.
Bhatnagar, and M.-A. Khalighi, “Experimental investigation of all-opticalrelay-assisted 10
Gb/s FSO link over the atmospheric turbulence channel,”Journal of Lightwave
Technology, vol. 35, no. 1, pp. 45-53, 2017.

120. M. Mansour Abadi, Z. Ghassemlooy, S. Zvanovec, D. Smith, M. R. Bhatnagar, and Y.
Wu, “Dual Purpose Antenna for Hybrid Free Space Optics/RF Communication Systems”,
IEEE Journal of Lightwave Technology (JLT), Vol. 34, Issue 14, 3432-3439, 2016.

19



121. Z. Wenzhe, H. Steve, and S. Ce, "Soft-switching hybrid FSO/RF links using short-length
Raptor codes," IEEE J.Sel. A. Commun., vol. 27, pp. 1698-1708, 2009.

122. S. Bloom and W. S. Hartley, "The last-mile solution: hybrid FSO radio"

123. M. Tatarko, L. Ovsenik, and J. Turan, "Management of switching in hybrid FSO/RF
link," in Carpathian Control Conference (ICCC), 2015 16th International, 2015, pp. 532-
536.

124. F. Nadeem, B. Geiger, E. Leitgeb, M. S. Awan, and G. Kandus, "Evaluation of switch-
over algorithms for hybrid FSO-WLAN systems," in Wireless Communication, Vehicular
Technology, Information Theory and Aerospace & Electronic Systems Technology, 2009.
Wireless VITAE 2009. 1st International Conference on, 2009, pp. 565-570.

125. E. Lee and V. W. S. Chan, “Diversity coherent and incoherent receiversfor free-space
optical communication in the presence and absenceof interference,” IEEE/OSA Journal of
Optical Communications andNetworking, vol. 1, no. 5, pp. 463—483, Oct 2009.

126. A. Puryear and V.W. S. Chan, “Coherent optical communication over theturbulent
atmosphere  with  spatial diversity and wavefront predistortion,”in  Global
Telecommunications Conference, 2009. GLOBECOM 2009.1EEE, Nov 2009, pp. 1-8.

127. Karp S, Gagliardi R, Moran S E, Stotts L B (1988) Optical Channels. NewY ork: Plenum.

128. A. Belmonte and J. M. Khan, “Performance of synchronous opticalreceivers using
atmospheric compensation techniques,” Optics express,vol. 16, no. 18, pp. 14 151-14 162,
Aug 2008.

129. A. Belmonte and J. Khan, “Capacity of coherent free-space optical linksusing
atmospheric compensation techniques,” Optics express, vol. 17,no. 4, pp. 2763-2773, Jul
2009.

130. Win M Z, Chen C -C, Scholtz R A (1995) Optical phase-locked loop (OPLL) for an
amplitude modulated communications link using solid-state lasers, IEEE J. Select. Areas
Commun. 13(3): 569-576.

131. Jafar M, O’Brien D C, Stevens C J, Edwards D J (2008) Evaluation of coverage area for
a wide line-of-sight indoor optical free-space communication system empolying coherent
detection, IET Commun. 2(1): 18-26.

132. S. Hitam, M. Abdullah, M. Mahdi, H. Harun, A. Sali, and M. Fauzi, “Impact of
increasing threshold level on higher bit rate in free space optical communications,” J.
Optical and Fiber Commun. Research, vol. 6, pp. 2234, Aug. 2009.

133. Kashani, M.A.; Uysal, M.; Kavehrad, M., "A Novel Statistical Channel Model for
Turbulence-Induced Fading in Free-Space Optical Systems," in Lightwave Technology,
Journal of , vol.33, no.11, pp.2303-2312, Junel, 1 2015

134. AB Raj, JAV Selvi, D Kumar, S Raghavan, 2015, “Design of Cognitive Decision
Making Controller for Autonomous Online Adaptive Beam Steering in Free Space Optical
Communication System”, Wireless Personal Communications 84 (1), 765-799

135. M. R. Bhatnagar and Z. Ghassemlooy, “Performance evaluation of FSOMIMO links in
gamma-gamma fading with pointing errors,” 2015 IEEEInt. Conf. Comm. (ICC), pp.
5084-5090, Jun. 2015.

136. T. Plank, E. Leitgeb, and M. Loeschnigg, “Recent developments on free space optical
links and wavelength analysis,” in International Conference on Space Optical Systems and
Applications (ICSOS), 2011, pp. 14-20.

137. S. Vigneshwaran, I. Muthumani, and A. S. Raja, “Investigations on free space optics
communication system,” in Proceedings of the International Conference on Information
Communication & Embedded Systems (ICICES '13), pp. 819-824, IEEE, Chennai, India,
February 2013.

138. J. Singh and N. Kumar, “Performance analysis of different modulation format on free
space optical communication system,” Optik, vol. 124, no. 20, pp. 46514654, 2013.

20


https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:WF5omc3nYNoC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:WF5omc3nYNoC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:WF5omc3nYNoC

139. Isaac 1. Kim and Eric Korevaar, “Availability of Free Space Optics (FSO) and hybrid
FSO/RF systems, Proc. SPIE, Optical Wireless Communications IV, Eric Korevaar
(Editor), 27 November 2002.

140. Larry C. Andrews and Ronald Phillips, Laser Beam Propagation through Random Media,
SPIE Press, 2005.

141. AB Raj, S Padmavathi, 2017, “Quality Metrics and Reliability Analysis of Laser Communication
System”, Defence Science Journal 66 (2), 175-185

142. AB Raj, U Darusalam, 2016, “Performance Improvement of Terrestrial Free-Space Optical
Communications by Mitigating the Focal-Spot Wandering”, Journal of Modern Optics, 2339-
2347

143. B. Ghafary, F. D. Kashani and E. Kazemian , Reliability Analysis of FSO
Communication Links using Aberrated Divergent Rectangular Partially Coherent Flat-
Topped Beam, Iranian Journal of Electrical & Electronic Engineering, Vol. 9, No. 1,
March 2013.

144. F. D. Kashani, M. R. Hedayati Rad, M. R. Mahzoun, E. Kazemian, and A. Kabhrizi ,
Investigation to Reliability of Optical Communication Links wusing Auto-Track
Subsystems in Presence of Different Beam Divergences , Iranian Journal of Electrical &
Electronic Engineering, Vol. 10, No. 1, March 2014.

145. Xuan Tang, Polarisation Shift Keying modulated free-space optical communication
systems, Ph.D Thesis, University of Northumbria at Newcastle, February 2012.

146. Yuan Li, N. Pappas, V. Angelakis, M. Pi’oro, and Di Yuan, Optimization of Free Space
Optical Wireless Network for Cellular Backhauling, IEEE Journal On Selected Areas in
Communications, Vol. 33, No.9, 1841-1854, 2015.

21


https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:IRz6iEL74y4C
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:IRz6iEL74y4C
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:4vMrXwiscB8C
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=tHpeLtwAAAAJ&sortby=pubdate&citation_for_view=tHpeLtwAAAAJ:4vMrXwiscB8C

