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Abstract

Free-space optical (FSO) communication system is an emerging technology for future
broadband optical data communication network due to its lucrative properties like
required no license, cost effective, simple hardware architecture, high data rate, full
duplex communication, easy to deployment, etc.. During the last two decades, the user
demand for data rate increased tremendously. To meet up the current data rate demand,
FSO technology can play as a key parallel technology to enhance the capacity of the
existing data communication network. However, there are some adverse weather
effects like molecular absorption, scattering, beam divergence, background radiation,
rain, snow, fog etc. severely limits the performance of FSO communication links.
Beside these, pointing error due to earth quake, building sway and building vibration
due to heavy mechanical load may occurs link failure which drastically degrades the
performance of FSO communication links. Huge numbers of research works have
already been published regarding how to mitigate the limitations of FSO
communication system. Various methods of mitigation techniques like aperture
averaging, diversity, adaptive optics, coding, modulation, relay transmission,
background noise rejection, jitter isolation and rejection, hybrid RF/FSO link etc. are
already employed by many of the researchers. In this dissertation, several analytical
models are developed for a non-Hermitian OFDM FSO system followed by differential
quadrature phase shift keying (DQPSK) modulation with polarization diversity over

atmospheric turbulent channel.

Firstly, an analytical model is developed to evaluate the signal to noise ratio (SNR) and
bit error rate (BER) of a non-Hermitian OFDM FSO system followed by DQPSK
modulation in presence of atmospheric turbulence. To perform non-Hermitian OFDM,
two different laser sources are required for transmitting real and imaginary part
separately. Secondly, analysis is also carried out for the same system model with
polarization diversity to overcome the requirement of two laser sources and evaluated

the cross polarization induced crosstalk, signal to crosstalk plus noise ratio (SCNR)

vi



and BER performance of the system in presence of all atmospheric turbulent
conditions. The effect of pointing error on system BER performance is also carried out.
Further analysis is also carried out to mitigate the fading due to atmospheric turbulence
by applying aperture averaging technique. Thirdly, a novel analytical model is
developed to evaluate the output SCNR and average BER for Space Frequency Block
Coded non-Hermitian coherent-optical OFDM DQPSK FSO system with polarization
diversity under turbulent atmospheric conditions. For a given BER, the SFBC coding
gain is also numerically determined. Fourthly, the analysis is extended to compare the
coding gain of SFBC with STBC for the same system parameters. Results are
compared in terms of SCNR, BER, power penalty and receiver sensitivity. Finally, the
numerically evaluated performance results for different system and channel parameters
are validated by numerical simulations. Optimum system design parameters are also
determined. The results of this dissertation may be used for the future development of

FSO communication systems.
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INTRODUCTION

1.1 Introduction

Free-space optical communication (FSO) or better still, laser communication is an optical
point to point communication technology that uses light propagating in free space (means
air, outer space, vacuum etc.) to wirelessly transmit data or information for
telecommunication or computer networking. FSO communication has emerged as an
alternative to RF and Microwave (MW) communications due to its inherent merits of
license free bandwidth and lower hardware cost. FSO communication technology is useful
for metropolitan area network where the physical connections such as optical fiber cable
are impractical due to high cost or other considerations. FSO transmits invisible, eye-safe
light beams from one telescope to other telescope using low power infrared lasers in the
terahertz spectrum. The transmitted laser light focused on highly sensitive photodetector
receivers and from the photodetectors currents, the transmitted information are carried out.
FSO systems can function over a distance of several kilometers as long as there is a clear
line of sight (LOS) between the source and the destination. The data transmission rate,
range, and reliability of free-space optical communication (FSO) systems are affected by a
number of atmospheric phenomena such as rain, haze, cloud, fog, snow, and pointing errors
due to building sway, earthquake, etc. result is loss of alignment between transmitter and
receiver. Thick fog with over 300 dB/km of attenuation limits the link length to around 100
m. Even under clear air conditions with no atmospheric scattering, the FSO communication
link still suffers from fading due to scintillation. Scintillation fade margins are 2 to 5 dB for
FSO links of 500 meters or less, which is well below margins for the atmospheric
attenuation. For the link range beyond 1 km, scintillation may cause severe impact on the
performance of FSO links, thus resulting in the link deterioration, i.e., higher outage

probability and ultimately complete link failure.



1.2 Literature Review

Free Space Optical (FSO) communication is a very promising technology for the
broadband optical and tactical military communications networks due to its large
bandwidth, unlicensed spectrum, high transmission security, high bit rates, require less
power, full duplex communication and simple and quick deploy ability and lower setup
cost [1-6]. The performance of the free space optical communication systems can be
severely limited by its only real data transmission, misalignments between the transmitter
and receiver and atmospheric turbulences which cause intensity fluctuations of the received
signal and degrade the bit error rate performance significantly [7-12].

In FSO communication, it is very essential to maintain constant line of sight connection
between transmitter and receiver for perfect reception of transmitting information. A slight
misalignment can lead to failure of FSO link. Due to some unavoidable phenomenon like
earthquake, building sway, dynamic load thermal expansion etc. the alignment between
transmitter and receiver is distorted results in pointing error. Some authors reported [13-18]
the effect of pointing error on terrestrial FSO link performance. The refractive index
fluctuation due to the change of temperature, which results in atmospheric turbulence, also
limits the performance of terrestrial FSO link. Atmospheric turbulence is classified into
weak, moderate and strong turbulence. Analysis of atmospheric turbulence has been carried
out by a number of researchers and several theoretical models have been developed to
characterize its behavior. The simplest and most widely reported model is the log-normal
turbulence, which is mathematically convenient and tractable [8, 19-24]. The log-normal
model is based on the Rytov approximation, which requires the unperturbed phase gradient
to be large, compared to the magnitude of the scattering field wave [20, 21, 25, 26].
However, the log-normal model only covers the weak turbulence regime with a single
scattering event. For turbulence in the saturation regime with multiple scatterings, the
lognormal model becomes invalid [23, 27-29]. The strength of turbulence can be described
by the log intensity variance and the range of value for lognormal model is less than 1.2
[23, 24, 26].

For describing the turbulence strength, another important parameter called scintillation

index (S.1.), which is the log intensity variance normalized by the square of the mean



irradiance. In [29], the author reported that the scintillation index does not
only saturate, but also decreases after it reaches the maximum value while the strength of
turbulence continues rising. In [1], Andrews et al first proposed Gamma-Gamma model
valid for all turbulence regimes based on the assumption that the laser beam propagating
through the turbulent medium consists of refraction and scattering effects. For saturation
regime, many researchers considered the negative exponential model to describe the signal
fluctuations [1, 27, 29, 30].

In order to extend the FSO system’s reliability, different fading mitigation techniques such
as spatial diversity [31], adaptive optics [32], aperture averaging [33], saturated optical
amplifiers [34], modulation techniques and coding [20, 27] are used. The diversity
techniques comprising space, time, frequency and polarization have been adapted to
improve impairments in performance due to the atmospheric turbulence. To ensure the
maximum power efficiency, the types of modulation schemes in FSO systems are very
crucial. Amplitude shift keying (ASK), phase shift keying (PSK), quadrature phase shift
keying (QPSK), differential quadrature phase shift keying (DQPSK) and polarization shift
keying (PolSK) are the most common modulation formats adopted for FSO communication
systems. On-off keying (OOK) format is the simplest and most widely used scheme but it is

highly sensitive to the atmospheric turbulence [20, 27, 35].

Orthogonal frequency division multiplexing (OFDM) is one of the most popular techniques
for broadband wireless communications and is known for its increased robustness against
frequency selective fading, narrow-band interference, and high channel efficiency [36-41].
In [36], the author reported that the OFDM signal after Inverse Fast Fourier Transform
(IFFT) is complex and bipolar, while in IM/DD optical link, a real and positive RF signal is
required to drive the laser diode [36]. In [37], the idea of transmitting the real and
imaginary parts of a complex-valued OFDM signal separately via two chips of a RGB-LED
is mentioned. For optical communication, OFDM can be considered as special case of
multiple subcarrier modulation, where multiple independent bit streams are modulated onto
subcarriers at different frequencies, multiplexed in the RF domain and transmitted over free
space using intensity modulation direct detection (IM/DD) scheme [42-44]. To perform

optical DQPSK, signal transmission format is realized by an optical modulator consisting



of nested Mach- Zehnder interferometer (MZI), which consists of two MZIs for optical in-
phase and quadrature phase components [45-47]. DD-MZI is robust against a laser chirp
and provides high spectral efficiency [46]. In [48], the authors used balanced photodetector
circuit for optical DQPSK demodulation, where the small change in phase of the optical

carrier is detected perfectly.

Various research works on FSO considered the polarization state of the light beam to be
stable and the effect of cross polarization due to atmospheric turbulence is not taken into
account [49, 50-52]. The experimental results showed that the state of polarizations (SOPSs)
for an optical beam propagating over a long turbulence channel were maintained, which
proved that the SOPs were the most stable properties compared with the amplitude and
phase and also reported that polarization shift keying modulation scheme is considered to
reduce the laser phase noise [53, 54]. In [55], the authors reported the effect of polarization
on the performance of an FSO link in terms of degradation in signal to noise ratio
considering Gaussian distribution of phase fluctuation in presence of atmospheric
turbulence. In case of optical fiber transmission, the effect of cross polarization induced
crosstalk on the BER performance of a PDM-QPSK coherent homodyne transmission

system is also reported [56].

Different coding techniques have already been utilized with FSO communication system
under the presence of atmospheric turbulence to mitigate the fading due to imperfect
channel estimation. Space-time block coding can effectively be used with OFDM in non-
flat fading channels [57-59]. In order to utilize the diversities in frequency and space,
different forms of space-frequency coded OFDM, such as space-frequency block coded
OFDM (SFBC-OFDM) have also been proposed and evaluated [60-65]. It is also reported
that SFBC not yet been proposed for free space optical communication system to reduce

the fading effect due to the presence of atmospheric turbulence.
1.3 Research Motivation

During the last two decades, free space optical (FSO) communications system have been
getting research interest due to its unlicensed frequency spectrum, very high data rate and

ease of connectivity. The use of FSO communication is increasing day by day to mitigate



the public increasing demand of high data rate which is the motivating force behind
research in this field. For a number of applications, the FSO technology presents many
advantages over RF spectrum. Such an advantage is the immunity of FSO to the
electromagnetic interference, thus making it the preferred option in certain applications
where there is a requirement for a very low level of interference or no interference at all
[66-70]. Another advantage offered by FSO over RF is the increased security owing to the
laser’s narrow beam, which makes detection, interception and jamming very difficult.
Nowadays, FSO is widely used for both short distance and long-distance communication
such as near-ground radio-frequency wireless short-distance connections and in satellite
communications which is long distance communication. To enhance the capacity and
performance of FSO communication system, different coding technology like space time
block coding (STBC) [34, 35, 37], forward error control (FEC) coding such as low-density
parity check (LDPC) coding [71-74], turbo coding [75-77], convolutional coding [78, 79],
Reed Solomon coding [80, 81] etc. has already been reported by several researchers. In this
thesis, we proposed space frequency block coding technology to improve the existing

performance of FSO communication system.
1.4 Objectives of the Research

The main objective of this thesis is to analyze the performance of a Non-Hermitian OFDM
FSO system followed by DQPSK modulation considering space frequency block code and

polarization diversity over atmospheric turbulent channel. Some objectives of this thesis are

i. To develop the analytical model to evaluate the performance of OFDM optical
DQPSK FSO system with polarization diversity to evaluate the SNR and BER
performance considering the effect of turbulence.

ii. To develop an OFDM FSO System with Space Frequency Block coding (SFBC)
and to analyze the system performance in presence of atmospheric turbulence. To
extend the analytical development to evaluate the performance of OFDM SFBC
system with polarization diversity over turbulent channel.

ili. To extend the analytical development to compare the performance between SFBC
OFDM system with polarization diversity and STBC OFDM system with
polarization diversity.



1.5 Background History of FSO Communication

Around 800 BC, ancients Greeks and Romans used fire beacons for signaling and by 150
BC the American Indians were using smoke signals for the same purpose of signaling.
During the years 1790—1794, an optical telegraph based on a chain of semaphores was
used by French naval navigators. But what can be termed the first optical communication in
an unguided channel was the ‘photo-phone’ experiment by Alexander Graham Bell in 1880
[82-84]. In his experiment, Bell modulated the Sun radiation with voice signal and
transmitted it over a distance of about 200 meters. The receiver was made of a parabolic
mirror with a selenium cell at its focal point. However, the experiment did not go very well

because of the crudity of the devices used and the intermittent nature of the sun radiation.

During 1935-1940, a several number of experiments have been carried out using modulated
electric light sources for transmitting information by the Australian, German and Japanese
armies. The technology used in those experiments was obtained from the recording of
optical sound tracks on the motion picture film. In the early 1930s Mr. Sony, who
established the Sony Corporation in Japan, carried out research that involved prototyping a
modulated light communication system. These systems provided the military with the high
directivity and a high security before the microwave hardware became available [84, 85].
During the Second World War, an infrared optical telegraph was developed to ensure a
secure data transmission link. However, difficulties in inserting the technology in
operational systems were greater than envisioned by the early pioneers due to: 1) accurate
pointing and tracking systems were not available; and 2) the optical components were
unreliable and needed improving [86].

The fortune of FSO changed in the 1960s with the discovery of optical sources, most
importantly, the laser. A flurry of FSO demonstrations was recorded in the early 1960s into
1970s. Some of these included the: spectacular transmission of television signal over a 30-
mile (48 km) distance using a GaAs light emitting diode by researchers working in the MIT
Lincolns Laboratory in 1962 [86]; a record 118 miles (190 km) transmission of voice
modulated He-Ne laser between Panamint Ridge and San Gabriel Mountain, USA in May
1963 [86]; and the first TV-over-laser demonstration in March 1963 by a group of
researchers working in the North American Aviation [86]. The first laser link to handle



commercial traffic was built in Japan by the Nippon Electric Company (NEC) around 1970.
The link was a full duplex 0.6328um He-Ne laser FSO between Yokohama and Tamagawa,
a distance of 14 km [86]. In the same year the demonstration of the first semiconductor
laser that required no cooling, but could be operated at the room temperature, was reported
by Hayashi et al. [87]. From here onwards, FSO communications we have seen a rapid

development in FSO communication in both commercial and military operations.

FSO has also been heavily researched for deep space applications by NASA and ESA with
programs such as the then Mars Laser Communication Demonstration (MLCD) and the
Semiconductor-laser Inter-satellite Link Experiment (SILEX) respectively [88]. In spite of
early knowledge of the necessary techniques to build an operational laser communication
system, the usefulness and practicality of a laser communication system was until recently
questionable for many reasons [86]. First, existing communications systems were adequate
to handle the demands of the time. Second, considerable research and development were
required to improve the reliability of components to assure reliable system operation. Third,
a system in the atmosphere would always be subject to interruption in the presence of
heavy fog. Fourth, use of the system in space where atmospheric effects could be neglected
required accurate pointing and tracking optical systems which were not then available. In
view of these problems, it is not surprising that until now, FSO had to endure a slow

penetration into the access network.

With the rapid development and maturity of optoelectronic devices, FSO has now
witnessed a re-birth. Several successful field trials have been recorded in the last few years
in various parts of the world which have further encouraged investments in the field [89].
This has now culminated into the increased commercialization and the deployment of FSO
in today’s communication infrastructures. At the present time, as a method of exploiting
more bandwidth and utilizing the broad array of new services, FSO technology is seen as a
cost-effective method to solve the high-bandwidth bridge (the “last mile”) [36, 90, 91].
FSO applications, in both military and civilian fields in particular the access network, have
been reported in the last few years in various parts of the world [92-97]. For example, the
FSO technology was successfully used to continually transmit the image between the

Waterhouse Centre and the studio during the Sydney Olympic Games in 2000 [98]. As a



commercially complementary technology to the radio frequency (RF) (in the range of about
3 kHz to 30 GHz) and the millimeter-wave (30 GHz to 300 GHz) wireless systems, FSO
has now emerged as a commercially viable complementary technology to radio frequency
(RF) and millimeter wave wireless systems for reliable and rapid deployment of data, voice
and video within the access networks [99-101]. RF and millimeter wave based wireless
networks can offer data rates from tens of Mbps (point-to-multipoint) up to several hundred
Mbps (point-to-point). However, there is a limitation to their market penetration due to
spectrum congestion, licensing issues and interference from unlicensed bands [102-104].
The future emerging license-free bands are promising, but still have certain bandwidth and
range limitations compared to the FSO [105]. The short-range FSO links are used as an
alternative to the RF links for the last or first mile to provide broadband access network to
homes and offices as well as a high bandwidth bridge between the local and wide area
networks. In 2008, the first 10 Gbps FSO system was introduced to the market, making it
the highest-speed commercially available wireless technology [106]. Efforts is continuing
to further increase the capacity via integrated FSO/fiber communication system and
wavelength division multiplexed (WDM) FSO system which is currently at experimental
stages [107-109].

The earlier skepticism about FSO’s efficacy, its shrinking acceptability by service
providers and slow market penetration are now rapidly fading away judging by the number
of service providers, organizations, government and private establishments that now
incorporate FSO into their network infrastructure [110]. Terrestrial FSO has now proven to
be a viable complementary technology in addressing the contemporary communication
challenges, most especially the bandwidth/high data rate requirements of end users at an
affordable cost [111]. The fact that FSO is transparent to traffic type and data protocol
makes its integration into the existing access network far more rapid. Nonetheless, the
atmospheric channel effects such as thick fog, smoke and turbulence as well as the
attainment of 99.999% availability still pose the greatest challenges to long range terrestrial
FSO [87, 110, 112].
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1.6 FSO Communication System’s Features, Limitations and Applications

Some features of FSO communication systems are as follows-

Very high bandwidth: The frequency range of an optical carrier spans from
102 Hz to 2000 THz data bandwidth. Since the amount of data transmitted is
directly related to the bandwidth of the carrier, FSO communication allows
10°times greater information capacity compared to the RF technology [19, 36,
49].

Unlicensed spectrum: The spectrum of RF frequencies is very congested and
almost saturated. So, it is now very difficult and expensive to allocate additional
RF frequencies because of the variations in the regulatory authorities in
different countries, such as the Office of Communications (OfCom) in the UK
and the Federal Communications Commission (FCC) in the USA. On the other
hand, FSO technology offers license-free spectrum and shorter deployment time
[113-115].

Cost-effective: For similar data rate, the development cost of FSO links is much
lower than that of an RF system. No additional cost of trenching and right of
way is required for FSO to deliver a comparable bandwidth to optical fiber [101,
110, 112].

Narrow beam size: A typical laser beam has a diffraction limited divergence in
between 0.01 to 0.1 mrad [83], which concentrates the optical power within an
extremely narrow area that provides the FSO system adequate spatial isolation
from potential interference. Therefore, independent FSO communication
systems exist with virtually unlimited degrees of frequency reuse and data
interception by unintended users becomes extremely difficult. However, a
precise alignment for FSO links is required at the expense of tight beam size
[87, 116-118].

Very quick deployment: FSO technology requires very short time to setup and
easily portable. It also only takes a short time to redeploy the FSO link easily to
another location [19, 112, 114, 119].



11

For better performance of an FSO communication link, there might be minimized some

challenges like-

Atmospheric turbulence: Atmospheric turbulence is a random phenomenon
which is occurred due to the random variations of temperature and pressure of
the atmosphere along the propagation path of the transmitted light beam. The
performance of an FSO link is limited by atmospheric turbulences which
deteriorated the amplitude and phase of the transmitted light signal.

Absorption and scattering: The atmospheric absorption and scattering is a
wavelength dependent phenomenon. When the laser light propagates through
the atmosphere, it interacts with various molecules (like water molecule,
carbon-dioxide, ozone etc.) [120, 121] and aerosol particles presents in the
atmosphere which results in absorption and scattering loss and it is described by
Beer’s law [122].

Beam divergence: Due to diffraction, a beam divergence is caused near the
receiver aperture. So, some fraction of light beam is not collected by the
receiver, which is called beam divergence loss or geometric loss [25].
Background noise and sky radiance: The main sources of background noise
are: i) diffused extended noise from the atmosphere, ii) the sun and other stellar
objects and iii) scattered light collected by the receiver [13, 123].

Pointing error: In FSO communication, it is very essential to maintain a
constant line of sight connection between transmitter and receiver. A slight
misalignment can lead to failure of FSO link. So, the beam used is highly
directional and consider a very narrow beam divergence. Pointing error may
occur for various reason like- building sway, earthquake, dynamic load of the
mechanical system etc. [14-18, 124]. Pointing error may also be caused for
beam wander variance due to atmospheric turbulence [125].

Several numbers of typical applications of the FSO technology are discuss below-

Last mile access: The FSO technology can be used to communicate between
the end users and the fiber optics backbone and overcome the last mile
bottleneck problem [126].
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Multi-campus communication network: FSO technology can provides as a
back-up links for multi-campus communication at Gigabit or Fast- Ethernet
speeds [113-115].

In hospital: FSO technology can be used in hospital for communicate with
doctors for emergency [127].

Cellular communication back-haul: To carry traffic between base station and
switching centers in 3G/4G networks and also transport the 1S-95 code division
multiple access (CDMA) signals from micro- and macro- cell sites to the base
stations [110].

Back up to optical fiber link: FSO technology can be considered as a back-up
in circumstances where the communication link is down or unavailable [110,
113, 116].

Disaster recovery/temporary links: FSO system can be used for disaster
recovery [114, 116, 119].

Difficult terrains: Where the right of way is unavailable or too expensive such
as across rivers, in the inner city and across rail tracks etc. [101, 128].

HDTV: FSO technology is used to broadcast live high-definition signals in

remote locations to the central office [19, 36, 87].

1.7 Outline of the Dissertation

This dissertation consists of total six chapters.

Chapter 1 is concentrated on the purpose and present state of FSO communication system

and importance of FSO communication system.

A detail analytical expression of output current, signal to noise ratio and bit error rate of a

non-Hermitian coherent-optical OFDM FSO communication system followed by DQPSK

modulation is provided in Chapter 2. The effect of pointing error on BER performance of

the system is also shown in this chapter.

In Chapter 3, the analysis is extended by considering polarization diversity and the effect of

cross polarization induced crosstalk on FSO system’s BER performance is determined and

shown.
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A detail illustration of SFBC for FSO communication system is provided in Chapter 4.

The bit error rate performance of SFBC is compared with STBC and the comparative
results are provided in Chapter 5.

Finally, concluding remarks and some proposals for future works are given in Chapter 6.



Chapter 2

NON-HERMITIAN OFDM FSO
SYSTEMS
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Chapter-2

NON-HERMITIAN OFDM FSO SYSTEMS

2.1 Introduction

For free space optical (FSO) communication system, only real valued signal can be
transmitted. In OFDM based optical communication system, Hermitian symmetry is
generally imposed before performing the inverse fast Fourier transforms (IFFT) so as to
generate LED/LASER compatible real valued signal. However, the constraint of Hermitian
symmetry doubles the sizes of the IFFT and FFT, resulting in the increase of the transceiver
complexity. To avoid this complexity, non-Hermitian OFDM is proposed and analyzed in

this chapter.
2.2 Differential QPSK (DQPSK) Modulation

In DQPSK modulation, the information bits are encoded as the phase change from one
symbol period to the next rather than an absolute phase. At the receiver end, the phase
change is detected rather than absolute phase which avoids the need for synchronized local
carrier. The resultant transmitted signal can be represented as-

X(t) = Acos{2rx f t+6(k)}; kT <t<(k+1T (2.1)
where, k =1:4 and

it (1(K),Q(K) = (0,0)

Sty it (1(k),Q(K) = (10)

0 i (1(k),Q(K) = @)

7 i (1(K),Q(K) = (02)

A DQPSK transmitter includes a DQPSK modulator, two modulator drivers and a precoder.

O(k) — O(k —1) =

The mapping from new input bits to the carrier phase change can be achieved by a precoder
which maps the input bits to a new set of bits as follows-



X(k) —»

Y(k) —»

Precoder
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I(K)
' MZ
Modulator
Q(K)

— cos (2xf.t + 6(k))

Fig. 2.1: DQPSK Transmitter

The precoder current outputs (I(k), Q(k)) are a function of the current inputs (X(k), Y(Kk))

and previous outputs (I(k-1), Q(k-1)) of the precoder. The truth table of the precoder is

given in Table-2.1 and the precoder mapping from input symbol (X(k), Y(K)) to symbol

(I(k), Q(k)) is shown in Table-2.2.

Table-2.1: Truth table for the precoder

X(K) [ Y(K) |1k Q(k)
0 O k1) | oK1
1t ok ik
PO ok ik
1 ik | ok
Table-2.2: Mapping of the differential encoder and the modulator
Previous Previous Current Current Modulator
Current Input | Precoder Output | Modulator | Precoder Output | Modulator | Phase
Phase Phase Change
X(K) | Y(K) | I(k-1) | Q(k-1) 0(k-1) I(k) Q) 0(k) AD
0 0 0 0 45 1 1 225 180
0 0 0 1 315 1 0 135 180
0 0 1 0 135 0 1 315 180
0 0 1 1 225 0 0 45 180
0 1 0 0 45 1 0 135 90
0 1 0 1 315 0 0 45 90
0 1 1 0 135 1 1 225 90
0 1 1 1 225 0 1 315 90
1 0 0 0 45 0 1 315 270
1 0 0 1 315 1 1 225 270
1 0 1 0 135 0 0 45 270
1 0 1 1 225 1 0 135 270
1 1 0 0 45 0 0 45 0
1 1 0 1 315 0 1 315 0
1 1 1 0 135 1 0 135 0
1 1 1 1 225 1 1 225 0
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An optical demodulator with balance photodetectors circuit can demodulate the DQPSK

signal without the need for local carrier shown in Fig. 2.2.

) [EQP +[E¢-T) +2Reel *EQEC-T)}V/2
U )
\/547 b
\/R/ gDWAU:ZRe{eW “EREE-T)}
— 7/4 —> R
20 il 4EQ  edrl e -1
E(t) 2 T EoP e 2R R -T2
2 12 T T
E® EC-T)  eiieysge) O +[EC-T)" + 2Refe 7 *EE -T2
2 V2 — 5
I NS |
— WV =2ReE VT EREE-T)}
T S R
E(t ,
= eir /4 EQ R -EQ-T)

[E®P +[EC-T)? —2Re{e 7 *EQEC-T)H/2

Fig. 2.2: DQPSK optical demodulator with balance photodetectors.

E is the received electric field which is phase modulated. The two outputs from the optical
coupler are the sum and difference of the input signals. The resultant differential

photodetectors outputs U and V are a function of the phase difference of the input signal E.

U =Re{e'"*E(t)E'(t - T)} = Re{e/™/*e Mg 171}
= Re{ej”"‘ejw(k)’e(k*l))}: cos(rr/ 4+ A6)

V =Re{e ""*E(t)E'(t —T)} = Refe 7/*e?Wg 10D}
= Re{e 1"/ 000N — cos(—z/ 4+ AB) =sin( 7/ 4+ AO)

(2.2)

By using the values of U and V, we can map the transmitted input bit stream as shown in
Table-2.3.

Table-2.3: Receiver mapping of phase change to bits
A8 Vv Logic(U)=X | Logic(V)=Y

0 | Ve | JE | ! !
/2 %/5 0 1
—%/5 0 0
—%/5 1 0

3n/2
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2.3 Orthogonal Frequency Division Modulation (OFDM)

In OFDM the subcarrier frequencies are chosen so that the signals are mathematically
orthogonal over one OFDM symbol period. Modulation is achieved digitally using an
inverse fast Fourier transform (IFFT) and as a result, the required orthogonal signals can be
generated precisely and in a very computationally efficient way. In FDM/WDM there are
frequency guard bands between the subcarriers. At the receiver the individual subcarriers
are recovered using analog filtering techniques. Fig. 2.3 shows spectra for FDM/WDM and
OFDM.

e Frequency
Band FDM / WDM

<«+—— Bandwidth saving ——»

[
|

OFDM Frequency

Fig. 2.3: Spectral efficiency of OFDM compare to conventional FDM

In OFDM the spectra of individual subcarriers overlap, but because of the orthogonality
property, as long as the channel is linear, the subcarriers can be demodulated without
interference and without the need for analog filtering to separate the received subcarriers.
Demodulation is performed by a fast Fourier transform (FFT). In Fig. 2.4, the block
diagram representation of OFDM modulator and demodulator are shown.

r-———7"™>"""">""™>"™>"™>"™"™"™"™77 1 - - TTT T T T T T Tt T T T T T T T T T T T A

| | | |

| Add | | | | Remove |

i I - - I I o - I
Transmitted j) oo ™ 1epp 71 CP Ll channel o P FET [ | prs ] _ChANNEl L Detected
Symbol i L L & I I & | Ly Equalization |1 = Symbol

: PIS | | L|osP :

| | | |

o _____ | | |

Transmitter Receiver

Fig. 2.4: Basic block diagram of OFDM
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As the IFFT block is the main component in the transmitter and the FFT in the receiver,
and these are the functions which distinguish OFDM from single carrier systems. Let X(m)
be the complex number representing the constellation point on the mth subcarrier of a given
symbol. Then the baseband time domain samples for that symbol are given by x(k)-

j2zkm

N-1 d2zkm
x(k):%ZX(m)e v . 0<k<N-1 23)
m=0

where, and N is the size of the IFFT. The forward FFT corresponding to (2.3) is-

—j2zkm

N e N
X(m)=— >x(k)e ; 0<m<N-1 (2.4)
N —
k=0

In most OFDM systems, a cyclic prefix (CP) is added to the start of each time domain
OFDM symbol before transmission. In other words, a number of samples from the end of
the symbol are appended to the start of the symbol. Although the CP introduces some
redundancy, and reduces the overall data rate, the use of the CP eliminates both inter
symbol interference (ISI) and inter carrier interference (ICI) from the received signal and is
the key to simple equalization in OFDM. Fig.2.5 shows the time domain sequence of
OFDM symbols.

G samples from the end of the symbol are
apendend to the beginning of the symbol

N

| Cyclic Prefix | i-th OFDM Symbol Cyclic Prefix | (i+1)-th OFDM;Symbol |
Xna(i)...xna(i)  Xo(), Xa(0), Xa(i)- ... xna(i)

‘-Irg 0 -Irs Time
Fig. 2.5: Time domain sequence of OFDM symbols showing the cyclic prefix [129].

\

2.4 Non-Hermitian OFDM

A block diagram representation of a non-Hermitian OFDM FSO system is shown in Fig.
2.6. In the transmitter part the serial data are converted to parallel first which are then fed

into IFFT block. After performing IFFT, a cyclic prefix (CP) is added and the resultant
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signal is converted into parallel to serial. As no Hermitian symmetry is imposed before
IFFT operation, so the resultant signal is complex valued. Now, to get real valued signals, a
real-imaginary separator (RIS) is used to separate Re part and Im part of the complex-
valued signal. The digital real and imaginary data are digital-to-analog converted and then
transmit through the atmospheric channel using two separate laser sources. At the receiver
end, the analog data is first converted to digital and then using a real-imaginary combiner
(RIC) to generate complex-valued signal. The serial data is converted to parallel and then
remove the CP. After FFT operation the parallel data is serial converted and finally get the

desired output signal.

| (Re | |
. > [p|AdCP || Real () D/A AID — | P
Iy oip | " ier & | ! I & e [ pis |2
data —> s | : | LREIM I pemove " [ ata
| mo0Ji DA D .5_,: s
' __RIS | L _RIC |
Receiver

Transmitter

Fig 2.6: Block diagram representation of Non-Hermitian OFDM transmitter and
receiver [130].

2.5 FSO Transmission Channels

FSO links contain the transmission, absorption and scattering of light by the atmosphere.
Under normal conditions, the atmosphere has variety of different molecules and small
suspended particles (aerosols) which interacts with light. This interaction produces a wide
variety of optical phenomena such as selective attenuation of radiation, absorption at
specific optical wavelengths due to the molecules, scattering due to the sky-blue color, the
red sunset, radiative emission of an optical beam etc., and scintillation due to the variation

of the air’s refractive index under the effect of temperature and pressure.

The performance of any opt-electronic system depends not only on its intrinsic design
features resulting from its design and the technology used, but also on its behavior in its
operational environment. However, the construction of such a system, made up of a
transmitter and a receiver in free atmosphere, necessitates proper knowledge of specific

optical properties of the atmosphere. Scattering and absorption of the radiation from the
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medium affect spectral transmission of the propagation medium. Therefore, it is useful to
know how opt-electronic systems behave in differing climatic and weather conditions and

particularly under prevailing environmental conditions.

2.5.1 Atmospheric turbulence

Atmospheric turbulence results in random fluctuation of the atmospheric refractive index
along the path of the optical beam traversing the atmosphere. This refractive index
fluctuation is the direct end product of random variations in atmospheric temperature [131].
These random temperature changes are a function of the atmospheric pressure, altitude and
wind speed. The relationship between the temperature of the atmosphere and its refractive
index is given by [132]-

n=1+77.6(1+ 7.52><103/12)TE><106 (2.5)

e
where, P is the atmospheric pressure in mbar, Te is the temperature in Kelvin and A is the

wavelength in pm.

And the rate of change in the refractive index with respect to the atmospheric temperature

is calculated as-

97 9760+ 752x10°4%) F x10°®
dT T

. ‘ (2.6)

In homogeneities caused by turbulence can be viewed as discrete cells, or eddies of
different temperature, acting like refractive prisms of different sizes and indices of
refraction. The interaction between the laser beam and the turbulent medium results in
random phase and amplitude variations (scintillation) of the information-bearing optical

beam which ultimately results in performance degradation of FSO links.

The smallest and the largest of the turbulence eddies are termed the inner scale lo, and the

outer scale Lo, of turbulence respectively. Typically, lo is on the order of a few millimeters
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while Lo is on the order of several meters [1, 8]. These weak lens-like eddies shown
graphically in Fig. 2.7 result in a randomized interference effect between different regions
of the propagating beam causing the wave front to be distorted in the process. Under the
influence of the inertial forces, the larger size eddies break up into smaller eddies until the
inner scale size lo is reached. The family of eddies bounded above by the outer scale Lo and
below by the inner scale lo forms the inertial sub-range. The outer scale denotes the scale
below which the turbulent properties are independent of the parent flow. Scale size smaller
than the inner scale lo belongs to the viscous dissipation range. In this range, the turbulent
eddies disappear, and the remaining energy is dissipated in the form of heat. This

phenomenon is known as Kolmogorov theory [30, 133] shown in Fig. 2.7.

Energy Injection
)

Energy Transfer
WQQQQQ

ra”g 4 OO DO CTIO

QOO O0RA CHE OO &S TUQ NG O

Dissipation

|o_
Fig. 2.7: Kolmogorov cascade theory of turbulence eddies

Depending on the size of the turbulent eddies and transmitter beam size, there are three

types of atmospheric turbulence effects are observed:

I Turbulence-induced beam wander: Beam wander is a phenomenon which is
experienced when the size of turbulence eddies is larger than the beam size. It
will result in random deflection of the beam from its propagating path and leads
to link failure. Beam wander is a major concern in case of uplink as the beam
size is often smaller than the turbulence eddy side and it will result in the beam

displacement by several hundred meters. When a collimated beam with Wy
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beam size, passing through the atmospheric turbulent channel, the beam wander

variance at zero zenith angle is written by [134, 135]-

5
2 =
2 _ 2 ﬂ./ Z\NO 3
G o —0.54L( 1 27)

where, 1o is used for atmospheric coherence diameter and its written by-

r, = (04326 [, (h)dh)—i (28)

Turbulence-induced beam spreading: If the eddy size is smaller than the
beam size, then a small portion of the beam will be diffracted and scattered
independently. This will lead to reduction in the received power density and will
also distort the received wave front. However, the effect of turbulence-induced
beam spreading will be negligible if the transmitter beam diameter is kept
smaller than the coherence length of the atmosphere [136] or if the receiver
aperture diameter is kept greater than the size of first Fresnel zone [137].

Turbulence-induced beam scintillation: When the eddy size is of the order of
beam size, then the eddy will act like lens that will focus and de-focus the
incoming beam. This will lead to redistribution of signal energy resulting in
temporal and spatial irradiance fluctuations of the received signal [138]. This
intensity fluctuation of the received signal is known as scintillation and is the

major cause of degradation in the performance of the FSO system.

2.5.2 Atmospheric turbulence models

An atmospheric turbulence channel is called a ‘slow fading channel’ as it is static during

the symbol period. The Rytov variance, o/ for a plane wave is used as a measure of

turbulence strength. It is a variance of log-intensity function, its expression is as [69, 87,
139]-

0?2 =1.23xC>xk™'® x |1° (2.9)
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where, Cn? represents refractive index structure parameter, k (=2m/1) represents the wave-
number and L is the link distance. To calculate the turbulence, Hufnagel-Velley model is

considered usually to find the profile model of Cy? as a function of height, h [69, 140].

2
C2(h) = 0.00594(ﬂj (10-°h)*° exp(— Lj +2.7x107 exp[— Lj
27 1000 1500

h
C2(0)exp| ———
rei@em - |

(2.10)

2 2
1 20x10° h—9400)°
W= w.h+w, +30exp| — dh
15x10° I5xl03 { * g Xp{ ( 4800 j J}

where, w is the rms wind speed, Cn?(0) is the ground level value of Cn2, ws and wg

(2.11)

represents the beam slew rate and ground level wind speed respectively. The typical
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average value of Cn? is 107%® m™?” and a range from 10*" m2? to 1072 m %2 corresponds

to turbulence regimes from weak to strong, respectively [69].

Depending on the turbulence strength, generally three types of atmospheric turbulence

models are used which are as follows-
a) Log Normal Distribution
b) Gamma-Gamma Model and
c) Negative Exponential Model
2.5.2.1 Log- Normal distribution

The atmospheric turbulence impairs the performance of an FSO link by causing the
received optical signal to vary randomly thus giving rise to signal fading. The fading
strength depends on the link length, the wavelength of the optical radiation and the

refractive index structure parameter C’ of the channel. The log-normal distribution is

generally used to model the fading associated with the weak atmospheric turbulence
regime. This model is mathematically tractable and it is characterized by the Ryotov
variance o7 . The turbulence induced fading is termed weak when o/ <1 and this defines

the limit of validity of the log-normal model. Beyond the weak turbulence regime, other
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models such as the gamma-gamma and the negative exponential will have to be considered.
The Ryotov variance o can be calculated by equation (2.9).

The amplitude of the random path gain, H =e*, where X is normal with mean px and
variance o> . Thus, the logarithm of the field amplitude scale factor is normally distributed.

The optical intensity | =H?is also log normally distributed in this case [141]. The
probability density function for H is written by-

f o (a)=——t—
H \Wa 26'2 (2.12)

So that the mean path intensity is unity, such that E[H?]=1. For the log-normal
distribution, the scintillation index, defined as-

_E[H']

S.I.
E’[H?]

-1 (2.13)

This index can be related to the parameter o7 by S.I. = S —1.Typical values appearing
in the literature for S.1. are in the range 0.4-1.0.

2.5.2.2 Gamma-Gamma model

To account the effect of strong atmospheric turbulence, we considered the Gamma-Gamma
distribution model for the probability density function of channel irradiance 1, which is
modeled as [7, 8, 87]-

23 e P2 (@)
2@/ T, @ JaB) 1 >0

P(l) =
O =T re) (2.14)

where, | is for optical signal intensity, the second kind of the modified Bessel function is
represented by Ks-s where a—f is its order and symbol T" is the gamma function. The
small-scale and large-scale eddies are represented by « and g respectively. The expression

of o and 3 are expressed as [87, 139]-
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-1 -1
0.490} 0.510}
(1+1.110,°)° (1+0.690,% )¢ (2.15)
where, 6/ represents the Rytov variance. Its expression is as-
2 _ 2 _.7/6_,11/6
of —O.5><Cn x K x L (2.16)
The parameters a > 0 and p > 0 are linked to the so—called scintillation index as-
S.I=£+1+i (2.17)
a p ap

2.5.2.3 Negative exponential model

Negative exponential channel is generally considered under strong irradiance fluctuations.
Beyond the saturation regime, the turbulence approaches the limits, also known as the fully
developed speckle regime where the link range extends several kilometers and the number
of independent scatterings becomes large [88, 142]. The amplitude fluctuation of the field
traversing the turbulent medium in this situation is experimentally verified to obey the
Rayleigh distribution implying negative exponential statistics for the irradiance which is
expressed as [7, 28, 143]-

1 I

P(l)=—exp(-—) (2.18)
I0 I0

Where, lo (lo> 0) is said as the mean irradiance or noise turbulence variance which is often

normalized to unity. During the saturation regime, the value of the scintillation index, S.I.

—].

2.6 BER Performance of a Non-Hermitian OFDM FSO System Followed by DQPSK
Modulation

In this section, an analytical model is described to evaluate the bit error rate (BER)

performance of a non-Hermitian OFDM FSO system followed by differential quadrature

phase shift keying (DQPSK) modulation. Analysis is presented for an OFDM-DQPSK FSO
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link considering an optical receiver based on dual detection optical QPSK demodulator
with direct detection. Analytical model is developed to find the expressions for output
current and SNR in presence of weak atmospheric turbulence. The conditional bit error rate
for a given turbulence induced fading is also derived. Average SNR and BER are obtained

considering the turbulence induced fading to be log-normal distribution.
2.6.1 System model

The complete block diagram representation of the proposed non-Hermitian OFDM FSO
system is shown in Fig. 2.8. Transmitting part and receiving part are shown in Fig. 1(a)
and Fig. 1(b) respectively. Here the serial data input is first put into parallel and then each
parallel branch data is QPSK modulated before IFFT operation. After IFFT operation, by
adding cyclic prefix (CP) and parallel to serial operation the complex bipolar data is put
into a Real Imaginary separator. The separated real and imaginary data is quantized using
multi-level quantizer. After that, for optical DQPSK, the quantized digital bit streams
change the phase of the continuous wave optical carrier light from laser diode to the
DDMZI. Two Mach-Zehnder modulators are required for an optical QPSK modulator
which further has a /2 phase difference between them [47]. Each of the MZ drivers is
biased at its null and driving voltage levels are set so that the carrier phase on each arm
shifts by either +n/2 or -n/2. In proposed system, we consider low atmospheric turbulence,
so we use Log-normal Model for the probability density function of the low atmospheric
turbulence. Then the received light is passing through a coupler and then using balanced
detection technique to detect carrier phase change due to the change of input bit streams to
the DDMZI. The receiver circuit is based on the principle of differential detection. A
balanced detection circuit has been designed, where the beam is split into a sense beam and
a reference beam and a separate photodiode is used to measure each [48]. The two
photocurrents are subtracted and converted to a voltage by a transimpedance amplifier. The
sense beam passes through the sample to be measured, whereas the reference beam is
unaffected. With no change in sample transmission, the two photocurrents are nulled, a

changing transmission produce a differential output voltage.



LASER CW Light

J

Real
Imaginary
Separator

Linear
quantized
PCM

:

Optical DQPSK
Modulator
DDMZI-1

LASER CW Light

Linear
quantized »
PCM

@

Optical DQPSK
Modulator
DDMZI-2

Y

D/A

1
, Es [ Add
P Data QPSK F CP
SIP E A
N W“ T P/S
Optical Optical
Poyver DQPSK ™ Decision
Splitter Demodul- Circuit
1 Lyl ator
Optical Optical
_,\ POYVGr — DQPSK Decision
—171 Splitter Demodul- Circuit
11
» ator

—>

D/A

\

Real
Imaginary
Combiner
Re+jlm

(b)

Remove

28

Oo/P
Light

Turbulent FSO Channel

o/pP
Light

Fig. 2.8: System model of an OFDM-based FSO link: (a) Transmitting part using
DDMZI and (b) Receiving part using balanced photodetection circuit.

By using decision circuit, this voltage is used to estimate the transmitted phase, which is

then converted to the transmitted symbol. After the decision circuit, the detected carrier

phase change converted into digital binary sequences and then de-quantizes the sequences

and put them into a real imaginary combiner. After removing CP and serial to parallel

operation data streams are put into FFT block and after QPSK demodulation and parallel to

serial operation we finally get the output bit streams.

2.6.2 BER analysis

2.6.2.1 Analysis of the transmitted signal

Signal at the output of QPSK modulator can be represented as-

5, (t) = /ZTES a cos{2f t+(2i-)x/4}

where, i =1:4,

for

0LtLT,

(2.19)
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where, the symbol period, Ts=2Ty, Tp represents the bit duration and symbol energy,

Es=2Ey, En represents the bit energy. The complex envelop of OFDM signal is given by-

2E, &\

s, (t) = TS f) > Sk ) @, (t-kT) (2.20)

where, i=1:4and T = NT,

where, Skn, carries the ith information to be sent over the kth symbol interval; t ¢ [KT,
(k+1)T] and nth sub band (n=0,1,2,3............. N-1). N is the no. of OFDM subcarrier. The

N-1

set of complex orthonormal waveform, {p, ()}, is represented as —

N-1
j2z(n — ——)t/
on(t) = { e T e 0, (2.21)
0 ; otherwise
The nth subcarrier frequency is f_ +w . Now for simplicity, set k=0 for first
symbol interval, t € (0,T) in equation (2.21) then-
szt —jﬂ(N -t
2E.
ZOH, " g ; 0<t<NT,
5 n=0
jemt - jz(N-Dt
= TSZ 3y, cos [2f, +(2i-Dr/4]e e T
s n=0
j2mt - jr(N-1)t
/ZE sz _[ej (2, +(2i-1) 1 4} +e—j{2nfm+(2i—1)n/4}]eJNTS o ]NTS
Onl
To i (2.22)
—jz(N-Dt

Note that the term, e " [ife+@Dr/4 4 o-iAc+@Dr/4y js not a function of n and can be

combined with the carrier term, e'**' . Now the complex envelop is written by-

2;mt

Zaon, T . 0<t<NT, (2.23)

snO

v(t) =

and the corresponding carrier is-
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o J{Ziz‘frc+(2I 1)Z %} J{Zﬂ'frc+(2I—l)” %}
ejZ;r ct [e s _I_ e S ]

The real and imaginary part of the signal, v(t) is then separated using real imaginary

separator. The output of linear quantized PCM is represented as-

27znt

Zaon. } 0<t<NT,

snO

\/F >ay,; cos(ﬂTt) (2.24)

where, E, =IE,, T, =IT,, B, :%,I:IogzM
b

Ve (t) = Re{

In equation (2.24), M represents the quantization level and I is the number of bits required
for different level of quantization. Py represents the required bit power. Now the output
light of DDMZI is given by-

Eou = Ein |:COS(7Z' V( ))+cos( ~V(t)) ejzﬂ }

s s

- (2.25)
= Ei{cos(n V\R/—(t)) + jcos(z V\R/—(t))}

where, Ein is the input optical signal.

E~ — Aoe Jat

n
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E,, = Ae"| cos(z R (t)) + joos(z R (t))
V. V.
= Ae' cos6 + jAe™ cosd
_,c0s8

= j(wpt+tan )
= AVcos?@+cos’g e O

= Agx/l—sin2 O+1—sin2g elletta

= . o~ = cosd
= AN2-60> -0 - sin@~0,sinh =0, a, = tan‘l—z
cos

~ Ab\/Z— ”ZVRZ(t) _ 772\7R2(t) o i(oot+ao)
= v vE

V.2 V.4

7> (R B
~ 2 _ b + _b e](a)OHaO)
A“\/ NV 22 2

2
_7sz

N2 2

ej(a)OHao)

(2.26)
2.6.2.2 Analysis of the received signal

After the transmission of turbulence channels the received optical signal can expressed as-
°P,
E.. =1 A Z_sz g i(entrao) (2.27)

where, | is the turbulent channel coefficient. Here we consider Log- normal turbulence
model for low atmospheric turbulence effect. The probability density function (pdf) of I can
be modeled as -

1 —(In(1)—)*

1:|(|)=—e 20* ;1 =>0 (228)

2751

Now the output current of the balanced photodetector is written by-
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i) =i,(t)—i,(t)
= Rd Re[{Eout (t _T) + Eout (t)e]:} - {Eout (t _T) - Eout (t)e]:} \| (229)

iz
= Rd 2Re|:Eout(t)Euut(t _T)e ¢ :| ;T=T

S

2
7P, il
=2R, [ﬁAO [2- N zV:z cos(, + ot + ;)

2
_ 2 T Pb V4
=2R,A, I(Z— NzV”Q]cos(4+wot+ao)

2.6.2.3 SNR and BER analysis
The conditional signal to noise ratio (SNR) condition on turbulence is represent as-

signal power _fit)" _ i)
Noise power o2

n

SNR(1) = —
th sh
ZP 2
2R Al 2- "D
dp\l [ szﬂz . 1
4KTB | 2e8R, R NxIxT,

JCOS(Z + ot + &)

L

2 7[2Pb ’
{ZRdA) I[Z NZVHZJ}

TB | 2eBR,RI
Re (2.30)

Average SNR can be obtained as-

SNR =

average

SNR(1). f, (1) dI

O—3

(2.31)

Now the conditional BER is given by-

2

BER(l) = %erfc[—VSNR(')] (2.32)

So, the average BER can be written by-

BER =

average

BER(I).f, (1)dI (2.33)

Ot=—3

For closed form expression, let consider-
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7°PR, J
NV and 62 = 4:;TB+2eBRd P

L

¢ =2R,A} [2—

CLORNEY

> 2

Ot

Now, conditional BER is written as-

1 2 ) (_1)k(050] |2k+l
BER(l):E 1—\/;;‘; @k D (2.34)

_ R PN
For k=0, BER(I) ~ > \/; £0.5 o j | (2.35)
1 _(ms);y)z 1 o2 2 (’i)
TR COIe -
1B o
7t ee-3)

Finally, the average BER can be written as-

BER =

average

BER(1).f, (1)dI

[%—%[o.séjl}{ a—cy exp(_gﬂd.
~ 2\/;75 exp[—%)jluﬂjdl —\EEG(O.SéJeXp[—%jJ‘I(i)dI

2\/12_” exp(— %) | _(éj + \/;EG(OB%J exp(— %) (i— )1 | _[é_lj

(2.37)

o—38
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2.6.3 Results and discussions

The parameters are used for analysis are listed in table 2.4. The BER performance of an
OFDM based DQPSK modulated FSO link is analyzed. The analytical results are
comparing with the simulation results, which are shown in Fig. 2.9. Result shows that the
analytical results are close to the numerical simulation results. The change in average signal
to noise ratio due to the change of OFDM subcarrier with receiver power is shown in Fig.
2.10.

Table 2.4: System Parameters used for simulation results

Parameters Values
Coupling co-efficient,a 1
Characteristic of the MZ, Vo 500mV to 8V
Temperature, T 300K
Thermal Resistance, RL 50Q

FFT size 64 to 512
Laser wavelength, A 1550nm& 850nm
PIN photodetector Responsivity, Rd  0.85
Quantization level 64

Link distance, L Up to 3675m
Received power, Pr -40to 0 dBm
QPSK phase 45°

Structure parameter, Cp? 10"Mm23

Mean variance, p 1
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Fig. 2.9: Compare analytical and simulation results of BER performance curve

In Fig. 2.11, it is clearly shown that atmospheric turbulence degrades the BER
performance. Analytical results show that, the power requirements increased to 4dB due to
atmospheric turbulence at a BER of 1022 for link distance of 2000m.
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Fig.2.10: Average SNR for different OFDM carrier.
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Fig. 2.11: BER performance curve for with and without atmospheric turbulence.
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The BER performance is severely affected by the background radiation, which is shown in

Fig. 2.12. Results show that, due to background radiation, around 1.4 dB more power
required for 2000m link distance at a BER of 102,
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Fig. 2.12: Effect of background radiation on BER performance.
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Fig. 2.13: BER curve for different FFT length at two different wavelengths.

In Fig. 2.13, it is clearly shown that a significant amount of improvement in BER

performance is found if the wavelength is shifted from 850nm to 1550nm.
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Fig.2.14: BER curve for two different link distances at two different wavelengths.
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And the BER performance falls drastically with respect to the wavelength and link distance
are include in Fig. 2.14. At a BER of 10, our proposed system suffers 3dB and 18dB
power penalty for wavelength1550nm and 850nm respectively due to increase link distance
from 2300m to 3000m. Again, increasing link distance also increases the power

requirements.

In proposed systems, data transmission up to 3675m link distance possible shown in Fig.
2.15 considering the BER of 10, Fig. 2.16 shows the SNR sensitivity due to increase link

distance along with the change of OFDM sub carrier.
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Fig. 2.15: Effect of increasing link distance on BER performance curve.

Receiver sensitivity improvements curve is shown in Fig. 2.17. The amount of
improvements is found from the BER versus received power curve and provided in Table
2.5. The power penalties due to increase link distance for different OFDM subcarrier is
shown in Fig. 2.18.
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Table 2.5: Receiver sensitivity improvements for different number of OFDM

subcarriers

umber of OFDM
Subcarrier 8 16 32 64 128 256 512
Link Lengt (dB) | dB) | (dB) | (dB) | (dB) | (dB) | (dB)
1000 m 1784 | 19.3 | 20.8 | 223 | 23.7 | 25.2 27
2000 m 159 | 1753 | 19.1 | 20.75 | 22.37 | 24.2 26
3000 m 11.8 13.3 14.7 16.2 17.8 194 | 209

40

Proposed analytical results also compare with the work published in IEEE Photonics

journal [36] and the experimental work [39] which is shown in Fig. 2.19 and Fig. 2.20

respectively.
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Fig. 2.19: Compare proposed results of BER performance curve with reference [36]

considering no atmospheric turbulence.
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Fig. 2.20: Compare proposed results of BER performance curve with the
experimental work of reference [39].
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2.7 Effect of Pointing Error on Non-Hermitian OFDM FSO System’s BER
Performance
2.7.1 Pointing error

The performance of an FSO link is severely limited by not only the atmospheric turbulence
but also the pointing error. The pointing error is occurred when the current position of
antenna is deviated from the desired position and due to this the line of sight between
transmitter and receiver is lost and degrades the system bit error rate performance. Pointing
error may arise due to building sway, mechanical misalignment and mechanical vibrations
existence in the systems, earthquake, errors in tracking systems etc. There are two
components of pointing error which are jitter and boresight error. Boresight seemed as

fixed error whereas jitter is a random error and it is superimposed over the boresight error.

2.7.2 Probability density function of pointing error

A Gaussian beam with beam waist w propagating through the atmospheric
turbulence can be approximated as [144]-

1

w = w, [1 +e (%)2] (2.38)

Wo

where, wo is the beam waist at z = 0 and

2

2wy _3
e=(1+= po(2) = (0.55C%k?z)75
p;(2)

po(2) is the coherence length. The fraction of the collected power at a receiver of radius a
in the transverse plane of the incident wave can be approximated as Gaussian form and

expressed as [14]-

h(r: z) ~ Ae(_v%f) (2.39)
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where, A is the fraction of the collected power at radial distance, r = 0 and weq represents
the equivalent beam width of the received light at the receiver. By using the following
equations, equivalent beam width of the received light at the receiver is calculated [14].

_\/;a w2 :WZM, A:|erf(u)|2

V=——, o
2w ‘ 2vexp(—v?)

where, w represents the beam waist, which is evaluated at eat a distance L from the
transmitter. The radial displacement r at the receiver is modeled by a Rayleigh distribution-

f(r) = Lze(_"’%?), r>0 (2.40)

g

where, ¢ is the jitter variance at the receiver. By using equations (2.39) and (2.40) we get

the probability distribution function of h as-

2
f,(h) =%h721 . 0<h<A (2.41)

w
where, ;/:zi, represents the ratio between the equivalent beam radius and pointing
o

S

error standard deviation.
2.7.3 BER performance analysis
2.7.3.1 Analysis of SNR and BER

The conditional signal to noise ratio (SNR) is represent as-

signal power _[i)f _ [i®)f
Noise power o2

n

SNR(h, 1) =

2 2
O +O—sh
2

(2.42)

2
E
2R A?Ih| 27 5o
o [ NZTV 2 1

4KTB | seBR,RI NxIxT,

jcos(z +apt+ o)

L

2

g

2R A?Ih| 2— 7 5o
~{ dAD ( Nz-l—bvﬂz)}

4KTB | 2eBR,RI

L
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The conditional BER is now given by-

BER ;. (h, 1) = %erfc [—“SNZMJ (2.43)
Therefore, the average BER is calculated as follows-
A oo
BER urage = | [ BERwnq (0, 1). T (1). f,(h)dl dh (2.44)
00

2.7.3.2 Results and discussion

The value of the parameters used in analytical simulation process are listed in Table-2.6.
The BER performance of the proposed system is analyzed. Considering, both weak and
strong atmospheric turbulence, the system BER performance versus received optical power
with respect to different normalized pointing error are shown in Fig. 2.21 and Fig. 2.22

respectively.

Table-2.6: List of the parameters value used for analytical simulation.

Parameters Values
Characteristic of the MZ, Vo 500mV to 8V
Temperature, T 300K
Thermal Resistance, RL 50Q
| FFT size, N | 256
Laser wavelength, A 1550nm & 850nm
| Responsivity, Rq | 0.85
Detector aperture radius, a 20cm
| Received power, Pr | -30 to -20 dBm
QPSK phase 45°
Structure parameter, Cp? 10m23 - 1016m23
Normalized beamwidth, w/a 1-10
’ Normalized pointing error standard deviation, cs/a ‘ 1.1-2
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Fig.2.21: BER performance versus received optical power for weak atmospheric
turbulence (Cn? =101%m-2%) with different normalized pointing error.
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Fig. 2.23: BER versus Link length for both strong and weak atmospheric

turbulence considering normalized pointing error as a parameter.
Results show that the system suffers almost 1.95dB and 1.25dB power penalty due to
normalized pointing error standard deviation 2 and 1.5 respectively against strong
turbulence and 1.7dB and 1.05dB power penalty due to normalized pointing error standard
deviation 2 and 1.5 respectively against weak turbulence at a BER of 10°. In Fig. 2.23, the
impact of pointing error on the system BER performance with respect to link distance is
shown. The maximum allowable link length considering normalized pointing error as a
variable is shown in Fig. 2.24. Results show that system suffers almost 5330m, 3080m and
2100m link distance penalty due to strong atmospheric turbulence for normalized pointing
error 1.3, 1.4 and 1.5 respectively at a BER of 10°®.
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Fig. 2.24: Maximum allowable link length versus normalized pointing error to
compare the performance between weak and strong turbulence at a BER of 10,

2.8 Summary

An analytical model for non-Hermitian OFDM FSO system using optical DQPSK
modulation is presented in this chapter. Analytical expressions are developed for output
SNR and conditional BER considering weak atmospheric turbulence and also for strong
turbulence with pointing error. BER performance results are evaluated analytically and
verified with semi numerical simulation for different system parameters. It is found that the
system BER performance deteriorates significantly due to the pointing error between

transmitter and receiver at a given BER.
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Chapter-3

MULTIPLEX AND DIVERSITY OF POLARIZATION FOR FSO
SYSTEMS

3.1 Introduction

Polarization of light is very useful technique to improve the BER performance of an FSO
system. The state of polarization is considered as the most stable parameter for Free-space
optical communication system in presence of atmospheric turbulence. Atmospheric
turbulence provides distortion in signal intensity and cross polarization induces crosstalk in
the received signal which severely limits the performance of a FSO communication system
and also degrades the bit error rate performance significantly. Two analytical approaches
are presented in this chapter, one is for an FSO system considering polarization
multiplexing and another is for an FSO system with polarization diversity. In both cases,
the system performance is evaluated taking into account the cross-polarization induced

crosstalk and fading effect of atmospheric turbulence.
3.2 Polarization of Light

Polarization, in Physics, is defined as a phenomenon caused due to the wave nature of
electro-magnetic radiation. When an electric field interacts with magnetic field result is
electro-magnetic wave. Light generally considered as a transverse electro-magnetic wave
because the light particle vibrates perpendicularly with the direction of motion of the light
waves. The electric field moves in one direction and magnetic in another though always
perpendicularly and the direction of motion which is perpendicular to both. These electric
and magnetic vibrations can occur in numerous planes. A light wave that is vibrating in
more than one plane is known as unpolarized light. The light emitted by the sun, by a lamp
or a tube light are all unpolarized light sources. The polarization of light is shown in Fig.

3.1 where a linear polarizer is used.
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Polarized light
(linear)

Direction
of propagation

Fig. 3.1 Polarization of light

3.2.1 Polarized Wave

The projected electric field amplitude along horizontal and vertical axis can represented by

the following parametric equations [50, 145]-
E, = A ef@t=k2) 3
E, = Ajel@t-kz+e) 5 (3.1)

Where, Ax and Ay represents the projected electric field amplitude onto X and y axis
respectively. The phase difference between Ex and Ey is denoted by ¢ which actually
represents the shape of the electric field. The polarization of an electric field can be
described by a single equation as [144, 145]-

EZ ﬁ _ 2ELE

xEy )
——=cos@ = sin 3.2
AZ Ajz, AxAy 4 ¢ ( )

The shape traced out in a fixed plane by the electric field vector is a description of the
polarization state. Another conventional representation of polarization states is Stokes

parameters which are [50]-
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AL + A}

Soz—x 4
2

AZ — A2

S =—-2
2

S, = 2A A cosp
S3 = 2A,A,sing (3.3)
The physical interpretation of Stokes parameters are as follows [50]-
So— Optical intensity.

S, — Optical intensity difference between horizontal and vertical polarized components.
For a linearly polarized wave, a positive or negative S; corresponds to the polarization in ¥

and y axis respectively.

S,— A positive S, indicates +45° linear polarizations, while a negative S, indicates -45°

linear polarizations.

S; —» A positive Sz indicates right hand circular polarization while a negative Sz indicates

left hand circular polarization.
3.2.2 Polarized Beam Splitter (PBS)

A polarized beam splitter split the incoming continuous wave light signal into two
polarized horizontal and vertical light wave perpendicular to each other which is shown in
Fig. 3.2.
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Fig.3.2: Polarized beam splitter

3.2.3 Polarized Beam Combiner (PBC)

A polarized beam combiner combines two linearly polarized light waves into a single light
wave by superimposing it. In Fig. 3.3, a polarized beam combiner is shown.

Input
beam-1

e

Input Combined
beam-2 heam

PBC

Fig. 3.3: Polarized beam combiner

3.3 BER Performance of a Polarization Multiplexed OFDM FSO System
3.3.1 System model

A detail block diagram of a polarization division multiplexing coherent DQPSK FSO
system is shown in Fig. 3.4. For optical DQPSK modulator, dual drive Mach- Zehnder
interferometer (DD-MZI) is required which contains two MZIs, one for in-phase and
another for quadrature phase components. The polarization beam splitter splits the input
continuous wave laser electric field at the transmitter which is orthogonally polarized and
passed through two optical QPSK modulators. For X and Y polarizations, the phase
difference between them is 90°. Each modulator modulates the laser output with in-phase
(1) and quadrature phase (Q) data indexed by X,k and Xqxk respectively. The polarized light
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is combined by using a PBC and transmitted through turbulent channel. The received signal
is split by PBS and fed to the upper 90° hybrid for X-polarized light and lower 90° hybrid
for Y-polarized light. The 45° linearly polarized output light from a local oscillator with
respect to the received polarization is also feed by the two 90° hybrids. By applying

homodyne balance detection techniques, the data decision is carried out from the receiver

circuit.
—
ol siP
Xik  / Xox
QPSKHod | ——
“ . A
EX Ix | X
Y | X-Pol [ LK
cw E(t)\ Turbulent Es& PBS 90° ; Receiver
PBS PBC Channel Hybrid P-Sm Ckt-1 |
X
Q.,K
I

_> )
Ch-2 Laser Yég(?l > Receiver
i Ckt-2 |
Hybrid [ Yo

Local Oscillator

\ 4

Fig. 3.4: Block Diagram of a Polarization Division Multiplexing coherent DQPSK
Free Space Optical link.

3.3.2 Error probabilities analysis
3.3.2.1 Analysis of the transmitted signal

The electric field of the resultant optical signal from the output of the PBC and input to the

atmospheric channel can be represented as [56]-

E +
TR ENEDD W IIEIATE o
S p m

where, m denotes | or Q which is representing in-phase and quadrature phase respectively,
p denotes X or Y which is representing horizontal and vertical polarization respectively and

the symbol period, Ts=2Tp, Ty represents the bit duration and symbol energy, Es=2Es, Eb
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representing the bit energy, p(t) representing the pulse shape function, optical carrier

frequency represented by woand @sis the laser phase noise.
3.3.2.2 Analysis of the received signal
The input signal to the PBS is represented as [56]-
Es(D) = Esx(D2 + Esy ()9 (35)

where,
Esx (1) = Ex , (t) cos[a,t + @y | (1)] - Exo (t)sin[ oyt + Px o ®]
ES,Y (t) = EY,I (t) COS[a)Ot + ¢Y,| (t)] - EY,Q (t) Sin[ a)ot + ¢Y,Q (t)]

The detail of 90° hybrid with receiver circuit used in Fig. 3.4 is shown in Fig. 3.5.

‘ES'E“’”?X
Coupler A EAN2 Coipler C |Portc,
Lo M
. R Ix,1

PIs Output

> /\ Ch-1

b > _
2 Ix.Q

R 3
~(Es+ELo)/ /' \

EsN2

ELo/N2

Coupler B ELo2 Coupler D

Fig. 3.5: Diagram of a 90° Hybrid with receiver circuit for channel-1.
The local oscillator output signal which is the input of the X-Pol 90° hybrid can be
expressed as [56]-
Eiox (1) = ELo x COS gt (3.6)

The sub channels random rotation due to the presence of turbulence, the signal suffered
fading and crosstalk. The state of polarizations at the PBS, the input signal of the X-Pol 90°
hybrid can be expressed as [56]-

Eox (t)=¢cEsx () +&xEsy (1) 3.7
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where, & is the coefficient of complex fading due to X-polarization and &y is the complex

crosstalk coefficient due to Y-polarization. The magnitude of these coefficient can be
written as [55, 146]-

|| =cos@ and |&,|=sin® (3.8)

The instantaneous output at the port C; of the X-Pol 90° hybrid, after neglecting common

losses can be expressed as-

Ex,q t)= Eé,x ) - E|_o,x (t)
=&eEgx () +6xEsy () —Eox (1)

v, O] =[erEox O+ 6 Eqy ©)-Eiox ®)
= £2[E,, ) cos [yt + 4y, O]~ E o ()sin [yt + ¢y o O]

+&5|Ey, (t) cos [t + 4y, (0]~ Ey o (1) sin [yt + 4, (t)]\2 +|Eyo.x COS wot\z

+ 26064 (B, ()OS [pt+y , (O] - Ey o (©)sin [t +y o (D)])-

(Ey , (1) cos [yt + g , ()], o (V) sin [t +4, o B)])

~26.E o c0smyt (Ey , (t)COS [wpt+ 4y , )]~ E o (1)SIN [t +y o ()])

~26, By y COS @4t (E, | (t)COS [t + ¢y , ()] - Ey o (©)sin [wpt+4, o, (©)])
(3.9)

Neglecting the optical frequency term as well as the sine and quadrature terms because

they will not generate any in-phase signal, the resultant signal can be written as [56]-

E2 E2 E2 E2 E2
cuof o] G oo 5 ) 5

+epexEx By cos(dy — ) —&-Eio x By COS(4y ) (3.10)
—&x ELO,XEY,I COS(@J)

After neglecting the time dependence and multiplying with conversion parameter K, the

output power can be expressed for the port C1 is [56],
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2 K,

I:)x,cl = K‘Ex,c1 :E‘?F

K 2 K K
+E‘ELO,X‘ +28FSX\/;EX,I\/;EY,ICOS(¢X,I_¢Y,I)
K K K K 11
—2¢¢ \/:ELO,X \/:EX,I COS(¢X,I)_28X \/:ELO,X \/:EY,I COS(¢Y,|) (3.11)

= géps,x +‘9>2< Psy +Pox +26p8y v Pi. Py cos(dy, =)
_28F\/ PX,IPLO,X COS(¢X,I)_28X 4 PY,IPLO,X COS(¢V,|)

Similarly, the power at port Co,

Px,02 =“5'|E Ps x +5>2< Psy + Plox +2&p&x \ Py P, cos(dy, — &y )

(3.12)
+ 26 [Py Plox €0S(&y ) +2&, /P, Pox COS(¢y )
The differential photocurrents from the output port C1 and Cz are written by-
i><,c = ix,cz _ix,c1
= 4Ry [Px 1 Plox COS@y | +45,Ry\|R | Po x COS (3.13)

Now the signal terms after considering fading due to PBS misalignment and turbulence is-

Is x c =4ecRy/IPy P« COSPy | (3.14)

And the crosstalk terms due to X-Pol and turbulence is-

Ixianx.c = 4€x Ry IRy PLo x COSGy | (3.15)

3.3.2.3 Analysis of SNR and BER

The conditional signal to crosstalk plus noise ratio (SCNR) condition on turbulence and
misalignment angle is represent as-
‘2

"s,x,c

SCNR(8, 1) =

. 2 .2 2 2
‘Ixtalk,x,c‘ tlg + 0y +0g
16R,*IP, P, x COS® OCOS® @, |

KTB +2eBRy (Py , +Po x)
R, (3.16)

. ., 4
16R,%IP, P x SiN*OCOS® ¢, | +i° +
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Now the conditional BER is given by-

BER,_ . (0,1) = %erfc( VSCNR(G.1) J

5 (3.17)

The probability density function of turbulence induced fading I, is taken as log-normal

distribution for weak atmospheric turbulence which is given by-

1 —(In(1)—p)?

f,(1) = e ;1>0
270° | (3.18)
Finally, the BER average is given by [147]-
T
BER erage = | [ BER e (6, 1). T, (1). f,(6)dl dO
00 (3.19)

Where, fy (6) represents the probability density function of random misalignment angle 6,

which is modeled as Maxwellian distribution [56, 148]-

(20)?
32 -
f,(0)= e Q% ™n

3
m (3.20)

Where, 0, represents the mean misalignment angle of the random rotations.

3.3.3 Results and discussion

Following the analytical approach, we determine the system BER performance of a FSO
link considering polarization division multiplexing optical DQPSK modulation with
coherent homodyne detection. Table-3.1 contains the parameters that are used for
numerical simulation. In Fig. 3.6, the plots of bit error rate as a function of received optical
signal power are depicted for different cases of without turbulence, with turbulence and

without and with polarization induced crosstalk. Results show that system severely affected
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in BER performance because of polarization induced crosstalk as well as atmospheric

turbulence.

Table 3.1: List of parameters used for numerical simulation

Parameters Values
PIN photodetector Responsivity, Rd 0.85
Characteristic of the MZ, Vo 500mV to 8V
Temperature, T 300K
Thermal Resistance, RL 50Q
Signal Bandwidth 10GHz
Laser wavelength, A 1550nm
Power split ratio of two polarized Signals [15]  0.45
Local oscillator power split ratio 0.45
Link distance, L Up to 3650m
Received power, Pr -30to 0 dBm
X-polarized signal phase, ®@x 45°

Y -polarized signal phase, @y, 45°
Structure parameter, Cp? 10 m23
Background noise 10 8watt

The effect of crosstalk and fading only due to the misalignment angle of the received signal
is shown in Fig. 3.7. When atmospheric turbulence is added along with this effect, the
resultant BER performance degrades severely which is shown in Fig. 3.8. Results show that
degradation in BER performance and power penalty occurs significantly which is found to
8.2dB, 9.2dB and 12dB for mean misalignment angle of 4°, 5° and 6° respectively at a BER
of 10" for a FSO link with distance of 1000m considering a given turbulence parameter of

Cn2: 10—14m—2/3_
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Fig. 3.6: BER performance curves with respect to received optical signal power with
and without turbulence in presence and absence of crosstalk considering local
oscillator power of 10mW.
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Fig. 3.7: BER performance curves for various value of mean misalignment angle in
absence of atmospheric turbulence.
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Fig. 3.8: BER performance curves for various value of mean misalignment angle in
presence of atmospheric turbulence considering local oscillator power of 10 mW.
The system BER performance improvement due to the increase in local oscillator power is
shown in Fig.3.9. When local oscillator power increases, it is in fact increases the signal to
noise ratio of the received signal. So the bit error rate performance improves when local
oscillator power increases. Result shows that almost 5.1dB improvement in receiver
sensitivity occurs due to increase in the local oscillator power from 1ImW to 10mW. The
system BER performance with respect to received optical signal power under turbulent
condition are provided in Fig. 3.10 with link distance as a parameter and considering mean
misalignment angle of 4°. As expected, the performance degrades due to the increase in
link distance because it increases signal fading. It is also shown that the allowable link
distance for proposed system is 3650m at a BER of 10*!considering the mean
misalignment angle is 4° because of the effect of atmospheric turbulence. The power
penalty increases due to increase in the mean misalignment angle of the received signal as
shown in Fig. 3.11 considering both with and without atmospheric turbulence at a BER of

10710,
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Fig.3.9: BER Performance for different Local oscillator power at a link distance of
1000m and mean misalignment angle of 4°,
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Fig. 3.10: BER performance for various link distances with turbulence and mean

misalignment angle of 4°.
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It is noticed that signal suffers almost 7dB, 7.9dB, 9.7dB and 16.7dB more power penalty
due to atmospheric turbulence for link distance of 1000m, 2000m, 3000m and 3650m
respectively. The amount of penalties are found from the BER versus received optical

power curves and provided in Table 3.2 and Table 3.3.

Table 3.2: Power penalties due to both polarization crosstalk and atmospheric
turbulence when mean misalignment angle is an input variable at a BER of 10-1°,
ean Misalignment

0° 3.5° 4° 4,50 50 5.5° 6°

Link Distance (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB)

1000 m 7 8 8.3 8.7 9.3 10.2 | 11.7
2000 m 79 | 895 | 925 | 9.65 | 10.2 | 109 | 1245
3000 m 9.7 | 10.7 11 | 1145 | 12 125 | 13.85
3650m 16.7 | 17.7 18 18.4 19 195 | 205

Table 3.3: Power penalties due to both polarization crosstalk and atmospheric
turbulence when link distance is an input variable at a BER of 1010,

Link Distance (m)
Mean 500 | 1000 | 1500 | 2000 | 2500 | 3000 | 3500 | 3550
Misalignment Ang (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB)
40 33 | 35 | 38 | 42 | 51 | 61 | 91 | 133
50 4 42 | 45 5 58 | 6.7 | 95 | 145
6° 5 |525| 56| 6 | 67 | 77 |103 | 14.8

Fig. 3.12 shows the plots of receiver sensitivity degradation for different values of mean
angular misalignment to obtain a BER of 107 considering link distance as an input variable.
This receiver sensitivity degradation curve is found from the system BER performance
curves. Result shows as expected that when link distance increase the receiver sensitivity
degradation is higher and also when mean misalignment angle increase the receiver

sensitivity degradation is also higher.
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Fig. 3.13: Compare the results of our proposed work with the experimental results in
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Finally, results of our proposed analytical system is compared with the experimental results
of reference [149] and also compared with the published work in reference [56] which is
shown in Fig. 3.13 and Fig. 3.14 respectively. It is noticed that our results are in

commensurate with the published results.

3.4 BER performance of a Coherent-optical OFDM FSO System with
Polarization Diversity
3.4.1 System model

A complete block diagram representation of the proposed system is shown in Fig. 3.15. The
complex signal from OFDM modulator is separated by a real-imaginary separator and fed
into two different Dual Drive Mach-Zehnder Interferometer (DDMZI) for optical DQPSK
modulation [45, 46, 48]. The horizontal and vertical polarized light from polarized beam
splitter (PBS) act as a carrier for real and imaginary data respectively. The resultant two
modulated signals are combined by a polarized beam combiner and passed through the
open air. The received light is again splitted and fed into two different 90° hybrid circuit.
Light from local oscillator also splitted and fed into the corresponding 90° hybrid circuit
which is act as a reference light. Digital output is get from the receiver circuit. Reverse

process is done for the rest part of the system and retrieve the transmitted bit stream.
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Fig. 3.15: System Block Diagram for OFDM optical differential QPSK modulated
FSO system with Polarization Diversity.

3.4.2 Error probabilities analysis
3.4.2.1 Analysis of the transmitted signal
The complex envelop of the OFDM signal is expressed as [42]-

N-1

=3 > %@, (t-KT) 5 T=NT, (3.21)

0
k=0 n=0

2E
TS

v(t) =

where, X, ,carries the information to be sent over the kth symbol interval and nth sub band

(n=0,1,2,3............. N-1). Es, Ts and N represent the symbol energy, symbol period and the

number of OFDM subcarrier respectively. The complex orthonormal Waveform,{ X (t)}anis

represented as-

jZﬂ(ﬂ—%)tlT
0. ()= e X te[0,T]

0 : otherwise (3.22)
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The nth subcarrier frequency is f, +2n_2($_1)

. Setting k=0 for simplicity, for first
symbol interval, t € (0, T) in equation (3.21) we get,
zfmt —jr(N-Dt

wa e Moo O<t<NT, (3.23)

5n0

2E

—jz(N-)t

Where, the term,e ™ is not a function of n, so we can combine it with the carrier term,

e’?”'. Now the equation (3.23) is written by-

27znt

Z on € . O<t<NT, (3.24)

v(t) =

The real and imaginary separator separate the signal, v(t) and the output from linear

quantized PCM can be expressed as-

Nl 27rnt
Ve (t) = R{/ZIE } ; 0<t<NT,
b n=0

= /2P, Z X n cos(znnt)

where, E; =IE, , T, =IT, ,1 =log, M (3.25)

In equation (3.25), M and | represents the quantization level and number of bits required for
different level of quantization respectively and Ey and Ty, represents the bit energy and bit

period respectively.

The continuous wave input optical signal from laser source can be written as-

Ern = Exin + Eyin
= Ayel(©etto®) 3 4 4 QI (@ctter®) 5 (3.26)

where, Ax and Ay are the magnitudes and ¢x and ¢y are the phase of x and y components

respectively.

Now the output light from DDMZI is represented as-
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Vr(t) TR\ T
Eout = Exin [cos (n ’; ) + cos (77.' ’; )e 2] (3.27)

T T

The resultant transmitted signals electric field can be represented as-

E(t) = E, ()X + Ey(t)y

= A, el (@ct+ox(®) [cos (n V};/(t)> + jcos <Tl’ VI;/(t)ﬂ b

s TL’

+Ayej(“’ct+‘py(t)) [cos (T[ V’"(t)) + jcos (n @)] b% (3.28)

VTL’ T

E,(t) = Ayel(0ct+ex®) [cos <n —Vl;(t)> + jcos <T[ Vi;(t)ﬂ

s s

= A e/ (@ct+0x®)(cos§ + jcosE)

_10053
cosé

p j{wct+<px(t)+tan
= Ax\/cossz + cos?6 e

= A2 — 82 — §2 eflocttoxOrax} ywhere sing ~ §,siné ~ 8, a, = tan‘1%
= AXJZ - TL'ZVIi(t) — nzv}i(t) ej{wct"'(Px(t)"'ax}
V2 V2
2
=A, [2-— " (ZEb +2Eb) elwct+@x(t)+ay}
g N2VZ\T, T,
= Ax 2 — ﬂ ej{(‘-’ct+(l7x(t)+“x} (329)

N2V2

So the resultant transmitted signal can be written as-

T piloctor®tad 3 44, 2_% eiloct+oyO+ay) 5 330)
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3.4.2.2 Analysis of the received signal

The signal from local oscillator at the input of the X-Pol 90° hybrid is expressed as-
Eox(t)=E 4 cOsat (3.31)

Random rotations of the sub channel due to the presence of turbulence, the signal suffered
fading and crosstalk. The state of polarizations at the PBS, the input signal at the input of
the X-Pol 90° hybrid is written by-

EL(t) = & E, () + &, E, (1 (3.32)

where, &g represents complex fading coefficient due to X-polarization and & is the

complex crosstalk coefficient due to Y-polarization. The magnitude of these coefficients is

provided in equation (3.8).

The probability density function of random misalignment angle is considered as
Maxwellian distribution which is shown in equation (3.20).

For strong atmospheric turbulence, Gamma-Gamma model can be considered and the
probability density function of | can be modeled as [140, 150]-

Z(Qﬁ)(aJrﬂ)/Z (a+p)

P() = ()T (3) 2 Ky @Jap), 1 >0 (3.33)

After avoiding common losses, the instantaneous output of the port C; of the X-Pol 90°
hybrid is-

Ex,(:1 (t) = E; (t) - ELO,X (t)
= \/I_gF E,(t)+ \/I_gx Ey (t)- ELo,x t)



70

E,, O] =|6E,(0+6,E, ) ~Eyo, )
= 182|E, (1) Of +Ewox|
+2le.e, |E, ()|, ()] - 241 [E O||Erox]
~2\1g,[E, ( tHELOX|
477 B 12

=leA(2-

LOX

47°P

b) LO,x

+2lee, (2 ”Pb) 26.A,[I(2-

Ar*P

b)PLO,X

—ZSXA/ I(2_N—2V”2

(3.34)
Now the output power for the port Ciis represented as-

PbY

PLo,x

P, =602~ 2v2 va—”

26 e A |2 T Poxyp A7 0,40
+ Ep€y A(A/ ( - N2V2 )( - zvz )COS( + )

47°B, 47°R,,
26 A I(2—N—2V'2) Lox €080, —2¢&, A 11(2— NEVE ——)Pox C0sb,
4 T (3.35)

Similarly, the power at port Co,

A7°Ry

2 ZP 2
a2 2 sz SR (2- )+ Rox

47°R, 47°R,,
+26.8, IA‘A/\/(Z— NZVhZ )2 - vaz ) cos(6, +6,)

47°P b.x

+25F&\/I(2— 2\/2) o0.x COSE,

+2g, AV\/I (2- 4”25*’; )P.o.x €OSO,
(3.36)

The differential photocurrent between the port C; and C; is written by-
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Lc= Ix,C2 _Ix,Cl

2

=4¢.R, A&\/I(Z Pz ——)Po.x €C0SO,
NV, (3.37)

Ar? R,y

+4&,R, &\/I (Z_N—z\/é)PLO'X cos 6,

Now the signal terms after considering fading due to PBS misalignment and turbulence is-

472'2Pb X

c =4€FRdAK\/|(2_ Nz\/ﬁz )PLo.x €0S6, (3.38)

And the crosstalk terms due to X-Pol and turbulence is-

2

41°R,y
e = 4€x Ry /\\/”2_ 2\/2 )PLO,X cosé?y
(3.39)

3.4.2.3 Analysis of SNR and BER

The conditional signal to noise plus crosstalk ratio (SNCR) condition on turbulence and

misalignment angle is represent as-

|2

|ix,c
SNCR(6, 1) = ———*L—
|'><ta|k,c| Tlg 0y +0g
47°P
N ZV*}X ) PLo x COS® O cos’ 6,
2

A7’P,
[16Rd2IAj(2—L2V2) Po.x Sin” #cos® 6,

16R,2IAZ(2 -

., 4KTB
+ig” +

+ zeBRd (Pb,x + F)LO,X )]
) (3.40)

Now, the conditional BER of the system is written by-

1 (JSNCR(@, |)J
2

ER. .. (6,1)= Eerfc

(3.41)
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So, the system average BER can be represented as [147]-

BER =

average

O =Ny
Oty 3

BER,,., (0,1).P(1).P(0)dl d&
(3.42)

Now we can simplify the equation (3.42) by taking some necessary steps. Firstly, we

rewrite the equation (3.40) as-

C.lcos’ @

SNCR(6,1,,,) = ! 3.43
0 1e) C,Isin*6+N, (3.43)
2 Ar 2Eb
where, C, =16RZA (2——)PLOX cos’ 0,
N2V 7T,

4’E
C, =16RZA? (2—N7[—_Itj)PLo , €020,

7 b

N, =i + 4;TB +26BRy (P, x +Pox)

L

Substituting equations (3.20) and (3.41) into (3.42), then we found the average BER
equation as-

O N |

0
average _[
0

NTSY7Z2 Y (20)°

SNCR 9,' T2

1 1 ©.1) 32'23 0% ™ f(1)dédl (3.44)
2 70,

To eliminate the error function associated in equation (3.44), we can invoke equation

(3.321.1) reported in [151] and the resultant average BER expression is then-

(—1){\/SNCR(0, l)r” |
1 3 2 32

Jr & q' (29 +1) 70,

_(20)°

0% ™ f(1)dodl (3.45)

O v | N
N |-

0
average .[
0
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To reduce the integral number involved in (3.45), we can invoke equation (3.326.2)

reported in [151] and assumed only signal to crosstalk ratio when averaging over

Maxwellian distribution to get the more simplified form of the average BER. The final

expression of the average BER is -

i 2q+1
r(3) (—1)“{ 4A2|A1I4N } r(_ZTZJ
32 % 2 13 + 4N,
BERaverage =9 ,[ 3 _TZ “2q+2
T (9m ) ”92 2 7T q=0 7702 2
4( 4”‘} g'(2q +l)><2( 4'“]

3.4.3 Results and Discussion

f(yd (3.46)

The system parameters that are used for numerical computations are listed in Table-3.4.

Following the analytical approach, the BER performance results are evaluated numerically

for different system parameters.

Table 3.4: System Parameters used for simulation results

Parameters Values
Photodetector Responsivity, Rd 0.85
Characteristic of the MZ, Vo 500mV to 8V
Temperature, T 300K
Thermal Resistance, R. 50Q
Signal Bandwidth 10GHz
Laser wavelength, A 1550nm
Link distance, L Up to 3650m
Received power, Pr -70t0 -25 dBm
Local Oscillator power 1 mwW
Phase of the X-polarized signal, ®x;  45°
Phase of the Y-polarized signal, ®v, 45°
Structure parameter, Cn? 104m23
Background noise 10 8watt
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The system BER versus received optical power curves for without polarization and
atmospheric turbulence, with turbulence but without polarization and with turbulence with
polarization are shown in Fig. 3.16. It is noticeably shown in Fig. 3.16 that, the system
requires almost 7dB more power due to mitigate the combined effect of turbulence and

polarization induced crosstalk to achieve a BER of 102,

100 T T T T T T T
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1072 L=3000m 4
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ulence, Cﬁ=10'14m'2/3

100

BER
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1010 F No polarizatjon,\¢ =0
with tutbulence, Cﬁ=1 14213

10712
-80 75 70 65 60 55 50 -45 -40

Received Signal Power, PSIG (dBm)

Fig. 3.16: Effect of turbulence and polarization induced crosstalk on the system BER
performance considering link loss coefficient is zero.
Fig. 3.17 provides the impact of increasing mean misalignment angle on system power
requirements. The system power requirements increase with increasing crosstalk and the
maximum allowable mean misalignment angle is 7° to maintain a BER of 10®. Fig. 3.18
shows that the system power requirements decrease with increasing number of OFDM
carrier which is expected as OFDM performs best against frequency selective fading
channel. When the number of OFDM carrier increase the bandwidth per channel is reduce,
so the noise per channel is also reduce. By increasing local oscillator power, the system
BER performance can improve which is shown in Fig. 3.19. Due to increases local
oscillator power, it increases the signal to noise ratio of the received signal. Result shows
that when the local oscillator power increases from 1mW to 10mW it decreases the system

power requirements almost 10dB at a BER of 102,
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Fig.3.17: BER performance curves for different mean misalignment angle due to

strong turbulence considering link loss coefficient is zero.
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Fig. 3.18: Effect of increasing number of OFDM carrier on system BER performance
over turbulence with polarization induced crosstalk considering link loss coefficient is
zero.
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Fig. 3.19: Impact of increasing local oscillator power on BER performance over
turbulence with polarization induced crosstalk considering link loss coefficient is zero.
The change in system BER performance with increasing link distance is shown in Fig. 3.20
and it is found that the system allowable link distance is 3650m. When the mean
misalignment angle increases beyond 7°, the system became link distance independent at a
BER of 10 which is shown in Fig. 3.21. Receiver sensitivity due to the increasing OFDM
carrier is provided in Fig 3.22. Results shows that, the receiver sensitivity improves when
the number of OFDM carrier increase. Fig. 3.23 shows that the power penalty increase due
to increasing the mean misalignment angle of the received signal which in fact increase the
signal crosstalk and power penalty is found to 9.5dB, 12dB and 21dB for mean
misalignment angle of 4°, 5° and 6° respectively at a BER of 10 for a FSO link distance of
2000m with turbulence variance 10“m2”, The amount of penalties found from the BER

versus received optical power curves and provided in Table 3.5.
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Fig. 3.20: Impact of increasing link distance on system BER performance curve
when both turbulence and polarization crosstalk presence considering link loss
coefficient is zero.
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Fig.3.21: BER Performance curve for different mean misalignment angle with
different Link distance in presence of turbulence considering link loss coefficient is
zero.
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distance when both turbulence and polarization crosstalk presence considering link
loss coefficient is zero.

Table 3.5: Power penalties for different mean misali

nment angle at a BER of 10

Mean Misalignment
Angle 4° 4,50 50 5.5° 6°
Link Distance (dB) (dB) (dB) (dB) (dB)
1000 m 9 10 11.5 14 21
2000 m 95 10.5 12 14 21
3000 m 11.5 12 13 14.6 21
3500m 155 16.3 17 18.1 21

It is clearly found that the significant amount of power penalties reduces when the OFDM

carrier increase from 64 to 512 and the amount is almost 9dB at a BER of 10 for mean

misalignment angle of 4° with turbulence variance 10-**m?® which depicted in Fig. 3.24 for

a link distance 3000m.
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Fig.3.23: Power penalty versus mean misalignment angle for different Link distance
in presence of turbulence considering link loss coefficient is zero.
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Fig. 3.24: Power penalty versus number of OFDM carrier for different Link distance
when both turbulence and polarization crosstalk presence considering link loss
coefficient is zero.
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Fig. 3.25: Compare the BER performance of our proposed work with the work in

reference [42].
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Fig. 3.26: Impact of increasing link distance on system BER performance curve when
there is no turbulence but in presence of polarization induced crosstalk considering

link loss coefficient is 0.17X1012 m™,
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Our proposed work is compared with one earlier published work and found that almost 6dB
improvement in receiver sensitivity for using polarization diversity which is shown in Fig.
3.25. The effect of increasing link distance on system BER performance in absence of
atmospheric turbulence considering link loss per meter with mean misalignment angle of 4°
is shown in Fig. 3.26. It is clearly found that the system suffers more power penalty due to

increase the system link distance.

The system BER performance for all weather conditions for different mean misalignment
angles are provided in Fig. 3.27. The allowable link distance versus number of OFDM
subcarriers is provided in Fig. 3.28. Results show that, for the same system’s constraints,
the allowable link distance is higher for weak turbulence regime and the allowable link
distance is decreasing with increasing turbulences, the change of allowable link distance
with number of OFDM subcarrier is also less for weak turbulence and the change

increasing with increasing turbulences.
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Fig. 3.27: Effect of increasing random mean angular misalignment angle on system’s
BER performance considering different atmospheric turbulence condition.
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Fig.3.28: Maximum allowable system link distance versus number of OFDM
subcarrier for a fixed BER of 10-*2 and a constant received optical power of -50dBm.

3.5 Aperture Averaged BER Performance of an OFDM FSO System with

Polarization Diversity
3.5.1 Aperture averaging
At the receiver side, when the high and low intensity peaks of the received beam are
outside the receiver aperture for a point receiver due to turbulence, signal fading results in.
Aperture averaging technique reduces fading due to atmospheric turbulence by increasing
the diameter of the  receiver aperture which actually decreases the relatively fast
fluctuations due to small-scale eddies. The key parameter that quantifies the reduction of
fading due to aperture averaging is known as aperture averaging factor. It is the ratio of two

variances and given by [134]-

_ Glz(D)

3.47
O, ’ (0) ( :
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2 . . . . .
where, o,"(0) is the variance for a very small receiver aperture known as point receiver

and oqz(D) the variance for a receiver aperture with diameter D. The parameter A

represents the aperture averaging factor. When the aperture diameter is D <<ﬁ L,thenDis

called the diameter of a point receiver, where A is for laser wavelength and L is the link
distance. The values of aperture averaging factor for different receiver aperture diameters

used in our simulation are from [134, Fig. 3] and listed in Table 3.6.

Table 3.6: Calculated value of aperture averaging factor [134, Fig. 3].
Aperture  Diameter | Aperture Averaging Factor
(D) (A)
0.5 mm 0.85
0.8mm 0.71
Imm 0.58
1.5mm 0.39
2mm 0.27
3mm 0.15
4mm 0.08

3.5.2 Analysis of SNR and BER

The system model shown in Fig. 3.15 is considered here and the channel model is
considered for weak turbulence condition which is log-normal model. For cross
polarization induced crosstalk, the random angular misalignment angle is Maxweillian
distributed. The equation (3.40) and (3.46) is used for SNR and average BER respectively

where aperture averaging factor is multiplied with the variance of point receiver.
3.5.3 Results and discussion

To perform analytical simulation process, we considered different values of system
parameters (listed in Table 3.7). Analysis is carried out to investigate the impact of aperture
averaging on the system BER performance. Considering weak atmospheric turbulence, the
BER performance versus received signal power for two different link distances with
different receiver aperture diameters are depicted in Fig. 3.29. Results clearly point out that
the receiver sensitivity improves 3.2dB, 4.9dB and 5.8dB for aperture diameter of 0.5mm,

0.8mm and 1mm respectively with respect to point receiver for link distance of 3500m at a
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BER of 1072

considering transmitted beam width is an input variable is provided. It is clearly seen that

In Fig. 3.30, the BER performance for different aperture diameters

the BER performance improves due to increase in aperture diameter up to a certain value of

transmitted beam width.

Table 3.7: List of the parameters value used for analytical simulation.

Parameters Values
Characteristic of the MZ, Vo 500mV to 8V
Temperature, T 300K

Thermal Resistance, RL 50Q

FFT size, N 512

Laser wavelength, A 1550nm
Responsivity, Rq 0.85

Detector aperture radius, D 0- 4mm
Received power, Pr -70 to -45dBm
Mean misalignment angle, 6m 4°

Local Oscillator Power, PLo 0dBm or ImW
Transmitted Beam Width, Wo 0-4mm

—%— Point receiver
—&—D=0.5mm
—#—D=0.8 mm
——D=1mm

— ¥ — Point receiver
— B —D=0.5mm

— % —D=0.8 mm

— & —D=1mm

FFT size=512

Received Signal Power, P

sIG (dBm)

-45

Fig. 3.29: BER performance for different aperture diameters.
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Fig. 3.30: BER versus transmitted beam width for different aperture diameters.
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Fig. 3.31: Receiver sensitivity improvement versus aperture diameter for different
link length at a BER of 102,
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The receiver sensitivity improvement versus aperture diameter curves considering three
different link distances is given in Fig. 3.31. The receiver sensitivity improvement is found
to almost 0.48dB, 2.5dB and 5.8dB for link length of 2000m, 3000m and 3500m
respectively for an aperture diameter of Immat a BER of 1072,

3.6 Summary

The system performance degrades significantly because of crosstalk from the X-Pol due to
induced random misalignment angle caused by the existence of strong atmospheric
turbulence. Results are evaluated numerically taking into account the probability density
function of the polarization fluctuation to be Maxwellian distribution. It is found that, when
increasing the mean misalignment angle beyond 7° the system BER performance falls
severely. It is also noticed that significant amount of receiver sensitivity improvement
occurs when local oscillator power and number of OFDM carrier increase. The results may
be used to find application in design of PDM optical FSO link over turbulent channel.
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Chapter-4

SPACE FREQUENCY BLOCK CODED OFDM FSO SYSTEM

4.1 Introduction

Spatial diversity is considered as a promising solution to combat atmospheric turbulences.
By using multiple apertures at the transmitter and/or the receiver sides, spatial diversity has
the potential to mitigate atmospheric turbulence effects, enhances the performance of the

FSO links and overcomes the limitations on the transmit optical power.

Two spatial diversity techniques are generally considered for FSO systems. Namely,
repetition codes (RCs) and orthogonal space time/frequency block codes (OSTBCs).
Conventional OSTBCs, as used in RF systems, should be modified to deal with IM/DD

techniques because the output of the transmitter must be unipolar.

The application of FSO communication is increasing day by day to mitigate the public
increasing demand of high data rate. Space frequency block coding (SFBC) technology can
help the FSO communication system by enhancing its capacity. SFBC can also be
effectively used with OFDM to reduce the frequency selective fading effect of the channel.

4.2 Space Frequency Block Coding (SFBC)

Another important spatial diversity technique is space frequency block coding for multipath
environment using the concept of Alamoti’s space time block coding scheme. To obtain
SFBC in microwave communication reconfigurable antennas are needed. But in FSO
communication it is difficult to perform SFBC scheme, so we consider RF modulation for

frequency diversity. The [2 x 2] SFBC illustration is shown in Fig. 4.1.
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Fig. 4.1: SFBC illustrations for two transmit and two receive antennas.

4.2.1 SFBC Encoder

A detail description of the SFBC encoder is shown in Fig. 4.2 where serial input bit streams
are mapping according to Alamoti’s scheme. Then two different radio frequencies are
considered to modulate data at electrical domain and two laser sources to represent space at
optical domain. Two symbols So and S; are modulated by frequency fi, at the same time
complex conjugate of Sp and negative complex conjugate of S; are modulated by frequency
fo. Then, the first laser transmits So and negative complex conjugate of Si, whereas the

second laser transmits S; and complex conjugate of So during the same time according to

the SFBC illustration.

...33828180 e Sg* Sz - Sl* SO
>
S
F cos2Trfit
—»
B
C 55" S5*Sg*-S ¢
Mapping >
Sz* S3 So* S]_

cos2tf,t

Fig. 4.2: 2 X 2 SFBC encoder.
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4.2.2 SFBC Decoder

A detail description of the SFBC decoder is shown in Fig. 4.3 where the incoming bit
streams remapped first. Then the same radio-frequencies are used to demodulate the
corresponding incoming data. Finally, after de-mapping resultant demodulated data we get
our original bit streams.

SeSs ... So So-Sq*...
4‘_
S %
-S.*
F cos2tfit !
- B
C * * Sl
Demapping -S1*So". 4 S1So*...
<_
So*
cos2tf,t

Fig. 4.3: 2X2 SFBC decoder.

4.3 Performance Analysis of an Optical Link considering SFBC
4.3.1 System model

In Fig. 4.4, the full block diagram of SFBC-coherent optical OFDM followed by DQPSK
FSO system with polarization diversity is shown. After OFDM modulator, the resultant
complex signal is mapped according to the SFBC encoding technique. To perform optical
differential quadrature phase shift keying (DQPSK) modulation, we separate the resultant
SFBC encoded complex signal first by using a real-imaginary separator and put them as the
in-phase and quadrature phase inputs of the two different Dual Drive Mach-Zehnder
Interferometers (DDMZI). A polarized beam splitter (PBS) is used to generate the
horizontal and vertical polarized lights which are then used as the light carrier for real and
imaginary data respectively. After DQPSK modulation, a polarized beam combiner (PBC)

is required to combine the two resultant modulated signals and then transmit through the
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atmospheric channel in presence of strong turbulence. At the receiver end, a PBS is used to
separate the horizontal and vertical light from the received light and put them as the input
of two different 90° hybrid circuit. For coherent detection, local oscillator’s light used as
the reference light which is also splitted. The splitted horizontal and vertical lights of the
local oscillator act as another input for the corresponding 90° hybrid circuit. The output
current from 90° hybrid circuit is passed through a receiver circuit from which we get the
digital output. Finally, to achieve the original transmitted bit stream the reverse process
must be done for the remaining part of the proposed system.

Modul Imaginary

1P o) > ctor Combiner
Daa | F -ator PIS g olp
SFBC OFDM | data
—> I\D/I ™ Encoder SFBC g Demod —

Real Decoder :
Mod. o Modul LA Dete- Imaginary
-ator ctor Combiner [P
PIS DIA Re+jlm
—

Fig. 4.4: Complete Block Diagram for SFBC-coherent optical OFDM followed by
DQPSK FSO system with Polarization Diversity.
4.3.2 Error probability estimation
4.3.2.1 Analysis of the transmitted signal

The OFDM signal which is complex-valued can be expressed as -

[2E, & ,
v(t) = T kZ:(;nzz(;xk,n(t)(on(t—kT) . T=NT; (4.1)
where, x,, represents the message of kth symbol interval and nth sub band

(n=0,1,2,3.......... N-1). N is representing the OFDM subcarrier number and {p, (t)}"; is

represented as the complex orthonormal waveform. Es and Ts represents the symbol energy

and symbol time respectively.

The resultant output from SFBC encoder is written as-
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N, N,
2

o0 2_
v(t) = % DD X ®) @, (t—KT)cos 2z fit+ ) —x:m (t) @, (t—KT)cos 27 f,t

s k=0 | n=0 n=0

(4.2)
where, i and f2 represents the radio frequency used for SFBC.

The digital output signal of linear quantized pulse code modulator (PCM) can be written as-
Ve(t) =Re{v(t)};  O<t<NT, (4.3)

The continuous light beam from laser source which is used for light carrier can be represent
85-Fry = Eyin + Byin = Agel@ct+9:0) 3 4 g oJ(0ctt00) (4.4)
where, px and ¢y are the phase and Ax and Ay are the magnitudes of x and y components

respectively. The continuous wave laser light frequency is wc. The equation of the output
light of DDMZI is written by -

Vr(®) TR®Y I
E,ut = Exin [cos (n ’;—) + cos (T[ ’;—) ez ] (4.5)

T T

where, V. represents the characteristics of the MZI. Now, the resultant electric field of the

transmitted signals can be expressed as-

L ; Vp(t oo (t
E(t) = Ex(t)jf\ + Ey(t)j\/ = Axef(wct+¢x(t)) cos | R( ) +jCOS - R( ) 2
Ve v,
flwe Vin(t) . Vin(O\] ~
+ayel (o) [cos ( H22) + jeos (v _IV,,‘)] y (4.6)
' Vp(t vR(t
Ve V.,
= Axej(wct+<px(t))[cos5 + jcosd]
N - _lcosg>
= Ax\/COSZ6 + c0526e]<w @ an "toss

=AN2—-6%— &2 o) (@ct+ox(D)+ay)

IR

2 ~2
A by m2vg(t) B T2 U (t) o) (@ct+px(D)+ay)
x Vnz Vn2
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2 .
= Ax\/Z - ;;V%E;b (cos22mfit + cos22mf,t)el (@cttex(OFax) 4.7)

where, Ep and Ty are representing the bit energy and bit duration respectively. Now, we can

write the resultant signal as-

87‘[2Eb

NoVET (cos22mfyt + cos22mf,t)el(@ct+oxD+axn) £ 4

E@) = AxJZ -

8m2E, j 5
AyJ 2 = a7 (cos?2mfit + cos?2nfyr)el (et Ore) 5 (48)

4.3.2.2 Analysis of the received signal

The signal suffered fading due to the presence of strong atmospheric turbulence and
crosstalk due to presence of cross polarization. The details description of a 90° hybrid
circuit followed by a receiver circuit is provide in Fig. 4.5. A 90° hybrid circuit is consists
by a balance detection circuit with four coupler. In receiver circuit, the differential current
from balance detection circuit is passed through a low pass filter. Then by using a sampler

and a comparator we get the digital data.

(Es-EL0)(2
Coupler A E\2 Cogpler C |Potc,

o> 5 | -
R Ix,1

P/S »

Output
Y e il Il o Kl e
ixo L—1

- EsN2

Eo2 ch-1

ELoN2 Coupler D

Coupler B ~(Es+ELo)/

Fig. 4.5: Details representation of a 90° Hybrid circuit followed by a receiver circuit.

At the PBS, the polarizations state of the input signal of the X-Pol 90° hybrid is represent
by-

E, (t) =& E, (1) + &, E, (1) (4.9)
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where, & and &y represents the complex fading coefficient and the complex crosstalk

coefficient respectively. X-polarization adds signals fading whereas Y-polarization
introduces crosstalk. We can write the equations to measure the value of these coefficients

as-
|e-| =cos@and|e, | =sind (4.10)

where, 6 is the random angular misalignment angle. Now, we consider Maxwellian
distribution for representing the probability density function of random misalignment

angle, whose equation is given below-

_(20)°

6% " (4.11)

32
°6°

P(0) =

where, 6, is the mean misalignment angle.

To account the effect of strong atmospheric turbulence, we considered the Gamma-Gamma

distribution model for the probability density function of channel irradiance I, which is

modeled as-
_2ep e L 4.12
PI) = ! K (2aBl),1 >0 (4.12)

where, | is for optical signal intensity, the second kind of the modified Bessel function is
represented by K.-s where a—f is its order and symbol T" is the gamma function. The
small-scale and large-scale eddies are represented by « and g respectively. The expression

of o and 3 are expressed as-

0.4952 B 0.51c? ~
a =[exp{———5—=3-1" and B =lexp{————5—=}-11"

(1+1.115,5)8 (1+0.695,5)°¢

where, oi? represents the Rytov variance. It is a variance of log-intensity function, its

expression is as-

of =05xC2xk""® x ® (4.13)
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where, Cn? represents refractive index structure parameter, k represents the wave-number

and L is the link distance.

To calculate the turbulence, Hufnagel-Velley model is considered usually to find the

profile model of Cn? as a function of height, h [140].

2
Ci(h)= 0.00594(ﬂj (10°°h)*° exp(— L) +2.7x107 exp(— Lj
27 1000 1500

h
+C2(0) exp[— —j
1000 (4.14)

1
1 h_o400V )| |
20x10° _
W= w.h+w_ +30exp| —| —— dh
15%10° '[le03 { * 9 xp{ ( 4800 j}

where, w is the rms wind speed, Cn?(0) is the ground level value of Cn2, ws and wg
represents the beam slew rate and ground level wind speed respectively.

For 2 X 2 SFBC, the probability density function of the resultant channel irradiance can be
expressed as [34]-

P(Ires):P(|11)®P(|12)®P(|21)®P(|22) (4.15)

where, 111, l12, 121 and I22 represents the channel irradiance for laser-1 to photodetector-1,
laser-1 to photodetector-2, laser-2 to photodetector-1 and laser-2 to photodetector-2

respectively. The resultant channel irradiance can be expressed as [152]-

‘2

1 Mg M+
les = mzjﬂziﬂ I (4.16)
Where M1, Mr and Rc represents number of transmitters, receiver and SFBC code rate
respectively. After avoiding common losses, the instantaneous output of the port C; of the

X-polarization 90° hybrid is-

Ex,c1 (t) = E:( (t) - ELO,X (t)

(4.17)
= Ires & Ex (t) + Ires &y Ey (t) - ELO,X (t)
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The expression of the output power at the port Ciis expressed as-

87°E 87°E,
P.c =&l A(2- b (cos’ 2z fit+cos’ 2z 1)) + 51 A (2- b (cos” 2z ft+cos? 2z f.)) + P
X.C F N 2V”2-|-b 1 2 X A/ N zvﬂsz 1 2 LO,X
87Z_ZEb 87[2Eb (4.18)

+2606, 1 AA J(Z N T (cos® 2z fit+cos? 2 ft))(2 - NAT (cos® 2z ft +cos® 2z 1)) cos(6, +6,)

T

2
26 A \/ | (2- ’\?:/ E; (cos® 2z ft+c0s’ 27 f,t))P, €08, — 26, A, \/ l.(2-
b

T

87°E,
NAV T,

T

(cos® 2z fit +cos’ 2z f,1))P,,  €0S6),

where, PLox represents the local oscillator power for X-polarization 90° hybrid. Output
power at port C> can write similarly. Now, the output differential photocurrent of the

balanced photodetector between the port C1 and C: is represented by-

2
8@ Eb (cos” 2z fit +cos® 2 ft)) P  COSH,
NV T, @19
87Z'2Eb

+4e,RyA, \/ . (2- NEVER (cos® 2z fit+cos® 27 f,1))P,,  €OS 6,
7 b

ix,C = ix,Cz - ix,q = 48!: RdA<\/|res (2_

Now the first part and second part of equation (4.19) represents the signal terms and

crosstalk terms respectively due to PBS misalignment and turbulence.
4.3.2.3 SNR and BER Analysis

For the proposed system we calculate the signal to noise plus crosstalk ratio (SNCR)
instead of signal to noise ratio (SNR). By putting condition on turbulence and misalignment
angle, the conditional SNCR can be written as-

. 2
x|

SNCR(8, 1 ;) = - — ; ;
||Xta|k,c| Tlg +0y +0y

B,
N 2V”ZTb
2
% (cos? 27 ft+cos® 27 f,t)) P  sin® @ cos® 6,
NV T, ,

_, 4KTB
+ig” +

16R %1 A (2 - (cos® 27 fit +cos? 27 f,t)) P,  cos” @ cos® 6,

(4.20)

[16Rd2|resA/2(2_

+ 2eBRd (Pb,)( + PLO,X )]

L

The conditional BER of the system is written by -
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(4.21)

SNCR(E, |
BER .4 (€, 1,) = %erfc(‘/ 2( ) J

Finally, we can express the average BER by averaging the conditional BER over two
different individual probability density function which is written by -

BERaverage = (4.22)

o=y

J. BERcond. (0’ | res)' P(I res)' P(H)dl res dg
0

To simplify the equation (4.22), we first rearrange the equation (4.20) as-

Al . cos* @
ta 2
Al sin“ 0+ N,

SNCR(8,1,,) = (4.23)

where,

87°E
A =16RIA%(2 —va—z_‘;(cos2 27t + cos? 24f,t)) P, , cOS O,

7 'b

87°E,

2\/2
V7r

A, =16R{A; (2 (cos? 27f,t + cos? 27f,t)) P,  cOs* 6,

b

N, =ig’ + 4‘;:8 +2eBRy (P, x +Pio x)

L

Substituting (4.11) and (4.21) into (4.22), we get the BER equation as-

_(20)°

=2 SNCR(4, | —r
BER =H[11erf£ ( )j] 32 g2 i p(1_ydodi (4.24)
00

average 2 T 2 93
m

The error function is eliminated from (4.24) by invoking equation (3.321.1) reported in

[151], now the BER expression is-
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average

O =38

O v |
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SNCR@.T_) |
(_1)q|: 2( : rES)] (26)2
1_ 1 i 32 029_ n P(Ires) dedlres
2 \/; q=0 ql (2q +1) 72'29:]
(4.25)

Multiple integrals involved in (4.25) can be reduced by invoking equation (3.326.2)

reported in [151] and taking only signal to crosstalk ratio when averaging over Maxwellian

distribution to obtain the simplified expression of the average BER as-

BER

average

3
&’ Jz

4

{

Un

4.3.3 Results and discussion

4A,1

2 " res

Allres
+4N,

-20+2
2

=)

i (—1){

q=0

q'(2q +1) x 2[

P(I res) dlres

-29+2

2
Ty

69 2
4

(4.26)

Table-4.1 provides the values of the important system parameters that we considered for

numerical computations. Following the analytical model, we evaluate the system BER

performance results numerically considering both with and without turbulence for without

SFBC with polarization diversity, with SFBC with polarization diversity and without

diversity and the results are provide in Fig. 4.6. In Fig. 4.6, it is noticeable that, the

proposed system requires almost 7.5dB less power due to applying SFBC coding and also

shown that the receiver sensitivity improves almost 38dB due to polarization diversity to

achieve a BER of 102 considering local oscillator power is 5mW and link distance is

2000m.



Table 4.1: The list of the system parameters values used for simulation process

Parameters Values
Photodetector Responsivity, Rd 0.85
Characteristic of the MZ, V, 500mV to 8V
Temperature, T 300K
Thermal Resistance, RL 50Q

Signal Bandwidth 10GHz

Laser wavelength, A 1550nm

Link distance, L Up to 3600m
Received power, Pr -90 to -50 dBm
Local Oscillator power 5mW

Phase of the X-polarized signal, ®x 45°

Phase of the Y-polarized signal, @y,  45°

Structure parameter, Cp? 10Ym=2R
Background noise 108watt

Radio frequency

1GHz and 1.2 GHz
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Fig. 4.6: BER performance comparison curves between with and without turbulence

for OFDM with polarization diversity wi

th and without SFBC.
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Fig. 4.7: Impact of increasing number of mean angular misalignment on 2X2 SFBC
OFDM with polarization diversity system BER performance.

When the mean angular misalignment angle increases which actually increases the
crosstalk, the BER performance falls drastically which are clearly depicted in Fig. 4.7.
When crosstalk increases, the power requirements of the system also increase as expected
and we found that, the maximum possible mean misalignment angle for the proposed
system is 7° at a BER of 10°. But when the number of OFDM subcarrier increases which in
fact reduces the per channel bandwidth, the BER performance of our system improves
significantly, that is clearly depicted in Fig. 4.8. In Fig. 4.9, we found that when we
increase the local oscillator power, it also improves our system performance because when
local oscillator power increase, its increase the SNR of the received light signal. The
system required almost 10 dB less power due to the increase of local oscillator power from
1mW to 10mW at a BER of 102, The system power penalty curves considering angular
mean misalignment angle and number of OFDM subcarrier as a variable are provided in
Fig. 4.10 and Fig. 4.11 respectively. The amount of penalties found from the BER versus
received optical power and provided in Table 4.2 and Table 4.3 respectively.
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Fig. 4.8: 2X2 SFBC OFDM with polarization diversity system BER performance
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Fig. 4.9: 2X2 SFBC OFDM with polarization diversity system BER performance
comparison curves for different local oscillator power.
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Table 4.2: Power penalties for different mean misalignment angles at a BER of 108
ean Misalignment

0° 4° | 45° | 5% | 550 | ¢°

Link Length dB) | (dB) | (dB) | (@B) | (dB) | (dB)
2000 m 0 | 09 | 15 | 29 | 495 | 12.8
3000 m 0 | 12 | 17| 3 | 5 | 128

Table 4.3: Power penalties for different number of OFDM subcarriers at a BER

of 102
Number of OFDM
Subcarrier 8 16 32 64 128 256 | 512
Link Length (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB)
2000 m 23.2 | 203 | 17.3 14 11.7 8 5.3
3000 m 25.2 22 19 16.2 13 10 7.2

In Fig. 4.10, we found that almost 9dB power penalties reduces when the OFDM carrier
number increase from 64 to 512 considering the value of refractive index structure
parameter is 10"*m 23, the link distance is 3600m and the mean misalignment angle is 4°at
a BER of 102, Power penalty is also found to 1.8dB and 11.6dB more when we considered
mean misalignment angle of 5° and 6° respectively with respect to 4° at a BER of 10
considering link distance of 3600m with refractive index structure parameter is 10*m2?
which provides in Fig. 4.11. Finally, the effect of different atmospheric turbulent condition

on system BER performance is also given in Fig.4.12.
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Fig. 4.12: Impact of different weather condition on BER performance of 2X2 SFBC
OFDM system with polarization diversity.

4.4 Summary

In this chapter, an analytical model is proposed for the SFBC non-Hermitian coherent
optical OFDM FSO system followed by DQPSK with polarization diversity. Analytical
expressions are developed for output current of the balanced photodetector and the signal to
noise plus cross talk ratio in presence of strong atmospheric turbulence. It is noticed that
system suffer power penalty because of crosstalk induced by cross polarization. Finally, it
is found that, the system bit error rate performance improves significantly due to space
frequency block code along with polarization diversity.
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Chapter-5

COMPARATIVE PERFORMANCER ANALYSIS BETWEEN SFBC
AND STBC CODING

5.1 Introduction

Alamouti STBC [153] known as the full spatial diversity scheme is very simple symbol
wise decoding scheme. This simplest orthogonal STBC is considered for MIMO system
with very low hardware complexity. For non-flat fading channels, effective performance
was reported [154] when STBC coding was used with OFDM. The BER performance of a
STBC coded non-Hermitian coherent-optical OFDM FSO system followed by DQPSK
with polarization diversity is evaluated and compared with the same system with SFBC
coded.

5.2 Space Time Block Coding (STBC)

Space-time block coding is a simple and ingenious transmit diversity technique. Alamouti
proposed [153] a simple scheme for a [2 x 2] MIMO system that achieves a full diversity
gain with a simple maximum likelihood decoding algorithm. It also satisfies for higher-
order diversity systems involving a large number of antennas, and whose basic approach is
also available.

The information bits are first modulated using an M-ary modulation scheme. The encoder
then takes a block of two modulated symbols s, and s; in each encoding operation and

gives it to the transmit antennas according to the code matrix,
_[So —si
S = [51 st ] (5.1)
In eqg. (5.1), the first column represents the first transmission period and the second column
the second transmission period. The first row corresponds to the symbols transmitted from

the first antenna and the second row corresponds to the symbols transmitted from the

second antenna. During the first symbol period, the first antenna transmits s, and the
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second antenna transmits s;. In second symbol period, the first antenna transmits —s; and
the second antenna transmit s;. This implies that symbols are both transmitted in space
(across two antennas) and time (two transmission intervals) as shown in Fig 5.1. This is

space - time block coding.

Time
>

3 S S1*
< 0 1
o
()
o
c *
3 S1 So
C
<V

....... 51,50

*

So S

—
Ea=aa

Fig. 5.1: Two transmit two receive antenna Alamouti STBC Block Diagram.

5.3 Alamouti-type STBC for FSO communication system [155]

Proposed Alamouti STBC was absolutely suitable for complex valued data for microwave
MIMO channel. But for FSO communication, data through the optical links are considered
to be intensity modulated. That is the reason why complex valued data would not be able to
transmit through the FSO channel in the same manner as conventional Alamouti STBC. A
new scheme has been proposed by Simon et al. considering real valued data only, named after

Alamouti as Alamouti-type STBC for FSO channel.
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Fig. 5.2: Two transmit two receive antenna Alamouti-type STBC.
5.4 Comparative Performance Analysis between SFBC and STBC Coding
5.4.1 System model

A detail block diagram of the proposed system is presented in Fig. 5.3(a), details of
modulator and detector are provided in Fig. 5.3(b). According to Alamouti’s STBC coding,
the resultant OFDM modulated signal is mapped and the illustration of Alamouti’s STBC is
shown in Fig. 5.3(c). At first time slot, laser-1 transmits Sp and laser-2 transmits S; but in
second time slot, laser-1 transmits the negative complex conjugate of Si and laser-2
transmits complex conjugate of So. Now for differential quadrature phase shift keying
(DQPSK) modulation, first we separate the complex-valued STBC coded signal by the help
of a real-imaginary separator and then used as the inputs for two different Dual Drive
Mach-Zehnder Interferometers (DDMZI). By using a polarized beam splitter (PBS), a
continuous wave laser light signal is splitted into a horizontal and a vertical polarized light
beam. These lights signal which are 90° out of phase are considered for the carrier signal,
one for real data and another for imaginary data respectively. Each modulator modulates
the laser output for X and Y polarizations with in-phase (1) and quadrature phase (Q) data
represented by Sikx, Sokx, Siky and Sqky respectively. For simplicity, we set k=0 in the
Fig. 5.3(b) to represents the first symbol. Then, a polarized beam combiner (PBC)
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combines the resultant two DQPSK modulated signals and passed through the strong

turbulent channel. The received signal is separated into horizontal and vertical light by a

PBS and fed them into two different 90° hybrid circuit. To perform optical coherent

detection, local oscillator’s is required. The light beam from local oscillator is splitted into

horizontal and vertical light beam and act as the reference light beam for corresponding 90°

hybrid circuits. A balance detection technique is used in 90° hybrid circuit. For the first

symbol, the both in-phase and quadrature phase current for X and Y polarization from the

balanced detection circuit are indexed by i10x, 1g0x, 11,0y and igo,y respectively and given in

Fig. 5.3(b). By using balance detector circuit with a receiver circuit, we achieved the

resultant digital output. Finally, to retrieve the transmitted message data, the reverse

process is required for the rest part of the proposed system.
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Fig. 5.3: (a) The whole system’s block diagram is represented, (b) Details block
diagram of modulator and detector and (c) 2 X 2 illustration of STBC.
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5.4.2 Error Rate Estimation
5.4.2.1 Analysis of the transmitted signal considering STBC coding

The output equations for two laser sources after STBC encoding can be expressed as-

For laser-1,

v (1) = T kZ EZ:sk,zn(t)qﬁzn(t—kT)+§Z:—s:,2ml(t)¢m(t—kT) (5.2)
For laser-2,
v, (t) = Z Z ot () B (= kT)+§sk2n(t)¢2n(t KT) (5.3)

Finally, the resultant transmitted signals electric field is written by-

E(t) = Ex(D2 + By ()9 = Ayel(@cttex®) Icos (n —U';/(t)> + jcos (n %V(t)ﬂ £

s s

+A,e ( CH"”’(O) [cos (T[ V’;—(t)) + jcos (n @)} y

T T

E.(t) = Axej(wcH"’x(t)) Icos <Tl’ v,;(t)> + jcos <7r %V(t)ﬂ

v v

= A el (@ct+0xO)[coss + jcosd]

16053
cosé

= j(a)t+¢ (t)+tan™
EAx\/c0526+c0526e o

=AN2—-6%— &2 ) (@ct+ox(D)+ay)

R

V2 V2

, 16m2E
=A, [2- #ZTI; el (@ct+ex(t)+ax) (5.4)

22,2
Ax\/z _mvR®) _m “Tr(8) el (@ct+ox(t)+ay)
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where, Ey is the bit energy and Ty is the bit duration. Similarly, we get Ey(t) and get the
resultant electric field as-

LOmEy gjlwct+oxdta) 3 4 4 |2 — LTEb GjlocttoyOta) 5 (55)
N2VET), y N2V2T),

Et) =4, [2-

5.4.2.2 Analysis of the received signal considering STBC coding

By neglecting common losses, we can write the instantaneous output from the port C; of

the X-polarization 90° hybrid circuit as-

Ex,q = E; (t) - ELO,X (t)
reng Ex (t)+ resgx Ey (t)_ ELO,X (t)

The output power equation from the port C; can be represented as-

167[ E, 167°E
P , 1(t) res x(2 ) res (2_—b) ,
X,C F ”Tb X y szﬂsz OX
167°E 167°E 56
+2‘9F‘9X|resAxAy\/(2_N2V2b)( —szzb)COS(H +9) ( )

167°E
il b)PLOXcos@

167°E
_ZEFAX\/ I'es(2 —b)PLOX COSH 28X Ay\/ res(2 W

N2V 2T,
where, PLox is the required power for the local oscillator for X-polarization. Similarly, we
can find the output power for port C>. Now, the resultant differential photocurrent from the

balanced photodetector can be expressed as-

; : : 167°E
|x,C = IX,C2 — IX,C1 = 46": Rd AX\/ res (2 Wz_rb) PLO,X CcoSs HX
7 'b
167°E
+ 46)( Rd Ay\/ res (2 Wsz) PLO X CcosS 0 (57)

In equation (5.32), the first part is the signal terms and the second part is the crosstalk
terms.
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5.4.2.3 Analysis of the SNR and BER considering STBC coding

The conditional signal to noise plus crosstalk ratio (SNCR) conditioned on a given value of

misalignment angle and turbulence is expressed as-

.2
il

SNCR(4,1.,.) =
i +i’+o,2+o,’

2
Xtalk,C |

167°E
16RS1 A (2-—""—-"")P_ , cos’ #cos’ O,
_ N2y 2T, X
2
16Rdsz2 (2—1627\[/ zEb )P x Sin ? @cos? 0, + iy’ + 4kTB +2eBRy (P, x +Pox)
7z 'b L

(5.8)

After finding the conditional SNCR, we get the conditional BER of the proposed system by

J

By averaging the conditional BER over two earlier mentioned probability density

using the following equation -

JSNCR(4, 1,.,)
2

(5.9)

BERcond. (91 | res) = %erfc(

functions, we get the average BER and the expression is -

BER (5.10)

average

BER

O ey [N
Oty 8

@1, P, .PE)d ., dE

cond. res

By invoking equation (3.326.2) reported in [151], we can reduce the number of integrals
involved in equation (5.10) and assuming only signal to crosstalk ratio at the time of
averaging over Maxwellian distribution to obtain the final simplified expression of the

average BER of our proposed system. And the final expression is represented as-

2q+1
Ires
ok o [ | g
32 ° 2 18 4A2|res+4N0
BERaverage: 2 3.[ 3 __z ) P(Ires)dlres

705 % 922 \/;qzo 76’

4(”m] q'(2q +1)x 2 4’“

4

(5.11)
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5.4.3 Comparative results and discussion

Table-5.1 contains the required system parameters values that are used in numerical
computations. The results are compared with the results of without polarization diversity,
with polarization diversity without STBC, and also compared with the system where SFBC
is considered instead of STBC with polarization diversity and the whole comparison are
provided in a single figure, Fig. 5.4.

Table 5.1: System’s parameters list with required values for analytical simulation

Parameters Values
Photodetector Responsivity, Rd 0.85
Characteristic of the MZI, V, 500mV to 8V
Temperature, T 300K
Thermal Resistance, RL 500

Signal Bandwidth 10GHz
Structure parameter, Cn? 104m23
Link distance, L 2000m
Local Oscillator power 1mw
Received power, Pr -90 to -50 dBm
Phase of the X-polarized signal, ®x 45°
Phase of the Y-polarized signal, @y, 45°
Laser wavelength, A 1550nm
Background noise 108watt

It is clearly visible in Fig. 5.4 that, our proposed system improves 4.5dB receiver sensitivity
which actually the coding gains for using STBC with respect to the same system without
STBC. But when compare with SFBC, it shows that 3dB more receiver sensitivity is
achievable if we consider 2X2 SFBC instead of 2X2 STBC coding at a BER of 102,

System BER is increasing with the angular misalignment angle which leads to system
performance degradation. From Fig 5.5, it is noticed that system BER is increased 10 to
10% when angular misalignment angle increased from 4°to 7° for both STBC and SFBC

techniques.
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Fig. 5.4: BER curves for 2X2 STBC OFDM FSO system with polarization diversity,
2X2 SFBC OFDM FSO system with polarization diversity, OFDM FSO system with
polarization diversity and only OFDM FSO system.
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Fig. 5.5: Impact due to change of mean misalignment angle on BER performances for
both 2X2 STBC and 2X2 SFBC OFDM FSO system with polarization diversity in

presence of strong atmospheric turbulence.
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Result shows that the SFBC coding performs better than STBC coding technique. The
signal to crosstalk ratio can be improved if we increased the local oscillator power, due to
this, system performance is improved which is clearly shown in Fig. 5.6.

For different local oscillator power, almost 3dB improvement in receiver sensitivity is
found due to using SFBC instead of STBC coding. Power penalty curves for both space
frequency diversity and space time diversity considering number of OFDM subcarrier and
random angular mean misalignment angle as an input variable are provided in Fig. 5.7 and
Fig. 5.8 respectively. When OFDM subcarrier increases, it is actually decrease the

bandwidth of per channel, so the power penalty of the system reduces considerably.

—e—2X2 STBC, PLO=1 mwW
2X2 STBC, PLO=3 mwW ||
—a—2X2 STBC, PL0=5 mwW
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m " Tn
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FFT size= 512 g
10712 . ! ! 7 . .
-90 -85 -80 -75 -70 -65 -60 -55 -50
Received Signal Power, PSIG (dBm)

Fig.5.6: The effect on system BER performance for different local oscillator power for
both 2X2 STBC and 2X2 SFBC OFDM FSO system with polarization diversity in
presence of strong atmospheric turbulence.

In Fig. 5.7, power penalties reduce almost 8.5dB for STBC and 9.4dB for SFBC when
OFDM subcarrier increases from 64 to 512 assuming the turbulence variance is 10"%*m 22 at
link distance of 2000m and the random mean misalignment is 4° at a BER of 10*2. The
amount of penalties found from the BER versus received optical power curves shown

earlier and provided in Table 5.2 and Table 5.3.
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Table 5.2: Power penalties for different mean misalignment angles at a BER of 10

ean Misalignment

Angle| 0° | 4° | 45°| 5 |55 | 6 | 65 | 7°
Block Coding (dB) | (@B) | (@B) | (dB) | (@B) | (dB) | (dB) | (dB)
2 X 2 SFBC 0 | 07 | 13 | 21| 3 | 45 | 7 | 125

2 X 2STBC 0 | 33| 4 | 5 | 62| 75| 10 | 15

Table 5.3: Power penalties for different number of OFDM subcarriers at a

BER of 1012
umber of OFDM
Subcarrier 8 16 32 64 128 256 512
Block Coding (dB) | (dB) | (dB) | (dB) | (dB) | (dB) | (dB)
2 X2 SFBC 255 | 222 | 19.2 | 16.2 | 13.2 | 10.2 6.8
2 X2STBC 28.3 25 22 19 16.1 | 13.2 | 105
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Fig.5.7: Power penalty comparison curves of both 2X2 STBC and 2X2 SFBC

OFDM system with polarization diversity assuming input variable is the OFDM

subcarrier number in presence of strong atmospheric turbulence.
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For STBC, power penalty increases 11.7dB and 11.8dB for SFBC when random mean
misalignment angle increases from 4° to 7° at a BER of 10 assuming link length of 2000m,
number of OFDM carrier is 512 and the turbulence variance is 10"%*m?® which given in
Fig. 5.8.

16 T

14 —8—2X2STBC A
—6—2X2SFBC

BER= 10, C§= 107"*m2"3

Link distance= 2000 m
FFT size= 512, PLO =1 mW

10

Reference power=-70 dBm

Power Penalty (dB)

Mean misalignment angle, 0m

Fig. 5.8: Power penalty comparison curves of 2X2 STBC and 2X2 SFBC OFDM FSO
system with polarization diversity assuming random mean angular misalignment as
an input variable in presence of strong atmospheric turbulence.

5.5 Summary

The BER performance of space time block coded OFDM FSO system is compared with the
same system considering space frequency block coding. BER results for both coding
scheme are observed by varying local oscillator power, number of OFDM subcarrier and
mean angular misalignment angle. By observing the results, it is found that system suffers
more power penalty in case of STBC coding compared to SFBC coding. Finally, we
conclude that, the system with SFBC coding performs better than STBC coding due to
robustness of SFBC coding against frequency selective fading channel.
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Chapter-6

CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

FSO communication system is an emerging technology for future broadband
communication network. In FSO communication system, there is no need of license for
frequency bandwidth which is very costly nowadays. Due to some lucrative features like
very high data rate, unlimited bandwidth, simple hardware architecture, very low cost, easy
to deployment, full duplex communication etc. FSO communication system is another
appropriate technology which may act along with existing microwave communication

system to meet up the upcoming high data rate demand.

In 6G mobile communication systems, the access technology is orthogonal frequency
division multiplexing (OFDM). OFDM technology is very robust against frequency
selective fading channel. By considering OFDM technology, the system’s reliability and
capacity are both increases. OFDM act as a special case of multiple subcarrier modulation
in FSO communication system. In our proposed FSO system model, we implement non-

Hermitian OFDM instead of transmitting only real parts considering Hermitian symmetry.

As FSO communication system is a line of sight technology, atmospheric turbulence is the
main challenge for its performance. It degrades the system’s performance by adding phase
distortion and intensity fading to the incoming light beam. Aperture averaging technique is
one of the most popular techniques which mitigate the fading associated due to atmospheric
turbulence. Polarization diversity technique is also can be considered for fading mitigation.
In case of polarization diversity, there is a possibility of cross polarization induced
crosstalk. We found that, the improvement due to polarization diversity is more significant

than the performance degradation due to cross polarization induced crosstalk.
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Another fading mitigation technique is spatial diversity scheme like space time/frequency
block coding. Space frequency block coding performs best due to its robustness against
frequency selective fading channel. SFBC coding also increases system’s redundancy and

capacity.
6.2 Summary of the Major Contributions
The summary of the major contributions of my research works are listed below-

I. An analytical approach is presented to evaluate the BER performance of a FSO
system considering non-Hermitian orthogonal frequency division multiplexing
(OFDM) modulation followed by optical differential quadrature phase shift
keying (DQPSK) modulation. Analytical approach is developed to find the
expressions for output current and signal to noise ratio (SNR) in presence of
atmospheric turbulence. The conditional BER for a given turbulence-induced
fading is also derived. Average SNR and BER are obtained considering the
turbulence-induced fading to be log-normal distribution. It is noticed that the
proposed OFDM FSO system suffers 4dB and1.4dB power penalty at a BER of
107*2 due to the effect of atmospheric turbulence and background radiation
respectively for 512 numbers of OFDM subcarriers and a link distance of 2000
m.

ii. An analytical approach is presented to evaluate the effect of pointing error on
the performance of an orthogonal frequency division multiplexed (OFDM)
optical differential quadrature phase shift keying (DQPSK) modulated FSO
system. Analytical approach is developed to find the expressions for output
current and SNR in presence of strong atmospheric turbulence with pointing
error. The conditional bit error rate for a given turbulence induced fading and
pointing error is also derived. Average BER is obtained by averaging the
conditional BER over the pdf of pointing error along with the pdf of turbulence
induced fading to be Gamma-Gamma distribution. It is clearly observed that the
proposed system suffers almost 1.95dB and 1.25dB power penalty due to
normalized pointing error standard deviation 2 and 1.5 respectively against

strong turbulence and 1.7dB and 1.05dB power penalty due to normalized
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pointing error standard deviation 2 and 1.5 respectively against weak turbulence
at a BER of 10°.

An analytical model for non-Hermitian OFDM based DQPSK FSO system is
developed to account for the cross polarization induced crosstalk in the presence
of strong atmospheric turbulence. The average BER is evaluated by averaging
the conditional BER over the pdf of the turbulence considering Gamma—Gamma
distribution and Maxwellian distribution for random angular misalignment.
Results are evaluated in terms of BER and receiver sensitivity improvement due
to polarization diversity. It is noticed that system BER performance degrades
significantly and power penalty is found to almost 9.5dB, 12dB and 21dB for
mean misalignment angle of 4°, 5°and 6° respectively at a BER of 107 and a
given turbulence parameter Cn?=10"* m=2*for a FSO link distance of 2000m.
An analytical model is developed for a non-Hermitian coherent-optical OFDM
FSO system with space frequency block code (SFBC) and polarization
diversity. Analysis is carried out for a non-Hermitian OFDM FSO link with
SFBC coding to evaluate the effect of cross polarization induced crosstalk in
presence of channel impairments such as atmospheric turbulence. Expressions
are developed for signal to noise plus crosstalk ratio for a given amount of
polarization misalignment angle. Considering the probability density function of
the misalignment angle to be Maxwellian distributed and Gamma-Gamma
distribution for strong atmospheric turbulence, the average bit error rate (BER)
is determined. Results show that, there is 38 dB improvement in receiver
sensitivity due to polarization diversity without SFBC in presence of strong
turbulence at a BER of 1072 considering local oscillator power is 5 mW and
link distance is 2000 m. At a given BER of 107*2, penalty due to crosstalk is
found to be 3.3 dB for mean misalignment angle of 4° when link distance is
2000m. Finally, it is noticed that, the amount of coding gain due to SFBC is
found to be 7.5 dB at a BER of 10722,

An analytical model for a non-Hermitian orthogonal frequency division
modulation (OFDM) system considering space time block coding (STBC) with

polarization diversity in presence of strong atmospheric turbulence and compare
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the bit error rate (BER) performance with the same system considering space
frequency block coding (SFBC). We developed this analytical model to
calculate the impact of crosstalk and fading on system performance due to cross
polarization and strong atmospheric turbulence respectively. The analytical
expressions for signal to noise plus crosstalk ratio are derived for a certain
amount of random misalignment angle. The average BER is found by averaging
the conditional BER over this two probability density functions. It is noticed
that, receiver sensitivity improvement due to STBC coding is almost 4.5dB at a
BER of 1012 compare to 7.5dB due to SFBC coding.

6.3 Scopes of the future research works

Some possibilities to further extend of our research works are listed here-

i)

vi)

vii)

viii)

Channel coding like Read Solomon code, convolutional code, low density parity
check code etc. can be considered to reduce the fading effect.

Optical MIMO OFDM FSO system with SFBC and polarization diversity can
be implemented to extend the system capacity.

In this research, only homodyne receiver is considered, researchers may also
extend the work considering heterodyne receiver.

Optical OFDM with WDM system may be considered to extend the system
reliability and capacity also.

Effect of LASER Non-Linearity is not considered in my research work.
Researchers may include this and get the more accurate results.

To improve the system performance further, researchers may think about the
different receiver diversity techniques like maximal ratio combining, equal gain
combining, selection combining etc.

By developing a probability density function for overall system’s noise, the
system’s BER performance can be evaluated.

To validate our analytical simulation results, researchers may consider

numerical simulation and then compare with our results.
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