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Abstract

With the worldwide demand for larger bandwidth and greater mobility there is a rapid
advancement in the area of broadband wireless communications. The high capacity and
low loss of optical fiber has seen its exploding growth in the last few decades in the
WANSs and LANSs. Free space optical (FSO) wireless communication has emerged as a
viable technology for bridging the gap in existing high data rate fiber network and as a
temporary backbone for rapidly deployable mobile wireless communication
infrastructure. We believe that FSO will be one of the most unique and powerful tools to
address connectivity bottlenecks that have been created in high-speed networks during
the past decade due to the tremendous success and continued acceptance of the Internet.
However, optical wave propagation through the air experiences fluctuation in amplitude
and phase due to atmospheric turbulence. The intensity fluctuation, also known as
scintillation is one of the most important factors that degrade the performance of an FSO
communication link even under the clear sky condition. FSO systems offer capacities in
the range of 100Mbps to 2.5 Gbps, and data rates as high as 160 Gbps, enabling optical
transmission up to 2.5 Gbps of data, voice, and video communications through the air,
thus allowing optical connectivity without deploying fiber optic cables or securing

spectrum licenses.

In this thesis, the performance of an FSO link using Alamouti-type Space Time Block
Code (STBC) over log-normal atmospheric turbulence-induced fading channels has been
investigated. Based on the modification of the Alamouti code presented by Simon and
Vilnrotter, a generalized approach is adopted to consider space-time coded on-off keying
(OOK) formats for improvement the Bit Error Rate (BER) performance. It is shown that
the deployment of modified space-time coding is necessary for a FSO IM/DD link. The

added diversity contributes a significant improvement in BER performance.

Xiii
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Chapter-1

Introduction

1.1 Background

Free-space optical communication (FSO) is an age long technology that entails the transmission
of information laden optical radiation through the atmosphere from one point to the other.
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. Other optical
signaling techniques such as the semaphore were used by the French sea navigators in the 1790s;
but what can be termed the first optical communication in an unguided channel was the
Photophone experiment by Alexander Graham Bell in 1880 [1, 2]. In his experiment, Bell
modulated the Sun radiation with voice signal and transmitted it over a distance of about 200
metres. 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.

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 [3]; a record 118 miles (190 km) transmission of voice modulated He-Ne
laser between Panamint Ridge and San Gabriel Mountain, USA in May 1963 [3]; and the first
TV-over-laser demonstration in March 1963 by a group of researchers working in the North
American Aviation [3]. 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 0.6328 um He-Ne

laser FSO between Yokohama and Tamagawa, a distance of 14 km [3].



From this time on, FSO has continued to be researched and used chiefly by the military for
covert communications. 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 [4].
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 [3]. 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 [5]. This has now culminated
into the increased commercialization and the deployment of FSO in today’s communication

infrastructures.

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. 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. The future emerging license-free bands are
promising, but still have certain bandwidth and range limitations compared to the FSO. 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. Full duplex FSO systems running at 1.25 Gbps

between two static nodes are now common sights in today’s market just like FSO systems that



operate reliably in all weather conditions over a range of up to 3.5 km. In 2008, the first 10 Gbps
FSO system was introduced to the market, making it the highest-speed commercially available
wireless technology [6]. Efforts are continuing to further increase the capacity via integrated
FSO/fibre communication systems and wavelength division multiplexed (WDM) FSO systems

which are currently at experimental stages.

The earlier skepticism about FSO*s efficacy, its shrinking acceptability by service providers and
slow market penetration that hampered continuously it in the 1980s 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 [5]. 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. 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.

1.2 Types of Optical Communication

1.2.1 Fiber Optic Communication System

Fiber-optic communication is a technique of transmitting information from one place to another
by sending pulses of light through an optical fiber. An optical fiber is a thin, flexible, transparent
fiber that works as a waveguide, or "light pipe", to pass on light between the two ends of the
fiber. Optical fiber typically consists of a crystal clear core surrounded by a transparent cladding
material with a lower index of refraction. Light is kept in the core by total internal reflection.
This causes the fiber to act as a waveguide. The light forms an electromagnetic carrier wave that
is modulated to bring information. The developments of low loss optical fiber (1970’s) have
revolutionized fiber-optic communication systems in the telecommunications industry and have

played most important role in the advent of the Information Age. Because of its advantages over



electrical transmission, optical fibers have largely replaced copper wire communications in core

networks in the developed world.
1.2.2 Free Space Optical Communication

FSO uses infrared lasers for transmitting optical signals through the air. Also known as "wireless
optics," FSO provides point-to-point and point-to-multipoint transmission at very high speeds
without requiring a government license for use of the spectrum. FSO requires line of sight.
Because weather conditions such as fog can reflect light signals, redundant paths can be created
by sending multiple signals to reflectors on different buildings. Transmitters with multiple beams

are also used to provide greater reliability.

Advantages of the FSO

i.  Ease of deployment
ii.  License-free long-range operation
iii.  High bit rates
iv.  Low bit error rates
v.  Immunity to electromagnetic interference
vi.  Full duplex operation

vil.  Very secure due to the high directionality and narrowness of the beam(s)
Drawbacks of the FSO

1. Pointing error due to building sway

ii.  Intensity fluctuation which is also known as scintillation is one of the most important
factors that degrade the performance of a MIMO FSO communication link even under
the clear sky condition

iii.  Atmospheric turbulence has strong effect on MIMO wireless system
1.3 Review of Previous Works on FSO Links

In reference [7] & [8], it is found that the performance of the free space optical systems can be

severely limited by optical crosstalk, misalignments between the transmitter and receiver.



In addition atmospheric turbulence causes fluctuations in both the intensity and phase of the
received light signal which results in impairments of the link performance [9][10]. FSO
communication is less affected by snow and rain, but severely affected by the atmospheric

turbulence and fog [9][11].

In reference [10]-[12], it is found that two primary challenges for FSO communication are

pointing error and fading due to scattering and scintillation.

The performance of an FSO link considering Alamouti-type STBC over strong atmospheric

turbulence has been reported in reference [13].

Free space laser communication systems based on a single laser source and single detector
suffers the effect of atmospheric turbulence much [10][12]. The communication system based
on the use of a Multiple Laser Multiple Detector (MLMD) architecture can considerably
diminish the effect of this problem [7][8][10].

Already different modulation schemes are examined for the FSO system through atmospheric

turbulence [9]-[12].

Several research works are reported on FSO link performance considering the above limitation
[11][15]. Improvement in the performance of an FSO link using receive antenna diversity is
also reported recently [12][14]. Further research works are also reported on FSO system with
Multiple Input Multiple Output (MIMO) configurations of transmit and receive antennas
including the effect of strong turbulence [11][13][15].

1.4 Objective with Specific Aims and Possible Outcome

The main objective of this thesis is to analyze the performance of a MIMO optical free space link
considering weak turbulence and with the application of the Alamouti-type space time block
codes and different receive combining techniques such as MRC, Selection Combining etc. The

main objectives of this thesis are—

a. To carry out analysis to find the expression of the received optical signal considering

FSO link with weak turbulence and the expression of the conditional signal to noise ratio

6



(SNR) conditioned on a given value of turbulence for multiple transmit and multiple
receive antennas considering MRC and Selection combining technique.

b. To extend the analysis to find the conditional and the average Bit Error Rate of the
MIMO optical system with Alamouti type space time block codes with different
transmitter and receiver diversity combinations.

¢. To find the BER performance results and the improvements in system performance due
to space time block coding and to compare with the coding gains over those for strong
turbulence at a given system BER and to determine the optimum system design

parameters.

1.5 Outline of Methodology/ Experimental Design

Considering multiple transmitter with space time block codes of different formats, expression
will be developed for the transmitted and received optical fields at the output of a PIN photo
detector. Maximal ratio and Selection combining techniques will be used to find the output
current of the combiner. The expression for the signal current and noise currents will be
developed considering channel impairments like turbulence, fading and scattering of the optical
signal. The probability density function (pdf) of the output signal will also be developed for the
above combining techniques. The BER, conditioned on a given value of turbulence will be
developed and the average BER expression will be derived by averaging the conditional BER
over the pdf of the output signal. The expression for the output Signal to Noise ratio (SNR) and
BER will be derived for different number of transmit and receive antennas. The performance
results will be evaluated numerically. Also the improvement in system performance over IM/DD
system and optimum design parameters will be found. Comparison of results with strong

turbulence will also be carried out.

1.6 Organization of this Thesis

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

importance of FSO communication. A brief overview of the different components of the FSO



communication system and the impact of atmospheric condition on FSO communication link is
discussed in Chapter 2. Chapter 3 is provided with the techniques and technological details of
Alamouti type STBC with MIMO through atmospheric turbulence channel. Numerical results are
presented in Chapter 4 to point out the performance under different receiver combining schemes
such as MRC and Selection combining technique etc. Finally, concluding remarks and some

proposals for future work are given in Chapter 5.
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Communications



Chapter-2

Review of Free Space Optical

Communications

2.1 Introduction

The ultimate goal of the optical signal transmission is to achieve the predetermined bit error rate
(BER) between any two nodes in an optical network. The optical transmission system has to be
properly designed to provide reliable operation during its lifetime, which includes the

management of key engineering parameters.

FSO uses a directed beam of light radiation between two end points to transfer information (data,
voice or even video) which is similar to OFC (optical fiber cable) networks where light pulses
are sent through free air instead of OFC cores. Depending upon the atmospheric condition the
transmitted optical beam passing through the atmosphere can be absorbed, scattered or displaced.
The key optical components used in the FSO communication are discussed in this chapter along

with different FSO systems under different atmospheric turbulence conditions.

2.2 Block Diagram of FSO Communication System

A free space optical links consists of a transmitter, FSO communication channels and a

receiver as shown in Fig. 2.1.

10



Source Alamouti-type LASER LASER

—— —— —
data STBC Driver Diode
2 Atmospheric Channel s Transn.utted
' K Optics
Received Photo Amplifier
Optics == Detector =
Destination/ STBC
Data output Decoder

Fig. 2.1: FSO MIMO system block diagram

2.2.1 Transmitters

Semiconductor lasers and light emitting diodes (LED) are currently used as the primary
transmission media in commercial FSO systems. These transmission sources differ according to

their wavelength, power, and modulation speed. Normally specific transmission source is

11



designed for a specific application. Electroluminescent diodes and semiconductor junction lasers
have a great advantage since their radiant powers and optical frequencies can be directly
modulated by the injection current. Modulation frequencies up to several tens of GHz can be

reached; these performances depend on the material and the internal structure of the components.
Light Emitting Diodes

Light Emitting Diodes are widely used today because of emission of fairly narrow bandwidth of
either visible light at different colored wavelengths invisible infra-red light for remote controls or
laser type light when a forward current is passed through them. They are basically PN junction
diodes, made from a very thin layer of fairly heavily doped semiconductor material. When the
diode is forward biased, electrons from the semiconductors conduction band recombine with
holes from the valence band releasing sufficient energy to produce photons which emit a
monochromatic light. Because of this thin layer a reasonable number of these photons can leave

the junction and radiate away producing a colored light output.

Fig. 2.2: LED construction [16]

LEDs are current-dependent devices with its forward voltage drop Vg, depending on the
semiconductor compound (its light color) and on the forward biased LED current. The point
where conduction begins and light is produced is about 1.2V for a standard red LED to about
3.6V for a blue LED. The voltage drop across the LED at a particular current value, for example
20mA, will also depend on the initial conduction Vg point. As an LED is effectively a diode, its

12



forward current to voltage characteristics curves can be plotted for each diode color as shown in

Fig 2.3 [16].

=
[
Forward £ € o
Current i E %ﬁ 3
I (mA) = Tl
Conventional Current Flow
_..
. 50
+ - A
Anode = Cathode 40
(A) (K)
=
a 20 }— —_—
@
notch  (Short Lead) 10 LED Type &
Colour
0 i 2 3 4 5 'r

Fig. 2.3: LED and its I-V characteristics

Lasers

Lasers are devices that produce intense beams of light which are monochromatic, coherent, and
highly collimated. The wavelength of laser light is extremely monochromatic when compared to
other sources of light, and all of the photons energy that make up the laser beam have a fixed
coherence with respect to one another. Light from a laser typically has very low divergence. It
can travel over great distances or can be focused to a very small spot with a brightness which

exceeds that of the sun.
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Fig. 2.4: Schematic diagram of a basic laser [17]

The two most important basic principles for laser science are the quantum nature of light and a

process called stimulated emission. The quantum nature of light refers to light quantized into

discrete energy portions, nowadays called photons.
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Fig. 2.5: A four-level laser pumping system [17]

A laser basically consists of three parts: a resonant optical cavity called the optical resonator, a

laser gain medium (also called active laser medium) and a pump source to excite the particles in

the gain medium. The active particles in the laser gain medium need to be in a state of inversion
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for the laser to operate. To reach this state requires some pumping process, which lifts them into

the required energy state.
2.2.2 Receivers

When the transmitted light passes through the atmosphere, it must be collected by the receiver.
The received light from the air is firstly converted into electrical signal by the photo detector.
Then it is amplified and is passed through the ML-decoder. Two popular photo detectors are p-i-

n photodiode and avalanche photodiode. A brief description is given below-
P-i-N Photodiodes

A P-i-N diode is a type of diode that contains a semiconductor with a very large intrinsic region
between a smaller-than-normal p-type and n-type region. A P-i-N diode is used for three basic
reasons: as a radio frequency (RF) switch, as part of a photovoltaic cell and as an emergency

shunt for power overloads.
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p
pias |
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+
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PHOTOCURRENT
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LOAD RESISTOR
Fig. 2.6: A simple P-i-N photodiode circuit [17]

When a P-i-N diode is forward biased, the injected carrier concentration is typically several
orders of magnitude higher than the intrinsic level carrier concentration. Because of this high

level injection, the electric field extends deeply (almost the entire length) into the region. This
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electric field helps in speeding up of the transport of charge carriers from P to N region, resulting

in faster operation of the diode, which makes it a suitable device for high frequency operations.
Avalanche Photodiodes

Avalanche photodiodes (APD) are very popular semiconductor detectors. The avalanche
photodiode (APD) is different from the PIN photodetector in that it provides an inherent current
gain through the process called repeated electron ionization. This culminates in increased
sensitivity since the photocurrent is now multiplied before encountering the thermal noise
associated with the receiver circuit. Hence the expression for the responsivity of an APD
includes a multiplication (or gain) factor g. Typical gain values lie in the range 50 to 300 [18],
thus the responsivity value of an APD can be greater than unity. Fig 2.7 shows the internal

structure of an APD.
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Fig. 2.7: Schematics of a reach-through APD structure [19]

The APD offers a higher sensitivity than the PIN detector but the statistical nature of the
ionization/avalanche process means that there is always a multiplication noise associated with
the APD. The avalanche process is also very temperature-sensitive. These factors are very
important and must always be taken into account whenever an APD is used in an optical

communication system.
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2.3 FSO Transmission Channel

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 (stars twinkle).

The performance of any optronic 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 medium affect spectral
transmission of the propagation medium. Therefore, it is useful to know how optronic systems
behave in differing climatic and weather conditions and particularly under prevailing

environmental conditions.

Absorption primarily happens by the gasses for energy traveling through the atmosphere which
results atmospheric attenuation. For lower frequencies (below 10 GHz), the attenuation is
reasonably predictable. For high frequencies in the millimeter wave range, the attenuation not
only increases, but becomes more dependent upon peculiar absorbing characteristics of H,O, O,,

and the like.

Scattering is the process by which "small particles suspended in a medium of a different index of
refraction diffuse a portion of the incident radiation in all directions." With scattering, there is no
energy transformation, but a change in the spatial distribution of the energy. This diffuses the
light-- spreading it out in all directions so it is not just a single, straight beam. If it was not for
scattering, we would not be able to see shadowed objects such as walnuts that have fallen on the

ground under the shading of a tree [20].

Atmospheric aerosols are extremely fine particles (solid or liquid) suspended in the atmosphere

with a very low fall speed caused by gravity. Aerosols may cause severe disturbance to the
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propagation of optical and infrared waves, since their dimensions are very close to the
wavelengths of these frequencies. But in case of centimeter and millimeter waves, the
wavelength is much longer than the size of the aerosols. The most harmful environmental
conditions are fog and haze due to their high concentration of scattering particles though rain and

snow can hamper light propagation.

However, it is clear from the aforementioned discussion that the transmitted optical beam
passing through the atmosphere can be absorbed, scattered or displaced depending on the
atmospheric condition. This is the fundamental limits of FSO systems. FSO is less affected by
snow and rain, but can be severely affected by the atmospheric turbulence and fog with

compared to the RF system [21].
2.4 The Atmospheric Turbulence Models

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.

Atmospheric turbulence results in random fluctuation of the atmospheric refractive index, n
along the path of the optical field/radiation traversing the atmosphere. This refractive index
fluctuation is the direct end product of random variations in atmospheric temperature from point
to point [22]. These random temperature changes are a function of the atmospheric pressure,
altitude and wind speed. The smallest and the largest of the turbulence eddies are termed the
inner scale, /y, and the outer scale, L, of turbulence respectively. [, is typically on the order of a
few millimetres while L is typically on the order of several meters [11][23]. These weak lens-
like eddies shown graphically in Fig. 2.8 result in a randomised interference effect between

different regions of the propagating beam causing the wavefront to be distorted in the process.

The relationship between the temperature of the atmosphere and its refractive index is given by

(4.1) [24].
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where P is the atmospheric pressure in millibars, 7, is the temperature in Kelvin and A is the

wavelength in microns.

Generally three types of atmospheric turbulence models are used.
a) Log Normal Distribution
b) Gamma-Gamma Model and

c¢) Negative Exponential Model

Input wave T K\T VeIoTcityg T _ |
Q\ | gogj/ J\

Q
=D
o Atmospheric
channel
Fig. 2.8: Atmospheric channel with turbulent

2.4.1 Log- normal Distribution

The atmospheric turbulence impairs the performance of an FSO

Output wave

—

0

eddies [21]

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
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and it is characterized by the Ryotov variance o} . The turbulence induced fading is termed weak

when & <1.2 and this defines the limit of validity of the log-normal model. Beyond the weak
turbulence regime, other models such as the gamma-gamma and the negative exponential will

have to be considered. The Ryotov variance o ; can be calculated as

oy =123C: k'L (2.2)
where L is the propagation distance and & is the wave number.

The amplitude of the random path gain, H = e”, where X is normal with mean uy and variance
o ;. Thus, the logarithm of the field amplitude scale factor is normally distributed. The optical
intensity / = H” is also log normally distributed and the mean path intensity is unity, i.e.,
E[H’]=1, in this case [10]. The probability density function for H is-

[ (@) = i, &P (— e ) a>1 (2.3)

20y

Fig. 2.9 shows the lognormal distribution of intensity fluctuation with different scintillation
index. The normalized variance of intensity which characterizes the strength of irradiance
fluctuation is often referred to as the scintillation index. The scintillation index (S.1.) increases
linearly with the Rytov parameter within the weak atmospheric regime.

For the log-normal distribution, the scintillation index, defined as

_ E[HY]

S.I.
E*[H?]

1 (2.4)

This index can be related to the parameter o5 by S.I. = e —1.Typical values appearing in the
literature for S.I. are in the range 0.4—1.0.
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Fig. 2.9: Lognormal distribution of intensity fluctuation with different S.7.

2.4.2 Gamma-Gamma Model

For a wide range of turbulence conditions (weak to strong) the fading gain / in FSO systems can

be modeled by a Gamma—Gamma distribution [25]

2(aﬂ)(a+ﬁ)/2 Jlarpia
P() = N)T(B) K, ﬂ(21/aﬂ ) (2.5)

where parameters a > 0 and B > 0 are linked to the so—called scintillation index S.I. =
l/o+1/p+1/(af). a and f can be adjusted to achieve a good agreement between P(I) and
measurement data . Fig. 2.10 shows the Gamma — gamma distribution of intensity fluctuation
with different a, f. This two parameters a and f that characterize the irradiance fluctuation
probability density function are related to the atmospheric conditions. Alternatively, assuming
spherical wave propagation, a and S can be directly linked to physical parameters via

-1
o =| exp 0.49%° _1 (2.6)
(1+0. 1842 +0. 56}(12/5)7/6
2 12/51-5/6 -
L =|exp 051y (21+0.69;(2 12)/5 5/6 -1 @7
(1+0.9d° +0.62d" y )

21



where y> =0.5C>k7'°L'"® ,d =(kD* /4L)"*, C} =5x10"°m™" and k=2m/A. Here, A, D, C’

and L are the wavelength in meters, the diameter of the receiver’s aperture in meters, the index of

refraction structure parameter, and the link distance in meters, respectively.

P()

Irridance (1)

Fig. 2.10: Gamma - gamma distribution of intensity fluctuation with different ¢, f.

The probability density function of irradiance fluctuation of the Gamma-Gamma model is valid

for all turbulence scenarios from weak to strong.
2.4.3 Negative Exponential Model

Negative exponential channel is generally considered under strong irradiance fluctuations where
the link length spans several kilometres. 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. The negative exponential pdf is as

follows—

P(1)=Iie>qo<—]i) 2.8)

where, Ip> 0.
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Iy is said as the mean irradiance or noise turbulence variance which is often normalized to unity.
Fig. 2.11 shows the Negative exponential distribution of intensity fluctuation with different mean
irradiance. This saturation regime is also called the fully developed speckle regime. During the
saturation regime, the value of the scintillation index, S./. —1.

P()

Irradiance, |

Fig. 2.11: Negative exponential distribution of intensity fluctuation with different I.
2.5 FSO with MIMO

To mitigate the deleterious effects of scattering and turbulence, multiple transmitters and
receivers can be used. Hence, it would be possible to benefit from spatial diversity and receive
multiple independent copies of the same signal. The effectiveness of Multiple-Input Multiple-
Output (MIMO) systems in combating the log-normal amplitude fading and phase-front

distortion have been demonstrated in the published literatures [26].
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Fig. 2.12: (a) SISO and (b) MIMO communications systems.

Fig. 2.12(a) shows a Single-Input Single-Output (SISO) system operating in presence of clouds
and turbulence. In fig. 2.12(b), the SISO system is replaced by a 2x2 MIMO system. Sum of the
areas of smaller multiple receiving apertures is equal to the area of single aperture receiver.
Moreover, total transmitted power is the same for SISO and MIMO transmitters. A single photo-
detector is used in the focal plane of each receiving aperture, to ensure that in background noise-
limited reception, the total collected noise is the same for both systems. As a result, transmitters
and receivers should be placed such that, in turbulence-free conditions, a single photo-detector in

the focal plane of each receiver can collect the signals from all transmitters.

The outputs of multiple receivers can be combined using either Equal Gain Combining (EGC),

Selection Combining (SC) or Maximal Ratio Combining (MRC). Replacing the single high
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power transmitter with multiple transmitters of the same total power may increase the system

diversity order and hence is expected to improve the performance.

The combiner in MIMO system can be EGC, SC or MRC. SISO transmitter and receiver can be
replaced by an arbitrary number of sub-apertures, and as long as the total transmitted power and

area of receivers are kept the same, comparison of two systems is fair.

2.6 Diversity-Combining Techniques

Most common techniques for combining diversity signals are selection, feedback, maximal ratio,

and equal gain.

In maximal-ratio combining, the signals from all of the branches are weighted according to
their individual SNRs and then summed. The individual signals must be co-phased before being
summed. The maximal-ratio combining can produce an acceptable average SNR. It uses each of
the branches in a co-phased and weighted manner such that the largest possible SNR is available

at the receiver.

Selection combining used in spatial diversity systems involves the sampling of antenna signals,
and sending the largest one to the demodulator. Selection-diversity combining is relatively easy
to implement but not optimal because it does not make use of all the received signals

simultaneously.

Equal-gain combining is similar to maximal-ratio combining except that the weights are all set
to unity. The possibility of achieving an acceptable output SNR from a number of unacceptable

inputs is still retained. The performance is marginally inferior to maximal ratio combining.

With feedback or scanning diversity, the signals are scanned in a fixed sequence until one is
found that exceeds a given threshold. This one becomes the chosen signal until it falls below the
established threshold, and the scanning process starts again. The error performance of this

technique is somewhat inferior to the other methods, but feedback is quite simple to implement.
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2.6.1 Maximal-ratio combining

MRC takes better advantage of the diversity provided by all branches. In MRC the elements are
weighted with their instantaneous SNRs. The branches are co-phased to get maximum advantage
of diversity combining before the summation process. This summed signal is used for the
decoding process which is shown in fig. 2.13. The performance of MRC is much better than that
of the selection combining. However it is more complex since it requires SNR estimation and

weight updates.

”””” W= SNRI

Co-Phasing and Summation

|

Fig. 2.13 Maximal ratio combining.

Maximal ratio combining represents a theoretically optimal combiner over fading channels as a
diversity scheme in a communication system. Theoretically, multiple copies of the same

information signal are combined so as to maximize the instantaneous SNR at the output.

Let us consider the operation of a pre-detection L-branch maximal ratio combiner (MRC) on
correlated Rayleigh fading channels. The received signals are assumed to be corrupted by
additive white Gaussian noise (AWGN). The combiner input from the ¢ -th channel, ¢ =1... L

is given by

v, () =g,(Ou(®)+n, (1) (2.9)
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where g,(¢) is the complex Gaussian channel gain, u(f)is the transmitted information signal and
n,(t)is the noise. If we assume that the spatial correlation between two received signals from any

two of the combiner inputs from antennas located at positions x, and x,following from [27] is

Elg, (02" ()
Elg,(ng (0)Elg, (0g ()]

(2.10)

p(x,,x,)=
J

where (-)* denotes the conjugate, and E{-} denotes the mathematical expectation. The time index
t will be discarded from this point because only spatial correlation is being considered and a

quasi-static analysis is being applied.
2.6.2 Selection combining

In selection combining, the branch with the largest SNR is selected and that element’s signal is
used for the decoding process. Compared with other two schemes, selective diversity is much
easier to implement without much performance degradation, especially for the reverse link
transmission where the diversity branches can be physically located in different base stations,
which would make it difficult to use maximal ratio combining or equal gain combining [28].
Hence the larger the number of elements, the better the performance of the selection combining

process.

D S

Select antenna with the largest SNR

|

Fig. 2.14 Selection combining.
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2.6.3 Equal Gain Combining (EGC)

EGC is a variant of the Maximal Ratio Combining technique. The weights are all set to the same
value and are not changed after that. Then the signals are co-phased as in MRC before the
summation process. The coherently detected signals from all the branches are simply added and
applied to the decision device. As the receiver does not need to estimate the amplitude fading, its

complexity is reduced as compared with that of maximal ratio combining [28].

Co-Phasing and Summation

|

Figure 2.15 Equal gain combining

2.7 Photodetection Noise

The types of noise encountered in optical communications are mainly shot noise and thermal
noise. For FSO systems, the noise from the background radiation can be significant, while in
fiber optics communication the background radiation noise is negligible. The various sources of

noise in optical communications are discussed below -
2.7.1 Photon fluctuation noise

The only significant noise that affects an ideal photodetector performance is that associated with
the quantum nature of light itself, the by-product of which is that the number of photons emitted
by a coherent optical source in a given time is never constant. Although for a constant power

optical source the mean number of photons generated per second is constant, the actual number
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of photons per second follows the Poisson distribution. This results in photon fluctuation or
quantum noise.

Within the photodetector, the quantum fluctuation is also important because it dominates over
the thermal fluctuations, since hf > kT where & and f are the Planck’s constant and radiation
frequency respectively while x and T represent the Boltzmann’s constant and temperature. The

quantum noise is a shot noise with variance:

2 .
Tom=24(0)B @.11)

where the bandwidth of the electrical filter that follows the photodetector is represented by B Hz.

2.7.2 Dark current and excess noise

The dark current is the photocurrent generated when no photon is impinging on the
photodetector. It is produced by the transition of electrons from the valence to the conduction
band due to causes other than photon-induced excitation; its magnitude is closely related to the
energy band-gap of the photodetector materials. Large band-gap materials, such as Silicon (Si),

Indium phosphide (InP) and Gallium arsenide (GaAs) show very low values of mean dark
current(i, ), while for Germanium (Ge), the value could be significant when they are operated at

room temperature [29]. The dark current consists of diffusion, tunnel, leakage currents and
generation-recombination taking place in the space-charge region and is proportional to the
volume of the depletion region [29].

Photodetectors that employ internal avalanche gain mechanism to boost the signal above the
thermal noise of amplifier stages on the receiver exhibit what is referred to as excess noise [30].
According to [30], the excess noise in an APD is due to the multiplication process in the high-
field region of the detector where each primary electron hole can generate an additional electron
through impact ionization of bound electrons. These additional carriers can then create still
additional carriers in a cascading process. Dark current can also contribute to excess noise. There
are two types of dark current that can generate excess noise, surface dark current and bulk dark
current. Both types generate primary carriers that are Poisson distributed and therefore add yet

another noise process that competes with the signal even without multiplication [30].
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2.7.3 Background radiation

This type of noise is due to the detection of photons generated by the environment. Two types of
sources contribute to background radiation noise, these are: localized point sources (e.g. the Sun)
and extended sources (e.g. the sky). Background radiation from other celestial bodies such as
stars and reflected background radiation are assumed to be too weak to be considered for a
terrestrial FSO link; however they contribute significantly to background noise in deep space
FSO. The following are the irradiance (power per unit area) expressions for both the extended

and localized background sources [22][31][32]:

1, =N(D)AIr Q4 (2.12a)

I, =W(A)AL (2.12b)

where N(4) and W(2) are the spectral radiance of the sky and spectral radiant emittance of the

sun, respectively, 44 is the bandwidth of the optical band pass filter (OBPF) that precedes the

photodetector, and ©Q is the photodetector’s field of view angle (FOV) in radians. By carefully

choosing a receiver with a very narrow FOV and 44, the impact of background noise can be

greatly reduced. Optical BPF in the form of coatings on the receiver optics/telescope with 44 < 1

nm are now readily available. Empirical values of N(1) and W(4) under different observation

conditions are also available in literature [18][22][32]. The background radiation is a shot noise
with variance [22]:

O'f?g =2¢BR,(I,, +1,,) (2.13)

sun

Combining these noise processes together results in the total shot noise whose variance, o, , is

the sum of the individual noise variances and R, is the photodetector responsivity . This is

however dominated by the background radiation as the other two are usually smaller.

2.7.4 Thermal noise

This is the noise caused by the thermal fluctuation of electrons in any receiver circuit of
equivalent resistance R;, and temperature 7. The thermal noise is regarded as a ‘white’ noise.
This is because the power spectral density (PSD) is independent of frequency. Moreover, the

thermal noise obeys the Gaussian distribution with mean zero and has a variance defined by [33]:
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o _AKTB (2.14)

where £ is the Boltzmann’s constant.
2.8 Intensity Modulated Direct Detection (IM/DD) System

In Intensity Modulation, amplitude of the output light varies in accordance with the
instantaneous value of the message signal. This modulated light is directly converted into
electrical current by a photodiode at the receiver end what is termed as direct detection
(DD).Jointly these two processes is intensity modulated direct detection (IM/DD) system. In Fig.
2.16 Simplified block diagram of an optical intensity modulated direct detection communications
system is depicted. Most practical wireless optical channels use light emitting diodes or lasers as
transmitters and photodiodes as detectors. These devices modulate and detect solely the intensity

of the carrier, not its phase, which implies that all transmitted signal intensities are nonnegative.
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Fig. 2.16 Simplified block diagram of an optical IM/DD communications system.

2.9 Summary

A review of the FSO technology has been carried out in this chapter. Key features that make
FSO suitable for use within the access network have been highlighted while the challenges posed
by the atmospheric channel to an optical beam travelling through it have also been introduced.

The different types of noise also have been discussed in this chapter.
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Chapter 3

Analysis of STBC Coded
Optical Free Space Link
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Chapter-3

Analysis of STBC Coded Optical Free
Space Link

3.1 Introduction

The analysis of optical Free Space Link using Alamouti-type Space Time Block Codes is
presented in this chapter. Intensity Modulated Direct Detection (IM/DD) system is considered in
this thesis. The motivation behind this thesis work is the performance limitation of OOK
modulated FSO in atmospheric turbulence channels. Analysis includes the development of the
expression of SNR and BER for an FSO Link over weak atmospheric turbulence channel.
Analysis is extended to multiple optical receivers with Selection Combining (SC) and Maximal

Ratio Combining (MRC).
3.2 Space Time Block Code (STBC) for FSO Links

3.2.1 Alamouti Code [34]

In MIMO technology, space-time block coding is a simple and ingenious transmit diversity
technique. Alamouti proposed 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 in [34].

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

transmit antennas according to the code matrix,

X, —Xx
S = . (3.1
X, X
In eq. (3.1), 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
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antenna and the second row corresponds to the symbols transmitted from the second antenna.

During the first symbol period, the first antenna transmits x; and the second antenna transmits x..
In second symbol period, transmits — x,and x," respectively. This implies that symbols are both

transmitted in space (across two antennas) and time (two transmission intervals) as shown in fig

3.1.

8 "
% X1,X2 2 X — —
®©
= X X, 2 2
@©
Fig. 3.1 Two transmit two receive Alamouti STBC Block Diagram.
From fig. 3.1

s =[x _x;]
(3.2)

.
s, =[x, x]

where s; is the information sequence from the first antenna and s, is the information sequence

from the second antenna.

3.2.2 Alamouti-type STBC [35]

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. [35] considering real valued data only, named after Alamouti as

Alamouti-type STBC for FSO channel.

antenna space

Fig. 3.2 Two transmit two receive Alamouti-type STBC.
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where, x,=./2p, , p, is the power of i-th symbol.

3.3 System Block Diagram

A 4

W PA1
Alamoutitype| | Driver _’ém %ﬁ :
STBC Circuit : ML decoder @

o (Dw

A 4

Fig. 3.3 Block diagram representation of the system.

The total system block diagram is shown in fig 3.3. The Alamouti-type STBC coded OOK
data is transmitted by the laser sources and received by photodetector using direct detection
method. At the receiver end, the incoming optical radiation is passed through an optical band
pass filter (OBPF) before being converted into an electrical signal by the photo detector. The
OBPF is used to limit the amount of background radiation noise detected by the photodetector.
The received signals (photodetectors current) are then passed through the pre-amplifier (PA).
The outputs of the pre-amplifiers are then put into the combiner. Various methods such as
maximal ratio combiner (MRC), selection combiner (SC), equal gain combiner (EGC) etc have
been proposed for combining independently faded signal components and the trade off among
these methods is the receiver complexity versus transmission performance improvement. The

performance of maximal ratio combiner and selection combiner are compared in this thesis work.

3.4 Theoretical Analysis for SNR & BER

In FSO system, all the signals are the light intensity, they must be real signals. For OOK
modulation, the signals can be described as:

s, =0 0<t<T, light off

s, =4 0<t<T, light on

35



where ,A4“ is a positive constant related to the intensity of the light source and 7} is the bit
duration. We can express one of these signal waveforms in terms of the other by
s;==s;+4 ; j#i (3.3)

The new formation of the transmit symbols become as:

{sl,sz}{xl ﬂ

X, X
For the FSO system we define the complement of a signal x; as X, where x; and Xx,are used for
“light on” and “light off” respectively. For example, ifx, =s,, then
X;=85,=—8+A=-x,+4 (34)

Otherwise, ifx, =s,,then X, =5, =—s, + 4=—x, + 4

The transmitted optical signal by the lasers are

T,
S,(t)=42P¢ for OAtL?b

for laser-1, T
=—\2Ps+4 for ?bLtLTb
(3.5)
T,
S,(t)=42P¢ for 0ZLtL—=
2
for laser-2, T
=,2P¢ for ?b Lt /T,
where T}, is the bit duration.
At the receiver end, the received photo current for i photodetector is -
i,()=R,|s," x| +n(t)=2R,Pelh| +n@)=2R, I|h| +n()
The total photodetector®s current is given by
hl” ol
i(t):|:| “|2 | 21|2}><2Rd1+n(t) (3.6)
ol
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i, 0)=|h,[ x2R,I+n ()

(0=,

j=1 =l
where

R; = photodetector responsivity

P, = symbol power (power at the bias level of the semiconductor)

& =modulation index

I =maximum optical intensity

n(t) = AWGN (Additive White Gaussian Noise)
= Thermal Noise+ Background radiation shot noise

The additive white Gaussian noise n(?) consists of both the thermal noise and the background

radiation shot noise.
The shot noise and background noise respectively are given by
azshotZZqB. Isho 3.7)
0 bg=2qBering (3.8)
where
B.; =Post detection electrical filter bandwidth.
ipg =Background current=Ry [)¢
Iy~ background radiation irradiance.
Eq (3.8) can be written as
0"bg=2qBe1. Rq I (3.9)
The thermal noise is given by

o’ w=4kTBu/ R, (3.10)
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where
k = Boltzman constant = 1.38%10%
R; = Receiver circuit load resistance
T = Temperature

Considering the background noise and thermal noise power from equations (3.9) and (3.10), total

noise power becomes
o= Uzbg+ o ih
:26]361_ RdIBg+4kTBel/RL

=2 Bel. (quIBg+2kT/RL) (31 1)

In presence of turbulence the total bit energy to noise spectral density ratio is expressed as

7= }_l;Eb /No
=h;2R,PeT, | N,
=h;2R,Pe/(N, Tl) (3.12)

b
= h;2R,Pelc’

In OOK, Ej represent the energy of the detected pulse in the ,on“ state.

Assuming transmission matrices based on real orthogonal designs for full rate and a full diversity
space time block code, the adoption of an array based on M laser sources, all pointed towards a
distant array of L photodetectors, implies a diversity of order LM, so that the conditional BER is
given by [13]

Pb(E\{h‘,-,- }lggMj = Q{ j\;o ifhf} (3.13)

I<j<L j=1 i=l



where Q(x) is the Gaussian-Q function with argument x and - ~is the total bit energy to noise

spectral density ratio in RF literature in the absence of turbulence. In optical literature 1/% is

often defined as SNR.

From Eq. (3.13) using the alternating form of Q(x), is obtained as

1% L M hl
P/?(E‘hji):;,([HH Xp( 2><7;51In 0}1«9 (3.14)

j=l i=l

The conditional BER averaged over the pdf of the channel irradiance thus yielding

w0 ® 15 L M 77h2,
Pb(E)=” I _IHH exp[_—le x p(h,) |dO dh, dhy, -+ --dh,--dh,,
00 o 7o =t =
ML~ fold
(3.15)
where
(log, h;—p1,)’
p(h;)= (2m§j)o.5hﬁ eXp(— 207 ) a>1 (3.16)

2
X

where the mean y =- 5

By changing the order of integration in (3.15) and one gets subsequently grouping the terms of
index 1j,

1 2
P(E)==[[D(0,7)]""d6 (3.17)
7[0
where
2
% (log, h+—
_ 7 h? 1 e 2
D(6,7)=|e ( ) exp| —————=— |dh (3.18)
'([ 2x2sin” @ 2762 h 20°
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A closed-form solution of (3.18) does not exist and could result in truncating the upper limit
using the numerical integration. By using an alternative representation of the Q-function together
with the Gauss-Hermite quadrature integration [36], these problems can be circumvented. These
are expressed as

Vi

1% x?
Q(X)=;£6Xp(—2sin29)d«9 (3.19)
[ Fep(-x)de= Y wf(x) (3.20)

where {x,|" and {w,}" represent the zeros and weight factors of the mth order Hermite

polynomial respectively [37, 38]. The degree of accuracy of (3.20) is determined by the value of
m.

Let us consider

(log, h+ s )
=2 (3.21)
20°

X

2 2
Thus, /= exp( 2ajx—“—£) and  dh=+/207 exp( 2O'jx—O;

)dx (3.22)

Using (3.20), (3.21) and (3.22) in (3.17) the resultant BER is obtained as,

ML
1 & 7exp(2420ix, —0?)
— > w.exp| — I ud do 3.23
[\/ﬂ'; l xp( 2x2sin’ @ ( )

T

2

P(E)=—

S Sy

3.5 BER Analysis using MRC at the Receiver

The MRC combiner weights each output signal by gain {ai }; proportional to the received

intensity. The optimum combiner output SNR (7, ) 1s given as [36]

2
Re Y& h &
}/MRC:( /_;Lj z B :Z7i (3.24)



2
R, eh | . .
4 j is the SNR for each link, R, the photodetector responsivity and & the

where 7, = ( L
o

modulation index considering two laser sources. The joint pdf of scintillation is given by

L
Pare (W =] p(h) (3.25)
i=1
Thus, the BER becomes
13 §
Pyrc(E) = ; I[D(@, Yurc)] " dO
0 (3.26)

where

2sin’ @

I & : ol
D(ee)/MRC)zﬁZIWj exp[— Lutng eXp|:2(xj\/20,3 5 )D
=

3.6 BER Analysis using SC at the Receiver

In this scheme, the combiner selects the link with the highest SNR without the need to estimate
the phase. The pdf of the received intensity, h=max (h,h,,......,h;) is obtained by first obtaining
its cumulative density function and then taking the derivative. With the assumption of

independent and identical distributed intensity, the pdf is found as [36, 39].

2" Lexp(—x?)

p(max(h,h,--,h,))= x[1+erf (x)]"" (3.27)
2ro h
2
(log, h+2x)
where x = 2
20°

X

Now the unconditional BER is obtained [39]

2L
\/; w, x[1+erf (x, )]L_l €Xp
i=1

B(E)=

2sin* 6@

1 Vo2 2a§xia§)ﬂ 0
T

O 0 [ N

(3.28)
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where

Vo= RngZ ’
“ \\2Le

3.7 Simulation of Alamouti-type Coded System

Transmitter Qutput:

For the FSO system shown in Fig. 3.3, all the signals must be real signals. Based on the above
FSO communication model, the received signals in the first and second bit intervals, respectively,

are given by

XX

[y1 yz]:[hn h12]|: }' [”1 n2] (3.29)
Xy X

where n,,n, are modeled as independent zero-mean Gaussian noise with variance c”.

For log-normal case, the amplitude of the random path gain H is H =e”, where X is normal

with mean uy 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.

The probability density function for H is given by Eq. (2.3)

If we designate the total incident power (spatial integral of the field intensity) at one

photodetector as P, watts, the effective K count parameter of the Poisson count variable is

PT nk
TRy Y photoelectrons/slot.

n,
W w

and the effective count parameter due to the background field denoted as n, . This is related to the

total incident background power on one photodetector P, by

PT nE
s T photoelectrons/slot.

YTy
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However, the fading does not affect the background radiation, by assumption. Hence, the

count parameter for the/th detector in the “on” slot, conditioned on a set of fading variables

. M 2 . .
H,6 =a, =h, ,is n, Zmzla,m /M +n, , where n, is defined as above in the absence of

fading. For strong turbulent model the optical irradiance, /,, =4, . The division by M accounts

’m

for the power sharing among M lasers, in order that the total laser array“s power is constant [12].
Receiver Output:

Assuming the channel gains and the transmitted signal power are known, the receiver uses the

sequence that can be written as [35]:

551 =hy, +h,y, _h121h12A} (3.30)
Xy =hy,y, —hyy, +hi A
However, from egs. (3.3) , (3.4) and (3.29), 5, =—s, + 4 Using this in Eq. (3.30) gives
X, = (h121 + hlzz)xl +hymy + hyony = (hlzl + hlzz)xl + ]Yl } (3.31)
X, = (h121 + h122)x2 +hyyn —hyn, = (hlzl + hlzz)xz + N,

This is the set of decision metrics identical to those in the conventional Alamouti code. Where
the noise samples N,and N, are uncorrelated and since they are complex Gaussian, they are also

independent [35]. Thus, the modified Alamouti code as described above produces a diversity of
order 2.
Suppose now that the system contains L photodetectors. As such, the generalization of Eq. (3.29)

becomes

=h,x, +h,x, +n
Yo =pXy TRy X, + 1, €=1,2,"'3L} (3.32)

Voo =hpXy +hyx, +n,,
where y,,¢ =1,23,---, L represents the signals received by the L-th photodetector in the first bit

interval and y,,,,¢ =1,23,---, L, represents the signals received by the L-th photodetector in the

second bit interval corresponding to a single transmission of the Alamouti code. At the receiver,

we now form [analogous to Eq. 3.30] the decision statistics as:

L

L, L ;
X = ;hﬂlyﬁ +;h€2y£+Lr _Azhmhm

(=1
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L, L, L
X =D oy + D e, A I (3.33)
/=1 /=1 /=1

The Maximum-Likelihood Decision:

For the receiver, we usually use the ML decision rule to get the source code, assume the receive
signal vector is y= (y1, y2), so we can define the formulation of the ML decision as [35]:

m (y,x)=[y, —(hx, +h12x2)]2 +y, — (X, +h12x1)]2
ZJ’12 +y22 =2 (A, + by, )x, 1= 2(h,y, = by yy)x, ]
_ 3.34
=2ny,y, (X, +x,)]+ (h121 + h122)x12 + (h121 + h122)x22 (3.34)

+ h121 ()_522 - xzz) + 2[Ry hyyx, (X, +x,)]

Using (3.30), this can be written as

m(y,x)= y12 + y22 - 2[()71 + hy by, A)x ] - 2[()72 - hlzlA)xz]
=2(hy,y,A)+ (hlzl + h122 )x12 + (h121 + hlzz)xzz
+hl (A% =24x,) + 2(hy by, x, A)
=y, =25 = 2%,x, = 2l p, 4) (3.35)
+ (B} +h) (x] +x3)+ h} A
= y12 +y22 _7712 _)722 +(971 _x1)2 +()N52 _x2)2
= 2(hy,y,A)+ (h121 + h122 -1) (x12 + xzz) + h121A2

Eliminating terms from Eq. (3.35) that are hypothesis-independent, then for the purpose of
decision making the metric simplifies to

m(x,x) = (X, _xl)z +(h|21 +h122 _1)x12

~ 3.36
+ (X, — X, )2 + (h121 + h122 —1) x22 (330

which is identical to that for the conventional Alamouti code. Finally, since the pair of
information signals x; and x, to be transmitted is independently chosen from the binary signal
alphabet, then an ML decision can be made separately on each of them using the metric
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m (X, x,)=(%, _xi)2 +(h121 +h122 _l)xiz , =12 (3.37)

with the corresponding decision rule:
Choose x, =x, iff

(X, = %)+ (), +h}, =) R < (X, —x,)> +(h}, + b}, =) x} (3.38)
for x, # X,
3.8 Summary

In this chapter theoretical analysis on FSO MIMO communication system based on Alamouti-
type STBC with intensity modulation direct detection with different combining techniques at the
receiver has been discussed. The performance analysis has been done in terms of bit error rate

(BER).
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Chapter 4‘

Results and Discussion
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Chapter-4

Results and Discussion

4.1 Introduction

In this chapter, the BER performance of an IM/DD optical FS link without STBC over log
normal turbulence channel is evaluated numerically. For STBC coded FSO system, we carry out
the simulation considering OOK modulation over the log normal turbulence model. Results are
evaluated in terms of BER as a function of average SNR without and with STBC considering

weak turbulence model.
4.2 Results and Discussion

In this thesis the performance of FSO communication through atmospheric channel using
Alamouti-type STBC has been analyzed. The performance for Alamouti-type STBC coded
optical FS link with optical intensity modulation and direct detection in the presence of
atmospheric turbulence is observed. When the length of a FSO medium such as air is increased,
then the effect of atmospheric turbulence will be significant. Log-normal Model has been used to

represent the atmospheric effect during weak turbulence.

First the BER has been observed varying different parameters for a double transmitter and single
detector. Then for multiple detectors, the BER has been presented and it is clearly found that the
performance is considerably improved i.e. the BER is significantly decreased for added

photodetectors diversity.

The numerical computation and graphical representation have been done by using MATLAB
software throughout this chapter. Different parameters used for computation in this chapter are

shown in the following table-
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Table 4.1 Nominal parameters used in FSO communication link

Parameter Name Value
Bit Rate 1 Gbps
Modulation Index 1.0
Responsivity of the Detector 0.85
Modulation OOK
Channel Type Log-normal
Turbulence Varience 0.1to £1.2
Load resistance 50Q
Temperature 300K
Coding Alamouti-type STBC
Radiation wavelength 1550 nm
Average receiveerr)ower of one PD, 105w
Average background radiation 100w
power of one PD, P,
Mean irradiance, I, 1

Bandwidth 0.25 x Bit Rate
Plank’s constant, h 6.63x107*
Electron’s charge, q 1.6x107"
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4.2.1 Observation of BER of a FSO Link with two Transmitters and variable
Receivers over log-normal turbulence model with Alamouti-type STBC

Fig. 4.1 shows BER vs. SNR (dB) with two transmitters and one receiver considering turbulence
variance 1.0. The BER falls down significantly with increasing SNR for Alamouti-type STBC

over log-normal turbulence model.

10°

4G
10 ! %ﬁ‘
10'2 \&

—6—wm=2, L=1]]

BER
=
o

X
10" \\
“\
o)
10°
10°
0 5 10 15

SNR (dB)

Fig. 4.1 BER performance of an FSO link over log-normal turbulence model with
Alamouti-type STBC.

The same system has been extended for increasing receiver diversity for the same number of
transmitters. The improvement of the BER is shown in Fig. 4.2 for this added diversity. At a
BER of 10, 2x2-MIMO system requires ~2dB additional SNR when compared with 2x4-
MIMO system. While for the BER 2x1-MIMO system requires ~5dB additional SNR when
compared with 2x4-MIMO system.
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Fig. 4.2 Simulated BER performance of an FSO link over log-normal turbulence model
with Alamouti-type STBC with different receiver diversity.

Table 4.2 Link margin (diversity gain) at BER of 10

MIMO configuration 2x1 2x2 2x4

Link margin (dB) ~13 ~10 ~8

4.2.2 Observation of BER of a FSO Link with two Transmitters and variable

Receivers using analytical expression
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(b)
Fig. 4.3 Analytical and Simulated BER performance of an FSO link over log-normal

turbulence model with Alamouti-type STBC with different receiver diversity.
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Fig. 4.3 (a) and (b) shows the analytical and simulated BER performance of an FSO link over
log-normal turbulence model with Alamouti-type STBC with different receiver diversity
respectively. Both analytical and simulated results are nearly same.

4.2.3 Observation of BER of a FSO Link with two Transmitters and variable

Receivers over log-normal turbulence model with and without Alamouti-type

STBC
Fig. 4.4 shows BER curve for both with & without Alamouti type STBC at weak atmospheric
turbulent condition. Both analytical and simulated results are presented in the same graph.

0
10
—O— ana. M=2, L=1 without STBC
—— ana. M=2, L=2 without STBC
—8B— ana. M=2, L=4 without STBC
10 =@ sim. M=2, L=1 with STBC
A= % o F sim. M=2, L=2 with STBC
Fl O =B} sim, M=2, L=4 with STBC
10 Y _ 8. ~_
E\ ".. .:: ‘ﬁ\
N O

BER

10° \E\a ¢ A S —
10" E\EL : “"‘-. \.-':
10° | ¥

Var \
A4

-6 l‘='l ‘:"" h X
10 = N4
8 10 12 14 16 18 20
SNR (dB)

Fig. 4.4 BER curves for both with and without STBC over weak atmospheric turbulent
condition for analytical and simulated results.

Table 4.3 Link margin (diversity gain) at BER of 10°°

MIMO configuration 2x1 2x2 2x4
With STBC ~13 ~10 ~8

Link margin (dB)
Without STBC ~31 ~19.7 ~13
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Eqgn. 10 [21] is used for without STBC. It is observed from Table 4.3 that without STBC dB
requirement is more than that of with STBC. As an example, two laser sources, all pointed
towards a distant array of L = I, 2, 4 photodetectors, is considered. Simulation results only up to
BER = 107° are included, which demonstrate an excellent agreement with the analytical results.
It is noticed that there are significant improvement in receiver sensitivity due to receive diversity
without and with STBC. The MRC diversity at a BER = 10~ with or without STBC for weak
turbulence (M = 2, L = 1, 2, 4) the SNR improvement due to diversity is found to be ~ /8dB, ~
10 dB, ~5dB respectively.

4.2.4 Observation of BER of a FSO Link with two Transmitters and variable
Receivers for both weak and strong atmospheric turbulent condition with
Alamouti-type STBC

10°

N\ —¥— ana. M=2; L=1 (strong turbulence)
\ ana. M=2; L=2 (strong turbulence)
10'1%- h\h\ —+8&— ana. M=2; L=4 (strong turbulence)
& ~ et sim. M=2; L=1 (weak turbulence)
E;S sim. M=2; L=2 (weak turbulence)
. ‘\53
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=B sim. M=2; L=4 (weak turbulence)
0! “‘
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s N\ ey
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Fig. 4.5 BER curve for Alamouti type STBC in both weak & strong atmospheric turbulent
condition for analytical and simulated results.
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Fig. 4.5 represents the BER performance for Alamouti-type STBC for both weak and strong
atmospheric condition. Eqn. 14 [13] is used for strong atmospheric turbulence with Alamouti-
type STBC. The analytical and simulated results are also presented together. It evident from the
figure that under weak and strong turbulence (M = 2, L =1, 2, 4) the SNR improvement is found
to be ~ 27dB, ~16 dB and ~ 9 dB respectively for Alamouti type STBC. The numerical values are
presented in Table 4.4.

Table 4.4 Link margin (diversity gain) at BER of 10°°

MIMO configuration 2x1 2x2 2x4
Strong turbulence ~40 ~26 ~17
Link margin (dB)
Weak turbulence ~13 ~10 ~8

4.2.5 Observation of Sensitivity Improvement due to Receiver Diversity

60 I I I I
— With STBC log-normal

Without STBC log-normal
50 1

40

30

20
10 /

O /
0 0.5 1 1.5 2 2.5 3 35 4
Photodetector, L

Sensitivity Improvement (dB)

Fig. 4.6 Sensitivity improvement curve due to receiver diversity for both with & without
STBC over log normal turbulent condition.
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The receiver sensitivity increases with addition of more number of detectors. It is revealed from
Fig. 4.6 that the receiver sensitivity improvement is better for without STBC than with STBC
over log-normal channel. The plots of improvement in receiver sensitivity are shown in figure

4.6ataBER=10".

4.3 Observation of BER of a FSO Link with two Transmitters and variable
Receivers over log-normal atmospheric turbulent condition with different
combining techniques at the receiver.

4.3.1 Maximal Ratio Combining (MRC)

Fig. 4.7 shows the BER vs. SNR of an FSO system with two transmitters and one receiver over
log-normal channel using maximal ratio combiner at the receiver. The BER is observed under
different turbulent variance condition. The SNR requirement increases almost at a linear rate for

the turbulent variance less than 50%. It increases slowly as variance increases as shown in Table

4.5.
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Fig. 4.7 BER performance curve for FSO link over log-normal turbulent condition with
varying turbulence variance considering M=2, L=1 and MRC at the receiver.
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Table 4.5 Required SNR for different tubulence variance at BER of 10

Variance (6,2) 0.1 0.2 0.3 0.4 0.5 0.6 0.8 ]
Requz(rgl)SNR ~82 | ~10 | ~11.4 | ~12.5 | ~13.5 | ~143 | ~16.1 | ~17.3

The observation in Fig. 4.7 is extended with added diversity keeping fixed variance. It is obvious
that with added diversity BER decreases significantly as shown in Fig. 4.8. The approximate
summary of the BERs are presented in Table 4.6. ~8.8 dB saving of SNR can be achieved with
2x8 in compared with 2x1 MIMO system. So the performance of the system can improved with

increment of possible link budget.
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Fig. 4.8 BER performance curve for FSO log-normal with different detector diversity at
a variance = 0.3 using MRC Combining at receiver.
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Table 4.6 Required SNR for MIMO for variance 0.3 at a BER of 10°¢

MIMO configuration

2x1

2x2

2x4

2x8

Required SNR (dB)

~11.8

~7.8

~5.1

~3

The BER is investigated further for varying variance for different added diversity, shown in Fig.
4.9. It is already found from Fig. 4.8 that added diversity results in less SNR requirement for an
FSO link for log-normal channel. The similar thing also happens for less variance as well, shown
in Fig. 4.7. But in comparison with these two scenarios added diversity shows better
performance than varying turbulence variance condition.

The summary of the last two simulated results is shown in Table 4.7 for better understanding at a
glance.

10°

—— 0)2( =0.5

—8— o2 =04

—— 0)2( =0.3

BER

SNR (dB)

Fig. 4.9 BER performance curve for FSO log-normal with different detector diversity
with different variance using MRC at the receiver.

Fig. 4.9 shows the BER curves for log-normal channel under different MIMO configurations

with varying turbulence variance. Four set of BER curves are simulated for different scenarios.
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The more the diversity added the more the BER decreases. For 2x1 configuration <~1dB
improvement is obtained while for 2x2 and 2x4 configurations <~0.5dB and for 2x8
configurations <~0.2dB is obtained for varying variances. Under different MIMO configurations
the trade off BER is very much significant which is revealed in table 4.7. For 2x8, 2x4 and 2x2
detectors ~4dB, ~3dB and ~2dB savings could be achieved with compared to single detector 2x1

respectively.

Table 4.7 Required SNR for MIMO for varying variance at a BER of 10

MIMO configuration 2x1 2x2 2x4 2x8
Variance (6,°=0.3) | ~11.8 ~7.8 ~5.1 ~3
Required SNR (dB) | Variance (6,°=0.4) | ~12.5 ~8.4 ~5.6 ~3.2
Variance (6,°=0.5) | ~13.2 ~8.9 ~6.1 ~3.4
4.3.2 Selection Combining (SC)
10’ .
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Fig. 4.10 BER performance curve for FSO log-normal with different detector diversity at
a variance = (.3 using Selection Combining at the receiver.
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For different MIMO configurations with turbulent variance 0.3, the BER performance curves are
plotted against SNR in Fig 4.10 under log-normal channel considering Selection Combining
technique at the receiver. The simulated approximate numerical results are in tabular for better
comparative study beneath Table 4.8. Here with increase in diversity the BER also decreases.
The simulated results are unlike MRC technique with respect to BER performance trade off. The
savings of SNR is nearly ~6.1dB, ~4dB and ~1.3dB for 2x8, 2x4 and 2x2 MIMO configurations
with respect to 2x1 MIMO configuration respectively.

Table 4.8 Required SNR for MIMO for variance 0.3 at a BER of 10°¢

MIMO configuration 2x1 2x2 2x4 2x8
Required SNR (dB) ~13.8 ~12.5 ~9.8 ~7.7
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Fig. 4.11 BER performance curve for FSO log-normal with different detector diversity
with different variance using SC at the receiver.

59



Fig. 4.11 shows the BER curves for log-normal channel under different MIMO configurations
with varying turbulence variance using selection combining at the receiver. Four set of BER

curves are simulated for different scenarios.

4.3.3 Comparison between Maximal Ratio Combining and Selection Combining
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Fig. 4.12 BER performance comparison curve for FSO log-normal with different detector
diversity at a variance = 0.3 using both MRC and SC at the receiver.

Fig. 4.12 shows the BER performance of different MIMO configuration considering both MRC
and SC at the receiver over log-normal channel. These two receiver combining techniques are
depicted together for comparative study of their performance analysis. Numerical values of
SNRs are presented in Table 4.9 at BER 10, The noise variance is kept constant for both the
cases (variance = 0.3). The performance of MRC is much better than that of SC. The savings of
SNR is nearly ~4.7dB, ~4.7dB, ~4.7dB and ~2dB for 2x8, 2x4, 2x2 and 2x1 MIMO

configurations respectively.
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Table 4.9 Required SNR for FSO log-normal with different detector diversity at a variance
= 0.3 using both MRC and SC at the receiver at a BER of 10°¢

MIMO configuration 2x1 2x2 2x4 2x8
MRC ~11.8 ~7.8 ~5.1 ~3
Link margin (dB)
SC ~13.8 ~12.5 ~9.8 ~7.7

The receiver sensitivity increases with addition of more number of detectors. It is revealed from
Fig. 4.13 that the receiver sensitivity improvement is better for MRC than SC over log-normal

channel. The plots of improvement in receiver sensitivity are shown in figure 4.13 at a BER =

10°°.

20

o= MRC at the receiver
SC at the receiver

Receiver Sensitivity Improvement

0 1 2 3 4 5 6 7 8
Photodetector, L

Fig. 4.13 Sensitivity improvement curve due to receiver diversity for both MRC and SC at
the receiver over log normal turbulent condition.
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4.4 Summary

In this chapter analytical and simulation results are presented in the graphical and tabular format
considering atmospheric turbulence. Log-normal model has been considered to represent the
weak atmospheric turbulence. From the overall analysis it is clearly found that BER performance

is much better for a MIMO system.
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Chapter 5

Conclusion and Future Work
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Chapter-5

Conclusion and Future Work

5.1 Conclusion

Free space optical (FSO) communication is a very promising technology for the future optical
communication networks. But the performance of the free space optical systems can be severely
limited by atmospheric effects like fog, rain, smoke etc. The motivation behind this thesis work
is the performance limitation of OOK modulated FSO in atmospheric turbulence channels. So, in
this thesis the performance of the FSO system is evaluated in the presence of atmospheric

turbulence for a MIMO configuration in terms of BER for several parameters.

A turbulent atmospheric channel causes the intensity of an optical beam travelling through it to
fluctuate randomly due to random changes in refractive index along the beam’s path. In Chapter
two, this atmospheric turbulence induced signal fluctuation was reviewed and three most
reported models (log-normal, Gamma-gamma and negative exponential) were described and
their respective pdfs presented. These models were later used to model the statistical behavior of
the received signal for short to very long range FSO systems. Moreover in the FSO
communication system, increasing the length of the transmission path is also very much
challenging due to the impact of strong atmospheric turbulence. The different types of noise
encountered during optical detection were discussed with the view to understanding the limit
imposed on the system performance by each of them. The review work revealed that the
transmitted photons obey the Poisson distribution and this can be adequately approximated as the
tractable Gaussian distribution for large photoelectron counts as is the case in terrestrial FSO
systems.

For free space optical transmission systems, most frequently used system is Intensity Modulated
Direct Detection (IM/DD) system. In such system, the intensity of an optical source is modulated
to transmit signals. For FSO systems, although the power efficiency is inferior to PPM, OOK
encoding is more commonly used due to its efficient bandwidth usage and robustness to timing
errors. Therefore, in this research work, for FSO systems we prefer intensity modulation/direct

detection (IM/DD) with an OOK technique.
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The error rate performance for STBC in FSO communication systems with direct detection
operating over weak atmospheric turbulence channels is analyzed in this paper. We have
simulated the performance of an optical link using Alamouti type space—time block coding at
weak and strong atmospheric turbulent condition considering different receiver diversity and also
compare the BER curves. In this thesis, it is clearly found that Alamouti-type STBC code can
significantly improve the BER performance of FSO system with OOK technique considering

weak atmospheric turbulent condition.

5.2 Scope of Future Research Work

¢ In the free space optical communication, the length of communication channel is very much
limited due to atmospheric turbulence in different atmospheric conditions. Still lots of
research works should be carried out to increase the length of FSO channel.

e This research work can be carried out by using Space Wavelength Division Multiplexing
Block Coding (SWDMBC).

e Work can also be initiated using Pulse Position Modulation instead of OOK modulation.

e FSO with WDM/DWDM can be investigated without and with STBC codes.

e Effect of cloud and other impairments of the atmosphere can be considered in analysis of the

FSO Link.
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