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ABSTRACT

Currently, the technologies used in access network include the copper and coaxial cable,

optical fiber, wireless internet access and broadband radio frequency. These technologies,

in  particular  copper/coaxial  cables  and  RF  based  have  limitations  such  as  congested

spectrum, a lower data rate, an expensive licensing, security issues,etc. With the rapid

development  and  maturity  of  optoelectronic  devices,  license  free  operation  and  easy

installation,  free  space  optical  (FSO)  communication  became  a  viable  alternative  for

addressing  the  last  mile  bottleneck  and  meets  the  increasing  bandwidth  demand  of

emerging applications and end users. The free-space medium is utilized by FSO system

for the transmission of data. As a result, the FSO communication faces challenges from

atmospheric  channel  turbulence  or  turbidity  resulting  signal  scattering,  absorption,

temporal  and  spatial  fluctuation  of  light  intensity,  which  ultimately  degrade  the  link

performance substantially. In the last one decade, many research works were carried out

to mitigate and improve the performance of FSO link. Advanced data modulation formats

can compensate the transmission impairments of the atmospheric turbulence and enhance

link  sustainability  significantly.  Generally,  most  commercially  deployed FSO systems

uses the intensity modulation direct detection (IM/DD) technique for simplicity but the

coherent  detection  scheme  assures  higher  receiver  sensitivity  than  IM/DD.  In  this

research work, the performance of a FSO link will be evaluated using coherent detection

scheme  for  different  modulation  formats  under  various  atmospheric  turbulence

conditions.The performance will be evaluated in terms of signal to noise ratio (SNR) and

bit  error  rate  (BER).The  modulation  techniques  used  in  the  analysis  areOOK,

BPSK,DPSK and QPSK. To evaluate the system error performance in turbulence regimes

from weak to strong, the probability density function (pdf) of the received irradiance after

traversing  in  the  atmosphere  is  modeled  using the gamma-gamma distribution.  In the

study,  it  is  found thatBPSK gives  best  BER performance  in  the  proposed  system in

different turbulence strength compared toany other modulation technique.
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CHAPTER 1

INTRODUCTION

1.1 Overview

FSO  communication  systems  have  been  developed  for  the  growing  demand  for

bandwidth  demand  in  mobile  communication.  The  technology  is  useful  where  the

installation of buried fiber optic cable to provide a high-speed network is impractical.

FSO systems support diverse applications such as satellites, aircrafts, deep-space probes,

ground stations and can be used as last mile solutions for efficient deployment in densely

populated urban areas or in unstructured environment such as disaster prone areas.FSO

communication have gained sufficient interest in recent years as a serious alternatives to radio

frequency (RF) links for effectively transferring data at high rates over short distances. In

order to provide LOS communication, the transmitter and receiver are placed on high-raise

buildings  separated  by  several  hundred  meters FSO is  achieving  popularity  due  to  its

advantage  over  RF  communication  whichincludes  immunity  to  electromagnetic

interference, high data rate, low power consumption, more compact equipment, less cost

and low BER[1-2].

FSO technology can provide data rates from hundreds of Mbps to several Gigabits and

commercially available systems reports data rates as high as 100 Mbps to 2.5 Gbps [3].It

can be extended upto 10Gbps in WDM based FSO systems.  Spectrum congestion in RF

systems  increases  the  bandwidth  requirement  exponentially,  which  is  the  biggest

challenge in expansion of network. The most efficient solution of the problem would be

deploying FSO systems, which guarantee abundant bandwidth.  FSO systems operate in

infrared  range  of  spectrum. FSO  systems  can  function  over  a  distances  of  several

kilometers as long as there is a clear line of sight (LOS) between the source and the

destination with enough transmitter  power. FSO operates around 850 nm to 1550 nm

wavelengths. The wavelength of 1550 nm is preferred because of more eye safety and

reduced solar background radiation [4].



2

The FSO link comprises of transmitter, atmospheric channel and the receiver. Figure 1-1

shows  a  typical  FSO  system.The  transmitter  in  the  FSO  link  is  used  to  transmit

information  signal  in  free  space  by  modulating  the  electrical  information  signal  into

optical  signal.  The optical  signal  travels  through free space  which is  captured  by the

receiver and is converted into an electrical signal[1-4]. The strength of the received signal

is  one of the performance parameter  of  a  FSO system which  is  affected  by different

atmospheric conditions as the signal propagates through the free space. Use of advanced

modulation  technique  can  improve  a  FSO  link  performancewhich  is  affected  by  the

impairments caused by atmospheric turbulence.

Figure 1-1:  A typical FSO system

1.2 Motivation of the thesis

FSO communications  can be a  key building  block for  future wide-area  wireless  data

networks and can have great potential for applications in fifth-generation (5G) wireless

systems.  Such  systems  are  currently  being  deployed  and  will  encompass  a  number

ofcomplementary access technologies with higher channel capacities, multiple antennas,

and Gbit/s data rates . The growth of communications networks has accelerated last-mile

access  needs  for  high  speed  links.  Free  Space  Optics  is  now  a  viable  choice  for

connecting the LAN, WAN, and MAN as well as carrying voice, video and data at the

speed of light.It  is moving closer to being a realistic alternative to laying fiber to the

access network.The free-space medium is utilized by FSO system for the transmission of

data. As a result, atmospheric conditions inherently affect the transmission, among which

turbulence has the most significant effect [5]. It affects the propagation of optical beam
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by  fluctuation  of  refractive  index  due  to  temperature,  pressure  and  wind  variation.

Turbulence causes phase shift of propagating optical signals causing distortions in wave

front as well as causes intensity distortion, which is termed as scintillation. It also greatly

reduces the receiver sensitivity and detection efficiency that results in the degradation of

link performance. It is always an interesting problem to analyze the degradation of signal

strength  due  to  scintillation  of  optical  signals  as  well  as  link  performance  against

atmospheric turbulence channel[6,7]. Many researchers have intensively researched and

analysed several  implementation  techniques  of FSO to improve the link performance.

Many modulation formats are used in FSO[8].The ability of OOK to resist atmospheric

turbulence  modulation  is  particularly  weak.  Phase modulation  techniques  have  higher

sensitivity and excellent properties that is better suited for FSO system. These modulation

techniques  are  also  spectrally  efficient.Advanced  data  modulation  schemes  can

compensate the transmission impairments caused by atmospheric turbulence and enhance

link  sustainability  significantly.  Most  commercially  deployed FSO system uses  direct

detection  technique  (IM/DD)  for  simplicity  but  coherent  detection  technique  ensures

more receiver sensitivity as well as link performance. In our research work, we tried to

implement a coherentFSO link whose performance is evaluated in terms of SNR and BER

for different modulation techniques.

1.3 Literature Review

FSO  communication  is  becoming  very  popular  for  transferring  data  at  high  rates

effectively  over  short  distances.  As  line  of  sight  (LOS)  is  the  prerequisite  of  FSO

communication,the transmitter and receivers are placed on high rise buildings separated

by several hundred meters even kilometres.FSO has number of merits over its demerits: it

is lightweight,easily deployable and provides high data rate without any requirement of

licensing.Wireless  communications  have  beneficial  properties  not  found  inwired

communications, such as the lower deployment cost due to thelack of having to ditch and

lay  down  cables,  ease  of  construction  ofnetwork  topology,  flexible  maintenance  of

operating  networks,  and  soon.  Wireless  communications  also  allow  users  of  mobile

devices toaccess the internet at any time and many locations. For instance, IEEE802.11

(Wi-Fi), Bluetooth, and IrDA are intended for short-rangewireless data communications,

while  Long-Term Evolution  (LTE)  isfor  long-range wireless  communication  for  both

mobile  phones  anddata  terminals  [1-3].In  some  cases,  FSO  is  seenas  an
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alternative to existing technologies, such as radio frequency.In other

cases,  FSO is  considered as a strong candidate to complement and

integrate  with  next-generation  technologies,  such  as  5Gwireless

networks. Chen et al. realize a 160 Gbps WDM FSO link using sixteen

10 Gbps channel  with OOK modulation  technique and a distance of

2.4km [4].

Traditionally,  wireless technology has always been associated with RF technology but

transmission with FSO communication technology can be more advantageous in some

applications.Spectrum  congestion  in  RF  systems  face  an  exponential  increase  in

bandwidth  requirement  around  the  globe  and  it  is  one  of  the  biggest  challenges  in

expansion of the network.The most efficient solution is the use of FSO system which

guarantees abundant bandwidth upto 2000THz,which is as high as 105 times greater than

current RF networks [5].

The  greatest  challenge  that  FSO  faces  is  the  dependence  of  performance  on  the

atmospheric channel. Different atmospheric conditions like snow, fog, rain,etc.resulting

in signal scattering, absorption and fluctuation. When the light beam travels across the

atmosphere,it  come across huge attenuation due to which a huge amount  of data  loss

takes  place.  Atmospheric  conditions  prominently  effects  the  performance  of  a  FSO

system  making  them  highly  susceptible  to  the  degrading  effects  of  atmospheric

turbulence and pointing errors[6].Aerosol scattering effects is caused by rain, fog, snow

which ultimately reduce the link performance of the FSO system [7,8].Consequently the

optical radiation traversing the turbulent atmosphere experiences random variation/fading

in its irradiance(scintillation) and phase.In comparison, when the link range is beyond 1

km, scintillation may severely impact the performance of FSO communication systems

resulting in communication link deterioration, i.e., an increase in the error probability in

the received signal[9]. FSO system can reach data rates between tens of Gbps to 1 Tbps.

Increasing the channel capacity upto 1Tbps poses the question for the availability of FSO

systems.Two  main  problems,  however,  have  hampered  the  practical  deployment  of

wireless optical networks. The first problem is atmospheric turbulence, which makes link

quality  unreliable.  Atmospheric  turbulence  affects  the  propagation  of  optical  signals,

leading to degraded performance directly under various forms such as SNR (Signal-to-
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Noise Ratio), BER (Bit Error Rate), outage frequency, and so on.The second problem

involves the PAT (Pointing, Acquisition, and Tracking) technique,  which is extremely

important in FSO systems because of its unguided narrow beam propagation through free

space [10,11].

Since  an  FSO transmitter  is  highly directional,  FSO systems  are  often  designed  with

a divergence of a few milliradians or less in order to concentrate the optical energy at a

receiver.  Each “optical  transceiver”  must  be simultaneously  pointed  at  each other  for

communication to take place. Because of its narrow beam property, precise alignment of

the beams is required and PAT is non-trivial even for stationary nodes.Maintenance of an

apparent Line of Sight (LOS)between transmitter and receiver end is the main confront to

set up communication through FSO technology especiallyin the troposphere. Because of

attenuation  caused  by  atmospheric  conditions,  the  range  and  the  capacity  of

wirelesschannels are degraded thereby restricting the potential of the FSO link by limiting

the regions and times.  The effect of transmitter  pointing error in OWC at 850nm and

1550nm are analysed in Optisystem 13.0 software on intersatellite link[12].

 Atmospheric  turbulence  causes  the  most  important  impairment  in  the  system

performance.It causes the random fluctuation of phase and intensity of the received signal

known as  channel  fading.  Intensity  fluctuation  caused  by channel  fading  leads  to  an

increase in system bit error rate(BER)[13,14].A number of statistical model have been

proposed  to  describe  the  channel  fading  due  to  weak  and  strong  turbulence.  In  this

respect,Log-normal model  has been proved accurate  for weak turbulence,the  Gamma-

Gamma and I-K distribution for both weak and strong turbulence,while the K and the

negative  exponential  distribution  are  suitable  for  strong  turbulence[15,16,17].It  was

shown in  [17]  that  the  K-distributed  turbulence  model  providesgood  agreement  with

experimental data in a variety of FSO experiments involving radiationscattered by strong

turbulence.Gamma-gamma  distribution  shows  excellent  agreement  with  all  ranges  of

turbulence if no spatial diversity techniques applied to it [18].

In order to exploit the remarkable bandwidth of FSO technology, it is required to properly

characterizethe influence of various weather conditions and to use the different optical

windows of transmission to mitigate theeffects of increasing signal attenuation. In [19],

three optical transmission windows are considered that are850 nm, 1310nm and 1550nm

https://www.sciencedirect.com/topics/engineering/divergence
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each  having  their  own  advantages.  Equipments  operating  on  850  nm  wavelength

areusually  cheaper  than  equipments  operating  at  higher  wavelengths.  The  window at

1310nm  has  zero  group  velocitydispersion.  At  1550nm,  the  loss  of  optical  fiber  is

minimum that is 0.2 dB/km. Low loss means the distancebetween the repeater and optical

amplifier  can  be  large.  1550nm is  also  a  eye  safe  wavelength.The  short  wavelength

infrared  spectrum  (1500nm-1600nm)  is  well  applicable  for  FSO  link  [16].  This

wavelength laser is generally preferred because it provides large range, long life and high

data rate. In 2008 MRV communication has introduced FSO based telescope TS- 10GE

system  with  10  Gbit/s  data  rate  at  distance  350m  .  Now  presently  research  by

MOSTCOM company in 2013 invent Artolink M1-10G with high data rate 10 Gbit/s and

their  distance up to 2.5 Km. In outer space range of FSO communication is currently

106using telescope [21]. 

In order to mitigate the effect of atmospheric turbulence, the researchers across the world

have  carried  out  a  large  number  of  laser  atmospheric  propagation  experiments  and

researches. Different methods have been proposed such as coherent optical modulation,

coded modulation  technology,  multiple  input  multiple  output  (MIMO) system,  WDM

FSO links, larger aperture receiver technology, OFDM RF-FSO system, etc. [22-28].

FSO communication  links  can  potentially  benefit  from the  simultaneous  transmission

ofmultiple spatially orthogonal beams through a single aperture pair, such that each beam

carries an independent datastream and the total capacity is multiplied by the number of

beams. Orthogonality of the beams enablesefficient multiplexing and demultiplexing at

the  transmitter  and  receiver,  respectively.  An  optical  beam  can  carryorbital-angular-

momentum (OAM),  and such OAM has gained interest  for  its  potential  in  achieving

efficientmultiplexing of multiple data-carrying beams [29].

 Most commercially  deployed FSO system ususally uses IM/DD method but coherent

detection technique gives better  BER performance.  The coherent receiver  uses a local

oscillator  which  increases  the  receiver  sensitivity  as  well  as  better  BER  vs.  SNR

performance  [30].In  Ref.  [31],  a  performance  analysis  for  intensitymodulation-direct

detection (IM-DD) FSO systems over gamma-gammaturbulence channels werepresented.

For a coherentFSO systems,Refs.  [32] proposed alternativeimplementations  enabling a

higher  receiver  sensitivity  thanthat  of  IM-DD,  especially  when  the  power  of  the
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localoscillator  laser  is  sufficiently  high.Moreover,  a  good modulation  technique  along

with coherent receiver can improve a FSO systems performance to a great extent[33-36].

Optical field has three physical attributes (intensity, phase and polarization) which can be

used totransmit information. Considering that the atmospheric turbulence mainly affects

on the light intensity,pulse-position modulation (PPM) [37] is commonly used in FSO

communication. However, PPM is a power efficient modulation technique but it is prone

to  slot  synchronization  error  [38].  Since  fiber-optic  technologies  have  been  well

developed  and  fiber-optic  networks  have  been  widelydeployed  from the  local  access

networks to  the long-haul  intercontinental  networks.  Some commonlyused modulation

formats in fiber-optic transmission system, including on–off keying (OOK), Differential

phase-shift  keying (DPSK) [39],Binary phase-shift  keying (BPSK), Quadrature phase-

shift  keying  (QPSK)   have  also  been  investigated  in  FSO systems  but  the  detection

technique was not coherent[38-40].

Simplicity is the advantage of OOK, while in PSK format, which encodes information on

its phase,can mitigate the severe effect of scintillation to some extent. Compared with the

binary format suchas OOK and DPSK, the Quadrature Phase Shift keying (QPSK) format

doubles spectralefficiency by taking advantage of the two signal quadratures of an optical

carrier.  Thus, 2information bits  are transmitted per symbol,  being represented by four

possible optical phasevariations between successive symbol periods [41].Although QPSK

is  spectrally  efficient,  BPSK  and  QPSK  gives  almost  similar  power  efficiency.  The

receiver  circuit  arrangement  of BPSK format is simpler than QPSK[42,43].  Therefore

there is a need to design a FSO system where the detection technique is coherent and

different modulation formats can be applied too.

1.4 Objectives of the Thesis

The objective of this  research work is  to provide analytical  technique to evaluate  the

performance of a FSO link for different turbulence conditions and modulation schemes.

The main objectives are: 

i. To  develop  an  analytical  model  for  a  coherent  FSO  link  with  different

modulation schemes considering the atmospheric channel.
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ii.  To evaluate the SNR and BER performance of the FSO link under various

turbulence conditions using the developed analytical model.

1.5MainContributions of the Thesis

A generalized analytical model for FSO link is developed assuming coherent detection.

Gamma-Gamma atmospheric channel model is used for strong and weak turbulence due

to the presence air pocket, moving currents, rain, fog, etc.Four modulation techniques:

OOK,BPSK,QPSK,DPSK  are  used  to  analyze  the  proposed  model.  The  system  is

analyzed from weak to strong turbulence regime for all the modulation schemes to find

the best scheme for the model. It is shown in the research work that BPSK gives better

performance than the other modulation schemes.

The findings of this  research may be incorporated in the design of a FSO link in the

presence of both strong and weak turbulence.For evaluating the performance of the FSO

link,the numerical simulation will be done using MATLAB. The FSO link performance

will also be observed in terms of signal to SNR, BER and other metrics for the different

modulation  techniques  stated above.  It  is  expected  that  FSO transmission quality  and

reliability will be increased significantly.

1.6Outline of theThesis

The thesis is organized as follows:

Chapter2 provides  the  detailed  discussion  of  free  space  optical  system  with  block

diagram. A brief discussion is provided on the transmitter, receiver, channel model used

in a FSO communication system. Also, the detection techniques used in FSO is discussed

in this chapter.

Chapter3 presents  different  modulation  and detection  techniques  used  in  Free  Space

optical communication systems.
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Chapter4 presents the analytical approach that is developed for a coherent FSO link and

the link performance is evaluated under different turbulence condition and for different

modulation schemes like OOK, BPSK, DPSK, QPSK. The link is analyzed more with the

BPSK modulation scheme as it provides the best performance among the four modulation

techniques.

Chapter 5focuses on the outcome of the thesis  and summarises the achievement  and

findings of the research work. The scope of the future research work that can be carriedis

described in the chapter.
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CHAPTER 2

FREE SPACE OPTICAL SYSTEM

2.1 Overview

The detailed description of free space optical wireless system is provided in this chapter

with the details of transmitter and receiver side of a FSO system. Different atmospheric

models used in FSO systems are also discussed. The challenges of FSO system are also

addressed in this chapter. 

2.2 Introduction To Free Space Optical Communication

A free space optical communication refers to line of sight communication link between

communicating node separated by atmosphere as unguided medium between them. The

main requirement for FSO link is line of sight condition between two FSO units. Each

unit consists of an optical transceiver with a laser transmitter and a receiver to provide

fullduplex (bi-directional) capability. Each FSO unit uses a high-power optical source (i.e

Laser,  LED)  and  the  network  traffic  is  converted  into  light  pulses.  A  lens  in  the

transmitter  transmits  light  through  the  atmosphere  to  another  lens  receiving  the

information. The received signal is converted back to digital signal and connected to the

network[1].Figure 2-1 shows the basic block diagram of a FSO system.

Figure 2-2: Block diagram of a FSO communication system
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The  data  to  be  transmitted  can  be  modulated  using  intensity,  phase  or  frequency

characteristics of the optical carrier beam that lies in the infrared and visible part of the

spectrum corresponding to the wavelengths between 850nm and 1550nm [9].

2.3 Detailed Discussion of Free Space OpticalSystem

In this section, the each part of an FSO system has been discussed.

2.3.1 Transmitter

On thetransmitting side, the transmitter  consists of data source, modulator, driver, LD

source and transmit optics. Lasers, because of their  directional beam profile,  are most

commonly  employed  for  outdoor  applications  like  FSO  communication.For  the

application,  light  source  adopted  must  have  the  appropriate  wavelength,  line  width,

numerical aperture, high radiance with a small emitting surface area and high modulation

bandwidth. The LD source small size, low forward voltage and drive current, excellent

brightness  in  the  visible  wavelength  and  with  the  option  of  emission  at  a  single

wavelength or range of wavelengths. Usually, FSO uses the infrared (IR) part of spectrum

which is the short-wavelength infrared (1530nm-1560nm)[1] .

2.3.2 Channel Models

As the optical signal propagates through the atmospheric channel, it encounters variation

in the intensity of the signal due to various unpredictable environmental factors like fog,

rain, snow, etc. Other factors responsible for degrading the quality of the optical beam in

FSO communication are absorption and scattering, beam divergence loss, free-space loss,

and pointing loss. Also, turbulence in the atmosphere causes random fluctuations in the

intensity  and phase of  the  received  signal.  Atmospheric  turbulence  causes  significant

impairments in the performance of a FSO channel. The reliability of the designed optical

communication link will depend on the accurate estimate of the random fluctuation in the

signal  or  in  other  words  on  the  probability  density  function  (pdf)  of  this  random

irradiance  signal.  There  are  many  pdf  models  proposed  for  both  weak  and  strong

turbulence[6].  The atmospheric  turbulence  impairs  the performance of a  FSO link  by

causing the received optical signal to vary randomly thus giving rise to signal fading.The

fading strength depends upon the link length,the wavelength of the optical radiation and

the refractive index structure parameter Cn
2 of the channel.From practical point of view, it
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is desirable to have a tractable pdf model for irradiance fluctuation so that we can predict

the performance of the link with an acceptable accuracy and the channel is characterized

by Rytov variance  σ R
2.   The turbulence induced fading is weak when  σ R

2
<1 and this

defines the limit of validity of the model.

σ R
2
=1.23Cn

2 k7/6L11 /6 (0)

Cn
2  is the refractive-index structure parameter and its value ranges from 10-13  to 10-17, k is

the wave number and L is the distance between transmitter and receiver.

The pdf’s proposed for these channels for different degree of turbulence are[10]:

1. Log-normal

2. Negative exponential

3. K channel model

4. Gamma-Gamma

Log-normal distribution is the most commonly used model for the probability density

function  of  the  irradiance  for  weak  turbulence  condition.  But,  Log-normal  pdf

underestimates the behavior in the tails  as compared with the measured data.  In high

turbulence  conditions,  there  are  multiple  scattering  effects,  which  become  important.

These cannot be accounted accurately with Log-normal pdf which significantly affects

the accuracy of the estimated performance at high turbulence. The negative exponential

model on the other hand models high turbulence effects well. The rest two distribution

have the irradiance modeled as a result of two multiplicative random process. Gamma-

gamma is a two-parameter distribution based on a double stochastic theory and can model

both the weak and strong turbulence condition. In the following section, the pdf models

will be discussed in detail.

2.3.2.1 Lognormal Model

Lognormal distribution is widely used model for the probability density function (pdf) of

the irradiance due to its simplicity in terms of mathematical calculation. This turbulence

model is only applicable to weak turbulence conditions and for propagation distances less

than 100 m [8]. Considering lognormal model, the pdf of the received optical field  I  is

given as f (I ):
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f ( I )=
1

√2π σ R
2
exp (−( ln( II 0 )+

σ R
2

2 )
2

2σR
2 ) , I ≥0 (0)

Where,

I represents the irradiance at the receiver

I0  is the signal irradiance without scintillation.

Figure  2-2 shows  the  probability  density  functions  curve  of  Lognormal  model  for

different turbulence strength.

Figure 2-2: Lognormal PDF for different turbulence strength

2.3.2.2 Negative Exponential Model

In  case  of  strong  irradiance  fluctuations  where  link  length  spans  several  kilometers,

number of independent  scatter  become large.  In that  case,  signal amplitude follows a

Rayleigh distribution, which in turn leads to a negative exponential statistics for the signal

intensity (square of field amplitude). This is given by [1]:

f ( I )=
1
I 0
exp ⁡(

−I
I0

) , I ≥0 (0)

Here, I0is the mean radiance (average photon count per slot).
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where E[I] = I0 is the mean received irradiance. During the saturation regime, thevalue of

the  S.I=1. It  is noteworthy that other turbulence models such as thelog-normal-Rician

and  the  I–K  distributions[9],  which  are  both  valid  fromweak-to-strong  turbulence

regimes; the K-model, which is only valid forthe strong regime, and the gamma–gamma

turbulence models all reduce to the negativeexponential in the limit of strong turbulence.

The negative exponential pdf is shown in Figure 2-3.

Figure 2-3: Negtive exponential pdf for different values of I0

2.3.2.3K-channel Model

This statistical  model is used in strong turbulence condition.  Here,  SI is nearly 1 and

thevalue of log intensity variance is between 3 and 4.

This  channel  model  can  be  considered  as  a  product  of  two  independent  models-

Exponential and Gamma. This model provides excellent agreement between theoretical

and experimental values. Pdf for the instantaneous electrical SNR, γ, at the receiver can

be given by[10],

Pγ (γ )=
β

β+1
2 γ

β−3
4

ζ
β+1
4 Γ (β )

K β−1(2√ β √ γζ ) (0)
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Whereβis related to the effective number of discrete scatters,whileΓ ( .) is the Gamma 

function.K β−1 is the modified Bessel function of the second kind of order v. ζ is average 

electrical SNR at the receiver.

2.3.2.4 Gamma-Gamma Model

Andrews et. al. [7] introduced the modified Rytov theory and proposed gamma-gamma

pdf as a useful mathematical  model  for atmospheric  turbulence.  This  modified Rytov

theory defines the optical field as a function of perturbations which are due to large scale

and small scale atmospheric effects. The normalized irradiance is given as I= IxIy where

Ix and Iyarise from large scale and small scale turbulent eddies and each of them follows

gamma distribution. This gives the gamma-gamma pdf as[11]:

f ( I )=
2 (αβ )

α+β
2

Γ (α )Γ (β)
I
(α +β
2

−1 )
K α−β(2√αβI )

(0)

where, I>0 is the received signal irradiance, α and β are the parameters of probability

density  function,Γ (α ); Γ (β) are  the  Gamma  function  and  Ka  is  the  modified  Bessel

function of second  kind of order a. Here, α and β are the effective number of small scale

and large scale eddies of turbulent environment, which are given by :

α={exp[
0.49σ R

2

(1+1.1σ R

12
5 )

7
6 ]−1}

−1

(0)

β={exp¿¿¿

(0)

where,σ R
2=1.23Cn

2k7/6L11/6 is called the Rytov variance which represents the variance of

log-intensity  fluctuation.Cn
2 is  the  refractive-index  structure  parameter  and  its  value

ranges from 10-13  to 10-17, k is the wave number and L is the distance between transmitter

and receiver.  When  σ R
2<1, it  means the light intensity fluctuation is weak and  σ R

2
>1

means  strong  intensity  fluctuation.The  Gamma-Gamma  exponential  pdf  is  shown  in

Figure 2-4.This figure is plotted for different turbulence strength and the channel model

works well for both weak and strong turbulence regime.
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Figure 2-4  Gamma-Gamma PDF for different turbulence strength

2.4Receivers

On the receiver side of FSO unit, there are receiver optics, photodetectors and amplifiers.

At the receiving end, a high directionality telescope is used to collect as much of the

transmitted  power as  possible  but  also to  reduce  the background ambient  light,which

introduces noise thus reduces the link performance.The optical power collected by the

telescope strikes the photodetector.

2.4.1 Photodetectors

The photodetector  is  a square law optoelectronic  transducer  that  generates  an electric

signalwhich is proportional to the square of the instantaneous optical field impinging on

its surface. Thus, the signal generated by a photodetector is always proportional to the

instantaneous received optical power. Since the optical signal is generally weak, having

travelled through the communication channel,the photodetectors must therefore meet the

stringent performance requirements such as high sensitivity within it’s operational range

of wavelengths, a low noise level and an adequate bandwidth to accommodate the desired

data  rate.  Quantum  efficiency  is  used  as  a  metric  to  characterize  a  photodetector.
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Numbers of electron-hole pairs generated by photodetectors to the incident photons in a

given time is termed as quantum efficiency, ηqe.

η
qe= Electonsout

Photons input

Consider  an  incoming  optical  radiation  with  an  average  power  Pr  impinging  on  a

photodetector over  period T.Then the electric current generated by the detector is given

by [12]:

¿ i>¿
ηqe λqq Pr

hc
=R Pr

(0)

where q is the electronic charge and R is the photodetectors responsivity defined as the

photocurrent generated per unit incident optical power.

R=
ηqe λqq

hc
=

λq
1.24

ηqe

(0)

There are different types of photodetectors that could be used in optical receivers.PIN and

APD detectors are most popular and widely used which meet the requirement of high

sensitivity and responsivity.

2.4.1.1PIN Photodetectors

The PIN photodetector consists of p- and n-type semiconductor materials separatedby a

very lightly  n-doped intrinsic region [13] . In normal operating conditions, asufficiently

large  reverse  bias  voltage  is  applied  across  the  device.For  the  device  to  convert  an

incident photon into an electron/electric current, theenergy of the incoming photon must

not be less than the band-gap energy of thesemiconductor material.The incident photon

uses its energy to excite an electronfrom the valence band to the conduction band, thereby

generating  a  free  electron–hole  pair  in  the  process.  Normally,  the  incident  light  is

concentrated  on  the  depletedintrinsic  region.  The  high  electric  field  present  in  this

depleted  region causes  thegenerated  charge  carriers  to  separate  and collect  across the

reverse biased junction. This gives rise to a current flow in an external circuit and there is

one electron flowing for every carrier pair generated.The upper cut-off wavelength λc , in

micrometres (μm) is generally given by Equation below where m) is generally given by Equation below where Eg is the energy bandgap

of the semiconductor material in electron-volt (eV).

λqc=
hc
Eg

(0)
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The operating wavelength ranges for different photodetector materials.The responsivity of

a PIN photodetector is always less than unity.PIN photodetectors are capable of operating

at very high bit rates exceeding 100 Gbps [12–13].

2.4.1.2 APD Photodetectors

The APD is different from thePIN 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 given by-

M=
IT
I p

(0)

where  IT is  the  average  value  of  the  total  output  current  and  Ip =  RPr  is  the

primaryunmultiplied photocurrent (i e , PIN diode case).

Thusresponsivity value of an APD can be greater than unity .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 [14].

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.

2.4.2 Photo Detection Noises

The noise  sources  as  well  as  the  frequency and distortion  performance  of  a  wireless

optical link are decisive factors in determining the link performance. In line with nearly

all communication systems, identification of the noise sources at the receiver front end,

where the incoming signal contains the least power, is critical. The two primary sources

of noise at the input of the receiver are due to shot noise from the received photocurrent

and noise from the receiver electronics.  Figure 2-5 illustrates a schematic of a receiver

front end with photodetector as well as noise sources indicated.Photogenerated shot noise

is a major noise source in the wireless optical link. It arises fundamentally due to the

discrete nature of energy and charge in the photodiode Thermal noise, due to the resistive

element, is generated independently of the received optical signal.
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Figure 2-5:Diagram of a front-end photodiode detector along with channel impairments.

The various sources of noise in optical communications are discussed 

below. For FSO systems, the noise from the background radiation can 

be significant.

2.4.2.1 Photon Fluctuation Noise

For an ideal photodetector, the only significant noise that affects its 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  of  photons  per  second  follows  the  Poisson

distribution.  This results in photon fluctuation or quantum noise. Quantum noise (also

termed photon noise) is a shot noise that is present in all  photon detectors due to the

random arrival  rate  of photons from the data  carrying optical  source and background

radiation.

The  quantum  fluctuation  is  also  important  because  it  dominates  over  the  thermal

fluctuations  within  the  photodetector,  since  hf  >  κTe  where  h  and  f  are  the

Planck’sconstant  and  the  radiation  frequency,  respectively,  while  κ  and  Te  represent
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theBoltzmann’s constant and temperature, respectively. The quantum noise is a shot noise

with variance.

σ 2q− pin=2q<i>B (0)

σ 2q−apd=2q<i>BF M 2 (0)

where the bandwidth of the electrical filter that follows the photodetector is represented

by  B  Hz  .  The  shot  noise  is  in  fact  proportional  to  (nphoton)0.5,  where  nphoton is  the

equivalentnumber of photons after degradation caused by imperfect conversion due to

thequantum efficiency. 

For coherent receivers, the shot noise due to the optical signal and the OLO isgiven by-

σ 2q−CS=2q<is>M
2Bc (0)

σ 2q−CLO=2q<ilo>M
2Bc (0)

where Bc is the bandwidth of the coherent receiver.

For the heterodyne case, the LO shot noise is much larger than the signalshot noise ;

therefore, the signal shot noise can be ignored. 

2.4.3.2 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 (ambient light) noise: 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

[14-15].

I sky=N ( λq)Δ λqΩ2 (0)

I sun=W (λq)Δ λq (0)
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where N(λ) and W(λ) are the spectral radiance of the sky and spectral radiant emittance of

the sun, respectively, Δλ is the bandwidth of the OBPF that precedes the photodetector

and  Ω is  the  photodetector’s  field  of  view angle  in  radians.  By  carefullychoosing  a

receiver with a very narrow FOV and Δλ, the impact of background noise can be greatly

reduced OBPF in the form of coatings on the receiver optics/ telescope with Δλ < 1 nm

are now readily available. Empirical values ofN(λ) and W(λ) under different observation

conditions are also available in the literature.The background radiation is a shot noise

with variance [15].

For a coherent receiver, use Equation (14) and change B to Bc.In most practical systems,

the receiver SNR is limited by the background shot noise that is much stronger than the

quantum noise and/or by thermal noise in the electronics following the photodetector.

σ bg
2=2qBR(I sky+ I sun) (0)

2.4.3.3 Thermal Noise

Thermal noise, also known as the Johnson noise, occurs in all conducting materials.It is

caused  by  the  thermal  fluctuation  of  electrons  in  any  receiver  circuit  of

equivalentresistance RL and temperature Te.The electrons are in constant motion, but they

collidefrequently  with  the  atoms  or  molecules  of  the  substance.  Every  free  flight  of

anelectron  constitutes  a  minute  current.  The  sum  of  all  these  currents  taken  over  a

longperiod of time must, of course, be equal to zero. The thermal noise is regarded as

a‘white’  noise.  This  is  because  the  power  spectral  density  (PSD)  is  independent

offrequency. Moreover, the thermal noise obeys the Gaussian distribution with zeromean

and variance for IM-DD and coherent receivers defined by[16]-

σ 2th−D=
4 kT eB

RL

(0)

σ 2th−CS=
4k T eBc

RL

(0)

2.4.3.4 Dark Current and Excess Noise
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Since the photocurrent is proportional to the incident light power, the photon shotnoise

increases with respect to the increase of the incident power (in square root fashion). The

lower end of this relation is limited by the noise from the dark current, which is present

even when there is no input light.  It is produced by the transition of electrons from the

valence to the conduction band due to causes other than photoninduced excitation; its

magnitude  is  closely  related  to  the  energy band-gap of  the  photodetector  material(s).

Large  band-gap  materials,  such  as  silicon  (Si),  indium  phosphide  (InP)  and  gallium

arsenide (GaAs), show very low values of mean dark current, 〈id〉, while for germanium

(Ge), the value could be significant when they are operated at room temperature [15]. The

dark current  is  a  combination  of bulk and surface leakage currents,  carries  no useful

information  and  thereby  constitutes  a  shot  noise  whose  variances  are  given  by  the

following-

σ R
2
=1.23Cn

2 k7/6L11 /6 (27)

σ 2ds=2q I 1B (28)

Where,  k=
2π
λq

 is the wave number and Il is the detector’s primary unmultiplied surface

leakagecurrent .

For coherent receivers, the dark current noise is given by [1]-

σ 2D−C=2q I d M
2Bc

where Id  is the detector’s primary unmultiplied dark current .

2.5Challenges of an FSO communication system

The major challenges encountered in the design and implementation of an FSO system

are outlined below.

2.5.1 Atmospheric Turbulence

Atmospheric circulation due to distribution of temperature on the surface of earth, wind

flowdue  to  the  change  of  atmospheric  pressure  and  velocity  variation

generateatmospheric turbulence. Clear air turbulence phenomena affect the propagation

ofoptical beam by both spatial and temporal random fluctuations of refractive index due
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to  temperature,  pressure,  and  wind  variations  along  the  optical  propagation  path.

Atmospheric turbulence primarily causes phase shifts of the propagating optical signals

resulting  in  distortions  in  the  wave  front  and this  distortion  is  referred  to  as  optical

aberrations. Atmospheric turbulence also causes intensity distortion, which is referred to

as scintillation. Aerosols, moisture, temperature and pressure changes produce refractive

index variations in the air by causing random variations in air density. These variations

are referred to as eddies or air pockets having a lens effect on light passing through them

[17]. The refractive index variation causes phase perturbation of the wave front isophase

plane of propagating light. As a result, secondary waves generated from different point of

wave front have different phase, and their interference with each other gives amplitude

variation.  In  other  words,  air  pockets  will  act  as  lenses  for  propagating  light  having

different refractive indexes, and they will focus-defocus light randomly. The net result is

that,  intensity  of  received optical  signal  will  not  be constant  but  fluctuatingrandomly

similar  to  the  amplitude  fading  due  to  multipath  propagation  in  RF  wireless

communication.

When a plane wave passes through these eddies, parts of it are refracted randomlycausing

a distorted wave front with the combined effects of variation of intensity across the wave

front and warping of the isophase surface. If the size of the turbulence eddies are larger

than the beam diameter, the whole laser beam bends. If the sizes of the turbulence eddies

are smaller than the beam diameter and so the laser beam bends, they become distorted.

Small  variations  in  the  arrival  time  of  various  components  of  the  beam  wave  front

produce constructive and destructive interference and result in temporal fluctuations in

the laser beam intensity at the receiver.

2.5.2 Refrative Index Variation

Refractiveindexstructure  parameter  (Cn
2)  is  the   most  significant  parameter

thatdetermines the turbulence strength and depends on the geographical location, altitude,

and time of day [18]. There is the largest gradient of temperature associated with the

largest values of atmospheric pressure and air density close to the ground. Therefore, the

value of refractive index structure should be larger at sea level and smaller as the altitude

increases, because the temperature gradient decreases with the increase of altitude and so

the air density, results smaller refractive index structure. In the horizontal path even over

a reasonably long distance, refractive index structure parameter may be assumed to be
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practically  constant.  Value  of  atmospheric  refractive  structure  parameter  depends  on

channel  condition  and  for  terrestrial  link.  Typical  value  of  refractive  index  structure

parameter for a weak turbulence at ground level can be as little as 10-17 m-2/3 , while for a

strong turbulence it can be up to 10-13 m-2/3 or larger. Numbers of parametric models have

been formulated to describe the refractive index structure parameter profile and among

those, one of the more used models is the Hufnagel-Valley model [18].

2.5.3 Scintillation

Irradiance fluctuation due to atmospheric turbulence is known as scintillation, and σi
2 is

used  to  represent  scintillation  index.  This  parameter  directly  indicates  strength

ofatmospheric  turbulence  and  defined  as  normalized  variance  of  intensity

fluctuationwhich   represents  as:  σi
2=  E[I2]/  E  [I]2−1  [19].  This  scintillation  index is

directlyrelated to channel parameter and system parameter as: where Cn
2 is atmospheric

refractive index structure parameter, kx=2π/ λ is known as wave number where, λ is the

wavelength and L is the link distance in meter. For weak turbulence,σi
2≃σR

2.

 For  a  constant  atmospheric  refractive  structure  parameter,  scintillation  index  is

completely  dependent  on  link  length  L,  since  wavelength   of   light  is  constant.

Scintillation is the most noticeable parameter for FSO systems. Light traveling through

scintillation will experience intensity fluctuations, even over relatively short propagation

distance.

2.5.4 Pointing error/ jitter

In   addition   to   the  effects   of   atmospheric  turbulence,   FSO  links   are  also

highlydependent  on  the  pointing  performance.  The  pointing-error  is  the  deviation

between the desired antenna orientation and its  current actual  position.  This error can

arise from mechanical  misalignment,errors  in tracking systems and due to mechanical

vibrations present in the system. The pointing error consists of two components: a fixed

error, called boresight error and a random error, called jitter. Jitter is superimposed over

the fixed boresight error and modeled as a two dimensional random variables [18, 19].

Due to boresight error and jitter, each received intensity sample can be thought of as a

randomly sampled point on a random irradiance profile.

2.5.5 Rain
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Rain  is  liquid  water  in  the  form  of  droplets  that  have  condensed  from  atmospheric

watervapour and then precipitated to become heavy enough to fall under gravity. Rain is a

major  component  of  the  water  cycle  and  is  responsible  for  depositing  most  of  the

freshwater on the Earth. The major cause of rain production is moisture moving along

three dimensional zones of temperature and moisture contrasts known as weather fronts.

Ifenough  moisture  and  upward  motion  is  present,  precipitation  falls  from convective

clouds those with strong upward vertical motion such as Cumulonimbus thunder clouds

which can organize into narrow rain band. Rain is unpredictable attenuation and the major

impairment  to  FSO  link  availability.  Attenuation  of  the  rain  is  independent  of  the

wavelength and it is the function of precipitation intensity [18].

Scattering  due  to  rainfall   is  called  non-selective  scattering,   because  the   radius

ofraindrops  are  100-1000  μm) is generally given by Equation below where m  is  significantly  larger  than  the  wavelength  of  typical

FSOsystems. The laser is able to pass through the raindrop particle with less scattering

effectoccurring. The haze particles are very small and stay longer in the atmosphere, but

therain  particles   are   very  large  and  stay  shorter  in  the  atmosphere.  This  is  the

primaryreason that attenuation via rain is less than haze. An interesting point to note is

that  RFwireless  technologies  that  use  frequencies  above  approximately  10  GHz  are

adverselyimpacted by rain and little impacted by fog. This is because of the closer match

of RFwavelengths to the radius of raindrops, both being larger than the moisture droplets

infog.

Rain  is  precipitation  of  liquid  drops  with  diameters  greater  than  0.5  mm  when  the

dropsare  smaller;  the  precipitation  is  usually  called  drizzle.  The  optical  signal  is

randomlyattenuated by fog and rain when it passes through the atmosphere. The main

attenuationfactor  for  optical  wireless  link  is  fog.  However,  rain  also  imposes  certain

attenuation.When  the  size  of  water  droplets  of  rain  becomes  large  enough  it  causes

reflection  andrefraction.  As  a  result,  these  droplets  cause  wavelength  independent

scattering. Majorityof the rain drops belong  to  this  category. The increase in rainfall rate

causes linearincrease in attenuation, and the mean of the  raindrop  sizes  also increases

with therainfall rate and is in the order of a few mm [19].

2.5.6 Fog

Fog  is  a  cloud  of  small  water  droplets  near  ground  level  and  sufficiently  dense  to

reducehorizontally visibility to less than 100 m. Fog is formed by the condensation of
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watervapor on condensation nuclei that are always present in natural air. This can result

assoon as  the relative  humidity  of the  air  exceeds  saturation by a  fraction of  1%. In

highlypolluted air the nuclei may grow sufficiently to cause fog at humidity’s of 95% or

less.  Another  way  is  to  use  visibility  data  to  predict  specific  attenuation.  The

modelsKruse,  Kim  and  Al  Naboulsi   use  this  approach  and  predict  specific

attenuationusing  visibility.  The  attenuation  of  10  μm) is generally given by Equation below where m  is  expected  to  be  less  than

attenuation ofshorter wavelengths. Kim rejected such wavelength dependent attenuation

for lowvisibility in dense fog. Al Naboulsi and et.al developed simple relations allowing

theevaluation  of  the  attenuation  in  the  690  to  1550  nm  wavelength  range  and  for

visibilitiesgoing from 50 to 1000 m for two types of fog: advection fog and convection

fog.

The advection fog is generated when the warm, moist air flows over a colder surface.The

air in contact with the surface is cooled below its dew point, causing thecondensation of

water  vapour.  It  appears  more  particularly  in  spring  when  southerndisplacements  of

warm, moist air masses move over snow covered regions. Theradiation or convection fog

is  generated  by  radiative  cooling  of  an  air  mass  during  thenight  radiation  when

meteorological  conditions  are  favorable  such as  very low speedwinds,  high humidity,

clear sky etc. It forms when the surface releases the heat that isaccumulated during the

day and becomes colder: the air which is in contact with thissurface is cooled below the

dew point, causing the condensation of watervapor, whichresults in the formation of a

ground level cloud. This type of fog occurs moreparticularly in valleys [18,19,20].

2.6 Solutions to the Challenges of FSO systems

The  different  challenges  associated  with  aFSO  system  have  different  impact  on  the

performance of the system. The solution of major challenges encountered in the design

and implementation of FSO system is outlined in the following Table 2-1.

Table 2-1 Major challanges in implementation of FSO

Causes Effects Solutions

Intersymbol 
Interferences
(ISI)

Multipath 
Propagation

Quality of transmission
Multipath Distortion or 
dispersion
Reduce data rates

• Equalization and 
predistortion 
equalization
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• Forward error 
correction (FEC)
• Spread spectrum 
techniques
• Multiple-subcarrier
modulation (MSM)
• More bandwidth 
efficient than single-
carrier
• OFDM, MSM
• Multibeam 
transmitter

Safety Laser radiation Damage to eye and skin Power efficient 
modulation PPM, DPIM 

Turbulence Random 
refractive 
index variation

Scintilation
Phase fluctuation
Polarization fluctuation

• Coding, for example, 
LDPC, FEC, MIMO
• Diversity reception 
(temporal and spatial)
• Adaptive optics
• Robust modulation 
techniques
• Coherent detection not 
used due to phase

Fog
0.22-272dB/
km  power loss

Mie scattering
Photon absorption

•Increase transmit optical
power
• Hybrid FSO/RF
• Diversity
• More efficient 
modulations

Rain and Snow 20-60dB/km 
power loss

Photon  absorption Increase transmit optical 
power

Pointing stability
and swaying 
buildings

Loss of signals.
Multipath induced 
distortions.
Low power due to beam 
divergence and spreading.
Short term loss of signals

• Spatial diversity
• Mesh architectures: 
using diverse routes

2.7 Summary

From the above discussion, it has been inferred that the main limitation of a FSO channel

is  caused  by  the  atmospheric  incident  like  turbulence,fog,rain,snow,  etc.  One  of  the

solution of these problems is to increase the transmit optical power but there is a limit to

the transmit power of an optical transmitter  due to the eye and skin safety from laser
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radiation.  Another  solution is  to use robust and power efficient  modulation technique

which can reduce the channel impairments caused by atmospheric turbulence.

CHAPTER 3

MODULATION AND DETECTION TECHNIQUES

3.1  Overview

Most  practical  Optical  Wirelress  Communication  (OWC)  systems  being  currently

deployed employ the IM/DD scheme for outdoor as well as indoor applications [1,28].

Atmospheric conditions, in particular heavy fog, are the major problem, as the intensity of

light propagating through a thick fog is reduced considerably. Therefore, intuitively, it

appears that the best solution to high attenuation would be to pump more optical power or

concentrate and focus more power into smaller areas.  However, the eye safety introduces

a limitation on the amount of optical power being transmitted. For indoor applications,

the eye safety limit on transmit optical power is even more stringent. The optical channel

differs  significantly  from the  RF  channels.  Unlike  RF  systems  where  the  amplitude,

frequency and phase of the  carrier  signal  are  modulated,  in  optical  systems,  it  is  the

intensity  of the optical  carrier  that is modulated in most systems operating below 2.5

Gbps data rates  in IM/DD. In this  chapter,  we will  discuss about  various modulation

schemes and detection schemes that are commonly used in FSO systems. 

3.2 Types of Modulation Schemes

In IM-DD optical  wireless systems, the modulation schemes can be grouped into two

general categories: base band intensity modulation and sub-carrier intensity modulation.

In baseband modulation,  at  the optical  transmitter  end, the information signal directly

modulates the LD drive current of optical carrier. At the receiver end, the information is



29

recovered using the technique of direct detection, in which the photo detector generates

an electric signal according to the instantaneous power of the received optical signal. In

case of sub-carrier modulation, the information signal first modulates the RF electrical

subcarrier.  The  modulation  schemes  can  be  BPSK,QAM,FM,AM,  etc.[26].  The

modulated electrical sub-carrier signal in turn intensity modulates the optical carrier.At

the  receiver  end,the  signal  is  once  again  recovered  by  direct  detection.  All  these

techniques are non-coherent which areadopted due to low cost and low complexity of the

receiver structure used in terrestrial and indoor systems. However,some of the space laser

communication  links  do  use  coherentdetection  technique  as  well  as  with  better

performance, but with added complexity in the transceiver structure.

A number  of  digital,  analog and pulse  modulation  techniques  can  be used in  optical

wireless schemes. Among the analog schemesAM,FM and PM can be used[1] for indoor

applications.  In  pulse  modulation,  sequence  of  carrier  pulses  with  a  suitable

parameter,such as the pulse amplitude,width or position is electrically modulated by the

base band as PAM,PWM or PPM modulation respectively. Again the modulated carrier is

transmitted  opticallyby  intensity  modulation  of  the  optical  signal.  In  digital  schemes,

which are most commonly used because of their inherent advantage, prior to transmission

the information is digitized and translated to  specific code, such as RZ or NRZ codes, to

get a stream of pulses which are then modulated with one of the digital  schemes,i.e.,

OOK,PPM,DPSK,QPSK,BPSK, etc.

3.3  Selection Criterion of Modulation Scheme

Selecting the most appropriate modulation scheme will depend on some certain system 

criterion. For optical wireless systems, the two main criterion are:

1.Power Efficiency

2.Bandwidth Efficiency

To  study  the  performance  of  any  modulation  format,the  important  parameters  are

bandwidth and the minimum power requirement  at  the receiver  detector  to  correctly

detect the signal in presence of noise. As the average optical transmitted power governs

the eye safety and electrical consumption of the transmitter, it is essential to calculate the

power requirement of each modulation scheme. The bandwidth requirement on the other
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hand is important as it determines the maximum data rate achievable by the linkwith a

particular modulation format.

Power efficient modulation schemes are simple to implement.The modulation schemes

with short pulses, such as PPM meets the low average power requirement essential for

eye safety consideration, but they require a very large bandwidth. On the other hand,at

high data rate terrestrial links, bandwidth efficient schemes, like OOK, are more effective.

Therefore,  power  efficient  modulation  schemes  may  not  be  always  bandwidth

efficient,such  as  PPM  cannot  give  good  performance  in  these  schemes.On  the  other

hand,in bandwidth efficient schemes like OOK, the restrictions on power levels due to

laser eye safety regulations significantly reduce the link margin,thereby restricting the

operational  range.Therefore,  a  compromise  has  to  be  made  between  the  power  and

bandwidth when selecting a modulation scheme.

3.3.1 Power Efficiency

In order to comply with the eye and skin safety regulations, the average optical power

emitted  by  an  optical  wireless  transceiver  is  limited  [1,2].  Furthermore,  in  portable

battery-powered equipment, it is desirable to keep the electrical power consumption to a

minimum,  which also imposes  limitations  on the optical  transmit  power.  Each of  the

modulation schemes offers a certain optical average power, and therefore they are usually

compared  in  terms  of  the  average  optical  power  required  to  achieve  a  desired  BER

performance or SNR. The power efficiency  ηp of a modulation scheme is given by the

average power required to achieve a given  BER  at a given data rate [3]. Mathematically,

ηp is defined as [4]:

ηp=
E pulse

Eb

(30)

where Epulse is the energy per pulse and Eb is the average energy per bit.

3.3.2  Bandwidth Efficiency

Although  the  optical  carrier  can  be  theoretically  considered  as  having  an  ‘unlimited

bandwidth’, the other constituents (photodetector area, channel capacity) in the system

limit  the  amount  of  bandwidth  that  is  practically  available  for  a  distortion-free

communication  system[2].Also,  the  ensuing  multipath  propagation  in  diffuse

link/nondirected LOS limits  the available channel bandwidth [5]. This also makes the

bandwidth efficiency a prime metric.The bandwidth efficiency ηB is defined as [4]
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ηB=
Rb

B
                                      (31)

where Rb is the achievable bit rate and B is the bandwidth of the IR transceiver.

When the shot noise is the dominant noise source, the received SNR is proportional to the

photodetector surface area. Consequently, single-element receivers favor the use of large-

area  photodetectors.  However,  the  high  capacitance  associated  with  large-area

photodetectors has a limiting effect on the receiver bandwidth. In addition to this, for

nondirected LOS and diffuse link configurations,  the channel bandwidth is limited by

multipath propagation. Therefore, it  follows that modulation schemes that have a high

bandwidth  requirement  are  more  susceptible  to  intersymbol  interference  (ISI),  and

consequently incur a greater power penalty. Thus, the second most important criterion

when evaluating modulation techniques is the bandwidth efficiency.

There are also other constraints,whichare to taken into consideration while selecting a

modulation  scheme.  A  modulation  technique  should  be  able  to  offer  aminimum

acceptable error rate in adverse conditions as well as showresistance to the multipath-

induced ISI. In addition,  the modulation technique should be resistant to a number of

factors such as the phase jitter due to variations of the signal power, pulse extensions due

to diffusion component larger time constant and pulse distortion due to near-field signal

clipping [4,6]. Optical  wireless transceivers intended for mass market applications are

likely  to  have  tight  cost  constraints  imposed  upon  them.  Consequently,  it  is  highly

desirable that the chosen modulation technique is rather simple to implement.Achieving

excellent power efficiency and/or bandwidth efficiency is of little use if the scheme is so

complex  to  implement  that  cost  renders  it  unfeasible.  Another  consideration  when

evaluating modulation techniques is the ability to reject the interference emanatingfrom

artificial sources of ambient light The simplest method to reduce the power level of the

ambient light is to use electrical high-pass filtering.  Consequently, it is desirable that the

chosen modulation technique does not have a significant amount of its power located at

DC  and  low  frequencies,  thereby  reducing  the  effect  of  baseline  wander  and  thus

permitting  the  use  of  higher  cut-on  frequencies.  In  addition  to  this,  if  the  chosen

modulation  technique  is  required  to  operate  at  medium  to  high  data  rates  over  non
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directed LOS or diffuse links, multipath dispersion becomes an issue. Consequently, it is

also desirable that the scheme be resistant to ISI resulting from multipath propagation.

3.4  Modulation Schemes used in FSO Channel

The type of modulation to be used depends on speed, distance and weather conditions.

OOK is the simplest and mostly used in practical FSO system. PPM is the most power

efficient  but  when we compare  in  terms of  BER performance,  the digital  modulation

schemes like BPSK, QPSK, DPSK gives better performance.

3.4.1  On-Off keying

On –Off Keying (OOK) is one of the most common modulation schemes used in practical

FSO system. The transceiver  structure used are most simple and the modulation schemes

has  high  bandwidth  efficiency.  It  is  a  binary  level  scheme  with  two  symbols.  The

presence of an optical carrier wave indicates a binary ‘1’ symbol and its absence indicates

a ‘zero’ symbol.Both the return-to-zero (RZ) and non return-to-zero (NRZ) schemes can

be  applied.  In  the  NRZ  scheme,  a  pulse  with  duration  equal  to  the  bit  duration  is

transmitted to represent 1 while in the RZ scheme the pulse occupies only the partial

duration of bit. Figure 3-1 shows the single mapping of OOK-NRZ and OOK-RZ with a

duty cycle  λ = 0.5 for average transmitted power of  Pavg.Hence, the envelop for OOK-

NRZ is given by[1],

p (t )={2 Pr

0
, fort∈ [0,T b ] elsewhere

                                     (32)

Where Pr  is the average power and Tb is the bit duration.

Figure 3-3: Transmitted waveforms for OOK: (a) NRZ  and  (b) RZ (λ = 0.5)
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The OOK-NRZ has power efficiency ηp of  2 and bandwidth efficiency ηBof 1. The OOK-

RZ has the same power efficiency as OOK-NRZ; however, bandwidth efficiency depends

on the duty cycle. The bandwidth efficiency for   λ = 1/4 is 0.25. Furthermore, RZ does

not support sample clock recovery at the receiver because it allows a long low signal

without any 0 to 1 transition.Therefore, bit stuffing is necessary which further decreases

bandwidth efficiency.

The conditional bit error rate (Pe-OOK) for NRZ coded optical data with no turbulence taken

into consideration, can be expressed as a function of SNR as follows[26]:

PbOOK
=
1
2
erfc (

1
2√2

√SNR )
                                   (33)

3.4.2  Pulse Position Modulation

In LOS OWC links where the requirement for the bandwidth is not of a major concern,

PPM with its significantly better power efficiency seems to be the most attractive option

for a range of applications.  PPM is an orthogonal modulation technique and a member of

the pulse modulation  family.  The PPM modulation  technique  improves  on the power

efficiency of OOK but at the expense of an increased bandwidth requirement and greater

complexity.Figure 3-2 shows the time waveforms for PPM. An L-PPM symbol consists

of  a  pulse  of  constant  power  occupying  one  slot  duration  withinL (=  2M,  where  bit

resolution M >0 is an integer) possible time slots with the remaining slots being empty.

Information  is  encoded within the position of the pulse and the position of the pulse

corresponds to the decimal value of the  M-bit input data. In order to achieve the same

throughput as OOK, PPM slot duration Ts_PPM is shorterthan the OOK bit duration Tb by a

factor L/M, that is–

T sPPM
=
Tb M

L
                                   (34)

The transmit pulse shape for L-PPM is given by[22]-

x (t )PPM={1,0,
for t ∈ [ (m−1 )T s−PPM ,

mT sPPM ]
elsewhere

                             (35)
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Figure 3-2: Time waveforms for PPM

 In this modulation scheme, each pulse of a laser can be used to represent one or more bits

of information by its position in time relative to the start of a symbol whose duration is

identical to that of information bits. It contains Bits in block encoding are transmitted in

blocks instead of one at a time. To achieve optical block encoding, each word of M bits is

converted into one of L=2M  optical fields for transmission. Since  L is the possible pulse

positions code for K1  bits of information in PPM scheme, and the bit rate is expressed as

follows [21]:

Rb=B
log2L

L
                               (36)

For Gaussian noise, the BER for L-PPM scheme can be expressed as:

PbPPM
=
1
2
erfc ¿

                               (37)

With the increase of L the bandwidth requirement increases as well as the required power

for transmitting the same signal.

3.4.3 Digital  Phase Modulation Techniques

Phase modulation (PM) is a technique where data is sent using an alternating carrier wave

and by varying the instantaneous phase of the wave. This modulation scheme can be used

with both analog and digital data.

In analog PM, the phase of the carrier signal continuously varies. As a result,  we get

infinite number of possible phase states of the carrier wave. When the instantaneous input

wave has positive polarity, the carrier phase changes in one direction and when the input

waveform has negative polarity, the carrier phase shifts in the opposite direction. At any
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instant of time, the amount of carrier-phase shift is directly proportional to the extent to

which the amplitude of the signal is negative or positive.

In  digital  PM,  the  phase  of  the  carrier  signal  changes  instantaneously,  rather  than

continuously back and forth. For the case when the number of possible phase states is

two, the mode is  called  bi-phase modulation.  There can be four,  eight,  or even more

different  phase  states  in  more  complex  modes.  A  specific  digital  input  data  state  is

represented by each phase angle.

3.4.3.1 BPSK

In phase modulation technique, the information is expressed in terms of the carrier. When

binary digital signal is to control the phase of a sinusoidal carrier that is called Binary

Phase Shift Keying (BPSK). It is a two stage phase shift keying where the phase of the

carrier is set to 0 or π, according the value of the modulating signal. If a symbol '1' is

transmitted, the modulated signal is exactly as the carrier with phase 0, similarly, phase π

standing for 0. The BPSK modulation is the simplest form of PSK and it more robust to

resist noise than OOK.

As for BPSK, B=Rb, each bit of the modulating signal causes a transmitting symbol with

Ts duration that equal with the bit duration Tb. That is, the required bandwidth for BPSK

is equal to the bit rate. This is consistent with the OOK. According to the definition of

bandwidth  efficiency,  the  bandwidth  efficiency  for  BPSK  can  be  expressed  as

follows[22]:

ηBPSK=
Rb

B
=1

                               (38)

This the theoretical bandwidth efficiency for BPSK is unit. And the conditional BER of

BPSK is[23]:

PbBPSK
=
1
2
erfc (√SNR )

                               (39)
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The power requirements can readily be derived from the BER expressions.. In the case of

equal BER, using the normalized average power requirements of BPSK to NRZ-OOK,

the power requirement for BPSK can be written as:

PBPSK

POOK

=
1
2√2

                               (40)

Theoretically, the NRZ-OOK requires as much as 2√2 times power than BPSK to achieve

particular BER performance. 

3.4.3.2 DPSK

DPSK is a relative phase modulation model, the information which is transmitted equals

0,  this∆∅represented  by  the  phase  difference  between  the  adjacent  symbols.  Which

means two adjacent symbol signals that before and after are the same. Therefore,  the

phenomenon  of  inverted  π  can  be  avoided  with  DPSK  modulation  scheme.  As

synchronous demodulation, compared to BPSK modulation, there is no need to know the

phase and frequency of the carrier, but the local carrier is necessary. The BER for DPSK

can be calculated as follows[22]:

PbDPSK
=
1
2
erfc(

√ (SNR)

√2
)

                               (41)

When using differential decoding, the information bit “1” will be transmitted by shift the

phase of modulated signal 180° relative to the previous phase of the modulate signal. And

bit  '0'  will  be  transmitted  without  shift  the  phase  of  modulated  signal  relative  to  the

previous of modulated signal. The required bandwidth for DPSK is equal to the bit rate,

BDPSK=Rb.

The spectrum efficiency of DPSK is relatively  higher,  dispersion tolerance,  nonlinear

tolerance and PMD tolerance can be improved. When getting the same bit error rate, the

receiver sensitivity is 3dB higher than OOK modulation. In terms of resisting noise,it is

better than OOK. The bandwidth efficiency is equal to BPSK and OOK, that is:
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ηDPSK=1                                (42)

The average power requirement of DPSK normalized toOOK can be expressed as 

PDPSK

POOK

=
1
2√2

 . Under the same BER condition, the average power of NRZ-OOK is twice

than DPSK[24].

3.4.3.3QPSK

Different from BPSK and DPSK, the QPSK scheme uses two bits are grouped together to

form signals.  When signals  transmitted,  there are  four  particular  phases.  The spectral

efficiency  can  be  further  enhanced  by  QPSK  modulation.  Since  the  QPSK  can  be

regarded  as  the  composition  of  two orthogonal  signals  of  BPSK.  Therefore,  each  bit

occupies Tb seconds, the signals corresponding to the bits last for Ts=2Tb.

This means that the required bandwidth for QPSK is double to BPSK modulation, that is,

BQPSK=0.5Rb.Andthe theoretical bandwidth efficiency for QPSK is:

ηQPSK=
Rb

0.5 Rb

                               (43)

But, the practically the bandwidth efficiency is 1.4 ～ 1.6bps/Hz. Since the QPSK is a

four-state phase shifting keying in which two bits  are  grouped together and the carrier is

phase modulated, each bit has half of the original received intensity. Therefore, BER for

QPSK can  considered  as  two orthogonal  of  BPSK combined.BER for  QPSK can be

described as[24]:

PbQPSK
=erfc (√SNR )=2Pb PSK

 

(44)
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Consequently, the average power requirement by QPSK normalized to NRZ-OOK can be 
expressed as:

PQPSK

POOK

=
1
2√2

erfc−1
(BER)

erfc−1
(2BER )

                                   (45)

Therefore the average power requirement of QPSK is almost equal to BPSK, only a few

amount of power more than BPSK is required. QPSK is bandwidth efficient than anyother

modulation schemes[25].

3.4.4 QAM

The creation of symbols that are some combinations of amplitude and phase can carry the

concept of transmitting more bits per symbol further. This method is called quadrature

amplitude modulation (QAM). For example,  8QAM uses four carrier  phases plus two

amplitude levels to transmit 3 bits per symbol[18]. Other popular variations are 16QAM,

64QAM, and 256QAM, which transmit 4, 6, and 8 bits per symbol respectively.Figure 3-

3 represents the constellation diagram of a 16-QAM.
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Figure 3-3:16-QAM constellation diagram

While QAM is enormously efficient of spectrum, it is more difficult to demodulate in the

presence  of  noise,  which  is  mostly  random  amplitude  variations.  Linear  power

amplification is also required. QAM is very widely used in cable TV, WiFi wireless local

area networks (LANs), satellites,  and cellular telephone systems to produce maximum

data rate in limited bandwidths.

3.4.5  OFDM FSO System

OFDM  is  a  popular  modulation/multiplexing  technique  for  broadband  wireless

communication which is robust to multipath fading and frequency selective fading [6]. By

this virtue, OFDM has become a modulation technique for IEEE 802.11a Wireless Local

Area Network and IEEE 802.16 standards.Combining OFDM with FSO gives  rise  to

OFDM based FSO, which will exploit the advantages of both, becomes a good candidate

for “last mile” solution for broad band connectivity with high speed data rates [1,7].

OFDM-FSO system support high data rates by splitting a high-rate data-stream into a

number  of  low-rate  data-streams andtransmitting  these  over  a  number  of  narrowband
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subcarriers. The narrowband subcarrier data-streams experience smaller distortions than

high-speed  ones  and  require  no  equalization.  Moreover,  most  of  the  required  signal

processing  is  performed  in  the  free  space  domain.  This  is  advantageous  because

microwave devices are much more mature than their optical counterparts and because the

frequency  selectivity  of  microwave  filters  and  the  frequency  stability  of  microwave

oscillators  are  significantly  better  than  that  of  corresponding  optical  devices.  The

subcarriers are themselves modulated by using phase shift keying (PSK) or quadrature

amplitude modulation (QAM) and are then carried on a high frequency carrier [1]. The

OFDM  signal  for  N  subcarriers,  after  up-conversion  to  the  wireless  service  carrier

frequency fc, can be written as:

SOFDM (t )=∑
n=0

N−1

Sn( t)                                         (46)

The  first  raw  data  is  mapped  according  to  different  types  of  modulation  techniques

(BPSK, QPSK, 8-PSK, 16-QAM, 64-QAM), depending upon data rate. Representing the

equation (46) in complex data symbol,

SOFDM (t )=∑
n=0

N−1

Xn(exp ⁡( j(wn+2π f c t)))                            (47)

The above equation represents each symbol Xn is amplitude modulated on orthogonal

subcarriers.  This  process  is  performed  using  the  IFFT  which  guarantees  that  all  the

subcarriers are orthogonal to each other over the symbol interval. Here, we set the guard

interval to zero and thus the OFDM symbol duration Ts equals to the Fourier analysis

window. The sOFDM(t) is real by enforcing the conjugate-symmetry (Hermitian symmetry)

of the IFFT input vector, The first input X0, corresponding to the zero frequency, needs to

be real-valued and is generally left unmodulated. This approach with real-valued IFFT 

output  is  used  in  digital  subscriber  line  (DSL)  systems  and  is  known  as  Discrete

Multitone  (DMT).  Due to  frequency selectivity,  the  subcarriers  experience  in  general

different  channel  gains,  which  can  be  mitigated  through  the  use  of  many  narrow

subcarriers.  The signal  sOFDM(t)  is  then used to modulate  the optical  intensity  of laser

diode (LD) to be transmitted through fiber optics [1]. 

OFDM can be simply defined as a form of multicarrier  modulation,  where its  carrier

spacing is carefully selected so that each subcarrier is orthogonal to the other subcarriers

and  can  be  separated  at  the  receiver  by  correlation  techniques,  hence,  inter  symbol

interference among channels can be eliminated. The set of orthogonal carriers is realized
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by using the inverse fast  Fourier transform (IFFT) at  the transmitter.  In addition,  the

channel estimation based on block type pilot arrangement is performed by sending pilots

at every sub-channel and using this estimation for a specific number of following symbols

[8]. The input signal is taken as series of bits/symbols, which are base band modulated,

also called mapping. This converts the signal into complex form. The mapped signal is

converted from serial to parallel form and IFFT is computed to obtain the OFDM symbol.

To  the  generated  OFDM  symbol,  cyclic  prefix  (CP)  bits/guard  bands  are  added  for

improved system performance followed by parallel  to serial  conversion and digital  to

analog conversion. At the receiver, the reverse process is carried out after being detected

by the photodiode and FFT is taken to convert the OFDM symbol back into complex bit

sequences.Thus, de-mapping converts the complex signal into original bit sequences.

3.5 Detection Techniques in a FSO System

Photodetection  is  the  process  of  converting information-bearing optical radiationinto

its   equivalent   electrical   signal   with   the   aim   of   recovering   the

transmittedinformation.  At  the   transmitter  ,  the  information  can   be  encoded on the

frequency,phase or the intensity of the radiation from an optical source. This encoded

radiation is   then  transmitted to  the  receiver via the free-space channel  or  the  optical

fiber.  The  receiver  front-end  devices  (telescope  and  optical  filter)  focus  the  filtered

radiation  onto  the  photodetecting  surface  in  the  focal  plane  There  are  two  possible

detection  schemes  widely  adopted  in  optical  communications:  IM-DD  and  coherent

schemes. IM-DD is the simplest and widely used. Coherent detection schemes offer the

potential of restoring full information on optical carriers, namely the amplitude (in-phase

(I)  component)  and phase (quadrature (Q)  component)  of the complex optical  electric

field and the state of polarization of the signal [15]. However, such receivers are sensitive

to the phase and the state of polarization of the received optical signal.

3.5.1 Direct Detection

In intensity-modulation direct detection, only one degree of freedom, the intensity ofthe

light emitted from an LD or an LED, is employed to convey the information. In direct

detection scheme, a local oscillator is not used in the detection process and for this type of

receiver  to  recover  the  encoded  information,  it  is  essential  that  the  transmitted
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information be associated with the intensity variation of the transmitted field.Figure 3-4

shows a block diagram of a FSO system using IM/OOK and APD receiver.

          Figure 3-4 : Block diagram of a FSO system using IM/OOK and APD receiver

Hence,  this  type  of  detection  is  also  known  as  the  envelope  detection.   For  an

instantaneous incident power  P(t), the instantaneous photodetector current  i(t) is given

by-

i (t )=
ηqe λqq

hc
MP (t)

(47)

where M is the photodetector gain factor whose value is unity for the PIN photodetector.

The block diagram of the direct detection receiver is illustrated in Figure 3-5 below:

Figure 3-5:  Block diagram of a direct detection Receiver
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3.5.2  Coherent Detection

In coherent optical communications, the optical signal is modulated by the information

using amplitude, phase and frequency of the lightwave. At the receiving end, an optical

local  oscillator  (OLO) is  used  and by combining  the  OLO with  the  received  signal,

optical heterodyne or homodyne detection is performed [16] . The frequency of the local

oscillator  does  not  have  to  be  the  same as  that  of  the  incoming  information-bearing

radiation. This possibility is thus responsible for the two variants of coherent detection

discussed below. In coherent heterodyne detection schemes, the OLO frequency is about

several gigahertz different from the optical frequency of the received optical signal. The

basic block diagram of a coherent receiver is shown in Figure 3-6below:

Figure 3-6: Block diagram a coherent detection scheme

It  is  pertinent  to  clarify  that  the  term ‘coherent  detection  in  optical  detection’  is  not

synonymous  with  coherent  detection  in  RF  parlance.   In  contrast  to  RF  coherent

detection, the output of the local oscillator in optical coherent detection is not required to

have the same phase as the incoming radiation. The electric fields of the received optical

and the local oscillator signals are defined as-

Ec(t)=Ac exp [-i(ωot+ θc)] (48)

EL(t) = AL exp [-i(ωLt+ θL)] (49)

where Ac and θc are the amplitude and phase of the carrier field, respectively, while the

local  oscillator  amplitude  and  phase  are  AL and  θL in  that  order.  The  generated
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photocurrent at the output of the photodetector, which operates as a square-law device, is

given by-

iIF−C(t )=RM (Ec+EL)2 (50)

Since the optical  power is  proportional  to the intensity,  the received optical  power is

defined by-

P (t )=PC+PL+2√PCPLcos ⁡(ωIF+θc−θL) (51)

Where, Pc=kAc
2

            PL=kAL
2

ωIF=ω0−ωL

Depending on whether the intermediate frequency ωIF is equal to zero or not, there are

two  different  coherent  detection  schemes  known  as  heterodyne  and  homodyne,  as

outlined below.

3.5.2.1 Heterodyne Detection

In  a  heterodyne  detection  optical  receiver,  the  incoming  radiation  (carrier)  is

combinedwith a reference wave from the OLO (i.e., a laser) on the photodetector surface

as  shown  in  Figure  3-6.This  optical  mixing  process  produces  another  wave  at  the

intermediate frequency ωIF by the square-law characteristics of the photodetector [1].This

ωIF,which is the difference between the incoming laser carrier  and the reference OLO

signal frequencies, passes through a band-pass filter to an electrical second detector (the

postdetection processor in Figure 3-6) for the final demodulation. When the instantaneous

field amplitudes Ec(t) and EL(t) in Equations (13) and (14) combineon the photodetector

surface, they produce an instantaneous signal whose intensity isgiven by –

C (t )=( Ec (t )+EL (t ) )
2
(52)

The time average of C(t) multiplied by the responsivity gives the resultantinstantaneous

carrier and local oscillator current ip(t), at the photodetectoroutput. Hence,

i p (t )=R ¿(53)
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The first two terms are time invariant, the third term is very slowly varying withrespect to

the short time over which the average is taken, while the fourth term is outof the IF band

[1] .Equation (18) is now reduced to-

i p (t )=R {AL
2

2
+
A c

2

2
+3 rd term+4 th term}(54)

Therefore, the IF filter, which is an integral part of the postdetection processor ofFigure

3-6, only allows the third term to go through while the others are suppressed,resulting in

the following expression for the instantaneous current:

i p (t )=R AL Ac cos ⁡¿(55)

The above result makes it possible to recover any information impressed on thecarrier

field amplitude, frequency or even phase. The following points can thereforebe deduced

from this that heterodyne detection offers:

1. A relatively easy means of amplifying the photocurrent by simply increasingthe local

oscillator power.

2. Improved SNR is achieved by increasing the local oscillator power somuch that its

inherent shot noise dwarfs the thermal and the shot noise fromother sources.

However, the frequency of an optical source is known to drift over time. Therefore,the ωIF

needs  to  be  continually  monitored  at  the  input  of  the  electrical  detector  andthe  local

oscillator frequency varied accordingly to keep the IF centre frequencyconstant. Also, the

optical source, particularly a laser, does suffer from phasenoise which means that θc and

θL in Equation (20) are not absolutely fixed; theyfluctuate. These factors contribute to the

challenges of implementing a coherent opticalcommunication system.

3.5.2.2 Homodyne Detection

This is similar to the heterodyne detection process discussed above except that the OLO

has the same frequency and phase as the incoming optical radiation/carrier, so that the

modulated light signal can be directly demodulated at the photodetector into the baseband

signal for further processing [21].The resultant photocurrent thus contains the information

signal  at  the  baseband.  Following  the  same  step  as  in  heterodyne  detection,the

instantaneous photocurrent is obtained below-
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i p (t )=R {AL
2

2
+
A c

2

2
+ ⟨ ALAc cos ⁡(θL−θc)⟩+ ⟨ AL Accos ⁡(2cos⍵c 0 t+θL+θc)⟩}(56)

The third term is time invariant and the fourth term is suppressible via filtering to obtain

i p (t )=R {AL
2

2
+
A c

2

2
+AL Ac cos ⁡(θL−θc)}(57)

By  increasing  the  locally  generated  radiation  power  such  that  AcAL>>0.5Ac

[21],expression (22) reduces to-

i p (t )=R {AL Accos ⁡(θL−θc)}(58)

In coherent detection systems, the noise in the receiver is mainly dominated by OLO-

induced shot noise [22].The shot noise-limited receivers offer improved sensitivity,by up

to 20 dB, compared to the IM-DD schemes [23]. In IM-DD systems, the optical carrier

signals  must  be aligned at  a  large spacing in  the optical  wavelength  domain.  This  is

because  of  the  bandwidth  of  the  optical  band-pass  filter  (OBPF),  which  is  2–3  nm.

Therefore,  the  spacing  between  the  optical  carriers  should  be  no  less  than  several

nanometers, which corresponds to hundreds to thousands of gigahertz. By using coherent

schemes, the optical carrier signal could be aligned closely at a spacing 10 times or more

than the data rate in the frequency domain; thus the possibility of employing frequency

division multiplexing

3.6 Summary

In  this  section,  different  modulation  and  detection  techniques  for  free  space  optical

system have been discussed.  The OOK is the  simplest  modulation  scheme but  it  has

higher  BER.PPM  is  the  power  efficient  scheme  but  it  is  more  susceptible  to  slot

synchronization  error.  Among  the  digital  modulation  schemes,  QPSK  is  the  most

bandwidth efficient scheme but BPSK has better BER performance than QPSK.Direct

detection is simpler than Coherent detection but there is an optical local oscillator, which

contributes to higher received optical power of the photodetector.
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                                                                 CHAPTER 4

PROPOSED COHERENT FSO SYSTEM AND
PERFORMANCE ANALYSIS

4.1 Overview

In this chapter,the proposed coherent FSOsystemisdiscussed in detail. The block diagram

and analytical model is presented in this chapter. The system is simulated in MATLAB to

analyze the performance of the FSO system for different modulation techniques.

4.2 Description of the proposed coherent FSO system

The proposedcoherent FSO system consists of a laser source, a transmitter, a receiver and

a continuous wave local oscillator beam before it strikes the photo-detector.

4.2.1 Analytical  Model

The output signal of the modulator is transmitted via atmospheric channel. The overall

architecture of coherent system is shown in Figure4-1.

Figure 4-4: Block diagram of the coherent FSO system
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The transmitting module consists of a pulse generator, a modulator, a spectrum analyzer

and  a  transmitter.The  pulse  generator  used  in  the  link  generates  pulses  that  carry

information in electrical form.Spectrum analyzer isused to display the scale of an input

signal versus frequency within the complete  frequency range of the device.  Then, the

signal is transmitted over free space through the transmitter. In the atmosphere, the signal

is scattered, absorbed and attenuated as a result of turbulences and atmospheric variations.

The receiver on the other end includes an amplifier,  photo detector,  filter  and Optical

Local Oscillator (OLO) for properly retrieving the information signal. The amplifier used

in the link improves the signal strength of received signal. The photo detector detects the

incoming optical signal and after converting it to electrical form transmits the signal to

filter.  The filter reduces the environment noise and enables the passage of the desired

wavelength of the signal through it. 

The electric field of the received optical and the local oscillator’s signals are [5]:

xr (t )=ErIe
(2π f ct+

απ
2

)(59)

xLo (t )=ELoe
2π f c t(60)

where, Er and ELo are the electric field of the received signal and the local oscillator laser

respectively, I is the intensity fading coefficient, α=±1 is the information, fc is the optical

carrier frequency. The total power of the received signal and local oscillator laser is:

      PT=|IEr+ELo|2

=I2Er
2+ELo

2+2IErELo

=I2Pr+PLo+2I√ (P¿¿ r PLo)¿(61)

where Ps and PLo are the power of the received signal and local oscillator respectively.

Additionally, the output current of the photo-detector is:

 ip(t)=RPT+ish(t)+ith(t)                                                      (62)
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where R is the responsitivity of the receiver, ish(t) is the shot noise  and ith(t) is the thermal

noise. PIN photodetector is used in the analysis.Here, shot noise of the receiver is ignored

and only the local oscillators shot noise is taken into consideration due to sufficiently

large  local  oscillator  power.The  shot  noise  and  thermal  noisecan  be  modeled  as  the

stationary Gaussian random process with the zero-mean value and variance.

The shot noise power of the local oscillator[1]:

σ sh
2
=2eB ⟨iLo ⟩(63)

And the thermal noise power at the local oscillator[1]:

σ th
2
=
4kTB
RL

(64)

The total noise power at the output is given by [10]:

σ n
2
=σ sh

2
+σ th

2

¿2eB ⟨ iLo ⟩+
4 kTB
RL

¿2eBRPLo+
4kTB
RL

(65)

where RL is the load resistance.

The instantaneous SNR is given by:

SNR (I )=
Signal Power

Noise Power (¿Thermalnoise+Shot noise)

                       =
(2 IR E rELo)

2

2eBRPLo+
4 kTB
RL

 =
(2 IR)

2×Pr PLo

2eBRPLo+
4 kTB
RL

(66)

As the Local oscillator power is large, the second part of the denominator can be ignored.
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4.2.2 Channel Model

The  Gamma-Gamma  turbulence  model  has  been  widely  used  to  study  the  turbulent

behaviour of the atmosphere. This model is suitable for both weak and strong turbulence

regime. The beam intensity fluctuation probability density of Gamma-Gamma model is

given by [8]:

f ( I )=
2 (αβ )

α+β
2

Γ (α )Γ (β)
I
(α +β
2

−1 )
K α− β(2√αβI )(67)

where, I>0 is the received signal irradiance, α and β are the parameters of probability

density function, is the Gamma function and Ka is the modified Bessel function of second

kind of order a. Here, α and β are the effective number of small scale and large scale

eddies of turbulent environment, which are given by [45]:

α={exp[
0.49σ R

2

(1+1.1σ R

12
5 )

7
6 ]−1}

−1

(68)

β={exp¿¿¿(69)

σ R
2=1.23Cn

2k7/6L11/6(70)

where,σ R
2=1.23Cn

2k7/6L11/6 is called the Rytov variance which represents the variance of

log-intensity  fluctuation.Cn
2   is  the  refractive-index  structure  parameter  and  its  value

ranges from 10-13  to 10-17, k is the wave number and L is the distance between transmitter

and receiver.  When  σ R
2<1, it  means the light intensity fluctuation is weak and  σ R

2
>1

means strong intensity fluctuation.

4.2.3 Modulation Techniques Used in the Analysis

In recent times, one of the main goal of modulation is to squeeze as much data into the

least amount of possible spectrums. Moreover, advanced data modulation technique can

compensate  the  impairments  caused  by  atmospheric  turbulence.  Selecting  the  more

appropriate modulation scheme will depend on certain system requirement criterion. For

optical wireless systems, the two main criterions are: power and bandwidth efficiency.

Since the average optical power emitted by an optical transmitter is always limited, the

performance of modulation techniques is often compared in terms of BER at a given data
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rate.Different kinds of modulation schemes are suitable for FSO communication systems.

In this analysis, we have used OOK, BPSK, DPSK and QPSK modulation schemes.

The  average  BER  of  the  coherent  system,  considering  the  atmospheric  turbulence

channel:

Ṕb=∫
0

∞

Pb(I ) f ( I )dI (71)

here, f ( I ) is the PDF of Gamma-Gamma distribution. For different modulation technique

Pb( I ), the conditional BER would be different. 

The conditional BER expressions for different modulation schemes is as follows:

PbOOK
=
1
2
erfc ( 12√2 √SNR)(72)

PbDPSK
=
1
2
erfc( 1√2 √SNR )(73)

PbQPSK
=erfc (√SNR )(74)

PbBPSK
=
1
2
erfc (√SNR )(75)

We  have  calculated  average  BER  for  different  modulation  techniques,  varying  the

required received power as well as SNR.

If we consider BPSK modulation technique,equation (55) becomes:

´PbBPSK
=∫

0

∞

PbBPSK
(I ) f (I )dI (76)

here, f ( I ) is the PDF of Gamma-Gamma distribution.

Now inserting  Equation  (59)  on  (60),the  average  BER of  the  FSO  link  with  BPSK

modulation scheme is as follows:

´Pb¿ BPSK
(I )=∫

0

∞

PbBPSK
(I ) f ( I )dI=

1
2
∫
0

∞

erfc (√SNR( I )) f ( I )dI (77)

Similarly for other modulation technique the average BER for OOK,DPSK,QPSK is as

follows:
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´Pb❑OOK

( I )=∫
0

∞

Pb¿OOK

( I ) f ( I )dI=
1
2
∫
0

∞

erfc ( 1
2√2

√SNR ( I )) f ( I )dI (78)

´PbDPSK
( I )=∫

0

∞

Pb
¿ DPSK

( I ) f (I )dI=
1
2∫0

∞

erfc (√SNR (I )

√2 ) f ( I )dI(79)

´PbQPSK
( I )=∫

0

∞

Pb¿QPSK
(I ) f ( I )dI=∫

0

∞

erfc (√SNR ( I ) ) f ( I )dI (80)

Bandwidth  efficiency  is  another  prime  metric  which  is  used  to  compare  different

modulation techniques performance. The bandwidth efficiency ηb can be defined as:

ηb=
Rb

B
(81)

Where Rb is the achievable bit rate and B is the required bandwidth. For OOK, BPSK and

DPSK schemes, bandwidth efficiency is 1 [9].QPSK is very spectrally efficient since each

carrier phase represents two bits of data.  The spectral  efficiency is 2 bits/Hz, meaning

twice the data rate can be achieved in the same bandwidth as OOK, BPSK,DPSK. The

band width efficiency of QPSK is:

ηQPSK=
Rb

0.5 Rb

=2(82)

4.3 Results and Discussion

In this section,investigation has been carried out to evaluate the BER performance of a

coherent  FSO system.  Simulation  has  been carried  out  using  MATLABfollowing  the

derivations from previous chapter.  OOK, BPSK, DPSK, QPSK modulation schemes are

employed  on  the  FSO  system and  analysis  was  done  under  MATAB platform.  The

simulation parameters used in the analysis are given below:

Table 4-1: Simulation parameter of the proposed coherent FSO system

Parameters Value

Receiver Bandwidth (B) 2.5 Gbps

Responsivity (R) 0.85 A/W
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Temperature 300k

Load Resistance(RL) 50Ω

Boltzman’s Constant 1.38×10-23 W/kHz

Refractive Index structure 

parameter Cn
2

10-14 m-2/3

Optical Wavelength(λ) 1550 nm

Electron Charge(e) 1.6×10-19 C

Rytov variance(σ R
2) 0.2-6

Data rate (Rb) 2.5 Gbps

Figure  4-2 shows  probabilitydensity  curves  for  gamma-gamma  model  with  different

values of turbulence strength. The strength of the atmospheric turbulence is indicated by

different values of Rytov variance (σ R
2). The values of alpha and beta indicate whether

the atmospheric turblence region is weak, moderate or strong. When the value σ R
2 is less

than unity, it indicates weak turbulence strength. For moderate turbulence, the value of

σ R
2 is 1 and σ R

2
>1 indicates strong turbulence regime.

Figure 4-2: Gamma-Gamma PDF for different turbulence strength

The  BER  performance  of  the  coherent  FSO  system  is  a  function  of  the  required

recevied power level. This power is the summation of the power of the received signal in

the  photo  detector  and  the  local  oscillator  laser.  For  a  certain  value  of  turbulence
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strength,the average requires receiver power is varied.Figure.4-3 represents the results of

average  BER,  Pb(I ) as  a  function  of  average  SNR for  the four  different  modulation

techniques like OOK, BPSK, DPSK, QPSK forσ R
2
=0.2. It is clearlyseen thatBPSK gives

better BER performance. The BER values of BPSK is slightly higher than QPSK. From

Figure  4-3,  it  is  seen  that  for  achieving  a  BER  of  10-8the  value  of  SNR  for

OOK,DPSK.QPSK  and  BPSK  are  27.985  dB,  21.965  dB,  19.265  dB,  18.995  dB

respectively.  So,  the  power  requirement  for  OOK  is  relatively  higher  than  other

modulation schemes for getting same BER. BPSK gives best BER vs. SNR performance

among the modulation techniques.

Figure 4-3:  Comparison of BER performance as a function of average SNR for σ R
2
=0.2.

Figure 4-4 presents the BER vs. SNR curve of the four modulation techniques for σ R
2
=1

.BPSK and QPSK give overlapping performance after 20dB SNR. As the strength of

turbulence increased, the SNR value increases for getting same BER for a specific BER

than σ R
2
=0.2. For BPSK, 23dB SNR needed for a BER of 10-10 whereas 20 dB SNR was

needed in theFigure 4-3, wherethe system was simulated for a Rytov variance of value

0.2. 
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Figure 4-5 represents the simulated result  for a Rytov variance  (σ R
2
) of value 3. The

turbulence is strong and more power is required than the previous two cases to attain

same BER value. The BPSK gives better performance than QPSK upto 25 dB SNR and

after  that  SNR  value,these  two  schemes  give  almost  equal  performance.  The  OOK

requires  more  power  than  the  other  three  modulation  schemes  and  its  performance

detoriates  than  weak(σ R
2
=0.2)  and  moderate  turbulence  (σ R

2
=1)  regime.Here,  BPSK

requires 27dB SNR to attain the BER of 10-8.

Figu
re 4-4:  Comparison of BER performance as a function of average SNR forσ R

2
=1
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Figure 4-5: Plots of BER vs. SNR for different modulation technique for  σ R
2
=3

BER vs. required received power has been plotted in  Figure 4-6 for  σ R
2
=1 which is a

moderate turbulence condition. The system is consistent for a BER upto 10-12. For a  BER

of  10-10   BPSK need  1.8  dBm power  in  the  receiver  to  be  received  as  signal  power

whereas OOK needs 4.9 dBm received power to maintain the BER value.

From Figure 4-6, it is also clearly evident that BPSK and QPSK gives better performance

than other modulation technique in terms of BER vs. average required received power.

Among the four modulation techniques, the average BER of BPSK is consistently lower.

The BER performance of any modulation scheme cannot be the only metric to measure

the performance of a modulation scheme.  Bandwidth efficiency is  also another  prime

metrics to evaluate the performance of a modulation technique.
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Figure 4-6: Plots of BER vs. Received optical power for different modulation techniques

Figure  4-7represents  the  Bit  rate  vs.  Bandwidth  curve  of  the  four  modulation

techniques.For  OOK,  BPSK  and  DPSK  schemes,  bandwidth  efficiency(ηb=
Rb

B
)  is

1.QPSK is  very  spectrally efficient since  each  carrier  phase  represents  two  bits  of

data.Bandwidth  efficiency  of  QPSK is  2.On the  other  hand,  Bandwidth  efficiency  of

OOK, BPSK,DPSK are 1.
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Figure 4-7: Bit rate vs. Bandwidth for different modulation techniques

If we take power efficiency and spectral efficiency both into account, QPSK and BPSK

performed far better than other modulations.  Figure.4-8 shows the BER performance of

BPSK and QPSK for different levels of scintillation. The power requirement for QPSK is

slightly higher than BPSK. It can also be inferred that the BER performance suffers a

dramatic degradation with the increase of turbulence strength. For a BER of 10-3 ,the SNR

values will be 14.12 dB, 23.46 dB and 38.91 dB for the value of Rytov variance (σ R
2
¿

 0.4,3,8 respectively. The systems experience a deterioration of BER performance. 
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Figure 4-8:  Plots of BER vs average SNR for BPSK and QPSK for different turbulence
strengths.

In Figure 4-9, the coherent FSO system BPSK scheme is simulated for different levels of

turbulence. For different values of Rytov variance (σ R
2
¿, i.e., 0.4, 1, 3, 6 , the SNR values

found to be 21.4dB, 23.7dB, 27.6dB and 40.5dB for keeping  the BER value 10−10.Higher

the value of  σ R
2, the more power is needed to achieve the same BER performance.

Figure 4-10 in the next pagerepresents the BER and received power curve of the system

forBPSK scheme with different turbulence strength . It shows that more the strength of

the  turbulence  more  the  required  received  power  needed  to  maintain  the  same  BER

value.The system is also robust to both weak and strong turbulence regime. There is a

4dBm difference between the received power of BPSK between the weak turbulence (σ R
2

) and strong turbulence (σ R
2) regime for a BER of 10-12.
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Figure 4-9:  BER performance of BPSK for different turbulence strengths.

Figure 4-10:  Plots of BER vs Received optical power for BPSK for different turbulence
strengths.
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We can generate the value of Rytov variance by varying the link length and Refractive 

index structure parameter in equation (70) for our proposed coherent FSO system. 

Table 4-2: Values of Rytov variance for different link length (L) for a fixed Cn
2=10-13m-2/3

L 300m 700m 1000m 1250m 1850m

σ R
2 0.2112 1.0046 2.0107 3.0080 6.0112

Figure 4-11 represents the BER vs. SNR graph of the proposed coherent system with

BPSK scheme for different link length as well as turbulence strength. It shows that with

increase of the value of σ R
2 more power is needed to maintain the same BER .The system

gives similar performance as the system was analyzed previously for a constant σ R
2 value.

For a fixed BER of 10-4  ,  the average SNR on the receiver side for 300m,1000m and

1850m link length are 16.23dB, 20.12dB and 32.13 dB respectively. It is clearly evident

that with the increase in link length the average required received power increases.

Figure 4-11:  BER performance of BPSK for different values of Rytov variances and link
distances.
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The link length is assumed fixed (L=1000m) and different Rytov variance values are 

generated by varying the refractive index structure parameter in equation (70).

Table 4-3: Values of Rytov variance for different Cn
2  and link length (L) =1000m

Cn
2 10-14 5.0 ×10-14 10-13 1.52 ×10-13 3.0 ×10-13

σ R
2 0.1983 0.99 1.98 3.02 5.95

Figure 4-12 represents the BER vs. SNR graph of the proposed coherent system with

BPSK scheme for different refractive index structure values with a fixed link length of

1000m.For  a  fixed  BER of  10-4,  the  average  SNR on the  receiver  side are  15.23dB,

18.52dB and 22.13 dB for the value of Rytov variance 0.19,0.99 and 1.98 respectively. It

is  clearlyevident  that  with  the  increase  in  turbulence  strength  the  average  required

received power increases.

Figure 4-12:  BER performance of BPSK for fixed link distance and different values of Rytov
variances.
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4.4 Comparison of the proposed FSO system with other FSO system

In this section, the BER performance of coherent FSO is compared with a IM/DD FSO 

system [33], a FSO system with phase modulation techniques [35] and a coherent FSO 

system with BPSK modulation scheme[40].

Table 4-4: Comparison Table of theproposed coherent FSO system with other systems.

Metric IM/DD 
FSO 
system 
[42]

FSO 
system with
phase 
modulation
technique

[40]

A coherent 
FSO 
system with
BPSK

[46]

Proposed coherent FSO
System

Modulation 
Technique

OOK BPSK BPSK BPSK

Wavelength 1550nm 1550nm 1550nm 1550nm
Photodiode 
used 

APD Pin Pin Pin

Responsivity 1 1 0.85 0.85
Link Length 1000m 1000m - 1000m
Rytov variance 
(σ R

2)
0.8 1 - 1

(α, β) - - (4, 4) (4.1,2.5)

BER 4*10-3 10-10 10-3 10-3 10-10

SNR (dB) 18 21.8 20 15.97 20.3

4.5 Summary

The results presented in this chapter indicate that the coherent FSO system gives better

performance  if  BPSK  modulation  scheme  is  used.  The  system  achieved  better  BER

vs.SNR performance as well as the requirement of receiver power becomes less when

BPSK modulation scheme is incorporated. Therefore, BPSK is a promising modulation

format for a FSO communication system considering coherent detection.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1 Overview

A  coherent  FSOsystem’s  performancewith  different  modulationscheme  has  been

presentedin  this  thesis.  Different  components  of  aFSO  system,  different  modulation

schemes and detection techniques have been described in different chapters.

FSO communication nowadays, have attracted considerable research interests due to the

limitations  of the fiber  optic  constraints  imposed by the nonlinear  effects.  Significant

amount of research works are reported recently on FSO communication system taking

into  account  the  limitations  imposed  by  the  free-space  link  such  as  atmospheric

turbulence, pointing error, cloud, fog, rain, etc.As the free space is used as the medium of

transmission, the received signal power is reduced due to these effects.  When a coherent

detection is used, the power received on the receiving side increasesas the incoming signal

combined with a continous wave local oscillators beam before it strikes the photo detector

and it results in the rise of receiver’s sensitivity as well as BER performance. In this research

work,  Analytical  approachesare  developed  and  presentedfor  a  coherent  system  which  is

analyzed for OOK,DPSK,BPSK and QPSK modulation techniques under various turbulence

conditions.

The main contribution of the thesis is the development of analytical model of a coherent

FSO system as described in Chapter 4. This chapter will provide concluding remarks in

this thesis.The contribution and the implication of the contributions are provided below:

5.2 Summary of the Findings of the Thesis

The main contribution of the thesis is the development of a generalized analytical model

of a FSO link with coherent detection where the performance of the four modulation

techniques have been analyzed.

Different  modulation  schemes  such  as  OOK,  BPSK,  DPSK,  QPSK  have  been

incorporated in the coherent FSO system. Currently, most commercially deployed FSO
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systems use OOK and Intensity Modulation Direct Detection(IM/DD) scheme whereas in

our  proposed  FSO  system,  we  used  coherent  detection  and  analyzed  the  system  for

different modulation schemes.

Gamma-gamma model is used for the characterization of the atmospheric channel as this

model can be used in both weak and strong turbulence regime.

The best performance has been achieved with both BPSK and QPSK modulation scheme

in  our  proposed  system  but  the  BER  performance  is  slightly  higher  for  the  BPSK

modulation format in our proposed system.For a moderate turbulence condition (σ R
2
=1),

BPSK required 9dBm less SNR than OOK for a BER of 10-10.As atmospheric turbulence

is the major reason for the degradation of signal strength in the receiver, a coherent FSO

system with an efficient modulation scheme can retrieve a signal with comperatively less

BER. Though the practical goal is to achieve a BER of value 10-4,the proposed system

demonstrate redundency upto BER of value 10-12  .

5.3 Future Work

In the research work, four modulation technique have been studied. Other kinds of high

level modulation scheme: QAM,OFDM-FSO system, etc.  can be used in the future to

overcome the channel limitations. Also a multipath dispersive channel can be used in near

future  to  have  a  overall  idea  of  the  performance  of  the  system in  real-life  practical

scenario.MIMO,SIMO, MISO, etc; might be incorporated which could give a improved

BER vs. SNR performance.

FSO offers many advantages over existing techniques which can be either optical or radio

or microwave. Less cost and time to setup are the main attraction of FSO system. Optical

equipment can be used in FSO system with some modification. FSO system poses some

problem like attenuation in medium that can affect the performance of transmission as

power loss would be there. Many studies are going in this perspective to minimize the

effect of attenuation by introducing new system design like WDM based FSO system.

Different models based on these studies are used to study the system performance before

installing it at the location. This can lead to the improvement of the system. Different
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techniques like OFDM-FSO, WDM-FSO based system are new approach to improve the

system performance with high speed and longer  distance.  So,  new techniques  can be

designed by combination of these and by enhancing these techniques, system designing

can be improved.

Channel coding can be included in the total calculation of the receiver BER performance,

but it might be included in the future work.

Moreover,  a  multihopping  transmission  channel  can  also  be  incorporated  in  FSO  to

impair the channel fading due to the atmosphepic channel.
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