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Abstract 

The gigabit rate operated free space optical (FSO) link has been designed for inter-building or 

campus connectivity. The atmospheric losses have the major drawback in FSO, mainly because 

of fog scintillation and precipitation. The impact of fog, rain and snow on FSO has been 

investigated and analyze their performances for optical wireless system. Hybrid FSO/RF system 

with 1550 nm/2.4 GHz link has also been studied to provide uninterrupted communication in any 

atmospheric condition of heavy fog and rain.  

The model of FSO system has been studied with the help of MATLAB simulator using simulink 

where channel considered as free space. In this model, Additive White Gaussian Noise (AWGN) 

channel has considered to analyses bit error rate (BER) and power of FSO signal. The 

consequence of atmospheric turbulence of free space on transmitted signal has examined. The 

BER as well as signal power has extremely ruined on rigorous atmospheric unstable condition 

even for a short distance in optical wireless channel. The bit error rate of less than 10
-3

 has been 

achieved for free space optical communication system which has been considered being 

excellent. The propagation of Gaussian beam in turbulent atmosphere for free space optical 

communication has been studied. The intensity on axis of Gaussian beam wave, beam radius and 

radius of curvature at the receiver has been evaluated and discussed. The effect of aperture 

averaging on Gaussian beam wave for different turbulence strength of atmosphere has been 

studied. The aperture averaging factor decreases under high atmospheric strength and averaging 

ability of the receiving system increases by increasing receiving aperture diameter. Additionally 

an improved expression of scintillation loss has been evaluated using threshold power approach. 

This expression takes into account the loss due to scintillation when Gaussian wave propagates 

through atmospheric turbulence condition. Results show that probability of fading and losses due 

to scintillation are considerably lower when threshold power level has been set low. 

The varying weather conditions have a major influence on the performance of FSO transmission. 

This is investigation based on the effects of different weather circumstances on data rate, 

received signal and S/N ratio at 1550 nm/ 1300 nm/ 850 nm wavelength for a free space optical 

communication. The system performance improved in different weather condition by Fresnel 

lens techniques such as data rate, received power and S/N ratio. By using this technique, non 

coherent light source such as LED has been used instead of LASER in free space optical 
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communication. The potential of LEDs to be modulated at high speeds offers the possibility of 

using LED as sources for communication instead of LASER. Simulation results shows that 

heavy fog attenuates more optical signal then other atmospheric condition and in all weather 

conditions. 
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Chapter 1 

Introduction 
_____________________________________________________________________________ 

 

1.1 Introduction and Overview 

Optical wireless has been considered to be one of the vital key advances for 

acknowledging fast (Gb/s) and high bandwidth communication. FSO utilizes 

lasers as signal carriers and gives high capacity link within a limited distance.  

Deployment of the Internet and multimedia formed congestion in the 

telecommunications networks. The FSO lasercom can be implemented; especially 

in regional local area networks (LANs) and metropolitan area networks (MANs) 

around urban communities where deployment of fiber optic links has been costly. 

At the point when the World Trade Center broken down on September 11, 2001, 

so fall down of the companies situated inside the structures. Countless dollars were 

lost because of the down-time that these organizations experienced. With the 

assistance of a couple of remote broadband suppliers utilizing FSO innovation, 

these corporations have been ready to get networks up and within a limited period 

of time notably minimum expenditure then to reinstall their lines wire or fiber or 

cable network. 

Optical wireless offers generous preferences over customary RF communication 

because of better rate of information, intercept chances are low, minimum 

specifications of power required and small packaging area. It could be a practicable 

replacement to systems using fiber optics for number of applications, because this 

technology provides 99.999% availability that would be the requirement of many 

communication systems. 

1.2 FSO Brief History 

Communications by means of optical system is not a latest technology. Past Roman 

reports signify that metal plates with polished surface were utilized as mirrors to 

reflect back sunlight for signaling in high range. In early 1800's, this sunlight 

technology with mirrors had been used to transfer telegraph information from one 

mountain top to other. Also squinting lights have been utilized for many centuries to 
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send information from one ship to other. Alexander Graham Bell utilized photo 

phone as a trial where he utilized vibrating mirror with reflected daylight and a 

selenium photograph cell to drive message alerts at a limit of 600 ft. The historical 

past of optics with and without fiber could be study in the literature [1-2]. 

In 1895, Sir J.C. Bose utilizing electromagnetic waves to ring a bell placed at some 

distance in open exhibition on radio based systems [3-5]. According to Daily Chronicle 

of England reported, ―J.C. Bose has broadcast signals within a mile distance‖. Invited 

with the aid of Lord Rayleigh, he mentioned his experiments on millimeter wave in 

Royal school and other parts in U.K [6]. Marconi‘s proposals were not accepted till 

1897, so the innovator of wireless Communication was Sir J.C. Bose rather than 

Marconi. Additional work on Radio communication by Bose found in the paper [7]. 

After the primary demonstration on laser in 1960 at the Hughes research Laboratories, 

California, the first progress of optical communication referred as "Light phone". NASA 

also contributes various innovative improvements. During the development of optical 

system, civilian based optical system were undeveloped, however military based optical 

communication research were going on.  For last four decades, incredible progress 

has been done in the field of optoelectronics, usually for defense applications. 

Systems developed for ground, airplane and satellite, including submarine 

applications. 

 

1.3 FSO Applications 

Free space optical communication has wide application in unmanned ground vehicles. These 

vehicles utilizes in commercial and military fields [8]. 

Few distinctive applications of FSO communication are:- 

a. LAN based links at Fast or Gigabit Ethernet Speeds. 

b. Delivery of high capacity of data. 

c. Installation of provisional network due to urgency. 

d. Re-establishment of high speed link connection in short time. 

e. For communications link among ground, spacecraft as well as satellite 

constellation. 
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f. Ocean ship to ship communication link through high data rates providing full 

security. 

1.4 FSO Challenges and Advantages  

a. Data Rates are high. 

b. High security for transmission. 

c. No frequency allotment compulsory required. 

d. Lower power consumption, light weight, small volume. 

e. Rapid deployment and Portability. 

f. Transmit information with improved security regarding financial and military 

services. 

1.5 FSO Limitations 

The regular existence of optical turbulence within the free space as channel due 

to different atmospheric conditions, limit the efficiency of FSO [9]. The two 

phenomenons named absorption and scattering of laser beam in atmosphere can 

have a great impact in execution and performance in FSO. A further difficulty 

faced by FSO communication has the condition of line of sight path among 

transmitter to receiver link, due to the fact that light cannot go through through 

buildings, obstacles, trees, mountains etc. One other challenge has the location 

of sun with respect to transmitter and receiver as receiver should be protected to 

come across the way. Atmosphere is major concern of FSO because FSO communication 

performs differently in weak and strong turbulence conditions in terms of their bit error rate [9, 

10]. 

1.6 FSO Operation 

In this communication system, the information transmitted and received by 

transmitter and receiver respectively through free space channel by a tolerable 

rate of error, at the same time providing high consistency. The transmitter section 

includes mainly a modulator, laser with driver circuit and a telescope. The working 

of modulator has to change data into electrical signal and modulates the light of 
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laser beam to produce modulated optical signal. The optical beam has further 

expanded by telescope to minimize diffraction [11]. 

The FSO signal propagates in the course of environmental channel. The 

information reached to receiver through telescope where detector convert optical 

signal back to electrical signal. The telescope gathers light signal and concentrate 

it to the receiver mount. In any communication system, multiple access schemes like 

FDMA, TDMA and CDMA are commonly used to increase the capacity but in FSO, OFDM is 

more favorable as far as performance is concerned [11, 12]. 

1.7 Background of Optical Wireless System 

More research going on the field of Free Space Optical system to benefits it's over wired 

networks like quality and suppleness. The demand for information rate on wireless 

communication systems these days has increasing in exponential rate. In sight of this, many 

wireless networks are developed to handle the demand for top data carrying capability [13]. 

The amount of information transmitted in any communication system has directly associated 

with the data rate of the carrier that is directly associated with the carrier frequency. Optical 

signals use frequencies vary of 20 THz – 375 THz and guaranteed terribly high information 

rates. Optical communication systems therefore promise the best potential data carrying 

capability [14].  

Now a days requirement of low range high bandwidth with speed are in demand for indoor 

wireless system. FSO accomplish this trustworthy wireless communication between any points in 

short distance [15]. 

FSO communication is like a viable tool for next generation communication, owing to its wide 

selection of applications [13, 14]. A number of its applications area unit involving satellites 

(inter-satellite communication), Pilotless Aerial Vehicles (UAVs), High Altitude Platforms 

(HAPs), terrestrial communications, ship-to-ship communication and craft. FSO has an 

alternative to give high information rates in areas wherever it's troublesome or where it‘s not 

possible to get glass fiber cables. Again, it is utilized in each military and civilian application. Its 

uses include temporal links within the event of disaster [16]. 

FSO has additional benefits over different ancient wireless technologies (i.e. Microwave 

systems). First, FSO offers higher information rates (several gigabytes of data) than that 
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provided by microwave systems. Secondly, it doesn't need licensing for its operation. This can be 

a significant value advantage over microwave links. Again, FSO channels are extremely proof 

against magnetic force interference (EMI) and extremely protected by low likelihood of 

detection and low likelihood of interception (LPD/LPI) properties [17]. 

On the other hand, FSO has some disadvantages that have hampered its wide deployment. It‘s 

low accessibility likelihood as a result of different climatic conditions [18]. The functional 

probability of a communication system is that the proportion of time through which the 

communication link is operational and for wireless communication systems, this should be 

99.9% [19]. 

The primary atmospheric processes that have an effect on optical signal propagation area unit are 

region absorption, region scattering and index-of-refractive turbulence (Scintillation). For an 

optical radiation that traversing the atmosphere, absorption happens once a number of the 

photons area unit destroyed by molecular constituents of the atmosphere and their energy reborn 

into energy resulting in loss of optical power. Once more optical radiation through the 

atmosphere is attenuated by scattering caused by gas molecules and aerosols like fog/haze, 

rainfall, snow etc. Scattering causes changes within the direction of propagation of the optical 

wave. The beam widen out whereas forces the region path inflicting the dimensions of the 

acknowledged beam to become wider than recipient aperture. This results in important loss of 

optical power. Fog causes the foremost damaging effects with attenuation measurements of 

480dB/km [20]. The concentration and distribution of molecular constituents of the atmosphere 

and aerosols rely on the region and also the season. The productive implementation of FSO 

communication thus depends on the weather patterns of the world. Careful data of amount of 

attenuation introduced by the native weather is thus needed before installation. Long lasercom 

links in the course of atmosphere experience degrades because of atmospheric turbulence 

(scintillation) [21].  The temperature variations in the atmosphere originate subsequent changes 

within the refraction index of the atmosphere [22]. Consequently, the optical wave moves on the 

turbulent atmosphere with dynamical index of refraction experiences quick fluctuations in its 

intensity and section. The transmitted optical power is reduced on the propagation path. The 

necessary margin to complete such loss is thus required [23]. 
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Again, FSO Communication needs terribly correct inform, Pointing Acquisition and Tracking 

(PAT) techniques. This is often owing to its slender unguided beam propagation through free 

area. It needs tightly clear line-of-sight (LOS) transmission. 

1.8  Comparison of Radio frequency and Free Space Optical technologies 

Traditionally, wireless technology has nearly continually related to radio broadcasting, through 

carrier transmission. Apart from RF wave, Optical waves have many advantages and 

applications. The main advantage of FSO technology has its extremely large bandwidth 

accessibility that may offer wireless broadband service to end-users. It might modify the vision 

of net browsing without buffering, access audio/video, video conferencing, health reports 

transmit, and information records access that may need the maximum speed such as hundred 

Mbps speed on a continued basis [20].  

Additionally, FSO allow the employment of thin directional optical beams that if deployed 

correctly; provide primarily protected channels through low chance of detection or interception 

(LPD/LPI). Thin Laser beams even enclose extensive obscuration, penetrates high. So, laser 

beam penetration in dense fog, for more than a hundred meters distances is possible at Gigabits 

per second data rates through zero micro-radian beam divergence [20]. 

Though, still FSO has several drawbacks. Ever since a LOS has needed along modulator and 

demodulator.  Signal attenuation in atmospheric turbulence conditions such as fog, clouds, snow 

and rain inflicting FSO performance degradation and attainable connectivity failure [21, 22]. 

Furthermore, FSO links have comparatively short distance. 

Table 1.1: Summarizes the Properties of FSO and RF Systems 

 FSO Links RF Links 

Usual data rate 100 Mbps to nearly Gbps not as much of 100 Mbps 

Data Security Very high Low 

Networking architecture  Scalable Non-scalable 

Used element dimension Small Large 

Signal degradation sources Turbulence in atmosphere 

mainly due to fog 

Multipath fading, user 

interference and due to rain 

 

Clearly, FSO system cannot substitute RF system. Relatively both continue to co-exist. Hybrid 

networks like FSO/RF combine the benefits of each other and keep away the disadvantages of 
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FSO and RF only. Although FSO availability can't be sustained every time, the connectivity of 

hybrid FSO/RF combination has noticeably larger than if RF links alone used. Hybrid FSO/RF 

wireless systems can offer high capability and availability. 

1.9  Research Motivation  

The continually growing bandwidth demand at low price communication systems in India has 

the main motive behind this analysis. Ancient microwave communication systems will not 

support this high bandwidth demand. Telecommunications firms within the country thus invest 

vast sums of cash in giving birth underground fiber cables for its backbone network. The more 

challenges these firms face in laying glass fiber cables within the major cities. These cities have 

already developed infrastructure (i.e. buildings and roads). Thus creating by removal and laying 

cables are terribly tough. In such areas, the businesses are forced to rely upon microwave links. 

Again, as a result of lack of previously developed network infrastructure system within the 

country, underground fiber cables are destroyed throughout road constructions. An alternate to 

fiber cables in inaccessible areas can be the utilization of FSO installation. FSO is used to offer 

backup links within the event of fiber cable destruction or as a backbone network. 

1.10  Problem Statement 

Optical wireless communication has the prospective to produce high data rates, secured and 

license-free transmission however it's extremely prone to region conditions. This thesis seeks to 

research the results of the atmospheric channel on FSO Systems to work out its practicableness. 

1.11 General Objective 

The major purpose of this thesis has to determine the atmospheric turbulence mitigation 

techniques for free space optical communication. 

1.11.1 Specific Objectives 

The precise objectives of research are: 

1. To investigate the potential of FSO, as a mean of combating atmospheric turbulence 

induced scintillation (fading) phenomenon which significantly depreciate the 

performance of FSO system. 
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2. To Study the performance and the applicability of FSO & hybrid RF/FSO scheme to 

combat atmospheric turbulence in FSO system.  

3. To estimate atmospheric-fading loss by threshold approach based on lognormal statistics 

of the received power of on-off keying modulated link. 

4. To study the influence of scintillation caused by turbulence by using Rytov scintillation 

theory. 

1.12 Organization of Thesis  

Based on the proposed objectives, the main aim of this thesis is to investigate the atmospheric 

turbulence mitigation techniques for communication through free space. The thesis is well 

organized into six chapters. The content of each chapter is briefly described below. 

The introduction to free space optical communication and its comparison with RF are covered in 

chapter 1. The motivation and problem formulation are also presented. The objectives of the 

thesis are crystallized in this chapter. The organization of the thesis is presented. Chapter 2 

presents a review of existing literature on Free Space Optical Communication. Chapter 3 deals 

with the first two objectives of the thesis which is to  investigate the potential of FSO, as a mean 

of combating atmospheric turbulence induced scintillation (fading) phenomenon which 

significantly deteriorate the functioning of FSO technology and to Study the performance and  

applicability in FSO and hybrid RF/FSO scheme to combat atmospheric turbulence in FSO 

system. Simulation model has been developed in Matlab for performance analysis of optical 

wireless system. Chapter 4 deals with the third & fourth objective of the thesis which is to 

estimate atmospheric-fading loss by threshold approach of the received power of on-off keying 

modulated link and to study the influence of scintillation caused by turbulence by using Rytov 

scintillation theory. Chapter 5 deals with the extension of first objective focus on the impact on 

the performance of FSO communication in different weather conditions. Thesis is then 

concluded in chapter 6 and the scope of future work has been presented. 

1.13 Summary 

In this section, a general starting discourse has been sketched out to help the 

readers for comprehend the general ideas and the goals for FSO Communication. 

This foundation material can be helpful in making smooth associations among 

every chapter in the thesis. 
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Chapter 2 

Literature Review 
______________________________________________________________________________ 

2.1 Introduction  

This chapter presents an outline of FSO communication and a review of connected work did in 

the world of FSO communication. The challenges FSO communication faces are mentioned. Key 

options wherever FSO finds application are presented. This section ends by a conclusion and 

discussion on the essential design of Free Space Optical communication. 

Transmission of information/data in optical wireless communication over long distances using 

modulated laser signals is through unguided media like free space. The unguided medium can be 

water, free air or a combination of these two. Since the research is regarding transmissions in 

free space, the medium of interest is the atmospheric conditions. The data, which has to be 

transmitted, should be modulated by varying the characteristics of the light signal. An optical 

link has a line of sight technology. It therefore requires the transmitter and the receiver to point 

directly to each other without any form of obstruction lying on the path. A usual execution of 

FSO has a communication between two points by means of two similar transceivers at both end 

of the linkage as shown in fig 2.1. This arrangement allows data to be transmitted simultaneously 

between the transmitter and receiver. 

 

 

 

Figure 2.1: Data Transmission between Transmitter and Receiver 

 

2.2 Review of Existing Related Work 

In the view of all the challenges facing FSO Communication, many ways are planned to 

mitigate the results of atmospheric conditions like diversity techniques [27-30], hybrid FSO/RF 

techniques [31-33], error-control cryptography [34] and autonomous mechanisms [35, 

36]. During this section, we are going to review some existing connected research works. 
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Fang Liu [17] investigates economical calculations to assemble early related optical wireless 

network within the physical layer. The network has preoccupied by a graph, where every joints 

or node corresponds to a base-station and moreover each edge related a link between the base-

stations. Every node transmits and receives signal beacons among the given distance having a 

line of sight.  

Xiaoming Zhu and J.M. kahn [29] introduced each spatial-domain and temporal-domain 

techniques to mitigate the result of turbulence-induced attenuation. 

Navidpour [30] used spacial diversity technique to mitigate the result of turbulence induced 

attenuation to improve the error rate performance of free space optical transmission. For this 

multiple receivers /transmitters has been employed through the optical link. A bit error rate of 10
-

7
 has been attained. The disadvantage of this technique is that the received signal loss is severe if 

the correlation among multiple transmitters/receivers will increase. The system so needs enough 

separation between transmitters/receivers apertures. 

Abdul Hussein et al [33] propose the implementation of FSO/RF hybrid systems. The 

significant hypothetical capability limits for FSO/RF hybrid communication has been 

established. A simulation results for communication link with raptor codes has been shown. The 

simulation results show accomplished transmission rates near the established hypothetical limits 

of hybrid FSO/RF systems .The planned system totally utilizes the FSO and RF channel 

resources in spite of the FSO/RF channel environment variations. The disadvantage of 

the planned system is that the parallel transmission of information on each the RF and FSO 

channels that compromises the protection advantages of FSO transmission [33] 

X. Zhu and J.M. Kahn [30] showed that error control codes could mitigate turbulence-

induced fade and so enhance system performance. The drawback of this work has that 

the assumption of weak turbulence. The pair wise error likely-hood is 

invalid below high turbulence. 

Belmonte [37] derived a BER of M-ary PSK in taking into account both phase and amplitude 

fluctuations. Phase fluctuation is characterized by Gaussian distribution and the amplitude 

fluctuation is characterized by lognormal distribution. The signal phase is recovered at the 

receiver. Two dissimilar conditions of turbulence depending on receiver aperture‘s diameter are 

taken into account. Here authors deal particularly through QPSK by means of heterodyne or 
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synchronous detection. The quantity of modes required for compensation at the recipient is 

derived. If normalized aperture diameter has small value, the influence of phase noise will be 

low and intensity fluctuations will become dominant. System performance has therefore greatly 

hampered. If normalized aperture radius has high value, then the phase noise will be 

considerably high. Therefore a high order mode in favor of compensation required. 

Aniceto Belmonte and J.M. Kahn [38] considered a coherent fiber array with heavily packed 

multiple sub-apertures into a hexagonal display. Each sub-aperture is line up to a single mode 

fiber cable for signal fading improvement. The Gaussian phase fluctuations, lognormal 

amplitude fluctuations and local oscillator shot noise are considered. The authors have analyzed 

the consequences of fluctuations in amplitude and wave front phase distortion on optical system 

efficiency and include acknowledged diverse conditions of turbulence rely on the receiver 

aperture radius size. Once the normalized aperture has large value, fluctuations in amplitude turn 

into very low or insignificant as well as phase fluctuations become leading part. It is shown 

numerically that such a coherent system using field conjugation adaptive arrays with multiple 

sub-apertures outperforms other coherent receivers employing single monolithic-aperture 

receivers. The drawback of this work is that the phase fluctuations become leading when the 

normalized aperture increases but in coherent systems the signal phase is also desired for 

information decoding. 

Eric Wainright et al [39] investigated diversity technique of wavelength in order to nullify the 

effects due to two fog environment (radiation and advection fog) using MODTRAN simulation 

software. Information transmitted and encoded lying on three carriers of different wavelength 

having 850 nm, 1550 nm and 10000 nm wavelengths. The several carriers have collective plus 

processed by means of Equal Gain Combining Technique and Diversity Selective Technique. 

Simulation results showed major increase in the received power when Equal Gain Combining 

technique used. Although wavelengths, 850nm and 1550nm showed similar effect when 

propagating through the same fog situation. Therefore it reflects the system redundant when 

Selective diversity technique has been used. Moreover, 10000 nm wavelength laser equipments 

are not easily available for FSO system design. 

E. Korevaar, I. Kim and B. McArthur [40] discuss the disconnection between opinion and reality 

of FSO in both the market place and technical community. The authors develop a simple model 

used to estimate availability probability of FSO system. Visibility data from 10 cities in the US 
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and 3 cities in the UK are used.  Based on this model, the performance of four different FSO 

systems has compared. The model is as stated below [40] 

Availability = 0.22 𝗑 α−1.18 − 𝗑 100−(α/265)^10                                                                           (1) 

Where α is the specific attenuation. The authors also extend a simple formula to predict the 

necessary link margin to give out scintillation fading. The method is as stated below [36] 

Margin  dB =  2 +  
12

N
 x  

100mm

D
 

2

x  
R

1000m
                                                                         (2) 

Where N is the number of transmitters, D represent diameter of the recipient telescope, R 

represent the propagation length. System availability has shown to decrease with increase in the 

link range. It is further revealed that the extra performance to be enhanced by adaptive optical 

technology can not generally justify the cost. The weakness of this work has that the 

outage/availability model does not consider the wavelength dependence of the attenuation even 

in high visibility conditions.  

In [41], the experiment has been conducted. An FSO link operated at 830 nm wavelength lying 

on a 100 meter lengthy path and located at a height of 26 meters above ground level has 

implemented in Prague, Czech Republic. The authors express a good relationship between 

received power levels and visibility. The power levels fall as the visibility goes down and rises 

when visibility goes up. The shifted power law model and inhomogeneous model has been 

shown to perform superior for low and medium visibilities. 

V. Sharma and G. Kaur [42] review interior and exterior parameters that decrease the 

performance of FSO links. Techniques to improve some of these challenges are also 

recommended. The authors reveal some of the degrading parameters as scintillation, absorption 

and scattering from fog, haze, rain drops and atmospheric molecules. The received power level 

and the amount of attenuation are shown to be dependent on the atmospheric visibility, operating 

wavelength, link length and the transmitted power. It is recommended here that spatial diversity 

techniques employing multiple transmitters and receivers may help mitigate degrading effects of 

scintillation. Hybrid RF/FSO techniques can also mitigate signal degradation due to fog and rain 

drops. The negative aspect of this work is that, the authors did not explain how the optional 

approaches can certainly mitigate the degrading parameters. 
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R. N. Mahalati and J.M. Kahn [43] discuss the propagation of light through fog with an 

atmospheric transmission model stand on the equation of radioactive transfer function. Here, the 

light source is considered to have an isotropic radiation pattern. The authors demonstrate that for 

thin fog, image flourishing loss has more leading than loss in term of attenuation and therefore 

image blooming loss needs to be considered when designing FSO systems. The main drawback 

of this work is the consideration of isotropic radiation pattern of the light source as transmitter 

used in FSO systems does not have isotropic radiation patterns. FSO systems typically deploy 

highly directional laser sources which require firm alignment; therefore the model will be 

unacceptable when applied to such systems [44].  

Z. Hajjarian [45] examined the option of easier the MCRT (Monte Carlo Ray Tracing) algorithm 

during investigate channel behavior of wireless optical communication systems. Here straight 

pull out of the state conversion matrices related by means of standard Markov Chain model has 

been used. It has been shown by draw round a photon‘s path curve in space through a Markov 

Chain model, an angular distribution of the photon may be evaluated by an easy matrix 

multiplication. The computational complexity of this Markov Chain model has shown to be far 

less than the MCRT algorithm though it performs similar to the MCRT algorithm. The 

computational time for the Markov Chain model remains constant with increase in the optical 

thickness but the MCRT algorithm‘s computational time increases as the optical thickness 

increases. However, this model is still numerically intensive and more computationally complex. 

It should however be pointed out that more effective strategies to deal with atmospheric 

attenuations and PAT problems are still actively under research. Much work has been done as far 

as atmospheric turbulence is concerned. Effective PAT techniques still continues to be a major 

challenge. Attenuation due to fog still needs further investigation due to the complexity and 

persistence of fog in the atmosphere depending on the geographical location. FSO system design 

and implementation therefore requires careful study of the local atmospheric conditions of the 

area of installation. 

2.3 Developments in FSO 

The major developments in the field of optical wireless communication are presented in tabular 

form.  
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Table 2.1: Progress/Developments of FSO 

 

FSO Work Done Authors, Year 

Wavelengths used 

in  practical FSO 

communication 

systems 

830 nm:- Semi-conductor Inter-satellite Link 

Experiment (SILEX) in Inter-satellite 

communication 

G. D. Fletcher et al. 

[46], 2002 

830 nm:- Ground/Orbiter Lasercomm 

Demonstration (GOLD) in Ground-to-satellite link 

K. E. Wilson [47], 

1996 

1064 nm:- RF/Optical hybrid System for Aurora 

(ROSA) in Deep space missions 

T. Dreischer et al. 

[48], 2009 

1064 nm:- Short Range Optical Inter-satellite Link 

(SROIL) in Inter-satellite link 

Z. Sodnik et al. [49], 

2010 

1550 nm: Altair UAV-to-ground Lasercomm 

Demonstration in UAV-to-ground link 

G. G. Ortiz et al. [50], 

2003 

Turbulence Profile  

Models in FSO 

PAMELA Model:- Strong model for different 

terrains and weather conditions type, very 

sensitive to speed of wind, Does not execute well 

over marine/overseas atmosphere 

E. Oh et al. [51], 2004 

NSLOT Model:- Execute well over 

marine/overseas atmosphere, Temperature 

inversion is problematic 

S. Doss-Hammel et al. 

[52], 2004 

Fried Model: - Support weak, strong and moderate 

turbulence. 

S. Karp et al. [53], 

1988 

Gurvich Model: - Support all turbulence system 

from weak, moderate to strong. 

A. S. Gurvich et al. 

[54], 1976 

Von Karman-Tatarski Model: - Used to calculate 

internal and external level of turbulence, 

responsive to vary in temperature. 

M. R. Chatterjee and 

F. H. A. Mohamed 

[55], 2014 

Greenwood Model:- Applicable for turbulence 

profile in night time for sky-high imaging from 

high top sites. 

A. Majumdar and J. 

Ricklin [56], 2008 

Submarine Laser Communication (SLC) Model:-

Applicable for turbulence profile in day time at 

interior sites. 

H. Hemmati [57], 

2009 

FSO  

coding/modulation 

schemes 

Convolutional/ OOK:- Gamma-Gamma Direct 

Detection. 

L. Yang, J. Cheng, and 

J. F. Holzman [58]. 

2013 

OOK with Trellis code:- Negative exponential and 

K Direct Detection. 

G. Z. Antonio et al. 

[59], 2010 

Bit-interleaved coded modulation (BICM) and 

Multilevel coding (MLC):- ppm/poisson Direct 

Detection. 

T. T. Nguyen and L. 

Lampe [60], 2009 

LDPC coded OFDM/ OOK, QAM, QPSK, BPSK 

:- Gamma-Gamma Direct Detection. 

I. B. Djordjevic et al. 

[61], 2007 

Convolutional code/ PPM:- Gamma-Gamma 

Iterative Detection. 

F. Xu et al. [62], 2009 
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Hybrid channel (Non-uniform and rate-compatible 

LDPC codes) & Adaptive Codes/ BPSK: - Kim 

model and Gamma-Gamma (Hybrid RF/FSO) ML 

Detection. 

E. Ali et al. [63], 2010 

 

Many simulation models are developed including carrier sense multiple access/collision 

detection (CSMA/CD) analytic model to analyze the parameter including mean transfer time and 

mean queuing time [64]. Breakthroughs come in the year 1993, when Laser diode fabricated and 

provided multiple beam output. This P-N junction Laser was designed in edge emitting mode as 

well as surface emitting [65]. In free space optics, when the light propagates through conducting 

surfaces, then diffraction phenomenon and its effects come into picture which can be analyzed 

by different models [66]. 

2.4 Challenges of FSO 

Free Space Optical (FSO) communication promises a very bright future in terms of its high data 

rate, immunity to electromagnetic interference (EMI) and security issues. In any communication 

system, network‘s cost and reliability is an essential foot step to accomplish efficient and smart 

optical backbone networks [67]. Apart from these advantages, some challenges have subdued its 

widespread deployment. In this section, the challenges faced by FSO communication are 

mentioned. 

2.4.1 Atmospheric effects on FSO 

Every channel of communication technology has some effects during signal propagation. 

Atmosphere of air is used as a propagation channel in FSO and the optical link reliability usually 

reliant on local climate patterns. Optical absorption, scattering and Index-of-Refractive- 

Turbulence (IRT) are the main atmospheric processes that influence FSO propagation. The main 

confront of free space optics in the atmosphere are optical power attenuation during propagation 

in addition to fluctuations optical signals at the receiver [16]. Our vision of distant objects are 

affected by surrounding conditions such as clouds, haze, fog, snow, rain along with dirt particles. 

Laser beam propagation in the course of atmosphere has affected through all these same climatic 

conditions. FSO signals are exposed by attenuation through absorption, scattering as well as 

refraction of wave optics by aerosols and gas molecules such as haze, fog, rain and snowfall. Fog 

is the main adverse attenuating factor with 480dB/km attenuation during dense fog [20]. 
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Successful execution of Free Space Optical communication therefore requires detailed 

knowledge of the weather patterns in installation region. The region of FSO set up should be 

studied to ascertain the level of signal decay caused by local atmosphere patterns. Modulated 

light signals are still attenuated underneath clear weather environment by fluctuations in the 

index of refraction through propagation medium. Previous mentioned factors grant fast 

fluctuations in the signal at the recipient end. The necessary margin should therefore be 

incorporated in the budget of optical link to compensate signal power drop. 

2.4.2 PAT Schemes 

Pointing, Acquisition and Tracking, shortly known as PAT schemes have been serious challenge 

in front of FSO. Usual FSO communication requires uninterrupted line of sight (LOS) 

connecting transmission section and reception section.  Modulators of transmitters send out laser 

beams with fine beam thickness with divergence of few mrads and demodulators of receivers 

have small aperture of view. This property associated with FSO has made optical links protected 

to electromagnetic-interference (EMI) and safe with small possibility of interference/low 

probability of detection (LPD) property [17]. These same properties on the other hand have made 

it very difficult to establish connection between two transceivers. To maintain connectivity 

between two transceivers, both must point at each other directly with very accurate LOS 

direction during transmission. 

The pointing mechanism begins with finding out where potential nodes exist for establishing a 

link in free space and then proceeds to the connection procedure [18]. Since there may be many 

connection options available when multiple nodes are within range of each other, FSO nodes 

need to coordinate themselves. It is non-trivial to establish an initial connection between two 

transceivers even used for fixed nodes due to the thin beam size. 

The acquisition method involves signal detection and modulation technique. The recipient 

aperture can capture many potential FSO beams and has to decide which individual is required as 

well as decode it accordingly. Again, in the aspect of physical aperture, the aperture diameter 

needs to be adjusted accordingly in the direction of laser beam emitted divergence along with 

distance so that it increases the efficiency of the power link budget [18]. 

Tracking mechanism must also be considered even for stationary links. This is also induced by 

the narrow beam width. Since FSO is a clear LOS technology and requires a very high pointing 

accuracy so signal tracking must be considered even in stationary transceivers and remains a 
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challenging factor. Transceivers can be blown out of alignment by strong winds. Nonalignment 

result may decrease the capability and enhance the outage probability of optical link, hence the 

linkage required to be tracked to sustain perfectly alignment. 

Unlike in fiber optic communication, there is no possibility of non-linear cross-talk phenomenon 

by the signal carriers of different wavelength in free space optical communication [68]. 

In spite of all these challenges, recent research is shown that FSO has feasible when the weather 

conditions are favorable. Researchers have focused on the physical layer to fully take advantage 

of the potential of FSO. Several strategies have been proposed to deal with the low availability 

issues associated with FSO communication such as hybrid FSO/RF [31, 32], diversity techniques 

[19, 31, 32], autonomous mechanisms [17, 39, 40] etc. 

 

2.5 FSO Characteristic  

The fundamental characteristics of optical wireless technology stated here 

a. High Data Rates (Bandwidth): The amount of data that can be transmitted in any 

communication system is depending on the bandwidth of the modulated carrier which 

is directly related to the carrier frequency. The permissible signal bandwidth may be 

at the most 20% of the carrier signal frequency. FSO signals use 20THz - 375THz 

frequency range and could therefore guarantee very high data rates. For the reason 

that in electromagnetic spectrum, the optical wave carrier frequency consists of 

ultraviolet, visible along with infrared light are far higher than the radio frequency 

[14]. 

b. Narrow Beam width: The beam width of optical signals is very narrow. Typical 

laser beams have diffraction divergence angle in between 0.01 – 0.10 mrad [19]. It 

means that optical influence is rigorous inside a thin area and therefore requires a line 

of sight connecting receiver and transmitter. Optical signals are immune to 

electromagnetic interference and provide opportunity for unlimited frequency reuse 

because of this property [19]. 

c. Highly Secured: Optical signals are highly secured by low probability of detection or 

probability of interception properties (LPI/LPD) [30]. FSO systems produce laser 

beams which are very thin and not visible. This makes beams difficult for capture and 
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moreover difficult to decode. Optical beams cannot detect with RF meters or 

spectrum analyzers [69]. 

d. Weather dependency: FSO implementation highly depends on the weather patterns 

of the area of installation because atmospheric conditions like rainfall, fog, 

temperature, atmospheric turbulence, dust particles and smoke directly affect the 

availability and reliability of the FSO link [29]. 

e. Unlicensed Spectrum: RF signals face a major problem of interference as a result of 

congestion of the RF spectrum. Local regulatory authorities like Office of 

Communication and Federal Communication Commission in the United Kingdom 

and United States respectively, regulate the use of the RF spectrum in their respective 

countries. To use any RF, requires license from the local authorities which cost a lot 

of money. The use of the electromagnetic spectrum for FSO does not require any 

form of licensing from local authorities and therefore is a major cost advantage over 

the use of RF. 

f. Ease of Deployment: The installation time taken by FSO link to ready for 

operational condition is relatively short. The major requirement is to ensure clear 

LOS without any form of obstruction between the transmitter and receiver.  

 

2.6 FSO Applications 

The characteristic aspects of FSO discussed previously make it extremely attractive for various 

application scenarios. Again, FSO communication linkages may be employed in civilian as well 

as in military applications [25]. Below are some of the application scenarios of FSO: 

a. Deep Space Investigation: In deep space search, the power, mass and volume of 

carried apparatus is strictly not allowed and therefore the diameter of antenna and 

transmitted power are relatively bound. According to [70], lasercom workstations for 

space search have lesser mass than RF structure. If a huge aperture optical stage 

exists in a space location or in satellite system then a small user terminal would be 

operated in space survey. This type of place could comprise an efficient backbone for 

communication unaltered by visibility circumstances of the earth stations [18]. 

b. Satellite Communication: Optical wireless links may be used in communications 

involved satellite to establish a worldwide backbone network. This is because 



19 
 

satellites may support every globally locality despite of any topographical restrictions 

whenever a line of sight (LOS) space path exits. Therefore FSO links connecting 

satellites may put forward high quality service (Gigabits data) even to remote areas 

such as a rural region, an island or an inaccessible country. Optical Links connecting 

satellites includes Inter Satellite Links (ISL), Satellite to Ground and Satellite to Air. 

ISL are designed for routing data traffic hop-by-hop through satellites toward a final 

end satellite that has down link and up link between earth stations or aircrafts. 

Normally, these linkages have very high data rates of greater than or equals to 10 

Gbps. So ISL can provide worldwide communication link [14]. 

c. Terrestrial Networks: FSO may be used in earthly networks to set up a FSO 

connection between two transceivers through the atmosphere. The distance of light 

propagation through atmospheric space can be from hundreds of meters to a few tens 

of kilometers due to the LOS property. Some applications that can be associated with 

optical global networks are [18]. 

 Last Mile Solution: Optical wireless can be utilized to link the bandwidth space that 

present among end users and backbone of fiber optic. 

 Optical Fiber Back-up Link: Optical wireless may be employed as a backup for the 

fiber optics in opposition to information failure or in the occasion of optical cable failure 

/demolition. 

 Backhaul for Mobile Network: FSO may provide a backhaul for communication 

between main switching stations to base stations in the 3G/4G generation system. FSO 

can be used as backbone connection in unreachable region where optical cables cannot be 

established subversive.  

 Temporary Establishment: FSO can be used to set up a provisional link in the event of 

failure or disintegrate of present network due to its ease of installation. 

2.7 FSO System 

FSO structure, like any other communication technology, is essentially composed of three major 

arrangements that is, transmitter, channel and receiver. The illustration of a usual FSO network is 

revealed in figure 2.2 
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Figure 2.2: FSO architecture 

 

2.7.1 Transmitter Section  

The transmitter has main task of modulating the message signal into optical signal for 

propagation in the course of surrounding environment to the recipient end of communication 

channel. The transmitter section includes an optical source, modulator, transmitter telescope and 

the driver circuit. Modulator has accountable for modulating the message signal into the optical 

signal. On-Off Keying (OOK) modulation scheme has most commonly used in FSO 

communications. The message signal is modulated into the light intensity of the optical source. It 

is attained through changing the input current of the optical source accordingly with the data 

which is to be transmitted. Thus a logic ―one‖ is transmitted by turning ON the optical source 

whilst logic ―zero‟ is transmitted by turning OFF the optical source. This is called Non-Return-

to-Zero (NRZ) coding in its simplest form. Return-to-Zero (RZ) coding, a variant of NRZ, also 

exists. From [71, 72], the RZ has more advantages over NRZ because in RZ, the clock signal lies 

within the modulation spectrum and has a higher sensitivity. 8B/0B-NRZ coding which is 

normally employed in optical fiber communications can also be employed in FSO 

communication systems. According to [16], 8B/10B-NRZ coding requires 25% more bandwidth 

than NRZ. 8B/0B-NRZ code scheme implements rapid level alteration irrespective of data flow 

input. Thus if there is transmission of long series of ―0‟s or ―1‟s, the clock signal can never be 

lost.  

On-Off-Keying modulation is very sensitive to distortions in signal amplitude. Atmospheric 

conditions such as clouds and fog can significantly affect its performance by attenuating the 
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received signal. The exact wavelength and the phase of the optical carrier are however irrelevant 

for the demodulation of the received signal.  

The optical signal can also be phase or frequency modulated. For example, coherent modulation 

format like Differential Phase Shift Keying (DPSK) and Binary Phase Shift Keying (BPSK) can 

be used in FSO systems. In BPSK modulation, the optical signal is shifted between two different 

states to transmit either a logic ―zero‖ or logic ―one‖. In Coherent receiver systems, the receiver 

relies over superposition of the optical signal acknowledged with local oscillator output light. 

Phase locked loop (PLL) in optical system is employed by using BPSK coding. This permits the 

local oscillator to be exactly tuned to the phase and frequency of the optical signal received. 

Coherent modulation schemes are more sensitive than OOK. The disadvantages of coherent 

modulation schemes are higher system complexity and the fact that they are susceptible to 

distortions of the atmosphere. The modulated optical wave from the laser are utilized to transmit 

speech signals, these speech signals contain both voiced/non voiced (V/NV) regions [73]. 

Generally, intensity modulation schemes are more robust than coherent modulation schemes 

when considering atmospheric distortions. This is because in intensity modulation schemes, the 

information encoding is done only with the intensity of the signal whereas in coherent 

modulation schemes, both the signal intensity and the phase are used. It should be noted that 

distortions of atmosphere affect both phase of the optical signal and the intensity [72, 74]. 

Telescope of transmitter collects, directs and collimates the optical signal from the optical 

modulator to the receiver. The light source employed in FSO arrangement may be LASER or 

LED. For low data rates (up to 10Mbps) and shorter distances, LED can be used but for longer 

distances and high data rates (Gb/s of data), LASER is the preferred choice. Table 2.2 lists some 

optical sources and associated wavelengths used in optical organization. 

Table 2.2: Sources of optical signal [74] 

Wavelength 

range (nm) 

Laser Category Remarks 

780- 850 1) Vertical Cavity Surface 

Emitting Diode (VCSED) 

1) Inexpensive CD laser and readily 

available components. 

2) High performance and reliable. 

3) Short life span. 

4) Sensitive receivers. 

5) Beam finding by the employ of night 

vision scope. 
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1300 - 1550 1) Distributed Feedback 

Lasers 

2) Fabry Perot lasers 
 

1) Longer life span. 

2) Compatibility with wavelength division 

multiplexing (WDM). 

3) Compatible with erbium-doped fiber 

amplifier technology (>500mW power). 

4) More expensive components. 

5) Less sensitive receivers. 

~10000 1) Quantum Cascade Laser 1) Relatively new. 

2) Better thin fog performance. 

3) Cannot penetrate glass. 

4) Components are not readily available. 

Near infrared 1) LED 1) Cheaper. 

2) Non coherent. 

3) Simpler driver circuit. 

4) Lower data rates. 

 

This is essential to make a note that even though the atmosphere is assumed to be extremely 

clear in the near infrared and visible wavelength bands; definite wavelength bands may 

experience rigorous absorption. Inside near infrared band, absorption takes place mainly in 

reaction to water particles those are intrinsic components of the atmosphere still in clear 

atmosphere. There are numerous communication windows that are almost transparent (i.e. 

comprise attenuation of less than 2 dB/km [28]) inside the (700 – 10000) nm band. Mainstream 

FSO structures are intended to work in the (780 – 850) nm and (1520 – 1600) nm wavelength 

bands. The (780-850) nm is mainly used because apparatus are easily accessible as well as less 

expensive. Wavelength of 1550 nm is moreover best choice for a many reasons. It is allowed to 

transmit more power than its 850 nm counterpart for eye safety cause (i.e. additional power may 

be transmitted to conquer reduction of power by aerosols), compatibility with wavelength 

division multiplexing (WDM) and reduced background solar radiation and scattering in fog or 

haze [19]. However its disadvantages include reduced receiver sensitivity and higher component 

cost. 

2.7.2 The Atmosphere 

Atmosphere is the transmission channel for FSO. The transmission of FSO signals through free 

space is influenced by three main course of action namely Index of Refractive Turbulence (IRT), 

absorption and scattering. The transmittance of light optics radiation that travels at a distance L 

can be modeled through the B. Lambert‘s law [16]. 
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T =  
Pr

Pt
 e −α     L/km                                                                                                                     (3) 

Where Pr is the optical power received; Pt is the optical power transmitted; α represents 

extinction coefficient (km
-1

) and L is the range of propagation (km). The extinction coefficient 

describes the extinction level of the medium. The extinction coefficient has two components 

namely absorption and scattering. 

The optical radiations pass through the atmosphere, and then absorption occurs when several 

photons are turning off by molecular ingredients of the atmosphere and their energy converted 

into heat energy. Table 2.3 lists the molecular ingredients in atmosphere. 

Table 2.3: Molecular ingredients in atmosphere [16] 

Molecular ingredient in 

atmosphere 

Percentage  in 

atmosphere 

Part per million in 

atmosphere 

Carbon dioxide (CO2) 0.03  

Argon (Ar) 0.93  

Oxygen (O2) 20.95  

Nitrogen (N2) 78.09  

Xenon (Xe)  0.09 

Ozone (O3)  0.05 

Carbon monoxide (CO)  0.2 

Nitrous Oxide (N2O)  0.6 

Hydrogen (H2)  1 

Krypton (Kr)  1.1 

Methane (CH4)  1.5 

Helium (He)  5.2 

Neon (Ne)  20 

Water vapor (H2O)  40 – 40000 

 

Again optical emission through the environment is attenuated by scattering source by gas 

aerosols and molecules like fog/haze, rainfall, snow etc. This can be modeled by the Rayleigh or 

Mie scattering coefficient. In general, attenuation due to scattering reduces with wavelength and 

altitude [16]. Scattering causes changes in the path of propagation of the light wave. The optical 

beam broadens out while pass through the channel because the size of the received beam to be 

wider than the aperture of receiver. The concentration and amounts of the aerosols relies on the 

geographical place and the time of year. Therefore installation in FSO systems requires a 

detailed investigation to ascertain the level of attenuation caused by the local weather patterns of 

the area of installation.  
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Atmospheric turbulence is another feature that must be considered. Even under clear weather 

conditions, optical wave propagation is attenuated by atmospheric turbulence. When the earth is 

hit by the sun‘s radiation, the earth surface absorbs some of the radiation. This results in the 

heating up of the earth‘s surface air mass which rises up and mixes turbulently with the cooler 

surrounding air mass. The mixing up of warm and cool air accumulation causes small and 

temporary fluctuation in temperature of atmosphere [22]. The temperature non uniformity of the 

environment causes subsequent alteration in the atmospheric refractive index which results in the 

formation of chamber or packets of air called eddy with unstable dimensions range from 0.1cm 

to 10cm. These eddies look similar to refractive prisms with changeable refractive indices. 

Therefore the transmitted light wave has completely or moderately diverged from its original 

trajectory. The deviation depends on the relative beam size and the amount of temperature non 

uniformity down the pathway [22]. As a result, the FSO wave travelling along the turbulent 

atmospheric conditions shows fast fluctuations in phase and intensity. This phenomenon 

introduces losses in the transmitted optical source. The necessary margin is therefore required to 

compensate for such losses in the optical link budget [22]. Apart from FSO, the lightening 

condition of atmosphere also provides a hurdle in traffic monitoring and objects tracking 

dielectric techniques [75]. 

2.7.3 Receiver Section 

The responsibility of the optoelectronics receiver has to pick up the transmitted data from the 

coming optical wave. Optical based receiver basically consists of photo detector, optical filter, 

post detection processor and receiver telescope. 

The received optical signal has accumulated by the telescope and concentrated into the optical 

detector. Aperture averaging can be employed to reduce attenuations experienced as a result of 

beam spreading. In aperture averaging, the receiver telescope is made relatively larger so that it 

can collect multiple uncorrelated optical radiations, average them and focus their average onto 

the photodiode. This would however be note down that a wide receiver aperture also increases 

the background radiation or noise as it collects other light sources of light like the solar radiation. 

The optical filter is responsible for filtering the transmitted optical radiation from other sources 

of light like the sun impinging on the receiver aperture. This helps reduce the amount of 

background radiation [74]. 
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The optical photodiode received the incident optical signal from the telescope and change light 

signal back in its electrical form.  The Avalanche Photodiode (APD) or P-I-N diode has 

employed for the conversion process. The table 2.4 below lists the commonly used photodiodes 

in laser communication and their characteristics [74]. 

Table 2.4: Types of photodiodes [74] 

Material & 

structure 

Wavelength 

(nm) 

Responsivity Gain Sensitivity 

InGaAs APD 1000 to 1700 0.9 10 -33dBm @ 1.25Gbps 

InGaAs P-I-N 1000 to 1700 0.9 1 -46dBm @ 155Mbps 

Si P-I-N 300 to 1100 0.5 1 -34dBm @ 155Mbps 

To assure an extremely reliable data resurgence, the post detection processor or decision circuitry 

workout the process of filtering, amplification, and signal processing. The recipient detection 

procedure can be categorized in two; namely, coherent detection receiver and direct detection 

receiver. The direct detection receiver detects the instantaneous optical power impose on the 

photo detector. Therefore the output of photo detector is comparative to the incident optical 

wave. The coherent detection based receiver employ on photo-combination phenomenon. The 

received optical signal is mixed with output optical signal of local oscillator on top surface of the 

photo detector. The coherent detection based receiver may ahead segregate into heterodyne and 

homodyne receivers. In heterodyne detection process the received emission and the local 

radiation wavelengths are dissimilar while in homodyne detection process the output signal 

wavelength of the local (optical) oscillator is just equal to the received emission. 

2.8 Summary 

Inside this chapter, the concept of FSO has been described. We reviewed some existing related 

work done. Features, application scenarios and challenges of FSO technology have been 

discussed. The atmosphere poses serious challenges in FSO and therefore imperative to study its 

effect on the system. This thesis seeks to investigate the effects of the atmospheric mitigation 

techniques on FSO communication systems. Again, the margin to compensate for losses due to 

scintillation effects will also be investigated. Implementation of FSO/RF communication systems 

has also been determined. 
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Chapter 3 

Designing of Free Space Optical Link with RF Backup 

________________________________________________________________ 

3.1 Introduction 

Optical Wireless offers an alluring option for exchanging high-transmission capacity information 

when installation of fibre optic has not been possible, propose a smart replacement for transmit 

high bandwidth information. Nevertheless, several adverse facets of the atmospheric channel that 

might guide to severe signal fading and yet the total lack of signal,  for example, animals, 

insects, tree , or other reasons be capable of all time obstruct the laser viewable pathway. 

Platform/constructing movement because of airstream, discrepancy heating and cooling or else 

floor movement are able to bring about genuine disarrangement of altered location laser link. But 

significantly in all, the phenomenon of scattering and absorption as a result of particulate topic 

within the surroundings may enormously reduce the optical wave signal, even as haphazard 

atmospheric alteration has rigorously degraded the optical signal, because of that faded signal 

reached at receiver side [76]. 

Rain, fog, snow, smoke and different aerosol particles essentially weaken the laser beam signal. 

Absorption due to molecules has also reduces by proper choice of the wavelength of optical 

wave. The random instability within the atmosphere's index of refraction that drive optical 

turbulence continually result in extended optical BER. Turbulence in optics prompted signal 

degradation which increments further when as transmitter to recipient separation has expanded. 

There is no wavelength "window" where these impacts are stayed away (despite the fact that 

longer wavelengths are better).  For some instances of realistic curiosity, the consistent existence 

of turbulence optics in the climatic path has the restricting aspect in risk less wi-fi optical 

wireless hyperlink performance. Optical wireless continue as solitary less distance covered 

broadband technology by knowing the fact that its enormous prospective in determining the "end 

mile" concern because of FSO ability of accomplishing close optimum capacity equivalent to 

optical fibre line along with a low cost and instant arrangement [76]. 
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Figure 3.1: Wireless/ FSO link connecting two buildings 

Optical wireless and RF technology may be the other option toward uninterrupted connectivity 

throughout the time as both  supplementing each other's shortcomings,  due to the fact that rain 

and fog definitely influence the RF and FSO interfaces separately, however the chances for both 

occur simultaneously is negligible. 

Korevaar and Kim [77] stated that the atmosphere constriction of optical signal energy is a 

irregular function of the climatic conditions and this power fluctuate in range of 0.2 dB/km in 

especially plain climate (i.e., 50 km of visibility) to 350 dB/km in extremely thick haze/fog (i.e., 

50 meter of visibility) and assessed the undignified influences lying on the hyperlink during link 

budget investigation and authentic climate information. Subsequently, this has persuaded various 

countless research efforts endeavors especially in the latest decade to plan and actualize a more 

predominant hybrid FSO/RF system, which exploits the media diversity technology through 

coordinating a lower information rate RF together with the FSO channel. Through the improved 

duality function to change among the two technological innovation choices, FSO/RF technique 

possibly combats the deterioration of signal high-quality and hyperlink outages, via sustaining 

minimal information transformation via the complementary RF link, for the interval when the 

principal FSO hyperlink has out of reach because of undesirable atmospheric circumstances [31, 

78-81]. 

3.2 Laser Beam Destruction Due to Aerosols and Molecules in Atmosphere 

Destruction/Extinction has characterized by a diminishment within the strength of an optical 

signal. Around two procedures available to facilitate about extinction are absorption and 
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scattering. These two phenomenons take away power from the transmitted beam path. Scattering 

and absorption approaches may also additional and be sub partitioned into two dimension areas: 

a molecular establishment and an establishment of bigger particles (aerosols).  

3.2.1 Extinction 

Extinction causes decay in power of an optical signal because signal travel throughout a space 

containing particles, molecules and other constituent part of medium. Goody and Yung II 

characterize basic law of elimination which expresses that the extinction progression is linear in 

strength of radiation and quantity of matter inside shows its physical state (i.e., pressure, 

composition, temperature) is alleged steady [82]. 

When monochromatic transmitting beam of laser contact through non vacuous space in excess of 

additional path extent ds, then alteration in intensity has specified as [82] 

 dIv= − Ivβext ,vds                                                                                                                                                        (1) 

Here Iv be amount of intensity, βext,v is an destruction/extinction coefficient, together at the 

frequency ν. As the extinction process is linear, then extinction coefficient can be given as [82] 

  βext ,v =  βsca ,v +  βabs ,v                                                                                                                                           (2) 

i.e., the overall extinction consists of the linear sum of extinction coefficients because of 

absorption and scattering. 

The optical width of a medium connecting two end h1 and h2 is expressed as [82] 

τv h1, h2 =   βext ,v(s)ds

h2

h1

                                                                                                                                    (3) 

Through the information of the wave width τv, and preliminary intensity Io, the resulting drop in 

intensity subsequent to transmission between the two end h1and h2 is given by [82] 

Iv =  Ioeτv                                                                                                                                                                      (4) 

3.2.2 Molecular Extinction 

Extinction is a predominant aspect in beam loss. Optical wavelengths higher than 1 pico-meter, 

molecules are not combined powerfully through the electromagnetic field. Moreover, molecular 
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extinction has mainly as a result of absorption of occurrence radiation by most effective small 

scattering contributions [83]. 

Atoms take up power in separate quanta, these results in altering the vibrational and rotational 

condition of the atoms. So atoms‘s spectrum thus contains a sequence of discrete absorption 

strains. The assimilation range of atoms along these lines are from 10 cm wavelengths to a 100 

pm, vibrational spectra are normally from one hundred to one pm. Electronic moves are within 

the ultraviolet and visible bands. The vibrational spectra are the best impact in the frequencies 

significant to free space laser signal [83]. 

3.2.3 Molecular Transmittance Codes 

The Air Force Geophysical Laboratory (AFGL) has created three representations to portray 

losses due to transmittance because of molecular extinction: Modtran, Lowtran and Fascode [84, 

85]. 

The Fascode which is also a ―line by line model‖, decides the optical strength which is a function 

of wavelength. This absorption stripe has three fundamental parameters: the middle location vo, a 

line strength S, and the profile function f. The profile (or Lorentz profile), which represent line 

shape is specified by [85] 

f v − v0 =  
δ

π  v−vo  2+δ2 
                                                                                                                                         (5)     

Here δ thickness of line. This profile is mainly significant in the low atmospheric circumstances 

of comparatively high pressure. 

This model processes the line designed for all and every absorbing gas, which essentially 

incorporates the division of lines at different distance from the monochromatic line of 

significance. The outcome from computation is depth of optical layer, or an optical thickness. 

The ratio of radiant flux transmission by the surface or region denoted by ϕe
t  to radiant flux 

received by the surface or the region denoted by ϕe
r  is known as the Transmittance T of a region 

or surface and the expression involving these two radiant flux is given as follows equation (6) 

[86] 

T =  
ϕe

t

ϕe
r                                                                                                                                                                            (6)                                     
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3.3 The last mile access and applications of Optical Networks 

Free Space Optical System (FSO) connections may be utilized to setup communication in 

addition to radio and optical fiber systems. As a consequence, it's the broadband wi-fi solution 

for the ―last mile" availability space all through metropolitan systems. FSO system suitable in 

thick metropolitan zones. It set up small distance communication hyperlinks among structures on 

a campus or exclusive office blocks of an organization or medical institution, which can be built 

up with ease innovation. 

However, current research has also been investigating the use of light generators like LEDs in 

FSO by means of a broad beam angle. Now the utilization of free space optical communication 

in support of last mile has been investigated and illustrate in further aspect.  

3.3.1 Line of Sight 

Optical transmission via the surroundings need a line of sight without interruption from the end 

of  transmitting terminal to other end of  receiving terminal, however the climate impact is a key 

component in optical wave propagation. Visibility data accrued over several years more 

thoroughly with a transmission meter instrument at meteorological location or at airports to 

estimate availability in optical communication planning. Transmission through atmosphere may 

be depicted through the Beer-Lambert regulation [87]. 

T =  
Pd

P0
=  e−γd                                                                                                                                                             (7) 

At a particular wavelength, the transmission T depends on optical power Pd at a distance of d to 

the transmitted optical power P0. As per the Beer-Lambert law, transmission may be expressed 

with the aid of the extinction coefficient -γ and the atmospheric path distance d. The extinction 

coefficient - γ is constituted by means of procedures of absorption and scattering through 

particles in the atmosphere.  

Visibility data are used for infrared wavelength broadcast. The opening relation based on 

empirical dimension data has been projected by Kruse [87] 

γ λ  ≈  βa λ ≈  
3.912

V
 

λ

550 nm
 
−q

                                                                                                                   (8) 
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In equation (8) the exponent q lying on the visibility range. For taking account of lower 

visibilities in intense fog, the preliminary Kruse equation has been modified by Kim given below 

[84, 87]  

 𝑞 =  
 
 

1.6 (V > 50 𝑘𝑚)
1.3 (6 km < 𝑉 < 50 𝑘𝑚 )   ≤ V < 50

 0.16. V + 0.34 if 1 km ≤ V < 6𝑘𝑚
 V − 0.5  if  0.5 km < 𝑉 < 1 𝑘𝑚

0 if V < 0.5 𝑘𝑚

                                                                                                      (9)           

On the whole this is challenging to get a relation that permits the re-computation of visibility 

data in between 550 nm to longer wavelengths. Fog of different types can bring about various 

attenuation for higher wavelengths in a similar visibility range, really relying upon molecule 

magnitude measurement distribution and its density consistent with Mie scattering model. 

Measurement data gives that longer wavelengths are less attenuated in haze and light fog, 

whereas there's no wavelength dependence in thick fog. Novel theoretical computations by 

Alnaboulsi for advection and convection fog point out that small wavelength are minimum 

attenuated at less visibility, as it is the requirement of high accessible FSO [87]. 

3.3.2 Reliability and Availability 

System reliability R(T) is a likelihood that the optical structure works properly for duration of 

time T over defined atmospheric circumstances and system availability A(t) is the chance that 

system works in time t effectively. 

Since information transfer in FSO uses physical layer, the conditions for right operation of it are 

outlined by using a highest tolerable bit error rate (BER) for the distinct data rate (e.g., BER = 

10
-9

 for 100 Mbps). If an excessive amount or not enough optical power has arriving, then BER 

increases. When long distance considered in FSO using extra collimated and coherent light, 

oscillation within the acquired power are more significant. Because of that, it is difficult to set 

the precise sensitivity boundary and would additionally rationale efficiency degradation by 

means of burst errors, which may be refrained by implement coding of channel and correction in 

error procedures [88].  

The accessibility of an introduced FSO link most often depends upon the budget analysis of 

power link and the nearby weather conditions, causing more attenuation over durations of time.  
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The model of an FSO system also be concise within the parameter system power  Psys (in dBm) 

to [88]. 

PSYS =  PTX +  GTX + ARX −   αTX +  αRX  

=  PTX +  10log  
4π

2π 1 − cosα 2  
 + 20 log RA −   αTX + αRX                   (10) 

In Eq. (10) PTX represents the transmitted optical power in decibels (dBm), GTX represents 

transmitter gain in decibels (depending on the whole beam divergence angle a), the receiver gain 

because of its aperture radius RA has represented as ARX. Furthermore, transmitter and receiver 

signal losses are αTX and αRX in dB respectively. Then the power received PRX in distance d 

represented by [88] 

PRX =  Psys − DL =  Psys −  20log  
2d

1 m
                                                                                                 (11) 

Equation (11) showed the distance DL in decibel. Then PRX be the received signal strength 

without any effect of atmospheric conditions or pointing losses.  

Reliability may be defined as Mean Time to Failure (MTTF) rate or the Failure in Time (FIT) 

rate virtually. FIT approach the probability of a component failure in 109 hours of action. In 

optical wireless systems particularly the transmitting essentials have a limitation of lifetime, 

depends on the operation conditions. Generally, the energy outputs of components decrease 

slowly, and eventually the components stop to perform. LASER and LED usually have a life of 

105 to 108 hours of function. Running the gadgets below the prescribed maximum output energy 

and avoid over heating due to high temperature can increase the life of components [76, 88]. 

3.3.3 Last Mile Solution 

Optical communication without fiber is an outstanding wideband solution for linking consumer. 

FSO technique could be visible as enhancement to usual radio hyperlinks and communication 

through fiber. Low price and short distance FSO communication put this technique attractive for 

many customers.  

In the meanwhile, the main focus are on increment in reliability and availability of FSO. Both 

these factors are especially depends on local climatic situations. Better reliability and availability 
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may accomplished by short distance communication, by doing link-budget analysis and using the 

highest quality FSO structure.  

The meshed architecture is ideal for FSO designs. Meshed structure consolidates small distances 

with excessive speed. The additional reliability and availability of FSO can be increased by 

participating in outdoor tests concerning the neighbourhood condition of atmosphere.  

Reliability and Availability can further be improved by the arrangement of FSO and microwave 

hyperlinks, as mainly FSO has influenced by fog and RF has generally effected by rainwater. 

From the research, FSO/RF hyperlink had been set up and the results confirm a 99.9991% 

reliability of this hyperlink [76, 88]. 

3.3.4 Experimental Setup 

To set up an optical wireless link, the separation between two structures has been around 500 

meters that permit excessive-speed networking link. The optical wavelength of 1550 nm has 

been used. The line of sight alignment has been done by using telescopes alignment process. 

Practicability exhibited by means of free space optical hyperlink connecting the two computers 

which has demonstrated in Fig. 3.2. The gigabit Ethernet companionable sequence of pulses in 

form of data has been coming from PC. The set up comprises of a two transceiver which makes 

use of Positive Emitter Coupled Logic (LVPECL) signaling. The pc generated an information 

pulse that must be changed over to PECL signal. The established link is unidirectional. It may 

possibly be two way by replicating the entire link arrangement in reverse course.   

The conversion of received electrical signal into optical signal takes place in transceiver. The 

optical signal is then converted into extremely thin beam by using an optical collimator. The 

signal in the form of beam is put on the air or open space and by using optical receptor it has 

acknowledged by receiver. The photodiode of receiver has then changed again into electrical 

signal. The LVPECL electrical signal has now transformed into the Gigabit Ethernet form of 

electrical signal by GBIC connector.  

 

Figure.3.2: FSO link set-up 
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A gigabit interface converter (GBIC) most of the time utilizes Gigabit Ethernet and optical fiber. 

One gigabit port of this electrical interface can utilize by many physical media for example 

copper wire and optical fiber at some meter distance. Gigabit Interface Converter (GBIC) at the 

initially intended for Fiber Channel executions utilizing the Fiber Channel Arbitrated Loop (FC-

AL), this is mainly used for Fiber Channel implementations including 1000 Mbit Ethernet 

[89,90] 

The PECL drivers and receivers termination circuit in the host and the GBIC are shown in fig. 

3.3 [89, 90].  

 

Figure.3.3: Termination circuit for the PECL transmitter and receiver and GBIC [89]. 

3.4 Optical System Design 

For optical configuration, the optical wavelength of 1550 nm has been used and the separation 

connecting the two configurations is 500 meters. The 500 meter visibility and classification 3A 

eye-trustworthy power level has been viewed for the system design [91].   
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To measure environment condition which comprises of dust, mist, fog, other particles etc., 

Visibility  has valuable parameter. Visibility decreses down to couple of meters due thick fog 

[92].  

Signal attenuates and degrades in a FSO hyperlink by the effect different process of Scintillation,  

Scattering and Absorption. Dependency of all these effects depend on present local climate 

condition. By Beer‘s regulation, atmospheric attenuation is expressed as [93].  

τ =  e−αL                             (12) 

Here, τ = atmospheric attenuation 

 L = distance in km 

     α= resultant coefficient of attenuation 

Now, 

α = αabso + αscat 

αabso = molecular & aerosol absorption 

αscat = aerosol & molecular scattering 

Absorption is due to the collision of optical beam‘s photons which collides with few finely 

dispersed liquid and strong molecules within the space comparable to vapors of water, snow, 

dust and organic particles. The absorption strains at visible and infrared wavelengths are narrow 

fine. For this reason, absorption may in general be negligible at wavelength of interest in optical 

wireless [93]. 

The attenuation due to scattering is shown by following expression [93]. 

αscat =   
3.91

V
  

550

λ
 
δ(V)

                               (13) 

Here, 

λ = wavelength in nm, V = visibility in km and δ(V) = scattered particle size which lies from 0.7 

to 1.6 analogous to visibility situations [94]  

Here, for 

δ V =  1.6  used for V > 50 𝑘𝑚.   

δ V =  1.3 used for 6 km ≤ V ≤ 50 km.  

δ V =  0.585 V1/3 used for V < 6 𝑘𝑚.                        (14) 
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The attenuation due to Atmospheric condition for a different visibility within the limit of 1.5 km 

to 5 km has been shown in plot, which is shown in fig. 3.4.                      

 

Figure.3.4: Visibility vs. Atmospheric conditions. 

In FSO structure a slightly less diameter of transmitter aperture and a bigger diameter of receiver 

aperture are expected to build up high data rate FSO link. The transmitter aperture diameter is 

chosen to be a usual value of 3.5 cm and receptor diameter of 28 cm. The beam angle θ is 

considered to be a traditional value of 0.5 milli radian. Semiconductor based optical amplifier for 

10 Gb/s non-return to zero configuration in single mode and dispersion connection are utilized 

[95]. 

3.4.1 Atmospheric Conditions based Attenuation Models 

The instantaneous intensity of laser source changes by modulation process, and then modulated 

signal is transmitted. At the receiver, the signal has detected by photodiode of receiver. The 

optical signal propagates in free space where photons of optical signal are scattered and absorbed 

via the atmospheric constituent parts, like rain, snow and fog droplets. Usually, the radii of these 

droplets lies between 1 μm to 5000 μm, and quantity of droplets sharply decreases when drop 

size increases and various attenuation models relying on their density distribution [96]. 

For calculation of attenuation by rain, fog and snow, the two approaches empirical and 

theoretical are utilized. The empirical process may be exceptionally convenient and quick to 
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apply while; the theoretical method is quite complicated and takes long time. Kim‘s proposal has 

been used in foggy to clear condition to calculate the attenuation because of fog (αfog) [97].  

∝ fog =  
3.91

V
(

λ

550
)−δ V                                                                                                                 (15) 

Here factor  δ V  associated to droplet size specified by [85]  

 δ V =   
 

1.6 (V > 50 𝑘𝑚)
1.3 (6 km < 𝑉 < 50 𝑘𝑚 )   ≤ V < 50
 0.16. V + 0.34 if 1 km ≤ V < 6𝑘𝑚
 V − 0.5  if  0.5 km < 𝑉 < 1 𝑘𝑚

0 if V < 0.5 𝑘𝑚

                                                                        (16) 

For rain, the loss in optical energy is comparatively wavelength insensible and attenuation due to 

rain in terms of visibility is given by [98].  

∝ rain =  
2.9

V
                                                                                                                                 (17) 

The attenuation of optical pulse due to fog in most cases due to Mie scattering consequence and 

the loss due to absorption may also be ignored. For this reason the evaluation of fog extinction 

coefficient is given by below equation [97]. 

β
fog

=   πr2Qext  m,
r

λ
 n r dr               dB/km

r2

r1
                                                                      (18) 

In equation (18) the representation for the refractive index and radius of the fog droplets are m 

and r correspondingly. The extinction efficiency and fog particle size gamma distribution by  Qext 

and n(r) correspondingly. The traditional equation for rain conditions is given by [98]. 

β
rain

= 4.34  ∝scat   r n r dr                   dB/km
r2

r1
                                                                 (19) 

Here rain particle gamma distribution and radius of the rain drops represents by n(r) and r, 

correspondingly. The rain rate R may be considered as [98], 

R = 4.8  r3 ∞

0
v r n r dr mm/hr                                                                                              (20) 

v(r) is the rain drop terminal velocity, which is specified as in equation (21) [98]. 
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v r =  9.65 − 10.3e−1.2r   m/s                                                                                                  (21) 

Model of attenuation due to snow depends on the type of snow that is, dry or wet. The precise 

attenuation has been shown in equation (22) [99, 100]. 

αsnow = a Sb                                        (22) 

Here snow rate S is in mm/h 

For dry snow at a particular wavelength λ, the values of a and b are [100] 

a = 5.42  10
-5

λ + 5.4958776   and     b = 1.38 

For wet snow, the similar factors are [89] 

a =1.023  10
-4

λ + 3.7855466    and b = 0.72 

Snow attenuation depends upon the type of snow as previously discussed. The relationship 

between snow attenuation and visibility range as follows [100, 101]. 

αsnow =  
58

V
                                                                                                                                  (23)   

Figure 3.5: Plot of empirical model for fog, rain and snow conditions for FSO link at 1550 nm 

 

Figure 3.5 demonstrates visibility against attenuation for rain, snow and fog. From this graphical 

result it has clear that losses due to fog, rain and snow results considerable to the optical signals 

transmission in open space. From the results, fog offers low visibility as compared to other 

atmospheric factors like rain and snow at the same amount of attenuation. 

3.5 Optical/Microwave Hybrid Links  
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The accessibility of optical transmission is restricted via atmospheric condition like fog and 

intense snow down. While the communication link set up by microwave working at excessive 

frequencies of around 40 GHz delivered same data rates and served secondary path. Linkage 

accessibility for microwave system is confined by intense rain. Combination of both technology 

results in higher connection accessibility. 

3.5.1 System Description 

The free space optical communication is regularly restricted by extensive optical losses 

especially because of overwhelming fog. To build the system accessibility, an option has to 

utilize a Radio Frequency wave linkage alongside the Free Space Optical linkage [102].  

The system execution in FSO has been mostly corrupted because of climatic condition change. 

In RF link, the execution is principally corrupted because of rain drops, as rain drops sizes are 

identical to wavelengths in RF range. Thus, RF may supplement FSO linkage and vice-versa. 

[103]. 

The availability in addition to range for simultaneous use of FSO and RF system may enhance 

considerably which revealed in figure 3.6. Hybrid FSO/RF linkages may offer a reasonable 

alternative for single or multichannel links along with higher data capability. 

The Redundant Link Controller (RLC) method has been use for executing a FSO/RF framework. 

The RLC technique gives the FSO/RF communication by a hitless ability. This implies that no 

bit in frame is missing when FSO or RF starts to come below threshold power then alternate vice 

a versa starts to take control over the communication link, regardless the possibility of quickly 

switching because of altering atmospheric conditions. The frame by frame comparison on Cyclic 

Redundancy check (CRC) bit series need to determine whether an error or fault has came out. If 

the error has occurred in frame, then similar frame from alternate path has been used by RLC 

technique and ahead it to the end consumer [94]. 

 

Figure 3.6: Set up of hybrid FSO/RF system in different atmospheric conditions. 
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Fig. 3.6 illustrates, optical link as a rule offer Gigabits/second information rate, while the Radio 

link has restricted to 100Meghabits/second. Additionally for further effective utilization of the 

hybrid hyperlink for all atmospheric conditions, the control unit ought to forward both the 

communication linkage. In terrible climate surroundings, the control unit ought to likewise 

consider different connection parameter issues, for example, received power for each system link 

and so on [94]. 

3.5.2 System Model 

Figure 3.7 represents FSO cum RF link [104] 

Figure 3.7: Arrangement of 60 GHz RF System 

The substantial bandwidth accessibility of the 60 Giga Hertz millimeter wave unlicensed 

spectrum paying attention to various applications of wireless technology and services [104-107]. 

These comprise cellular broadband, mobile techniques, wireless backhaul networks and wi-fi. 

The millimeter wave has extremely vulnerable about attenuation due to atmosphere Moreover, 

millimeter wave experiences signal degradation due to absorption by rain drops and oxygen 

gives an extra 7-16 dB/km signal energy degradation.  For a rainfall rate of around 50 mm/hour, 

the millimeter wave signal anticipates extra attenuation of 8-18 dB/km [104-107].  

In the RF link as shown in figure 3.7, quadrature amplitude modulation system (QAM) has been 

used as a matching FSO hyperlink [107, 108]. 

The output signal through RF channel has been specified as [109] 

y =   PRF  GRF h2x +  N0,RF                                                                                                       (24) 

Where PRF is RF transmitted output, GRF is the RF power gain in link, h2 is fading gain of RF, x 

is RF signal in modulated form, and N0,RF be the complex AWGN along with variance. 
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3.5.3 Model of FSO and RF Channel 

Atmospheric loss is mainly due to the factors like absorption, scattering and attenuation. 

Mathematically it may be represented by Lambert-Beers law [109].  

β =   e−αL                                                                                                                                     (25)                                                                                                                                           

Where α and L denotes an attenuation coefficient which depend upon atmospheric condition and 

propagation distance L respectively. In adverse atmospheric surroundings, α may be evaluated 

by the visibility records by model of Kim [97]. 

α =  
3.91

V
 

λ1

550
 
−q

                                                        (26)                                                                                    

Here V denotes visibility (km), λ1 represents laser wavelength (nm), and q be particle dimension 

distribution. The scintillation because of atmospheric particles disturbance inside weak 

turbulence system, comes due to indiscriminate change in the index of refractive of free space. 

This scintillation comes from log-normal fading model. The PDF of the intensity (I) due to 

fluctuations in turbulent atmosphere is given by [110]. 

P I =  
1

Iσ1(D) 2π
exp  

 ln 
I

 I 
 +

1

2
 σ1

2(D) 
2

2σ1
2(D)

 ,      I > 0                                                                     (27)                                   

Where σ1
2 D  is the index of scintillation and   I  is mean intensity. 

Scintillation index σ1
2
 (D) can be determined from the below equation [108] 

σ1
2 D = exp  

0.49χ2

 1+0.18d2+0.56χ12 5  
7

6 
+

0.51χ2 1+0.69χ12 5  
−5 6 

1+0.90d2+0.62d2χ12 5  − 1                                              (28)                                                                                 

Here, 

χ2 = 0.492  
2π

λ1
 

7 6 

Cn
2L1 6    &   d =   

2πD2

4λ1L
  

Where χ
2
 denotes Rytov variance for spherical Gaussian wave and D is receiver‘s aperture. Cn

2 

denotes the structure parameter of refractive-index which represents the atmospheric turbulence 

strength.  SNR be a fluctuating or instantaneous term, so implying that the average (mean) value 

https://www.google.co.in/search?biw=1607&bih=694&q=define+disturbance&sa=X&ved=0ahUKEwjfgZ6nn-jMAhXFnaYKHRDcBOMQ_SoIKjAA
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is required to provide a quantitative measure of the overall system performance. The mean signal 

to noise ratio (SNR1) can be represented as [110] 

 SNR1 =  
SNR 0

 
P S0
 P S  

+σI
2(D)xSNR 0

2
                                                           (29)      

Where SNR0 represents SNR ratio in the non-turbulence condition, Signal power is denoted by 

PSO in negligible atmospheric effects,  Ps  is the mean signal power at input and σ1
2
 (D) denotes 

scintillation index. 

RF signal operational by means of amplitude shift keying (ASK) which is regarded like a 

subsidiary link along with FSO link [111].  The RF link overall gain GRF may be modeled as 

[112] 

GRF  dB = GRX + GTX − 20log10  
4πL

λ2
 − αoxy L − αrain L                                                       (30)                                                                            

Here GRX and GTX are the receiver & transmitter antenna gain correspondingly, λ2 represent RF 

System wavelength, αrain & αoxy are attenuation because of rain and oxygen absorption in dB/km 

correspondingly. 

RF‘s noise variance  σRF
2  shown as [112]  

σRF
2 (dB) = BN0 + NF                                                                                                                   (31) 

Here B is RF bandwidth, N0 is power spectral density of noise, and NF is noise figure at receiver, 

hence SNR of RF link may be calculated as follows [112] 

 SNR2 =  
PRF GRF

σRF
2                                (32) 

3.6 Simulation Modeling of Optical Wireless System 

In existing RF communication, availability of limited bandwidth and required spectrum 

permission to achieve data rate is comparatively low. So, there should be a substitute technique. 

The solitary logical choice is optical wireless communication system [29]. 

Optical wireless communication establishes point to point communication in which optical signal 

transmits through atmosphere in free space. It requires line of sight communication without any 
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obstruction in between transmitter and receiver path. Features of FSO are interference immunity, 

large bandwidth, unlicensed spectrum and easy installation etc. Its major applications are in last 

mile connectivity and RF back up. But, the performance of free space optics has extremely 

exaggerated by fog and other climatic disorder. Bit error rate of the optical link increases due to 

atmospheric turbulence [113]. 

FSO proposes bandwidth of 10
5
 times larger than the present RF based communication. It plays 

an important role in the development of high quality, high security, low cost, high data rate and 

high speed telecommunication systems [114]. 

In previous studies, optical wireless communication has been studied without taking into account 

all factors related to atmospheric circumstances and simulation parameter [115]. The proposed 

system BER performance has been evaluated by considering Gaussian channel and other 

simulation parameters. 

3.6.1 Simulation Model 

The simulated model has transmitter part, channel modeling and receiver part. The model has 

been designed in Simulink of Matlab program environment. 

 

Figure 3.8: Simulation model of optical wireless system using simulink. 

 

3.6.2 Random data sequence generation 

In this model, the Bernoulli generator generates the random bit signal which has been coded by 

particular data coding system. The data series generated by user has been coded by code word 

and passed it through free space channel. The transmitted signal is received by receiver section 

but the intermittent path shows some dislocation and errors which further displayed by the 

display installed inside the system [116]. 
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Figure 3.9: Random data sequence generation. 

 

Figure 3.10: Signature code of coding data sequence. 

3.6.3 Optical wireless Simulink model of free space channel 

The data signal converted into frequency domain by taking its Fast Fourier Transform (FFT). 

Subsequently take the product of this FFT signal and constant as transfer function of free space. 

Lastly, to get the data in time domain by taking inverse Fast Fourier Transform (IFFT) as shown 

in fig. 3.11 [116]. 

 

Figure 3.11: Optical wireless Simulink model of free space channel. 

 

3.6.4 Receiver Model 

There has to be a method for recovery of user data at receiver side in the model wireless 

structure. This has to be shown below in fig.3.12 [116]. 
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Figure 3.12: Receiver Model. 

3.6.5 Simulation Results 

The results achieve in simulink of matlab environment shown in this section. The results are 

represented in terms of Bit error rate and signal power. 

Table 3.1: Simulation Parameters. 

Parameters 
Values 

No. of samples per second 

 
5000 

No. of Users 1 

Coding Hadamard 

Code Length 32 

SNR 0-10 dB 

Noise Channel AWGN 

 

 

Figure 3.13: Bit error rate. 



46 
 

 

Figure 3.14: Transmitted Signal in frequency domain. 

 

 

Figure 3.15: Received Bit Stream. 

 

Figure 3.16: Transmitted Signal Power. 
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Figure 3.17: Received Signal Power. 

3.7 Discussion and Impact 

As this technology is in developing stage so this will provide more advancement in new 

economy within the world. For establishment high speed networking infrastructure among 

medical centers, colleges, schools, etc. for transfer of information, this purpose can be solved by 

this technology. 

Through gamma model, additional progress in optical wireless system can be achieved in the 

form of fading channel modeling. Bit error rate, quantity of fading and signal outage may also be 

considered for additional analysis [117]. 

3.8 Conclusion 

This work actualizes a basic and non costly fast optical wireless link connecting two structures/ 

campus. The wireless link using a laser beam has been designed. The GBIC Ethernet and 

LVPECL signaling are used in the system. The transmission and reception of text file among 

computers achieved across the hyperlink efficiently.  

Free Space Optics can give a reasonable high transmission capacity within a kilometer limit. 

Hybrid link of FSO and RF has been inspected to give high transmission capacity and bandwidth 

for longer range.  

For FSO communication, loss due to fog in the atmosphere has essentially the major element as 

comparison with the losses due to rain and snow. This information is extremely helpful in 
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estimation of specific fade margin, which has high importance on the optical hyperlinks 

availability. 

Due to the accessibility of FSO/RF structure, a great extent metro area is now accessible for the 

users. Study shows the relationship between these technology options, whereby rain and fog 

drastically affect the RF and FSO links respectively and rarely occur concurrently. RF system 

may be utilized as a corresponding path for communication in high foggy conditions to attain 

high extension in the link range designed for a particular Signal to Noise Ratio. Therefore, 

FSO/RF hybrid system is a viable means to minimize performance degradation because of 

undesirable weather effects experienced by usual FSO systems. 

The simulation model has been developed in Matlab for performance analysis of optical wireless 

system. Random data series has been generated from Bernoulli generator for a particular user, 

then data is encoded using Hadamard code for single user, and then the encoded data has been 

passed through free space channel with AWGN. Generated binary data has been transmitted at 

the rate of 5000 samples per second. Then data has received at receiver where it is decoded and 

user data has been retrieved. BER has been evaluated by using Gaussian channel. The choice of 

AWGN channel is best as it has BER lower as compared to other channels. 

Then BER of less than 10
-3

 has been evaluated by this model for free space optical 

communication system, which is excellent for FSO. The received power has reduced to 

approximately half compared to transmitted power. 

The study of this chapter provides opportunity for more research in the area of emerging 

technology. 
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Chapter 4 

Performance Investigation of Free Space Optical Communication System 

using Gaussian Beam Wave 

___________________________________________________________________________ 

4.1 Introduction 

Previous studies on optical wireless communication have been emphasized on the atmosphere 

that degrades an optical signal in free space optics [109]. 

When optical wave propagates through the turbulent atmospheric situation, it encounters an 

irregular irradiance variances, called scintillation. This is because of perturbations with the aid of 

refractive index fluctuations. Optical scintillation has been viewed to be main impact on FSO  

that attract much focus in applications, like tracking, ranging of laser programs and laser imaging 

programs [109, 118-122]. 

In the mid 1960s, Tatarskii and Cherenkov concentrated on Rytov estimation technique and 

assessed the index of scintillation expressions of spherical and unbounded plane wave however 

their outcomes has been restricted to weak turbulent only. After that plenty of theoretical and 

experimental work founded on irradiance fluctuation beneath strong turbulence regimes in 

system. A number of mathematical models of scintillation phenomenon has been later developed 

and modified via others [123-128].  

Andrews et al gave a complete abstract of the research about plane wave, spherical wave, and 

Gaussian wave. Wu and Wei examined the Gaussian beam scintillation index by considering 

inner-scale and outer-scale on slant course. Previous work also focused on average power of 

coherent beam [109, 129-131]. 

Then Eyyuboglu and Baykal exhibited scintillation analysis in vulnerable atmospheric turbulent 

approach for quite coherent normal beams in light of the comprehensive Huygens- Fresnel 

principle [132, 133]. 

We overview the optical turbulence due to atmospheric phenomenology with discussion and 

evaluation in free space. 
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4.2 Channel Effects caused by Optical Turbulence 

Optical turbulence due to randomly change in refractive index of atmosphere, are accountable for 

random fluctuations in the laser beam signal referred to as 'scintillations'. Turbulence precipitated 

results include beam spreading due to diffraction (which decreases spatial intensity incident on 

the receiver), and a continuous random movement of the beam centroid about the receiver ('beam 

wander'). These effects cause signal losses at the receiver, resulting in system bit error rate [118-

121]. 

4.2.1 The Refractive Index Structure Parameter Cn
2
 

The presence of optical turbulence due to turbulent winds in the surroundings combined with 

temperature gradients due to warming of sun on earth, makes abnormalities within the 

atmosphere‘s refractive index called eddies or optical tubules. These optical tubules 

characterized by variety of optical tubule sizes bounded via the turbulent outer scale L0 and the 

turbulent interior scale l0. The stochastic refractive index n(ρ) at a vector location ρ in the 

turbulent surroundings has been characterized by a index structure parameter. Let n(ρ1) and n(ρ2) 

be values of the refractive index on the vector places ρ1 and ρ2 respectively. We are able to 

describe fluctuations in the refractive index utilizing the refractive index structure perform Dn 

outlined as [134-137]. 

𝐷𝑛 𝜌1, 𝜌2 =   𝑛 𝜌1 −  𝑛 𝜌2  
2                                                                                                 (1) 

Here,  ……   denotes statistical averaging. The Dn(ρ1, ρ2) = Dn(ρ) in the inertial sub range the 

refractive index structure function has been described via the Kolmogorov-Obukhov two thirds 

power law [122,138]. 

Dn ρ =  Cn
2(h)ρ2 3  ,   𝑙0 <  𝜌 <  𝐿0                                                                                           (2) 

Here Cn
2
(h), is the refractive index structure parameter, depends on wavelength and surrounding 

temperature at the height h. The refractive index n(ρ) may also be distinguished by spatial power 

spectral density function ϕn(k), which has been given as [138]. 

ϕn k =  0.033Cn
2k−11 3 , k0 < 𝑘 < kl                                                                                        (3) 
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Here Kl = 2π/l0 and K0=2π/L0 are the spatial spectrum boundaries in the inertial sub range .The 

spectrum wave number has been defined as K =2π/l, where l signify magnitude of turbulent 

eddy. Small turbulent eddies have large spectrum wave numbers, and large turbulent eddies have 

small spectrum wave numbers [138]. 

 

4.3 Gaussian Beam Propagation 

Let us take the case of general optical Gaussian beam wave with parabolic profile that permits 

full characterization of a laser beam wave. The initially proposed beam wave model has been 

utilized and discussed in many reviews involving laser beam propagation by means of random 

media [123-126][139-141]. 

Now consider the transmitting aperture of the Gaussian beam which has been placed in the plane 

Z = 0 and the distribution of amplitude has a Gaussian function with effective radius of beam is 

W0  and phase distribution is in parabolic shape along with radius of curvature F0. Optical field of 

the wave on this plane having amplitude A0 at the axis is given below [109]. 

U0 𝐫, 0 =  A0exp⁡(− r2 W0
2 −  ik r2 2F0  )                                                                                (4) 

Here r is perpendicular distance from center line of beam.  

Introducing the complex parameter αo[127] 

α0 =  
2

kW 0
2 +  i

1

F0
   ,      m−1                                                                                                            (5) 

Here Wo is waist size, K=2π/λ denote wave number and i represent imaginary unit. From (5), the 

Gaussian beam wave of equation (4) may be represented by [125]. 

U r, L =  A0exp  −
1

2
α0kr2                                                                                                     (6) 

The Gaussian-beam wave optical field of equation (6) at distance of z = L along the positive z 

axis represented by the Huygens-Fresnel integral [125, 142]. 

U0 r, L =  −2ik   G s, r; L U0 (s, 0)d2∞

−∞
s                                                                               (7) 

Here U0 (s, 0) signify the wave field at the transmission section and G s, r; L  represent by 

green‘s function derived under the paraxial approximation by [142] 
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G s, r; L =  
1

4πL
exp  ikL +  

ik

2L
 s − r                                                                                             (8) 

By inserting the Gaussian-beam formulation of equation (5) into equation (6) and evaluate the 

resulting integrals, resulting a Gaussian-beam wave similar to equation (6) but with complex 

amplitude  A0 (1 + iα0L)  [135]. 

U0 𝐫, L =  
A0

1+iα0L
exp  ikL − 

1

2
 

α0kr2

1+iα0L
  =

A0

p(L)
exp  ikL − 

1

2
 

α0kr2

p(L)
                                         (9) 

Where p(L) = 1 + iα0L called the propagation parameters [14]. 

The optical field U0 𝐫, 0  transmits through a aperture of radius r at perpendicular plane Z=0  

U0 𝐫, 0 =  A0exp  − 
1

2
 α0kr2  eiwt                                                                                         (10) 

Where eiwt  has time dependence parameter that may be ignored in the further equations. 

The optical intensity associated with Gaussian beam at radial distance r from the axis [135]. 

I r. L = I0
W 0

2

W 2 L 
exp  −

2r2

W 2 L 
                                                                                              (11) 

The corresponding time-averaged intensity or irradiance for the beam located in plane Z=0  

I r, 0 =  
 E(r,0) 2

2η
=  I0exp  

2r2

W 0
2                                                                                            (12) 

Here I0 = I (0, 0) represent Gaussian beam intensity at the waist. 

The incident power P on receiver aperture diameter D at a distance L is given as [142, 143] 

P D, L = P0  1 − e
 −

D 2

2W 2 L 
 
                                                                                                (13) 

The power P passing through a aperture of diameter D at transverse plane Z=0   

P D, 0 =  P0 1 − e−D2 2W 0
2                                                                                                  (14) 

Here, beam total power transmitted isP0 =  
1

2
πI0W0

2. 
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Now consider a point receiver, a diameter D approach to zero, so the peak intensity on the axis of 

Gaussian beam has been calculated using L‘Hospital rule. 

I 0,0 =  limD→0

P0 1−e−D 2 2W 0
2  

πD 2

4

                                                                                           (15) 

I 0,0 =  
2P0

πW 0
2                                                                                                                         (16) 

For physical interpretation it is needful to express beam wave equation in other form of phase 

front radius of curvature and beam radius at the receiver side. For this, introduce the following 

notation [14]. 

1 + iα0L =  Θ0 +  iɅ0,                                                                                                         (17) 

Where 𝛩0 and Ʌ0 are non dimensional real parameters at transmitter is defined by [14] 

Θ0 =   Re 1 + iα0L =  1 −
L

F0
,                                                                                             (18) 

Ʌ0 =   Im 1 + iα0L =  
2L

kW 0
2                                                                                                   (19) 

Here F and W are phase front radius of curvature and beam radius at recipient respectively. The 

phase front radius of curvature of beam at the receiver side has been associated to the transmitter 

side beam parameters, given by [14] 

F =  F0 Θ0
2 +  Ʌ0

2 (Θ0 −  1) (Θ0
2 + Ʌ0

2 − Θ0)                                                                    (20) 

Due to atmospheric effects, these beam parameters associated with Gaussian wave in an 

indiscriminate medium, makes analysis more complicated. So it requires a characterization of 

related beam parameters of Gaussian beam at the plane of receiver side. 

From conformal transformation, 1  Θ0 +  iɅ0 =  Θ − iɅ, where the real parameters (non 

dimensional)  Θ and Ʌ are defined by [144, 145]. 

Θ =  
Θ0

Θ0
2+ Ʌ0

2   ,        Ʌ =  
Ʌ0

Θ0
2+ Ʌ0

2                                                                                               (21) 

Θ = 1 +  
L

F
,           Ʌ =  

2L

kw2
                                                                                                   (22) 
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By using above parameters, beam radius and radius of curvature of phase front at the recipient 

side may be represented in terms of beam parameters at transmission side, follows as 

W =   
2L Θ0

2+ Ʌ0
2 

KɅ0
 

1
2 

                                                                                                                   (23) 

F =  
L Θ0

2+Ʌ0
2 

Θ0
2+Ʌ0

2+Θ0
                                                                                                                              (24) 

By introducing beam parameters without dimensions at both sides, beam radius and radius of 

curvature, as well as other beam parameters are determined from either set of beam parameters. 

We can use these beam parameters to find out the location and size of the geometric focus and 

the beam waist.  

When the Gaussian beam wave reach at the receiver side, the consequence of scintillation can be 

minimized by aperture averaging technique that is discussed in coming section. 

 

4.4 Performance Prediction and Analysis of Laser Communication under 

Scintillation Conditions 

Laser radiation engendering via turbulence creates fluctuations in intensity, which is 

characterized as scintillation. Scintillation is a major issue for laser communications data 

information links, as it could actually generate massive transient dips within the signal. The 

signals fading at receiver below a given threshold quickly degrades hyperlink efficiency. 

Throughout the decades, numerous PDF models have been anticipated for each strong and weak 

turbulence circumstances. 

We now talk about few PDF models for irradiance fluctuations as a way to be used for 

evaluating the efficiency of more than a few optical communication systems equivalent to 

physical (terrestrial) link.  

In this section we can sum up few of the proposed models which are critical to optical 

communications. We will be able to overview the performance of free space optical systems that 

operates more than a few atmospheric conditions. Each turbulent regime might be expected 

homogeneous with refractive index structure parameter Cn
2
. 

An electric field concern by travelling electromagnetic wave is resulting from the stochastic 

Helmholtz equation [109]. 
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∇2 E +  k2n2   r  E = 0                       (25) 

Here the wave number K= 2π/λ, 𝑟  is any point in space and n  r   is given as [109]  

n  r  = n0 +  n1  r                             (26) 

Here n0  represent the mean value of refraction index,  n1  r   is zero mean of random variable, 

which represent change due to turbulence in atmosphere. 

The scalar stochastic Helmholtz equation is given by [109] 

∇2 U +  k2n2   r  U = 0                 (27) 

Rytov variance σR
2  is a primary parameter in the analysis of optical wave in turbulent and 

unpredicted medium also called as scintillation index used for a plane wave in the weak 

turbulence system. The Rytov variance may be able to expressed as [109] 

σR
2 = 1.23Cn

2k7 6  L11 6                            (28) 

The Rytov approximation is suitable only in weak irradiance intensity fluctuations scenario that 

is why an expansion of the Rytov theory is desirable to analyze strong irradiance intensity 

fluctuations on optical propagating waves. When optical wave passes through the turbulent 

atmospheric conditions then, its amount of transverse spatial coherence tend to decreases, this 

lost coherence is measured by means of the spatial coherence radius, given by below equation 

[146] 

ρ
0=

 
 
 

 
  

3

1+Θ+Θ
2+Ʌ

2 
1 2 

 1.87Cn 
2 k2Ll0

−1 3 
 
−1 2 

,    ρ
0

≪ l0

 
8

3 a+0.62Ʌ
11 6 

 
 

3 5 

 1.46Cn 
2 k2L −3 5 ,   l0 ≪ ρ

0
≪ L0

                                  (29) 

Where a = constant, it is also be signified that Θ & Ʌ are dimensionless factors related with the 

Gaussian beam wave. In above expression for ρ
0

 , ρ
0

 is the restrictive case of a spherical wave 

 Ʌ = 0, Θ = 0  and plane wave  Ʌ = 1, Θ = 0  and may be evaluated form equation (29). 
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The concept behind using extended Rytov procedure is to separate the impact on the turbulence 

in two components, particularly, that brought about via small-scale eddies and, by the large-scale 

eddies. Numerically the irradiance has then composed as [147, 148] 

I =
I

 I 
= XY                                    (30) 

Here Y and X are independent variables represent small-scale and large-scale size of turbulence, 

respectively. 

From Rytov theory extension, the refractive index n1  r   in previous equation (26) may be seen 

as the consequence of the influence of two in homogeneities that is, the large scale in 

homogeneities nx  r   and the small scale in homogeneities ny  r  . So, as the refractive index 

straightly affect the turbulence power spectrum, an effective power spectral density (psd) for 

refractive index fluctuations may be expressed by [1] 

ϕ
ne

 k =  ϕ
n
 k G k, l0,L0 =  ϕ

n
 k  GX k, l0L0 + GY k, l0            (31) 

Here GY and GX are amplitude spatial filters of small scale and large scale perturbations, 

respectively and L0 and l0 and are outer scale of turbulence and inner scale of turbulence, 

respectively. 

When optical beam travelling in the course of the atmosphere, then their propagation is changed 

by means of refractive index in-homogeneities. At the receiver side, a haphazard or random type 

nature of   pattern is formed in domain of time & space. This irradiance fluctuation on the 

receiver side plane looks like the speckle incident. The factor that shows these coming irradiance 

fluctuations is known as scintillation index [146]. 

σ1
2 =  

 I2 −  I2 

 I 2 =  
 I2 

 I 2 −  1                                                                                                 (32) 

Gaussian beam wave scintillation index lying on axis of for a negligible aperture sized point 

receiver has the following expression [148]. 

σI
2 0 = exp  σlnX

2  0 + σlnY
2  0  = exp  

0.49σB
2

 1+0.56 1+Θ σB
12 5 

 
7 6 +

0.51σB
2

 1+0.69σB
12 5 

 
5 6            (33) 
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Where σB
2  is the Rytov variance used for a Gaussian beam wave and it is specified by [148] 

σB
2 = 3.86 σR

2  0.40  1 + 2Θ 2 + 4Ʌ
2 

5 12 
cos  

5

6
tan−1  

1+2Θ

2Ʌ
  −

11

16
Ʌ

5 6           (34) 

Here Θ and Λ are distinct by Eq. (18) and Eq. (19), respectively. 

Also, the mathematical term of the scintillation index of Gaussian beam for a receiver of 

predetermined aperture diameter D is specified by [145]. 

σI
2 D =

8π2k2L   kϕ
n

(k)exp  −
Lk2

k Ʌ+ΩG  
  1 − Θ  2 +  ɅΩGξ

2  
∞

0

1

0
𝚡  1 − cos  

Lk 2

k
 

ΩG −Ʌ

ΩG +Ʌ
 ξ 1 −

Θξ       dkdξ, ΩG >Ʌ                                      (35) 

Here ΩG = 2L/kWG be a non dimensional factor which signifies the beam radius at receiver. A 

simplified expression for Eq. (35) has been derived, having large scale and small scale variances 

[148]. 

σI
2 D = exp  σlnX

2  D + σlnY
2  D  − 1               (36) 

Where large scale and small scale size of turbulence are [148] 

σlnX
2  D  =

0.49 
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ΩG +Ʌ
 

2

σB
2

 1+
0.4 2+Θ  σB σR  
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1
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1
2
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1
5

Θ 
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6 7 + 0.56(1+Θ)σB
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7 6                     (37) 

σlnY
2  D =

0.51σB
2  ΩG +Ʌ  1+0.69σB

12 5 
 
−5 6 

ΩG +Ʌ+1.20 σR σB  12 5 +0.83σR
12 5                                      (38) 

The mathematical term of the scintillation index of Gaussian beam for receiver of fixed aperture 

diameter D for the two cases when the Rytov variance is less than unity and greater than unity, 

shown below 

σI
2 D =

 exp  
0.25 ΩG −Ʌ 2σB

2

ΩG +Ʌ
 −  exp  

1+1.6 σB σR  
12

7 

ΩG +Ʌ
+ 0.56ΘσB

12 5 
   ΩG + Ʌ + 1.20  

σR

σB
 

12
5 

+

0.83σR
12 5      for σB

2 ≪ 1                                                              (39) 
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σI
2 D =  exp  

1
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 0.69 

5
6 

 ΩG −Ʌ 2

ΩG +Ʌ
 −  exp  

1+1.6 σB σR  
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12
5 

+ 0.83σR
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2 >> 1                          (40)                              

The plane or spherical wave is forever an approximation to the practical conditions, the plane 

wave must gives stronger scintillation than spherical profile waves, while Gaussian wave be 

positioned someplace in between the two [149]. 

The amplitude of electrical signal s(t) depends on the optical signal power PR(t) reached at 

receiver. The gain parameter at the receiver of aperture area AR is time dependent integral of the 

optical intensity I(x,y,t). Thus, we may use the received optical power PR rather than electrical 

amplitude given as [150] 

PR t =   I(x, y, t) dx dy
AR

 α s(t)                           (41) 

As per Rytov conception, the intensity distribution pursues lognormal behavior, only in 

vulnerable to intermediate turbulence. Investigation and trial check demonstrates that lognormal 

behavior of the acquired energy also put into effect to a excellent approximation in the entire 

turbulence regime (weak, intermediate, robust, saturation) besides when severe quantities of 

aperture averaging take position [150-153]. 

The low order Gaussian beam wave model in all turbulence fluctuation circumstances is as 

follows [154]. 

ςp
2 = 11.8ςR

2 Ʌe
5 6 

 
Cn

2  ξH 

Cno
2

1

0
ξ5 3 dξ

r2

W e
2 + exp  

0.49ς l
2

 1+0.56ςe
12 5 

 
7 6 +

0.51ς l
2

 1+0.69ςe
12 5 

 
5 6  − 1         (42) 

 

4.4.1 Effect of aperture averaging for different atmospheric turbulence conditions 

In tremendous atmospheric turbulence, when light beam propagates adequately elongated course 

and as a result strengths of signal quality breakup into areas of excessive and low depth of 

intensity which leads to sufficient signal fades. In this situation, we can expand the span of 

receiver aperture comparative to the patches dimensions of low and high power and these 

fluctuations are averaged over the aperture dimension. It is then referred to as "aperture 

averaging" [141, 155]. 
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According to Rytov hypothesis, the intensity distribution shows lognormal conduct only in weak 

to intermediate turbulence. Statistical analysis and experimental verification shows that 

lognormal action of the received intensity in addition implement good estimate in the entire 

turbulence regime (strong, intermediate, weak, saturation) except while extreme amounts of 

aperture averaging take position [148-150]. 

Aperture averaging factor is considerd to measure the fading loss that decreases by aperture 

averaging process. An aperture averaging parameter is expressed below [109, 156]. 

A =
ςI

2 D 

ςI
2 0 

                                                                                                                                     (43) 

Here, σI
2 D  and σI

2 0  denotes the index of scintillation of aperture diameter D at receiver and a 

point(D ≈ 0) receiver whose diameter is approximately equals to zero respectively. 

The aperture factor A should have minimum probable value in order to beat fading because of 

instability in atmosphere [155]. 

The scintillation index obtained as follows [146, 157]. 

ςI
2 D = exp  

0.49ςR
2

 1+0.653d2+1.11ςR
12 5 

 
7 6 +

0.51ςR
2  1+0.69ςR

12 5 
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12 5  − 1                                         (44) 
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The aperture averaging factor can be approximated as [109] 

𝐴 ≈  1 + 1.062  
𝐷2

4

𝑘

𝐿
  

−7 6 

                                                                                                        (46) 

Also note that, above equation assumes l0 ≪  L k  

According to Kolmogorov spectrum, the spectral density function for index of refraction ups 

down fluctuations under the internal range is characterize by [109] 

𝜙𝑛 𝐾 =  0.033𝐶𝑛
2𝐾−11 3      1 𝐿0

 ≪ 𝐾 ≪ 1
𝑙0

                                                                         (47) 

The atmospheric turbulence strength factor can be obtained from equation (47) as follows 
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30.3𝜙𝑛 𝐾 𝐾11 3 =  𝐶𝑛
2                                                                                                         (48) 
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Figure 4.1: Aperture averaging parameter for different turbulence strength of atmosphere                                                                                                 

                 versus aperture circular radius d which depends on receiver aperture radius D/2 

[109]. 

By considering three regime of turbulence for Gaussian beam wave, results in fig.4.1 [109] 

shows that the outcome of aperture averaging bound by diverse propagation scenarios. The 

aperture averaging parameter move downward very slowly under higher atmospheric turbulence 

strength. Moreover, from the results, the aperture averaging ability of receiving system goes high 

by increment in receiving aperture radius.  

 

4.4.2 The Beam Wander 

At the point when optical   beam propagates by means of optical tubules, which might be minor 

than the radius of the beam, the superiority of the beam wave front is ruined leading scintillation. 

Nevertheless, optical tubules bigger than the beam diameter as an alternative have a tendency 

that the whole optical beam is repelled back, this referred to as "beam wander‖ [158]. 

 

4.4.3 Optical Turbulence Effects Reductions 

There are various methods accessible to minimize the impacts of optical turbulence. For 

instance, increased sized receiver aperture recommends an easy way to scale back turbulence 

causing signal fading. An associated procedure has to utilize low priced beam expander, 

consequently reduction in signal fading and scintillations via "synthetic" effect of aperture 
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averaging [108]. These two methods shrink diameter of light beam as compared to the receiver 

aperture dimensions. A tremendous drop in BER can seen by the scintillation minimization by 

"artificial" aperture averaging. The utilization of multiple transceiver apertures can be an extra 

associated method which has to decrease fluctuations in intensity [159]. At the same time these 

three approaches may also be beneficial in mitigating bit error rate in optical turbulence system. 

Here, we considered one types of optical wave for assessment optical performance, which is 

Gaussian beam wave [160-162]. 

 

4.5 Fade Probability of Optical Link 

In communication system, the purpose of planning has to make sure to get continuous data 

interchanges among transmitter and receiver. As mentioned previously that in existence of 

unpredictable variation in atmospheric path, the fluctuated signal received at receiver which fall 

beneath a suitable detection degree. In optical communication, the fading probability could be 

resolved by knowing depth of fluctuations and index of scintillation. The consistency of 

successful communication without failure can be determined by fading probability of optical 

link. Let I (t) be a irradiance instantaneous value then we are interested to know the portion of 

time I(t) ≥ Ithr, where Ithr has threshold intensity level for a particular communication scheme. In 

case of an ergodic process for optical propagation, the time averages are equal to ensemble 

averages, so the portion of time the intensity is below threshold intensity that is I ≤ Ithr is given as 

[163] 

Fraction I ≤ Ithr  =  CPI I ≤ Ithr  =   PI(I)
Ithr

0
dI                                                                   (49) 

Here CPI is the irradiance cumulative probability. The fade threshold factor Fthr of a signal (in 

decibels) may be characterize by [163] 

Fthr = 10log10  Ir(0, L) Ithr                                                                                                    (50) 

Where Ir 0, L  is mean intensity on the on-axis at L distance, above equation (50) also be written 

as [163] 

ln  
Ithr

 Ir (0,L) 
 =  −0.23Fthr                                                                                                             (51) 

 

4.5.1 Scintillation loss evaluation by threshold approach 
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The probability of fading received in Gaussian wave signal is determined using threshold 

approach technique. This approach is based on the theory that due to fading and within a certain 

time interval, the received optical signal power or its intensity drops below the receiver 

sensitivity (threshold level). 

The threshold approach reduces the complication in analysis of fading as it does not require a 

complete and in depth investigation of a particular receiver performance. The probability of 

fading can be evaluated by cumulative distribution function (CDF) [14]. 

Pr I ≤  It 0, L  =   P I dI
Ir  0,L 

0
                                                                                      (52) 

Where Ir 0, L  is intensity at receiver. 

For Gaussian optical wave, the intensity of wave at the radial distance r commencing the axis can 

be given as [14]. 

I0 r, L = I0  
W 0

W(L)
 

2

exp  −
2r2

W 2(L)
                                                                                               (53) 

Where I0 is the output intensity of transmitter on the centre axis line. 

Now the relation between Gaussian wave intensity and the total beam power at the center line of 

the beam can be given by [142]. 

I0 0, L = I0  −
W 0

2

W 2(L)
 =  

2P0

πW 2(L)
                                                                                                (54) 

Here P0 is the power of beam at transmitter side. 

When beam reached at the receiver side, the incident power P at a distance L on the receiver lens 

of aperture diameter D is [142]. 

P D, L =  P0  1 − exp  −
D2

2W 2(L)
                                                                                              (55) 

Solving the equation (54) for P0  

P0 =  
−πI0W0

2

2
                                                                                                                                (56) 
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On substituting P0 from equation (56) in equation (55) and assuming that the received power is 

approximately equals the receiver sensitivity that is P D, l =  Pr  then intensity becomes 

threshold intensity that is I0 = Ithr  then the threshold intensity represented as  

Ithr = −
2Pr

πW o
2  1 − exp  −

D

2w2(D)
  

−1

                                                                                        (57) 

With this threshold approach, when received power Pr is below certain minimum power Pmin 

during certain time, no data reception is possible. 

The time during which Pr < Pmin , then power margin between the received power Pr  and 

minimum power Pmin  or threshold power Pthr  should be calculated the same as an extra loss in 

the linkage account computation. So the scintillation loss αsci  can be described by this additional 

loss of communication structure, which is calculated in dB (decibels) as follows. 

αsci =  10log10  
Pmin  or  Pthr

Pr
 ,    αsci < 0                                                                                    (58) 

The value of threshold power Pthr  for point receiver can be evaluated from the equation below 

[163] 

Pthr =  
1

2
 1 + erf  

ln  αsci  ςp
2 +1 

1 2 
 

 2ln ςp
2 +1  

1 2                                                                                      (59) 

Where σp
2  is power scintillation index. 

Solving the equation (59) using Taylor series expansion, the new modified expression of 

scintillation loss αsci    

 

αsci =  
e

 π 2P thr −1 ln ⁡(ςp
2 +1)

 2

ςp
2 +1

                                                                                                      (60) 
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Figure 4.2:  Power scintillation index versus Scintillation loss with threshold power as 

parameter [164] 

 

Results show that losses due to scintillation and probability of fading are considerably low when 

threshold power level is low. The scintillation loss without difficulty exceeds 18 dB for 

minimum threshold power when power scintillation index is less than one, as compared to other 

threshold levels. When some portion of total data loss is considered then by threshold method, 

the losses due to scintillation can be evaluated according to newly evaluated equation (60). This 

approach is not restricted to Gaussian waves, spherical or plane waves but can be implemented to 

other beams whenever power scintillation index is known. 

4.6 Results and Discussion 

Representation of various parameters like field, intensity and power associated with Gaussian 

beam wave at the axis is by new expressions. By developing the Gaussian beam parameters for 

transmitter and receiver side in terms of their respective opposite side, spot radius of beam, 

radius of curvature and other parameters can be determined, so that we can identify the beam 

waist, location and focus size  of Gaussian wave. At receiver side, effect of scintillation for 

Gaussian wave may be lowered down by aperture averaging technique. The averaging of 

aperture effect depends on receiving aperture diameter and it increases with it in different 
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propagation conditions defined by structure parameter Cn
2. Results show that aperture averaging 

effect becomes lower for higher atmospheric turbulence strength.  

The scintillation loss in received Gaussian wave signal is determined using threshold approach 

technique. Scintillation loss can also be evaluated from new derived mathematical expression. 

This new approach is not restricted to Gaussian beam wave profile only however it may be 

implemented to plane or spherical beam wave profile whenever power scintillation index is 

known. 

 

4.7 Conclusion   

We discussed the free space optical communication performance and executions by theoretical 

and analytical investigation required for optical wireless design. This section discusses 

theoretical analysis and essential factors for plane optical wireless system including the system 

that should work in different climatic circumstances. 
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Chapter 5 

Performance Analysis of Optical Wireless Link under various Atmospheric 

Conditions 

__________________________________________________________________ 

5.1 Introduction 

Regardless the enormous specialized research of accessible devices, the real confinement of free 

space laser (laser com) execution is due to environment issues. The fact about FSO is that the 

atmospheric condition dependably incorporates turbulence and numerous scattering impacts. 

Beginning from a basic comprehension of the laser communication framework under assorted 

climate conditions, this chapter gives an exhaustive treatment of the assessment of parameters 

required for breaking down free space optical execution. 

There has been large technical development of LASER/LED based transmitter and optical 

receiver with high sensitivity, support high bandwidth, efficient modulation techniques. The 

performance of an optical method is most often enumerated by the "link margin [165]. 

Free space optical communication systems have lots of advantages over radio frequency (RF) 

system in terms of  better bandwidth, high gain and smaller antenna dimension [165].  The Free 

Space Optics is usually used in various areas, such as military application, space 

communications, ad-hoc network, satellite communications and of course within 1 km range 

communication [166–169].  

 

 
Figure 5.1:  Free space optical communication link 

Apart from this there are various challenges faced by optical wireless system. Due to turbulent 

environment, a beam of laser experiences indiscriminate refractive index fluctuations over its 

pathway. The indiscriminate fluctuations in refractive index gives random wave front 

deformation, beam broadening, and beam wander. These all propagating effects results in decay 

of received signal energy due to fluctuation in signal. These signal fluctuations are called fading 
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on the receiver side. Fading phenomenon causes decreased signal to noise ratio and data rate 

[170-174]. 

Previous studies on optical wireless technology have been emphasized on the effect of 

attenuation due to the atmosphere such as rain, haze and fog. Atmospheric effects are different 

for different system for example radio-relay system, microwave system, laser beam system etc. 

[175-179]. 

As far as free space optical communication has concern, fog is the key factor for degradation of 

optical signal, especially for visible and IR waves [180, 181]. 

So the performance of optical wireless has been considerably degraded and limited due to 

scattering and absorption phenomenon due to fog particles of the environment. Fog and snow are 

the most undesirable weather conditions for FSO as they imply a high reduction in optical wave. 

Numerous work and models on atmospheric availability, visibilities and connected optical 

degradation has been published previously [182-184]. 

Different approaches have been implemented to diminish the fading and power loss troubles like 

multiple aperture receiver and transmitter [185,186], adaptive optics technique in FSO [187, 

188]. 

This investigation based on different atmosphere circumstances such as haze, clear, light fog, 

thin fog and heavy fog effects on data rate, signal to noise ratio and received signal at 850nm, 

1300nm and 1550nm wavelength for a free space optical communication. It is possible to 

increase the procedure performance such as signal to noise ratio, received power and data rate in 

unique climate condition by the use of Fresnel lens technique. By using this technique, non 

coherent light source such as LED has been used instead of LASER in free space optical 

communication. Simulation results show that in all weather conditions, the performance of the 

system improved by using Fresnel lens technique and heavy fog attenuates more optical signal 

then other atmospheric condition. 

 

5.2 Optical Wireless Link Analysis 

5.2.1. Communication Channel  

The essential components describing an environmental communication channel are the 

atmospheric attenuation and scintillation. The optical wave in atmosphere can be attenuated by 

many methods, including absorption of sun light, Rayleigh or Mie scattering with the aid of 
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gasoline molecules and aerosol particles present within the air [189].  Scattering due to particles, 

such as dirt, clouds, smoke and fog additionally make contributions to the beam attenuation.  

Scintillation is the fluctuations in the optical signal due to refractive index change along the 

channel. With the aid of scintillation, the noise in the signal results in expanded BER and 

diminished efficiency. Scintillation induced fades can finally be the reason of signal loss 

altogether. The turbulence strength of the surroundings is traditionally taking in terms of a 

scintillation index, defined in previous chapter [97,190]. 

5.2.2 Receiver and Transmitter System 

Mainly optical wireless systems are planned to function in the home windows of 780-850 and 

1520-1600 nm. In the region of 800 nm, safe, low cost, excessive-efficiency transmitter and 

detector devices are effortlessly on demand. These are frequently utilized as a part of system and 

transmission gear. A silicon based avalanche photodiode (APD) and a sophisticated vertical-

cavity floor-emitting laser (VCSEL) are accessible for operation at 850 nm. For the wavelength 

ranges from 1520 to 1600 nm, high performance transmitter and detector are likewise promptly 

accessible. For longer wavelength, InGaAs has mostly used detector material; it displays large 

data transfer capacity ability along with large bandwidth [109].  

5.2.3 System link Analysis 

 

 

Figure 5.2 System link analysis. 
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The communication system general framework executed by the use of a hyperlink budget link 

analysis includes all attenuations and geometrical features to evaluate the signal power at 

receiver.  Figure 5.2 shows the system link estimation. The amount of received signal required at 

receiver to get a desired sign-to-noise ratio (SNR) depends on receiver‘s sensitivity for a given 

anticipated optical communication performance. 

By take into account of wave propagation in free space optical communication. Keep in mind a 

laser diode based transmitter having antenna of gain GT, transmitted power PT, transmitting 

wavelength λ, the received signal power can be obtained as [109]. 

Recieved Signal Power == PTGTτTτATM  SGRτR                              (1)                                         

Where, τT is transmitted optical efficiency, τATM is atmospheric transmission efficiency at 

wavelength λ, free space loss is S, GR is the receiver antenna gain and τR  is optical efficiency of 

receiver. The transmitted antenna gain GT and received antenna gain are given by GT = 16/θT
2
 

(where θT is the full transmitted divergence angle), S =  
λ

4πL
 

2

 (where L is the link range), and 

GR =  
πD

λ
 

2

 (where D is diameter of receiver). τATM can be written in terms of the atmospheric 

attenuation factor α = -10log (τATM)/L. Then the expression for received signal as [109] 

PREC (Recieved Power Signal) = PTGTτTτATM   
λ

4πL
 

2

 
πD

λ
 

2

τR                                                  (2) 

Above equation (2) may be expressed as [109]. 

PREC =  PT D2 θT
2 L2  τTτATM  τR                                                                                                    (3) 

If we express τATM in terms of α (dB/km), atmospheric attenuation factor, at λ, wavelength, and 

then the Power received is [109]. 

PREC =  PT D2 θT
2 L2   τT 10 −αL 10  (τR)                                                                                    (4) 

Usually an optical set up consists of two transceivers at each end.  Transmission section optics 

(mirrors, lenses, and telescope) guide and focus the laser beam at the receiver section optics in 

order that the beam signal power received and concentrated on optical detector.  
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5.3 Fresnel lens for free space optical communication 

Fresnel lens has low cost and light weight lens available in large sizes so that it provides an 

opportunity to use in free space optical communications. They are used for collimating beams of 

light and concentrate light from a far transmitting source into an optical receiver [191]. 

Fresnel lens are not perfectly adequate to attain the diffraction boundary, so it can‘t be utilized to 

properly collimate a stimulated light source like laser and hence attempt to continue this can 

cause in a considerable part of the light being lost by scattering.  That is why non-coherent light 

source like LED can also be used instead of LASER in free space optical communication. In 

optics, Fresnel lenses are fabricated that have focal ratio number in between 0.5 to 1.5. This is 

also feasible to use this lens as a collimator in optical communication system to generate highly 

parallel beams similar to spotlight as seen in figure 5.3 [191]. 

 

 

Figure 5.3:  Fresnel lens collimate light from an LED source. 

 

Sometimes, another second lens may be placed very near to the LED source to minimize the 

angle due to which the LED light has been transmit to allow a much large proportion of it to 

appear at the lens [191]. 

 

5.4 Receiver Technology 

Together with photon and energy affectivity, the receiver performance mainly involves reliability 

of system within the atmospheric area, presence of background noise and other channel effects. 

The SNR of optical receiver is finally restricted with the aid of the number of photons/bit that are 

impartial to the received waveform shape. This causes the stiffness within the receiver to receive 

signal of any autonomous profile. Moreover, there may be plentiful bandwidth available which 

http://en.wikipedia.org/wiki/F-number
http://en.wikipedia.org/wiki/Collimated_light
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reduce channel bandwidth barriers and allows extra bandwidth to increased sensitivity via 

modulation and coding. 

5.4.1 Signal power at the receiver 

Consider a super luminescent LED that transmits a power Pt at the 1550 nm wavelength. The 

detector received a power that has been evaluated as follows [192] 

Pr1 = Pt
D2

θdiv
2 L2

10−γL 10 τtτr                                                                                                          (5) 

Where, receiver aperture diameter represented by ‗D‘, ‗θ‘ represents angle of divergence, ‗γ‘ is 

the parameter that represent attenuation factor (dB/m). The receiver and transmitter optical 

efficiency is represented by  τr  and τt,  respectively. 

By introducing the lens at the transmitter side, the total power becomes 

Pttotal = Pt + 10 log10 Nt                                                                                                               (6) 

Where Nt  represents the number of transmitter lenses of a single FSO unit 

At the detector of receiver, the new equation of power after the introduction of lens technique is 

as follows 

Pr2 = Pttotal
D2

θdiv
2 L2 10−γL 10 τtτr                                                                                                     (7) 

The achievable data rate R1 for transmitted power Pt with angle of divergence θ, aperture 

diameter receiver D, transmitter efficiency τt and receiver efficiency τr can be evaluated as [193] 

R1 =  
Ptτt τr 10−γ L 10 D2

π θ/2 2L2Ep Nb
                                                                                                                    (8) 

Here, Ep = hC λ , has the energy of  photon. 

Now by introducing lens technique, the newly expression is represented as   

 R2 =  
Pttotal τtτr 10−γ L 10 D2

π θ/2 2L2Ep Nb
                                                                                                             (9) 
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5.4.2 Optical Link Margin 

One more important parameter in optical communications hyperlink evaluation is "Link 

Margin", to accomplish a predetermined bit error rate (BER) at a given information rate. The 

necessary power PREC (watts) at receiver section to attain a specified data rate R (bits/sec) and 

receiver sensitivity Nb (photons/bit) is given by a relation PREC = NbRhv = NbRhC/λ, where v is 

the frequency of laser at wavelength λ (C =velocity of light, h = Planck‘s constant). Finally, the 

link margin M is given as [193] 

M =   Power Received  Power  Required                                                                               (10) 

 

Then the expression of M becomes [193] 

M =   PT NbRhν   D2 θT
2 L2  τT10 −αL 10  τR                                                                            (11) 

 

5.4.3 Direct Detection PIN Photodiode 

Probably the main usable receiver for excellent performance in optics is the PIN photodiode. It is 

quite simple, and design to accomplish high rate execution [194-196]. 

Now, analyzing the shot noise and thermal noise that make contributions to the SNR, given as 

[194] 

ςth
2 =   4 KBT RL  FRF Be                                                                                                                 (12) 

ςsh
2 = 2q is + id Be                                                                                                                     (13) 

Where ςsh
2   is shot noise comes due to dark current and randomness in signal and ςth

2  is the 

thermal noise generate through load resister RL   and FRF  amplifier noise figure [196-198]. 

In direct detection, using these noise sources, the SNR expresses as [198] 

SNRPIN =  
 is  2

ςsh
2 + ςth

2                                                                                                                       (14) 

5.4.4 Direct Detection Avalanche-Photodiode (APD) 

The received optical signal has electrical power which is directly related to mean squared current 

of avalanche photodiode APD [199]. 
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 iAPD
2  =   R0Pr1M 2                                                                                                                   (15) 

And,  

R0 =  
ηqλ

hC
                                                                                                                                     (16) 

Where R0 represent sensitivity, M represents gain, η denotes efficiency of APD and q denotes 

charge on the electron. 

Shot noise has major concern as far as Signal to Noise ratio calculation is considered. Shot noise 

exists since phenomena corresponding to light comprise the movement of discrete ‗packets', 

coming out of a laser at random times, this causes the relative fluctuations in number of photons, 

These fluctuations are shot noise. 

If average current signal has much high, then dark current can be disregarded. If typical signal 

level present has greater value, then dark current can also be disregarded. This relates to high 

optical power signal and low dark current. If the shot-noise power is much high as the thermal-

noise, then the thermal power may also be omitted. 

 The expression for shot noise [199] 

σshot  noise
2 = 2q R0Pr1 Mx+2B                                                                                                   (17) 

The expression for surface leakage current [199] 

σsurface
2 = 2qILB                                                                                                                         (18) 

The multiplied dark current noise [199] 

σdark
2 = 2q ID Mx+2B                                                                                                                (19) 

The Johnson noise [71] 

σJohnson
2 =  

4KTB FT

Req
                                                                                                                       (20) 

The excess noise factor [199] 

F M =  Mx 0 ≤ x ≤ 1                                                                                                              (21) 
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Where ID represents bulk dark current, IL represent surface leakage current, k denotes constant 

(Boltzmann), B denotes bandwidth noise equivalent, Req represents circuit resistance equivalent, 

FT represents noise figure of the electronic circuit, T represents temperature and x is a parameter 

whose value ranges from 0.3 to 0.5 in case of silicon APDs and 0.7 to 1 in case of germanium 

APDs. 

SNR for the optical wireless system then evaluated as [199] 

SNRAPD =  
 R0Pr1M 2

2q R0Pr1+ID  Mx +2B+2qIL B+4KTB FT Req 
                                                                       (22) 

Now by introducing lens technique, the newly expression of SNR 

SNRAPD =  
 R0Pr2M 2

2q R0Pr2+ID  Mx +2B+2qIL B+4KTB FT Req 
                                                                       (23) 

 

5.5 Simulation Results 

Following are the system parameters shown in table 5.1 [200].  

Table 5.1: System parameters used in this simulation for 1550 nm. 

Parameter Value 

Wavelength 1550 nm 

Transmitter Optical Power (mw) 100 

Transmitter Efficiency 0.5 

Transmitter Divergence Angle (mrad) 1≤θ≤3 

Efficiency of Receiver 0.5 

Sensitivity of Receiver (dBm) -20 

Diameter of Receiver (cm) 1≤D≤10 

Range (meter) 1≤L≤1000 

Dark Bulk Current (ID) 0.05 nA 

Gain of APD 100 

Excess Noise Factor (x) 0.5 

Bandwidth (B) 25 MHz 

Surface Leakage Current (IL) 0.001 A 

System Temperature (T) 290 K 

Noise Figure (FT) 3 dB 

Equivalent  Noise Resistance (Requ) 50 kΩ 
 

Table 5.2: Atmospheric attenuation in (dB/km) corresponds to visibilities for 1550 nm [193]. 

 

Climate Visibility (km) Attenuation (dB/km) 

Clear 23 0.49 
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Haze 2 6.50 

Thing Fog 1.5 8.98 

Light Fog 1 13.95 

Heavy Fog 0.5 34.70 

 

By using equations models and system parameters, following are the results. 

5.5.1 Simulation at 1550 nm 

Figure 5.4: Data Rate Versus receiver diameter in different atmospheric conditions for 1550 nm. 

 

Figure 5.5: Data Rate Versus Divergence angle in different for 1550 nm. 
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Figure 5.6: Data Rate Versus Link Range in different atmospheric conditions for 1550 nm. 

 

Figure 5.7: Power Received Versus Receiver Diameter in different atmospheric conditions for 1550 

nm. 
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Figure 5.8: Power Received Versus Divergence angle in different atmospheric conditions for 1550 

nm. 

Figure 5.9: Power Received Versus Link Range in different atmospheric conditions for 1550 nm.  
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Figure 5.10: SNR Versus Receiver Diameter in different atmospheric conditions for 1550 nm. 

 

Figure 5.11: SNR Versus Divergence Angle in different atmospheric conditions for 1550 nm. 
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Figure 5.12: SNR Versus Link Range in different atmospheric conditions for 1550 nm. 
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Table 5.3: Power Received, SNR and Data Rate for different Link Range in different 

Atmospheric Environments with and without Lens conditions for 1550 nm. 

Wavelength 

(nm) 

Link Range 

(meter) 

Different 

Atmospheric 

Conditions 

Lens 

Technique 

Power 

Received 

(dBm) 

S/N Ratio 

(dB) 

Data Rate 

(bits/sec) 

1550 

 

100 

Clear 
With lens 13.9597 16.5509 9.6898e+11 
Without lens 7.9391 15.9488 2.4224e+11 

Haze 
With lens 13.5751 16.5124 8.8610e+11 
Without lens 7.5545 15.9104 2.2171e+11 

Thin Fog 
With lens 13.4014 16.4951 8.5209e+11 
Without lens 7.3808 15.8930 2.1302e+11 

Light Fog 
With lens 13.0330 16.4582 7.8278e+11 
Without lens 7.0124 15.8562 1.9569e+11 

Heavy Fog 
With lens 11.8345 16.3384 5.9400e+11 
Without lens 5.8139 15.7363 1.4850e+11 

500 

Clear 
With lens -0.0980 15.1451 3.8065e+10 
Without lens -6.1186 14.5431 9.5163e+09 

Haze 
With lens -2.0211 14.9528 2.4447e+10 
Without lens -8.0417 14.3508 6.1118e+09 

Thin Fog 
With lens -2.8897 14.8660 2.0015e+10 
Without lens -8.9103 14.2639 5.0039e+09 

Light Fog 
With lens -4.7319 14.6817 1.3096e+10 
Without lens -10.7525 14.0797 3.2740e+09 

Heavy Fog 
With lens -10.724 14.0825 3.2953e+09 
Without lens -16.7449 13.4804 8.2383e+08 

1000 

Clear 
With lens -6.2167 14.5332 9.3038e+09 
Without lens -12.2373 13.9312 2.3259e+09 

Haze 
With lens -10.0628 14.1486 3.8375e+09 
Without lens -16.0834 13.5466 9.5939e+08 

Thin Fog 
With lens -11.8000 13.9749 2.5724e+09 
Without lens -17.8206 13.3729 6.4310e+08 

Light Fog 
With lens -15.4844 13.6060 1.1012e+09 
Without lens -21.5050 13.0044 2.7531e+08 

Heavy Fog 
With lens -27.4693 12.4080 6.9727e+07 
Without lens -33.4899 11.8058 1.7431e+07 
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Table 5.4: Power Received, SNR and Data Rate for different Transmitter Divergence angle in 

different Atmospheric Environments with and without Lens conditions for 1550 nm. 

Wavelength 

(nm) 

Transmitter 

Divergence 

angle (mrad) 

Different 

Atmospheric 

Conditions 

Lens 

Technique 

Power 

Received 

(dBm) 

S/N Ratio 

(dB) 

Data Rate 

(bits/sec) 

1550 

1 

Clear 
With lens -0.1961 9.0972 3.7215e+10 
Without lens -6.2162 8.3976 9.3038e+09 

Haze 
With lens -4.0422 8.6636 1.5350e+10 
Without lens -10.0628 7.8725 3.8375e+09 

Thin Fog 
With lens -5.7794 8.4527 1.0289e+10 
Without lens -11.8000 7.6084 2.5724e+09 

Light Fog 
With lens -9.4638 7.9596 4.4050e+09 
Without lens -15.4844 6.9941 1.1012e+09 

Heavy Fog 
With lens -21.4487 5.8886 2.7890e+08 
Without lens -27.469 4.7098 6.9727e+07 

1.5 

Clear 
With lens -3.7179 8.7017 1.6540e+10 
Without lens -9.7385 7.9199 4.1350e+09 

Haze 
With lens -7.5640 8.2225 6.8223e+09 
Without lens -13.5846 7.3194 1.7055e+09 

Thin Fog 
With lens -9.3012 7.9828 4.5731e+09 
Without lens -15.3218 7.0226 1.1432e+09 

Light Fog 
With lens -12.9856 7.4183 1.9578e+09 
Without lens -19.0062 6.3530 4.8945e+08 

Heavy Fog 
With lens -24.9705 5.2029 1.2395e+08 
Without lens -30.9911 4.0103 3.0989e+07 

3 

Clear 
With lens -9.7385 7.9199 4.1350e+09 
Without lens -15.7591 6.9457 1.0337e+09 

Haze 
With lens -13.5846 7.3194 1.7055e+09 
Without lens -19.6052 6.2403 4.2639e+08 

Thin Fog 
With lens -15.3218 7.0226 1.1432e+09 
Without lens -21.3424 5.9091 2.8582e+08 

Light Fog 
With lens -19.0062 6.3530 4.8945e+08 
Without lens -25.0268 5.1918 1.2236e+08 

Heavy Fog 
With lens -30.9911 4.0103 3.0989e+07 
Without lens -37.0117 2.8092 7.7474e+06 
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Table 5.5: Power Received, SNR and Data Rate for different Receiver Aperture Diameter in 

different Atmospheric Environments with and without Lens conditions for 1550 nm. 

Wavelength 

(nm) 

Receiver 

Aperture 

Diameter 

(cm) 

Different 

Atmospheric 

Conditions 

Lens 

Technique 

Power 

Received 

(dBm) 

S/N Ratio 

(dB) 

Data Rate 

(bits/sec) 

1550 

 

2 

Clear 
With lens -20.1961 13.1353 3.7215e+09 
Without lens -26.2167 12.5332 9.3038e+08 

Haze 
With lens -24.0422 12.7507 1.4207e+09 
Without lens -30.0628 12.1486 3.5519e+08 

Thin Fog 
With lens -25.7794 12.5770 9.0393e+08 
Without lens -31.8000 11.9749 2.2598e+08 

Light Fog 
With lens -29.4638 12.2085 3.6043e+08 
Without lens -35.4844 11.6063 9.0109e+07 

Heavy Fog 
With lens -41.4487 11.0095 1.3192e+06 
Without lens -47.4693 10.4059 3.2982e+05 

6 

Clear 
With lens -10.6537 14.0896 3.3493e+10 
Without lens -16.6743 13.4875 8.3734e+09 

Haze 
With lens -14.4997 13.7049 1.2786e+10 
Without lens -20.5203 13.1029 3.1967e+09 

Thin Fog 
With lens -16.2369 13.5312 8.1354e+09 
Without lens -22.2575 12.9292 2.0338e+09 

Light Fog 
With lens -19.9214 13.1628 3.2439e+09 
Without lens -25.9420 12.5607 8.1098e+08 

Heavy Fog 
With lens -31.9063 11.9642 1.1873e+07 
Without lens -37.9269 11.3620 2.9683e+06 

10 

Clear 
With lens -6.2167 14.5332 9.3038e+10 
Without lens -12.2373 13.9312 2.3259e+10 

Haze 
With lens -10.0628 14.1486 3.5519e+10 
Without lens -16.0834 13.5466 8.8798e+09 

Thin Fog 
With lens -11.8000 13.9749 2.2598e+10 
Without lens -17.8206 13.3729 5.6496e+09 

Light Fog 
With lens -15.4844 13.6065 9.0109e+09 
Without lens -21.5050 13.0044 2.2527e+09 

Heavy Fog 
With lens -27.4693 12.4080 3.2982e+07 
Without lens -33.4899 11.8058 8.2455e+06 
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5.5.2 Simulation at 1300 nm 

Figure 5.13:Data Rate Versus Receiver Diameter in different atmospheric conditions for 1300 nm 

 

Figure 5.14: Data Rate Versus Divergence Angle in different atmospheric conditions for 1300 nm  
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Figure 5.15: Data Rate Versus Link Range in different atmospheric conditions for 1300 nm.  

Figure 5.16: Power Received Versus Receiver Diameter in different atmospheric conditions for                                  

1300 nm.  
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Figure 5.17: Power Received Versus Divergence Angle in different atmospheric conditions for 

1300 nm.  

Figure 5.18:Power Received Versus Link Range in different atmospheric conditions for 1300 nm  
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Figure 5.19: SNR Versus Receiver Diameter in different atmospheric conditions for 1300 nm.  

Figure 5.20: SNR Versus Divergence angle in different atmospheric conditions for 1300 nm.  
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Figure 5.21: SNR Versus Link Range in different atmospheric conditions for 1300 nm.  
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Table 5.6: Power Received, SNR and Data Rate for different Link Range in different 

Atmospheric Environments with and without Lens conditions for 1300 nm. 

Wavelength 

(nm) 

Link Range 

(meter) 

Different 

Atmospheric 

Conditions 

Lens 

Technique 

Power 

Received 

(dBm) 

S/N Ratio 

(dB) 

Data Rate 

(bits/sec) 

1300 

 

100 

Clear 
With lens 11.2247 16.2010 4.3293e+11 
Without lens 5.2041 15.5990 1.0823e+11 

Haze 
With lens 10.7892 16.1575 3.9162e+11 
Without lens 4.7686 15.5554 9.7906e+10 

Thin Fog 
With lens 10.5992 16.1385 3.7486e+11 
Without lens 4.5786 15.5364 9.3715e+10 

Light Fog 
With lens 10.2004 16.0986 3.4197e+11 
Without lens 4.1798 15.4965 8.5493e+10 

Heavy Fog 
With lens 8.92199 15.9707 2.5477e+11 
Without lens 2.9013 15.3687 6.3692e+10 

500 

Clear 
With lens -2.8532 14.7932 1.6928e+10 
Without lens -8.8738 14.1911 4.2321e+09 

Haze 
With lens -5.0308 14.5754 1.0253e+10 
Without lens -11.0514 13.9734 2.5633e+09 

Thin Fog 
With lens -5.9809 14.4804 8.2386e+09 
Without lens -12.0015 13.8784 2.0596e+09 

Light Fog 
With lens -7.9747 14.2811 5.2056e+09 
Without lens -13.9953 13.6790 1.3014e+09 

Heavy Fog 
With lens -14.3669 13.6418 1.1946e+09 
Without lens -20.3875 13.0398 2.9866e+08 

1000 

Clear 
With lens -8.9971 14.1788 4.1137e+09 
Without lens -15.0177 13.5768 1.0284e+09 

Haze 
With lens -13.3523 13.7433 1.5090e+09 
Without lens -19.3729 13.1412 3.7727e+08 

Thin Fog 
With lens -15.2524 13.5533 9.7432e+08 
Without lens -21.2730 12.9512 2.4358e+08 

Light Fog 
With lens -19.2401 13.1545 3.8899e+08 
Without lens -25.2607 12.5525 9.7247e+07 

Heavy Fog 
With lens -32.0245 11.8760 2.0487e+07 
Without lens -38.0451 11.2737 5.1219e+06 
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Table 5.7: Power Received, SNR and Data Rate for different Transmitter Divergence Angle in 

different Atmospheric Environments with and without Lens conditions for 1300 nm. 

Wavelength 

(nm) 

Transmitter 

Divergence 

angle (mrad) 

Different 

Atmospheric 

Conditions 

Lens 

Technique 

Power 

Received 

(dBm) 

S/N Ratio 

(dB) 

Data Rate 

(bits/sec) 

1300 

1 

Clear 
With lens -5.4753 8.3948 9.2558e+09 
Without lens -11.495 7.5356 2.3139e+09 

Haze 
With lens -9.8305 7.7935 3.3954e+09 
Without lens -15.8511 6.7930 8.4886e+08 

Thin Fog 
With lens -11.7306 7.4980 2.1922e+09 
Without lens -17.7512 6.4447 5.4805e+08 

Light Fog 
With lens -15.7182 6.8168 8.7523e+08 
Without lens -21.7388 5.6849 2.1880e+08 

Heavy Fog 
With lens -28.5027 4.3533 4.6097e+07 
Without lens -34.5233 3.1536 1.1524e+07 

1.5 

Clear 
With lens -8.9971 7.9166 4.1137e+09 
Without lens -15.0177 6.9417 1.0284e+09 

Haze 
With lens -13.3523 7.2301 1.5090e+09 
Without lens -19.3729 6.1396 3.7727e+08 

Thin Fog 
With lens -15.2524 6.9001 9.7432e+08 
Without lens -21.2730 5.7751 2.4358e+08 

Light Fog 
With lens -19.2401 6.1648 3.8899e+08 
Without lens -25.2607 4.9954 9.7247e+07 

Heavy Fog 
With lens -32.0245 3.6522 2.0487e+07 
Without lens -38.0451 2.4500 5.1219e+06 

3 

Clear 
With lens -15.0177 6.9417 1.0284e+09 
Without lens -21.0383 5.8205 2.5710e+08 

Haze 
With lens -19.3729 6.1396 3.7727e+08 
Without lens -25.3935 4.9692 9.4318e+07 

Thin Fog 
With lens -21.2730 5.7751 2.4358e+08 
Without lens -27.2936 4.5933 6.0895e+07 

Light Fog 
With lens -25.2607 4.9954 9.7247e+07 
Without lens -31.2813 3.8004 2.4311e+07 

Heavy Fog 
With lens -38.0451 2.4500 5.1219e+06 
Without lens -44.0657 1.2464 1.2804e+06 
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Table 5.8: Power Received, SNR and Data Rate for different Receiver Aperture Diameter in 

different Atmospheric Environments with and without Lens conditions for 1300 nm. 

Wavelength 

(nm) 

Receiver 

Aperture 

Diameter 

(cm) 

Different 

Atmospheric 

Conditions 

Lens 

Technique 

Power 

Received 

(dBm) 

S/N Ratio 

(dB) 

Data Rate 

(bits/sec) 

1300 

 

2 

Clear 
With lens -22.9765 12.7809 1.6454e+09 
Without lens -28.9971 12.1788 4.1137e+08 

Haze 
With lens -27.3317 12.3453 5.6136e+08 
Without lens -33.3523 11.7432 1.4034e+08 

Thin Fog 
With lens -29.2318 12.1553 3.4564e+08 
Without lens -35.2524 11.5531 8.6412e+07 

Light Fog 
With lens -33.2191 11.7565 1.2954e+08 
Without lens -39.2401 11.1541 3.2386e+07 

Heavy Fog 
With lens -46.0039 10.4763 5.9013e+05 
Without lens -52.0245 9.86895 1.4753e+05 

6 

Clear 
With lens -13.4341 13.7351 1.4809e+10 
Without lens -19.4547 13.1331 3.7023e+09 

Haze 
With lens -17.7893 13.2996 5.0522e+09 
Without lens -23.8099 12.6975 1.2630e+09 

Thin Fog 
With lens -19.6894 13.1096 3.1108e+09 
Without lens -25.7100 12.5075 7.7771e+08 

Light Fog 
With lens -23.6770 12.7108 1.1659e+09 
Without lens -29.6976 12.1087 2.9148e+08 

Heavy Fog 
With lens -36.4615 11.4322 5.3111e+06 
Without lens -42.4821 10.8295 1.3277e+06 

10 

Clear 
With lens -8.9971 14.1788 4.1137e+10 
Without lens -15.0177 13.5768 1.0284e+10 

Haze 
With lens -13.3523 13.7433 1.4034e+10 
Without lens -19.3729 13.1412 3.5085e+09 

Thin Fog 
With lens -15.2524 13.5533 8.6412e+09 
Without lens -21.2730 12.9512 2.1603e+09 

Light Fog 
With lens -19.2401 13.1545 3.2386e+09 
Without lens -25.2607 12.5525 8.0967e+08 

Heavy Fog 
With lens -32.0245 11.8760 1.4753e+07 
Without lens -38.0451 11.2737 3.6883e+06 
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5.5.3 Simulation at 850 nm 

 

Figure 5.22: Data Rate Versus Receiver Diameter in different atmospheric conditions for 850 

nm. 

Figure 5.23: Data Rate Versus Divergence Angle in different atmospheric conditions for 850 nm.  
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Figure 5.24: Data Rate Versus Link Range in different atmospheric conditions for 850 nm.  

Figure 5.25: Power Received Versus Receiver Diameter in different atmospheric conditions for 

850 nm. 
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Figure 5.26: Power Received Versus Divergence Angle in different atmospheric conditions for 

850 nm.  
 

Figure 5.27: Power Received Versus Link Range in different atmospheric conditions for 850 nm.  
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Figure 5.28: SNR Versus Receiver Diameter in different atmospheric conditions for 850 nm.  
 

 

 

Figure 5.29: SNR Versus Divergence Angle in different atmospheric conditions for 850 nm.  
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Figure 5.30: SNR Versus Link Range in different atmospheric conditions for 850 nm.  
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Table 5.9: Power Received, SNR and Data Rate for different Link Range in different 

Atmospheric Environments with and without Lens conditions for 850 nm. 

Wavelength 

(nm) 

Link Range 

(meter) 

Different 

Atmospheric 

Conditions 

Lens 

Technique 

Power 

Received 

(dBm) 

S/N Ratio 

(dB) 

Data Rate 

(bits/sec) 

850 

 

100 

Clear 
With lens 9.9507 15.889 2.1110e+11 
Without lens 3.9301 15.2870 5.2776e+10 

Haze 
With lens 9.3706 15.831 1.8470e+11 
Without lens 3.3500 15.2290 4.6177e+10 

Thin Fog 
With lens 9.1358 15.807 1.7498e+11 
Without lens 3.1152 15.2055 4.3747e+10 

Light Fog 
With lens 8.6550 15.759 1.5665e+11 
Without lens 2.6344 15.1575 3.9162e+10 

Heavy Fog 
With lens 7.1650 15.610 1.1115e+11 
Without lens 1.1444 15.0085 2.7788e+10 

500 

Clear 
With lens -4.2257 14.471 8.0696e+09 
Without lens -10.246 13.8694 2.0174e+09 

Haze 
With lens -7.1263 14.181 4.1379e+09 
Without lens -13.146 13.5793 1.0344e+09 

Thin Fog 
With lens -8.3003 14.064 3.1578e+09 
Without lens -14.320 13.4619 7.8947e+08 

Light Fog 
With lens -10.7040 13.823 1.8155e+09 
Without lens -16.724 13.2215 4.5389e+08 

Heavy Fog 
With lens -18.1542 13.078 3.2659e+08 
Without lens -24.174 12.4765 8.1647e+07 

1000 

Clear 
With lens -10.4926 13.844 1.9061e+09 
Without lens -16.513 13.2427 4.7654e+08 

Haze 
With lens -16.2939 13.264 5.0122e+08 
Without lens -22.314 12.6625 1.2530e+08 

Thin Fog 
With lens -18.64182 13.029 2.9190e+08 
Without lens -24.662 12.4278 7.2976e+07 

Light Fog 
With lens -23.44935 12.549 9.6491e+07 
Without lens -29.469 11.9470 2.4122e+07 

Heavy Fog 
With lens -38.34966 11.058 3.1221e+06 
Without lens -44.370 10.4551 7.8054e+05 
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Table 5.10: Power Received, SNR and Data Rate for different Transmitter Divergence Angle in 

different Atmospheric Environments with and without Lens conditions for 850 nm. 

Wavelength 

(nm) 

Transmitter 

Divergence 

angle (mrad) 

Different 

Atmospheric 

Conditions 

Lens 

Technique 

Power 

Received 

(dBm) 

S/N Ratio 

(dB) 

Data Rate 

(bits/sec) 

850 

 

1 

Clear 
With lens -10.4926 7.3993 1.9346e+09 
Without lens -16.5132 6.3312 4.8365e+08 

Haze 
With lens -16.2939 6.3723 5.0122e+08 
Without lens -22.3145 5.2121 1.2530e+08 

Thin Fog 
With lens -18.6418 5.9266 2.9190e+08 
Without lens -24.6624 4.7490 7.2976e+07 

Light Fog 
With lens -23.4493 4.9887 9.6491e+07 
Without lens -29.4699 3.7936 2.4122e+07 

Heavy Fog 
With lens -38.3496 2.0203 3.1221e+06 
Without lens -44.3702 0.8165 7.8054e+05 

1.5 

Clear 
With lens -14.0144 6.7914 8.5982e+08 
Without lens -20.0350 5.6575 2.1495e+08 

Haze 
With lens -19.8157 5.7000 2.2276e+08 
Without lens -25.836 4.5164 5.5691e+07 

Thin Fog 
With lens -22.1636 5.2417 1.2973e+08 
Without lens -28.1842 4.0497 3.2434e+07 

Light Fog 
With lens -26.9711 4.2910 4.2885e+07 
Without lens -32.9917 3.0910 1.0721e+07 

Heavy Fog 
With lens -41.8714 1.3162 1.3876e+06 
Without lens -47.8920 0.1122 3.4691e+05 

3 

Clear 
With lens -20.0350 5.6575 2.1495e+08 
Without lens -26.0556 4.4729 5.3738e+07 

Haze 
With lens -25.8363 4.5164 5.5691e+07 
Without lens -31.8569 3.3175 1.3922e+07 

Thin Fog 
With lens -28.1842 4.0497 3.2434e+07 
Without lens -34.2048 2.8487 8.1085e+06 

Light Fog 
With lens -32.9917 3.0910 1.0721e+07 
Without lens -39.0123 1.8879 2.6803e+06 

Heavy Fog 
With lens -47.8920 0.1122 3.4691e+05 
Without lens -53.9126 -1.0918 8.6727e+04 
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Table 5.11: Power Received, SNR and Data Rate for different Receiver Aperture Diameter in 

different Atmospheric Environments with and without Lens conditions for 850 nm. 

Wavelength 

(nm) 

Receiver 

Aperture 

Diameter 

(cm) 

Different 

Atmospheric 

Conditions 

Lens 

Technique 

Power 

Received 

(dBm) 

S/N Ratio 

(dB) 

Data Rate 

(bits/sec) 

850 

 

2 

Clear 
With lens -24.4720 12.4468 7.6247e+08 
Without lens -30.4926 11.8447 1.9061e+08 

Haze 
With lens -30.2733 11.8666 1.9081e+08 
Without lens -36.2939 11.2643 4.7704e+07 

Thin Fog 
With lens -32.6212 11.6318 1.0787e+08 
Without lens -38.6418 11.0293 2.6968e+07 

Light Fog 
With lens -37.4287 11.1508 3.4344e+07 
Without lens -43.4493 10.5475 8.5860e+06 

Heavy Fog 
With lens -52.3290 9.64945 2.8939e+05 
Without lens -58.3496 9.01407 7.2348e+04 

6 

Clear 
With lens -14.9295 13.4011 6.8622e+09 
Without lens -20.9501 12.7990 1.7155e+09 

Haze 
With lens -20.7309 12.8209 1.7173e+09 
Without lens -26.7515 12.2188 4.2934e+08 

Thin Fog 
With lens -23.0787 12.5861 9.7084e+08 
Without lens -29.0993 11.9840 2.4271e+08 

Light Fog 
With lens -27.8863 12.1053 3.0909e+08 
Without lens -33.9069 11.5031 7.7274e+07 

Heavy Fog 
With lens -42.7866 10.6140 2.6045e+06 
Without lens -48.8072 10.0081 6.5113e+05 

10 

Clear 
With lens -10.4926 13.8448 1.9061e+10 
Without lens -16.5132 13.2427 4.7654e+09 

Haze 
With lens -16.2939 13.2646 4.7704e+09 
Without lens -22.3145 12.6625 1.1926e+09 

Thin Fog 
With lens -18.6418 13.0298 2.6968e+09 
Without lens -24.6624 12.4278 6.7420e+08 

Light Fog 
With lens -23.4493 12.5491 8.5860e+08 
Without lens -29.4699 11.9470 2.1465e+08 

Heavy Fog 
With lens -38.3496 11.0586 7.2348e+06 
Without lens -44.3702 10.4551 1.8087e+06 

 

 

5.6 Result and Summary 

Investigation‘s of free space optical communication system in different weather condition by 

using a Fresnel lens technique offers high quality results and performance which has been shown 

in all simulation figures. Following Tables from 5.12 to 5.14 shows improvement in various 

parameters in heavy fog condition, as heavy fog degrade optical signal severely. 
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Table 5.12: Improvement in power received and S/N ratio at different link range 

Wave- 

length 

(nm) 

Link 

Range 

(meter) 

Atmospheric 

Condition 

Lens 

Technique 

Power 

Received 

(dBm) 

Improvement 

(%) 

S/N Ratio 

(dB) 

Improvement 

(%) 

 

1550 

100 Heavy Fog 
With lens 11.83 

104 
16.33 

4 
Without lens 5.81 15.73 

500 Heavy Fog 
With lens -10.72 

36 
14.08 

5 
Without lens -16.74 13.48 

1000 Heavy Fog 
With lens -27.46 

18 
12.40 

5 
Without lens -33.48 11.80 

 

Table 5.13: Improvement in power received and S/N ratio at different Transmitter divergence  

Wave- 

length 

(nm) 

Divergence 

Tx (mrad) 

Atmospheric 

Condition 

Lens 

Technique 

Power 

Received 

(dBm) 

Improvement 

(%) 

S/N 

Ratio 

(dB) 

Improvement 

(%) 

1550 

1 Heavy Fog 

With lens -21.44 

22 

5.88 

25 Without 

lens 
-27.4 4.70 

1.5 Heavy Fog 

With lens -24.97 

19 

5.20 

30 Without 

lens 
-30.99 4.01 

3 Heavy Fog 
With lens -30.99 

16 
4.01 

43 
Without lens -37.01 2.80 

 

Table 5.14: Improvement in power received and S/N ratio at different receiver diameter  

Wave- 

length 

(nm) 

Diameter 

Rx (cm) 

Atmospheric 

Condition 

Lens 

Technique 

Power 

Received 

(dBm) 

Improvement 

(%) 

S/N 

Ratio 

(dB) 

Improvement 

(%) 

1550 

4 Heavy Fog 
With lens -41.44 

12.6 
11.00 

5.76 
Without lens -47.46 10.40 

6 Heavy Fog 
With lens -31.90 

15.8 
11.96 

5.28 
Without lens -37.92 11.36 

10 Heavy Fog 
With lens -27.46 

17.9 
12.40 

5.08 
Without lens -33.48 11.80 

 

From the results shown in figure 5.4, figure 5.5 and figure 5.6, the data rate of more than 10 

Gbits/s is delivered for diverse parameters in different atmospheric conditions at 1550 nm. The 

data rate goes down with a rising transmitter divergence angle and range, while it increases with 

an increase in diameter of the receiver for the environment circumstances under study. It has 

been seen that results in all weather conditions are improved by using lens technique. The 

received signal power in different weather condition like heavy fog, light fog, thin fog, haze and 

clear has been shown for receiver aperture diameter, transmitter divergence angle, and link range 

at 1550 nm in figure 5.7, figure 5.8 and figure 5.9 
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It can be inferred that received signal power increases with increasing receiver diameter and 

decreases on increasing divergence angle of transmitter along with range for the condition under 

work. It has been shown that results in all weather condition are improved by using lens 

technique. 

The simulation results are revealed in figure 5.10, figure 5.11 and figure 5.12 to observe the 

signal to noise characteristics in different atmospheric conditions. When the diameter of receiver 

increases, then signal to noise ratio increases for the system under consideration. Results indicate 

that heavy fog attenuates more optical signal than the other weather conditions. 

 

5.7 Conclusion 

This research is focused on the atmospheric effect on optical beam in free space optical 

communication. This analysis is based on data rate, received signal and signal to noise ratio in 

heavy fog, thin fog, light fog, haze and clear condition. Effect of link range, transmitter 

divergence angle and receiver aperture diameter on the signal to noise ratio, data rate and 

received signal has been shown in the simulation results. Simulation results shows that received 

signal, data rate and signal to noise ratio decreases with transmitter divergence angle, link range 

and these parameters increases with receiver aperture diameter. Fog has severe effect on the 

optical link as it attenuates more optical signal, this can be seen in the tables 5.3 to 5.5. By the 

introduction of Fresnel lens technique, non coherent light source like LED are also utilized 

instead of LASER in optical wireless communication. For present technique, the result of free 

space optical communication has been improved and data rate of approximately 10 Gb/s has 

been achieved.  

Now a day, demand of FSO deployment increases for civil applications, but the provision of long 

range FSO links covering several kilometers with 99.999% availability in all weather condition 

especially in fog remains a difficult task. 
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Chapter 6 

Conclusion and Future Work 

__________________________________________________________________ 

This chapter gives a summary of the results which has been done so far. The objective and aim 

of the research, outlined in chapter 1, are reviewed and their achievement addressed. Also, in this 

chapter the scope for further research is given.   

6.1 Conclusions 

FSO technology can be quickly deployed to produce immediate service to the customers at a low 

initial investment, without any licensing hurdle under high speed, high information transfer 

communication. Although FSO is not popular in India at the instant, FSO features a tremendous 

scope for preparation firms like CISCO, lightweight POINTE etc. Few alternatives have created 

vast investment to push this technology within the market. It‘s solely a matter of time before the 

customers realized the advantages of FSO and therefore the technology deployed in massive 

scale. 

Optical wireless communication systems are among the foremost secure networking transmission 

technologies. This technology provides higher information measure solutions to fulfill the 

requirements of companies and people. Optical wireless systems provide an optical connectivity 

in free space at a price effective, quick with high reliability in bound circumstances. With its low 

price installation and support large bandwidth, optical wireless operates very close to infrared 

wavelength and used as an alternate communication technology to connect high capability 

network. Free space optical communication has tough intercept capability. Following are some 

technical benefits 

 Simplicity of deployment. 

 License free communication. 

 Bit rate high. 

 Bit error rates are low. 

 Protection by electromagnetic interference. 

 Full duplex operation. 

 Protocol transparency. 

https://en.wikipedia.org/wiki/Broadcast_license
https://en.wikipedia.org/wiki/Bit_rate
https://en.wikipedia.org/wiki/Bit_error_rate
https://en.wikipedia.org/wiki/Electromagnetic_interference
https://en.wikipedia.org/wiki/Duplex_(telecommunications)
https://en.wikipedia.org/wiki/Communications_protocol
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 High security.  

To achieve the research aim, a set of objectives was designed as stated below, all of which are 

completed as a part of the research and the results obtained are summarized.  

 To investigate the potential of FSO, as a mean of combating atmospheric turbulence induced 

scintillation (fading) phenomenon which significantly deteriorate the performance of FSO 

system. 

Firstly, the optical link has been composed by utilizing free space from which optical fibre cable 

is displaced by beam of laser. Personal computer generates GBIC Ethernet signal that has 

changed by LVPECL signal for interfacing with the transmitter and vice-versa on the other end 

at the receiver section. A text message from a PC has been sent and received effectively at the 

receiver side. 

This analysis is based on data rate, received signal and signal to noise ratio in heavy fog, thin 

fog, light fog, haze and clear atmospheric conditions. Effect of receiver aperture diameter, 

transmitter divergence angle and link range on the S/N ratio, rate of data and received signal has 

been shown in the simulation results. Simulation results shows that S/N ratio, rate of data and 

received signal decreases with link range, transmitter divergence angle and these parameters 

increases with receiver aperture diameter. Fog has severe effect on the optical link as it 

attenuates more optical signal. By the introduction of Fresnel lens technique, non coherent light 

source like LED are also utilized instead of LASER in free space optical communication. For 

this technique, the performance of optical wireless has been improved and data rate of 

approximately 10 Gb/s has been achieved. 

It is additionally inferred that for optical wireless connections in the environment, fog is the most 

constraining element as contrasted and the misfortunes acquired by rainfall and snowfall. This 

data can demonstrate exceptionally helpful when specific fade margin required that can 

significantly affect the optical wireless connections accessibility. FSO technology is given a 

possibility to encounter a developing innovation that holds extraordinary guarantee in future. 

 To Study the performance and the applicability of FSO & hybrid RF/FSO scheme to combat 

atmospheric turbulence in FSO system.  

Hybrid FSO/RF based communication additionally been used to enhance a high-data transfer 

capacity linkages between the two points or multi-points.  

https://en.wikipedia.org/wiki/Computer_security
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FSO communication range has usually inadequate because of heavy fog, so the system 

availability decreases with distance. Then an option has to employ an RF technology as backup 

beside with FSO technology. But the execution of FSO has limited capability due to atmospheric 

instability, for example, substantial fog. The execution of RF technology has debarred mainly 

because of rain, as rain drops size measurements similar to the wavelength of RF. Consequently, 

RF and FSO systems supplement each other. So range and accessibility of the hybrid FSO/RF 

technology could enhance altogether. 

The method for executing a FSO/RF frame has to utilize the redundant link controller (RLC).The 

RLC serves two possibilities. To begin with, it gives the FSO/RF framework with all the time 

connectivity. This implies that when circumstance are such that one technology starts to come up 

short and alternate technology starts to assume control, not a solitary piece is lost, regardless of 

the possibility that how quickly technology exchange as a result of changing climate conditions. 

Simulation model has been developed in Matlab for performance analysis of optical wireless 

system. Random data series has been generated from Bernoulli generator for a particular user, 

then data is encoded using Hadamard code for single user, and then the encoded data has passed 

through free space channel with AWGN. Generated binary data has been transmitted at the rate 

of 5000 samples per second. Then data has been received at receiver where it is decoded and user 

data has been retrieved. The analysis of BER by using Gaussian channel has been considered. 

The performance of AWGN channel has been best as it has BER lower as compared to other 

channels. 

Then BER has been evaluated by this model that comes less than 10
-3

, which has considered 

being excellent. From the simulation results, the received power has been reduced to 

approximately half compared to transmitted power. 

 To estimate atmospheric-fading loss by threshold approach taking into account lognormal 

statistics of the power received of on-off keying modulated link. 

To fulfill this objective, an improved expression of scintillation loss has been evaluated using 

threshold power approach. This expression takes into account the loss due to scintillation when 

Gaussian wave propagates through atmospheric turbulence. Results show that probability of 

fading and losses due to scintillation are considerably lower when threshold power level is set 

low. This approach is based on the theory that due to fading and within a certain time interval, 

the received optical signal power or its intensity drops below the receiver sensitivity (threshold 
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level). The threshold approach reduces the complication in analysis of fading as it does not 

require a complete and in depth investigation of a particular receiver performance. 

Results show that losses due to scintillation and probability of fading are considerably low when 

threshold power level is low. The scintillation loss without difficulty exceeds 18 dB for 

minimum threshold power when power scintillation index is less than one, as compared to other 

threshold levels. When some portion of total data loss is considered then by threshold method, 

the losses due to scintillation can be evaluated according to newly evaluated equation. This 

approach is not restricted to Gaussian waves, spherical or plane waves but can be implemented to 

other beams whenever power scintillation index is known. 

 To study the influence of scintillation caused by turbulence by using Rytov scintillation 

theory. 

The effect of scintillation for Gaussian wave can be minimized by aperture averaging technique, 

so here we show the effect of aperture averaging on Gaussian beam wave for different turbulence 

strength of atmosphere. 

Here we considered the three regime of turbulence for Gaussian beam wave and results show the 

effect of aperture averaging bound by different propagation scenarios. At the receiver side, the 

aperture averaging effect depends on receiving aperture diameter as averaging ability of the 

receiving system increases by increasing receiving aperture radius and depends on different 

propagation conditions defined by structure parameter Cn
2. Results show that aperture averaging 

effect becomes lower for higher atmospheric turbulence strength. 

6.2 Future Scope 

Specific topics for further work have been identified throughout the thesis. The flexibility and 

variety in FSO approaches has a capability to play significant role in near future. 

Following are the range constraining elements, cause a weakened received signal and prompt 

higher of error in number of bit received known as bit error rate (BER) 

 Fog. 

 Atmospheric absorption. 

 Beam dispersion. 

 Snow. 

 Rain. 

 Scintillation. 

https://en.wikipedia.org/wiki/Fog
https://en.wikipedia.org/wiki/Dispersion_(optics)
https://en.wikipedia.org/wiki/Rain
https://en.wikipedia.org/wiki/Terrestrial_scintillation
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 Shadowing. 

 Wind. 

 Pollution, Dust and Smog. 

To overcome these kinds of issues, exploration ought to concentrate on multi-beam or multi-way 

models, which utilize more than one sender and more than one collector. Some cutting edge 

devices in FSO additionally have bigger fade margin. Atmospheric attenuation, which is 

exponential in nature, limit down the range of FSO devices to a few kilometres. FSO empowers 

high rate of transmission of audio, video and other information through free space.  

Later on it is conjecture that this innovation will be executed in copiers, fax machines, overhead 

projectors, bank ATMs, MasterCard‘s, amusement consoles and head sets.  

Some other future scopes are 

 FSO ought to have multi-beam sending process. It overcomes atmospheric attenuation and 

interim beam deterrents by covering excess infrared beams.  

 Wireless communication can be made possible in any weather by combining FSO with 60 

GHz millimeter-wave. 

  FSO items ought to have advanced beam-controlling components. 

 Improvement by Using Amplifiers and Optical Interconnects: Opto-electronic 

components when consolidated with FSO have high transfer speed, low power distribution. 

Optoelectronic components are electrical to optical and optical to electrical components that 

source, recognize and control light. Interconnects like vertical depression surface emanating 

lasers (VCSELs) empower fast FSO. VCSEL reforms optical fiber communication by 

enhancing productivity and expanding data speed. Laser drivers, beneficiaries (speakers), and 

switch circuits are incorporated on silicon chips and are incorporated into the frameworks. 

Information can be sustained to electrically to any of the silicon chips and directed to the 

VCSELs through driver circuits and can be readout electrically from every silicon chip 

freely. It emits a very fine beam which makes beam to transfer light easily into the fiber 

cable. Today's FSO system work in the close wavelength range between approximately 750 

nm to 1600 nm. Typically we utilize 1550nm on account of its diverse components, for 

example, it is perfect for long ranges and gives us high information rates. 

 Highly developed DWDM FSO structure: Dense Wave Division Multiplexing is one of the 

alluring applications in FSO. In this development, different wave beam signals can be 

https://en.wikipedia.org/wiki/Shadow
https://en.wikipedia.org/wiki/Smog
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transmitted utilizing DWDM. By utilizing DWDM, we can get a decent transmission over 

single channel. This multiplexing technique sends the information from different transmitters 

into a common channel. In this multiplexing, at the most 96 different wavelength light 

signals or channels can be multiplexed and transmitted. It is a system for expanding the data 

transfer capacity of an optical system correspondence. The transfer speed is cut up into 

wavelength channels, each of which conveys an information stream exclusively. There are 

distinctive models utilized for executing this procedure. 

 FSO/MMW should be used in mobile wireless network to solve/ease the ―Mobile Wireless 

Backhaul Dilemma‖. MMW and FSO transmission systems offer a viable alternate backhaul 

solution for short/medium distance by rapidly increasing density of mobile wireless base 

stations, shorter distances between base stations and constantly increasing demand for 

backhaul capacity. For this FSO and MMW radio solutions are well positioned to become 

part of a next generation 4G/5G mobile wireless backhaul strategy.  
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