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Abstract — In recent years, Free Space Optical 

(FSO) communication has gained significant 

importance in terrestrial applications and wireless 

communication. Atmospheric conditions prominently 

affect the performance of FSO system making them 

highly susceptible to degrading effects of 

atmospheric turbulence and pointing errors. In this 

review paper, basics of optical wireless such as its 

advantages, applications and challenges along with 

various channel models and modulation schemes 
employed in free space optical communication are 

discussed. Comparison between different modulation 

schemes in different atmospheric turbulences is 

provided for bit error rate, signal to noise ratio, 

power efficiency, etc.  
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I. INTRODUCTION  

(Size 10 & Normal)Free Space Optics (FSO) is a 

wireless Line Of Sight (LOS) communication 

technology that uses light for the transmission of 

information through air or vacuum. In FSO, data is 

transmitted by propagation of light in free space 

allowing fiber optical connectivity. Free Space 
Optics is having the same capabilities as that of fiber 

optics, but at a lower cost and very high speed. Free 

Space Optics works on the principle of laser source 

driven technology which uses light sources at 

transmitter end and detector at receiver end to 

transmit and receive information, through the 

atmosphere same as Fiber Optics Communication 

(FOC) link, which also uses light sources and 

detectors but through optical fiber cable [1]. FSO 

links have some distinct advantages over 

conventional microwave, radio frequency and 
optical fiber communication system by virtue of 

their very high carrier frequencies that permit large 

capacity, enhanced high security, high data rate and 

so on respectively. FSO systems are being 

considered for military systems application, because 

of their inherent benefits as normally most of the 

systems are rated for greater than one kilometre in 

three or more lasers operating in sequence parallel to 

mitigate distance related issues [2].  

II. BLOCK DIAGRAM FOR FSO 

COMMUNICATION 

Block diagram [Fig.1] shows the essential parts that 

comprise a free space optical communication 

system. It has a transmitter and a receiver and in 
between them an atmospheric channel. 

 Figure 1: Block diagram of FSO system [3] 

 

Source generates the information that has to be 

communicated over the optical wireless system. The 

modulator, using different modulation techniques, 
modulates the data for transmission. The optical 

light source can be of two types- Light Emitting 

Diode (LED) or Laser Diode (LD). Laser is 

preferred because of the high pointedness and 

coherence that it‟s beam exhibits. The transmitter 

and receiver are configured to deliver and receive 

optical signals propagating in free space. Transmitter 

converts incoming electrical signal from driver 

circuit into optical form to be transmitted over the 

atmospheric channel.  Atmospheric channel through 

which the optical beam passes throws a lot of 
challenges for the transmitted signal. Thus the signal 

has to be properly modulated before transmission. 

Receiver side contains a photo detector which 

converts the received optical signal to electrical form 
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again which can then be amplified or processed. 

Modulation and demodulation of the signal takes 

place in electrical form [3].  Received signal is 

demodulated and produced in the desired form to the 

destination. 

III.   ADVANTAGES OF FSO 

FSO is a high speed communication system as 

transmission involves optical beam. Installation of 

FSO is an easy task to perform as installing it at 

normal locations takes less than an hour. Also it is 

easily upgradeable and supports equipment from 

various vendors. It has low cost and simple 

deployment. No burying of cables or license 

procurement is required; hence this makes it suitable 

for wireless service providers for long-range 

operation (in contrast with radio communication). 

Up gradation of security system is not needed 

because of LOS operation which secures the system. 
The high directivity and narrowness of the beam 

adds to the security of the optical system [4]. FSO is 

immune to electromagnetic- radio frequency 

interference. Other merits of FSO system include 

low power usage per transmitted bit, low bit error 

rates, full duplex operation and no need to connect 

the transmitter and receiver through a waveguide as 

the transmission is free space.[5] 

IV.  APPLICATIONS OF FSO 

FSO communication link is currently in use for 

many services at many places to enable 
communication. It ensures last mile access [5]. It cut 

down on the costs required to install and repair 

cables but still offers high speed link. It, in fact is 

used to bypass local-loop systems of other kinds of 

networks. Also, these systems are easily installable. 

This feature enables them to connect two or more 

Local Area Network (LAN) in a building. It can also 

serve as a backup link in case of failure of 

transmission via optical fibers due to some reasons. 

It can be used in extending the fiber rings of an 

existing metropolitan area. These systems can be 

deployed in less time and connection of the new 
networks and core infrastructure can be done easily. 

It can also be used to complete Synchronous Optical 

Network (SONET) rings [6]. It is useful in 

transporting the traffic originating through cellular 

telephone from antenna towers back to the Public 

Switched Telephone Network (PSTN) with higher 

speed and higher data rate since the speed of 

transmission would increase. It can also be used to 

provide instant service to customers when the 

corresponding fiber infrastructure is being deployed 

in the meantime. FSO is beneficial in Wide Area 
Netwrok (WAN) where it supports high speed data 

services for mobile users and small satellite 

terminals acts as a backbone for high speed network. 

It can be used to communicate between point-to-

point links, for example, two buildings, two ships, 

and point-to-multipoint links, for example, from 

aircraft to ground or satellite to ground, for short and 

long reach communication. LOS propagation makes 

it secure and undetectable, thus it can connect very 

large areas safely with minimal planning and 

deployment time. All such features make it suitable 

for military applications. 
 

V. CHALLENGES  FACED  IN  FSO 

As the medium for transmission in FSO is free space, 

there are many challenges faced in implementing the 

free space optical system. They include atmospheric 

challenges due to change in various weather 
conditions as well as many others.                                         

Atmospheric turbulence refers to a random 

phenomenon that causes redistribution of the signal 

energy which results from the inconsistency in the 

refractive indices of the atmosphere. It results in 

intensity fluctuations and degradation of the optical 

beam [7]. The size of the turbulence effect can cause 

different effects. If the size of the turbulence cell is 
of larger diameter than optical beam then beam 

wander would be the dominant effect. Beam wander 

is the displacement of the optical beam spot rapidly. 

If size of turbulence cell is of smaller diameter than 

optical beam then the intensity fluctuation or 

scintillation of the optical beam is dominant. 

 

 
 
Figure 2: Challenges in Atmospheric channel [8] 

 

Other losses are also there that impede the 

communication such as scintillation, geometric, 
absorption and scattering losses [9]. Scintillation 

refers to heat emissions from the earth’s surface 

cause temperature variations in air packets of the 

atmosphere. These temperature variations cause 

fluctuations in intensity of the transmitted signal. [10] 

Since it is LOS communication, anything that comes 

in the way of optical beam that is being transmitted 

is treated as physical obstruction. It can be a flying 
bird, a kite or a plane which may lead to error. 

Scattering takes place when the optical beam 

collides with a scattering particle. It is a wavelength 

dependent phenomenon. Geometric losses involve 

signal attenuation caused by the spreading of the 
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optical beam. They result in power reduction at the 

receiver end of the system. Atmosphere has 

suspended water molecules present in the form of 

water vapour and also other gases like Carbon-
dioxide which cause absorption. Absorption directly 

effects the optical transmission and decreases the 

optical power. Atmospheric attenuation is the result 

of different weather conditions in the atmosphere 

which are the main cause of attenuation. These can 

be rain, fog or snow. As the radius of raindrops 

(150–2000μm) is significantly larger than the 

transmitting wavelength of typical Free Space Optics 
light sources, it has a moderate attenuation in the 

range 4-17 dB/km [11]. On the other hand snow 

results in attenuation between 20-30 dB/km because 

the size of snowflakes is larger when compared to 

the operating wavelength of transmitting information. 

[12] The highest attenuation in the transmitted signal 

is caused due to fog as it is mainly composed of 

small water droplets. The particles of fog are 
comparable to the wavelength of the optical beam. 

Its attenuation is from 40 to 70 dB/km for light fog 

and from 80 to  200 dB/km in heavy fog that is much 

higher when compared to the attenuation in clear 

weather which is in the range 0-2 dB/km. [13]  

                                                                        Another 

major challenge in FSO communication is pointing 

error. It is very important to maintain alignment and 
acquisition throughout the process of 

communication. Thermal expansions, dynamic wind 

loads and weak earthquakes result in the building 

sway that causes mechanical vibration of the 

transmitter beam leading to a misalignment between 

transmitter and receiver. The effect of pointing error 

consists of three essential parameters: beam width, 

jitter and boresight displacement. The beam width 
represents the beam waist, the jitter represents the 

random offset of the beam center at receive aperture 

plane and the boresight represents the fixed 

displacement between beam center and the 

alignment point. It should, however, be noted that 

there are two kinds of boresight displacements: the 

inherent boresight displacement and the additional 

boresight error. The first of them is related to the 
spacing among receive apertures at the receiver. This 

inherent boresight displacement represents a fixed 

distance, i.e., the distance between each receive 

aperture and the corresponding alignment point. The 

second one is related to the boresight error that is 

due to the thermal expansion of the building [14].                                                                         

Pointing error can lead to link failure or can 

significantly reduce the amount of received power at 
the receiver resulting in high probability of error. To 

achieve pointing accuracy, proper care has to be 

taken to maintain sufficient bandwidth control and 

dynamic range in order to compensate for residual 

jitter. Also, pointing error loss is more significant at 

visible wavelength and decreases at higher 

wavelength due to inherent broadening of beam. 

Pointing error has significant impact on BER 

performance of FSO system. Fig. 2 shows the BER 

performance in the presence of random jitter. 

 

 
Figure 3: BER performance with random jitter [9] 

 

VI.  CHANNEL MODELLING 

 
For modelling of FSO link we need to account for 

atmospheric turbulences. The temperature and 

pressure fluctuation leads to variations in the 

refractive index which results in atmospheric 

turbulence. This atmospheric turbulence leads to an 

increase in the system‟s bit error rate, therefore 

degrading the performance of FSO system [15]. A 

number of statistical channel models have been 

proposed to describe atmospheric turbulence 
conditions. The statistical channel model is given 

by:- 

                    y = sx + n                                            [1] 

where y is signal at the receiver , s is instantaneous 

intensity gain, x is the modulated signal and n is 

AWGN [15]. 

Various channel models are:- 

1) Log normal  

2) Gamma-Gamma  

3) Negative Exponential 

 

 Log Normal  
The log normal channel model is used for 

weak turbulence condition. It is widely 

used model due to its simplicity in terms of 

mathematical calculation. It is applicable 

for propagation distances less than 100 m. 

For weak turbulence, scintillation index SI 

falls in the range of [0, 0.75]. Therefore for 

σ1
2<1, log normal distribution is used. 

 

 The PDF of the received optical field I is given as f 

(I) [20]: 
 

        f (I)=(1/2πIσ
2
)exp [-(ln(I)-mi)

2
 /2σi

2 
]             [2] 

 

Where mi is the mean and σi the standard deviation 

of ln(I). When the strength of turbulence increases, 

multiple scattering effects are considered [16]. In 
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this case, Log normal channel exhibit large 

deviations compared to experimental data [17]. 

 

 Gamma-Gamma  

Gamma-gamma scintillation model is based on 

Doubly Stochastic theory. It shows its properties for 
weak to strong turbulences [18]. The Probability 

Density Function (PDF) of its intensity I can be 

obtained by the product of two gamma random 

variables. Here the two described gamma random 

variable represents fluctuations from small and large 

turbulence which are given by PDF of X and Y and 

the received intensity I is: 

I=XY            [3] 

 

 The Gamma-gamma PDF is given by the equation :- 

f(I)=(2αß(α+ß)/2I(α+ß)/2-1Kα-ß√(2αßI))/(Γ(α)Γ(ß))        [4] 

 
Where Ka(.) is the modified Bessel function of 

second order, α and β are the effective number of 

small scale and large scale eddies of the scattering 

environment, I is irradiance and Γ is gamma 

function.[18] 

Here α and β are given by equation [5] and [6] 

respectively:- 

 

 α = 1/exp[0.49σ2/(1+1.1σ12/5)7/6]-1            [5] 

 β =1/exp[0.51σ2/(1+0.6912/5)5/6]-1             [6] 

 
where σ2 represents variance. SI for this channel 

model is given by the equation:- 

 

 σ 2 = (1/α) + (1/β) + (1/αβ)           [7] 

 

 Negative Exponential  

When strong irradiance fluctuations take place, 

independent scatter become large in number [16]. So 

signal amplitude follows Rayleigh distribution 

which in turn leads to a negative exponential 

statistics .  

 
The PDF for Negative Exponential is given by:- 

              P(I)=(1/Io)exp(-I/Io),I>0                            [8] 

 

where Io is the mean radiance. For strong 

turbulences, σSI
2 ≥1. 

 

FSO has many advantages to offer so it is one of the 

most important medium of information exchange.  In 

this type of wireless communication atmospheric 

conditions play an important role. Turbulence model 

must be used wisely while designing the FSO 
system . As already discussed for weak turbulence, 

log normal distribution is used, for strong turbulence 

negative exponential is used while Gamma-Gamma 

distribution is used for both weak and strong 

turbulences. 

 

VII. TABLE I. CHANNEL MODELS WITH 

TURBULENCE [18] 

 

 

VIII.  BASIC MODULATION SCHEMES 

 

The information to be conveyed cannot be directly 

sent without error at the receiver. Hence, several 

modulation techniques are used in FSO so that 

message is less affected by noise and is sent to the 

receiver at high speed, without or acceptable 

distortion. The various techniques that can be used 

in FSO are: 

On Off Keying (OOK), the modulation technique is 

the simplest form of modulation scheme. In this 

technique, transmission of 1 is detected by presence 

of signal and 0 is detected by absence of signal. It is 

widely used in FSO communication system. If no 

turbulence is accounted The BER for OOK is 

defined by the formula: 
           Pe,OOK =erfc(0.5 √SNR)/2                        [9] 

 

where erfc() indicates error function and SNR 

indicates Signal to Noise Ratio. This technique is 

primarily used because of its simplicity and ability to 

recover from failure quickly. It can use Non Return 

to Zero (NRZ) or Return to Zero (RZ) formats. In 

RZ-OOK, the bit duration is more than pulse 

duration, giving an improvement in power efficiency 

over NRZ-OOK at the expense of an increased 

bandwidth requirement [19]. Binary Phase Shift 

Keying (BPSK) is the simple two stage phase shift 
keying. In this, the phase of the carrier is set to 0 or 

in accordance with the information signal. If phase is 

set to 0 for „0‟ bit then is set for „1‟ bit. It is the 

simplest form of Phase Shift Keying (PSK) and is 

rather more robust than OOK to resist noise. [20-22]. 

The BER for BPSK is defined by the formula:  

                      Pe,BPSK=erfc(√SNR)/2                 [10] 

 

where erfc() indicates error function and SNR 

indicates Signal to Noise Ratio. To obtain a specific 

BER, the NRZ-OOK requires 2√2 times the power 
required by BPSK. Also, BER for BPSK is lower 

than that of OOK for a specific SNR. Differential 

Phase Shift Keying (DPSK) is relative phase 

modulation model. The information that is 

transmitted is the result of phase difference between 

the current and previous symbol. Hence, the value 0 

indicates no change in symbol. It is advantageous 

over BPSK because it does not need complex 

circuitry for synchronization. The BER for BPSK is 

defined by the formula: 

Channel model Turbulence 

Log normal Weak 

Gamma Gamma Weak to Strong 

Negative Exponential Strong 
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       Pe,DPSK=erfc(√SNR/√2)/2                          [11] 

 

where erfc() indicates error function and SNR 

indicates Signal to Noise Ratio. The required 

bandwidth for DPSK is equal to the bit rate,B of 

DPSK =Rb. For a specific BER, the average power 
of NRZ-OOK is twice than that of DPSK. It is, in 

fact better than OOK for its ability to resist noise. 

[23] Quadrature Phase Shift Keying (QPSK) uses 

two bits that are grouped together to form a signal. 

There are four particular phases when signals are 

transmitted. Since QPSK can be regarded as 

composition of two orthogonal signals of BPSK 

hence, bandwidth required by QPSK is double than 

that of BPSK. The BER for QPSK is defined by the 

formula: 

                Pe,QPSK=erfc(√SNR)                           [12] 

 
where erfc() indicates error function and SNR 

indicates Signal to Noise Ratio. The BER is lower 

for QPSK than OOK. Also, the data rate is 

maximized in this technique. Pulse Position 

Modulation (PPM) is used to encode the message 

bits by transmitting a signal M in any of the 2M time 

shifts [24]. However, it poses a serious drawback of 

synchronization. Multiple PPM (MPPM) is an 

enhanced technique over PPM [25]. It offers 

advantages like decreases bit error rate, decreased 

average power. It uses the concept of Hamming 
weight. Differential PPM (DPPM) further reduces 

the average power constraint. Overlapping PPM 

(OPPM) is a technique in which at non orthogonal 

positions, symbols contain the transmitted pulse. As 

the name suggests, it allows overlapping amongst 

pulses of various symbols. Sub-carrier Index 

Modulation (SIM) introduces sub carrier index as an 

extra parameter to convey useful information to the 

receiver. Digital Pulse Interval Modulation (DPIM) 

is a pulse time technique of modulation. In this, 

discrete time intervals contain data. Also, the length 

is variable depending on the amount of content.  
 

In the following table, comparison of different 

modulation schemes is presented: 

 

 

 

 

 

IX. TABLE II. COMPARISON OF DIFFERENT       

MODULATION TECHNIQUES 

 

 

Modulation 

Techniques  
Applications Features 

OOK-NRZ It is greatly affected 

by fog and is used for 

communication in 

clear weather. 

Moderate 

SNR,  

Low Cost,  

requires 

adaptive 

 threshold 

OOK-RZ It is less affected by 

fog and can be used is 

normal weather 

conditons. 

High 

sensitivity 

PPM It offers best 

performance for 

scintillation index less 

than 0.5 and weak 
turbulence effects. 

Superior 

power  

efficiency 

than 
any other 

baseband 

modulation  

MPPM BER is affected by 

rise in temperature in 

PPM. MPPM 

however is suitable in 

such conditions. Also, 

provides high peak 
power. 

High 

bandwidth 

efficiency, 

spectral 

efficiency 

than PPM 

DPPM It is superior to PPM 

but inferior to MPPM. 

Improved 

power 

 efficiency, 

bandwidth 

 efficiency, 

throughput  

than 

MPPM 

DPIM It does not require 

synchronization at the 

receiver. But both 

bandwidth and 

capacity efficient. 

High 

bandwidth 

 efficiency, 

spectral 

 efficiency 

than PPM 

OPPM It offers risk of error 

propagation in 

detecting a received 
frame of symbol. 

High 

bandwidth  

efficiency 
than PPM 
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SIM  For random varying 

turbulence, this 

technique is the best 

estimate. 

Low cost, 

poor  

power 

efficiency, 

 high 

capacity,  
improved 

throughput 
 

 

X. CONCLUSIONS 

In this paper, we have presented a concise and 

comprehensive study of communication through 

FSO. We have taken into account applications, 

advantages and limitations of various channel 

models used for different turbulence conditions. 

Hence, with different modulation techniques, the 

parameters are varied and optimised. We thus 
conclude that with relatively low or no turbulence, 

BPSK projects minimum bit error rate and is the best 

of all techniques considered as per the application. 
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