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ABSTRACT- In this paper the performance of a Free Space Optical (FSO) communication system is 

analyzed by considering heavy atmospheric losses such as scattering, absorption, channel fading and 

misalignment fading. For the analysis, subcarrier intensity modulated free space optical (SIM-FSO) 

communication system using binary phase shift keying (BPSK) is employed. The Bit Error Rate (BER), 

channel capacity and outage probability of the radiated signal is then investigated over a K-distributed 

mutual slow fading turbulence channel with illustrative 2D and 3D plots. Novel closed-form analytical 

expressions are derived for the strong turbulent channel model, average BER, channel capacity and outage 

probability for the considered communication system. 

Key words – Free space optics, Bit error rate, Channel capacity, Outage probability, Sub carrier intensity 

modulation. 

1.    Introduction 

Free space optical (FSO) communication, a form of high speed wireless optical communication 

relies on pure line of sight (LOS) technology. Its performance strongly depends on the atmospheric 

conditions between the transmitter and receiver [1,2]. The foremost advantages of wireless optical 

communications are high bandwidth, high security and ease installation without license [3]. The key 

applications FSO communication includes inter and intra chip communication [4,5], inter satellite 

communication [6,7], alternative technology for optical fiber networks [8], temporary network installation 

[9] and radio over FSO communications [10]. However, the major drawback of FSO is natural turbulence 



[11]. To improve the signal quality in the receiver side various channel models, modulation techniques and 

diversity techniques are used [16, 25]. In general, the wireless channel is modeled as Gamma-gamma 

[12,13], Rayleigh[14] or Exponential channel model [15,16] among others. The performance of the FSO 

system is generally analyzed by computing the bit error rate (BER), outage probability and channel capacity 

[17, 18].  

In a recent work, [19], the optical channel has been systematically described using a mutual slow 

fading channel model. Its performance analysis parameters such as outage probability, channel capacity and 

the link impairments imposed by the atmospheric attenuation due to beam extinction were also evaluated. 

They also investigated the channel fading due to turbulence and pointing errors for an on-off keying FSO 

system. In another work, [20], the performance of a sub carrier intensity modulated free space optical (SIM-

FSO) communication system was investigated over a K-distributed turbulence channel. 

In this paper, the performance of SIM-FSO communication system using binary phase shift keying 

(BPSK) is investigated over a K-distributed mutual slow fading turbulence channel. Novel equations are 

derived for BER, outage probability and channel capacity for the considered system. The performance 

analysis and results are illustrated through 2D and 3D plots. 

The paper is organized as follows: Section 2 discusses the SIM-FSO system model used in our work. 

In Section 3, the mutual channel fading model is discussed. In Section 4, expressions for average BER, 

channel capacity and outage probability for the considered system are derived and presented. Section 5 

describes the numerical results with graphical analysis. Finally, concluding remarks are highlighted in 

Section 6. 

2.   BPSK based SIM-FSO communication system 

The considered BPSK based SIM-FSO system with K-distributed turbulence channels is represented 

in Fig. 1. BPSK based subcarrier intensity modulated signal is transmitted through the channel, along with 

additive white Gaussian noise in the presence of beam extinction and pointing errors. In Fig. 1, the 



transmitted signal is scattered due to natural turbulence in the atmospheric channel (AC). These turbulences 

are caused by rain, fog, smoke, smog, heavy dust particles, etc. But heavy fog, as shown in Fig. 1, causes 

the maximum attenuation in the transmitted signal. In this work we consider strong atmospheric turbulence 

condition for the analysis of the FSO system. The scattered components and the LOS component are clearly 

shown in the figure. At the receiver, the signal 𝑦  is detected via a finite Gaussian lens [21], expressed as: 

𝑦 = ℎ𝛾P!"#𝑥 + 𝑛        (1) 

where ℎ is the channel state, 𝛾 is the detector responsivity,𝑥is the transmitted signal, 𝑛 is the noise caused 

by various sources and P!"#is the average optical transmitted power. The channel state ℎ models the optical 

intensity fluctuations [2] resulting from atmospheric loss, turbulence and fading as: 

ℎ = ℎ!ℎ!ℎ!         (2) 

where ℎ!is the attenuation due to beam extinction and path loss, ℎ! due to scintillation effects and ℎ! due to 

the geometric spread and pointing errors. 

 

AC: Atmospheric channel    C1:  Independent scatter component 
OBF: Optical bandpass filter    C2: Coupled to LOS component 
FGL: Finite Gaussian lens   C3: Line of sight (LOS) component 

Fig. 1. Block diagram of communication system with k-distributed turbulence channels 

The received electrical signal to noise ratio as considered in [22] is expressed as: 

 𝑆𝑁𝑅(ℎ) = (!!)!

!!!!
       (3) 

where 𝜎!!is the variance of the channel noise. 

3.   Channel models of FSO systems 

The combined channel fading model that has been presented in [19] is derived with the combination 

of atmospheric turbulence induced fading and misalignment fading for both weak and strong atmospheric 

turbulence conditions. 



For weak atmospheric turbulence conditions, the channel model expressed as the probability density 

function of the irradiance intensity, ℎas given by [19] is: 

𝑓! ℎ = !!

(!!!!)!
! ℎ!

!!!× !

!!
!!!!!!(!) !!

exp  !
! !!!!

− !" !! !!.!  !!! !
!

!!!! !
𝑑ℎ!  (4) 

where 𝜎!! 𝐷  is the aperture averaged scintillation index, 𝜉 =   𝑤!!" 𝜎! is the ratio between the equivalent 

beam radius at the receiver and the pointing error displacement standard deviation at the receiver and 𝐴! is 

the fraction of the received power at zero radial distance. 

For strong atmospheric turbulence conditions, the channel model expressed as the probability 

density function of the irradiance intensity, ℎas given by [19] is: 

𝑓! ℎ = !!!(!")(!!!) !

!!!! !
!!(!)!(!)

ℎ!!!!× ℎ!
!!! !!!!!!𝐾 !!!

!
! !!!!

2 𝛼𝛽ℎ! 𝑑ℎ!  (5) 

where 𝛼 and 𝛽 are the effective number of large and small scale turbulent eddies, Γ(∙) is the gamma 

function.𝐾 !!!  is the modified Bessel function of the second kind of order (𝛼 − 𝛽) which can be simplified 

using Meijer G function [23, Eq. (14)]. Then using [24, Eq.(07.34.21.0085.01)], a closed-form expression 

for the channel model is obtained, as proved in Appendix A and expressed by Eq. (6). 

𝑓! ℎ = !"!!

!!!!!(!)!(!)
𝐺!,!
!,! !"!

!!!! !!!!!,!!!,!!!  

                                !!
    (6) 

4.   Performance analysis of proposed BPSK based SIM-FSO system 

The performance of the considered system is evaluated on the basis of average BER, channel 

capacity and outage probability. 

4.1. Bit error rate  

In the considered SIM-FSO communication system, the subcarrier is pre-modulated using BPSK. By 

modulating the optical signal with radio frequency, the subcarrier provides SIM. For a coherent BPSK 

demodulator, the probability of conditional BER depending on the intensity fluctuation [25,26] is expressed 

as: 



𝑃! ! ℎ = 𝑄 !!
!!!

= 0.5×erfc !!
!!!

       (7) 

where 𝛾 is the photo detector responsivity, 𝜎!! is the variance of the channel noise and 𝑄 ∙  is the Gaussian 

𝑄 function related to the complementary error function erfc ∙  as 2𝑄 2𝓍 = erfc 𝓍 . 

The probability of average BER for BPSK based SIM-FSO over K-distributed mutual slow fading 

turbulence channel can be achieved by using Eq. (8). 

𝑃! = 𝑃! ! ℎ
!
! 𝑓! ℎ 𝑑ℎ     (8) 

By using Eq. (6) and (7) in (8), we get: 

𝑃! =
!"!!

!!!!!(!)!(!)
× 0.5  erf𝑐 !!

!!!

!
! ×𝐺!,!

!,! !"!
!!!! !!!!!,!!!,!!!    

                                      !!
𝑑ℎ    (9) 

By expressing the erfc(∙) as Meijer G function [27, Eq. (8.4.14.2)], the probability of average BER can be 

expressed in a closed-form by utilizing [23, Eq. (21)]. As proved in Appendix B, this integration can be 

simplified to obtain: 

𝑃! =
!!!!!!!!

!!!(!)!(!)
𝐺!,!
!,! !!!!!!!!

!

!!!!!!!                             !,!!,
!!!

! ,!!
!!!

!

!!!!

! ,!!!
!

! ,!!!! ,!!!! ,!!!! ,!!!! ,!
             (10) 

4.2.    Channel capacity 

The channel capacity is a quantitative measurement of the limiting data transmission rate that can be 

achieved through a non-deterministic fading channel with minimum probability of error. For a BPSK based 

SIM-FSO channel it can be estimated using mathematical analogy from [28] as follows: 

𝐶 = 𝐵×log! 1+ (!!)!

!!!!
𝑓! ℎ 𝑑ℎ

!
!               (11) 

where 𝐵 is the signal transmission bandwidth. 

By expressing the logarithm function as the Meijer G function [23, Eq. (11)], Eq. (11)is simplified to obtain 

a closed-form mathematical expression for the channel capacity expressed as Eq. (12). The proof is 

available in Appendix C. 



𝐶 = 𝐵× !!!!!!!!!!
!"#∙!"(!)

𝐺!,!
!,! !!!!!!!!
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4.3.   Outage probability          

 In a slow fading channel model the amplitude and phase change forced by the channel is 

approximately constant over time. The outage probability of a BPSK based SIM-FSO system over slow 

fading channel [17] is expressed as: 

𝑃!"# = 𝑃 𝑆𝑁𝑅 ℎ ≤ 𝑆𝑁𝑅!!                (13) 

where 𝑆𝑁𝑅!! is the threshold SNR value below which the signal strength at the receiver side is less than 

acceptable limits. Further simplifying by using Eq. (3), we get: 

𝑃!"# = 𝑃 ℎ ≤ !!!!∙!"#!!
!!

 = 𝐹!
!!!!∙!"#!!

!!
             (14) 

where 𝐹!(∙)is the cumulative distribution function (CDF) of the K-distributed random variable. The CDFof 

ℎis derived using [27, Eq. (2.24.2.2)] as: 

𝑃!"# =
!

!(!)!(!)
𝐺!,!
!,! 𝛼𝛽 !!!!∙!"#!!

!!
!,!,!    

          !

                         (15) 

To the best of the author’s knowledge, the expressions for strong turbulent channel model (Eq. (6)), 

average BER (Eq. (10)), channel capacity (Eq. (12)) and outage probability (Eq. (15)) are new to the 

analysis of the performance of BPSK based SIM-FSO system. 

5.   Numerical results and discussions 

For the purpose of numerical evaluation, the proposed BPSK based SIM-FSO system is considered 

having noise standard deviation𝜎! = 10!!  A/Hz, photo detector responsivity 𝛾 = 0.5  A/W, beam radius 

𝑤! ≅ 2.5  mat 1  kmdistance and jitter standard deviation 𝜎! ≅ 30  cm. Fig. 2illustrates the average BER 

performance of the SIM-FSO system in terms of responsivity for different values of the effective number of 

large scale 𝛼  and small scale 𝛽  turbulent eddies. 



It is observed that better BER performance is achieved by using high responsivity detector in the 

receiver. Among the considered cases, we obtained the best BER performance for 𝛼 = 7and 𝛽 = 3.This is 

because 𝛼 accounts for large scale turbulent eddies and larger value of 𝛼implies lesser atmospheric 

turbulences.  Larger value of 𝛽 also implies lesser atmospheric turbulences but its impact is weaker 

compared to 𝛼, since 𝛽 only accounts for small scale turbulent eddies. 

 

Fig. 2.BER variation with respect to the responsivity of the photo detector 

Fig. 3 shows the BER performance of the BPSKbased SIM-FSO system evaluated against the 

average SNR for different values of 𝛼  and  𝛽.As the SNR increases the average BER decreases as expected. 

It is known that the decrement pattern of average BER with respect to SNR is concave outward i.e. rapid 

decrement in cases of clear weather [20]. However, in our case of heavy atmospheric turbulence, the 

average BER decrement is gradual (concave inward as in Fig. 3) with increasing SNR even beyond 20dB. 

This is due to the disturbances in the atmosperic channel caused by heavy fog, etc. 



 

Fig. 3.BER against average SNR for various values of the parameter 𝛼 and 𝛽 

The 3D plots shown in Fig. 4 depict the trade-off between the average BER against the effective 

number of large scale 𝛼  and small scale 𝛽  turbulent eddies. From Fig. 4 it is observed that the BER of 

BPSK based SIM-FSO system decreases as the values of 𝛼 and  𝛽 increases. This is because larger value of 

𝛼 and  𝛽 implies lesser atmospheric turbulences. 𝛼 and  𝛽increases till 10 each in Fig. 4(a), 11 each in Fig. 

4(b) and 13 each in Fig. 4(c). It is also observed that as 𝛼 and  𝛽 increases beyond 10, the BER increases 

abruptly. 

 

(a)                                                                                                    (b) 



 

(c) 

Fig. 4.3D plot for BER variation with respect to 𝛼 and 𝛽 

Fig. 5 shows the channel capacity against the average SNR under strong turbulence atmospheric 

channel. It is observed from Fig. 3 and Fig. 5 that a larger value of SNR implies a lesser BER and a greater 

channel capacity. 

 

 Fig. 5.Channel capacity versus SNR 

Fig. 6 presents the outage probability in terms of the threshold achievable rate under strong 

turbulence condition. It is observed that a lesser threshold SNR 𝑆𝑁𝑅!!  causes the receiver to pick up 

relatively weaker signals, thus decreasing the probability of signal outage at the receiver. 



 

Fig. 6.Outage probability versus threshold SNR 

6.   Conclusion 

A BPSK based SIM-FSO channel weakened by strong atmospheric attenuation and channel fading 

was studied. The primary cause causing the turbulence and pointing error was identified as heavy fog. 

Mathematical expressions for the combined channel fading model (induced fading and misalignment fading) 

were derived. A BPSK signal was transmitted through the considered SIM-FSO system operating over K-

distributed channels in the presence of strong atmospheric turbulence. The performance of the system was 

analyzed by deriving novel closed-form analytical expressions for average BER, channel capacity and 

outage probability of the system. It was observed that better BER performance could be obtained by 

increasing the detector responsivity or increasing the SNR. Also, an atmospheric system having lesser 

atmospheric turbulences (i.e. higher value of effective large and small scale turbulent eddies) was observed 

to exhibit better BER performance. A transmission with higher SNR was observed to provide greater 

channel capacity. It was also observed that a detector having lower threshold SNR value could pick up 

relatively weaker signals thus reducing the outage probability. 

Appendix: A: Proof of channel model [Eq. (6)] 

The channel model of our considered SIM-FSO system is reproduced from Eq. (5). 



𝑓! ℎ = !!!(!")(!!!) !

!!!! !
!!(!)!(!)

ℎ!!!!× ℎ!
!!! !!!!!!𝐾 !!!

!
! !!!!

2 𝛼𝛽ℎ! 𝑑ℎ!                 (A.1) 

The Bessel function 𝐾! 𝑥 of the second kind having order 𝑣can be expressed as Meijer G function using 

Eq. (A.2). Using this identity, Eq. (A.1) reduces to Eq. (A.3). 

𝐾! 𝑥 = !
!
𝐺!,!
!,! !!

!     ! !            !! !

          !                        !
           (A.2) 

𝑓! ℎ = !!!(!")(!!!) !

!!!! !
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ℎ!!!!× !
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× ℎ!
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!,! 𝛼𝛽ℎ! (!!!) !              (!!!) !

                !                                              !!
! !!!!

𝑑ℎ!              (A.3) 

Then [24, Eq. (07.34.21.0085.01)] is used to solve the above integral followed by further simplification 

using [24, Eq. (07.34.16.0001.01)] to obtain Eq. (6). 

Appendix: B: Proof of average BER [Eq. (10)] 

The probability of average BER expressed by Eq. (9) is reproduced. 

𝑃! =
!"!!

!!!!!(!)!(!)
× 0.5  erfc !!

!!!

!
! ×  𝐺!,!

!,! !"!
!!!! !!!!!,!!!,!!!    

                                  !!
𝑑ℎ       (B.1) 

The complementary error function  erfc ∙  can be expressed as Meijer G function using Eq. (B.2). Using this 

identity, Eq. (B.1) reduces to Eq. (B.3). 

erfc 𝑥 = !
!
𝐺!,!
!,! 𝑥 !,! !

          !                        (B.2)    

𝑃! =
!"!!

!!!!!(!)!(!)
× !

! !
𝐺!,!
!,! !!!!

!!!! !,! !

          !!
! ×𝐺!,!

!,! !"!
!!!! !!!!!,!!!,!!!    

                                  !!
𝑑ℎ         (B.3) 

By using [23, Eq. (21)] we solve the integral in Eq. (B.3) to obtain Eq. (10). 

Appendix: C: Proof of channel capacity [Eq. (12)] 

The channel capacity expressed by Eq. (11) is reproduced. 

𝐶 = 𝐵×log! 1+ (!!)!

!!!!
𝑓! ℎ 𝑑ℎ

!
!           (C.1) 

By converting base of logarithm to 𝑒 and using Eq. (6) for channel model, Eq. (C.1) reduces to Eq. (C.2) 

𝐶 = !
!"(!)

× !"!!

!!!!!(!)!(!)
× 𝐺!,!

!,! !"!
!!!! !!!!!,!!!,!!!  

                                !!
× ln 1+ (!!)!

!!!!
𝑑ℎ!

!         (C.2) 



Any logarithmic function of the form  ln 1+ 𝑥  can be expressed as Meijer G function using Eq. (C.3). 

Using this identity, Eq. (C.2) reduces to Eq. (C.4). 

ln 1+ 𝑥 = 𝐺!,!
!,! 𝑥 !,!

!,!                     (C.3)    

𝐶 = !
!"(!)

× !"!!

!!!!!(!)!(!)
× 𝐺!,!

!,! !"!
!!!! !!!!!,!!!,!!!  

                                !!
×𝐺!,!

!,! (!!)!

!!!! !,!

!,!
𝑑ℎ!

!       (C.4) 

By using [23, Eq. (21)] we solve the integral in Eq. (C.4) to obtain Eq. (12). 
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