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Abstract—Free space optical (FSO) wireless communication 

has recently emerged as one of the promising technologies but 

unfortunately its performance suffer severely from atmospheric 

turbulence conditions. In this paper, we considered a spatial 

modulation (SM) as a multiple antenna transmission concept 

that uses a transmitting antenna index for delivery of 

information data. In this technique, the advantage of spatial 

diversity was exploited at the receiver end as a mitigation 

technique. The performance analysis of free space optical 

spatial modulation (FSO-SM) system with different diversity 

combinations such as maximum ratio combining (MRC), equal 

gain combining (EGC) and selection combining (SC) under the 

influence of atmospheric-induced turbulence fading is presented. 

A theoretical error performance using average pairwise error 

probability (APEP) and the average bit error rate (ABER) for 

each diversity scheme over lognormal atmospheric turbulence 

channel are carried out. Based on this analysis, it was found that 

FSO-SM with MRC performs better than any other spatial 

diversity under the same atmospheric conditions. The 

performance of FSO-SM-EGC is also compared with the well-

established FSO-Subcarrier Intensity Modulation (SIM)-EGC 

and the result proved that the proposed configuration provides 

better mitigation techniques.  

 

Index Terms—Free space optical, spatial modulation, diversity 

combiners, average pairwise error probability, average bit error 

rate 

I. INTRODUCTION 

Free space optical (FSO) communication gains 

significant interest over the last two decades as an 

alternative, or adjunct, to radio frequency (RF) 

communication. It can offer potentially higher data rates 

(at the order of gigabits per second), cost effective, high 

security and wide bandwidth access without frequency 

spectrum regulations [1]. FSO systems have application 

in various areas such as the cellular communication 

backhaul, optical fiber communication and disaster 

recovery among other emerging applications [2], [3]. 

With all the inherent advantages of FSO, there are several 

challenges which degrade the performance of 

transmission of signal from transmitter to receiver via 

atmospheric channel. Such challenges are dynamic and 

complex and it includes pointing errors, building sway, 

scattering due to weather conditions such as fog, rain, 

snow and dust, and atmospheric turbulence due to the 
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variations in the refractive index of the transmission 

medium. These aforementioned problems contribute to 

the increase in the bit error rate of the FSO links [4]-[6]. 

The analytical and experimental results have shown that 

atmospheric turbulence induced fading effects have 

contributed severely to the degradation of the quality of 

service along the FSO link [7]-[10]. However, a lot of 

work presented in the area of FSO wireless 

communication mainly employed different methods to 

achieve an error free system and higher spectral 

efficiency. Due to the simplicity and low cost, 

conventional modulation schemes such as Off/On Key 

(OOK) and Pulse Position modulation (PPM) are mostly 

used in existing works [11], [12]. In [13], OOK 

modulation was used to study the performance of 

multihop relaying FSO over Gamma-Gamma turbulence-

induced fading with pointing error. However, this 

modulation scheme requires selecting adaptive thresholds 

appropriately in order to achieve optimal performance 

and also suffer from poor power efficiency. PPM 

modulation has good power efficiency and it has 

advantages of being used for both direct detection and 

coherent detection. A number of studies have adopted 

this modulation schemes such as in [14] where the error 

performance of direct detection optically pre-amplified 

M-ary PPM systems over slowly fading FSO channels 

was studied. In [15], the relay aided transmission scheme 

with M-ary PPM modulation was proposed to mitigate 

the effect of atmospheric turbulence and point error using 

coherent detection. In these previous works, the main 

drawback of PPM modulation is that, it suffers from 

bandwidth efficiency [16]. In [17], Pulse Amplitude 

Modulation (PAM) was proposed in conjunction with 

larger constellation sizes to enhance system performance, 

but leads to worse bit error rate performance. This 

approach also results in higher peak-to-average power 

ratio which can lead to non-linear distortion and clipping 

within the system. Alternatively, to overcome the 

limitation of the conventional modulation, sub-carrier 

intensity modulation (SIM) technology with SISO and/or 

MIMO configuration has been presented by many 

researchers aiming to provide high spectral efficiency 

[18], [19]. However, this technique offers a significantly 

higher transceiver complexity as the number of subcarrier 

increase and also causes poor optical average power 
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efficiency due to the increase in the number of required 

DC biases [20]. 

One of the promising techniques to improve the 

reliability of FSO systems against the atmospheric 

turbulence is by employing Multiple Input-Multiple 

Output (MIMO) techniques with multiple lasers at the 

transmitter and multiple photo-detectors at the receiver. 

This transmission scheme can provide high spectral 

efficiency and reduce the BER under the influence of 

scintillation effects without increase in power or 

bandwidth [21]-[23]. Apart from this, it also prevents the 

possible temporal blockage of the beam due to birds or 

moving objects and makes it possible to cover long 

distances through heavier weather conditions [24]. 

Traditionally, spatial multiplexing, especially Vertical 

Bell Labs Layered Space-Time Architecture (V-BLAST) 

and repetitive coding with conventional modulation 

techniques, have been mostly employed for the MIMO-

FSO systems design. In these techniques, the same 

information messages are sent simultaneously from the 

multiple transmit antennas [25]-[27] and the schemes 

provide high spectral efficiency at the expense of Inter-

Channel Interference (ICI), inter-antenna synchronization, 

multiple RF chains at the transmitter, increased 

transceiver complexity in order to avoid or cancel ICI, 

and the need to have a number of receiver antenna greater 

than or equal to the number of transmit antenna [28].  

Recently, Spatial Modulation (SM) emerged as a new 

and promising transmission technique for low-

complexity, power and bandwidth efficient MIMO 

wireless system implementation. Regardless of the 

number of receive antenna, it provides a data rate that 

increases logarithmically with the number of transmit 

antennas. In SM, a block of information bits is mapped 

into two information carrying units: i) one group of bits 

is used to select transmit antenna index to be activated, 

and ii) the second group determines the modulation 

symbol to be sent [29], [30]. In this case, a lot of 

researches results have shown that SM offers better error 

performance, higher spectral efficiency with moderate 

transmit antennas and a significant reduction in 

transceiver complexity than any other popular 

conventional MIMO schemes [31]-[35]. This is as a 

result of a single transmit antenna which is active in each 

signaling period while others are kept silent. This enables 

the use of a single RF chain for data transmission, which 

in turn reduces the system complexity and at the same 

time completely avoids the ICI [36].  

The research in the field of FSO wireless systems that 

employ spatial modulation techniques is still in its 

infancy stage despite the upsurge of the research interest. 

By our knowledge, relevant contributions to the 

performance analysis of the scheme are quite limited with 

several fundamental design issues still needing to be 

explained and fully understood. From the recent open 

technical literature, specifically in [37], SIM was 

combined with SM to enhance the FSO system 

performance, but the study provides no analytical 

framework for the system Average Bit Error Rate 

(ABER). In [38], SM was integrated with Pulse Position 

Amplitude modulation (PPAM) under the atmospheric 

turbulence for coded and uncoded signals, but increases 

in transmitting units caused the optical channel to be 

highly correlated. In addition, bits are distributed to the 

spatial domain PPAM which increased the computational 

complexity at the receiver end. SM was also proposed for 

a coherent detection FSO system under Homodyned-K 

(H-K) atmospheric turbulent channel in [39] and the 

generic analytical framework for obtaining ABER was 

also determined. However, the significant performance 

enhancement of this work was achieved on increasing the 

number of receive units which also resulting in highly 

correlated optical MIMO channel for the system as the 

geometry difference between Photo-Diode (PD) decrease 

with increase in link distance. 

Due to the aforementioned issues above and the fact 

that spatial modulation causes the MIMO-FSO system to 

act as a SIMO at any instant in time, it is necessary to 

improve the system performance by employing spatial 

diversity at the receiver end. Thus, the aim of this paper 

is to study the performance of SM-MIMO-FSO wireless 

systems under different spatial diversity combiners such 

as MRC, EGC and SC over the atmospheric turbulence 

channel using heterodyne detection as receiver. The 

generic analytical framework for ABER is theoretically 

derived for each diversity scheme using the pairwise 

error probability and the union bounding method when 

the turbulent condition is lognormal distribution. Based 

on the derived ABER, the performance of each combiner 

is evaluated for specific parameters of the free-space 

optical link.  

The contributions of this paper to the body of 

knowledge are three fold with reference to recent 

literature: i) the performance of SM-MIMO-FSO systems, 

operating over a lognormal channel with MRC, EGC and 

SC combiners at the receiver is, studied. ii) a general 

closed-form APEP expression for each diversity 

combiner is derived, and iii) the derived APEP is used to 

obtain ABER using the union bounding technique. 

The remainder of this paper is organized as follows: 

after this introductory section, Section II presents the 

system and channel model. In section III, the general 

APER upper bounding framework is described together 

with the analysis of APEP over a Lognormal Channel for 

each diversity combiner in subsection of III. Numerical 

and simulation results for the system performance, with 

their interpretation are presented in section IV. Finally, 

the concluding remarks are outlined in Section V. 

II. SYSTEM AND FREE SPACE OPTICAL CHANNEL 

MODELS 

A. System Model 

In this paper, we consider a MIMO/FSO link 

consisting of 𝑁𝑡  transmit laser units and  𝑁𝑟  heterodyne 
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receivers as illustrated in Fig. 1. The 𝑁𝑟 receive apertures 

are assumed to be separated sufficiently by more than a 

coherent length from each other so as to ensure the 

independency of channel fading. Random sequences of 

independent incoming information bit streams to be 

transmitted at each time instant are mapped into vectors 

of log2(𝑁𝑡𝑀) bits. This is further split into sub-vectors 

with the first group of log2(𝑁𝑡) bits are used to indicate 

the active transmit-laser index 𝑙, for transmission while 

the last log2(𝑀) bits are used to choose a 𝑘𝑡ℎ BPSK 

symbol from the signal-constellation diagram. The 

information bits are modulated on the electric field of an 

optical beam as 𝑥𝑘 = 𝑥𝑘exp (𝑗𝜙𝑥𝑘
)  which is then emitted 

from the active transmit-laser index 𝑙  over the MIMO 

atmospheric turbulence channel, and thus can be 

formulated as a 1 × 𝑁𝑡  dimensional transmitted signal 

vector given as [37]: 

𝑋𝑙,𝑘 = [0 0. . . 𝑥𝑘⏞
𝑘𝑡ℎ𝑙𝑎𝑠𝑒𝑟 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛

. . .0 0]𝑇 
(1) 

At the receiver, the transmitted SM optical field is 

mixed with a local oscillator field and the photo-detector 

convert the combined signal into electrical form. The 

intermediate frequency component is then extracted by 

using bandpass filter. Thus, the photocurrent generated 

during the 𝑘𝑡ℎ  symbol interval by the 𝑟𝑡ℎ  receiver in 

response to the square of the aggregate optical field can 

be expressed as [39], [40]: 

𝑖𝑟(𝑡) =
𝑅

𝑍𝑜

[𝐸𝑟(𝑡)]
2 + 𝑧𝑟(𝑡) (2) 

where is 𝑍𝑜 is the free space impedance, 𝑅 = 𝜂𝑞𝑒/(ℎ𝑣𝑜) 

is the Responsivity of the photo-detector with charge 

electron  𝑞𝑒 = 1.6 × 10−19𝐶 , plank constant ℎ = 6.6 ×
10−34𝐽𝑠, 𝜂 denotes the photo-detector efficiency and the 

optical central frequency  𝑣𝑜 = 𝜔𝑜/2𝜋  and 𝐸𝑟(𝑡)  is the 

received field at the plane of the 𝑟𝑡ℎ receiver and this can 

be expressed as [40]: 

𝐸𝑟(𝑡) =  √2𝑃𝑡𝑍𝑜𝑥𝑘ℎ𝑙,𝑟𝑐𝑜𝑠(𝜔𝐿𝑂𝑡 + 𝜙𝑙,𝑟 + 𝜙𝑥𝑘
)

+ √2𝑃𝐿𝑂𝑍𝑜𝑐𝑜𝑠(𝜔𝐿𝑂𝑡) (3) 

where ℎ𝑙,𝑟 and 𝜙𝑙,𝑟  is the magnitude and the phase of the 

complex channel between the 𝑙𝑡ℎ activatived transmit 

laser and the 𝑟𝑡ℎ  receiver aperture respectively, 𝜙𝑥𝑘  is the 

phase of the 𝑘𝑡ℎ transmitted SM symbol, 𝑃𝑡  and 𝑃𝐿𝑂  are 

respectively denoted the transmit laser power and power 

of the local oscillator, 𝜔𝐿𝑂  is the local oscillator 

frequency which is given as 𝜔𝐿𝑂 = 𝜔𝐶 + 𝜔𝐼𝐹 where are 

𝜔𝐶  and 𝜔𝐼𝐹  the carrier and intermediate frequencies 

respectively. 

By substituting (3) into (2) and solve the expansion 

with the elimination of double-frequency terms by 

bandpass filter, the photocurrent can thus be expressed as: 

𝑖𝑟(𝑡) = 𝑅𝑃𝑡𝑥𝑘
2ℎ𝑙,𝑟

2 + 𝑅𝑃𝐿𝑂

+ 2𝑅√𝑃𝑡𝑃𝐿𝑂𝑥𝑘ℎ𝑙,𝑟𝑐𝑜𝑠(𝜔𝐿𝑂𝑡

− 𝜙𝑙,𝑟 − 𝜙𝑥𝑘
) + 𝑧𝑟(𝑡) 

≜ 𝑖𝐷𝐶(𝑡) + 𝑖𝐴𝐶(𝑡) + 𝑧𝑟(𝑡)  

(4) 

where 𝑖𝐴𝐶(𝑡) ≜ 2𝑅√𝑃𝑡𝑃𝐿𝑂𝑥𝑘ℎ𝑙,𝑟𝑐𝑜𝑠(𝜔𝐿𝑂𝑡 − 𝜙𝑙,𝑟 − 𝜙𝑥𝑘
) 

is the received photocurrent which contains the 

information about the frequency and the phase of the 

received signal that differentiate the heterodyne receiver 

from direct detection. The term  𝑖𝐷𝐶(𝑡) = 𝑅(𝑃𝑡𝑥𝑘
2ℎ𝑙,𝑟

2 +

𝑃𝐿𝑂) is the DC component generated by the signal and 

the local oscillator respectively. This DC component 

leads to signal and local oscillator noises with variance 

𝜎𝑠ℎ𝑜𝑟𝑡,𝑠
2 = 2𝑞𝑒𝑅𝑃𝑡𝑥𝑘

2ℎ𝑙,𝑟
2 ∆𝑓  and 𝜎𝑠ℎ𝑜𝑟𝑡,𝐿

2 =

2𝑞𝑒𝑅𝑃𝐿𝑂∆𝑓  respectively where ∆𝑓  denotes the noise 

equivalent bandwidth of the photo-detector. Since it is 

assumed that the intermediate frequency in heterodyne 

receiver is said to be nonzero [40]-[42], thus the signal 

power can be expressed as  𝑃𝑠 = 2𝑅2𝑃𝑡𝑃𝐿𝑂𝑥𝑘
2ℎ𝑙,𝑟

2  . It is 

noted that when  𝑃𝐿𝑂 ≫  𝑃𝑠 , 𝜎𝑠ℎ𝑜𝑟𝑡,𝑠 
2 becomes negligible 

and the DC component can be approximated as 𝑖𝐷𝐶(𝑡) ≈
𝑅𝑃𝐿𝑂 . Thus, the Signal-to-Noise Ratio (SNR) for the 

heterodyne detection of 𝑟𝑡ℎ  receiver in a given symbol 

period can be expressed as [40]: 

SNRHet =
Ps

σshort,L
2 =

RPt|xkhl,r|
2

qe∆f
 (5) 

The received signal model for the heterodyne detection 

of 𝑟𝑡ℎ receiver can be statistically expressed based on the 

SNR defined in (5) as [39], [40]:   

𝑦𝑟 = √𝜌 ℎ𝑙,𝑟𝑥𝑘exp (𝑗𝜙𝑙,𝑟 + 𝑗𝜙𝑥𝑘
)  + 𝑧𝑟(𝑡) 

                ≜ √𝜌ℎ𝑙𝑥𝑘 + 𝑧𝑟(𝑡)  

(6)
 

where  𝜌 = 𝑅𝑃𝑡 ∕ (𝑞𝑒∆𝑓)  is the average received SNR, 

 𝑥𝑘  corresponds to electric field 𝑥𝑘exp (𝑗𝜙𝑥𝑘
) transmitted 

over the optical channel, 𝑧𝑟 is the 𝑁𝑟 × 1 local oscillator 

noise signal whose elements are modeled as independent 
identically distributed (i.i.d.) Additive White Gaussian 

Noise (AWGN) according to ~𝐶𝑁(0, 𝜎𝜂
2) and ℎ𝑙  denotes 

to be the activation of the 𝑖𝑡ℎ column of channel matrix 𝐻 
for a randomly chosen 𝑙 during each transmission period 

as: 

ℎ𝑙

= [ℎ1𝑙exp (𝑗𝜙1,𝑙), ℎ2𝑙 exp (𝑗𝜙2,𝑙). . . ℎ𝑁𝑟𝑙exp (𝑗𝜙𝑁𝑟𝑙)]
𝑇

 
(7)

 

Then, optical channel matrix 𝐻
 
for the system can be 

described as a 𝑁𝑟 × 𝑁𝑡
 
dimensional optical MIMO 

channel which is defined [39] as in (8). Where ℎ𝑖𝑗  denote 

the channel path gain between
 

the transmit

 

laser and 

receive PD 𝑗𝑡ℎ for 𝑖 = 1,2, . . . 𝑁𝑡
 
and 𝑗 = 1,2, . . . 𝑁𝑟.
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                      𝐻(𝑡) = [ℎ1, ℎ2, . . . , ℎ𝑁𝑡
]

≜

[
 
 
 

ℎ11(𝑡)exp (𝑗𝜙11) ℎ12(𝑡)exp (𝑗𝜙12) ⋯ ℎ1𝑁𝑡
(𝑡)exp (𝑗𝜙1𝑁𝑡

)

ℎ21(𝑡)exp (𝑗𝜙21) ℎ22(𝑡)exp (𝑗𝜙22) ⋯ ℎ2𝑁𝑡
(𝑡)exp (𝑗𝜙2𝑁𝑡

)

⋮
ℎ𝑁𝑟1(𝑡)exp (𝑗𝜙𝑁𝑟1)

⋮
ℎ𝑁𝑟2(𝑡)exp (𝑗𝜙𝑁𝑟2)

⋮
… ℎ𝑁𝑟𝑁𝑡

(𝑡)exp (𝑗𝜙𝑁𝑟𝑁𝑡
)]
 
 
 (8)

It is assumed that the received signal in (6) is 

combined using the spatial diversity combiner such as 

MRC, EGC and SC combiners. Thereafter, the SM 

detector is applied to detect the Laser transmit index 

𝑙 and �̂� constellation symbol which are used to decode 

the transmitted bit stream. Actually, there are three 

different SM detectors that are mostly used, namely 

Minimum Mean Square Error (MMSE), Maximum 

likelihood (ML) and Optimal Detection (OD) [41].

In this work, a jointly optimized OD is employed as a 

SM detector due to its excellent performance compared 

to the others [31], [43] and can be expressed as:

[𝑙 , �̂�] = 𝑎𝑟𝑔max
𝑙 ,�̂�

𝑝𝑌(𝑦|𝑋𝑙,𝑘, 𝐻)

           ≜ 𝑎𝑟𝑔min
𝑙 ,�̂�

√𝜌‖ℎ𝑙𝑥𝑘‖𝐹
2 − 2𝑅𝑒{𝑦𝐻ℎ𝑙𝑥𝑘}

(9)

where 𝑙 and �̂� are the estimated laser and transmitted 

symbol index, respectively, 𝑝𝑌(𝑦|𝑥𝑙,𝑘 , 𝐻)  is the 

probability density function (PDF) of y conditioned on H 

and 𝑥𝑙,𝑘 which can be expressed as [43]:

𝑝𝑌(𝑦|𝑋𝑙,𝑘, 𝐻) = 𝜋−𝑁𝑟𝑒𝑥𝑝 (−‖𝑦 − √𝜌𝐻𝑋𝑙,𝑘‖𝐹

2
) (10)

B. Free Space Optical Channel Model

In this paper, we consider the lognormal distribution 

model for the fade statistics with the fading coefficients 

normalized to unity. All the elements of the channel 

matrix 𝐻 are assumed to be independent identical 

distribution (i.i.d) channel fluctuation due to atmospheric 

turbulence and this is valid provided that the separation 

between the antenna arrays are sufficiently large or equal 

to the correlation length. According to this model, the 

channel fading for random variable ℎ𝑖,𝑗(𝑡) is a lognormal 

distribution with mean and variance given as ~𝑁(−𝜎ℎ
2/

2, 𝜎ℎ
2) and its PDF can be written as [44]:

𝑓𝐻(ℎ) =  
ℎ−1

𝜎ℎ√2𝜋
𝑒𝑥𝑝 (−

(ln(ℎ) + 𝜎ℎ
2/2)2

2𝜎ℎ
2 ) (11)

where 𝜎ℎ
2 = 4𝜎𝑥

2 is the variance and 𝜎𝑥
2 = 𝑒𝑥𝑝(𝜉1 +

𝜉2) − 1 is defined as the log-amplitude variance of the 

optical intensity for spherical wave propagation in which 

𝜉1 and 𝜉2 are expressed in equation (12)

H

+

AWGN
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Fig. 1. FSO MIMO Spatial Modulation System where PD: Photo-detector, BC: Beam 

𝜉1 =
0.4𝜎𝑅

2

(1 + 0.18𝑑2 + 0.56𝜎𝑅

12
5 )

7
6

(

𝜉2 =
0.51𝜎𝑅

2(1 + 0.69𝜎𝑅
12/5

)
−5/6

1 + 0.9𝑑2 + 0.62𝑑2𝜎𝑅
12/5

(12)

In (8) and (9), 𝑑 = √𝑘𝐷2/4𝐿, where 𝐿 and 𝐷 are the 

link distance and the receiver aperture diameter of the PD, 

respectively, and 𝑘 = 2𝜋/𝜆 is the optical wave number 

with  defined as the optical wavelength. The parameter 
2

R is the Rytov Variance which describes the 

atmospheric turbulence intensity and it is given as [45]:

𝜎𝑅
2 = 0.49𝐶𝑛

2𝑘7/6𝐿11/6 (13)

where 𝐶𝑛
2 = (79 × 10−6𝑝/𝑇)2𝐶𝑇

2 with 𝑃 , 𝑇 , and 𝐶𝑛
2

defined as atmospheric pressure, temperature and 

temperature structure constant, respectively. The value of 

the parameter 𝐶𝑛
2  varies from 10−17 to 10−13𝑚−2/3

according to turbulence conditions.

III. PERFORMANCE ANALYSIS

In this section, the analytical expression for the ABER 

under the lognormal channel is derived using the well 

know union bounding technique. 

The ABER under no turbulence condition is union 

bounded as [32], [46]:



𝐴𝐵𝐸𝑅𝑆𝑀

≤
(𝑁𝑡𝑀)−1

log2(𝑁𝑡𝑀)
∑ ∑ ∑ ∑ 𝑁(𝑘, �̂�)𝐴𝑃𝐸𝑃(𝑥𝑙,𝑘

𝑀

 �̂�=𝑘+1

𝑁𝑡

𝑙 ̂=𝑙+1

𝑀

𝑘=1

𝑁𝑡

𝑙=1

→ 𝑥𝑙,̂�̂�)
 

(14)
 

where 𝑁(𝑘, �̂�) is the number of bit error when selecting 

𝑘  instead of �̂� as the transmit unit index, 𝑃𝐸𝑃(𝑥𝑙,𝑘 →

𝑥𝑙,̂�̂�)  denotes the Average Pairwise Error Probability 

(APEP) of deciding on the constellation vector 𝑥𝑙,̂�̂� given 

that 𝑥𝑙,𝑘 is transmitted. The 𝑃𝐸𝑃(𝑥𝑙,𝑘 → 𝑥𝑙,̂�̂�) for each of 

the combiner schemes can therefore be derived as follows: 

𝑃𝐸𝑃(𝑥𝑙,𝑘 → 𝑥𝑙,̂�̂�) = 𝐸 [𝑄 (√
𝜌

4
𝑍)] (15)

 

where 𝜌  is the average SNR earlier defined and 𝑍 =
‖ℎ𝑙𝑥𝑘 − ℎ𝑙𝑥�̂�‖𝐹

2  

A. Derivation of PEP for the Combining Techniques 

In this sub-section, the spatial diversity schemes 

considered are the MRC, EGC and SC and the tight 

bounds on the PEP are derived for each combining 

technique. 

B. Maximal Ratio Combining 

In MRC, the receiver weights all the incoming optical 

radiation signals by the fading attenuation of each path 

link. The weighted signals are then co-phased and 

coherently added to obtain the combiner output. The 

pairwise error probability conditioned on 𝐻 is defined for 

MRC as [47], [48]: 

𝑃𝐸𝑃𝑀𝑅𝐶(𝑥𝑙,𝑘 → 𝑥𝑙,̂�̂�|𝐻)

= 𝑄 (√
𝜌

4
‖ℎ𝑙𝑥𝑘 − ℎ𝑙𝑥�̂�‖𝐹

2)   (16) 

The squared Frobenious norm in (16) can be written as 

[39]: 

𝑍 = ‖ℎ𝑙𝑥𝑘 − ℎ𝑙𝑥�̂�‖𝐹
2 ≜ ∑|ℎ𝑙𝑥𝑘 − ℎ𝑙𝑥�̂�|

2

𝑁𝑟

𝑛=1

 (17)  

Thus, 

 

𝑃𝐸𝑃𝑀𝑅𝐶(𝑥𝑙,𝑘 → 𝑥𝑙,̂�̂�|𝐻)

= 𝑄

(

 √
𝜌

4
∑|ℎ𝑙𝑥𝑘 − ℎ𝑙𝑥�̂�|

2

𝑁𝑟

𝑛=1
)

  
(18)  

 Let the 𝛼𝑛 = ℎ𝑙𝑥𝑘 − ℎ𝑙𝑥�̂�  be defined as a complex 

Gaussian random variable with the real and imaginary 

parts of the components being a lognormal distribution 

with equal mean and variance, then the PEP can be 

further expressed as: 

𝑃𝐸𝑃𝑀𝑅𝐶(𝑥𝑙,𝑘 → 𝑥𝑙,̂�̂�|𝐻) = 𝑄

(

 √
𝜌

4
∑|𝛼𝑛|2

𝑁𝑟

𝑛=1
)

  (19) 

By using the Craig’s formulated Q-function given as 

𝑄(𝑥) =
1

𝜋
∫ 𝑒𝑥𝑝 (−

𝑥2

2𝑠𝑖𝑛2𝜃
) 𝑑𝜃

𝜋

0
 and subsequently 

integrate over the randomness of the channel coefficients 

to determine the unconditional PEP as: 

𝐴𝑃𝐸𝑃𝑀𝑅𝐶(𝑥𝑙,𝑘 → 𝑥𝑙,̂�̂�|𝐻)

=
1

𝜋
∫ 𝑒𝑥𝑝 (−

𝜌 ∑ |𝛼𝑛|2𝑁𝑟
𝑛=1

8𝑠𝑖𝑛2𝜃
) 𝑑𝜃

𝜋
2

0

    
(20) 

The average pairwise error probability of 

MRC, 𝐴𝑃𝐸𝑃𝑀𝑅𝐶  , can therefore be obtained by averaging 

(18) over the fading statistic and is given as: 

𝐴𝑃𝐸𝑃𝑀𝑅𝐶

=
1

𝜋
∫ ∫ 𝑒𝑥𝑝 (−

𝜌 ∑ |𝛼𝑛|2𝑁𝑟
𝑛=1

8𝑠𝑖𝑛2𝜃
) 𝑓|𝛼𝑛|2(𝑧)𝑑𝑧𝑑𝜃

∞

0

𝜋/2

0

 (21) 

where the |𝛼𝑛|2 lognormal PDF of the fading channel can 

be expressed as: 

𝑓|𝛼𝑛|2(𝑧) =  
𝑧−1

𝜎ℎ√2𝜋
𝑒𝑥𝑝 (−

(ln(𝑧) + 𝜎ℎ
2/2)2

2𝜎ℎ
2 )    (22) 

With the aid of the Moment Generating Function 

(MGF)-based method for analyzing the performance of 

wireless communication systems over fading channel, the 

average PEP from (21) can therefore also be further 

obtained as: 

𝐴𝑃𝐸𝑃𝑀𝑅𝐶 ≜
1

𝜋
∫ ∏ [𝑀|𝛼𝑛|2 (

𝜌

8𝑠𝑖𝑛2𝜃
)] 𝑑𝜃

𝑁𝑟

𝑛=1

𝜋
2

0

   (23) (23) 

where integral representation of the MGF of |𝛼𝑛|2 can be 

expressed as: 

𝑀|𝛼𝑛|2(𝑠) = ∫ exp (𝑠𝑧)𝑓|𝛼𝑛|2(𝑧)𝑑𝑧

∞

0

 

≜ ∫ exp (𝑠𝑧)
𝑧−1

𝜎ℎ√2𝜋
𝑒𝑥𝑝 (−

(ln(𝑧) + 𝜎ℎ
2/2)2

2𝜎ℎ
2 )𝑑𝑧

∞

0

 

(24) 

 

Due to the fact that the integral expression presented in 

(23) has no possible solution, it is difficult, if not 

impossible to evaluate in closed form. Therefore, a tight 

approximation for Gaussian Q-function is obtained using 

equations (2) and (14) in [49] as 𝑄(𝑥) ≈
1

12
exp (−

𝑥2

2
) +

1

4
exp (−

2𝑥2

3
) . 
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Based on a tight approximation for Gaussian Q-

function, (19) can the expressed as: 

𝑃𝐸𝑃𝑀𝑅𝐶(𝑥𝑙,𝑘 → 𝑥𝑙,̂�̂�|𝐻)

≜
1

12
𝑒𝑥𝑝 (−

𝜌

8
∑|𝛼𝑛|2

𝑁𝑟

𝑛=1

)

+
1

4
exp (−

𝜌

6
∑|𝛼𝑛|2

𝑁𝑟

𝑛=1

)
 

(25) 

If we let  𝑅 = |𝛼𝑛|2 , then the APEP for the 

approximate MRC can be obtained as: 

𝐴𝑃𝐸𝑃𝑀𝑅𝐶

=
1

12
∏∫ 𝑒𝑥𝑝 (−

𝜌

8
𝑅) 𝑓𝑅(𝑅)𝑑𝑅

∞

0

𝑁𝑟

𝑛=1

+
1

4
∏∫ 𝑒𝑥𝑝 (−

𝜌

6
𝑅) 𝑓𝑅(𝑅)𝑑𝑅

∞

0

𝑁𝑟

𝑛=1

 

 ≜
1

12
∏[𝑀|𝛼𝑛|2 (

𝜌

8
)] +

1

4

𝑁𝑟

𝑛=1

∏ [𝑀|𝛼𝑛|2 (
𝜌

6
)]

𝑁𝑟

𝑛=1

 

(26)  

where 𝑀|𝛼𝑛|2(𝑠) = ∫ 𝑒𝑥𝑝(−𝑠𝑅)𝑓|𝛼𝑛|2(𝑅)𝑑𝑅
∞

0
 

By numerical integration, (26) would actually produce 

no closed form solution. As a result of this, the use of 

Gauss Hermit quadrature integration circumvents this 

problem and this is expressed as [44]: 

∫ 𝑓(𝑎)exp (−𝑎)𝑑𝑎

∞

−∞

≅ ∑ 𝑤𝑗𝑓(𝑎𝑗)

𝑁𝑒

𝑗=1

        (27) 

where 𝑁𝑒
𝑡ℎ is the order of the Hermite polynomial 𝐻𝑒𝑛(. ) 

with its value typically set at 20 gives an excellent 

accuracy, {𝑎𝑗}𝑗=1

𝑁𝑒
 and {𝑤𝑗}𝑗=1

𝑁𝑒
 represent the zeros of the 

𝑁𝑒
𝑡ℎ order Hermit polynomial 𝐻𝑒𝑛(𝑎) and corresponding 

weight factors, respectively. Thus, 𝑤𝑗  can be expressed 

[50]: 

𝑤𝑗 =
2𝑁𝑒−1𝑁𝑒! √𝜋

𝑁𝑒
2[𝐻𝑒𝑁𝑒−1(𝑎𝑗)]

2 (28) 

Using the Gauss-Hermit quadrature integration given 

in (27), then (26) can therefore be expressed as: 

𝑀|𝛼𝑛|2(𝑠) = ∑
𝑤𝑗

√𝜋
𝑒𝑥𝑝[𝑧𝑒𝑥𝑝(𝑎𝑗√2𝜎ℎ − 𝜎ℎ

2/2)]

𝑁𝑒

𝑗=1

 (29) 

By incorporating (29) in (26), the improved 

approximate APEP expression for the MRC can be 

written as in (30).  

 

𝐴𝑃𝐸𝑃𝑀𝑅𝐶 =
1

12
∏ [∑

𝑤𝑗

√𝜋
𝑄 [

𝜌

8
𝑒𝑥𝑝(𝑎𝑗√2𝜎ℎ𝑛

− 𝜎ℎ𝑛

2 /2)]

𝑁𝑒

𝑗=1

]

𝑁𝑟

𝑛=1

+
1

4
∏[∑

𝑤𝑗

√𝜋
𝑄 [

𝜌

6
𝑒𝑥𝑝(𝑎𝑗√2𝜎ℎ𝑛

− 𝜎ℎ𝑛

2 /2)]

𝑁𝑒

𝑗=1

]

𝑁𝑟

𝑛=1

                              (30)

 

 

𝐴𝐵𝐸𝑅𝑆𝑀(𝑀𝑅𝐶) ≤ 
(𝑁𝑡𝑀)−1

log2(𝑁𝑡𝑀)
∑ ∑ ∑ ∑ 𝑁(𝑘, �̂�) [

1

12
∏ [∑

𝑤𝑗

√𝜋
𝑄 [

𝜌

8
𝑒𝑥𝑝 (𝑎𝑗√2𝜎ℎ𝑛

−
𝜎ℎ𝑛

2

2
)]

𝑁𝑒

𝑗=1

]

𝑁𝑟

𝑛=1

𝑀

 �̂�=𝑘+1

𝑁𝑡

𝑙 ̂=𝑙+1

𝑀

𝑘=1

𝑁𝑡

𝑙=1

+
1

4
∏ [∑

𝑤𝑗

√𝜋
𝑄 [

𝜌

6
𝑒𝑥𝑝 (𝑎𝑗√2𝜎ℎ𝑛

−
𝜎ℎ𝑛

2

2
)]

𝑁𝑒

𝑗=1

]

𝑁𝑟

𝑛=1

31)
 

 

Finally, plugging (30) into (14), the closed form 

expression for the average BER for MRC diversity 

technique in SM-MIMO-FSO systems over lognormal 

fading channel can be obtained as in (31) above this page. 

C. Equal Gain Combining 

In EGC, the diversity combiner co-phases and equally 

weights the incoming optical radiation on each PD and 

then coherently sums them. The pairwise error 

probability of EGC can be expressed as [47], [48]: 

𝑃𝐸𝑃𝐸𝐺𝐶(𝑥𝑙,𝑘 → 𝑥𝑙,̂�̂�|𝐻)

= 𝑄

(

 √
𝜌

4𝑁𝑟

(∑|ℎ𝑙𝑥𝑘 − ℎ𝑙𝑥�̂�|

𝑁𝑟

𝑛=1

)

2

)

 

≜ 𝑄

(

 √
𝜌

4𝑁𝑟

(∑|𝛼𝑛|

𝑁𝑟

𝑛=1

)

2

)

  

(32)  
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Defining 𝑃 = ∑ |𝛼𝑛|𝑁𝑟
𝑛=1  as the sum of  𝑁𝑟  lognormal 

random variables, it can be approximately expressed by a 

single lognormal variable  𝑃 ≈ exp (𝑦) , where y  is 

normally distributed with mean 
y  and variance

2

y . 

Thus, the PDF for the approximate lognormal P is given 

by:  

𝑓𝑃(𝑃) =  
𝑃−1

𝜎𝑦√2𝜋
𝑒𝑥𝑝 (−

(ln(𝑃) + 𝜇𝑦)
2

2𝜎𝑦
2

) (33) 

where its mean and variance can be expressed as 

𝜇𝑦 = ln(𝑁𝑟) −
1

2
ln (1 +

𝑒𝑥𝑝(𝜎ℎ
2)−1

𝑁𝑟
) and 𝜎𝑦

2 =

ln (1 +
𝑒𝑥𝑝(𝜎ℎ

2)−1

𝑁𝑟
)  respectively. By using the Craig’s 

formula for the Gaussian Q-function which is defined as 

𝑄(𝑥) =
1

𝜋
∫ 𝑒𝑥𝑝 (−

𝑥2

2𝑠𝑖𝑛2𝜃
) 𝑑𝜃 

𝜋

0
and the MGF based 

method, the average PEP can be obtained as: 

 𝐴𝑃𝐸𝑃𝐸𝐺𝐶 = ∫ 𝑄 (√
𝜌

4𝑁𝑟

𝑃2)𝑓𝑃(𝑃)𝑑𝑃

∞

0

 (34) 

≜
1

𝜋
∫ [𝑀𝑝 (

𝜌

8𝑁𝑟𝑠𝑖𝑛
2𝜃

)] 𝑑𝜃

𝜋
2

0

 

where 𝑀𝑝(. ) is the Moment Generating Function (MGF) 

for the random variable 𝑃 and can be deduced as: 

𝑀𝑃(𝑠)

= ∫ exp (𝑠𝑃)
𝑃−1

𝜎𝑦√2𝜋
𝑒𝑥𝑝 (−

(ln(𝑃) − 𝜇𝑦)
2

2𝜎𝑦
2

)𝑑𝑃

∞

0

 (35) 

The closed form expression for (35) can therefore be 

tightly approximated by using the Gaussian-Hermit 

expression defined in (27) as: 

𝑀𝑃(𝑠) = ∑
𝑤𝑗

√𝜋
𝑒𝑥𝑝[𝑃𝑒𝑥𝑝(𝑎𝑗√2𝜎𝑦 + 𝜇𝑦)]

𝑁𝑒

𝑗=1

 (36) 

The average PEP expression for EGC technique can 

finally be obtained by using (35) in (31) which is written 

as: 

𝐴𝑃𝐸𝑃𝐸𝐺𝐶 = ∑
𝑤𝑗

√𝜋
𝑄 [

𝜌

4𝑁𝑟

𝑒𝑥𝑝(𝑎𝑗√2𝜎𝑦 + 𝜇𝑦)]

𝑁𝑒

𝑗=1

 (37) 

𝐴𝐵𝐸𝑅𝑆𝑀(𝐸𝐺𝐶) ≤
(𝑁𝑡𝑀)−1

log2(𝑁𝑡𝑀)
∑ ∑ ∑ ∑ 𝑁(𝑘, �̂�)

𝑀

 �̂�=𝑘+1

𝑁𝑡

𝑙 ̂=𝑙+1

𝑀

𝑘=1

𝑁𝑡

𝑙=1

[∑
𝑤𝑗

√𝜋
𝑄 [

𝜌

4𝑁𝑟

𝑒𝑥𝑝(𝑎𝑗√2𝜎𝑦 + 𝜇𝑦)]

𝑁𝑒

𝑗=1

38) 

 

By substituting (37) into (14), the closed form 

expression for the average BER for EGC diversity 

technique in SM-MIMO-FSO system over lognormal 

fading channel can finally be obtained as defined in (38) 

above this page. 

D. Selection Combining 

The combiner samples all the optical radiation from 

the transmit lasers and selects the link with the maximum 

signal strength that is ℎ𝑚𝑎𝑥 =

𝑚𝑎𝑥(ℎ1
2, ℎ2

2, . . . , ℎ𝑁𝑟
2 ) without the need of estimating the 

phase of all incoming radiation. In this case, the pairwise 

error probability for the selection combiner is given as 

[48], [51]:  

 

𝑃𝐸𝑃𝑆𝐶(𝑥𝑙,𝑘 → 𝑥𝑙,̂�̂�|𝐻) = 𝑄 (√
𝜌

4
(ℎ|𝑥𝑙,𝑘 − 𝑥𝑙,̂�̂�|)

2
) (39) 

In the (39), the ℎ|𝑥𝑙,𝑘 − 𝑥𝑙,̂�̂�|  can be expressed as 

random variable 𝑍. 
 

By using the Craig’s formulation, the PEP for the 

selection combiner can therefore be written as:   

𝑃𝐸𝑃𝑆𝐶(𝑥𝑙,𝑘 → 𝑥𝑙,̂�̂�|𝐻) = 𝑄 (√
𝜌

4
𝑍2) (40) 

                           ≜
1

𝜋
∫ 𝑒𝑥𝑝 (−

𝑍2𝜌

8𝑠𝑖𝑛2𝜃
) 𝑑𝜃

𝜋
2

0

 

Now, the average PEP for the receiver can be obtained 

by averaging the (39) with the application of MGF-based 

technique as:  

𝐴𝑃𝐸𝑃𝑆𝐶

=
1

𝜋
∫ ∫ 𝑒𝑥𝑝 (−

𝑍2𝜌

8𝑠𝑖𝑛2𝜃
)𝑓𝑧(ℎ𝑚𝑎𝑥)𝑑ℎ𝑚𝑎𝑥𝑑𝜃

∞

0

𝜋/2

0

 

≜
1

𝜋
∫ [𝑀ℎ𝑚𝑎𝑥

(
𝜌

8𝑠𝑖𝑛2𝜃
)] 𝑑𝜃

𝜋
2

0

 

(41) 

The PDF of  ℎ𝑚𝑎𝑥 , 𝑓𝑧(ℎ𝑚𝑎𝑥), can be determined by 

first deriving its cumulative density function and 

differentiating it with respect to ℎ𝑚𝑎𝑥  which is given as 

[44]:  

𝑓𝑧(ℎ𝑚𝑎𝑥) =
21−𝑁𝑟𝑁𝑟𝑒𝑥𝑝(−𝑢2)

ℎ𝜎ℎ√2𝜋
[1 + 𝑒𝑟𝑓(𝑢)]𝑁𝑟−1

 (42) 

where 𝑢 =
(ln(ℎ)+

𝜎ℎ
2

2
)

√2𝜎ℎ
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Through the use of the approximate MGF whose 

solution can be tightly approximated by the Gaussian-

Hermit expression defined in (27), then (41) can be 

further expressed as: 

𝑀ℎ𝑚𝑎𝑥
(𝑠) = ∫ exp (𝑠ℎ)

21−𝑁𝑟𝑁𝑟𝑒𝑥𝑝(−𝑢2)

ℎ𝜎ℎ√2𝜋
[1

∞

0

+ 𝑒𝑟𝑓(𝑢)]𝑁𝑟−1𝑑ℎ𝑚𝑎𝑥𝑑𝜃 

≜
21−𝑁𝑟𝑁𝑟

√𝜋
∑ 𝑤𝑗[1

𝑁𝑒

𝑗=1

+ 𝑒𝑟𝑓(𝑎𝑗)]
𝑁𝑟−1

𝑒𝑥𝑝 (ℎ𝑒𝑥𝑝 (
𝑎𝑗√2𝜎ℎ − 𝜎ℎ

2

4𝑠𝑖𝑛2𝜃
)) 

(43) 

Using (43) in (41), the APEP for the selection 

combiner is achieved as: 

𝐴𝑃𝐸𝑃𝑆𝐶

=
21−𝑁𝑟𝑁𝑟

√𝜋
∑𝑤𝑗[1

𝑁𝑒

𝑗=1

+ 𝑒𝑟𝑓(𝑎𝑗)]
𝑁𝑟−1

𝑄 (
𝜌

4
𝑒𝑥𝑝 (

𝑎𝑗√2𝜎ℎ − 𝜎ℎ
2

2
))

 

(44) 

Lastly, to obtain the closed form expression for the 

average BER for SC diversity technique in SM-MIMO-

FSO system over lognormal fading channel, plugging (44) 

into (14) results in (45). 

𝐴𝐵𝐸𝑅𝑆𝑀(𝑆𝐶) ≤
(𝑁𝑡𝑀)−1

log2(𝑁𝑡𝑀)
∑ ∑ ∑ ∑ 𝑁(𝑘, �̂�)

𝑀

 �̂�=𝑘+1

𝑁𝑡

𝑙 ̂=𝑙+1

𝑀

𝑘=1

𝑁𝑡

𝑙=1

[
21−𝑁𝑟𝑁𝑟

√𝜋
∑𝑤𝑗[1

𝑁𝑒

𝑗=1

+ 𝑒𝑟𝑓(𝑎𝑗)]
𝑁𝑟−1

𝑄 (
𝜌

4
𝑒𝑥𝑝 (

𝑎𝑗√2𝜎ℎ − 𝜎ℎ
2

2
)) ] 

(45) 

IV. NUMERICAL RESULTS AND DISCUSSIONS 

In this section, we present the numerical results on the 

error rate performance of FSO-SM systems over the 

lognormal channel for different diversity combiners. The 

derived close form expressions (33), (40), and (45) in 

section 3 are used to study the system error rate. 

Simulation results are provided to validate the accuracy 

these analytical results. In our simulation, the wavelength 

of transmitting laser is set to be  𝜆 = 1.55 𝜇𝑚 , 𝑁𝑡 =
2 Lasers and 𝑀 = 2  bit and turbulence strength 

parameter 𝐶𝑛
2 is fixed to  1.7 × 10−14 according to the 

weak turbulence condition.  

 
Fig. 2. ABER with FSO-SM- EGC and FSO-SM-SC against the link 

range for various number of receive PD  

 
Fig. 3. ABER with FSO-SM- EGC and FSO-SM-MRC against the link 

range for various number of receive PD 

The results depicted in Fig. 2 and 3 illustrate the 

system error performance of the three combiners as a 

function of link range under different MIMO 

configurations at 𝑆𝑁𝑅 = 15 𝑑𝐵. Obviously, it is deduced 

from the Fig.s that the average bit error rate increases 

with the increase in the link range. At average link range 

of  3000 𝑚 , it is clearly observed that there is no 

significant change in error rate despite the fact that the 

link range increases. This effect demonstrates the 

saturation scenario of the turbulence strength as the link 

range increases for all the combiners. As a matter of fact, 

it proves that the scintillation index (SI) increases as the 

link range increases since the turbulent strength is a 

function of link range. Under the same propagation 
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conditions, Fig. 2 confirmed that EGC outperforms better 

than SC in the entire MIMO configurations, but yields 

worse performance when compare with MRC as it is 

demonstrated in Fig. 3. Generally, it is evidence that 

diversity gain at the receiver can drastically reduce the 

system error as the link range increases. This is 

illustrated by Fig. 4 where the performance of the FSO-

SM-SD systems is significantly improved as the number 

of received PDs increases. For instance, at six PDs the 

MRC offer an approximate BER of 10−6 compared with 

EGC and SC respectively yield an approximate BER of 

10−4 and 10−2. 

 
Fig. 4. Performance of FSO-SM-SD Systems for various number of 

Received PD at average SNR of 20𝑑𝐵 when Scintillation Index is 0.7 

 
Fig. 5. Performance comparison between the three diversity combiners 

for 𝑁𝑟 = 4 at scintillation index of 0.5 

Moreover, we compare the performance of the 

diversity combiners for the FSO-SM system under the 

same atmospheric SI of 0.5 when the receiver is equipped 

with four PDs. As expected, Fig. 5 clearly confirmed that 

MRC combiner outperforms the other diversity schemes. 

For instance, at  𝑆𝑁𝑅 = 15 𝑑𝐵 , it is evident that MRC 

offer error rate of 4.2 × 10−5 compare to EGC and SC 

with error rate of 4.7 × 10−4 and 1.7 × 10−2 respectively. 

As a result of this, MRC and EGC diversity combiners 

can therefore be practically recommended as the best 

desirable mitigation tools for any optical wireless 

communication systems but at expense of receiver 

complexity. In addition, Fig. 5 provides the comparison 

between the simulation results and the analytical results. 

It is noted that the analytical results are almost agreed 

with the simulation results, which verified the accuracy 

of the derived closed form expressions for each diversity 

combiners. 
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Fig. 6. Performance of FSO-SM-MRC Systems for various scintillation 

indexes 

Looking at Fig. 6, we make use of MRC system to 

evaluate the performance of FSO-SM under various SI 

levels with different number of PD at the receiver. The 

result confirmed that the increase in turbulence level 

significantly affects the system performance. As earlier 

been mentioned, the increase in the number of PD 

reduced this effect. For instant, at a BER of  10−6 , 

when  𝑆𝐼 = 1.0  (highest level), the system error 

performance is enhance by 6.2dB when the PD is four.  

Finally, because of the simplicity of the EGC and its 

close performance with MRC, we compared the proposed 

spatial diversity FSO-SM-EGC system with a well-

established spatial diversity FSO-SIM-EGC system in 

[44]. The derived numerical expression in (40) is used to 

compare the proposed system performance with the 

derived average bit error rate of FSO-SIM-EGC system 

provided in [44, equation (29)] as:  

𝑃𝑒(𝐸𝐺𝐶−𝑆𝐼𝑀) =
1

√𝜋
∑ 𝑤𝑖𝑄 (𝐾𝑒𝑥𝑝(𝑎𝑗√2𝜎𝑢

𝑚𝑖

𝑖=1

+ 𝜇𝑢))  

(46) 
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where 𝐾 = 𝑅𝐼𝑜𝐴/√2𝜎𝑁 , 𝜎𝑢𝑎𝑛𝑑 𝜇𝑢 are mean and 

standard deviation, respectively. 

Under the same propagation channel condition and 

receiver PD configuration, it can clearly be observed in 

Fig. 6 that the performance of FSO-SM-EGC is much 

better than FSO- SIM-EGC even when the number of 

PDs is increased. This is as a result of multiple 

subcarriers required by FSO-SIM-EGC for the 

transmission that leads to its poor performance. For 

instance, the average error rate of FSO-SM-EGC 

proposed system at 𝑆𝑁𝑅 = 20 𝑑𝐵  is 29.8%  better than 

FSO-SIM-EGC when 𝑁𝑟 = 4. 

 
Fig. 7. Comparison between the FSO-SM-EGC system with FSO-SIM-

EGC system under the SI=0.5 

V. CONCLUSION 

A comprehensive analytical framework on error 

performance analysis for FSO-SM communication 

systems under the lognormal distribution was presented 

in this paper. It was demonstrated that the average BER 

of the proposed system can be greatly improved with the 

aid of spatial diversity techniques such as MRC, EGC 

and SC. The proposed framework reveals the effect of 

atmospheric turbulence levels, link range and achievable 

diversity gain on the overall system performance. It was 

shown that the increase in the SI degrades the system 

performance for each diversity scheme and the results 

confirmed that MRC yield better error performance than 

the other diversity schemes. Also, the study proves that 

the longer the link range, the stronger atmospheric 

turbulence has severity effect on the system performance 

and the influence of PD configurations on this effect has 

been identified. The performance of the proposed FSO-

SM system was also compare with the SIM system with 

spatial diversity and the latter outperformed the former in 

terms of BER performance. The simulation results 

therefore shows that EGC has yielded lower average 

BER performance than MRC but it is very simple to 

implement practically, thus it can be recommended as 

spatial diversity technique for FSO-SM to mitigate 

atmospheric turbulence. 
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