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Abstract

Free space optical (FSO) communication has been receiving growing attention
with recent commercialization successes as a cost-effective and high band-
width optical access technique. Meanwhile, FSO communication has been
regard as an attractive solution to bridging the gap between the wireless
communications and optical fiber communications. However, a significant
performance degradation in FSO communication system due to the atmo-
spheric turbulence impairs the transmission performance improvement. FSO
system employing the spatial diversity technique can be used to mitigate
the effect of turbulence and improve the transmission performance. In this
paper, a novel analytical approach is presented to evaluate the transmission
performance of OFDM-FSO system with diversity reception considering
effect of channel correlation. A detailed mathematical model for OFDM-FSO
system over turbulent channel modeled by correlated Log-normal distribution
is provided. Then, We derive the signal-to-noise ratio (SNR), bit error ratio
(BER) and outage probability expressions taking into account the diversity
combining schemes (i.e. MRC, EGC), effects of atmospheric turbulence,
channel correlation and aperture size of receiver lens. The results of this
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study show that the most significant parameters that degrade the system
performance. Furthermore, the obtained numerical results can be useful for
designing, evaluating and enhancing the FSO system’s ability to transmit
wireless signal under actual conditions.

Keywords: Free Space Optical (FSO), Orthogonal Frequency Division
Multiplexing (OFDM), spatial diversity, channel correlation, atmospheric
turbulence, Maximum Ratio Combining (MRC), Equal Gain Combining
(EGC).

1 Introduction

Recently, with the growing demand on the high-speed and high-quality
applications for the communication devices such as high-definition televi-
sion (HDTV), video programs and so on, we observe an explosion in the
network traffic. Free space optical (FSO) system known as optical wireless
communication (OWC) application was proposed for its potential high data
rate capacity, low cost, and wide bandwidth on unregulated spectra. At the
same time, transmission of radio frequency (RF) signals by means of optical
fiber links, which are commonly referred to as radio over fiber (RoF), has
been utilized for many years as a cost effective and high-capacity solution
to connect the wireless signal and optical fiber communication [1]. FSO link
can conveniently be used to transmit RF signals, which are similar to RoF but
excluding the fiber medium as radio-on free space optics (RoFSO) [3]. Thus,
the commercial FSO systems can be seem as a good candidate for supporting
the heterogeneous services in the next generation access networks. In the
mean time, ITU-T also published the first ITU-T recommendation in the area
of G.640 for FSO application in the practical issue [2].

For the case of FSO link model, one of the main problems that affect
the transmission performance is irradiance fluctuations induced by the atmo-
spheric turbulence. This irradiance known as the optical scintillation, can cause
the power losses [5]. It is the major performance impairment in FSO system.
Therefore, it is importance to apply efficient techniques to mitigate the channel
fading caused by atmospheric turbulence.

Spatial diversity is an efficient solution to mitigate channel fading by using
the multiple apertures at the receiver (SIMO) or transmitter side (MISO) or
combination (MIMO) [9]. Further, for the 5G communication technology,
massive MIMO is regard as one of the important solution. However, diversity
techniques are most efficient under the conditions of uncorrelated fading on the
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sub-channels [6, 10]. In the previous studies, any two adjacent antennas must
be sufficiently far apart as independent case due to channel correlation will
impair the transmission performance improvement [7]. Therefore, one of the
key points is determining the relation between sub-channel correlation among
each adjacent antenna over the long transmission distance and transmission
performance of FSO system.

Orthogonal frequency division multiplexing (OFDM) is a widely applied
technique for wireless communications that divides the spectrum into a
number of equally spaced sub-channels and carries a portion of a users
information on each channel [5]. OFDM/OFDMA, which is the air interface
for the Long Term Evolution (LTE) in wireless communication systems, is
regard as one of important broadband application areas using RoF technology.
Meanwhile, OFDM has been adopted in several high-speed digital commu-
nication standards such as digital terrestrial TV broadcasting and the IEEE
802.11 local area network (LAN) and IEEE 802.16 standards [8].

Furthermore, in order to get an insight into the atmospheric channel
statistical models effects to the system performance, we consider the correlated
Log-normal distribution due to its excellent match to multiple sub-channel
links over weak turbulence fading channel. Since the FSO link can be modeled
as diversity reception, an efficient diversity combining scheme is required to
improve the system performance. As we know, maximum ratio combining
(MRC) can provide an optimum combining performance, but implementation
complexities are inherent, and system is extremely sensitive to channel
estimation error. Equal gain combining (EGC) is inefficient for system with
branches having acutely low SNR conditions [8, 9]

In this paper, we propose a OFDM-FSO system with dual diversity
reception over correlated Log-normal distribution fading channel. The goal
of this paper is to analyze and explore the potential of OFDM-FSO system
with diversity reception for use in high-performance high-speed transmission.
Then, we investigate channel correlation effects on transmission performance,
in terms of averaging bit error ratio (BER), signal-to-noise ratio (SNR), and
outage probability (OP). We take into consideration the effect of diversity
combining scheme, aperture size of receiver lens and number of diversity
reception. In this analysis, the use of spatial reception configuration with
OFDM modulation can be seem as a countermeasure for the mitigation of
scintillation and enhancing the performance of FSO systems in operation
environments. Besides, our theoretical study provides guidelines to optimally
configure the actual system design by applying an optimum transmission
performance.
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The rest of this paper is organized as follows. In Section 2, we derive
the expressions for the channel correlation coefficient for a dual diversity
reception based on the plane wave model. Then, we model the probabil-
ity density function of bivariate Log-normal random variables based on
diversity reception in Section 3. In the Section 4, we introduce the dual
diversity OFDM-FSO system structure and present the mathematical mod-
eling for the transmission of OFDM signal over fading channel modeled
by correlated Log-normal distribution. In the Section 5, we provide the
numerical results to analyze and discuss the effect of the spatial diversity on
the OFDM-FSO link over turbulent channel. Finally, we give the conclusion in
Section 6.

2 Channel Correlation in Atmospheric FSO Links
with Diversity Reception

In this section, we review the theories used to derive the expression for the
channel correlation for diversity reception over turbulent channel. Then, we
present the mathematical modeling for the joint probability density function
(PDF) which represents two Log-normal random variables (RVs) of the light
intensity by turbulence channel.

The most serious effects that severely affect the propagation of a laser
beam propagating through the atmosphere are caused by variations of
the refractive index in turbulent channel [4]. An important parameter that
describes the strength of turbulence is the scintillation index: σ2

I =〈
I2

〉
/ 〈I〉2−1, with I being the intensity of optical wave. In fact, atmospheric

turbulence as an important influence factor which it can cause the intensity
fluctuation in the received signal level and leads to sharp increase in the bit
error in a FSO communication link. Intensity fluctuation at a received power
variance that depends on the size of the receive aperture, most of previous
literatures proposed reduce the power variance by increasing the diameter of
aperture as aperture averaging (AA) method [5, 6]. Aperture averaging can be
seen as a simple form of spatial diversity when the receiver lens aperture is
larger than the fading correlation length [8].

In this paper, we used spatial domain technique model a simple dual
diversity reception FSO system and collect the OFDM signal at different two
positions. Consider a dual diversity reception FSO link transmitted by plane
wave model as show in Figure 1. We define the channel correlation coefficient
ρ12 between any component receivers, denoted 1th receiver and 2th receiver:
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Figure 1 A dual diversity reception based on plane wave model

ρ12 (d12, D) =
BI,12 (I1, I2, d12, D)√

σ2
1σ

2
2

(1)

with d12 being the separation distance of two points in the adjacent receiver
aperture plane, D is aperture diameter. In this paper, d12 is a center-to-center
separation distance. BI,12 andσ2

j (j = 1, 2) are spatial covariance function
of the irradiance and scintillation index of the jth diversity receiver. In order
to characterize the irradiance and the scintillation index of receiver induced
channel fading, we use the light irradiance spatial co variance function [5]:

BI,12 (I1, I2, d12, D) =
〈I1I2〉

〈I1〉 〈I2〉 − 1 (2)

BI,i,j (Ii, Ij , 0, D) = σ2
i=j (D) =

〈
I2
j

〉
〈Ij〉2

− 1 (3)

where < . > for ensemble average over different turbulence disorder and Ij
is the light intensity collected by the jth receiver. Previous equations indicate
that the irradiance spatial covariance function is a more general statistic model
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that includes the scintillation index as a special case when the space distance
between adjacent point as zero (d12 = 0).

Furthermore, based on the extended Rytov theory, we can also use the log-
amplitude X and log-amplitude variance σ2

X of the optical wave represents
two points on-axis log-amplitude fluctuation covariance function, the log-
amplitude variance is defined by [5]

BX,12 (r1, r2, L) =
〈
(X1X2)

2
〉

− 〈(X1X2)〉2
= 1

2Re[E2 (r1, r2, L) + E3 (r1, r2, L)]
(4)

when the equation indicates the on the optical axis point log-amplitude
fluctuation covariance means that the valued of the transverse vector at output
plane with rj = 0. Where Re(.) denotes the real part of X, and E2, E3 are two
second-order statistical moments given by [5, 13]

E2(0, 0, L) = 4π2k2L

∫ 1

0

∫ ∞

0
kΦn.eff (k)

exp

(
−k2D2

16

)
J0(K d12)dkdξ (5)

E3(0, 0, L) = −4π2k2L

∫ 1

0

∫ ∞

0
kΦn.eff (k)

exp

(
−k2D2

16
− i

Lξ

k

)
J0(K d12)dkdξ (6)

where ξ = 1 – z / L and J 0(.) is Bessel function of the first kind and zero order,
k is optical wave number. The L represent transmission distance. The effective
atmospheric spectrum Φn.eff (k) is used so that the covariance function is valid
under all turbulence conditions. When the effective atmospheric spectrum
Φn.eff (k) under neglect inner-scale and outer-scale situation is defined as [4]

Φn.e ff (k) = 0.033C2
nk−11/3

[
exp(− k2

k2
X.0

) +
k11/3

(k2 + k2
Y.0)11/6

]
(7)

with

k2
X.0 =

k

L

2.61
1 + 1.1σ2

R

(8)
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k2
Y.0 =

3k

L
(1 + 0.69σ

12/5
R ) (9)

The kX.0 and kY.0 represent the low-pass and high-pass spatial frequency
cutoffs, σ2

R for turbulence strength. When the log-amplitude variance is
sufficiently small, and making r1 = r2 = 0 for the on-axis values, the
scintillation index is related by

BI,jj(Ij , Ij , 0, D) = σ2
j (D) = exp [4BX,12(r1, r2, L)] − 1 (10)

Then, when the observation points on the optical axis, the equation (2) can be
changed to

BI,12(I1, I2, d12, D) = exp{2 Re[E2(0, 0, L) + E3(0, 0, L)]} − 1

=exp

{
8π2k2L

∫ 1

0

∫ ∞

0
Φn.eff (k)exp(−k2D2

16
)

× J0(kd12)

[
1 − cos

(
Lk2ξ

k

)]
dkdξ

}
− 1

(11)

3 Correlated Log-normal Distribution Model

Theory reliably of FSO system operating in presence of atmospheric turbu-
lence can be based on a mathematical model of the probability density function
of randomly light intensity irradiance that describes the system’s behavior
across the different turbulence strength regimes [6]. In this paper, we model
the correlated Log-normal distribution represents combine faded of intensity
irradiance, then, we investigate the effect of channel correlation to system
performance under weak turbulence regime. Based on previous literatures
[5, 13], which single receiver Log-normal probability density function (PDF)
of light intensity fading is given by

fI(I) =
1
2I

1
(2πσ2

X)1/2 exp

{
−(ln(I) − ln(I0))2

8σ2
X

}
(12)

where I0 denotes the light intensity in the absence of turbulence,
I = I0exp (2X − 2 〈X〉). Hence, a diversity reception FSO system where
optical signals collected by multiple apertures undergo diversity combining,
we model the spatial covariance matrix K as
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K =

⎡
⎢⎢⎢⎣

k11 k12 · · · k1n

k21 k22 · · · k2n
...

...
. . .

...
kn1 kn2 · · · knn

⎤
⎥⎥⎥⎦ (13)

where kij = BI,ij is spatial covariance function, BI,ij = σ2
j (D) when the

i = j as equation (2) and (3). This spatial covariance matrix can be represented
multiple transceivers case to determine the effect of correlation among the
sub-channels. Then, we assume correlated Log-normal distribution function
of the light intensity of dual sub-channels is given by

f I1,I2(I1, I2) =
1

22I1I2

1
2πσX1σX2

√
1 − ρ2

12

×exp

{
− 1

8(1 − ρ2
12)

[
(lnI1 − lnI1,0)

2

σ2
X1

+
(lnI2 − lnI2,0)

2

σ2
X2

−2ρ12
(ln I1 − lnI1,0)(lnI2 − lnI2,0)

σX1σX2

]}
(14)

where I1,0 and I2,0 are the received light intensity at the 1th receiver and 2th
receiver in the absence of turbulence situation.

4 Performance Analysis of a Atmospheric OFDM-FSO
Link with Diversity Reception

In this paper, the main focus is to establish an analytical model able to charac-
terize the OFDM signal transmission through an intensity modulation/direct-
detection (IM/DD) FSO link. We derive the expressions of the average
signal-to-noise ratio (SNR), average bit error ratio (BER) and outage prob-
ability, which analysis considers on the effect of scintillation, both of MRC
and EGC combining schemes and aperture size of receiver lens in this section.
Then, a dual diversity reception OFDM-FSO system is considered where the
OFDM signal is transmitted via single aperture and collected by two apertures
(j=2) over turbulent channel modeled by correlated Log-normal distribution
with additive white Gaussian noise (AWGN). Figure 2 shows OFDM-FSO
diversity receivers system architecture. The OFDM signal for Ns sub-carriers,
after up-conversion can be written as
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Figure 2 OFDM-FSO system with dual diversity reception over atmospheric turbulence
channel

SOFDM (t) =
Ns−1∑
n−0

Xnexp{j(ωn + 2πfc)t}, 0 ≤ t < Ts (15)

Where ωn are the set of orthogonal sub-carriers frequency, TS is the OFDM
symbol duration, Xn = an + jbn is complex data symbol in the nth subcar-
rier, with an and bn the in-phase and quadrature modulation symbols. The first
raw data is mapped according to different types of modulation techniques.
Each symbol Xn is amplitude modulated on orthogonal sub-carriers. The
signal SOFDM (t) is then used to modulate the optical intensity of laser-diode
(LD) to be transmitted through the fiber optics. In this paper, we neglect the
inter-modulation distortion (IMD). Then, the optical power output from the
LD can be expressed as

P (t) = Pt

(
1 +

N−1∑
n=0

mn SOFDM (t)

)
(16)

where Pt is average transmitted optical power, mn is optical modulation index
on per sub-carrier. At the receiver side, the received optical power in the
presence of turbulence at the photo detector input can be express as

Pr.FSO(t) = P (t)Lloss X + nFSO(t) (17)
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where Lloss is the sum of losses due to atmospheric turbulence, geometrical
loss and pointing error. The nFSO(t) characterizes the additive white Gaus-
sian noise (AWGN), X quantifies the variation of the signal fading due to
atmospheric turbulence effects.

Then, the received optical signal convert to the electrical signal by photo-
detector (PD), and the FSO noise can be filtered in the PD. Then, signal pass
through the electrical filter and OFDM demodulator.Assuming the total output
photo current of the combiner in the presence of turbulence can be expressed
as follow

i(t, I1, I2, X) = Iph(I1, I2)

(
1 +

N−1∑
n=0

mnSOFDM, 1, 2(t)

)
+ nopt, 1, 2(t)

(18)

where Iph = RDPtLloss X is dc of the received photo current depend on
received light intensity, and including I1 and I2 received by each receiver, RD

is detector responsivity, mn is optical modulation index on per subcarrier, and
nopt(t) is the sum of thermal noise, shot noise and is modeled as Gaussian
white random process with zero mean and variance σ2

N = N0/2. The total
noise power is given by

N0(I1, I2) =
4KBTabsFe

RL
+ 2qIph(I1, I2) + (RIN)I2

ph(I1, I2) (19)

where KB is the Boltzmanns constant, Tabs is the absolute temperature, Fe is
the noise figure of the receiver electronics, RIN is relative intensity noise, RL

is the PD load resistor, and q is the electron charge.
In this analysis, we compare the performance of dual diversity reception

with two diversity combining schemes, maximal ratio combining (MRC) and
equal gain combining (EGC). In the presence of turbulence, the instantaneous
electrical signal-noise-to ratio (SNR) at the output of the diversity combiner
using MRC and EGC are given by [13]

γtotal.MRC(I1, I2, X
2
1 , X2

2 ) =
J∑

j=1

γj(X2
j ), (j = 2) (20)

γtotal.EGC(I1, I2, X
2
1 , X2

2 ) =
(√

γ1(X2
1 ) +

√
γ2(X2

2 )
)2

/2 (21)
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where γj is instantaneous SNR of jth receiver in the turbulent chan-
nel. Thus, the received photo current is proportional to X and has same
statistic in the presence of the turbulence. Moreover, consider a dual diversity
reception OFDM-FSO system using M-QAM modulation where the sub-
channel collected light intensity (I1, I2) follow a correlated Log-normal
distribution. Taking into consideration the correlation between the receivers
with log-amplitude fluctuation and represented by X, thus, the equation (14)
can be modified as follow

fX1,X2(X1, X2) = 1
2πσX1σX2

√
1−ρ2

12

× exp
{

− 1
2(1−ρ2

12)

[
(X1−〈X1〉)2

σ2
X1

+ (X2−〈X2〉)2
σ2

X2

−2ρ12
(X1 − 〈X1〉)(X2 − 〈X2〉)

σX1σX2

]}
(22)

Finally, the total average BER for the received QAM-OFDM signal, where
M = 2n and n is an even number, is given by [13]

〈BERtotal〉 =
∫ ∞

0

∫ ∞

0
fX1 ,X2 (X1, X2)BERtotal(X2

1 , X2
2 )dX1dX2

(23)

where instantaneous electrical BERtotal is

BERtotal(X2
1 , X2

2 ) =
2(1 − √

M
−1

)
logM

2
er fc

(√
3γtotal(X2

1 , X2
2 )

2(M − 1)

)
(24)

The case of MRC reception combining scheme with dual diversity reception,
the electrical SNR in the presence of turbulence can be written as [13]

γtotal.MRC(X2
1 , X2

2 ) =
0.5m2

n(I2
ph.1(I1, X

2
1 ) + I2

ph.2(I2, X
2
2 ))

N0Be
(25)

and EGC reception combining scheme can be modeled by [13]

γtotal.EGC(X2
1 , X2

2 ) =

[√
0.5mn(I2

ph.1(I1, X
2
1 ) + I2

ph.2(I2, X
2
2 ))√

2N0Be

]2

(26)
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where Iph.j is the function related to Ij and Xj for the jth receiver, at the same
time, Iph.j also follow the same distribution model of Xj , and Be is electrical
filter bandwidth.

The outage probability is a commonly used performance metric in fading
channels. It is defined as the probability that instantaneous SNR (γtotal) falls
below a specified threshold SNR (γth), which represents a value of the SNR
above which the quality of the channel is satisfactory. It is a useful method to
evaluate the effect of the channel fading cause to the atmospheric turbulence
on the system performance. The outage probability for a given threshold SNR
(γth) can be defined as

Pout(γth) = P [γtotal < γth] (27)

For the case of MRC, the outage probability is given by [13]

Pout(γth) =
∫ γth

0

∫ γth−γ2

0
f(γ1, γ2)dγ1dγ2 (28)

where f(γ1, γ2) is the function of SNR follow the correlated Log-normal
distribution.

5 Numerical Results

In this section, we present numerical results for the transmission performance
of OFDM-FSO system with dual diversity reception under correlated Log-
normal distribution. The main simulation parameters used in the numerical
calculation are shown in Table 1.

Since the character of the channel correlation coefficient has been inves-
tigate in several works [6, 13], we prefer to recall the general points that
will be useful while analyze the transmission performance to follow. Figure 3
shows typical curves for the channel correlation coefficient ρ12 as a function of
separation distance under variation turbulence strength regimes represented
by σ2

R, and aperture size is given a fixed value D = 2cm. In this analysis,
the optical wavelength λ = 1550nm and transmission distance is 2km. From
the graph, we can clear see that the channel correlation ρ12 decreases with
increasing separation distance d12, and the curves go cross a zero point where
the channel correlation length ρc is defined (i.e. ρ12 = 0) under the variation
turbulence strength σ2

R with fixed aperture diameter D. In general, the channel
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Table 1 Numerical Parameters
Operating wavelength λ 1550nm
Relative intensity noise RIN –130dB/Hz
PD load resistor RL 50 Ω
Absolute temperature Tabs 300k
Transmission distance L 2km
Electron charge 1.602 × 1019

Noise figure Fe 2dB
Electrical filter bandwidth Be 2GhHz
Number of carrier Ns 256
Optical modulation index mn 0.01
Detector responsivity RD 0.8A/W

Figure 3 Channel correlation coefficient ρ12 versus separation distance d12 with variation
of turbulence strength regimes

correlation length ρc is an important parameter which is useful in the choice of
antenna spacings or making a quick judgment on whether channel correlations
exist among component antennas. The obtained result shows the when the
two channels are overlapped, they must be perfectly correlated. In fact, two
separated channels are independent of each other when the separation distance
is larger than channel correlation length ρc, and channel correlation is affected
by turbulence strength. In addition, we consider the aperture averaging (AA)
based on the previous literatures [14–16], the point receiver is defined as
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D =
√

Lλ, [4, 11]. Thus, the point receiver aperture size D is approximate
to 2cm in this paper. The effect of AA on the system performance will be
illustrated in Figure 6.

In Figure 4, we compare the system transmission performance of EGC
and MRC combining scheme for OFDM-FSO link with different channel
correlation coefficient, ρ12 = (0.9, 0.1). It is observed that performance of
EGC receiver is very close to MRC receiver when system under same channel
correlation coefficient. The results also shown that there is a 2dB difference
at average about BER = 10−6 for system with ρ12 = 0.1 and ρ12 = 0.9,
respectively.

In this case, receiver aperture size is such as aperture averaging,
D = 4cm. In uncorrelated channel (ρ12 = 0), each aperture deployment far
apart, and separation distance beyond to the channel correlation length ρc,
the transmission performance can be seen as an independent case. This point
of view is also in contract we typically see in RF wireless communication
[13, 14], where only the uncorrelated channel has a lower bit-error-ratio,
channel fading can be reduced substantially. Our observations demonstrate

Figure 4 Average BER versus aver average electrical SNR of a OFDM-FSO link with dual
diversity reception and MRC/EGC combining scheme over correlated Log-normal fading
channel
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that efficient separation between the apertures is crucial to achieve the
promised improvement of system from independent dual diversity reception
(channel correlation coefficient ρ12 approximate to zero, i.e. ρ12 = 0.1).

In Figure 5, we plot the derived average BER versus the average electrical
SNR for different types of modulation, i.e., BPSK, QPSK, 16-QAM, 64-
QAM, and adopt MRC combining scheme with channel correlation coefficient
ρ12 = 0.1 as a independent case and ρ12 = 0.9 over weak turbulence channel,
σ2

R = 0.14 with the point receiver aperture size D = 2cm. The performance
of the proposed system is degraded when the correlation coefficient is high.
However, for the average BER=10−10, the BPSK with correlation co-efficient
ρ12= 0.1 outperforms BPSK with correlation coefficient ρ12 = 0.9 by approx-
imately 5dB. These results indicate the importance of channel correlation and
also demonstrate the effect of correlation on system performance. Moreover,
the effect of modulation on the average BER in clearly apparent. When the
average SNR = 14dB, for example, the average BER increases from 10−9 to
10−1.5 for QPSK and 64-QAM with same correlation coefficient ρ12 = 0.1.

Figure 5 Average BER versus average electrical SNR of a OFDM-FSO link with dual
diversity reception over correlated Log-normal fading channels
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In fact, the average BER performance of dual diversity reception OFDM-
FSO system with larger constellation size requires higher received power to
accurately discriminate among the transmitted symbols; they are also sensitive
to the turbulence due to the required precision in accurate constellation scaling
at receiver.

To highlight the performance enhancement thanks to use of diversity
receivers, we have shown in Figure 6 the system performance with ternary,
dual and single reception in weak turbulence regime σ2

R = 0.14, and using
MRC scheme for two different channel correlation coefficient ρ12 = (0, 0.9).
In this analysis, the effect of aperture averaging on system performance have
been considered, i.e. D = 4cm for single reception. It should be noted that the
collected area of single receiver aperture is equal to the sum of the diversity
apertures area in this case. Before presenting the numerical results, we defined
the correlation Log-normal distribution function (22) for the case of ternary
reception model. Based on the equation (13), (23) and (25), the electrical SNR
at the output of diversity combiner as γtotal.MRC(I1, I2, I3, X

2
1 , X2

2 , X2
3 ) =∑J

j=1 γj(X2
j ), (j = 3), and average BER function as 〈BERtotal〉 =

∫ ∞
0

∫ ∞
0∫ ∞

0 f(X1, X2, X3)BERtotal(X2
1 , X2

2 , X2
3 )dX1dX2dX3. The result clear

Figure 6 Performance comparison of ternary reception, dual diversity reception and single
reception for OFDM-FSO link
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show that ternary reception system performance outperforms dual and single
reception case. For the received electrical SNR=15dB, for example, the aver-
age BER increases from 10−4 for ternary reception, 10−3 for dual reception to
10−2 for single reception with AA under same channel correlation coefficient
ρ12 = 0. These result shown that selecting an diversity reception may increase
the overall system performance and diversity technique can be obtained in
practice through aperture averaging effect. Furthermore, we observe that there
is a 5dB difference at average BER = 10−4 for the ternary reception with
channel correlation parameter ρ12 = 0 and ρ12 = 0.9, respectively. As pointed
out above, the result indicate that increasing the channel correlation leads to
system performance degradation.

The system’s outage probability Pout is analyzed using Equation(28).
Figure 7 shows Pout in terms of the threshold SNRth for single and dual
reception with QPSK in the weak turbulence regime with the scintillation
index σ2

R = 0.14 and optical modulation index mn = 0.01. Two cases of channel
correlation coefficient have been considered, ρ12 = (0.1, 0.9). It is observed that
the use of a dual reception leads to better Pout, which outlines its conspicuous

Figure 7 Performance of dual diversity reception with MRC and EGC for outage probability
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contribution to mitigating the turbulence-induced fading overcoming the
performance degradation. For instance, for a SNRth=–15dB, Pout decreases
from about 10−10 to 10−6 for a dual reception with ρ12 = 0.1 and single
reception, respectively. Now, we consider the case of the channel correlation,
ρ12 = (0.1, 0.9) at the same outage probability Pout = 10−6, we obtained a
4dB different for threshold SNRth between ρ12 = 0.1 and ρ12 = 0.9 with a
dual reception, respectively. The proposed system performance with channel
correlation increasing leads to the performance degradation as the case of two
channels are overlapped.

6 Conclusion

In this paper, we give a theoretical study of the channel correlation in the
diversity reception OFDM-FSO system. In our analysis, we propose a novel
transceiver architecture for atmospheric OFDM-FSO system with diversity
reception over correlated fading channel. Based on the plane-wave model,
we analyze and evaluate the channel correlation effects on the transmission
performance of system over correlated Log-normal turbulence channel in
terms of SNR, BER, outage probability and diversity combining scheme. Our
numerical results demonstrate that diversity reception OFDM-FSO system
performance is sensitive to the channel correlation, modulation format, aper-
ture size and turbulence strength. The analysis results also represent spatial
diversity as a helpful method to mitigate the channel fading and reduce the
bit error of transmission. Furthermore, the evaluation of the proposed system
behaviors outlines that the use of the diversity reception and OFDM technique
can lead to substantial performance improvement, especially as high demand
on transmission capacity becomes more important in next generation access
networks. In the same time, our presented work can serve as preliminary
guidelines to standard transceiver design for FSO communication system
transmitting RF signals in the practical issue.
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