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A B S T R A C T

The smart city concept improves the lives of citizens and optimizes the efficiency of city operations, services
through the integration of information and communication technology with the help of the internet of things
(IoT) and 5G techniques. The bandwidth demand for 5G, smart city, and IoT applications are fulfilled with
wireless optical communications. Particularly, radio over free space optical (RoFSO) communication establishes
a very attractive choice for interconnecting central base stations with remote antenna units. In this paper, we
consider the transmission of orthogonal frequency division multiplexing (OFDM) radio signals with quadrature
amplitude (QAM) modulation format through a free space optical link using spatial diversity mitigation
technique. The atmosphere is modeled as the combined channel model which takes into account atmospheric
attenuation, turbulence, and pointing errors. The atmospheric turbulence and pointing errors are modeled by
Malaga, Beckmann, and Rayleigh distributions. The novel closed form BER expressions are derived for the
proposed QAM OFDM RoFSO link with spatial diversity. The results are analyzed and plotted for different
weather conditions (clear, haze, light fog), turbulence regimes (weak, moderate, strong), misalignment (weak,
enhanced), the order of QAM and number of transceivers. The proposed RoFSO system is highly useful for 5G
in smart city applications.

1. Introduction

The whole smart city concept is based on the integration of infor-
mation and communication technology. Smart city concept is imagined
for the best utilization of the available resources. Internet of things
(IoT) is basically connecting any device to the internet and controlling
its functions through commands from the internet. So, for making
the smart city a reality IoT is essentially needed. 5th generation(5G)
technology is needed for dealing with the huge amount of data and
the requirement of high speed communication in the smart cities. 5G
technology promises to provide the required data rate (>1 Gbps) and
low latency (ms level) [1] with the use of low power small cells
(e.g. microcells and picocells), it enhances the coverage and capacity
of the network by spatial reuse of spectrum. There are limited options
available in wireless techniques for the fulfilment of requirements of the
5G technique. Radio over free space optical (RoFSO) communication
is one of the best available options for implementing 5G. It has many
advantages like license free, high bandwidth, high data rate, easy
deployment, low operating cost, immunity to electromagnetic interfer-
ence and high security. Some of the applications of the RoFSO can be
listed as fiber optic backup, last mile network access, high definition
television (HDTV), cellular backhaul and temporary connectivity for
many applications including voice, data, video and medical imaging [2,
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3]. However, the performance of the RoFSO system depends on the
atmospheric weather conditions.

As the RoFSO channel is the atmosphere, it has adverse effects,
when the optical signal passing through the atmosphere. Thus, opti-
cal communication is prone to atmospheric attenuation, scintillation
effects and scattering. The level of atmospheric attenuation depends
on different weather conditions such as clear, haze, rain and fog
etc. For example, the attenuation of the optical signal is minimum
in clear, moderate in haze and maximum in fog weather conditions.
Due to temperature variations in the atmosphere, the refractive index
also gets varied and due to that the optical signal passing through
it fluctuates, this effect is known as the scintillation effect and is
also called turbulence induced fading. There are many mathematical
models has been attempted to model this scintillation effect such as
log-normal, negative exponential, K-distribution, Gamma–Gamma (GG)
and M-distribution [4] etc. Malaga distribution or M-distribution is the
generalized model because the other models are the special cases of
this model and it almost accurately follows the experimental data from
weak to strong turbulence.

Another deterioration factor for RoFSO is fading caused by mis-
alignment, which happens due to unavoidable motion of the FSO
transceiver, the reason for these motions can be strong wind, small
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earthquakes or thermal expansions. This misalignment fading can be
categorized into two types i.e. Spatial jitter and fixed boresight dis-
placement. In this work, the pointing errors are modeled using Beck-
mann and modified Rayleigh distributions. Thus, this model consid-
ers the non zero boresight displacement of the two vertical axes at
each receiver and further different spatial jitters are also taken into
consideration.

The effects of atmospheric turbulence and misalignment fading are
reduced using many mitigation techniques like relay, diversity, multiple
input multiple output, aperture averaging and robust modulation tech-
niques. In this work, spatial diversity is used in which the maximum
ratio combining (MRC) receiver is implemented. Here spatial diversity
means multiple transmitters are used for the same signal transmission
and each transmitter is transmitting toward a specific receiver [5].

There are many modulation schemes available like on off keying
(OOK), pulse position modulation (PPM), subcarrier intensity modula-
tion (SIM), pulse width modulation (PWM), phase shift keying (PSK),
quadrature amplitude modulation (QAM) and polarization shift key-
ing (PolSK), etc. [6,7]. In this work, we considered QAM orthogonal
frequency division multiplexing (OFDM) as the robust modulation tech-
nique. OFDM is capable of transmitting signal parallelly by dividing it
in the number of subcarriers which are orthogonal to each other. Thus,
it offers less Intersymbol interference (ISI), high spectral efficiency and
the prevention of selective frequency fading.

Different studies on QAM OFDM RoFSO link have been reported.
In [8], the authors investigated the BER and outage probability perfor-
mance of code division multiple access based RoFSO communication
system for both forward and reverse direction over M-distribution
channel with pointing errors. An OFDM RoFSO link is investigated with
nonzero boresight pointing errors and spatial diversity over the GG
atmospheric turbulence in [9]. The BER and outage probability results
are analyzed for different spatial jitter variations. In [10], the authors
studied the BER performance of the multi-hop RoFSO OFDM system
using the PSK modulation scheme over the M-turbulence channel model
with pointing errors for different weather conditions. A coherent op-
tical OFDM based RoFSO transmission link integrating mode division
multiplexing of Hermite-Gaussian modes using QAM and differential
quadrature phase shift keying modulation scheme is demonstrated
in [11]. The author improved the link range and information capacity
of RoFSO links with the help of the proposed technique. In [12], the
author studies the performance of PSK modulated OFDM FSO system
over Gamma–Gamma distribution with misalignment fading for 5G
applications. In this work, we analyzed the BER performance of QAM
OFDM RoFSO link over M turbulence channel with pointing errors.
We derived a novel BER expression for the proposed system. The
BER results are analyzed and plotted for different weather conditions,
various levels of turbulence regimes and pointing errors. Also, the
BER performance is enhanced using spatial diversity with the MRC
technique.

The rest of this work is organized as follows: In Section 2 the system
details have been discussed, Section 3 describes the atmospheric chan-
nel model with pointing errors. In Section 4, the average BER of the
K-QAM RoFSO link has been derived in the closed form mathematical
expressions. In Section 5, numerical results are presented for different
turbulence conditions, weather conditions with the combinations of
spatial diversity and different misalignments. At the end in Section 6,
the conclusion of this work has been summarized.

2. System model

In Fig. 1 architecture has been shown in which RoFSO has been used
in the 5G network. In this figure, the central office connects different
cells to the backhaul network which decreases energy consumption
and cost. Here RoFSO is shown as last mile connectivity. RoFSO can
be helpful for both the urban area and rural area. RoFSO is mainly
proposed where the installation of optical fiber is much costly or it is
going to take much time.

The spatial diversity is introduced in the RoFSO as a mitigation
technique to reduce the adverse effect of the atmosphere. It improves
the performance characteristics of the OFDM RoFSO link. Here the
same signal is sent through M number of laser sources at the same
moment. Every source is directed towards a specific receiver as you can
see in Fig. 2. They are kept at some distance to be uncorrelated [5,13].
The free space channel is considered as stationary and memoryless with
the parameters values having the same for all optical channels. We have
considered intensity modulation with direct detection. Channel state
information is available at both transmitting and receiving end.

The OFDM signal which is applied to laser source is firstly upcon-
verted to the carrier frequency fc is given by [3]

𝑆𝑂𝐹𝐷𝑀 =
𝑁−1
∑

𝑛=0
𝑆𝑛(𝑡) =

𝑁−1
∑

𝑛=0
𝑋𝑛𝑒𝑥𝑝

[

𝑖2𝜋( 𝑛
𝑇𝑠

+ 𝑓𝑐 )𝑡
]

(1)

for 0 ≤ 𝑡 < 𝑇𝑠

Here 𝑇𝑠 is the OFDM symbol period, N is the number of subcarriers,
and 𝑋𝑛 denotes the complex data symbol of the 𝑛𝑡ℎ subcarrier which
is having modulation format of QAM. As the inverse fast Fourier
transform (IFFT) output is bipolar so, to maintain the unipolarity of
OFDM DC bias is added before it fed into the driving circuit of the laser
source. The transmitted optical power from each laser source 𝑃𝑡(𝑡) can
be given as [9].

𝑃𝑡(𝑡) ≈ 𝑃0
⎡

⎢

⎢

⎣

1 +
𝑁−1
∑

𝑛=0
𝑚𝑛𝑆𝑛(𝑡) + 𝑎3

(𝑁−1
∑

𝑛=0
𝑚𝑛𝑆𝑛(𝑡)

)3
⎤

⎥

⎥

⎦

(2)

Here 𝑃0 stands for average transmitted power in the optical domain, 𝑎3
stands for third order nonlinear coefficient and 𝑚𝑛 represents the optical
modulation index for each OFDM subcarrier. The optical OFDM signal
travels through free space thus the transmitted power gets reduced as it
travels through medium and also noise gets added to it. At the receiving
end, the received power is given as [14]

𝑃𝑟,𝑚(𝑡) = 𝑃𝑡(𝑡)𝐼 + 𝑛𝑚(𝑡) (3)

Here 𝐼 denotes the channel attenuation due to path loss, atmospheric
turbulence and misalignment fading. Here 𝑛𝑚(𝑡) is the additive white
Gaussian noise (AWGN) which gets added while traveling. By using
Eqs. (2) and (3), following expression is obtained for the output current,
𝑖𝑚(𝑡, 𝐼), of each spatial diversity branch [3,14]

𝑖𝑚(𝑡, 𝐼) ≈ 𝐼𝑝ℎ,𝑚
⎡

⎢

⎢
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1 +
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+ 𝑛𝑜𝑝𝑡,𝑚(𝑡) (4)

Here 𝐼𝑝ℎ,𝑚 = 𝜌𝑚𝑃0𝐼𝑚 represents the DC part of the photocurrent which
is produced after receiving the signal, in each diversity branch. Another
important degradation component is the intermodulation distortion
(IMD) which originates from the nonlinear response of the laser source.
The IMD noise of every subcarrier for OFDM in a particular diversity
branch is given as [15]

𝜎2𝑛,𝐼𝑀𝐷,𝑚 = 2𝜁
(

2𝑛(𝑁 − 𝑛 + 1) +𝑁(𝑁 − 5)

+ 2 −
(−1)𝑛 − (−1)2𝑁+𝑛

2

)2
(5)

The power of the signal after received by the photodetector for a
particular subcarrier frequency is 𝐶𝑛,𝑚(𝐼𝑚) =

𝑚2
𝑛𝐼

2
𝑝ℎ,𝑚
2 . The instantaneous

carrier to noise plus distortion ratio (𝐶𝑁𝐷𝑅) for a particular OFDM
subcarrier which is calculated at the output of 𝑚𝑡ℎ receiver is given
as [14]

𝐶𝑁𝐷𝑅𝑛,𝑚(𝐼𝑚) =
(𝑚𝑛𝜌𝑚𝑃0𝐼𝑚)2

2(𝑁0,𝑚∕𝑇𝑠 + 𝜎2𝑛,𝐼𝑀𝐷,𝑚)
(6)

2
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Fig. 1. FSO-based fronthaul network for 5G cells.

Fig. 2. Schematic representation of the spatially diverse OFDM RoFSO link.

Considering the IMD noise as Gaussian distributed [14] then Eq. (6)
can be expressed as

𝐶𝑁𝐷𝑅𝑛,𝑚(𝐼𝑚) ≈
𝑚2
𝑛𝜌

2
𝑚𝑃

2
0 𝐼

2
𝑚

2[(𝑁0,𝑚∕𝑇𝑠)𝐴𝑉 + (𝜎2𝑛,𝐼𝑀𝐷,𝑚)𝐴𝑉 ]
(7)

Here the AV stands for the average value. From Eq. (7) the expected
value of 𝐶𝑁𝐷𝑅𝑛,𝑚 can be expressed as

𝐶𝑁𝐷𝑅𝑛,𝑚(𝐼𝑚) ≈
𝑚2
𝑛𝜌

2
𝑚𝑃

2
0 (𝐸[𝐼𝑚])

2

2[(𝑁0,𝑚∕𝑇𝑠)𝐴𝑉 + (𝜎2𝑛,𝐼𝑀𝐷,𝑚)𝐴𝑉 ]
(8)

Here 𝐸[𝐼𝑚] is the expected value of 𝐼𝑚.

3. Channel model

In this work, the optical channel model 𝐼𝑚 is taken as product of
𝐼𝑎𝑚, 𝐼𝑝𝑚 and 𝐼𝑙𝑚, so we have [16]

𝐼𝑚 = 𝐼𝑎𝑚𝐼𝑙𝑚𝐼𝑝𝑚 (9)

Here, 𝐼𝑎𝑚 is for atmospheric turbulence, 𝐼𝑙𝑚 is for atmospheric loss and
𝐼𝑝𝑚 is for pointing errors.

3.1. Atmospheric loss

To model the atmospheric loss Beer–Lambert’s law [16] is used, thus
we have

𝐼𝑙𝑚 = 𝑒𝑥𝑝(−𝜎𝐿) (10)

Table 1
Different attenuation coefficients at 1550 nm.

Weather condition Attenuation 𝜎 (dB/KM)

Very clear air 0.0647
Haze 0.7360
Light fog 4.2850

Here L represents the link length and 𝜎 represents the attenuation coef-
ficient. The value of 𝜎 changes according to atmospheric conditions. For
1550 nm wavelength optical signal different values of 𝜎 for different
weather conditions are taken from [15] and these values have been
given in Table 1. In this work, 3 km link length is taken.

3.2. Atmospheric turbulence induced fading

In the present work, free space optical (FSO) channel is modeled
by Malaga distribution. In this M-distribution model, the optical beam
is considered to have three components because of scattering, first is
the line of sight (LOS) component having power 𝛺 which is shown as
route (A) in Fig. 3, second is the scattered component which is coupled
to LOS and having power 2𝜌𝑏0 which is shown as route (B) in Fig. 3 and
the third component is separate from former components having power
2(1−𝜌)𝑏0 which is shown as the route (C) in Fig. 3. Thus, the scattered
component is having 2𝑏0 total power. The coupling between the LOS
and the scattered components is represented by 𝜌 in this model. For

3



A. Kumar and P. Krishnan Optics Communications 466 (2020) 125600

Fig. 3. Optical beam propagation in Malaga model [17].

Fig. 4. RoFSO link (a) without pointing error (b) with pointing error.

the M-distribution turbulence the probability density function(PDF) is
given by [16]

𝑓𝐼𝑎𝑚 (𝐼𝑎𝑚) = 𝐴𝑚
𝑏
∑

𝑘=1
𝑎𝑘𝑚𝐼

𝛼𝑚+𝑘
2 −1

𝑎𝑚 𝐾𝑎𝑚−𝑘

(

2

√

𝛼𝑚𝛽𝑚𝐼𝑎𝑚
𝛾𝛽𝑚 +𝛺

)

(11)

where

𝐴𝑚 =
2𝛼

𝛼𝑚
2
𝑚

𝛾1+
𝛼𝑚
2 𝛤 (𝛼𝑚)

(

𝛾𝛽𝑚
𝛾𝛽𝑚 +𝛺′

)𝛽𝑚+
𝛼𝑚
2

𝑎𝑘𝑚 =
(

𝛽𝑚 − 1
𝑘 − 1

)

(𝛾𝛽𝑚 +𝛺′)1−
𝑘
2

𝑘 − 1!

(

𝛺′

𝛾

)𝑘−1 (𝛼𝑚
𝛽𝑚

)
𝑘
2

𝛼𝑚 and 𝛽𝑚 are the fading parameters. Here 𝛼𝑚 represents a positive
parameter of the scattering process which is related to large scale
cells of this process. For generalized expression 𝛽𝑚 can be derived as
a real number, but it has a high degree of freedom in the proposed
distribution thus not much of the interest. Here 𝛽𝑚 is considered to be
a natural number so that the PDF follows accurately with the practical
observed data and also it leads to closed form representation [18]. Here
𝛾 = 2(1 − 𝜌)𝑏0. Parameter 𝛺′ = 𝛺 + 2𝜌𝑏0 + 2

√

2𝑏0𝛺𝜌𝑐𝑜𝑠(𝜙𝐴 − 𝜙𝐵) which
is the average power received by the coherent contributions. Here 𝜙𝐴
is the phase of the LOS component and 𝜙𝐵 is phase of coupled-to-LOS
scatter components. We have taken the difference between 𝜙𝐴 and 𝜙𝐵
is equal to 90◦.

3.3. Pointing errors

The FSO communication system is primarily based on LOS. So,
both the transmitter and receiver required to be highly aligned to each
other, this alignment factor plays a primary role in the performance of
the link. There are different reasons for the misalignment to happen
e.g. by thermal expansions, wind loads and weak earthquakes [19–
21] etc. These misalignments are called pointing errors as shown in
Fig. 4. we have denoted these pointing errors as 𝐼𝑝 and are generally be

modeled as in Eq. (11), which considers the case of non zero boresight
displacement. The PDF of distribution is given as [22]

𝑓𝐼𝑝𝑚 =
𝑔2

𝐴𝑔
2

0

(𝐼𝑝𝑚)𝑔
2

𝑓𝑜𝑟 0 ≤ 𝐼𝑝 ≤ 𝐴0 (12)

where 𝐴0 = [𝑒𝑟𝑓 (𝜈)]2 is the portion of the total received optical power.
𝜈 is given by 𝜈 =

√

𝜋
2

𝑎
𝑤𝑧

, here a is radius of the receiver and 𝑤𝑧 is
the beam width of the transmitted optical signal at the distance L.
Following expression is for the effective beam width at the receiving
end.

𝑤𝑧𝑒𝑞 =

[√

𝜋𝑒𝑟𝑓 (𝜈)𝑤2
𝑧

2𝜈𝑒−𝜈2

]

1
2

(13)

Here 𝑔 = 𝑤𝑧𝑒𝑞
2𝜎 is the ratio between the effective beam width and the

jitter standard deviation 𝜎.

3.4. Combined channel model

The overall channel model for 𝐼𝑚 is given as [16]

𝑓𝐼𝑚 (𝐼𝑚) = ∫ 𝑓𝐼𝑚∕𝐼𝑎𝑚 (𝐼𝑚∕𝐼𝑎𝑚)𝑓𝐼𝑎𝑚 (𝐼𝑎𝑚)𝑑𝐼𝑎𝑚 (14)

Here 𝑓𝐼𝑚∕𝐼𝑎𝑚 (𝐼𝑚∕𝐼𝑎𝑚) is a conditional probability for a given turbulence
state 𝐼𝑎𝑚. It is defined as

𝑓𝐼𝑚∕𝐼𝑎𝑚 (𝐼𝑚∕𝐼𝑎𝑚) =
1

𝐼𝑎𝑚𝐼𝑙𝑚
𝑓𝐼𝑝𝑚

(

𝐼𝑚
𝐼𝑎𝑚𝐼𝑙𝑚

)

=
𝑔2

𝐴𝑔
2

0 𝐼𝑎𝑚𝐼𝑙𝑚

(

𝐼𝑚
𝐼𝑎𝑚𝐼𝑙𝑚

)𝑔2−1 (15)

for 0 ≤ 𝐼𝑚 ≤ 𝐴0𝐼𝑎𝑚𝐼𝑙𝑚
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by substituting Eqs. (11) and (15) in (14) we have

𝑓𝐼𝑚 (𝐼𝑚) =
𝑔2𝐴

(𝐴0𝐼𝑙𝑚)𝑔
2
(𝐼𝑚)𝑔

2−1×

𝑏
∑

𝑘=1
𝑎𝑘𝑚 ∫

∞

𝐼𝑚∕𝐼𝑙𝑚𝐴0

𝐼
𝛼𝑚+𝑘

2 −1−𝑔2
𝑎𝑚

𝐾𝛼𝑚−𝑘

(

2

√

𝛼𝑚𝛽𝑚𝐼𝑎𝑚
𝛾𝛽𝑚 +𝛺

)

𝑑𝐼𝑎𝑚

(16)

Final 𝑓𝐼𝑚 (𝐼𝑚) can be obtained below [16]

𝑓𝐼𝑚 (𝐼𝑚) =
𝑔2𝐴𝑚𝐼−1𝑚

2

𝛽
∑

𝑘=1

[(

𝑎𝑘𝑚𝐵𝑚
𝛼𝑚+𝑘

2

)

𝐺3,0
1,3

(

𝐼𝑚
𝐵𝑚𝐴0𝐼𝑙𝑚

|

|

|

|

1 + 𝑔2

𝑔2, 𝛼𝑚, 𝑘

)]

(17)

where 𝐵𝑚 = 𝛺+𝛾𝑚𝛽
𝛼𝑚𝛽𝑚

and 𝐺𝑚,𝑛𝑝,𝑞 [ . ] is meijer G function.

4. The average BER of the RoFSO system

Wireless communication system performance can be determined
by knowing the BER. CNDR is a major parameter that has a role in
determining the BER. Thus, in this section, we find the average BER
with the help of CNDR per subcarrier for the RoFSO communication
link which is spatially diverse. We have calculated average BER after
the received signal combined through MRC combiner. Here we have
also taken account of the atmospheric turbulence with the non zero
boresight pointing errors and atmospheric losses. we can estimate the
average BER 𝑃𝑛,𝑀𝑅𝐶,𝐴𝑉 of the K-QAM OFDM RoFSO link for each
particular subcarrier through expression [23]

𝑝𝑛.𝑀𝑅𝐶,𝐴𝑉 = ∫𝐼𝑚
𝑓𝐼𝑚 (𝐼𝑚)𝑃𝑛,𝑄𝐴𝑀,𝑀𝑅𝐶 (𝐼𝑚)𝑑𝐼𝑚 (18)

Following equation gives the conditional BER for the K-QAM modula-
tion. Here spatial diversity and MRC combiner has also been taken into
account and the conditional BER is calculated for each subcarrier [15]:

𝑝𝑛.𝑀𝑅𝐶,𝑄𝐴𝑀 (𝐼𝑚) =
4(1 −𝐾

−1
2 )

𝑙𝑜𝑔2(𝐾)
𝑄

⎛

⎜

⎜

⎝

√

√

√

√
3

𝐾 − 1

𝑀
∑

𝑚+1
𝐶𝑁𝐷𝑅𝑁.𝑀 (𝐼𝑚)

⎞

⎟

⎟

⎠

(19)

We have used the following approximation for the Q function [24]

𝑄(𝑥) ≈ 1
24

[

5𝑒𝑥𝑝(−2𝑥2) + 4𝑒𝑥𝑝
(

−11𝑥2
20

)

+ 𝑒𝑥𝑝
(

−𝑥
2

2

) ] (20)

Now we substitute the Eq. (20) into (19) and used its outcome in
Eq. (18), as the 𝐼𝑚 is not depend on each other the multiple inte-
gral of Eq. (18) become summation of products of single dimensional
integral [23]

𝑃𝑛,𝐴𝑉 ≈ 1 −𝐾−1∕2

6𝑙𝑜𝑔2𝐾

[

5
𝑀
∏

𝑚=1
∫

∞

0
𝑓𝐼𝑚 (𝐼𝑚)𝑒𝑥𝑝(−2𝑦)𝑑𝐼𝑚

+4
𝑀
∏

𝑚=1
∫

∞

0
𝑓𝐼𝑚 (𝐼𝑚)𝑒𝑥𝑝(−

11𝑦
20

)𝑑𝐼𝑚

+
𝑀
∏

𝑚=1
∫

∞

0
𝑓𝐼𝑚 (𝐼𝑚)𝑒𝑥𝑝(−

𝑦
2
)𝑑𝐼𝑚

]

(21)

where 𝑦 = 3𝐶𝑁𝐷𝑅𝑛,𝑚(𝐼𝑚)
(𝐾−1)

Now, we substitute the combined channel fading model into the
average BER of each subcarrier i.e. substituting Eq. (17) into (21).
While doing this we transform the exponential terms present in Eq. (21)

Fig. 5. Average BER in terms of the electrical 𝐶𝑁𝐷𝑅𝑛,𝑚,𝐸𝑋 per diversity order for
different turbulence conditions.

into the Meijer-G function and solved the integrals with the help
of [25]. Thus, we get the closed form mathematical Eq. (22). This
expression is for the calculation of average BER of individual subcarrier
from within N subcarriers. For this expression K-QAM OFDM RoFSO
link, M-receivers diversity is considered.

𝑃𝑛,𝐴𝑉 ≈ 1 −𝐾−1∕2

6𝑙𝑜𝑔2𝐾

(

5𝜙(2,𝑀) + 4𝜙( 11
20
,𝑀) + 4𝜙(0.5,𝑀)

)

(22)

where 𝜙(𝑥,𝑀) =
∏𝑀

𝑚=1 𝛬(𝑚)𝜓(𝑥, 𝑚)
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2
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|
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]

where 𝑧 =
48𝑥𝐶𝑁𝐷𝑅𝑛,𝑚,𝐸𝑋 (1+𝑔−2)2𝐵2

𝑚𝐼
2
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2 , 2−𝑔

2

2 , 1−𝛼𝑚2 , 2−𝛼𝑚2 , 1−𝑘2 , 2−𝑘2
and 𝜒 = 0, −𝑔

2

2 , 1−𝑔
2

2
The 𝐶𝑁𝐷𝑅𝑛,𝑚,𝐸𝑋 is taken from (8) and the expected value of 𝐼𝑚 can

be given as [26]

𝐸[𝐼𝑚] = ∫

∞

0
𝐼𝑚𝑓𝐼𝑚 (𝐼𝑚)𝑑𝐼𝑚 = 𝐴0(1 + 𝑔−2)−1 (23)

After taking high number of subcarriers [14] the average BER of the K-
QAM OFDM RoFSO link with spatial diversity and M-distribution model
is given as

𝑃𝐴𝑉 ≈ 1 −𝐾−1∕2

6𝑁𝑙𝑜𝑔2𝐾

𝑁−1
∑

𝑛=0

(

5𝜙(2,𝑀)

+ 4𝜙( 11
20
,𝑀) + 4𝜙(0.5,𝑀)

)

(24)

5. Numerical results

From the derived mathematical expressions of average BER Eqs.
(22) and (24), the result is presented. The link length we have taken as
L = 3 km. we assumed that the aperture of all the receivers is having the
same radius i.e. 5 cm. And the working wavelength of the optical signal
is 𝜆 = 1.55 μm. The above mentioned points are the same for all links in
the spatially diverse system. So, we have 𝛼𝑚 and 𝛽𝑚 of each individual
link is taken as equal. For pointing errors also, the same parameter
values are taken. The symbol 𝐶2

𝑛 represents the refractive index struc-
ture parameter and its value depends on the atmospheric turbulence

5
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Fig. 6. Average BER in terms of the electrical 𝐶𝑁𝐷𝑅𝑛,𝑚,𝐸𝑋 per diversity order for
various 𝜌 values at strong turbulence.

Fig. 7. Average BER in terms of the electrical 𝐶𝑁𝐷𝑅𝑛,𝑚,𝐸𝑋 per diversity order for
various misalignment at strong turbulence.

Fig. 8. Average BER in terms of the electrical 𝐶𝑁𝐷𝑅𝑛,𝑚,𝐸𝑋 per diversity order for
various weather conditions at strong turbulence.

strength. 𝐶2
𝑛 is taken as 2 × 10−14 m−2∕3 for weak , 4 × 10−14 m−2∕3 for

moderate and 8×10−14 m−2∕3 for strong turbulence Conditions. 𝛼𝑚 and
𝛽𝑚 are calculated from the expression given in [9]. For investigating
nonzero boresight pointing error effect we have taken two cases, first is
weak misalignment and second is enhanced misalignment. In the weak
misalignment, we consider normalized spatial jitter (𝜎𝑥.𝑚∕𝑅𝑚, 𝜎𝑦.𝑚∕𝑅𝑚)
= (0.2, 0.1) and zero boresight displacement (𝜇𝑥.𝑚∕𝑅𝑚, 𝜇𝑦.𝑚∕𝑅𝑚) = (0,
0). In the enhanced misalignment, we consider normalized spatial jitter
(𝜎𝑥.𝑚∕𝑅𝑚, 𝜎𝑦.𝑚∕𝑅𝑚) = (0.5, 0.2) and non zero boresight displacement
(𝜇𝑥.𝑚∕𝑅𝑚, 𝜇𝑦.𝑚∕𝑅𝑚) = (0.2, 0.2). Here 𝑅𝑚 is the aperture radius of each
receiver. The waist of the transmitted beam is taken as 𝑊0,𝑚 = 4 cm.

For plotting Fig. 5, we have considered 16-QAM RoFSO link with
spatial diversity, weak misalignment and clear weather conditions. It
is evident from the plot that an average BER of 10−6 or lower values
are achieved at 30 dB CNDR for all three turbulence conditions with
M = 4 and an average BER of 10−4 or lower values are achieved at
30 dB CNDR for all three turbulence conditions with M = 2. So, it is
concluded that as we increase the diversity branch the performance
enhances rapidly.

For Fig. 6 we have considered 16-QAM RoFSO link with spatial
diversity of M = 2, weak misalignments, and Haze weather conditions.
Here we have taken strong turbulence. The effect of scattering increases
as the value of CNDR increases. For example for 𝜌 = .99 (min. Scatter-
ing) 10−3 BER is achieved at 27 dB CNDR but for same BER 𝜌 = 0 (Max.
Scattering) needed 39 dB CNDR which is 12 dB more requirement to
achieve the same BER.

Different considerations for plotting Fig. 7 are 16-QAM RoFSO
link with spatial diversity and haze weather conditions. Here strong
turbulence condition has been considered. It is clearly visible from
Fig. 7 that the weak and enhanced misalignment effect is minimal on
the performance of the link in comparison to the effect of increasing
the diversity branch in the link.

For Fig. 8 we have considered 16-QAM RoFSO link with spatial di-
versity and weak misalignment. Here we have taken strong turbulence.
It is evident that the effect of weather conditions can overcome easily
by increasing the diversity branch in the link as BER of 10−6 can be
achieved at 39 dB CNDR for M = 2 clear weather but for the same BER
only 30 dB CNDR is required for M = 4 Haze weather conditions. And
for fog weather conditions the effect of increment of diversity branch
is much less effective as till 30 dB CNDR the BER value is very near for
both M = 2 and M = 4 fog conditions.

For Fig. 9 we have considered 16-QAM RoFSO link with spatial
diversity M = 4 and weak misalignment. It is evident that the weather
condition fog is having more effect than strong turbulence as from
graph we can see that the BER value is very close for both in the
whole plot of light fog with weak turbulence and light fog with strong
turbulence. So, it can be concluded that in fog weather conditions the
link performance is most affected.

For Fig. 10 we have considered RoFSO link with spatial diversity,
weak misalignment, haze weather condition and strong turbulence. It
is evident from Fig. 10 that as we increase the order of QAM i.e. as
the data which is transmitting through the link get increased the BER
also get increased and thus the performance of the link reduced, for
example for 10−4 BER M = 2, 16-QAM required 33 dB CNDR, 64-QAM
required 38 dB CNDR and 256-QAM required 45 dB CNDR.

6. Conclusion

In this work, we investigated the BER performance of K-QAM OFDM
RoFSO link with spatial diversity. The channel model is considered
as the combined one with the effects of atmospheric attenuation,
turbulence and misalignment fading. The atmospheric turbulence and
the pointing errors are modeled through M-distribution, Beckmann
and modified Rayleigh distribution respectively. The novel closed form
expression of the average BER is derived for the proposed system
which is based on the M-distribution model which follows accurately

6
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Fig. 9. Average BER in terms of the electrical CNDRn,m,EX per diversity order for
various turbulence condition, and weather condition combinations.

Fig. 10. Average BER in terms of the electrical𝐶𝑁𝐷𝑅𝑛,𝑚,𝐸𝑋 per diversity order for
various QAM at strong turbulences.

experimental observations. The results are analyzed and plotted for
different weather, turbulence, and pointing error conditions. It can
be concluded that the increment in the diversity branch enhances the
performance of the link in great amount in all turbulence conditions.
The proposed OFDM based RoFSO system is highly useful in smart cities
and 5G applications. The complete analysis presented in the paper can
be useful for the design engineers in designing a system, for smart city
applications.
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