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Abstract—Free Space Optical (FSO) communication system is
an optical wireless connectivity operating at an unlicensed
optical spectrum, with lots of advantages over the conventional
Radio Frequency (RF) transmission. However, the performance
of the FSO channel is limited due to atmospheric turbulence and
severe weather conditions. There are many authors who have
worked on mitigating these effects by using Spatial Diversity
(SD) with 2X2-MIMO systems and few have worked up to
4X4-MIMO systems, blended with BPSK-Sub-carrier Intensity
Modulation (BPSK-SIM) under the log-normal atmospheric
turbulence model. However, in this paper, we extended the SD
technique to higher-order configurations such as 8X8-MIMO
system in order to improve the performance obtained from
lower-order FSO systems. This study was considered at log-
irradiance variance values of 0.1 and 0.9, representing the
mildly weak and moderately weak atmospheric turbulence
regimes respectively. This work has presented the performance
analysis of various FSO-SD techniques. As a result, at BER of
10°° the 1X8, 4X4, 6X6 and 8X8 higher-order SD systems were
~46%, 55%, 61% and 69% respectively better than the "non-
diversity" FSO system during the moderately weak atmospheric
condition. Also, their channel capacities were ~=74%, 77%,
85% and 89% respectively better than the "non-diversity” FSO
system at SNR of 30 dB.

Index Terms—Atmospheric turbulence, BPSK-Sub-carrier
intensity modulation, free space optical communication
systems, higher-order spatial diversity technique, log-normal
atmospheric turbulence model

I.  INTRODUCTION

Free Space Optical (FSO) Communication System is
an Optical Wireless Communication (OWC) system that
can be described as a robust technology that provides
users with a superior mobility, flexibility as well as high
data rate. The FSO communication system conveys
information by transmitting laser beams through the
atmosphere to a photodetector. In the recent years, it has
attracted applications in both indoor and outdoor wireless
communications. It has proven to be a good and viable
substitute to other traditional wireless communication
systems due to its large bandwidth, easy deployment and
commissioning, and cost effectiveness. The sophisticated
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outdoor wireless capabilities of the FSO system, with lots
of other optimal services mentioned above are part of its
advantages over other types of wireless communication
systems. Based on its numerous and broad applications,
the FSO communication system has attracted great
attention and has become a widely used OWC system for
the improvement of the Average Channel Capacity (ACC)
of communication systems [1]-[5].

The motivation for alternative technology that meets
today’s wireless access platform is as a result of the last-
mile bottleneck. This is coupled with continually
increasing demand placed on the need for higher
bandwidth and transmission rate, along with certain
Radio Frequency (RF) limitations due to frequency
spectrum congestion [1], [6], [7]. The FSO system has
proved to be a communication system with allocation for
high speed, broad (wide) bandwidth, interference-free,
highly directional, reasonable security, license-free,
robust communication services with less time of
deployment and also importantly it has a low
maintenance cost. Another advantage of the FSO is its
ability to equal the speed of the Fiber optics, which is as
high as 1.25 Gbps and as a matter of fact, it has the ability
to surpass this speed to reach 10 Gbps. The reason being
that it transmits data faster through air than in the glass
fibers used in fiber optics [1], [8], [9].

However, the effects of the atmospheric conditions
greatly determine the reliability and efficiency of the FSO
communication system by causing a fluctuation in the
irradiance of the optical signal which is known as
atmospheric  scintillation  [10]-[12]. The  main
disadvantages of the FSO communication system arise
from the occurrences associated with atmospheric
conditions resulting into atmospheric turbulence or
adverse weather conditions. The atmospheric turbulence
effects are caused by the differences detected in the
refractive index as a result of the in-homogeneities in
temperature and also by fluctuations obtained in air
pressure along the transmission pathway of the laser
beam [4], [12], [13]. The effects of the index in-
homogeneities obviously have a great deteriorating
impact on the quality of the received signal and at the
same time it can cause variations in both the received
signals’ intensity and phase. As a matter of fact, the long
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run effects of these wvariations can result into an
increasing link error probability, thereby causing a
limitation to the performance of the FSO communication
system. These atmospheric turbulence conditions can be
categorized into weak, intermediate and strong
atmospheric turbulence regimes depending on the level of
the atmospheric turbulence strength [4], [5], [12], [14].
The Received Optical Signal Level (ROSL) at the
receiver can be adversely affected as a result of
atmospheric disorders such as the occurrence of Fog and
haze which leads to beam scattering, thereby reducing the
ROSL. Also, the higher the magnitude of the fog, the
higher the attenuation that it produces. Attenuation
exceeding 300 dB/km is caused by heavy fog, which in
turn limits the length of the FSO link to a range that is
less than 100 m [6], [15], [16]. The effects of some
atmospheric conditions such as rain and snow are not
quite harmful to FSO communication systems, but it has
been observed that they mainly cause serious attenuation
to the radio and microwave frequencies [6], [16], [17].

Overcoming the corruption effects on optical signals
caused by fading that has been induced by turbulence can
be achieved by several diversity techniques. The
employment of different methods under the diversity
techniques can be wused to improve the channel
performance of the FSO communication links. The
conventional diversity techniques used in FSO
communication system are space diversity, time diversity,
wavelength diversity, frequency diversity and temporal
diversity [18]-[20]. As sited by several authors, spatial
diversity technique can be considered as a promising
mitigating technique for FSO communication to produce
a high data rate. This led to an investigation into the
spatial correlation amongst a pair of configured
transmitters in a Multiple Input Multiple Output (MIMO)
structure as presented in [21]. However, the atmospheric
effects are controllable and can be greatly minimized to a
reasonable level through the use of the MIMO technique.
This includes the application of multiple lasers at the
transmitter end as well as multiple photodetectors at the
receiver end [18], [22], [23]. Another work discussed the
performance investigation of multi-beam Free Space
Optical system using diversity techniques [24].

The choice of the appropriate modulation scheme to
achieve an optimum FSO performance is a key factor in
mitigating against the induced fading which is as a result
of atmospheric turbulence. The modulation techniques
that are the simplest as well as most extensively
employed for FSO systems are the On-Off Keying (OOK)
scheme and the Pulse Position Modulation (PPM) [6], [9],
[13]. Though the OOK scheme has shown that it doesn’t
deliver any form of protection or resistance to induced
fading caused by the atmospheric turbulence [4], [6], [14],
[25]. The level of the optical intensity obtained at the
position of the receiver sometimes experiences a random
instability which is caused by the non-predictive behavior
of the atmospheric turbulence level. Therefore, all these
suggest that for the OOK technique to produce an
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optimum performance when it is applied, it will definitely
need an adaptive thresholding scheme. However, due to
the formation of this scheme, the implementation tends to
be complex and practically not suitable [6], [17], [26].
Meanwhile, the PPM modulation technique on the other
hand seems to have a poor bandwidth efficiency, despite
its low cost and simplicity [13]. Applying the modulation
schemes that convey the required information in either
the frequency or the phase of the carrier signal has
become a reasonable and better approach. This is because
the level of the optical intensity in FSO communication
system is drastically affected by fog and scintillation [6].
Therefore, following the trend of current researches, a
proposition has been made that the limitations obtained
from the employment of the OOK or PPM can be
overcome by the employment of Sub-carrier (SC)
Intensity Modulation (SIM) schemes. The various types
of Sub-carrier Intensity Modulation schemes that can be
applied are: Sub-carrier Binary Phase Shift Keying (SC-
BPSK) and Sub-carrier Quadrature  Amplitude
Modulation (SC-QAM). However, this paper employed
the former. As a matter of fact, the Binary Phase Shift
Keying (BPSK) based SIM does not need any adaptive
thresholding scheme and it is moderately bandwidth
efficient. This makes it a better option when compared to
the operations of the OOK and PPM in the presence of
fading channels that have been induced by the
atmospheric turbulence [14], [20], [27], [28]. Thus, a
comprehensive investigation of the FSO communication
system performance using SC-PSK has been shown in
[17], [25], [28], [29], but without considering the spatial
diversity technique. Wilson et al. in [30]-[32], considered
the FSO MIMO communication system using the Pulse
Position Modulation (PPM) and the Q-ary PPM under
two turbulent induced fading channels which are: the log-
normal and Rayleigh fading channels, and then made
expressions and analysis on the Bit Error Probability
(BER) and the Symbol Error Probability (SER).

Apart from the usual study of Average Bit Error Rate
(ABER) and Average Symbol Error Rate (ASER)
performance for MIMO-FSO communication systems,
the average capacity performance of these systems are
now recently studied in [13], [33]. The Average Channel
Capacity (ACC) is also a standard metric system for
determining the maximum possible data rate (in b/s/Hz)
consistently transmitted between the transmit lasers and
the receive photodetectors in the FSO communication
regime [34]. In addition to the BER and the ACC
performance analysis studied in this paper for higher-
order spatial diversity FSO systems, the Outage Channel
Capacities (OCC) of these FSO systems were also studied
under the weak turbulence regime.

Thus, from the foregoing, the performance on the ACC
of FSO-MIMO Communication systems under different
atmospheric turbulence induced fading channels such as
the weak, intermediate and strong atmospheric turbulence
fading channels has not been fully investigated. This
work investigates the BPSK-SIM over MIMO and other
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Spatial Diversity (SD) techniques (such as Single Input
Multiple Output (SIMO) and Multiple Input Single
Output (MISO)); whereby the Subcarrier Intensity
Modulation is employed to improve the capacity of the
FSO system by making sure that the multiple sources are
being modulated at different sub-carriers. Though, to
obtain a preferred BER performance, the penalty that is
paid is the higher SNR. Therefore, in situations whereby
we place great priority on the increase in capacity of the
system more than the power requirement, then it will be
proper to choose the multiple SIM technique.

The arrangement of this paper is given as follows:
Section 2 explains explicitly the system and channel
models that were used in this work. The performance
analysis showing the BER, ACC and OCC of the various
higher-order spatial diversity schemes are presented in
Section 3. Numerical results as well as the graphical
analysis of the higher-order spatial diversity schemes
under the mildly weak and moderately weak atmospheric
turbulence regimes are shown in Section 4. Finally, the
last section states the conclusion with remarks of this

paper.
Il.  SYSTEM AND CHANNEL MODELS

A. System Model

1) FSO-SISO systems using BPSK

The whole system model in this case involves the Free
Space Optical SISO system using BPSK modulation
technique with a structure that consists of a single
transmitter at the input and a single receiver at the output
of the optical link. This type of FSO system employs
BPSK signaling to modulate the intensity of the optical

signal produced by the single transmit laser by means of a
carrier signal created by the modulator.

A simple block diagram to describe the Free Space
Optical SISO system which uses the BPSK-SIM
modulation technique is shown in Fig. 1. The source
input data (d;) which carries the information to be
conveyed to a user at a distant destination, becomes
modulated by the BPSK modulator onto the created RF
subcarrier. It is then relayed onto a laser which is
described as an optical carrier. The g(t) in the FSO SISO
BPSK-SIM block diagram denotes the rectangular pulse
shaping function of the BPSK modulator. In order to bias
the optical carrier appropriately, the created complex RF
signal is being mixed with a DC bias signal b,. This
synchronization ensures that the optical carrier totally
accepts the full swing of the time varying RF subcarrier
signal. Thus, after synchronization with the DC bias
signal, the intensity of the optical source becomes
modulated by the RF subcarrier. However, the modulated
optical information produced by the laser is transmitted
over the free space which is an atmospheric channel. The
atmospheric channel considered in this paper is a weak
turbulent regime. The log-normal distribution is used to
model the weak turbulence effect which results into
fading of the transferred optical signal intensity. Using a
Coherent Detection (CD) technique at the receiver, we
can conveniently recover the complex Sub-carrier
Intensity Modulated signal that has been superimposed on
the covering of the inbound optical signal. In order to
capture the sub-carriers, the Electrical Bandpass filters
are used. Following this is the standard RF coherent
detector which is also the BPSK demodulator that, thus
recovers the transferred data series given as D;.

d(t) |
Laser

driver

g(t)

Input
data |

I_m_l

W

Acos(Zuft+am) DC bigs

OBPF

% _

Photo-

detector

T

cos(2mft)

(di) | epskmoduiator | b %

Weak
Atmospheric
Turbulence
Channel

D, (1)

gt} Sompler  —t j: ——
! Output
! data (D;)

BPSK Demodulator

Fig. 1. The block diagram of BPSK Sub-Carrier intensity modulated SISO-FSO Link under the log-normal atmospheric channel.

In this SISO case, a single RF sub-carrier that has
BPSK sub-carrier amplitude, sub-carrier phase and sub-
carrier frequency as A, a, and f; is being used [6]. It is
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confirmed that as the photodetector (PD) optically detects
and collects optical signal at the receiver end, this process
is done in the presence of the following: signal distortion,
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noise interference and background radiation [8]. The
expression for the transmitted optical signal intensity
from the single laser driver is expressed as [14]:

s(t) =P, {L+xe, | 1)

where P, represents the average optical signal power per
bit and k denotes the index of modulation which is given
as O0<x<1. However, the Peak transmitted optical
signal power (Pp) is related to the average optical signal
power per bit as follows: P, = Pp /2.

The electrical BPSK sub-carrier signal [e, (t)] is given
as [6], [25]:

e,)=Agcos@dt+ar) @

where t is the time in seconds and all other parameters
remain as earlier described. Thus, (1) becomes:
Pp
s(t) = > {L+«[A, cos(2A t+a.x)]} @)

After modulation, the transmitted optical signal from
the laser is transmitted over the atmospheric turbulence
regime where it gets distorted by atmospheric effects,
such as scintillation, fog, rain, snow and so on. Thus, in
an FSO communication system with the effects of
scintillation and the likes, the received optical signal
intensity r(t) at the input of the single photodetector is
given as [35]:

r(t) =aC(t)Pr,(t) )

In (4), parameter a denotes the atmospheric attenuation
factor contributed by other effects rather than scintillation,
C(t) is the signal scintillation factor due to the effects of
the atmospheric turbulence, which can then be
demonstrated as a stationary random process. P(t)
represents the received signal intensity without
considering the effects of scintillation. However, it can be
said that s(t) = P,(t).

Therefore, for BPSK systems in an FSO
communication system, the received optical signal
intensity at the input of the single photodetector is given
as [14]:

r(t) =aC(t)s(t), (5)
r() = aC(t)%{1+ k[ A, cos(2f t + acn)]} (6)

This received optical signal intensity has already been
distorted while being transmitted over the atmospheric
turbulence channel. Consequently, since we are
considering the weak atmospheric turbulence channel in
this paper, C(t) can be modelled with the Log-normal
distribution as a stationary random process.
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The mean amplitude (aC(t)%) of the received

electrical signal which is also called the DC term of the
signal can be filtered out using a bandpass filter, which is
incorporated into the receiving end of the FSO system.
Hence, at the output of the photodetector, after it has been
filtered and converted from the optical form, we can
obtain the expression for the electrical signal as follows
[14].

L0 =2CO LR, OO O

P
r.(t) = aC(t)?"ERkAC cos(2A4f t +a, z) +v(t) (8)

where R is the Photodetector’s responsivity; this is a
parameter that gives the responsivity of the photodetector
or how reactive the photodetector is. v(t) represents the
total receiver noise. This noise factor contributed or
accumulated at the receiver can be modelled as an
Additive White Gaussian Noise (AWGN) process which

has a power spectral density N .
Finally, the received electrical signal undergoes BPSK
demodulation and then afterwards becomes sampled in

order to recover the original information (data). Hence,
for the BPSK demodulation of the received electrical

signal I, (t), the output signal R(t) that contains the
original data can be finally obtained after the received
electrical signal I, (t) is demodulated by the reference

signal A, cos(27f t) and given as [14]:
R(t) =r, (t) A, cos(274 ) ©)

Poos A
R() =aC(O) >R > +v(t) (10

Therefore, after the BPSK-SIM coherent detection
demodulation, baseband electrical signal that will be
obtained at the end of the FSO SISO communication link
is given as [14], [35]:

R(t) = %aC(t)PpiRKAC ) A

2) FSO Spatial diversity systems using BPSK

The Spatial Diversity technique involves employing
multiple antennas on either the transmitter or receiver
(MISO or SIMO respectively), or having more than one
antenna on both the transmitter and receiver as in the case
of MIMO. However, as shown in Fig. 2, a universal

M x N FSO Diversity system using the BPSK-SIM

modulation technique can be considered and deduced.
Hence, this generic formulation can be used to handle the
FSO-MISO, FSO-SIMO and FSO-MIMO systems.
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In this paper, the systems described above employed
BPSK signaling with a set of M transmitting lasers

directed towards a set of aligned Ny receiving

Photodetectors (PD). The MT transmitting lasers

individually provide an explicit perfect synchronized data
transmission which employs similar BPSK signals. These
data transmission, with seamless synchronization by each
of the transmitting lasers, provide a stream of data
transmitted through an atmospheric turbulence channel

directed towards the N photodetectors at the receiving

end. However, in order to justify the performance
analysis, it is important to make certain assumptions such
as assuming that each transmit telescope’s light beam-
width is sufficiently broad to make sure that the receiver
array is being completely illuminated. Also, it is essential

to include the assumption that irrespective of I\/IT, the

same total optical power is being produced by the
transmitter’s telescope array. This is done in order to
impose a reasonable evaluation with the case of a system
having a single transmit telescope. The spatial correlation
has to be insignificant when considering these spatial
diversity techniques. Thus, for this to be negligible, it has
to be assumed that the distance between the discrete
transmit and receive telescopes is sufficient.

The model for the turbulence channels of the various
Diversity systems can be represented by an atmospheric

turbulence channel C , having an M, x N matrix

which describes the configurations of the Diversity
turbulence channel, and it is given as [13], [14]:

C =[C,, Olnn5". (12)

m,n=1

However, at the input of the BPSK demodulator, the
electrical signal is given as [13], [14]:
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(D)

cos (2 f.t)

BPSK Demodulator

iversity FSO links under the Log-normal atmospheric channel.

M; Ng

P
r.(t) =[a] [7p] [R1[x1le, (D1 D Con (©) + V(1)

m=1 n=1

(13)
m=1,2... Mrandn=1,2 ..., Ng,

where C_ (t) represents the stationary random process

which describes the atmospheric turbulence channel
between the mth transmit laser to the nth photodetector,

and v(t) denotes the Additive White Gaussian Noise

with zero mean and a noise power Né”) :

The transmitted electrical signal can be estimated at
the receiving end by employing the means of a Maximum
Ratio Combining (MRC) Detector. The MRC was chosen
in this paper due to the fact that in terms of optimum
performance, it has a combining gain advantage which
adds benefits to the FSO system. This is as a result of the
fact that the required SNR expected to reach a certain
BER performance is slightly lower for MRC compared to
other combining schemes such as Equal Gain Combining
(EGC) and Selection Combining (SC). Unlike other
combiners, the MRC performs its operation by estimating
the gains of all the channels of the diversity system.
Therefore, as a result of this, a finite sum of the
individual sub-channel Signal to Noise Ratios can be
obtained. This respectively gives an expression for the
Instantaneous Electrical SNR (IE-SNR), and it is given as
follows [13], [14]:

y=0O3 Jrm)? (14)

m=1 n=1
My Np  —

7= Y mCom)’ (15)
m=1 n=1
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The factor y,,, is obtained as Random Variables (RVs)

of arbitrary sizes and it describes the component of the
Instantaneous Electrical SNR. This component is caused
by the signal that results from the sub-channel. Each of

the sub-channels that exist from the mth transmit laser
to the nth photodetector contributes to the Instantaneous
Electrical SNR (IE-SNR). Thus, y,, is expressed as
follows [13], [14]:

( L C,.,aRP,x)*
MTR

= = szn 16
}/mn NO }/mn ( )

where N0 is a representation of the total noise power of

the system. However, from a combination of the various
instantaneous electrical SNR components obtained from

the various sub-channels in the middle of the mth
transmit laser and the nth photodetector, the average

electrical SNR (7, ) can be found and it is contributed

by the various sub-channels. From (16), ;_/mn is obtained
as [13], [14]:

( aﬁ?PaK)2

M, N,
NO

V= 17)
Hence, for FSO SISO communication system, the
average electrical signal to noise ratio is given as:

(aRP,x)’

18
N, (18)

7/:

(since m =n =1, for SISO systems)

B. Channel Model

1) Atmospheric turbulence model

The irradiance fluctuations that arise in the FSO
system as a result of certain atmospheric turbulence
conditions within the link regime can be described using
various statistical models. However, the irradiance
fluctuations can be described in various levels based on
the impact of the atmospheric turbulence. This has led to
the fact that the atmospheric turbulence condition can be
categorized as weak, intermediate (moderate) or strong
turbulent conditions.

The atmospheric turbulence induced fading that
describes perfectly the weak atmospheric turbulence
condition used in this paper is expected to be a random
process that has the same pattern like the log-normal
distribution [13], [17]. On the other hand, the random
process for the atmospheric turbulence induced fading for
the intermediate and the strong turbulence conditions
follows the Gamma-Gamma distribution [13], [20].

2) The log-normal turbulence model
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The Random process of the turbulence induced fading
as a result of the influence of the weak atmospheric
turbulence condition, can be modelled using the log-
normal distribution function. This Log-normal turbulence
model offers an opportunity to describe the weak
atmospheric turbulence induced fading channel during
the propagation of signal from the transmitter to the
photodetector.

The Probability Density Function (PDF) that
mathematically expresses the log-normal fading channel
for an irradiance with log-normal Random Variable (RV),

when C_ >0, is given as follows [5], [14], [35]:

O-IZ 2
(In(C,,) +7)

207

fmn (Cmn) = ) (19)

exp(—
(CrnoiV27)
wherem =1,2 .., Mrandn=1,2 ..., Nr.
The variance parameter of the distribution used in this
case is called the Rytov Variance which is denoted by the
parameter alz , and it is expressed as follows [6]:

of =1.23C2k7'O O (20)

Under the weak scintillation theory, this Rytov
Variance expression in (20) is mostly used when we
assume a plane wave propagation. However, it can be
said that the Rytov variance is proportional to the
scintillation index. In the expression above showing the
Rytov variance, the atmospheric turbulence strength or
the refractive index parameter is represented using Crf.
This parameter depends on the altitude of the optical link,
and according to the atmospheric turbulence condition, it
has a range that varies from 107" to 10™** m™%3[13],
[14].

The expression for the normalized Log-irradiance
variance also called the scintillation index (o) is given

as [13], [14]:
ol =exp(y, +y,)-1 (21)

where parameters i/, and i/, respectively are given as
[13]:

B (0.490,2)
(1+0.18d% +0.565°2/%) /8

L (22)

_ (0.5157)
(1+0.9d2 +0.6205:2/%)'¢ '

¥, (23)

From the above expressions, we have the following
parameters: the optical parameter, d , which is given as:

J(kD?)/4L, and also, the optical wave number, K, is

given as: 27/A . Where D represents the receiver
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aperture diameter of the Photodetector, the optical Link
distance in meters is represented by L, and the optical
wavelength in meters is denoted by A .

I1l.  PERFORMANCE ANALYSIS

A. Bit Error Rate Analysis for Log-Normal Channel
Model Using BPSK-SIM
Considering the same transmitted data symbols, that is,
when the system allows the transmission of a data symbol
‘1’, the Bit Error Rate (BER) can be derived as the
probability of the output signal after demodulation to be
less than zero (R(t) <0). Therefore, it can be said that

the theoretical unconditional BER per subcarrier channel
is given as [14], [35]:

P=[P.,©f.C)C (9

where P(e i

of error that is the same as the probability of obtaining
R(t) <0, whereby R(t) is considered as a Gaussian

random process that has an instantaneous mean given as
; ; 2
%C(t)PpiRkAc and a noise variance of oy . The

(C) represents the instantaneous probability

parameter f_(C) represents the PDF of the random

process which is as a result of the atmospheric
scintillation within the system. Thus, the instantaneous
error probability is given as [35]:

CP. R
P(e_i):\/ga,\‘ meXp[ 20_; ]dR
PR
:Q("G—KAC.C) (26)
N
:Q\ﬂ (27)

where Q(.) denotes the Gaussian Q-function and it is
given as [35]:

1 ¢ 2
Q(y) :EL op(-t2/2)dt  (28)

and the noise variance G,ﬁ at the input of the BPSK

modulator is given as [35]:
2 2 K T
oy = 204G F,R( P,C)AT + (ks —)Fyaf (29)
L
Also, N, =207, such that N, represents the Noise
Power  Spectral Density (PSD) and  where
q,G,F,,T,Af,F,,ky and R, all represent the

charge of the electron, average Avalanche Photo-Detector
(APD) gain, additional noise factor, receiver noise
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temperature, effective noise bandwidth, noise figure of
the amplifier, Boltzmann’s constant and load resistance
respectively.

During the weak atmospheric turbulence event in an
FSO communication system, it is already a fact that the
log-normal distribution perfectly describes the primary
influence of turbulence (C(t)) which is identified as a

random process [35]. The PDF (f_(C)) for an FSO

system described by a log-normal distribution can be
expressed using the expression given in (19). The

. 2 . . .
variance parameter o, in this expression also represents

the log-irradiance variance, which determines the strength
of the atmospheric turbulence condition and it is a value
that is dependent on the characteristics of the channel.
This log-normal PDF continues to be valid for the
Scintillation Index (S.1) which is given as [35]:

Sl=c2=e% -1 (30)

Thus, using Eqg. 30, the scintillation indices chosen for
this research work were obtained from the selected log-
irradiance variance values. These scintillation indices
values are within the range of values that the log-normal
model can handle. Therefore, we used these set of values
to determine the minimum and maximum effects of weak
atmospheric turbulence on the channels of the FSO
communication links. Since the limit of the log-irradiance
variance values that the log-normal model can handle for
the weak atmospheric turbulence regime is 1.2 [6], thus,
in this paper we chose to limit ourselves to log-irradiance
variance values from 0.1 to 0.9.

The BER expression for the FSO system can be
obtained by substituting (19) and (26) into (24), and this
is shown below:

P, jQ( ’“L\ «C)
L1 (IN(C)+ 02 12)?
@J,Cexp[ 207 Jac @

B. Average (Ergodic) Channel Capacity Analysis

1) Average Spectral Efficiency (ASE)

The Average Channel Capacity (ACC) is a very
essential metric which can be used to determine or
evaluate the optimal performance of the optical link. It
can as well be used to determine the data rate that
communicates between the available M-transmitter and
N-photodetector. However, if the channel frequency
response is known, and since the ACC is a system for
obtaining the maximum achievable data rate, then we can
also conveniently express the ACC of the systems in
terms of the Average Spectral Efficiency (ASE) which
will then be given in bits/seconds/Hertz [13], [14].

In the presence of weak atmospheric turbulences with
fading strength less than one, the ACC can be derived
analytically as shown in this section, for both the SISO-
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FSO link and the spatial diversity-FSO links including
the M; x Nz MIMO-FSO link.

The following assumptions were taken into
consideration for this work in order to determine the ASE
of the system:

(@). The optical channel of the FSO communication
system is presumed to be tractable, stationary, ergodic
with independent and identically distributed (i.i.d.)
turbulence statistics and memoryless.

(b). A seamless (perfect) Channel State Information
(CSI) is present at the M-transmitting optical lasers as
well as at the N-receiving apertures [14].

Therefore, the ASE of the system can be expressed as
follows [13], [14]:

C. =C—BR(bits/s/Hz) = [ log, (1+7)x f, (N (32)

where C, is the channel’s bit rate, B is the
transmission bandwidth of the ergodic optical channel, ¥
denotes the total Signal to Noise Ratio (SNR) of the
optical channels, (") represents the joint Probability

Density Function for the available array of optical
channels present in the atmospheric turbulent regime and
then the parameter I" is a matrix representation of the
MIMO atmospheric turbulence induced optical channels,
and it is given as follows [5]:

r={y,,,m=1--M, n=L-- N} (33

The expression in (32) above which can likewise be
referred to as the ACC of the system is also defined as the
ratio of the channel’s bit rate (C.) to the channel’s
bandwidth (B).

Since we have assumed that the channel is ergodic,
therefore we can find the ergodic channel capacity for
SISO, MISO, SIMO and MIMO as presented in the next
sub-sections.

2) Ergodic channel capacity of MIMO-FSO channels
According to the arrangement of a MIMO system with
multiple transmit M and receive Ny antennas, the

channel will be represented by a matrix C which is

given as C e MrNe  However, the transmitted and

received signals can both be represented as vectors given
as [36], [37]:

x € CMT*1 gnd y € CVR*1 (34)

The symbol vector (X) for the transmitted signal

consists of My unrelated input symbol vectors:

Xys X5ty Xy, - The received signal (Y) can be
expressed in matrix system as [36], [37]:

/E
= X CX+ 35
y M, Vi (35)
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where E, denotes the energy of the transmitted optical

signal and v, is the noise vector and it is given as:
T Ng-1

Vo =V VooV, ) €CT

However, the capacity of a channel can be generally
defined as follows [36], [37]:

C. =Too 1(X:y) bitsichannel use, (36)

where f(x) is presented as the PDF of the transmitted
optical signal vector (x) in consideration and the mutual
information for both the transmit and received signal is
represented with [(x:y). Therefore, the capacity of a

channel can be defined as the maximum mutual
information obtained as a result of frequently changing
the PDF of the transmitted optical signal vector.

Using the principle of information theory, the mutual
information is given as [36]:

I(x:y)=log, det(l +

E;\l Cl,, C")bps/Hz (37)

T°70

where the Hermitian symmetric matrix CC" represents
the channel matrix obtained from the auto-correlation
matrix of the received signal vy. |NRand v respectively

represent the information about the receive and transmit
antennas.

From (36) and (37), the channel capacity of a MIMO
channel in cases where a deterministic MIMO channel is
assumed, is given in bps/Hz as [36], [37]:

max EX
Ce,.o =w. l0g,det(ly + v

Cmimo
TV

Cl, C") (38)

In cases where a random MIMO channel is assumed,
thus, the channel matrix C is considered as a random
matrix. Therefore, this suggest that the capacity of the
MIMO channel is also obtained as randomly time-varying.
As a result of this, the capacity of the MIMO channel can
best be described using the time average. Since it is
known that an ergodic process practically describes a
random channel, then the ergodic channel capacity of a
random MIMO channel is given in terms of expected
value as [36], [37]:

6CMlMO = E{CCM,MO }
(39)

E
=E{ ™log, det(l, +——=—ClI,, CH)}
{ T R MTNO T
Thus, when CSI is available at the transmitter end, the
ergodic channel capacity expression for the MIMO
system is presented as shown in (39). However, when
CSI is not available at the transmitter end, then the

expression is simplified into the following [36], [37]:
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— E
CCMIMOZE max|0 I + X
{MT 9,(1y, MN

T°70

ccH )} (40)

Meanwhile,

M; Npg 2
2 H
||C||FTr(CC )= ZZ‘CU‘ (41)
i=L j=1
The FSO channel’s total power gain is given as the
squared Frobenius norm of the FSO-MIMO channel [36].

3) Ergodic channel capacity of SISO-FSO channels
For a SISO-FSO system that consists of a single

transmit antenna M and a single receive antenna N,
the received signal () can be written in linear form in
terms of the transmitted signal X as:

/E
= X CX + 42
y M. Vi (42)

where M; =1 and C represents the single FSO
channel.

Thus, similarly to (38), the deterministic SISO channel
capacity can be expressed as:

max EX
C =MT |ng det(INR +WCIMTCH) (43)

Csiso
T'Y0

In cases where maximum number of channel =1,
Iy. =1and I =1, therefore, the ergodic channel
T R

capacity with Channel State Information (CSI) at the
transmitter becomes [36]:

EX

Ceo=E{C. |- E{Iog2(1+ T ||c||i)} (44)

Since MT = NR =1, and where the channel’s total

power gain ||C|||2: =M; =Ny , then the ergodic

channel capacity for a SISO channel in (44) becomes [36]:

Coyey = E{Iog2 1+ %)}bps/ Hz.  (@45)

0

Therefore, regardless of CSI available either at the
transmitter and/or receiver sides, the channel capacity for
SISO remains the same.

4) Ergodic channel capacity of SIMO-FSO and
MISO-FSO channels

The SIMO channel to be described has a single M
transmit antenna along with multiple N receive
antennas. Since the channel gain can be expressed as

Cet NRXl, then the time average of the channel
capacity for SIMO system (regardless of CSI availability
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at the transmitter) is given in terms of the expected value
as [36]:

— E
Ccswuo = E{CCSIMO }: E{Iogz (1+ N—X"C"'Z: )} (46)
0

2
where the channel’s total power gain ”C”F = Ny, then
the ergodic SIMO channel capacity expression becomes:

Ceyp = E{Iog2 1+ % NR)}bps/ Hz. (47)

0

However, for the ergodic MISO channel capacity, we
have the following when CSI is not available at the
transmitter, and when the channel gain is given as

Ce c"™ [36]:

E 2
*IC
sl e

6CMISO = E{Cchso }: E{Iog 2 (1 +
where ||C||i = M-, then the expression becomes:

Cepeo = E{Iogz(1+ E)}bps/ Hz. (49)
NO
Hence, it can be noticed that the ergodic channel
capacity is the same for the SISO and MISO channels, if
no CSl is available at the transmitter side.
Finally, if the transmitter side of the MISO channel has
the CSI, then the expression becomes [36]:

—= E

Couso = E{Iog2 L1+ N_X M; )}bps/ Hz (50)
0

C. Outage Channel Capacity Analysis

The Outage Channel Capacity (OCC), & , is an
alternative statistical concept of the channel capacity
which is defined in terms of the outage probability of the
FSO systems. Therefore, to evaluate the OCC in terms of
the rate of transmission R(b/s/Hz), we can use the

following outage probability expression [36]:
P (R)=P(C.(C) <R bps/Hz) (51)

whereby for the FSO MIMO channels we can say that
Cc(C)=Cg,, - Therefore, (51) becomes:

max E,
Pout(R):P({MT Iogz(INR + M- N

T'70

cc" } <R) (52)

In order words, the OCC can be defined as the
maximum attainable data rate obtained when the outage
probability as defined in (51) is less than the outage
channel capacity. It is required that the decoding error
probability be made arbitrarily small in accordance with
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the rate of transmission R . However, in cases where this
is not so, this suggests that the FSO system may
experience an outage. Thus, the ergodic channel capacity
of the spatial diversity FSO systems when there is no
Channel State Information (CSI) at the transmitter end, is

given in terms of the Cumulative Distribution Function
(CDF).

IV. PERFORMANCE RESULTS AND DISCUSSION

In this section, as discussed earlier, the two various
cases of weak atmospheric turbulence (i.e. mildly weak
and moderately weak) analyzed in this paper are
modelled using the Log-normal distribution model with
BPSK signaling to provide a better performance. The
analytical results obtained from the expressions derived
in section 3 are used to make comparative studies on the
performance analysis of the SISO and spatial diversity
FSO systems in Log-normal fading. The analysis shows
the evaluation of the BER, ACC and OCC for various
atmospheric turbulence conditions of turbulence strength:
ol =01 and o7 =09 for respective cases of mildly
weak and moderately weak atmospheric turbulence
regimes. Here, the diameter of the Photo-detector’s
receiver aperture was taken to be 10 cm, the optical
wavelength 4 =850 nm, responsivity of the photo-
detector R =1 and for the range of the atmospheric

turbulence links we chose distances of 2 km, 4 km and 6
km.

A. BER Performance Results

Table I shows the input parameters used for obtaining
the BER for the FSO systems considered. The predicted
and calculated BER performance as derived in (31)
against the Signal to Noise ratio in dB for SISO (“non-
diversity”) and spatial diversity schemes employing the
BPSK-SIM through the weak atmospheric turbulence
induced channels is illustrated in Fig. 3. The log-
irradiance variance values of o7 ={0.1 and 0.9} were

considered for the log-normal fading channels and also an
ideal channel (with no atmospheric turbulence) was used
as a benchmark for the performance analysis.

TABLE I: INPUT PARAMETERS

Parameter Value
Operating Wavelength 850 nm
Rytov Variance Values at0.1and 0.9

Photodetector Responsivity 1

Refractive Index 9%x10*m™2'3

Irradiance 0.01 to 5 (500 samples)
Modulation Index 1
Subcarrier Signal Amplitude 1
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Fig. 3. BER performance against the SNR for the FSO-SISO and FSO-Spatial diversity schemes of SIMO and MIMO in log-normal channel for

o?=0.1ad 52 =0.9

To achieve a better system performance, we need to
achieve Bit Error probability with values as low as the
order of 10 or less. Fig. 3 shows the BER performance
of various FSO spatial diversity channels from the less
complex ones (such as 1x2 and 2x2 systems) up to
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very high-order MIMO systems (such as 4x4, 6x6 and
8x8 MIMO systems) as a function of the SNR, for two
various values of atmospheric turbulence strength (i.e.

o?=0.1 and o7 =0.9) representing the mildly weak
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and moderately weak atmospheric turbulence regimes
respectively. The performance of the “non-diversity”
FSO system (SISO) is also included in the analysis shown
in Fig. 3 for the purpose of comparison and as a
benchmark to measure the diversity gain of the BER or
SNR. The performance analysis as clearly observed from
the figure, shows significant improvement as number of
the transmit lasers and receive photo-detectors increases
in a certain order, but more significantly for FSO systems
with higher-order antenna configurations such as the
6x6 and 8x8 MIMO systems. More explicitly, a
significant BER performance degradation results from an
increase in the strength of the atmospheric turbulence
from o7 =0.1 to o7 =0.9. On the other hand, this

performance degradation becomes absolutely
insignificant when the 8 x8 MIMO system is used, since
at BER of 107, the SNR required by the 8x8 MIMO
system is approximately the same for both the mildly
weak and moderately weak atmospheric turbulence
regimes. Thus, as expected, as the order of the spatial
diversity increases from the “non-diversity” case
(M=N=1) to higher-order diversity case
(M =N =8), the BER decreases significantly. Also, in

order to reach a BER of 107, it was noticed that the
required SNR decreased by approximately 28 dB, 31 dB
and 35 dB, as the system increases from the ‘“non-
diversity” FSO system to 4x4, 6x6 and 8x8 MIMO
systems respectively at o =0.9 . Therefore, this
analysis has shown the various influence of the Log-
irradiance variance value (o7) on the BER performance
of various antenna-order configurations of the FSO
system. On the other hand, the AWGN channel (no
turbulence channel) can also be used as a benchmark to
determine the required SNR loss. From the results in Fig.
3, we observed that in the non-atmospheric turbulence
regime, the required SNR is approximately 16 dB over
the AWGN channel at a BER of 107, thus, the required
SNR loss is approximately 2.4 dB, 1.4 dB, 1 dB and 0 dB
for the 1x8, 4x4, 6x6 and 8x8 diversity systems to
attain similar BER in the mildly weak atmospheric
turbulence regime at 0,2 =0.1. But at that same BER,
the SNR loss is 11.5 dB, 7 dB, 3.75 dB and 0.1 dB for the
1x8, 4x4, 6x6 and 8x8 diversity systems under a
moderately weak atmospheric turbulence regime at
o? =0.9. However, the 8x8 MIMO system possesses

no significant SNR loss at both o> =0.1 and 0.9, since
the required SNR is still approximately 16 dB at the same
BER of 10°°.

Fig. 4, Fig. 5 and Fig. 6 show the BER performance
analysis of various FSO spatial diversity channels from
the single-order (SISO) FSO system up to very high-
order MIMO FSO systems (such as 4x4, 6x6 and
8x8 MIMO systems) as a function of the SNR, for
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atmospheric  turbulence
C2=9x10" m2/%
atmospheric turbulence regime, with three diverse optical
link distances (i.e. 2 km, 4 km and 6km). These figures
depict the influence of the various optical link distances
over the BER performance of various antenna order
configurations of the spatial diversity FSO system.

From Fig. 4, the BER performance analysis for the
SISO-FSO, MISO-FSO, SIMO-FSO and the MIMO-FSO
systems over the Log-normal fading channel with

refractive index C? =9x107*® m™?® and distance

L=2000 m is illustrated. Fig. 4 shows that at this
atmospheric turbulence strength parameter and the optical
link distance, the antenna order of the spatial diversity
system strongly determines the systems’ performance.
For instance, in order to achieve a BER of 107, an
improvement was observed in terms of SNR gain of 12.6
dB, 13.6 dB, 14 dB and 15 dB for 1x8, 4x4, 6x6, and
8x8 FSO spatial diversity systems respectively when
compared to the “non-diversity” system. However, at an
optical link distance of 2km, no SNR loss was observed
on the 8x8 MIMO system when compared to the

AWGN channel at a BER of 10°.

strength  parameter  of
representing the weak
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Fig. 4. BER performance against the SNR for FSO-SISO and FSO-
Spatial diversity schemes of SIMO, MISO and MIMO in log-normal

channel with refractive index C? = 9 <10 ~16m —2/3 for distance
L =2000 m.

Fig. 5 shows that at atmospheric turbulence strength
parameter C? =9x107*° m™'® and optical link distance

L = 4000 m, there exist a reduction in the required SNR
of = 18.5dB, 21 dB, 22.5 dB and 24 dB for 1x8, 4x4,
6x6 , and 8x8 FSO spatial diversity systems
respectively when compared to the “non-diversity”
system in order to attain the BER of 107 . Also, at this
optical link distance, no SNR loss was observed on the
8x8 MIMO system when compared to the AWGN
channel at a BER of 10°°.
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However, in order to achieve the same BER, an
improvement was observed in terms of SNR gain of 25.5
dB, 30 dB, 33.25 dB and 36.9 dB for 1x8, 4x4, 6x6,
and 8x8 FSO spatial diversity systems respectively
when compared to the “non-diversity” system. Moreover,
at an optical link distance of 6 km, no significant SNR
loss was observed on the 8x8 MIMO system when
compared to the AWGN channel at a BER of 10°°.

B. Average Ergodic Channel Capacity Results

Fig. 7 and Fig. 8 illustrate the Average Ergodic
Channel Capacity for various groupings of transmitters
(M) and receivers (N ) in the presence of the weak
atmospheric  turbulence  conditions. The various

combinations of M; and N are considered under the
two log-irradiance variance values of o> ={0.1 and 0.9}.

The calculated Average Ergodic Channel Capacity as
derived from (32) to (50), against the Signal to Noise
Ratio in dB for SISO (“non-diversity”) and spatial
diversity schemes through the weak atmospheric
turbulence induced channels are illustrated in these
figures. The ASE for SISO-FSO, MISO-FSO, SIMO-
FSO and MIMO-FSO channels with respect to the SNR

(), over the two different values of the log-irradiance

\ % SIMO 1X2 MRC
X -5-MIMO 2X2
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variance were determined and analyzed.
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Fig. 6. BER performance against the SNR for FSO-SISO and FSO-
Spatial diversity schemes of SIMO, MISO and MIMO in log-normal

channel with refractive index Crf =9 %10 1% m~2’3 for distance
L = 6000 m.

Fig. 6 shows that at the atmospheric turbulence
strength  parameter C? =9x10® m™*'® and the

optical link distance L =6000 m, the 1x8, 4x4 ,
6x6 and 8x8 spatial diversity FSO systems, requires an
additional SNR to reach the BER of 10™°, when they are
all compared with the AWGN channel (no turbulence
channel) as the benchmark. The SNR penalties for these
four (4) higher-order FSO systems are 11.5 dB, 7 dB,
3.75 dB and 0.1 dB respectively at a distance
L = 6000 M when compared to the AWGN channel.
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Fig. 7. Ergodic Channel Capacity analysis for FSO-SISO and FSO-
Spatial diversity systems over a log-normal channel with 0-,2 =0.1
and 67 =0.9 .
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Fig. 7 shows the ACC of diverse FSO spatial diversity
channels with the same number of transmit and receive
antennas (i.e. M, =N_) as a function of the SNR, for
two different values of atmospheric turbulence strength
(i.e. 0-,2 ={0.1 and 0.9}) representing the mildly weak
and moderately weak turbulence regimes respectively. It
was observed from this illustration that the ASE which

323
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suggests the bandwidth efficiency of the FSO systems
depends strongly on the changes in the strength of the
atmospheric turbulence. Fig. 7 illustrates that irrespective
of the influence of atmospheric turbulence on the ASE,
the higher-order MIMO systems will still provide a
significant bandwidth efficiency on the FSO system.
However, it can be vividly noticed that the influence of
atmospheric turbulence becomes significant on the "non-
diversity" systems. This results into the fact that as the
turbulence increases, there can arise a time whereby the
bandwidth efficiency of the “non-diversity” system will
approach a value close to zero or actually becomes zero.
On the other hand, it can be noticed that 8 x8 MIMO
systems gives the same ACC for both the mildly weak
and moderately weak atmospheric turbulence regimes. It
is worth mentioning that an 8x8 MIMO system is
unaffected by the level of turbulence within the range of
the weak atmospheric turbulence regime, whereby at
SNR of 30 dB it yields a bandwidth efficiency of up to 71
bps/Hz. Using the "non-diversity" FSO system as the
benchmark, at SNR of 30 dB, we noticed a bandwidth
efficiency gain of ~63 bps/Hz, 45 bps/Hz, 27 bps/Hz and
8 bps/Hz for 8x8, 6x6, 4x4 and 2x2 MIMO

systems respectively at o-f =0.9.
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Fig. 8. Ergodic Channel Capacity analysis for transmit and receive FSO-
Spatial diversity systems over a log-normal channel with o-,z =0.9.

Fig. 8 shows the ACC of diverse FSO spatial diversity
channels with the different number of transmit and

receive antennas (i.e. M; # Ny) as a function of the
SNR, for atmospheric turbulence strength 0-,2 =0.9

representing the moderately weak turbulence regime.
This explains the disparity in the Average (Ergodic)
Channel Capacity of the transmit diversity against the
receive diversity with MRC technique. Also in this figure,
using the "non-diversity" system as the benchmark, at
0’ =09, we deduced that the bandwidth efficiency

provided by the receive diversity systems with MRC
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technique is far greater than that obtained from the
transmit diversity. As the order of the spatial diversity
increases, a tremendous increase in ACC was noticed.
This suggests that the higher-order SIMO spatial diversity
systems provide significant improvement to the ACC.
Therefore, using the "non-diversity" FSO system as the
benchmark, at SNR of 30 dB, we noticed that the ACC
gain was approximately 1 bps/Hz for 8x1 transmit
diversity FSO system, while it extends up to = 24 bps/Hz,
16 bps/Hz, 8 bps/Hz and 6.5 bps/Hz for 1x8, 1x6, 1x4
and 1x 2 receive diversity FSO systems respectively.

Therefore, from Fig. 7 and Fig. 8, it can be noticed that
channel performance improves only if there is an increase
in the number of transmit and receive antennas. But this
is greatly noticed when there is an increase in the receive
antennas, suggesting that the MIMO and SIMO FSO
systems provide a better channel performance than the
SISO and MISO FSO systems considered. However,
from the analysis, it is clearly noticed that the ACC
depends strongly on the strength of the atmospheric
turbulence which determines the log-irradiance variance
value. As the log irradiance variance values increases, the
ACC of the considered systems reduces.

C. Outage Probability Results

The CDFs of the channel capacities for the spatial
diversity FSO systems under the Log-normal fading are
illustrated in Fig. 9 and Fig. 10 when the SNR is 10 dB
and 20 dB respectively, at optical link distance L = 6 km,
optical wavelength 4 =850 nm and the atmospheric

turbulence strength C? =9x107'° m?? . Fig. 9

illustrates the CDF of some spatial diversity FSO systems
as a function of the transmission rate R, at SNR of 10 dB,
optical link distance L = 6 km and under a weak
turbulence condition of atmospheric turbulence strength

C2=9x10"" m™??® . At the indicated OCC of

& =0.1, it can be observed that the higher-order spatial
diversity systems yields significant data rate of ~5.25
b/s/Hz, 7 b/s/Hz, 11.3 b/s/Hz, 11.6 b/s/Hz and 15.5 b/s/Hz
for 2x4 , 4x4, 6x6, 4x8 and 8x8 MIMO FSO
systems. However, it can also be noticed that the 4x8
and 6x6 MIMO FSO systems have almost the same data
rate at £ =0.1 when the SNR is 10 dB, despite the
difference in their antenna order configurations. In
contrast, as expected, the “non-diversity” FSO system
(SISO) shows no significant improvement in its channel
capacity unlike the spatial diversity FSO systems.

Fig. 10 illustrates the CDF of some spatial diversity
FSO systems as a function of the transmission rate R, at
SNR of 20 dB, optical link distance L = 6 km and under

atmospheric turbulence strength C> =9x107** m™'.

At the indicated OCC of & =0.1, the data transmission
rate of the higher-order spatial diversity systems are =11
b/s/Hz, 16.5 b/s/Hz, 24 b/s/Hz, 26 b/s/Hz and 35.5 b/s/Hz
for 2x4, 4x4 , 4x8, 6x6 and 8x8 MIMO FSO
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systems, while the “non-diversity” FSO system yields a
data rate of 2.5 b/s/Hz.

However, when the SNR is 20 dB, one of the notable
facts is that at £ =0.1, the CDF of the 4x8 and 6x6
MIMO systems are not quite close unlike the CDF at
SNR = 10 dB. The 6x6 MIMO system has a data rate
gain of about 2b/s/Hz over the 4x8 MIMO system when
the SNR increases from 10 dB to 20 dB. This can also be
as a result of the fact that the number of channels of the
6x6 MIMO system is greater than that of the 4x8
MIMO system. Thus, these two Fig. 9 and Fig. 10 have
shown that channel capacities of the higher-order spatial
diversity FSO systems improve optimally as the number
of the transmit antennas and receive antennas increases.
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Fig. 9. Cumulative Distribution Function of the FSO-SISO and FSO-
Spatial diversity channel capacities as a function of the transmission rate

over a Log-normal channel with Cf =9 %10 ¥  m2/3,at SNR
=10 dB and distance L = 6 km.
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Fig. 10. Cumulative Distribution Function of the FSO-SISO and FSO-
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V. CONCLUSION

The optical SISO and spatial diversity systems
employing the BPSK-SIM across optical sources with
Coherent Detection over the Log-normal model for weak
atmospheric turbulence condition, with two chosen
scintillation indices have been analyzed. The two
scintillation indices for this analysis were given in terms

of the log-irradiance variance values of o7 =0.1 and

0,2 =0.9, respectively representing mildly weak and

moderately weak atmospheric turbulence conditions. The
analyses made in this report were necessary for observing
the best performance improvement that can ever be
obtained from higher-order spatial diversity systems for
Free Space Optical communications. This knowledge can
be used to avoid reduction in transmission capacity as
well as any possible outages. However, according to the
results of the BER performance analysis for all the
scenarios considered, it was observed that the SNR (dB)
needed to obtain an optimal BER increases along with the
increase in the atmospheric turbulence level which is
indicated by the scintillation indices. Among the higher-
order spatial diversity systems that were considered under
the weak atmospheric turbulence regime, 8 x8 MIMO
system gave the optimum BER and channel capacity
performances.

Therefore, the efficiency and power of the higher-order

spatial diversity system especially the 8x8 MIMO
system was established in the presence of weak
atmospheric turbulence and considered for average BER

of 107 As a matter of fact, it is important to note that
as the spatial diversity antenna order configuration
increases, there exist a practical complexity limitation
introduced into the system. This practical limitation is as
a result of the complexities of the higher-order spatial
diversity techniques with higher number of transmit and
receive antennas involved in the build-up of the FSO
communication system design. This makes it complicated
in the practical sense. This form of advance spatial
diversity techniques has been suggested to provide
improvement on the system performance in FSO
communications when considering relatively severe
scintillation channels.

Thus, when implementation is not focused on the
complexity of the design, higher-order spatial diversity
techniques and BPSK-SIM can be employed in FSO
communications through channels that are induced by
atmospheric turbulence. This results into improving the
FSO link performance as well as to reduce transmission
power.
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