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In this research work, we propose a novel design for a multiple aperture based Free-Space Optical Communication
(FSOC) system where the Low Density Parity Check (LDPC)-coded, M-independent parallel Quadrature Amplitude
Modulation (QAM)-OFDM multiplexed data streams are transmitted over a composite Malaga atmospheric channel by
selecting any one of the switching transmission schemes: diversity, hybrid, or spatial multiplexing based on channel
conditions, to yield the maximum average channel capacity while satisfying the reliable Average Bit Error Rate (ABER). In
diversity switching, the coded data stream is transmitted to extract diversity gains, whereas in hybrid switching, a
compromise between diversity and multiplexing gains is sought to achieve the maximum outage capacity by maintaining the
reliable ABER. The performance of each switching scheme is evaluated under the power-series represented Malaga
distributed composite channel which comprise of losses due to turbulence-induced fading and pointing error. In this work, a
closed loop approximated mathematical expressions for the Average Channel Capacity (ACC) and ABER for each
transmission mode is also derived. Apart from this, a Look-Up Table (LUT) consists of threshold Signal-to-Noise Ratio
(SNR) corresponding to different channel conditions is also constructed to select the optimal switching transmission scheme.
The extensive simulation results clearly demonstrate that the proposed switched mode transmission based MIMO-OFDM-
FSOC system has a significant improvement in ACC compared with each stand-alone system.

Keywords: Low-density parity check, Malaga atmospheric turbulence model, Orthogonal frequency division multiplexing,

Power series, Signal to noise ratio

Introduction

The growing demand for secure and high-speed
wireless connections has focused a lot of interest in
recent years on Free Space Optical Communication
(FSOC) systems, which have a well-established
literature." This technology has the ability to provide
point-to-point wireless infrared connections with
substantial unlicensed bandwidth and ease of
deployment.” In addition to these potential
advantages, the FSOC system encounters several
challenges, including atmospheric turbulence,
scintillation, absorption, scattering losses, and
pointing errors resulting from the FSOC transceiver
configuration. Eventually, the link reliability and
throughput of the FSOC communication system can
be degraded due to the poor signal quality received at
the receiver aperture over the time.> The weak to
strong characteristics of atmospheric turbulence are
simulated by using Lognormal and Gamma-Gamma
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(GG) probabilistic distribution models and are more
statistically represented by the generalized Malaga
distribution channel model.** In the existing literature,
the received optical signal is detected at the receiver by
either Subcarrier Intensity Modulation (SIM) or coherent
detection or Intensity Modulated/Direct Detection
(IM/DD) or non-coherent detection methods. With the
advancement of high-speed digital signal processors and
algorithms, the SIM detection method is preferred over
the IM/DD detection method due to its support for high-
speed data transmission, better BER performance, and
improved receiver sensitivity under strong turbulence
conditions compared to IM/DD.® Therefore, to achieve a
higher data rate, spectral efficiency, and maximum link
distance, various channel fading mitigating techniques
must be implemented into the proposed FSOC system
design in the presence of dynamic atmospheric
conditions.

Literature Review
In the existing literature survey, the research has
been widely focused on minimizing channel
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impairments or fading due to atmospheric turbulence
to attain improved FSOC system performance.
Recently, the Spectral Amplitude Coded Optical Code
Division Multiple Access (SAC-OCDMA) technique
has been integrated into hybrid OFDM-FSOC systems
to improve capacity and security using multiple 20 to
30 asynchronous users. This hybrid model compared
the BER performance of the hybrid FSOC system for
two modified AND (M-AND) and Single Photodiode
Detection (SPD) receivers over the Gamma-Gamma
fading channel and identified SPD detection as
superior to the M-AND receiver.” Furthermore,
MIMO-FSOC has greatly met increasing demands for
spectral-efficiency and link dependability by
employing various combining strategies such as
Selection Combining (SC), Equal Gain Combining
(ECQG), Maximal Ratio Combining (MRC), and a high
data rate MIMO-FSOC system over a log normal
channel.*”

Channel coding techniques have also been crucial in
accounting for FSO link losses due to channel fading. To
estimate pointing errors, a LDPC-coded hybrid OFDM-
MIMO-FSOC system was examined over a composite
EW fading channel. The Monte Carlo (MC) simulations
are used to validate the system's BER performance. The
obtained results showed a considerable improvement in
coding gain over composite fading channels when jitter
or signal beam width increased.'’ Similarly, closed-form
expressions for the average BER and throughput with
diversity using the EGC technique have been evaluated
for the conventional, LDPC-coded (1/2 code rate) hybrid
4 x 4 MIMO-FSOC system. A Quadrature Phase Shift
Keying (QPSK) modulated system has shown a high
coding gain of 7.5 dB and excellent average BER
performance as compared to a 16-QAM-modulated
hybrid FSOC system under different weather and
atmospheric turbulence conditions. However, when
compared to a QPSK-based hybrid FSOC system, 16-
QAM provided higher throughput."

In the last few years, different conventional
stochastic  turbulent channel models, namely
Lognormal, Gamma-Gamma, negative-exponential,
Rice-Nakagami, and K-distributions models, have
been extensively used in literature reviews for
modelling the different atmospheric turbulence
conditions. However, relatively few of them have
investigated advanced channel models such as
Geometric Based Stochastic Models (GBSM), mm-
wave channel models, and a generalized Malaga
turbulence distribution model. Moreover, the Malaga

(M) distribution channel model has been used recently
to model other channel models, considering both large
and small fading."

A typical FSOC system design based on an open
loop configuration has been widely investigated in
previous research work where Channel State
Information (CSI) was available at the receiver side.
Furthermore, a very few research studies have shown
interest in the closed-loop CSI information available
at the transmitter side through a feedback process that
can be employed to change the transmission
parameter according to the atmospheric channel.
However, designing a complex, closed-loop-based
adaptive FSOC transmission system in time-varying,
unfavorable turbulent channels could be a viable
method for improving signal quality at the receiver."
Furthermore, integrating the multiple spatial
switching modes and their switching during adaptive
transmission in a MIMO FSOC system to combat
signal fading and achieve a high data rate has been
proven to be an extremely challenging problem. A
robust diversity and spatial multiplexing techniques-
based adaptive MIMO FSOC system has been
designed to combat adverse and weak turbulence
conditions and to achieve the optimum through put
for the targeted outage probability, respectively.'*"
Switching between spatial multiplexing and
substantial transmit diversity has been studied as an
intelligent way to improve the performance of a
MIMO wireless communication system with a fixed
coding rate and a fixed BER. By sending the
instantaneous CSI feedback to the MIMO transmitter
and computing the threshold Euclidean distance at the
receiver, MC simulation was used to figure out how
to choose between spatial multiplexing and the
transmit diversity.'®'” Later, a FSOC system based on
an adaptive transmission algorithm was proposed to
optimize the spectral efficiency and average power
consumption for a fixed outage probability. The
instantaneous change in transmit power and
modulation size in response to turbulence-induced
fading CSI made the proposed system much better
than that to their non-adaptive counterparts.'®

From the different literature reviews described in
the preceding section, it was clear that majority of the
previous work has focused on studying Single-Input
Single-Output (SISO) or MIMO-FSOC systems
without including switching transmission techniques
under simple statistical channel models. Only a few
studies have concentrated on MIMO-FSOC systems
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based on SIM modulation, especially under simple

outdoor atmospheric turbulence conditions.""”

Hence, in this research work, a modified multiple

aperture adaptive OFDM-FSOC system design is

proposed to improve the link performance by taking
into account the composite Malaga atmospheric
channel which includes the effects of the atmospheric
turbulence and pointing error. This system
performance can be optimized by the appropriate
selection of any of the switching transmission
schemes from diversity, hybrid mode, and spatial
multiplexing. The proposed system has rarely been
explored for these three switching transmission
schemes, to the best of the authors' knowledge.

This research work proposes the following
contributions

e A modified design structure of MIMO-OFDM-
FSOC system is proposed, which employs three
switching transmission schemes to transmit
information over complex composite turbulent
atmospheric link.

e To alleviate the impacts of channel fading and
hence increase system link performance, LDPC
encoded and 16-QAM modulated information is
distributed on OFDM symbols.

e A closed loop approximation equations are
derived for the outage capacity, ABER, and
Average Channel Capacity (ACC) under Malaga
probability distribution.

e The proposed system performance is compared for
the given threshold outage probability in terms of
outage channel capacity, ABER, and pointing error.

The subsequent sections of this research paper

present the mathematical modelling of the MIMO
signal and the composite FSO channel. The composite
FSO channel is modelled using the modified Malaga
probability distribution, which is based on the power
series method and the pointing error. Further, the
schematic block diagram of the transmitter and
receiver sub-systems of the proposed MIMO-OFDM-
FSOC system based on adaptive switching techniques
is also presented with their mathematical analysis in
detail. Finally, the performance of the proposed
system is evaluated and analyzed through simulations
performed prior to the conclusion of the presented
research work.

MIMO Signal Modelling

The proposed MIMO-OFDM-FSOC system
consists of M transmit and N receive optical
transceiver apertures with M < N and is based on

adaptive  switching  transmission  techniques,
spatial ~ multiplexing,  diversity, and  hybrid
techniques, respectively. In spatial switching
transmission, the optical signal 1is expressed

by Xaz(xl,xz, .....XM,)Tand transmitted in
parallel manner through M-optical apertures to
increase the data rate using simple repetition codes™
whereas, the same coded data stream X, =

(XLXL e XL)Tis transmitted through M-optical
apertures in diversity switching to extract the diversity
gain. On the other hand, in hybrid switching,
t-parallel data streams represented by X, =

T .
(XLXZ‘ Xt) are  transmitted through t

repetition codes over % different sets of optical
apertures, considering the trade-off between
multiplexing and diversity gain.

In the proposed system, Eq. (1) represents a signal
model of the M-aryQAM modulated data stream (x),
which consists of the in-phase and the quadrature
phase components S;(t) = X72_ a; g(t—iTs) and
So(t) = X2 o bj g(t —jTs), respectively.

x(t) = S;(t) Cos(2mft) — Sq (1) Sin(2mf ) .. (D)

where, a; and b; are the signal amplitudes, while Ty is
the symbol interval for the real (i) and imaginary (j)
co-ordinates respectively. Further, the signal x(t)
modulates the electrical signal and the intensity of the
optical source. Hence, the transmitted optical signal
current for the modulation index u is written by

S(t) = A1 + ux(t)] .. (2)

The signal received at the receiver end after SIM
optical detection is expressed as'’

yz%l:sHXU+w,UEA{a,b,c} .. (3)

In Eq. (3) P, and #n are the average transmitted
optical power/symbol, and the optical to electrical

conversion efficiency, respectively while weR is the
Additive White Gaussian Noise (AWGN) vector with
independent and identically distributed elements
wi~(0,52), i = 1, 2,...N. Here, Ng and HERM XN
express the double sided Power Spectral Density
(PSD) in (%) and the fading channel matrix with

channel coefficients or gain element h;; (1 =1, 2,..., N,
j=1,2,...,N), respectively between the j™ transmit and
i" receive apertures respectively. Assuming the strong
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atmospheric turbulence conditions and the pointing
error impairments, the statistical channel model is
represented by Eq. (4)*'

h = hgthye .. (4
where, h, and h,, represent the atmospheric
turbulence and pointing error  components,
respectively.

Channel Modelling

Modified Malaga Atmospheric Turbulence Model

The received optical signal comprises of Line-Of-
Sight (LOS) component (Up), the coupled to LOS
fading component (US), and the independent
scattering fading contribution (US), respectively. The
US component is statistically independent from the
rest of two other components. The average power of
these three factors is given by Eq. (5).

5=E[|Uy|?], = 2¢b, = E [[US|*]and g = E [|U§|?] =
2b,(1 —¢) . (5)

In addition, the total average power in the
scattering components is denoted by 2b,= E [|U§|? +
|U¢|?] while the scattering power coupled to Uy,
component is given by the parameter 0 < ¢ < 1.

In this research work, a more generalized Malaga
statistical channel is assumed for the proposed system
design. This model characterizes most of the
probability distributions models, such as Gamma-
Gamma (GG), Log-normal, K-distribution, and
negative exponential models, for strong to weak
atmospheric turbulent conditions. The different sets of
parameters and intensity irradiance variation index

0% = 1.23C2k7/6L11/6  for the refractive index
2T

~
transmission link distance L, and optical wavelength 1
are given in Table 1.*'

However, this distribution model is primarily used
for strong atmospheric conditions, including pointing
errors, and is represented by the Probability Density
Function (PDF) of the intensity fluctuations of the
received signal >t

structure parameter C2, optical wave number k =

Table 1 — Malaga distribution model

Distribution Model ~ Set of Parameter a, p, o2
Lognormal Model e=0,6=1,b, - 0,g— 0 11,10, 0.2
GG Model e=1,6=0.5,b,=0.25,g=0 8§,3,0.5
K- Model e=0,6§=0,b,=05 2,2,2

_ B °‘_+i_1 aphy
fhat (hay) = AZj =19 (hat) 2 Ko (2\’ gB + Bt)

.. (6)
where, A and a;are defined by Eq. (7)

As g12+01—E (g6+6)B+Eaj =

B 1) (gﬁ+6)1“( )j_l N
(]' -1/ G-nr \g (B) - (D
In the above expressions, K, (.) and I are the 2™

order modified Bessel function, and Gamma function,
whereas the average power due to coherent
contribution is represented by § =38+ 2eb, +
2\/ 2b,0.Cos (B4 — Bg) for the deterministic angles
(04, 0g) due to loss and coupled to LOS fading
components, respectively.”” In addition, (a, p) are the
scintillation parameters, which define the fluctuation
strength of the irradiance of the turbulence. For the
comprehensive analytical analysis, the second term in
Eq. (6), which specifies the Bessel function, can be
modified in terms of the Meijer-G function

g+l
G assuming b; _ % B and stated as>
q () g b;

gp+o
h,
firgy (Do) = 28_1b<hat) GY (2m2t)

gB+ o

. (8)

where, the values of o and p are defined by the
Eq. (9) and considered (o = 4.2, B = 1.2) for strong
atmospheric turbulence condition.

-1

0.490% 1 0.510% 1
a = |ela+tiicg®H7/e ,B=|e (1+0.690%%)5/6

- (9)

-1

Pointing Error

Pointing errors, which occur primarily as a result of
transmitter and receiver misalignment, play an
important role in reliable FSO link performance. The
fraction of received power (h,,) in the transverse plane
for a circular Gaussian beam profile with radius 'a’ is
approximated at the receiver end by the pointing error
r' and stated as’

2
hpe(r,2) = Age\Wzea/ and 0Feq =

\/—erf(

)
( ), (m,?z)

. (10)
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The term A, = erf(\/\/i_Lj) denotes the fraction of

the collected power at r = 0 for the error function erf
), m%eq is the equivalent beam width, and w, is the
beam waist radius, respectively. For the displacement

Wzeq
205’
PDF of the pointing error impairments (/) is
defined by***

standard deviation g at the receiver, and, g =

2 2_
firpe (0 < hpe < Ag) = j?hf,e 1 . (11)

0

The Meijer-G function shown in Eq. (8) adds
complexity in analytical designing of the MIMO-
OFDM-FSO link. So, a new modified PDF with
power series is proposed using the existing Malaga
(M) distribution model and pointing error. It not only
minimizes the complexity but also improves the
diversity gain of the MIMO-OFDM-FSO link. Hence,
the term [Gi’g(. )] can further be modified and
2Bhat
gp+s’
and generalizing the hypo-geometric function, Fq [a;;
by; u] respectively.*

G35 (ula, D) = I — al W Fy [(1 + o= i u] +
Flo—= 1@ X Fy[(1 = o4 s u]

rewritten as stated in Eq. (12), by assuming u =

. (12)

Using Eq. (12), Eq. (8), and Eq. (6), Laplace
transforms, the Pochhammer symbol (@), and the
power series algebra representation shown by Eq.
(13), we can derive the modified Malaga distribution
in terms of power series representation as follows:

(31)kuk

1Fz[ay; by, byu] = X - 0 (by)i(ba)k'k

. (13)

_ apha
OFl[(l a+)gﬂ+o]_

- ; aphae X
Zk:[] (- ﬂ+j)k'Tk(gB+5’) o X
Kk
); 2Dat 1 (ubhg
i g[fH-D] Xk= 0T Tas l)kr‘k(gma’)
fh, (hat) = Zj =12k = 0 Gk (6,3). (hp)k+*-1 4
2?=1Z§=0Ck2(°<.]').(hat)(k‘l-l)

oF1 [(1+ o—

. (14)

biT( k+a
AbjT(j - (that) -and Cpy (0, ) =

Cra(0,j) = 2(1—0L+])k' gp+5
AbjI(a - j) (that)
2(1-a+j \gh+3

. (15)

The PDF of (h,.)%can be derived using Eq. (15),
by changing the variable techniques as follows

w  Cri(aj kto
f(hat)z (hae) = Z]B= 1Zk= 0#- (hae) 2 '+
o Cra(o k+j_
Z?ﬂZk:o%a’)-(hat)z ! . (16)

By similar process, the PDF of the pointing error
can be also obtained by replacing /4, by hpe.26
Combined Channel Statistical Model

The composite PDF for both the atmospheric
turbulence and pointing error channel impairments
can be obtained using Slater theorem the Meijer-G
function with Eq. (6) in simplified form by using
Eq. (17)

fi0) = 3| (- ) (p - t)(“‘*h)

aphy®
T(—a+Pr(-a+ ) (@)*1“‘ » (a-2%), (z)
(fa+22-a)) \Ao =0 (144 - %), (1+a—P)y (n))
afhny B
rr(-p+c) (ﬂ)’l P ¥ (-2 (%)
ra+2-p) \ Ao M=0(148-c%) (1-a+ Py (a1

*1+

.. (17)

Applying Eq. (13) to Eq. (17) and using some
algebra, we can get the proposed simplified PDF of
the composite channel # = h,h, with only two
h-exponents of power series, in which it is easy to
calculate the integral calculation as compared to
Meijer-G using operational properties in Eq. (12), for

B = vﬁaﬁ as shown below?®

fih) = 2k T X oyl T

S0zl P71
fu(h) =

g*ant B (1)%% G30|_n 1+ g?
2 k=1%\3 L3l 5aohil g2, a0, g

. (18)

Adaptive Switching based MIMO-OFDM-FSOC
System Schematic

The schematic design of the proposed MIMO-
OFDM-FSOC for transmitter and receiver subsystems
systems based on the adaptive switching algorithm are
illustrated as Fig. 1 and Fig. 2, respectively. The
transmitter section is equipped with four sub-systems,
from the data source to the laser drive module, as
shown in Fig. 1. The ‘k-bit binary data generated at
the output of the Pseudo-Random Binary Source
(PRBS) is fed to the ‘n-bit LDPC linear block encoder
with a code rate of r = k/n before modulating it using
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Fig. 2 — Proposed schematic design of the adaptive MIMO-OFDM-FSOC receiver

16-QAM modulation. These LDPC-coded data blocks
consist of a minimal number of ones, which are used
to minimize the complexity of the computation
algorithm for long data blocks. These codes can be

efficiently applied to combat fading channels to
achieve approximate Shannon channel capacity in a
high-speed MIMO system. In our proposed system,
the 4 code rate LDPC codes are included to enhance
system performance with high coding gain.”” The 16-
QAM-modulated serial LDPC-coded bit streams are
then transformed to parallel bit streams based on the
number of sub-carriers and laser diodes used in the
MIMO-OFDM-FSOC system. In the OFDM section,
the IFFT block is used to modulate a QAM modulated
bit stream using a sub-carrier, producing a single

OFDM symbol. A cyclic prefix is added between the
symbols to provide a guard time and reduce carrier
interference. The digital-to-analog (D/A) block in the
OFDM section is used to convert the parallel binary
stream back to an analog signal. This OFDM- coded
signal is then fed to the adaptive switching
module, where any one of the switching mode is
selected based on the received RF feedback signal
from the optical receiver. At the receiver, the
instantaneous SNR is modified according to the
composite atmospheric channel fading conditions and
then compared against the threshold SNR wvalues
maintained in the LUT. This compared feedback
signal is then utilized to select the best adaptive
MIMO switching technique at the transmitter's end
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through the low rate-RF control link, and the output
of the switching module is then sent over the turbulent
atmosphere channel using M laser diodes.

In this research paper, MIMO-OFDM-FSOC
adaptive system is designed to develop LUTs based
on ACC and ABER to optimize the data rate ‘R’
while satisfying the predetermined outage probability.
An outage probability (OP) Poy (R,y,) occurs when
the instantaneous channel capacity C(H) falls below
the target data rate R. The OP and the instantaneous
channel capacity for an average electrical SNR (y,)) at
the receiver are shown by Eq.19 and Eq. 20,
respectively.'>**%

Pout(R,7,) = P-{C(H) < R} . (19)
C'(H) = [, C(H)f, (h)dh . (20)
C(H) = log, (|iy + S HHT|) .21
Yo = Z”ZNL—ZP'ZF . (22)

Outage capacity Cc(y,) is the optimum rate that can
be achieved while maintaining the outrage probability
Pout(R,vo) < €(constant) and can be expressed
mathematically for a cumulative distribution function
(CDF) Fc(.) of C (H) by

Cg(yo) = max{R: Pout(R, Vo) < a}=F51(s)

If P(;‘ut (R,v,) and Cg(yo), for t € D, indicates the

outage probability and outage capacity or ACC for the
t™ switching operation for the D as a set of divisor of
M assuming t = 1 for diversity while t = M for spatial
multiplexing switching operations respectively.
Similarly, hybrid switching operation is considered
for  t€Dandt+ 1,t # M. Further, to obtain
maximum outage capacity for a particular switching
mode, the SNR (y,) range is divided into different

regions for the selected operation mode (£ € D) and
the design problem and the LUT is constructed using
Eq. 24 by determining the threshold points at which
one switching operation can be moved to another
switching mode operation.

. (23)

k = arg max C{ (y,) .. (24)
t
Similarly, the corresponding ABER of each data
stream for the /" adaptive switching can be calculated
for a Gaussian function Q (+) as follows:

bert = [ Q(hy/2y,)fn(h)dh .. (25)

The maximum value of ACC for the three
switching modes is obtained by the appropriate
selection of ¢ for the various SNR ranges. The
mathematical expressions for the ACC and ABER for
various switching modes are discussed in the sections
that follow.

Spatial Multiplexing Mode

In this switching mode, each aperture transmits
distinct data stream to increase the system throughput
for the maximum degree of freedom min (M, N) = M.
The simplified diagonal channel matrix for this mode
is written by

H = diag(hy, Ay, v v e e hpy)

The instantaneous channel capacityC(H), average
channel capacity C™(H), and the average BER bert

and the total average BER berM for each data stream
in spatial multiplexing switching can be derived using
Eqs (18), (20), (21), and operational properties

of Meijer G-function and  approximation
1, (5) 41,05
Q(x)~zel 2/ +-el 3 Jasshown below’"*

.. (26)

C(H) = 337 log, (1 + 3 Iny1*)
CM(H) e .
- :lzzmié [%] 2 kZ,lak [%] "2kl

1—g22—g2l—aZ—al—kZ—k—gzl—gz)

. (27)

11,

2 2 72 2 7221002 2

... (28)

Yo
X (W 16B2A2h3

4Y0h2

ber— [ e(Yoh)fy (h)dh + 2 7 o )fh (h)dh

... (29)

where, e(™®) = |G é'g [x]o]

—a+k —atk

ber(t) = £a lzgzl ay [l] ? 20°kGyS T+ ZE=1 ay [%] ? 207kGLS {g r}]

.. (30)

1-g2 2-g2 1-a 2—a 1-k 2—k)

2’2 '"2"2"2"2

where, T = (hﬁyOBZhﬁ16

ber™ =1 — [T, (1 — ber(?)) .. (31)

Diversity Switching Mode

In this switching mode, each aperture transmits a
dependent data stream to minimize the effects of
multipath channel fading and increase system
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performance. For this switching mode, we can rewrite
Eq. 3 for the channel matrix H as shown below"’

y; = (B hy)xP + wii=1, 2N
.. (32)

H=

hyy - h1j
hip - hy

Also, substituting Eq. (26) into Eq. (21), we can
obtain the instantaneous channel capacity while the
average channel capacity for the diversity switching is

obtained using Eqs (18), (20), and (33), respectively
and expressed by Eq. (34)

1 2
C(H) = Elng [1 +% ?;l(zyil hl]) ]
.. (33)
Cl(H) o
*f 10g2 (
o 2ART? - s0f_h e
+% (ij 1h11) )9 A}j Zg:l (ak [%] Gis (Bth,( 2 ))dh
g-.ak
B _ark
1 2 .
41n22k 1 R[B] fﬂ A7 In (1+
, 1+g°
YoNh?) Gy BAch[ Sk dh
. (34)

Using properties of Meijer G-function®”, Eq. (34)
can be transformed into:

29g%a 1‘;1 B 1‘% x
PR

32mln 2
x Gg'y (16y,NB2AZh}

1- 2- l-a 2-a 1-k 2-k
11,22 22 ————)

C'(H) =

2 2 2z 2z 2 2
2 2

—g9- 1-g
Lo

.. (35)

The average BER of this mode is determined using

Eq. (35), assuming equal gain combining (EGC) at

the receiver, whereas the estimated closed-form for

ABER can be deduced by arranging Eqs (25) and
utilizing the Meijer G-function property.*

BER?! —f Q<\/_ 121 1hlj>fhl](hl])dhll

i
11_[] 1f fh”(hu)Glo[yo / ]
hl
dhy + T T S oy ()63 [;"WN’ ]dhi,-

.. (36)

Hybrid Switching Mode

The diversity and spatial multiplexing switching
modes are combined to obtain hybrid switching mode
by constructing t parallel data streams through M
transmit apertures. In this mode, repeat codes are sent

over (%) different apertures and M is multiples oft.

The i™ received signal at the 1™ data stream can be
represented by Eq. (37)

yi = n(ZM/t hi)xf +wy fori=1,.

.. (37)

where, hl is the channel coefficient from the j transmit
aperture to the i™ receive aperture in the /" data stream.
For this mode, the channel matrix H is denoted by Eq.
(38), and the instantaneous channel capacity can be
derived by substituting Eq. (21) in Eq. (38)
H=

h11+h%2+ “+hi; - 0

0hl, +hly + -+ Rl

0 0. 5

Nxt

- (38)

2
C(H) = 135y log, (1+ 2258 (S hl) )
.. (39)
The simplified form of the average channel
capacity of this hybrid switching mode is shown
in Eq. (41), which is derived by using Egs (20),
(21), (39) and the Meijer G-function property,
respectively.™

C'(H) )
=y 5Zilog, (1
a+k 2
- 117z oM
N/t M/t ] ﬁ 30
MZZ 1(Zn) ) Zie=1 <a" [B] bus (Bthl gzﬂ,k>> a
1+g2
)dh
g?ak

.. (40)

atk

gat e 1 Yo N (M ,\2\ .30 _h
4ln22k 1 k[] f h~"In (1+E?(?h) )613 (BAOh,

Ct(H) =

m [] Zk 1%[] 2k G1B<VON1682A2h2

11 1-g2 2-g%2 1-a 2-a 1-k 2k
T, T, T T, T,
2 2
-g° 1-g
1101 ’

. (41)



SINHA & KUMAR: LDPC CODED SWITCHED MODE MIMO-OFDM FSOC SYSTEM

Moreover, the ABER of the /™ data stream can be
derived using Eq. (42) and expressed as Eq. (43) as
follows:

BED7N 2Yo N/t M/t
BERQ) = f, (S 55 ) fy ()b
Yot2hi;
= ;n LIS oy )Gt [ [t
4y0t h
ML L oy (i) [ ]
. (42)
BERD = I/ ﬂ”{‘;’; pylt 1ak[B] 2‘”"616<—32A2h116>
1-g° 2-g” 1-a 2-a 1-k 2-k 1g2g1a2a1kzk
2 2 2 T'TTT+_ 2 2 "2 2" 2" 2
3 0,8 ¢ 3 0"_32'112
2 2 2 2

... (43)

On the hand, the total ABER for the hybrid
switching mode is derived by using the same process
as used for diversity and multiplexing mode and can
be expressed by Eq. (44).
BER' =1 —[J{_;(1 — BER(D)) .. (44)
Results Discussions

In this work, the performance of the MIMO-
OFDM-FSOC based on the adaptive switching
algorithm is investigated under the composite
atmospheric turbulent FSO channel. The 16-QAM
modulation and LDPC channel coding techniques are
also incorporated into the proposed system to mitigate
atmospheric turbulence and hence improve the
system’s performance. Furthermore, the atmospheric
channel comprises a power series-based modified
Malaga distribution considering strong atmospheric
turbulence (c? = 7 x 107*m~2/3) and the pointing
error derived in the previous section. This section also
constructs LUTs for the three different adaptive
switching  algorithms and investigates their
performance for metrics such as outage channel
capacity and average BER under moderately clear sky
with an attenuation constant of @ = 0.75 dB/km, and
for a assumed link a distance of 1 km, respectively.
The proposed system and atmospheric link parameters
are also summarized in Table 2

The simulated plots between the outage capacities
vs. different SNR for the multiple apertures (4x4 and
6x6) MIMO-OFDM-FSOC system based on adaptive
switching algorithms are illustrated in Fig. 3(a) and
Fig. 3(b), respectively, considering a targeted outage
of € = 0.1 for the three distinct switching algorithms:
spatial multiplexing, diversity, and hybrid algorithms
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Table 2 — Proposed system simulation parameters''
Parameter Symbols Values
MIMO aperture configuration M XN 4X4,6%X6
Laser wavelength A 1550 nm
Maximum bit Rate R 10 Gb/s
LDPC code rate k %
Modulation m 16
Modulation index n 1
No of data sub-carriers Np 110
No of pilot sub-carriers N 18
No. of sub-carriers Nsuwb 128
Efficiency of photodiode n 0.75
Photodiode responsivity R 0.9 A/m
Receiver aperture diameter d; 10 cm
Beam divergence angle Oy 1 mrad
Dark current I, 10 nA

Atmospheric link parameters

Refractive-index structure constant CE 7x10 4 m??
Rytov variance ok 0.22
Visibility range v 10 km
Link distance L 1 km
Noise power density N, 10 W/Hz

8 T T T T T
SISO-FSOC system

|| =@ Multiplexing switching
—#— Hybrid switching

—@— Adaptive-MIMO switching
|| =& Diveristy switching

—~
[)
-~

~

=)

i
T

-
T

w
T

Diversity (t=1)

~
T

Outage capacity (C) (bits/sec/Hz)

Hybrid (t=2)
-~

T T
Multiplexing (t=4)

* SISO-FSOC system

8| —— Diveristy switching-->t=1
—&— Hybrid switching-->t=2

7 k| —®— Multiplexing switching->t=6
~——#— Hybrid switching-->t=3

6 -| —*— Adaptive MIMO switching

—
o
~

Hybrid (1=2)

Diversity

Outage capacity (C) (bits/sec/Hz)
n
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Multiplexin

Hybrid (1=3)

AN\

2 4 6 8 10 12
SNR (dB)

Fig. 3(a) — Outage capacity of 4 x 4 MIMO-OFDM-FSOC
adaptive system; and (b) Outage capacity of 6 x 6 MIMO-OFDM-
FSOC adaptive system
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in the K-distribution FSO channel. The outage
capacity of the three adaptive switching algorithms-
based MIMO-OFDM-FSOC systems is compared to
that of the SISO-FSOC system, which is considered to
be the reference point. As shown in Fig. 3 (a), value
of t = 4 is set for the spatial multiplexing switching to
transmit the four distinct data streams in parallel,
while ¢ = 2 is fixed for the hybrid switching for the
two different repetition codes, which run in parallel
for the 4 x 4 MIMO aperture configuration. The
outage capacity for the three different switching
operations is obtained from the equations derived in
the previous channel modelling section. Also, a LUT
is constructed using Eq. 24 for the targeted outage
€ = 0.1, which specifies the different SNR regions
corresponding to each switching mode and is shown
in Table 3. The result obtained in Fig. 3 clearly
depicts the performance of the adaptive switching
algorithm based on the three switching operations, in
which a unique switching mode is chosen to obtain
the highest possible outage capacity corresponding to
each SNR region. For the SNR region of y, < 10 dB,
the proposed adaptive switching selects the diversity
switching (¢ = 1) to achieve the highest outage capacity
rate under the worst channel conditions, whereas for the
SNR region of 10 dB <y, < 16 dB, the adaptive
switching system adapts the hybrid switching (¢ = 2) to
ensure a trade-off between link reliability and the data
rate. Finally, for the SNR region beyond the SNR range
of yo =16 dB, the spatial multiplexed switching
scheme must be selected to achieve the highest outage
capacity or data rate.

Similarly, the outage capacity for different SNR
ranges of the various switching modes is illustrated in
Fig. 3(b) for the 6 x 6 MIMO aperture configuration
of the proposed adaptive system by keeping the same
values of targeted outage of € = 0.1 and link distance
of 1 km. Further, the number of data streams for t = 1
corresponds to the diversity switching scheme,
whereas ¢+ = 6 is used for the spatial multiplexing
switching scheme. However, for hybrid switching
modes, we have considered two sets =2 and t = 3. A
LUT is also constructed for this MIMO configuration
as given in Table 3. The result obtained in Fig. 3 (b)
clearly indicates that for SNR region of y, < 9.99
dB, diversity switching (¢ = 1) is adopted, whereas
hybrid switching mode is selected for the two values
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of t =2 and ¢ = 3 for the SNR range lying between
9.99 dB <y, < 20.02 dB, respectively. Finally,
beyond the SNR range of y, > 20.02 dB, the spatial
multiplexing switching mode (¢ = 6) is preferred to
transmit the data streams.

In line with the results presented in Fig. 3(a) and
Fig. 3(b), it is observed that a higher MIMO aperture
configuration (6 x 6) is more flexible and provides a
more numbers of SNR regions for different switching
modes. For the hybrid switching operation, it
offers two different SNR regions back to back
corresponding to values ¢ = 2 and ¢ = 3, respectively.
The diversity switching mode, adopted by the 4 X 4
aperture configuration gives SNR of y, < 10 dB
whereas this SNR value reduces slightly to SNR value
of Yo <9.99 dB, respectively. As expected, a higher
data rate or outage capacity (2.95 bits/sec/Hz) is
achieved for the 6 x 6 MIMO aperture configuration
as compared to 6 X 6 configuration (2.25 bits/sec/Hz).
At SNR =22 dB, a 6 x 6 MIMO system may obtain a
maximum data rate of 8.85 bits/s/Hz, whereas a 4 x 4
MIMO system can achieve 7.93 bits/s/Hz under
spatial multiplexing switching operation.

The average BER vs. SNR performance of the
proposed 4 x 4 MIMO-OFDM-FSOC system for
different pointing error constants (w, and o) under
K- distribution are demonstrated in Fig. 4(a) and
Fig. 4(b), respectively. The simulated plots clearly
showed that ABER in both of these cases is < 10
during the transition of each switching operation.
When the pointing error constants = and ** are

changed from 10— 5 and 1.5 - 2, respectively, the
SNR required for diversity switching is also changed

from 27.8 dB = 24.9 dB which means the diversity
switching requires almost 2.9 dB less threshold SNR
for almost the same ABER performance of 107. On
the other hand, switching from hybrid to spatial
multiplexing transition requires almost 5.3 dB less
threshold SNR for the same ABER performance of
10", even though the changes in pointing error
constants are the same. This clearly indicates that the
parameter w, has more impact on signal transmission
as compared to the parameter og;. The result also
predicts that diversity switching is always preferred
for the lower range of SNR whereas; spatial switching
is adopted for the higher range of SNR. However, the

Table 3 — LUTs for MIMO-OFDM-FSOC System (L = 1 km, & = 0.1,% = 10, ": =1.5)

Switching mode
4x4
6 X6

Diversity (t=1)
Yo < 10dB
Y0 <9.99dB

Hybrid (1 = 2)

10dB <y, < 16 dB
9.99 dB < y, < 14.02 dB

Hybrid (£ = 3)

14.02 dB < y4 <20.03 dB

Multiplexing (¢ = 4)
¥o> 16 dB
¥o>20.03 dB
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ABER performance is best for spatial multiplexing
switching for fixed low SNR threshold.

The impact of the change in the transmitted beam
divergence is observed on the outage capacity vs.
transmitted power graph as illustrated in Fig. 5 for

K-distribution

—a— Multiplexing switching-->t=4
10" | —e— Hybrid switching-->t=2
——+— Diveristy switching-->t=1
—©— Adaptive-MIMO switching

K-distribution
W,

¥ o582

Average bit error rate

~——&— Multiplexing switching-->t=4
107 | —e— Hybrid switching-->t=2
—+— Diveristy switching-->t=1
=—©— Adaptive-MIMO switching

0 10 20 30 40 50 60
SNR (dB)

Fig. 4 — (a) Average BER of 4 x4 MIMO apertures configuration
for % =10,% = 1.5 under K- distribution; and (b) Average BER

a
of 4 x 4 MIMO apertures configuration for % = 5,% = 2 under

K- distribution
20

18+ Beam divergence angle 8,
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T
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Fig. 5 — Outage capacity vs. transmitted power of 4 x4 MIMO-
OFDM-FSOC adaptive system

4x4 MIMO-OFDM-FSOC system over a link
distance of 1 km. The outage capacity increases
exponentially with the increase in transmitted power
from —24 dB to —6 dB. Keeping the fixed transmitted
power of —10 dB, the outage capacity increases from
2.8 bits/sec/Hz to 17.6 bits/sec/Hz with the change in
beam divergence angle from 2 mrad to 0.50 mrad.
The maximum outage capacity rate is achieved at 20
bits/sec/Hz at —6 dB for a beam divergence angle of
0.5 mrad. Consequently, the results clearly indicate
that the outage capacity increases with the minimum
power loss when the ample transmitted power is
received by the receiver aperture for a narrow
divergence angle (0.50 mrad).

Conclusions

In this research paper, we incorporate different
adaptive transmission switching techniques such as
diversity, hybrid, and spatial multiplexing in the
proposed MIMO-FSOC system. The three modes:
diversity, multiplexing, and hybrid mode can be
selected to transmit the information according to
dynamic composite turbulent channel conditions. The
OFDM technique is included in the proposed system
to minimize the fading effect and enhance its capacity
under strong turbulence conditions. The channel is
comprised of strong atmospheric turbulence, pointing
error, and fixed channel path loss. The Meijer-G
function is simplified using a power series technique
to formulate a new Probability Density Function
(PDF) for the Malaga distribution and pointing error.
This derived PDF is used to figure out the maximum
outage capacity and average BER needed to meet the
target outage probability. It is also used to build a
LUT based on the simulation results for each adaptive
switching mechanism. The approximated closed-form
expression of the average channel capacity and
average BER for each operation mode are also
derived respectively. Based on the numerical results, a
LUT is also constructed under different scenarios to
maximize the data rate throughput with a reliable bit
error rate. The received SNR is then compared with
respect to the threshold SNR listed in the constructed
LUT to select the optimal adaptive switching mode.
The simulation results revealed that the proposed
design of an adaptive FSOC system offers a
significant improvement for a spatial multiplexing
scheme and that it is a robust scheme as compared to
the rest of the proposed transmission schemes. Based
on the simulations, it was found that the most reliable
data rate is reached for spatial multiplexing only
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within a certain range of SNR compared to fixed
mode transmission.

Hence, we can conclude that the proposed design is
suitable for sub-carrier intensity-based Single Input

and

Multiple Output (SIMO) and MIMO FSO link,

which are widely used for next-generation wireless
optical networks. For future work, we can also
analyze the proposed system performance under
Gamma-Gamma and Log normal distribution. Apart
from LDPC channel coding, we can also include other
channel coding schemes and higher- order modulation
schemes to analyze the system performance.
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