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Abstract—Multiple input multiple output (MIMO) technique
with equal gain combining (EGC) is considered in this work to
enhance the data rate of free-space optical communication (FSO)
system in log-normal channel. In FSO system, light propagating
in free space is used to transmit data for communication system.
256-ary pulse position modulation (PPM) using intensity modu-
lation with direct detection (IM/DD) as a power efficient system
is employed using PIN receiver. Obtained results demonstrate
that significant boost of data rate can be achieved using MIMO
techniques. Data rate enhances from 350 Mbps to 800 Mbps when
using 2 x 2 MIMO configuration. As well, 1 Gbps is reported for
4 x 4 MIMO system. These enhancements are achieved without
any bandwidth or power expansions and the bit error rate (BER)
at the receiver is maintained below 1073,

Index Terms—Free-space optical communications (FSO), M-
ary pulse position modulation () -ary PPM), Multiple input
multiple output (MIMO), Log-normal channel, PIN receiver.

I. INTRODUCTION

Free-space optical (FSO) communication has become more
and more interesting over the last two decades as an adjunct
or alternative to radio frequency (RF) communication. FSO
links involving transmission between two buildings, between
ground station and satellite, between end users and fibre optic
backbone and as a backup link for optical fibre. Also, FSO is
a license-free technology and offers much-enhanced channel
bandwidth as compared to RFE. Besides, the availability of
cheap front-ends makes this technology cost effective when
compared to optical-fibre systems [1].

The short wavelengths of the FSO system are easily atten-
vated by particulate such as fog, haze and rain droplets that
are suspended in the air. One of the main problems facing
a FSO system is atmospheric turbulence. Optical turbulence
arises as a result of random fluctuations in the refractive index
of the atmosphere which are directly dependent on fluctuating
atmospheric temperature and pressure [2]. The refractive-index
fluctuations cause detrimental effects on the optical beam such
as beam spreading, irradiance fluctuation and loss of spatial
coherence [3,4].

Pulse position modulation (PPM) using intensity modulation
with direct detection (IM/DD) is among the most widely con-
sidered modulation technique for FSO system. PPM achieves

high power efficiency and improves the system performance
at the expense of reduced bandwidth efficiency compared to
other modulation schemes such as on-off keying (OOK) [5].
Adopting high order M-ary PPM modulation for FSO is
shown to enhance the power and bandwidth efficiencies as
compared to conventional PPM technique [5, 6].

In the past few years, several researchers studied the use
of multiple input multiple output (MIMO) concepts in FSO
systems. In [7], binary pulse position modulation FSO system
in Rayleigh fading channel and with multiple receive units
is studied. It is shown that maximal ratio combining (MRC)
outperforms other diversity techniques such as selection com-
bining (SC) and equal gain combing (EGC). The concept
of coherent optical polarization MIMO scheme has been
introduced and discussed in [8].

In this paper, the achieved diversity gain of MIMO system
using 256-PPM over log-normal distribution FSO channel
for short range communications with IM/DD PIN receiver
is investigated. Log-normal distribution is the most widely
used model for the probability density function (pdf) of the
irradiance because of its accuracy and simplicity [2, 9]. MIMO
systems utilize the available different channel paths from the
different transmit sources to enhance the spectral efficiency
and link reliability. In addition, MIMO configurations can be
used to achieve high diversity gains to combat channel fading
without increasing power or bandwidth [10, 11].

The PIN diodes and the avalanche photodiodes (APDs) are
the most commonly used photodiodes in FSO. PIN receivers
are commonly used due to their low-cost, high mitigation to
wide temperature fluctuations and the ability to operate with
cheap low-bias voltage power supply. PIN receivers are less
sensitive than APD receivers. The sensitivity of these receivers
can be reduced by increasing the transmitter power and using
larger receiver lens diameter. In case of APD, the increased
power margin provides a more robust communication link
than PIN receivers. This allows further reduction in transmitter
power and the signal to noise ratio (SNR) can be increased
through the internal gain of APDs. However, APD receivers
are expensive and need high operating voltages which limits
their practical usage [7, 12, 13].



The remainder of this paper is organized as follows. Sys-
tem model is presented in Section II. Numerical results and
discussions are carried out in Section III. Finally, conclusions
are presented in Section IV.

II. FSO MIMO SYSTEM MODEL
A. Backgrounds Overview

Short range optical wireless communication links over log-
normal channel with variance 0> = 0.1 and zero mean is

considered throughout this paper. The pdf of log-normal fading
channel is given by [6]
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where f7(I) is the pdf of the log-normal channel, I, is the
average received signal light intensity without the considered
log-normal channel which is depicted in Fig. 1 and [ is the
received signal light intensity with turbulence. The optical
intensity of a source is defined as the optical power emitted
per solid angle in units of Watts per Steradian (W/sr) [14].

B. Single Input Single Output (SISO) FSO Link

FSO SISO system with M-ary PPM is considered in [6,
14]. It is shown that the conditional BER in ideal channel
condition, i.e., without turbulence, is given by,
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where Q(.) is the Gaussian-Q function' [13], M is the
modulation order, R, is the PIN receiver responsivity and Ry
is the data rate. The noise variance (02, = 02, + 02)
is the summation of the shot noise and the thermal noise
variances. The shot noise is caused by background light while
the thermal noise is a result of thermally induced random
fluctuations in the charge carriers in the resistive element of
the photodetector [6, 15]. The variance of the thermal noise
and the variance of the shot noise are given by [6]
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with Kp being the Boltzmann’s constant, 7} is the tem-
perature in Kelvin and B, is the equivalent bandwidth of
the receiver. The load of the PIN photodetector (Ry) is
measured in (), g, is the electron charge which is measured
in Coulombs and [, is the light intensity of the background
light.

In this paper, log-normal channel is considered and the BER
of M-ary PPM for SISO FSO system over log-normal channel
is calculated from (2) and given by
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Fig. 1. Log-normal distribution with ¢2= 0.1 and with zero mean .

Unfortunately, no closed-form solution is available for the
integration in (5) and numerical solution is employed in what
follows. Solution is obtained through Hermite polynomial.
Hermite polynomial approaches the solution through summa-
tion of its basis values which are the roots and the weights.
The Hermite polynomial formula is given by [16]

/_o;g(w) X

where x; and w; are the roots and the weights of the Hermite
polynomial; respectively and N is the number of summation.
It was shown in [13] that accurate results can be obtained if
N > 10.
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Assume (z = %), the transformation of (5) can be
written as
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Using (6) and (7) the BER can be approximated as
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C. MIMO FSO Link

Performance analysis of MIMO FSO system can be derived
from its correspondence SISO system. It is shown in [17]



that the BER expression of MISO FSO system in log-normal
channel is similar to that of SISO link with the difference of
dividing the variance of the log-normal channel by the number
of transmit antennas. Similar conclusion is also drawn in [17]
for the case of single input multiple output (SIMO) with EGC.
In MIMO system with EGC receiver, however, the variance
should be divided by the multiplication of the number transmit
and receive units. However, it should be mentioned that these
conclusions in [17] are drawn for OOK modulation. This,
however, can be generalized to other modulation techniques
such as M-ary PPM since the assumption depends on the
parameters of the log-normal channel and not on the selected
modulation technique.

Hence, the BER for a FSO MIMO system in log-normal
channel with A transmit and B receive antennas is given by
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and the shot-noise variance can be written as

2 80’2
Osh — 2q6R;D IO exp A % BIZ + Ib Be (11)

The synoptic diagram of the proposed model is depicted in
Fig. 2. The source bits is modulated using 256-PPM and
encoded by the MIMO encoder. The encoded real symbols
modulate the laser diodes and the diodes are assumed to be
synchronized to start emission simultaneously. The transmitted
light propagates over log-normal channel and AWGN due to
shot noise and thermal noise are added at the receiver input.
At the receiver, the PIN photodiode converts the light intensity
into electrical current and EGC is applied to estimate the
transmitted information bits. It is assumed that full channel
state information is available at the receiver.
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Fig. 2. Synoptic diagram of the proposed model.

III. NUMERICAL RESULTS AND DISCUSSIONS

In all conducted analysis, it is assumed that the transmit and
receive units are separated wide enough to avoid any correla-
tion among them. Also, a target BER < 1073 is considered as
a benchmark. It is shown in [18] that an error-free transmission
can be achieved when forward error correction (FEC) coding
technique is employed at uncoded BER that is less than 10~3.

The distance between the transmitters and the receivers is
set to 100 meters. The electrical bandwidth of the M-ary PPM
is given by [19]

M
log, (M)
where %), = 0.9 (A/W) is considered in the following analysis.

In Fig. 3, a background noise of 0 dBm is assumed at a
data rate of 350 Mbps. In the analysis, the average received
light intensity is kept less than 20 dBm which is equivalent
to 100 mW. It can be clearly noticed from Fig. 3 that an
improvements of 3.77 dB and 5 dB can be achieved with
2 x 2 and 4 x 4 MIMO configurations; respectively. Monte
Carlo simulation results are depicted and used to validate the
analytical derivations of the BER given in (8).
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Fig. 3. 256-PPM in log-normal channel using PIN at background noise (0
dBm) for the same data rate.

In Fig. 4, the achieved BER for different data rate systems
using 2 x 2 and 4 x 4 MIMO configurations are depicted.
Results show that in case of MIMO (2 x 2) the date rate
increased from 350 Mbps in the SISO case to 800 Mbps which
is 128% higher. Also, 0.38 dB improvement in received light
intensity can be noticed at the target BER. In case of MIMO
(4 x 4) configuration, the data rate increases by 185 % as
compared to SISO and the received light intensity improves
by 0.75 dB. Analytical results are depicted to sustain numerical
ones.

The effect of varying temperatures on the performance of
the considered system is depicted in Fig. 5. Increasing the
temperature degrades the overall system performance. This is
not limited to MIMO (2 x 2) but also extended to SISO and
MIMO (4 x 4).

Different PIN responsivity 0.7 (A/W) and 0.9 (A/W) are
employed for MIMO (2 x 2) in Fig. 6. The result shows
that increasing the value of responsivity improves the BER
performance. Using PIN photodetector with /2,=0.9 enhances
the received light intensity by 1 dB. The same effect applies
on SISO and MIMO (4 x 4).
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Fig. 4. 256-PPM in log-normal channel using PIN at background noise (0

dBm) for different data rate.
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Fig. 5. BER against average received light intensity for different temperatures
at Rp=350 Mbps.

In Figs. 3-6, R, is equal to 0.9 Amperes per Watt (4/W)
except in Fig. 6. The operating temperature is 300 K (room
temperature) except in Fig. 5. The receiver resistance load is
50 Q. Also, an electrical bandwidth of 11.2 GHz is assumed
at the receiver.

From (3), it can be stated that R, is inversely proportional to
the variance of the thermal noise which is part of the variance
of the total noise. In addition, the total-noise variance is
inversely proportional to the BER. Therefore, Ry, is inversely
proportional to the BER.

IV. CONCLUSIONS

MIMO with EGC can be employed to increase the data rate
of FSO communications in log-normal channel. 256-ary PPM
using IM/DD as a power efficient system is employed using
PIN receiver. Our analytical and simulations results show that

——— MIMO(2x2), Responsivity=0.9 (A/W)
MIMO(2x2), Responsivity=0.7 (A/W)

BER

I, (@Bm)

Fig. 6. BER against average received light intensity for different responsivity
values at Ryp=350 Mbps.

the data rate is increased by 128 % and 185 % in case of
MIMO (2 x 2) and MIMO (4 x 4), respectively compared to
SISO without increasing the bandwidth and with less received
light intensity. The impact of varying the temperature and
the responsivity of the PIN receiver on the overall system
performance is investigated as well.
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