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Abstract— Free Space Optical (FSO) communications is the
only viable solution for creating a three-dimensional global
communications grid of inter-connected ground and
airborne nodes. The huge amount of data exchange between
satellites and ground stations demands enormous capacity
that cannot be provided by strictly regulated, scarce
resources of the Radio Frequency (RF) spectrum. Free
Space Optical (FSO) communications, on the other hand,
has the potential of providing virtually unlimited
bandwidth. Furthermore, due to the spatial confinement of
laser beams, such links are very secure. In other words,
security is guaranteed at the physical layer. However, the
promised enormous data rates are only available under
clear weather conditions, and atmospheric phenomena such
as clouds, fog, and even turbulence can degrade the
performance, dramatically. While turbid media such as
clouds and aerosols cause pulse broadening in space and
time, turbulence presents itself as scintillation and fading.
Hence, to exploit the great potentials of FSO at its best
under all weather conditions, prudent measures must be
taken in the design of transmitter and receiver. More
specifically, multiple transmitters and receivers can be used
to combat the turbulence-induced fading and to compensate
for pulse attenuation and broadening caused by scattering.
In this paper, Multiple-Input Multiple-Output (MIMO)
transmitter and receiver designs for FSO communications
are investigated and the achievable performance
improvements are discussed.

Index Terms— Free Space Optical (FSO), Multi-Input
Multi-Output (MIMO), Point Spread Function (PSF),
Scattering, Scintillation.

l. INTRODUCTION

Free Space Optical (FSO) communication offers a
great potential for creating a three-dimensional global
communications grid. This is basically due to the ease of
deployment of FSO links, unregulated frequency band,
and the enormous available bandwidth. Moreover, spatial
confinement of laser beams significantly reduces the
power loss, and the possibility of interference or
interception. All these benefits are viable only under ideal
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channel conditions, and atmospheric phenomena such as
clouds, fog, aerosols, and even turbulence can severely
degrade the performance. While clouds and aerosols
scatter the laser beam and give rise to optical pulse
attenuation and broadening in space and time, turbulence
manifests itself as perturbations in the amplitude and
phase of received signal.

To mitigate the deleterious effects of scattering and
turbulence, multiple transmitters and receivers can be
used. Hence, it would be possible to benefit from spatial
diversity and receive multiple independent copies of the
same signal. The effectiveness of Multiple-Input
Multiple-Output (MIMO) systems in combating the log-
normal amplitude fading has been demonstrated in the
published literature [1-3]. However, little effort has been
made to analyze the possible excess gain obtained using a
MIMO system to ameliorate the impact of phase-front
distortion [4]. In this paper, we consider both amplitude
and phase distortions and show how performance is
degraded compared to an Additive White Gaussian Noise
(AWGN) channel. Then, using average Bit Error Rate
(BER) as a performance metric, possible improvements
achieved using a MIMO communications scheme is
investigated. The remainder of this paper is organized as
follows. In section 2, a channel model is presented.
Section 3 demonstrates the system design. In section 4
simulations results are presented and compared under
different channel conditions. Finally, section 5 concludes
the paper.

Il. CHANNEL MODEL

The first step in designing a communications system in
any medium is to know what happens to a wave or a
signal as it travels through that medium. This task is
usually accomplished by measuring or simulating the
channel impulse response. In an atmospheric channel, we
have two principal phenomena: scattering and turbulence-
induced scintillation. Assuming that these two
phenomena are independent, it would be possible to
investigate the attributes of each in the total system
impulse response. Note that, this is a simplifying
assumption, which may not be accurate. However, this is
the only way that makes this analysis mathematically
tractable. Later in this paper, we will see that such an
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assumption is valid for a communications scenario, since
due to small Field-Of-View (FOV) of the receiver,
multiple scatterings give rise to a sole attenuation factor
in the system impulse response. The next two subsections
elaborate more on scattering and turbulence.

A. Mietheory and the scattering impul se response

Laser beam propagation through clouds, fog, and
aerosols is basically a multiple scattering problem.
Clouds are made of water droplets with sizes comparable
to the optical wavelengths. Hence, Mie theory of
scattering governs laser beam interaction with cloud
particles. This theory is “an application of Maxwell’s
equations to the problem of a homogeneous sphere
radiated by a plane wave from a single direction” [5].

In airborne laser communications, transmitter launches
a laser pulse, which can be modeled as a large body of
photons. Each of these photons proceeds into the medium
until it interacts with a particle. At this point, the photon
is deflected and its direction of propagation changes. The
photon continues in this new direction until it collides
with the next particle. According to Mie theory,
scattering direction in three-dimensional space is given
by a probability distribution function (PDF) known as the
Volume Scattering (or Phase) Function. In other words,
phase function is the PDF of solid angle ¥ = (6, ¢) and

is normalized so that its integral over the entire solid
angle is unity [6, 7], i.e.
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Since the azimuth scattering angle is uniformly
distributed in [0,27], phase function can be plotted only

with respect to €. Fig. 1 shows the scattering phase
function for different types of clouds. These phase
functions are obtained by substituting the modified
gamma distribution for radius density of cloud particles
in equations extracted from Mie theory for poly-dispersed
phase function [6, 8].

Assuming a homogeneous scattering medium, the
scattering distance, i.e. the distance between two
successive scattering events is an exponential random
variable distributed as:

P(d) = eC4/Pw), @
scat

Dy =1/ B, and g is the scattering

coefficient. In photon-particle interactions, there is
always a possibility that the photon is absorbed by a
particle. This probability is given by the ratio of
absorption  and  extinction  coefficients, ie.,

Pos = Bans | Pex » NOWever, this probability is very low

for clouds since the absorption coefficient is very small
compared to the extinction coefficient.

Currently, most FSO communications systems use
Intensity Modulation with Direct Detection (IM/DD) due
to the complications associated with phase and frequency
modulation [2]. In this paper, we use On-Off Keying

where
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(OOK) modulation because of its simplicity. Hence, the
channel impulse response is the received intensity, when
an impulse is lunched from the transmitter. To measure
the channel impulse response, we use the Monte-Carlo
Ray Tracing (MCRT) algorithm. This algorithm basically
tracks the paths of a large number of photons ( chosen as
1 million in our simulations) through the scattering
medium, and finds the spatial and temporal distribution of
photons at the receiver side. Then, considering the
receiver aperture area and Field-Of-View (FOV), the
system impulse response can be computed.
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Figure 1. Phase function of different types of clouds.

Multiple scatterings will broaden the collimated beam
and attenuate the signal. Furthermore, the collimated
beam will break up and arrive at the receiver from many
different angles or spatial modes. This phenomenon is
usually called the “shower glass” effect [9]. Depending
on the FOV, receiver may or may not collect the scattered
light rays.

The spatial and temporal system impulse responses are
composed of two components: coherent and diffuse [10,
11]. The coherent component of impulse response is the
Line-Of-Sight (LOS) portion of transmitted intensity
which is attenuated according to the Beer-Lambert law as
[6]:

Lo = 087" = 1,877=", 3

where 7 is the average number of scattering events over
a length L of the cloud, and is defined by multiplying
the cloud scattering coefficient ... (km™) by its physical

sca

length, L, in km and hence has no units. Since this
portion of the impulse response is an attenuated version
of the original impulse, it is not broadened in time or
space. The diffuse component, on the other hand, is
composed of the multiple-scattered photons which are
dispersed angularly, spatially, and temporally. This
component gives rise to pulse broadening in space and
time.

The actual shape and width of system impulse
response depends on physical aperture size and FOV of
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the receiver. In Fig. 2, impulse responses of systems
operating in cumulus clouds of various optical thickness
values are shown, where a hypothetical aperture of
infinite extent is used to collect the transmitted light. To
ease the comparison of impulse responses, y-axis is in
log-scale. One can see that the impulse response broadens
with optical thickness. Fig. 3 shows impulse responses
for the same optical thickness values for a receive
aperture size of 20 cm diameter. It is apparent that pulse
broadening is much less in this case due to the fact that
most received power is composed of either “ballistic”
(LOS) or “snake” (highly forward-scattered) photons.
While percentage of snake photons (compared to the total
number of received photon) increases with optical
thickness, peak value of impulse response reduces
exponentially. The curves in Figs. 2 and 3 are obtained
using MCRT [8].

To increase the amount of received power, one can
increase the receiving aperture size and FOV and collect
some of the diffuse power as well. This excess power,
however, manifests itself as a long tail in the impulse
response, and hence gives rise to intersymbol interference
(1S1), which in turn reduces the achievable bit rate.
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Impulse response of a system with an infinite aperture
for different optical thickness values.

Figure 2.
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Impulse response of a system with a 20cm diameter

Figure 3.
receiving aperture for different optical thickness values.
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Receiver FOV is determined by the ratio of photo-
detector diameter to the lens focal length. Nevertheless
photo-detector diameter is proportional to its input
capacitance and, hence, inversely proportional to its
bandwidth (rate). For a commercial photo-detector, the
diameter ranges from 30um for 10 GB/s to 70um for 2.5
GB/s [12]. Thus, FOV turns out to be very small for high-
speed communications and cloud impulse response
reduces to an attenuated impulse. For more details on
cloud channel modeling, the reader is referred to [13, 14].

B. Turbulence and Kolmogorov theory

Temperature variations and wind give rise to refractive
index fluctuations in different layers of atmosphere.
Optical turbulence can be characterized by three
parameters: inner scale ly, outer scale Ly, and the structure

parameter of the refractive index fluctuations Cf [15].
The well-known Hufnagle-Valley equation models the
profile of C* as:
CZ(h) =0.00594(v/ 27)*(10"°h)* exp(~h /1000) +
2.7 x10°® exp(~h/1500) + Aexp(~h/100),

(4)

where h is the altitude in meters (m), v is the rms wind
speed in meters per second (m/s), and A is the nominal
value of C?(0). C? is a measure of the strength of

turbulence. Variations in the refractive index, give rise to
distortion in the wave-front (iso-phase plane), which
causes phase perturbations on the receiver plane. Hence,
under near field conditions, we only expect to observe
phase perturbations. Under far field conditions, bending
of the optical rays caused by refraction, along with
propagations to the pupil plane make different portions of
the wave interfere with one another, causing self-
interference. The amplitude variations are caused by
these interference elements. In other words, phase
perturbations evolve into both amplitude and phase
fluctuations as a result of propagation [16]. According to
Rytov approximation, amplitude and phase fluctuations
resulted from atmospheric turbulence can be modeled as
a complex multiplicative factor at each point of the wave-
front. For example, the optical field at a distance L from
the transmitter is given by [15]:
U(r,L)=U,(r,L)exp[y (r,L)] (5)
=U,(r,L)exp[ X (r,L)+iS(r,L)]

where X(r,L) represents amplitude fluctuations and
S(r,L) represents phase variations. Also, U (r,L) is the

received wave-front under a turbulence-free condition.
Using central limit theorem, for long propagation
distances through turbulence, it can be shown that X and
S are homogeneous, isotropic and independent Gaussian
random variables [2]. According to equation (5), both
amplitude and intensity are log-normally distributed at
the pupil plane. However, since we use IM/DD, we need
to know variations of the intensity at the focal plane and
more specifically, over the small area of a photo-detector.
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Depending on the ratio of aperture diameter D and the
atmospheric coherence length (Fried’s parameter [15,

16]), I,, intensity distribution in the focal plane might be

different.

In most previous works, it has been assumed that
aperture diameter,D, is much smaller than the
atmospheric coherence length, r, [1, 2]. This usually

happens when turbulence is relatively week (r, is large)

or when there is a practical limitation for increasing the
aperture size. In this case, receiver is modeled as a point
aperture, collecting an approximately coherent field with
a log-normally distributed amplitude fading factor. Due
to coherence of the field over this small aperture, Point
Spread Function (PSF) of the system remains undistorted.

Under weak turbulence conditions, where Rytov
approximation is valid, the log-irradiance variance

ol =4c? (o? is the log-amplitude variance) is
approximately equal to the normalized variance of
irradiance or the scintillation index, i.e., o? = o2, [15].

The scintillation indices of plane and spherical waves are
given by [1, 2, and 15]:

L

O lpane=2:25K"" [C2(M)A—h/L)**ch. (6)
0
L

07 linerca= 225K [C (MN**@=h/L)*ch (7)
0

where k is the wave number. Furthermore, to make sure
that the average optical field amplitude is neither
attenuated nor amplified, the mean value of log-
irradiance is set to —o?/2 [1, 2]. Hence, the PDF of

irradiance can be expressed as:

f,(|):1exp{_('”(')+‘7|2/2)2} ®)

2

I\ 27o? 20

The effect of atmospheric turbulence on a system with
a point (small) receiving aperture is quite similar to the
frequency non-selective flat fading channel in RF
communications [17], where multiple paths are not
resolved, and hence no pulse broadening is observed. In
other words, turbulence manifests itself as a log-normal
flat fading coefficient.

We also consider aperture diameters larger than the
atmospheric coherence length. This usually happens
when turbulence is rather strong (small r,) or the aperture

can be made large to combat the amplitude fading. Here,
due to aperture averaging effect [1, 2], attributes of
intensity fluctuations in the pupil plane are reduced,
significantly. However, due to phase aberrations, optical
field impinging on the pupil plane breaks up into several
spatial modes. Therefore, Point Spread Function (PSF) of
the system is distorted. This is very similar to multi-path
fading in the RF communications, where the impulse
response is broadened and dispersed. Note that, PSF is
the spatial system impulse response and dispersion takes
place in spatial domain, rather than temporal which is the
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case for RF communications. Broadening of the PSF and
its random wandering over photo-detector active area
give rise to signal attenuation and fading. Therefore, even
though we use intensity modulation, we need to take the
phase distortions into account. The impact of PSF
distortion is more severe on optical imaging systems,
where the spatial impulse response determines the image
resolution and quality. Here, we assume that receiver is
equipped with a perfect tracking system, which can
compensate for beam wanders. Nonetheless, phase
abberations can not be removed by simple tracking and
hence, should be compensated for by other techniques.
Adaptive-Optics is one such technique. However, the
focus of this paper is on effectiveness of MIMO
configurations in compensating for both amplitude and
phase fluctuations.

Phase perturbations are usually approximated by a thin
phase screen, the power spectrum of which is given by
the Kolmogorov or von Karman model. According to the
Kolmogorov theory, assuming isotropic and homogenous
turbulence, the power spectral density of refractive index
fluctuations can be expressed as [15, 16]:

@, (x)=0.033C°x 31/, < <1/l,  (9)

where x is the spatial wave number. Hence, the power
spectrum of phase fluctuations is represented as:

@, (k) =0.023r,”"* | x ["?,1/ L, < k <1/1, (10)

where r, is the atmospheric coherence length (Fried

parameter) and is approximated as:
3/5

4r? . (11

r, = 0.185

L

kzjcnz(h)(l—h/L)S’3dh
0

This parameter is a measure of coherence radius of the
optical field. As turbulence becomes stronger, r,

decreases. Since coherence length of the field is
proportional to r,, if two receivers are by I, apart, they

observe virtually independent versions of the signal. The
phase structure function can be defined as [15, 16]:

D,(rl)= e.ss(u”j (12)

0

The most popular way of generating a Kolmogorov
phase screen is via Fast Fourier Transform (FFT). In this
method, a Gaussian white noise process is multiplied by
the square root of spectrum in (10) and then Fourier
transformed to generate a random phase screen with the
desired power spectrum. ldeally, the phase screen must
be as large as the outer scale of turbulence L, with
sample-spacing as small as l,. However, Ly is several
orders of magnitude larger than Iy, and hence a large
number of samples is required for this method to work
properly. If the number of samples is not sufficient, due
to abrupt change of power spectrum in the vicinity of
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origin, low frequencies can not be properly represented in
the phase screen. New techniques, such as sub-harmonics
method, or random mid-point displacement algorithm
have been proposed to overcome these limitations [18-
20]. In this paper, we use the random mid-point
displacement algorithm to generate the phase screens.
This algorithm, exploits the self-similar and fractal nature
of phase fluctuations to generate phase screens of desired
structure function.

The primary effect of phase perturbations is
broadening and distortion of the PSF. In other words,
depending on the severity of turbulence, energy collected
by lens cannot be concentrated on a small focal spot and
the photo-detector may not be able to collect all of it. Fig.
4 shows the PSF in the absence of turbulence. Moreover,
Fig. 5 and Fig. 6, demonstrate the PSF for relatively weak
and moderate turbulence levels, respectively. From these
figures, one can see that as D/r, increases, PSF becomes

more distorted. Furthermore, we notice that under
relatively weak turbulence conditions, the beam is just
slightly tilted and the centeriod of the PSF is no longer at
the focal point. However, in relatively moderate
turbulence beam breaks up and multiple bright spots can
be observed. Note that, as long as Rytov variance (or
scintillation index) is less than 1, the Rytov
approximation is valid and turbulence is generally
considered to be weak [15]. Throughout this paper, we
assume this approximation is valid and the terms “weak
turbulence” and “strong turbulence” are relative.
We conclude this section by the following remarks:

e Clouds and aerosols attenuate and disperse the laser
pulse. Since we are using receivers of small FOV,
only LOS component can be observed and in the
channel impulse response, clouds appear as an
attenuation factor, due to scattering.

e  Atmospheric turbulence, introduces both amplitude
and phase variations into the pupil plane optical
field.

e When pyr, is small, receiver is modeled as a point

aperture and amplitude variations give rise to log-
normal intensity fading. However, due to coherence
of optical field, PSF is not distorted.

e When D/r, is large, aperture averaging is

observed. However, several spatial modes impinge
upon the collecting lens and PSF is distorted. The
random, time variant distortion of PSF changes the
amount of light absorbed by photo-detector and
hence gives rise to attenuation and fading of the
signal.

e If D/r, increases due to strength of turbulence

(reduction in r), variance of intensity fluctuations

may increase beyond a level that can be
compensated completely by aperture averaging. In
this case, both amplitude and phase fluctuations
contribute to fading.
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Figure 4. Point spread function in the absence of turbulence.
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Figure 6.  PSF in the presence of moderate turbulence D/ r, =~ 20.

Il.  SYSTEM DESIGN

The enormous bandwidth promised by FSO
communications is available only under clear, turbulence-
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free atmospheric conditions, where there is no dispersion
to bring about ISI, and power loss is virtually zero.
However, this is not a realistic situation and to exploit the
great potentials of FSO communications, proper measures
should be used in transmitter and receiver designs.
MIMO communications systems are proven to be
effective in RF or Infrared (IR) fading channels. In this
section, we present possible designs for MIMO FSO
communications systems. The ability of multiple
transmitters and receivers in combating fading is
conditioned on reception of uncorrelated copies of the
signal. As a result, transmit and receive apertures must be

placed at least one correlation distance () apart. For

atmospheric channel this requirement can be easily met
since correlation distance (atmospheric coherence length)
is about 20 cm under good visibility conditions and often
drops to 2-4 cm during the day [21].

Depending on the ratio of receiving aperture diameter
and atmospheric coherence length, p/r,, and strength of

turbulence, aperture averaging effect may be observed. In
other words, if D>r, and o} is sufficiently small,

intensity variations do not contribute much to signal
fading. If on the other hand & increases due to relative

strength of turbulence, intensity fluctuations may be
observed despite the aperture averaging. Furthermore, if
D >>r,, PSF is no longer a single spot in the focal point

and collected energy is distributed all over the focal
plane. Since relative strength of turbulence, and hence r,,

is time variant, one should consider all the above-
mentioned possibilities in the receiver design. As a result,
we cannot count on aperture averaging effect to totally
overcome the amplitude fading.

When D/r, <1, deleterious effects of turbulence

emerge as a log-normal intensity fading. In this case,
substituting a single receiver with properly-spaced
multiple receivers of smaller sizes provides spatial
diversity and hence mitigates the fading. When
D/r, >1, using multiple receivers of smaller sizes has

the benefit that each of these receivers collects a smaller
number of spatial modes. As a result, their PSFs are less
distorted compared to a single large receiver.

The outputs of multiple receivers can be combined
using either Equal Gain Combining (EGC) or Maximal
Ratio Combining (MRC). Replacing the single high
power transmitter with multiple transmitters of the same
total power may increase the system diversity order and
hence is expected to improve the performance.

Fig. 7a shows a Single-Input Single-Output (SISO)
system operating in presence of clouds and turbulence. In
Fig. 7b, the SISO system is replaced by a 2x2 MIMO
system. Sum of the areas of smaller multiple receiving
apertures is equal to the area of single aperture receiver.
Moreover, total transmitted power is the same for SISO
and MIMO transmitters. A single photo-detector is used
in the focal plane of each receiving aperture, to ensure
that in background noise-limited reception, the total
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collected noise is the same for both systems. As a result,
transmitters and receivers should be placed such that, in
turbulence-free conditions, a single photo-detector in the
focal plane of each receiver can collect the signals from
all transmitters. The combiner in MIMO system can be
either EGC or MRC. SISO transmitter and receiver can
be replaced by an arbitrary number of sub-apertures, and
as long as the total transmitted power and area of
receivers are kept the same, comparison of two systems is
fair. In our simulations, we consider the 2x2, 3x3, 4x4,
and 7x7 MIMO configurations. Note that in a 7x7 MIMO
design, a single receiving aperture of SISO configuration
is replaced with seven smaller apertures, each of which
receiving the signal from a slightly different direction
(spatial mode) [22]. This is very similar to the fly-eye
receiver used in indoor optical communications [23].

In the next section, the BER performance of SISO and
MIMO systems are compared for different signal-to-noise
ratio (SNR) values, considering amplitude and phase
perturbations.

IV. RESULTS

In this section, we compare the BER performance of
SISO and MIMO optical communications systems in
presence of turbulence. Effectiveness of multi aperture
receivers in mitigating log-normal amplitude fading has
been discussed in some of the earlier works [1-3]. We
show how transmit and receive diversity helps to
overcome both amplitude and phase fluctuations. To this
end, a vertical optical link of 2 km length is considered.
Laser beam propagation through turbulent atmosphere is
simulated using Fourier Optics and thin phase screens.

To investigate the effectiveness of aperture-averaging
phenomenon, BER performance of single-aperture
receivers of various diameters is calculated via
simulation. More specifically, single-aperture receivers of
diameters 5, 10, and 20 cm are considered and for
different atmospheric turbulence strength levels, incident
wave is perturbed by simulated phase screens. An
ensemble average of BER performance is calculated
based on PSF patterns and amplitude fading factors.
Then, for the same set of phase screens, BER
performance of MIMO system with the same total
transmit power and receiving area is calculated for both
MRC and EGC scenarios. Aperture-averaging is taken
into account by reducing the variance of intensity
fluctuations according to the ratio of aperture diameter
and atmospheric coherence length [15, 24].

Fig. 8 shows BER performance under relatively weak
turbulence conditions, where A=1.7 x107*%, v=21 m/s,

r, =5 cm, and scintillation index is & =0.089. SISO

receiving aperture diameter is set to 5 cm and a MIMO
system of the same total transmitted power and receiving
aperture area is considered. Note that in this case,
D/r, =1, and hence, turbulence manifest itself, mostly

as log-normal amplitude fading. However, PSF is not
distorted as much. Due to superiority of MRC over EGC,
and in order to avoid confusion, only BER performance
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curves of MRC MIMO systems are plotted in Figs. 8 to
11

P | Transmitter Ml I | Transmitters
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Receivers

Photo detector
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Symbol Combiner
detection
(a) (b)
Figure 7. (a) SISO and (b) MIMO communications systems.

One can see that, most performance improvements are
due to aperture averaging, which reduces the scintillation
variances for both SISO and MIMO receivers. Having
multiple transmitters in MIMO system provides more
diversity and MIMO system performs slightly better than
the SISO counterpart. Furthermore, by increasing the
number of apertures, BER performance curves become
closer to the AWGN channel performance.

Fig. 9 shows BER performance under relatively

stronger turbulence conditions, where A=1.7 x107*,
v=21 mfs, ry=1.4 cm, and scintillation index is

o’ =0.8. Here again, SISO receiving aperture diameter is

set to 5 cm and a MIMO system of the same total
transmitted power and receiving aperture area is
considered. Since aperture diameter is small and
scintillation index is relatively large, aperture averaging
is not effective and BER performance is still far from that
of AWGN. Furthermore, by increasing the number of
apertures, MIMO system performance improves
compared to the SISO counterpart.

By increasing the aperture diameter to 10 cm (Fig. 10),
both SISO and MIMO systems show performance
improvements, due to aperture averaging effects.
However, this improvement is more significant for the
MIMO system, as PSF distortion has started to emerge.

One may expect that if receiver diameter is increased
to 20 cm, more improvements may be observed.
However, due to deleterious effects of phase distortion,
this is not the case. In other words, by increasing the
aperture diameter, we are increasing the D/r, ratio and

hence a larger number of spatial modes impinge on the
pupil. As a result, PSF becomes more distorted.
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Figure 8.  Comparison of SISO and MIMO BER performance in
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strong turbulence condition, A =1.7 x10™, v=21 m/s and ¢,°=0.8
(single aperture diameter is 5 cm).
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Figure 10. Comparison of SISO and MIMO BER performance in
strong turbulence condition, A =1.7 x10™, v=21 m/s and ¢,°=0.8
(single aperture diameter is 10 cm).
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Fig. 11 demonstrates the BER curves for this scenario.
Due to smaller diameters of receivers, the 7x7 MIMO
system is more robust to this kind of fading. However,
performance of SISO and MIMO systems with smaller
number of apertures are more or less degraded, since PSF
distortions reduce the amount of signal collected by
photo-detectors. Another observation is that there is an
optimum ratio of D/r, that enables us to benefit from

aperture-averaging, without giving rise to severe PSF
distortion. However, atmospheric coherence length, I, is

highly variable, and hence a system of fixed receiving
aperture area can not guarantee the optimum performance
all the time. A MIMO system with a large number of
branches, on the other hand, provides diversity to combat
log-normal amplitude fading effects. Furthermore, due to
its smaller receiving apertures (compared to a SISO
system), it experiences less PSF distortions and fading
associated with offset of received power from the photo-
detector area.

Here, we have assumed that multiple received copies
of signal are attenuated independently due to log-normal
amplitude fading. If there is some correlation between the
paths of diversity branches, MIMO system performance
will degrade. In fact [25] reports less MIMO gain using
transmit diversity due to correlation between the traveled
path through the atmosphere. Hence, there is less
motivation for introducing MIMO FSO links in
comparison to RF links, as used in a rich scattering
transmission environment.
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Figure 11. Comparison of SISO and MIMO BER performance in
strong turbulence condition, A =1.7 x10™, v=21 m/s and 5,°=0.8
(single aperture diameter is 20 cm).

V. CONCLUSIONS

FSO communications, though having great potentials
in providing high data rate communications, faces major
challenges when operating in a turbulent, cloudy
atmosphere. While clouds and aerosols attenuate laser
pulses and spread them both temporally and spatially,
turbulence perturbs wave-front and introduces amplitude
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and phase variations in the wave collected by receiving
aperture. In this paper, we assume that only LOS
component of the scattered beam can be collected by the
lens due to small FOV of receiver. Hence, clouds and
aerosols are modeled as a plain attenuation factor.
Turbulence-induced amplitude variations are modeled by
log-normal fading and we use phase screens to account
for phase front perturbations.

We show that aperture averaging can reduce intensity
fluctuations, significantly. Furthermore, due to transmit
diversity, MIMO systems perform slightly better than an
equivalent SISO system in the presence of log-normal
amplitude fading. When phase perturbations become
significant due to relative strength of turbulence, MIMO
system is proven to be more robust to PSF distortions and
intensity fading. MIMO design can provide this
performance improvement because of diversity and the
fact that PSFs of its smaller receivers are less distorted
compared to a single large aperture. In other words, the
ratio of aperture diameter to the atmospheric coherence
length is smaller than that of a single larger aperture.
Furthermore, since atmospheric coherence length is
usually in the order of a few centimeters, correlation
between the signals received by these smaller apertures is
negligible. However, if there is correlation between the
paths of multiple beams, one might not observe much
excess gain by exploiting multiple transmitters [25].
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