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Abstract— A novel statistical channel model for multiple-input multiple-output (MIMO) free-space optical (FSO) 
communication systems impaired by atmospheric and misalignment fading is developed. A slow-fading channel model is 
considered and the outage probability is derived as a performance measure. The diversity gain defined as the signal-to-noise 
ratio (SNR) exponent at high SNR is analyzed. Interestingly in the presence of misalignment fading the diversity gain 
depends only on the misalignment variance and is independent of the number of transmitter’s ܯ and receiver’s ܰ. Increasing 
the number of transmitters and receivers only results in a lower probability of outage for a given SNR, however, the rate of 
change is unaffected. Contrary to this case, the diversity gain of MIMO FSO systems in the presence of atmospheric fading 
and no misalignment is shown to be proportional to the number of transmitters and receivers, in particular the product ܰܯ 
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I. INTRODUCTION 
 
Wireless optical communications is a line-of- sight 
technology which establishes a communication link 
by transmitting a laser beam through the atmosphere. 
A popular commercial application of optical wireless 
links is free-space optical (FSO) communications in 
which a point-to point near ground communication 
link is established over a range of 1 − 5 km with a 
data rate on the order of 1 – 10 Gbps. One of the main 
challenges in FSO communications is fading due to 
the atmosphere and misalignment. Atmospheric 
turbulence fades the signal intensity at the receiver 
giving rise to turbulence-induced scintillation. 
Scintillation is primarily governed by the random 
fluctuation in the refractive index. In addition, typical 
FSO systems are mounted on high rise buildings to 
achieve line-of-sight communication. Dynamic wind 
loads, thermal expansion, and internal vibrations 
cause misalignment between transmitter and receiver. 
The time varying misalignment causes pointing errors 
and hence deteriorates link performance. A well 
known technique to mitigate channel fading is to 
utilize error control coding with interleaving known 
as time diversity technique. Coded symbols are 
dispersed over time such that different parts in a 
codeword undergo multiple independent fading 
states. This technique can practically achieve 
diversity gain when applied to fast-fading channels. 
However, it is difficult to apply this technique in FSO 
channels since the fading coherence time (e.g., 10−3 
− 10−2 seconds) is much larger than symbol duration 
(e.g., 10−9 seconds).In particular, averaging over 
many fading states requires a large interleaver which 
is usually associated with a dramatic increase in 
complexity. Spatial diversity can be employed to 

efficiently mitigate fading over FSO channels where 
multiple-lasers and multiple apertures are utilized. 
This structure is known as multiple input multiple-
output (MIMO) channel. Here, we generalize earlier 
work by developing a statistical model for MIMO 
FSO channels where both atmospheric and 
misalignment fading are considered. Both the number 
and spatial arrangement of transmitters and receivers 
is arbitrary and cases of symmetric and one 
directional misalignment are considered. The outage 
capacity is analyzed by considering an intensity-
modulated laser with pulse-amplitude-modulation 
(PAM). Diversity gain is analyzed using a log-normal 
distribution for the atmospheric fading. It is shown 
that when a system is perfectly aligned, i.e., no 
Misalignment fading, the diversity gain is 
proportional to the number of paths from transmitter 
to receiver, i.e., the product of number of transmitter 
and receivers. However, when misalignment fading 
exists it is shown that the diversity gain depends only 
on misalignment parameters and is independent of the 
number of transmitters and receivers. 
 
II. SIMULATIONS 

 
Consider a Gaussian-beam of wavelength 1550 = ߣ 
nm, beam waist 2 = ݓ cm, and radius of curvature 
 m at the transmitter. The beam propagates 10− = ܨ
a distance 1 = ܮ km through a turbulent medium 
characterized by 2ܥ. Each receiver has a circular 
aperture of radius ܽ = 5 cm. The spacing between 
transmitters (as well as between receivers) is set to ݀ 
= 20 cm which is a typical value for a commercial 
system and results in independent ܺ݉݊ as shown in 
[20]. Typical misalignment variance of 0.1 = ݏ 2ߪ m2 
is considered [16] and rate ܴ0 = 1 bits/channel-use is 
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considered. The physical parameters of the 
considered MIMO FSO link are summarized in Table 
I. 

 

 
 

 
 
A MIMO system consists of ܯ = ܰ transmitters and 
receivers with identical arrangements. The outage 
probability calculated numerically using (18) is 
termed numerical simulations. In this scenario, ܲout 
is computed via generating 108 fading states 
according to (10). The outage probability computed 
via (24) and (28) is termed closed-form expression. 
Finally, the asymptotic outage probability ܲAsy out 
in (25) and (29) is termed asymptotic at high SNR. 
 

 

 

MIMO FSO System With Misalignment Fading 
 

The outage probability versus SNR for 2 × 2 and 4 × 
4 MIMO FSO systems with symmetric misalignment 
is presented in Fig. 2. The transceivers are arranged 
as ࣪2×2 = 

 
 
Clearly, the diversity gain, i.e., the asymptotic slope 
of the outage probability, is the same for both systems 
with ࣞܵ = 10. Note that increasing the number of 
transmitters and receivers does not affect the diversity 
gain. However, this increase improves the system 
performance where a lower probability of outage is 
achieved. In addition, the negligible performance-
difference between the numerical simulations, closed-
form expression, 
and asymptotic at high SNR methods verifies the 
tightness of the developed expressions at a wide 
range of SNRs. Note that at a given SNR, a multiple 
order of magnitude difference in the probability of 
outage is achieved between ࣪2×2 and ࣪4×4 systems. 
This reduction arises due to both the additional 
transmitted power and multiple transceivers diversity. 
As an example, at SNR = 30 dB, the outage 
probability for ࣪4×4 is approximately reduced by 
106 compared to ࣪2×2 system. Also the outage 
probability versus SNR for 2 × 2 and 4 × 4 MIMO 
FSO systems with unidirectional misalignment is 
presented in Fig. 3. The transceivers are arranged as  

  
 
The closed-form expression in (28) is computed using 
 and the asymptotic expression in (29) is 4 = ܬ
computed using .2 = ܬ. Note that both systems have 
the same diversity gain ܷࣞ which is independent of 
 Comparing Fig. 2 and Fig. 3 it is clear that, only a .ܯ
small performance improvement is achieved in case 
of unidirectional misalignment fading. Qualitatively 
at SNR = 25 dB the FSO system ࣪4×4 under 
unidirectional misalignment achieves ܲout ≈ 10−3 
while it achieves ܲout ≈ 3 × 10−3 in the presence of 
symmetric misalignment fading. Thus using a 
tracking mechanism in FSO systems to confine the 
misalignment fading to one direction provides small 
gains in the outage capacity. 
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 CONCLUSIONS 
 
A novel generalized statistical model for MIMO FSO 
channels impaired by atmospheric and misalignment 
fading is developed. The derived model is utilized to 
study the outage probability of FSO channels and the 
diversity gain at high signal-to-noise ratio. Closed-
form expressions for the outage probability are 
derived taking into account different misalignment 
fading scenarios. It is shown that, in the presence of 
atmospheric and misalignment fading, the diversity 
gain depends only on the misalignment parameters 
and is independent of both the number of transceivers 
and atmospheric fading parameters. Contrarily, when 
atmospheric fading is the only channel impairment, 
i.e., no misalignment fading, the diversity gain 
depends on the number of transceivers. Thus a larger 
diversity gain can be achieved by increasing the 
number of transmitters and receivers. In all cases 
increasing the number of transmitters and receivers 
decreases the outage probability for a given SNR. 
However, in order to have independent channels 
gains it is required to sufficiently increase the spacing 
between receivers which is often practically difficult. 
An alternative approach is to utilize a large single-
aperture with the equivalent area of the ܰ apertures. 
This approach provides simple system structure and 
reduces the fading variance via aperture averaging. 
Note that, in this case the fading is correlated across 
the aperture and hence its variance is larger than that 
of a system with multiple apertures and independent 
fading at each aperture . Consequently, multiple-
aperture receiver systems achieve improved 
performance at the cost of additional detector 
elements. 
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