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Abstract—Closed form expressions for the symbol-error rate
(SER) and capacity of shot-noise limited multiple-input multiple-
output free space optical (MIMO/FSO) communication systems,
adopting multipulse pulse-position modulation (MPPM) tech-
niques over gamma-gamma channel model, are derived.

I. INTRODUCTION

Free space optics (FSO) suffers from channel fading during
the optical signal transmission due to atmospheric turbulence.
These fluctuations cause degradation in system performance.
Atmospheric fading can be mitigated through multiple-input
multiple-output (MIMO) techniques. The key is to place M
lasers and N photodetectors sufficiently far from one another,
e.g., 4 cm for wavelength 1550 nm and distance 1 km between
transmitter and receiver, to ensure with a high degree of
probability that the MN paths are independent [1]. This type
of diversity would improve the performance of FSO under
strong turbulence channels.

Our aim in this paper is to derive average SER and ergodic
capacity formulae for MIMO-FSO systems adopting intensity
modulation/direct detection MPPM techniques in gamma-
gamma channels for shot-noise limited receivers. In addition,
we use these expressions to study the system performance
under strong turbulence for different MIMO system designs.

II. SYSTEM AND CHANNEL MODELS

We consider a MIMO-FSO communication system with an
array of M laser sources all pointed towards a distant array
of N photodetectors. We assume that the M laser sources
and N photodetectors are placed sufficiently far from one
another (the distance between any two elements > correla-
tion distance) such that each of the individual paths from
transmitter to receiver is independent. In MPPM techniques
w ∈ {1, 2, . . . , Q/2} pulses are transmitted during a symbol
frame of Q time slots. Neglecting the background noise, the
detected photon count at photodetector n in time slot q follows
a Poisson distribution with mean λon,n for a signal slot and
zero mean for non-signal slots. λon,n is given by [1]:

λon,n =
ηpT

hfM

M∑
m=1

g2
nm, (1)

where η is the photodetector’s efficiency, p is the average
received optical power in a signal slot, T is the time slot
duration, h is Planck’s constant, f is the operating frequency,
and g2

nm is the intensity gain along the path from transmitter
m to receiver n. We assume that {gnm} are independent and
identical distributed random variables.

Several channel models have been assumed to character-
ize the intensity gain in atmospheric turbulent channels but
gamma-gamma can be considered as a general model and is
suitable for both strong and weak atmospheric turbulence [2].
Its probability-density function is given by:

fG(gnm)

=
2 (αβ)

α+β
2 g

α+β
2 −1

nm

Γ(α)Γ(β)
Kα−β

(
2
√
αβgnm

)
, gnm > 0

(2)

where α and β are the scintillation parameters, Γ(·) is
the gamma function and Kc(·) denotes the cth order mod-
ified Bessel function of the second kind. Both α and
β are dependent on the unitless Rytov variance σ2

R =
1.23C2

n(2π/λ)
7
6L

11
6 , where C2

n is the refractive-index struc-
ture parameter, λ is the operating wavelength, and L is the
distance between the transmitter and receiver.

III. SYMBOL-ERROR RATE ANALYSIS

The receiver sums the number of received photons from
each detector at each time slot, then it searchs for w largest
sums, assuming equal gain combining. A symbol error takes
place if i of the w sums are zeros due to photodetectors’
efficiency, i > 0. The SER (for a given path gnm, SERG)
in that case is given in (3) at the top of next page [1]. The
average SER is obtained by averaging SERG with respect to
gnm, so we need to calculate MN−fold integrations given
in (4). Each term in this MN−fold integration is identical
so it can be rewritten as given in (5). By expressing Kv(·)
and exp(·) in terms of the Meijer G function [3], we get (6).
Finally, using the integral form for the Meijer G function [3],
we get a closed form expression for the SER as given in (7).
Similarly, we can get the average ergodic capacity of MIMO-
FSO system as given in (8).

619

ThG1.3 (Contributed)
9:00 AM - 9:15 AM

978-1-4577-1504-4/14/$26.00 ©2014 IEEE



SERG =

w∑
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SER =
(2)(α+β−3)MN

π2MN (Γ(α)Γ(β))
MN

w∑
i=1

w−i∑
l=0

(−1)
l

(
Q−w+i

i

)
− 1(

Q−w+i
i

) (
w

i

)(
w − i
l

)
G1,4

4,1

(
16ηpT

hfM(αβ)2 (i+ l) |
1−β

2 , 2−β
2 , 1−α

2 , 2−α
2

0

)MN

(7)
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Fig. 1. Average SER versus average transmitted optical power in dBm for
MIMO-FSO system adopting MPPM techniques with Q = 16 and w = 8
under strong turbulence channel, σR = 5, for different MIMO settings.

IV. NUMERICAL RESULTS

In this section, we use closed form expressions of (7) and
(8) to investigate the performance of MIMO-FSO systems
adopting MPPM techniques under strong turbulence gamma-
gamma channels. Figures 1 and 2 show both the average SER
and ergodic capacity versus average transmitted optical power
in dBm for different MIMO-FSO systems adopting MPPM
techniques (with Q = 16 and w = 8) and different settings
of the MIMO system. As shown in the figures, the system
performance is improved by increasing the number of lasers
as well as the number of receivers. However, for a given MN
value, increasing the number of receivers has a more beneficial
effect than increasing the number of transmitters due to the
increase in overall receiver aperture size.

V. CONCLUSION

Closed form expressions for the SER and capacity of
shot-noise-limited MIMO-FSO syatems adopting MPPM tech-
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Fig. 2. Average ergodic capacity versus average transmitted optical power
in dBm for MIMO-FSO system adopting MPPM techniques with Q = 16
and w = 8 under strong turbulence channel, σR = 5, for different MIMO
settings.

niques is derived. These expressions are used to investigate
the system performance under strong turbulence channels.
We conclude that increasing number of both transmitters and
receivers would improve the system performance. However,
increasing number of receivers has more effect on system
performance.
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