
IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022 7312108

Performance of FSO Communication Systems
Employing Alamouti-Type Space-Time Encoding

Over Málaga Channels With Pointing Errors
Abdulgani A. Ibrahim , Serdar Özgür Ata, and Lütfiye Durak-Ata , Senior Member, IEEE

Abstract—In this work, spatial diversity techniques have been
proposed for free-space optical (FSO) communication systems to
combat the deteriorating effects, such as atmospheric turbulence
effects and pointing errors, and the performance of FSO communi-
cation systems with Alamouti encoding scheme over Málaga (M)
turbulence channel is investigated. We first derive the probability
distribution function (PDF) of end-to-end channel gain under at-
mospheric turbulence and pointing error circumstances. Then, by
capitalizing on this PDF, closed-form expressions of the average bit
error rate (BER) and the outage probability (OP) for the proposed
system are obtained. Additionally, to provide more insights, the
asymptotic expressions for the average BER and the OP are also
derived. In the analysis, intensity modulation/direct detection and
heterodyne detection techniques are considered so that the obtained
results can cover both cases. Furthermore, analytic results are suc-
cessfully validated through Monte Carlo simulations. Our results
highlight the gains in performance that can be achieved when
Alamouti encoding scheme is employed in FSO communication
systems.

Index Terms—Málaga (M) distribution, atmospheric
turbulence, pointing errors, Alamouti encoding, average bit
error rate, outage probability.

I. INTRODUCTION

FREE space optical (FSO) communication system is a wire-
less technology that has gained a considerable attention

in the recent past due to its promise to provide the ultra-high
data rate required by the fifth-generation (5G) and beyond 5G
wireless networks [1]. FSO communication systems also enjoy
license-free spectrum, higher security compared to its radio
frequency (RF) wireless systems counterpart, low cost, and ease
of deployment [2]. However, despite these attractive features,
reliability of FSO systems are degraded by weather conditions
and atmospheric turbulence effect, which is a result of the
random changes in atmospheric temperature, pressure, and alti-
tude. These random changes in the atmosphere, which in return
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cause variations in refractive index, induce fluctuations of the
transmitted optical signal through the atmosphere [3]. Several
different distribution models have been proposed to characterize
atmospheric turbulence effects encountered in FSO communica-
tion links. One of them is the Málaga (M) distribution which has
recently received a great attention since it is a generalized form of
several widely used models in FSO communication systems such
as gamma-gamma, K, and negative exponential distributions that
can be expressed as special cases of M distribution [4]. Another
deteriorating effect of the performance of FSO communication
systems is the pointing error which is caused by misalignment
of the transmitting and receiving apertures in an FSO system [5].
A way to mitigate the limiting effects of atmospheric turbulence
and pointing errors is to employ diversity techniques, where
multiple transmitting lasers and/or multiple receiving apertures
are utilized [6], [7].

The performance of multiple-input multiple-output (MIMO)
FSO communication links over M turbulence channels is
scarcely investigated in the literature. Namely, the asymptotic
expression for the average bit error rate (BER) of MIMO FSO
links is derived in [8], while the closed-form expressions for
the average BER and the outage probability (OP) of maximum
ratio transmission based FSO communication systems are given
in [9]. Also in [10], performance of switch-and-examine com-
bining technique at the receiver side of a MIMO FSO commu-
nication system is presented. In addition, the average BER of
maximal ratio combining technique based FSO communication
systems with binary differential phase-shift keying is analysed
in [11].

As a special type of orthogonal space-time block codes
(STBC), Alamouti encoding scheme [12] is a technique for
attaining spatial diversity in wireless fading channels. Alamouti
encoding is a transmit diversity scheme that uses two antennas
at the transmitter and is widely employed in RF communication
systems [13] due to its simplicity. It enjoys low-complexity
decoding scheme, requires the knowledge of channel state in-
formation only at the receiver side, and achieves full spatial
diversity [14]. FSO communication systems employing Alam-
outi encoding scheme are proposed in the literature. Particularly,
the average BER expression of Alamouti encoded FSO links
over gamma-gamma channel with subcarrier intensity mod-
ulation/direct detection (IM/DD) is derived in [15]. Symbol
error rate (SER) for Alamouti-coded FSO communication link
over gamma-gamma channel with heterodyne detection (HD) is
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investigated in [16]. In addition, the authors in [17] extended the
study in [15] by considering pointing error effects and presented
SER and average capacity expressions for FSO communication
systems using Alamouti encoding over gamma-gamma channels
with pointing errors. Furthermore, performance of a hybrid
FSO/RF communication link providing space-time diversity by
using Alamouti encoding scheme or antenna selection method
is studied in [18]. On the other hand, performance of Alamouti
encoding scheme for the FSO communication links over M
turbulence channels has not been studied yet in the literature, to
the best of authors’ knowledge.

In this study, motivated from the references given above
and to fill in the gap in the current literature, we investigate
the average BER and the OP performance metrics for FSO
communication links employing Alamouti encoding scheme
over the generalized M turbulence channel with pointing errors
effect. In the analysis, both IM/DD and HD techniques are
considered and the closed-form expressions of the average BER
and the OP of the proposed system are obtained. Furthermore,
asymptotic expressions for the average BER and the OP at high
SNR values are given to provide more insight about the obtained
results. Finally, numerical results are presented to evaluate the
performance of the proposed system and show the consistency
of the analytical derivations with Monte-Carlo simulations.

This paper is organized as follows: Section II first describes
the system model, and then explains the assumed channel model.
Also, in this section, channel’s probability distribution func-
tion (PDF) is derived which is vital for the evaluation of the
performance of the communication system. The average BER
and the OP expressions for the proposed system are derived in
Section III. In Section IV, the numerical results of the analytic
derivations are given for miscellaneous values of the system pa-
rameters and verified by the simulations. Section V summarizes
the results from the study and concludes the letter.

Notations: Kv(.) represents the v-th order modified Bessel
function of the second kind [19, Eq.(8.432)], Γ[.] is the Gamma
function [19, Eq.(8.310)],

(
.
.

)
stands for the binomial coefficient,

and (.)∗ denotes the complex conjugate.

II. SYSTEM AND CHANNEL MODELS

A. System Model

We consider an FSO communication system which is em-
ploying Alamouti encoding scheme by using two transmitting
apertures and one receiving aperture. We also consider both
detection techniques, namely IM/DD and HD in this study. Since
using Alamouti encoding method, transmitter sends it’s symbols
x1 and x2 from aperture one and aperture two, respectively,
during the first transmission time interval. Further, −x∗

2 and x∗
1

are respectively transmitted from aperture one and aperture two
during the second transmission time interval. By assuming a
subcarrier intensity modulation (SIM) [20] based FSO link, the
received electrical symbols, r1 and r2 by the receiver in two
consecutive time duration are given as [17]

[r1 r
∗
2]

T = η

[
h1 h2

h2 −h1

][
x1

x2

]
+

[
z1

z∗2

]
, (1)

where η stands for optical-to-electrical conversion coefficient,
h1 and h2 are the channel gains that account for the atmospheric
turbulence and pointing error effects, and z1 and z2 denote
the complex-valued noise components having additive white
Gaussian distribution with zero-mean and σ2 variance.

At the receiver, transmitted symbols are retrieved by multi-

plying [r1, r
∗
2]

T in (1) with
[
h1 h2

h2 −h1

]
and the decoded symbols,

x̃1 and x̃2, can be expressed as

x̃i = η
(
h2
1 + h2

2

)
xi + ni, i = 1, 2 (2)

where n1 = h1z1 + h2z
∗
2 and n2 = h2z1 − h1z

∗
2. It should be

noted that HD based FSO links will require more detailed
decoding procedure [16] in order to adequately take care of the
phase information of different signals.

B. Channel Model

In FSO communication systems, M probability distribution
is used to model the atmospheric turbulence effects while the
statistical model for the pointing error effect is adopted from [21,
Eq. (11)]. Therefore, the combined PDF of turbulence and
pointing error effects is derived as [22]

fh(h) =
ξ2A
2h

β∑
k=1

bkG
3,0
1,3

(
αβh

(gβ +Ω′)A0

∣∣∣∣∣ ξ2 + 1
ξ2, α, k

)
, (3)

in which

A =
2α

α
2

g1+
α
2 Γ [α]

(
gβ

gβ +Ω′

)β+α
2

, (4a)

bk =

(
β − 1

k − 1

)
α

k
2 (gβ +Ω′)1−

k
2 (Ω′)k−1

β
k
2 gk−1 (k − 1)!

(
αβ

gβ +Ω′

)−α+k
2

,

(4b)

where Gm,n
p,q (, |, ) is the Meijer’s G function [19], α and β are

fading related parameters corresponding to the large-scale and
small-scale fluctuations, respectively, in the atmospheric chan-
nel. g = 2b0(1− ρ) andΩ′ = Ω+ ρ2b0 + 2

√
2b0Ωρ cos(ΦA −

ΦB). Here, Ω is the average power of the optical signal for
the line-of-sight (LOS) component, 2b0 is the average power of
total scatter components, and ρ is the amount of the scattering
power coupled to the LOS component. Further, ΦA and ΦB are
deterministic angles for the LOS component and the coupled-
to-LOS scatter component, respectively. In addition, ξ =

wzeq

2σs

defines the ratio between the equivalent beam radius at the
receiver and the pointing error displacement standard deviation
at the receiver. Also, σ2

s is the jitter variance at the receiver and
A0 = (erf(v))2 is the fraction of the collected power with zero

pointing errors. v =
√
πa√
2wz

and w2
zeq = w2

z

√
π erf(v)

2v exp(−v2) . And, wz

is the beam waist at distance z and wzeq is the equivalent beam
waist.

After optical to electrical conversion, the instantaneous elec-
trical SNR at the receiver can be described as [15], [16]

γ = μt

2∑
i=1

ht
i︸ ︷︷ ︸

X

, (5)



IBRAHIM et al.: PERFORMANCE OF FSO COMMUNICATION SYSTEMS EMPLOYING ALAMOUTI-TYPE SPACE-TIME ENCODING 7312108

where μt =
ηtEt[h]
2N0

is the average SNR [22]. Here, t defines the
type of the detection technique, where t = 1when HD technique
is employed and t = 2 when IM/DD technique is used. Also,
N0 characterizes the variance of white additive Gaussian noise
(AWGN) sample, and E[.] denotes the expectation operator.

In order to calculate the performance metrics of the proposed
FSO communication system, the PDF of X must be obtained.
To do that, let’s start by rewriting the Meijer’s G function in (3)
in terms of Hypergeometric function by using [19, Eq. (9.303)]
as

G3,0
1,3

(
αβh

(gβ +Ω′)A0

∣∣∣∣∣ ξ2 + 1
ξ2, α, k

)

= Γ
[
α− ξ2

]
Γ
[
k − ξ2

]( αβh

(gβ +Ω′)A0

)ξ2

× 1F2

[
0; 1 + ξ2 − α, 1 + ξ2 − k;

αβh

(gβ +Ω′)A0

]

+
Γ
[
ξ2 − α

]
Γ [k − α]

Γ [1 + ξ2 − α]

(
αβh

(gβ +Ω′)A0

)α

× 1F2

[
α− ξ2; 1 + α− ξ2, 1 + α− k;

αβh

(gβ +Ω′)A0

]

+
Γ
[
ξ2 − k

]
Γ [α− k]

Γ [1 + ξ2 − k]

(
αβh

(gβ +Ω′)A0

)k

× 1F2

[
k − ξ2; 1 + k − ξ2, 1 + k − α;

αβh

(gβ +Ω′)A0

]
.

(6)

Next, the hypergeometric functions in (6) can be expressed in
terms of power series by exploiting [19, Eq. (9.14.1)] as

1F2

[
0; 1 + ξ2 − α, 1 + ξ2 − k,

αβh

(gβ +Ω′)A0

]

=
∞∑
j=0

(0)j
j! (1 + ξ2 − α)j (1 + ξ2 − k)j

(
αβh

(gβ +Ω′)A0

)j

;

(7a)

1F2

[
α− ξ2; 1 + α− ξ2, 1 + α− k;

αβh

(gβ +Ω′)A0

]

=

∞∑
j=0

(
α− ξ2

)
j

j! (1 + α− ξ2)j (1 + α− k)j

(
αβh

(gβ +Ω′)A0

)j

;

(7b)

1F2

[
k − ξ2; 1 + k − ξ2, 1 + k − α;

αβh

(gβ +Ω′)A0

]

=
∞∑
j=0

(
k − ξ2

)
j

j! (1 + k − ξ2)j (1 + k − α)j

(
αβh

(gβ +Ω′)A0

)j

,

(7c)

where (k)j denotes the Pochhammer symbol. Now, by plugging
(6) and (7) into (3), we can obtain a power series representation

of the PDF expression in (3) as

fh(h) =

β∑
k=1

ξ2AbkΓ
[
α− ξ2

]
Γ
[
k − ξ2

]
2

(
αβ

(gβ +Ω′)A0

)ξ2

× hξ2−1

+

β∑
k=1

∞∑
j=0

ξ2Abk
2

Γ
[
ξ2−α

]
Γ [k−α]

(
α−ξ2

)
j

j!Γ [1+ξ2−α] (1+α−ξ2)j (1+α−k)j

×
(

αβ

(gβ +Ω′)A0

)α+j

hα+j−1

+

β∑
k=1

∞∑
j=0

ξ2Abk
2

Γ
[
ξ2−k

]
Γ [α−k]

(
k−ξ2

)
j

j!Γ [1+ξ2−k] (1+k−ξ2)j (1+k−α)j

×
(

αβ

(gβ +Ω′)A0

)k+j

hk+j−1. (8)

The PDF of ht can be obtained from (8), by employing change
of variables technique, as

fht(h) =

β∑
k=1

ξ2AbkΓ
[
α−ξ2

]
Γ
[
k − ξ2

]
2t

(
αβ

(gβ+Ω′)A0

)ξ2

× h
ξ2−t

t

+

β∑
k=1

∞∑
j=0

ξ2Abk
2t

Γ
[
ξ2−α

]
Γ [k−α]

(
α−ξ2

)
j

j!Γ [1+ξ2−α] (1+α−ξ2)j (1+α− k)j

×
(

αβ

(gβ +Ω′)A0

)α+j

h
α+j−t

t

+

β∑
k=1

∞∑
j=0

ξ2Abk
2t

Γ
[
ξ2−k

]
Γ [α− k]

(
k−ξ2

)
j

j!Γ [1+ξ2−k] (1+k−ξ2)j (1+k−α)j

×
(

αβ

(gβ +Ω′)A0

)k+j

h
k+j−t

t . (9)

We then calculate the Laplace transform of ht as

Mht(s) = L [fht(h)] = E [exp (−sh)]

=

∫ ∞

0

exp (−sh) fht(h)dh. (10)

After plugging (9) into (10), the integration can be solved with
the aid of [19, Eq. (3.326.2)] and we get

Mht(s) =

β∑
k=1

φ1(k)s
−ξ2

t +

β∑
k=1

∞∑
j=0

φ2(k, j)s
−α−j

t

+

β∑
k=1

∞∑
j=0

φ3(k, j)s
−k−j

t , (11)
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where

φ1(k)

=
ξ2AbkΓ

[
α−ξ2

]
Γ
[
k−ξ2

]
Γ
[
ξ2

t

]
2t

(
αβ

(gβ+Ω′)A0

)ξ2

;

(12a)

φ2(k, j)

=
ξ2Abk
2t

Γ
[
ξ2 − α

]
Γ [k − α] Γ

[
α+j
t

] (
α− ξ2

)
j

j!Γ [1 + ξ2 − α] (1 + α− ξ2)j (1 + α− k)j

×
(

αβ

(gβ +Ω′)A0

)α+j

; (12b)

φ3(k, j)

=
ξ2Abk
2t

Γ
[
ξ2 − k

]
Γ [α− k] Γ

[
k+j
t

] (
k − ξ2

)
j

j!Γ [1 + ξ2 − k] (1 + k − ξ2)j (1 + k − α)j

×
(

αβ

(gβ +Ω′)A0

)k+j

. (12c)

Now, considering an i.i.d. atmospheric channel gains for the
different transmitting apertures, we can calculate the Laplace
transform of X as

MX(s) = [Mht(s)]2 . (13)

In an attempt to simplify (13), let’s use (11) in (13) and apply
the binomial expansion twice as

MX(s) =

2∑
p=0

p∑
q=0

(
2

p

)(
p

q

)( β∑
k=1

φ1(k)s
−ξ2

t

)2−p

︸ ︷︷ ︸
T1

×
⎛
⎝ β∑

k=1

∞∑
j=0

φ2(k, j)s
−α−j

t

⎞
⎠p−q

︸ ︷︷ ︸
T2

⎛
⎝ β∑

k=1

∞∑
j=0

φ3(k, j)s
−k−j

t

⎞
⎠q

︸ ︷︷ ︸
T3

.

(14)

Let’s now take T3 and start simplifying it by firstly expanding it
using multinomial theorem as

T3 =
∑

v1+v2+···+vβ=q
0≤v1,v2,...,vβ≤q

q!

v1!v2! . . . vβ !

⎛
⎝ ∞∑

j=0

φ3(1, j)s
−1−j

t

⎞
⎠v1

×
⎛
⎝ ∞∑

j=0

φ3(2, j)s
−2−j

t

⎞
⎠v2

. . .

⎛
⎝ ∞∑

j=0

φ3 (β, j) s
−β−j

t

⎞
⎠vβ

.

(15)

Eq. (15) is further simplified by using [19, Eq. (0.314)] as

T3 =
∑

v1+v2+···+vβ=q
0≤v1,v2,...,vβ≤q

q!

v1!v2! . . . vβ !

⎛
⎝ ∞∑

j=0

φ
(v1)
3 (1, j)s

−v1−j
t

⎞
⎠

×
⎛
⎝ ∞∑

j=0

φ
(v2)
3 (2, j)s

−2v2−j
t

⎞
⎠ . . .

⎛
⎝ ∞∑

j=0

φ
(vβ)
3 (β, j) s

−vββ−j

t

⎞
⎠ ,

(16)

where φ
(b)
a (., .) denotes convolving φa(., .) with itself b times.

Finally, the product of power series is solved by using [19, Eq.
(0.316)] as

T3 =
∑

v1+v2+···+vβ=q
0≤v1,v2,...,vβ≤q

q!

v1!v2! . . . vβ !

∞∑
j=0

Φ3js
−
∑β

i=1
vii−j

t ,

(17)

where Φ3j = φ
(v1)
3 (1, j) ∗ φ(v2)

3 (2, j) ∗ · · · ∗ φ(vβ)
3 (β, j). Here,

∗ denotes the convolution operator. Similarly, T1 and T2 in (14)
are simplified by taking the same steps as

T1 =
∑

r1+r2+···+rβ=2−p
0≤r1,r2,...,rβ≤2−p

2− p!

r1!r2! . . . rβ !
Φ1s

−
∑β

i=1
riξ

2

t ; (18a)

T2 =
∑

u1+u2+···+uβ=p−q
0≤u1,u2,...,uβ≤p−q

p− q!

u1!u2! . . . uβ !

∞∑
j=0

Φ2js
−
∑β

i=1
uiα−j

t ,

(18b)

where Φ1 = φr1
1 (1)φr2

1 (2) . . . φ
rβ−1

1 (β − 1)φ
rβ
1 (β) and Φ2j =

φ
(u1)
2 (1, j) ∗ φ(u2)

2 (2, j) ∗ · · · ∗ φ(uβ)
2 (β, j). Finally, by using

(17) and (18) into (14), the simplified version of (13) can be
obtained as

MX(s) =

2∑
p=0

p∑
q=0

(
2

p

)(
p

q

) ∑
r1+r2+···+rβ=2−p
0≤r1,r2,...,rβ≤2−p

2− p!

r1!r2! . . . rβ !

×
∑

u1+u2+···+uβ=p−q
0≤u1,u2,...,uβ≤p−q

p− q!

u1!u2! . . . uβ !

∑
v1+v2+···+vβ=q
0≤v1,v2,...,vβ≤q

× q!

v1!v2! . . . vβ !

×
∞∑
j=0

Ψjs
−
∑β

i=1
riξ

2−
∑β

i=1
uiα−

∑β

i=1
vii−j

t , (19)

where Ψj = Φ1(Φ2j ∗ Φ3j).
Finally, the PDF of X can be obtained by taking the inverse

Laplace transform of (19) as

fX(x) =

2∑
p=0

p∑
q=0

(
2

p

)(
p

q

) ∑
r1+r2+···+rβ=2−p
0≤r1,r2,...,rβ≤2−p

2− p!

r1!r2! . . . rβ !

×
∑

u1+u2+···+uβ=p−q
0≤u1,u2,...,uβ≤p−q

p− q!

u1!u2! . . . uβ !

∑
v1+v2+···+vβ=q
0≤v1,v2,...,vβ≤q

× q!

v1!v2! . . . vβ !
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×
N∑
j=0

Ψjx

∑β

i=1
riξ

2+
∑β

i=1
uiα+

∑β

i=1
vii+j

t −1

Γ
[∑β

i=1 riξ2+
∑β

i=1 uiα+
∑β

i=1 vii+j

t

] . (20)

It should be noted that the upper limit of the infinite series in
(19) is truncated atN terms. Now, (20) will be used to obtain the
expressions of average BER and OP metrics in the next section.

III. PERFORMANCE ANALYSIS

In this section, the closed-form expressions for the average
BER and the OP performance metrics are examined. In addition,
corresponding asymptotic expressions for both metrics are also
presented.

A. Average BER

The average BER can be evaluated as

P̄e =

∫ ∞

0

P (e|γ) fγ (γ) dγ, (21)

where P(e|γ) is the conditional BER expression and it is given
for the binary phase shift keying (BPSK) modulation as [23]

P (e∣∣γ) = 1

2
erfc (

√
γ) =

1

2
√
π
G2,0

1,2

(
γ

∣∣∣∣∣ 1
0, 1

2

)
. (22)

Also, fγ(γ) is the PDF of the received electrical SNR and it can
now be easily calculated from (5) and (20) as

fγ (γ) =

2∑
p=0

p∑
q=0

(
2

p

)(
p

q

) ∑
r1+r2+···+rβ=2−p
0≤r1,r2,...,rβ≤2−p

2− p!

r1!r2! . . . rβ !

×
∑
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p− q!
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∑
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× q!
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i=1 vii+j
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riξ
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t −1

μ
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i=1
riξ

2+
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i=1
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∑β

i=1
vii+j

t
t

. (23)

Now, by substituting (22) and (23) into (21) and solving the
integration with the aid of [24, Eq. (07.34.21.0009.01)], the
average BER can be derived in a closed-form as

P̄e =

2∑
p=0

p∑
q=0

(
2

p

)(
p

q

) ∑
r1+r2+···+rβ=2−p
0≤r1,r2,...,rβ≤2−p

2− p!

r1!r2! . . . rβ !

×
∑

u1+u2+···+uβ=p−q
0≤u1,u2,...,uβ≤p−q

p− q!

u1!u2! . . . uβ !
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t
t

. (24)

At high SNR values (μt → ∞), the term with the smallest
exponent which corresponds to the first term of the infinite series
(when j = 0) will dominate (24). Thus, by setting j = 0 in (24),
the asymptotic average BER can be obtained as

P̄∞
e ≈

2∑
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p∑
q=0
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2

p

)(
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q
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Here, Ψ0 = Φ1Φ2Φ3, where Φ2 and Φ3 are given as
Φ2 = φu1

2 (1, 0)φu2
2 (2, 0) . . . φ

uβ−1

2 (β − 1, 0)φ
uβ

2 (β, 0) and
Φ3 = φv1

3 (1, 0)φv2
3 (2, 0) . . . φ

vβ−1

3 (β − 1, 0)φ
vβ

3 (β, 0).

B. Outage Probability

The outage probability of a communication system is defined
as the probability that the received instantaneous SNR is smaller
than a predefined threshold, γth, and it can be expressed as

Pout = P [γ < γth] = Fγ (γth) , (26)

where Fγ(γth) is the CDF of γ which can be obtained from (23)
as

Fγ (γth) =
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p∑
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)(
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q
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Furthermore, the asymptotic OP can be obtained as

P∞
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IV. NUMERICAL RESULTS AND SIMULATIONS

In this section, we present numerical results of the derived
expressions for the average BER and OP of FSO communica-
tion systems employing Alamouti encoding scheme over M
turbulence channel with pointing error effects. To verify the
accuracy of the analytic derivations, Monte-Carlo simulations
are provided for miscellaneous system parameters and their var-
ious values are given as Ω = 1.3265, b0 = 0.1079, ρ = 0.596,
and ΦA − ΦB = π

2 . Additionally, the values of α and β pa-
rameters are set as α = 2.296, β = 2 for strong turbulence,
α = 4.2, β = 3 for medium turbulence, and α = 8.1, β = 4 for
weak turbulence levels.1

In Fig. 1, the average BER performance of the proposed sys-
tem is presented by consedering both IM/DD and HD detection
techniques with different levels of pointing errors effect, such
that the parameter value of ξ = 6.7 indicating weak pointing
errors effect, ξ = 1.45 for moderate pointing errors level, and
ξ = 1.1 indicating strong pointing errors effect. From the figure,
it is seen that the average BER performance metric declines with
the increase of severity of pointing errors effect. For example,
to achieve the average BER value of 10−6, SNR requirement is
approximately 5 dB higher for the link under strong pointing
errors level than the link under weak pointing errors level when
the HD method is used for signal detection. The figure also
shows that a link employing HD signal detection technique
outperforms the link using IM/DD technique. For example, at

1The values of the simulation parameters are obtained from [25], [26], and
they are used just to validate the derived analytical expressions. Different values
of the parameters can be chosen if deemed more appropriate for a system design.

Fig. 1. Average BER performance of FSO links with Alamouti encoding under
strong, moderate, and weak pointing error levels.

Fig. 2. Average BER performance of FSO links with Alamouti encoding under
different severity of atmospheric turbulence effects.

25 dB SNR value, HD technique provides 10−6 average BER
value while this error performance value has just 10−3 value
when using IM/DD technique. Furthermore, the figure presents
that the asymptotic average BER expression converges to the
closed-form expression in high SNR region as expected.

Fig. 2 illustrates the average BER performance metrics of
Alamouti encoded FSO communication systems under the in-
fluence of weak, moderate, and strong atmospheric turbulence
regimes. The figure shows that a decrease in the atmospheric tur-
bulence level enhances the performance of the communication
system, as expected. As an example, at an average SNR of 28 dB,
a HD technique based FSO link under moderate turbulence level
yields an average BER value of 7× 10−7, while a similar link
under strong turbulence level gives an average BER value of
3.84× 10−6.

Fig. 3 presents the average BER performance enhancement
obtained by using the Alamouti encoding scheme in the FSO
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Fig. 3. Comparison of the average BER performance of FSO communication
links with and without Alamouti encoding scheme.

Fig. 4. Outage probability performance of FSO links with Alamouti encoding
under strong, moderate, and weak pointing error levels.

communication systems over M turbulence channels. To con-
duct a fair comparison, the total transmitted power of the SISO
FSO system and the total transmitted power of the Alamouti
based FSO system are kept the same. It can be seen from the
figure that the FSO links with Alamouti encoding abundantly
outperform the FSO links with only a single transmitting aper-
ture. For instance, at an average SNR of 20 dB, an FSO link with
Alamouti encoding yields an average BER value of 2.31× 10−5

while the average BER becomes 5.4× 10−4 at the FSO link
without Alamouti scheme, when HD signal detection technique
is used. Since the total transmitted power of both systems are the
same, the acquired performance improvement is just because of
the diversity gain obtained from the employment of Alamouti
encoding shceme.

The OP performance of Alamouti encoded FSO communi-
cation systems over M channels is depicted in Fig. 4. Here the
plots are given for both IM/DD and HD detection techniques and

Fig. 5. Outage probability performance of FSO links employing Alamouti
encoding under different severity of atmospheric turbulence effects.

show the OP performances of the proposed system for strong,
moderate, and weak pointing error circumstances while keeping
the atmospheric turbulence effect constant. It can be observed
from the figure that the pointing errors significantly degrade the
OP performance of the FSO systems and increasing the severity
level of the pointing errors worsens the OP performance even in
high SNR region. For example, at 35 dB SNR and when IM/DD
technique is employed, the OP becomes 10−4 in the case of weak
point errors, while on the other hand it has a value of 10−3 for
the case of strong pointing errors. Also, it is shown that an FSO
link that uses HD signal detection technique is outperforming a
one with IM/DD technique, such that in order to obtain an OP
value of 2.2× 10−6, the HD technique provides an SNR gain
of about 25 dB over the IM/DD technique. Furthermore, it can
be seen from the figure that the asymptotic expressions quickly
converge with the analytical expressions at high SNR values.

Fig. 5 shows the OP performance of FSO communication
systems employing Alamouti encoding scheme over M chan-
nels. Here the results are presented for varying atmospheric
turbulence effects while assuming the pointing error effects
constant. It can be easily seen that OP performance deteriorates
with the increase of the atmospheric turbulence effect. As an
example, at an average SNR of 32 dB, an IM/DD technique based
Alamouti encoded FSO link yields an OP value of 6.3× 10−4

under medium turbulence effect, while the same link has an OP
value of 2.1× 10−3 under strong turbulence effect.

Fig. 6 compares the OP performance metrics of FSO links
with and without Alamouti encoding scheme. Strong atmo-
spheric turbulence and weak pointing error levels are assumed
in this figure. Here again, the total transmitted power for both
systems are kept equal for a fair comparison. It’s evident from
the figure that a better OP performance is achieved with the
Alamouti encoded FSO links. For instance, a HD technique
based Alamouti encoded FSO link has 4.44× 10−4 value of OP
at an average SNR of 16 dB, while its counterpart link without
Alamouti encoding scheme gives an OP value of 5.9× 10−3.
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Fig. 6. Comparison of outage probability performance of FSO communication
links with and without Alamouti encoding scheme.

V. CONCLUSION

In this paper, Alamouti encoding scheme is proposed to be
employed in FSO communication systems to combat the atmo-
spheric turbulence and pointing errors effects, and thus increase
the reliability of the entire system. In the considered system
model, FSO links are assumed to be over M channel which
is a general form of several channel models such as gamma-
gamma channels, K channels or negative exponential channels.
Therefore the obtained results are also valid for all these channel
models. To examine the performance of the proposed system,
first the PDF of the sum of M distributed fading channel gains
are derived in the presence of pointing errors effect. Then,
the closed-form and asymptotic expressions of the average
BER and OP metrics are obtained for Alamouti encoded FSO
communication systems. Furthermore, the correctness of the
analytic derivations are verified with Monte-Carlo simulations.
Additionally, performance improvement of FSO communication
links is illustrated by the numerical and simulation results when
Alamouti encoding scheme is applied. It is also shown with
the numerical results how atmospheric turbulence and pointing
errors negatively affect the performance of FSO communication
links. Finally, the results highlight that HD detection technique
based FSO links outperform IM/DD detection based FSO links.
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