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Abstract—In this paper, we consider the problem of MultipleInput-Single-Output (MISO) Free-Space Optical (FSO) communications with intensity-modulation and direct-detection
(IM/DD). Unlike the commonly adopted Gaussian-noise approximation, we adopt the exact Poisson statistics for the number of
photons falling on the receiver. In particular, we compare three
popular MISO schemes; namely, repetition coding (RC), optical
spatial modulation (OSM) and spatial multiplexing (SMux). For
each one of these schemes, we derive the optimal maximumlikelihood (ML) decoder and we contrast the schemes in terms
of rate, performance, complexity, channel state information
requirements and tolerance to channel estimation errors.
Index Terms—Free space optics, maximum likelihood, MIMO,
repetition coding, spatial modulation, spatial multiplexing.

I. I NTRODUCTION
Free-Space Optical (FSO) communication systems suffer
from turbulence-induced fading that results in a random ﬂuctuation of the received signal power in a way that is analogous to
radio-frequency (RF) systems. Following from this impairment
that severely degrades the performance of FSO links, MultipleInput-Multiple-Output (MIMO) techniques were advised as
powerful fading mitigation strategies capable of achieving
signiﬁcant diversity and multiplexing gains [1]–[11].
The non-negativity of the path gains and the transmitted
signals in intensity-modulated direct-detection (IM/DD) FSO
systems motivated the investigation of the simple and efﬁcient
repetition coding (RC) scheme [1]–[7]. This scheme is capable
of achieving full diversity by simply transmitting the same
information symbol from all transmit apertures. In [1], it has
been demonstrated that RC outperforms orthogonal space-time
codes with on-off-keying (OOK) modulation over lognormal
fading channel. The performance analysis of RC with binary
pulse position modulation (PPM) was carried out in [2], [3]
over gamma-gamma fading channels. On the other hand, [4]
targeted the outage performance of MIMO RC systems with
PPM while the ergodic capacity of MIMO RC OOK systems
was evaluated in [5]. While [1]–[5] all considered the additive
white Gaussian noise (AWGN) model, [6] and [7] considered
photon-counting based receivers where the numbers of signal
and noise photons falling at the receiver follow the Poisson
distribution.
Besides RC, optical spatial modulation (OSM) schemes
were also considered with IM/DD FSO systems [8], [9]. In
order to avoid interference between the transmit apertures,
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OSM is based on activating a single transmit aperture per
symbol duration which contributes to simplifying the decoding
procedure. In [8], information is conveyed by the index of
the activated aperture, pulse position and pulse amplitude
while, in [9], the proposed space shift keying scheme conveys
information by the index of the pulsed transmit aperture. Both
[8] and [9] were based on the simple and approximate AWGN
noise model. Finally, spatial multiplexing (SMux) MIMO FSO
systems were investigated in [10], [11] under the AWGN
assumption. In SMux, P information symbols are transmitted
simultaneously from the P transmit apertures in an attempt to
maximize the multiplexing gain.
The aim of this work is to compare the RC, OSM and
SMux schemes for 2 × 1 IM/DD FSO systems with the more
general and more accurate Poisson noise model. The merits
of the presented work lie in the following major contributions.
(i): Despite the numerous studies in the literature, OSM and
SMux were considered exclusively in the context of AWGN
noise [8]–[11]. In this context, our paper extends the previous
results to the Poisson noise model that signiﬁcantly alters the
structure of the maximum-likelihood (ML) receiver. (ii): While
each one of the references [1]–[11] focuses exclusively on one
scheme, this paper compares the three schemes highlighting
the advantages and limitations of each one of them. Such
comparison was carried out before in the context of AWGN
noise [12]. (iii): Unlike [12] that compares the bit error rate
(BER) performance of the three schemes, our work presents
the additional contributions of developing the ML decoders
and evaluating their complexities in a comprehensive manner.
In fact, unlike all of the available RF receivers that can be
readily applied with AWGN FSO systems, the Poisson model
inﬂicts the design of novel decoders each adapted to the
speciﬁc MIMO encoding strategy. In this context, the BER
performance, bit rate, channel state information (CSI) requirement, decoder’s complexity (in terms of required additions,
multiplications and comparisons) as well as the tolerance to
estimation errors are all explored and compared for the RC,
OSM and SMux schemes under the exact Poisson noise model.
II. S YSTEM M ODEL
Consider a P × 1 MISO FSO system with P transmit
apertures and one receive aperture. Pulse Position Modulation
(PPM) constitutes a popular modulation scheme for FSO
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where the symbol duration Ts is divided into M slots with
an optical signal transmitted in one of these slots. We also
consider the case of photon-counting receivers where the
decision at the receiver is based on the number of photons
detected in each of the M PPM slots.
Denote by Ps the optical power of the signal falling on the
receiver and by Pb the optical power of background noise and
dark currents. In the absence of scintillation, the number of
photons in an “on” (resp. “off ”) slot will follow the Poisson
distribution with parameter λs + λb (resp. λb ) where the
quantities λs and λb are given by:
λs = η

Es
Ps Ts /M
η
hc/λ
hc/λ

;

λb = η

Pb Ts /M
,
hc/λ

P

λb ,

Ip

P

λs + λb , m = m; .
m = m.

(4)

The ML decoder decides in favor of the symbol m̂ =
arg maxm=1,...,M Pr(R = r|m) where R  [R1 , . . . , RM ]
and r  [r1 , . . . , rM ] with {rm }M
m =1 corresponding to the
realizations of the random variables {Rm }M
m =1 .
From (4), the above probability can be calculated from:
e

−

 P

p=1 Ip
P



P

λs +λb

p=1

P

Pr(R = r|m) =

M

m =1
m =m

that can be written under the form:


Pr(R = r|m) = e

Ip

λs + λb

rm

rm !
×

(2)

where Γ(.) is the Gamma function and Kc (.) is the modiﬁed Bessel function
of the second kind of order
 c. The
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d
where Cn denotes the refractive index
1.23Cn λ
structure parameter. Finally, we assume that the channel irradiances {Ip }P
p=1 are independent and identically distributed
assuming that the spacing between the elements of the transmit
and receive arrays is sufﬁciently large.
We denote by Rm the random variable corresponding to
the number of photons detected in the m-th PPM slot for
m = 1, . . . , M . Assuming that the apertures in the set P ⊂
{1, . . . , P } are transmitting in the m-th slot, then Rm will
follow the Poisson distribution with the following parameter:

p=1

E [Rm ] =

(1)

where η is the detector’s quantum efﬁciency, h is Planck’s
constant and λ is the wavelength. Finally, Es = Ps Ts /M
corresponds to the received optical energy per PPM slot.
Denote by Ip the channel irradiance from the p-th transmit
aperture to the receive aperture. In this work, we adopt the
widely approved gamma-gamma channel model where the
probability density function of Ip is given by:
 

2(αβ)(α+β)/2 (α+β)/2−1
I
Kα−β 2 αβI ,
f (I) =
Γ(α)Γ(β)

{1, . . . , M } the M -PPM information symbol. The parameters
of the M decision variables are given by:

−

P
p=1 Ip
P

λs

r

e−λb λbm
, (5)
rm !

P
λs 
Ip
1+
P λb p=1
M

×
m =1

rm

r

e−λb λbm
. (6)
rm !

Removing the common terms that do not depend on m,
maximizing
Pr(R  = r|m) is equivalent to maximizing

rm
P
λs
1 + P λb p=1 Ip
that, in its turn, can be maximized by
maximizing rm . Therefore, the ML decoder in the case of RC
simpliﬁes to:
(7)
m̂ = arg max {rm },
m=1,...,M

implying, simply, that the ML decoder decides in favor of the
PPM slot with maximum count in a way that is completely
analogous to the case of single-aperture FSO systems.
B. Optical Spatial Modulation (OSM)

A. Repetition Coding (RC)

In an attempt to avoid the interference between the different
transmit apertures, the OSM scheme is based on pulsing
only one transmit aperture per symbol duration [8], [9]. The
pulsed aperture will transmit a light signal in one PPM slot.
In other words, a M -PPM symbol will be transmitted from
only one of the P transmit aperture while the remaining
apertures will remain idle. Denote by p ∈ {1, . . . , P } and
m ∈ {1, . . . , M } the index of the pulsed aperture and the
PPM symbol, respectively. In this case, the parameters of the
M decision variables are given by:

Ip λs + λb , m = m;
,
(8)
E [Rm ] =
m = m.
λb ,

For the RC scheme, the same information symbol is transmitted from all transmit apertures [1]–[7]. Denote by m ∈

where the normalization by P is removed since only one
transmit aperture is activated at a time.

E [Rm ] =

p∈P

P

Ip

λs + λb ,

(3)

where E[.] stands for the averaging operator while the division
by P results from evenly splitting the transmit power among
the P transmit apertures to have the same power as in singleaperture systems. This even splitting is carried out since we
assume that the channel state information (CSI) is not available
at the transmitter side.
III. M AXIMUM -L IKELIHOOD (ML) D ECODING
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The ML decoder decides in favor (p̂, m̂)
=
arg maxp=1,...,P ; m=1,...,M Pr(R = r|p, m) where this
probability takes the following form following from (8):

When m1 = m2 , the decision metric is given by:
I1
rm

e−( 2 λs +λb ) I21 λs + λb 1
×
Pr(R = r|m1 , m2 ) =
rm1 !

I2

r m2
M
r
e−( 2 λs +λb ) I22 λs + λb
e−λb λbm
,
rm2 !
rm !
m =1

Pr(R = r|p, m)
e−(Ip λs +λp ) (Ip λs + λp )rm
×
=
rm !
= e−Ip λs

1+

Ip λs
λb

rm

M
m =1

M
m =1
m =m

r

e−λb λbm
rm !

r
e−λb λbm

rm !

m =m1 ; m =m2

(9)

.

max {rm } ;

Ip λs
p̂ = arg max
rm̂ log 1 +
p=1,...,P
λb

m̂ = arg

that can be written under the following form:
I1

Removing the last term that does not depend on p or m
while taking the logarithm of the last probability results in the
following ML decision rule in the case of OSM:


Ip λs
rm log 1 +
− Ip λs .
(p̂, m̂) = arg
max
p=1,...,P ; m=1,...,M
λb
(10)
For a ﬁxed value of p, the decision metric associated with
(m , p) is greater than that associated with (m , p) if rm >
rm implying that the decision rule in (10) can be broken
down into two simpler rules as follows:
m=1,...,M

Pr(R = r|m1 , m2 ) = e− 2
e−

I2
2

λs

1+

λs

λs
I2
2λb

1+

r m1

λs
I1
2λb
M

r m2

×
r

m =1

e−λb λbm
, (14)
rm !

where taking the logarithm of the last probability after removing the last term that does not depend on (m1 , m2 ) results in
the following equivalent decision metric:
I1 + I2
λs .
2
(15)
From (12) and (15), the ML decision rule with SMux can
be expressed as:
rm1 log 1 +

λs
I1
2λb

(m̂1 , m̂2 ) = arg


− Ip λs , (11)

(13)

where:

implying that the index of the pulsed aperture and the PPM
position can be determined separately.



Wm1 ,m2 =

+ rm2 log 1 +

λs
I2
2λb

max

−

{Wm1 ,m2 },

(16)

rm α1,2 ,
m1 = m2 ;
,
 m2 .
rm1 α1 + rm2 α2 , m1 =

(17)

(m1 ,m2 )∈{1,...,M}2

with:
C. Spatial Multiplexing (SMux)
For the SMux scheme, independent data streams are transmitted from the P transmit apertures [10], [11]. While the
decision rules in (7) and (11) pertaining to RC and OSM,
respectively, are generic for any value of P , the general SMux
ML decision rule becomes very tedious for an arbitrary value
of P since the cardinality of the transmitted constellation (that
is equal to M P ) increases exponentially with the number of
transmit apertures. Consequently, for the sake of simplicity,
we consider the special case P = 2 in what follows.
Denote by (m1 , m2 ) ∈ {1, . . . , M }2 the positions of
the pulses transmitted from the two transmit apertures. The
decision metric varies depending on whether m1 = m2 or
m1 = m2 .
Consider ﬁrst the case m1 = m2  m. In this case, the
decision metric is similar to that given in (6) in the case of
RC. In fact, in this special case, the same PPM symbol m is
transmitted from both transmit apertures. Taking the logarithm
of the probability in (6) after removing the last product that
does not depend on m results in the following equivalent
decision metric:
rm log 1 +

λs
I1 + I2
λs .
(I1 + I2 ) −
2λb
2

λs
Ii
; i = 1, 2,
2λb
λs
= log 1 +
(I1 + I2 ) .
2λb

αi = log 1 +
α1,2

(18)
(19)

From (17), the metric rm α1,2 is maximized when rm is
maximized. Similarly, the metric rm1 α1 +rm2 α2 is maximized
if slots m1 and m2 result in the maximum counts with rm1 >
rm2 if α1 > α2 and rm1 < rm2 if α1 < α2 . Note that α1 is an
increasing function of I1 while α2 is an increasing function of
I2 ; therefore, α1 > α2 is satisﬁed if I1 > I2 and vice versa.
As a conclusion, the ML decision rule can be simpliﬁed to the
following procedure in the case of SMux. Deﬁne the positions
m̂ and m̂ as:
m̂ = arg

max {rm } ; m̂ = arg

m=1,...,M

max {rm }, (20)

m=1,...,M
m=m̂

then:

(12)
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(m̂1 , m̂2 ) =
⎧
⎨ (m̂, m̂), condition 1 is satisﬁed;
(m̂, m̂ ), condition 1 is not satisﬁed with I1 > I2 ; ,
⎩
(m̂ , m̂), condition 1 is not satisﬁed with I1 < I2 .
(21)

where condition 1 is deﬁned as:
condition 1: rm̂ α1,2 > rm̂ max{α1 , α2 } + rm̂ min{α1 , α2 }.
(22)
IV. C OMPARISON

BETWEEN THE

MISO S CHEMES

After deriving the optimal ML decision rules and expressing
them in the simplest possible forms, a comprehensive comparison between the RC, OSM and SMux schemes will be
provided in this section.
A. Bit Rate
When associated with M -PPM, the RC scheme transmits
at the rate of log2 (M ) bits per channel use (bpcu) while the
OSM and SMux schemes transmit at the rates of log2 (P M )
bpcu and P log2 (M ) bpcu, respectively. Consequently, RC has
the smallest bit rate while SMux achieves the maximum bit
rate. In this context, it is worth noting that RC achieves the
same rate as single-aperture systems.
B. Channel State Information (CSI) Requirements
From (7), it follows that the implementation of the ML
decoder with RC can be realized without the need to estimate
any of the parameters I1 , I2 , λs and λb . In this case, the
decision is based solely on the numbers of photons detected
in the different PPM slots without the need to estimate any
of the channel parameters. This is comparable to the singleaperture IM/DD FSO systems that can be implemented in
the absence of CSI at the receiver. Unlike RC, equations
(11) and (21)-(22) show that the ML decision rules involve
the above four parameters in the cases of OSM and SMux,
respectively. Therefore, the OSM and SMux schemes are the
most demanding in terms of the CSI requirements where
the extension of the IM/DD FSO systems from the singleaperture case to the multi-aperture case requires a complete
(un-quantized) CSI knowledge at the receiver.
C. ML Decoder Complexity
In this subsection, we evaluate the complexity of the ML
decoders when associated with RC, OSM and SMux. The
decoder’s complexity will be evaluated in terms of the number
of required addition operations, multiplication operations and
comparison operations. We also differentiate between symboloperations and block-operations. The ﬁrst type of operations
needs to be carried out on a symbol-by-symbol basis while
the second type needs to be evaluated only once per fading
block. In other words, the second type is not linked to any
symbol statistics and it depends only on the channel values that
remain the same for the time span of one block duration. In
practice, given the large coherence times of FSO systems [13],
the blocks will extend over thousands of symbol durations
with the direct implication that the complexity of blockoperations can be neglected compared to the complexity of
symbol-operations. In other words, denoting by Ns , Os and
Ob the number of symbols per block, the number of symboloperations and the number of block-operations, respectively,
then the total number of operations per fading block is given

by Ns Os + Ob . This implies that the number of operations
per symbol is Os + N1s Ob ≈ Os given that the number of
symbols Ns is very large. Finally, it is worth noting that since
all involved decision metrics and channel gains are real-valued
(information about the phase is not retained in IM/DD FSO
systems), then the performed additions and multiplications are
all real-valued operations.
1) RC: Equation (7) implies that neither multiplications nor
additions are needed for the implementation of the ML decoder
with RC. Only comparisons between M terms are needed
for the sake of selecting the maximum among the involved
decision metrics. It is worth noting that numerous selection
algorithms have been reported in the literature and any one of
these can be readily applied for the ML decoding purposes.
In particular, the famous Hoare’s selection algorithm can be
readily applied where the involved complexity is O(M ) for
selecting the maximum among M unsorted values. Finally, (7)
highlights that no block-terms need to be evaluated since the
optimal decision is based solely on the numbers of photons in
the PPM slots without the need for calculating any parameters
that depend on I1 , I2 , λs and λb .
2) OSM: Equation (11) impliesthat 
2P block-terms
need

 to

be evaluated; namely, the values log 1 +

Ip λs
λp

, λs Ip

P

p=1

must be calculated once per fading block. Even though evaluating these terms requires P multiplications, P divisions, P
additions and P logarithm-operations, the complexity associated with the block-operations is several orders of magnitude
smaller than that associated with symbol-operations as highlighted above.
Moreover, following from (11), a total of M + P comparisons are required for the evaluation of m̂ and p̂. On the
other hand, the evaluation of m̂ requires no multiplications
and no additions while the evaluation of p̂ necessitates one
multiplication and one addition per value of p implying that
P multiplications and P additions are required in total (note
that the product λs Ip is evaluated on the block-level not the
symbol-level).
3) SMux: From (18) and (19), the P + 1 = 3 block-terms
{α1 , α2 , α1,2 } need to be evaluated. Moreover, at the block
level, the values of α1 and α2 (or equivalently I1 and I2 )
need to be compared as highlighted in (21).
Regarding the number of comparisons, M comparisons are
needed for ﬁnding m̂ in (20), M − 1 comparisons are needed
for ﬁnding m̂ in (20) and one comparison is needed for
evaluating condition 1 in (22) thus resulting in a total of 2M
comparisons. Finally, determining condition 1 in (22) requires
three multiplications and one addition (besides the comparison
that has been counted before).
D. Summary and Comparison
The bit rates, CSI requirements and complexities associated
with the three contrasted schemes are summarized in Table I
for the sake of clarity. This table clearly highlights that SMux
is the most complex among the compared schemes with the
largest number of symbol-level multiplications and comparisons while the simplest scheme is the RC scheme with the
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TABLE I
C OMPARISON BETWEEN THE DIFFERENT SCHEMES

RC (P × 1)
log2 (M ) bpcu
No

Bit Rate
CSI Requirement
Block Terms
Comparisons (per symbol)
Multiplications (per symbol)
Additions (per symbol)

None
M
0
0


log 1 +

OSM (P × 1)
log2 (P M ) bpcu
 Yes


I1 λs
λb

and log 1 +
M+P
P
P

smallest required number of symbol-level multiplications and
comparisons (note that the addition operations are much easier
to implement compared to the multiplication and comparison
operations). Moreover, while SMux necessities acquiring the
CSI, RC can be implemented in the absence of CSI. As a
conclusion, the implementation of the SMux scheme is the
most demanding while that of RC is the least demanding.
In this context, the OSM scheme constitutes a compromise
between the two extremes of SMux (highest rate but highest
complexity) and RC (lowest complexity but lowest rate).
It is worth noting that the most indicative complexity
indicator is the number of symbol-level multiplications (since
multiplications are more complex to carry out compared to
comparisons and additions while these multiplications need to
be carried out on a symbol-by-symbol basis). From Table I,
these numbers are equal to 0, P = 2 and 3 for RC, OSM
and SMux in the case of 2 transmit apertures. This shows that
the complexities of OSM and SMux are comparable especially
that both schemes require the CSI estimation. In other words,
compared to SMux, the OSM scheme results only in marginal
reduction in the implementation complexity.
Besides the bit rate, CSI requirement and complexity, the
three schemes must be compared in terms of error performance
and estimation error tolerance. This comparison will be carried
out numerically in the subsequent section. It is worth noting
that, because of noise, the parameters I1 , I2 , λs and λb can
not be acquired in an error-free manner. In this context, any
variation from the exact values will incur additional performance losses. Since RC can be implemented in the absence
of CSI, then RC is not affected by the estimation errors unlike
OSM and SMux. In what follows, the estimated parameters at
the receiver will be denoted by I˜1 = I1 (1 + e1 /100), I˜2 =
I2 (1+e2 /100), λ̃s = λs (1+e3 /100) and λ̃b = λb (1+e4 /100)
where the estimation errors e1 , e2 , e3 and e4 are assumed to be
independent and uniformly distributed over the interval [−e e]
where |e| is the maximum error percentage.
V. N UMERICAL R ESULTS
In what follows, the BERs of the RC, OSM and SMux
2 × 1 schemes will be compared numerically. The refractive
index structure constant is set to Cn2 = 1.7×10−14 m−2/3 . We
also ﬁx η = 0.5 and λ = 1550 nm in (1). Results show the
variations of the BER as a function of the signal energy Es
s
per information bit where this quantity is given by logE(M)
,
2
Es
Es
and
for
the
RC,
OSM
and
SMux
schemes,
log (2M)
2 log (M)
2

2

I2 λs
λb




log 1 +

I1 λs
2λb

SMux (2 × 1)
P log2 (M ) bpcu
Yes 



, log 1 +

I2 λs
2λb

2M
3
1


and log 1 +

(I1 +I2 )λs
2λb



respectively. Finally, the distance between the transmitter and
receiver will be denoted by d.
Fig. 1 compares the different schemes with 2-PPM for
d = 5 km. The background noise level is determined from
Pb Ts /M = −195 dBJ. In this case, the RC scheme transmits
at the rate of 1 bpcu while OSM and SMux achieve double
the rate of 2 bpcu. Results show that RC manifests the best
performance that is several orders of magnitude smaller than
the performance achieved by OSM and SMux. RC is the only
MISO scheme that enhances the performance with respect
to single-aperture systems while both OSM and SMux incur
some performance losses with respect to the 1 × 1 systems.
As a conclusion, performance wise, RC is the best at the
expense of the smallest bit rate. Comparing OSM with SMux
shows that the latter scheme achieves a better performance
while transmitting at the same rate. The performance gains
are in the order of 5 dB at a BER of 10−2 . Form Table
I, this performance gain is achieved with a slightly higher
complexity where the SMux ML decoder requires 1.5 times
more multiplications than the OSM ML decoder.
Fig. 2 shows the performance with 4-PPM for d = 2 km and
Pb Ts /M = −185 dBJ. The ﬁndings are similar to those obtained from Fig. 1 where RC achieves the best BER followed
by SMux then by OSM. In this case, the bit rates achieved
by RC, OSM and SMux are 2 bpcu, 3 bpcu and 4 bpcu,
respectively. Therefore, the following conclusion can be drawn
from Fig. 1 and Fig. 2. The RC scheme is more appropriate
to low rate and low complexity systems while SMux is more
adapted to high rate systems that possess more processing
capabilities. The complexity reduction resulting from the OSM
scheme is not only marginal, but it is also associated with
non-negligible performance degradations especially for large
value of Es . At a BER of 10−2 , Fig. 1 shows that SMux
outperforms OSM by 5 dB while achieving the same bit rate
while Fig. 2 shows that SMux outperforms OSM by 3.5 dB
while transmitting a bit rate that is 4/3 times higher. Finally,
it is worth noting that the performance losses of OSM and
SMux with respect to single-aperture systems are justiﬁed by
the fact that the receiver is equipped with only one receive
aperture. The BER is expected to improve signiﬁcantly when
increasing the number of photo-detectors at the receiver.
The impact of estimation errors is highlighted in Fig. 3
with 4-PPM for d = 3 km and Pb Ts /M = −195 dBJ. As
highlighted in subsection IV-D, only OSM and SMux are
prone to estimation errors and, hence, only the performance
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Fig. 1. Performance with 2-PPM for a link distance of 5 km in the absence
of estimation errors.

Fig. 3. Performance with 4-PPM for a link distance of 3 km in the presence
of estimation errors.
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be perceived as a compromise between the RC and SMux
schemes enhancing the rate with respect to RC while relaxing
some implementation constraints with respect to SMux.
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Fig. 2. Performance with 4-PPM for a link distance of 2 km in the absence
of estimation errors.

of these schemes is shown in Fig. 3. This ﬁgure shows the
performance for four values of e; namely, e = 0 (perfect CSI
acquisition), e = 10%, e = 20% and e = 50%. Results in Fig.
3 show that the estimation errors have a predominant effect
on the BER performance where error ﬂoors appear for large
values of Es . Results also show that SMux manifests a slightly
higher tolerance to estimation errors.
VI. C ONCLUSION
We contrasted three MISO schemes that can be associated
with IM/DD FSO systems; namely, the RC, OSM and SMux
schemes. While the RC scheme is the most appealing in
terms of simplicity and performance, the SMux scheme has
the predominant advantage of achieving the highest bit rate
making it an appropriate solution for high rate applications.
In this case, even though the transmitted constellation has a
cardinality of M 2 with M -PPM, the optimal ML decoder can
be implemented with only three multiplications per symbol
duration where it is judged that these operations are unchallenging to implement in practical systems. Finally, OSM can
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[8] T. Özbilgin and M. Koca, “Optical spatial modulation over atmospheric
turbulence channels,” J. Lightwave Technol., vol. 33, no. 11, pp. 2313–
2323, June 2015.
[9] A. Jaiswal, M. R. Bhatnagar, and V. K. Jain, “Performance evaluation of
space shift keying in free-space optical communication,” IEEE J. Opt.
Commun. Netw., vol. 9, no. 2, pp. 149–160, Feb. 2017.
[10] H. Nouri, F. Touati, and M. Uysal, “Diversity-multiplexing tradeoff for
log-normal fading channels,” IEEE Trans. Commun., vol. 64, no. 7, pp.
3119–3129, July 2016.
[11] M. T. Dabiri, M. J. Saber, and S. M. S. Sadough, “On the performance
of multiplexing FSO MIMO links in log-normal fading with pointing
errors,” IEEE J. Opt. Commun. Netw., vol. 9, no. 11, pp. 974–983, Nov.
2017.
[12] G. Yang, M.-A. Khalighi, T. Virieux, S. Bourennane, and Z. Ghassemlooy, “Contrasting space-time schemes for MIMO FSO systems with
non-coherent modulation,” in IEEE Int. Workshop on Optical Wireless
Commun., Oct 2012, pp. 1–3.
[13] N. Letzepis, K. D. Nguyen, A. G. i Fàbregas, and W. G. Cowley, “Outage
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