1

Cooperative Diversity for Free-Space Optical
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Abstract— In this paper, we investigate the cooperative diversity technique as a candidate solution for combating turbulenceinduced fading over Free-Space Optical (FSO) links. In particular, a one-relay cooperative diversity scheme is proposed and
analyzed for non-coherent FSO communications with intensity
modulation and direct detection (IM/DD). The error performance
is derived in semi-analytical and closed-form expressions in
the presence and absence of background radiation, respectively.
Results show the enhanced diversity orders that can be achieved
over both Rayleigh and lognormal fading models.
Index Terms— Free-space optics, spatial diversity, cooperative
diversity, atmospheric turbulence.

I. I NTRODUCTION
Recently, Free-Space Optical (FSO) communications attracted significant attention as a promising solution for the
“last mile” problem [1]. A major impairment that severely
degrades the link performance is fading (or scintillation) that
results from the variations of the index of refraction due to
inhomogeneities in temperature and pressure changes [2]. In
order to maintain acceptable performance levels over FSO
links, fading-mitigation techniques such as spatial diversity
techniques must be employed. Spatial diversity involves the
deployment of multiple transmit and/or receiver apertures and
is commonly used to combat fading and improve the link
reliability. Diversity combining techniques were extensively
studied in the context of radio-frequency (RF) wireless transmissions and were recently extended and tailored to FSO
transmissions. In this context, aperture-averaging receiver diversity [3], spatial repetition codes [4], unipolar versions of the
orthogonal space-time codes [5] and transmit laser selection
[6] were proposed as FSO-adapted spatial diversity solutions.
In the same way, the bit error rates of Multiple-Input-MultipleOutput (MIMO) FSO links were evaluated in [7] and [8].
On the other hand, in RF systems cooperative diversity
techniques are becoming more popular in situations where
limited number of antennas can be deployed at the mobile
terminals [9], [10]. In this context, neighboring nodes can form
“virtual” antenna arrays and profit from the underlying spatial
diversity in a distributed manner. Cooperative diversity takes
advantage of the broadcast nature of RF transmissions where
a message transmitted from a source to a destination can be
overheard by neighboring nodes. If these nodes are willing
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to cooperate with the source, they retransmit information
about the same message to the destination thus enhancing the
quality of signal reception. Despite the extensive research in
RF wireless cooperation, to the authors’ best knowledge, this
technique was never considered before in the context of FSO
communications.
In this paper, we investigate for the first time the utility of
cooperative diversity as a means of combating fading in FSO
links. In particular, we consider a decode-and-forward strategy
with one relay over FSO links with intensity modulation and
direct detection (IM/DD). The main reason that discourages
the investigation of cooperation in FSO systems resides in
the non-broadcast nature of optical transmissions. In FSO, the
source can not broadcast an information message to the destination and to a distant relay simultaneously. Consequently,
an additional transmit power must be entirely dedicated for
delivering the message to the relay. None of this power will
reach the destination implying an additional power penalty
(as compared to RF wireless cooperation). However, this work
shows that the cooperative diversity can be useful in enhancing
the performance of FSO links since the gain in diversity can
compensate for this power penalty.
On the other hand, the factors encouraging the implementation of the cooperative diversity technique are as follows. (1):
The solution is cost-effective (compared to MIMO-FSO) since
it does not require adding more apertures to the transmitter
and/or receiver. (2): It is well known that channel correlation
degrades the performance of MIMO systems whether in FSO
or RF scenarios. However, MIMO-FSO channels are more
likely to be correlated. In fact, in RF systems the signal reaches
the receiver by a large number of paths implying that a small
separation between the antennas can ensure a channel independence. On the other hand, FSO links are much more directive
thus rendering the path gains between the transmit and receive
elements more dependent; for example, the presence of a small
cloud between the transmitter and receiver can induce large
fades on all source-detector pairs simultaneously [4]. Consequently, the high performance gains promised by MIMO-FSO
solutions under the assumption of channel independence [4]–
[6] might not be achieved in practice. Consequently, as stated
in [4] “alternative means of operation in such environments
must be considered”. In this context, cooperation can constitute
a good candidate alternative. In fact, given the large distances
(in the order of kilometers) between the source-destination,
source-relay and relay-destination, the assumption of independence is more valid compared to the case of co-located arrays.
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Fig. 1. An example of a mesh FSO network. Cooperation is proposed among
the transceivers on buildings (1), (2) and (3) where the transceivers on building
2 can help in transmitting an information message from (1) to (3). Note how,
given the non-broadcast nature of FSO transmissions, one couple of FSO
transceiver units is dedicated for each link.

(3): Unlike RF systems, extending the MIMO techniques to
FSO systems imposes a compromise on the choice of the
sources. The sources must be narrow enough to couple more
power from the transmitter to the receiver and they must
be wide enough to illuminate all detectors simultaneously.
Consequently, the wider spacing of detectors (necessary for
channel independence) results in an increased transmit power.
In this context, taking advantage of the spatial diversity in
a distributed manner by deploying the proposed cooperative
scheme permits to overcome this limitation and can constitute
a good practical alternative to MIMO-FSO systems.
II. S YSTEM M ODEL AND T RANSMITTER S TRUCTURE
Consider the example of a FSO Metropolitan Area Network
as shown in Fig. 1. Consider three neighboring buildings (1),
(2) and (3) and assume that a FSO connection is available
between each building and its two neighboring buildings. In
FSO networks, each one of these connections is established
via FSO-based wireless units each consisting of an optical
transceiver with a transmitter and a receiver to provide fullduplex capability. Given the high directivity and non-broadcast
nature of FSO transmissions, one separate transceiver is entirely dedicated for the communication with each neighboring
building. We assume that the transceivers on building (2)
are available for cooperation to enhance the communication
reliability between buildings (1) and (3). By abuse of notations,
buildings (1), (2) and (3) will be denoted by source (S),
relay (R) and destination (D), respectively. The cooperation
strategy is depicted in Fig. 2. It is worth noting that the
transceivers at (R) are not deployed with the objective of
assisting (S). In fact, these transceivers are deployed for (R)
to communicate with (S) and (D); if (R) is willing to share
its existing resources (and (R) has no information to transmit),
then it can act as a relay for assisting (S) in its communication
with (D). The cooperation strategy is as follows: a sequence
of symbols is first transmitted to the relay. At a second time,
(R) transmits the decoded symbols to (D) while (S) transmits
the same symbol sequence simultaneously to (D). Since three

Fig. 2.

The proposed cooperation scheme.

transmissions are involved in each cooperation cycle, then
the transmitted power from transceivers TRxS,1 , TRxS,2 and
TRxR,2 must be divided by 3.
Denote by a0 , a1 and a2 the random path gains between
S-D, S-R and R-D, respectively. In this work, we adopt the
lognormal and Rayleigh turbulence-induced fading channel
models [4]. In the lognormal model, the probability density
function (pdf)
 of the path
 gain (a > 0) is given by: fA (a) =
(ln a−µ)2
√ 1
exp
−
where the parameters µ and σ satisfy
2σ2
2πσa
2
the relation µ = −σ so that the mean path intensity is unity:
E[I] = E[A2 ] = 1. The degree of fading is measured by the
2
scintillation index defined by: S.I. = e4σ − 1. Typical values
of S.I. range between 0.4 and 1. In the Rayleigh model, the
2
pdf of the path gain (a > 0) is: fA (a) = 2ae−a .
Consider Q-ary pulse position modulation (PPM) with
IM/DD links where the receiver corresponds to a photoelectrons counter. Consider first the link S-D and denote by
(0)
(0)
Z (0) = [Z1 , . . . , ZQ ] the Q-dimensional vector whose q-th
(0)
component Zq corresponds to the number of photoelectron
counts in the q-th slot. Denote the transmitted symbol by
(0)
s ∈ {1, . . . , Q}. The decision variable Zs can be modeled as
a Poisson random variable (r.v.) with parameter a20 λs /3 + λn
(0)
while Zq (with q 6= s) can be modeled as a Poisson r.v. with
parameter λn [4]:
( −(a2 λs /3+λn ) 2
0
e
(a0 λs /3+λn )k
, q = s;
(0)
k!
Pr(Zq = k) =
e−λn λk
n
,
q 6= s.
k!
(1)
where λs (resp. λn ) corresponds to the average number of photoelectrons per slot due to the light signal (resp. background
radiation and “dark currents”):
λs = η

Pr Ts /Q
Es
Pb Ts /Q
=η
; λn = η
hf
hf
hf

(2)

where η is the detector’s quantum efficiency assumed to be
equal to 1 in what follows, h = 6.6 × 10−34 is Planck’s
constant and f is the optical center frequency taken to be
1.94 × 1014 Hz (corresponding to a wavelength of 1550 nm).
Ts stands for the symbol duration, Pr stands for the optical
power that is incident on the receiver and Pb corresponds to the
incident background power. Finally, Es = Pr Ts /Q corresponds
to the received optical energy per symbol corresponding to the
direct link S-D. Readers can refer to [4] for more details on
the system model.
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In the same way, we denote the decision vector correspond(1)
(1)
ing to the S-R link by Z (1) = [Z1 , . . . , ZQ ] where the
(1)
parameter of the Poisson r.v. Zq is given by:
(
a2 λ
β1 13 s + λn , q = s;
(1)
E[Zq ] =
(3)
λn ,
q 6= s.
where β1 is a gain factor that follows from the fact that (S)
might be closer to (R) than it is to (D). In other words,
the received optical energy at (R) corresponding to Es (that
corresponds to the S-D link) is β1 Es . Performing
a typical


2

link budget analysis [4] shows that β1 = ddSD
where dSD
SR
and dSR stand for the distances from (S) to (D) and (S) to (R)
respectively.
The maximum-likelihood (ML) decision rule at (R) is given
(1)
by: ŝ = arg maxq=1···Q Zq . The relay transmits the symbol
ŝ along the link R-D implying that the corresponding decision
(2)
(2)
(2)
vector can be written as Z (2) = [Z1 , . . . , ZQ ] where Zq
is a Poisson r.v. with:
(
a22 λs
β
(2)
2
3 + λn , q = ŝ;
(4)
E[Zq ] =
λn ,
q 6= ŝ.

2
SD
where β2 = ddRD
with dRD corresponding to the distance
between (R) and (D).
Finally, note that the normalization of λs by 3 in equations
(1), (3) and (4) ensures that the total transmit power is the
same as in non-cooperative systems.
III. R ECEIVER S TRUCTURE
As in all cooperative schemes, decoding will be based on the
assumption: pe , Pr(ŝ 6= s) ≪ 1. This is justified since these
schemes result in performance gains only for large values of
Es .
A. Detection in the Absence of Background Radiation
In the absence of background radiation, Z (0) and Z (2)
contain at least Q − 1 empty slots each. In this case, the
detection procedure at (D) is as follows. If one component of
Z (0) is different from zero, this will imply that the symbol s
was transmitted in the corresponding slot since in the absence
of background radiation the only source of this nonzero count
is the presence of a light signal in this slot. On the other
hand, if all components of Z (0) are equal to zero, then the
decision will be based on Z (2) . If one component of Z (2) is
different from zero, then with probability 1−pe this component
corresponds to s and with probability pe this component
corresponds to an erroneous slot. Since 1 − pe is assumed
to be greater than pe (since pe ≪ 1), then the best strategy
is to decide in favor of the nonempty slot of Z (2) . Finally, if
all components of Z (0) and Z (2) are equal to zero, then (D)
decides randomly in favor of one of the Q slots.
To summarize, (D) decides in favor of s̃ according to the
following strategy:

(0)

 argq [Zq 6= 0], Z (0) 6= 0Q ;
(2)
s̃ =
(5)
argq [Zq 6= 0], Z (0) = 0Q , Z (2) 6= 0Q ;

 rand(1, . . . , Q), Z (0) = Z (2) = 0 .
Q

where 0Q corresponds to the Q-dimensional all-zero vector
while the function rand(1, . . . , Q) corresponds to choosing
randomly one integer in the set {1, . . . , Q}.
B. Detection in the Presence of Background Radiation
In this case, the background radiation results in nonzero
counts even in empty slots necessitating a more complicated
detection procedure.
The optimal ML detection procedure must take into consideration that ŝ might be different from s. Note that ŝ = s
with probability 1 − pe while ŝ can correspond to a certain
pe
. In this case,
slot that is different from s with probability Q−1
eliminating all common terms in the log-likelihood function,
it can be proven that the ML decision rule is given by:


a2 λs
Zq(0) ln 1 + 0
3λn
q,q ∈{1,...,Q}

 ( ln (1 − p ) , q = q ′ ;
2
a λs
(2)

e
+Zq′ ln 1 + β2 2
+
pe
, q 6= q ′ .
ln Q−1
3λn
(s̃, ŝ) = arg

max
′



(6)

Even though optimal, the above decoder is not feasible for
practical implementation since it requires the knowledge of
pe which is not available. On the other hand, given that pe ≪
1, then we can build a simpler decoder that is based on the
assumption that the decision made at the relay is correct (ŝ =
s). In this case, the decision rule given in eq. (6) simplifies to:





a20 λs
a22 λs
(0)
(2)
s̃ = arg max Zq ln 1+
+Zq ln 1+β2
3λn
3λn
q∈{1,...,Q}
(7)
Equation (7) corresponds to evaluating weighted sums of
the photoelectron counts. An even simpler decision rule adopts
equal weights and is given by:
h
i
s̃ = arg max
Zq(0) + Zq(2)
(8)
q∈{1,...,Q}

In this paper, we adopt the equal-gain combiner (EGC)
described in eq. (8) for the following reasons. (i) Simulations
showed that the performance levels achieved by the decoders
given in equations (6), (7) and (8) are very close to each other.
In fact, for practical values of Es , the decoders in equations
(6) and (7) are extremely close to each other (which is justified
since pe ≪ 1) and their performance gain with respect to EGC
is negligible. (ii) The implementation of EGC is much simpler
since it does not require any form of training for acquiring the
values of the channel gains as well as λs and λn .
Finally, equations (5) and (8) show that the proposed
cooperation strategy can be implemented without requiring
any channel state information neither at the transmitter nor
at the receiver sides.
IV. P ERFORMANCE A NALYSIS
Because of the symmetry of the PPM constellation, we evaluate the error performance of the proposed scheme assuming
that the symbol s = 1 was transmitted.
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 a2 λ

 a2 λ

 β a2 λ

2
3Q−22
 a2 λ
 a2 λ
 β a2 λ
k
k
j 3
2 2 s
0 s +2λ
0 s +2λ
+2λn
−
−
−
n
n
3
3
3
2 2 s
0 s
0 s
+∞
k−1
+∞
k−1
+2λn X e−2λn (2λ )j 7
+2λn X e
+2λn 7
Xe
6X e
6
3
3
3
n 7
6
7
1−6
4
5
4
5
k!
j!
k!
j!
j=0

k=0

j=0

k=0

(17)

A. No Background Radiation
The symbol-error probability (SEP) conditioned on the
channel state A , [a0 , a1 , a2 ] is:
(0)

(0)

Pe|A = Pr(Z1 > 0)p0 + Pr(Z1 = 0).
h
i
(2)
(2)
Pr(Zŝ = 0)p1 + Pr(Zŝ > 0) ((1 − pe )p2 + pe p3 ) (9)

where p0 = 0 since no error is made when there is at least one
(0)
photoelectron in the first slot. p1 = Q−1
=
Q since when Z
(2)
Z
= 0Q a random decision is made among the Q slots.
p2 = 0 since when a correct decision is made at (R) (ŝ = 1
(2)
with probability 1 − pe ) and Z1 > 0, a correct decision will
be made at (D) as well. Finally, p3 = 1 since when (R) decides
erroneously in favor of a symbol ŝ 6= 1 (with probability pe )
and the count in the corresponding ŝ-th slot of Z (2) is nonzero,
then (D) will also decide in favor of ŝ resulting in a error.
From eq. (3) the probability of error at (R) is pe =
(1)
Q−1
Q Pr(Z1

= 0) =

Q−1
Q e

a2 λ
−β1 13 s

a2 λ
− 03 s
a2 λ
−β2 23 s

(0)

0) = 1 − Pr(Z1 > 0) = e
(2)

(0)

. From eq. (1), Pr(Z1 =
(2)

and from eq. (4), Pr(Zŝ =

0) = 1−Pr(Zŝ > 0) = e
. Replacing these probabilities
as well as p0 , . . . , p3 in eq. (9) results in:
Pe|A =

2
2
Q − 1 h −(a20 +β2 a22 )λs /3
e
+ e−(a0 +β1 a1 )λs /3
Q

−e

−(a20 +β1 a21 +β2 a22 )λs /3

0

0

Q−1
[Pe,0 Pe,2 + Pe,0 Pe,1 − Pe,0 Pe,1 Pe,2 ]
Q

B. With Background Radiation
In the presence of background radiation, the conditional
probability of error is given by:
Pe|A = (1 − pe )Pe|A,ŝ=1 + pe Pe|A,ŝ6=1

(15)

Define the vector Z as: Z = [Z1 , . . . , ZQ ] = Z (0) + Z (2) .
When ŝ = 1, the parameter of the Poisson r.v. Z1 is:
[(a20 λs /3+λn )+(β2 a22 λs /3+λn )] = [(a20 +β2 a22 )λs /3+2λn]
while Z2 , . . . , ZQ are Poisson r.v.s with parameters 2λn .
Ignoring the probability of correct decision when ties occur,
Pe|A,ŝ=1 can be upper-bounded by:
≤ 1 − Pr(Z2 < Z1 ) · · · Pr(ZQ < Z1 )

(10)

(11)
where because of the form of Pe|A , the above integral can be
split into three separate integrals.
For lognormal fading, eq. (11) does not admit a closed-form
solution and it can be written as:
Pe =

The last equation shows that Pe scales asymptotically as
−1
λ−2
s (rather than λs as in 1 × 1 non-cooperative FSO links)
showing that the diversity order of the proposed scheme is
two.

Pe|A,ŝ=1 = 1 − Pc|A,ŝ=1
i

The SEP can be determined from:
Z +∞Z +∞Z +∞
Pe =
Pe|A fA (a0 )fA (a1 )fA (a2 )da0 da1 da2
0

In the case of Rayleigh fading, the integrals in eq. (11) can
be readily solved resulting in:
"
Q−1
1
1

+


Pe =
λ
λ
λ
s
s
s
Q
1+ 3 1+β2 3
1+ 3 1+β1 λ3s
#
1



−
(14)
1+ λ3s 1+β1 λ3s 1+β2 λ3s

(12)

where Pe,0 , Fr( λ3s , 0, σ), Pe,1 , Fr(β1 λ3s , 0, σ) and Pe,2 ,
Fr(β2 λ3s , 0, σ) where Fr(a, 0, b) is the lognormal density frustration function defined in [11] as:


Z +∞

1
(ln(x) + b2 )2
2
√
Fr(a, 0, b) =
exp −ax exp −
dx
2b2
2πb2 x
0
(13)
Equation (12) shows that Pe is large when either the links
S-D and R-D are both in deep fades or when the links S-D
and S-R are both in deep fades thus reflecting the enhanced
diversity order of the proposed cooperative system.

Q−1

=1−

= 1 − [Pr(Z2 < Z1 )]
"+∞
X e−((a20 +β2 a22 )λs /3+2λn ) ((a2 + β2 a2 )λs /3 + 2λn )k
0

2

k!

k=0

k−1
X

e

j=0

−2λn

j

Q−1

(2λn ) 
j!

(16)

On the other hand, when ŝ 6= 1, Z1 has a parameter of
(a20 λs /3+2λn ), Zŝ has a parameter of (β2 a22 λs /3+2λn ) while
the parameters of the remaining components are all equal to
2λn . Consequently, Pe|A,ŝ6=1 can be upper-bounded by:
Pe|A,ŝ6=1 ≤ 1 − Pr(Z2 < Z1 ) · · · Pr(ZQ < Z1 )
Q−2

= 1 − [Pr(Zq < Z1 )]

Pr(Zŝ < Z1 ) ; q 6= 1, ŝ

The above equation results in bounding Pe|A,ŝ6=1 by the
upper-bound given in eq. (17) at the top of the page. Finally,
based on a similar approach, pe in eq. (15) can be upperbounded by:

Q−1
+∞ −(β1 a2 λs /3+λn )
2
k k−1
X
X e−λn λj
1
e
(β
a
λ
/3+λ
)
1
s
n
1
n
pe ≤ 1−
k!
j!
j=0
k=0

(18)
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Performance of 4-PPM for the Rayleigh fading case with no
background radiation. This figure also shows the performance of the 2 × 1
MIMO diversity scheme proposed in [4].
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Fig. 6. Performance of 8-PPM in the absence of background radiation. The
parameter ρ corresponds to the correlation between the two 2 × 1 MIMO
co-channels. For the MIMO systems, the repetition code of [4] is employed.

Because of the complexity of the terms in equations (16)(18), eq. (15) does not lend itself to a simple mathematical
evaluation and Pe does not admit a closed-form solution in
both lognormal and Rayleigh fading. In this case, the integrals
in eq. (11) must be evaluated numerically.

(β1 = 1), a gain of about 8 dB at a SEP of 10−3 can be
observed relative to non-cooperative systems. The excellent
match between simulations and eq. (12) can be seen in Fig.
4 where a similar simulation setup is adopted in the case
of lognormal fading with S.I. = 0.6. Results in Fig. 3 and
Fig. 4 show that cooperation is more beneficial in the case
of Rayleigh fading compared to lognormal fading where the
performance gain can be realized at smaller error rates. This
result is expected since the Rayleigh distribution is used to
model the scenario of severe fading while the lognormal
model corresponds to the scenario of less severe fading. The
superiority of the cooperative scheme over non-cooperative
direct FSO links can be also seen in Fig. 5 in the presence of
background radiation. As in the no-background radiation case,
gains are more significant over Rayleigh fading channels.
While the assumption of channel independence can be
justified in MIMO wireless RF systems, there is a wide agreement that this assumption is not often valid in MIMO-FSO
systems and, consequently, the high gains promised by MIMO
techniques might not be realized in practice. This point is

V. N UMERICAL R ESULTS
We next present numerical results for the error performance
of FSO links with and without cooperation. In what follows,
we assume that dSD = dRD implying that β2 = 1. The
performance of the 2×1 MIMO-FSO links in [4] that deploy
repetition coding (RC) and that are capable of achieving a full
transmit diversity order is also included as a benchmark.
Fig. 3 shows the performance of 4-PPM in the absence
of background radiation over Rayleigh fading channels. This
figure shows the excellent match between simulations and the
exact SEP expression in eq. (14). The slopes of the SEP curves
indicate that cooperation results in an increased diversity order
of two for various distances of (R) from (S). Even in the
extreme case where (S) is as far from (R) as it is from (D)
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investigated in Fig. 6 that compares the proposed cooperative
system with the 2 × 1 MIMO-RC system in the presence
of channel correlation. Results show that, for relatively large
values of Es , the cooperative scheme shows approximately the
same performance as the MIMO-RC system with a channel
correlation factor of ρ = 0.5. The proposed scheme can even
outperform MIMO-RC systems when ρ = 0.75 or ρ = 0.9.
VI. C ONCLUSION
Despite the non-broadcast nature of FSO transmissions, this
work showed that cooperative diversity can result in significant
performance gains over the non-cooperative 1 × 1 FSO links
and over the 2×1 MIMO-FSO links that suffer from correlated
fading. It was proven analytically that a full transmit diversity
order can be achieved in the no-background radiation case. In
the presence of background radiation, a numerical integration
of the conditional SEP showed that the proposed scheme can
maintain acceptable performance gains especially in the case
of Rayleigh fading. While this work analyzed cooperative
diversity from a physical-layer point of view, future work must
consider the implication of cooperation on higher layers.
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