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All-Active and Selective FSO Relaying: Do We
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Abstract—In this paper, we study the impact of inter-relay
cooperation on the outage performance of relay-assisted Free-
Space Optical (FSO) systems with two relays. Despite the fact that
in realistic networks a FSO link might be available between the
deployed relays, the additional advantages of exploiting such link
were never investigated before. We explore this new dimension
under the two strategies where either all relays are active or
a single relay is selected. We evaluate the achievable diversity
orders over gamma-gamma channels and we derive conditions
under which inter-relay cooperation is advantageous. We study
two variants of inter-relay cooperation; namely, one-way and two-
way cooperation. We prove that based on the network structure,
one of these variants, both or neither may be beneficial.

Index Terms—Free-space optics, FSO, cooperation, relaying,
relay selection, outage, diversity order, gamma-gamma.

I. I NTRODUCTION

Several recent contributions have shed more light on the
different features of cooperative Free-Space Optical (FSO)
communications thus imposing this technology as a widely
accepted solution for combatting turbulence-induced fading in
FSO systems. This surge of interest in relay-assisted FSO
communications has led to substantial progress in several
directions. The seminal work in [1] revealed the utility of
cooperation in FSO networks through an outage probability
analysis in the context of serial and parallel relaying. All
relays participated in the cooperation effort by simultaneously
forwarding decoded or amplified versions of the received
information symbols to the destination node. This approach
is referred to as all-active relaying and is characterized by its
remarked simplicity since it can be implemented without the
need of acquiring any form of channel state information (CSI).

All-active relaying has then been adopted in the majority
of subsequent research where [2] evaluated the Bit-Error-Rate
(BER) performance of Amplify-and-Forward (AF) cooperation
with one relay. [3] proposed a novel Decode-and-Forward
(DF) strategy with one relay based on a proper exchange
of information and redundant bits. This scheme was further
investigated in [4] where the achievable diversity orders over
gamma-gamma channels were evaluated. All-active relaying
with one relay was further considered in [5]–[8]. In [5] the
BER performance with noncoherent detection was studied, in
[6] differential modulation was investigated, in [7] the outage
probability and diversity-multiplexing tradeoff were evaluated
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and in [8] the BER performance in the presence of shot noise
was derived. Furthermore, power allocation for serial-relaying
was established in [9], [10], a scheme based on combining
serial and parallel relaying was explored in [11] while [12]
derived the optimal relay positions for minimizing the outage
probability in both serial and parallel relaying.

An alternative to all-active relaying is selective-relaying
where only one relay is selected from all available relays based
on the state of the FSO network [13], [14]. Only the selected
relay is involved in retransmitting to the destination while the
remaining relays remain idle. Selective-relaying is superior to
all-active relaying at the expense of an increased complexity
since the CSI needs to be acquired.

Despite the rich and diverse literature on relay-assisted FSO
communications, none of the existing contributions examined
the gain that might arise from the presence of a FSO link
connecting the relays in the context of parallel relaying.
In other words, the parallel-relaying solutions in [1]–[8],
[11]–[14] assumed the presence of source-relay and relay-
destination links, and eventually a source-destination link, but
the effect of the potential existence of a relay-relay link was
never studied before. In the presence of such links, a signalis
first transmitted from the source to the relays. However, unlike
the existing parallel-relaying solutions, the relays cooperate
with each other prior to forwarding the decoded signals to
the destination. In this work, we explore the additional degree
of freedom that arises from inter-relay cooperation and tryto
reveal whether the presence of an additional inter-relay link is
useful or not. Our investigation is based on an outage probabil-
ity analysis in the context of DF cooperation with two relays.
We consider both all-active and selective relaying and we try
to answer the question under consideration by evaluating the
diversity orders that can be achieved under gamma-gamma
turbulence-induced fading. We study one-way and two-way
inter-relay cooperation schemes and we draw conclusions on
whether or not to deploy such solutions depending on the
positions of the relays.

II. SYSTEM MODEL

Fig. 1 illustrates a cooperative FSO network where the
communication between a source node S and a destination
node D is assisted by two relays R1 and R2. Nodes S, D, R1
and R2 correspond to buildings on which several transceivers
are installed each of which ensures a directive FSO link
with a neighboring building. This work revolves around the
implications of the availability of a FSO link between R1

and R2 on the outage performance. Note that the link R1-
R2 (as well as the links S-R1, S-R2, R1-D and R2-D) is not
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Fig. 1. FSO relay-assisted transmission with two inter-connected relays.

deployed for the sake of assisting S in its communication
with D but for the exchange of information between buildings
R1 and R2. In this context, cooperative communications take
advantage of the presence of these links for boosting the
system performance. In other words, the analyzed inter-relay
cooperation schemes make use of the link R1-R2 when present
and, hence, without requiring an additional infrastructure. In
what follows, we denote by R1 the relay that is closer to the
source. By abuse of notation, S and D will be referred to as
R0 (node 0) and R3 (node 3), respectively.

The FSO system under consideration employs Binary Pulse
Position Modulation (BPPM) with Intensity-Modulation and
Direct-Detection (IM/DD). Consider the FSO link between
nodesi and j, the received electrical signal at thej-th node
resulting from the optical signal transmitted by thei-th node
can be written as [1]:

ri,j =

[

r
s
i,j

r
n
i,j

]

=

[

RTb(Gi,jIi,jPt/N + Pb) + ns
j

RTbPb + nn
j

]

(1)

where r
s
i,j and r

n
i,j are the received electrical signals that

correspond to the signal and non-signal slots of the BPPM
symbol, respectively.R is the photodetector’s responsivity and
Tb stands for the bit duration.Pb stands for the power of
background radiation whilePt stands for the total transmitted
optical signal power that is evenly split amongN active links.
In (1), ns

j and nn
j stand for the additive noise terms at the

j-th receiver in the signal and non-signal slots, respectively.
As in [1]–[7], [11]–[13], we assume background noise limited
receivers implying that each of the above noise terms can be
modeled as a signal-independent white Gaussian noise with
zero mean and varianceN0/2.

In (1), Ii,j represents the irradiance fluctuations along the
link Ri-Rj caused by atmospheric turbulence. In this work, we
adopt the widely accepted gamma-gamma turbulence-induced
fading channel model [4]–[7], [13] where the probability
density function (pdf) of the irradiance (I > 0) is given by:

f(I) =
2(αβ)(α+β)/2

Γ(α)Γ(β)
I(α+β)/2−1Kα−β

(

2
√

αβI
)

(2)

whereΓ(.) is the Gamma function andKc(.) is the modified
Bessel function of the second kind of orderc. The parameters

α andβ are given by:

α(d) =
[

exp
(

0.49σ2
R(d)/(1 + 1.11σ

12/5
R (d))7/6

)

− 1
]

−1

(3)

β(d) =
[

exp
(

0.51σ2
R(d)/(1 + 0.69σ

12/5
R (d))5/6

)

− 1
]−1

(4)

whereσ2
R(d) is the Rytov variance related to the link distance

d by:
σ2

R(d) = 1.23C2
nk7/6d11/6 (5)

wherek is the wave number andC2
n denotes the refractive

index structure parameter. From(3)-(4), the parameters ofthe
link between nodesi andj can be written as:

αi,j , α(di,j) ; βi,j , β(di,j) (6)

wheredi,j stands for the length of the link Ri-Rj .
Finally, Gi,j in (1) is a gain factor associated with the link

Ri-Rj that might be shorter than the direct link S-D. In this
context,G0,3 = 1 and from [1]:

Gi,j =

(

d0,3

di,j

)2

e−σ(di,j−d0,3) (7)

whereσ is the attenuation coefficient. Note thatGi,j = Gj,i

from (7) andIi,j = Ij,i following from the reciprocity of the
optical channel.

III. C OOPERATIONSTRATEGIES

A. Absence of CSI

In the absence of CSI, we compare the existing all-
active parallel-relaying scheme, referred to as No Inter-Relay-
Connection (NIRC) for convenience, with two schemes that
arise in the case where the inter-relay connection is exploited
(IRC schemes). NIRC is a two-phase scheme where in the first
phase the information symbol is transmitted from S to D and to
the relays. In the second phase, all relays decode the received
BPPM symbol and retransmit this symbol simultaneously to
D. In this case, retransmissions from a particular relay occur
only if the received signal-to-noise ratio (SNR) at this relay
exceeds a given decoding threshold [1].

In the case of interconnected relays, one-way (IRC1) and
two-way (IRC2) cooperation are possible. In IRC1, since R1

is closer to S, this relay contributes in enhancing the fidelity of
signal reconstruction at R2 that is farther from S. In this sense,
IRC1 is a three-phase cooperation protocol. (i): An information
symbol is transmitted from S to D and to the relays. (ii): R1

forwards the decoded symbol toR2 in the case where the
SNR at R1 exceeds the threshold. (iii): R1 and R2 forward
the decoded symbols to D if the corresponding SNRs at these
relays exceed threshold. In this case, the decision at R1 is
based on the signal it received along the link S-R1 while the
decision at R2 is based on the two signals that this relay has
acquired independently along the S-R2 and R1-R2 links.

In IRC2, inter-relay cooperation is triggered in both direc-
tions resulting in the following three-phase protocol. (i): An
information symbol is transmitted from S to D and to the
relays. (ii): R1 decodes the signal it received from S and
forwards the decoded symbol to R2 and, in a simultaneous
manner, R2 decodes the signal it received from S and forwards
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the decoded symbol to R1. (iii): R1 and R2 forward the
decoded symbols to D where R1 (resp. R2) has acquired two
estimates of the information symbol; one from R2 (resp. R1)
and the other from S. Note that, as before, transmissions along
R1-R2 and R1-D are initiated only if the SNR at R1 (via S-R1)
exceeds threshold. The same holds for the transmissions along
R2-R1 and R2-D.

Note that for the parallel-relaying scheme in [1], the relays
are deployed with the sole objective of assisting S in its
communication with D. In this case, D is equipped with a
single receiver (with a wide field of view) at which the signals
transmitted from S, R1 and R2 add up. In the system model
depicted in Fig. 1, the relays are independent entities that
can communication their own data with S or D (or with
each other). Three separate non-interfering signals are now
available at D that merely needs to switch to the transceiver
that was able to decode. This constitutes a simple reception
approach that is adapted to the infrastructure of the existing
FSO networks without inducing a substantial complexity on
the installed transceivers. Similar switching approachesare
deployed at the relays as well.

For NIRC, N = 5 in (1) since the links S-D, S-R1, S-R2,
R1-D and R2-D are activated. For IRC1,N = 6 accounting
for the additional R1-R2 link while N = 7 for IRC2 because
of the additional R2-R1 link.

B. Presence of CSI

In the presence of CSI, selective-relaying protocols corre-
spond to transmitting all information symbols along the unique
strongest path between S and D [13], [14]. In the absence
of an inter-relay connection, one of the three paths S-D, S-
R1-D and S-R2-D is selected based on the specific channel
realization. In the presence of an inter-relay connection,the
additional paths S-R1-R2-D and S-R2-R1-D can be further
exploited. As in the absence of CSI, the above variants of
the selective-relaying protocol will be referred to as NIRC,
IRC1 and IRC2, respectively. Moreover, each node along the
selected path decodes the signal received from the previous
node and forwards the decoded symbol to the subsequent
node only when the SNR at this cooperating node exceeds
the decoding threshold.

For simplicity, and since an optimized power allocation
strategy falls beyond the scope of this work, the transmit power
Pt will be evenly split among the active links. In this case,N
in (1) stands for the number of hops along the selected path.
In other words,N = 1 if direct transmissions along S-D are
preferred,N = 2 for the two-hop paths S-R1-D and S-R2-D
while N = 3 if one of the paths S-R1-R2-D and S-R2-R1-D
is selected in the case of interconnected relays.

IV. OUTAGE ANALYSIS IN THE ABSENCE OFCSI

A. Outage Probability

From (1), after removing the constant biasRTbPb from both
BPPM slots, the SNR of the link Ri-Rj (in the case where
transmissions occur from Ri) can be written as [1]:

γi,j =
R2T 2

b G2
i,jI

2
i,jP

2
t

N2N0
(8)

The link Ri-Rj is in outage when the signal transmitted from
Ri can not ensure a SNR at Rj exceeding a certain threshold
value. The outage probability of this link can be written as:

p
(N)
i,j , Pr(γi,j < γth) = Pr

(

Ii,j <
N

Gi,jPM

)

(9)

wherePM , RTbPt√
N0γth

denotes the power margin andγth is
the SNR threshold above which no outage occurs and the
signal can be decoded with an arbitrarily low error probability.
Using the cumulative distribution function (cdf) of the gamma-
gamma distribution, (9) can be written as [13]:

p
(N)
i,j =

1

Γ(αi,j)Γ(βi,j)
× G2,1

1,3

[

αi,jβi,jN

Gi,jPM

∣

∣

∣

∣

1
αi,j ,βi,j,0

]

(10)

whereGm,n
p,q [.] is the Meijer G-function.

A serial two-hop path Ri-Rj-Rk is not in outage only when
the two links Ri-Rj and Rj-Rk are not in outage resulting in:

p
(N)
i,j,k = 1 − (1 − p

(N)
i,j )(1 − p

(N)
j,k ) = p

(N)
i,j + p

(N)
j,k − p

(N)
i,j p

(N)
j,k

(11)
1) NIRC: The performance of all-active relaying with non-

interconnected relays is provided as a benchmark. A NIRC
system is in outage only when the parallel and independent
paths S-D, S-R1-D and S-R2-D all suffer from outage. Con-
sequently [1]:

P
(NIRC)
out,no−CSI = p

(5)
0,3p

(5)
0,1,3p

(5)
0,2,3 (12)

which at large SNR scales asymptotically as:

P
(NIRC)
out,no−CSI ≈ p

(5)
0,3(p

(5)
0,1 + p

(5)
1,3)(p

(5)
0,2 + p

(5)
2,3) (13)

2) IRC1: When the link R1-R2 is activated in one direction
for enhancing the quality of signal reception at R2, the outage
probability can be written as:

P
(IRC1)
out,no−CSI = p

(6)
0,3

[

p
(6)
0,1p

(6)
0,2q1 + p

(6)
0,1(1 − p

(6)
0,2)q2

+(1 − p
(6)
0,1)p

(6)
0,2q3 + (1 − p

(6)
0,1)(1 − p

(6)
0,2)q4

]

(14)

where q1 = 1 since when R0-R3, R0-R1 and R0-R2 are in
outage, no signal will reach D since, on one hand, the direct
link from S is in outage and, on the other hand, R1 and
R2 are not transmitting any signal since these relays were
not able to decode the message transmitted from S in this
case. For evaluatingq2, link R0-R1 is in outage and R1 is
not forwarding any signal to D while R0-R2 is not in outage
implying that the decoding at R2 was successful and that
this relay will be forwarding the decoded message to D. The
message retransmitted from R2 will not reach D only when the
link R2-D is in outage implying thatq2 = p

(6)
2,3. For evaluating

q3, only R1 decoded the message transmitted from S correctly
in the first phase. R1 will forward the message to R2 in the
second phase and R2 can still acquire the message despite the
failure of link S-R2. In other words, the message retransmitted
from R1 can reach D via the two paths R1-D and R1-R2-
D implying that D will be in outage only when these paths
fail simultaneously resulting inq3 = p

(6)
1,3p

(6)
1,2,3. Finally, for

evaluatingq4, both relays are retransmitting the information
message and, consequently, no signal will be received at D
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TABLE I
DIVERSITY ORDERS IN THE ABSENCE OFCSI

Network Setup d
(NIRC)
1 d

(IRC1)
1 d

(IRC2)
1 Summary

d0,1 < d1,3 andd0,2 < d2,3 β0,3 + β1,3 + β2,3 β0,3 + β1,3 + β2,3 β0,3 + β1,3 + β2,3 d
(IRC2)
1 = d

(IRC1)
1 = d

(NIRC)
1

d0,1 > d1,3 andd0,2 > d2,3 β0,3 + β0,1 + β0,2 β0,3 + β0,1 + β0,2 β0,3 + β0,1 + β0,2 d
(IRC2)
1 = d

(IRC1)
1 = d

(NIRC)
1

d0,1 < d1,3 andd0,2 > d2,3 β0,3 + β1,3 + β0,2
β0,3 + min{β0,1 + β0,2,

β1,3 + β2,3, β0,2 + β1,2 + β1,3}
β0,3 + min{β0,1 + β0,2,

β1,3 + β2,3, β0,2 + β1,2 + β1,3}
d
(IRC2)
1 = d

(IRC1)
1 > d

(NIRC)
1

d0,1 > d1,3 andd0,2 < d2,3 β0,3 + β0,1 + β2,3 β0,3 + β0,1 + β2,3
β0,3 + min{β0,1 + β0,2,

β1,3 + β2,3, β0,1 + β1,2 + β2,3}
d
(IRC2)
1 > d

(IRC1)
1 = d

(NIRC)
1

only when both links R1-D and R2-D are in outage implying
that q4 = p

(6)
1,3p

(6)
2,3.

Ignoring the terms in (14) that correspond to the product
of four or more outage probabilities, the outage probability of
IRC1 takes the following asymptotic form:

P
(IRC1)
out,no−CSI ≈ p

(6)
0,3

[

p
(6)
1,3p

(6)
2,3 + p

(6)
0,1p

(6)
2,3(1 − p

(6)
1,3)

+p
(6)
0,1p

(6)
0,2(1 − p

(6)
2,3) + p

(6)
0,2p

(6)
1,2p

(6)
1,3

]

(15)

3) IRC2: For IRC2, the expression of the outage probability
takes the general form in (14) whereq1 = 1, q3 = p

(7)
1,3p

(7)
1,2,3

andq4 = p
(7)
1,3p

(7)
2,3 as for IRC1. For evaluatingq2, the message

transmitted from R2 (that is not in outage in this case) can
reach D along either R2-D or R2-R1-D in the case of IRC2
(rather than along R2-D uniquely as in the case of IRC1).
Consequently,q2 needs to be adjusted fromq2 = p

(6)
2,3 to q2 =

p
(7)
2,3p

(7)
2,1,3. After straightforward calculations, the asymptotic

outage probability is given by:

P
(IRC2)
out,no−CSI ≈ p

(7)
0,3

[

p
(7)
1,3p

(7)
2,3 + p

(7)
0,1p

(7)
0,2

+p
(7)
0,1p

(7)
1,2p

(7)
2,3 + p

(7)
0,2p

(7)
1,2p

(7)
1,3

]

(16)

wherep
(7)
2,1 was replaced byp(7)

1,2 since both outage probabilities
are the same following from (10) and from the reciprocity of
the FSO link between the two relays.

B. Diversity Order

The expression in (10) does not lend itself to an analytical
evaluation implying that the outage probabilities in (13),(15)
and (16) do not offer clear and intuitive insights that allowus
to compare the considered cooperation schemes under different
network setups. Consequently, we further proceed with an
asymptotic analysis that will be culminated by closed-form
expressions for the diversity orders of the different schemes.

For large values of the SNR, the outage performance is
dominated by the behavior of the pdf near the origin where
(2) can be approximated by [4]:

f(Ii,j) ≈ ai,jI
βi,j−1
i,j (17)

whereαi,j andβi,j are defined in (6) and:

ai,j =
(αi,jβi,j)

βi,j Γ (αi,j − βi,j)

Γ (αi,j) Γ (βi,j)
(18)

Based on (17), equations (9)-(10) can be approximated by:

p
(N)
i,j ≈

ai,j

βi,j

(

Gi,jPM

N

)−βi,j

(19)

Based on the approximation in (19) that scales asymptot-
ically as P

−βi,j

M , (13), (15) and (16) show that the diversity
orders of the considered schemes are given by:

d
(NIRC)
1 = β0,3 + min{β0,1, β1,3} + min{β0,2, β2,3} (20)

d
(IRC1)
1 = β0,3 + min{β0,1 + β0,2, β1,3 + β2,3,

β0,1 + β2,3, β0,2 + β1,2 + β1,3} (21)

d
(IRC2)
1 = β0,3 + min{β0,1 + β0,2, β1,3 + β2,3,

β0,1 + β1,2 + β2,3, β0,2 + β1,2 + β1,3} (22)

Note that since the parametersβi,j can take arbitrary values
depending on the relay positions, further simplifications of
the expressions in (20)-(22) are not possible in the general
case. In order to shed more light on the impact of inter-relay
cooperation, we next analyze the four typical scenarios that
might arise depending on the relay positions. Note that from
(4), the parameterβi,j is positive and decreases with the link
distance resulting inβ0,1 > β0,2 in all considered scenarios
since R1 is defined as the relay closer to S.

(i): Both relays are in the vicinity of S. In this case, the
relays are closer to S than they are to D resulting inβ0,1 > β1,3

(d0,1 < d1,3) and β0,2 > β2,3 (d0,2 < d2,3). In this case,
(20) simplifies tod

(NIRC)
1 = β0,3 + β1,3 + β2,3. The above

two inequalities imply thatβ0,1 + β0,2 > β1,3 + β2,3 and
β0,1 + β2,3 > β1,3 + β2,3. Consequently, (21) simplifies to
d
(IRC1)
1 = β0,3+min{β1,3+β2,3, β0,2+β1,2+β1,3} = β0,3+

β1,3 + min{β2,3, β0,2 + β1,2} which simplifies tod
(IRC1)
1 =

β0,3 + β1,3 + β2,3 sinceβ0,2 > β2,3 resulting inβ0,2 + β1,2 >
β2,3. From (22), the inequalitiesβ0,1 > β1,3 andβ0,2 > β2,3

imply that β0,1 + β0,2 > β1,3 + β2,3 andβ0,2 + β1,2 + β1,3 >

β1,3+β2,3 resulting ind
(IRC2)
1 = β0,3+min{β1,3+β2,3, β0,1+

β1,2+β2,3} = β0,3+β2,3+min{β1,3, β0,1+β1,2} which finally
results ind

(IRC2)
1 = β0,3 + β2,3 + β1,3 since β0,1 > β1,3

implies thatβ0,1 + β1,2 > β1,3.
Similar calculations can be carried out in the remaining

three scenarios, (ii):d0,1 > d1,3 and d0,2 > d2,3, (iii):
d0,1 < d1,3 and d0,2 > d2,3 and (iv): d0,1 > d1,3 and
d0,2 < d2,3. The diversity orders achieved by the different
schemes are summarized in Table-I. This table shows that
inter-relay cooperation in the absence of CSI is not beneficial
under the first and second scenarios. For the third scenario,
from Table-I, β0,1 > β1,3 and β0,2 < β2,3 resulting in
β0,1 + β0,2 > β1,3 + β0,2 and β1,3 + β2,3 > β1,3 + β0,2.
Naturally, β1,3 + β0,2 + β1,2 > β1,3 + β0,2. The last three
inequalities show thatd(IRC2)

1 (which is equal tod
(IRC1)
1 )

exceedsd(NIRC)
1 . Under this operating scenario, inter-relay

cooperation enhances the achievable diversity order whiletwo-
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way cooperation does not present any additional advantage
compared to one-way cooperation. In a similar way, it can be
proven thatd(IRC2)

1 > d
(IRC1)
1 = d

(NIRC)
1 under the fourth

scenario implying that two-way inter-relay cooperation isthe
superior solution in this case.

Assume that relay Ri is in the median plane of S-D implying
that β0,i = βi,3 , βi. In this case, direct manipulations of
(20)-(22) show that the three cooperation schemes achieve the
same diversity order ofβ0,3+βi+min{β0,̄i, βī,3} wherēi = 2
for i = 1 and ī = 1 for i = 2. Consequently, inter-relay
cooperation is not useful if at least one relay is at the same
distance from S and D.

As a conclusion of the diversity analysis, since the imple-
mentation of NIRC is simpler than that of IRC1 which in turn
is simpler than that of IRC2, the existing all-active parallel-
relaying solution is the most appropriate if both relays arein
the vicinity of S or D while one-way (resp. two-way) inter-
relay cooperation is the most appropriate when R1 is in the
vicinity of S (resp. D) and R2 is in the vicinity of D (resp. S).

V. OUTAGE ANALYSIS IN THE PRESENCE OFCSI

Denote byP1 =S-D, P2 =S-R1-D, P3 =S-R2-D, P4 =S-
R1-R2-D andP5 =S-R2-R1-D the five possible paths between
S and D. The strength of a particular path is measured by the
SNR of its weakest hop (the one having the smallest SNR) as
in [13]. Removing the constant termR

2T 2
b P 2

t

N0
that is common

to the SNRs of the different links in (8), the metrics associated
with the above five paths are as follows:

m1 =k0,3 ; m2 =
1

2
min{k0,1, k1,3} ; m3 =

1

2
min{k0,2, k2,3}

m4 =
1

3
min{k0,1, k1,2, k2,3}; m5 =

1

3
min{k0,2, k1,2, k1,3}(23)

whereki,j , Gi,jIi,j andN in (8) was replaced by the number
of hops along each path.

A. Outage Probability

1) NIRC: In this case, the pathPi is selected such that
i = argmaxj=1,2,3{mj}. Since the pathsP1, P2 andP3 do
not share any common links, the outage probability of NIRC
can be written as:

P
(NIRC)
out,CSI =

3
∏

j=1

Pr(mj ≤ P−1
M ) = p

(1)
0,3p

(2)
0,1,3p

(2)
0,2,3 (24)

where forP1 (9) was applied withN = 1 while for P2 and
P3 (11) was applied withN = 2. For large SNRs:

P
(NIRC)
out,CSI ≈ p

(1)
0,3(p

(2)
0,1 + p

(2)
1,3)(p

(2)
0,2 + p

(2)
2,3) (25)

which has a form similar to (13) except for the power
distribution factorN .

2) IRC1: For IRC1, the pathPi is selected (out of
P1, . . . ,P4) according to i = arg maxj=1···4{mj}. Since
P4 has the links S-R1 and R2-D common withP2 andP3,
respectively, the outage probability of this scheme is given by:

P
(IRC1)
out,CSI = P

(NIRC)
out,CSI Pr(m4 ≤ P−1

M | m2 ≤ P−1
M , m3 ≤ P−1

M )

, P
(NIRC)
out,CSI Q1 (26)

and the outage probability of IRC1 is equal to that of NIRC
reduced by a factorQ1. From (23),Q1 can be written as:

Q1 = 1 − Pr
(

min{k0,1, k1,2, k2,3} ≥ 3P−1
M

| m2 ≤ P−1
M , m3 ≤ P−1

M

)

(27)

= 1 − Pr(k1,2 ≥ 3P−1
M )Pr(k0,1 ≥ 3P−1

M | m2 ≤ P−1
M )

Pr(k2,3 ≥ 3P−1
M | m3 ≤ P−1

M ) (28)

, 1 − Q1,1Q1,2Q1,3 (29)

where (28) follows sincek1,2 is independent ofk0,1, k1,3,
k0,2 andk2,3 and thus ofm2 andm3. In the same way,k0,1

is independent ofm3 andk2,3 is independent ofm2.

Now, Q1,1 = 1 − p
(3)
1,2 and:

Q1,2 =
Pr(k0,1 ≥ 3P−1

M , min{k0,1, k1,3} ≤ 2P−1
M )

Pr(m2 ≤ P−1
M )

(30)

now, the inequalitiesk0,1 ≥ 3P−1
M and min{k0,1, k1,3} ≤

2P−1
M implies thatk0,1 ≥ k1,3 (sincePM > 0) resulting in:

Q1,2 =
(1 − p

(3)
0,1)p

(2)
1,3

p
(2)
0,1,3

(31)

Similarly, Q1,3 =
(1−p

(3)
2,3)p

(2)
0,2

p
(2)
0,2,3

. After straightforward calcu-

lations, (29) can be written under the following form that is
more amenable to a diversity analysis:

Q1 = 1 − (1 − q1)(1 − q2)(1 − q3) (32)

= 1 −
(

1 − p
(3)
1,2

)

(

1 −
p
(2)
0,1 + (p

(3)
0,1 − p

(2)
0,1)p

(2)
1,3

p
(2)
0,1,3

)

(

1 −
p
(2)
2,3 + (p

(3)
2,3 − p

(2)
2,3)p

(2)
0,2

p
(2)
0,2,3

)

(33)

3) IRC2: In this case, the pathPi is selected according to
i = arg maxj=1···5{mj} showing that the additional pathP5

can be selected. The pathP5 has the links R1-D, S-R2 and
R1-R2 common withP2, P3 andP4, respectively. The outage
probability of IRC2 is given by:

P
(IRC2)
out,CSI = P

(IRC1)
out,CSIPr(m5 ≤ P−1

M | m2 ≤ P−1
M , m3 ≤ P−1

M ,

m4 ≤ P−1
M ) , P

(IRC1)
out,CSIQ2 (34)

where from (23),Q2 is given by:

Q2 = 1 − Pr
(

min{k0,2, k1,2, k1,3} ≥ 3P−1
M

| m2 ≤ P−1
M , m3 ≤ P−1

M , m4 ≤ P−1
M

)

(35)

= 1 − Pr(k1,3 ≥ 3P−1
M | m2 ≤ P−1

M )Pr(k0,2 ≥ 3P−1
M

| m3 ≤ P−1
M )Pr(k1,2 ≥ 3P−1

M | m4 ≤ P−1
M ) (36)

, 1 − Q2,1Q2,2Q2,3 (37)

In a way similar to (31),Q2,1 =
(1−p

(3)
1,3)p

(2)
0,1

p
(2)
0,1,3

and Q2,2 =
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TABLE II
DIVERSITY ORDERS IN THE PRESENCE OFCSI

Network Setup d
(NIRC)
2 d

(IRC1)
2 d

(IRC2)
2 Summary

d0,1 < d1,3 andd0,2 < d2,3 β0,3 + β1,3 + β2,3 β0,3 + β1,3 + β2,3 β0,3 + β1,3 + β2,3 d
(IRC2)
2 = d

(IRC1)
2 = d

(NIRC)
2

d0,1 > d1,3 andd0,2 > d2,3 β0,3 + β0,1 + β0,2 β0,3 + β0,1 + β0,2 β0,3 + β0,1 + β0,2 d
(IRC2)
2 = d

(IRC1)
2 = d

(NIRC)
2

d0,1 < d1,3 andd0,2 > d2,3 β0,3 + β1,3 + β0,2
β0,3 + β1,3 + β0,2+

min {β0,1−β1,3, β2,3−β0,2, β1,2}
β0,3 + β1,3 + β0,2+

min {β0,1−β1,3, β2,3−β0,2, β1,2}
d
(IRC2)
2 = d

(IRC1)
2 > d

(NIRC)
2

d0,1 > d1,3 andd0,2 < d2,3 β0,3 + β0,1 + β2,3 β0,3 + β0,1 + β2,3

β0,3 + β0,1 + β2,3+
min{β1,3−β0,1, β0,2−β2,3,

(β1,2 − min{β0,1, β2,3})+}
d
(IRC2)
2 > d

(IRC1)
2 = d

(NIRC)
2

(1−p
(3)
0,2)p

(2)
2,3

p
(2)
0,2,3

. The probabilityQ2,3 can be calculated from:

Q2,3 =
Pr(k1,2 ≥ 3P−1

M , min{k0,1, k1,2, k2,3} ≤ 3P−1
M )

Pr(m4 ≤ P−1
M )

=
Pr(k1,2 ≥ 3P−1

M , min{k0,1, k2,3} ≤ 3P−1
M )

Pr(m4 ≤ P−1
M )

=
(1 − p

(3)
1,2)

(

1 − (1 − p
(3)
0,1)(1 − p

(3)
2,3)
)

1 − (1 − p
(3)
0,1)(1 − p

(3)
1,2)(1 − p

(3)
2,3)

(38)

Finally, the outage probability of IRC2 is smaller than that
of IRC1 by a factorQ2 that takes the following form:

Q2 = 1 −

(

1 −
p
(2)
1,3 + (p

(3)
1,3 − p

(2)
1,3)p

(2)
0,1

p
(2)
0,1,3

)

(

1 −
p
(2)
0,2 + (p

(3)
0,2 − p

(2)
0,2)p

(2)
2,3

p
(2)
0,2,3

)(

1 −
p
(3)
1,2

p
(3)
0,1,2,3

)

(39)

wherep
(3)
0,1,2,3 , 1 − (1 − p

(3)
0,1)(1 − p

(3)
1,2)(1 − p

(3)
2,3).

B. Diversity Order

1) NIRC: From (25), the diversity order of NIRC in the
presence of CSI is:

d
(NIRC)
2 = β0,3 + min{β0,1, β1,3} + min{β0,2, β2,3} (40)

which is equal tod
(NIRC)
1 in (20) in the absence of CSI.

In other words, the availability of CSI does not enhance the
diversity order of the NIRC scheme and it results only in
a reduction in the outage probability, from (13) and (25),
sincep

(N)
i,j is an increasing function ofN . In particular, this

reduction is equal to2β0,3 (5/2)
d
(NIRC)
2 at large SNRs.

2) IRC1: From (32) and (33),q1 scales asymptotically
as P

−β1,2

M . On the other hand, the diversity orders of the
numerator and denominator ofq2 areβ0,1 andmin{β0,1, β1,3},
respectively. Consequently,q2 has a diversity order ofβ0,1 −
min{β0,1, β1,3} which can be written as(β0,1−β1,3)

+ where
(x)+ = max{0, x}. Similarly, q3 scales asymptotically as

P
−(β2,3−β0,2)

+

M . As a conclusion, in the presence of CSI, IRC1
achieves a diversity order of:

d
(IRC1)
2 =d

(NIRC)
2 +min

{

(β0,1−β1,3)
+, (β2,3−β0,2)

+, β1,2

}

(41)
showing a potential improvement over NIRC.

3) IRC2: Similarly to the above analysis, from (34) and
(39), the diversity order of IRC2 in the presence of CSI can
be written as:

d
(IRC2)
2 = d

(IRC1)
2 + min

{

(β1,3−β0,1)
+, (β0,2−β2,3)

+,

(β1,2 − min{β0,1, β2,3})
+
}

(42)

Consider the two numberβ0,1−β1,3 andβ2,3−β0,2. If these
numbers have opposite signs, then the additional diversity
gains in (41) and (42) will be zero implying that IRC1 and
IRC2 will achieve the same diversity order as NIRC and
inter-relay cooperation is not useful in this case. On the
other hand, if the above numbers are both positive, then
the gain in (41) will be positive while that in (42) will be
zero implying that IRC1 and IRC2 will achieve the same
diversity order that exceeds that of NIRC. Finally, if both
numbers are negative, then IRC1 and NIRC achieve the same
diversity order and IRC2 can potentially improve over these
schemes ifβ1,2 > min{β0,1, β2,3}. Note that this inequality
translates tod1,2 < max{d0,1, d2,3} which can be easily
satisfied if the two relays are not very far from each other.
Finally, note that if either relay is in the median plane of S-
D then eitherβ0,1−β1,3 = 0 or β2,3−β0,2 = 0 resulting in
d
(IRC2)
2 = d

(IRC1)
2 = d

(NIRC)
2 . In this scenario, inter-relay

cooperation is not advantageous similar to the case of no CSI.
Table-II summarizes the diversity orders that can be

achieved for different network setups. Table-I and Table-II
show that the superiority of one cooperation scheme over
another is the same for a given network setup whether in the
absence or presence of CSI.

VI. N UMERICAL RESULTS

We next present some numerical results that support the
theoretical claims made in the previous sections. The refractive
index structure constant and the attenuation constant are set to
C2

n = 1×10−14 m−2/3 andσ = 0.43 dB/km. In all scenarios,
the distance between S and D isd0,3 = 3 km. The responsivity
of the photodetector isR = 0.625 A/W (detector’s quantum
efficiency of 0.5 at an operating wavelength of 1550 nm). The
data rate of FSO systems is in the order of several Gbits/s
while typical values ofPt range from 10 dBm to 20 dBm. The
presented results show the variation of the outage probability
as a function of the power marginPM . Power margins ranging
from 0 dB to 50 dB (above threshold) are often included for
compensating the losses arising from scintillation, changing
weather conditions, building sway, or temperature fluctuations.

Fig. 2 shows the performance under the two scenarios S.1:
(d0,1, d1,3) = (0.8, 2.7) km and (d0,2, d2,3) = (1.2, 2.5) km
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Fig. 2. Performance for setup S.1:(d0,1, d1,3) = (0.8, 2.7) km and
(d0,2, d2,3) = (1.2, 2.5) km and for setup S.2:(d0,1, d1,3) = (3, 2) km
and(d0,2, d2,3) = (4, 1) km. Solid and dashed lines correspond to the exact
outage probabilities and asymptotic bounds, respectively.
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Fig. 3. Performance for(d0,1, d1,3) = (1, 2.5) km and (d0,2, d2,3) =
(2.5, 1) km. Solid and dashed lines correspond to the exact outage probabil-
ities and asymptotic bounds, respectively.

and S.2:(d0,1, d1,3) = (3, 2) km and (d0,2, d2,3) = (4, 1)
km. In coherence with the first two rows in Table-I and
Table-II, the three investigated cooperation schemes achieve
the same diversity order of 4.98 and 4.35 for S.1 and S.2,
respectively, whether in the absence or presence of CSI. In
the absence of CSI, NIRC outperforms IRC1 that in turn
outperforms IRC2. This follows since the power normalization
factor N increases from 5 to 6 and 7 in (13), (15) and (16),
respectively. In other words, for IRC1 and IRC2, the transmit
power is split among an increased number of links without
affecting the diversity order which ultimately degrades the
performance. On the other hand, in the presence of CSI, the
three schemes manifest exactly the same outage performance.
As a conclusion, inter-relay cooperation is not useful under
the above two scenarios. Results in Fig. 2 show the extremely
close match (for large values ofPM ) between the exact
outage probabilities and the upper-bounds in (13), (15) and
(16) where the outage probabilities of the different links were
approximated by (19). Results also show that (20)-(22) and
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Fig. 4. Performance for(d0,1, d1,3) = (1.8, 1.2) km and (d0,2, d2,3) =
(2, 2.7) km. Solid and dashed lines correspond to the exact outage probabil-
ities and asymptotic bounds, respectively.

(40)-(42) accurately predict the achievable diversity orders in
the absence and presence of CSI, respectively.

Fig. 3 shows the performance ford0,1 = d2,3 = 1 km
and d1,3 = d0,2 = 2.5 km. As predicted from the third
row in Table-I and Table-II, IRC1 and IRC2 achieve the
same diversity order that is superior to NIRC. In particular,
inter-relay cooperation increases the diversity order from 5.1
to 7 whether in the absence or presence of CSI. Under
this operating scenario, IRC1 is the best solution realizing
performance gains of about 4.8 dB (in the absence of CSI) and
5 dB (in the presence of CSI) atPout = 10−10 with respect to
the existing literature where the relays do not cooperate with
each other. This follows since IRC1 is simpler than IRC2 yet
it achieves a better performance in the absence of CSI and the
same performance in the presence of CSI.

Fig. 4 shows the performance for(d0,1, d1,3) = (1.8, 1.2)
km and(d0,2, d2,3) = (2, 2.7) km. In this case, NIRC slightly
outperforms IRC1 in the absence of CSI while achieving
exactly the same performance in the presence of CSI. As
shown in the last row in Table-I and Table-II, IRC2 enhances
the diversity order compared to NIRC and IRC1; in particular,
the diversity order is increased from 5.77 to 6.37. Under this
operating scenario, IRC2 is the best solution although the
performance gains are not very large.

VII. C ONCLUSION

A comprehensive study on the utility of inter-relay co-
operation in FSO networks was presented. Contrary to the
intuition, abandoning transmissions over a probably existing
link between the relays is not only desirable from a system’s
complexity point of view but may also not incur any perfor-
mance losses since exploiting this link is not always beneficial.
In some scenarios, one-way inter-relay cooperation is sufficient
while in other scenarios the more sophisticated two-way
cooperation needs to be implemented. Similarly to the existing
literature that highlights the superiority of selective relaying
compared to all-active relaying with non-interconnected relays,
our work reported similar findings in the presence of inter-
relay connections under all network setups as well. Selective
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relaying avoids spreading the power over an increased number
of links and can profit from the large coherence times of FSO
systems for acquiring accurate CSI with limited overhead.
Future work targets power allocation strategies to the proposed
schemes.
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