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Abstract—In this paper, we study the impact of inter-relay and in [8] the BER performance in the presence of shot noise
cooperation on the outage performance of relay-assisted Be- was derived. Furthermore, power allocation for seriahy@lg
Space Optical (FSO) systems with two relays. Despite the faihat was established in [9], [10], a scheme based on combining

in realistic networks a FSO link might be available between he ial and llel relavi lored in 1111 while 112
deployed relays, the additional advantages of exploitingush link ~ S€fal and parallel relaying was explored in [11] while [12]

were never investigated before. We explore this new dimermi  derived the optimal relay positions for minimizing the ayga
under the two strategies where either all relays are active o probability in both serial and parallel relaying.

a single relay is selected. We evaluate the achievable digéy An alternative to all-active relaying is selective-relayi
orders over gamma-gamma channels and we derive conditions \ynere only one relay is selected from all available relaysebla

under which inter-relay cooperation is advantageous. We sidy
two variants of inter-relay cooperation; namely, one-way ad two- on the state of the FSO network [13], [14]. Only the selected

way cooperation. We prove that based on the network structue, elay is involved in retransmitting to the destination ehhe
one of these variants, both or neither may be beneficial. remaining relays remain idle. Selective-relaying is sigrep
Index Terms—Free-space optics, FSO, cooperation, relaying, all-active relaying at the expense of an increased complexi

relay selection, outage, diversity order, gamma-gamma. since the CSI needs to be acquired.
Despite the rich and diverse literature on relay-assis&d F

communications, none of the existing contributions examin
o ) the gain that might arise from the presence of a FSO link
Several recent contributions have shed more light on tRgnnecting the relays in the context of parallel relaying.

different _fea.tures of cloopergtive I_:ree-Space Optical OI_ZS@I other words, the parallel-relaying solutions in [1]+[8]
communications thus imposing this technology as a widefy1}_[14] assumed the presence of source-relay and relay-
accepted solution for combatting turbulence-inducedi@gd jestination links, and eventually a source-destinatiok, lbut
FSO systems. This surge of interest in relay-assisted F§{@ effect of the potential existence of a relay-relay linksw
communications has led to substantial progress in sevefgler studied before. In the presence of such links, a signal
directions. The seminal work in [1] revealed the utility Ofjst transmitted from the source to the relays. Howeveiikenl
cooperation in FSO networks through an outage probabiliffe existing parallel-relaying solutions, the relays cerape
analysis in the context of serial and parallel relaying. Allith each other prior to forwarding the decoded signals to
relays participated in the cooperation effort by simul@isy he gestination. In this work, we explore the additionalréeg
forwarding decoded or amplified versions of the receivegt freedom that arises from inter-relay cooperation anddry
information symbols to the destination node. This approaghyea| whether the presence of an additional inter-retsy i
is referred to as all-active relaying and is characterized® sefy| or not. Our investigation is based on an outage piibbab
remarked simplicity since it can be implemented without thg, analysis in the context of DF cooperation with two relays
need of acquiring any form of channel state information {CShye consider both all-active and selective relaying and we tr
All-active relaying has then been adopted in the majorigy answer the question under consideration by evaluatiag th
of subsequent research where [2] evaluated the Bit-Erede-R gjyersity orders that can be achieved under gamma-gamma
(BER) performance of Amplify-and-Forward (AF) cooperatio yrhylence-induced fading. We study one-way and two-way
with one relay. [3] proposed a novel Decode-and-Forwajger-relay cooperation schemes and we draw conclusions on

(DF) strategy with one relay based on a proper exchang@ether or not to deploy such solutions depending on the
of information and redundant bits. This scheme was furthgpsitions of the relays.

investigated in [4] where the achievable diversity ordersro
gamma-gamma channels were evaluated. All-active relaying Il. SYSTEM MODEL

with one relay was further considered in [5]-[8]. In [5] the Fig 1 jiustrates a cooperative FSO network where the
BER performance with noncoherent detection was studied, d§,,munication between a source node S and a destination
[6] differential modulation was investigated, in [7] thetage [,,qe D is assisted by two relays Bnd R.. Nodes S, D, R
probability and diversity-multiplexing tradeoff were évated onq R correspond to buildings on which several transceivers
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o and 3 are given by:
a(d) = {GXP (0-49012%@)/(1 + 1.110}5/5(65))7/6) _ 1} e

Bld) = {GXP (0'51012%(d)/(1 + 0.690}%2/5((1))5/6) _ 1} ‘1(4)

whereo?(d) is the Rytov variance related to the link distance
d by:

o%(d) = 1.23C2k™/0qt1/6 (5)

where k is the wave number and? denotes the refractive
index structure parameter. From(3)-(4), the parametethef
link between nodes andj can be written as:

i 2 aldig) 5 Big = B(diy) (6)

whered; ; stands for the length of the link;R;.

Finally, G; ; in (1) is a gain factor associated with the link
d¥-Rj that might be shorter than the direct link S-D. In this
gontext,GoB =1 and from [1]:

Fig. 1. FSO relay-assisted transmission with two interremted relays.

deployed for the sake of assisting S in its communicati
with D but for the exchange of information between building
R; and R. In this context, cooperative communications take dos\? _ (des—do.a)
advantage of the presence of these links for boosting the Gij = (d) 7T
system performance. In other words, the analyzed intesrel ) _” o
cooperation schemes make use of the linkA® when present Whereo is the attenuation coefficient. Note thét ; = G
and, hence, without requiring an additional infrastruetun from (7) and7; ; = I;; following from the reciprocity of the
what follows, we denote by Rthe relay that is closer to the Optical channel.
source. By abuse of notation, S and D will be referred to as
Ry (node 0) and R (node 3), respectively. I1l. COOPERATIONSTRATEGIES

The FSO system under consideration employs Binary Pulae Absence of CS
Position Modulation (BPPM) with Intensity-Modulation and In the absence of CSI, we compare the existing all-

Direct-Detection (IM/DD). Consider the FSO link betweegctive parallel-relaying scheme, referred to as No IntelaiR

nodesi and j, the received electrical signal at theth node  ,nnection (NIRC) for convenience, with two schemes that
resulting from the optical signal transmitted by théh node  ise in the case where the inter-relay connection is etquloi
can be written as [1]: (IRC schemes). NIRC is a two-phase scheme where in the first
i ] RTy(G; ;1 jP;/N + P,) + ns 1 phase the information symbol is transmitted from S to D and to
Tij no| = RT,P, +n" ' 1) the relays. In the second phase, all relays decode the egceiv
i, bbb + 1 o i
. . . . ) BPPM symbol and retransmit this symbol simultaneously to
wherer; ; and r; are the received electrical signals thap |n this case, retransmissions from a particular relayuocc
correspond to the signal and non-signal slots of the BPPfy if the received signal-to-noise ratio (SNR) at thisasel
symbol, respectivelyR is the photodetector’s responsivity angsyceeds a given decoding threshold [1].
T, stands for the bit duration?, stands for the power of | the case of interconnected relays, one-way (IRC1) and
background radiation whilé&; stands for the total transm|ttedt\,\,0_\,\,(.jly (IRC2) cooperation are possible. In IRC1, singe R
optical signal power that is evenly sp.Ii_t amof_\gactive links. s closer to S, this relay contributes in enhancing the figleli
In (1), n} andn7 stand for the additive noise terms at thgjgnal reconstruction atfRhat is farther from S. In this sense,
j-th receiver in the signal and non-signal slots, respel§tive|rc1 is a three-phase cooperation protocol. (i): An infoiora
As in [1]-{7], [11]-{13], we assume background noise lirdite sympo is transmitted from S to D and to the relays. (ii): R
receivers implying that each of the above noise terms can @@yards the decoded symbol 8, in the case where the
modeled as a signal-independent white Gaussian noise WHAR at R exceeds the threshold. (jii):;Rand R forward
zero mean and var|and§0/2.. _ . the decoded symbols to D if the corresponding SNRs at these
~In (1), I ; represents the irradiance fluctuations along th@jays exceed threshold. In this case, the decision;atsR
link R;-R; caused by atmospheric turbulence. In this work, Weased on the signal it received along the link Syiile the
adopt the widely accepted gamma-gamma turbulence-indugggision at R is based on the two signals that this relay has
fading channel model [4]{7], [13] where the probabilityzcquired independently along the $S-Bnd R-R; links.
density function (pdf) of the irradiance ¢ 0) is given by: In IRC2, inter-relay cooperation is triggered in both direc
2(af)@+0)/? tions resulting in the following three-phase protocol: é&n
fi) = WI(QW)/QAKQ?Q (2 aﬁl) (2) information symbol is transmitted from S to D and to the
relays. (ii): R decodes the signal it received from S and
whereI'(.) is the Gamma function anf{..(.) is the modified forwards the decoded symbol to, Rind, in a simultaneous
Bessel function of the second kind of ordefThe parameters manner, B decodes the signal it received from S and forwards
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the decoded symbol to iR (iii): R; and R forward the The link Ri-R; is in outage when the signal transmitted from
decoded symbols to D where; Rresp. R) has acquired two R; can not ensure a SNR at; Rxceeding a certain threshold
estimates of the information symbol; one from Resp. R) value. The outage probability of this link can be written as:
and the other from S. Note that, as before, transmissiomgalo

L . . N
R:-R; and R -D are initiated only if the SNR at R(via S-R,) pz(-f;-[) £ Pr(vyi; <v) = Pr <Im- < o P > 9)
exceeds threshold. The same holds for the transmissiong alo b M
R2-R; and R-D. where Py, £ JItEL denotes the power margin ang), is

Note that for the parallel-relaying scheme in [1], the relahe SNR threshold’ above which no outage occurs and the
are deployed with the sole objective of assisting S in ignal can be decoded with an arbitrarily low error prokigbil
communication with D. In this case, D is equipped with &sing the cumulative distribution function (cdf) of the gaa-

single receiver (with a wide field of view) at which the sighalgamma distribution, (9) can be written as [13]:
transmitted from S, Rand R add up. In the system model

depicted in Fig. 1, the relays are independent entities thajg(_m - 1 i,jBi g N
can communication their own data with S or D (or with " I'(ai )T(Bi;) GijPu
each other). Three separate non-interfering signals ave N@hereG™."| ] is the Meijer G-function.

available at D that merely needs to switch to the transceiverp Serigftwo_hop path RR;-R;. is not in outage only when

that was able to decode. This constitutes a simple receptig@ two links R-R; and R-R; are not in outage resulting in:
approach that is adapted to the infrastructure of the exjsti

2,1
X G1,3 [

aiyj,lﬁiwj,0:| (10)

FSO networks without inducing a substantial complexity oplgjj)k =1-(1 —pl(-f;-[))(l - pﬁ?) = pl(-f;-[) +p§-7N,€) —pgfjv-)pﬂ)
the installed transceivers. Similar switching approaches (11)
deployed at the relays as well. 1) NIRC: The performance of all-active relaying with non-

For NIRC, N = 5 in (1) since the links S-D, S-R S-R,, interconnected relays is provided as a benchmark. A NIRC
R:-D and R-D are activated. For IRC1N = 6 accounting system is in outage only when the parallel and independent
for the additional R-R; link while N = 7 for IRC2 because paths S-D, S-RD and S-R-D all suffer from outage. Con-
of the additional B-R; link. sequently [1]:

p(NIRC) (5), (5) . (5) (12)

B. Presence of CY out,no—CST — P0,3P0,1,3P0,2,3

In the presence of CSI, selective-relaying protocols eorrehich at large SNR scales asymptotically as:
spond to transmitting all information symbols along thequa (NIRC)  _ (5),.(5) (5)r, (5) (5)
strongest path between S and D [13], [14]. In the absence out,no—cs1 ~ Po.3(Po1 +P13) (P02 +p23)  (13)
of an inter-relay connection, one of the three paths S-D, S-2) |RC1: When the link R-R; is activated in one direction

Ri-D and S-R-D is selected based on the specific channfir enhancing the quality of signal reception af, fhe outage
realization. In the presence of an inter-relay connecttbe, probability can be written as:

additional paths S-RR,-D and S-R-R;-D can be further

exploited. As in the absence of CSl, the above variants of p{"D . — p(0) 150 ,6) g, 1 p) (1~ pi%))g,
the selective-relaying protocol will be referred to as NIRC 6 (6 6 .
IRC1 and IRC2, respectively. Moreover, each node along the +(1 - Py Dpias + (1 —ph)( —Pé,z)))%} (14)

selected path decodes the signal received from the previmjislle B . h R R 4 R-R :
node and forwards the decoded symbol to the subsequdff'® 7t = 1 since when B-R;, Ro-R1 and R-R; are in

node only when the SNR at this cooperating node exceﬁ%{age’ no si_gngl will reach D since, on one hand, the direct
the decoding threshold. ink from S is in c_)u_tage and,. on th_e other hand, &nd

For simplicity, and since an optimized power allocatioffz @re not transmitting any signal smce.these reIays. were
strategy falls beyond the scope of this work, the transmitaro not able to decoc_ie the_ message _tra_nsmltted from S in this
P, will be evenly split among the active links. In this cage, ©25€: For evaluating, link Ro-R, is in outage and Ris

in (1) stands for the number of hops along the selected paﬂ?.t fo_rwardlng any 5|gna_l to D while RR; is not in outage
In other words,N' = 1 if direct transmissions along S-D are/MPIYing that the decoding at Rwas successful and that
preferred,N' — 2 for the two-hop paths S-RD and S-R-D this relay will be fqrwardlng thg decoded message to D. The
while N' = 3 if one of the paths S-RR,-D and S-R-R,-D Message .ret.ransm|tte(_d frorr? Rill not reac(g)D only when_the
link R2-D is in outage implying thag, = ps’4. For evaluating
g3, only R, decoded the message transmitted from S correctly
1V. OUTAGE ANALYSIS IN THE ABSENCE OFCSI in the first phase. RWl” forward the message to gRln the
o second phase and,Ran still acquire the message despite the
A. Outage Probability ) . failure of link S-R,. In other words, the message retransmitted
From (1), after removing the _constant t_)B@“be fromboth  fom R, can reach D via the two paths;® and R-R-
BPPM slots, the SNR of the link /R, (in the case where p jmplying that D will be in outage only when these paths
transmissions occur from;Rcan be written as [1]: fail simultaneously resulting in; — p@pf%yg. Finally, for
R*T?G} 17, PP evaluatingg,, both relays are retransmitting the information
Vig = ~ N2N, (8) message and, consequently, no signal will be received at D

is selected in the case of interconnected relays.



TABLE |

DIVERSITY ORDERS IN THE ABSENCE OFCSI

Network Setup | d§NIRC) |

dglRCl)

TRC2
a{'me

Summary

do1 <disanddo2 <d23 | Bo3+ P13+ 023

Bo,3 + B1,3 + 82,3

Bo,3 + P13+ F2,3

JIRC2) _ (IRCT) _ J(NIRC)

do,1 > di3 anddo2 > da3 | Bo,3+ Bo,1 + Fo,2

Bo,3 + Bo,1 + Bo,2

Bo,3 + Bo,1 + Bo,2

1 1 1
dgmcz) — dgmcm — dgNIRC)

do,1 < di,3 anddo2 > d23 | Bo,3+ 81,3+ Po,2

Bo,3 + min{Bo,1 + Bo,2,

B1,3 + B2,3,60,2 + P1,2 + B1,3}

Bo,3 + min{fBo,1 + Bo,2,
B1,3 + B2,3,00,2 + B1,2 + B1,3}

dgmcm _ dgmcm N dgNIRC)

do,1 > di3 anddo2 <dz23 | Bo,3+ Bo,1+ B2,3

Bo,3 + Bo,1 + B2,3

Bo,3 + min{fBo,1 + Bo,2,
B£1,3+ 52,3,080,1 + P12 + P2,3}

(IRC2) (IRC1) _ (NIRC)
di > df =dl

only when both links R-D and R-D are in outage implying

6 6
thatg, = pg,épé,é-

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

ically as Plffi’j, (13), (15) and (16) show that the diversity

Ignoring the terms in (14) that correspond to the produotders of the considered schemes are given by:

of four or more outage probabilities, the outage probabdit (NIRC) . .
IRC1 takes the following asymptotic form: dy = Po,3 + min{fo,1, B1,3} + min{So 2, f2,3} (20)

d"FY = B 5+ min{Bo1 + Bo.2, B3 + Ba.s,

(IRC1) (6) |,.(6), (6) (6), (6) (6)
P TP (1 ) Bo,1 + P23, 002+ Br2 + P13} (21)

out,no—CSI ~ P0,3 |P1,3P2,3 0,1P2,3\1 = P13

+p(()?ipé?%(1 - p§6§) + pé?%pf%pf; (15) dYRCQ) = Bo,3 + min{Bo1 + Bo,2, 01,3 + B2.3,
3) IRC2: For IRC2, the expression of the outage probability o+ Brz+ P23, 00,2 + P2+ br3} (22)
. 7 7 . .
takes the general form in (14) whege = 1, g3 = pﬁ,%pﬁ,%,g Note that since the parametets; can take arbitrary values

andq, = pf;pgfg as for IRC1. For evaluating,, the message depending on the relay positions, further simplificatioris o

transmitted from R (that is not in outage in this case) carthe expressions in (20)-(22) are not possible in the general
reach D along either D or R;-R;-D in the case of IRC2 case. In order to shed more light on the impact of inter-relay
(rather than along RD uniquely as in the case of IRC1).cooperation, we next analyze the four typical scenario$ tha
Consequentlyg, needs to be adjusted frogg = pg?:g to o = might arise depending on the relay positions. Note that from

pSpST) .. After straightforward calculations, the asymptotié), the parametes; ; is positive and decreases with the link
oUtag'eyprobabiIity is given by: d_lstance_resulyng io,1 > fBo,2 in all considered scenarios
since R is defined as the relay closer to S.
ééffﬁcsz %pég pggpg% +péﬁpég (i): Both relays are in the vicinity of S. In thi_s case, the
e relays are closer to S than they are to D resultlng0|,m.> B3
+D0,1P1,2P2.3 +Po,2p1,2P1,3} (16) (doy < di3) and fo2 > 23 (do2 < do3). In this case,
o @ _ (20) simplifies tod" """ = By 3 + 15 + Ba,3. The above
wherep, ; was replaced by, ; since both outage probabilitiesyyg inequalities imply thatdo1 + Bo2 > Brs + fa3 and
are the same following from (10) and from the reciprocity 0@071 + B2 > Pr.3 + Pa.3. Consequently, (21) simplifies to
the FSO link between the two relays. dglRCD = Bos+min{B1.3+Bas, Bos+PBro+Bs} = Bos+
. . 5173 + min{ﬂzg,ﬁog + 61,2} which simplifies tOngRCl) =
B. Diversity Order Bo,3 + B1,3+ [2,3 sincefy 2 > (2 3 resulting infBo 2 + 51 2 >
The expression in (10) does not lend itself to an analyticgh ;. From (22), the inequalitiegy 1 > (41,3 and B2 > Ba3
evaluation implying that the outage probabilities in (135) imply that 3o 1 + Bo2 > B1.3 + 2.3 andBo 2 + Br2 + Bz >
and (16) do not offer clear and intuitive insights that allos/ g, .1 3, , resulting indgchz) = Bo.s+min{ B 5+ 523, Bo1+
to compare the considered cooperation schemes undelediﬁerﬁ172+5273} = Bo.3+02.3+min{B1 3, Go.1+1 2} which finally
network setups. Consequently, we further proceed with a8 is indglRCZ) — Bos + Bos + Biz since o1 > Bis
asymptotic analysis that will be culminated by closed—forrgpnp"eS thatfo 1 + 51 > By 3. ’ ’ ’ ’
expressions for the diversity orders of the different soé®m  gjmjjar calculations can be carried out in the remaining
For large values of the SNR, the outage performancej§ee scenarios, (i)dy, > dis and dos > das, (ii):
dominated by the behavior of the pdf near the origin wheig 4, . and dy.» 5 do.3 and (iv): do,l > d71,3 and

(2) can be approximated by [4]: do2 < do3. The diversity orders achieved by the different

FLi;) ~ a; 100 (17) schemes are summarized in Table-I. This table shows that
( 3 Qi,j 2,7 . . . . . .
] . inter-relay cooperation in the absence of CSl is not beragfici
wherec; ; and §; ; are defined in (6) and: under the first and second scenarios. For the third scenario,
S (ai_’jgiyj)ﬁi,jr(aiyj — Bij) (18) from Table-l, Bo1 > Bi3 and Bp2 < [a3 resulting in
i.j = T (i )T (Bis) Bo,1 + Bo2 > P13+ Boz2 and Bi 3 + Fa3 > [i,3 + Poe.
) ’ Naturally, 51,3 + Bo.2 + B1,2 > 01,3 + Bo2. The last three

Based on (17), equations (9)-(10) can be approximated E)P{équalities show that:lglRCQ) (which is equal todg

1301))
(N) _ Qi (Gi,jPM)ﬁi’j exceedsdgNIRc) . Under this operating scenario, inter-relay

Dij =~ B:
\

N (19) cooperation enhances the achievable diversity order whide



way cooperation does not present any additional advantagel the outage probability of IRC1 is equal to that of NIRC
compared to one-way cooperation. In a similar way, it can beduced by a facto€);. From (23),Q1 can be written as:

proven thatd{'#? > (') — ¢(NTE) ynder the fourth
scenario implying that two-way inter-relay cooperationttie Q1 = 1 — Pr(min{ko 1, k1,2, k2,3} > 3P;,'
superior solution in this case. | ma < PI\}l , my < p]\}l) (27)

Assume that relay Rs in the median plane of S-D implying 1 1 1
that Bp; = (i3 2 fBi. In this case, direct manipulations of =1—PrkLz 2 3Py )Prikos 2 3Py | m2 < Pyr)
(20)-(22) show that the three cooperation schemes acHieve t Prks,s > 3Py | m3 < Py') (28)
same diversity order of 3+ 3; +min{ 3, ;, 5; 3} wherei = 2 21-0Q1.10Q120Q13 (29)
fori = 1 and: = 1 for :+ = 2. Consequently, inter-relay
cooperation is not useful if at least one relay is at the samere (28) follows sincek; » is independent ofco 1, ki1 3,
distance from S and D. ko2 andkq 3 and thus ofmy andms. In the same wayko 1

As a conclusion of the diversity analysis, since the implés independent ofns and . 3 is independent ofns.
mentation of NIRC is simpler than that of IRC1 which in turn gy, Qui=1- pgb’% and:
is simpler than that of IRC2, the existing all-active pazhll
relayi.ng §o|ution is the mpst appropriate if both relays.iare  Pr(ko, > 3PA}1,min{k071, krs) < QPA}I)
the vicinity of S or D while one-way (resp. two-way) inter- ®Q1,2 = P ~p 1
relay cooperation is the most appropriate whenifin the (ma < P)
vicinity of S (resp. D) and Ris in the vicinity of D (resp. S).

(30)

now, the inequalitiesko 1 > 3P;," and min{ko 1, k1 3} <

V. OUTAGE ANALYSIS IN THE PRESENCE OFCSI 2P, implies thatko 1 > k13 (since Py > 0) resulting in:
Denote byP; =S-D, Py =S-R;-D, P3 =S-R,-D, P, =S- (3)\ (2)
R;-R,-D andPs =S-R,-R; -D the five possible paths between Q10— (1 —pg1)pis 31)
S and D. The strength of a particular path is measured by the ' PE)?%B
SNR of its weakest hop (the one having the smallest SNR) as
in [13]. Removing the constant ten@izf;’z—sz that is common _— (1-p§)pS3) .
Similarly, @, 3 = —352—=2. After straightforward calcu-

to the SNRs of the different links in (8),0the metrics asstetla Py23
with the above five paths are as follows: lations, (29) can be written under the following form that is

more amenable to a diversity analysis:

1 . 1 .
mi1=Kko3 ; mzzimm{ko,l,km} ; m3:§mln{ko,2,k2,3}

) ) Q=1-(1-ag)1—-g)1—g) (32)
— i . — i 2 3 2 2
my= 3m1n{k0,1, k12, ko 3} ms= 3m1n{k0,2, k1,2, k1,3}(23) o (1 B pgg%) <1 B il + (pé,(% )— Pé,%)?i%)
> 2
wherek; ; = G, ;1; ; andN in (8) was replaced by the number Po,1,3
of hops along each path. pfg + (pgb’; _ p%)p(()?%
1— = O (33)
Po23

A. Outage Prabability

1) NIRC: In this case, the patfP; is selected such that 3) IRC2: In this case, the patf; is selected according to
i = argmax;—123{m;}. Since the path®;, P, andP; do ; = argmax;_;..5{m;} showing that the additional patAs
not share any common links, the outage probability of NIR€an be selected. The paf has the links R-D, S-R, and
can be written as: R:1-Re common withP,, P3 and Py, respectively. The outage
e 3 X O @ @ probability of IRC2 is given by:
Piost = H Prim; < Py;) =po3aPo1aPo2s  (24) IRCS TRC1
j=1 PURCY — pURCY Prims < Pt | ma < Pytyms < Py

out,CST out,CST M >
where forP, (9) was applied withV' = 1 while for 7, and my < Pt) 2 péifgé)l% (34)
Ps (11) was applied withV = 2. For large SNRs:
P(fﬁfé@ ~ pgg(pgz +pf§,)(p§f§ +p§%) (25) where from (23),Q- is given by:
which has a form similar to (13) except for the power @, = 1—Pr(min{k072,k172,k173} > 3PI\}1
distribution factorN. -1 -1 -1
<P, <P, <P 35
2) IRC1: For IRC1, the pathP; is selected (out of | ms < Mo s = M ma < Py') 7(1 )
P1,...,Ps) according toi = argmax;—i..a{m;}. Since =1—=Prlk13 =3Py | ma < Py )Pr(ko2 = 3Py,
P, has the links S-Rand R-D common withP, and Ps, | ma < Py )Pr(ki o > 3Py, | ma < Py')  (36)
respectively, the outage probability of this scheme is ivg: 21— Qy1Q22Q0 5 (37)

(IRC1) __ (NIRC) —1 -1 —1
Pout.ost = Pout,ost Primy < Pyy | ma < Py oms < Pyp) 3), (2)

i _ (1_1’1,3)?0,1 _
A Péﬁ{gg}@ (26) In a way similar to (31)Q2,1 = . and Q22 =



TABLE Il
DIVERSITY ORDERS IN THE PRESENCE OE S|

Network Setup | déNIRC) d;IRCU | déIRCQ) Summary
do1 <dizanddo2 <d23 | Bo,3+P1,3+ 82,3 Bo,3 + B1,3 + B2,3 Bo,3 + P13 + P23 df RO — (TR _ g(NTRO)
do,1 >di3 anddo2 >da3 | Bo,3+ Bo,1 + Bo,2 Bo,3 + Bo,1 + Bo,2 Bo,3 + Bo,1 + Bo,2 délRCm = déIRCD = déNIRC)

do,1 < di,3 anddp,2 > d23

Bo,3 + B1,3 + Bo,2+ 50,3 + 51,3 + Bo,2+ JURC2) _ 4IRCY) _ ((NIRC)
2 - 2 2

Pos +Pra+Foz | iy {Bo,1—01,3,62,3—B0,2,51,2} | min{Bo,1—01,3,52,3—Fo,2, 01,2}

do,1 > d1,3 anddp,2 < d23 | Bo,3+ Bo,1 + B2,3 Bo,3 + Bo,1 + B2,3 min{%1,3—00,1,00,2— 02,3,

50,3 + Bo,1 + B2,3+
démcm S délRCl) :déNIRC)

(B1,2 —min{Bo,1,B2,3}) "}

(3)y,(2)

(1—1’(02:)2)1’2,3_ The probabilityQ, 3 can be calculated from: 3) IRC2: Similarly to the above analysis, from (34) and
P02, (39), the diversity order of IRC2 in the presence of CSI can
0 Pr(ky.» > 3P5 min{ko1, k1.2, ka.3} < 3P;;) be written as:

2,3 — —
Pr(ms < Py,") déIRCQ) = démm) + min {(B1,3—Bo1)", (Bo2—B2,3) ",
_ Pr(ky2 > 3Py, min{ko1, ka3} < 3P;;") (Br2 —min{fBo1, 231"} (42)
- —1
Pr(m4 < PM ) Consider the two nUmbﬁo_’l—ﬁLg andﬁ273—ﬁ072. If these
(1-pi%) (1 — (1 =py)(1 - p%)) numbers have opposite signs, then the additional diversity
= ) &) 6) (38) gains in (41) and (42) will be zero implying that IRC1 and
1—(1—py1)(1—pia)(1—ps3) IRC2 will achieve the same diversity order as NIRC and

Finally, the outage probability of IRC2 is smaller than tha{pter-relay co_operation is not useful in this case. On the
of IRC1 by a factorQ, that takes the following form: other hand, if the above numbers are both positive, then
? ' the gain in (41) will be positive while that in (42) will be

2) +( 3) _ (2)) (2) zero implying that IRC1 and IRC2 will achieve the same

Qy=1- <1 _his p1,(32) P13 p‘”) diversity order that exceeds that of NIRC. Finally, if both
Po,1,3 numbers are negative, then IRC1 and NIRC achieve the same

( (2) +( (3) (2)) (2)> < (3) ) diversity order and IRC2 can potentially improve over these

1- 1 (39)

Po.2 po’é) Po.2)P2,3 — (3§’2 schemes if3; 2 > min{fp 1, 02,3}. Note t_hat this inequality
Do,2,3 Po,1,2,3 translates tod; » < max{do,1,dz2,3} which can be easily
@  a 3) 3) 3) satisfied if the two relays are not very far from each other.
wherepgi o3 =1—(1—=pg71)(1—pi2) (1 —ps3) Finally, note that if either relay is in the median plane of S-
D then eitherBy 1 — (1,3 = 0 or 23— P02 = 0 resulting in
dfI D = gReD — gINTRC) 1 this scenario, inter-relay
cooperation is not advantageous similar to the case of no CSI
1) NIRC: From (25), the diversity order of NIRC in the Taple-Il summarizes the diversity orders that can be
presence of CSl is: achieved for different network setups. Table-l1 and Table-I

(NIRC) _ . . show that the superiority of one cooperation scheme over
dy = fos +min{fo, A1} +min{fo2. f2s} (40)  hother is the same for a given network setup whether in the
which is equal todgNIRc) in (20) in the absence of CSI.

absence or presence of CSl.
In other words, the availability of CSI does not enhance the VI
diversity order of the NIRC scheme and it results only in
a reduction in the outage probability, from (13) and (25}

sincepg) is an increasing function oiV. In particular, this

B. Diversity Order

. NUMERICAL RESULTS

We next present some numerical results that support the
heoretical claims made in the previous sections. Thect¥a
(NIRG) index structure constant and the attenuation constanteate s
reduction is equal ta%-s (5/2)% at large SNRs. C? = 1x10~* m~2?/% ando = 0.43 dB/km. In all scenarios,
2) IRCL: From (32) and (33)q: scales asymptotically the distance between S and Dvis; = 3 km. The responsivity
as P;f”. On the other hand, the diversity orders of thef the photodetector i = 0.625 A/W (detector’'s quantum
numerator and denominator @f are 3y 1 andmin{fo 1, 51,3}, efficiency of 0.5 at an operating wavelength of 1550 nm). The
respectively. Consequently, has a diversity order o, ; — data rate of FSO systems is in the order of several Gbits/s
min{ 3.1, 41,3} which can be written ag3, 1 — 51,3)" where while typical values of?; range from 10 dBm to 20 dBm. The
(z)* = max{0,x}. Similarly, g3 scales asymptotically aspresented results show the variation of the outage prdhabil
PI\}(@’B_BO'ZV. As a conclusion, in the presence of CSI, IRC®s a function of the power margif,,. Power margins ranging
achieves a diversity order of: from 0 dB to 50 dB (above threshold) are often included for
compensating the losses arising from scintillation, clivang
défRCl) :dngRC>+mm {(Bo1—P1,3)", (B2s—Bo2)t. B2} weather conditions, building sway, or temperature fluctumet
(42) Fig. 2 shows the performance under the two scenarios S.1:
showing a potential improvement over NIRC. (do,dr,3) = (0.8,2.7) km and (dp 2, dz,3) = (1.2,2.5) km
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Fig. 2.  Performance for setup S.ldo,1,d1,3) = (0.8,2.7) km and Fig. 4. Performance fofdo,1,d1,3) = (1.8,1.2) km and (do,2,d2,3) =
(do,2,d2,3) = (1.2,2.5) km and for setup S.2(do,1,d1,3) = (3,2) km (2,2.7) km. Solid and dashed lines correspond to the exact outadgmipito
and(do,2,d2,3) = (4, 1) km. Solid and dashed lines correspond to the exadties and asymptotic bounds, respectively.

outage probabilities and asymptotic bounds, respectively

(40)-(42) accurately predict the achievable diversityensdin
the absence and presence of CSl, respectively.

Fig. 3 shows the performance fal; = do3 = 1 km
andd; 3 = dp2 = 2.5 km. As predicted from the third
row in Table-l and Table-Il, IRC1 and IRC2 achieve the
same diversity order that is superior to NIRC. In particular
inter-relay cooperation increases the diversity ordemfim1
to 7 whether in the absence or presence of CSIl. Under
this operating scenario, IRC1 is the best solution redjizin
performance gains of about 4.8 dB (in the absence of CSI) and
5 dB (in the presence of CSI) &,,; = 10~'° with respect to

Outage Probability

10 =8~ No cooperation N
5 tocsi et N the existing literature where the relays do not cooperate wi
iﬁéi:mﬁfonmcz R “;\& Ty each other. This follows since IRC1 is simpler than IRC2 yet
o s 1 15w 2 % % @ 4 5 it achieves a better performance in the absence of CSI and the

Power Margin, P, (dB)

same performance in the presence of CSI.

Fig. 3. Performance fotdo1,d1.5) = (1,2.5) km and (do.2, da.5) — Fig. 4 shows the performance f()dgl,dm) = (1.8, }.2)
(2.5,1) km. Solid and dashed lines correspond to the exact outageipito km and(do 2, d2,3) = (2,2.7) km. In this case, NIRC slightly
ities and asymptotic bounds, respectively. 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-Il, IRC2 enhances
and S.2:(do1,d13) = (3,2) km and (dp2,d23) = (4,1) the diversity order compared to NIRC and IRC1; in particular
km. In coherence with the first two rows in Table-l andhe diversity order is increased from 5.77 to 6.37. Undes thi
Table-ll, the three investigated cooperation schemeseaehioperating scenario, IRC2 is the best solution although the
the same diversity order of 4.98 and 4.35 for S.1 and Sgerformance gains are not very large.
respectively, whether in the absence or presence of CSI. In
the absence of CSI, NIRC outperforms IRC1 that in turn VIl. CONCLUSION
outperforms IRC2. This follows since the power normaliaati A comprehensive study on the utility of inter-relay co-
factor N increases from 5 to 6 and 7 in (13), (15) and (16pperation in FSO networks was presented. Contrary to the
respectively. In other words, for IRC1 and IRC2, the trarismintuition, abandoning transmissions over a probably #gst
power is split among an increased number of links witholihk between the relays is not only desirable from a system’s
affecting the diversity order which ultimately degradeg thcomplexity point of view but may also not incur any perfor-
performance. On the other hand, in the presence of CSI, fhance losses since exploiting this link is not always beizfic
three schemes manifest exactly the same outage performahteome scenarios, one-way inter-relay cooperation iscseiffi
As a conclusion, inter-relay cooperation is not useful undwhile in other scenarios the more sophisticated two-way
the above two scenarios. Results in Fig. 2 show the extremelyoperation needs to be implemented. Similarly to the iexjst
close match (for large values aPy;) between the exact literature that highlights the superiority of selectivéaggng
outage probabilities and the upper-bounds in (13), (15) andmpared to all-active relaying with non-interconneceddys,
(16) where the outage probabilities of the different linksrev  our work reported similar findings in the presence of inter-
approximated by (19). Results also show that (20)-(22) anelay connections under all network setups as well. Sekecti



relaying avoids spreading the power over an increased numbe
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 gsegd
schemes.
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