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Abstract—In this paper, we study the impact of inter-relay contributions included the misalignment-induced fading o
cooperation on the performance of Decode-and-Forward (DF) pointing errors that result from the building sway.
cooperative Free Space Optical (FSO) communication system = a|_active parallel-relaying has also been widely investi

with any number of relays. The idea of inter-relay cooperaton . . L .
(IRC) was introduced very recently where the relay-relay Inks gated [1]-{14]. In parallel-relaying, a signal is first teanitted

are activated for further boosting the system performance.we from the source to the destination and relays; at a secored tim
evaluate the outage probability under forward and forward- the relays retransmit the signal to the destination. Alivac
backward IRC that constitute the two variants of this trans- relaying constitutes an appealing solution to such systems
mission strategy. We also derive the diversity orders that @an where all relays participate in the cooperation effortspec-

be achieved over a composite channel model that takes botht. fth wwork diti that Its | imole solut
turbulence-induced fading and misalignment-induced fadag into Iveé of the network conditions that results in a simpie Sol

consideration. We present a comprehensive asymptotic anaiis that does not require acquiring the CSI at any node. In [1],
that is effective for tackling the usefulness of IRC with an abi-  all-active parallel-relaying was analyzed through an geta
trary number of relays and for deriving the network conditions  probability analysis over lognormal channels where the AF
under which implementing IRC in any of its variants can be  anq the DF strategies were compared. Ref. [2] evaluated the

beneficial for enhancing the diversity order of the FSO syste. ) .
The introduced framework answers the question on what is BER performance of AF cooperation with one relay. The BER

the optimal solution for a particular FSO network (among the Performance of DF cooperation with one relay was analyzed
parallel-relaying solution with no IRC, forward IRC or forw ard- in [3]-[5] in the context of intensity-modulation and ditec

backward IRC). detection, subcarrier intensity modulation and diffeiant
Index Terms—Free-Space Optics, FSO, cooperation, relaying, Mmodulation, respectively. The outage probability and dirg-
outage, diversity, gamma-gamma, pointing errors. multiplexing tradeoff were evaluated in [6] in the contexft o

parallel-relaying with one relay. Power allocation foratitive
parallel-relaying FSO systems with any number of relays was
I. INTRODUCTION investigated in [7]. DF schemes based on convolutional €ode

were proposed in [8] while detect-and-forward schemes were

Cooperative Free_Space Optical .(FSO) .communicatio ﬁalyzed over gamma-gamma channels in the presence of
promptly developed into a well established field of researc binting errors in [9]. The impact of pointing errors on all

A large number of contributions investigated the coopeeati active parallel-relaying systems was further investidaite

communication techniques as efficient distributed Sm'oflo] and [11] where all-optical solutions and solutionsttha

for mitigating the turbulence-induced fading that severe n¥olve optical-to-electrical conversion were analyzexspec-

degrades th? performance of FSO I_mks. Severql Var'antstﬁ)/ely. The DF parallel-relaying with an arbitrary numbefr o
the cooperative solutions were examined comprising th&as]selays was also investigated in [12] where two variants of

'cajatml_n of pgrgllel—re:?yﬂg and ;egal-re(ljaymg dtcle:chmq (\;\IlthDFihe DF strategy were compared over gamma-gamma fading
¢ mp 'fy_'a'.” X (:rV\;ar_ ( | )tr?n tecot el-lan t olrjv‘;_/arr] ( hannels; in the first one, all symbols received by a relay are
ransmission strategies. In this context, all-opicali8ons or o5 yomitted to the destination while in the second scheme

splutmgs t.?r? t '?r\]/ olve"optt|.cal-to-ellect:.|cal Ci)n\(ersw:’reme]n; selective process is applied on the symbols to be retratesinit
visaged with etther all-active or SElective relaying scaertnat 1, problem of optimal relay placement was tackled in [13]

C?rl b_e flmpletr_nentcéds:n the abstgntl:e End presence fOf cha% [14] where unconstrained optimization and constrained
state intformation ( ), respec Ively. INUmerous pertarnea optimization with link obstacles and infeasible regionsreve
measures were utilized for quantifying the gains with respe

. S : . . performed, respectively.
to non-cooperative communications including the bit erede

I . . While the all-active parallel-relaying systems in [1]-]14
(BER).’ the ogtagg probability, the ergodic capac_lty, _am*.i ﬂ&orrespondto a two-phase solution based on sequentialesour
diversity-multiplexing tradeoff. Furthermore, a wide iy

of fading models were adopted including the exponentir lay (and eventually source-destination) followed byayel

the | I d th dels. M estination communications, the idea of inter-relay coape
€ lognormai, an € gamma-gamma models. More recrﬁ% (IRC) was introduced and analyzed in [15] and [16]. For

_ _ _ such systems, the relays cooperate with each other befere th
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boosts the performance of the cooperative FSO netwodptical-to-electrical conversion while the second steplves
In this context, the solution in [15], [16] corresponds t&lectrical-to-optical conversion.
a three-phase source-relay, relay-relay, and relayrdsiin 1) NIRC: NIRC corresponds to the conventional two-phase
cooperation strategy (further details on inter-relay @afion all-active parallel-relaying scheme often considered he t
can be found in subsection II-A below). In [15], the conditid literature. For NIRC, S first transmits the information nesgs
BER and the optimal power allocation strategy were derivéd D and the relays and, at a second time, the relays retransmi
for any number of relays. In [16], a two-relay system wathis message to D.
analyzed in the absence and presence of CSI. Two variants 02) IRC: For the IRC schemes, after the first communication
the inter-relay cooperation strategy were proposed anid thghase, the relays inter-cooperate with each other to eetthac
outage probabilities and diversity orders were derivedr ovidelity of the reconstructed symbols before the retransimis
gamma-gamma fading channels. phase to D. This inter-relay cooperation can be realizétkeit

In this work, we extend the outage probability analysig unidirectional or in bidirectional manners resultingtimo
presented in [16] with two relays to an arbitrary number ofariants of this strategy; namely, IRC1 and IRC2. (i): For
relays in the absence of CSI. We derive the exact outaRC1, each relay retransmits the message to the next relay
probability expressions and the diversity orders that can Gf any). In other words, the decision at,Rwill be based on
achieved by the two variants IRC1 and IRC2 where IRC the signals received from S ang,R (if any). (ii): For IRC2,
implemented in the forward and forward-backward directjonforward-backward inter-relay cooperation is envisaged where
respectively. The second contribution of the paper residesthe decision at R will be based on the signals received from
a comprehensive analysis on the utility of inter-relay cooi®, R,_1, and R, (if any).
eration. In this context, we highlight the conditions under The transmission procedure is as follows. For IRC1, the
which IRC1 or IRC2 can improve the diversity order of aignal is first transmitted from S to all relays (and D) in one
particular FSO network. In particular, depending on theestaime slot. The relays then perform the following operatian i
of the source-relay and relay-destination links, we prepoa sequential manner for = 1,...,N: if R,, successfully
an efficient and simple framework that allows to determingecodes at least one of the signals it received along thg S-R
whether (i) neither IRC1 nor IRC2, (ii) only IRC2 or (iii) link or the R,_1-R, link (if any), then R, retransmits this
both IRC1 and IRC2 can enhance the diversity order withessage to R (if any); otherwise, R remains idle. The
respect to systems that do not implement IRC. In the last, casemmunications along the;RRs, ..., Ry_1-Ry links occur
the comparison between IRC1 and IRC2 depends on the stsgguentially oveV —1 time slots. Finally, the relays that have
of the relay-relay links as well. We propose a technique feuccessfully decoded the message retransmit this message t
analytically comparing IRC1 and IRC2 under this scenario B in the last time slot. For IRC2, after triggering the com-

a certain number of network conditions is satisfied. munications over the RR,,;+1 links, the relays perform the
following operation in a sequential manner for= N, ..., 1:
1. SYSTEM MODEL if R,, has successfully decoded the message in any of the

previous slots, then R sends the information message to
R, _1 (if any); otherwise, this backward communication does
Consider a relay-assisted FSO communication system whare take place. Potential communications along the links R
N relays are assumed to be present in the vicinity of Ry_1,..., Ro-R; necessitateV — 1 additional slots before
source node S and a destination node D. The relay nodes final retransmission to D.
correspond to independent communication entities that areEvidently, the IRC schemes entail a higher system com-
initially deployed for ensuring wireless optical conneiti plexity as is the case of almost all advanced communication
between different locations. In case these nodes have teohniques. For example, the well explored NIRC scheme
information to communicate, they can serve as relays fogsults in significant performance gains with respect tapoi
assisting S in its communication with D. This constitutes #®-point communications; however, this improvement ioass
major advantage of cooperative systems where no additiopalted with an increased complexity since the communinatio
infrastructure needs to be deployed. In what follows, theye now involve2 N additional source-relay and relay-destination
will be denoted by R, ..., Ry. For simplicity of notation, S links. Similar to the improvement of NIRC with respect to ron
and D will be denoted by Rand Ry, respectively. cooperative transmissions, the considered IRC systerheurt
We will analyze and compare the three following coopmproves over the NIRC scheme by means of communicating
eration strategies: the No Inter-Relay-Cooperation sehemver the relay-relay links. In cases where IRC is useful,
(NIRC), One-way IRC scheme (IRC1), and Two-way IRGmplementing this system or not depends on the targeted
scheme (IRC2). It is worth noting that all of these schemdsvels of compromise between performance and complexity.
can be implemented in the absence of CSI at the destiriais worth noting that the additional complexity is limited
tion and the relays that renders them suitable for simpie the signaling procedure to control the additional relay-
noncoherent communications based on Intensity-Modulaticelay communication phase as has been highlighted above
and Direct-Detection (IM/DD). The considered cooperatiowithout affecting the network infrastructure. In this cext
strategies are based on the DF relaying scheme. In this additional transceivers are added and no major hardware
context, the signal is first decoded at each relay followedodifications are imposed on the existing transceiverspxce
by a re-encoding/retransmission phase. The first stepvasol for an additional switching component that simply switches

A. Cooperation Strategies



transmitting information of S) to th@on-cooperative mode
(where the relay is transmitting its own information). Hipa

the number of signals that fall on each relay depends on the
cooperation scheme and on the index of the relay. For IRC1,
one signal is available at;Rwhile two signals are available

at each one of the relays;R .., Ry. For IRC2, two signals
are available at each one of the relaysddd Ry while three
signals are available at each one of the remaining relays R
..., Ry_1. Following from the high directivity of FSO links,
the optical signal transmitted along the link-R; does not
interfere with the signals transmitted along the otherdinlk
particular, communicating over the relay-relay links does
incur any additional interference since the signal tratisai
from a relay to the previous or next relay can not be overheard
by other nodes in the network.

Fig. 1. FSO relay-assisted transmission withinter-connected relays.

B. Channel Model

Denote byJ; ; the irradiance along the link ,/RR;. This
to the strongest transceiver as will be explained later.eMorirradiance can be written as the product of three terms:
over, following from the high directivity of the FSO links, I, ; = Ify?]f_‘;)li(g) where, in this work, we adopt a channel
the different transmissions do not interfere with each otheodel that takes into account the combined effects of path
thus bypassing all forms of involved joint encoding/decadi loss ([i(fj?), atmospheric turbulence-induced scintiIIatidlﬁ_‘;{)
In this context, triggering communications over the ergti and misalignment-induced fading caused by pointing errors
relay-relay links is not associated with any decoding caxypl ([i(?;,))_ Assuming a gamma-gamma turbulence model and a
ity where the detection procedure at each transceiver remaGaussian spatial intensity profile falling on a circular rpe
the same compared to non-cooperative communications. Tfiethe receiver, the probability density function (pdf) bf;
inter-relay communication phase simply incurs an add#ionwas derived in [17] and expressed in terms of the Meijer G-
decoding delay that can be straightforwardly compensatgghction G;’?;I"[.] as follows:
for at D. Finally, it is worth noting that the considered IRC '
schemes are noncoherent and, consequently, the exterfsion o @i jBi &
the existing NIRC scheme to the IRC schemes is not associated’:.; (1) = 4. 107 F
with any additional complexity for acquiring the CSI of the ig iy T )T (8:5)

inter-relay links. 3,0 | i,iBij 3
. . . . G1,3 (l)I £_2 1,0, —1,8; -1 (1)
Fig. 1 illustrates a relay-assisted FSO network with IRC. ALy [P

Nodes S, D, R, ..., Ry correspond to buildings on which

several transceivers are installed each of which ensured'Rerel’(.) is the Gamma function. In (1jv; ; and; ; stand
directive FSO link with a neighboring building. The ircfor the parameters of the gamma-gamma distribution and can

schemes take advantage of the relay-relay links to boost ffWritten as follows:

performance of the network. Implementing user cooperation [ ( 2 12/5 7/6) B }‘1
with the existing infrastructure restrains the freedomeaflio- @ij = [P 04907,/ (1+ 1110y ;) 1 (2)
cating, redistributing or realigning any of the alreadystixig { ( 2 12/5 5/6) }—1
" . . . ;i = |exp (0.51l0%, /(1 4+ 0.6905 7" -1 3
transceivers and, in particular, the transceivers usedHer Bis P R/ R'“) )
mter-rel_ay communications. For example_, _the;s(é_\f -1 whereo2 . — 1.93C2k7/54'/% is the Rytov variance where
transceivers can not be used to create additional Imksém’twd Bc"iwf he | " h fwh link-FR. & is th
S and D via the relays since this will deprive the relay nod &7 stands for the length of the IR, 'S the wave num-
- o S ; Ber, andC? denotes the refractive index structure parameter.
from the possibility of communicating their information en s
) . . In (1), the parametets; ; and¢; ; are related to the pointing
with the other in the non-cooperative mode of the network. An . E i 9
. . : ; . errors.A; ; is given by A; ; = [erf(v; ;)] where erf.) stands
information-carrying signal falls on each one of the digfer .~ o = oo ceo e \/ﬁ—/2(a_ . s ;) where
transceivers installed at a given relay. In this contexisit n bl R

sufficient that at least one of these signals has a signabise Zignls tthhee"rnakd I;J_‘T?(?f ;}h}e_re;ewt‘ar /Zrz@"”’? v:/i;f:zabéérgtg]?jlzt
ratio (SNR) that exceeds the decoding threshold to ensuyre 9 - TINh T Eeq ] [ 7S] St =
. ) . OF the pointing error displacement standard deviationhat t
the delivery of the information message to the relay. Th'rseceiverandﬂ — w2 Jmerf(v ) /[2vs wfj] Finall
significantly simplifies the implementation of the coopamt Zeqrbd _L‘_}Z=ivj T )v” Z”e R Y
network where each relay simply switches to stengest the atmospheric loss is given H}% = e~ 7% whereo is the
transceiver without further complications in the hardwase attenuation coeﬁicient[i(,lj? is considered as a fixed scaling
compared to non-cooperative systems. This also simplifizetor during a long period of time. Interested readers are

the shifting from thecooperative mode (where the relay is referred to [17]-[19] for more details on the channel model.



C. Outage Prabability along the Individual Links function as follows [17]:

The instantaneous electrical SNR along the linkRg with o) = fJ 31 a; jBij 1,62 ,+1
IM/DD is given by [20] Ii'j( ) o F(Ozi,j)r(ﬁi,j) 2,4 A, 7I(l) 5?,1'7”11,]',57:,]',0
: : 7,
g )
o Ty (4) Consequently, (6) can be written as:
73 T N2 N,
link£¥0

l
Niink AO,N+II(§,3\/+1§(2),N+1
Pum 587N+1 +1

wheren is the optical-to-electrical conversion ratio ang is ) (8)
the variance of the additive white Gaussian noise (AWGN).

In (4), Nink stands for the total number of links in the
FSO network. The normalization bV, ensures that the ) S
cooperative system transmits the same power as pointita-po Eauation (8) does not offer intuitive insights on the be-
non-cooperative systems. Given that the considered coogdVior of pi ;. Consequently, we will further proceed with an
ation schemes can be implemented in the absence of C&iymptotic analysis. For large SNRs, the outage probgpislit
then this transmit power will be evenly distributed amorig afiominated by the behavior of the pdf near the origin where
available links; in other words, each FSO link will be alledy (1) ¢an be approximated by, , (I) ~ a;; ¢~ where
a fractionNjnx of the total available transmit power. For NIRC i = min{f;;, &7} and:
Niink = 2N_ +1 count_ing for theN S-R links, N R-I_:) Iir!ks, 51'2.,3' (ai_’j@._’j)ci,jp(am —Gij)
and the direct S-D link. For IRC1Nn = 3N taking into Q5 = b ;

D. Diversity Order along the Individual Links

)

&Nt 1

O] 2
A07N+1IO,N+1§O,N+1

Pum
Niink

Qg
Dij =
Ci,j

Ill. OUTAGE PROBABILITY

From (7) and (8), the outage probability of the overall FSO
system depends on the power marg@t,, on the network
setup (through the channel parametess;, 5;;, &, Aij
and IZ.(,?), and on the number of relay¥. In order to offer
more insights on the performance of IRC1 and IRC2, we first

1
77A07N+1I(§,3V+153,N+1
& N 1

n*E’ [To,n11] _ L
No No

O
consideration the additionaV — 1 inter-relay links. Finally, (Aij1;7)%9T (i ;)T(Bi 5)
can be activated in both directions. It is worth noting thag t ¢2 y jf 2 Bi.; [21].
potential performance gains associated with IRC resulnfro” "Based’on the above approximation, the outage probability
analogous to any other spatial diversity technique wheee e values ofP,;:
performance gains follow from diversifying the paths along vy
J
problem of designing cooperative networks can be formdlate ( ) (10)
as follows: for a given network with a fixed number of relays
cooperation strategy that can be implemented for achigvi@g order along the link RR; is equal to¢; ; = min{ﬁij,ﬁf,}
highest performance levels without transmitting more péwein coherence with the asymptotic analysis presented in [22]
pdf as given in (1), is equal tAmIfg 2./(€%;41) [17], then assume that the FSO channels are reciprocal resultifig;ir-
along S-D can be written as [19], [20]:
2
Yo,Nt1 = ( )
®)

for IRC2, Nink = 4N — 1 since theN — 1 inter-relay links whereb; ; = 1/(€2; — Bi;) if €2, > B;; andb;; = T(Bi; —

which the signal propagates from S to D. In this context, the

that fixes the system's hardware complexity, what is the befit scales asymptotically &, showing that the diversity
Given that the mean of the random varialdlg, having a for gamma-gamma channels with pointing errors. Finally, we

the electrical SNR for the direct non-cooperative transiis 1 ; andp; ; = p;.;.

where H.] stands for the averaging operator.

Consequently, (4) can be written asy; = : :
2 2 2 consider the special cases df=2 and N = 3.
= So, N1 tL ( Li )
70’N+1 A01N+1I(§l,;v+1§§,N+1 Niink .

The link R-R; is in outage if the SNRy; ; falls below a
specified decoding threshold denoted+Hy above which the
signal can be decoded with an arbitrarily small probabibity
error. The outage probability; ; = Pr(v; ; < v) along this
link can be written as:

) (6)

U] 2
Niink Ao,N+11, &
pij = Pr <Iz < link 0,N+1S0,N+1
wherePy, = \/% denotes the optical power margin.

7T Pu &N 1

The cumulative distribution function (cdf) associatedhwit The probabilitiesy, . . .

A. Special cases

1) N = 2: Considering all possible conditions of the S-R
links, the outage probability of the cooperative FSO nekwor
can be written under the following general form:

Pout=10,3 [0,10,2Q0 + Po,120,2Q1 + q0,10,2Q2 + P0,1G0,2Q3]
(11)

whereg; ; £1 — p;,; is the probability that the link RR; is

not in outage. In (11), the multiplication ko 3 results from

the fact that the system will not be in outage if the direcklin

S-D (denoted equivalently by RR3) is not in outage.

,Qs in (11) depend on the imple-

the pdf in (1) can be expressed in terms of the Meijer Grented cooperation scheme:



— Qo: In this case, the information symbol is available at
both relays since the links S;Rand S-R are not in outage.
Consequently, the system will be in outage if the links®R
and R-D are in outage. Consequently, = p1 3p2,3 whether
with IRC1 or with IRC2.

— @1: Both relays are in outage arfgh = 1 for IRC1 and
IRC2.

— Q2: In this case, the information symbol is available at
R; that is not in outage and, hence, for the system to be in
outage, the link R-D must be in outage. For the IRC schemes,
even though R did not acquire the message from S, yet it
can still acquire it from R. In other words, for both IRC1
and IRC2, since the message is available at tRen it can
be forwarded along the additional path-Rz-D where this

- For IRC2, R can acquire the information message from
either R or Rs; (or both). In this case(); can be
written under the formQ@, D1,4P3,4P1—23 Where
Proe3 2 poutqoa(piopss). Infact, if the link R-D is
in outage (with probability- 4), then even if B acquires
and retransmits the information message, this message
will not reach D. Otherwise, a message retransmitted
from Ry will reach D via R-D (with probability g2 4). In
this case, Rwill not acquire the message if the two inter-
relay links R-Ry and R-R, fail simultaneously (with
probability p; 2p32). Note that, in this casey), can not
be written as@2 = pi1 4ps3.4p1—2p3—2 Since the paths
R:-R2-D and R-Ry-D are not independent.

— @3: In this case, S-Rand S-R are not in outage. In

forward cooperation is an additional degree of freedom that js \yay similar to the previous cas€; = pi apsaps_z =
exploited by the IRC protocols. In this cas@s = p1 3p1_2 P1.4P2.4 [P2.3 + q2.3p3.4] for both IRC1 and IRC2 where, in

wherepi_.o £ p12 + q1,2p2,3. In fact, if Ri-R; is in outage this case, R can acquire the message from.R
(with probability p, »), then the information message can not _ ), |n this case, S-Rand S-R are in outage.

reach R (since in this case S-Ris in outage as well) and,
consequently, R can not retransmit to D. Otherwise, with
probability ¢; 2, Ry is acquiring the message from; Rind,
for the system to be in outage,® must be in outage (with
probability ps 3).

— Qs In this case, only Ris acquiring the message from S
and, hence, for the system to be in outage, the liphkDRmust
be in outage. (i): For IRC1, Rcan base its decision only on the
signal received from S. Given that the link S-K in outage
in this case, then Rcan not participate in the cooperation
effort resulting inQs = ps 3. (ii): For IRC2, since the message
is available at R, then it can be forwarded along the addi-
tional path BR-R;-D where thisbhackward cooperation is an
additional degree of freedom that is exploited exclusivafy
IRC2. ConsequenthyQ)s = p2 3pa—1 = p2.3(P2,1 + ¢2,101,3)-

2) N = 3: Similar to the caséV = 2, the system outage
probability can be written as:

- For IRC1, R and R can not participate in the coopera-
tion effort since they can not receive the information mes-
sage from the subsequent relay lRsulting inQ4 = ps 4.

- For IRC2, R is the only relay that is acquiring the mes-

sage from S. This message can be subsequently forwarded
to D either directly along RD or indirectly via one of
the relays R or R;. In this case), can be written as
Q4 = p3,4p3—2—1 Whereps_.o_.1 = p32+q3,2p2,4P21.
In fact, if the link R;-R; is in outage, then the informa-
tion message can not reach Rvhich in turn can not
forward this message to;Rresulting in an outage of
the system. Otherwise, the message is availablesat R
that can forward this message either along the direct link
Ro-D or along the indirect link R-R;-D. Consequently,
Q4 = p3.4 (P32 + q32p2,4 (P21 + q2,1P1,4)]-

— @s: In this case, R is the only relay that is acquiring

the information message from S.

Pout = Do,4 [%,1%,2%,3@0 + P0,1(J0,2QO,3Q1
+¢0,1P0,290,3Q2 + q0,190,2P0,3Q3 + P0,1P0,290,3C4
+D0,190,2P0,3Q5 + 0,1P0,2P0,3Q6 + P0,110,200,3Q7] (12)

The probabilities)y, . . . , @7 can be calculated as follows.
— Qo: Similar to the caseN = 2, Qy = p1,4p2,4p3.4
whether with IRC1 or with IRC2 since all R-D links must
be in outage for the system to be in outage.
. : . . . m

— @1: In this case, the information symbol is available a(t)r

R. and R that are not in outage and, hence, for the system
to be in outage, the links RD and R-D must be in outage.

- For IRC1,Q1 = p2,4ps.4 Since R can not participate in
the cooperation effort.

- For IRC2, since the message is available attRen it can
be forwarded along the additional path-R;-D resulting
iN Q1 = p2,ap3.ap2—1 = P2.4p3,4(P2,1 + ¢2,1P1,4).

— Q2: In this case, S-Rand S-R are not in outage and,

consequently, RD and R-D must fail so that the entire
network will suffer from outage.

- For IRC1, while the link S-R is in outage, yet R can

B.

- For IRC1, the acquired message can be forwarded from
Rs to D via the paths RD or Ry-R3-D resulting inQs =

D2,4D2—3 = P2.4 [P2,3 + q2,3P3,4]-
- For [IRC2, the additional
available resulting in Qs

P2,4 [P2,3 + G2,3P3,4] [P2,1 + G2,1P1,4]-
— Qg: In this case, Ris the only relay that is acquiring the

path JRR;-D is

P2,4P2—3P2—1

essage that can be forwarded to D either directly alop®R

indirectly via one of the relaysor Rs. In this case)s =

P1,4D1—2—3 = P1,4 [P1,2 + q1,2P2,4 (D2,3 + q2,3P3,4)] Whether

with IRC1 or with IRC2.

— Q7: Finally, @7 = 1 for both IRC1 and IRC2 since all

the relays are in outage in this case.

For NIRC, all the probabilities that arise from inter-retzy

operation must be set towhere the involved probabilities are
{pn—>(n+l)7p(n+1)—>n}72y,:11 P1—2—3, P3—2—1, andp1~>2<f3-

IRC with N Relays

After introducing the different probability definitions @n

still acquire the information message from.R herefore, highlighting on the cases that might arise in IRC systemh wit

Q2 = P1,4P3,4P1—2 = P1,4P3,4 [Pl,z + Q1,2P2,4]- N

= 3, we next tackle the general case of IRC systems with



N > 2. The outage probability of the overall FSO system camhere Offz corresponds to thg-th subset of consecutive
be written as: integers ofZ,, ; and where the two following additional rules
need to be applied:
Pout = Z Pr({R;} es not in outage x
Sc{1,..,N} (’)7(112
Pr(system in outagé {R,}cs not in outage (13) i)

o if min{O(l)}#l (17)
o if max{O i) +}#£N (18)

where the first probabilty can be derived as F | that — 5 andZ,, — {35}, th

‘ I . or example, assume =5andZ,; = en
[Hﬂes qo’J} [HJ res o } since when the relays iff are not this set will be written as,, ; = {3}U{5}. In this caseZ,, ; =
in outage, then the relays i will be in outage. The second{l 2,4} that can be part|t|oned ag,; = {1,2} U {4} U ¢
probability can be written ago, 1 [[Tjcs in1| P& 1 N = 8 with T,,; = {1,4,7,8} andZ,.; = {2,3,5,6}, then
because, for the system to be in outage, (i): the direct link, ; = {1} U {4} U {T7,8} andfm- =¢pU{2,3}U {5, 6} U .
must be in outage with probabilityo 11, (ii): the relays in - Based on the above, the relays can be partitioned into
S that succeeded in decoding the message from S must faikifernating subsets @h-outage and not-in-outage groups:
delivering this message to D where the associated probabili
is [[;cspjn+1, and (iii): IRC must fail in preventing {1,...,N} = (95112 U/\CE}Z-)U' --OSZ"”')UN,ET?"”')UO%"”H)

outage where the corresponding probability is denoted ’ (19)
by P{"Y. Indexing all possible subsetS of {1,...,N} where it can be easily proven that!, ; = my; + 1.
as Inla"'az-n ~y, wheren € {0,...,N} denotes the 1) |RCI: In this case, given that the inter-relay cooperation

cardinality, results in the following expression of the g is implemented only in théorward direction, then inter-relay

probability: cooperation will not benefit the first group of relays that ever
already in outage before the inter-relay cooperation phase
N () (whose indices are given i(DfiZ) where these relays will
Pout = po.N+1 Z H Q. H poj | % remain in outage after inter-cooperation between the selay
n=0i=1 |j€Tn, 5 €Tni On the other hand, relays whose indices fall(ﬂﬁfjl) for

k > 0 can benefit from inter-relay cooperation since these
IRC i i i i
H PiN41 Pz( ) (14) relays can receive the information message from the previou
cluster of relays that are not in outage; i.e., from the relay
whose indices falll |n/\/’ (k).
wheren corresponds to the number of relays that are not in Denote byNn ), thel th clement ot/\/ and by|C| the

outageZn, ..., I, () are all possible subsets pf, ..., N'} cardinality of the set. Given that inter- relay cooperation is
having n elements each. Note that the pI’ObabIHESgR envisaged in thdorward direction and that the elements of
results from implementing IRC where this probablhty musN(’“) are arranged in increasing order, then the states of the
be set tol in the case of NIRC. Irnks R, .x -R Ry R, ) does not

S N, N
For example, forN = 3, the probabilities in (12) and bl T mw“‘)r R
(14) are related as follows), = p1 AP2AP3A {(1 2)3}’ Q) = affect the outage probability since the information symisol

already available al\/ (k) = max /\/’nkz) (from S).
D2,4D3,4 {(IQR?(,:}), Q2 = p1ap34P {1 3}, Q3 = p1,4Dp2, 4P{(|1R2C}), AN N

Qi = ps 4p{('§ Qs = posP {2} ) Qs = m 4p{(1} ) and  Based on the above, and considering the clus’ké;?g and

JE€ELn i

k+1 : : :
Qr = P;)'RC where¢ stands for the empty set. (’)( + ). the information message can propagate sequentially
Consider first the sef, ; containing the indices of the relays‘crom R axin )y O Rpen 10 Ro“““) ... 10 Rmdx{o““*“}

that are not in outage (in terms of the signals received frok this case the state ofthe link | R {Oom)}- (h41) (it any)

S) and assume that the elements of this set are arranged ilaes not affect the outage probab|I|ty since "the informmatio

mcreasrng order. The following partitioning will be apgdion message is already acquired %d&l) since the correspond-
I, that will be written as: ing link with S is not in outage. Therefore, based on the above

analysis, the probab|llty3('RC) can be written as:

Loy =N UNZ U o) (15)

where the elements df, ; are grouped into subsets where pURCY _ ﬁlp o s s
each subset corresponds to a cluster of consecutive isteger 7= P max{N, 5 }—min{O, 73"} = —max{0, "}
In a more formal WayN 9 corresponds to thg-th subset of (20)
consecutive integers dfm where the probabilityp;_.;+1—...i+¢ Stands for the prob-

In the same way, the sé, ; that contains the indices of ability that the information message can not be delivered
the relays that are in outage (in an increasing order) can fioem any of the relays R, ..., Riys to D where each one
partitioned as follows: of these relays, in its turn, can acquire the message from

_ (m’ ) the previous relay (since the corresponding link with S is
Ini= (9,(112 U (97(122 u---u Onw; (16) in outage). Probabilities of this form can be calculated in a



recursive manner as follows: following recursive relation:

Pi—itloe—itf = Pijitl T Qiit 1Pit 1, N+1Pidt 1 —it2— - —it f Pim(it1e it f-1)—itf =

(21) Piit1Pid f—it f—1—-—it1 Tt

with p,_,; £ 1. Qi it 1Dit 1, N+1Pig 1 (i422 =it f—1)—itfr | > 1, (28)

In fact, if the link R-R;;1 is in outage (with probability { 1, f=1
pi,i+1), then the propagation of the signal alongh ;- - -- The interpretation of (24) is as follows. Fof > 1,
Riys is stopped. In this case, none of the relays R ..., if the link R;-R;+; is in outage, then the group of relays
Ri+s can acquire the information message and, hence, none, 1,...,i+ f — 1} can acquire the message exclusively
of these relays can forward this message to D. If the ligkym, R..; via backward cooperation. In this case, neither

Ri-Riy1 is not in outage (with probability;; ;11), then the yelay of this group will be able to deliver the message to
information message will be available at;R. In this case, the p with probability p;; s—i+ f—1—...i4+1. On the other hand

message can not reach D only if the link,R-D is in outage yith probability ¢; ;+1, the link R-R;;; is not in outage
(with probabilityp; 1,5 +1) and none of the subsequent relaygnqg the message is now available at.R For the system

Rit2, ..., Rity can deliver the message to D (with probability, suffer from outage in this case, the link,R-D must be

Pit1—it2— it f)- Re1 in outage and the group of relays {a + 2,...,i + f — 1}
Regarding the previous example, fof = 5, P{(3 5}) = must fail in delivering the message to D where this group

Psa = psa + Qsaprg. For N = 8, P{(lf,f,?,s} _ inits turn can acquire the message from either the previous

relay R, or the next relay R.;. For f = 1, the infor-
mation message is available af Bnd Ry =R;;; where
S0 relays are present in between these relays resulting in a
probability in (24) that is equal td. Note that forf = 2,

Plo2-3P4—5-6 = [P1,2 + q1,202,9(D2,3 + G2,3D3,9)][Pa5 +
44,505,9(P5,6 + 45,606,9))-
Equation (20) can be written in an equivalent form

follows: ;
Pi—itleit+2 = Pii+1Pit2—i+1 T i,i+1Pi+1,N+1 that is eQU_aI
|Zn,i] to the probabllltypi+17N+1 + Git 1, N+1Pi i+ 1Pit+2,i+1 used in

IRC1 i i i ink R-D is i
Pz(n ) _ H DI (Dot l) (T i1y (22) the previous subsection. In fact, if the link,R-D is in outage
=1 then R4, will fail in delivering the message to D irrespective

of the states of the links /RR; 1 and R2-R;11. Otherwise,

whereZ, ; 7, 41 2 N +1. these two inter-relay links must both be in outage.

. o Based on the ab lysia{R®)
2) IRC2: Regarding the relays whose indices fall@), ing 2>S<§re22ionef§r ﬁ;/é;na ysts;
I :

these relays can profit from the presence of the informa-
tion message at/\/,gjli1 = mm{J\/,ﬁlg} where this mes- pz(lRGZ) —

sage can propagate in thmckward direction: Rmin{/\/“?}' - a
R -R

. In this case, the relays lﬁ)fllz

is given by the follow-

min{j\/ﬁz}ﬂmax{(?(l) }—--—min{O")} X

n,i n,i

max{(’)s,l o min{OS)i»} pmax{/\/y(lkfl)}~>(min{(’);kz}2---2max{(’)£zk3}) Hmin{Ny(lki)} X
will fail to deliver the message to D with probability k=2 ’ " " ’
pmin{./\/fbl’g}—»max{@ibl’)i}—»»»»—>min{(9£bl’)i} where: pmax{/\/in:"’i)}emin{os’zn’ﬁrl)}_>..._,max{oimin,i+1)} (25)

where the constituent probabilities can be determined from
(21), (23), and (24).

The expression in (25) can be written under the following
ﬁ:quivalent form:

Pi—si—1——i—f = Pii—1 1+ Qi i—1Pi—1,N+1Pi—1—i—2—---—i—f
(23)
in a way that is completely analogous to (21).
In a similar way, the group of relays whose indices fal

; (mn,i+1) ; IRC2
in O, ; can profit from the presence of the message ath( ) _ DT s o (Tos 1)1 X

max{./\/r(:?"’i)} where this message can propagate inftire \;:,ilfl
ward direction. In this case, the inter-relay outage probabilit
is y ge probab H P, o= (T g+ )22 (T i141— 1) L i41 %
pmax{NT(LTy;n'i')}Hmin{(’):z’"’frl)}ﬂ-..ﬁmax{(?f:;n’i*l)}. =1
(%onsider now the relays whose indices fall in the set Pz, 1~ Tniz,  +1)——N  (26)
O, for k € {2,...,m,;}. For IRC2, even though these (RC2)
relays were not capable of acquiring the information mes-For example, for N = 3, P{273_’677} =
sage from S, yet they can still acquire this message oy, 5 _apr s while p{(';‘;?j} -
the last relay in the previous group (|.ehul§({NT<Lk;1)}) OF Py iP5t 5P56TDT8-
from the first relay in the next group (i.e.min{N@}).
The probability that neither one of the relays (ﬁikl) IV. DIVERSITY ORDER AND ASYMPTOTIC ANALYSIS
is capable of delivering the message to D can be wri& Diversity Order
ten aszpmax{/\/fbkifl)}—>$min{07(lk2}<:>...:max{oifcg}P —min{NV ")} Consider the outage probability in (14). For large values
where probabilities of this form can be evaluated using tlé the SNR, given thap; ; scales asymptotically a@;f”’



andg;; = 1 — p;; ~ 1, then the first product in (14) is B. Comparison of the IRC schemes with NIRC
apprOX|mater equal to 1, the second product scales asympgquations (27), (29), and (33) can be written as:

J EInTCUJ

totically asP,, , and the third product scales as . (1)
P]\;z]g G M ¢=CoN+1+ ch{{}?’N}{Cz } (35)
For NIRC, P; 'RC) = 1in (14) and the diversity order of thewhereg is defined in (28).@1) is equal 100, Céf)’ and
NIRC scheme ¢an be witien as: o +§ for NIRC, IRC1, and IRC2, respectively, wheg§’
¢(NIRO) — 0 N1 + min {¢ gi)l} (27) and ?1 are defined in (31) and (34). o
=0,.. 7N1-: ..... ( ) Given the cumbersome expressions of the diversity order,
here: it is of extreme importance to highlight under which network
where: © & conditions will inter-relay cooperation be useful. In [2Bwas
Toi Z GN+1+ Z Co.5" (28)  proven that (27)-(28) can be written a§NRO) = (o 1 +
GE€Tn.i § €T 22721 min{Co.n, Cn. N1}
For IRCL1, the diversity order can be written as: 1) Case A: Assume first that there are no relays for
which (o, = (u,nv+1. Construct the sef as follows:
(IRC1) _ (0) ()
=Gt pin v (G @) @9 S={n| Guver < Gor) (36)

Therefore, for the considered network, the diversity order
where CI . stands for the diversity order of the probability, 5t can be achieved by NIRC is given by:

P“RCD g|ven in (22) where the superscriptstands for the
forward direction. (MRO = Conver + D G + ZCO’"' = Gy + G5
In Appendix A we prove tha(gz . can be written as: nes n'es 37)
Tl where minZC{l,___,N} C = C . The condition Con #
gj — Z CTos i Tos it 107, i 11¢7, 070N (30) Gavgr fOrm = 1. N implies that( is the unique
’ 1=1 minimum and, hence(; > CS) foranyZ # S.
- Z Gt 10m 147, (31) From (35), the diversity order with IRC can be written as:
mELy,; ; m#EN
€ # ¢(RO) Co.N+1 +min{ (0) +C ,mm{ 0) (1)}}
whereds = 1 if the statemenft is true andds = 0 otherwise. I#
For IRC2, the diversity order can be written as: (38)
' y ' If Csl) =0, thenmin{g ,mln@gs{é(o) +CI }} (O)
0
CURCD) = (o v + I&H{Niﬂ (x ){Cé) +Cz '} (32) since (Y + ¢V > I > ¢ resulting in¢(RS) = ¢ N'RC)
o and, consequently, the IRC schemes do not r(esult in any
where ¢\ stands for the diversity order of the probablht)ﬁnhanceme”t in the d|ver5|ty order in this case¢f > 0,
(Rc2) then ¢ + ¢ > ¢ and ) > s Y
Py given in (26) where the superscriptstands for the ©) O = (1)1 (O)
backward direction. resulting in mln{é + Cs 7m1n17és{§ }}

In Appendix B we prove that (32) can be written as: and, consequently;('RC) > ¢(NIRC) |mply|ng that mter-relay
cooperation is capable of enhancing the diversity ordehef t

CURCD = ¢y 1 + Join - min Kz?l)l + CIZT + ¢S . 1} network in this case.
""" =1 () (33) Note that, from (31)¢{ = 0 if there is no elemerwﬂé #N
Where((f b) C(f) + Céb). and: of § for whichm+-1is notinS. Similarly, from (34), (( ) =0
™ if there is no elementn 7511 of 8f for whichm — 1 is not in
%)L) _ Z o 10m 17, (34) S. Therefore, for IRClg( )(1) (( )(f) 0 nzb';hf f|r.st condition
mETny s mAl is satisfied while for IRCZ s’ = (5’ + (s’ = 0 if the above

two conditions are satisfied.

Equations (27), (29), and (33) show thaft®? > ((RCY > As a conclusion, the usefulness or not of IRC1 and IRC2
¢(NIRC). Note that since the paramete}s; can take arbitrary with respect to NIRC can be easily revealed by inspecting the
values depending on the relay positions and misalignmeggtS. In particular, one of the following cases might arise:
conditions, further simplifications of the expressions 27)( -Case Lime S\{N} [ m+1¢ Sandd m €
(29), and (33) are not possible in the general case. The S\{1} | m—1 ¢ S. In this case((RED = ¢(NIRS) gng
diversity orders of NIRC, IRC1, and IRC2 are listed |n Table CURC2) — (¢(NIRC) regylting in:
| for N = 2,3,4 (terms in parenthesds) correspond tco;‘zn .

that must be included fo(rf)NIRC, IRC1, and IRC2; terms in ((RCA — ((IRCY — ((NIRC) (39)
bracket|.] correspond t@z, ', that must be included for IRC1 implying that there is no additional gain that results from
and IRC2; terms in braces} correspond to;éi)i that must exploiting the R-R links. Note that this case arises only

be included for IRC2). ifS=¢orS={1,...,N}.



TABLE |
DIVERSITY ORDER WITH N RELAYS

N | Diversity Order—{o n+1
2 | min{(¢o,1 + €0,2), (€1,3 + C0,2) + [C1,2], (C2,3 + C0,1) + {¢2,1}, (C1,3 +¢2,3)}
3 | min{(o,1 + Co0,2 + €0,3), (¢1,4 + Co,2 + C0,3) + [¢1,2], (C2,4 + Co,1 + C0,3) + [C2,3] + {C2,1}, (€3,4 + Co,1 + Co,2) + {¢3,2}, (C1,4 + C2,4 + 0,3) + [¢2,3],
(C1,a + ¢34+ C0,2) + [C12] + {32}, (C2,a + (3,4 +C0,1) +{C21}, (€14 +Coa +(34)}
4 | min{(¢o,1 + Co0,2 + €0,3 + C0,4), (C1,5 + Co,2 + 0,3 + Co,4) + [C1,2], (2,5 + Co,1 + C0,3 + Co,4) + [C2,3] + {C2,1}, (¢3,5 + Co,1 + Co,2 + C0,4) + [¢3,4] + {C3,2},

(€a,5 + Co,1 + Co,2 + €0,3) +{¢4,3}, (C1,5 + C2,5 + C0,3 + Co,4) + [€2,3], (¢1,5 + ¢3,5 + Co,2 + Co,4) + [C1,2 + (3,4] + {(3,2},

(¢1,5 + Ca5 + Co,2 + €0,3) + [C1,2] + {Ca,3}, (Co,5 + ¢3,5 + Co,1 + Co,4) + [€3,4] + {C2.1}, (C2,5 + Cay5 + Co,1 + €0,3) + [C2,3] + {C2,1 + (4,3},
(¢3,5 +¢a,5 + Co,1 + Co,2) +{¢3,2}, (C1,5 + C2,5 + €3,5 +0,4) + [€3,4], (C1,5 + C2,5 + Ca,5 + C0,3) + [C2,3] + {¢a,3},

(¢1,5 +¢3,5 + a5 +Co,2) + [€1,2] +{¢3,2}, (€25 + ¢3,5 + Ca5 +C0,1) +{¢2,1}, (C1,5 +C25 + (3,5 +Ca5)}

-Case 223 m € S\{N} | m+1 ¢ S and3 m € the third summation to the first summation while moving

S\{1} | m — 1 ¢ 8. In this case{(RED = ¢((NRC) and the elements o5\ from the third summation to the

CURC2) ~ (¢(NIRC) regylting in: second summation, (42) can be written as:
((RC2) - +(RC1) _ ((NIRC) 40) (RO =(Conpit+ D Gt Y. Conr (43)
implying that only the two-way scheme IRC2 can result neSUSSR n/€SUSSY
in a diversity gain in this case. = Cont1 +¢9 (44)
- Case 33m € S\{N} | m+1 ¢ S. Inthis casegRD > S

¢(NIRC) and ¢(IRC2) ~ ¢(NIRC) resulting in:

In other words, the se{géo)}zc{l_,__,]v} of 2% elements

¢(RC2) > ((RCY) » +(NIRC) (41) containg!s“’! elements that assume the same minimum value
where each one of these elements corresponds to a possible
and inter-relay cooperation is capable of boosting thets U s, In this case, the IRC schemes can not improve
diversity order of the network. In this case, while bothhe diversity order unless all of these minima are increaised
IRC1 and IRC2 outperform NIRC, it is not possible tBther words, the relatioming (.. x} GO) _ éO) in the case
determine if IRC2 is capable of outperforming IRC1 opt o relays satisfying,, = anv+1 (case A) needs to be

(IRC2) _ ~(IRC1) (IRC2) (IRC1)
not. In fact, whethe¢ = or¢ > ( eﬁltended toninge (1) Céo) _ C(O) for any subses©?

depends on other parameters of the network and notonly ~ —~ — ~=t Suségf,‘) sub
on the setS as in the case of comparing IRC1 and IRC2f S%. Moreover, the relatioqéo) > CSO) foranyZ # S does

with NIRC as will be highlighted later. not hold as in case A since there até*’1 —1 additional sets
Interestingly, the structure of the sétdepends on the statesfor which ¢{” = ¢{”. Al of these sets must be taken into
of the S-R and R-D links but not on the states of the R-R linkgonsideration to determine under which one of the scenarios
For example, consider a 3-relay network. (i):Cifs > (o1, the network falls.
Cou > Co2, and sy < (o3 , thenS = {3} resulting in Define the following two true-false functions:

case 2 above sincg € S while 3 —1 = 2 ¢ S. Therefore .

' 1, ImeI\{N 1¢17,
IRC2 is recommended for this network. (ii): {4 < (o1, 51(2) = { 0 otrrlr;rwis\ej Jlm+lg (45)
o4 < Co,2, @and(z 4 > (o3, thenS = {1,2} resulting in case 1’ . . L& T
3 above sinc& € S while 2 + 1 = 3 ¢ S. Therefore, at this T2(7) = { ’ gz € \{1}[m—1¢ 1, (46)
level, both IRC1 and IRC2 constitute valid choices for this 0, otherwise.

network The usefulness or not of IRC1 and IRC2 can now be
Einally, it is worth noting that for n_egligible misalignmen established by inspecting the union of the setwith all
fading, S = {n | dnn+1 > don} since(,; = 0i; that possible subsets &9, Let fi £ [Tsco geo Sr(SUSED)
decreases with the distandg;. Consequently, the usefulnesgqr 1. — 1 o, ®
(;ret\r,]vc())trkof IRC can be deduced from the geometry of the _ If f, = 0 and f, — 0, C(RCD — ((RCH _ ((NIRC)
) ) corresponding to case 1 above.
2) CaseB: Consider now the case where the relatipn = SHf fi = 0and fo = 1, ¢(RC2) » (¢(RCD _ ((NIRC)
(n,n+1 holds for some relays where the set containing the corresponding to case 2 above

indices of these relays will be denoted 5§¢9. In this case, If f, =1, CORC) > (IRCD) < (NIRS) gorresponding to
(37) can be written under the following form: case 3 ab’ove -

¢(NIRC) — <o,zv+1+z CoNt1+ Z Comr+ Z Cor N41 For example, consider a 4-relay network.(ifs = (o1,

nes n’'€3\S0 n' €S C2,5 > (o2, (35 = Co,3 and (u5 < o4, thenS = {4} and

(42) S = (1,3} resulting inS'2Y being¢, {1}, {3} or {1,3}.

where the summands of the last summation can also bet S; £ {4}, S; = {1,4}, S3 = {3,4}, andS, = {1,3,4}.

written as(o,,.. Now, elements can be moved from the thirdn this case§1(S;) = 0 implying directly thatf; = 0. On
summation to either one of the first two summations withottie other handg,(S;) = F2(S2) = F2(S3) = F2(Ss) = 1
changing the value of (42) sin@® ..~ = G n+1. In other resulting in fo = 1. Therefore,((IRC? > ((RCH — ((NIRC)
words, moving the elements of any sub§é§ﬂ> of S(¢9 from showing that IRC2 is the best solution for this network.
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Note that under weak misalignment fading, the relatioand, hence, the comparison between IRC1 and IRC2 depends
Co,n = (n,N+1 translates into3y,, = B, n+1 anddy, = not only on the setS but also on the values of2, x3, and
dn,n+1 implying that R, is in the median plane. An interesting(s 3.
special case arises when all relays are in the median planepn the other hand, if = {1}, it can be proven in a similar
In this caseS = ¢ while S¢®? = {1,..., N}. Considering way that AC'R = A¢(RCD — min{y1,x2 + x3, X2 +
S — S results in the seS USSP = {1,...,N} for (3,10} for all values ofyy, ya, s, (2, andCas.
which §1({1,...,N}) = F2({1,...,N}) = 0 resulting in  Carrying out the comparison between IRC1 and IRC2 for
f1 = f2 = 0 irrespective of the valueg; (.) and32(.) yielded any N turns out to be tedious where the results are highly
by the other subsets. This results in the important conmiusigependent on the particular value of the setmaking it
that the IRC solutions can not improve the diversity ordeaf hard to reach a closed-form generic solution that covers all
FSO network for which all relays belong to the median plangossible cases. Consequently, we will resort to an assampti
or equivalently, for which(, = ¢y, n+1 for n = 1,..., N that simplifies the comparison of the above IRC schemes.
under any misalignment conditions. Similarly, IRC will not Equation (48) shows that¢('RS) depends on the parameters

be privileged if more relays are in the median plane sin(‘{g(n}zv (through the term&géo)) and{¢, n_H}N:ll (through

) (eq) o . n=1 ] .
tcr;,ea::gb;} Ogﬁé?migt;’elﬁi will increase decreasing thethe termgél)). Since the parameteng correspond mainly to
1 2 .

the difference between two parameters, then it is appropriate
to assume that the former parameters are smaller than tae lat
C. Comparison between IRC1 with IRC2 in Case 3 ones. This is especially true if (i): the S;Rand R,-D links

It is more convenient to tackle the problem by analyzing tHd € O,f _comparablg d|sFances and manifest similar mlusalajnm
diversity gain ACIRO) £ ((RC) _ ¢(NIRC) of an [RC scheme _condmons (_resultmg in small_values o@‘n)_ an_d/or (ii): the_
with respect to the NIRC scheme. From (35), given th ter-lrtglay_ Illnks arel short with )I/_vre]zakfmlsallrl]gnment f".’ldmg
C(NIRC) <0=N+1+<g(80)' thenA¢(RO) — miH1c{1,...,N}{C§O)— resulting in large values @, .,+1). Therefore, the comparison

will be performed under the assumption:
fgo) + ¢} 1t can be easily proven that!” — Cfgo) = P P

> nezes Xn WhereZ @ S stands for the set of elements that

= !5 — /7 !
belong toZ U S but not toZ NS and: X = (G0 = G gt < Cnngr Vons (52)

Xn £ [Con — Cn,N1] (47)  For IRCL, it can be observed tha" = 0 for all 2V

subsets of {1,..., N} except for the followingV + 1 sets:

o, {1,...,N}, {2,...,N},...,{N}. Consequently, based

ACRO) = min {Aééo) + Cél)} : AC&O) A Z yn,  Onthe assumption in (52) and si ) contains terms of the
Zc{1,...,N} S form ¢,..»+1, then the diversity gain of IRC1 can be written as

_ _ _ . (48)  A¢URCY) — mins {A¢{”} where the minimization is limited

We will start with an illustrative example that sheds morgyer the aboveV +1 sets. For IRCZQS) £ 0 for all subsets

light on this case. Assume thaV. = 3 and S = {2}. of 1 .. N} except for the setg and{1,..., N} resulting
Considering all possible subsefsof {1,..., N} and after ; AC(RCY) — min{AC(;O) ACEO) }}
- ’ 1 N}

some sm_phﬁcatpns, the diversity gains of IRC1 and IRC2 Therefore, the comparisonﬂnl':ietween IRC1 and IRC2 can
can be written as:

be performed in a simple way as follows: if the $ktthat

ACTREY — min{ya, x3, (2.3} (49) minimizesA((RCY is eitherg or {1,..., N}, thenA¢(RCD —

ACORED) _ jpin 00 o +$< Yo+ Cos X5+ Con Cos + Con} ACURCD: otherwise, ACIRC? > A(¢(RCD  For example, for
= 2, X1 3, X1+ 62,3, X3+ C2,1,62,3 + (2,1 : 0

A (0) _ 3 _ + oy, A 0  _
Consider now the following scenarios. (i): 4 < x3 and NEER 2"6{1’2’3}®Sd{z3}(0) 7X1 X3 Bliag) B

X2 < Co.g, thenACURSD — v, and ACIRSD — y, resulting in  2ome{23}as—(3) = X3 ol Sy = Yne(sies—{23) =
ACURC2) — A¢(RCY) jmplying that IRC2 does not present anyX2 + Xs- In this case ACREY = min{xz, x1 + x3, X3, X2 +
diversity advantage over IRC1 in this case. (ii):\f < x2 X3}(I§:§1}H{X27X3_}- If X2 < X3, th(englCE)he set (tlgc'élg)mlnlmlzes
and x3 < (a3, then ACIRCY = x5 while ACIRCD > x5 AC is I = ¢ implying that A¢ = A¢ ,(lggl)the
since xa > X3, X1+ X3 > X3 X1 + Ca3 > (o3 > X3, other hand!|fx3 < X2, then trrF?C?et that rl‘gléymme_sg is
X3+ (o1 > y3 and oz + (o > (a3 > 3. Consequently, Z = {2,3} implying that_Ag( ) > AL . ). This result is
ACRCD 5 ACRCD and |RC2 results in a higher diversitycoherent with (51) iz 5 is large so thamln{X2aX36C2,3} =
order in this case. (iii): 1fGz3 < X2 and (2,3 < x3, then min{xz,xs}. On the other hand, fof = {1}, Aéé) = X1
A¢IRED =§2,3 Whi|e<A§('RC<2) > (2,3 Scincem > Czc,a, X1 -i;j AC??M} = x2 + X Acg?s} = x1 +x2 + xs and
X3 > X3 > 62,3, X1+ 62,3 > G2,3, X3+ (2,1 > X3 > (2,3, @and - A ~(0) _ resultina in AcRCD — i _
a3+ Co1 > Co.3. Therefore ACIRCY s strictly greater than Sap =1+ XSRCI) ting inACTH = min{xi, x2 + X3}
ACUREY) i this case as well. As a conclusion: In this case A( is minimized with eithers or {1,2, 3}

implying that ACIRC?) s always equal taA¢RCY for this

ACIRC2) = ACORCY - min{xo, x3, (2.3} = Xo; (51) network in coherence with the previously provided direct
ACIRCY) 5 A¢(RCY ' gtherwise. comparison.

Therefore, the diversity gain can be written as:

neLd
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Fig. 2. Performance under scenario 1. Solid and dashed dimsspond to Fig. 3. Performance under scenario 2. Solid and dashed dioreespond to
the exact and approximate outage probabilities. the exact and approximate outage probabilities.

V. NUMERICAL RESULTS only because it achieves the same diversity order as IRC1

The refractive index structure constant and the attenatidd IRC2 with a reduced system complexity but also since
constant are set t€2 = 1x 10~ m~2/3 ando = 0.44 it achieves a slightly better performance than these two IRC
dB/km. In all scenarios, the distance between S and D gsghemes. This results from the increase of the total number
do,n+1 = 5 km. The receiver radius, beam waist, and pointin%téinks Nink from NIRC to IRC1 and IRC2 implying that
error displacement standard deviation are assumed to be i transmit power will be divided among a larger number of
same for all links and they will be denoted byw., ando,, links.
respectively. In what follows, we set,/a = 3. The values of In Fig. 3 we provide examples of networks with
w. /a will be varied in the simulations where large values ofifferent number of relays for which scenario 2 arises.
this ratio indicate less pointing errors. The set of distsf®2 We set w./a = 25 while D takes the following
is defined asD £ {4(do.n, dn n+1)}Y_; Where the sign+ values: {(2.6,2.5),(3.2,1.8),—(2.7,4.6)} for N = 3,
(resp.—) indicates that the relay is above (resp. below) the ling2.6,2.5), (3.2,1.8), —(2.7,4.3), —(2.9,4.7)} for N =4 and
formed by joining S and D in a two-dimensional plane. We wil{(2.6,2.5), (3.4,1.6), —(2.7,3.4), —(2.6,3.9), —(2.6,4.3), —(2.7,4.6) }
provide simulations under different network configurasionfor N =6. The superiority of IRC2 over IRC1 (that achieves
reflecting the following four scenarios that might arise whethe same diversity order as NIRC) was predicted theorgtical
comparing the IRC and NIRC schemes. Scenarig!f°? = by case 2 in subsection IV-B sincg = {3} for N = 3,
¢(RCY) — ¢(NIRC) " gcenario 2:¢(IRC2) » ((RCL) — ¢(NRC) S = {3 4} for N = 4 andS = {3,4,5,6} for N = 6. For
scenario 3:¢(RCD — ((RCL) - ((NIRC) gnd scenario 4: the considered simulation setup, the gain in the diversity
CURC2) ~ ((RCY - +(NIRC) An extensive simulation campaignorder offered by IRC2 (with respect to either IRC1 or NIRC)
highlighted the extremely close match between the numierié® 0.86, 1.46, and2.93 with 3, 4, and 6 relays, respectively.
and analytical results (where the corresponding curveg wén all scenarios, the performance gains with respect to
barely distinguishable) thus supporting the validity of thnon-cooperative systems are huge for average-to-largesal

provided derivations. of Pu.

Fig. 2 shows the performance of 3-relay and 5-relay Scenario 3 is reflected in Fig. 4 wittl = 2 and
networks for which neither IRC1 nor IRC2 is useN = 4 for w,/a = 8 and w./a = 25. We set
ful corresponding to scenario 1. We set./a = 10, D = {(1,4.1),—-(4.1,1)} for N = 2 and D =
D {(1,4.2),(1.5,3.6), —(2,3.1)} for N = 3 and {(1,4.1),(1.5,3.5),—(3.2,1.9), —(4,1.8)} for N = 4. Re-

D ={(3,2.4),(3.3,2),(3.6,1.6), —(3.7,1.5), —(3.8,2.2) } for  sults highlight the enhanced diversity orders and perfocaa

N = 5. This scenario corresponds to case 1 in subsectimvels that can be achieved by activating the inter-relalsli
IV-B where S = {1,2,3} for N =3 andS = ¢ for N = 5. In this scenario, IRC1 and IRC2 achieve the same diversity
Results show the very close match between the exact outagger where the outage probability curves are practically
probabilities based on (8) and the asymptotic values baggatallel to each other for large values Bf,;. This renders

on (10) for large values of the power margly,. Results IRC1 the most adapted solution under this scenario. In this
also support the accuracy of the derived expressions for ttese, IRC2 even results in a small performance loss with
diversity order where the analytical values based on (2d) arespect to IRC1 since the transmit power needs to be divided
(28) for NIRC, on (29) and (31) for IRC1 and on (31), (33among a larger number of links. In this example, fér= 2,

and (34) for IRC2 closely match the negative slopes of tlike diversity order of NIRC does not increase whep/a
different outage probability curves. These formulas aataly increases from 8 to 25 where the diversity order remains
predict diversity orders 06.4 and10 for N =3 and N =5, 4.33. This shows that the performance of the NIRC network is
respectively. For this scenario, NIRC is the best solutioh nlimited mainly by atmospheric turbulence rather than pomt
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Fig. 4. Performance under scenario 3. Solid and dashed dimesspond to Fig. 5. Performance under scenario 4. Solid and dashed dimeespond to
the exact and approximate outage probabilities. the exact and approximate outage probabilities.

errors; in this case, reducing the pointing errors does ritie minor gains in the diversity order do not justify the ugsu
manifest in an improved diversity order. Interestinglyistis in the system complexity that results from implementing the
not the case with IRC where the diversity order increas#sC techniques; in other cases, significant gains can béeeac
from 4.64 for w./a = 8 to 6.15 for w./a = 25. For the stressing on the huge potential of IRC techniques.

IRC network, both atmospheric turbulence and pointingrerro

affect the performance and, hence, reducing the pointirgyser APPENDIXA

results in an increase in the diversity order. This is rediédn Consider the probability in (22) and let=Z,,;; andv =
large performance gains that range frara dB forw./a =8 7, ,,.,. The following cases arise:

to 6 dB forw, /a = 25 when comparing IRCLwith NIRCatan (i) v = w4+ 1 = py..cop—1 = pu—u = 1 and the
outage probability ofl0~'°. For N = 4, (MR = 7.88 and  corresponding diversity order is zero.

(URC2) — ((RCD — 816 for w./a = 8 while (MRS = 7.94 (i) v > u + 2; in this casepu—...v_1 = Puust +

and ((RC?) = (IRCY = 11.96 for w. /a = 25. Quu+1Put1,N+1Put1—--—p—1 WHere p, 1.1 in this

Scenario 4 is reflected in Fig. 5 fow./a = 25 case can be written as the sum of different terms where each
with different number of relays. The values oD one of these terms is either of the fomm; or corresponds
are {(2.7,2.2),—(2.8,4.6),—(3.7,3.2)} for N = 3, to the product of two or more probabilities of the fomn;.

{(1,4.1), (4.1,1), —(3.9,1.5), =(1.5,3.9)} for N = 4, and Consequently, the probability,. . 1u+1.8+1Pur1— . —v_1
{(1,4.1),(4.1,1), —(3.9,1.5), —(2.3,2.9), —(2.9,2.3), —(1.5,3.98} equal to the summation of different terms where each
for N =6. The simulated network foN = 3 corresponds to term corresponds to the product of two or more probabilities
the example provided in subsection IV-C where the diversigf the formp; ;; therefore,qu u1Put1, N +1Put1— . —v_1 IS
gains of IRC1 and IRC2 with respect to NIRC are provided igeveral orders of magnitude smaller thap,.1 and hence
(49)-(50). For this networky, = 0.75, x2 = 0.86, x3 =0.23, p, ..., 1 ~ p,.41 and the corresponding diversity order
(1,2 = 1.94, and(z 3 = 3.76 implying that IRC2 will achieve is ¢, ;.
a higher diversity order than IRC1 according to (51). In this (jii): v = u + 2; in this case, the corresponding prob-
case, the diversity order of IRC2 exceeds the diversityroofle ability can be written asp,—...—.o-1 = Pu—uil =
IRC1 by A¢IRCD — ACURCY = vy — x5 = 0.63. For N = 4, Puwtl + QuuriPurin+1 that scales asymptotically as
hg\lgggc)gillns in 'glrg{e(z:l)dilersny ordeEIR((::aZ\)nibe obsgrv_ed whep%mm{cu,uﬂ,cuﬂ,m} given that Quuir ~ 1. In vyhat
¢ =T7.46, ¢ = 9.34, and¢ = 1L.7. Similarly,  follows, we prove that when taking the sets other tiian into
(RO = 11.58, (IR = 14.13, and ("R = 17.7 for  consideration, the dominant probability in_.,; is always
N =6. Puu+1 (@nd notp,y1 n+1) and, hence, the corresponding
diversity order associated with this term simplifies¢{g,+1.

VI. CONCLUSION In fact, forv = u+ 2, the contribution ofZ,, ; to the outage

robability in (14) can be written under the following form

In the context of FSO collaborative systems, communicati g large values ofPy:
M-

over the existing relay-relay links constitutes an addaio
degree of freedom that can be exploited to enhance the achiev

able diversity orders and performance levels. Specialidens Pz, , = H PjN+1 H po.j/ | p(u) H p(u’) (53)
ation needs to be paid to the engineering of such systems sinc JELn i 3/ €Tn. W e, ;
u! #u

inter-relay cooperation is not useful in all circumstandesgen
in the scenarios where inter-relay cooperation is capable where, from (22)p(w) £ puw—wi1...w—1 Where, ifw =
increasing the diversity order, the achievable gains agblyi Z, ; i, thenw’ = Z,, ; x4+1. For the case under consideration,
dependent on the particular network topology. In some ¢asgtu) = py—ut+1 = Pu,u+1 + Duti1,n+1 Wherez =y denotes



thatz is asymptotically equal tg. Consequently, (53) can bep,, y+1Pv,v—1 + Put1,N+1Pu+1,0—1Pv,o—1
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Pu,u4+1Pv,v—1-

written as: Therefore, by recursion, for v > u + 3,
Pu—(ut1=--2v—1)—v = Puut1Pvv—1 and the corresponding
diversity order isCy y+1 + Cov—1-

Pr,. = | I piner II pos|puwss [ »(@) R
JELn,i = uw €T, 4
! u! #u
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