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Abstract—In this paper, we consider the problem of relay- [9], [10]. While MIMO-RF systems take advantage of the
assisted free-space optical (FSO) transmissions with anjumber  jndependence between the constituent channels to achieve
of relays. At a first time, we consider the quantum limited high diversity and multiplexing gains, multiple-apert/#g0

scenario and analyze the simple Decode-and-Forward (SDF) t ffer f ianificant | s of ch | fati
protocol where all symbols received at a certain relay are reans- Systems sufier from signincant levels of channel correratl

mitted to the destination. We also propose a novel SelectipF that follows from the high directivity of the FSO links. Fox-e
(SelDF) protocol that can be implemented without requiringany ample, the presence of a small cloud might induce large fades

kind of channel state information (CSI) neither at the transmitter  on all source-detector sub-channels simultaneously st
nor at the receiver sides. We derive the diversity orders tha rendering the high performance gains promised by MIMO-

can be achieved by SDF and SelDF over gamma-gamma fading e . h . .
channels and highlight the superiority of SelDF. We also proe FSO systems difficult to achieve in practice. The above lim-

that for some network configurations, SDF might achieve the itation motivated inspecting distributed diversity tetjues,
same diversity order as SelDF. On the other hand, for most of based on user cooperation, for FSO systems.

the network configurations, the SDF protocol, that was studdd  While the literature on cooperation in RF networks is huge
extensively in the context of N,-relays .radlo-frequency (RF) and dates back to about a decade [11]-[13], it was only re-
systems and one-relay FSO systems, is not suitable for FSO . . L .
systems with more than one relay since it results in reduced pently that cooperation started attracting as'gn'f'_canmn
diversity orders. At a second time, the above protocols are inthe context of FSO systems [14]-[20]. The major diffelenc
extended to FSO systems that are corrupted by background between cooperative-RF and cooperative-FSO systemsesesid
radiation. For SelDF, we propose a novel metric that capture the  jn the non-broadcast nature of FSO transmissions. WhiléFin R
fidelity with which a certain message is detected at the relaghus - ayyorks a message sent from a source to a destination can
determining whether this relay will participate in the cooperation . .
effort or not. be spontaneously overheard by neighboring nodes or relays,
in FSO systems separate transceivers and a fraction of the
available power must be entirely dedicated for deliverimg t
information message to the relays. However, despite thisepo
penalty, the various contributions in [14]-[20]. highligd the
. INTRODUCTION potential of cooperation as a powerful and practical tool fo
Recently, Free-Space Optical (FSO) communications a&embatting fading in FSO systems.
tracted significant attention as a promising solution fag th The existing relay-assisted FSO systems can be classified
“last mile” problem [1]. In the same way as radio-frequencinto three categories. (i): Amplify-and-Forward (AF) rgla
(RF) wireless communications, FSO links also suffer froimg considered in [14] and [15] where in [14Y, relays
fading. While fading in RF systems results from multi-pativere deployed with no direct link between the source and
propagation, fading (or scintillation) in directive FSQks destination while in [15] one relay was deployed assuming
results from the variations of the index of refraction dughat a direct link is available between the source and des-
to inhomogeneities in temperature and pressure changes fidation. (ii): Decode-and-Forward (DF) relaying consietd
Consequently, several fading-mitigation techniques teate in [14], [16]-[19]. In [16], a cooperation strategy based on
initially proposed for RF communications were extended anble implementation of convolutional codes was proposed and
tailored to FSO systems. analyzed while in [17] a simple DF (SDF) strategy that can be
In the context of FSO communications, localized diversitynplemented independently from the structure of the chianne
techniques were studied in [3]-[10]. These techniques aede was considered. Both strategies were considered in the
based on deploying multiple apertures at the transmittéfoain context of 3-way cooperative FSO systems with a single relay
receiver sides and they are analogous to the famous Multiptend a direct link between the source and the destination.
Input-Multiple-Output (MIMO) RF systems. FSO localizedSelective DF (SelDF) protocols were proposed in [14] and
diversity techniques include aperture-averaging receliver- [16] where a certain relay forwards the decoded message only
sity [3], spatial repetition codes [4], [5], unipolar veses if the received signal-to-noise ratio (SNR) or, in an eglana
of the space-time codes [6]-[8] and transmit laser selectimanner, the path gain at this relay exceeds a certain tHtesho
The author is with the Department of Electrical and CompEtegineering level. Under the quantum-“mlt scenario, it was proven ig][1
of the Lebanese American University (LAU), Byblos, Lebanda-mail: that SDF and SelDF result in exactly the same performance
chadi.abourjeily@lau.edu.lb). with one relay. (iii): Relay-selection protocols wheresed
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on the channel state, only a subset of the available relayd-inally, since the proposed cooperation schemes are symbol
participate in the cooperation effort. In this context, iasv specific, an outage analysis is not appropriate for the pmbl
proven in [20] that the optimal power allocation strategy innder consideration. In fact, the outage probability ideated
the absence of background radiation consists of transmgittibased on the assumption that a relay in outage will stop
all data either along the direct link or along one of thés transmission over the entire channel coherence time tha
indirect links via one relay that is appropriately choseroaqn extends over several thousands of symbol durations in the
all available relays. A similar relay-selection protocbiat context of FSO communications. Consequently, the average
activates a single relay at a time was considered in [18] und&ror probability emerges as a more appropriate performanc
the scenario of additive Gaussian noise. measure.

In this paper, we analyze the SDF strategy with any number
of relays (denoted byN,) with intensity-modulation and II. SYSTEM MODEL
direct-detection (IM/DD). We also present an alternativéhie We consider a relay-assisted FSO communication system
SelDF strategy considered in [14], [16]. In fact, the siggte where N, neighboring nodes or relays share their optical
in [14] and [16] is based on the SNR (or path gain) whictransceivers for assisting a source S in delivering its a0
is an average measure of the strength of the link between théestination D. The relays, source and destination casresp
source and a certain relay. In other words, for the same SNB,buildings on which FSO wireless units are deployed for
some symbols might be more efficiently reconstructed th@gtablishing optical links with neighboring buildings.n&é
others and the strategy in [14], [16] fails in distinguisghin FSO links are highly directive, it is assumed that each relay
these symbols. Instead of being based on an average mepisssesses at least two separate transceivers; one tramssei
the SelDF scheme that we propose is based on an alternagigglicated for the communication with S while the other one
symbol-specific metric that measures the fidelity with whicly deployed for establishing a link with D. In the same way,
each particular symbol is recovered at the relay. This iespli N, transceivers are deployed on S (and on D) in order to
that even for the same channel realization, some symbals wiét up optical connections with the relays. This configorati
be forwarded to the destination while others not (unlike][14implies that the different signals received at D do not inter
[16]). In this context, we propose two novel rules based gere with each other rendering all forms of parallel mutipl
which the relay forwards the corresponding symbol or noe Thaccess techniques or joint encoding/decoding unnecefsary
first rule is suitable for the no-background radiation casé acooperative FSO networks. The relays will be denoted by R
it does not require any kind of channel state informationlCS . | Ry, in what follows. Because of the presence of these
while the second rule is applied in the presence of backgtourelays, the optical signal transmitted from S reaches Dhaa t
radiation and it requires the estimation of the SNR at eagh). + 1 parallel paths S-D, S-RD, ..., S-Ry, -D.
relay. We denote byly, Is1,...,Isy, and I1g,..., Iy, 4 the

In this work, we adopt the gamma-gamma fading channeduivalent fading gains (irradiance fluctuations) throulgé
model where the diversity order over the individual sourcgptical channels between S-D, SsR.., S-Ry, and R-D,
destination, source-relay and relay-destination FSOslid&- ..., Ry -D, respectively. In the same way, we denote Ry
pends on the distance of the link [21]. Based on an asymptofi€”) and P{™ the fractions of the total power dedicated to
analysis of the average error probability, we evaluate tiige links S-D, S-R and R,-D, respectively. These parameters
diversity order that can be achieved b.-relay cooperative myst satisfy the relatio?, + erj;l[pl(n + p2<")] — 1 s0
FSO networks implementing the SDF and SelDF strategigfat the cooperative system transmits the same total emargy
under the quantum limited scenario. In coherence with [2}{on-cooperative systems.
the achievable diversity orders are highly dependent on then this work, we adopt the gamma-gamma turbulence-
geometry of the network. For one-relay systems, our amlyghduced fading channel model [21] where the probability

shows that SDF and SelDF achieve the same diVerSity Or%nsiw function (pdf) of the irradiancd @ O) is given by
In this context, the systems considered in [19] (with = 1

relay) over Rayleigh channels correspond only to a speasg#c  f(7) = Wﬂa%)/%l[{wﬁ (2 aﬁ]) (1)
where the diversity orders over the intermediate links hee t I'(a)l(B)

same (and equal to 1) and where the SDF and SelDF strategig@rel'(.) is the Gamma function anft.(.) is the modified
achieve the full diversity order of two. With more than on@essel function of the second kind of orderThe parameters
relay, we prove the superiority of SelDF that is capable of and 3 are given by:

achieving higher diversity orders compared to SDF. Based 1

on the network configuration, the performance of SDF ranges(d) = {GXP (0-490123@)/(1 + 1-110}32/5((1))7/6) - 1} 2)
from the best-case scenario, where SDF achieves exactly the ) 12/5, n7/6 -1
same diversity order as SelDF, to the worst-case scenarthd) = {GXP (0-5103(d)/(1+0-690’3 (d)" ) - 1} 3)

where increasing the number of relays might not enhance th 9 : . . .
diversity order. While the diversity order of SelDF increas wﬁereaR(d) 's the Rytov variance related to the link distance

linearly with V. for all network configurations, SDF manifestsd by:

the same linear dependence under the above best-case@cenar
while the diversity order of SDF might sub-optimally scate awhere k is the wave number and@? denotes the refractive
[%1 under the worst-case scenario. index structure parameter [21].

o%(d) = 1.23C2k7/0q11/6 (4)



Consider Q-ary pulse position modulation (PPM) with R,
IM/DD. Denote by \; and Ay the average number of pho-

toelectrons per slot resulting from the incident light sihn I YW Pz(” ]
and background radiation (and/or dark currents), respalgti % N“l
These parameters are given by [4]: le 7o
PT‘TS/Q Es Pst/Q ]0
s — = _— N = 5 P (0)
AN=n— =g s A= (5) s KA YOH D

where T, is the symbol duration and is the detector's P Z®
guantum efficiency assumed to be equal to 1 in what follows. [\
h = 6.6 x 10734 is Planck’s constant and is the optical T ye p Ly
center frequency taken to Be94 x 104 Hz (corresponding to -
a wavelength of 1550 nm},. (resp.P,) stands for the optical R,

signal (resp. noise) power that is incident on the receiver.
Finally, £, = P.T,/Q corresponds to the received opticaLig. 1
energy per symbol along the direct link S-D.

As a first step in the proposed cooperation strategies, a PPM
symbols € {1,...,Q} is transmitted along the links S-D, S-for n = 1,..., N, where Z\") is a Poisson r.v. whose
Ri,..., S-Ry,. Denote byY(®) the Q-dimensional decision parameter is given bya(= 1, ..., N,):
vector corresponding to the photoelectron counts (in ¢he (n) () R
slots) at D. In the same way, denote /™ the decision E[Z{"] = { Gy Py I gAs + An, g =35"); (10)

Cooperation with two relays.

vector at B, for n = 1,..., N,. In other words,)Y ™ can be AN, q#38M.

written asY® = [y ,Yé")] whereY, ™ corresponds 2

to the number of photoelectrons detected in¢tta slot along Where ng) = (ddRST’:;) e~¢ldrnp=dsp) with dp,p corre-
the link S-D forn = 0 and along the link S-R for n = sponding to the distance betweer Rnd D. The different
1,..., Ny parameters are depicted in Fig. 1 i} = 2 relays.

For ¢ # s, no light signal is transmitted in thgth slot and Finally, note that the synchronization problem, that arise
the only source of photoelectrons in this slot is backgroursihce the relays are at different distances from D, fallsobely
radiation. In this caseY,"™ can be modeled as a Poissoithe scope of this paper and thus will not be considered. On

random variable (r.v.) with parameter [4]: the other hand, since the relays are stationary and thelsigna
) transmitted from these relays fall on separate transceiaer
E[Y;"1=Av ;5 g#s ; n=0,...,N, (6) D, compensating for the relative delays between these Isigna

where E.] stands for the averaging operator. seems to be less involved compared to cooperative RF systems

For g = s, Y™ = v\ can be modeled as a Poisson r.v.

with parameter: IIl. COOPERATION IN THE ABSENCE OF BACKGROUND

RADIATION
E[y(™] = { Po(it))/\s(:)' AN, n=0 7 In this section, we consider the quantum-limit scenario
° Gy P IsnAs + AN, n=1,...,N,. where the impact of background radiation is removed by

(n) ; _ setting Ay = 0. The quantum-limit scenario results in a
WhereG1 is a gain factor .th_at follows from the fact th_at Ssimple analysis that offers clear and tractable insightshen
might be closer to R than it is to D. Performing a typical t5qing mitigation capabilities of the cooperative systdfhis
link budget analysis [14] shows that: approach resembles the asymptotic analysis often adopted f
) dsp - - the design of collocated and distributed RF diversity mdtho
Gy’ = (d—) e~¢(dsrn—dsp) (8) Moreover, diversity methods result in the highest perfaroea
Shn gains for high signal energies since they are designed to
where ¢ is the attenuation coefficient whilédsp and dsr, combat fading not noise. Under this scenario, the signal-
stand for the distances from S to D and from S tg, R dependent shot noise and fading become the main limiting
respectively, form =1,..., N,. factors on the performance since the power of background
Based on the decision vectd (™ available at R, the noise becomes very small compared to the power of the signal.
maximum-likelihood (ML) detector corresponds to decidingh all circumstances, results obtained under the quantum-
in favor of the symbok(™) given by: limit scenario can serve as lower bounds on the achievable
performance levels in the presence of background radiation

5 = arg qI:nl%)»(Q Yq(”) ;o n=1,...,N, (9)
where any tie in the above operation is broken randomly. A. Cooperation strategies

Now, the symbols(™ (rather than the symbal) is trans-  We next propose two cooperation strategies that will be
mitted along the link R-D. In this case, the correspondingeferred to as scheme 1 and scheme 2. For both schemes,

decision vector at D can be written &8 = [Zl("), ceey ZC(Q")] a sequence of symbols is first transmitted simultaneously to



D and R, ..., Ry,. Given that\;y = 0, therefore if symbol In fact, the relays are all forwarding the correct symboh{ot
s was transmitted, then the decision variang(g) will be all erwise they are backing off) and any photoelectron detected
equal to zero for # s andn = 0,. .., N,.. Consequently, two in any slot along the links S-D, S;FD,..., S-Ry,-D will
scenarios are possible at theth relay R.. (): Y. > 0; in indicate correctly that the light signal was transmittedtirs
this case, R decides in favor o™ = s and the decision Slot. Referring to the above formulatiog™) will be equal to
it makes is correct. In fact, in the absence of backgrouttide transmitted symbol for all values ofn in V. Note that
radiation, the only source of this nonzero count in slig the for scheme 1, the cas&™ = 0, occurs only because of
presence of a light signal in this slot. (ii)@(") = 0 implying fading and shot noise along the link,/> while for scheme
that zero photoelectron counts are observed irQadilots. In 2 this case might occur becausg Backed off as well.
this case, the best that the relay, Ran do is to break the To summarize, for both schemes, D decides in favor of the
tie randomly and decide randomly in favor of one of the slofymbols according to:
5(") resulting in a correct guess with probability Q. arg,_, . Q[Y;‘” £0], Y© 20y
For scheme 1, R forwards the decoded symbél™ au- 5= argmax,—i. [, exo], Y© =00 , A nonempty;
tomatically to D independently from Whethé@(") > 0 or rand1---Q), YO =z®=...=zMN)=q,.
v{™ = 0. This corresponds to the SDF protocol that was (13)
considered in [17] in the context of FSO transmissions witliheree, stands for thej-th row of the@ x @ identity ma-
one relay. For scheme 2,,Rforwards the decoded symboltrix and the function rand, ..., Q) corresponds to choosing
5™ only if Y\ > 0. In fact, if all counts are equal to randomly one integer in the sét,.... Q}. _
zero v\ =0), then most probably the relay,Rwill make Note that a hard decision is made in (12) f(_)r the _followmg
an erroneous decision (with probabilit@é—l). In order to eason. If the number of photoglectrqns recglved via FHe lin
avoid confusing D by forwarding a wrong estimate of th&».-D is larger than that received via the link,RD (i.e.
symbols, R, backs off and stops its retransmission during thé. ..., > Z.()). this does not mean that the decision vector
corresponding symbol duration. This scheme corresponds t& ™) is more reliable than the vect@®2). In fact, the value
SelDF strategy where a relay participates in the cooperatiof the nonzero component &™) is related to the strength
effort only if a certain quality indicator is respected atsth of the link R,-D and is not in any manner related to the
relay (in this case, the relay must observe one nonempty sldidelity of the decision made at,R In other words, R, might
For both schemes, the decision at D will be based on the forwarding a wrong symbol while,R is forwarding the
vectorsY(® andZ®) | ..., Z™Nx) For scheme 1, the decodingcorrect symbol. As a conclusion, if the hard decision in (12)
strategy is as follows. If one slot o¥(®) has a nonzero Was not performed, then a relay that is close to D and far
photoelectron count, then D decides in favor of this slot arftPm S will bias D to base its decision on the decision vector
its decision will be correct since symbeis transmitted along received from this relay thus degrading the performance of
the link S-D. On the other hand, if all componentsyf® the system. As a conclusion, a simple equal gain combining
are equal to zero, then D (i) inspects the vector@Zxﬁ“)}ff;l (EGC) detection procedure is not appropriate for SDF since
having one nonzero component; (i) determines the positioii does not take into consideration the fact that, unlikeh®, t
of these components and (iii) decides in favor of the pasitidelays might be forwarding wrong messages and since it does
that is repeated the largest number of times. In a more fornfigt perform hard decisions on the decision vectors received
way, denote by\ the set given by: from the relays. Note that (13) is equivalent to EGC for SDF
with N, = 1 and for SelDF with any number of relays since
N={n| Z™+£0g;n=1,...,N,} (11) in this case the relays (when active) are forwarding theeorr

) ) symbol.
where0¢ corresponds to th€)-dimensional all-zero vector.

Denote bys(™ the position of the nonzero componentZf)
for n € N-

-----

B. Performance Analysis
A

The channel state is defined by the vectdér =
s =arg,_; g [Zé”) # 0} . neN  (12) [o,Is1,--- Isn,, Tig,-- -, In, o). For the sake of notational
simplicity, we define the constanks and {£\™, £{}". as:
and construct the sef as S = {5 ; n € N}. In
this case, D decides in favor of the element ®fthat is
repeated the most. In a more simplistic manner, when D (N2) .
receives no photoelectrons via the direct link S-D, it fako N What follows, P7;"* stands for the conditional symbol-
the decision made by the majority of the relays (if the numberror probability (SEP) withN, relays while p) A
of photoelectrons received from these relays is nonzem). Ff Pe(‘]}[")p(f)df stands for the SEP averaged over the gamma-
example, if two (or more) relays are forwarding the samgamma distributions of the componentsiofp(I) is the joint
symbol, then most probably this symbol is the correct symbptif of I).
since the probability of making an error at the relay is serall In the absence of background radiation, the proposed co-
than the probability of correct decision. operative schemes can be applied in the absence of CSI at
For scheme 2, the decoding rule is much simpler and D d&e transmitter and receiver sides. In this case, no pmedere
cides in favor of any non-empty slot & (®), Z(") .. ZMN-)_ can be made among tl2&V, + 1 links S-D, S-R, ..., S-Ry,

ko 2 Polohs ; k™ 2 G P Ay B 2 G5V P
(14)



and R-D, ..., Ry, -D and the best choice is to distribute theonditional SEP can be written as:
transmit power evenly among these links by setting: @ W . .
Pe\] = Pr(Ys(O) = O) Pr(Zg(l) = O)PI’(Z§(2) = O)p071

oW _p(No) _p()_ . _pNo)_
Po=fr= === = e 09 +PAZL, > P2, = o)
1 2 2
1) Scheme 1: We first analyze the performance of scheme +P(Z), = 0)Pr(Z3) > 0)p?)
1. I_:or J\_fr =1 reIay,. t.he _condmonal SEP of scheme 1 was +Pr(Z§(11)) > O)Pr(Zéfg) > 0)79%} (22)
derived in [17] and it is given by:

PO _ Q-1 o0l a® | _pd g0 Wherepg}) is defined as the probability of error withrelays
ell = Te e fe @ —e e } (16) when nonzero photoelectron counts (at D) are observed from
i relays. The integey is introduced for indexing the possible
We next determine the achievable diversity order basetloices of thesé relays out of then available relays { =
on an asymptotic analysis that holds for large values\of 1,..., (’;)) In (22),p§f{ = % since the caség(o) :Zé(ll)) =
Asymptotically, the SEP is dominated by the behavior of the(2) 0 implies thatY© = Z(1) — 7(2) — 0o resulting,

pdf near the origin where (1) can be approximated by [21] g (13), in a random decision taken at D. On the other hand,

(D) ~ a(d) 1" (17) Pii=pt - In fact wheny!® =0, Z{%) =0 and 2(1), >0, D
will decide in favor ofs = §(1) since a nonzero photoelectron

wherea(d) andb(d) are related to the parameters in (2)-(3§ount was observed only in slet!) (via the indirect link S-

by [21]: R;-D). This results in an erroneous decisiénA s) when an
erroneous decision is made at K" # s) with probability
a(d) = (a(d)B(d))* T (a(d) — B(d)) (18) pt". In the same way(’) = p*).
T (a(d) T (B(d)) Wheny” =0, z!) >0 and 2) >0, D will decide in
b(d) = B(d) -1 (19) favor of eithers =351 or §=35?. In fact, whens®) = 52,

the decision will bes =51 = §(2), On the other hand, when
In what follows, the following notations will be usedy £  5(1) +352 D will decide randomly in favor of eithef = §(1)
a(dsp), ai” £ a(dsr,) anday” 2 a(dr,p) in (18) and or 5=3(). Consequentlyy>) can be written as:
Bo £ B(dsp), B £ B(dsr,) and By £ B(dg,p) in (3). ’
Averaging the conditional SEP in (16) over the approximate pfi =1 -pMA - pP)go +pMpP gy
distributions (in (17)) ofly, Is; andI; 4 results in: L —pél))pf)qz +p§1)(1 _pgz))% 23)
PO _ Q—1 aoT'(Bo) a§1)r(5£1)) agl)r( él)) whereqg = 0 since fqr thi_s elvent correcE gecisiops are made
© TG (Por)Ro (GO PO T (G Py o7 at both relays resulting |r§(_> = s and §® = s implying
that D will decide correctly in favor ok = s. On the other
agl)agl)r( §1))F( él)) (20) han_d,_ql =1 sin<_:e for th(if) event both(g;elays made erroneous
(617 P (G PN decides  favor of eithet ~ 3% or & — 11, dhen n both
) o) casess # s and an error will be made at D. On the other hand,
Equation (20) scales asymptotically g™ ™70 1) g2 = % since in this casé®) = s and §(%) # s implying that
implying that the diversity order that can be achieved b will make an erroneous decision with probabili}y In the
scheme 1 with one relay i§ + min{3{", 3"’} thus show- same waygs = 1. Now replacings!”, p!* andgo, . .. , g by

ing an enhancement with respect to non-cooperative systefisir values in (23) and after some simplifications we obtain
where the achievable diversity order . As indicated in

[21], the diversity order depends on the positions of thayl pﬁ = Q-1 [e—kﬁl) 4 e—kﬁz)} (24)
since the parameters), ﬁ§1) andﬁél) are distance-dependent. 7 2Q

In order to offer more insights on the properties of scheme prom (7) and (10): RY.” = 0) = e—*o, Pr(Zg(ll)) =0) =
1, we first consider the special case/df = 2 before tackling s

_ (1) _ —kY ) _y—1_ (2)
the scenario with any number of relays. Assume that tﬁe Pr(Zgi) >0) = e™  and P(Z;, =0) =1 - Pr(Zg; >

symbol s € {1 Q} was transmitted. Denote mﬁn) the 0)= e ks Replacing these probabilities as well as the values
s . e 2 2 2 2) in-

conditional probability of error at relay,R An error occurs ©Of {Pg,iapg,iapg,gapg,i} in (22) results in:

at this relay only wherv{™ = 0; in this case, R makes a

random decision among th@ slots resulting in: pe(fl) — e ho e—kél)e—kéz)%+
—1 -1 n _ _
o = Ctprym — g = 221 o @) e Ot 5 Lok Lo (1o i) @1 5 Lok

following from (7) and (14). On the other hand, a correct |} _efkg“)(l _67@2))@— 1 (efk?) +€k§2>)} (25)
decision will be made at D whe}’is(o) > 0. Consequently, the 2Q



=0o+ min min min {55”1) +--+0 "F /27)} E 52" 2 B8+ min  {d(i)}
i€{1,...,Nr} j=1,... (Nr) N1, Nri721 €A i€{1,..., Ny}
i=N, or i even | - (A TIE.ALJ i=N, or i even

(28)
TABLE |
THE VALUES OF d(¢) FOR DIFFERENT NUMBER OF RELAYS
&)
N, =1 d(0) ﬁ(l)
dl) | B8
D 50
Ny =2 | O g) Fie
d(2) | min{8; }
d(0) (1)+6(2) S
Ne=3 || 42 mm{mm{ﬁ?% 1+ 87 min{aY, 8} + 6 min{8(?, 8} + 8{V'}
d(3) | min {800 +57, 617 + 657,577 + 577 |
d0) | B0 + D 1 5 1 5D
d(2) mln{mln{ﬁ(l) 2)}_,’_5(3) (4) mln{ﬁ(l) 5)}+5(2) (4) mln{ﬁ(l) gt 4)}—‘,-,3(2) +IB(5)
Ny =1 min{g(?, 67} + 65" + g mln{ﬁ<2> 81"y + 85" + 8 mm{ﬁ%’), Y+ + 057}
d(4) | min {min{a{" + >}, mm{ﬁi” + 87}, min{a{" + 5{“ yomin{B{” + 817},
min{{” + 8V}, min{5{¥ + 5{"}}
Averaging (25) over the channel vectdrresults in: from the source and from the destination resultingﬁﬁﬁ) =
N, 1
@ @ @ @ 1 o= ﬁ§ _ .é By and g =...= gM) £ 3, In this case,
po Q-1 | oo - & 3 €1 (28) simplifies to:
‘ Q NP | o8+ B R
o) NONS di = fBo + o nin { { -‘ B1+ (N — Z)ﬁz} (29)
_|_ 1 _ ﬁ@) ﬁ(1)+ﬂ(2) i=N, or i even
As? A T If the relays are much closer to S than they are to D,
1 cgl) c;2> c§1> c§2> B1 > (3, resulting ind; = By + N,.3» implying that, in this
+§ 1= NS 1= e ) + ) (26) case, increasing the number of relays will always increase
)‘ As As As the diversity order. On the other hand, if the relays are
where (form =1,2 andn =1,...,N,): much closer to D than they are to 8; > ; resulting in
aoT(By) AT (A) di = Bo + [&] 81 implying that increasing the number of
co 2 i S (O OIONG (27) relays, in th|s case, might not increase the achievablegitye
I (G’ P )P order. For example, increasing the number of relays from 1 to

Analyzmg the asymptotic behavior of (26) shows tha does not result in any enhancement in the diversity order.
P — A for A, > 1 where the diversity gain of schemeFinally, for g1 ~ 8, £ 3, dy = 8o + [%=] 8. In the above
1 with two relays isid; = 3 + mln{ﬁll), (2) 521) + 3 2>} second and third scenarios, it is always more advantageous t
For N, > 2, the expressions of the conditional SEmSsociate scheme 1 with an odd number of relays since the

become cumbersome. Moreover, since cooperation resultsS@ne diversity order can be achieved with a reduced system

the highest performance gains for large valuesiof we complexity.

further proceed with an asymptotic analysis that allowsaus t 2) Scheme 2: For scheme 2, an error occurs with prob-

reach the following main result. ability £>* (tie breaking) only whery ©) = () = ... =
Proposition 1 [main result]: For cooperative FSO systemsZ(N-) = OQ Consequently, the conditional SEP can be written

with N,. relays, scheme 1 (SDF relaying) achieves a diversias:

order of d; given in (28) at the top of the page. In (28),

NT
A, .,Aiy(z\?) are all po_ssible subsets 6f, ..., N.} hav- pe(f}’r) = %pr(y(ﬂ):()@) H PrZ™ = 0g)
ing i elements each whilgl; ; = {1,..., N, }\ A; ;. n=1
Proof: The proof is provided in the appendix. Q- 1 Ne N
The values ofd(i) are summarized in Table-1 fa¥, = =70 H (1 —Pr(z™ # OQ)) (30)

1,...,4. Note that since the paramete{r/§§"),62")} 7, can

take arbitrary values depending on the relay positionshéur ~ Now Z(™) = 0¢ if and only if R, is not backing off (i.e.
simplifications of the expression in (28) are not possibtdlie a nonzero photoelectron count was observed along the link S-
general case. Assume that all relays are at the same distaRgeand a nonzero photoelectron count was observed along the



link R,,—D. In other wordsZ (™ = 0¢ if and only if Y™ >0 exceeds a certain threshold probability denoteghfay In this
andZ™ > 0. From (7) and (10), R¥.™ > 0) = 1 — " cases(™ can be written as:

5(")

(n) T ing in: n "
and P(Z,,, >0)=1—e"" resulting in: ) _ { argmax,_1.._o Yi", p% ; > pun: (35)
N, 0, e < D
P = QLo T (b7 4 o) — obl? ) S
e|l Q L where in the second case, i backing off andy, ;. will be
" (31) equalto zerofoy € {1,...,Q}. Later in this section, we will
Averaging the above probability results in: show how to evaluatp,(:"). In what follows, scheme 1 will be
N treated as a special case of scheme 2 by setting- 0.
pN:) Q-1 co 77 c§”’ cén) c§")c§”’ (32) Conditioned on the channel state vecfoand on the deci-
C QAR L + NS B N sions made at the relags= (51, ..., 5(N), the conditional

SEP can be written as:
which scales asymptotically ag %2 where the diversity order

Q
of scheme 2 is: Pe(‘]}’_%) =1- P(f‘]}f_g <1-][]Prz,<z) (36)
N, =2
dy = fo+ Y min{B{", 5"} (33) Q [ies
nz::l vz =1-[[ [>_Przi = k)PrZ, < k) (37)

=2 k=
Comparing the diversity orders achieved by scheme 1 and ! °
@ [ emat it et

scheme 2 in (28) and (33), respectively, shows that inangasi - 1
- (38)
J:

the number of relays always increases the valudsofvhile
this is not the case fad;.
where the inequality in (36) follows from ignoring the prob-
ability of correct decision when ties occur while (38) foll®
from (34). Averaging ovet € {0, 1,...,Q}"" results in:

q=2 | k=0

IV. COOPERATION IN THE PRESENCE OF BACKGROUND

RADIATION
In this section, we consider the case whare # 0. In this Ne .
case, the background radiation results in nonzero phatwete Pegr) s1- Z H Pr(s(”) = cn)
counts even in empty slots. As in the case of no background (e1en, ) €{0,1,..,Q}Nr n=1
radiation, we consider two cooperative schemes: scheme 1 Q | £00 —Ai Ak KTl =M pd
(SDF) where the relay decodes and forwards all symbols it H Z i 1 Z S 11 (39)
receives without applying any selection process and sct®&me q=2 | k=0 S

(SelDF) where the relay backs off over some symbol duratiom]ere_

in order not to confuse the destination with noisy replicas '

of the erroneous symbols it detected. Unlike the case of m(g(”) =¢,) = Pr(pf:") <pwm) ; =0 (40)

background radiation where the relay, Ran be 100 sure Q

that the symbol it detected is correct (when there is omg(3(") = ¢,) <Pr(p{™ >p,1) H pr(yq(n)<yc(n)) : en £0

nonempty slot inY ™), the presence of photoelectrons in a=1 ; g#cy '

empty slots due to background radiation imposes a certain (41)

level of uncertainty on the decision made at the relay.
For both schemes, the decision at D will be based

the vectorZ = Y(© + """ 7 according to the rule

_____ Q Z4 where Z, stands for theg-th com-

(n) _
ponent of vectorZ. Because of the symmetry of the PPI\/Pr(C];C th< p“&z - 2 d der th tion that th bol
constellation, we will evaluate the error performance assg n the other hand, under the assumption that the symbo

: = 1 was transmitted, the parameters of the components of
that the symbok = | was transmitted. The_ param(_ete_rs O.f th%’(‘” that follow the Poissonpdistribution are given EY'
components of vectoZ that follow the Poisson distribution :

and the inequality in (41) follows from assuming thaf R
Ulways decides in favor of(™ £ ¢, when ties occur. For
scheme 1, F(pﬁ") > p) = Pr(pgn) > 0) = 1 and

can be written as: Aé") = E[Yq(")] = ng)Pl(n)I&n(quAs +Av 5 ¢=1,...,Q
N, _ N o (42)
Ay 2 E[Z,) = |PoIybgn + Z 5q,§<n>G§")P2(")In,d A Finally, combining the results obtained in (39)-(42) résul

bt in (43) shown at the top of the next page.
+(Ne+ DAy 3 ¢g=1,...,Q (34) The above expression does not lend itself to a simple
mathematical analysis and it does not result in a closeat-for
whered;; = 1 for i = j andd,; = 0 for i # j. For solution for P"). Consequently, unlike the case; = 0, an
scheme 1, the symbal™ that is retransmitted from Ris expression for the diversity order can not be reached in the
given in (9). For scheme 2,,Rstops its retransmission unlessaseAy # 0. In this case, the diversity orders obtained in
the probability of correct decision at,R(denoted bypﬁ")) section 1l in the absence of background radiation cortstitu



N,
P <1 > II [5cn7opf(p§") < pen) + (1= e, 0)PI(PS > pin)

(c1,--5¢n,)€{0,1,...,Q}Nr n=1

("), (n
T ST Mgk
!

X

a’'=1; q'#cn | k=0

1 AT )y Q [+oo _ k—1 _ i
e q A § J Aj Ak A A
(A7) ] ] [ e “tA e "1AY (43)

> S s

—0 q=2 Lk=0

<.

lower bounds on the diversity orders that can be achieved by = e o T
SDF and SelDF in the presence of background radiation. | sereme e i

We next evaluate™ that constitutes a metric based on 1°’;§§:§::§;§§Ej¢:§£§jt:
which R, will forward the message or not. Assume that R T
decided in favor of§(™ according to (9). This decision is o

correct (i.e.3( is indeed the symbol that was transmitted)
with probabilitypgn) that can be written as:

Diversity Order

p™ = Pr(3(™ transmittedy ™))
Pr(Y ™5 transmittedPr(5(™) transmitted Bl

Pr(Y (m) ot
~ Pr(Y™)|3(") transmittegPr(3(™) transmitted

B ZQQZI Pr(q transmittedPr(Y ()|q transmitteql

44) ) ! 2 $ 4NumberilRe\ayse ! y ° 1
Fig. 2. The achievable diversity orders by scheme 1 and sehrim the
where P(3(") transmitted = Pr(¢ transmitted = & since absence of background radiation.
all elements of{1,...,Q} are transmitted with the same
probability. On the other hand, when symhyois transmitted,
then the parameters of the componentsYdf) are given by an increased complexity. In fact, the implementation oféhe
(symbol g transmitted): protocols requires estimating the parameters of 2hg + 1
links S-D, S-R,...,S-Ry,, Ri-D,..., Ry,.-D. Moreover, un-
E[y("] = { G P I h + A =Y 4 AN, =g like scheme 2 where each relay decides by itself wether it
a AN q #q. will cooperate or not, a feedback mechanism needs to be

) - i ) ] (45) implemented in [20] in order to inform every relay wether it
wherek; ™ is defined in (14). Now, (44) can be written as: | pe active or not since the relays can no longer make these
M Ay ) () i decisions by themselves independently from the underlying
e ! U PA) T8 @, AW state of the entire network.
Pl — Yim! azst) Yo
¢ o n n Y(,n)
9 N (D )Y e e AN A V. NUMERICAL RESULTS
q=1 Yq(")! q;;l Y(/n)! .
o *(46) We next present some numerical results that support the the-
After some manipulations, (46) simplifies to: oretical claims made in the previous sections. For smmﬂ!au
purposes, we assume that all relays are at the same distance
(™ Yo (™ max{¥{",..¥g"}  from the source and the destination resultinglin;, = --- =
. (1 QN) (1+ ;N) dspy. 2 dsgp anddp,p = -+~ = dpy.p 2 dpp. The
p = = o) distance between S and D is fixeddep = 10 km and we
79 1+kj"> ! 79 1+k£n) ! setC? = 1.7x 10~ m~2/3 and¢ = 0.43 dB/km in (4) and
= N = N (8), respectively.

) (47) Fig. 2 shows the diversity orders that can be achieved by

Note that the relatiop:™” > p;, does not guarantee thatscheme 1 and scheme 2 as given in (29) and (33), respectively.
§(") = s; however, it imposes some kind of selectivity orrhis figure shows that the achievable diversity orders are
the symbols to be forwarded by,RFinally, note that the highly dependent on the relay positions. Moreover, whike th
evaluation of (47) at a certain relay,Requires estimating diversity order of scheme 2 increases linearly with the nemb
the SNR (given by'}N ) at this relay. Consequently, unlikeof relays, the diversity order of scheme 1 exhibits a linear
the no-background radiation case where scheme 2 canim&rease for(dsg,drp) = (2,9) km (61 > (32) and a stair-
implemented in the absence of CSlI, the relayrRust estimate like increase for(dsg,drp) = (9,2) km (31 < (32) and
the parameters of the link S;Rn the presence of background(dsg, drp) = (7,7) km (81 = (82). A mixture of these two
radiation. In this case, no CSI needs to be acquired by Bxtreme variations is observed f¢dsr,drp) = (3,8) km
On the other hand, the relay-selection protocols (for exampvhere non of the relationg; > (s, 51 < (B2 or 51 = [
[20]) achieve higher performance levels at the expense isf satisfied. For scheme 2, the relay positions satisfying




10°

107 107+
RN
— No cooperation D UEREN
—— Scheme 1 or scheme 2, 1 relay N ~
—a— Scheme 1, 2 relays e
— No cooperation R -e- Scheme 1, 3 relays N D
— Scheme 1 or scheme 2, 1 relay . N =9~ Scheme 1, 4 relays 'Y A%
—— Scheme 1 or scheme 2, 2 relays N a = Scheme 2, 2 relays N STERRN N
-©- Scheme 1 or scheme 2, 3 relays R N Scheme 2, 3 relays AR PO AN
| =9 Scheme 1 or scheme 2, 4 relays | : : s s = Scheme 2, 4 relays A AN
10 T T T i ; i .
-165  -160  -155  -150  -145  -140 -185  -180  -175  -170  -165  -160  -155  -150  -145  -140
E, (dBJ)

107
-185  -180  -175  -170
£, (dBJ)

Performance of 4-PPM in the absence of backgrounitraw for

Fig. 3. Performance of 4-PPM in the absence of backgrounitiad for  Fig. 5.
dsr = 2 km anddgrp = 9 km. Solid and dashed lines correspond to thelsg = 3 km anddrp = 8 km. Solid and dashed lines correspond to the
exact error probabilities and bounds, respectively.

exact error probabilities and bounds, respectively.

091

08

0.7

10°
06

0.4
® d =10km, 3relays

0 dg=10km, 4 relays ]
+ dgp=5km, 2 relays
¢ dgg=5 km, 3relays ||
o dgy=5km, 4 relays
v dgy=3km, 2relays ||
A dg=3km,3relays
B dep=3km, 4 relays

b 03

107°H

— No cooperation
—— Scheme 1 or scheme 2, 1 relay
—e— Scheme 1, 2 relays
-e- Scheme 1, 3 relays
-8 Scheme 1, 4 relays
—= Scheme 2, 2 relays

Scheme 2, 3 relays

~
~ 02

'
1
1
'
1
1
o
g
1
| : E
EN : H
' [T dgp=10km, 2 elays
)
'
a
1
1
1
)
'
¥
)

kS PY

011

]

1|
-
+

'

v

]

1

P

1

- '

T ost *, p ‘7
! :

1

'

1

'

+*

1

'

1

1

]

1

)

T

15

b
S

.

L LS
-150  -145  -140 0
Diversity order of scheme 2

Scheme 2, 4 relays
10'15 L L
-185  -180  -175  -170  -165  -160
E, (dBJ)

71‘55
Fig. 4. Performance of 4-PPM in the absence of backgrounidtian for ~ Fig. 6. cdf ofds for random relay positions.
dsr = drp = 7 km. Solid and dashed lines correspond to the exact error
probabilities and bounds, respectively.
a diversity order of1.035, deploying scheme 1 or scheme 2

with four relays increases the diversity ordebtd resulting in

(dsr,drp) = (d1,d2) and(dsr,drp) = (d2,d1) Will result  a huge performance gain 89 dB at P, = 10~°. On the other
in the same diversity order wheré and d, are arbitrary hand, Fig. 4 shows the huge gap between the two considered
distances. For scheme 1, the positi@elyr, drp) = (d1,d2) schemes in the scenario whe(@sgr,drp) = (7,7) km.
whered; < d results in a higher diversity order compared ttn this case, for scheme 1, increasing the number of relays

the position(dsr, drp) = (d2,d1) as shown in Fig. 2 for the from 3 to 4 does not enhance the performance level while
increasing the number of relays from 1 to 2 even deteriorates

cases(dsr, drp) = (2,9) km and(dsgr, drp) = (9,2) km.

In other words, for scheme 1 it is always more advantageo#® performance by abo0t7 dB. In both cases, the increase
in the number of relays does not affect the diversity order as

to place the relays closer to S.
Figures 3, 4 and 5 compare the performance of schemkedicted from Fig. 2. Finally, results in Fig. 5 show that th

1 and scheme 2 with 4-PPM in the absence of backgrouperformance of scheme 1 improves with the number of relays
radiation for (dsg,drp) = (2,9) km, (dsr,drp) = (7,7) Wwithout exceeding the performance levels achieved by sehem

km and(dsgr,drp) = (3,8) km, respectively. All results show 2. Finally, results in figures 3, 4 and 5 show the importance
the extremely close match (for large valuestal) between the of implementing a SelDF protocol at the relays.
While the above figures showed the performance for fixed

exact error probabilities and the upper-bounds obtainewch fr
approximating the gamma-gamma pdf by (17). More preciselglay positions withisp = 10 km, Fig. 6 shows the achievable
the exact error probabilities tend to the upper-bound#'as diversity orders by scheme 2 for random relay positions with
increases showing that these bounds can accurately predigb = 3 km , dsp = 5 km anddsp = 10 km. In this

the achievable diversity orders. In coherence with theli®sucase,, that quantifies the degree of fading along the direct
in Fig. 2, Fig. 3 shows that scheme 1 and scheme 2 achidwik takes the values of 1.53, 1.17 and 1.03, respectively.
exactly the same performance level fatsr,drp) = (2,9) Results show the cumulative distribution function (cdf)daf
km. In this scenario, very high performance gains can e (33) for different number of relays where the positions of
obtained. For example, while non-cooperative systems habe relays are generated randomly inside the circle of diame
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Fig. 7. Performance of 2-PPM in the presence of backgroudi@tran with  Fig. 8. Performance of scheme 2 with 2-PPM in the presencaakdround
P,Ts/Q=—185 dBJ anddsg = drp = 7 km. Scheme 1 and scheme 2radiation withp,, = 0.9, P,Ts/Q=—185 dBJ,dsr = 2 km anddgrp = 9
are deployed with one relay. km.

SD. Results show the critical effect of the link distance lo@ t radiation, SelDF results in a more sophisticated relayctire
performance. For example, 3-km transmissions assisted®y tsince each relay now needs to estimate the SNR of the link it
relays outperform 5-km transmissions assisted by threg'sel establishes with the source. In this scenario, the comigexi
Fig. 7 shows the performance of 2-PPM wifi. = 1 of the source and the destination are the same with SDF and
relay in the presence of background radiation where we BelDF. As in the no-background radiation case, SelDF does
PT,/Q = —185 dBJ anddsr = drp = 7 km. This figure not require any kind of feedback.
compares the performance of non-cooperative systems with
that of scheme 1 and scheme 2 for different values of the
threshold probabilityp;;,. This figure shows that scheme 2
outperforms scheme 1 fgs,;, = 0.6,...,0.9 and that the The integral of a term having the form—Fn’ =
performance gains increase with,. Moreover, for scheme =G5 Pi’IXs over the approximate gamma-gamma distribu-
1, cooperation becomes useful for the valuedofexceeding  tion in (17) of the irradiancel results in —% LBz
—169 dBJ while for scheme 2 this value is reduced to about (G(”)P(")/\s)M
—175 dBJ. which scales asymptotically a&; oo whereﬁ is the
Fig. 8 shows the performance of scheme 2 with 2-PPM fgarameter of the gamma-gamma distribution given in (3).
various values ofV,.. In this figure, we fixP,T;/Q = —185 Based on this observation, the following notation will bedis
dBJ, pi, = 0.9, dsg = 2 km anddgp = 9 km. For in this appendix:
performance lovels and civersiy orders as the numberajsel /(1. o [ FOWp(NAT
f(As) =d means lim = —d (48)
increases. Huge performance gains exceedih@B can be As 00 log As
observed with 4 relays at a SEP ®0—3. The numerical
results show that the diversity orders are 2.025, 3.226 a
4.123 with 1, 2 and 3 relays, respectively. On the other han
results in Fig. 2 show that the diversity orders, that arévddr
asymptotically in the absence of background radiation, are
2.116, 3.197 and 4.279, respectively. The above values apgf") = ¢~ Z Z PO, (49)
,J
very close showing that the derived diversity orders are als i=0 j—1
useful for systems corrupted by background noise.

N, (%)
VI. CONCLUSION Se” ZZP(NT) H(l— ‘kgml)) 11 o k8"

APPENDIX

or example,pé?% = min{ﬁ§1),ﬁ§2)} in (24). Extending
), the conditional SEP of scheme 1 wit). relays can be
Written as:

_ . . _ i=0 j=1 mi€Ti;({L,....,N.}) ma€{ls....N.N\Ti ;({1,....N.})
We investigated SDF and SelDF as candidate solutions for (50)

relay-assisted FSO communication systems with any number _

of relays. The theoretical analysis and the numerical tesufvhere the setg; 1 (A), ..., Z; iy (A) are all possible subsets

showed that, in general, the SelDF protocol is capable of the set.A havmg i elements each. For example, for
achieving higher diversity orders than the SDF protocolneheN, = 3, Z51({1,2,3}) = {1,2}, Zo2({1,2,3}) = {1,3}

the diversity order of SDF is at best equal to that of SelDF. BndZ; 5({1,2,3}) = {2,3}. Evidently, Zo 1 ({1,...,N,.}) is

the absence of background radiation, the superiority dbBel empty andZy, 1 ({1,...,N,}) ={1,..., N;}.

is not associated with any increase in the system complexityln (50), the integer stands for the number of relays from
since both SDF and SelDF can be implemented in the absemdéch D observes non-zero photoelectron counts while the
of both CSI and feedback. In the presence of backgroummdeger; indexes the possible choices of theseelays out
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of the N,. available relays. In this case, the error probabilit{52) can be written as:
Pz(év ") can be written as:

P = 57 pEI N II pi")

i () i'=[i/2] J'=1 m€Zy (i ({1,-.,N.}))
R(NT) — pSNz? -/H/ H/ (51) 7 »J d
J ;}; A M S’ H (1 —pgnZ)) (53)
X (11) 77’261774'({L"'aNT})\Ii’,j/(Ii,j({lv“'aNT}))
£ Z Z Pz('f;[f;?,j/ H pm) Wherepgfj;?’j, was written aq)l(.ﬁff) since it does not depend
/=0 j'=1 n1€Zy v (Zi; ({1,--,N-})) onj andy’.
(1 _p(nz)) (52) From (51) and (53%, 1)1’2 = 0 while I} =
e ni . .
P2 €T, 5 (oo NeINTor (T (LMo D) €Ty (Lo s ({1....N,}) By where this summation con-

tains:’ summands. Sincé € {[i/2],...,i}, then the diversity
) order of IT} is obtained when’ takes its minimum possible
where the integei’ stands for the number of relays that arggue of [i/2]. In fact, for i > [i/2] the last summation
making erroneous decisions while the integetindexes the contains additional terms compared to the cése [i/2] and
possible choices of thegérelays out of the relays that result hence the corresponding power)af! will increase implying
in nonzero counts at D. In (52)4™ is the error probability at that asymptotically the smaller power of ' obtained for
them-threlay givenin (21). Based on (13), the majority choicg — [;/2] will dominate. As a conclusion, the summation
will be made exclusively among therelays that result in gyer i’ can be removed from (53) and can be replaced by

nonzero photoelectron counts at D while the remaining-i  [;/2]. Consequently, the diversity order of (53) can be written
relays will be ignored in the decision process. In other 8prdyg:

D receives nothing from thes¥,. — ¢ relays and it proceeds N, . (nn)
very simply as if they do not exist. Py = min > B (54)

3'=1 ) n -
In (52), the probability)g_’;?_’j, stands for the error probabil- ! (/) LE€T (i 21 50 (Ti g ({1, N:}))

ity when D receives nonzero counts framelays among which si cep@.“) -0
i’ J\r[elays are forwarding erroneous messages. Consequenﬂr;ﬁ'hezélummation in (54) contairfs/2] terms while the sets
(N-) depends on the manner in which the majority amon (1iia1) .
Zrijo.5 (Zig({1,..., NT}))}J,,;1 (which correspond to all

pi.’j7i/7j/
NT) 1 1
s a function of, rpossible combinations df /2] elements of; ; ({1, ..., N, }))

thei relays is selected. Therefor;égj_’i/_j/
Q, 1 andi’ and it does not depend on any fading gain amo .
) ﬁ)an the entire sé; ;({1,..., N,}). Consequently, (54) can

Io, Is 1, Is Ny [1dy- o IN.a- AS @ conclusiormﬁ%?jlj, = e written as:

0. Evidently,pg? ;» does not depend ohand;’ that are used (nreja1)

for enumerating all possible combinations. For exampteyde Pz(év) = IDIIH LN {55”1) o By }
evaluatep}’), ., where 1 relay is forwarding a correct symbol P s/ €g (L Ve (55)
in slot s while the remaining 2 relays are forwarding erroneous grom (49) and (50), 1, = 0 while I, =
symbols in the two slots’; s” € {1,...,s—1,s+1,...,Q}. 3Ly N\ 5 (L n o) ﬁémz) where this summation

In this case, two scenarios are pos;ible. (i): The two e008€ containsh, — i simmands. Consequently, from (50) and (55),
symbols happen to be the same (e~ s” with probability ¢ giversity order of scheme 1 can be written as:
ﬁ). In this case, D will decide in favor of the majority

5 = s/ = §"” resulting in a error with probability 1. (ii): PE(IZ}“) =di £ B+ ,_6ninN {d(?)} (56)

s’ # s with probability £=2. In this case, D makes a random R

choice among the 3 different values s’ and s” resulting _ B0+ min { min
r | j=1

FRRRE}

in an erroneous decision with probabilizy3. Consequently, i=0,...Nr | j=1,..., (")

P, = lgt + 38=1 = 5&=1- In general, a closed-

form general expression @‘ff}[fé?,j/ can not be reached and the min {5§”1) IS 5§”W21)} + Y A
evaluation of this probability becomes tedious for largkiga e/ €40 ned;,;

of N,. However, no matter what the value of this probability (57)

is, it has no impact on the diversity order of the system and

hence the asymptotic analysis provided in this appendix ‘{d€re A ; = L,;({L... N} and Ay =

based op("") ., = 0 independently from the specific valuells - N \Zi ({1, "N?v})' . In particu-
of this error probability. lar,  d(0) = > ont1 B> and  d(N;) =

. n (n r )
Since in (52),i’ relays are forwarding erroneous symbol&n,,...n x, j21€{1,....N-} {5§ R + 8,
while i — i’ relays are forwarding the correct symbol, then We next compare the values @2k — 1) andd(2k). Since
a correct decision can be guaranteed at D (that is makiﬁ@%} = (%] — k, then the Summatioﬁ§"1)+~ . .+5§"W2w>

a majority decision) when’ < i — i’ or equivalently when in (57) contains the same number of summands fer2k — 1

i’ < [i/2]. In other words,pz(.f;{;?’j/ = 0 for ¢/ < [i/2] and andi = 2k. Moreover, since the setdy; ; contains more
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elements thand,,_; ; (over the range of values gf), then [15] M. Karimi and M. Nasiri-Kenari, “Free-space optical rmunica-
the minimization over the former sets will result in a smialle  tions via optical amplify-and-forward relaying. Lightwave Technol.,

. c ty: vol. 29, no. 2, pp. 242-248, January 2011.
minimum. Consequently: [16] ——, “BER analysis of cooperative systems in free-spapécal net-

works,” J. Lightwave Technal., vol. 27, no. 24, pp. 5639-5647, December
min {4 g < 2009 | o
ni,...,np€Azk ; [17] C. Abou-Rjeily and A. Slim, “Cooperative diversity foiree-space
optical communications: transceiver design and perfoonaamalysis,”
: (n1) ()
min Byt 5 (58) IEEE Trans. Commun., vol. 59, no. 3, pp. 658-663, March 2011.
ni,..,np€Aag_1 ;5 [18] N. D. Chatzidiamantis, D. S. Michalopoulos, E. E. Ki®zG. K.
. n) Karagiannidis, and R. Schober, “Relay selection protodotsrelay-
In Fhe same way, the Summat'OEneAi,j ﬁ2 'n_ (57) assisted free-space optical systemdEEE J. Opt. Commun. Netw.,
containsN,, — i terms. Consequently, over the entire range vol. 5, no. 1, pp. 4790 —4807, January 2013.

of values ij: [19] C. Abou-Rjein and S. I_—Iaddad, “Novel (_:ooperation stges for free-
) ) space optical communication systems in the absence andngeof
n n " . N . 3 r
< 59 feedback,” inCommunications in Computer and Information Science
Z Py < Z Pa (59) (DICTAP-11), vol. 167, 2011, pp. 543-556.
n€Azk n€Azk_1,; [20] ——, “Cooperative FSO systems: Performance analysid @ptimal

; power allocation,”J. Lightwave Technal., vol. 29, no. 7, pp. 1058 —
Consequentlyd(2k) < d(2k — 1). As a conclusion, the 1065, April 2011,

minimization in (56) needs to be performed only over the ever] A. Garcia-zambrana, C. Castillo-Vasquez, B. Castasquez, and
integersi in the set{l, . Nr}- Moreover, the casé= N, R. Boluda-Ruiz, “Bit detect and forward relaying for FSOkinus-

. . P . ing equal gain combining over gamma-gamma atmospherialembe
needs to be included in the minimization even whep is channels with pointing errors@pt. Express, vol. 20, no. 15, pp. 16 394

odd. In fact, whenV,. = 2k —1 is odd, the inequalityl(2k) < — 16409, July 2012.
d(2k — 1) will not imply the exclusion ofi = N, from the

minimization since2k ¢ {1,..., N,}. Finally, changing the

minimization set in (57) results in (28).
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