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Abstract— In this paper, we investigate the cooperative diver- virtual antenna array and profit from the underlying spatial
sity technique as a candidate solution for combating turbuénce- diversity in a distributed manner [6]. Cooperative divirsi
induced fading over Free-Space Optical (FSO) links. In paftu- s hased on the broadcast nature of RF transmissions where

lar, we propose a novel cooperation strategy that is suitakl for t itted f d b heard
guantum-limited FSO systems with any number of relays and we a message transmitted irom a source node can be overhear

derive closed-form expressions for the error performance bthis By neighboring nodes and then can be processed and relayed
strategy. In scenarios where the Channel-State-Informatin (CSIl) to the destination node. Consequently, questions ariséen t

is available at the different nodes, we propose an optimal peer  ytility of cooperation for the directive LOS FSO networks.
allocation strategy that satisfies the Karush-Kuhn-Tucker(KKT) While the literature on cooperation in RF networks is huge

conditions and that further boosts the performance of FSO .
networks. It turned out that this closed-form optimal solution and dates back to about a decade [6], it was only recently that

corresponds to transmitting the entire optical power alongthe ~SOme contributions considered this transmission stratetye
“strongest link” between the source and the destination nods. context of FSO communications [7], [8]. In [7], a cooperatio

A simple procedure is proposed for selecting this link and fo  strategy based on the implementation of convolutional sode
distributing the power among its different hops. was proposed and analyzed and in [8] a cooperation strategy
Index Terms— Free-space optics, spatial diversity, cooperative that can be implemented independently from the structure of
diversity, atmospheric turbulence, power allocation. the channel code was considered. Both contributions showed
the utility of cooperation for FSO systems despite the non-
broadcast nature of FSO transmissions.
] o While [7] and [8] were limited to the case of one relay, we
Recently, Free-Space Optical (FSO) communications aonose a novel cooperation strategy that can be appliéd wit
tracted significant attention as a promising solution fag thyy number of relays. We further analyze the performance of
“last mile” problem [1]. A major impairment that severelyihe proposed scheme in the presence of shot noise under the as
degrades the link performance is fading (or scintillatitmgt sumption that background noise is negligible. This assianpt
results from the variations of the index of refraction due tg justified by the fact that diversity techniques are desifn
inhomogeneities in temperature and pressure changesn[2]td combat fading (and not noise) and they result in the highes
order to combat fading, the Multiple-Input-Multiple-Oup erformance gains at high signal-to-noise ratios (SNR)[81]
(MIMO) techniques, that were extensively studied in thRiote that, for low SNRs, it is better not to cooperate sinee th
context of RF communications, were recently extended apglays will be forwarding noisy replicas of the informatithrey
tailored to FSO systems [3]-[S]. In this context, it is welleceived [8]. Consequently, for cooperative systems that a
known that MIMO systems achieve the highest performanggsigned to operate at high SNRs, the received signal streng
gains in the case of spaually uncorrelated channels. _For I%Fsuﬁicienﬂy large so that the signal-dependent shotenois
systems, the assumption of uncorrelated channels is oftgfy fading become the main limiting factors [3]. While [7]
justified since the wide beamwidth of the antennas and thgq [g] are both limited to the case where the Channel-State-
rich scattering environment that is often present betwéen tntormation (CSI) is not available neither at the transenitt
transmitter and the receiver both ensure that the signehesa o at the receiver sides, another contribution of this work
the receiver via a large number of independent paths. Qkides in investigating the impact of CSI on the perforreanc
the other hand, FSO links are much more directive angs cooperative FSO networks. In this context, we propose an
for example, the presence of a small cloud might induggytimal power allocation strategy that is based on miningzi

large fades on all source-detector sub-channels simuiteshe 5 tight upper-bound on the error probability.
[3]. Consequently, the high performance gains promised by

MIMO-FSO systems might not be achieved in practice and
“alternative means of operation in such environments must be
considered” [3]. A. Cooperation Strategy

On the other hand, cooperative communication is emergingconsider the example of a FSO Metropolitan Area Network
as a new communication paradigm where multiple nodes jith two buildings A and C having several FSO units placed
a wireless network can cooperate with each other to formgg their top. Each unit consists of an optical transmittedt an

. . _ receiver and is deployed to establish a full-duplex FSO link
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for the communication with a certain neighboring buildingB. System Model
Consider also a certain number of neighboring buildings B Denote byag, a “ anda a the path
B, ... and assume that two separate FSO links are set U~ ¢ o ?i’nkzl’s'_'b’ SSNR Sl-’l%\.,“énghclj%-D

between each one of the§e buildings an(_JI buildings A and v.-D, respectively. In this work, we adopt the lognormal
For the above scenario, a cooperation protocol can

d Rayleigh turbul -induced fadi h | models [3
implemented to achieve spatial diversity if the transomive ayleigh turbulence-induced fading channel models [3]

buildi B iling t © | d In the lognormal model, the probability density function
on buildings B, B,, ... are willing to cooperate in order . p o the path gaind > 0) is given by: fa(a) =
to enhance the communication reliability between building™ na-p)?*\ vk h d isf
A and C. This cooperation can be realized by temporarilyzroa <P (_ 202 )W ere the parameteysando satisty

dedicating the links (A-B), (A-B,), ... and (B -C), (B,-C), the relationy = —o? so that the mean path intensity is unity:
... for relaying the information that A has to communicat&l/] = E[A’] = 1. The degree of fading is measured by the
with C (or vice vera). By abuse of notation, buildings A angcintillation index defined by: S.k= ¢*”" — 1. Typical values

C will be denoted by source S and destination D, respectiveff S.I. range between 0.4 and 1. In the Rayleigh model, the
while buildings B, Bs,... will be denoted as relays ;R Pdf of the path gaind > 0) is: fa(a) = 2ae™".

Rz, .... In what follows, we denote by, the number of  Denote byF; the fraction of the total power that is dedicated
relays cooperating with S and D. It is worth noting thato the direct link S-D. In the same way, denote E}”)
the transceivers atR ..., Ry, are not deployed with the and P2<”) the fractions of the total power dedicated to links
objective of relaying the data of S. In fact, these transmsiv S-R, and R,-D, respectively. In order to ensure the same
are deployed for R ..., Ry, to communicate with S and transmission level as in non-cooperative systems, thevfiatig

D. Now, if Ry, ..., Ry, are willing to share their existing equality must be satisfied?, + >~ [P\ + P{™] = 1.
resources (and they have no information to transmit), thept ~ We considerQ-ary PPM with intensity modulation and
can act as relays for assisting S in its communication with @irect detection (IM/DD) where each receiver correspornds t
Note that in a different communication session, S and D cansimple photoelectrons counter. Denote Jy the average

act as relays for the communication betwegnaRd R;. number of photoelectrons per slot resulting from the inatde
The cooperation strategy that we propose applies to systelfgat signal. )\, is given by [3]:

that suffer from shot noise in the absence of background

radiation. The transmitted symbols are assumed to be carved Ay = PT/Q _ Es (1)

L . =0
from a Q-ary pulse position modulated are implemented at hf hf

the destination and the relays. In the absence of baCkgrOW%ren is the detector's quantum efficiency assumed to be
radiation, the only source of photons is the informatiorb—qua| to 1 in what follows}, = 6.6 x 10-3* is Planck’s

carrying light signal itself. Consequently, only two SCBO8  qngtant andf is the optical center frequency taken to be
are possible at each receiver: either (i) exactly one slotains | g4 1014 Hz (corresponding to a wavelength of 1550
a nonzero count implying that a correct decision can be mage,) 7 stands for the symbol duration while,. stands for
or (ii) all slots have a zero count; in this case, decidinge gpiical power that is incident on the receiver. Finally,
randomly in favor of one of the slots will result in a correcty = P,T,/Q corresponds to the received optical energy per
decision with probabilityl /Q. _ symbol corresponding to the direct link S-D.

The cooperation strategy that we propose is as follows: at-gnsider first the link S-D and denote bfo =

a first time, a sequence of symbols_ls transmitted from S 20_’1’ ..., Zy.00) the Q-dimensional vector whosgth compo-
D and to theN,. relays. At a second time, each relay decod nt corresponds to the number of photoelectrons ingttre

its received symbols. If at a certain relay, a nonzero phot@Ry |y the absence of background radiation, if the trattgohi
count was observed in one slot, then this relay has detec bol iss € {1 O}, then the decision variablg,
9ty 1 ,S

the information symbol corre<_:t|_y and_ it participates in thez e modeled as a Poisson random variable (r.v.) with
cooperation effort by retransmitting this symbol to D. Oe th arameterPa2)\, while the remainingQ — 1 slots will be
other hand, if all counts are equal to zero, then most prgba mpty: Zo., = 0 for q # s

. . . . . . ,q - .
the corresponding relay will make an erroneous decisioth(wi In the same way, we denote the decision vector observed

probability %). In order to avoid confusing D by forwarding _ (n) _ 1(n) (n) .
a wrong estimate of the symbol, the relay backs off and stoatsthen th relay byZ, = =1[211,..., 2 ol. Given that the

) . . . . Eymbol s was transmitted simultaneouély to the destination
its retransmission during the corresponding symbol domati (n) : (n)
. : and to the relays, therZ; / = 0 for ¢ # s while Z;/ is a

Note that the retransmissions from all cooperating rela R iSSON 1.V, whose ararﬁqeter is given by: 8
occur simultaneously. Given the non-broadcast nature &f F o P 9 y:
transmissions, there is no interference between the differ [ (n)} n) p(n) 2

o . . Z = P as As ;5 n=1,...,N, 2
FSO units involved in each cooperation cycle. Consequently Le AP asnAs - @
no particular coding is required for separating the datsastis
that are transmitted simultaneously from the relays to Ds T
justifies the adaptability of the above simple strategy that

hwhere/(ﬁ") is a gain factor associated with theth relay and
resulting from the fact that S might be closer tq fan it is

based on spatial repetitions for FSO networks. Finallyys-noE0 D. Performing a typical link budget analysis [3] showsttha

2
that the proposed strategy does not require any kind of cs” = (fj—;) wheredsp anddsg,, stand for the distances
and it can be implemented without feedback. from Sto D and from S to R respectively, fon = 1,..., N,.



m Defining the vectoZ asZ 2 Zo+>."", Z(;‘), the decision
70 0 rule at D is given by:
2

lls, 1 a’
(l)lf \id(l) 5o argq[Zq # 0], Z # 0g; ()

A z, rand1,...,Q), Z=0g.

S P 0 Z . .
'C 0 0)' D where 0 corresponds to thé)-dimensional all-zero vector
Q p
PO 70 while the function ranfl,...,Q) corresponds to choosing
2

randomly one integer in the sét, ..., Q}.

Zgz) Pz(z)fald
B. Conditional error probability with one relay
i i Y

The channel state is defined by the vectdr =

Fig. 1. The cooperation scheme with two relays. [ao, ds1,- -5 as N, A1,d; - - - aade]: ) For N, =1 re_Iay, the
conditional symbol-error probability (SEP) assuming tthet

symbols was transmitted can be written as:

as, 2

By inspecting the decision vectcz(ln), the n-th relay
decides in favor of symbo#(”) where (forn =1,...,N,): P, a=Pr(Zys>0)p1 + Pr(Z, S_O)Pr(Zl(ls)

0)p2
n 1 1
5 = argq_rrllax Zl( q) =arg,_; [Z£7q) * O} (3) Pr(Zo, s—O)Pr(Zf s,) >0) [Pr(Zé s,) >0)p3 + Pr(Z. Z 220)1)4
..... 5
where the above decision rules are equivalent since, in the _ . ( )
absence of background radiation, at le@st 1 slots of Z{) ~wherep; = 0 since a nonzero count in sletalong the link
have a zero photon count. S-D implies certainly that the symbol was transmitted irs thi

Denote the decision vector at the destination correspgndilot. On the other hangy, = 5+ since when all-zero counts
to the link R,-D by Z(n) — [ZQ(nl)’ B .,Z(")] Based on the are observed along the link SrRhe relay does not participate
proposed cooperation strategy, the stat|st|cs of the coemts in the retransmission; moreover, when all-zero counts ke a
of Z{™ depend on the deC|S|on taken at theth relay. ©bserved along the link S-D, theld = O(Q and a random
If at least one component dZ{™ is different from zero, decision is made at D. Nows =0 since Z3) >0 will imply
then a correct decision was made at theh relay since thatZ, > 0 resulting in no error. Finallyp, = <5+ since
in the absence of background radiation the only source @f ,, Z S)) (0,0) will imply that Z, = 0 resulting in a
this nonzero count is the presence of a light signal in thandom decision at D. Therefore, eg. (6) can be written as:
corresponding slot. In this case, theh relay retransmlts the
symbol3(™) = s along the link R,-D. Consequentlyzs") = 0 Pe|A_—Pr(ZO =0)|Prz") =0)+Prz{") > 0)Pr(Z{") =0 )}
for ¢ # s while Z2 is a Poisson r.v. with parameter: @ (7)

(n) () p{) 2 _ 7 Note that because of the symmetry of the PPM constellation,
E [2275] B2 P s 5on=1 N (4) P, 4 does not depend on the value taken by the symbol
) ( aen \2 On the other hand, PE, , = 0) = ¢~ 79*:. From eq. (2),
where 357 = (m) with dg, p corresponding to the (ZSS)—O) Pr(Z(1)>0) —ﬁ(”Pf”asM

¢ and from
distance between,Rand D. _ 1) 75<1>P o
On the other hand, if all components 2f™ are equal to €9 (4): P(Z3,=0) = ¢ “re%. Replacing these terms
zero, then a correct decision can not be guaranteed at-the N €d- (7) results in:
relay. In this case, the-th relay stops its tratnsm|SS|or(1n)(forP€|A: Q-1 1 p [e*kgl)Pfl)_l,_e*kél)Pz(l)_e*kg)Pfl)e*kél)Pz(l)}
one symbol duration corresponding £ implying that Z,,
will be equal to the all-zero vector. The cooperation stnate 8

and the different parameters are depicted in Fig. INpe= 2. where the constants, and {k{",k{"}2" | are positive real
numbers defined as:

[Il. PERFORMANCEANALYSIS ko2 a2, 3 kM2 ﬁln)ain)\s kM A ﬁé")aiyd/\s 9)

A. Optical Detection Equation (8) shows that there is a two fold increase in the
The( gjeusmr(t taken at D will be based on the vectogfyversity. In fact, P, 4 is large when eithen, and as; are

Zo, Z3",...,Zy 7. The proposed strategy ensures that thenth small (the links S-D and S;Rare both in deep fades) or

nonzero counts in the above vectors (if present) will berall iyhen g, anda; 4 are both small (the links S-D and, FD are

the same PPM slot. Note that aII zero countszé‘i‘ follow  poth in deep fades).

from either (i) all-zero counts |rZ (|mply|ng that then-

th relay will not cooperate W|th S) or (ii) the-th relay

retransmitted the correct symbol but because of fading aftd

shot noise along the link RD, zero photons were observed Proposition: In the presence ofV,. relays, the conditional

in the corresponding slot. SEP can be expressed as the produciVofi-1 terms corre-

Conditional error probability with more than one relay



sponding to the links S-D, S4RD, ..., S-Ry,.-D as follows: For lognormal fading, the integrals involved in the calcu-
lation of the SEP do not admit a closed-form solution. In

Pa(N,) = @e*kopm this case, the different terms in eq. (14) can be written as:
. Q P.o = Fr(Py\,,0,0) and P = Fr(8 P{™x,,0,0) for
T [ _pmpm)  _pmpi) L) pn) ) p(n) i=1,2andn =1,..., N, where Ffa,0,b) is the lognormal
1:[1 [e Y ote T TE e T e T (10)  gensity frustration function defined in [9] as:
Proof: We will prove the above relation by induction. Eq. Fr(a,0,b) = ™ e_“””2exp {_ (In(z) 42‘52)2 dz (15)
(10) reduces to eq. (8) faV,, = 1. Assume that the above 0o V2rb%x 2b
relation holds forN,. — 1 and prove that it holds fol,..
We define the probabilityF,,,(N,) as: P/ ,(N,) = IV. POWERALLOCATION IN THE PRESENCE OFCSI
Pe|A(Nr)%- For N, relays, P, (N,) can be written as: In the absence of CSI, no preference can be made among

the available links. In this case, the transmit power must be
Poja(Ny) = |1 = Pl 4 (N, — 1)} p1+ P a(N, —1)p, (11) equally distributed among thN, + 1 links S-D, S-R, ...,
S-Ry, and R-D, ..., Ry,-D by setting:
wherep; = 0 since with probabilityl — Pe"A(NT —1) the sys- 1
tem formed from the firstV,. — 1 relays and corresponding to pozpl(” =.. .:pl(Nr> :p2(1) —.. .:pg(Nﬁ — (16)
the set ofN, links S-D, S-R-D, ..., S-Ry,_1-D is providing 2N, +1
the destination with at least one decision vector contginin On the other hand, when the path gains are known
a non-zero count. Since the proposed cooperation stratégy a given channel realization, the values & and
ensures retransmissions only in the correct slot, then ray er{Pf"), PQ(")}ffgl can be optimized in order to minimize the
is made in this case. On the other hand, with probabilitponditional error probability.
P! (N, —1) the above system aV, — 1 relays is providing ~ The power allocation strategy that we propose is based on
the destination withV,. all-zero decision vectors. In this caseminimizing the upper-bound given in eq. (13) rather than the
the reliability of the transmission will be determined byethexact expression of%, 4 given in eq. (10) for the following
link S-Ry, -D provided by theN,-th relay. Consequently, reasons: (i) The minimization of, 4 given in eq. (10) turns
can be written as: out to be tedious and does not result in simple closed-form
Q-1 (N2) (N2) (N2) solutions that lend themselves to feasible implementaition
P2 = Q [Pr(ZLS =0)+Pr(Z; " > 0)Pr(Zy " = 0)] realistic systems. (ii) Diversity techniques achieverth&hest
Q—17[ _ v pvo) RN () p(Ve) performance gains in the high SNR regime and it is in this
= Q0 {6 ot +(1—€ oot )6 z0e } region that the bound given in eq. (13) becomes extremely
(12) close to the exact expression Bfj 4.

Now substitutingp; andp» by their values in eq. (11) results
in eg. (10) @ b2 By a- (11) A. Power allocation with one relay
The conditional SEP given in eq. (10) can be bounded by: Proposition: The optimal values Of{Po,Pl(l),PQ(I)} that
N, minimize the bound in eq. (13) subject to the constraints
Pe|A(Nr)SEe"“°P°H [e"“in)Pf")Jre—kg“)p;w @3) Po+ P+ PV =1andPy >0, P > 0and Py >0
Q are given by:

n=1
1 kY kg
k; )—i—log@ k§ )—i—logﬁ

where this upper-bound becomes tighter for large values of

E,. In fact, asymptotically, the term—1" 21" ¢~k B s (P, PV, PV = |0, 7 (17)
two orders of magnitude smaller than the teemé&:” 7"’ and A S Y

max(k{ k)

if 1 1 1 1) (1)
if & > pl + gy andmax(k; ', ky ') > log (KT K

D. Error probability and diversity order and by:
Averaging the conditional SEP given in eq. (10) over the (PO,Pl(l),PQ(I)) =(1,0,0) (18)
distributions ofag,as1,...,asn,,a14,--.,an, d Shows that .
' ' ' ‘ otherwise.

the SEP can be written under the following form:
wr u wing Proof: The constrained minimization is based on the method

of Lagrange multipliers with the solution satisfying the KK
conditions in order to ensure non-negative powers. A dmtail
proof is provided in Appendix I.

In the case of Rayleigh fading?.o = (1 + PoA;)~! and  The general solution given in eq. (17)-(18) shows that the
PE(Z) =1+ ﬁi(")Pi(")/\s)*1 fori=1,2andn =1,...,N,. optimal power allocation strategy corresponds to trartgmgit
This shows thaf, scales asymptotically a)sg(NrH) (rather the entire optical power either along the direct link S-D or
thanA; ! as in1 x 1 non-cooperative FSO links). This impliesalong the indirect link S-RD depending on which link is
that the proposed cooperation strategy permits to achieveésionger”. The condition;s > — + & shows that the
diversity order of NV, + 1 in the presence oN, relays. strength of the direct link can be measured Hywhile the

Q-1, T
Po= 25 Peg I1 [P;’;) + P pPWpW] (14)
n=1



strength of the indirect link can be measurec(%%}{frﬁ)—l. N, = 1. Assume that it holds for a network with less than

Note that this result is consistent with the findings relate@lays and prove its optimality for a network witki, relays.

to non-cooperative MIMO-FSO systems where the optimal Assume that in the optimal solution there is at least one
strategy corresponds to transmitting the entire opticagso Value of n for which P = P{™ = 0. In this case, at
along the strongest path [4]. Note also that the conditid@ast one relay is turned off (not cooperating) and the syste
max(%l)’k;l)) > log max(k{" kSD) is more easily satisfied reduces to a system having less thsin relays. In this case,

 min(k{") k) o the optimal solution is as given in eq. (24) following froneth
for large values of\; implying that the indirect link S-RD assumption made on the optimality with less thgn relays.

becomes more preferable over the direct Imk ,S'D at h'ghﬂile remaining possibilities are either (i) all componerfto
SNRs. At low signal Ievels,_lnsteaq of dedicating a_certa@re different from zero (the power is distributed among the
amount of power to communicate with the relay that will mosf,, S-D, S-R-D, ..., S-Ry -D) or (ii) the first component
probably observe all-zero counts and hence will not COdpera: p g equal to zero Whi|é the remaining components are
it is better to transmit the entire power along the direck.lin different from zero (the power is distributed among the $ink
S-R-D, ..., S-Ry,-D). In Appendix Il we prove that such

B. Power allocation with more than one relay solutions are not optimal implying that the optimal power
In this section, we determine the solutio® = allocation strategy is as given in eq. (24).

(P, PP, P ... PN PN that minimizes eq. (13) for

any number of relays. V. NUMERICAL RESULTS

; p(n) BN, .
Define the powerg Py, P, 1,7, as: We next present some numerical results that support the the-

- () ké") + log(k§")/k§")) - (n) k%n) + 1og(k:§")/k:§")) oretical claims made in the previous segtions. For simutati
P = PRONFEO) PPy = purposes, we assume ttﬁﬁt”) (resp.ﬁé”)) is the same for alll
1R (19) values ofn implying that all relays are at the same distance
Wherelf’l(") and ]52(71) fall in the interval[0 1] if: from the source (resp. de_stlnatlon). These values will be
denoted bys; andgs, respectively. For small number of relays
where numerical optimization is possible, results shovhed t
the proposed power allocation strategy is extremely close t
the optimal strategy where the power ratios are determined
Denote byNy C {1,...,N,} the set of values ofu for \\merically from minimizing the exact value of the conditio
which eq. (20? holds ar_ld denote |_ts cardinality By. In this _error probability (rather than minimizing the upper-bojnd
case,Ny p035|_ble candidate solutions to the power allocation Fig. 2 shows the performance of 4-PPM over Rayleigh
problem are given by: fading channels in the absence of CSI. Results show the
Bn:(()’ (0,0),--- ’(pl(n)’pz(n))’.” 7(0’0))  neN; high performance levels and the enhanceq diversity orders
21) achieved by the proposed scheme. Even in the worst case

and they correspond to transmitting the total power alorgy off A1 = P2 = 1 (dsg, = dr,p = dsp for all values of
of the paths S-RD for n € A;. From eq. (13), the error n), cooperation with one relay results in a performance gain
probability corresponding te ij;.given by'. ' of about8 dB at a SEP ofl0—2. In this case, cooperation

is useful for values ofE, exceeding -175 dBJ. A§51, (2)
fo = Q-1 {e—kgmp;m +e"“§">’5’§n)} ‘neN; (22 increases fron(1,1) to (4,4), the value ofE above which
Q ' cooperation is useful drops to about -185 dBJ. This figure als
Another candidate solution corresponding to the diredt lirshows the excellent match between simulations and the exact
S-D and its corresponding error probability are given by: SEP expression in eq. (14). Similar results are obtainedgn F
O-1 _, 3 in the presence of CSI. In this case, performance gains are
0 e (23) achieved over the entire range Bf. For one relay at a SEP

. ) ) of 1073, the availability of CSI results in additional gain of
Proposition: Among the set of all feasible candidate soluzpoyut 3 dB compared to the no-CSl case.

tions, the solution that minimizes eq. (13) is givenBy= P
where the integefi is chosen as follows:

SR

max(k{"), k§"))

(20)
min(k{", k5"

max(kgn), kén)) > log

P, = (17(0’0)7"' a(OvO)) i fo=

Fig. 4 shows the variation of the SEP as a function of the
number of relays fo’, = —170 dBJ in the case of lognormal
1 1 1 fading with S.1.= 0.6. The presence of only one relay that is
i = argmin{{fo} U {fn ey R I Ny relatively close to S and D (in particula; = 3> = 4) and
0k ks (24 the selection of the best link among S-D and S-R-D can ensure

Once again, a path selection algorithm must be implement%'& extremely small error probability in the order:f.

according to eq. (24) in order to transmit the total optical

power either along the direct path S-D or along one of the VI. CONCLUSION

indirect paths S-R-D for n € N;. For FSO cooperative We investigated the utility of user cooperation as a fading-

systems, this path selection approach turns out to be optinmaitigation technique for FSO networks. In the absence of
Proof: We will prove the above proposition by inductionCSl, the optical power can be evenly distributed among the

The above strategy reduces to that given in section IV-A fdlifferent links and high performance gains can be achieted a



fon

B)=11)
no Csl, (B,.8,)=(4.1) {
no CSl, (B,.B,)=(4.4)
csl, (8,.B)=(1.1)
A CSLG,B)=4D |
- CSL(B,8,)=(4.4)
T : T

14041

7 T T T L L J L L L L L
-190 -185 -180 -175 -170 -165 -160 -155 1 2 3 4 5 8 9 10 11 12

6 7
E,(dBJ) Number of relays

Fig. 2. Performance of 4-PPM in the absence of CSI over Rglyléding Fig- 4. Performance of 4-PPM fdts = —170 dBJ over lognormal fading
channels. The dashed lines correspond to the exact SEP igivan (14). channels with S.I= 0.6.

Moreover, the differentiation off with respect to the
Lagrange multiplier\ implies that:

2
‘;—fzzm—bo (29)
m=0

The final solution must satisfy the KKT conditions that can
be summarized as a set of 3 equalities and 3 inequalities as
follows:

erical results

UmPrm =0 5 m=20,...,2 (30)
m >0 5 m=0,...,2 (32)

Note that whenP; = 0 then P, must be equal to zero and
Fig. 3. Performance of 4-PPM in the presence of CSI over Rglyllading  vice versa. Consequently, the general solution can takeobne
channels. the three following forms.

Case 1: Assume thaf?y # 0 and P, = P, = 0. In this case,

signal energies that are not very large. In the presence bf C&1- (29) implies that, = 1 resulting inyo = 0 following
the analytical minimization of an upper-bound on the errdfom €d- (30). Rgplacmgjo,_il, P, andyy by their values in
probability showed that the best performance can be adthiewdl- (26) results il = 2koe™". Substituting this value of

by transmitting the entire power along the strongest link. 1" €d- (27) and eq. (28) results . = (2ko — kl)le,_ko and
we = (2ko — ko)e~*0. Consequently, the inequalitieg > 0

APPENDIX | and p2 > 0 following from eq. (31) will hold if and only

if 2kg > k1 and2ky > ky. These two inequalities can be

combined into the following inequality- < - + .
Consequently, the optimal solution takes the form

(Po, P1, P2) = (1,0,0) when - < L+ L

L L
-175 -170 -165
E(dBY)

In this appendix, we drop the superscripts idf), &$",
Pl(l) and Pz(l) for notational simplicity. Minimizing eq. (13)
is equivalent to minimizing the functiorf(Py, P1, ) =

—koPo [,—kiPi | ,—kaP : i _ .

e [62 e N order to take the equality con-" ~aep 5" Assume thatP, — 0 while Py #£ 0 and P, # 0.

strainty, _, P = 1 and the inequality constraints P, < | this case, eq. (30) implies that = 1o = 0 resulting in
0 (for m = 0,1,2) into consideration, we construct the, _ kre F1Pr = kye=#2P2 following from eq. (27) and eq.

Lagrangian function: (28). Combining this equation with the equaliy + P, = 1

L(P\, 1) = e FoPo [e_]glpl i e_kzpz] that follows from eq. (29) and solving faP, and P, results
= AE) = , , in:
k + 10g(k1/l€2) kl + 10g(l€2/l€1)
+)\( Pm_l)_ Hm P (25) P:Q— ; Pp= ————— - 32
711220 'rnZ:O ' kv + k2 ? k1 + ko (32)
At the point(Py, Py, P,) minimizing f(Py, Py, P), £ must we observe that the solution given in the previous equason i
) ) ) b) ’ . k k . .
satisfy the following equations: feasible wherk; > log é and_kQ > lo_gﬁ. Itis thep straight
or forward to prove that these me(qual)ltles are equivalenhto t
max (k1 ,ka

= —kge Fobo [efklPl + efk2P2] +A—po=0 (26) inequalitymax(k;,ksz) > log TGROE Now solving eq. (26)

oPy for o results in:
8—£ = —ke FoPog=k + A= =0 (27) —k1 Py —kaP>
8P1 = 1 H1 = Ho = A — koe — koe (33)

or I A (1 1 1)
on, koe e +A—p2=0 (28) 0% i 0 (34)



given thatky, > 0 and A > 0 (since A = kie " with

um = 0 for m = 1,...,2N,. Substituting P, and pu;

k1 > 0), then the inequality:,q > 0 that follows from eq. (31) by their values in eq. (37) foj = 1 results in\ =

can be satisfied if and only i > = + L.

ke M P2~ e kiPipe~RitiPisa]. This implies thath

Consequently, the optimal solution takes the form givel positive and different from zero sinde, ..., kon, and

in eq. (32) along withPy = 0 when 2 > ;L 4+ -L and

max(k1, k2) > log %

) .
Case 3: Assume thatFy # 0, P, # 0 and P, # 0. In this

Py, ..., Py, are all finite (note that, being a continuous
random variablek; is different from 0).
Let m be an odd integer in the sdtl,...,2N, — 1}.

case, eq. (30) implies thaty = y1 = p» = 0. Replacing Replacingyu,, = 0in eq. (37) forj = m and pp1 = 0 in
these values in eq. (26)-(28) results%ﬁ)q — e~koPog—k1P1 4 €eq. (37) forj = m + 1 and adding up the obtained equations

e*kopoe*k2p2' ki — e~ koPope—k1P1 gnd ki — e*kopoefkﬂ%,

respectively. These three equalities im2ply that= ;- + -
(note that\ #£ 0 sinceky, ..., ky and Py, . .

Since the equality- =
ko, ..

H 1 1
2 are feasible. Note that even Whé{pz T

max(k1, k2) > log %

., P> are all finite).
1 1

% T % among the parameters  gjince this equality holds for any valuefand since\ # 0,
., k2 that depend on the random path gains does Nn@fep eq. (40) implies thay€1—+l S N |
hold in general, then the optimal solution can not take tefo g;, .o Lo
considered under case 3. As a conclusion, only case 1 and

results in:

ML+ )—F me{1,....2N,—1}; m odd (40)
km karl

kon.

T . k e ’
there is no guarantee that théé,eequalities1 will hold
i Ite ki, ..

Case 2: Assume thatP # (0,...,0). In this case, eq. (38)

that one term among’ and P, given in eq. (32) will be implies that,, = 0 for m = 0,...,2N,. Since eq. (40)

negative while the second term will be greater than one.sf thollows from ., .
is the case, then the solution taking the form considere@un@quation will hold in this second case as well. On the other

.., uon, being all equal to zero, then this

case 2 can not be optimal and the only remaining feasithand, replacing., =0 in eq. (36) and solving fok results in:

solution will be that considered under case 1.

A
= F (41)
APPENDIXII o 0 _ _
For notational simplicity define the parameterﬁvCOTZ'”'Z?.I%Z_ 1(42) ?nd 1eq_. (41)_I’eSL11|tS n tlhe E_Irllc;v:ng
Pr,....,P, by: P Pl(Wﬂ) if i is odd and vt lequaliesyy =g g == pn g ol

P, :PQ(WQD if 7 is even so that vectaP can be written as:

P = (Py,P1,...,P.n,). Define the scalarg, ..., kon, in

the same way so that the bound in eq. (13) is proportio

1 A —koP 2N, —1
to the functionF’ = e~ [T

Construct the Lagrangian:

: Odd[e_kipi +e_ki+1pi+l].
D

2N, -1

i=1 ; i odd

2N, 2N,
HAD Pu=1) = > pmPm (35)
m=0 m=0

5(27 )\’H) — ¢~ koFo [e*kipi + e*ki+1pi+1]

L must satisfy the following equation:

or 2N, —1
& _koe—kopo H [e_k?ipi + e_k?H»lPH»l:I_i_A_MO -0
9P i=1 : 4 odd

(36)
as well as the followin@N,. equations (forj = 1,...,2N,.):
or 2N, —1
ﬁ — _kjefkopoefkjpj H [efkipi +e*ki+1pi+1:| +A_//LJ :O

J j#i=1;i odd
(37)

The KKT conditions can be summarized as a set§f +1
equalities and inequalities as follows:

m=0,...,2N,
m=20,...,2N,

(38)
(39)

Hm >0
We need to consider the following two cases:
Case 1. Assume thatP, = 0 and P, # 0 for

m =

the above equalities among the random variables. ., kan,

do not hold in general, then the optimal solution can not take

thle formP # (0,...,0).

nal
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1,...,2N,. In this case, eq. (38) implies that

., kan, depend on the random path gains), then

the inequality he solution can not take the form considered under this. case
might not be satisfied implying



