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Abstract—In this paper, we evaluate the performance of a on minimizing the conditional error probability for quantu
Selective-Relaying (SR) protocol that is suitable for coogrative  |imited systems (in the absence of background noise) in [12]
Free-Space Optical (FSO) communications with any number of 44 on minimizing the outage probability for Gaussian noise
relays. The SR strategy is based on transmitting all informéon . 131, Whil -acti lavi . imol d d t
symbols either along the direct link between the source andhe " [ . I lie afl-aclive relaying IS Simpie an 0es no
destination or along one of the indirect links via the relays require any kind of channel state information (CSI), séleet
We derive closed-form expressions of upper-bounds on the relaying achieves higher performance levels at the expense
average error probability that can be achieved over Raylei of acquiring the CSI. In this context, the solution in [14]
and lognormal fading channels. We also provide an asymptati .5 pe perceived as a compromise between all-active and
analysis for quantifying the diversity gain and reduction in fading lecti lavi h IV the state of th .
variance that can be realized by the cooperative scheme. The S€!€ClIVE T€laying where only the state of the source-ridy
performance analysis shows the superiority of the SR scheme influences the role of the relay. On the other hand, for most
over the strategy that corresponds to activating all availale links.  of the existing cooperative FSO systems, the transmit power

is evenly split among the active links [1]-[10]. In this cert,

Index Terms—Free-space optics, FSO, cooperation, relaying. Optimized power allocation techniques are complicated and

were proposed for multi-hop serial relaying systems in [11]
for quantum-limited systems in [12] and for parallel-retay
[. INTRODUCTION systems corrupted by Gaussian noise in [13] where the saluti

Recently, there has been a growing interest in applying thi mpri_sed rl]mfavorat:cle ngmeric?l rr|1ethqu. Inh[6], in_sf[ef;ld 0
cooperative diversity techniques in the context of Freaesp ‘1066‘}'”9 the power for géver_lr:e ay locations, tl_e_ postio
Optical (FSO) communications [1]-[14]. Cooperative dsrsr the relays were optimized with even power splitting.

leverages the performance of FSO systems by mitigating | én this Work,_we .ad.opt _the lognormal and Rayl_eigh m.odels
limiting effects of the turbulence-induced fading or siint or the path gain distributions. The lognormal fading mogel

lation. In this context, the limitations of multiple-apert justif_ied both by analysis in Iight turbulence and by em[airi(_:
FSO systems that suffer form significant levels of channgiudies gnd has been considerably used in the analysh|s of
correlation have motivated more research effort in thestive ;OI(:)%enrgrtlr\r/lZI F(igrisbﬁitgrrlnZf[lta_e[Gg;aﬁllga[hlnz}es[iﬁ]s. Ia\\llzge Etn a
gation of cooperative diversity as a promising alternajti. S ! , 5

Despite the non-broadcast nature of FSO transmissioni, h rl]ognhorn:jal ﬁ|str|but||qnhof thde Ilrt:atljéan_cé h: (IL' ’ _Onf the
performance gains were reported in the literature. Moreov@ t?rl and, the Ray e|fg hmo eh 0le Sf'n”t € 'E"t 0 sltrpnhg
the directivity of FSO links simplifies the design of coopam tu_r L_Jben_ce [151' [151' _I td? pat g"a'fnllo OV‘;]S the R"?‘y €9
networks since the transmissions from the different noaes g'sm u_t|0n,_ t en t € Irragiance wilt 1o OW.t c nega_tleex_-

not interference with each other [1]-[14]. ponential distribution that has been extensively studiethe

FSO relaying can be classified into two broad categoriecsqntEXt of F.SO communications [17], [.18]' !n this c_ontext, i
namely, all-active and selective relaying. In all actiedaying, IS wortrt\. noting that t‘?‘ Ig.amg?a-gam.ma ;:r{racila_mﬁe WtI:: tqu 0
all relays decode (or amplify) the received symbols and imJt N€gative exponential irradiance (i.e. Rayleigh path )giin

taneously transmit the processed signals to the destingije the limit of strong turbulence [17]. Also the diversity orde _
[11]. In selective-relaying, either direct transmissiomscur over gamma-gamma channels approaches that over Rayleigh

or a single relay is selected among all relays for forwar hannels as the link distance increases (strong turbui¢@ice

ing the information symbols to the destination dependi our analysis, we -have. cqns@ered the two extremes, the
on the channel state [12], [13]. In other words, instead gnormal and Rayleigh distributions, as an attempt to boun

splitting the power for delivering the message to all rejayghf rﬁ?ge of performaTcets ?ﬁserved N ]EJracuce. f selmcti
this power is combined and directed to the “best” relay in n IS paper, we evaluate Ine error pertormance ot seectiv

an attempt to enhance the fidelity of signal reconstruction gftlaylng basbedbltl)_? angerl\;)vn ]E_ha: (;nknlmlgest:]hedgg)t;wt(_jlﬂlona
this relay. The criteria for selecting the best path wereslas it-error-probability ( ). We first de ermine the distrtion
of the strongest path. At a second time, the average BEP
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guantifies the equivalent log-amplitude variance (or dtant Denote bydy, di, and dsy, the lengths of the links S-
tion index) was proposed and derived in the case of lognornial S-R, and R,-D, respectively. From (3), the pdf's of the
fading. Unlike [12], the proposed analysis holds in the alpath gainsa, and a,,, can be written asfin(a;—0o3,00)
sence or presence of background noise. Moreover, while [1]d fin(a; —02, ,,, om.n), respectively, where from (4, £
targeted the power allocation problem where the performang(d,) and oy, ,, 2 o(dmn) form=1,2andn =1,...,N,.
was evaluated numerically, this paper targets the analytic Consider first the case where the direct link S-D is preferred
evaluation of the average BEP. Finally, while [13] targetegver the N, indirect links. The decision at D will be based
the outage analysis of selective-relaying over gamma-gamegh the vectoZe = [Zy,1, Zo 2] WhereZ, , corresponds to the
channels, our work investigates the BEP performance ov@imber of photoelectrons detected in thth PPM slot via the
lognormal and Rayleigh fading channels where the obtaingak S-D. For the PPM symbod, a light signal is transmitted
analytical results are more conclusive in terms of prowdirin slot s and no signal is transmitted in slgtwhere:s = 2 if
comprehensive asymptotic analysis and tractable boundssas 1 ands = 1 if s = 2. In this case, the decision variables

well as evaluating the impact of noise, the achievable ditier 7, ; and Z, ; can be modeled as Poisson random variables
orders and the reduction in the scintillation index. (r.v.s) whose parameters are given by [15]:

II. SYSTEM MODEL ElZos]=ai s + M 2 ko+ X ;5 E[Zos]=X (5)

Consider Binary Pulse Position Modulation (BPPM) where Now consider the case where the information is relayed by
the symbol duration is divided into two slots with the opticathe n-th relay R,. We denote the decision vector observed at
pulse transmitted in only one of these slots. This modutatishis relay byZ, = [Z, 1, Z,2]. In this caseZ, ; and Z, 5

scheme is particulary popular with noncoherent FSO corare Poisson r.v.s with parameters (foe {1,..., N, }):

munications with intensity modulation and direct detettio 1 1

(IM/DD) because of its simplicity [1]-[6]. In this contexthe E[Z,s] = =1.0aT , As + Mo = —kin + N 5 E[Zns] =N\
- . 2 ’ 2

receiver counts the number of photoelectrons in the twe slot (6)

and decides in favor of the slot having the largest count. TWhereﬁl _(dy \? e~(di,n=do) j5 a gain factor associated
s

average number of photoelectrons generated by the incider . _dl’" . . .
light signal (resp. background radiation and dark curjeints &t the link S R, wherego is the attenuation coefficient [1].

\ ) Relay R, decides in favor of = arg max,=12{Z, } and
a PPM slot is denoted by, (resp.A,) where [15]: forwards this symbol to D via the link ,RD. The correspond-
P.T,/2 , Es \ PT/2
a =1

bs (1) ing decision vector at D will be denoted B, = [V, 1, Yn 2]
nf Thr hf

where the parameters of the Poisson v, andY,, 3 are:
wheren is the detector’'s quantum efficiency assumed to be 1 ) !
equal to 0.54 is Planck’s constant anfl is the optical center ElYns] = 552,na2,n)\s + A = §k2,n +XA 5 E |:Yn§:| =N
frequency taken to bé.94 x 10 Hz (corresponding to a (7

wavelength of 1550 nm)I; stands for the symbol duration,Wheregm = (dion 2 e~o(d2n—do) stands for the gain factor

P, for the incident optical power and, for the power of qf jink R,-D. Finally, D decides in favor of the symbol
back_ground noise. Finallyt, = P.T,/2 corresponqls to _the § = argmax,—12{Y, ,}. Note that the multiplying factor of
recelveql optical energy per PPM slot along the direct link. 1/2 was introduced in (6) and (7) since the power is evenly
Consider the case wher¥,. relays, denoted by R ..., gplit among the two hops S;Rand R,-D. This approach of
Ry,, are present in the vicinity of a source node (S) ar@ﬁenly distributing the power among the active links is dianp

a destination node (D). Denote by, ai1,...,a1,n, @nd  ropyst; avoids estimating, and has been used widely with
as1,...,az n, the path gains of the links S-D, $(R.., S- cooperative FSO systems [1]-[10].

Ry, and R-D, ..., Ry,.-D, respectively. For Rayleigh fading,
the probability density function (pdf) of the path gairis:

As =

IIl. CONDITIONAL ERRORPROBABILITY

—a2 . . . . "
fray(a) = 2ae ;a0 ) In this section, we derive the BEP conditioned on the
A
which results in a unity mean path intensity.42] = 1. channel state vectot = [ko, k1,1,.. ., k1N, k21, k2N, |-
For lognormal fading, the pdf af is (@ > 0): Note that the different components of are independent

following from the independence between the path gains.

fin(a o) = e p< (Infa) = p)° ‘“)2) 3)
LN(@; [, 0) = Xp |~
V2moa 20° A. Absence of background radiation

where the parametegs and o satisfy the relationy = —o? Consider first the direct link S-D. Fox, = 0, Zp 5 = 0
so that the mean path intensity is unity. The log-amplitude (5). In this caseZ, s > 0 will ensure a correct detection
variance of fading along a link of distanckis given by [1]: while the random tie breaking whefy, ; = 0 will result in an
error with probabilityl /2. Consequently, the conditional BEP
o*(d) = 0'124k7/60721d11/6 ) along the direct link S/—D can be determined from:
where k is the wave number and? denotes the refractive o 1 1,
index structure constant [1]. Poa = 5Pr(Zos =0) = ge™™ (8)



Consider now the indirect link S;RD. For A\, = 0, Performing an analysis similar to that performed in (14),
Y, 3=0in (7). If Y, 5 = 0, then D breaks the tie randomlyand from (6) and (7), equation (16) can be written as:

resulting in an erroneous decision with probability2. If . 2 . 2
) ; L n —(VEkintxe— VA —(/Thantro—vA
Y,z > 0, then D decides in favo$ = 3 resulting in a correct PG(|A) ~e (VIR FR=v) +e (VER2 TR - V) (17)
decision if Z, s > 0 (since in this cas& = s) and in an ,(\/1 min{k1 kh}ﬂr\/ﬁ)z
erroneous decision with probability/2 if Z,, . = 0 (random : ’ (18)

tie breaking at ). Consequently, the conditional BEP along Finally, the conditional BEP can be written as:
the n-th indirect link S-R,-D can be written as:
) Pya= mm {P )}Ne (VAT =VA)* (19)
P = Pr(Ys =0 BT .

eld ( )% + where A is given in (13). Note that (12) and (19) differ by

1 a factor1/2 when )\, = 0. This follows since the exact
{ Zns > 0) X 04 Pr(Zn,s = 0) x _} ©) expression in (12) is derived based on the fact that ties
are broken randomly resulting in an erroneous decision with
probability 1/2. On the other hand, in order to make use
Pe(|nA) _ 1 (e $hin 4 e=3kan _ e*%(kl,n+k2,n)) (10) of the _Chernoff_boun_d, the upper-bo_und in (19) was derived
2 assuming that ties will always result in errors.
In order to have an expression that is similar to (8) and

for the sake of simplifying the calculations in the subsedue IV. PROBABILITY DENSITY FUNCTION OF A

sections, (10) will be approximated as follows: To be able to evaluate the average BEP in closed form, we

1 " . T, need to evaluate the pdf (.) of the r.v. A in (13). Following
Poa ™3 (67 brtem2 2’") ~ 567(5mm{ vkzand) (11)  from the independence between the different path gains, the
cumulative distribution function (cdf) ok can written as:

r(Yos>0)

Consequently, from (6) and (7):

where the above approximations (which actually corresgond

upper-bounds) are tight following from the rapid exponainti ki
decay of the terms—2*1.» ande~2*2. This is especially true Fx(t) = Prix < t) = Pr(ko < 1) 1:[1 Pr(min{ki,n, k2n} < 2¢)

for large values of\; where cooperation is the most useful. )
For a given channel realization, the best link among the al:
. ) . =Pr(ko <) Pr(kp, . > 2t 20
N, + 1 links S-D and{S-F\’n-D},]:f;1 is the one that achieves 0 1;[ [ ngl (kom, )] (20)
the smallest conditional BEP. In this case, from (8) and,(11)
the conditional BEP of the SR scheme can be written as: A. Rayleigh Fading

_ . (n) 1y Replacingkg, k1., and ks, by their values from (5), (6)
P4 = P ~ - 1 ’ . ’ .
a= o ,{ lal 2°¢ (12) and (7), the last equation can be written as:
where the random variable is defined as: n
N, F\(t) = Pr(% <4/ /\—) X

A = max {ko, { L min{kq », k2 n}}

} 8= s 21 2t
n=1
H [1 —Pr <a17n > i ) Pr <a2,n > 5—2 h\ )] (21)

B. Presence of background radiation n=1 e

At a first time, consider the direct link S-D. Ignoring the" which in the case of Rayleigh fading results in:
probability of correct decision when ties occur, the coiodial o\ M o
BEP can be expressed as follows (for all valuessof 0): () = (1 —e “) H {1 —e ""*5} (22)

Pe(ﬁi ~Pr(Zos > Zo,s) < ®z,.(S)Pz,.(=S)  (14) where the equivalent gain factgk, of the link S-R,-D is:

where the Chernoff bound was applied®z, (S) = L1 1 (23)

e=2(1=¢"%) and @, (S) = e~(ko+A)1=e"") stand for the Bn Prim Pam
characteristic functions of the r.v& s andZ , respectively. 1) 1 Relay: ReplacingN, = 1 in (22), the pdff\(t) =
Minimizing (14) with respect toS results in: 470 takes the following form:

2
Pe(a ~ o~ (VEoTR— VA7) (15) fA(t):i {e—iﬂ_ie—ﬁ_ (1+ 2 > (1+521)As} (24)
) )\s 51 ﬁl
Consider now the indirect link S;RD and denote by, , 2) 2 Relays: For N, = 2, differentiating (22) results in:
andP ’;)‘A the conditional probabilities of error along the hops
S-R, and R.-D, respectively. The conditional BEP along th|sf (t)=
link can be written as:
Pe(|A) Pe( 1)|A[1 Pe( 2)\A]+P(2)\A[1 Pe( 1)|A] P( 1)|A+Pe(2)|A <—+—> e (;1+"22) (1+ + > (H‘”J%) 3 ] (25)
(16) \B1 02 fr B2




N

x

3) N, Relays. For N, > 2, the calculations become SinceQ(z) can be upper-bounded a§(xz) < e~ = for
intractable for any relay positions that result in any valuer > 0, then from (30)-(31) and (34)-(35):
of 41,...,0n,.. Consequently, we will consider the case of a 1 1
“symmetrical” FSO network for whiclp; = --- = 3y, = 3. Qo(t) < 5fo(lt) i Qman(t) < 5f,,m(lt) (36)
For such networks, the distancés,, andds ,, of R,, from S
and D satisfy the following relation: which hold since the arguments of the Q-functions in (30) and

S (31) are always positive since the bounds are derived fgelar
(d1,n,d2,n) € {(D1, D2), (D2, D1)} 5 n=1,....Nr (26) 505 of)\,. Consequently, (33) can be written as:
for arbitrary values of the distancd3; and D,. A special

i i 1 1 1 1
case of the symmetrical network corresponds to the scenario, (1) ~ { ( 4 _> Fol®) fra(t)

where all relays are at the same distance from S and from D Mg V22t \ oo 01,1

(i.e. (di,n,d2,n) = (D1, D2) for all values ofn). 1 1 1
In this case, (22) simplifies to: +\/ﬂ2t (0_0 + a) fo(t)fll(t)] (37)
t 2t N'r
Fy\(t) = (1 — e_Ts) (1 — e_ﬁTs) (27) After manipulating the producty(t) fm . (t), we can write

this function under the following form that turns out to be

resulting in: L )
9 very beneficial in evaluating the average BEP afterwards:

1 t 2t N”‘
)= — |e s (1 —e Brs (eq)
) As [e ( ¢ ) Fo(t) frm.m (t) =exp _lg(eq) exp _ (n() — pmgn)®
2N, _ 2t _t _ 2t \Nr—1 , gmmn 8(o§5?ﬁ)2
2 (1) (1= )] ) (38)
where the equivalent log-amplitude variance is given by:
B. Lognormal Fading 1 1 1
In the case of lognormal fading, in (5) can be modeled Tledvw o2 T2 (39)
as a lognormal r.v. with parametefisi(\;) — 203] and 205. (m.n) 0. Tmn
In the same way, from (6) and (ka,n is a lognormal r.v. o 4 \where the constagﬁﬁf‘,{ does not depend oh,:
with parameterﬁn(ﬁ’g’" As)—207, ] and20,, . In this case, )
A ) . )
(20) can be wiriten as: 9850 =~ (B /2) + 2008 — 07,)] " (40)
r 2 0 m,n
Fr(t) = Qol(t 1— 1—Qmnlt 29 e _
ME) = Qo )nl;[l l }_:[1( Qm.n ))] (29) while uﬁn?,)l is the only term that depends o according to:
where: (60 = () + (0402 | = (Bn/2) — 4] (@)
_ 942 _ Nni.,n =In(As) + Uni.,n [— D Pm,n -
Qo(t) = Q (m(xs) 22;;0 1n(t)> (30) Ton
ln(ﬁ’"’"/\ ) =202 In(t) Finally, replacing (38) in (37) shows that the pdf bfcan
Qmn(t) =Q < 2 78 min ) (31) be written as the mixture of two lognormal distributions:
’ 2 m,n
o I /1 1 | o)
whereQ(z) is the Q-functionQ(z) = \/%7 [ et /24t fx(t)=§ Z (U—-i-a—) Uf,i?l)efggm’lfm (t;ui,i?l’,2of§f‘f)
Following from the rapid exponential decay 6f(z) for m=1\"0  Tml (42)
large values ofr, (29) can be approximated by:

where fin(.) stands for the lognormal pdf defined in (3).

N, . .. .
T 2) 2 Relays: For N,. = 2, differentiating (32) and applying
Fx(t) = Qo(?) H (@1 (t) + Q2,n (1)) (32)  the upper-bounds in (36) result in:
n=1
1) 1 Relay: For N, = 1, differentiating (32) results in: 11 2 2 1 1 1
Iat) = = Z<—+—+ >><
1 1 4 m m/’
1) = <o | L o) Q1) + Qaa (1) VIR DT N0 T
g 0 Jo() fn1(t) fmr 2(t)  (43)

1 1
+Qo(t) [afl’l(ﬂ + afz’l(t)” (33) Through straightforward yet tedious calculations, it can b
proven that the producfy(t) fim,n(t) fm n () can be written
2) in a way analogous to (38) as:

where:

n — (n — 02
Jolt) = exp <— (0 = (ni%,) = 200)

34
808 (34)

Jo(8) Frn (8) frnr o () = exp (—égfj?;l,n,n,) x

2
In(t) — (In(2227,)~202, ) eq
fonnt) = exp | : o) (35) o (_an(t)—uin,;/,n,n,)?) )

{2
Um,n 8 (0_(64) )2

m,m’ ,n,n’




where, in a way similar to (39), the equivalent log-ampléudwheres(>°?, ¢{>*? and ;{>*? can be obtained from (39),

variance satisfies the following relation: (40) and (41) respectively, by replacm% n With "m and
1 1 L 1 N 1 (45) by replacingB,, , with B,,e 20~ %:)7m .
(0D /)2 o2 020 O In the same way, the functioffy (¢ )f1 (t)fy " "(¢t) can be
4 e written in a way analogous to (44) as:
and:
(3,eq)y2
ﬁm,n 2 ﬁm’,n’ 2 ) N, —1i _ _1 (3,eq) _ (ln(t) - /’L'L )
N L o W e e W T ) O B
o Om,n Om! n' 4 (53)

2 (3,eq) (3,eq) (3,eq) B
L whereo; . 9, and y, can be obtained from (45),
402 — (cr(eq) )2 <1n(ﬁm-,n/2) ln(ﬁrzn ' /2) —6) (46)

(46) and (47) respectively, by replacingmn with ‘\’/1;
Ot e With \/_ B With B1e=20=1)9% and 3, ,,» with
6 e —2(1- NT 1)‘72

(o )2 (hl(ﬂm n/2) n (B /2) 6) 7) Finally, replacing (52) and (53) in (51) results in (54) simow

’ ’
m,m’,n,n o2 o
m,n m’,n’

€ =I(A)+

Mmmn

m,m’,n,n/ o2 o2 at the top of the next page showing that(t) corresponds to

: o the mixture of N, + 1 lognormal distributions.
Replacing (44) in (43) shows that corresponds to the

mixture of four lognormal distributions:
V. AVERAGE ERROR PROBABILITY

2 2
fA(t)zl Z Z (i+ 1 +L) Ufsan, - F_ro_m (12), the average BEP in the absence of background
4= 2= \00 Om1 Omo T radiation can be written as:
(eq )/ e +oo
e sqm m12 iy (t Iu,gnq)n, 1,20 Oﬁnqg@' 1, 2) (48) P ~ 1/ eith (t)dt (55)
2 0

3) N, Relays. For N, > 2, an approach similar to that
adopted in the cases oV, = 1 and N, = 2 becomes while in the presence of background noise, (19) implies: that
unfeasible given the increased complexity of the involved

+oo
terms. Consequently, as in the case of Rayleigh fading, we P, ;5/ e*(vtﬂb*\”—b)zf/\(t)dt (56)
consider the case of a symmetrical 2network where (26) holds. 0
In this case, we denotg,, = g:’n) e~?(Pm=do) the gain _ _
associated with the distand®,, in (26) for m = 1,2. In the A Rayleigh Fading

same way, from (4), we define,, = o(D,,). In this case, 1) BEP: Following from the expressions dfy(t) in (24),
(32) can be written as: (25) and (28), it is useful to evaluate the following intdgra

Fx(t) = Qo(t) [@1(t) + Q2(0)]™ (49)
where Qq(t) is given in (30) while@,,(t) can be obtained

A As + K

from_ the fu.ncFioan,n(t) in (31) by dropping the subscript ) kf“k T s s
n. Differentiating (49) results in: 1 4 2eX G th) T kQ ok (57)
i) = \/i% [ Fo®) [Q1(t) + Q2] + where conventional integration techniques were applied. F

Ay =0, the above integral simplifies to the following expres-
N,Qo(t) [U_lfl (t) + a_2f2(t)} [Q1(t) + Qg(t)]NT1:| (50) sion that is useful for evaluating the BEP in (55):

—+00
Applying the bounds in (36) and invoking the binomial I(k) = /\—/ e~te Ratdt = (58)
formula, (50) can be approximated by:

Consequently, from (24), the average BEP with one relay

2~ Nr 1 N N 1 N N , )
D — | =427 [ = can be written as:
M) = —— KUO+ p ) fofi +(GO+ - ) fofa+

e T A

. g0 i 01 i—
i=1 (51) and, from (25), forN, = 2:

The function fo(t) ¥+ (t) (f.or m = 1,2) can be written in P, ~ I(1) +22: {53] <53) B <1+3> 7 <1+3>}_
n=1 n n

a way analogous to (38) as: Bn Bn

o (Lot oup (LU gy (2 2Yi(22Y (14 2 D)1 2 2
fo(t)ff,\{()—exp< 8973 q)exp( 8(U§3€q)) (52) 51+ﬁz I 51—!—52 1+51+52 I 1+51+5z (60)



2
_ 1 N, eq) —1g(2:ea) . .
) =2 N, [2: ( + 7)053, D= 59m fLN(t,,LLS?L’ Q);2U§3’ q))

" g0 Om
1 (N N (N—1) N, (N1 (3.eq) —Lg(3ed) (3.). o (3.cq)
+§ — )= +== . o Ve 9 fin(t T 20,7°7)  (54)
oo\ 1 o\ 1—1 o2 7

i=1

Finally, invoking the binomial formula in (28), the averagemumber of paths between S and D) over Rayleigh fading

BEP with N, symmetrical relays can be written as: channels whether in the absence or presence of background
noise. Finally, note that the findings in this section holdaoy
&N -1 ; 2 relay positions (and not necessarily for symmetrical nekap
pr 2 (M) [ (+5) ! o
1
=0

ON, (2 9 ON, 9 9 B. Lognormal Fading N .
+ 3 I BJFE — {1+ 3 I 1+B+E (61) 1) BEP: Inthe absence of background radiation, expressing

_ _ . fr(t) as the mixture of several lognormal pdf’s as in (42), (48)
where in (59)-(61)/ (k) takes the value in (57) in the presenc@nd (54) turns out to be very useful for evaluating the iraegr
of background rad|at|(_)n. In the absence of _background NOi§§ (55). For N, = 1 in the absence of background radiation,
I(k) takes the value in (58) and the resulting BEP needs fgplacing (42) in (55) and integrating results in:
be multiplied by1/2 (from (55)). 5

. . _a? 1 1 1 1 (eq
Note that, using the relatiod(z) < e~ 'z, (57) can p, ~ 1 Z (_+_) Ufsfl)efggil,fpr()\s(;(eq) 0; 0“9

2 m,1> % Ym,1
1 [ TApAs H m— g0 Om,1 ’ ’
be bounded ag(k) S otk |:1+ TIZHC Wh|Ch tends 1 (66)
to e for large values of\,. Consequently, from (55) where Fta,0;b) is the lognormal density frustration func-

and (56), the presence of background radiation degrades fjag Fr(a, 0;b) = ["=1— exp (—aa?) exp [_ (ln(r)tbz)z} de

asymptotic error proba_bility bya_lfac_tor afl + v _ 191 9 and (62) ‘/ﬁb”, in (39 4 (40 2;1 " )
2) Asymptotic Analysis and Diversity Order: Equations [19] UT’I) andgn, i are given in (39) and (40) while the gain

(59)-(61) do not offer clear and intuitive insights on thdéerm G,,e:’l is given by:

performance of the cooperative system. In particular, the (ea) (s (a“‘”/a )2

diversity order that can be achieved by the proposed scheme Gl = e 2Tma)" (B, 1 f2)\ Tt/ (67)

is not readily provided by these equations. Consequemtly, i Fq, N, = 2, replacing (48) in (55) and integrating:

what follows, we will proceed with an asymptotic analysiatth

holds for large values o;. 13 A /1 1 1
LY ~ (eq)
For \, >> 1, approximating:—® by 1 — z (for small values e = 3 Z Z (a_0+am ; + p— 2> i’ 1,2
of x) in (22) results in the following expression of the cdf: m=1 ml/:(iq) ’ ’
2N7~ eiggm”'m/’l’2 Fr(ASG,SZ?,’)n/J’Q, O, 0’55772,711,172) (68)

e —tNT+1 é LtN7‘+l (62)
AV, Ba By A whereafsf‘,zlm2 andgf,iﬁ,71,2 are given in (45) and (46) while
whereg,, stands for the equivalent gain factor of the networIfo;q,)n,,172 takes the following from:
Differentiating (62) and replacing in (55) results in:

Fy(t)

(eq) (eq) 2
2N (N, + 1) Gl 1= s (8 )il 7m)
Per —x N (63) S
Beq" As rt (U(eq) Jon )2
. , ~(No+1) : (Brr,2/2)\ o/ .20 7m2 (69)
which scales asymptotically as; """ showing that the
diversity order of the proposed scheme is equalMo+ 1 For N, relays, the average BEP in the absence of back-
in the absence of background radiation. ground noise can be obtained from multiplying (54) by
In the presence of background radiation, differentiaté@)( 1/2 and by replacing the function$LN(t;u£2’e”,207(,3’5‘1))
and replacing in (56) results in: and fin (t; 1% 203Dy with Fr(A,G°?,0;02°) and
2N- (N, + 1)y Fr(A G 0,671, respectivelyG“? can be obtained
Pem W (64)  from (67) by replacingr,,, 1 with \;NLT and by replacings,, 1

with Be 217 %)7m The gainG\>*? can be obtained from
X | . . (69) by re;pI?cmgme Wlth. % am;zlwnr: % Bm,1 With
y=> (N) 22 [r (NT—3+1>+AZ§F (Nr—fﬁ)] Bre 2= and By 5 with foe 207w =)72 _
—\i 2 2 2 In the presence of background noise, the integral in (56)
(65) does not admit a closed-form solution whgn(t) comprises
As a conclusion, the SR cooperation scheme achieves a fatinormal pdf’s and hence this integral was solved numbyica
diversity order of N,. + 1 (which corresponds to the totalfor the pdf’'s obtained in (42), (48) and (54).

where [(.) stands for the gamma function):
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Fig. 1. Performance over Rayleigh channels fr= 0. Fig. 2. Performance over Rayleigh channels Ry /2 = —185 dBJ.

2) Asymptotic Analysis and Fading Reduction: The Finally, with N,. symmetrical relays it can be proven that:

frustration function can be bounded as(&0;6) < 1 N ) | e )
b exp (2(n? +n)b?) for n € N [20]. Consequently, the errorP.~2~ "1 (—+—~T> oD =390 Fr(A G2 0; 0eq)
probabilities derived in the previous subsection and tloat-c o0 m (74)

prise terms of the form FA,G, 0; o) will scale asymptotically wherem =arg maxym—1 2(om) and:

as A, ™. Since this holds for all values of, then theP.(\y) ' )

curves are infinitely steep for large values)afimplying that 1 N, T2

the diversity order is not an accurate measure for the fading Teq = (U_g + W) (75)
mitigation capabilities over lognormal fading channel§ist

behavior clearly distinguishes this type of channels frow t VI]. NUMERICAL RESULTS

Rayleigh channels wherB. — A7 whered is the diversity h fractive ind dth _
order (which was proven to bd, + 1 in subsection V.A). The refractive in e2x structure ?fnstazng and the attenmatio
constant are set t62 = 1x 107 m=2/3 ando = 0.43

Eq. (66) shows that the behavior of the cooperative syste km. In all . the dist bet S and D i
can be perceived as the composite behavior over two chan g m. In al scenarios, the distance between S an IS
o = 3 km. For 1-relay systems, we sét; = 1 km and

h log- litude standard deviati td’ N !
W(eqo)se 0g-amplitude standard deviations (std's) are giwgn d>1 = 2.5 km. For 2-relay systems, the position of the first

oD ando$°? . Since the error rate will be dominated by thé :
, ) . . relay are the same as before while for the second relay we set
worst of the two channels (the one with higher std), then th .
1,2 = 1.5 km andds 2 = 2 km. For symmetricalVN,.-relay

equivalent log-amplitude std with one relay can be written asystems WithY, > 2. we setD; — 1 km and Ds — 2.5 km

» 1 1 -1 in (26). In the presence of background radiation, we present
Oeq= rﬁaiXQ{U’s?l} = (; + (max{or 0 })2> (70) results for the casé,T/2 = —185 dBJ in (1). _ .
' 0 L1, 2,1 Figures 1 and 2 show the performance over Rayleigh-fading
In other words, the std of the logarithm of the path gaiﬁhannels in the absence and presence of background ragliatio
decreases froma, for non-cooperative systems to the valuéespectively. Note that in this case, approximations weselen

given in (70) for a 1-relay system. In this context, (66) can Pn the conditional BEP but not on the pdf(z). In these
further approximated by: figures, we compare the bounds in (59)-(61) with the asymp-

totic bounds provided in (63) and (64). Results show that the
1/1 1 . ) N .
P~ i G(Neql)efégghjq Fr(/\sG(fql),O; U(~eq1)) (71) upper _bounds provided in (59)_(61) are extremely clo_sdnm t
4 ™ ™ s numerical results for all practical values &f; exceeding -
180 dBJ (and hence these results were not presented in the

00 Om,1

wherem =arg max,,—1 2(om,1) from (39) and Wheregfl) = figures for clarity). The results also show that the asyniptot
Oeq in (70). In the same way, (68) can be written as: bounds given in (63)-(64) can accurately predict the actky
performance levels and the diversity orders for large \@ahfe
1/1 1 1 (eq) _iglen E,. Finally, Fig. 1 shows the superiority of the SR over the
Pe%— _+ _|_ oL, e 8Im,m’ 1,2 . i .
8\oo om1 Oma) T2 all-active relaying especially for large number of relays.
Fr )\SG(;qz/ 0: 72 E|gures 3 and. 4 show the performance over lognormal-
(G2 1eq) (72) fading channels in the absence and presence of background
wherem’ =arg max,,—1.2(om: 2) and for N, = 2: radiation, respectively. Results show that the bounds &) (6
' ’ and (71) overlap forV,, = 1. The same holds for (68) and
1 1 1 -3 (72) on one hand and for (54) and (74) on the other hand for
Oeq= + 73 - i i i i
eq (02 (max{orr,001])? (max{017270272})2) (73) N, =2 andN, > 2, respectively. Unlike the Rayleigh fading

case where the proposed bounds overlap with the exact BEPs
thus reflecting an additional reduction compared to (70). (for large values off,), the results show a certain gap in the
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Performance over lognormal channels fgr= 0.
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Fig. 4. Performance over lognormal channels RyfTs /2 = —185 dBJ.

case of lognormal fading. ThiS follows since aDPFOXim?fEiOF[m] S. Aghajanzadeh and M. Uysal, “Outage performance ad Bnalysis
were made on the pdf,(¢) in order to make this function

more appropriate for mathematical analysis. On the othed ha
the proposed bounds are close enough, diversity-pregervin

and at a fixed offset from the exact results for large values of

E,. Note that while the log-amplitude std over the direct link!2]

is og = 0.3878, it drops to 0.2505, 0.1828 and 0.1511 in the
cases of 1, 2 and 4 relays, respectively.

This paper analyzed the error performance of selectivid4l

VII. CONCLUSION

[13]

relaying over Rayleigh and lognormal fading channels. Sir ca
take advantage of the large coherence times of FSO channgds s. G. wilson, M. Brandt-Pearce, Q. Cao, and M. Baedkeptiel
for effectively acquiring the channel state informationdan

advantageously activating the link that guarantees thédlessha (16

probability of error. The SR protocol is fully diverse over

Rayleigh channels and results in significant reductionhé t[17]

fading variance over distance-dependent lognormal channe

(1]

(2]
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(4]

(5]
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