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Abstract—In this paper, we propose two novel power allocation PAS’s in the context where the CSI is known. While the first
strategies for multihop Free-Space Optical (FSO) networksvith  PAS s optimal in the sense of minimizing a tight upper-
any number of hops. These strategies correspond to the anaigal 1,14 on the conditional error probability, the second tiofu
solutions obtained from minimizing two different upper-bounds . . . : . .
on the conditional error probability under the quantum-lim it IS appgallng becguse of its remarked 5|.mpI|C|ty. A numderlca
scenario. The performance of the first strategy is evaluatesiu- analysis of the first PAS and an analytical evaluation of the
merically and closed-form expressions of the average prolbdity second PAS showed that significant improvements can be

of error are derived for the second strategy. We also quantif the  achieved compared to the even power distribution strategy.

reduction in the fading variance and scintillation index provided

by multihop FSO systems associated with the second power s M

allocation scheme that compromises performance for simptity. - SYSTEM MODEL

Results show the superiority of the proposed schemes compet Consider a multihop FSO system composedN\of hops

to the equal power distribution strategy. between the source node (S) and the destination node (D).
Index Terms—Free-space optics, FSO, cooperation, relaying. In this case, the data is relayed serially by, — 1 nodes or

relays denoted by R ..., Ry, —1. The distance of the:-th

l. INTRODUCTION hop is denoted by,, and the fraction of the. power transmitted

hile the i ion in Radio-F by the (n — 1)-th node along the:-th hop is denoted by,

While the literature on cooperation in Radio-Frequengy, 1 v, where, by abuse of notation, S and D are

(RF) wireless networks is huge and dates back to more thaﬁéhoted by Rand Ry, , respectively. For the multihop system

decad_e, it was only re_cen_tly that c_ooperation techniquetest to transmit the same average power as single-hop systeens, th
attracting an increasing interest in the context of FreaeSp following relation must be satisfied ™", P, = 1

thical (FSO) commgnications [1]-[6]. Cooperative divers e considerQ-ary Pulse Position l7\l/I:olduIation (PPM) with
|s.(?apa.1ble of I_evgragmg the performance of F,SO systems im'ensity modulation and direct detection (IM/DD). In this
m|t|ga_1t|r_lg the I|m|t|ng_effects of the turbulence-indudeding work, we will assume that the FSO system is operating under
or scintillation. Amplify-and-forward (AF) and decodedn o o antum-limit scenario where the background radiation
forward (DF) parallel relaying with one relay were CONSetr ;4 qark currents are neglected. This approach results in
in [1] and [2], respectively. An optimal power allocationgin,hje closed-form PAS's that can be easily implemented in
strategy for DF parallel relaying with any number of relayssw realistic FSO systems. The cooperation strategy is aswsllo

proposed in [3] under the quantum-limit scenario. On th‘P“"Othlf the n-th relay detects a nonzero photoelectron count in one

hand, multihop systems that are based on serial relaying Wejp\; siot, then it decides in favor of this slot and forwards th
cor!5|dere_d in [4]-[6]. Unlike RF systems where th_e fad'ntgorresponding PPM symbol along tfie + 1)-th hop. In the
variance is constant, FSO systems are characterizéd byaence of background radiation, this nonzero count essure
distance-dependent fading variance which privileges man® ¢ the gecision made at this relay is correct. On the other

shor.t hops over a single I_onger hop. Consequently, un"h%\nd, if all @ slots are empty, then the relay, Backs off in
mUIt'hop RF SYS‘emS' mu!tlhop _FSO systems are Cf”‘pableo%er to avoid confusing the relay,R; (and eventually D)
combatting fading along with their coverage broadeningean,, to\yarding a wrong estimate of the symbol. Note that the
bllmes. High performance gains have been repo_rted eafeci ;e cooperation strategy can be applied with On-Off Keying
in [4] where an aggregated channel model, taking both pa%OK) where the “On” and “Off" signals are forwarded by

loss and fang into account, was pon§|dered. %n in the case of nonzero and zero counts, respectively.

The _mul|t|hop FSO ”syste_ms studied in [4]_[631 are all base fThe average number of photoelectrons generated by the
on a simple power a ocation s_trategy (PAS) that con_S|sts Afident light signal in a PPM slot is given by [2]:
evenly distributing the transmit power among the different
hops. While this strategy is simple and suitable for systems A = BTs/Q - 77% 1)
where the channel state information (CSl) is not available a hf hf
the communicating nodes, higher performance gains canbkerer is the detector's quantum efficiency assumed to be
realized by adapting the power distribution to the stresgtiequal to 0.5, = 6.6 x 10~3* is Planck’s constant angd
of the hops. In this paper, we propose and analyze two nowglthe optical center frequency taken to b&4 x 104 Hz

o _ o (corresponding to a wavelength of 1550 nffi).stands for the
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over the direct link. Finally,E; = P.Ts/Q corresponds to be referred to as PAS-0 in what follows. We next propose

the received optical energy per slot along the direct linke: Ftwo novel strategies under the scenario where the vegtor

OOK, ), stands for the average number of photoelectrons gerknown by the different transmitting nodes in the network.

symbol which can be obtained by settiGg= 1 in (1). Note that for OOK, P,k can be obtained by replacing the
Consider the transmission over theth hop R,_:-R,,. The multiplying factor% by 1 in (6) implying that the proposed

decision at the:-th node will be based on th@-dimensional strategies can be applied with OOK as well.

vectorZ, = [Z, 1, .., Zn,q| WhereZ, , corresponds to the

number of photoelectrons detected by, R the ¢-th PPM B, First Power Allocation Strategy: PAS-1

slot. In the case where the previous nodg R backed off,

Z,, will be equal to the all-zero vector. On the other hand, if

the PPM symbols € {1,...,Q} was transmitted by R 1, P < Q-1 . kP,

then Z,, , = 0 for ¢ # s since in the absence of background elK =7 Ze

radiation the only source of photoelectrons is the lighhalg i . n=t .
itself. In this caseZ,, . can be modeled as a Poisson random The first power allocation strategy, denoted by PAS-1 in

For large values ol (6) can be upper-bounded by:

()

variable (r.v.) whose parameter is given by: what foI_Iow;, will be _based on minimizi_ng }pe asymptotic
expression in (7) subject to the constrainys; ", P, = 1
E[Zn,s] :Pnﬁna%)\sépnkn (2) andPnZOforn:L...,Nh.

In the appendix, we perform this constrained minimization
nbéf applying the method of Lagrange multipliers with the
solution satisfying the Karush-Kuhn-Tucker (KKT) condits
for ensuring non-negative powers. The solution is given by:

wherea,, stands for the path gain of theth hop. In this work,
we adopt the lognormal turbulence-induced fading chan
model [4]. In this case, the probability density functiomf)p
of the path gairu,, (wherea,, > 0) is given by:

- Np 1 k
2 1+ i= _.1n i)
L e (@) — ) 3) P, =L > — (’“ Cn=1,....Ny» (8)
V2O G 202 Fen 2o %o
where the parameters, ando,, satisfy the relation,, = —02  C. Second Power Allocation Strategy: PAS2
i ity i WTE — 21 —
so that the mean path intensity is unityl/gj = Ela;,] = 1. For the second power allocation strategy, denoted by PAS-2,

We adopt the same channel model as in [4] where the distanﬁffae— expression in (7) will be further upper-bounded by:
dependent log-amplitude variance is given by:

flan) =

02(dy) = 0.124K7/6C2 411/ ) Pg < QL e min{ka P, P, } 9)
where k is the wave number and? denotes the refractive where minimizing the above expression is equivalent to max-
index structure constant [4]. In (2)3, is a gain factor imizing min{k P, ..., kn, Py, }-
associated with the-th hop and resulting from the fact that Assume that the functiorns P, .. ., kn, Py, intersect at a
this hop is shorter than the direct link S-D [4]: certain point. In this casepin {kiP,...,kn, P, } Will be

9 maximized at this point of intersection. In fact, for any exth
B, = (i) o—0(dn—d) (5) point, one of the function, P, ..., kn, Py, Will be smaller
dn than the others anehin {k1 P, ..., kn, Pn, } Will decrease.

Consequently, (9) is minimized whén P, = - -- = ky, Pn,,-
Solving this system of equations results in:
1

I1l. POWERALLOCATION AND PERFORMANCEANALYSIS P, = Z]\]Z‘ - 5 n=1....Ny (10)
A. Conditional Error Probability =tk
The channel state is defined By = [ky,...,kn,]. For D. Average Error Probability

PPM, if one relay among R ..., Ry, -1 backs off, no signal  For pAS-0, integrating (6) with respect to the lognormal
will reach D and the random tie breaking at this node resuligstributions of the path gains results in:
in an erroneous decision with probabili@g—l. On the other

.. Np
hand, a correct decision can be ensured at D only when , _ Q1 ll_ II [1 _Fr<5n)\s )H (1)

whereg is the attenuation coefficient amid= """

distance between S and D.

", dy is the

nonzero counts are observed along all hops. Given that the "¢ (@
probability of nonzero count along theth hop is1—eF»
the conditional error probability can be written as:

7\7 ) b
n=1 h

where F(a, 0;b) is the lognormal density frustration function
00 n(z 2\2
Fr(a,0,b) :j+ L_ exp (—axQ) exp {—M dz [7].

Np 0 v2rbx 262
Py = Q-1 1 H (1 B e—knPn) 6 We next evaluate the average error perforinlance of PAS-2.
@ n=1 From (10), we observe that, P, = (Zﬁﬁ ) Fkeg for

For the multihop systems considered in [4]-[6], the powdll values ofn. Consequently, (6) can be written as:
is evenly distributed among th#};, hops resulting inP,, = P Q-1 {1 _ (1 _ _keq)Nh} (12)
1/Ny, for all values ofn. This power allocation strategy will k=0 €



Since the path gain,, is a lognormal r.v. with parameters
wn ando,, thenk, ! = (8,a2)s)~! is also a lognormal r.v.  wls
with parameters-1n(3,) — In(A\s) — 2, and 20,,. Conse-
quently, the terme:[Ql ﬁ corresponds to the summation of
Ny, lognormal r.v.s and thus can be accurately approximat *
by a lognormal distribution [8]. As a conclusio]m;q1 (aswell .l
ask.,) can be approximated by a lognormal distribution.

A simple method for determining the parametgtg and FE .
oeq Of the equivalent lognormal r.ak., is by applying the — w'{=E=m@ms §

+
-e- E_=-175dBJ, PAS-1 i

102 e

Wilkinson’s method}£8]. In this case, matching the first mo [ sseme? LW
ments ofk. ' and ), ", ;- results in: A2 momee) a{,"’
10 0 05 1 15 2 25 3 35 4 45 5
Nh d, (km)
M, = 87“5‘14»%05‘1 = Z e~ In(Bn)—In(As)—2pn+207 (13)
‘ Fig. 1. Performance of a 2-hop system with 4-PPM.
n—
Np,
1 1 2
bW —eflon (14)
= B

where (14) follows fromy,, = —c?

n*

In the same way, matching the second moments results

M2 _ 872ch+205q (15) ®
_ 1 %L: LGIZU" +2 % e4ai+4oi, (16)
Ag n=1 72l n=1 ﬁnﬁ’ﬂ/
n!/>n
Solving (13)-(16) foru., ando., results in: =T
E, (dBY)
My? M.
fheg = In 2 ;o2 =In 2 (17) Fig. 2. Performance of a 3-hop system with 4-PPM.
q M2 q M?2
1 1
Finally, invoking the binomial formula in (12) and integrat
ing this equation with respect to a lognormal distributioithw IV. NUMERICAL RESULTS
parametersgi., ando., results in: We next compare the different power allocation strategies

01 &y \évit7k4—PPlz/l.) Weds(e??l = 1><10—|14 m—TI/3 ando = 0h43I )
_@- ~(Nh n+1 catio? . 0ea B/km in (4) and (5), respectively. In all scenarios, the lin
Fe= Q ;( n >(_1) Fr (ne“ e 0; 2 ) (18) range (distance between S and Dylis- 5 km. The numerical
) o _ analysis showed that (11) and (18) can accurately predéct th
We next determine the reduction in the log-amplitude varke formance of PAS-0 and PAS-2, respectively. Results also
ance offered by multihop systems in the case of equidistalifowed that PAS-1 is extremely close to the optimal solution
relays. In this cased; = --- = dn, = g resulting in  gpiained from numerically minimizing (6). On the other hand
pp = =0n, £ pandoy = -+ = oy, £ 0. In the bound in (7) is extremely close to the exact results for
this case, (14) and (16) can be written & = ~¢’*  practical values ofZ, exceeding—190 dBJ.
and M, — % {61202 + (N, — 1)6802} resulting in (from  Fig. 1 shows the performance of a 2-hop system as a
e function of d; (distance of the first hop). Results show
an): agq = 402 + In <%) Note thatk., the superiority of the proposed schemes PAS-1 and PAS-2
is proportional to the square of a path gain. Writing thEompared to PAS-0. For all schemes, the best performance
equivalent path gain as., = kéf thena,, is a lognormal is achieved when the relay is midway between S and D. This

rv. with parameters’’ = ¢ ando’ = %<4 where: plgcement avoids any ampllificatior? in thefading variann_eesi

P Beg = 2 Tea = 72 this parameter increases with the link distance (4). Indhie,

o , 1 1+ (N, — 1)87402 for PAS-2 o, in (19) decreases from.62 to 0.24 as the
Ogq=0"+7In N, (19) number of hopsV,, increases from 1 to 2.

Fig. 2 shows the performance with 3 hops. In particular,
In other words, the variance of the logarithm of the path gaime compare the two scenarios where the consecutive nodes
decreases frora? in the case of single-hop systeni$;(= 1) are equidistant and not equidistant (along the S-D link). In
to the value given in (19) for &-hop system. Unfortunately, the latter case, we sef; = d2 = 1 km andd; = 3
PAS-1 does not lend itself to a simple analytical evaluatidam. The results show that the first scenario results in higher
since the statistical distribution of the terkn P, in (8) can performance levels. Moreover, the performance levelsaeki
not be obtained in closed form. by the optimal strategy PAS-1 and the simplified strategy-PAS



[TEEE the transmitted powers, do not need to be updated very often.
s a2 Appropriate channel estimation techniques and PAS'’s with
3 0w ase partial CSI constitute the subject of future work.
1 APPENDIX
- “ From (7), minimizing P, x is equivalent to minimizing
o . S~ e~#=Pn In order to take into consideration the equality con-
\:‘\ ] straint Zﬁfil P, =1 and the inequality constraints P,, <0
Te " forn =1,..., Ny, we construct the Lagrangian function:
\‘.:‘\. Np, Np, Np,
VAN A=Y e P AO Pa—1)=> P, (20)
2 4 6 8 Nu'l“Obe’ o hD;SZ N" 14 16 18 20 n= 1 n= 1 n= 1
A must satisfy the followingV;, + 1 equations:
Fig. 3. Impact of the number of hops with 4-PPM. OA

W_—kne*knpwm—un:o; n=1,...,N, (21)

Np,
A
—~=> P—1=0 (22)
N =

The KKT conditions are summarized in a set/gf equal-
ities andN;, inequalities as follows:

nPpn=0; n=1,...,Ny (23)
fin 20 5 n=1,...,Np (24)

| For the multihop system, i, = 0 for a certain value of
n, then relays R, ..., Ry, —1 will stop their retransmissions

‘ and no signal will be relayed to D. Consequentl;, > 0
o o e 7 o - forn = 1,...,N, resulting ing, = --- = py, = 0 from
(23). Consequently, théV;, inequalities in (24) are satisfied.
Replacingu,, = 0 in (21) results in\ = k,e~ =" which can
be written as:

_,|| =~ Direct Transmission 5
10™" H ~#= Non-Equidistant Relays, PAS-0 N
-~ Non-Equidistant Relays, PAS-1 .

— Non-Equidistant Relays, PAS-2
—- Equidistant Relays, PAS-0 PRERRER Y
-O- Equidistant Relays, PAS-1 Y
—+ Eaquidistant Relays, PAS-2__| o

Fig. 4. Impact of background radiation on a 3-hop system wWiPPM.

A

2 by about 1 dB. AtE, = —170 dBJ, P. drops from2 x 10~* Replacing (25) in (22) and solving for results in:

to about10~% by implementing PAS-1 instead of PAS-0. This ZN;L L In(k,) — 1

corresponds to a power of 40 nW at a data rate of 1 Gbits/s. In(\) = == ’“’;V - (26)
Fig. 3 shows the variation oP, as a function ofN,, in > onta ﬁ

the case of equidistant relays. For all valuesNof, PAS-1 Finally, replacing (26) in (25) results in (8).
and PAS-2 manifest comparable performance levels that are
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