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Abstract
In this paper, To combat against the atmosphtenioulence induced fading over FSO link a spatial
diversity technique is used to design the transzeiCooperative diversity is proposed and analyiedon-
coherent FSO communications with intensity modatatand direct detection (IM/DD). The error perforroa is
derived in semi analytical and closed form expssiin the presence and absence of backgroundticedia
respectively. Performance analysis is carried outhe four strategies over both Rayleigh and logredrfading
models. This analysis may recommend the usageeof B$O links in the higher layers. After depth gsizl a
technique is adopted from the possible solutionsnitigate building sway and atmospheric effectshat network

layer.
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Introduction

RECENTLY, Free-Space Optical (FSO)
communications attracted significant attention as a
promising solution for the “last mile” problem [14
major impairment that severely degrades the link
performance is fading (or scintillation) that resul
from the variations of the index of refraction duge
in homogeneities in temperature and pressure
changes [2]. In order to maintain acceptable
performance levels over FSO links, fading-mitigatio
techniques such as spatial diversity techniques mus
be employed. Spatial diversity involves the
deployment of multiple transmit and/or receiver
apertures and is commonly used to combat fading
and improve the link reliability. Diversity combimg
techniques were extensively studied in the coréxt
radio-frequency (RF) wireless transmissions and
were recently extended and tailored to FSO
transmissions. In this context, aperture-averaging
receiver diversity [3], spatial repetitions codeH,
unipolar versions of the orthogonal space-time sode
[5] and transmit laser selection [6] were propoasd
FSO-adapted spatial diversity Solutions. In the esam
way, the bit error rates of Multiple- Input-Multg
Output (MIMO) FSO links were evaluated in [7] and

[8].

On the other hand, in RF systems
cooperative diversity techniques are becoming more
popular in situations where limited number of
antennas can be deployed at the mobile termingls [9
[10]. In this context, neighboring nodes can form
“virtual” antenna arrays and profit from the
underlying spatial diversity in a distributed manne
Cooperative diversity takes advantage of the
broadcast nature of RF transmissions where a
message transmitted from a source to a destination
can be overheard by neighboring nodes. If these
nodes are willing to cooperate with the sourcey the
retransmit information about the same messageeto th
destination thus enhancing the quality of signal
reception. Despite the extensive research in RF
wireless cooperation, to the authors’ best knowdedg
this technique was never considered before in the
context of FSO communications.

In this paper, we investigate for the first
time the utility of cooperative diversity as a mearf
combating fading in FSO links. In particular, we
consider a decode-and-forward strategy with one
relay over FSO links with intensity modulation and
direct detection (IM/DD). The main reason that
discourages the investigation of cooperation in FSO
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systems resides in the nbmeadcast nature of tical
transmissions. In FSO, the source cannot broa
an information message to the destination and
distant relay simultaneously. Consequently,
additional transmit power must be entirely dedid:
for delivering the message to the relay. Non this
power will reach the destination implying
additional power penalty (as compared to RF wite
cooperation). However, this work shows that
cooperative diversity can be useful in enhancirg
performance of FSO links since the gain in divy
can compensate for this power penalty. On the ¢
hand, the factors encouraging the implementatio
the cooperative diversity technique are as follc
(1): The solution is cosffective (compared t
MIMO-FSO) since it does not require adding
apertures to the transmitter and/or receiver. (2)s
well known that channel correlation degrades
performance of MIMO systems whether in FSC
RF scenarios. However, MIMBSO channels al
more likely to be correlated. In fact, in RF sys$
the sigial reaches the receiver by a large numbe
paths implying that a small separation between
antennas can ensure channel independence. C
other hand, FSO links are much more directive
rendering the path gains between the transmit
receive éements more dependent; for example,
presence of a small cloud between the transmiie
receiver can induce large fades on all sc-detector
pairs simultaneously [4]. Consequently, the F
performance gains Promised by MIMFSO
solutions under # assumption of chann
independence [4]6] might not be achieved i
practice. Consequently, as stated in [4] “alterre
means of operation in such environments mus
considered”. In this context, cooperation
constitute a good candidate alternatiin fact, giver
the large distances (in the order of kilomet
between the souradestination, sour-relay and
relay-destination, the assumption of independenc
more valid compared to the case oflcoated arrays
(3): Unlike RF systems, extendinthe MIMO
techniques to FSO systems imposes a compromi
the choice of the sources. The sources mus
narrow enough to couple more power from
Transmitter to the receiver and they must be \
enough to illuminate all detectors simultaneou
Consguently, the wider spacing of detect
(necessary for channel independence) results i
increased transmits power. In this context, tal
advantage of the spatial diversity in a distribL
manner by deploying the proposed coopere
scheme permits tovercome this limitation and c:
constitute a good practical Alternative to MIFSO
systems.
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System Model and Transmitter Structure

Figure 1: An example of 3 mesh FSO network. Cooperation is proposed ameng the
wansceivers on buldmes (13, (2) and (3) where the ransceivers on buddmg 2 can
help m transmutting an information message from (1) to (3). Note how, given the
nor-broadeast nature of FSO transmissions, one couple of FSO transceiver units is
dedicated for sach bnk

Consider the example of a F¢
Metropolitan Area Network as shown in Fig.
Consider three neighbouring buildings), (2) and
(3) and assume that a FSO connection is avai
between each building and its two neighbou
buildings. In FSO networks, each one of th
connections is established via F-based wireless
units each consisting of an optical transceiveh a
transmitter and a receiver to provide full dup
capability. Given the high directivity and r-
broadcast nature of FSO transmissions, one sej
transceiver is entirely dedicated for i
communication with each neighboring building. '
assume thathe transceivers on building (2) ¢
available for cooperation to enhance
communication reliability between buildings (1) &
(3). By abuse of notations, buildings (1), (2) 48)
will be denoted by source (S), relay (R) ¢
destination (D), respectiye The cooperatiol
strategy is depicted in Fig. 2. It is worth notithgat
the transceivers at (R) are not deployed with
objective of assisting (S). In fact, these transmes
are deployed for (R) to communicate with (S) .
(D); if (R) is willing to share its existing resourc
(and (R) has no information to transmit), thenah
act as a relay for assisting (S) in its communics
with (D). The cooperation strategy is as follows
sequence of symboals is first transmitted to thaye
At a secondime, (R) transmits the decoded symk
to (D) while (S) transmits the same symbol sequt
simultaneously to (D). Since three transmissiore
involved in each cooperation cycle then
transmitted power from transceivers Ts;, TRXs»
and TRx, must be divided by 3. Denote lag, a;
and a, the random path gains betwee-D, S-R and
R-D, respectively. In this work, we adopt 1
lognormal and Rayleigh turbuler-induced fading
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channel models [4]. In the lognormal model,
probability densityfunction (pdf) of the path gaira
> 0) is given by:

fala) = b exp (—{2gp)

Where the parametersando satisfy the relatioy =
-d°. so that the mean path intensity is unityl] =
E[A4,] = 1. The degree of fading is measured by
scintillation index defined by: S.I. &' — 1. Typical
values of S.I. range between 0.4 and 1. In
Rayleigh model, the pdf of the path gaa > 0) is:
(a) = 2ae-d?.

TRXg 4 (R] TRXg 5

P
TRxa/ \\ TRY;

(S) -l 3 :}% (D)

TRXSJ TR;D'I

Fig. 2. The preposed cooperaton scheme.

Consider Q-ary pulse position modulation (PPN
with IM/DD links where the receiver corresponds
a photoelectrons counter. Consider first the li-D
and denote by (0) = [(0) 1. .Z(0) Q ] the Q-
dimensional vector whose-" component Z(0)q
corresponds to the numbef photoelectron counts
the g-" slot. Denote the transmitted symbols € {1
... Q}. The decision variable (8)can be modelle
as a Poisson random variable (random vari (q #
s) can be modeled as a Poisson r.v. with paran
An [4]:

a=(ufAu/D4An (a2, 344, )" .
P].I:;"rl — I.'I — { ik k! v _ 8

'\n i
A §F 8.

Where s (resp. A7) corresponds to the avera
number of photoelectrons per slot due to the |
signal (resp. Background radiation and “d
currents”):
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rer{l}) ilr’.:j.i )\“. q = 8. v
E|Z;"] = K (3)

;
Ags q ¥ §.

Where n is the detector's quantum efficien
assumed to be equal to 1 in what folloh = 6.6 x
10-34 is Planck’s constant aifids the optical centre
frequency taken to be 1.92814 Hz (correspondin
to a wavelength of 1550 nmT, stands for the
symbol durationpP, stands for the optical power tF
is incident on the receiver ad corresponds to the
incident background power. FinalhEs = P,Ts/Q
corresponds to the received optical energy
symbol corresponding to the direct lin-D. Readers
can refer to [4] for more details on the system aic
In the same way, we denothe decision vector
corresponding to the B-link by Z(1) = [Z(1) 1, . . .,
Z(1) Q ] where the parameter of the Poisson /(1)
gis given by:

Where B, is a gain factor that follows from the fe
that (S) might be closer to (R) than it is to ().
other words, the received optical energy at
corresponding toEs (that corresponds to the-D
link) is B1Es. Performing a typical link budg
analysis [4] shows tha®1l = (dsp /dsr)* wheredsp
and dsz stand for the distances from (S) to (D) ¢
(S) to (R) respectively.

The maximumiikelihood (ML) decision rule at (R) i
given by: § = argmay=1..... Q(1). The relay
transmits the symbd along the link I-D implying

that the corresponding decision vector can be ew
asZ(2)=[z2)1,...Z(2)Q]

() 3,820 L\ 4=
BlgiM] =« TF 8 T ST (4)
z J]'.,I, rlr;J.-\_

Wherep, = (dsp /dsg)? with dgrp corresponding to th
distance between (R) and (D). Finally, note that
normalization ofis by 3 in equations (1), (3) and (
ensures that the total transmit power is the sasria
non-cooperative systems.

Receiver Structure

As in all cooperative schemes, decoding '
be based on the assumptigp:2 P, (§ #s) <<1. This
is justified since these schemes result in perfoca
gains only for large values @&f%.
A. Detection in the Absence of Background
Radiation

In the abence of background radiation, |
and (2) contain at leagt - 1 empty slots each. In th
case, the detection procedure at (D) is as folldfn
one component of (0) is different from zero, thidl \
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imply that the symbols was transmitted in th
corresponding slot since in the absence
background radiation the only source of this noo:
count is the presence of a light signal in thig.<in
the other hand, if all components of (0) are eda:
zero, then the decision Wbe based on (2). If or
component of (2) is different from zero, then w
probability 1 —p. this component corresponds s
and with probabilityp. this component correspon
to an erroneous slot. Since 1 -is assumed to L
greater thame (sincep. <<1), then the best strate
is to decide in favor of the nonempty slot of |
Finally, if all components of (0) and (2) are eqt@
zero, then (D) decides randomly in favor of one
the Q slots. To summarize, (D) decides in favor s
according to the following strategy:

HT:.!_?:Z.;”I #* 0], Z) 0o:
& = f”'!-'-,..'k',,“: _': ||‘5. Z0) _ “‘J o llw_' (5}
rand(1, ..., Q), ZU =23 =04

WhereQ, corresponds to th@-dimensional a-zero
vector while the function rand (1. Q) corresponds
to choosing randomly one integer in the{1. . . Q}.
B. Detection In The Presence Of Background
Radiation

In this case, the background radiation res
in nonzero counts even in empty slots necessitat
more complicated detection procedure. The opt
ML detection procedure must take into considera
that§ might be different frons. Note thai§ = s with
probability 1 —p. while § can correspond to a cert:
slot that is different frons with probability p./Q-1.
In this case, eliminating all common terms in the-
likelihood function, it can be proven that the |
decision rule is given by:

’ aghg
(8,8) =arg max [/";IHI In (I — '_ :
oty E{ Lo Q } -5,‘\,; J

2 n(1=p), g=4q"

e asA, Pe)y =1
+;X","In(1—.~.':_> e ) - ; ;o (0)

q J.-‘\.., In (f\-{_'l) , qQFq.

Even though optimal, the above decoder is
feasible for practical implementation since it regsi
the knowledge op. which is not available. On tt
other hand, given thaie<< 1, then we can build
simpler decoder that is based on the assumjthat
the decision made at the relay is corre = s). In
this case, the decision rule given in eq. (6) sifiesl
to:

Equation (7) corresponds to evaluating weigt
sums of the
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] 1 iy
i i atAs > 3
i=argmax |7 !11(1— +1 [ 1+ 5=
N '.]'E:;L ...L-_)||: i ' :}:\h” ) ' ( jgt\ﬁ ]
(

/)
photoelectron counts. An even simpler decision
adopts equal weightnd is given by

§ =arg max [Z”” - Z'z-:'] (8)

ge{l..Q}L ¥ 4

In this paper, we adopt the ec-gain combiner
(EGC) described in eq. (8) for the following reas«
(i) Simulations showed that the performance le
achieved by the decoders given in equations (§)
and (8) are very close to ei other. In fact, for
practical values of's, the decoders in equations
and (7) are extremely close to each other (whic
justified since pe<<1) and their performance ge
with respect to EGC is negligible. (i) TI
implementation of EGC is mucsimpler since it does
not require any form of training for acquiring t
values of the channel gains as well 4, and 2.
Finally, equations (5) and (8) show that the prejok
cooperation strategy can be implemented witl
requiring any channel stabeformation neither at th
transmitter nor at the receiver sic

B —t— proposed scheme
=i = hetal=]
betal=4

—igr —hetal=15

Probahility of eror

Ti} i i X
190 -185 180 175

Es(dBl)
FIGURE 3 FERFORMANCE OF 4-PPM FOR RAYLEIGH FADING CASE WITHNO
BACKGROUND RADIATION
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FIGURE LPERFORMANCE OF LPPM FOR LOG NORMAL FADING CASE(S I=0.8) WITH
NOBACKGROUND RADIATION

10":‘!*3-. .......
%
1 .
: Ry
E ] \E'i
s 10F &% E
= A
z LS
s0E 3\
= 4' B
|7y AR, SRR S L G T SR (SRS, 1. SR
i iy ‘
104: .............................. '11?,' ............................................. :
'l:.-.
r : -ﬁ,
-||"|" i | L i I i |
o T T ST R T~ T

EsdBa
FIGURE -F PERFORMANCE OF &FPA FOR LOGNORMAL FADENG CASE {50 §)
WITH BACEGROUND RADIATION

.—e—p'opused j
—&—Betat =4 |
Betat = 16 |3

o

Probability of amor

k. L L i A i
A7 470 165 <180 155 450 BT
E<{dBl)
FIGURE :6 FERFORMANCE OF 4-PFM FOR RAYLEIGH FADING CASE WITH

BACKGROUND RADIATION

ISSN: 2277-9655
Impact Factor: 1.852

Numerical and Simulation Results

We next present numerical results for
error performance of FSO links with and withs
cooperation. In what follows, we assume tds, =
drp implying that 4, = 1. The performance of tt
2x1 MIMO-FSO links in [4] that deploy repetitic
coding (RC) and that are capable of achieving b
transmit diversity order is also included as
benchmark. Fig. 3 shows the performance -PPM
in theabsence of background radiation over Rayle
fading channels. This figure shows the excel
match between simulations and the exact
expression in eq. (14). The slopes of the SEP el
indicate that cooperation results in an incre¢
diversity orde of two for various distances of (I
from (S). Even in the extreme case where (S) faue
from (R) as it is from (D) £44 = 1), a gain of about
dB at a SEP of 163 can be observed relative to -
cooperative systems. The excellent match bet
simulations and eq. (12) can be seen in Fig. 4 wh
similar simulation setup is adopted in the cast
lognormal fading with S.I. =.8. Results in Fig.
and Fig. 4 show that cooperation is more benefini
the case of Rayleigh fading compared to lognd
fading where the performance gain can be realit:
smaller error rates. This result is expected sthex
Rayleigh distribution is used to model the scenafi
severe fading while the lognormal model correspc
to the scenario of less severe fadiThe superiority
of the cooperative scheme over -cooperative
direct FSO links can be also seen in Fig. 5 in
presence of background radiation. As in the-
background radiation case, gains are more signifi
over Rayleigh fading channels. While fassumption
of channel independence can be justified in Ml
wireless RF systems, there is a wide agreemen
this assumption is not often valid in MIN-FSO
systems and, consequently, the high gains pron
by MIMO techniques might not be realized
practice. This point is investigated in Fig. 6 t
compares the proposed cooperative system with
x 1 MIMO-RC system in the presence of char
correlation. Results show that, for relatively k&
values of Es, the cooperative scheme shc
approximagly the same performance as the MI-
RC system with a channel correlation factorp =
0.5. The proposed scheme can even outper
MIMO-RC systems wherp = Q.75 or p = 0.9.
Simulation result will show that proposed sche
will have significant BER inall the four pre
determined strategy.
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Conclusion

After a wide analysis, the cooperative
diversity over FSO Transmissions has significant
performance gains in the non cooperative single FSO
links and over the & 1IMIMO FSO links that suffer
from the correlated fading. In all the four stratedjy
analysis for the proposed scheme has significai BE
for the different g values. In the presence of
background radiation, a numerical integration af th
conditional SEP showed that the proposed scheme
can maintain acceptable performance gains espgciall
in the case of Rayleigh fading. Likewise for the
absence of background radiation the proposed
scheme maintain a acceptable performance gains
especially in the case of lognormal fading. The kvor
is analysed in the network layer point of viewtufe
work must be consider the implication of cooperatio
on higher layers
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