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Outage Performance of DF Relay-Assisted FSO
Communications Using Time Diversity

Carmen Castillo-Vdzquez, Rubén Boluda-Ruiz, Beatriz Castillo-Vdzquez, and Antonio Garcia-Zambrana

Abstract— Outage probability as a performance measure for
a decode-and-forward (DF) relaying scheme based on repetition
coding with the relay is presented in the context of free-space
optical (FSO) communication systems with intensity modulation
and direct detection over atmospheric turbulence and misalign-
ment fading channels. Novel closed-form asymptotic expressions
for the outage probability are derived for a three-way FSO com-
munication setup when the irradiance of the transmitted optical
beam is susceptible to moderate-to-strong turbulence conditions,
following a gamma-gamma distribution, and pointing error
effects, following a misalignment fading model where the effect
of beam width, detector size, and jitter variance is considered.
Fully exploiting the potential time-diversity available in the relay
turbulent channel, a greater robustness to the relay location and
pointing errors is achieved, maintaining a high diversity gain
regardless of the source-destination link distance and remarkably
superior to that of the two-transmitter case as well as the conven-
tional DF scheme. Simulation results are further demonstrated
to confirm the accuracy and usefulness of the derived results.

Index Terms— Outage probability, decode-and-forward (DF)
relaying, free space optical (FSO) links, Gamma-Gamma fading,
time diversity.

I. INTRODUCTION

TMOSPHERIC free-space optical (FSO) transmission

using intensity modulation and direct detection (IM/DD)
can be considered as an important alternative to consider
for next generation broadband, providing large bandwidth,
excellent security, and quick setup [1]. However, this
technology is not without drawbacks, being the atmospheric
turbulence one of the most impairments, producing
fluctuations in the irradiance of the transmitted optical beam,
which is known as atmospheric scintillation, severely
degrading the link performance [2]. Since FSO systems
are usually installed on high buildings, building sway
causes vibrations in the transmitted beam, leading to an
unsuitable alignment between transmitter and receiver and,
hence, a greater deterioration in performance. Cooperative
transmission can significantly improve the performance by
creating diversity using the transceivers available at the other
nodes of the network [3]-[7]. In [6] outage performance
is investigated for the multi-hop parallel relaying scheme
assuming log-normal atmospheric turbulence.
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Fig. 1. Block diagram of the considered 3-way FSO communication system.

The motivation and purpose of this letter is the analysis
of the outage probability as a performance measure for a
decode-and-forward (DF) cooperative protocol using time
diversity [7], based on repetition coding with the relay in
the context of IM/DD FSO communication systems over
atmospheric turbulence and misalignment fading channels.
Novel closed-form asymptotic expressions for the outage
probability are derived for a 3-way FSO communication
setup when the irradiance of the transmitted optical beam
is susceptible to moderate-to-strong turbulence conditions,
following a gamma-gamma (GG) distribution, and pointing
error effects, following a misalignment fading model where
the effect of beam width, detector size and jitter variance is
considered. To the best knowledge of the authors, the impact
of pointing errors has not been considered in the outage
performance analysis in the context of DF relay-assisted
FSO communications using time diversity. Fully exploiting the
potential time-diversity available in the relay turbulent channel,
a greater robustness to the relay location and pointing errors is
corroborated compared to other reported works as in [6], even
when one relay is only assumed, maintaining a high diversity
gain regardless of the source-destination link distance and
remarkably superior to that of the two-transmitter case as well
as the conventional decode-and-forward scheme. In this sense,
we have corroborated that the diversity order gain depends not
only on the number of relays but also on the relay location.

II. SYSTEM AND CHANNEL MODEL

We adopt a three-node cooperative system as presented
in [7], based on three separate full-duplex FSO links, as shown
in Fig. 1. The cooperative strategy works in three phases or
transmission frames. In the first phase, the nodes A and B
send their own data to each other and the destination node C,
i.e., the node A (B) transmits the same information to the
nodes B (A) and C. In the second transmission frame, the
nodes A and B send again the same information to each other
delayed at least by the expected fade duration 7z, and, hence,
assuming that channel fades are independent and identically
distributed (i.i.d.) according to the frozen-atmosphere
characteristics of optical turbulence. A minimum required
buffer size corresponding to Ryt symbols must be assumed,
being © > 7, and R} the signaling rate. In the third phase,
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the node B (or A) sends the received data from its
partner A (or B) in previous frames to the node C. Following
the bit-detect-and-forward (BDF) cooperative protocol, the
relay node (A or B) detects each code bit to “0” or “1” based
on repetion coding and sends the bit with the new power to
the destination node C. When repetition coding is used in
the source-relay link transmission during the first and second
phases, the information is detected each transmission frame,
combining with the same weight two noisy faded signals as in
equal gain combining (EGC) [5], [7]. It is here assumed that
all the bits detected at the relay are always resended regardless
of these bits are detected correctly or incorrectly. For each link
in this three-node cooperative FSO system, the instantaneous
current y,,(¢) in the receiving photodetector corresponding
to the information signal transmitted from the laser is given
by ym(t) = nipm(t)x(t) + 2, (t) where 7 is the detector
responsivity, assumed hereinafter to be the unity, X £ x(t)
represents the optical power supplied by the source and
I, £ i, (t) the equivalent real-valued fading gain (irradiance)
through the optical channel between the laser and the receive
aperture. Z,, 2 (t) is assumed to include any front-end
receiver thermal noise as well as shot noise caused by ambient
light much stronger than the desired signal at the detector, and
modeled as AWGN with zero mean and variance ¢2 = No/2,
ie. Z, ~ N(0, Ny/2), independent of the on/off state of the
received bit. We use Y,,, X, I, and Z,, to denote random
variables and yy, (¢), x (), i;,(t) and z,,(¢) their corresponding
realizations. The irradiance is considered to be a product
of two independent random variables with the deterministic

propagation loss L, ie. I, = Lml,ff)l,gf ), representing

I,fla) and I,Sf’ ) the attenuation due to atmospheric turbulence and
the attenuation due to geometric spread and pointing errors,
respectively. To consider a wide range of turbulence condi-
tions, the GG turbulence model is here assumed [2]. Regarding
to the impact of pointing errors, we use the general model
of misalignment fading given in [8] by Farid and Hranilovic,
wherein the effect of beam width, detector size and jitter
variance is considered. The atmospheric loss L,, is determined
by the exponential Beers-Lambert law as L,, = e~ ¥¢, where
d is the link distance and w is the attenuation coefficient.
It is given by v = (3.91/V(km))(1(nm)/550)77 where
V is the visibility in kilometers, 4 is the wavelength in
nanometers and ¢ is a parameter related to the visibility,
being g = 1.3 for average visibility (6 km < V < 50 km) and
g =0.16V 4 0.34 for haze visibility (1 km <V < 6 km).
A closed-form expression of the combined probability density
function (PDF) of I, was derived in [9] in terms of the
Meijer’s G-function [10, eq. (8.2.1)]. Here, an approximated
expression is adopted in order to obtain simple closed-
form expressions, assuming a single polynomial term as
S, () ~ amiP»=1 since the asymptotic behavior of the
system performance is dominated by the behavior of the
PDF near the origin [11]. Different expressions for fi, (i),
depending on the relation between the jitter variance and
turbulence conditions [5], can be written as

f1, () 2 @i
02 (@p)’T (o — p)if~!
(AoLm)PT ()T (B) (92 — ﬂ) '
¢2F (a — q)z) r (ﬁ — q)z) jo 1
(@B)~#*(AoLm)” T(@)T(B)

9’ > p
(1)
9’ < p
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where I'(+) is the well-known Gamma function, and o and f
can be directly linked to physical parameters through the
following expresions:

a = [exp (0.490,%/(1 n 1.11(;}{2/5)7/6) - 1]_1 (2a)

—1
B = [exp (0.510,3/(1 +0.69a,‘f/5)5/6) - 1] (2b)
being 01% = 1.23C,%K7/6d”/6 the Rytov variance, which is a
measure of optical turbulence strength. Here, x = 27/ is the
optical wave number, A is the wavelength and d is the link
distance in meters. C2 stands for the altitude-dependent
index of the refractive structure parameter and varies
from 10713 m=2/3 for strong turbulence to 10~'7 m~2/3
for weak turbulence [2]. Assuming a Gaussian spatial
intensity profile of beam waist radius, w;, on the receiver
plane at distance z from the transmitter and a circular
receive aperture of radius r, ¢ =, /205 is the ratio

between the equivalent beam radius at the receiver and the
pointing error displacement standard deviation (jitter) at the
receiver, 0? = ?/merf(v)/20 exp(—v?), v = /7r/v 20,

Zeq
Ao = [erf(v)]*> and erf(-) is the error function. The beam
waist wp at the transmitting laser is approximately related
to w, through wy ~ Az/mw,. Hereinafter, the fading
coefficient I, for the paths A-B, A-C and B-C is indicated
by Iap, Iac and Ipc, respectively.

III. OUTAGE PERFORMANCE ANALYSIS

In this section, outage performance related to the
information transmission between the source node A and
destination node C is analyzed wherein the node B is used
as relay. A similar analysis can be applied to the symmetric
scheme wherein the information transmission is established
from node B to node C wherein the node A is working as relay.
It must be noted that the three-node cooperative system here
analyzed provides the simultaneous transmission of different
information from nodes A and B, respectively, to node C,
alternative to cooperative schemes wherein relays are mirror
nodes. It is assumed that the average optical power transmitted
from each node is Popt, being adopted an on-off keying (OOK)
signaling based on a constellation of two equiprobable points
in a one-dimensional space with an Euclidean distance of
dg = 2 Popt+/ Tp<¢, where the parameter T}, is the bit period and
& represents the square of the increment in Euclidean distance
due to the use of a pulse shape of high peak-to-average
optical power ratio (PAOPR) [5]. Outage probability, Py, iS
defined as the probability that the instantaneous combined
signal-to-noise ratio (SNR), yr, falls below a certain specified
threshold, v:,, which represents a protection value of
the SNR above which the quality of the channel is
satisfactory, i.e.,

Vih

Pou = P(yr < yun) = Jyr (Ddi. 3
Firstly, the outage performance of the FSO system without
relaying scheme is evaluated in order to be considered
as a benchmark in the analysis of the BDF cooperative
protocol using time-diversity. The statistical channel model
corresponding to the direct path link can be written as

Y =XlIac+ Zac, X €{0,de} Zac ~ N, No/2). (4)
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The received electrical SNR can be defined, as in [8], as

2

d
Ei? =yei?, )

Y Taireet () = 3 No/2

where y = 4P02pth/N0 represents the normalized received
electrical SNR in absence of turbulence. Using Eq. (3), the

outage probability can be written as

2 Nrin/vE o
PoutZP(erl =< yth):/ fIAc(l)dl- (6)
With the expressions in Eq. (1), the asymptotic performance
of the outage probability can easily obtained by

2/bac bac/?
Pdilt”eCt - ( aAC M) (7)
ou 2/b :
bac Lice 7

It is straightforward to show that the outage probability
behaves asymptotically as (O.y)~ %4, where Oy and O, denote
outage diversity and coding gain, respectively [11]. From these
results, it can be deduced that b4¢ is a key parameter in order
to optimize the outage diversity, not being dependent on the
pointing errors when f < ¢2. Next, the outage performance
of the BDF cooperative protocol using time diversity is
analyzed, assuming an statistical channel model as follows

1 1
YBDF = EXIAC +ZAC+§X*IBC+ZBC, (8)

being X € {0,dg}, and Zac, Zpc ~ N(0, No/2), where
X* represents the random variable corresponding to the
information detected at B and, hence, X* = X when the bit
has been detected correctly at B and X* = dg — X when the
bit has been detected incorrectly. It must be here emphasized
that node B is working as relay when analyzing the outage
performance corresponding to the information tranmission
from node A to node C. Knowing from [7] that the
closed-form asymptotic solution for the bit error-rate (BER)
corresponding to the A-B link can be written as

a’ z2248=1T (bap)

2bap
bABLAB

AB -
Pyo =

(y&)~bas, )

the outage probability corresponding to the BDF cooperative
protocol here analyzed is given by
PBDF:Pc(v)ut'(l_Pl;“B)"FPolut'Pl:‘B'

out

(10)
where PO, and P!, are the outage performance when the bit
is correctly and incorrectly detected at B, respectively. The
resulting received electrical SNR in the first case, i.e. X* = X,
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can be defined as VTspr, = %(iAc +igc) = %i%, and,

hence, the outage probability can be written as

£ 8y /vé
Pc?ut:P(%l% = Vrh :/

Since the variates Iac and Ipc are independent, knowing
that the resulting PDF of their sum I7 can be determined by
using the moment generating function of their corresponding
PDFs, an approximate expression for the PDF, f7, (i), of the
combined variates can be easily derived as

frp (Hdi.  (11)

aacapcl(bac)T(BBC) pctbpe-1
b b !

Ls¢ Lgc T(bac + bac)

From this expression, the closed-form asymptotic solution for

the outage performance is obtained as follows

I (i) ~

(12)

bactbpc bactbpe
po - aacapc8 2 T(bac)T (bgc) (Vzh) (13)
out — b b .
LA%LBBgF(bAc—i-bgc—i-l) Y
In relation to the second case, ie. X*=d — X, the

resulting received electrical SNR can be defined as

YTopr, = %z(i AC — I Bc)2 and, hence, the outage probability
can be written as
. ) 87tn
Poy =P ((mc —ipc) < y—é) (14)

Due to the subtraction of the random variates, the approximate
expression for the PDF cannot be here assumed. Taking into
account the region of integration in Eq. (14), the limits of
integration are changed as follows

: 00 pia+/8ym/y< _ .
Pout=/0 /0 Srac (1) f1pe (2)dirdin

00 i2—/8ym/y<
- / / Srac (1) fige (i2)dirdis.
8y /y< /0

15)
To evaluate these two-dimensional integrals, inner
integrals are firstly reduced to a Meijer’s G-function
by wusing [10, eq. (2.24.2.2)]. Then, we can use

[10, eq. (2.24.1.3)] to solve the unidimensional integrals
involving the product of two Meijer’s G-functions with
shifted arguments, providing an analytical solution in terms
of a summation of Meijer’s G-function as can be seen in
Eq. (16) at the bottom of the page. Knowing the fact that
the value of this solution is negligible when k = 0, these
expressions can be significantly simplified assuming that
their corresponding asymptotic behavior is dominated by
the term proportional to y ~1/2, i.e. k = 1. Hence, it can be
deduced from (10) that the adoption of the BDF cooperative

AacLac

pIadgs (—
1

ApcLpcaacPac

k
871k
aacPacy wc’l) G‘gg (AACLAcaBCﬁBc

0,k—aac k—Bac.k—¢2c k.3
k—lLagc—1,8pc—1,¢%c—1,k,—¢2 - +k—1

out —

k
8y
ZOO 1 _ aschsc y’g’ G4
k=0 %! ApcLpc 6,6

ApcLpcaacPac
AacLacapcPae

(AacLacascPscd’icdse) ' ApcLpcT (aac + DI (ase)T (Bac + DT (Bac)

0.k—agc.k—PBpc.k—¢3c.k.dic
k=lLaac—1.Bac—L.¢Ac— Lk ~¢2 +k—1

—1+

(aacApcPacLpcdicdse) " AacapcBrcLacT (aac)T (@pe)T(Bac)T (Bac)

(16)
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Fig. 2. (a) Diversity order gain, G4, and (b) Probability of outage versus

normalized electrical SNR.

protocol using time diversity translates into a diversity order
gain, G4, relative to the non-cooperative link A-C of

Gq = min(bac + bpc, 1 +2bag)/(bac) (17

IV. NUMERICAL RESULTS AND CONCLUDING REMARKS

This diversity gain is despicted in Fig. 2a as a function
of the horizontal displacement of the relay node, xp, for
dac = 3 km and different relay locations. Different weather
conditions are considered: haze visibility of 4 km with
C,% =1.7x 107" m2/3 and average visibility of 16 km
with C,ZZ =8 x 107'* m~2/3, corresponding to moderate and
strong turbulence, respectively. Together with 4 = 1550 nm,
o and f are calculated from Eq. (2). Pointing errors are

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 27, NO. 11, JUNE 1, 2015

here present assuming values of normalized beamwidth and
jitter of (w;/r,05/r) = (7,1) for each link. A remarkable
improvement in performance can be observed when comparing
to the two-transmitter case as well as alternative cooperative
protocols [3]-[6], presenting a diversity order gain superior
to 2 or even greater than 3 for some relay locations. These
conclusions are even better when the direct path link is
subject to more severe pointing errors (w;/r, os/r) = (7, 4),
as shown in dash-dotted line. In this case, a moderate
turbulence scenario has been adopted. The results corre-
sponding to this asymptotic analysis with rectangular pulse
shapes and ¢ =1 are illustrated in Fig. 2b (dashed line)
for y;;, = 0 dB, corroborating an excellent agreement with
previous Fig. 2a. To confirm the accuracy and usefulness of
the derived bound, Monte Carlo simulation results taking into
account the exact combined PDF are furthermore included by
using Eq. (11) and Eq. (14). It can be seen that a diversity
gain of nearly 3 is obtained when (w,/r,o5/r) = (7,1) is
assumed for each link. A relevant increase of the diversity
gain to 4.7 is achieved when more severe pointing errors
of (w;/r,o5/r) = (7,4) are considered for the direct path
link. It is concluded that not only a significant improvement
in performance has been obtained but also that a greater
robustness is now achieved regardless of the relay location
and the presence of pointing errors.
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