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Abstract—We study a dual-hop relaying system, composed of
mixed radio frequency (RF)/free-space optical (FSO) links. Partial
amplify-and-forward relay selection is assumed, which is based on
outdated channel state information (CSI). The RF link is subject
to Rayleigh fading, while the FSO link is affected by atmospheric
turbulence, modeled by Gamma–Gamma distribution. Novel ana-
lytical expressions for the outage probability and average bit error
rate (BER) are derived. Numerical results are presented and val-
idated by Monte–Carlo simulations. The outage probability and
average BER dependence on turbulence strength, average signal-
to-noise ratio (SNR) over RF hop, average electrical SNR over
FSO hop, number of relays, and rank of selected relay, are also
investigated, while the effect of time correlation between current
source-relay channel and its outdated CSI, is considered. The re-
sults illustrate that the outdated CSI used for the relay selection
has a strong effect on the system performance, especially in weak
turbulence conditions of the FSO hop. Furthermore, the improve-
ment of the system performance with an increase of the number of
the relays is highly dependent on the FSO channel state.

Index Terms—Bit error rate, free space optical systems, out-
age probability, outdated channel state information, partial relay
selection, radio frequency systems.

I. INTRODUCTION

M IXED dual-hop amplify-and-forward (AF) relaying sys-
tems composed of radio-frequency (RF) and free-space

optical (FSO) links were primarily studied in [1]. The difficulty
and expense of deploying fiber-optics have been the reason to
employ FSO as a last mile solution, proposing license-free oper-
ation, non-interfering nature, simple and low-cost implementa-
tion and high data rate capacity. On the other hand, relay systems
offer coverage area extensions and better system performance
at the long distance transmission. Due to the aforementioned
benefits of both relaying technology and FSO as the last mile
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solution, the interest in RF/FSO relaying systems has been in
constant progression [2]–[7].

The outage performance of mixed dual-hop AF RF/FSO re-
laying system in various turbulence conditions was presented
in [1] and [2], while analysis in [3]–[7] has been extended to
amount of fading, bit error rate (BER), symbol error rate and
ergodic capacity. In all papers mentioned above, a single relay
was assumed for the RF/FSO system. In multiple relay systems,
further improvement of system performance can be achieved
using some relay selection schemes [8]. Contrary to the best
and opportunistic relay selections, which require channel state
information (CSI) of each hop, Krikidis et al. proposed partial
relay selection (PRS) in [9]. This scheme assumes that the relay
is selected according to CSI of only one hop (either source-relay
or relay-destination link), so additional power waste and further
network delays will be avoided.

However, in time-varying channels the instantaneous CSI
used for relay selection can be outdated due to feedback de-
lay, so the selected relay is not necessarily the best in transmis-
sion slot. This results in degradation of system performance,
which depends on time-correlation coefficient. In contrast to
[9]–[11], where PRS scheme is considered with perfect CSI, the
feedback delay effect over Rayleigh and Nakagami-m fading
channels, were investigated in [12]–[14] and [15], respectively.
In the case when the best relay cannot be able to forward the
signal, the selected relay will be the best among the set of re-
maining relays, i.e., kth worst relay will be selected, as was
proposed in [12].

To the best of the authors’ knowledge, the mixed dual-hop
RF/FSO systems with PRS have not been investigated yet. In
addition, the effects of outdated estimation on the systems with
FSO links have not been investigated so far. In this paper, we
analyse dual-hop AF RF/FSO systems with relay selection pro-
cedure based on outdated CSI. It is considered that the RF
link is subject to Rayleigh fading [16], while FSO link expe-
riences Gamma-Gamma fading, applicable in a wide range of
turbulence conditions [17]–[19]. Subcarrier intensity modula-
tion (SIM) is used for electrical-optical signal conversion at the
relay [18]. Novel analytical expressions for outage probability
and average BER are derived and reduced to the special case of
PRS with perfect CSI. Also, if only one relay is assumed, then
outage probability and average BER expressions are reduced
to the corresponding ones, reported in [1] and [4], respectively.
Monte–Carlo simulations are used to validate the derived ana-
lytical results.

The rest of the paper is organized as follows. Section II de-
scribes the system and channel model. The outage probability
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Fig. 1. A mixed RF/FSO system with PRS.

analysis is presented in Section III, while Section IV contains
average BER analysis. Numerical results with discussions are
presented in Section V, while some concluding remarks are
given in Section VI.

II. SYSTEM AND CHANNEL MODEL

Mixed dual-hop RF/FSO systems have been proposed in order
to exploit FSO benefits as a last mile solution, when direct line-
of-sight (LOS) component between transmitter and receiver is
not available. Relaying technology enables the bridging of non-
LOS area by RF link, while FSO link distance is reduced result-
ing in optical power saving. The RF/FSO relaying systems are
proposed to overcome connectivity gap between a backbone and
a last mile network (end users). They are valuable for enabling
a large number of RF users to be multiplexed through a single
FSO link. The similar scenario was observed in [2]–[4] and [6].
Multiple relay systems with different relay selection schemes
have been introduced for achieving a large diversity gain. Fig. 1
presents a mixed AF dual-hop RF/FSO system with PRS, which
consists of a source S, a destination D and N ≥ 1 relays. Node
S supervises the conditions of RF Rayleigh fading channel via
local feedback from the relays. According to the instantaneous
CSI estimation, the node S selects the relay for further trans-
mission in the following way: the instantaneous signal-to-noise
ratios (SNRs), γ̃1(l) for l = 1, . . . , N , obtained by channel es-
timations, are arranged in an increasing order of magnitude as
γ̃1(1) ≤ γ̃1(2) ≤ · · · ≤ γ̃1(N ) . According to the ideal scenario,
node S selects the best relay [9]–[11]. However, the selected
relay may not be available, so source will choose the next best
relay etc. In other words, the PRS is performed by selecting the
kth worst or (N − k)th best relay R(k) [12]. Furthermore, in
practice, the current CSI of the RF channel is not the same as
the CSI used for relay selection, so PRS with outdated CSI is as-
sumed. Therefore, the instantaneous SNR of RF link, γ1(k) , and
the instantaneous SNR used for PRS, γ̃1(k) , are two correlated
random variables with correlation coefficient ρ.

The received electrical signal at the kth relay is

rR(k)(t) = hSR(k)(t)r(t) + nSR (t), (1)

where r(t) is the RF signal, transmitted from S with an average
power PS , hSR(k)(t) is the fading amplitude of the S − R(k)
link. The additive white Gaussian noise (AWGN) in RF link,
with zero mean and variance σ2

SR , is denoted as nSR (t).
Next, it is assumed that the received signal at node R(k) is

amplified by a proper relay gain G. Fixed gain relay is assumed,
so the amplification is performed based on the statistical CSI
(also called semi-blind). The relay gain G is [13, eq. (3)]

G2 =
PR

E
[∣∣hSR(k)(t)

∣∣2]PS + σ2
SR

=
PR

σ2
SR

1
E
[
γ1(k)

]
+ 1

=
PR

σ2
SRC

, (2)

where C is a constant determined by the relay gain, PR is the
relay output signal power and E [·] denotes expectation. The
instantaneous SNR of the first RF hop is

γ1(k) =

∣∣hSR(k)(t)
∣∣2PS

σ2
SR

=
∣∣hSR(k)(t)

∣∣2μ1 , (3)

where μ1 = PS /σ2
SR is the average SNR. The FSO part of

the system employs intensity modulation with direct detection,
while a subcarrier signal is used to modulate intensity of an
optical carrier (representing SIM technique). The RF signal is
converted to an optical one, which is given by [1, eq. (2)], [2,
eq. (3)]

ropt(t) = G
(
1 + ηerR(k)(t)

)
, (4)

with ηe being the electrical-to-optical conversion coefficient. It
is assumed that ηe = 1, so it will be neglected in the rest of the
paper.

At the reception, direct detection is performed by removing
dc bias and carrying out optical to electrical conversion, and the
signal at node D is expressed as

rD (k)(t) = IR(k)D (t)GηrR(k)(t) + nRD (t), (5)

where IR(k)D (t) is the intensity of an optical signal, η is
an optical-to-electrical conversion coefficient and nRD (t) is
AWGN over FSO link, with zero mean and variance σ2

RD .
The overall SNR at the destination can be obtained as [11,

eq. (1)]

γeq =
γ2(k)γ1(k)

γ2(k) + C
, (6)

where

γ2(k) =

∣∣IR(k)D (t)
∣∣2η2PR

σ2
RD

=
∣∣IR(k)D (t)

∣∣2μ2 , (7)

is the instantaneous electrical SNR over FSO link, which ex-
periences Gamma-Gamma fading, with average electrical SNR,
μ2 = η2PR/σ2

RD . The average electrical SNR, μ2 , is related
to average SNR, γ̄2 , by μ2 = γ̄2αβ/ ((α + 1) (β + 1)) [20, eq.
(8)].

Since RF link operates in Rayleigh fading channel, following
the derivations of Appendix A, the probability density function
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(PDF) of the instantaneous SNR in the first hop is [12, eq. (9)]

fγ1 (k ) (x) = k

(
N

k

) k−1∑
n=0

(
k − 1

n

)
(−1)n

μ1

× 1
(N − k + n)(1 − ρ) + 1

e
− (N −k + n + 1 )x

( (N −k + n ) ( 1−ρ )+ 1 )μ 1 . (8)

The cumulative distribution function (CDF) of γ1(k) can be
obtained as

Fγ1 (k ) (x) =
∫ x

0
fγ1 (k ) (t) dt = 1 − k

(
N

k

) k−1∑
n=0

(
k − 1

n

)

× (−1)n

(N − k + n + 1)
e
− (N −k + n + 1 )x

( (N −k + n ) ( 1−ρ )+ 1 )μ 1 , (9)

while the constant C = E
[
γ1(k)

]
+ 1 is found using (2) and (8)

as [13, eq. (6)]

C = 1 +
∫ ∞

0
xfγ1 (k ) (x) dx = 1 + k

(
N

k

) k−1∑
n=0

(
k − 1

n

)

× (−1)n ((N − k + n)(1 − ρ) + 1)μ1

(N − k + n + 1)2 . (10)

The FSO hop is under the influence of atmospheric turbu-
lence, and the intensity fluctuations at the received signal are
assumed to follow the Gamma-Gamma distribution. So, the in-
stantaneous electrical SNR, γ2(k) , has a PDF given by [1, eq.
(8)]

fγ2 (k ) (x) =
(αβ)

α + β
2 x

α + β
4 −1

Γ(α)Γ(β)μ2
α + β

4

Kα−β

(
2

√
αβ

√
x

μ2

)
, (11)

where Kν (·) is the νth order modified Bessel function of the
second kind [21, eq. (8.432.2)]. The parameters α and β are the
effective numbers of small-scale and large-scale eddies of the
scattering environment, respectively, related to the atmospheric
conditions. If plane wave propagation and zero inner scale is
assumed, the parameters α and β are [17, p. 511, eq. (68)], [18,
p. 139, eqs. (3.127), (3.128)]

α =

⎛
⎜⎝exp

⎡
⎢⎣ 0.49σ2

R(
1 + 1.11σ

12/5
R

)7/6

⎤
⎥⎦− 1

⎞
⎟⎠

−1

,

β =

⎛
⎜⎝exp

⎡
⎢⎣ 0.51σ2

R(
1 + 0.69σ

12/5
R

)5/6

⎤
⎥⎦− 1

⎞
⎟⎠

−1

, (12)

where the Rytov variance σ2
R is used as a metric of the turbulence

strength.
It is well known that atmospheric turbulence over FSO link

results in slowly-varying fading. Since the coherence time of the
channel is about 1–100 ms, turbulence induced fading remains
constant over a large number of transmitted bits [22]–[24]. In
addition, the use of very long interleavers in order to achieve
independence of fading samples in consecutive symbol intervals
is not practical in the FSO channel [23]. However, our aim is

to examine the best possible average BER performance, or in
other words, to determine upper bound of performance. Hence,
our average BER analysis is valid under the assumption that the
information symbol is long enough to ensure long-term ergodic
properties of the turbulence process [22]. Besides average BER,
we are also interested in outage probability indicating how often
the system is under the desired performance threshold.

III. OUTAGE PROBABILITY ANALYSIS

The outage probability is defined as the probability that the
instantaneous end-to-end SNR falls below a predetermined out-
age threshold γth . In the system under consideration, the outage
probability can be written as

Pout = Feq (γth) = Pr
(

γ2(k)γ1(k)

γ2(k) + C
< γth

∣∣γ2(k)

)
, (13)

where Pr (·) denotes probability. After some mathematical ma-
nipulations, (13) can be written as

Pout =
∫ ∞

0
Pr
(

γ1(k) < γth +
γthC

γ2(k)

)
fγ2 (k )

(
γ2(k)

)
dγ2(k)

=
∫ ∞

0
Fγ1 (k )

(
γth +

γthC

x

)
fγ2 (k ) (x) dx. (14)

Substituting (9) and (11) into (14), and after some mathemat-
ical derivations presented in Appendix B, the outage probability
can be expressed in terms of Meijer’s G function [21, eq. (9.301)]
as

Pou t = 1 − k

(
N

k

) k−1∑
n =0

(
k − 1

n

)
(−1)n

(N − k + n + 1)

× 2α+β−2

πΓ(α)Γ(β)
e
− (N −k + n + 1 )γ t h

( (N −k + n ) ( 1−ρ )+ 1 )μ 1

×G5 ,0
0 ,5

(
α2β2γth C(N − k + n + 1)

16μ2μ1 ((N − k + n)(1 − ρ) + 1)

∣∣∣∣∣
−
κ1

)
(15)

where

κ1 = α
2 , α+1

2 , β
2 , β+1

2 , 0 . (16)

A. Special Cases: Perfect and Completely Outdated CSI

Assuming PRS with perfect CSI, i.e., instantaneous CSI used
for relay selection is fully correlated with the current CSI of the
RF channel, the outage probability can be obtained by substi-
tuting ρ = 1 into (15) as

P ρ=1
ou t = 1 − k

(
N

k

) k−1∑
n =0

(
k − 1

n

)
(−1)n

(N − k + n + 1)

× 2α+β−2

πΓ(α)Γ(β)
e
− (N −k + n + 1 )γ t h

μ 1

×G5 ,0
0 ,5

(
α2β2γth Cρ=1 (N − k + n + 1)

16μ2μ1

∣∣∣∣∣
−
κ1

)
, (17)
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while the constant Cρ=1 is obtained by substituting ρ = 1 into
(10) as

Cρ=1 = 1 + k

(
N

k

) k−1∑
n=0

(
k − 1

n

)
(−1)nμ1

(N − k + n + 1)2 . (18)

When PRS is based on completely outdated CSI, i.e., instan-
taneous CSI used for relay selection is totally outdated with the
current CSI of the RF channel, the outage probability can be
found by substituting ρ = 0 into (15) as

Pρ=0
out = 1 − k

(
N

k

) k−1∑
n=0

(
k − 1

n

)
(−1)n

(N − k + n + 1)

× 2α+β−2

πΓ(α)Γ(β)
e−

γ t h
μ 1 G5,0

0,5

(
α2β2γthCρ=0

16μ2μ1

∣∣∣∣
−
κ1

)
, (19)

with the constant Cρ=0 derived by substituting ρ = 0 into (10)
as

Cρ=0 = 1 + k

(
N

k

) k−1∑
n=0

(
k − 1

n

)
(−1)nμ1

(N − k + n + 1)
. (20)

B. Ideal Relay Selection

Ideal PRS implies that the selected relay is one with the
best estimated instantaneous SNR, i.e., k = N , and that it is
available for further transmission. Applying k = N in (15), the
outage probability is given by

Pk=N
out = 1 − N

N −1∑
n=0

(
N − 1

n

)
(−1)n

(n + 1)
2α+β−2

πΓ(α)Γ(β)

× e
− (n + 1 )γ t h

( ( 1−ρ )n + 1 )μ 1 G5,0
0,5

(
α2β2γthCk=N (n + 1)
16μ2μ1 ((1 − ρ)n + 1)

∣∣∣∣
−
κ1

)
, (21)

where the constant Ck=N is

Ck=N = 1 + N

N −1∑
n=0

(
N − 1

n

)
(−1)n ((1 − ρ)n + 1) μ1

(n + 1)2 .

(22)
Note, that as above, the two extreme correlated cases when

ideal PRS is performed can be evaluated by substituting ρ = 1
or ρ = 0 into (21).

C. System With a Single Relay

If the system under the consideration consists of one relay,
substituting N = k = 1 into (15) leads to the outage probability
for the RF/FSO system without PRS, written as

PN =1
out = 1 − 2α+β−2

πΓ(α)Γ(β)
e−

γ t h
μ 1 G5,0

0,5

(
α2β2γthCN =1

16μ2μ1

∣∣∣∣
−
κ1

)
,

(23)
where the constant CN =1 is obtained by substituting N = 1 into
(10) as

CN =1 = 1 + μ1 . (24)

Using [25, eq. (07.34.16.0001.01)], (23) reduces to [1, eq. (10)].

IV. AVERAGE BER ANALYSIS

The average BER expressions are derived in the case when
binary phase-shift keying (BPSK) [16], is applied over RF link
and SIM BPSK [18], is applied over FSO link, as well as in
the case of application of differential BPSK (DBPSK) [16],
over RF link and SIM DBPSK [18], over FSO link. These two
combinations of modulation schemes are denoted by scheme 1
and scheme 2, respectively. The average BER can be derived
following the approach presented in [3] and [26]. Specifically,
for the RF/FSO system under PRS with feedback delay, the
average BER can be found using [26, eq. (12)] as

Pb =
qp

2Γ (p)

∫ ∞

0
e−qγt h Feq (γth)dγth , (25)

where the parameters p and q account for different modula-
tion schemes: (p, q) = (0.5, 1) for scheme 1; (p, q) = (1, 1) for
scheme 2 [3].

After substituting (15) into (25) and utilizing [25, eqs.
(01.03.26.0004.01) and (07.34.21.0011.01)], the average BER
is derived after some mathematical manipulations as

Pb =
1
2
− k

(
N

k

) k−1∑
n =0

(
k − 1

n

)
(−1)n

(N − k + n + 1)

× 2α+β−3

πΓ(p)Γ(α)Γ(β)

(
1 +

(N − k + n + 1)
q ((N − k + n)(1 − ρ) + 1) μ1

)−p

×G5 ,1
1 ,5

⎛
⎝ α2β2C

16μ2

(
qμ1

((N −k+n )(1−ρ )+1)
N −k+n +1 + 1

)
∣∣∣∣∣
1 − p

κ1

⎞
⎠ . (26)

A. Special Cases: Perfect and Completely Outdated CSI

The average BER for PRS with perfect CSI is obtained by
substituting ρ = 1 into (26) as

Pρ=1
b =

1
2
− k

(
N

k

) k−1∑
n=0

(
k − 1

n

)
(−1)n

(N − k + n + 1)

× 2α+β−3

πΓ(p)Γ(α)Γ(β)

(
1 +

(N − k + n + 1)
qμ1

)−p

×G5,1
1,5

⎛
⎝ α2β2Cρ=1

16μ2

(
qμ1

N −k+n+1 + 1
)
∣∣∣∣∣∣
1 − p
κ1

⎞
⎠ . (27)

Assuming that PRS is based on completely outdated CSI, the
average BER is found by substituting ρ = 0 into (26) as

Pρ=0
b =

1
2
− k

(
N

k

) k−1∑
n=0

(
k − 1

n

)
(−1)n

(N − k + n + 1)

× 2α+β−3

πΓ(p)Γ(α)Γ(β)

(
1 +

1
qμ1

)−p

×G5,1
1,5

(
α2β2Cρ=0

16μ2 (qμ1 + 1)

∣∣∣∣
1 − p
κ1

)
. (28)
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B. Ideal Relay Selection

When relay with the best estimated instantaneous SNR is
available for further transmission, the average BER is obtained
by substituting k = N into (26) as

Pk=N
b =

1
2
− N

N −1∑
n=0

(
N − 1

n

)
(−1)n

(n + 1)

× 2α+β−3

πΓ(p)Γ(α)Γ(β)

(
1 +

n + 1
((1 − ρ)n + 1) qμ1

)−p

×G5,1
1,5

⎛
⎝ α2β2Ck=N

16μ2

(
qμ1

(1−ρ)n+1
n+1 + 1

)
∣∣∣∣
1 − p
κ1

⎞
⎠ . (29)

By applying ρ = 1 or ρ = 0 into (29), the two correlated cases
for ideal PRS can be obtained.

C. System With a Single Relay

Substituting N = k = 1 into (26), the average BER for mixed
RF/FSO system with single relay is obtained as

PN =1
b =

1
2
− 2α+β−3

πΓ(p)Γ(α)Γ(β)

(
1 +

1
qμ1

)−p

×G5,1
1,5

(
α2β2CN =1

16μ2 (qμ1 + 1)

∣∣∣∣
1 − p
κ1

)
, (30)

which is previously derived and presented in [4, eq. (15)]. After
applying [25, eq. (07.34.16.0001.01)], the average BER in (30)
comes to [3, eq. (17)].

V. NUMERICAL RESULTS

This section presents numerical examples based on the an-
alytical results reported in this paper. The outage probability
and average BER dependence on different parameters are in-
vestigated and discussed. Numerical results are validated by
Monte–Carlo simulations.

The outage probability dependence on Rytov standard devi-
ation σR is presented in Fig. 2. The system when the best relay
is able to forward the signal (k = N) and the system when all
except the worst relay are unavailable (k = 1) are observed for
various correlation coefficients. As it was expected, the system
performs better when the best relay is selected. In that case,
an increase in the correlation coefficient leads to lower outage
probability. Assuming perfect PRS (ρ = 1), the full correlation
between CSI used for decision of relay selection and actual RF
channel state is achieved, which is manifested in the best system
performance. However, if relay selection is based on the worst
relay, the outage performance will deteriorate with an increase
of ρ. In that case, the outdated CSI used for relay selection is
the less adequate for transmission. When ρ = 1, actual and out-
dated CSI are the same indicating the chosen relay is probably
the worst. On the other hand, when ρ = 0, actual and outdated
CSI are completely uncorrelated, and it can be concluded with
high probability that the chosen relay is not the worst, leading
to the best system performance.

Fig. 2. Outage probability versus σR for different values of correlation coef-
ficient ρ.

Fig. 3. Outage probability versus N for different values of ρ in different
turbulence conditions.

When completely outdated PRS is assumed (ρ = 0), the out-
dated CSI used for relay selection and actual first hop CSI are
completely independent and the choice of relay is of no impor-
tance to the system performance. Therefore, the overlapping of
curves in Fig. 2. for (k = N) and (k = 1) is observed.

Furthermore, the influence of the correlation coefficient is
greater in weak conditions (σR < 2), compared to moderate
(σR = 2) and strong (σR > 2) ones. When FSO link is affected
by weak turbulence, which corresponds to clear air terms, there
will be no severe attenuation at the second hop. Hence, the state
of the RF part of the system will be crucial and diversity of PRS
decision and correlation coefficient have major impact on the
outage performance. On the other hand, in the strong turbulence
conditions, the optical signal will be degraded to a large extent,
which results in low correlation impact.

The outage probability dependence on number of relays
for different values of correlation coefficient is presented in
Fig. 3. Two cases are observed: weak and moderate turbulence
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TABLE I
OUTAGE PROBABILITY FOR DIFFERENT NUMBER OF RELAYS N

N σR = 0.8 σR = 2
ρ = 0 ρ = 0.5 ρ = 1 ρ = 0 ρ = 0.5 ρ = 1

1 0.01653 0.01653 0.01653 0.07375 0.07375 0.07375
2 0.01653 0.01435 0.00438 0.07375 0.06952 0.05251
3 0.01653 0.01274 0.00281 0.07375 0.06647 0.04761
4 0.01653 0.01156 0.00230 0.07375 0.06426 0.04550
5 0.01653 0.01066 0.00205 0.07375 0.06257 0.04432

conditions. The number of relays has a stronger effect on the
outage performance for higher values of ρ, i.e., when system
leads to full-correlation. In the case of completely outdated PRS
(ρ = 0), the information used for relay selection and actual CSI
will be independent. In that case, it is not important which relay
is selected and diversity gain is not accomplished. The results
illustrate that the effect of the number of relays on outage prob-
ability is more pronounced in weaker turbulence conditions in
FSO link.

The same effects can be concluded from results in Table I,
which shows the values of outage probability for various num-
bers of relays when the correlation coefficient takes values:
ρ = 0 (completely outdated PRS), ρ = 0.5 and ρ = 1 (perfect
PRS), with parameters γth = −10 dB, μ1 = μ2 = 20 dB and
k = N . When N = 1, there will be no relay selection proce-
dure. As it was mentioned, when ρ = 0, the CSI used for relay
selection is completely outdated so the increasing of N will
make no difference in the outage performance. When ρ = 1 and
σR = 0.8, the outage performance is improved by 75.3% when
PRS with two relays is implemented, compared to system with
single relay; and 10.87% for improving the system with four to
the system with five relays. Considering the expenses and diffi-
culty of the implementing the PRS systems with greater number
of relays, it may be concluded that the PRS systems with two
relays are the most cost effective. Adopting N = 2 and weak
turbulence conditions, the system performance will be improved
by 69.48% when ρ is changed from 0.5 to 1, while improvement
of 24.47% is noticed in moderated conditions. When the FSO
transmission is performed in favorable conditions, the influence
of correlation has significant role in outage performance. Be-
side the complexity of the system referring to number of relays,
it is interesting to analyse energy-efficiency of RF/FSO relay-
ing systems in addition to outage probability and average BER
performance [27], which will be a topic of our further work.

Fig. 4 shows the outage probability dependence on average
SNR per RF link for different values of correlation coefficient
and average electrical SNR per FSO link. Increasing of the
correlation coefficient leads to the better system performance.
First, numerical results are obtained assuming average electrical
SNR per FSO link is constant, i.e., μ2 = 25 dB. It is observed
that increment of μ1 leads to existence of outage floor, meaning
that further increasing of average power of RF signal will not
improve system performance. Furthermore, results are presented
considering that μ2 simultaneously increases with μ1 , which
implies that the outage floor does not exist.

In Fig. 5, the average BER dependence on μ1 = μ2 for
two modulation schemes in various turbulence conditions is

Fig. 4. Outage probability versus average SNR per RF link for different values
of correlation coefficient and average electrical SNR per FSO link.

Fig. 5. Average BER versus μ1 = μ2 for different types of binary modulation
in different turbulence conditions.

presented. As it was expected, the modulation scheme 1, con-
sisting of BPSK and SIM BPSK, shows better performance
compared to scheme 2, consisting of DBPSK and SIM DBPSK.
Also, the best average BER performance is manifested in weak
turbulence conditions.

The average BER versus ρ for different types of binary mod-
ulations is observed in Fig. 6. When the worst relay is selected,
the increasing of correlation coefficient leads to worse system
performance. If ρ → 0, the estimated CSI used for PRS decision
is completely outdated and there is no correlation with the cur-
rent CSI, so it will not be important which relay is selected. For
ρ < 0.1, it is manifested by overlapping the appropriate curves
relating to the best and worst relay selection.

VI. CONCLUSION

In this paper, we have derived novel closed-form outage prob-
ability and average BER expressions of mixed dual-hop RF/FSO
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Fig. 6. Average BER versus correlation coefficient ρ for different types of
binary modulation.

relaying system with the semi-blind AF relaying under partial
selection with outdated channel state estimation. With an as-
sumption that the best relay is not necessarily able to forward
the signal, more general analysis where PRS selects the kth
worst relay is adopted. The RF link is assumed to be Rayleigh
fading channel, while the second FSO hop experiences Gamma-
Gamma atmospheric turbulence. The analytical results have
been simplified to the case when PRS is performed based on
perfect CSI. Also, considered system can be reduced to the one
with single relay, so the derived expressions come to results
already reported.

The effects of turbulence strength, average SNR over RF hop,
average electrical SNR over FSO hop, number of relays, rank
of selected relay and temporal correlation coefficient between
source-relay channel and its outdated estimation have been ob-
served. The results have illustrated that the system performance
is dependent on the channel state of the second FSO hop to
a large extent. The improvement of the outage probability and
average BER performance with increasing the number of relays
or the values of the correlation coefficient is more dominant in
weak turbulence conditions over FSO link.

With respect to the expenses and difficulty of the implement-
ing relaying systems with PRS, it is concluded that the RF/FSO
systems employing two relays are the most cost effective. In
addition to outage probability and average BER performance,
analysis of complexity and energy-efficiency of RF/FSO relay-
ing systems could be also performed, which will be a topic of
our further investigation.

APPENDIX A
DERIVATION OF THE PDF OF THE INSTANTANEOUS SNR PER

THE FIRST HOP γ1(k)

The PRS is based on the outdated CSI of S−Rk hop, so
the PDF of γ̃1(k) is required for relay selection. By arranging
γ̃1(l) for l = 1, . . . , N in an increasing order of magnitude, the
order statistics of γ̃1(1) ≤ γ̃1(2) ≤ · · · ≤ γ̃1(k) ≤ · · · ≤ γ̃1(N ) is
found [12].

The RF link experiences Rayleigh fading, so PDF and CDF
of γ̃1(l) are given respectively as [12]

fγ̃1 ( l ) (y) =
1
μ1

e−
y

μ 1 , Fγ̃1 ( l ) (y) = 1 − e−
y

μ 1 . (31)

Next, γ1(l) and γ̃1(l) are two correlated exponentially dis-
tributed random variables. Their joint PDF is given as [16, eq.
(9.296) for m = 1]

fγ1 ( l ) ,γ̃1 ( l ) (x, y) =
1

(1 − ρ)μ2
1
e
− x + y

( 1−ρ )μ 1 I0

(
2
√

ρxy

(1 − ρ)μ1

)
,

(32)
where Iν (·) represents the νth order modified Bessel function
of the first kind [21, eq. (8.406)].

The PDF of the instantaneous SNR γ1(k) per the first hop
between S and Rk can be found as

fγ1 (k ) (x) =
∫ ∞

0
fγ1 (k ) |γ̃1 (k )

(x|y)fγ̃1 (k ) (y) dy, (33)

where fγ1 (k ) |γ̃1 (k )
(x|y) = fγ1 ( l ) ,γ̃1 ( l ) (x, y)/fγ̃1 ( l ) (y) is the PDF

of γ1(k) conditioned on γ̃1(k) . The PDF of γ̃1(k) is given by [12]

fγ̃1 (k ) (y) =
N !

(k − 1)!(N − k)!
fγ̃1 ( l ) (y)

×
(
Fγ̃1 ( l ) (y)

)k−1(1 − Fγ̃1 ( l ) (y)
)N −k

. (34)

After some mathematical manipulations, the PDF of γ1(k) is
derived and expressed by (8).

APPENDIX B
DERIVATION OF THE OUTAGE PROBABILITY

The outage probability can be derived by substituting (9) and
(11) into (14) leading to

Pout =
(αβ)

α + β
2

Γ(α)Γ(β)μ2
α + β

4

∫ ∞

0
x

α + β
4 −1Kα−β

(
2

√
αβ

√
x

μ2

)

×
{

1 − k

(
N

k

) k−1∑
n=0

(
k − 1

n

)
(−1)n

(N − k + n + 1)

× e
−

(N −k + n + 1 )γ t h (1 + C
x )

( (N −k + n ) ( 1−ρ )+ 1 )μ 1

}
dx. (35)

Eq. (35) can be rewritten as

Pout = 1 − (αβ)
α + β

2

Γ(α)Γ(β)μ2
α + β

4

k

(
N

k

) k−1∑
n=0

(
k − 1

n

)

× (−1)n

(N − k + n + 1)
e
− (N −k + n + 1 )γ t h

( (N −k + n ) ( 1−ρ )+ 1 )μ 1 × I1 , (36)

where I1 is integral given by

I1 =
∫ ∞

0
x

α + β
4 −1e

− (N −k + n + 1 )γ t h C

( (N −k + n ) ( 1−ρ )+ 1 )μ 1 x

×Kα−β

(
2

√
αβ

√
x

μ2

)
dx. (37)
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The integral I1 is solved in terms of Meijer’s G functions
[21, eq. (9.301)] as follows. Using [25, eqs. (01.03.26.0004.01)
and (07.34.16.0002.01)], the exponential function in (37) is ex-
pressed as

e
− (N −k + n + 1 )γ t h C

( (N −k + n ) ( 1−ρ )+ 1 )μ 1 x

= G1,0
0,1

(
(N − k + n + 1)γthC

((N − k + n)(1 − ρ) + 1)μ1x

∣∣∣∣
−
0

)

= G0,1
1,0

(
((N − k + n)(1 − ρ) + 1)μ1x

(N − k + n + 1)γthC

∣∣∣∣
1
−

)
, (38)

while the modified Bessel function of the second kind is pre-
sented using [25, eq. (03.04.26.0009.01)] as

Kα−β

(
2

√
αβ

√
x

μ2

)
=

1
2
G2,0

0,2

(
αβ

√
x

μ2

∣∣∣∣
−
κ2

)
, (39)

where

κ2 = α−β
2 , β−α

2 , . (40)

Finally, integral I1 is solved by [25, eq. (07.34.21.0013.01)]
as

I1 =
(

(N − k + n + 1)γ
t h

C

((N − k + n)(1 − ρ) + 1)μ1

) α + β
4

×G5,0
0,5

(
α2β2γthC(N − k + n + 1)

24μ2μ1 ((N − k + n)(1 − ρ) + 1)

∣∣∣∣
−
κ3

)
, (41)

where

κ3 = α−β
4 , α−β+2

4 , β−α
4 , β−α+2

4 , −α+β
4 . (42)

Substituting (41) into (36) and applying [25, eq.
(07.34.16.0001.01)], the novel analytical expression for the out-
age probability is derived in the form of (15).

ACKNOWLEDGMENT

The authors would like to thank the Associate Editor and
reviewers for many valuable comments and discussions that
considerably improved the quality of the manuscript.

REFERENCES

[1] E. Lee, J. Park, D. Han, and G. Yoon, “Performance analysis of the
asymmetric dual-hop relay transmission with mixed RF/FSO links,” IEEE
Photon. Technol. Lett., vol. 23, no. 21, pp. 1642–1644, Nov. 2011.

[2] H. Samimi and M. Uysal, “End-to-end performance of mixed RF/FSO
transmission systems,” IEEE/OSA J. Opt. Commun. Netw., vol. 5, no. 11,
pp. 1139–1144, Nov. 2013.

[3] I. S. Ansari, F. Yilmaz, and M.-S. Alouini, “On the performance of mixed
RF/FSO dual-hop transmission systems,” in Proc. IEEE 77th Veh. Technol.
Conf., Jun. 2013, pp. 1–5.

[4] I. S. Ansari, F. Yilmaz, and M.-S. Alouini, “Impact of pointing errors on
the performance of mixed RF/FSO dual-hop transmission systems,” IEEE
Wireless Commun. Lett., vol. 2, no. 3, pp. 351–354, Jun. 2013.

[5] I. S. Ansari, M.-S. Alouini, and F. Yilmaz, “On the performance of hybrid
RF and RF/FSO fixed gain dual-hop transmission systems,” in Proc. Saudi
Int. Electron., Commun. Photon. Conf., Apr. 2013, pp. 1–6.

[6] I. S. Ansari, F. Yilmaz, and M.-S. Alouini, “On the performance of mixed
RF/FSO variable gain dual-hop transmission systems with pointing er-
rors,” in Proc. IEEE 78th Veh. Technol. Conf., Sep. 2013, pp. 1–5.

[7] I. S. Ansari, F. Yilmaz, and M.-S. Alouini, “On the performance of hybrid
RF and RF/FSO dual-hop transmission systems,” in Proc.2nd Int. Work-
shop Opt. Wireless Commun., Newcastle Upon Tyne, U.K., Oct. 2013,
pp. 45–49.

[8] N. D. Chatzidiamantis, D. S. Michalopoulos, E. E. Kriezis,
G. K. Karagiannidis, and R. Schober, “Relay selection protocols for relay-
assisted free-space optical systems,” IEEE/OSA J. Opt. Commun. Netw.,
vol. 5, no. 1, pp. 92–103, Jan. 2013.

[9] I. Krikidis, J. Thompson, S. Mclaughlin, and N. Goertz, “Amplify-and-
forward with partial relay selection,” IEEE Commun. Lett., vol. 12, no. 4,
pp. 235–237, Apr. 2008.

[10] D. B. da Costa and S. Aı̈ssa, “End-to-end performance of dual-hop semi-
blind relaying systems with partial relay selection,” IEEE Trans. Wireless
Commun., vol. 8, no. 8, pp. 4306–4315, Aug. 2009.

[11] H. A. Suraweera, D. S. Michalopoulos, and G. K. Karagiannidis, “Semi-
blind amplify-and-forward with partial relay selection,” Electron. Lett.,
vol. 45, no. 6, pp. 317–319, Mar. 2009.

[12] H. A. Suraweera, M. Soysa, C. Tellambura, and H. K. Garg, “Performance
analysis of partial relay selection with feedback delay,” IEEE Signal Pro-
cess. Lett., vol. 17, no. 6, pp. 531–534, Jun. 2010.

[13] M. Soysa, H. A. Suraweera, C. Tellambura, and H. K. Garg, “Partial
and opportunistic relay selection with outdated channel estimates,” IEEE
Trans. Commun., vol. 60, no. 3, pp. 840–850, Mar. 2012.

[14] D. S. Michalopoulos, H. A. Suraweera, G. K. Karagiannidis, and
R. Schober, “Amplify-and-forward relay selection with outdated chan-
nel estimates,” IEEE Trans. Commun., vol. 60, no. 5, pp. 1278–1290, May
2012.

[15] N. S. Ferdinand, N. Rajatheva, and M. Latva-aho, “Effects of feedback
delay in partial relay selection over Nakagami-m fading channels,” IEEE
Trans. Veh. Technol., vol. 61, no. 4, pp. 1620–1634, May 2012.

[16] M. K. Simon and M.-S. Alouni, Digital Communication Over Fading
Channels, 2nd ed. New York, NY, USA: Wiley, 2004.

[17] L. C. Andrews and R. N. Philips, Laser Beam Propagation Through Ran-
dom Media, 2nd ed. Bellingham, WA, USA: SPIE, 2005.

[18] Z. Ghassemlooy, W. Popoola, and S. Rajbhandari, Optical Wireless Com-
munications: System and Channel Modelling With MATLAB. Boca Raton,
FL, USA: CRC Press, 2013.

[19] S. Arnon, J. Barry, G. Karagiannidis, R. Schober, and M. Uysal,
Eds.,Advanced Optical Wireless Communication Systems. New York, NY,
USA, USA: Cambridge Univ. Press, 2012.

[20] M. Niu, J. Cheng, and J. F. Holzman, “Error rate performance comparison
of coherent and subcarrier intensity modulated optical wireless commu-
nications,” IEEE/OSA J. Opt. Commun. Netw., vol. 5, no. 6, pp. 554–564,
Jun. 2013.

[21] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and Products.,
6th ed. New York, NY, USA: Academic, 2000.

[22] N. D. Chatzidiamantis, A. S. Lioumpas, G. K. Karagiannidis, and
S. Arnon, “Optical wireless communications with adaptive subcarrier
PSK intensity modulation,” in Proc. IEEE Global Telecommun. Conf.,
Dec. 2010, pp. 1–16.

[23] A. A. Farid, and S. Hranilovic, “Outage capacity optimization for free-
space optical links with pointing errors,” J. Lightw. Technol., vol. 25,
no. 7, pp. 1702–11710, Jul. 2007.

[24] E. J. Lee, and V. W. S. Chan, “Part 1: Optical communication over the
clear turbulent atmospheric channel using diversity,” IEEE J. Sel. Areas
Commun., vol. 22, no. 9, pp. 1896–11906, Nov. 2004.

[25] The Wolfarm Functions Site. (2008). [Online] Available: http:/
functions.wolfarm.com

[26] I. S. Ansari, S. Al-Ahmadi, F. Yilmaz, M.-S. Alouini, and
H. Yanikomeroglu, “A new formula for the BER of binary modulations
with dual-branch selection over generalized-K composite fading chan-
nels,” IEEE Trans. Commun., vol. 59, no. 10, pp. 2654–2658, Oct. 2011.

[27] A. Zafar, R. M. Radaydeh, Y. Chen, and M.-S. Alouini, “Power alloca-
tion strategies for fixed-gain half-duplex amplify-and-forward relaying
in Nakagami-m fading,” IEEE Trans. Wireless Commun., vol. 13, no. 1,
pp. 159–173, Jan. 2014.

Authors’ biographies not available at the time of publication.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


