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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outdated channel state information (CSI).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source-relay channel and its outdated CSI, is considered.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sults illustrate that the outdated CSI used for the relay selection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age probability, outdated channel state information, partial relay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

IXED dual-hop amplify-and-forward (AF) relaying sys-
M 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 VL.

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), () for l = 1,..., N, obtained by channel es-
timations, are arranged in an increasing order of magnitude as
Y1) < Yie) < -0 < Ay 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 ;) [12]. Furthermore, in
practice, the current CSI of the RF channel is not the same as
the CST used for relay selection, so PRS with outdated CSI is as-
sumed. Therefore, the instantaneous SNR of RF link, 7,1, and
the instantaneous SNR used for PRS, 7, (k)» are two correlated
random variables with correlation coefficient p.

The received electrical signal at the kth relay is

Tr(k) (1) = hsre) ()7 () + nsr(t), (D
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where 7(t) is the RF signal, transmitted from S with an average
power Ps, hgp(r)(t) is the fading amplitude of the S — Ry,
link. The additive white Gaussian noise (AWGN) in RF link,
with zero mean and variance 0% j,, is denoted as ng g (t).

Next, it is assumed that the received signal at node R 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)]

Pr
2
E “hSR(k’)(t)‘ } Ps + 0%y
_ Pa 1 _ Pa
oir E[vign] +1  0ezC’

G =

@)

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

_ ’hSR(k')(t)‘QPS
UZ‘R

Y1(k) = ’hSR(k)(t)‘QMh 3)
where 111 = Ps/o%, 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)]

Topt (£) = G (1 +nerrin) (8)) 5 )

with 7, being the electrical-to-optical conversion coefficient. It
is assumed that 7. = 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

(k) (t) = Iy (O)GNrR(k) (t) + nRD (1), (5)

where Ip(;)p(t) is the intensity of an optical signal, 7 is
an optical-to-electrical conversion coefficient and ngpp(t) is
AWGN over FSO link, with zero mean and variance o7, ,.
The overall SNR at the destination can be obtained as [11,
eq. ()]
— 2(k) V1K)

Yeqg = ————=, (6)
"y +C

where

2
ey )] n* Pr
Yo(k) = O_}Q?D

= [Ipyp ) 12, @D

is the instantaneous electrical SNR over FSO link, which ex-
periences Gamma-Gamma fading, with average electrical SNR,
po =n*Pr/o% . The average electrical SNR, po, is related
to average SNR, o, by 110 = yoa3/ (o + 1) (8 + 1)) [20, €q.
31

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)]

fo () k(]}j) ki (kn 1> (-1)"

n=0 K

1 _ (N—k+n+1)z 3
X e ((N—k+n)(I-p)+T)uy |
(N—k+n)(1—-p)+1 ®)

The cumulative distribution function (CDF) of ~(;) can be

obtained as
N k—1
0= [ ot dt‘1k<k)z< n )

n=0
n
="
(N—k+n+1)

’71(/)

= (N-k+n+1)z
(V=) T=)+Dwr - (9)

while the constant C' = E[v; ;)] + 1 is found using (2) and (8)
as [13, eq. (6)]

00 k—1
C = 1+/0 Tfy) (x)dx=1+k(]z>z<k;1>

n=0

DTN k) —p)+ D
(N —k+n+1)°

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, V2 (k) has a PDF given by [1, eq.

(10)

(3]
(aB) 7 a" ! / \f
/ - —'KQ* - b 1
fw«z(k)(x) F(Q)F(ﬁ)[w%d 8 <2 af ,LL2> (11)

where K, (+) is the vth order modified Bessel function of the
second kind [21, eq. (8.432.2)]. The parameters « and 3 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 « and (3 are [17, p. 511, eq. (68)], [18,
p- 139, egs. (3.127), (3.128)]

_ A —1
0.4902
a= |exp b 776 -1 ,
(1+1 1o “/")
- q -1
5lo?
0= |exp 0-510k -1 , (12)
(1+069 12/‘)) e

where the Rytov variance 0% 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
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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 ~;;, . In the system under consideration, the outage
probability can be written as

V2(k)V1(k)

out eq (’Yth,) <’Y + C

< Yh |m->) . (13)

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

/ Pr( Yiory < e+ 2 )fm (2()) drar)
0 Y2(
o0
’Ythc
= /0 F'\/l(k) ('Yth + - >f“/z(k) (x) dx.

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)]

Pout =

(14)

as
k-1 )
N k—1 (_l)n
P = 1— D S
g0+h-2  __ (Noktntlay
X— e ((N—k+n)(1-p)+1)py
m(a)L'(B)
Y (50 a2y C(N —k+n+1) _ s
95 \ 16paps (N —k+n)(1—p)+1) [r
where
k=g, g 5 550 (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 p = 1 into (15) as

Pl = 1—/6(]:)% (’“ﬂm

n=0

20’+J’172
X AT (@)L (8)

e 3?4, Cpmi (N —k +n+1)
0 162 11

(N -k+n+1)y4,
e "1

h > (17)
R
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while the constant C',—; is obtained by substituting p = 1 into
(10) as

cor =) X ()

n=0

(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 p = 0 into (15) as

P —1—k:<],j) kZ—l (k;I)(N_(k_BnJrl)

n=0
m) ,(19)

207072 a5 (0232, Cpeo
X————e " Gy |———"—

m(o)T'(5) 1642 11
with the constant C,,— derived by substituting p = 0 into (10)
as

Coo :1+k:<]]j) ki (kgl)(_iv(_l:ll:m

n=0

(20)

B. Ideal Relay Selection

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

i S (Y
out — n+ 1) 7l'(a)l(3)
ERUESETTA o’ B Cren(n + 1) )
X (¢! p)ﬂ“)MG , (21
‘ (wmm« 1) |m) D

where the constant Cj._ y is

_ &N -1 (D) (1= )+ D
CkN—l-‘v-NnZO( " ) (n+1)2

(22)

Note, that as above, the two extreme correlated cases when

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

C. System With a Single Relay

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

K1 ’

I T G20 M
out WF(a)F(ﬁ) 0,5
(23)

1642 p1
where the constant C'y — is obtained by substituting N = 1 into
(10) as

2a+;372

Cy=1 =14 1. (24)

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

D o0
B) = qi) / 6*11’%17 Feq (’Yth,)d'Yth,v (25)
0

2T (p

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

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

res (NS (et

9o+ -3 (N—k+n+1)

“AT (P (@)L (6) (1 TN =R =)+ Dm )

1_p) . (26)
R1

X G;l o*f*C
"\ 16z (g (O )

A. Special Cases: Perfect and Completely Outdated CSI

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

1 N\ 2 (k-1 (—1)"
B = 2_k<k)2_:0< n )(N—k+n+1)
2a+ﬁ—3 (N—k‘-i—’l’L—I—l))_p
pr@»r«wr%5><l+ an
QQﬁQCp:1 1—p

x G

— Ot
(S

p (27)
16#2 (N—I%iln-&-l + 1) !

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

o1 N\ &2 (k-1 (—1)"
B = 2_k<k>nz_;)( n )(N—k+n+1)
2a+/373 ) 1 -
Xﬂ@ﬁ@ﬂm<+w)
5,1 ﬂQOp:O 1_10)
1,5 (16u2(u1+1)’ ki)’ (8)
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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

R =

n=0
2a+;3—3 . n+1 4
+
EYDONOING < (A=pn+1) qm)
2 12
e &b Cr=n ‘179 . (29)

16715 (qm Lopletd 1) K1

By applying p = 1 or p = 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

1 2(1#&373 1 4
P b (1 L)
2 al(p)T(e)I'(B) qn
23207
x Gl (aﬁc‘“ ‘1 p), (30)
P\ 16p2 (qu1 +1) | K1

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 o 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 (p = 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 p. In that case, the outdated CSI used for relay selection is
the less adequate for transmission. When p = 1, actual and out-
dated CSI are the same indicating the chosen relay is probably
the worst. On the other hand, when p = 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.
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turbulence conditions.

When completely outdated PRS is assumed (p = 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 (op < 2), compared to moderate
(or = 2) and strong (o > 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 OR = 0.8 OR = 2

p=0 p=0.5 p=1 p=20 p=0.5 p=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 p, i.e., when system
leads to full-correlation. In the case of completely outdated PRS
(p = 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:
p = 0 (completely outdated PRS), p = 0.5 and p = 1 (perfect
PRS), with parameters v;, = —10 dB, p; = pe = 20 dB and
k= N. When N = 1, there will be no relay selection proce-
dure. As it was mentioned, when p = 0, the CSI used for relay
selection is completely outdated so the increasing of N will
make no difference in the outage performance. When p = 1 and
or = 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 p 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., o = 25 dB. It is observed
that increment of ;1 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 p» simultaneously increases with iy, which
implies that the outage floor does not exist.

In Fig. 5, the average BER dependence on p; = pus for
two modulation schemes in various turbulence conditions is
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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 p 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 p — 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
p < 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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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 7,

The PRS is based on the outdated CSI of S—R; hop, so
the PDF of 7y ;) is required for relay selection. By arranging
Y1 forl =1,..., N in an increasing order of magnitude, the
order statistics of (1) < Fi(2) < -+ < Fie) < o0 < Fiw s
found [12].
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The RF link experiences Rayleigh fading, so PDF and CDF
of ¥y (;) are given respectively as [12]
1 oy
f:/l(l) (y) = Ee “ 7F"7’1(1) (y) =1l—er.
Next, ;) and 7,(;) are two correlated exponentially dis-
tributed random variables. Their joint PDF is given as [16, eq.
(9.296) for m = 1]

(€19

1 a4y 2,/pxy
f%(z)-f?l(z) (Ivy) - 1 7€ o Iy < 1 ) )
(1= p)ut (1= p)m

where I, (-) represents the vth order modified Bessel function
of the first kind [21, eq. (8.406)].

The PDF of the instantaneous SNR ~; ;) per the first hop
between S and R;, can be found as

f“r’l(k) (z) :/0 f”m(k)H’l(k) ('r|y)f’71(k) (y) dy,

where f“/l(k) 1 (k) (zly) = f”r’l(z)ﬁ’l(z) (Iay)/f%(l) (y) is the PDF
of (%) conditioned on 7, (). The PDF of 7, (1) is given by [12]

N!
fﬁw)(y) = mf%m (y)
x (F%u) (y))k71 (1 - F“?l(z) (y))Nik'

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

(33)

(34)

APPENDIX B
DERIVATION OF THE OUTAGE PROBABILITY

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

(aﬁ)ﬂ;j R T
S 1K, 4 (2 z
(T (G /e ’ ( V% w)

S W e

n=0

Pout =

(N —ktn+ 1)y, (14 F)
X 67 ((N=k+n)(IT—p)+1)uy dx (35)
Eq. (35) can be rewritten as
BT N\ L k-
Pout_l_m)wk( )Z< )
F(a)F(ﬁ)MQT k n=0 n
(71)"’ -~ ,<N kt+n+ 1)y,
X ((N=k+n)(I=p)+1)puq XI 36
(N—k+tn+1)° b G0
where [; is integral given by
> Lis (N—k+n+1)7;,C
I, = / x Tl TR —REmT=m+ e
0
xKo_g (2\/7 1/x> da. (37)
H2



PETKOVIC et al.: PARTIAL RELAY SELECTION WITH OUTDATED CHANNEL STATE ESTIMATION IN MIXED RF/FSO SYSTEMS

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

Nkt n+1)y C
e [(N=k+m)(d-p)+Dure

- 1,0 (N k +n+ 1)’}/”,
G‘“(((N k+n)(1—p)+1)ma
)

_oo (((N—k+n)(A—p)+1)mz
1.0 (N—k+n+1)yC

)
1>,<3s>

while the modified Bessel function of the second kind is pre-
sented using [25, eq. (03.04.26.0009.01)] as
) ; (39

x 1 2.0(
Ko 5| 2y/aB = | =G
B B 11 9 0.2
(40)

where

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

+0

B (N—k+n+1)y,C T
= (((N—k+n)(1—p)+1)m>

5,0 < ?BynC(N —k+n+1) ) 1)
“2\ 2 o (N =k +n)(1 = p) + 1) | K3
where
_ a—f3 a—0F+2 B—a B—a+2 a+f
ks =1 oo ST T~ ()
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).
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