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Abstract—We investigate the outage probability and the average
bit error rate (BER) performance of a dual-hop amplify-and-
forward (AF) relaying system, composed of a mixed radio fre-
quency (RF)/free-space optical (FSO) link, when simultaneously
outdated channel state information (CSI) is assumed at the relay
and there is a misalignment between transmitter and receiver
apertures in FSO link. In contrast to the majority of works on
CSlI-assisted AF relays, in this paper, we assume that the estimated
CSI is outdated, when the relay amplifies the transmitted signal.
The RF link experiences Rayleigh fading, while the FSO link is
under the influence of atmospheric turbulence, modeled by the
Gamma-Gamma distribution. Novel analytical expressions for the
outage probability and the average BER are derived in a power
series form, which in some special cases are simplified to offer
engineering insight into the effects of important transceiver and
channel parameters on the system performance. Numerical and
simulation results show that there is an optimal value of the
transmitter beam waist, which minimizes the overall outage prob-
ability. This optimal value strongly depends on the pointing errors
standard deviation. Furthermore, the outage probability varies for
several orders of magnitude depending on the transmitter beam
waist.

Index Terms—Bit error rate, fading, free-space optical systems,
Gamma-Gamma distribution, outage probability, pointing errors,
radio frequency systems, relay.

I. INTRODUCTION

REE-space optical (FSO) systems have been intensively

investigated during last years as an alternative or comple-
ment to the radio frequency (RF) systems. The FSO provides
many benefits compared to the RF systems, such as license-
free operation, low-cost, simple installation, low power, as well
as larger bandwidth supporting more users [1]-[8]. Due to the
aforementioned advantages, FSO systems are used for various
applications, as the last mile access network, to bridge the
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bandwidth gap between the end-users and the fibre optic back-
bone network. Furthermore, FSO was proved to be an effective
solution for disaster recovery, while it is very helpful in difficult
terrains [2].

A. Motivation

In terrestrial FSO systems, the optical signal transmission is
affected by path loss, atmospheric turbulence and pointing er-
rors. The path loss is described by deterministic models, while
the atmospheric turbulence can be successfully modeled by the
Gamma-Gamma distribution, due to its agreement with exper-
imental results in a wide range of turbulence conditions [3],
[4]. Log-normal and modified Ricean distributions can be also
used for modeling atmospheric turbulence [3], while recently,
Mailaga distribution was proposed for modeling atmospheric
turbulence [9], [10]. One of the substantial effects, which
influences the optical signal transmission through free space,
is the misalignment between transmitter laser and the photode-
tector at the receiver. This dynamic misalignment, caused by
building sway and vibration, results in pointing errors (jitter or
misalignment fading) that affects the FSO link performance,
especially when transmitter and receiver apertures are placed
on high buildings [1], [11]-[15]. Considering horizontal and
vertical displacements (jitters) as independent Gaussian random
variables (RVs), with zero mean value and standard deviation
denoted by oy, the resulting radial displacement at the receiver
detector follows Rayleigh distribution [12].

Intensity-modulation/direct detection (IM/DD) with on-off
keying (OOK) is a widely employed technique in commercial
FSO systems. Although IM/DD with OOK is cost effective
and easy to be implemented, the main flaw of OOK is the
requirement for adaptive threshold setting for demodulation
[2]. As alternative to IM/DD with OOK, the subcarrier intensity
modulation (SIM) technique has been proposed to improve the
performance of FSO systems. Applying the SIM implies that
the RF subcarrier signal is premodulated by the information
data sequence, before it is used for modulation of the laser
source intensity [2], [16]-[18]. Besides SIM, the FSO systems
with coherent detection have been intensively studied, referring
to systems where optical wave, generated by local oscillator, is
added to the received optical signal [2].

In order to extend the coverage in wireless networks, re-
laying technology has been accepted in the RF wireless stan-
dards [19]. Furthermore, mixed dual-hop amplify-and-forward
(AF) relaying systems, consisting of the RF and FSO links,
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were recently investigated in [20]-[26]. The connectivity gap
between a backbone and a last-mile access network can be
overcome by using the RF/FSO communication, enabling a
large number of RF users to be multiplexed through a single
FSO link [22]. There are several reasons for selecting FSO
technology for the last mile connectivity: The capacity of FSO
is comparable with that of the optical fiber, but deployment
cost is significantly lower. Moreover, the FSO is transparent
regarding several traffic types and protocols and consequently
can be easily integrated in the access networks. Because of that,
there is both practical and scientific interest to investigate the
performance of mixed RF/FSO relaying systems and to identify
their major impairments and performance limits.

B. Literature

Scanning the open literature, the authors in [20]-[24] pre-
sented the performance of the asymmetric dual-hop relay
transmission with mixed RF/FSO links, employed fixed gain
relay. Specifically, the outage performance of this system was
presented in [20], where RF and FSO links are modeled by
Rayleigh and Gamma-Gamma distribution, respectively. Ansari
et al. [21] extended this analysis to other performance metrics,
as amount of fading, bit error rate (BER), symbol error rate
(SER) and ergodic capacity. Furthermore, the impact of the
pointing errors on the overall system performance was inves-
tigated in [22], while in [23] an outage analysis was presented,
by using general Malaga over the FSO link, instead of Gamma-
Gamma fading.

Assuming fixed gain relay, an analysis of the asymmetric
mixed RF/FSO dual hop relaying system along with a direct
RF uplink, was proposed in [24]. In contrast to the mixed
RF/FSO systems with fixed gain relay presented in [20]-[24],
variable gain relay was assumed in [25], [26]. This kind of
relays uses the instantaneous channel state information (CSI)
of the previous RF link in order to determine the gain. Espe-
cially, closed-form expressions for the BER and the capacity
of mixed RF/FSO variable gain dual-hop transmission system,
were derived in [25]. Contrary to [24], where fixed gain relay
was assumed, in [26] the performance analysis of the similar
system with variable gain relay was presented.

C. Contribution

The main purpose of the mixed RF/FSO system is to exploit
the FSO benefits, while line-of-sight (LOS) component is not
available between source and destination nodes. Hence, RF link
is utilized to bridge as a non-LOS link between source and
relay nodes, while FSO is used as a solution for the “last mile”
problem.

In the aforementioned works, the analysis was limited to
fixed or variable gain relaying with perfect CSI. However,
when variable gain relay is employed, the relay continuously
monitors source-relay link and periodically estimates CSI. Due
to temporal variation of the RF channel, estimation error occurs
since the estimated CSI (used for adjusting relay gain) is not
that at the time of signal transmission. Imperfect CSI indicates
that the channel estimation at the relay is outdated, when the
relay applies it to amplify transmitted signal. Relaying RF sys-
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tems, where gain determination is performed by outdated CSI,
were analyzed in [27]-[29]. These papers showed that outdated
CSI has a considerable effect on the system’s performance. To
the best of the authors” knowledge, neither the RF/FSO relaying
systems with outdated CSI, nor the combined effect of pointing
errors over the FSO part, together with outdated CSI over RF
part, has been investigated in the past. It is clear that the effect
of outdated CSI on the overall system performance should
not be neglected in practical mixed RF/FSO relaying systems.
Depending on the conditions over the FSO part, the effect of
outdated CSI on the overall mixed RF/FSO relaying system
performance will be more or less emphasized. From a practical
point of view, it is important to investigate the effect of out-
dated CSI in different propagation conditions over the FSO link.

In this paper, we analyze the performance of a dual-hop
RF/FSO AF relaying system with outdated CSI. It is assumed
that the RF link experiences Rayleigh fading and the received
electrical signal at the relay is converted to the optical one
for retransmission by SIM. The intensity fluctuations of the
received optical signal are described by the combined model of
atmospheric path loss, Gamma-Gamma atmospheric turbulence
[2]-[4] and pointing errors [1], [11]-[15]. New analytical ex-
pressions for the system’s outage probability and average BER
are derived in the form of a fast convergent power series. In
some special cases, these expressions are simplified to more
tractable forms, providing a better insight into the effects of
different system’s parameters on the outage and average BER
performance. We also provide some simple formulae for the
efficient evaluation of the outage and average BER floors.

The main goal of this work is to derive novel analytical
expressions, which can be efficiently used for optimizing the
beam waist at the transmitter output, in order to minimize the
outage probability, when outdated CSI is assumed at the relay.
In addition, the effects of outdated CSI on the overall system
performance are investigated for different conditions over FSO
link. Numerical results are presented and validated by Monte
Carlo simulations.

D. Structure

The paper is organized as follows. System model is de-
scribed in Section II, while Section III contains the outage
analysis, which is followed by mathematical derivations given
in Appendixes A and B. The average BER analysis is pre-
sented in Section IV, with mathematical derivation presented in
Appendix C. Numerical results with appropriate comments are
given in Section V, and some concluding remarks are presented
in Section VI.

II. SYSTEM MODEL

An asymmetric AF dual-hop system is considered, consisting
of three nodes: source, S, relay, R, and destination, D. We
assume that there is no direct link between S and D. In the first
part of transmission, the RF modulated signal is transmitted
from S to R node via the RF link. The received signal at the
node R in the kth symbol interval is given by

rR = hsgrr + nsg, (1)
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where r is the transmitted symbol from the node S, which has
an average power normalized to one (E[|r|?] = 1), with E[-] to
denote mathematical expectation, hgsg is the fading amplitude
during the kth symbol interval with E[|hSR|2] = P; and ngg
represents the additive white Gaussian noise with zero mean
and variance oszR = E[|n5R|2].

In the second part of transmission, the received signal at node
R is amplified by a proper relay gain G and retransmitted to the
node D via the FSO link. Amplification at node R is performed
based on the estimated CSI, which is assumed to be outdated.
Following the same procedure as in [27], the relay gain can be
tightly bounded by [30]

1

2 __
G = — 3
|hsr]

@)

where lA15R is an estimated version of the hgg. The noise power
of the S — R link is neglected in order the statistical analysis to
be more tractable.

Applying SIM the RF signal is converted to an optical one as

Topt = P(1 + mGrg), 3

where P; is the average transmitted optical power and m being
the modulation index. Next, we assume m = 1. After removing
dc bias and performing an optical-to-electrical conversion, the
demodulated signal at node D during the kth symbol interval, is
given by

rp = IrpP:Gnrg + ngp, 4)

where Igp is the fading amplitude over the FSO link during the
kth symbol interval, ngp is the additive white Gaussian noise
over FSO link with zero mean and variance O’[%D = E[|nRD|2]
and 7 is an optical-to-electrical conversion coefficient.

Using (1), (2), and (4), the overall signal-to-noise ratio (SNR)
at the destination is obtained as

\Irp|> P> G*n? |hsg|? Y1y2

Yeq = = — (@)
“ IIRD|2Pt2G2n2052R+G,%D V2 + 71
where
|hs|*
V=-— (6)
OSR

is the instantaneous SNR of the first RF hop. As stated before,
the fading envelope over the RF link is modeled by Rayleigh
distribution and the average SNR is

E[lhsel’] _ P
i =E[m=¥=—;. (N
OsR OsRr
The estimated version of y; is

A2

. lhsrl
Yi=-—- (3)

Osr

The instantaneous electrical SNR over the second FSO link is
defined as
_ ro*PPy?

=—"75 "7, 9
ORD
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where Igp is the FSO channel fading coefficient. The average
electrical SNR can be determined as

Ellrp]*Pi*n*
fo=—"5"""
ORD

(10)

Since the RF hop experiences Rayleigh fading, y; and 7,
are two exponentially distributed and correlated RV, with joint
probability density function (PDF) given by [31]

1  xty 2./ )
s (x,y) = ———e U2y | ——— |, 11
Ty &, y) 1 ,o),u%e ) ((1 o (11)

where p is the correlation coefficient, and /, (-) represents the v-th
order modified Bessel function of the first kind [32, (8.406)].

The FSO channel gain consists of three parts: path loss,
atmospheric turbulence, and pointing errors, i.e., Irp = I,
where I, is an atmospheric turbulence attenuation modeled by
Gamma-Gamma distribution, /; denotes a path loss, and I,
denotes a component modeling pointing errors.

The atmospheric path loss, 1;, is described by the exponential
Beers-Lambert law as [12]

I} = exp(—oL), (12)
where o represents the atmospheric attenuation coefficient and
L denotes the FSO link length. The atmospheric turbulence
is described by Gamma-Gamma distribution, so the PDF of
1, is given by [33, (8)]. The PDF of the attenuation due to
pointing error, I, is found as [12, (11)], assuming the radial
displacement at the receiver experiences Rayleigh distribution
with the jitter variance 052. Finally, the PDF of Igp is found
as [13, (12)]

— Szaﬁ
fIRD(IRD)_/m
3.0 ( oB &
XG1,3<mlRD §-lLa—1 p-1 ) "

where Glﬁ'f"j”(o) is the Meijer’s G-function [32, (9.301)], « and
B are atmospheric turbulence parameters, while £ and Ag
represent the parameters relating pointing errors.

The parameters @ and B represent the effective numbers of
small and large scale cells, respectively, which are related to
the atmospheric conditions. Assuming plane wave propagation
and zero inner scale, they can be expressed as [2], [3]

~7/6 -1
o= (exp [0.490,% (14 1.110577) } - 1)

~5/6 -1
ﬁ:(exp[o.51a,%(1+o.69a,§2/5) }—1) . (14

where a,% is the Rytov variance given by

op =1.23CH7eLI/6, (15)
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In (15), k = 27 /X is the wave-number, A is the wavelength, L is
the propagation distance, and the refractive index is denoted by
C,%, which varies from 10717 m=2/3 to 10713 m—2/3 for weak
to strong turbulence, respectively.

The pointing errors parameter £ is determined as & =
WL, /(2o5), where WL, is the equivalent beam waist at the
receiver, and oy is the standard deviation of pointing errors
(jitter) at the receiver. The parameter wy,, is dependent on the

beam waist (radius calculated at e‘z) at distance L, wyp, as

[12]-[15]

) w%ﬁerf(v)

Lea ™ 2y exp(—v?)’

_ T, (16)
V2w
where a is the radius of a circular detector aperture. The
parameter Ao represents the fraction of the collected power at
L =0, given by Ag = [erf(v)]?, where erf(.) is the error func-
tion [32, (8.250.1)].
The beam waist wy of a Gaussian beam is related to beam

waist at transmitter, denoted as wg, and to the radius of curva-
ture Fo by [15]

WL—WO\/(®Q+A0)<1+163 12/5 0 ) (17)

with ©g=1—L/Fo, Ao=2L/(kw}) and Ay =Ao/(OF+AD).
Using (10) and (13), the average electrical SNR of the FSO
hop can be written as

PPy’ A2

w2 = (18)

URD
where k = £2/(£2 + 1).

After some mathematical manipulations, the PDF of y» can
be derived as
Y2
§ (e

Using (19) and utilizing [34, (26)], the cumulative distribu-
tion function (CDF) of y; is

& < X
L
Tl (@) n

III. OUTAGE PROBABILITY ANALYSIS

5 GO

1) = S By, O13

“). (19)

1,82 +1

Fp,(x) = 52” " B o)' (20)

The outage probability represents the probability that the
instantaneous end-to-end SNR, y,,, falls below a predetermined
outage threshold, y;;. In this case, the outage probability can be

written as
Y12
Pr ~ < Vth) )
()’2 + 7

Poyr = Feq(yth) = 21
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where Pr(-) denotes probability. After some mathematical ma-
nipulations, (21) can be expressed as

o000
Y1iy2
Pour = Pr —
ot // (J/2+)/1
00

o000

= // Pr ()/2 ~ M)fyl o X+ Ven, y)dxdy.  (22)

00

< )/zh)fyl,pl (r1, YDdyrdi

The complementary cumulative distribution function (CCDF)
of y» is defined as Fyz (x) =1—F),(x), where F),(x) is the
CDF of y» given by (20).

Substituting (11) and (20) into (22), and using Appendix A,
an analytical expression for the outage probability is derived as

_Yh
Por=1—e ™

o ,O)n_k_HMln_k

k
k 2a+/3—3§2pk(1 _
+ Z Z (n) k2T () (B)

k=0 n=0
2
’ 1641 X1 ’
(23)
2
with x = &, ¢, &L B BEL 4y 0.

When & — oo, the pomtmg errors effect is small and ne-
glectable, so the intensity fluctuations of the received optical
signal are assumed to originate only from the Gamma-Gamma
atmospheric turbulence. Hence, taking the limit of (23) for § —
00, the outage probability corresponding to the non-pointing
errors system is given by

Yth

POGM?—I e M
k _ — _
+iz (k) a+p Zpk(l _p)n k+1M1n k
12
oo\ k*mT()(B)
L i o?Bym |1, —k
Xy e T ngé( 16M2t x )’ 24)

with o = ¢, 28 £ B nt 1,0,
Since (23) does not prov1de direct insights into the outage
performance, next we investigate possible simplified forms.

A. High SNR Approximation

In order to simplify the outage probability expression in
(23), higher order terms of series representation of the modified
Bessel function of the first kind in (42) can be neglected under
certain conditions. Using only the first term, this approximation
is valid when the argument of Ip(-) is small enough (tends
to zero), i.e., at high average SNR per RF link and/or low
correlation coefficient.
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If only the first term of summation in (23) is included, i.e.,
k = 0, the outage probability can be approximated as

o 2P0 - p)
o AT (T (B)

_ vm 2p2,.2 £242
X e (1—:7)#1 Gg% o ’3 K Vi 1, 07 3 , (25)
’ 1612 X3
2
with 3 = 5, %, 43+, £, 55+, 1,0.

The FSO channel state has an important role in the accuracy
of this approximation. The Meijer’s G-function is a dominant
term in (23) when its argument is large, i.e., at low values
of the average electrical SNR per FSO hop or during strong
turbulence conditions. In that case, this approximation is not
accurate. Hence, a higher number of terms for summation in
(23) is required. To conclude, considering only the first term
for summation in (23), the approximation is tight with the
exact outage probability only at the high average SNR over the
RF link and/or low correlation coefficient, when the average
electrical SNR over FSO hop is high enough in weak turbulence
conditions.

The outage floor in the range of very high values of the
average SNR over the RF link (when w1 tends to infinity) is
obtained directly from (25) as

6,2
G337 (
(26)

Using this expression, the outage floor can be efficiently
calculated with appropriate accuracy under the same conditions
as in (25).

In the high electrical SNR region of the FSO link, u», the

oor __, 2a+ﬂ73§-2(1 -p)

o B2y
outl ﬂr(()l)r(ﬂ)

16412

)
L0, 5=

X3

’

Meijer’s G-functionin (23) tendsto zero[35,(07.34.06.0001.01)].

Therefore, the outage probability for any value of 1 and high
value of u; can be derived in a very simple form as

_Yih
Pl ~p — e

out2 (27)

It can be concluded that the outage performance does not
depend on the correlation coefficient, at high values of average
electrical SNR per FSO hop. This expression can be utilized for
efficient and accurate evaluation of the outage floor, which will
be illustrated in the following. Based on (27), it is clear that this
floor is determined by the average SNR over the RF link and
the specified value of the protection ratio.

B. Two Extreme Correlated Cases

When p = 0, the gain is evaluated based on the uncorrelated
CSI. In that case, the modified Bessel function of the first
kind in (41) is equal to one [35, (03.02.03.0013.01)], so an
accurate expression for the outage probability can be obtained
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in a similar way as in (25). Substituting p = 0 into (25)

Yih 20(—!—/3—352

=1- T 4+ —
P = 1= )
o 242,2 £242
x o i Ge2 [ LT 0557 g
1612 X3
When p =1, the gain is evaluated based on the fully-

correlated CSI, i.e., the information used for amplification at
the relay will be the same as proper CSI of the RF hop. The
approximate outage probability for the considered system when
p = 1l is given by

_ i £? _ i
e M +7e 3]

INCIINC:))

2
xGi;;<aﬁx/ S% i ;10) (29)

For the derivation of (29) see Appendix B.

For the special cases of fully correlated or uncorrelated CSI
over RF links, the exact and approximate Egs. (28) and (29)
could be efficiently utilized for the estimation of the outage
probability. The accuracy of (28) and (29) will be illustrated
in Section V.

=1
Pout ~1-

IV. AVERAGE BER ANALYSIS

Beside the outage probability, the average BER is another
important metric of the system performance. In this Section we
derive novel analytical expressions for the average BER of the
system when binary phase-shiftkeying (BPSK), i.e., differential
BPSK (DBPSK) [31] is applied over RF link and SIM BPSK,
i.e., SIM DBPSK [2] is applied over FSO link.

Using the approach introduced in [36], the average BER of
some binary modulations can be derived using [36, (12)]

(30)

o0
1
Py= 2 / 0P, (p)dy.
0

where the parameters p and g depend on the type of used
modulation schemes [21], [37], and F¢,(y) is the CDF, having
the same form as Eq. (23).

Substituting (23) into (30), and following the derivations pre-
sented in Appendix C, the final average BER can be written as

, _1_1(;“)"’
727 2\ug
6] 2a+/3—3€;2 k(l ,O)erI/,Ll
2T (p) ZZ( )k‘an(a)F(,B)(l +q(1 — pyuy)k=ntr
A= p)p1 |1, —k, 1—k+n—p, 52
16uz(1+q(1 p)m) X1 '
(31)
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When BPSK and SIM BPSK, i.e., DBPSK and SIM DBPSK
are employed, the values of the parameters are (p, g) = (0.5, 1)
and (p, g) = (1, 1), respectively.

For the non-pointing errors case, the average BER can be
found by substituting (24) into (30), or by taking the limit of
(31) for & — oo. When the intensity fluctuations of the received
signal originate only from the Gamma-Gamma atmospheric
turbulence, the average BER is found as

P
poo L (L
2 2\gq

ok
7 <k) 20 B2 pk (1 — pyP TP
+
2 (p) ;,,Z:;) n) k2xT(@T(B)(1 + g(1 — p)up)*~"*7

5.3 < a?B2(1 — p)uy
36\ 1612 (1 +q(1 — p)pr)

1, —k, 1—k+n—p)
X2 '
(32)

A. High SNR Approximation

Since the average BER expression does not offer direct
insights into the system performance, it can be simplified by
neglecting the higher order terms of summation in (31). This
approximation is valid under the same conditions as in the
outage probability approximation given in (25). After some
mathematical manipulations, the approximation has the form

-p
a1
2 2\qm

20¢+,B—4€;2(1 _ ,0)( 1 )‘P
1
T AT@r Ao \gud—p)

202,2 ~1 P
1 o, 42
XGZﬁ(a Bk ( +1) 1,0, I —p,=5 )

1612 \ gui(1 —p) X3
In the high average SNR region of the RF link (when
tends to infinity), the BER floor can be obtained from (33) as

(33)

oor 2a+/3—4§-2(1 - :0)
b1 (@) T (BT (p)
6.3 012/32162
T\ 16p2g

£2+2
17 Ov l_pv T . (34)
X3

When u, tends to infinity, the Meijer’s G-function in (31)
tends to zero. Hence, the average BER floor in the range of
high values of p, for any value of 111 can be derived as

1 1 1 P
PR YE o

2 2\g
It is worth to notice that BER floor depends on the average
SNR over RF link and modulation format applied. We expect
that BER decreases with an increase in the transmitted optical
power. However, this decrease is limited by the BER floor,
which can be estimated by (35).

(35)
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B. Two Extreme Correlated Cases

In the case where the gain determination is performed based
on uncorrelated CSI, the average BER can be derived using (28)
and (30). Alternatively, this average BER can be obtained by

2a+/3 —4 §2 ( 1

substituting p = 0 and k = O into (31) as
_ 1 1/1 P
() (L)
al(e)I'(B)T(p) \ g1

-P
- 1) +
2 2\gq )
£+2
2 |. (36)

63 @B
X G4 A T2
S\ 16pa(1 4 qu)

When the gain is determined based on the fully-correlated
CSI, i.e., p = 1, the approximate average BER can be derived
by substituting (29) into (30). Following similar procedure as in
Appendix C, the average BER approximation can be written as

1,0, 1—p,
X3

=1 1 1/1 -r 20tP—dg2 1 _p
P~ s o —41) 4 (— 1
2 2\ g al ()BT (p) \ g1
2
XGS,z( o B2 1, 1-p, 552 )
36 \ 16p(1 +aumy) | € & o241 p2 p+l
16pa(1+qun) | &, & el B BAL g
(37)

When average electrical SNR over FSO link tends to infin-
ity, using [35, (07.34.06.0006.01)] Meijer’s G-function can be
represented in the series form containing Gamma functions.

V. NUMERICAL RESULTS AND SIMULATIONS

This section presents numerical results, obtained by using the
analytical expressions derived in the previous sections, together
with Monte Carlo simulations. The presented novel analytical
expressions for the outage probability and the average BER,
given by (23) and (31), can be numerically evaluated using
well-known software packages as Mathematica, Matlab or
Mapple. The sufficient number of terms for summation in (23)
and (31) depends on the values of different parameters, but
mostly on the correlation coefficient. For the results presented
here, 100 terms in (23) and (31) are sufficient in order to achieve
a relative error of 107>, Note that the number of required terms
is rapidly deceasing, when the value of correlation coefficient
is lower.

Temporally correlated Rayleigh RVs can be generated by
using an algorithm from [38], while /gp can be obtained as
the product of the factors related to the atmospheric turbulence,
path loss and pointing errors (Igp = I41;I,). The atmospheric
turbulence is modeled by the Gamma-Gamma distribution,
which is generated by using the expression, I, = I,x X Iy,
where I;x and I,y are mutually independent RVs, which follow
Gamma distribution. These variables can be generated using the
algorithms presented in [39], [40]. The RV I, is obtained based
on [12, (9)]. The path loss is determined by (12). Values of the
outage probability and the average BER are estimated using 10°
generated samples. The numerical results are in agreement with
the simulation results.



DJORDIEVIC et al.: MIXED RF/FSO RELAYING WITH OUTDATED CHANNEL STATE INFORMATION

C”2:6>< 10—15 m—Z/}

C,HZZ2>< 10—I4 m72/3

”

—— C”z:5>< 10" m™*

—o— simulations

outage probability
S
ul

-6
107+ L=1000 m
107 ] %,=5 dB| P=10 dBm
3 p=0.4 | P=10 dBm
10" T T T T g T
0.05 0.10 0.15
w, [m]

Fig. 1. Outage probability versus transmitter beam waist for different values
of normalized jitter standard deviation in various turbulence conditions.

In order to obtain the numerical results for the outage
probability and the average BER, the following values of
the parameters are used: Turbulence parameters o and S are
defined by (14), while the turbulence strength is determined
by the refractive index parameter as Cﬁ =6x 10715 m=2/3
for weak, C2 = 2 x 1074 m™2/3 for moderate and C2 = 5 x
10~'% m~2/3 for strong turbulence conditions [41]. The wave-
length A = 1550 nm and the optical-to-electrical conversion
coefficient, n = 1. The atmospheric attenuation coefficient o =
0.43 dB/km, which corresponds to clear air conditions [42],
[43]. The noise power at the relay is osg = —90 dBm [44],
while ogp = 10~7 A/Hz [42], [43]. The radius of a circular
detector aperture is @ = 5 cm, while the radius of curvature is
Fo=—10m [15].

Fig. 1 shows the outage probability dependence on the beam
waist at the transmitter output, for different values of the nor-
malized jitter standard deviation, when turbulence conditions
are changed from weak to heavy ones. As it can be observed,
the system performance is better in weak than that in moderate
and strong turbulence conditions. Furthermore, the minimum
of the outage probability exists for a certain optimal value of
wo. The system performance can be significantly improved by
the proper selecting transmitter aperture. It is clear that the
outage probability can vary for several orders of magnitude in
dependence on the value of transmitter output beam waist for all
turbulence conditions. From the results depicted in Fig. 1 we
can conclude that the negative mismatch of the transmitter
beam waist from the optimal has a detrimental effect on the
outage probability.

The optimal values of the transmitter beam waist, W0prs
assuming the system parameters from Fig. 1, for different
values of the normalized jitter standard deviation in various
turbulence conditions, are given in Table I. It can be noticed
that the normalized jitter standard deviation has strong impact
on wy,,. Also, the optimal values of transmitter output beam
waist do not depend on the turbulence conditions, when the nor-
malized jitter standard deviation is o5 /a = 1. On the other hand,
when o5/a = 5, reduction of W0, is noticed, with degradation
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of the turbulence conditions. The jitter standard deviation is
determined by the degree of the misalignment between the FSO
transmitter and the receiver apertures. When oy /a is lower, i.e.,
the parameter & is greater, the pointing errors can be neglected.
With greater values of oy/a, the pointing errors has a dominant
effect on the system performance.

Table II presents the calculated values of wo,, in moderate
turbulence conditions, assuming the system parameters from
Fig. 2. Considering values of wy,,, given in Table II, the out-
age probability dependence on the average transmitted optical
power for different values of oy/a, is presented in Fig. 2.
With higher average optical power the system has a better
performance. Also, decreasing of o5 /a leads to an improvement
of the outage performance. The results in Fig. 2 illustrate that
the effect of the normalized jitter standard deviation on the
outage probability is very strong. For example, by changing
normalized standard deviation of the radial displacement from
os/a =1 to og/a = 2, the average transmitted optical power
penalty of about 6 dBm should be paid for achieving outage
probability of 1075, Furthermore, Table II shows that an in-
crease on the average transmitted optical power has no influence
on the optimal choice of wp, when oy/a = 1. With higher
values of os/a, the pointing errors effect is stronger and the
average transmitted optical power has an important role in the
determination of wy,,,.

The optimal transmitter beam waist exists because of the
following: Increasing the transmitter beam waist leads to de-
creasing the effect of pointing errors, but at the same time the
received optical power decreases. On the other hand, decreasing
transmitter beam waist causes decreasing the geometric loss,
but also increasing the effects of pointing errors. From the
results presented here, it is evident that significant gains can
be achieved in practical mixed RF/FSO systems by accurate
selecting the transmitter beam waist.

The outage probability dependence on the average electrical
SNR over FSO link for different values of correlation coeffi-
cient and normalized jitter standard deviation is presented in
Fig. 3. As it was concluded from previous results, the system
performance is better when o;/a is lower. The higher value
of p results in a lower value of the outage probability. The
improvement of the system performance, when p increases is
more evident in the non-pointing error system (lower values
of o5/a). When o5/a = 5, the correlation has a weak influence
on the system performance. This case corresponds to the great
misalignment between FSO transmitter and receiver, when the
optical signal is degraded to a large extent, so the correlation
is of a less importance on the system performance. Next,
Fig. 3 also presents the results obtained by (24), corresponding
to the system, when Gamma-Gamma atmospheric turbulence
is assumed for the FSO link. The agreement between these
results and those for oy/a = 1 is noticed, which justifies that
low values of oy/a, i.e., great values of &, lead to a negligible
misalignment between FSO apertures. Furthermore, the exis-
tence of a certain outage floor exists at the high values of w5,
which is confirmed by the approximation at high values of u»
obtained by (27). This floor is dependent only on the average
SNR over RF link, so all presented curves tend to the same
saturation floor. Although this is not visible in Fig. 3, it would
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TABLE 1
OPTIMUM VALUES OF OPTICAL BEAM WAIST AT TRANSMITTER AND RECEIVER

C2=6x10"m 25 [C2 = 2x10 "m 23 [C2 = 5x10 " m ?/7
os/a wo,,, [cm] | wr/a wo,,, [em] ] wr/[a wy,_, lem] | wr/[a
1 1.6 3.25 1.6 3.25 1.6 3.25
2 3.4 6.85 3.4 6.85 3.3 6.65
3 5.1 10.26 5.1 10.26 5.0 10.06
4 6.9 13.87 6.8 13.68 6.6 13.27
5 8.6 17.29 8.5 17.1 8.2 16.49
TABLE II

OPTIMUM VALUES OF OPTICAL BEAM WAIST AT TRANSMITTER OUTPUT

W, [cm]
Fi[dBm] osfa=1]os/a=2]0/a=3]o;/a=4]0s;/a=5
—10 1.6 3.1 4.2 5.2 5.9
—6 1.6 3.2 4.7 5.9 7.0
-2 1.6 3.3 4.9 6.4 7.7
2 1.6 3.4 5.0 6.7 8.2
6 1.6 3.4 5.1 6.8 8.4
10 1.6 3.4 5.1 6.8 8.5
100 .
ofa=S| oMt m™ || P02 = eq. (23)
£=0.81 . p=0.5 —A—cq. (23)
‘\"kb\ L ‘IOOO m p=0.8 —8— eq. (23)
.l
_ \‘ >\> 1073 #=25dB | w=4 cm
% \:\\ \>\ g 7’,,1:'10 dB wL/a=8.05
RS
y e TSN B0 \ o
& e ~~ \‘ S - ;
z ~u ~ g 1| o/a=1 ], £=1.01
T~ ~ S 106405
\'\ 107 5 o/a=3 | - S
n ] £=1.35 ‘\%
Cc*=x10 m?? \l R S # ___________ = =
L'ZI(I)OO'm — - ] ‘ —o— simulations ‘ ‘ —¥—eq. (24) ‘ ‘ -=-=-eq.(27) ‘
02 4 6 8 10 0 ' o 20 3% 4 50
£, 1dBm] #, [dB]

Fig. 2. Outage probability versus average transmitted optical power for differ-
ent values of normalized jitter standard deviation.

be confirmed by increasing the range of the average electrical
SNR, pa.

Fig. 4 shows the exact outage probability together with cor-
responding approximation. It is evident that the approximation
results obtained by (25) are in a very good agreement with the
exact ones, when wp = 35 dB. However, when py = 20 dB, the
approximation is not accurate, when the correlation coefficient
has a relatively great value (p = 0.8), but it is still in agreement
with the exact outage probability, when p takes lower values
(p = 0.2). Furthermore, it is clear that the outage floor appears
at high values of average SNR per RF link. It can be noticed
here that when p takes smaller values, the outage floor appears
at lower values of u.

The outage probability versus average SNR per hops (11 =
u2) for two extreme correlated cases and different values of
outage threshold, is presented in Fig. 5. As it is expected,
system has a better performance, when the value of yy;, is lower.
This means that both average SNRs simultaneously increase,

Fig. 3. Outage probability versus p, for different values of correlation coeffi-
cient and normalized jitter standard deviation.

and neither @1 nor uy is fixed, while one of them increases.
This figure also presents the results for uncorrelated and fully-
correlated systems obtained by Egs. (28) and (29), respectively.
Since results for p =1, i.e.,, Eq. (29), are achieved by the
aforementioned approximation, there is a slight disagreement
at lower values of SNRs between this approximation and simu-
lations. If the specified value of outage probability is 10~* and
v = —10 dB, the required average SNR is 38.6 dB when p =
0 and 30.3 dB when p = 1. Also, results of the approximation
given by (25) are presented.

The average BER performance of the system employing
BPSK and BDPSK schemes for different values of normalized
jitter standard deviation is presented in Fig. 6. The analytical
results obtained by (31) are validated by Monte Carlo simula-
tions. Also, the results for non-pointing errors in the FSO part
of the system, obtained by (32), are presented, which are in
agreement with the results obtained by (31), for o5/a = 1. It
is noticed that the BER floor occurs at high values of average
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Fig. 4. Outage probability versus 1 for different values of correlation coeffi-
cient and average electrical SNR over FSO link.
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Fig. 5. Outage probability versus w1 = uo for different values of correlation
coefficient and outage threshold.

electrical SNR over FSO link. This floor is presented and
calculated by (35). As it was concluded in Section IV, the
values of BER floor are different for two modulation formats
considered here.

Fig. 7 shows the BER dependence on the average SNR
per hops (i1 = p2) for the two extreme correlated cases and
different FSO propagation distances. Since the results for the
case of p = 1 are obtained by the approximation given in (37),
minor disagreement is noticed compared to exact values. Since
these disagreement is observed in very low values of SNRs,
this range is not significant for the practical implementation
and approximation can be successfully applied in the range
of SNRs of practical interest. As it is expected, system has
worse performance, when the propagation distance between
FSO transmitter and receiver is higher. Also, the effect of
correlation is more pronounced in the case of L = 1000 m.
With a higher length of the FSO hop, the optical signal is
more damaged, so the correlation has less effect on the system
performance.
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Fig. 6. BER versus up for different values of normalized jitter standard
deviation and different types of binary modulations.
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Fig. 7. BER versus 1 = u for different values of correlation coefficient and
propagation distance.

Fig. 8 presents the BER performance of the system with
BDPSK for different values of correlation coefficient in weak
and strong turbulence conditions. Besides the simulations, the
approximation given by (33) is also presented. There is dis-
agreement between these results when C2 = 5 x 10714 m=2/3,
since the approximation is valid only in weak turbulence condi-
tions. Based on simulations, it can be concluded that the influ-
ence of correlation (i.e., the conditions of the RF system part), is
more dominant in weak turbulence. The outage floor, obtained
by (34), is also presented. It can be noticed that approximation
(34) is valid only under previously defined conditions.

Fig. 9 presents outage and BER floors by using simple
relations (27) and (35). Signal transmission in mixed RF/FSO
relaying system is influenced by conditions over both RF and
FSO channel. As it has been illustrated in Fig. 3, the outage
probability decreases with an increase in the average electrical
SNR over FSO channel, while the average SNR over the RF
channel is fixed. This decrease is expressed in the range of
low and moderate values of the average electrical SNR over
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Fig. 8. BER versus u for different values of correlation coefficient in differ-
ent turbulence conditions.
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Fig. 9. Outage and BER floors.

the FSO channel. For high values of the average electrical
SNR over FSO, the outage probability tends to constant value
regardless further increasing the average electrical SNR over
the FSO channel. This outage floor can not be decreased by
improving the conditions over FSO channel, but is determined
by conditions over RF channel. The quite similar behavior in
the case of BER is illustrated in Fig. 6. In other words, plots in
Fig. 9, obtained on the basis of (27) and (35) illustrate what
the best overall performance could be achieved under fixed
conditions over RF channel.

VI. CONCLUSION

In this paper, we have derived novel analytical expressions
for the outage probability and the average BER of a mixed
dual-hop RF/FSO relaying system with AF relaying, assuming
outdated channel estimation in relay gain determination, as
well as the presence of the misalignment fading over the FSO
link. The analytical results have been confirmed via Monte
Carlo simulations. Furthermore, simpler expressions for the
outage probability and the average BER have been derived and
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utilized for the efficient evaluation of the system performance,
in special cases of uncorrelated or fully-correlated CSI, as
well as for the estimation of the outage and BER floor. The
effects of turbulence strength, pointing errors, signal power and
correlation coefficient on the outage probability and the average
BER have been also discussed.

Based on the derived analytical results, it was proved that
there is an optimal value of the transmitter beam waist, which
minimizes the outage probability. The greater the value of
normalized jitter standard deviation, the stronger are the effects
of turbulence strength and average transmitting optical power
on the optimal transmitter beam waist. The outage probability
can increase even for several orders of magnitude depending
on value of transmitter beam waist. The results have illustrated
the performance degradation of about 6 dBm at target outage
probability of 107, when normalized jitter standard deviation
changes from 1 to 2. We have found that the impact of the
outdated CSI on the overall system performance is stronger if
FSO propagation distance is shorter and in weaker turbulence
conditions, as well as when jitter standard deviation is lower.

APPENDIX A
DERIVATION OF EQ. (23)

Eq. (22) can be reproduced here as

0000
Pout=1—// ! —¢ )((ry’t’h):;l (2 POt yin)y )
(1 - p)/Jq

(I = p)p
2 2
8 (1 & 3! (aﬁk Yuy| 1, & +1))dxdy’
F(oz)F(,B) pax|&°%, a, B, 0
(38)
and, after some manipulations,
Poy=1—11 + I, (39)

where integrals I; and I, are defined and solved in the

following.
Using [32, (6.614.3)], [35, (07.44.03.0007.01)] and
[32, (2.311)]
Ec]ﬂ/,;;Jrv 2
oI] _Ya
1_// e ( Vo4 ym)y )dxdy=€ ML (40)
(1-p)u3 (1 —p)pi

The second integral, I, is

__Yh

£20" 0 // e, <2 o+ Y)Y )

e —p)i
1“((>l)1“(,3)(1 —p)u? (1 —p)pni

3.1 [vmy| 1, €2 +1

sz,4 (a,B/c o £ o B. 0

) dxdy, (41)
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where we use [35, (03.02.06.0037.01)] to present the modified
Bessel function of the first kind into a series form. Afterwards,
using [35, (06.10.03.0018.01)], I can be written as

%— e =y /J)m // - p)ﬂ 14 (X+)/h)
T T@I )1 —p)ul ¢ lzkﬂa )2k 2k

3.1 Yihy 1,§2+1>
x Gy | afx | — dxdy, (42)
2’4< p pox | &2 o, B, 0 Y
or
i £2 ke T
= KED@T (B) (1 — p)*H 2442
oo
* / x+ ym)'e” TP dx x Iy, (43)
0
where

1, 241
8. a B 0>"
(44)

In order to solve integral I it is necessary to repre-
sent exponential function in terms of Meijer’s G-function
using [35, (01.03.26.0004.01)]. Afterwards we use [35,
(07.34.21.0013.01)] to solve the integral, which involves the
product of two Meijer’s G-functions in the form

oo
S
Iy = /yke (= G;:‘l‘ <a,3/< Yin)
0

20{—!—/3—3(1 _ ,O)k_H,bL]k_H
Ly =
b1
G52 o? B2y (1 — p)t | xa 45)
3.8 162x xs)’
where x4 = 2, 1, —k, 52“ EZH and x5 = % 522+1’ % "‘TH,
/3 /3+1 0
Substltutmg (45) into (43), I can be written as
00 __Vh
na+B=3£2 Jk,” T=pym;
=Z 5 Spe T k+1X122’ (46)
S KPAT @I (B)(1 — p) g
where
I = / (e + ymyke T
2022
a” Bk 1-—
y Ggg Bk ym(L — p)per | x4 Q. (@47)
g 160x X5
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After applying binomial theorem [32, (1.111)] and
[35, (07.34.16.0002.01)], the integral I>; has the form
ko rk X
I = Z (n) yan* " /x"e_<1—ﬂ>/‘l
n=0 0
16
x Gé’5< R e >dx (48)
P\ @?B2c2ym(l = p)pr | X7
. +1 B+1
with ¢ = _05_1__1_77
£242

Ldandyr = 4,0, 14k 1— 55 1 -
syand x7=3,0,1+k 1 7 1 5

Using [35, (01.03.26.0004.01)] to present exponential func-
tionin terms of Meijer’s G-function and [35, (07.34.21.0011.01)]
to solve an integral of a product of two Meijer’s G-functions, the
integral I, is derived as

k

k _
=) ( )Vzhk (1 — p) it
n=0 n
162(1 —
x GS’Z( . 2“22( P X8> dx. (49)
Boic2ym(l — p)py | X7
. _g2 _g2 _ _ _ _
with xg = 25, 155, 25 doe B0 L8 1L

Using [35, (07.34.16.0002.01)], [35, (07.34.03.0001.01)],
[35, (07.34.04.0003.01)], [35, (07.34.04.0004.01)] and [35,
(07.34.03.0002.01)], the integral I>» can be expressed in the
form

k

K\ r
by=Y" <n>y,’;, (1= oy

n=0

6.2 [ >B*ym
X G3 N\ —
: 1642

£+2
L, —k, T) dx,  (50)
X1

with xj previously defined.

Substituting (50) into (46), and then (40) and (46) into (39), a
new analytical expression for the outage probability is derived
as in (23).

APPENDIX B
OUTAGE PROBABILITY APPROXIMATION FOR p = 1

In the case of p = 1, y; and p; are fully-correlated ex-
ponentially distributed RVs. Hence, the overall SNR can be
written as

Y1y2

- (51)
Y2+ 1

Yeql =

The well-known approximation, yeg, min = min(y1, y2), is used
in order to obtain the outage probability for the system under
the investigation in the form [25]

Pgut ~ Pr (min(y1, y2) < vm)

=1- F)/l (Vth)Fyz ()’th)’ (52)
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where fyz (x) is the CCDF of y, defined by Fyz(x) =1-
F,(x), with the CDF F,, given by (20), while the CCDF of
the exponentially distributed RV y; is

Is =

Fp@)=1—F,(x)=e I, (53)
with F, (x) being the CDF of y; [31].

By substituting (20) and (53) into (52), the outage probability
approximation for p = 1 is derived as in (29).
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solved using [35, (07.34.21.0011.01)] as

2a+,373§-2pk(1 _p)p+1M1p
K27 T ()T (B)(1+q(1—p)u)* P

-2 (.

P
2T () %

1,—k, 1—k+n—p,§zT+2

X1

a2 B2 (1—p)
16us (1+q(1—p)p1)

6,3
4,7

dy.

(59)

Finally, by substituting (56), (57), and (59) into (55), the

APPENDIX C
DERIVATION OF EQ. (31)

The average BER of the system under the investigation can
be derived by substituting (23) into (30)

205+/373%-210k(1 _ Io)nfk+1’u{ll17k
k22T ()T (B)

(1]

[2]
202.2 £242
><)/1‘7”67WG§’2 PV —k, 2 | pdy. (54)
’ 16442 X1 (3]

. . . . 4
After separation of the integrals, (54) is rewritten as 4]

Py =13 — 14+ Is, (55)

[5]

where the integral I3 is given and resolved by using [32,

(3.351.3)] as el
o
n=-L / ey ldy = -, (56) 17l
T 2T(p)
0
[8]
while the integral I4 can be solved as [32, (3.351.3)]
o0
P y 1 1 -p [9]
Iy = a /e_qyyp_le “dy = —(— + 1) . (57
) ) 2\ g
[10]
The integral /5 has the form
ot Sy (F) 2 oy
2 (p) n) k2xT()(B)
k=0 n=0
[12]
o0
(1
x (1 _Io)nfkﬁ*llulnfk/ykfnﬁ’pfle V((l,p)ﬂl‘i‘Q) 03]
0
2022 249
62 [ @Bk J/‘l —k, &2
Gys | ——| > 2 )dy. 58 14
37 162 X1
[15]

Representing exponential function in terms of Meijer’s
G-function by [35, (01.03.26.0004.01)], this integral can be

average BER expression in (31) is derived.
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