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Abstract. The aim of this paper is performance analysis of the hybrid radio frequency
(RE)/free-space optical (FSO) system, where the transmission is performed simultaneously
over FSO link and spectrum sharing cognitive RF sub-system. The FSO link is affected by
Gamma-Gamma atmospheric turbulence, while in spectrum sharing cognitive RF sub-
system the peak interference power constraint at the primary user's receiver is considered
in Nakagami-m fading environment. Outage probability expressions are provided in the
integral form for the case when the maximal ratio combining (MRC) is applied at the
destination. The effects of the atmospheric turbulence strength, the number of RF
antennas, allowable power and fading severity on the outage performance are observed.
Numerical results are presented and verified by Monte Carlo simulations.
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1. INTRODUCTION

Free-space optical (FSO) systems have become very important since they enable more
economical optical signal transmission in regard to fiber optics, proving savings in time
and money [1]. Furthermore, the FSO system implementation has a number of advantages
over radio frequency (RF) systems because they use unlicensed and wider bandwidth,
providing high transmission speeds and supporting a larger number of users. Also, these
systems are characterized by the absence of interference, easy and quick implementation,
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being a suitable solution for the “last mile” problem [1]. In addition to the offered
aforementioned advantages, the use of FSO systems is limited by the presence of atmospheric
turbulence, which occurs as a result of random changes in refractive index caused by variations
in atmospheric pressure, temperature and altitude. One of the statistical models proposed to
describe the intensity fluctuations, which are result of the atmospheric turbulence phenomenon,
is a Gamma-Gamma model suitable in a wide range of conditions of turbulence [1].

The atmosphere and weather conditions differently affect the quality of the wireless
signal in RF and FSO transmission. For example, fog degrades the FSO link performance to a
large extent, until rain has a negligible effect on signal transmission over FSO channels. On the
other hand, heavy rain has an impact on the RF signal transmission, while the influence of fog is
small and negligible [2]-[3]. The idea of the hybrid system deployment comes from the fact
that RF and FSO are both the wireless technologies, but weather conditions differently affect
the quality of corresponding signal transmission. To obtain better system performance, the
hybrid RF/FSO systems have been proposed in the literature [4]-[5]. In [4], by using the
experimental measurements, the authors proved that hybrid system with RF and FSO
channels significantly increase availability compared to the FSO system only. The average bit
error rate (BER) performance of hybrid RF/FSO system employing maximal ratio combining
(MRC) and selection combining (SC) diversity at the receiver are derived in [5].

The performance improvement can be also achieved by introducing the relay technologies,
which provide the line-of-sight and the FSO link deployment [6]. The first hop is usually RF
link, while the second hop represents FSO signal transmission. The analysis of the RF/FSO
system performance with amplify-and-forward (AF) relay has been extended through the papers
[71-[10]. Further improvement of the system performance can be accomplished by the hybrid
RF and RF/FSO systems, which besides the RF/FSO relay links have direct RF link [11].
Assuming the fading over RF link is modeled by Rayleigh distribution and the FSO link is
described by the combined model that considers Gamma-Gamma atmospheric turbulence and
pointing errors, the performance analysis of the hybrid RF and RF/FSO systems were presented
in [11]-[12]. Outage performance of such system where RF links are modeled by Nakagami-m
distribution is analyzed in [13].

On the other hand, cognitive radio is proposed as effective solution for overcoming the
problem of the lack of available spectrum bands [14]. Although the various concepts of
cognitive radio communications exists [15], spectrum sharing has advantage of simultaneous
using the spectrum with the licensed (primary) user. In this concept cognitive user is allowed to
transmit as long as the interference it causes at the input of the primary receiver is lower than
the permitted threshold [16]. In order to fulfill these requirements, transmit power of the
cognitive user is adapted to the conditions in the propagation environment [17], which further
limits spectrum sharing system performances. The improvement of system capacity by
employing MRC at the cognitive receiver is proposed in [18]. The performances of spectrum
sharing system with MRC are analyzed in [19] for the case of Rayleigh fading, while the
capacity analysis is provided in [20] for Nakagami-m propagation environment.

The use of combined RF/FSO system in which the RF part includes cognitive radio
transmission is proposed in [21]-{22]. The authors analyzed asymmetric mixed RF/FSO dual-
hop transmission system, where first section power control is applied to maintain the
interference at the primary network within a predetermined threshold (i.e., the spectrum
sharing cognitive radio transmission) and the second link is trailed by FSO technology.
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In this paper we analyze the performance of a hybrid RF/FSO system, where the
license-free communication is provided by the FSO sub-system, while the RF sub-system
is employed as the back-up link. In the RF domain, user is allowed to maintain spectrum
sharing communications under peak interference power constraint. It is also assumed that
maximal transmit power of RF transmitter is limited. Unlike [21]-[22] signal transmission
is performed simultaneously via the FSO link and cognitive spectrum sharing RF system,
when the MRC signal combining at the destination is applied. Outage probability
expression is derived and the effects of the power limitations and atmospheric turbulence
parameters on system performance are analyzed. The numerical results are confirmed by
Monte Carlo simulations.

2. SYSTEM AND CHANNEL MODEL

The system consists of the FSO and the cognitive RF sub-systems. In the FSO part of the
system, signal transmission is performed through the channel influenced by atmospheric
turbulence. Since the FSO link performance is heavily dependent on certain weather
conditions (e.g. fog), the RF sub-system is used as the back up link. The user in the RF
domain shares spectrum licensed to the primary user, so the signal transmission is performed
with certain restrictions. The peak interference power constraint is assumed in the considered
RF sub-system scenario. The receiver is equipped with multiple RF antennas and the optical
detector which converts the optical signal into an electrical one. The MRC diversity is
applied at the receiver to perform signal combining.

\L Primary user

RF sub-system

Transmitter Receiver

FSO sub-system

Fig. 1 Hybrid cognitive RF/FSO system model

As shown in Fig. 1, the signal from the transmitter to the receiver is carried over two
parallel channels, i.e. FSO and RF sub-systems. The FSO sub-system consists of single
FSO link. On the other hand, in the RF sub-system it is assumed that transmitter shares
the spectrum with the primary user under the assumption of the peak interference power
constraint and the maximal allowable power.
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2.1. FSO sub-system

The FSO sub-system consists of transmitting aperture and receiver detector, which
employs intensity modulation and direct detection (IM/DD) with On-Off (OOK) scheme.
The simplicity of OOK scheme reflects in the fact that the optical source (laser) is active
only when the bit “on” is transmitted. At the transmitting part of the FSO sub-system, signal
bearing information is intensity modulated by electro-optical modulator IM/OOK. The size
and direction of the optical beam are determined by laser source within the transmitting
telescope, which sends optical beam to the receiver via atmospheric turbulence-induced
channel. If the average transmitted optical power is denoted by P;, the signal intensity at the
transmitter output is 2P, when transmitted bit is “on”, and 0 when transmitted bit is “off”.
The FSO link is impaired by the atmospheric turbulence which causes the intensity
fluctuations at the received signal. At the destination, direct detection is performed and the
optical signal is converted to the electrical one by PIN photodetector with a conversion
coefficient 7. The received electrical signal is given in the form [23]

y=xngl +n, 1)

where x € {0,2P;}, n is the additive white Gaussian noise (AWGN) with the zero-mean
and variance cﬁ and | is the fading amplitude over the FSO link which originates from the
atmospheric turbulence. Another method for converting an optical signal into an electrical
one can be performed by avalanche photodiode (APD) [24].

Based on (1), the instantaneous SNR is defined as

2P, 2772
Yeso =— 1%, 2
n
and the average SNR is determined as [25]
_ 2P%n?
VEso :E[VFSO]: ;277 E[lz], 3)

where E[-] denotes the statistical expectation. The alternative SNR definition usually used
in FSO literature is the average electrical SNR. Since | is normalized, it holds E[1] = 1, so
the electrical average SNR is given by [25]
2P’ n? 2P’ n?
Heso = 1277 EZ[I]:t—;]- (4)
o, o}

n

The FSO sub-system is under the influence of atmospheric turbulence which causes
the intensity fluctuations at the received signal modeled by Gamma-Gamma distribution.
The instantaneous SNR, 5o, has the probability density function (PDF) given by [6]

(a+p)12
fVFso ()= F(Of)arﬂ()ﬂ)lu'(:zgﬂ)hl 7(a+ﬁ)/41Kaﬂ{21 of ,UF}:/SO J ’ ®

where K,(-) is the v-th order modified Bessel function of the second kind [26, eq. (8.432.2)].
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The parameters « and £ are the atmospheric turbulence parameters related to the atmospheric
conditions trough the Rytov variance oz The plane wave propagation and zero inner scale
are considered, so the parameters a and # are found as [1], [24]

0.4907 N
a=|exp (1+1 11612/5)7/6 -1,
Llop

) . (6)
0.510;
=|exXp| ———— e |1
p ( I[{(u 0.690/%)'® } J
where the Rytov variance ci is used as a metric of the turbulence strength.
The cumulative distribution function (CDF) is given by [5]
4 1 7/ 1

F = | feo (U)du=—————GZ | ¢, . 7
mw)gﬁd) rwww)”[ﬂuma,ﬂ J "

2.2. Cognitive RF sub-system

We consider the RF sub-system where transmitter shares the spectrum with the
primary user, under the constraint that peak interference power that secondary user causes
at the primary user’s receiver cannot exceed predefined threshold Q,. Also, we assume
that the maximal transmit power of the secondary transmitter is limited and equal P,
Furthermore, in RF domain, the receiver is equipped with ng receive antennas and applies MRC
to signals from all ng antennas.

Fading envelopes h;, i=1, ..., ng are assumed to be independent and identically
distributed (i.i.d) random variables (RVs), following the Nakagami-m distribution, with
fading parameter at the secondary link equal mg=ms, i=1, ..., ng and normalized mean
square value As = E[hf]/ms i =1, ..., ng. The corresponding PDF is given with [27]

2h2m5 -1 ,ﬁ
s

ﬂ*sms (ms _1)!
Fading envelope, g, in the link from the secondary transmitter to the primary receiver also

follows the Nakagami-m distribution, with the fading parameters equal m,, A, = E[gz]/mp
and the following PDF expression

fo(h) = ()

2
2mp -1 9

29 p
f =———¢e"™, 9
+(0) A5 (my, —=1)! ©)
The channel power gain of the secondary link between the transmitter and the MRC receiver is
denoted by a = Z::ll h, [ and follows Gamma distribution, with the corresponding PDF [27]
a.mS ng-1 ,i

) = e D!

(10)



210 A. M. CVETKOVIC, V. M. BLAGOJEVIC, P. N. IVANIS

Similarly, the channel power gain of the link from the secondary transmitter to the
primary receiver is denotes by b = |g? and it is distributed according to following PDF

mp -1 _b
b™ i

i';np (mP _1)!

The secondary transmitter applies power adaptation to fulfill the condition that the
interference power at the primary receiver is lower than threshold Qp, and the transmit
power of the secondary user Pgy_t4 should satisfy

bRy <Q, - (12)

In the considered scenario the maximal emitted transmit power of secondary user is also
limited and equal P,,. Therefore, the RF transmit power is given by

f,(b) = (11)

P b,
P | i (13)
SU-Tx —
&, b> &
b P,
The resultant SNR at the output of the RF receiver ygeis equal
P
a—-, b< &
’ " (14)
Vre =
EQ—Z, b> &
bo P

m

where o? denotes the noise at the input to the secondary user’s receiver.
Using the transformations of R.Vs. and solving integrals as in [28, egs. (8) - (10)], the
PDF of R.V. je is given by

mgng -1 7Pm1:/<72 _ Qe my1 k
(o Jiem¥ o
ke (P, A 1 o“)™™ 457 (mgh, —1) ! o k' P4,
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e

(15)

mgng +my —1 1 Qpls Po/p
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By substituting PDF in CDF definition, using change of variables, [30, eq. (2.323)] and
binomial distribution, the corresponding CDF expression is obtained
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where E,(c) is exponential integral function defined in [29, eq. (5.1.4)].

3. OUTAGE ANALYSIS

In considered system, the receiver employs the MRC scheme. The instantaneous SNR
of combiner output signal represents the sum of the SNRs of each sub-system, which is
expressed as

Veq=Vrso T VrE s (7)

where s is the instantaneous SNR over FSO link previously defined in eq. (2), and e
represents the instantaneous SNR over RF sub-system given by eq. (14).
The PDF of the MRC output is defined as [30]

freq (2)= j fRF (z— y)sto (y)dy, (18)

where fre(u) and feso(u) is given by eq. (5) and eq. (15), respectively.
The CDF of the MRC output is found as

F ()= [ [ far (2= ¥) Frso (y)dlydlz (19)

The integrals in egs. (18) and (19) have no closed form, so the final outage probability
expression is evaluated numerically.

4. NUMERICAL RESULTS

In this Section we provide the numerical results for outage probability of hybrid
cognitive RF/FSO system and highlight important effects obtained by combined use of RF
and FSO systems. Theoretical values for outage performance of RF sub-system and FSO
sub-system are obtained based on (7) and (16), respectively. Numerical results are confirmed
using independent simulation method.
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In Fig. 2 outage performance are compared for cognitive RF sub-system, FSO sub-
system and hybrid RF/FSO system. Outage probability dependence on outage threshold is
presented, for different values of Rytov standard deviation, which determines atmospheric
turbulence strength. In weak turbulence conditions over FSO link (0z=0.8) and average
electrical SNR z£50=25 dB, FSO sub-system shows better performances compared to
cognitive RF system with n=2, P»=5 dB, Q,=0 dB in propagation environment with fading
parameters mg=m,=2, As=Ap=1, o’=1. Also, FSO system has lower outage probability than
the considered RF system for the threshold range from -3 to 20 dB in the strong turbulence
condition (og=5). In accordance with expectations, the hybrid cognitive RF/FSO system with
MRC at the destination gives the best performances. For example, for y,=-5dB and weak
turbulence conditions, the outage performance will be improved from 2x10™ to 3.45x10” when
the transmission is performed using hybrid RF/FSO system instead of FSO system.

10
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Fig. 2 Outage probability vs. outage threshold for cognitive RF sub-system,
FSO sub-system and hybrid RF/FSO system

Outage probability in the function of the average electrical SNR per FSO link for
hybrid RF/FSO system is presented in Fig. 3, assuming different number of RF antennas
and various RF fading conditions. Theoretical results are in accordance with the
simulation ones. The system performance is significantly improved using hybrid RF/FSO
system with MRC instead of FSO system only. As it is expected, system shows better
performances for a larger number of antennas. It can be notices that the system performance
is improved for larger values of fading parameter, as fading severity is reduced in this case
and average SNR in fading channels is increased. The performance gain obtained by using
n=3 antennas instead of n,=2, is greater in the propagation environment with higher values
of fading parameter.
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Outage probability

Fig. 3 Outage probability vs. average electrical SNR per FSO link for FSO sub-system
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and hybrid RF/FSO system for different fading condition and number of antennas.

Fig. 4 presents the outage performance for cognitive RF/FSO system in the function of
Rytov standard deviation. The numerical and simulation results are obtained for different
values of the peak interference power constraint, Q,, considering the parameters
ms=m,=2, n,=2, P,=5 dB, ,=-0 dB and xs0=20 dB. The figure also presents the results

Outage probability
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m=m =2,n,=2, P =5dB simulation
7ch0 dB, #FSOZZO dB
10 oo e
0 v
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Fig. 4 Outage probability dependence on o for FSO sub-system
and hybrid RF/FSO system for different Q,.
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for the FSO sub-system. Outage probability values increase with o, for all considered
cases. For Q,=-5 dB, the value of the outage probability is increased from 0.00174 to
0.04595, by changing the atmospheric turbulence condition from weak (oz=0.8) to strong
(or=5). Also, it can be noticed that the use of hybrid system significantly lowers outage
probability and the outage probability performance of the RF/FSO system are better for
higher values of the peak interference power constraint.

Outage performance for the cognitive RF sub-system and hybrid RF/FSO system in
the function of the maximum allowable transmitter power P, are presented in Fig. 5. For
lower values of P, (P,<-5dB), the influence of the peak interference power constraint on
the outage probability can be neglected. The increase of P, leads to the system
performance improvement when P, takes the values from -5 to 5dB. Further increasing of
the maximal allowable power does not lead to system performance improvement (the
outage floor occurs), and the system performance is determined only by the peak
interference power constraint. Also, it can be observed that the use of hybrid RF/FSO
system improves outage performances compared to the use of cognitive system. For
example, the hybrid RF/FSO system for Q,=0dB outperforms cognitive RF system when
Qp=5 dB. It means that the similar system performance of cognitive RF system can be
achieved by employing the hybrid RF/FSO system when the peak interference power
constraint is lower (stricter condition of peak interference power constraint).
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Fig. 5 Outage probability dependence on P, for cognitive RF sub-system and
hybrid RF/FSO system for different Q, values.

Fig. 6 presents the outage probability dependence on peak interference power constraint
Q, for different values of maximum allowable transmitter power Py. The RF sub-system
with 2 antennas is considered and propagation environment with mg=m,=2 and A;=4=1. In
the range of lower values Q,, the outage probability decreases regardless of the maximum
allowable transmitter power. The outage floor appears at high values of Q,, and for larger
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P the value of Q, where outage probability is saturated is larger also. The values of the
outage floor decreases with the raise of maximal transmit power P,, and the value of
parameter o.
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Fig. 6 Outage probability dependence on Q, for cognitive RF sub-system
and hybrid RF/FSO system for different P, values.

5. CONCLUSION

This paper presents performance analysis of the hybrid RF/FSO system, which consists
of direct FSO link and cognitive RF sub-system with the MRC diversity technique applied at
the receiver. Besides FSO sub-system, the considered RF signal transmission is performed
by sharing the spectrum with the licensed (primary) user under the peak interference power
constraint. Based on derived expressions for outage probability, numerical results are
presented and confirmed by Monte Carlo simulations. The effect of the FSO and RF sub-
system parameters on the outage probability is observed and the performance gain is
analyzed. The presented results show that introducing the cognitive RF system as a back-up
link provides better system performance that single FSO link in wide range of atmospheric
conditions ensuring license-free transmission.

REFERENCES

[1] Z. Ghassemlooy, W. Popoola, S. Rajbhandari, Optical Wireless Communications: System and Channel
Modelling with MATLAB. Boca Raton, USA: CRC Press, 2013.

[2] F. Nadeem, V. Kvicera, M. Awan, E. Leitgeb, S. Muhammad, G. Kandus, "“Weather effects on hybrid FSO/RF
communication link," IEEE J. Sel. Areas Commun., vol. 27, no. 9, pp. 1687-1697, 2009. [Online]. Available:
http://dx.doi.org/ 10.1109/JSAC.2009.091218



216

(31

4

[l

(6]

(71

(8]

[9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

A. M. CVETKOVIC, V. M. BLAGOJEVIC, P. N. IVANIS

H. Wu, M. Kavehrad, "Availability evaluation of ground-to-air hybrid FSO/RF links," Int. J. of Wir. Inf.
Networks, vol. 14, no. 1, pp. 33-45, 2007. [Online]. Available: http:/link.springer.com/10.1007%2Fs10776-
006-0042-1

H. Wu, B. Hamzeh, d M. Kavehrad, "Achieving carrier class availability of FSO link via a complementary RF
link," in Proceedings of the 38th Asilomar Conf. Signals, Systems Computers, Pacific Grove, CA vol. 2, pp.
1483-1487,. 2004. [Online]. Available: http://dx.doi.org/10.1109/ACSSC.2004.1399401

N. D. Chatzidiamantis, G. K. Karagiannidis, E. E. Kriezis, M. Matthaiou, "Diversity combining in hybrid
RF/FSO systems with PSK modulation,” in Proceedings of the IEEE International Conference on
Communications (IEEE ICC), Kyoto, Japan, pp. 1-6, 2011. [Online]. Available: http:/dx.doi.org/10.1109/
icc.2011.5962684

E. Lee, J. Park, D. Han, G. Yoon, "Performance analysis of the asymmetric dual-hop relay transmission
with mixed RF/FSO links," IEEE Photonic Tech. L., vol. 23, no. 21, pp. 1642-1644, 2011. [Online].
Awvailable: http://dx.doi.org/10.1109/LPT.2011.2166063

I. S. Ansari, F. Y. Yilmaz, M.—S. Alouini, "Impact of pointing errors on the performance of mixed RF/FSO dual-
hop transmission systems," IEEE Wireless Commun. Letters, vol. 2, no. 3, pp. 351-354, 2013. [Online].
Auvailable: http://dx.doi.org/10.1109/WCL.2013.042313.130138

E. Zedini, I. S. Ansari, M.—S. Alouini, "Performance analysis of mixed Nakagami-m and Gamma-Gamma dual-
hop FSO transmission systems,” IEEE Photon. J., vol. 7, no. 1, pp.1-20, 2015. [Online]. Available:
http://dx.doi.org/10.1109/JPHOT.2014.2381657

G. T. Djordjevic, M. I. Petkovic, A. M. Cvetkovic, G. K. Karagiannidis, "Mixed RF/FSO relaying with
outdated channel state information," IEEE J. Sel. Areas Commun.. [Online]. Available: http://dx.doi.org/
10.1109/JSAC.2015.2432525, to be published.

M. I. Petkovic, A. M. Cvetkovic, G. Djordjevic, G. K. Karagiannidis, "Partial relay selection with
outdated channel state estimation in mixed RF/FSO systems," J. Lightw. Technol., vol. 33, no. 13, pp.
2860-2867, 2015. [Online]. Available: http://dx.doi.org/10.1109/JLT.2015.2416972

I. S. Ansari, M.-S. Alouini, F. Yilmaz, "On the performance of hybrid RF and RF/FSO fixed gain dual-
hop transmission systems," in Proceedings of the Saudi International Electronics, Communications and
Photonics Conference (SIECPC), Riyadh, pp. 1-6, 2013. [Online]. Available: http://dx.doi.org/10.1109/
SIECPC.2013.6550751

I. S. Ansari, M.-S. Alouini, F. Yilmaz, "On the performance of hybrid RF and RF/FSO dual-hop
transmission systems," in Proceedings of the 2rd International Workshop on Optical Wireless
Communications (IWOW 2013), Newcastle Upon Tyne, UK, 2013. [Online]. Available:
http://dx.doi.org/10.1109/IWOW.2013.6777774

M. 1. Petkovié, A. M. Cvetkovi¢, G. T. Pordevi¢, "Outage probabilty of hybrid RF and RF/FSO relaying
system," (in Serbian), in Proceedings of the ETRAN 2014, Vrnjacka Banja, Serbia, 2014.

J. Mitola 1ll, G. Q. Maguire, Jr., "Cognitive radio: making software radios more personal," IEEE Pers.
Commun., vol. 6, no. 4, pp. 13-18, 1999. [Online]. Available: http://dx.doi.org/10.1109/98.788210

A. Goldsmith, S. A. Jafar, I. Maric, S. Srinivasa, "Breaking spectrum gridlock with cognitive radios: An
information-theoretic perspective,” in Proceedings of the IEEE, vol. 97, no. 5, pp. 894-914, 2009. [Online].
Auvailable: http://dx.doi.org/10.1109/JPROC.2009.2015717

A. Ghasemi, E. S. Sousa, "Fundamental limits of spectrum-sharing in fading environments,” IEEE Trans.
Wireless Commun., vol. 6, no. 2, pp. 649-658, 2007. [Online]. Available: http://dx.doi.org/10.1109/
TWC.2007.05447

L. Musavian, S. Aissa, "Capacity and power allocation for spectrum-sharing communications in fading
channels,” IEEE Trans. Wireless Commun., vol. 8, no. 1, pp. 148-156, 2009. [Online]. Available:
http://dx.doi.org/10.1109/T-WC.2009.070265

R. Duan, M. Elmusrati, R. Jantti, R. Virrankoski, "Capacity for spectrum sharing cognitive radios with
MRC diversity at the secondary receiver under asymmetric fading”, in Proceedings of the IEEE Global
Telecommunications Conference (GLOBECOM 2010), Miami, Florida, USA, pp. 1-5, 2010. [Online].
Available: http://dx.doi.org/10.1109/GLOCOM.2010.5683243

D. Li, "Performance analysis of MRC diversity for cognitive radio systems,” IEEE Trans. Veh. Technol.,
vol. 61, no. 2, pp. 849-853, 2012. [Online]. Available: http://dx.doi.org/10.1109/TVT.2012.2182787

V. Blagojevic, P. Ivanis, "Ergodic capacity of spectrum sharing cognitive radio with MRC diversity and
Nakagami fading,” in Proceedings of the IEEE Wireless Communications and Networking Conference
2012 (WCNC 2012), Paris, France, pp. 2797-2801, 2012. [Online]. Available: http://dx.doi.org/10.1109/
WCNC.2012.6214277



[21]

[22]

[23]
[24]
[25]
[26]
[27]

[28]

[29]

[30]

Outage Performance of Cognitive RF/FSO System with MRC Scheme at the Receiver 217

I. S. Ansari, M. M. Abdallah, K. A. Qarage, and M.-S. Alouini, "Outage performance analysis of
underlay cognitive RF and FSO wireless channels," in Proceedings of the 3rd International Workshop on
Optical Wireless Communications (IWOW' 2014), Funchal, Madeira Islands, Portugal, pp. 6-10, 2014.

I. S. Ansari, M. M. Abdallah, M.—S. Alouini, K. A. Qarage, "A performance study of two hop transmission in
mixed underlay RF and FSO fading channels,” in Proceedings of the IEEE Wireless Communications and
Networking Conference (WCNC' 2014), Istanbul, Turkey, 2014, pp. 388-393. [Online]. Available:
http://dx.doi.org/10.1109/WCNC.2014.6952039

H.G. Sandalidis, T.A.Tsiftsis, "Outage probability and ergodic capacity of free-space optical links over
strong turbulence," Electron. Lett., vol. 44, no. 1, pp.46-47, 2008. [Online]. Available: http://dx.doi.org/
10.1049/el:20082495

M. L. Petkovi¢, G. T. Pordevi¢, D. N. Mili¢, "Average BER performance of SIM-DPSK FSO system with
APD receiver," FACTA UNIVERSITATIS Series: Automatic Control and Robotics, vol. 14, no. 2, pp.
111-121, 2015. [Online]. Available: http://casopisi.junis.ni.ac.rs/index.php/FUAutContRab/article/view/1092
M. Niu, J. Cheng, J. F. Holzman, "Error rate performance comparison of coherent and subcarrier
intensity modulated optical wireless communications,” IEEE/OSA J. Opt. Commun. Netw., vol. 5, no. 6,
pp. 554-564, 2013. [Online]. Available: http://dx.doi.org/10.1364/JOCN.5.000554

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

M. K. Simon, M.-S. Alouini, Digital Communications Over Fading Channels: A Unified Approach to
Performance Analysis. 2nd ed., New York, NY, USA: John Wiley & Sons, 2005.

V. Blagojevic, P. Ivanis, "Ergodic capacity of spectrum sharing systems with OSTBC in Nakagami fading,"
IEEE Commun. Lett.,, vol. 16, no. 9, pp. 1500-1503, 2012. [Online]. Available: http://dx.doi.org/10.1109/
LCOMM.2012.072012.120713

M. Abramowitz, I. A. Stegun, Handbook of Mathematical Functions with Formulas, Graphs, and
Mathematical Tables. New York, USA: Dover Publications, 1972.

A. Papoulis, Probability, Random Variables, and Stochastic Processes. New York, USA: McGraw-Hill, 1991.



