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Abstract: In this paper, the energy harvesting in mixed multiple-input-single-output radio
frequency (RF)/free space optical (FSO) networks is studied. Assuming underlay mode,
the secondary user (SU) source with limited battery communicates with its destination via
a hybrid SU relay. The SU source harvests energy from both the hybrid relay and the
primary network. The hybrid SU relay node is equipped with two antennas; one for energy
transmission to the secondary user and the other for data reception. The SU source transmits
its data over an RF link to the relay. Then, the relay decodes the SU data before retransmitting
it to the SU destination over an optical link. The RF/FSO channels are assumed to follow
Nakagami-m/Malaga-M fading models with pointing errors on the FSO link. Closed-form
expressions for the exact outage probability, average bit error rate, and ergodic capacity are
derived. For high signal-to-noise ratio values, closed-form expressions for the asymptotic
outage probability and average bit error rate are derived. Based on the asymptotic results,
a power allocation model is proposed to enhance the system outage performance. Some
simulation and numerical results are employed to validate the derived expressions.

Index Terms: Free space optical communications, cognitive radio, multiple antennas, en-
ergy harvesting, outage probability, ergodic capacity.

1. Introduction

The multi-hop networks are considered as one of the promising networking solutions for providing
reliable transmission of data. In order to achieve the best benefits of multiple links, different types
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of links can be used jointly such as mixed radio frequency/free space optical (RF/FSO) links. FSO
is considered as an efficient technology that can be used to fulfill the dramatic high demand for
improved throughputs. It aims to provide higher data rates and cost-efficient solution for unlicensed
spectrum compared to conventional RF links [1]. Therefore, using both the RF and FSO technologies
leads to a significant enhancement in communication networks performance.

Energy harvesting (EH) and cognitive radio (CR) techniques are considered as one of the promis-
ing trends in RF technology that have been investigated extensively. EH technology aims to transmit
the power to smart devices over wireless links [2], [3], while CR is a well-known technology which
studies the improvement of spectrum utilization efficiency. Therefore, merging such trends with FSO
transmission represents a promising solution for satisfying nowadays very high data rate applica-
tions. In [4], [5], the secondary user (SU) harvests energy from the primary users (PU) and uses
the harvested energy for data transmission, however there is no dedicated power station for energy
harvesting. Whereas, in [6], energy-harvesting-aided spectrum sensing is proposed where the SU
senses the presence of the PU and harvests energy from it. Then, a multi-objective optimization
problem is formulated.

Various research works studied the primary performance metrics of FSO links such as bit error
rate (BER), outage probability, and ergodic capacity. In [7], the outage probability, BER, and the
average capacity of all-optical FSO networks were studied. Recently, the Malaga-M [8] distribution
was proposed as an efficient model to describe the behavior of optical wave propagation, instead
of conventional models such as log-normal and Gamma-Gamma distributions [9].

The usage of EH techniques in relay networks was studied before in several research works.
In [10], analytical expressions for the outage probability and overall throughput in a decode-and-
forward (DF) EH relaying network were derived. The main aspects of wireless links incorporated
with EH techniques have been intensively studied in literature. Throughput maximization was stud-
ied in [11] and [12]. In [11], the secondary user (SU) throughput was maximized through splitting
the harvested and transmitted energies over time. While in [12], an algorithm was proposed to find
the optimal harvesting-access policy using the value iteration, then the relationship between the
throughput, the available energy in the battery, and the battery capacity were investigated. In [13], a
cooperative spectrum sensing scheme in CR environment with SUs was designed based on game
theory techniques. Multichannel selection techniques were studied in [14] where a multichannel
selection strategy was proposed for RF-EH-CRN by maximizing SUs throughput. The power allo-
cation problem was investigated in [15], by maximizing the average throughput finite time duration.
The optimization problem was modeled as a Markov decision process with a continuous state. The
work in [16] studied the throughput of SU that depends only on harvested energy. Spectrum sensing
and optimum harvesting energy were investigated jointly in [17].

Devices equipped with multiple antennas were actively examined. The work in [18] studied the
performance of EH-based multiple-input multiple-output (MIMO) relay systems over Nakagami-
m fading channels, where closed-form expressions for the probability density function (pdf) and
cumulative distribution function (CDF) of the signal-to-noise ratio (SNR) were calculated.

The merging of the FSO technology with the existing RF counterparts was investigated before in
various research works [9], [19]-[21]. In [19], the ergodic capacity and outage probability of relay-
assisted mixed FSO/RF transmission were derived assuming mixed Malaga-M/«x — u shadowed
fading distributions, while in [9] and [20], closed-form expressions for the outage probability and
bit error probability in mixed RF/FSO systems employing Nakagami-m fading model for the RF link
were calculated. Bit error probability was also studied in [21] with a single source, single destination,
and multiple relays network. The RF behavior was modeled as Nakagami-m fading distribution while
the FSO link behavior was modeled as Gamma-Gamma scintillation. The effect of RF interference
on the performance of mixed FSO/RF relay networks was analyzed in [20].

Recently, the performance of underlay CR with mixed RF/FSO networks has been investigated in
many works in the literature [22]-[26]. The works in [22] investigated the performance of CR mixed
RF/FSO systems under the constraints of PU interference threshold and maximum SU transmitted
power where closed-form expression of the asymptotic outage probability was derived. The authors
in [23] studied the impact of different interference reduction techniques on the performance of
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underlay CR mixed RF/FSO networks. Whereas, the effects of nodes mobility and outdated channel
state information on such networks performance were presented in [25], [26]. In addition, the works
in [27], [28] investigated the multiuser scheduling scheme in underlay CR mixed RF/FSO networks
in terms of outage probability, average symbol error probability, and ergodic capacity.

Motivated by the aforementioned discussion, and to the best of our knowledge, there is no previ-
ous work discusses the impact of cooperative CR network combined with EH technologies on the
performance of mixed RF/FSO networks. Hence, this work studies the performance of spectrum-
sharing mixed MISO RF/FSO system with EH. On the RF link, the SU equipped with multiple
antennas, harvests energy from the hybrid relay node (HRN) and the primary network. Then, the
SU employs the harvested energy to send its data to the HRN in the uplink transmission. The relay
node decodes the SU data before transmitting it to the SU destination over a FSO link. The channel
model of the RF/FSO network is assumed to follow Nakagami-m/Malaga-M fading models. To
reduce the transmission overhead, the HRN is assumed to have no prior knowledge of the user’s
stored energy status. This proposed system model can be found in many practical applications such
as increasing network density for real-time events, establishing of temporary wireless sensor net-
works, metropolitan area network extension, wireless body area networks, and connecting several
smaller cells to the core network in 5G system [29]-[31]. Closed-form expressions for the system
outage probability, average bit error rate (BER), and ergodic capacity are derived. Moreover, a
power optimization problem is investigated to obtain the optimal downlink harvesting energy that is
transmitted from the HRN to the SU. The maximization problem is formulated through minimization
of the system outage probability.

The rest of this paper is organized as follows. Section 2 presents the system and channel models.
The system performance measures such as outage probability, average BER, and ergodic capacity
are investigated in Section 3. Section 4 presents the power optimization model. Simulation and
numerical results are discussed in Section 5. Finally, conclusions are given in Section 6.

The notation used in this paper is defined as follows: Bold lower case symbols denote vectors.
We use () for the binomial coefficient, |.| and ||.|| represent the absolute value and the Frobenius
norm of vectors, respectively. (.)" is the Hermitian (conjugate-transpose) operator of a vector input-
argument. The term fg(x) is the pdf of random variable (RV) 8, and Fg(x) is its CDF. The function
1F1(a; b; 2) is the hyper-geometric function, U(a, b, z) is the KummerU hyper-geometric function [33],
and G(.) is the Meijer G-function as defined in [34, Eq. (9.301)].

2. System and Channel Models
2.1 System Model

As shown in Figure 1, the proposed system model is a dual-hop mixed MISO RF/FSO underlay
CRN in which a SU source (S) communicates with a SU destination (D) through a SU relay (R) with
DF protocol in the presence of a single PU transmitter (PT) and a single PU receiver (PR). In this
model, the S is equipped with multiple antennas (N ;) which are used for both energy harvesting and
data transmission. Whereas, R is equipped with two RF antennas; one is the energy transmission
antenna (EA), and the other one is the data reception antenna (DA). Therefore, R acts as a wireless
power transmitting station to charge the nearby devices through EA, and as a data receiving station
through DA. Also, R is equipped with an optical laser transmitter to communicate with D which is
equipped with an optical receiver. The S harvests energy from both, the PU transmission and R.
Hence, the total received power at S is given by

vs = € (Pot [Pois|® + Po e ?) (1)

where ¢ is the energy harvesting efficiency coefficient, i.e. 0 < € < 1; hy;sisa 1 x Nschannel vector
between PT and S, with h,;; denotes the channel coefficient between PT and the i-th antenna of S
withi=1,2,..., Ns. Similarly, h, s is 1 x Ns channel vector between EA and S, where h, ; denotes
the channel coefficient between EA and the j-th antenna of S, withj = 1,2, ..., Ng; and the powers
P,:and P, represent the PT transmission power and EA transmission power, respectively. To ensure
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Fig. 1. Dual-hop spectrum-sharing mixed MISO RF/FSO relay network with energy harvesting.

that S is still active and alive after its data transmission, the harvested energy ys should be greater
than an energy harvested threshold (ye).

For the proposed model, the communication operations take place over two time-slots. In the first
time slot, S harvests energy which it uses in the second time slot to transmit its data to DA at R
with a specific power P, which is assumed to be constant power when energy harvested exceeds
ye. The received signal at DA suffers from co-channel interference (CCI) signals because of the
simultaneous transmission of both PT and EA, and hence, the received signal at DA is given by

I p
Ysr = N—shZ,Xs + /PptCot 1 Xpt + /1PeCr 1 Xe + W, (2
s

where hg, e CNs*1 is the channel vector between S and R, with h;, is the channel coefficient
between the g-th antenna of Sand R, i =1,2,....Ns; ¢, denotes the CClI coefficient between
PT and DA; ¢, denotes the self-interference channel coefficient between the two relay antennas
EA and DA. The symbol vector x; of size N; x 1 denotes the SU transmitted data symbols with
zero mean and unit variance; x,; represents the CCI signal from PT to R with zero mean and unit
variance, and x, represents the self-interference signal with zero mean and unit variance. The self-
interference coefficient n represents the remaining ratio of P, due to an imperfect self-interference
cancellation process. The term w, denotes the additive white Gaussian noise (AWGN) sample
which follows a complex normal distribution with zero mean and variance of o3. The instantaneous
signal-to-interference-plus-noise ratio (SINR) for the SU network over the RF links is given by

7 |

Ppi ‘Cpt.r‘z + nPe ’Cr.r|2 + US.

@)

YRF =

Then, R decodes the transmitted SU data and retransmits it to D over the FSO link. Hence, the
received optical signal at D is given by

Yrd= gr.d\//?rys + Wy, (4)

where g, 4 denotes the coefficient of the optical channel; X; denotes the decoded SU symbol by
R with zero mean and unit variance which is transmitted over a FSO link with power P,. w4 is the
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AWGN sample at D with zero mean and variance o5. Hence, the SNR of the FSO link is

p 2
YFSO = L;A. (5)
G4

Finally, the instantaneous end-to-end (e2e) SINR with DF relaying protocol is given by [19]

Ys.d = MiN{yRF, ¥Fso} - (6)

2.2 Channel Models

2.2.1 For Data Transmission Over RF Links: The channel coefficients of the RF links h;, for
i=1,2,...,Ngandj € {r, pr} between the i-th antenna of S and all other nodes follow independent
and identically distributed (i.i.d.) Nakagami-m fading model, the CDF of || hs,,-||2 (or ||cs,,-||2) for
maximal-ratio-transmission (MRT) scheme is [35]

msjNs—1 (ms,j)us’/‘X)p
P20 =1~ ; T e (mmasin). 7)

where isj = 1/ys), with 5; = 25 E{||hg;2} = 125 Qg), and ms; denotes the Nakagami-m fading
s0g s0j
parameter between S and j € {r, pr}. By differentiating (7) w.r.t. x, the pdf is given by
(ms1s)™
T(ms )

2.2.2 For Interfering Channels: For SU network, the SU signal received at DA of R suffers
from two interfering signals from PT and EA of R. Variables ¢, ,, u € {pt, r}, denotes the channel
links between the interferers and R which are assumed to follow independent and non-identically
distributed (i.ni.d.) Nakagami-m fading model. Hence, the pdf of the total interference at the SU
relay node is given by [36]

Mi.r 1:71 mjr—Jj
f s je.r)= |: I1 (mi.r)»f,r)m”:| > eXp(—mf,r)»/,r}’)Zm7 )
- ir ! !

e ietptr) ietptr)

XM=t @Xp(—Mg jhsjX). (8)

. Whereas, for PU network, the PR suffers from

where /3{:,_,1 = %[]‘[ v;{ﬁit }(mv',)w,, + s)’”w]
v=e{pt,r

two interfering signals caused by S and EA of R. The CDF of the channel matrix ¢s,, between S

and PR is similar to (7), when replacing ms; and A5 by ms,, and i, respectively. While, the CDF

of channel ¢, ,, follows i.i.d. Nakagami-m fading model, which is given by

S=—Mj rAjr

mrpr—1 (m,.p,)»,.prz)k
F|C{,pr|2(z) =1- Z Tk exp (_mr,pr)\r,prz) , (10)
k=0 :
where Arpr = 1/Vrpr, Vrpr = :T’]E{Ihr,prlz} = :—Q’Q,,p,, and m, ,, denotes the Nakagami-m fading pa-
pr pr
rameter between R and PR. Hence, the pdf is obtained by differentiating (10) w.r.t. z as follows

(mr,pr)‘-r,pr)m,ypr zmr,pr—1
r(mypr)

2.2.3 For Data Transmission Over FSO Link: The FSO link between R and D experiences a
Malaga-M fading model with the effect of pointing errors. The M turbulence model [37] is based
on a physical model that involves a line-of-sight (LOS) contribution, U, , a component that is quasi-
forward scattered by the eddies on the propagation axis and coupled to the LOS contribution, U§,
and another component, U g due to energy that is scattered to the receiver by off-axis eddies. These
random processes, U and U¢ are statistically independent. Additionally, the random processes,

f|cr-pr|2(z) - exp(—my prir pr2). (11)
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U, and ug‘ are statistically independent. One of the main motivations to consider this model is its
generality [37, Table 1]. Hence, we employ a FSO link that experiences M turbulence for which the
SNR’s CDF is given by [8]

x2,0

E
31
Fy..(v)=D 2 :C CHIP [/L 4

1, X1i| (12)

where D = ¢?A/[2"(2n)"~ "], ¢is the ratio between the equivalent beam radius at the receiver and
the pointing error displacement standard deviation at the receiver, A = —2&>—

1+5 Mo
a positive parameter related to the effective number of large-scale cells of the s)cattermg process, B
is the amount of fading parameter and is a natural number, g = E [[U§|?] = 2bo(1 — p) denotes the
average power of the scattering component received by off-axis eddies, 2by = E [|U§|2 + IUSG, |2]
is the average power of the total scatter components, the parameter 0 < p < 1 represents the
amount of scattering power coupled to the LOS component, Q' = Q + 2bgp + 2,/2bypQ2 cos(ps —
¢s) represents the average power from the coherent contributions, 2 = E [|UL |2] is the average
power of the LOS component, ¢4 and ¢ are the deterministic phases of the LOS and the coupled-
to-LOS scatter terms, respectively, and I'(.) is the Gamma function as defined in [34, Eq. (8.310)]. It
is interesting to know here that E [|U§[2] = 2bop denotes the average power of the coupled-to-LOS
scattering component, r is the parameter defining the type of detection technique (i.e. r = 1 for
heterodyne detection, and r = 2 for intensity modulation (IM)/direct detection (DD)), C, = B, r**"~1,

) _ ey N /2
with B, = A [aB/(gB + Q)-e+/2, with A, = (5 1) (gpre) 2 (&)V (%)V . G[]is the Meijer

(gﬂ+Q )Pz, with o is

v—1 =t g
G-function as defined in [34, Eq. (9.301)], E = B'/r?, with B = 2ap(g + Q) /(& + 1)(gB + )], for
wr, When r =1, uq = fiheterodyne and when r =2, uo = umop, X1 = j‘ e ﬂ comprises of r
terms, and xo = 5 52_1, o ey T comprises of3rterms

2.2.4 For Energy TransmISSIOn The entrles hq.is W|th ge{pt,rfandi=1,2,..., N;sof the chan-
nel vector hy s represent the channel coefficients between the energy transm|tter3 and the i-th
antenna of the SU source S. These coefficients follow i.i.d. Nakagami-m fading model. Hence, the
CDF of hy s assuming MRC at S is given by (7), but with replacing ms; and As; by their counterparts
mgs and A4 s, respectively.

3. Performance Analysis

Closed-form expressions for the system outage probability, average BER, and ergodic capacity are
derived in this section. Then, at the high SNR regime, the asymptotic formulas are obtained.

3.1 Outage Probability

3.1.1 Exact Outage Probability: For the proposed EH-CRN, the outage probability is defined as
the probability that y; 4 value is below a predetermined outage threshold yy, such as Poyt(your) =
Prlysqa < ym] = Primin{ygrr, yrso} < yn]. Based on (6), the CDF of y;s 4 can be written as

Froa(¥) = Fe(¥) + Freso (v) = Frae (V) Fyeso (¥), (13)

where F,..(y) is the CDF of SINR of the RF link, and F,, (y) is the CDF of SNR of the FSO link.
For the RF link, the SU network will be in outage if one or more of three events occurs. These three
events can be specified as follows: The first outage event occurs if the SU total interference signals
for data and energy transmissions at the primary network exceed the PU maximum interference
threshold yp. The second outage event occurs if the SU SINR at R is less than yy,, and hence, R can
not decode the SU data correctly. Finally, the third outage event occurs if the total harvesting energy
received by S is less than the energy harvesting threshold y:. Therefore, the SU network outage
probability can be expressed as the complementary probability that all of the above-mentioned
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events do not happen, such as
P
Fore) = 1= Pr| 22 [osorl? + Pelevsd* = vo | Privmse = vl Pr[Pon Il + Po sl = e .
S
(14)

The analysis for obtaining the expression of the terms Pr[ 2lcs, prll2 + PelCrpr? < vpl, Prlyar = yinl,
and Pr[P,,,||h,,t,s||2 + Pellh, s[> > yge] are given, respectlvely by

P (o]
Pr |:N_s ”cs,pr”2 + Pe |Cr,pr}2 = VP:| =1 _A [Ihs. ||2((X+ 1)th)f \C:rlz(x)dx
s

lE(p?/}
me,—1 mg Ng—1
N (me rhe rJ/P)q : (ms rhs r)u
=1- 2 exp(—Me - (Mg her) ™
Z gl p( e.r e,rVP) Z F(me,,+u+1)( e.r e,r)
=0 u=0
X exp(_me,r)\s,rVP)J/g+me"1F1 (me,r, p+mer+1,(Msrrsr — me,r)»e,r)yp)v (15)

Prlyme = yul = 1= Prlvme <yl =1~ [ Flu o+ )l 5= o 00k
| Fin

ielpt.r}

mi Mg Ns—1 ,3 m A )’h)
1
| | (mlr)w r) b E 2 E —sr S'I; eXp(—ms,r)Ls,thh)

ie{pt,r} iefpt,r} j=1 k=0
xU(mir—j+1,mi,+k—j+2,mihi+ Msrhsryin) (16)
Pr [Pac sl + Po [l = ve] = 1= [ Fy otre =2y o0
MptsNs—1 mesNs—1 N
(Mpt shptsye)’ (Mpt.shpt s) "< €XP(—Me she sVE)
= Z %exp(_mpm)&pt,s)@)‘k Z (me,s)»e,s)q PP mifSNiSq
p=0 p: q=0 F(mptst+q+ 1)
X 1F1 (mpt,sNSa mpt,st +q+ 1» (me,s)\e.s - me,s)»pt,s)VE) . (17)

On the other hand, the CDF F,.,(y) is given by (12). By substituting (12) and (14) in (13) and
replacing y by yu,, the system outage probability is given by

P
Pout(yin) = {1 —Pr |:N_s ||cs,pr||2 + Pe |Cr,pr|2 = VP:| Priyre > ym] Pr |:Ppt ” hpt,s”2 + Pe ” hr,s“2 = VE]}
s

Yih
{1 -D ZC G?:L1r3r+1 [

1,64 3 Vth
2o Setin

HAr

1} (18)

K2,0

3.1.2 Asymptotic Outage Probability: A simple asymptotic expression for the outage probability
is derived which achieves more insights about the system behavior. At high SNR values, the outage
probability can be expressed as P,,; ~ (G.SNR)~¢, where G, denotes the coding gain of the
system and Gy is the diversity order of the RF link [38]. Hence, as yrr — oo, the CDF of the RF
link’s SNR at R is simplified to

yRF(V) =1-Pr [_ ”cser + Pe|Crpr| = VP] Prlyrr > yi] Pr [Ppt “hpts” + Pe Hhrs” = J/E] s
(19)
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where Pr [yre > yi] is the asymptotic probability at SNR — oo such as

mi.r

J— mg N
00 Bi (msrksrl/th) e
Privre = yn] =1 - 1_[ mj rhir) m,, Z Z =

— 1) |
ie{pt,r} ie{pt.ry j=1 (f 1 (mers)

xUmir—j+1,m+mgNs—j+2,mirir). (20)

For the FSO link, the asymptotic CDF for the Malaga-M turbulence model is given by [8]

K2,k 3r _
F o) ~ DZC Z(EV) il bes o (1)

v=1 KkH/—2FK1I—K2k)

where «; ; denotes the j-th term of ;. Hence, the FSO asymptotic performance is dominated by the
min (;2, a, ,3) as shown in [8]. Therefore, the asymptotic outage probability can be written as

P33¢—1 |: ”cspr” +Pe}crpr| <VP:| Pr[VRF>Vth]Pr|:Ppt ”hptsH + Pe “hrs” >VE:|

K2k l_[?_rﬂ [ (ko) — K2.k)
13k ' ,
0 ZC”Z (62) it | @2

ok [TE2 T (k1.0 — k2.4

As a result, the diversity gain of the proposed system model is of order min (ms,Ns, &/r alr, ,B/r).

3.2 Average Bit Error Rate

3.2.1 Exact Average Bit Error Rate: For the considered system, the average BER can be ob-
tained using the following formula [39]

Pser = Pitr + Phen — 2PRErPEeS- (23)

where PEE. and PESQ are the average BERSs for the first and second hop, respectively. These
average BERs can be obtained using the obtained CDF expressions as follows

ary/br [ exp (—bry)

PRE F dy, 24

BER — Zﬁ ﬁ mp(l/) Y (24)
af /b exp bf Y

PEER = —— / ﬁs") Forso(v) d, (25)

where ay, by, ars, and by, denote the modulation type used in both RF and FSO links, respectively.
Hence, by substituting (14) in (24), the average BER of RF link is given by

pRE_ a1 an‘\/> |:

“cS,PfHZ + Pe ‘Cr,pr|2 = VPi| Pr [Ppt ”hpt,sH2 + Pe “hr,sH2 = VE]

BER — ? 2[
ir s.rNs—1 . - Mirkir
% 1—[ (mi i Z mX: ﬁ mZ (ms,,ks,,)k Xk: ( k ) (mir+q—)IC (_ms,r)»s,r)
irhir) -
ie{pt.r} ielpt,r} j=1 G— k=0 k! =0 k—q (mi = (brf + ms,r)ts,r)

Mo e Y~ (miHg—+1) 3 jrhi
(Msrhsr) U (m, r+q—j+1.mi,+q9—k —j+ (b + Mg rsr) mi,r u) . (26)
(mi.rkl.r)f

mS,f)"S,f

Mg rAsr
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Similarly, by substituting (12) in (25) with the help of [8], the BER of the FSO link is given by

FSO afso 3r.2 0.5,1,«
Pger = Z CvG,l2 5011 [ 1] : (27)

K2,0
Finally, the expression for the exact average BER is obtained by substituting (26) and (27) in (23).
3.2.2 Asymptotic Average Bit Error Rate: To get more insights on the key system parameters
affecting the system performance, a closed-form expression for the system asymptotic average
BER is derived such as

E
brsottr

Pain ~ Poen” + Phen ™. (28)

where PEER® and PBFSS‘” are the asymptotic BERs of both RF and FSO links, respectively. By

substituting (19) in (24), the asymptotic average BER of the RF link is given by

PR = % = Pr| 2 losar | + Pelevsd = vo | Pr [P s + Po sl = e {E -
o B (Mehs )™M T (s Ns + 1)
) ie!:t[,r} Mt /e;r 121 (- 1)| msr *(msNs)!
xUmi,—j+1,m+msNs—j+2,mi,rir) } (29)
Similarly, by substituting (12) in (25), the asymptotic average BER of the FSO link is given by
PEg ™ ~ 22 Z Z () R o) [ lea Zxen)
- w2k [Ti2g T (k1 — k2.4)

3.3 Ergodic Channel Capacity
The ergodic capacity Cerg for dual-hop mixed RF/FSO networks can be expressed as

Corg =  min [E[Cre], E[Crsol |. (31)

where Cgrr denotes the RF channel capacity and given by

Crr =log (1 + vre) = In(2)/ ! 1+y(y)d%

1

:m [ ||Cspr|| +Pe|Crpr| <]/Pi|Pr|:Ppt”hpts“ —I—Pe”h,s“ >VE:| 1_[ (m/r)wr) ir

ie{pt,r}
m;. / 1 mg,Ng—1 [e9)
Mg,rhsr m/ r)w r _4 1 1=k, 1, t—k+1,t+m; —j+2
Z Z Z Kl exp(mi.ci.r Z [msr?»sr 141tk
elptr} j= k=0 t=0 ,r/vs,
(32)
Whereas, Crso is the FSO channel capacity such as

1 R 1 — F (Ur)/ 3r42.1 E 0,1,k1
C _ YFSO C,G r+ . 33
FS In(2) /0 1+ vy |n Z r+2,3r+2 Vrfhr [K2:0,0 ( )

where v, with r € {1, 2} is a constant such that v{ = 1 for heterodyne detection and v, = \/e/2x for
IM/DD detection [8].
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4. Proposed Power Optimization Model
4.1 Simplified Asymptotic Outage Probability

In this part, a more simplified asymptotic outage probability expression is derived. Consider that

the PU interference threshold is large enough such as yp >> Z—z ||cs,p, ||2 + P, |c,,p,|2. Therefore, the
asymptotic outage probability can be simplified further as follows

Poi=1 Prime = vl Pr[Por [ngusl + Pe [hesf* = ve | (34)

It is clear that the term Pr[ H + P, |c,p,| < yp] can be ignored assuming that yp is large

enough. The term Pr* [yrg > y,,,] is given by (20). Assuming high SNR regime, P, — oo, hence,
Arr — 0, then, Pr*° [yre > yu] can be re-expressed as

00 Mpt.r mP”_I+1 ’Y‘fd mr.r mrr_’+1 Ted
> =
Priyar = yn] =1 - —mers Z Z (mprr+m,,71+1 q) +Z Z AT 1+p) ’ (35)
—1  g=0 Anr i=1  p=0 y

_ mour (Mart)™™ g (Mot ) Mptiptn)? (Mgt 1Y Moty 41— :
where W = (Mp1.rApr) ™ = g Yig = W( e Ulmpr.r —Jj+

i d (mr.)!(=1) my r—i+1 i—1 _jt1—
1 Mptr + M Ns —j+2, Mperhper), and Y5 = @B (" ) (M) =P (Gt Mg, )41 7P

Whereas, the term Pr>[P | hpt,sH2 + P, ||h,,s||2 > ye] can be obtained as follows

I~ 173 0'2 mrst
Pr [Pyt [Mps|* + Pe e = ye | = 1 - /0 Fiia(ve — X)fua()dx = 1 — & x (erpe> . (36)

o (mys)™r SNS(mprs)\pts)m’”sl\lS
where E = o st-anrst)'VE(mmﬁmrS)Ns1F1 (mpt,st» (mpt,s + mr,s)Ns +1, —mpt,s)\pt,sVE)-

4.2 Power Optimization Problem

This part aims to find the optimal P, that minimizes the outage probability. For simplicity and without
loss of generality, the simplified asymptotic outage probability expression in (34) is used as a target
function to formulate the power optimization problem as follows

PN . Psen_Qpr,sPT <Pe
min Pour(Pe). subject to b Qs — ¢ (37)

e >

oo
where P22,

terms of P, with some mathematical manipulations as follows

Mpt.r Mpt.r —j+1 Ttd mey Mer— i+1 ed
OUt - Z Z mprr+mr r*/+1 q + Z Z / 1+P Pmr.st ? (38)
j=1 q=0 i=1 =0 e

~ o2 mSJNS ~ 2 mprr+mrr_/+1 q ~ 2 i_1+p ~
where &= 2o x (22) 7, 4 =% x () Y =1 (L) L andE=
s.r g g r.r g rr

is given in (34). By substituting (35) and (36) in (34), the total P°

oui €an be expressed in

o

2 mrsNs
= X ( 70 ) . By applying the Lagrangian multipliers method such as

o

Mpt.r Mpt.r —j+1 td mey Mer— i+1 Ted }

C(Pev}ﬂ |:Z Z mp,,+m,,7/+1 q +Z Z / 1+P
i=1 =0

J=1 q=0
Psen + QtsPT> ,
Qr,s Qr,s

where L(Pe, A1) denotes the Lagrangian multipliers objective function, whereas A4 denotes the
Lagrangian multiplier coefficient. By applying KKT conditions and without loss of generality, assume

m.sN
Pe r.stvs

X <Pe - (39)
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Fig. 2. SU outage probability versus SU SNR for different values of ¢and r.

the SU source is equipped with sufficient number of antennas N such that m, sNs > m, . + mp;,,
we obtain the following

BE Mptr mpl,r*j . mer mrAr*i+1 ) % )\’ Pm,,sN571
aT — Z T/% gr,st*mpt,r*mm‘H+q*1 + Z Z Tﬁ% Pénr.st_’_p+1 + % + 1 eq] — 0’
€ j=1 g=0 =1 p=1
(40)
oL Peen — 2p1.5P
= _p,— sen pt,s”T —0. (41)
s Qs

It is clear that (40) is a polynomial of degree m, ;Ns — 1, therefore, the optimal value P} can be
obtained by solving (40), and (41) by using any convenient mathematical tool.

5. Simulation and Numerical Results

In this section, some numerical results, which were obtained by using the above-derived expressions
are presented together with Monte-Carlo simulation with 10% simulations for each SNR value.
Several scenarios of various system parameters and their effect on the performance are studied.

The outage probability of the proposed system model is investigated in Figure 2 with different
values of ¢for both heterodyne and IM/DD receivers. The results show that increasing ¢ enhances
the system outage performance. Moreover, the performance of heterodyne receiver (i.e. r = 1)
outperforms that of the IM/DD receiver (i.e. r = 2) as expected. It can be noticed that at low to
medium SNR values, the outage performance is enhanced by increasing the SU transmission
power. However, at the high SNR values, the proposed system achieves a unity outage probability
as the interference of the SU network on the PU network exceeds yp, and hence, the SU source
reaches a point where it has to terminate its transmission.

To reveal more insights on the key parameters that affect the performance of the proposed
system model, we consider yp — oo. Figure 3 studies the impact of the Nakagami-m parameter on
the system outage probability with Ns = 2. The results show that increasing the value of m, enhances
the system performance in terms of diversity order. This can be explained as increasing m enhances
the performance of the RF link over the FSO link. As a result, the FSO link performance dominates
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Fig. 4. Ergodic capacity of SU network versus SU SNR for different values of n and yp.

the total system performance as the system diversity order is given by min (ms,,Ns, é/r alr, ﬂ/r). At
weak turbulence conditions (i.e., « = 19.7 and 8 = 18), the results show that the SU performance is
dominated by the RF link, and hence increasing the value of m enhances the system performance
in terms of increasing the diversity order. Whereas, at strong turbulence conditions (i.e., « = 4.3 and
B = 3), increasing the value of m from 1 to 2 has a significant impact on the system performance.
However, as m keeps increasing the SU system performance almost remains constant since the
SU performance is dominated by the FSO link.

The SU ergodic capacity is investigated in Figure 4 for different values of nand yp. At low SNR
values, the results show that increasing the SU SNR increases the capacity for all the values
of n and yp since the SU system performance is dominated by the FSO link. As the SU SNR
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keeps increasing, the capacity decreases because the RF dominates the performance, and the SU
interference levels at PR go close to y». Then, the capacity drops to zero when the SU interference
on the PU network exceeds yp causing SU outage. It is clear that increasing y» enhances the
system capacity as the SU is allowed to transmit at higher power levels. Also, the figure shows that
increasing n increases the level of the self-interference at the relay which decreases the system
capacity. This degradation becomes significant at higher values of yp.
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The relation between the ergodic capacity and the harvesting power is studied in Figure 5 for
different antenna configurations. It can be noticed that the capacity follows two patterns. In the first
pattern, the FSO is the dominant link. Hence, the capacity is not affected by changing the antenna
configurations. When the harvested energy goes over the predetermined threshold, the RF link
becomes the dominating link and the effect of the antenna configuration starts to take place. As
the harvesting power increases, the value of the ergodic capacity decreases. This happens due
to the increase in the interference value that leads to decreasing in the SINR and consequently,
decreasing the ergodic capacity value.

The effect of PU interference threshold yp on the system outage probability is investigated in
Figure 6. Apparently, the value of the outage probability decreases as yp increases. This can
be explained as increasing the threshold gives the SU more chance to pump more transmission
power resulting in reducing the outage probability. Moreover, it can be shown that increasing the
SNR values from 5 dB to 10 dB reduces the system performance at low to medium yp values,
whereas, at high yp values, the performance of SNR = 10 dB outperforms that of SNR = 5 dB.
This can be explained as at low yp values; the SU system has to reduce its power to guarantee
that its transmission will not harm the PU network. On the other hand, when the PU network
relaxes its interference threshold and allows the SU network to transmit with a higher power, the
SU performance gets enhanced. Moreover, this figure shows that at low SNR values (i.e., SNR =
5 dB), the performance of the heterodyne receiver matches that of the IM/DD receiver since the
performance is dominated by the RF link. At higher SNR values, the performance is dominated by
the FSO link. Hence, changing the receiver method has a great impact on the outage performance.

The impact of both y£ and yp on the system average BER performance is shown in Figure 7.
For a fixed value of yp, the results show that increasing yr reduces the system performance as the
SU transmitter needs to harvest more power for transmission. On the other hand, the figure shows
that for a fixed value of yg, increasing y» enhances the system performance which matches the
results in Figure 6. It is important to mentioned that the modulation schemes are binary phase shift
keying (BPSK) (ay = by = 1), and on-off keying (OOK) (ars, = 1, bss, = 0.5) are used in the results
of the BER as the modulation schemes for the RF and IM/DD-FSO hops, respectively, while BPSK
(arso = brso = 1) is used for heterodyne receiver-FSO hop.

The impact of atmospheric turbulence conditions on the average BER for different receivers is
shown in Figure 8. The results show that the performance of strong turbulence conditions, i.e.
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a = 2.3, 8 =2 is worse than the weak turbulence conditions, i.e. « = 6.6, 8 = 6 as expected. For
high SNR values, the figure shows that the performances of the different turbulence conditions are
similar since increasing the SU SNR values causes the outage of SU network. This occurs when
the SU interference with the PU is close to yp as the RF link dominates the performance.

The impact of the proposed power optimization model on the outage performance is investigated
in Figure 9. It is clear that the performance of the proposed power optimization model outperforms
that of the conventional transmission model where the energy harvesting antenna transmits with
its maximum power, especially, in the medium SNR range. The results show that increasing the
number of antennas N enhances the performance.
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6. Conclusion

This paper investigated the performance of mixed MISO RF/FSO CR relay networks with EH
technique. The SU source equipped with multiple antennas communicates with a hybrid relay
through a RF channel. Then, the relay forwards the successfully decoded data to the destination
over FSO link. Closed-form expressions for the outage probability, average BER, and ergodic
capacity were derived assuming Nakagami-m/Malaga-M fading models with pointing errors on
the FSO link. Also, the asymptotic outage probability and average BER were obtained to get
more insights on the system performance. Power optimization model was proposed based on the
asymptotic results to enhance the system performance. The results showed that the SU network
might operate efficiently at low to medium SNR values relative to the allowable PU interference
threshold. Moreover, the proposed power optimization model resulted in a significant improvement
in the outage performance in the medium SNR region.
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