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Abstract: In this paper, the performance of a two-way mixed radio frequency/free space
optical (RF/FSO) relaying system in the presence of co-channel interference (CCI) is in-
vestigated. The RF links are modeled as Nakagami-m distribution, and FSO links adopt
Gamma-Gamma turbulence model. To improve spectral efficiency, relay exchanges the in-
formation between two terminals in three phases via RF and FSO links. Meanwhile, CCls are
considered at both relay and destination. Novel closed-form upper bounds expressions for
the signal to interference plus noise ratios are derived, based on that lower bounds outage
probability, average bit error rate, and outage capacity are further presented for both RF/FSO
and FSO/RF links. Then, asymptotic expressions are provided to predict the diversity order.
Additionally, the effect of various parameters on system performance, such as interference
numbers and power, are investigated and compared including interference-free condition.
Simulation results show that, in the interference-effected system, when the average signal-
to-noise ratio increases, system performance enhances first and then remains unchanged.
This phenomenon does not occur in the interference-free system, which implies the system
performance is limited by the numbers and power of CCls. Moreover, the effect of pointing
errors on system performance is further investigated.

Index Terms: Mixed RF/FSO, two-way relaying, co-channel interference, outage probability.

1. Introduction

As one of the most promising technologies for future wireless communication, cooperative diversity
schemes can make full use of network resources to achieve high data rate and high reliability
communication [1]. Initially, the concept of cooperative strategy comes from radio frequency (RF)
communication. Later on, there is an extension use in free space optical (FSO) system, which
receives considerable attention. Different cooperative strategies have been investigated in FSO
system, including relay-assisted and multiple-inputs multiple-outputs technologies, etc. [2]. Among
them, relay-assisted technology combines the advantages of RF and FSO links, an asymmetric
dual-hop mixed RF/FSO relaying system is formed. Compared with traditional RF/RF communica-
tion, a mixed RF/FSO system can enhance data rate and capacity significantly [3]. Most importantly,
since RF and FSO links operate on different frequency bands, the interference between two links
is avoided.

How to improve spectral efficiency (SE) has always been a hot issue in the field of wireless
communication. In a one-way single relay system, the information exchanges between two nodes
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generally need three or four phases [3]. However, in a two-way system, only two phases are required.
In the first phase, two nodes send the information to the relay, and then the relay exchanges the
information to the destination in the second phase. In this way, SE is improved dramatically. The
authors in [4] investigated the performance of a two-way multiuser mixed RF/FSO system, outage
probability (OP) and average ergodic channel capacity were studied and simulated, opportunistic
user scheduling and asymmetric channel fading were considered respectively. Later, they derived
the average symbol error rate in the similar configure [3], optimal transmission power allocation was
discussed using asymptotic results. In order to solve the synchronization issue caused by different
data rates of RF and FSO, a three phases bidirectional mixed RF/FSO system was proposed in [5],
OP and bit error rate (BER) expressions were presented. A novel network-coded two-way mixed
FSO/RF system was considered in [6], the best relay location was obtained for the system. In [7], a
half-duplex two-way relay mixed RF/FSO system was investigated, OP and BER were calculated,
asymptotic behavior and diversity orders were analyzed at high signal to noise ratio (SNR). Inspired
by [5], a three phases two-way mixed RF/FSO system in the presence of co-channel interference
(CClI) is investigated in this paper.

On the other hand, as a dominant factor caused by frequency reuse, CCl was also considered
in mixed RF/FSO system. In [8], the authors examined the OP performance of mixed RF/FSO
system with relay corrupted by CCI. Later, they extended their work to multiple CCls in [9], where
the RF links followed Nakagami-m distribution and pointing errors were taken into account in FSO
links. Multiple CCls were considered at both relay and destination in [10], where OP and BER
expressions of mixed RF/FSO system with an extra direct link were derived. Besides OP and
BER, ergodic capacity performance of the system with multiple CCls was simulated in [11]. More
recently, a multiuser mixed RF/FSO system with CCI under eavesdropping attack was analyzed
in [12], OP performance was derived with Nakagami-m/Gamma—Gamma fading models, secrecy
performance and power allocation optimization problem were also investigated particularly. While
all these previous works improved our understanding of mixed RF/FSO relaying system, we find
that most of the literatures studied the effect of CCls in a one-way system, the performance of a
two-way mixed RF/FSO relaying system with CCls has not been investigated yet. Moreover, since
both relay and destination receive RF signals in the two-way system, CCls should be considered
simultaneously.

Motivated by the works above, we propose a two-way mixed RF/FSO relaying system with
CCls considering at all the nodes which receive RF signals. As far as we know, this system has
not been proposed or investigated yet. Therefore, we derive the tight lower bounds OP, BER
and outage capacity of this interference-effected two-way mixed RF/FSO system. Additionally,
asymptotic expressions of OP are calculated in order to further analyze the impact of various
parameters on system performance. The main contributions of this paper can be summarized as
follows

1) An interference-effected two-way mixed RF/FSO system is proposed, where multiple CCls are
considered at both relay and destination. This configuration can better reflect practical scenes
and has not been received enough attention yet. Additionally, to solve the synchronization
issue between RF and FSO links, a three phases two-way relaying scheme is adopted in this
paper.

2) Novel closed-form upper bounds expressions for signal to interference plus noise ratios
(SINRs) are derived. Based on that lower bounds OP, average BER and outage capacity
are further presented for both RF/FSO and FSO/RF links. Moreover, asymptotic expressions
of OP are given, which can provide a simple method to predict the diversity order of the
system.

3) The effect of various parameters on system performance is studied such as interference
numbers and power, in particular, no interference condition is compared. Pointing errors are
also taken into account.

The rest of this paper is organized as follows. Section 2 presents system and channel models.

Statistical analyses of end-to-end SINRs are presented in Section 3. Tight closed-form lower bounds
and asymptotic expressions of OP are derived in Section 4. BER and outage capacity expressions

Vol. 11, No. 2, April 2019 7902516



IEEE Photonics Journal Two-Way Mixed RF/FSO Relaying System

20 8 9

CClst1 CClstz CClsine  CClrt CClR2  CClrar
. | / AN .. /

Phase 1 Phase 1
S1 - = R e S2

—7.———| Phase2 | ——>
Phase 3 |synchronize| Phase 3

- |

RF Links FSO Links

Y

Fig. 1. A two-way mixed RF/FSO relaying system with CCls.

are provided in Section 5. Simulations and numerical results are investigated in Section 6. Finally,
Section 7 concludes the paper.

2. System and Channel Models

As illustrated in Fig. 1, we consider a two-way mixed RF/FSO relaying system consisted of two
end nodes (S1 and S2) and a relay node R. End nodes are equipped with a single transmitter
and receiver, while relay node is deployed by two pairs of transceivers. End nodes exchange their
information in three phases. In the first phase, S1 and S2 send the signals to R, while in the second
phase, the relay synchronizes the signals, to make sure the received RF and FSO signals are
processed simultaneously. Finally, the relay forwards the signals back to S1 and S2 in the third
phase. Assume S1-R and S2-R are equipped with RF and FSO links, respectively, where the RF
links are subjected to Nakagami-m distribution and FSO links follow Gamma-Gamma model with
pointing errors. Moreover, we assume the interferers are located near the cell edge, the effect
of CCls from adjacent cells cannot be neglected. Thus, CCls are considered at S1 and R when
receiving RF signals, since S2 transmits and receives optical signals, there is no CCl at S2.

2.1 System Model

In this system, Pgsy, Pso and Py represent the average transmitted power at S1, S2 and R. Pg; and
Ps1,; denote the i-th and j-th average transmitted power of CCls at R and S1. Additionally, f and
g are the channel coefficients between S1-R and S2-R, which is viceversa. hgr; and hg ; are the
channel coefficients of i-th and j-th CCls at R and S1. Nrand Ns are the numbers of CCls at R and
S1.

The received signal at relay can be expressed as

N:
ya = Psifxst +my/Psagxso + ) v/PrihaiXpi+ng (1)
=t

where xg1 and xg are the transmit signals from S1 and S2, xg; is the i-th interference signal at
the relay, n is the optical-to-electrical conversion coefficient, ng is additive white Gaussian noise
(AWGN) at the relay with power of o2.

The relay amplifies the received signal with variable gain G, taking CCls and noise into account,
the signal received at S1 can be given by

N
Ys1 = /PrGfya + Y /Pst jhst Xs1 ) + nsi (2)
j=1
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where xs1 j is the j-th interference signal at S1, nss is AWGN at S1 with power of 02, since [13]

N,
G2 \/Ps1 If1? + BPs21gI? + Zi=1 Pn,r|hﬂ,i}2 + 02 (3)

Assumed S; can eliminate the signal it sends, the received signal at S; can be presented as

N, N,
¥s1 = V/Pry/Ps2miGlgxsz + /PrGf Y \/Prihaixai+ Y +/Pstjhst Xs1j+ PrGfng +nsi  (4)
= =

Then, the SINR at S1 can be derived as

S PZHP827ﬁ62|f|2|9|2 i 5)
PRG2|f12 Y1 Prilhai|” + XN Pstjlhsij|” + PaG2|f202 + 02
Bring into G in Eq. (3), after some mathematical simplification, the result can be
PrPs2if|f1%1g1?
o (X, Paslhaal® +02) (3 Psulhss|* +0)
Yomn = Plfl2 (Psilf2 + Ps2ilgl?)
(ke Pstglhsty P +02) (0 Paslhail® +02)

(6)

Assume péPR/Ps1, the instantaneous SNRs for S1-R and S2-R are defined as y; =
Psilf?/0?, y» = 1EPs|gl?/0?, the instantaneous interference-to-noise ratios for S1 and R are

defined as ys =5+ 1= ysr;+ 1=/ Psijlhsj?/o? +1, ya=vh+1= 31 vri+1=
SN Prilhri?/o® + 1. Thus, the SINR at S1 can be simplified to

0 V1ye
S1 YSYR
VSINR = I (7)
,oﬁ + mrye 11
Vs YR
To simplify calculation, the tightly upper bounds of SINR is derived as
yiyz V12
Py P ys (s + ova) 14 v
S1 _ (N
VsiNg = PR R (R R < pmin (VS, ys+pyﬂ> (8)
¥s VR vs  (vs+ pvn)
Likewise, the received signal at S2 after amplified by variable gain relay can be denoted as
Ys2 = 1G9V Pryr + Ns2 9)

where 1, is the electrical-to-optical conversion coefficient, ns, is AWGN at S2 with power of ¢°.
After removing the signal sent by S2, the SINR at S2 can be

2o 1BG2|g|?Psi Palf[?
SINR =
BG2|g12Pr Y\, Pﬂ,i|hn,/\2 +18G2|g|°Pro? + 02

(10)

Assumed = Pr/Pss, k = n2/12, after some mathematical derivations similar to above, upper
bounds SINR at S2 can be obtained as

Yiye
o Kiy1y2 4
PR < i = <« min( —) 11
roma = ¥V " et Dt o\ ke 1 an

KiLy2 +
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2.2 Channel Model

As previously mentioned, the RF links for S1-R and CCls are subjected to Nakagami-m distribution,
FSO links for S2-R follow Gamma-Gamma model with pointing errors.

If fis subjected to Nakagami-m distribution, the SNR y; = Pg;|f|?/o® are Gamma random vari-
ables (RVs) with two parameters, m is the shape parameter which represents fading severity
(m=0.5), @/m s the scale parameter, where Q denotes the mean value of Gamma RVs [13]. Thus,
the distributions can be obtained as

y1 ~ G(my,v1/a) ys1j~ G(ms, 1/a) yri ~ G(m;, 1/B) (12)

m1 — Pst A me? A me? fatr ;
where a 2 V1=, a= QS;W, B= R G (a, b) denotes the Gamma distribution.

Because of the additivity of i.i.d. Gamma RVs, the distribution of y5 and y can be obtained as

Ys ~ G (Nsms,1/a) yg ~ G (N,m;, 1/p) (13)

The PDF and CDF of Gamma RVs G (a, b) are expressed as [13]

a—1

4 4
0 = i @0 (-3) (14)
14
I'(a, -
Fy(y)=1—% (15)

For Gamma-Gamma turbulence model, the PDF of instantaneous SNR with pointing errors can

be given as [14]
2
2 3,0 YFSO
f =— ' G
70) = S ()T (@) yrso 1. [” V%

where I'(.) is Gamma function, p and q are the fading parameters related to atmospheric turbulence,
the higher values of p and q indicates the smaller impact of turbulence. ¢ is the pointing error
parameter which denotes the ratio between the equivalent beam radius and the pointing error

displacement standard deviation at the receiver [14], ¢ = wfﬂ

The CDF of instantaneous SNR can be obtained by [14]

<p +1
¥?.p. q} (16)

en o 6 1 » 1 P+1 ¢?+2
2p+q— ’ ’
F (yrso) = s (p QC)_VFso L 2 2 (17)
27T (p)T(q) 8,7 1672 |¢° ¢"+1 p p+1 g g+1 0
2’ 2 2 2 2 27

3 Statistical Analysis
The upper bounds SINR at S1 and S2 are derived in Eq (8) and Eq. (11), respectively. In order to
derive the CDF of y§,z andys?, 5, the CDFs of 2 yﬁpw Y2, KW .57 Need to be computed first.
Proposition 1

Derivation process for the CDF of y4/ys is shown as follows

F<ﬁ<z) =F (y1 < zys)
vs

- fo T F (< 2yslys)f (vs) dvs (18)
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Since the PDF of y; can be obtained from Eq. (13), it is easy to conduct the PDF of ys and yz as

1 )N5M5—1 (a)NSMS
I'(NsMs)

(va = )M (g

(s
f(ys) = TN

exp(—B(vr — 1))

(19)
By substituting Eq. (12) and Eq. (19) into Eq. (18), for integer m; using [15, Eq. (8.352.2)], [15,
Eqg. (17.13.3)] and binomial coefficient expansion, the final result becomes

exp(—a(ys—1)) f(ya)=

Nsms

~ ¢ - ——\yNsms—1
F <z 21_—/ T(mq, a(x + 1) z/77)xM™=1 exp (—ax) dx
(Vs ) Fmn T Namy Jo T at1)2/7) p (—ax)

aNsms mi—1 i i exp ( az/ﬁ) o
Py L 2 taery (}) ZEETEEY [0 oxp (- e+ e/ 0
0

 T(Namy) & = j i
— 1 oNsms mf Xi:(az/ 2 </> exp(—az/y1) T (j+ Nsms) (20)
- I (Nsms) i=0 j=0 a / i! (a—i—az/ﬂ)”’vsms

Proposition 2
Similar to the process above, the CDFs of KW P
calculation final result is approximately given as

can be computed in the same way, to simplify

F<L <z>: /0°°F(y1 < 2(kpym + 1) Iya)f (va) dye

kiyr + 1
>1- (l(g)NM')exp< (ke + 1) a—)ii?j()

/

(a:) (K/L) az —(d+N,M)

x ”1#(““r =T (d + N,M,) (,3+ y:"’“‘> (21)
! 1

Proposition 3

The CDF of is derived as follows

Vs +ﬂ)/

1 1
F(L<Z>:F<m>_):1_p(m<_>
vs+pra ve z ve g (22)

=1 —/ Pr [(Vs-!r PYR) < % 7’2:|f()’2)d7/2
0

To compute the integral above, the CDF of F(ys + pyr < 2) need to be derived first as

F(ys+pyr <2)=F (ys <z— pyr) = / Priys < z— pyr lyrlf (vr) dya (23)
0

The CDF of ys can be expressed as

I'(NsMs, a(z—1))

F —F(y <z—1)=1-—
(vs<2)=F(y,<z-1) TN

(24)

By substituting Eq. (19) and Eq. (24) into Eq. (23), NsM should also be integer, after some
mathematical operations using [15, Eq. (8.352.2)], [15, Eq. (17.13.3)] and binomial coefficient
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expansion, there is

ﬂN M, NsMs—1 t t(—,O)k
Flrstomm <221 = s e (calz=p=1) 3 Z() Le—p—1)"

N,M,
KN M, —1 (a_ _1_ B _ o —1
/0 x Xp (— (8 — o)) ¢ = 1~ s exp (< (2= p = 1)
NsMs—1 t t
al(— ,0 ik T(k+NM,)
—p=1)""——— (B> 0p) (25)
5 (e )
Substituting Eq. (25) into Eq. (22), there is
+ 1 e
P < 2) = [Tl o < 2] 0 o
Y2 z 0 Z

2 N M NoMs—1 t .

@ B ol (—p) T (k+NM,)

=1~ exp ((p+ 1)« Z Z() KN, M,
—0 k=0

2T ()T (@) T (VM) (5 —ap)
00 t—k 1
< [Tow(-a2)(Z-p-1) r6S g [ea /2] % Y o e

Using binomial coefficient expansion and [16, Eq. (07.34.21.0013.01)], final result is expressed
as

Vo NMs—1 t t—k ¢ t_k a[_n(_p)k F(k—i—N,Mr)
F <z)=A Z k KEN, M
Vst PYR =0 k=0 n=0 n f (B—ap) """
2 P)
o +1 p°+2
n 6.1 2p2¢°z 1—n, ,
_ _1tkn I 2 2
X (= =1"""03 6 | T6720 @ P+1p p+1 g q+1 (B> ap)
2’ 2 27 2 2" 2
(27)

¢22P+q—1 IBNer

Where A = 2T (o)r(q) T(N,,)

exp((p + 1))

4. Outage Probability Analysis

In this section, the analytical expressions of OP are derived using CDF-based method. Moreover,
asymptotic expressions are provided to predict the diversity order of the system in this part.

4.1 Outage Probability

Generally, OP is defined as the probability that SNR or SINR falls below a certain threshold [17]. In
this system, we discuss the OP performance for both RF/FSO (S1-R-S2) and FSO/RF (S2-R-S1)
links, which can efficiently evaluate the performance of the two-way system.
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For S1-R-S2 link, there is yg3 g < kumin(ys, ne7)» OP can be expressed as

PS1=82 — pr| cpmin (yo. — 2 ) <
ouTt K V2 avn+1) = Yth
=1—Pr[y2>m}Pr[—y1 >ﬁ}
Kp kypr +1  kp

=F, (”‘h>+F ; (ﬁ)—F (W’)F ; <ﬁ) (28)
K/'L kpnyp+1 K//L K,bL kpyg+1 Kl/L

All the CDFs mentioned in Eq. (28), have been derived above, substituting Eq. (17) and Eq. (21)
into Eq. (28), the final OP for S1-R-S2 link is obtained.
Likewise, the same way is adopted for calculatlng OP for S2-R-S1 links, assumed V1 and

are independent, still VSINR < pm/n( ), there is

)/s+PVH

Vs+pyn

P = Fu (m) +F (ﬁ) —Fx (”“) F o (m) (29)
vs p vS+rYR p Vs p YS+PYR p
Using Eq. (20) and Eq. (27), the expression of OP for S2-R-S1 link is obtained.

4.2 Asymptotic Outage Probability

Since we have derived the exact OP expressions of the two-way system in the previous section, the
asymptotic OP will be further discussed in this part to assess the system performance. Generally,
asymptotic OP can be written by P22, ~ (G.SNR)~%, where G, denotes coding gain, G 4 represents
the diversity order of the system [18].
Useful approximations are listed as
k X,'
exp(x)= > Tt o(x*)x - 0
i=0
r(m, x) x™
1-— 0 30
rm Tm+h (30)
For S1-R-S2 link, the exact OP performance can be obtained by Eq. (28), which can be divided
into three parts. However, for asymptotic OP analysis, the third part will be negligible, since high
SNR lead to lower value of CDF, the multiplication of two CDFs will be especially small which can be
removed. To simplify calculation, we set © = k = p = 1 in the following derivation. Thus, according
to Eq. (28), the asymptotic OP can be given as

Poutsi—so = Fy (vin) + F 7)1y (vin) (31)

where F7(yi) and Fy,/(yn+1)()’th) denote the CDFs of y» and y4/(yr + 1) at high SNR, respectively.
As ¥ — oo, there is yy /¥ — 0, by using Eq. (30), asymptotic expression for Eq. (21) can be

simplified to
o oy B @A™ SN (e o DU NM) (™
Mo (y’”)‘r<N,M,)F(m1+1)§< />(2) W(%) 2

Moreover, when yy, /7 — 0, Meijer-G function in Eq. (17) has series representation based on [16,
Eq. (07.34.06.0006.01)], the asymptotic expression is obtained as

bk) 2,22 bk
M2k pPeq¢ Vth)
h) = A —_— 33
)/t 12 F a,—bk)bk( 1672 (33)
2 2 2 .
where A1—% a={1, ¢+1 “’*2} by _{%%g%g%} The main value of

Eg. (33) is determined by the items with smaller power. Hence, a simpler asymptotic
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expression can be derived by only considering the minimum parameter by. Thus, the final ex-
pression is shown as

(34)

12 (b= 1) (p2GPe2y "
F;;()/th):A‘] ] */751 )U <p q;]ﬁh)
1

2 ,T (a — vy 1672

where vy = mm(%,
Substituting Eq. (

I\)IQ
~

P
2°
32) and Eqg. (34) into Eq. (31), the asymptotic OP for S1-R-S2 link is given by

H/=1,b/¢V1 I (bj—v1) (PZQZKZW >V1
) vi

o} ~
Pout,S1782 >~ Ay

2 ,T (aj — vy 1672
B @)™ I (my\ DU NM) v \™
+F(Ner)F(m1+1)§< /)(2) W(ﬁ) (35)

The main value of Eq. (35) is determined by the items with smaller power. Hence, we can conclude
that the diversity order of the system is presented as d = min{my, v1}.
Similarly, the derivation of asymptotic OP for S2-R-S1 link is shown as follows

Pautsz—st = Fyips (vin) + F 2y (vin) (36)
where F°

orrys(vin) and Fyz/(ys+yn)(yf”) denote CDFs of y1/ysand y»/(ys + yg) at high SNR, respectively.
As vy — o0, ym/y — 0, asymptotic expression for Eq. (20) can be simplified via Taylor’s series

aNsms am (I+ Nsmg) (v \™
Foo E AL il 37
n/vs (vin) = T (Nsmg) T (my + 1) ( ) o Nsms (W) (37)

Asymptotic expression for Eq. (27) needs the expansion of Meijer-G function as above, result
can be approximated as

NMs—1 t t—k t—n K
t\ (t—k\a""(—1)" T (k+NM,) ke
P ) =4 > zz(k)( L TE

t=0 k=0 n=0 (,3
. mp 1/# — b)) T'(n + b) ( p2qe%ym |
x 21: 3 ( e < 1607 ) (B> a) (38)

Result of Eq. (38) can be further simplified via only one dominant term. By substituting Eq. (37)
and Eq. (38) into Eq. (36), the final asymptotic OP for S2-R-S1 link is given by

aNsms my F(H'Nsm) yin\™
e e S 2)

NMs—1 t t—k 0\ [t — K\ @ (—1)
A Ty (D)
t=0 k=0 n=0

F(k+ NM, )(_2)t_k_n 0, T (b — v2) T'(n + va) (pzngzwh
"B ME,T (3 — v2)

) o) @)

2

where v, = min(%., §. 2). The diversity order of the system can be expressed as d = min{my, v2}.
5. BER and Outage Capacity Analysis

Since exact OP and asymptotic OP expressions have been derived in previous section, we further
investigate BER and outage capacity performance in this section.
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5.1 Bit Error Rate

BER expressions are derived based on CDFs method. In order to achieve a better BER performance,
BPSK modulation is adopted instead of other modulation schemes. Thus, BER can be expressed
as [19]

P, = 21@/000 %F), (g) exp (—g) dx (40)

Substituting Eqg. (28) into Eq. (40), BER of S1-R-S2 link is obtained, and the calculation can be
divided into three items as

PS1 S __ P51 S2 +PS1*52 _ PS1*52
exp( x/2)

w—/ = X/Z)Fyz(x> zr/

Fo () gum [ TR (5)% (3) o (@1)

Substituting Eq. (17) into Eq. (41), using [16, Eq. (07.34.21.0013.01)] for integral, first block can
be expressed as

2 2
oc+1 ¢p=+2
son_ 2N 6.2 pPgit 1.05. 75— 5
el 72T (p)T(q) 4.7 | 167 |¢* ¢*+1 p p+1

2° 2 2

(42)
.0

P 9 g+
2 2 2

The same way is adopted to derive other items, after integral from three Meijer G functions using
[20, Eqg. (20)] and some mathematical simplifications, there are

5% 1 1 ﬂN’m’ mi—1 | /
3 R
@ 2 227 T (N:my) ; dX;( )(2V1>

1
@7 -5 1,2 a |y, ws
2 ’ 9

x ’Bd-&-N,m,/!M G2,1 2pyiA | O (43)
PS% — P _ 242 gl Ei(/)( a )I "
® 727 (p) T (q) T(N;my) & = \d)\ 25 ) poeheml

)»1_(’+0'5)G1’0;1’1;6’1 o1 |w2 |03 a p2qPee (44)

1,0;1,1;3,7 0 |wa |2By711 " 3272)1
P+ P42 2 P+ p+1

where A =} + £ and {w1, wp, wg, wg} = {05 — 1 —d — Nem,, (1, 51, 52, (%5, 2, 5, 200 4,
%, 0)}.G ’ ’ [H| , ] is the extended generalized bivariate Meijer G-function (EGBMGF).
An efficient MATHEMATICA implementation of the EGBMGF is given in [20].
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Similarly, BER for S2-R-S1 link can also be calculated by repeating the above process, expres-
sions for three items can be given as

PSZ—S1 B 1 3 1 aNsms mi—f 2/: I i ia—(jJrNSms))\ 7/'70_561, 2 a ws, 05 _ ’
® T2 a/anT(Nem) & 5 U)\2m) it 2.1 2a775| O
(45)
NMs—1 t t—k t—n k
58 £\ (t—k\e "(=1) T(k+NM:) ok
P& =B ) . <k> < n ) fl e, (2
t=0 k=0 n=0 : (B—a)
6,2[p2¢°¢? |ws, 0.5
) G4 6 [ 16ay2 w6w7 (B> ap) (46)
N.m NMs—1 ¢t t—k t—n k
$-8 _ pSH—5 o t t—k\« (—1)
Fo " =Pe " = P my Z@Z( n ) f
t=0 k=0 n=0
r (k + Ner) (_ )t—k—n i Xl: (I) (i)ia(j+N5ms) —(i40.5)
(B — a)ftN M A AT il
g1 0i1.156,170.5 —i|ws ws | 4 p2q?¢? (47)
1,0;1,1;3,6| — |0 |w7 |209742  32ayh2

. 2 1 2 2 2 2 1 1 1
Where)Lg:%Jr%and {ws, we w7} = {1 —j— Nsmg, (1 —n, &=, £52), (5. 5, 5. 82, 1, 9L

2 0 2 2> 2 2> 22 2
_ 2p+q—4(p2ﬁNer exp(2a) S-S . . .
B = S ArGirarmar, - Fe ' is the sum of the three items above, which can be easily expressed.

5.2 Outage Capacity

Outage capacity is another important metric to describe the average throughput of the system. Gen-
erally, Outage capacity is defined as the probability that the throughput falls below a predetermined
threshold Cr as follows [11]

R(Cr)=Pr(C < Cr)=F,(2° —1) (48)
By substituting Eq. (28) and Eq. (29) into Eq. (48), final results can be obtained.

6. Simulation Results

In this section, the numerical results of OP, BER and outage capacity based on two-way mixed
RF/FSO are demonstrated and verified by simulations. Additionally, the effect of various parameters
on system performance such as interference numbers and power are investigated and compared
including interference-free condition. To simplify simulations, we assume all CCls follow i.i.d. and
m=ms=m=2,2 == Q=1 p=k=pu=1.

Fig. 2 demonstrates the OP performance of RF-FSO link over different interference numbers and
power when CCls are only considered at relay. The curves are plotted as a function of average SNR
over FSO links, and system parameters are set as p = 2.902, q = 2.51, yth = 7dB, 7 = 40dB. It
can be noted from the figure, for interference-effected system, when average SNR over FSO links
increases, OP decreases first and then becomes stable. These outage floors cannot be decreased
by further increasing average SNR over FSO links, which implies RF link becomes dominant and
its performance is limited by interference. However, for interference-free system, this phenomenon
does not exist. As expected, OP increases as the numbers and power of interference increases.
Moreover, it finds that as the interference power increased, the effect of interference numbers
becomes severer.
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Fig. 2. OP of RF-FSO link over different interference numbers and power based on average SNR over
FSO links.
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Fig. 3. OP of RF-FSO link over different values of ¢ and yth based on average SNR over FSO links.

Fig. S illustrates the OP of RF-FSO link with different value of ¢ and yth in interference-free case.
As observed, for strong pointing errors case (small ¢), the OP performance is seriously affected.
However, when ¢ increases, the OP performance is enhanced. Additionally, OP performance is
improved as yth decreases.

Fig. 4 presents the OP performance of FSO-RF link with different interference numbers and
power when the CCls are considered at both relay and S1. In order to further explore the effect of
CCls at S1 on OP performance, the CCls at relay are fixed as Nr = 1, Ps/Pg; = 40 dB. As observed,
outage floor appears when average SNR increases. In addition, OP performance decreases when
the numbers and power of interference increase, as the power of interference get larger, the effect
of interference number on OP become more serious.

Fig. 5 compares the OP performance of two-way mixed RF/FSO system in the presence of
CCls based on average SNR over FSO links. It can be noted from the figure, the asymptotic
OP is consistent with the exact OP when SNR is high, which implies the accuracy of asymptotic
expressions. Moreover, when interference is only considered at relay, the OP performance of RF-
FSO and FSO-RF links is nearly the same. However, when the interference at S1 cannot be ignored,
the performance of the RF-FSO link is far better than that of FSO-RF link.
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Fig. 5. OP of two-way links over different interference numbers and power based on average SNR over
FSO links.

To further investigate and verify the effect of CCls on system performance, BERs of the two-way
mixed RF/FSO system are simulated and discussed. Fig. 6 and Fig. 7 plot BERs of RF-FSO and
FSO-RF links versus average SNR over FSO links, respectively. In Fig. 6, the BER floor does
not exist for interference-free condition. However, for interference-effected case, it is obvious that
with the increment of interference power and numbers, BER performance decreases dramatically.
In Fig. 7, we fix the CCls at relay as Nr = 1, Ps/Pr; = 40 dB to further investigate the effect of
interference at S1 on BER performance. Similar observations can be made as Fig. 6, BER floors
occur in all interference-effected cases. Moreover, it can be noted that when interference power
is small, BERs have little gap for different interference numbers, it concludes that the effect of
interference numbers on system performance is related to interference power.

Besides OP and BER, outage capacity is another important parameter to measure the average
throughput of the system. Fig. 8 and Fig. 9 investigate the effect of threshold Cr and CCls on
outage capacity performance. It is obvious that, the lower threshold can achieve better throughput
coverage. When threshold increases, the throughput quickly saturates and reaches the bottleneck.
Moreover, in Fig. 9, system parameters are set as Cr = 5 dB. As expected, interference limits the
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performance of outage capacity. Most importantly, in interference-effected system, outage capacity
reaches the bottleneck and cannot be decreased by further increasing average SNR.

7. Conclusion

In this paper, the performance of a two-way mixed RF/FSO relaying system is investigated, and
CCls are considered at both relay and destination. The RF links follow Nakagami-m distribution,
while FSO links adopt Gamma-Gamma turbulence model with pointing errors. Closed-form lower
bounds expressions for OP, BER and outage capacity are derived and simulated for both RF/FSO
and FSO/RF links. Asymptotic expressions are further provided to predict the diversity order. Ad-
ditionally, the effect of various parameters on system performance is investigated and compared.
Results demonstrate that system performance decreases as the numbers and power of interference
increases, when the interference power increases, the effect of interference number becomes sev-
erer. Moreover, outage floor exists in interference-effected system, which implies RF link becomes
dominant and its performance is limited by CCls. This shows that to better reflect practical scenes,
CCls are quite important factor which cannot be ignored in system design.
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