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Joint Effects of Co-Channel Interferences and
Pointing Errors on Dual-Hop Mixed RF/FSO
Fixed-Gain and Variable-Gain Relaying Systems

Junrong Ding“, Dongpeng Kang

Abstract—The performance of a dual-hop mixed radio frequency
(RF)/free space optical (FSO) system with co-channel interferences
(CClIs) is studied for both fixed-gain and variable-gain amplify-
and-forward(AF) relaying scenarios. The RF link and interference
link undergo the «-p shadowed fading and the FSO link expe-
riences the Fisher-Snedecor ¥ distribution with pointing errors.
For the considered system, we derive new closed-form expressions
for the probability density function (PDF), cuamulative distribution
function (CDF), and average bit error rate (BER) of the end-to-end
signal-to-interference-plus-noise ratio (SINR). In addition, efficient
numerical expressions for the ergodic capacity are also obtained.
Moveover, the asymptotic expressions for the CDF and average
BER are derived. Our results can be regarded as a generalization
of the previous results. Finally, numerical and simulation results
are presented to verify the correctness of the proposed expressions.

Index Terms—Mixed RF/FSO relaying, co-channel Interfere-
nces, pointing errors, average bit error rate, ergodic capacity.

1. INTRODUCTION

ITH the increasing demands for the bandwidth in wire-
W less networks, millimeter wave (mmWave) bands have
attracted much attention in the design of 5G networks [1].
However, mmWave cellular communication depends heavily
on the propagation environment. First, power transmitted over
long distances may be attenuated due to various factors such
as absorption and atmospheric conditions; Second, signals can-
not penetrate through obstacles such as buildings, vehicles,
and trees, etc. In order to extend the coverage area, improve
signal quality, enhance the communication link reliability, and
combat the blockage effects, a practical solution is to deploy

Manuscriptreceived 10 January 2023; accepted 15 January 2023. Date of pub-
lication 6 February 2023; date of current version 10 February 2023. This work
was supported in part by the National Natural Science Foundation of China under
Grant 61705053, in part by China Postdoctoral Science Foundation under Grant
2016M600249, and in part by the Heilongjiang Provincial Postdoctoral Science
Fundation, Fundamental Research Funds for the Central Universities through
the Major Key Project of PCL under Grant PCL2022A02-2. (Corresponding
author: Dongpeng Kang.)

Junrong Ding, Dongpeng Kang, Liying Tan, and Jing Ma are with the National
Key Laboratory of Tunable Laser Technology, Harbin Institute of Technology,
Harbin 150001, China (e-mail: jrdinghit@stu.hit.edu.cn; dongpeng.kang @hit.
edu.cn; tanly @hit.edu.cn; majing@hit.edu.cn).

Xiaolong Xie is with the Peng Cheng Laboratory, Shenzhen 518000, China
(e-mail: x_xiaolong @yeah.net).

Ling Wang is with the School of Internet, Anhui University, Hefei 230039,
China (e-mail: wangling199059@ 163.com).

Digital Object Identifier 10.1109/JPHOT.2023.3238205

, Member, IEEE, Xiaolong Xie, Ling Wang, Liying Tan, and Jing Ma

relays along intermediate paths. In addition, the congestion of
the backhaul networks has raised significant concern in the
deployment of mmWave cellular networks [2], [3]. Recently,
due to its immunity to interference, license-free spectrum, and
high data rate, free space optical (FSO) communication tech-
nology has been considered as a promising solution for low-
cost backhaul construction [4], [S]. In this perspective, mixed
RF/FSO relaying systems represent an effective scenario for
wireless networks.

Our research focuses on the performance of dual-hop RF/FSO
relaying systems (e.g., outage probability (OP), average bit error
rate (BER), and ergodic capacity (EC)). In fact, many studies on
the performance of the kind of systems have been reported [6],
(71, [81, [91, [10], [11], [12], [13], [14], [15], [16], [17], [18],
[19]. For the FSO link, joint effects of atmospheric turbulence
and pointing errors were studied. The atmospheric turbulence in-
duced fading is mainly modeled by the log-normal [4], gamma-
gamma (GG) [4], a-p [20], double generalized gamma (double
GG) [21], M [22], and Fisher-Snedecor F [23] distributions.
Compared with other distributions, the Fisher-Snedecor ¥ dis-
tribution overcomes the limitation due to mathematical complex-
ity. Moreover, this distribution also better describes weak-and-
strong irradiance fluctuations. The pointing error models include
the Beckmann [24], approximate Beckmann [25], Rayleigh [26],
Hoyt [27], and Rician [28] distributions. The Fisher-Snedecor
distribution with Rayleigh pointing errors. Finding combined
statistics of turbulence and pointing errors becomes mathe-
matically intractable when general models are considered. To
this end, the Fisher-Snedecor ¥ distribution with approximate
Beckmann pointing errors was introduced [19]. We note that
single-link FSO system [29], dual-hop AF relaying-based FSO
system [30], and dual-hop AF relaying-based mixed RF/FSO
system [19] over Fisher-Snedecor # Turbulence channels with
pointing errors were studied and reported.

Moreover, in the implementation of commercial FSO sys-
tems, the intensity modulation and direct detection (IM/DD)
with on/off keying (OOK) has been widely used due to its
simplicity and low cost. However, one of the main flaws of OOK
is the requirement for adaptive detection threshold to achieve
its optimal error rate performance. In contrast, the subcarrier
intensity modulation (SIM) avoids the need for the adaptive
threshold, so it has broad application prospects [31], [32], [33],
[34]. Recently, SIM is widely implemented into the relays to
modulate the intensity of the optical carrier.
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TABLE I
SUMMARY OF STUDIES OF CO-CHANNEL INTERFERENCE IN DUAL-HOP MIXED RF/FSO SYSTEMS

Ref. RF link Interference link FSO link Relaying system Metrics
[41] Nakagami-m Nakagami-m GG DF (0)3
[42] Rayleigh Rayleigh M AF, fixed gain, variable gain OP, BER
[43] Nakagami-m Nakagami-m GG AF, fixed gain OoP
[20] n-u Rayleigh a-u AF, fixed gain OP, BER, EC
[21] Nakagami-m Nakagami-m Double GG AF, fixed gain, variable gain OP, BER
[2] Nakagami-m Nakagami-m Double GG AF, variable gain OP, BER, EC
[44] Rayleigh Nakagami-m a-u AF, fixed gain OP, BER, EC
[45] Rayleigh Rayleigh M DF OP, BER, EC
[46] Nakagami-m Nakagami-m M DF OP, EC
This work  k-u shadowed k- shadowed Fisher-Snedecor &  AF, fixed gain, variable gain ~ OP, BER, EC
On the RF side, small-scale fading is mainly considered. Interferer-1 Interferer-N
The Rayleigh, Rician, and Nakagami-m distributions are used \;\ /1/
to describe multipath fading scenarios. In fact, in wireless
o —

networks, the RF signals are adversely affected by shadowing
caused by the user’s body [35]. Therefore, a composite fading
model that includes multipath fading and shadowing scenarios
simultaneously is necessary to be studied. The x-p [10], n-u
[10], a-n-k-p [36], [37], [38], and Rician shadowed distribu-
tions [39] are used to describe the above scenarios. Interestingly,
the x- shadowed fading model including the one-side Gaussian,
Rayleigh, Nakagami-m, Rician, x-u, and Rician shadowed dis-
tributions, is a generalized model [40].

In practical scenarios, co-channel interferences (CCIs) due
to frequency reuse could severely limit the reception quality,
especially on the RF reception [20]. However, in most of the
above literatures, the CCIs incorporated in the RF link have
been ignored by assuming interference-free relays. Although a
handful of models considered CCIs in dual-hop mixed RF/FSO
systems, as summaried in Table I, their applications are limited
because either they adopt FSO models which are mathemati-
cally complex and lead to the difficulty of deriving closed-form
expressions, or the RF models may not accurately describe
composite multipath/shadowed signal. In particular, when RF
and FSO links adopt simple, accurate, and generalized channel
models, such as Fisher-Snedecor ¥, approximate Beckmann,
k- shadowed distributions, the effects of CCIs on dual-hop
RF/FSO fixed-gain and variable-gain relaying systems have not
been studied. Therefore, the effect of CCIs should be taken
into account on the design and implementation of such relaying
systems.

Motivated by the aforementioned discussions, we investi-
gate the effects of CCIs on dual-hop mixed RF/FSO amplify-
and-forward (AF) relaying systems, where the RF link ex-
periences k-u shadowed fading and the FSO link is subject
to Fisher-Snedecor ¥ fading. We also include the effects of
pointing errors in our models with the formalism recently de-
rived [19]. In addition, we study systems of both gain mecha-
nisms in the relay, fixed-gain and variable-gain, and compare
the performance by assuming the same average gain. This
work provides generalized, closed-form formalisms for analyz-
ing systems of this kind when both CCIs and pointing errors
are present.

Our main contributions of this work are as follows: For both
fixed-gain and variable-gain relaying scenarios, we derive new
closed-form expressions for the cumulative distribution function

Fisher-Snedecor

fading F fading

Relay (R) Destination (D)

Fig.1. Adual-hop RF/FSO AF relaying system with co-channel interferences.

(CDF) and probability density function (PDF) of the end-to-
end signal-to interference-plus-noise ratio (SINR). Based on the
above expressions, we derive new closed-form expressions for
the average BER and provide efficient numerical expressions for
the ergodic capacity.

The rest of the paper is organized as follows: In Section II,
system and channel models are introduced. In Section III, we
derive the PDF and CDF of the end-to-end SINR for both fixed-
gain and variable-gain relaying scenarios. In Section IV, we
investigate the average BER and the ergodic capacity. Section
V presents and discusses some numerical and analytical results.
Finally, Section VI presents concluding remarks.

II. SYSTEM AND CHANNEL MODELS

We consider a dual-hop mixed RF/FSO AF relaying system
with CCIs, as shown in Fig. 1. In the considered system, the
source node S communicates with the destination node D via a
relay node R, where N sources of RF CCls exist. In addition,
the AF relaying node can convert RF signals into the FSO signal
using SIM.

A. RF Channel Model

The received RF signal at the relay node R is expressed as

N

Tsr = hepx + § hixs + N,
i=1

ey

where = is the information signal with an average power
E[|z|*] = P,, with E[] being the expectation operator; /. is the
k- shadowed fading coefficient; z; is the interference signal of
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the i-th interferer with an average power E[|z;|*] = P;; h; is the
fading coefficient between the ¢-th interferer and the relay; ng,
is the white Gaussian noise with zero-mean and variance of Nj.
The instantaneous SNR in the RF link is v; = 1A, \2, where
= f;’ is the average SNR. The PDF of v, is given by [40]

0
prm™ (1 + k)" <’yl>”1 _pQtm)yy
— m | — e R
(1) F1 (m + kg T

2k (1
i Fy (s e B LR )
(m + Kp) 1

where I'(+) is the gamma function; 1 F; (+; -; -) is the confluent hy-
pergeometric function ((9.210.1) in [47]). However, 1 Fy(+; ;)
leads to a very complex mathematical form. To this end, in [48],
when 1 and m take integer values, the -4 shadowed distribution
is represented by a finite sum of powers and exponentials,
which makes it extremely convenient to calculate. In addition,
when the field measurement values are fitted to this distribu-
tion, the restriction on integer values for 1 and m has little
practical impact. The PDF of +; can be rewritten as ((12)
in [48])

f’h (71) = T

2

M

C; mi=lo ]y
Fo () =3 A e 3)

=0 (ml — 1)' szl

Using (3), (8.4.3.1) in [49], and (2.54) in [50], the CDF of ~;
can be rewritten as

M
Ci 2,0 [N
F, (’Yl)zl—Z‘(m‘_l),Hl,z Q.
i=0 V" ' !

(1,1) ]
(m;1),(0,1) |7

where H'(-) is the Fox’s H function [51].

On the other hand, the relay receives N independently
identically distributed (i.i.d.) interfering signals. Assume in-
stantaneous interference-to-noise ratio (INR) follows r-u
shadowed distribution, i.e., vyr; ~ (¥, K1, i1, m1), the to-
tal instantaneous INR, ~v; = Zﬁi 1 %, follows another x-
1 shadowed distribution with scaled parameters, i.e., y; ~

(N#1, k1, Npr, Nmp), with the PDF given by

Mx mx e—1 1 _r

C
for (1) =Y =2 TG

=0 (mX,Z_ 1)' QX7émX,If )

wherey; = E [%] is the average INR per CCI link. The CDF

of ~yr is given by

M x o mx,¢—1 1 v t
F =1-3 Cxye ™x¢ = . (6
=13 o S G(gh). ©

B. FSO Channel Model

When pointing errors are considered, the FSO link can be
modeled by the Fisher-Snedecor # distribution with the PDF
and CDF of the instantaneous SNR (72) given by [19]

2
5 mod

fra (72) = W

]-*bvfmodz‘i’]-
a7§mod2

apy2 i

x G2l | 2T . T
2 [(bl)w )
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and
_ 1 Emoa’
Fa 02) = 1= 5 r )
X I—Is’1 M <1 B b’1> ? <§m0d2 + 1712 ) (17 %)
B -1 mr | (0,1),(a.1), (Emoa 1) ’

®)

where G(-) is the Meijer’'s G function [47]; a and
b represent turbulence parameters; pu, is the average
electrical SNR, where r=1 and r =2 represent
heterodyne detection (HD) and direct detection (DD),
respectively. In particular, 41 = pgp = Y2(up); H2 = UDD =
a9 (& mod - 2)(b— 2)’72(DD)/[(b = 1D(a+1)(€mod R 1)]’

where ¢ = £ 10q 2/(f mod >+ 1); € mod 2 is associated with
the equivalent beam width wr.,, the standard deviations for
the horizontal (o,) and the elevation (o,) axes, and the fixed
boresight errors for the horizontal (1:,) and the elevation (/1)
axes. The value of £ 1,04 2 increases with the decrease of pointing
errors, and & ;,0q 2 — 0o when pointing errors are absent.

C. End-to-End Sinr

The end-to-end signal-to-interference plus noise ratio (SINR)
at the destination node D can be expressed as [21], [43]

Y172
= ©))
! Yy 72 +C
where C' = 1/(G?Ny). When both fixed-gain and variable-gain
relaying systems are assumed to have the same average gain
as in [52], the scaling gain at the relay node R can be

chosen as G = 1/\/]E[\hsr|2]PS + SN E[|h*)P + No
for the fixed-gain and G =
1/\/|hsr|2Ps + Zfil |hi|2Pi + Ny for the variable-gain
relaying scenario, respectively. The end-to-end SINR for
variable-gain relaying can be further simplified as

relaying  scenario,

v Y172 _ 71°F s (10)
Mtntrutyut+l nT+r+1l

where v =~ /(v + 1) .

III. STATISTICAL CHARACTERISTICS

In this section, the PDF and CDF of the end-to-end SINR are
derived for both fixed-gain and variable-gain relaying scenarios.

A. Fixed-Gain Relaying

1) Cumulative Distribution Function:
a) Exact Analysis: The CDF of v of the considered dual-
hop RF/FSO fixed-gain relaying system can be obtained as (11)
shown at the bottom of the next page, where H:i+ (-, -) is the
bivariate Fox’s H function. '
Proof: See Appendix A.
Note that when € 04 2 — 00, (11) is reduced to the CDF
expression without pointing errors.
b) Asymptotic Analysis: For infinite 4; and pu.., using
(1.84)in [51] and ¢~ # ~

) 1 — &, the asymptotic CDF can
1> B



7300811

be obtained as (12) shown at the bottom of this page, where
A = o ‘11";5; QT - and Ay = qQ =g
When the interference power is scaled with the transmitted
power, the INR tends to infinity as the SNR tends to infinity.
Under this assumption, at high SNRs, the presence of CClIs at
relay node R results in the occurence of BER floors and capacity
ceilings, which reflects the fact that the diversity orderis G4 = 0.
2) Probability Density Function: By differentiating (11)
with respect to 7y, the PDF of ~ can be expressed as (13) shown
at the bottom of this page. Similarly, when £ ;04 2 — 00, (13)
is reduced to the PDF expression without pointing errors.
Proof : See Appendix B.

B. Variable-Gain Relaying

1) Cumulative Distribution Function:
a) ExactAnalysis: Since the SINR statistic in (10) is math-
ematically intractable, we approximate it as v = min(y; %, y5)
as in [21], [42], [53], which is also the SINR statistics for the

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 1, FEBRUARY 2023

where
M Mx m;—1
CCX[}/JG sz
F 1€ -
fr ;;;F]+1 QXZmXZQJ
x U ng,ng—i—l—l—j,i—i-l )
’ ’ Qxe
(15)

where Ul(a, b, z) is the confluent hypergeometric function of
second kind ((9.211.4) in [47]).
Proof : See Appendix C.

b) Asymptotic Analysis: Similiarly, for infinite 4, and g,
the asymptotic CDF can be obtained as (16) shown at the bottom
of the next page. From the asymptotic result, we can see that the
diversity order is G4 = 0.

2) Probability Density Function: By differentiating (14)
with respect to -y and using (07.34.20.0001.01) in [54], the PDF
of ~ can be written as

= e + e
DF relaying system. Therefore, the approximate performance Fr () = Fer () + oo () = Srpese () B, (9)
curves of the variable-gain AF relaying system are equivalent = e () fra () (17)
to those of the DF relaying system. The CDF of v of the
considered dual-hop RF/FSO variable-gain relaying system can ~ Where
be expressed as M Mx m;—1 j al
Sade 5
f L (’7) _ : CiCx,est,/z ’Y'Jfg i
Fy (1) = By () + By (1) = By (N By (), () sz e e A
Mx mi—1 j j—k ) o i
Fy(y)=1- Emoa i » 1ij (j) CiCx, L (j =k +1)Qx "y Fe ™
! rT(@l(b) &= o =2 \F) T(mx ) TG+ DD (s + DI (G —k— s+ 1) Q7 *
1 1
1| aeCryr |(1=b,1), (Emoa® +1,1) | o1 [Qxey |1 —mxe—s
s | T it | (@), (€mea 1) . (k. 1) G | g 0 ' (D
My mi—1 j j—k ,. . . i
Fy(y) ~1— 2o »S lejjj <]) CiCx T (j —k+ 1T (mx +5) Qxe™y "
" M (@)T(0) 27 2 2 24 2 \k) Ty )T G+ DT (s + DG —k— 51 1)
(1= &) O+ Qxem) ™0™ 2 [ apctyt ]
X = k—mx s—s F(a_fmod 2)F <k_ EHlOd) F(b‘i‘gmod 2) w—%
Q7 Xt r (b= 1) pup 7 47
1 qrk
I'(k—2)T (a+b) apCryr ‘ rT (a —rk)T (b+rk) apCry % (12)
(Emoa?—a) |[(b—1)p, 7" (€ moa 2 — k) (b—1) e Q7 |
Ax m;— i j—k . . s
b () = Emoa” i”:MX lz]:J (;) CiCx. (D (j— k+1) Qx
UTeI0) S S oS W Tmx )T G+ DT s+ DI~k —s+1) Q7"
gk J (I =k LY qaa [Qxey (T=mxe—s| 12 [Qx07 (0,1 —mx,—s
X {'y e © { 5 + Qz) Gl,l |: Q, 0 7G272 Q. 0.1
> Hg,;’ a(p0%7% . (1 - b7 1) s (grélod 2 + 1711) j k— le Q G |:QX7[7 ‘1 —Mmx.e— 5:|
(b*]_)‘u,,r%Q747 (a71)7<§m0d 71>7(k7;) Ql 0
4,1 CLQDC%")/% (]- - ba 1) ) (gmod +1 ) ]—) ) (13)
i (b— 1) Mr%Qz% (a71)3 (ngd ) (kv%) ’
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N N A P S Qx ey [1—mxe—s
11 Qz 0
1 Qx v 0,1 —mxe—
Lt [ i .

Q;
IV. END-TO-END PERFORMANCE METRICS

(18)

In this section, the average BER and ergodic capacity are an-
alyzed for both fixed-gain relaying and variable-gain scenarios.

A. Fixed-Gain Relaying

a) Exact Analysis: The average BER for different binary
modulations is written as [55]
p=L /OO exp (=g F (V) dy,  (19)
‘ 2I'(p) Jo K ’
where the parameters p and ¢ represent different modulation
schemes, as shown in Table I of [9]. Inserting (11) into (19),
P. can be derived as (20) shown at the bottom of this page.
Similarly, when £ 1,04 2 — 00, P, without pointing errors can
be obtained.
Proof : See Appendix D.
b) Asymptotic Analysis: Athigh SNRs, inserting (12) into
(19) and using (07.34.21.0012.01) in [54], the asymptotic BER

7300811

is derived as (21) shown at the bottom of this page. where Ay =
a<pC *

—=—— and Ay = Q
(b=D)py 7 7 0T

2) Ergodlc Capacity: From [17], the ergodic capacity can be
computed as

co_°© /ml—Fw(v)d% 22)
0

2In2 1+ ey

where ¢ = 1 for HD; and ¢ = ¢/(27) for DD. Unfortunately,

by substituting (11) or (12) into (22), such an integral is ex-
tremely complicated. Nevertheless, by performing the change
of variables v = tan 6 and using a N,,-point Gauss Chebyshev
Quadrature (GCQ) rule formula ((25.4.39) in [56]), C can be
easily estimated as

Np
C ~ ¢ anL’Y(x")’ (23)

2In2 ot 1+ cx,

where the abscissas x,, and the weights w,, are expressed as (22)
and (23) in [57], respectively. It is noted that (23) requires only
few terms to get a sufficient approximation accuracy.

B. Variable-Gain Relaying
1) Average Bit Error Rate:

1
apyr

Z Zj: CiCx I (mx.e+s) QX,ESVje_Qli(Qi + Qxy) "7
I'mxe)D(s+1D)T(j—s+1) Qimx.e=s

1
apyr

gmodzr(a“rb) [
)

" I (Cl + 1) F(b) (6 mod —a (b - 1) o

1]G+I‘(a

T(a)0(b) (16)

‘| £mod 2

_fmon)F<b+£mod2) [

1 e M Mx mi-1 j j—k ;
pez? mod <)
2 ()()()ngojzo,;;k
« CCX( ( k+1)QiPQX7gS
D(mx )L+ DT (s+ 1T (G —k—s+1) (g + 1) 7F

Wcr Qx e
T (@247 g€ + 1

0,1:3,1:1,1
x Hy'505
1,0:2,3:1,1 [(b )

1) : (17b31)a(§mod2+1,1) : (1mX_[5,1)]
—:(a, 1), (fmon, 1) , (k, %) :(0,1) ’

(20)

D, 1 qumo 2
P ST T 2 2

{ gmod

(0= Emoa 2) T (k= £2595) T (b+ € o >
. ( a?) ( ) ( d)H

L'(k—2)T(a+b)
—a) Ay Ay PR

Qx ¢
g +1

1,2

1
2,

’(1 —mx,—s,1)

(J) CiCx L' (j—k+1)Qx,
—\E) T (mx )T+ )T (s + )T (G —k—s+1)Q7F

,(1—ﬁ—j—p+k,1)]
(0,1)

Qx 0

2
€mod

2 .
Alfﬁmod A277737p+k

N rI (a —rk)T (b + rk) 1.2 [
(Emod 2 — 7k) A TEA 7P

qQ; +1

Qe ’(1—mx,@—5,1),(1—j—p,1)]}
(0,1) ’

(1—mx,z—s,1),(1—5m;d2—j—p+k,1)]
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a) Exact Analysis: Substituting (14) into (19), and using
(8.4.3.1) in [49], (07.34.21.0012.01) in [54], and (2.3) in [58],
the average BER is given as (24) shown at the bottom of this
page. Similarly, when & 1,04 2 5 00, P. without pointing errors
can be obtained.

b) Asymptotic Analysis: At high SNRs, substituting (16)
into (19) and using (07.34.21.0012.01) in [54], the asymptotic
BER is derived as (25) shown at the bottom of this page.

Notice that at high SNRs, the interference-limited RF link
becomes dominant, so P, asymptotically approaches an identi-
cal fixed error floor value for both fixed-gain and variable-gain
relaying scenarios. From the asymptotic expressions, the error
floor value is approximately equal to first two terms of (25) (first
line of (25)).

2) Ergodic Capacity: Utilizing the same method similar to
the fixed-gain relaying scenario, the ergodic capacity can be
obtained as

NT—’

C
21n2;w"

V. NUMERICAL RESULTS

1—-F,(z,)

C =~
1+ cx,

(26)

Using the analysis presented in Section IV, numerical results
compared with Monte Carlo (MC) simulations are presented for
both fixed-gain and variable-gain relaying scenarios. Without
loss of generality, we set 7; = 7». Unless otherwise stated,
the following parameters are considered. For the RF channel,
the fading parameters set as follows: kK =4, =5, m =38,
and N = 2. As described in [41], we also set the interference
power to be proportional to the transmitted power (Ps/P; = 15
dB). For interference parameters, we set u;y = 1, k; — 0, and
mj — 00, in which the k-p shadowed distribution is reduced
to the Rayleigh distribution. For the FSO channel, the tur-
bulence parameters are listed as: moderate turbulence (a =

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 1, FEBRUARY 2023

—— Fixed gain; m, =1

--o-- Fixed gain; m, =5
—o— Variable gain; m, =1

_.
<

fffff Variable gain; m, =5
Simulation

mrme Asymptotic

Average Bit Error Rate

B PN S §

30 50 60
Average SNR (dB)

70

Fig. 2. Average BER with DBPSK modulation versus average SNR with
different shadowing values m under moderate turbulence condition.

1.83, b = 3.94), strong turbulence (a = 1.43, b = 3.53). For
such values, the corresponding Rytov variances are 33 = 1.61
and (32 = 6.44, respectively. The strong pointing errors are set
to € moq = 1.26 for all BER curves and £ ,,,q = 0.84 for all
ergodic capacity curves, respectively.

In Fig. 2, we plot the average BER versus average SNR
with fixed values of £ o4 = 5.03, Kk =4, uy =5, N =5 and
different values of m; for both fixed-gain and variable-gain
relaying scenarios. The analytical results based on (20) and (24)
coincide with the MC simulations, indicating the accuracy of our
derivation. At high SNRs and under both gain scenarios, it can be
noticed thatincreasing m improves the BER performance as the
interference links become more static with higher values of m .
As expected, the BER performance deteriorates significantly
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Fig. 3. Average BER with BPSK modulation versus average SNR with dif-
ferent cluster numbers £.; under moderate turbulence condition.

in the presence CCIs. Moreover, at high SNRs for both gain
scenarios, we observe that BER floors happen in the presence of
CClIs and do not appear in the absence of CClIs. In the operating
region of an average SNR between 20 and 30 dB, the slopes of
the BER curves for fixed-gain relaying scenario are about 3.00
and 3.13 for m; = 1 and m; = 5, respectively; the slopes of
the BER curves for variable-gain relaying scenario are about
2.87 and 3.06 for m; = 1 and m; = 5, respectively. Also, we
observe that the asymptotic expressions in (21) and (25) match
well with the exact results at high SNRs.

In Fig. 3, we plot the average BER versus average SNR
with fixed values of £ g = 5.03, Ky =0.1, m; =8 N=5
and different values of ;7 for both fixed-gain and variable-gain
relaying scenarios. it can be noticed that the impact of cluster
numbers of the interference links on the BER performance
depends on the SNR. For example, at large SNR values and
under both gain scenarios, less severe fading interference links
(i.e., large ;7)) may lead to a better BER performance, otherwise,
more severe fading interference links (i.e., small ;) may result
in a worse BER performance. In addition, at high SNRs for
both gain scenarios, we observe that BER floors happen in the
presence of CClIs and do not appear in the absence of CCIs. In
the operating region of an average SNR between 20 and 30 dB,
the slopes of the BER curves for fixed-gain relaying scenario
are about 3.42 and 3.61 for p;y = 1 and py = 5, respectively;
the slopes of the BER curves for variable-gain relaying scenario
are about 3.36 and 3.63 for u; = 1 and p; = 5, respectively.

In Fig. 4, we plot the average BER versus average SNR
for both fixed-gain and variable-gain relaying scenarios with
CCIs (P;/P; = 10 dB) under moderate and strong turbulence
conditions. It can be seen that increasing the intensity of tur-
bulence results in poor system performance for both gain sce-
narios. For comparison, the BER performance of the considered
system without CCls is also provided. As expected, the BER
performance deteriorates significantly in the presence CCIs
compared to no CClIs case. Moreover, at high SNRs for both gain
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Fig.5. Average BER with BPSK modulation versus average SNR with various
shadowing values m under strong turbulence condition.

scenarios, we observe that BER floors happen in the presence
of CClIs and do not appear in the absence of CCls.

In Fig. 5, we plot the average BER versus average SNR
for both fixed-gain and variable-gain relaying scenarios with
different values of m. We observe that BER performance dete-
riorates with decreasing value of m. Expectedly, pointing errors
reduce the system BER performance for a wide range of SNRs.
Moreover, at high SNRs for both gain scenarios, we observe that
BER floors happen and the BER performance converges to the
same values for the same values of m, meaning that increasing
the average SNR does not improve the system performance. This
is because that at high SNRs, the interference-limited RF link
becomes dominant considering that the interference power is
scaled with the transmitted power. In addition, the occurrence
of BER floors for large values of m may require a higher average
SNR than that for small values of m. In Fig. 6, we plot the average
BER versus average SNR for both fixed-gain and variable-gain
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relaying scenarios with different values of .. We also draw some
conclusions similar to Fig. 5.

In Fig. 7, we plot the average BER versus average SNR
for both fixed-gain and variable-gain relaying scenarios with
different values of N. As expected, increasing the number of
interferers results in higher BER for both gain scenarios. From
this figure, we can oberve that the pointing error degrades the
system BER performance for a wide range of SNRs. In addition,
at high SNRs, we also observe that BER floors happen for both
gain scenarios, and higher average SNR may be required for the
occurrence of BER floors for small values of N. This is mainly
due to the effect of CCls.

In Fig. 8, we plot the ergodic capacity versus average SNR
for both fixed-gain and variable-gain relaying scenarios with
CClIs (P;/P; = 10 dB) under moderate and strong turbulence
conditions. It can be seen that increasing the intensity of
turbulence results in poor system performance for both gain
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Fig.9. Ergodic capacity versus average SNR with different interference power
under strong turbulence condition.

scenarios. In addition, for the evaluation of the ergodic capacity
in (23) and (26), N,, = 60 was used for enough accuracy. From
this figure, we can observe that the numerical results match well
with the MC simulations. For comparison, we also provide the
ergodic capacity performance of the considered system in the
absence of CClIs. As expected, the ergodic capacity performance
deteriorates significantly in the presence CCls compared to no
CClIs case. Moreover, at high SNRs for both gain scenarios, we
observe that capacity ceilings happen in the presence of CCls
and do not appear in the absence of CCls.

In Fig. 9, we plot the ergodic capacity versus average SNR
for both fixed-gain and variable-gain relaying scenarios with
different interference power. As expected, with an increase of
interference power, the ergodic capacity decreases for both gain
scenarios. It can be observed that the pointing error reduces
the ergodic capacity for a wide range of SNRs. In addition, at
high SNRs, capacity ceilings appear for both gain scenarios,
and the occurrence of capacity ceilings for lower interference
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power may require a higher average SNR than that for larger
interference power. Furthermore, as the average SNR increases,
the ergodic capacity first increases, then stabilizes and converges
to the same values for the same interference power, because the
interference-limited RF link dominates the system performance
at high SNRs.

In addition, from Figs. 2, 3, 4, 5, 6, 7, 8, and 9, we note that
in the presence of CClIs, at high SNRs, BER floors and capacity
ceilings happen, and the BER and capacity performance will
converge to the same values for the same RF link parameters.
This is because that at high SNRs, the interference-limited RF
link becomes dominant considering that the interference power
is set to be proportional to the transmitted power. This also
shows that diversity order of zero is obtained. We also find
the variable-gain relaying scenario performs better than the
fixed-gain relaying scenario for a wide range of SNRs when
the RF link and the FSO link have the same average SNR.
This phenomenon can be explained as follows. The relay node
R amplifies the RF signal received from the first-hop link in
different ways. Specifically, for the variable-gain relaying sce-
nario, the scaling gain is adaptively changed according to the
instantaneous channel state information (CSI) of the first-hop
link in order to maintain a constant output power; in contrast,
for the fixed-gain relaying scenario, the scaling gain is only de-
pendent on the statistical CSI of the first-hop link. Therefore, the
variable-gain relaying system always outperforms the fixed-gain
relaying system at the expense of the processing complexity at
the relay node R.

VI. CONCLUSION

We have investigated the performance of dual-hop mixed
RF/FSO relaying systems under both fixed-gain and variable-
gain relaying scenarios with CClIs at the relay node. The RF and
FSO links are modeled by the x-u shadowed distribution and
the Fisher-Snedecor ¥ distribution with pointing errors, respec-
tively. We derived new closed-form expressions and asymptotic
expressions for the CDF and average BER of the considered
system. We also presented efficient numerical expressions for
the ergodic capacity by using GCQ rule formula. We have
verified the analytical results through the MC simulations. These
new results allow us to investigate the impacts of number of
interferers, interference power, cluster numbers, and shadowing
parameter, atmospheric turbulence, pointing errors, and differ-
ent forward protocols on the considered system’s performance.
In addition, we found that BER floors and capacity ceilings
appear for the interference-limited case and don’t appear for
the interference-free case at high SNRs. We also found that the
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variable-gain relaying scenario outperforms fixed-gain relaying
scenario for a wide range of SNRs in our system. This work
provides closed-form and generalized models for the design and
analysis of dual-hop mixed RF/FSO relaying systems when both
CClIs and pointing errors are present.
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APPENDIX A
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the bottom of this page.

Finally, using (9.211.4) in [47] and (07.34.21.0012.01)
in [54], F,(7y) can be derived as (11).
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