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ABSTRACT The inherently high bandwidth of fiber and free-space optical (FSO) links make them ideally
suited to provide broadband backhaul in fifth-generation (5G) mobile networks. However, both fiber and
FSO systems suffer from a variety of impairments, which must be properly modeled in order to design the
network. In this paper, we present analytical results for mixed FSO/fiber amplify-and-forward backhauling
systems, where the impacts of radio-frequency (RF) co-channel interference, FSO pointing errors, and both
fiber and FSOmodulator nonlinearity are modeled and taken into consideration. Closed-form and asymptotic
expressions are derived for the outage probability, the average bit-error rate, and the cumulative distribution
function (CDF) of the channel capacity for mixed FSO/fiber backhauling systems. Our results reveal an
optimal average-launched power for the fiber, which balances the impact of fiber nonlinear distortion
with the receiver noise. In particular, when using the optimal fiber average-launched power, our estimated
user capacity CDF results show that the 50th percentile user rates using mm-wave RF access can reach
over 1.5 Gb/s in ideal conditions. However, user rates are more sensitive to the FSO backhaul channel
characteristics.

INDEX TERMS Amplify-and-forward, atmospheric turbulence, co-channel interference, fiber nonlinearity,
free-space optics (FSO), modulator clipping, pointing errors.

I. INTRODUCTION
Fifth-generation (5G) networks have promised impres-
sive improvements in network performance at the cost of
extreme cell densification [1]–[3]. Given the ultra-dense and
widespread deployment of radio units in 5G, energy and
cost effective backhaul networks are essential to realize the
potential of 5G systems. Though fiber backhaul is preferred,
it is often not available or expensive to install. Backhaul
using free-space optical (FSO) links, though sensitive to
weather conditions, provides inexpensive, huge bandwidth
links and serves as an efficient backhauling bridge between
radio-frequency (RF) access and central fiber backhaul
nodes [4], [5]. This paper considers the design of 5G net-
works with mixed FSO and fiber backhaul by considering
the unique impairments inherent to both media. In particular,
low complexity amplify-and-forward (AF) backhaul links are
considered due to their low cost and energy requirements.

Free-space optics as a backhauling medium for radio sys-
tems has recently received increasing attention in the liter-
ature. Most studies consider outage performance, bit error

rate (BER), and ergodic capacity results under a variety of
statistical channel models for RF and FSO channels [4]–[16].
Lee et al. [6] presented the first analysis of outage per-
formance of a dual-hop AF relay system consisting of RF
and FSO links with Rayleigh and gamma-gamma distributed
channel gains respectively. As an extension to [6], the impact
of pointing errors on the BER performance and the ergodic
capacity of a mixed AF RF/FSO systems was then carried
out in [7]. Based on outdated channel state information (CSI),
Petkovic et al. [8] studied dual-hop AF with relay selection
RF/FSO multiple relay systems. In [9] and [10], an outage
probability expression was derived for a fixed AF RF/FSO
system which is corrupted by both noise and co-channel
interference while assuming that the relay gain is selected
based on outdated CSI. Soleimani-Nasab and Uysal present a
comprehensive survey and analysis of AF RF/FSO systems
which includes the impact of co-channel interference and
pointing errors, where the RF and FSO links were distributed
according to Nakagami-m and double generalized gamma
distributions, respectively [5].
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FIGURE 1. RF/FSO/Fiber hybrid architecture for 5G access and backhaul networks.

In this paper, we extend earlier work on FSO backhauling
by including a fiber optical link to aggregate the backhaul
frommultiple FSO units in a 5G network. As shown in Fig. 1,
received signals from a radio access network are AF-relayed
over an FSO link and multiple such backhaul channels are
AF-relayed over a fiber trunk. Like earlier work, co-channel
interference, pointing errors, and scintillation of the FSO
links are considered explicitly. The multipath fading in the
RF links is assumed to follow a Rayleigh fading distribution
and the FSO link is assumed to have a gamma-gamma atmo-
spheric turbulence fading distribution. Additionally, the effect
of the nonlinearity of the FSO and fiber relay nodes is taken
into consideration here by selecting the gain to ensure neg-
ligible clipping likelihood. For AF relaying over the fiber,
the impact of nonlinear propagation on the performance of
the system can be significant. Here we employ the Gaus-
sian noise (GN) model [17] to quantify the impact of fiber
nonlinearities which is tractable and widely used for sys-
tem design and analysis [18]–[22]. Under the assumption
of AF relaying, closed-form expressions are derived for the
outage probability, the average bit-error rate (BER), and the
cumulative distribution function (CDF) of user capacities
of the network using a mixed FSO/fiber backhaul system.
In addition, asymptotic expressions at high FSO and fiber
signal-to-noise ratios (SNRs) are derived to provide useful
physical insights. The optimal average launched fiber power
is derived, in the case of high SNR at both the FSO and fiber

links, and shown to provide good performance over a variety
of practical scenarios.

The balance of the paper is organized as follows.
In Section II, system and the channels model are presented.
Outage probability, capacity-CDF, and the average BER
expressions are derived in Sections III and IV, while asymp-
totic results are given in Section V. Section VI provides
numerical results on the performance evaluation using a mm-
wave radio access network and mixed FSO/fiber backhaul.
Finally, the conclusions are summarized in Section VII.

II. SYSTEM AND CHANNEL MODELS
As shown in Fig. 1, the system consists of an RF access
medium corrupted by interference and a mixed FSO/fiber
backhaul. TwoAF relays, R1 andR2, forward received signals
from the source node, S, to the destination node, D, using FSO
and fiber respectively.

A. RADIO ACCESS
The received RF signal at the relay node, R1, can be
expressed as

yS,R1 = hS,R1x +
M∑
i=1

hixi + nR1 (1)

where hS,R1 is the fading RF channel coefficient, x is the
modulation symbol, hi is the fadingRF channel coefficient for
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the ith interferer, xi is the modulation symbol of the ith inter-
ferer, and nR1 is an additive white Gaussian noise (AWGN)
with variance σ 2

R1 at the relay node, R1. Both hS,R1 and hi
are assumed to be Rayleigh distributed [23] and there are M
RF co-channel interferers. We assume that E{yS,R1} = 0
which is consistent with an ac-coupled RF channel.

B. FSO RELAY
To ensure that the received RF signal is unipolar in order to
be able to drive the laser, a DC bias is added to the received
signal after amplifying it at the first relay with a fixed gainG1.
Let Popt1 denote the emitted average optical power of the
FSO relay node which is limited by eye-safety regulations.
Since the radio signal is zero mean, the output signal will
have an average optical power Popt1 as required. To consider
the finite dynamic range of the laser driver, G1 is selected
to ensure that | G1yS,R1 |≤ Popt1 with high probability to
avoid over modulation induced clipping [8], [24]. Consider
selecting G1 to normalize the variance of the modulating
signal. In particular, define G1 as

G1 =
Popt1

K1

√
E
[
| hS,R1 |2

]
PRF +

∑M
i=1 E

[
| hi |2

]
PRi + σ 2

R1

(2)

where PRF and PRi are the average powers of the RF signal
and the ith RF interferer. The parameter K1 is selected so that
2K1 standard deviations of the modulating signal are within
the dynamic range of the modulator. Assuming Gaussian
statistics, for K1 = 4 the likelihood of clipping is on the order
of 10−5. Thus, when K1 is chosen large enough, the impact
of clipping in the laser driver of R1 can be ignored.

Assuming direct analog modulation of the laser intensity at
the relay node, R1 and assuming that the electrical-to-optical
conversion coefficient η1 = 1, the retransmitted optical
signal is

yR1opt = Popt1 + G1 yS,R1. (3)

C. FIBER BACKHAUL LINK
The received electrical signal at the relay node, R2, after
removing the DC bias is given by

yR1,R2 = R1 hR1,R2G1 yS,R1 + nR2 (4)

where R1 is the responsivity of the photodiode (PD) at the
relay node, R2, hR1,R2 is the fading FSO irradiance fluc-
tuations and nR2 is AWGN added at relay node R2 with
variance σ 2

R2.
After amplifying the received signal at the second relay

with a fixed gain G2, a DC bias is added to be able to drive
the laser. Similar to the case in relay R1,

G2 =
Popt2

K2

√
R2

1 E[|hR1,R2|2]P2opt1
K2
1

+ σ 2
R2

(5)

where Popt2 is the average launched optical power in the
single-mode fiber (SMF) per channel and K2 is selected to

control the likelihood of clipping by the laser driver. Consid-
ering an electrical-to-optical conversion coefficient η2 = 1
and K2 large enough, the optical signal forwarded into the
fiber is

yR2opt = Popt2 + G2 yR1,R2. (6)

Following the GN model [17], the impairments caused
by the fiber nonlinear interference can be considered as an
additive Gaussian noise nNLI of power PNLI that is statisti-
cally independent from the transmitted signal [17], [18], [20],
[21]. Since a photodetector responds to the optical intensity,
at node D, and assuming that the fiber loss is compensated by
an electrical amplifier, the received electrical signal is

yR2,D = R2
∣∣√yR2opt + nNLI∣∣2 + nD

= R2

(
yR2opt + n2NLI + 2nNLI

√
yR2opt

)
+ nD (7)

where R2 is the responsivity of the photodiode and nD is
AWGN with variance σ 2

D added in electrical domain at D.
After removing the DC bias, the received electrical signal can
be written as

yR2,D = R2

(
G2 yR1,R2 + n2NLI + 2nNLI

√
yR2opt

)
+ nD. (8)

Under a worst case assumption, PNLI is set according to the
maximum allowed launched optical power (2Popt2). In this
case, the nonlinear interference variance is given by [17]–[22]

PNLI =
γ 2
nl

π |β2|

L2eff
Leff,a

(2Popt2)3

B2ch
arcsinh

(
3
8
π2Leff,a|β2|B2ω

)
(9)

where Leff = (1 − e−2αf L)/2αf and Leff,a = 1/2αf
are the effective and asymptomatic-effective fiber lengths,
respectively, for a fiber with a physical fiber length L and
a SMF attenuation coefficient αf . The total wavelength-
division multiplexing (WDM) bandwidth is denoted
Bω = BchNch, where Nch is the number of WDM channels
and Bch is the fiber channel bandwidth. The group-velocity
dispersion (GVD) is denoted β2, and γnl = 2πn2/λAeff is the
fiber nonlinearity coefficient, where Aeff is the core effective
area, λ is the propagated wavelength, and n2 is the nonlinear-
index coefficient.

Notice from (8) that the noise term n2NLI has variance
(2P2NLI) while the beating noise term

(
2nNLI

√yR2opt
)
has

variance (4Popt2PNLI). In practice the impact of the beating
noise term dominates and, using the parameters in Sec. VI,
its power is at least about 3 orders of magnitude larger than
the power of n2NLI. Thus, in the following the impact of n2NLI
is removed from the channel model in (8) yielding

yR2,D = R2
(
G2 yR1,R2 + 2nNLI

√
yR2opt

)
+ nD. (10)

The beating noise term is also modelled as having a Gaussian
distribution which can be shown to be a good fit for the power
ranges considered in this work.
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D. OVERALL SIGNAL-TO-INTERFERENCE-PLUS-NOISE
RATIO
The overall signal-to-interference-plus-noise ratio (SINR) of
the radio access link and the FSO/fiber backhaul at node D,
γT, can be written in terms of the SNRs of each portion of the
relay network as

γT =
γ1γ2

γ2 + γ2γR + C2
1 (1+ C

2
2/γ3)

(11)

where

γ1 =
| hS,R1 |2 PRF

σ 2
R1

γR =

M∑
i=1

γRi =

∑M
i=1 | hi |

2 PRi
σ 2
R1

γ2 =
R2

1 | hR1,R2 |
2 P2opt1

σ 2
R2

γ3 =
R2

2P
2
opt2

4R2
2Popt2PNLI + σ

2
D

C1 = K1

√√√√γ1 + M∑
i=1

γRi + 1

C2 = K2

√
γ2

K 2
1

+ 1 (12)

and where γ1, γR, γ2, and γ3 are the instantaneous SNR of
the RF link, the instantaneous overall interference-to-noise
ratio (INR) of the RF link, the instantaneous electrical SNR of
the FSO link, and the electrical SNR of the fiber link, respec-
tively. Notice that γ3 is deterministic under the condition of
the worst case fiber nonlinear interference. The notation γk
denotes the expected value of SNR, i.e, E{γk}.

E. CHANNEL STATISTICS
The RF link (i.e. S-R1 link) is assumed to experi-
ence Rayleigh fading and hence γ1 is exponentially
distributed [23]

fγ1 (γ1) =
1
γ1

exp
(
−γ1

γ1

)
. (13)

It is known that the distribution of the sum ofM independent
and identically distributed equal power exponential random
variables (RVs) is gamma distribution [25]. Then, γR =∑M

i=1 γRi follows gamma distribution, where γRi is the instan-
taneous INR of the ith interferer, with distribution

fγR (γR) =
γM−1R

γRi
M0(M )

exp
(
−γR

γRi

)
(14)

where 0(.) is the gamma function.
The FSO link (i.e. R1-R2 link) is assumed to have gamma-

gamma fading with pointing error impairments. The distribu-
tion of γ2 is [15], [26]

fγ2 (γ2) =
ζ 2

20(α)0(β)γ2
G3,0
1,3

(
Eαβ

√
γ2
µ2

∣∣∣∣ ζ 2 + 1
ζ 2, α, β

)
(15)

where µ2 =
γ2αβζ

2(ζ 2+2)
(α+1)(β+1)(ζ 2+1)2

, E = ζ 2

ζ 2+1
, ζ is the ratio

between the equivalent beam radius at the receiver and the
pointing error displacement standard deviation at the receiver
[27], G(·) is the Meijer G function [28], and α and β are the
scintillation parameters [29]

α =

exp

 0.49σ 2
R(

1+ 1.11σ
12
5

R

) 7
6

− 1


−1

(16)

β =

exp

 0.51σ 2
R(

1+ 0.69σ
12
5

R

) 5
6

− 1


−1

(17)

where σ 2
R = 1.23C2

n (2π/λ)
7
6 L

11
6
FSO is unitless Rytov variance,

C2
n is the refractive-index structure parameter, and LFSO is the

FSO propagation distance.

III. OUTAGE PROBABILITY AND CAPACITY-CDF
ANALYSIS
The outage probability of the AF relayed FSO/fiber back-
hauled system is defined as

Pout(γth) = Pr[γT < γth]

= Pr

[
γ1γ2

γ2 + γ2γR + C2
1 (1+C

2
2/γ3)

< γth

]
(18)

where γth is the threshold on overall SINR that guarantees a
minimum level of link quality. Substituting distributions from
Sec. II-E yields

Pout(γth)

=

∫
∞

0

∫
∞

0
Pr

[
γ1 < γth

γ2 + γ2γR + C2
1 (1+ C

2
2/γ3)

γ2

]
× fγR (γR)fγ2 (γ2)dγRdγ2

= 1−
∫
∞

0

∫
∞

0
exp

(
−γth

γ2 + γ2γR + C2
1 (1+ C

2
2/γ3)

γ1γ2

)
× fγR (γR)fγ2 (γ2)dγRdγ2. (19)

Using [28, eq. (3.351.3)], the last integration can be written
as

Pout(γth) = 1−
(
1+

γthγRi

γ1

)−M
exp

(
−γth

γ1

)
×

∫
∞

0
exp

(
−γthC2

1 (1+ C
2
2/γ3)

γ1γ2

)
fγ2 (γ2)dγ2.

(20)

By expressing exp
(
−γthC2

1 (1+C
2
2 /γ3)

γ1γ2

)
in terms of the Mei-

jer G function using [30, eq. (07.34.03.0046.01)], the last
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integration can be written as

Pout(γth) = 1−
(
1+

γthγRi

γ1

)−M
exp

(
−γth

γ1

)
ζ 2

20(α)0(β)

×

∫
∞

0
γ−12 G0,1

1,0

(
γ1γ2

γthC2
1 (1+C

2
2 /γ3)

∣∣∣∣1−
)

×G3,0
1,3

(
Eαβ

√
γ2
µ2

∣∣∣∣ ζ 2 + 1

ζ 2, α, β

)
dγ2. (21)

Using [31, eq. (21)] and [30, eqs. (07.34.04.0003.01),
(07.34.04.0004.01), and (07.34.03.0002.01)], Pout can be
written more compactly as

Pout(γth) = 1−
2α+βζ 2

8π0(α)0(β)

(
1+

γthγRi

γ1

)−M
exp

(
−γth

γ1

)

×G6,0
1,6

(
(Eαβ)2γthC2

1 (1+C
2
2 /γ3)

16γ1µ2

∣∣∣∣ab
)

(22)

where a def
=

{
ζ 2

2 + 1
}
and b def

=

{
ζ 2

2 ,
α
2 ,

α+1
2 ,

β
2 ,

β+1
2 , 0

}
.

As another performancemetric, the CDF of end user capac-
ity using mixed FSO/fiber backhaul system can be computed
in a similar manner. The capacity of the overall system in bits
per second can be estimated as [32]

C = Rs log2 (1+ γT) (23)

where Rs is the symbol rate. The CDF of user capacity takes
the form

FC(C0) = Pr
[
Rs log2 (1+ γT) < C0

]
= Pr

[
γT < 2(C0/Rs) − 1

]
(24)

for some target capacityC0. Using (22) and replacing γth with(
2(C0/Rs) − 1

)
yields FC(C0).

IV. AVERAGE BER ANALYSIS
Using [33, eq. (12)], the average user BER using mixed
FSO/fiber backhaul systems for a variety of binary modula-
tions can be obtained as

BER =
qp

20(p)

∫
∞

0
exp (−qγth)γ

p−1
th Pout(γth)dγth (25)

where p and q account for different modulation techniques.

Expressing
(
1+ γthγRi

γ1

)−M
in terms of Meijer G function

[30, eq. (07.34.03.0271.01)], and substituting (22) into (25)
gives

BER =
1
2
−

2α+βζ 2qp

16π0(α)0(β)0(p)0(M )

∫
∞

0
γ
p−1
th

× exp
(
−

(
q+

1
γ1

)
γth

)
G1,1
1,1

(
γRi
γ1
γth

∣∣∣∣1−M0
)

×G6,0
1,6

(
(Eαβ)2γthC2

1 (1+C
2
2 /γ3)

16γ1µ2

∣∣∣∣ab
)
dγth. (26)

Using [33, eqs. (14) and (20) and Table I], the last integration
can be written as

BER =
1
2
−

2α+βζ 2qp

16π0(α)0(β)0(p)0(M )
(
q+ 1

γ1

)p
×G1,0:1,1:6,0

1,0:1,1:1,6

(
p
−

∣∣∣∣1−M0
∣∣∣∣ab
∣∣∣∣ γRi
(1+qγ1)

,
(Eαβ)2C2

1 (1+C
2
2 /γ3)

16µ2(1+qγ1)

)
(27)

where G.,.:.,.:.,..,.:.,.:.,.

(
.

.

∣∣∣∣..
∣∣∣∣..
∣∣∣∣., .) is the extended generalized

bivariateMeijerG function (EGBMGF) [33]. The EGBMGF
is efficiently implemented in a variety of commercial mathe-
matics software (e.g., [33], [34]).

For the interference free case (M = 0), a sim-
pler expression for BER is (following a similar approach
as [7, eq. (14)])

BER0 =
1
2
−

2α+βζ 2qp

16π0(α)0(β)0(p)
(
q+ 1

γ1

)p
×G6,1

2,6

(
(Eαβ)2C2

1 (1+C
2
2 /γ3)

16µ2(qγ1+1)

∣∣∣∣1− p, ab

)
. (28)

V. ASYMPTOTIC ANALYSIS
In order to provide greater physical insights, in this
section the asymptotic outage probability and average
BER expressions at high SNR regime are derived and
used to compute the optimum fiber average launched
power.

A. ASYMPTOTIC OUTAGE AND BER
In (22), the Meijer G function makes additional ana-
lytical derivations difficult. In the case of large γ2
and γ3 the following approximation can be applied
[30, eq. (07.34.06.0006.01)]

G6,0
1,6

(
(Eαβ)2γthC2

1 (1+C
2
2 /γ3)

16γ1µ2

∣∣∣∣ab
)
≈ G(γth)

=

6∑
k=1

6∏
j=1,j 6=k

0(bj − bk )

0(a− bk )

(
(Eαβ)2 γthC2

1 (1+ C
2
2/γ3)

16γ1µ2

)bk
.

(29)

In Fig. 2, the Meijer G function in (29) and its approxima-
tion, G(γth), are plotted versus Popt2 at high γ2 for different
turbulence and pointing error conditions levels. Initially as
Popt2 increases, γ3 becomes high and so the approximation
is tight. This is true as long as the fiber nonlinearity noise is
low and not dominant. However, at high values of Popt2, γ3 is
reduced due to fiber nonlinearity noise. Thus there is a range
of Popt2 values over which this fit is tight as will be discussed
in Sec. VI.
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FIGURE 2. Approximation G(γth) versus Popt2 (M = 0, γth = 0 dB, and
γ2 = 70 dB).

For a fixed and finite γ1, the asymptotic outage probability
at high γ2 and γ3 is

Pasymout (γth)

= 1−
2α+βζ 2

8π0(α)0(β)

(
1+

γthγRi

γ1

)−M
exp

(
−γth

γ1

)

×

6∑
k=1

6∏
j=1,j 6=k

0(bj−bk )

0(a−bk )

(
(Eαβ)2 γthC2

1 (1+C
2
2/γ3)

16γ1µ2

)bk
.

(30)

The asymptotic CDF of user capacity can be similarly
derived.

Substituting (30) into (25) yields,

BER
asym
=

1
2
−

2α+βζ 2qp

16π0(α)0(β)0(p)

6∑
k=1

6∏
j=1,j 6=k

0(bj − bk )

0(a− bk )

×

(
(Eαβ)2 C2

1 (1+ C
2
2/γ3)

16γ1µ2

)bk ∫ ∞
0

γ
bk+p−1
th

× exp
(
−γth

(
q+

1
γ1

))(
1+

γthγRi

γ1

)−M
dγth.

(31)

Simplifying using [35, eq. (27)] gives

BER
asym
=

1
2
−

2α+βζ 2qp

16π0(α)0(β)0(p)

6∑
k=1

6∏
j=1,j 6=k

0(bj − bk )

0(a− bk )

×

(
(Eαβ)2 C2

1 (1+ C
2
2/γ3)

16γ1µ2

)bk
0(bk + p)

(
γ1

γRi

)bk+p
×9

(
bk + p, bk + p−M + 1;

(qγ1 + 1)
γRi

)
(32)

where9(., .; .) is the Tricomi confluent hypergeometric func-
tion [28, eq. (9.210.2)].

For the interference free case (i.e., M = 0), a simpler
expression can be obtained for BER

asym
using G(γth) as

BER0
asym
=

1
2
−

2α+βζ 2qp

16π0(α)0(β)0(p)
(
q+ 1

γ1

)p

×

6∑
k=1

6∏
j=1,j 6=k

0(bj − bk )0(p+ bk )

0(a− bk )

×

(
(Eαβ)2 C2

1 (1+ C
2
2/γ3)

16µ2 (qγ1 + 1)

)bk
. (33)

B. OPTIMUM FIBER AVERAGE LAUNCHED POWER P∗opt2
Due to the fiber channel, the average launched power must
be carefully selected to balance the impacts of receiver noise
and the inherent nonlinearity of the channel.

Let P∗opt2 denote the optimum average launched fiber opti-
cal power which minimizes outage. Consider setting the first
derivative of Pasymout in (30) with respect to Popt2 to zero,

∂Pasymout

∂Popt2
= −

2α+βζ 2C2
2

8π0(α)0(β)

(
1+

γthγRi

γ1

)−M
exp

(
−γth

γ1

)

×

6∑
k=1

6∏
j=1,j 6=k

0(bj − bk )

0(a− bk )

(
(Eαβ)2 γthC2

1

16γ1µ2

)bk

× bk

(
1+

C2
2σ

2
D

R2
2P

2
opt2

+ 4C2
2CNLIP2opt2

)bk−1

×

(
−2σ 2

D

R2
2P

3
opt2

+ 8CNLIPopt2

)
= 0 (34)

where CNLI = PNLI/P3opt2. After some simplification,
the optimal Popt2 can be written as

P∗opt2 =

 πσ 2
D|β2|Leff,aB

2
ch

32R2
2γ

2
nl L

2
eff arcsinh

(
3
8π

2Leff,a|β2|B2ω
)
 1

4

.

(35)

Note that P∗opt2 does not depend on γ1, γRi nor γ2 under
the condition of the worst case fiber nonlinearity interference
scenario. It worth mentioning that P∗opt2 in (35) can also be
obtained using the first derivative of (32) or (33).

VI. NUMERICAL RESULTS
The analytic expressions for the performance of the mixed
FSO/fiber backhaul system are studied in this section to
quantify the tightness of the asymptotic results and to reveal
approaches for the design of such systems. The parame-
ters for the SMF used in the backhaul network are given
in Table 1 [18]. Though in this study we consider a single

VOLUME 5, 2017 19947



A. E. Morra et al.: Impact of Fiber Nonlinearity on 5G Backhauling via Mixed FSO/Fiber Network

TABLE 1. Parameters of fiber Backhaul link.

FIGURE 3. Pout versus Popt2 (γth = 0 dB, γ1 = 30 dB, γ2 = 70 dB, and
γRi = 5 dB).

FIGURE 4. BER versus Popt2 for different modulation techniques (γth =
0 dB, γ1 = 30 dB, γ2 = 70 dB, and γRi = 5 dB) (p = 0.5 and q = 1 for BPSK
and p = 1 and q = 1 for DBPSK [33]).

WDM channel, in practice multiple FSO receptions can be
multiplexed on a single or over multiple WDM channels.
Without loss of generality, the responsivities R1 = R2 = 1
are assumed. Given the variability of the RF and FSO chan-
nels, performance will be studied for a variety of SNR values,
turbulence strengths and pointing error severity.

Figures 3 and 4 show the outage probability (22) and the
average BER, computed in (27) and (28), versus Popt2 with
different values for the average overall RF access network

FIGURE 5. P∗out versus γ1 for different FSO conditions and RF interferers
(γth = 0 dB, γ2 = 70 dB, and γRi = 5 dB, Popt2 = P∗opt2).

INR, FSO pointing error, and turbulence strength levels. In all
cases, there is an optimal value for the average launched fiber
power which maximizes performance. If Popt2 > P∗opt2 ≈
−13.7 dBm (computed via (35)), fiber nonlinearity domi-
nates limiting the system performance. Notice also that the
asymptotic results, from (30), (32) and (33), are only tight
near P∗opt2 when γ3 is large enough to make the approxi-
mation valid. Furthermore, the addition of RF co-channel
interference in the access network degrades performance,
as expected. An interesting feature is that in the presence of
co-channel interference in the RF access network, the perfor-
mance flattens near P∗opt2. This phenomenon occurs because
the RF co-channel interferers dominate over the backhaul
impairments of both FSO and fiber links. However, in worse
FSO channel conditions, optical fading and pointing errors
dominate and the impact of co-channel interferers is not as
significant. In the case of no co-channel interferers, the curves
do not flatten nearP∗opt2 and the system performance is greatly
improved for good FSO channel conditions.

Theminimum outage probability (P∗out), computed atP∗opt2,
is plotted versus γ1 and γ2 in Figs. 5 and 6, respectively.
As expected, by increasing γ1 or γ2, P∗out improves. Similarly,
as the number of interferers increase or the weather and
the pointing error conditions become worse, P∗out degrades.
In addition, at high γ1 or γ2, P∗out saturates. This saturation
in performance is due to the selection of G1 (2) and G2 (5) to
control the clipping distortion and to ensure non-negativity of
the signal inputted to the optical intensity modulator. In this
work K1 = K2 = 4 and are fixed to model a simple
automatic gain control system which is already available in
many commercial FSO systems [36].

Notice in Fig. 5, that P∗out saturates at a lower γ1 when
FSO conditions are worse due to the dominance of the FSO
impairments. Furthermore, in Fig. 6, for good FSO condi-
tions, the system performance saturates at a lower γ2 after
adding the RF co-channel interference due to the dominance
of the RF impairments. However, for worse FSO channel
conditions, the RF co-channel interference has little impact.
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FIGURE 6. P∗out versus γ2 for different FSO conditions and RF interferers
(γth = 0 dB, γ1 = 30 dB, and γRi = 5 dB, Popt2 = P∗opt2).

FIGURE 7. CDF of the estimated user capacity for different RF and FSO
backhaul conditions (γRi = 5 dB and Rs = 220 Msymbols/sec, Popt2 =
P∗opt2).

In Fig. 7, the CDF of the estimated user capacity is plotted
at P∗opt2, for different γ1 and γ2, using mm-wave RF access
with Rs = 220 Msymbols/sec [2]. The distribution of user
rates is impacted by both RF and FSO channels, however,
they are muchmore sensitive to the FSO backhaul conditions.
When the FSO channel is poor, γ1 has little impact on system
performance. However, in good FSO conditions, the RF SNR
greatly impacts user rates. In particular, the 50-th percentile
user rates can reach 1.5 Gbits/sec under favorable RF and
FSO conditions.

VII. CONCLUSION
In this paper, we present analytical results quantifying the
performance of 5G RF access networks with a mixed AF
FSO and fiber backhaul. In the access network, the impact of
RF co-channel interferers is considered while in the backhaul
the impact of FSO pointing errors, fiber nonlinearity as well
as the limited dynamic range of optical emitters are mod-
elled. Under fixed gain relaying, closed-form and asymptotic
expressions for the outage probability, the average BER, and

the CDF of end user capacity of the mixed FSO/fiber back-
haul systems are derived. Our results reveal that there is an
optimal average launched optical power into the fiber which
balances the impact of improving received signal power with
the distortion of fiber nonlinearity. In the region above the
optimal fiber average launched power, increasing the optical
average launched power yields more outage because of the
dominance of the fiber nonlinearity. A key conclusion that
is quantified in this work is that the quality of the variable
FSO backhaul channel has a dominating impact on the user
rates as compared to the RF access channel (when trans-
mitting at optimum fiber average launched power P∗opt2).
This work thus serves as a tool to help in the planning and
provisioning of the 5G networks with FSO and fiber backhaul
components.
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