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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 FSO modulator 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
from multiple 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
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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.

Il. 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. Two AF relays, R; and R, 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, R;, can be
expressed as

M

ys,R1 = hs ri1x + Zhixi + nR1 (1)
i=1

where hg R is the fading RF channel coefficient, x is the
modulation symbol, 4; is the fading RF channel coefficient for
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the i interferer, x; is the modulation symbol of the i inter-
ferer, and ng; is an additive white Gaussian noise (AWGN)
with variance O'I%I at the relay node, Rj. Both hg r; and A;
are assumed to be Rayleigh distributed [23] and there are M
RF co-channel interferers. We assume that E{ysri} = 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 gain G.
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 Pop1 as required. To consider
the finite dynamic range of the laser driver, G is selected
to ensure that | Giysri |< 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 G as

_ Poptl
KiJE[Uhsra P]Pre+ S E 1 hi 2] Pri + o,
@)

where Prr and Pg; are the average powers of the RF signal
and the i RF interferer. The parameter K| is selected so that
2K; standard deviations of the modulating signal are within
the dynamic range of the modulator. Assuming Gaussian
statistics, for K| = 4 the likelihood of clipping is on the order
of 1073, Thus, when K| is chosen large enough, the impact
of clipping in the laser driver of R; can be ignored.

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

G

YR1opt = Popt1 + G1 YsRr1. 3

C. FIBER BACKHAUL LINK

The received electrical signal at the relay node, R, after
removing the DC bias is given by

YR1,R2 = R1 hr1,R2G1 Ys,R1 + HR2 @

where R is the responsivity of the photodiode (PD) at the
relay node, Ry, hriRr2 is the fading FSO irradiance fluc-
tuations and ng, is AWGN added at relay node R, with
variance 01%2.

After amplifying the received signal at the second relay
with a fixed gain G, a DC bias is added to be able to drive
the laser. Similar to the case in relay Ry,

Popt2
G2 = R} E[lhr1r2P1P2, 2 ©
K> - k2 + oRr2
i

where Pgp is the average launched optical power in the
single-mode fiber (SMF) per channel and K> is selected to
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control the likelihood of clipping by the laser driver. Consid-
ering an electrical-to-optical conversion coefficient 7, = 1
and K> large enough, the optical signal forwarded into the
fiber is

YR20pt = 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 nnry of power Pnpp 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

2
yR2,D = R2|/YR2opt + nNLI|” + 1D
=TRa (yRZOpt +ndyg + 2”NLI«/)’R20pt> +np  (7)

where R, is the responsivity of the photodiode and np is
AWGN with variance O’]% added in electrical domain at D.
After removing the DC bias, the received electrical signal can
be written as

yr2,D = R2 (Gz YRI.R2 + 1Ry + 2”NLI«/YR20pt> +np. (8)

Under a worst case assumption, PNy is set according to the
maximum allowed launched optical power (2Pqp2). In this
case, the nonlinear interference variance is given by [17]-[22]

2 72 3
Ya L& QPop2) . <3 2 2
PN = arcsinh | —mw“Legrq|B2|B,
1Bl Lefra B, gn e
9
where Ler = (1 — e 2%L)/20p and Lesra = 1/20f

are the effective and asymptomatic-effective fiber lengths,
respectively, for a fiber with a physical fiber length L and
a SMF attenuation coefficient ay. The total wavelength-
division multiplexing (WDM) bandwidth is denoted
B, = BcnwNch, where Ngy, is the number of WDM channels
and B, is the fiber channel bandwidth. The group-velocity
dispersion (GVD) is denoted B>, and yy1 = 2w ny /AAest iS the
fiber nonlinearity coefficient, where A¢sr is the core effective
area, A is the propagated wavelength, and n; is the nonlinear-
index coefficient.

Notice from (8) that the noise term ”12\1L1 has variance
(ZPI%ILI) while the beating noise term (2nNL1 M) has
variance (4Popr2 PNLD. 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 nlz\ILI' Thus, in the following the impact of ”12\1L1
is removed from the channel model in (8) yielding

yr2,D = R2 (G2 yr1,R2 + 21NLI/YR20pt) + 1D- (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,
¥T, can be written in terms of the SNRs of each portion of the
relay network as

= 1282 an
Y2+ 2R + C31+ C3/y3)
where
| hsr1 | Prr
M=
OR1
M M 2
Dzt | hi |7 Pri
R=) wi==EL1 =
i=1 OR1
R | hri gz 12 Poptl
V2 = 3
OR2
2p2
Vs = R Poptz
4R2 0pt2P NLI + Ul%
C| =
2
G =K el +1 (12)

1

and where yi, ¥R, 2, and y3 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 y3 is deterministic under the condition of
the worst case fiber nonlinear interference. The notation
denotes the expected value of SNR, i.e, E{yx}.

E. CHANNEL STATISTICS

The RF link (i.e. S-Rj link) is assumed to experi-
ence Rayleigh fading and hence y; is exponentially
distributed [23]

1
Fun) = —exp( ”>. (13)
Y Y1

It is known that the distribution of the sum of M independent
and identically distributed equal power exponential random
variables (RVs) is gamma distribution [25]. Then, yr =
Z?il yri follows gamma distribution, where y; is the instan-
taneous INR of the i interferer, with distribution

v —1R
R
exp| —= (14)
FRMT(M) p( R )
where I'(.) is the gamma function.

The FSO link (i.e. R;-R» link) is assumed to have gamma-
gamma fading with pointing error impairments. The distribu-

tion of y is [15], [26]
C + 1 ) (15)

2o,

fyR(VR) =

f]/z(y2) =

é'— 3,0 < ‘3 )/2
2T ()T (B)y2 i3
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SaBr2(r240 2 ) i
where py = %, E = ;jﬁ, ¢ 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 « and 8 are the
scintillation parameters [29]

- - —1

0.4907
o= fexp| ————— | -1 (16)
12\ 6
<1+11105>
- . 4
0.5103
B=|exp| ———R—| -1 (17)
12\ 6
<1+0.690R5>

where O’R =1.23C 2(27[ / A)GL Fso 18 unitless Rytov variance,
C; 2 is the refractive-index structure parameter, and Lgso is the
FSO propagation distance.

IlIl. OUTAGE PROBABILITY AND CAPACITY-CDF
ANALYSIS

The outage probability of the AF relayed FSO/fiber back-
hauled system is defined as

Pout(yh) = Prlyr < Yl

|

< Yth (18)
V2 + v2vr + CH(1+C5/y3) }

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

Pout(yth)

/°° /°° [ V2 + yayg + CH(1 + c%/m}
= Pr{y1 < ¥Ym
0 0 V2

X frr (VR (V2)d yRd y2

f°° /00 Y2+ 2R + CH(1+ C3/y3)
=1- exp | =¥ —
0 0 Y12

X frr VR (v2)dyrd 2. (19)

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

—-M
Pou(ymn) = 1 — (1 + WRI) exp( _V‘h)
Y1 Y1
9] 2 2
—YaC;(1 +C5/y3)
x / exp( L 2, () ys.
0 Y1y2

(20)

. — v C2(1+C2
By expressing exp <W

jer G function using [30, eq. (07.34.03.0046.01)], the last

) in terms of the Mei-
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integration can be written as

-M 2
YthVRi —Vih ¢

Poy =1-11 bV Y1
() ( = ) exP( 7i )zr(a)F(ﬂ)

« OO ~150.1 Vi 1
o 2 o Gectar el |-

2+1
dys. (21)

2o p

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

3,0 2]
x G’y (Eozﬁ i

2a+/3 2 ==\ M _
Poul(ym) = 1 — ¢ (1+ V“L““) exp ( I“‘)
8T ()I'(B) Vi 71
6,0 [ (Eap)’ynCI(1+C3/y3) |a
x G ( mﬁuz 2 b (22)
where a & %—i—l and b & %%%Q@O}

As another performance metric, 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 = Rilogy (1 + 1) (23)

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

Fc(Co) = Pr[Rslog, (1 + yr) < Co
= Pr[yr < 2@/ 1] (24)

for some target capacity Co. Using (22) and replacing yy, with
(2(Co/R — 1) yields Fc(Co).

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

o]

L
DD —1
1 exp (—qyn)vl Pou(vin)dyn (25)

R =
2L () Jo

where p and ¢ account for different modulation techniques.

—\-M
Expressing (1 + V““T)I'R‘) in terms of Meijer G function
[30, eq. (07.34.03.0271.01)], and substituting (22) into (25)
gives
1 2a+f3§2qp 00

BER = ~ —
2~ 16aT @I BT (I Jy

1 o |[1=-M
X exp <— <61+ %> ym) Gy (%Vth 0 >

2 2 2
<GB0 ((Eaﬂ) YnC2(14C2/y3) Z ) dyan 26)

p—1
Yth

16y1 12
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Using [33, egs. (14) and (20) and Table I], the last integration
can be written as

20¢+/3 §2C]p

BER = 5 — b
167 (@)l (B)I'(p)I"(M) (‘1 + %)

L0160 <p ’1 —Mla| 7 (Eaﬂ)zClz(Hsz/ya))

b

1,0:1,1:1,6 0 MTrgm° — Tema(I+qr)

27)

., ) is the extended generalized

‘‘‘‘‘‘‘‘‘‘‘

bivariate Meijer G 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)])

2a+/3§-2qp
167 T ()L (BT (p) (‘1 + %)1’

6,1 [ (Eap)’Ci(1+C3/y3) |1 —p,a
X G2,6 <_ 16u22qﬁ+12) b - (28)

— 1
BER) = - —

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
and y3 the following approximation can be applied
[30, eq. (07.34.06.0006.01)]

Z)%am)

G680 (EaB)?ynCH(1+C2 /y3)
1,6 16112

b,
(EaB)? ynC2(1 + C2/y3) \
161142 '

(29)

In Fig. 2, the Meijer G function in (29) and its approxima-
tion, G(yw), are plotted versus Popp at high 37, for different
turbulence and pointing error conditions levels. Initially as
Popp increases, y3 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 Pope2, 3 is
reduced due to fiber nonlinearity noise. Thus there is a range
of Poprz values over which this fit is tight as will be discussed
in Sec. VL.
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10% i ‘ ‘ ‘ ‘ )
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Pypyz [dBm)]

FIGURE 2. Approximation G(ytp) versus Popty (M = 0, 4, = 0 dB, and
72 = 70 dB).

For a fixed and finite 7, the asymptotic outage probability
at high 7 and y3 is

P (vn)
| 20+B 2 (1 Vth%)M <_Vth>
=1-—2 (14 == exp | —=
8nT'()I'(B) Y1 Y1
6
] .]_[ T(b;—by) L . N
XZ/:I#k (EaB)” ymCi(1+C5/y3)
= Tla—b) 16y1 142

(30)

The asymptotic CDF of user capacity can be similarly
derived.
Substituting (30) into (25) yields,

6
] [] rw;-bo
Wasym _ l _ 2“+ﬂ42qp Zjﬁl’f#k
2 167 D@ (BT(p) &= T(a—by)
b
y (Eap)? C12(1 + C22/V3) ‘ /OO ybk+p—l
16y112 o ™M
1 R\ M
X exp <—Vm <q+:)) (H@) d¥h.
V1 Y1
(€29
Simplifying using [35, eq. (27)] gives
6
o+ 2 6 l_[ Py =bo)
pERym _ L ol
2 167 D@ (BT(p) &= T(a—h)
by
Eap)* C¥(1 + C3 71\t
S AR T I (é)
167112 YRi
v+ 1
X‘p<bk+P,bk+P—M+1;(qle.)) (32)
1

VOLUME 5, 2017

where W(_, .; .) 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™™™ using G(ym) as

2a+ﬁ§2qp
167 T(a)I'(B)T () (‘1 + %)p

6

o [T T —b0re+bo
J=Lj#k
3 [a—bo)

k=1

y ((Eaﬁ)2 (1 + sz/ys))bk '

asym

S 1
BERy™™ = = —

16p2 (gy1 + 1)

B. OPTIMUM FIBER AVERAGE LAUNCHED POWER P;‘pu
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(tptZ denote the optimum average launched fiber opti-
cal power which minimizes outage. Consider setting the first

derivative of P?)fzm in (30) with respect to Pop2 to zero,

aP" 2l (1 N mﬁ)M exp(—m)
8Popt2 8 ()I'(B) Y1 iz
6
o IT rej-no N
y Zj=1,j7ék (Eaf)” ymCi
£ T(a—by) 16711
br—1
C3o?
X by (1 + 22 2D + 4C22CNLIngt2)
27 opt2
—201%
X ’R/ZT + 8CNLIPopt2 =0 (34)
27 opt2
where Cnig = PNLI/ngtZ' After some simplification,

the optimal Pop; can be written as

1

76218 | Lett.aB> !
" DIP2[Leff,aD

opt2 — )
3273%)/51 Lgff arcsinh (%szLeff’a|ﬂ2|B620>

(35)

Note that PzptZ does not depend on Y7, JR; nor ¥, under
the condition of the worst case fiber nonlinearity interference
scenario. It worth mentioning that P: 1 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
FSOf/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
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TABLE 1. Parameters of fiber Backhaul link.

Parameter Symbol Value
Physical SMF length L 10 km
SMF attenuation coefficient ar 0.22 dB/km
SMF dispersion coefficient D 16.7 ps/km.nm
SMF nonlinearity coefficient Ynl 1.3 W lkm~!
SMF channel bandwidth Ben 32 GHz
The number of WDM channels Nch 1
Detector Noise 0]23 10714 A2

Pout

AY
O-M=0,0r=5 (=11
—M=0,0r=04,(=735
©-M=3,0r=5(=11
B M=3 05 =04, (=735
- = Asymptotic

10

103 ¢
-30

[
wn
'
|5
>

-13.7 10 -5 0
P2 [dBm)]

FIGURE 3. Pyyt versus Popty (yth = 0 dB, 77 = 30 dB, 7, = 70 dB, and
7ri = 5 dB).

¢ =7.35 (BPSK)
¢ =17.35 (DBPSK)
= 1.1 (BPSK)

¢=17.35 (BPSK)

-30 =25 -20 -13.7  -10 -5 0
Popis [dBm]

FIGURE 4. BER versus Pypy, for different modulation techniques (yy, =
0dB, y; =30dB, 7, = 70 dB, and yR; = 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 = Ry = 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 Popz with
different values for the average overall RF access network
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FIGURE 5. P; . versus y; for different FSO conditions and RF interferers

(7th = 0 dB, y; = 70 dB, and ygj = 5 dB, Pgpty = P;Pn).

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 Popr2 > Pzptz
—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 PZpt2 when y3 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 Pzpt2' 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 near P}, and the system performance is greatly
improved for good FSO channel conditions.

The minimum outage probability (P},,), computed at P:pt2’
is plotted versus 1 and »; in Figs. 5 and 6, respectively.
As expected, by increasing 7 or ¥2, P, improves. Similarly,
as the number of interferers increase or the weather and
the pointing error conditions become worse, P}, degrades.
In addition, at high ¥ or 2, P} saturates. This saturation
in performance is due to the selection of G (2) and G; (5) to
control the clipping distortion and to ensure non-negativity of
the signal inputted to the optical intensity modulator. In this
work K1 = K> = 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}, saturates at a lower Y1 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 y; 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.

oA
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In Fig. 7, the CDF of the estimated user capacity is plotted
at Pzpt2’ for different | and >, using mm-wave RF access
with Ry = 220 Msymbols/sec [2]. The distribution of user
rates is impacted by both RF and FSO channels, however,
they are much more sensitive to the FSO backhaul conditions.
When the FSO channel is poor, y7 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
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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:ptZ)’
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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