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Abstract—The free space optical (FSO) and more specifically
the radio on free space optical (RoFSO) communication systems
are becoming very popular because they can achieve high bit rate
transmission with low operational and installation cost. The main
disadvantage of such systems is their dependence on the
atmospheric conditions and more specifically the randomly time
varying characteristics of the propagation path through the
atmosphere which is, mainly, caused by the turbulence effect and
affects significantly the system's availability and performance.
On the other hand, the use of optical fiber systems, offer higher
bit-rates and security level but their cost is larger. In this work,
the performance of a hybrid dual hop optical communication
system is investigated. This system consists of a RoFSO
communication link which is connected with an optical fiber link
part using a regenerator between them. In both links, the
modulation technique that is used is the orthogonal frequency
division multiplexing (OFDM) with either a 4 or 16 QAM format.
The main phenomena that are taken into account are the
atmospheric turbulence, which is modelled with K distribution,
the nonlinearities of the laser diode which could be modelled by
Volterra series and the biasing with the nonlinear clipping at the
optical fiber segment. For this system, closed form mathematical
expression for the estimation of its BER is derived and numerical
results are presented for realistic parameter values.

Index Terms—BER, Clipping Noise, K Distribution, OFDM,
Relay, Wireless Optical Communications.

1. INTRODUCTION

The wireless optical communication systems, and more
specifically the RoFSO systems, the last few years, are
attracting significant research and commercial interest due to
their high availability, performance and reliability along with
their low installation and operational cost. However, their
performance depends strongly on the atmospheric conditions in
their operational area and many atmospheric phenomena affect
the irradiance of the laser beam which arrives at the receiver,
and mitigate the effectiveness of the whole FSO link [1]-[5].
One of them is the atmospheric turbulence and can be
characterized as weak, moderate or strong primarily based on

the structure parameter of the refractive index fluctuations.
Thus, this phenomenon causes the so-called scintillation effect
which results in random fluctuations of the received signal
intensity and the channel behaves as a fading one, same as the
RF wireless systems [1]-[12]. In order to model these
fluctuations, many statistical distribution models have been
proposed. In this work we consider the K-distribution which is
suitable for strong turbulence conditions [13], [14].

On the other hand, the performance of the communication
links with optical fibers is not affected by the weather
characteristics, but their installation costs are much higher and
generally a special licence and significant infrastructure is
needed to deploy them.

In this work, we present a hybrid optical OFDM
communication system, which consists of a RoFSO link and
an optical fiber one, which are connected through a decoding
and forward (DF) OFDM relay node [15]. More specifically,
we assume that the RoFSO link is used for signal transmission
between the transmitter and the DF relay, while the optical
fiber link connects the DF relay with the final receiver of the
system. The signal, in each subcarrier of the OFDM link is
modulated using a QAM scheme. The OFDM DF relay node
regenerates the signal and retransmits it, without the noise of
the previous part of the system, through the optical fiber. We
assume that the main effect which affects the propagation in
the RoFSO link is the atmospheric turbulence [12], [16], [17],
while for the optical fiber part is the biasing and nonlinear
clipping (BAC) process [18], [19]. For this system, we derive
closed form mathematical expressions for the estimation of its
BER performance metrics.

II. THE CHANNEL MODEL

The whole optical communication system under
consideration consists of two segments. The first one is a
RoFSO link between the transmitter and the relay node and
the second is an optical fiber which connects the relay with the
final receiver of the system. Both systems are using QAM
OFDM technique and DF relay node [15].



The first part of this communication system is a wireless
one, between the transmitter and the DF relay and the
propagation path is the atmosphere. Just before the laser
transmitter, after the up-conversation to the carrier frequency f;,
the signal for OFDM subcarrier is given as [12], [20]:

N-1 N-1
Sorpm (t ) =
n=0 n=0 n=0

for 0<t<T,

where, w, represents each orthogonal frequency, Ts is the
duration of the OFDM symbol and X,=a,+ib, is the symbol of
the n,, subcarrier [12]. Depending on the modulation scheme
the raw data are mapped and in this work we concentrate on the
M-QAM case with M equal to 4 or 16. The OFDM information
signal modulates the optical signal at the LD transmitter and
the transmitted optical power P(), is given as, [12]:

P(t)=f{1+gmnsn(t)-ka}[jz:émnsn(z)j}} @

n=0

with, P, being the average transmitted optical power, a; is the
nonlinearity coefficient of the LD and m, is the optical
modulation index (OMI) for each frequency [12], [21]. The
optical signal, after its transmission, propagates through the
atmosphere and reaches the receiver of the DF relay node and
the optical power at the receiver iSR([):P([)L I+n(t), [12],

tot
where L,, stands for the total atmospheric losses, n(?) is the
additive white Gaussian noise (AWGN) and [ is the
instantaneous normalized irradiance at the receiver. The value
of this quantity does not remain invariant for long time but
fluctuates rapidly due to the scintillation effect, caused by the
turbulence. Moreover, using (2), the current at the receiver is

given as l-(t’[):[{1+§mﬂsn(t)+a3(§m,,s,,(f)j :|+nopt(t) ’

n=0 n=0
where [ = pL, PI is the dc of i(21), p is the PD’s responsivity,

Nope 18 the AWGN with zero mean and variance Ny/2, with
Ny =4KpTF/R, +2ql, +1,(RIN), [12], and Kp is the Boltzmann’s
constant, 7 is the temperature, F is the receiver's noise figure,
R, is the load resistor at the PD, ¢ is the electron charge and
RIN is the relative intensity noise process [12]. Hence, we can
assume that the instantaneous carrier to noise plus distortion
which is arriving at the receiver, for each subcarrier of the
OFDM, CNDR,, is given, approximately, as [12]:

CNDR,(1)= o ] (3)

NO/]:']AV +[612MDJAV)

where the /., represents the average value. The quantity
[Ny/T v stands for the optical noise, while the [0 mn] av
represents the intermodulation distortion which caused by the
LD’s nonlinearities and the OFDM’s characteristics. Moreover,
the average value /CNDR,] 4y, is obtained, as, [17]:

(m,pL, RY @
CND. =
[cNDR ], 2N,/ 7], +oom))

an (t) — ZXne[i(wafzﬂ)t] — an eXp{Zﬂi(;+ﬁ,Jt:| (1)

The second part of the optical communication link consists
of an optical fiber and connects the transmitter of the DF relay
node with the receiver of the total link. The information
signal, in this part, propagates using the OFDM technique, as
well, and it is bipolar, in general. Thus, this signal could not
be used directly in the intensity modulation/direct detection
(IM/DD) systems and the addition of a bias is necessary [18],
[22], [23]. Hence, the instantaneous envelope of the OFDM
waveform, can be assumed to follow a normal distribution
with mean yy and variance, o7, . In order to avoid clipping of

negative peaks, a large bias needs to be added and this is a
requirement for the optimization of the minimum bias to be
added along with suitable nonlinear clipping for performance
enhancement. Thus, the analog bipolar waveform, from the
digital to analog converter inside the transmitter, is followed
by a biasing and nonlinear clipping (BAC) process to make it
work as an IM/DD OFDM communication system [18].

For such an OFDM optical communication system which is
using an optical fiber, the total BER of an M-QAM, IM/DD
system with BAC process, is given as [18], [24]:

» =4(I—M”2)Q( 37, ]_[2(1—M”2)Q( 3% Hz )
YT log, (M) M~1 log,(M) ~\V M -1

where Q(.) stands for the Q-function, M is the modulation
format of the QAM and the effective SNR, y,, is given as
¥, = 7.7, /l0+7)0+7)+7,] » [18], including the BAC

process, [22], with y, being the SNR at the receiver, y. the ratio

of the transmitting signal, over the nonlinear clipping noise,
while y = Ve /o-N is the normalized clipping level and Vp the

biasing voltage [18]. The y,, is given as, [18]:
L-o)f (6)
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III. THE K-DISTRIBUTION MODELED ATMOSPHERIC
TURBULENCE EFFECT

Thus, the irradiance of the optical signal of the RoFSO link
at the PD’s input depends strongly on the atmospheric
conditions of the area of the link. One significant phenomenon
that affects strongly the link's performance is the atmospheric
turbulence which causes the scintillation effect that is
responsible for the signal's irradiance fluctuations at the
receiver. Depending on the strength of the turbulence, these
fluctuations can be modeled with many statistical distribution
models. In this work, we assume strong turbulence conditions
and the K-distribution [13], [14] and its probability density
function (PDF) for the normalized irradiance is given as [14]:

atl
2

f= %1 K, val) ()

where K,_;(.) stands for the BesselK function and the parameter
a, depends on turbulence strength and larger values of a
correspond to weaker turbulence [13], [14].



IV. THE BER OF THE TOTAL COMMUNICATION SYSTEM

In order to estimate the BER performance metric for the
whole communication system, the expressions for the wireless
OFDM link and the optical fiber link must be derived and
finally the total expression should be evaluated. For the
estimation of the average BER for the RoFSO link, we assume
that the noise obtained in (3) and (4) is Gaussian and the BER
per OFDM subcarrier, P, zs0,,, 18 obtained from (5). Moreover,
using the approximation of [25] for the Q-function, we
conclude to the following integral for the estimation of average
BER of the OFDM RoFSO link:

e

[Pb,Fso]AV = Nlogz(M) Z

n=0 ¢
1— [ Ve 3CNDR, (1) 4CNDR, (1) _7CNDR,(I)
B— [e M4 9e M g6 M)W (Nl

3CNDR,(I) |
M-1

®)

By substituting (7) into (8), and transforming QO(.), exp(.) and
BesselK functions to the corresponding Meijer ones, [26], we
solve the above integral and we derive the following closed
form mathematical expression for the BER estimation of the
OFDM RoFSO link:

(1Y o z
P, = ﬂNr((a)logz(AB); J;[:m‘j_ ®

1 1 1
——F,(48)—=F,(64)—=F,(56
93 R (64)-L 56
. A[CNDR ] 1_61 2—a
with 14 nlay , ,0,0.5 and
FG(A)_G41 2 2 2
(M—l)a 0
_ L 24lewpr,], =2 222 605
== G52 > 2 s 2 sV ’ .
(M ~1)a 0,0.5
The BER of the whole hybrid OFDM optical
communication system is estimated as [15]:
Pb :Pb,FO +[Pb,FSO]AV _2Pb,FO[Pb,FSO]AV (10)

M -1

and ¥ =1-vM™ , we derive the following closed form
mathematical expression for the estimation of the total BER of
the dual hop QAM OFDM optical communication system
including an RoFSO over strong turbulence channels modeled
with the K-distribution, an optical fiber link with nonlinear
clipping noise and a DF relay node:

Next, using (5), (9) and (10), and substituting ¢ _ Q( 37. J

[ ] p? Nt gem pe?
P . = o
b,FS0.n L4y 7NT (a)log, (M) n=0 {\/;\P ?
a-2
. (48)- 2 F (64) 2 120 (56) Q[Z/d\;(a) _

a+2 = a-1 a
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Jr 3

atlm a-2 2 (1 1)
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V.NUMERICAL RESULTS

In this section, we are using expression (11) and we present
the corresponding results for the BER of the hybrid optical link
with DF relays over turbulence channels modeled with the K-
distribution. We choose three values for the parameter y of the
BAC process, i.e. 6dB, 9dB, 12dB, two values for M, i.e. 4, 16,
while the value of the parameter a takes the values 1.1 and 3.1
[13]. For the whole optical link, the most significant quantities
are CNDR and SNR at the receivers. Obviously, each one can
vary independently and the BER for the whole link can be
estimated for any CNDR and SNR wvalues, through the
expression (14), but in this work we present results assuming,
equal values for CNDR and SNR at the receivers.

10°
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Figure 1: BER estimation for the 4-QAM OFDM system.
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Figure 2: BER estimation for the 16-QAM OFDM system.

In Fig. (1), we present the BER for the whole optical link
for the three values of y and the two values of a, for the case of
an OFDM 4QAM, while in Fig. (2), we show the



corresponding results with those of Fig. (1), for an OFDM,
16QAM system. It is clear that for low SNR and CNDR values,
the BAC process at the optical fiber part, plays a very
significant role at the system's BER, while, for larger values,
the main mitigation factor is the turbulence at the RoFSO.

VI. CONCLUSIONS

In this work we study the performance of a hybrid OFDM
optical system with a regenerator between the RoFSO part and
the optical fiber. We assumed that the main mitigation effect
for the RoFSO is the atmospheric turbulence, modeled with
the K-distribution in this case, while, for the optical fiber part
was the nonlinear BAC process. We derived closed form
mathematical expressions for the evaluation of its average
BER, which is a significant metric for the system's
performance estimation. Moreover, using this expression, we
presented numerical results for many link's parameter values.
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