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ABSTRACT
The optical wireless communication systems
attract very significant research and commercial
interest, the last years, due to their high availability,
and performance characteristics with relatively low
installation and operational cost. On the other hand,
due to the fact that the optical channel which is used
in this technology is the atmosphere, their
performance depends strongly on the atmospheric
conditions and the link’s characteristics. Thus, the
effective distance that these systems can cover is
relatively short. Thus, in many cases where the long
distance signal propagation using wireless optical
systems, is necessary, relay nodes are used. In this
work, we study the performance of a wireless optical
system, which is using the orthogonal frequency
division multiplexing (OFDM) technique and relay
nodes which decode and retransmit the received
signal, over atmospheric turbulence channels
modeled with the negative exponential distribution.
For this system, we derive closed form mathematical
expressions for its outage probability and average bit
error rate (BER). Finally, we present the
corresponding numerical results for realistic cases
with common parameter values.
KEYWORDS:
BER, Wireless Optical Communications, OFDM,
Outage Probability, Decode and Forward Relay
Nodes, Negative Exponential Distribution.
I. INTRODUCTION
The wireless optical communication systems
attract very significant research and commercial
interest due to their high performance, availability
and reliability characteristics, with relatively low
installation and operational cost along with the fact
that these systems do not need license for their
operation [1]-[6]. On the other hand, their main
disadvantage stems from the fact that the propagation
path for the information signal is the atmosphere and

their characteristics do not remain invariable [1], [2],
[6]. There are many atmospheric phenomena which
affect the performance of these systems. One, very
significant of them, is the atmospheric turbulence,
which causes the scintillation effect which results in
irradiance fluctuations at the receiver’s side of the
optical system. Many distribution models have been
proposed in order to model the irradiance fluctuations
according the turbulence strength [7]-[18].
Additionally, the wireless optical communication
systems can work reliably for relatively short
distances. In order to increase the system’s action
radius, relay nodes can be used. However, their use
reduces the system’s performance but the demand for
longer link lengths is achieved [19]-[21].
In this work we study the performance and
availability characteristics of a wireless optical link
with serial relays. This link is using the orthogonal
frequency multiplexing technique (OFDM), while,
the relay nodes are assumed to be “decode and
forward” (DF) ones. The OFDM is an effective
technique for broadband communication systems
[18]. It uses multiple narrow band subcarriers and
thus the information data are propagated in parallel
and not in serial. Each subcarrier is modulated using
a specific modulation format and then they are placed
in a high frequency carrier [5], [18], [22]-[27]. The
main advantage of this scheme is the fact that the
OFDM subcarriers are orthogonal to each other.
Additionally, the distribution of the initial signal in
many narrow subcarriers, decreases the data rate in
each one of them and thus mitigates the influence of
many, usually, catastrophic effects, [18], [27], [28].
The multihop wireless optical link under
consideration consists of the transmitter, the receiver
and between them, a series of DF regenerator relay
nodes. Thus, the optical signal emitted from the laser
diode (LD) using the OFDM technique, propagates
through the turbulent atmosphere and reaches the
receiver of the first DF relay node. Next, the signal,
without the noise, is retransmitted by the first DF

node and propagates until the second DF relay. This
procedure is repeated until the signal arrives at the
final receiver of the whole FSO system. More
specifically, the above system is described in Fig. 1.

technique the raw data are mapped and in this work
we use the M-QAM scheme with M equal to 4 or 16.
The OFDM signal modulates the optical signal of
the LD transmitter and the transmitted optical power
P(t), is given as [18]:
3
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Figure 1: Block diagram for the OFDM multihop communication
system, under consideration.

As mentioned above, there are many statistical
distributions to model the irradiance fluctuations at
each receiver’s side, due to atmospheric turbulence
which cause the scintillation effect. In this work we
use the negative exponential, (NE), which has been
proved to be suitable for strong turbulence conditions
[16], [17], [29], [30]. Thus, for such an OFDM
multihop wireless optical communication system
over strong turbulence channels modelled with the
negative exponential distribution, we derive closed
form mathematical expressions for two significant
metrics, the outage probability and the average BER
and we present numerical results for common
parameter values.
II. THE CHANNEL M ODEL
In order to study the whole system’s behaviour,
we, first, examine the link between the system’s
transmitter and the receiver of the first DF node. The
information signal is loaded in the N-subcarriers and
thus the OFDM signal, sOFDM(t), after the upconversion to the carrier frequency, fc, just before the
LD transmitter is given as [18], [25]:
N 1

sOFDM t    sn t    X n exp in  2f c t 
n 0

n 0

where , Pt, is the average transmitted optical power,
a3 stands for the nonlinearity coefficient of the LD
and mn is the optical modulation index (OMI) which
can be different for each frequency [18], [31], [32].
The optical signal, after the transmission, propagates
through the atmosphere and reaches the receiver of
the DF relay node. Thus, the optical power which
arrives at the receiver’s side, is given as
Pr t   Pt Ltot I  nt  , [18], where Ltot represents total
losses caused by the atmosphere, n(t) stands for the
additive white Gaussian noise (AWGN) and I
represents the instantaneous normalized irradiance at
the receiver. This quantity fluctuates rapidly due to
the atmospheric turbulence phenomenon which
causes the scintillation effect [7]-[18]. At the
receiver’s output the current will be given as [18]:
 N 1
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(1)

for 0  t  Ts

where, the quantity ωn=2πn/Ts, n=0,…, N-1, stands
for each orthogonal frequency, Ts is the duration of
the OFDM symbols and Xn is the complex symbol of
the nth subcarrier [18]. Depending on the modulation
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I 0  Ltot Pt I is the dc of the received
photocurrent i(t,I), ρ is the PD’s responsivity, while
nopt represents the AWGN with zero mean and
variance N0/2, with N0  4K BTF RL  2qI 0  I 0 RIN  ,

where

[18]. In this expression, KB is the Boltzmann’s
constant, T is the temperature, F is the noise figure of
the receiver, RL is the load resistor at the PD’s side, q
is the electron charge and RIN stand for the relative
intensity noise process [18]. Thus, from (3) we
conclude that the instantaneous carrier to noise plus
distortion which is arriving at the receiver, for each
subcarrier of the OFDM, CNDRn, is given
approximately as [18]:
CNDRn I  
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where the symbol [.] AV stands for the average value.
From (4), the average value [CNDRn] AV, can be
estimated, by assuming that the average value of I is
normalized to unity [30]. In this case is given as:

CNDRn AV
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Using (11), the outage probability for the OFDM
wireless optical link for each individual connection,
is estimated by averaging all the N-subcariers’
probabilities of outage as:
N 1

Pout,l  
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FI ( I )  1  exp  I 

and by assuming that, CNDRl,th=CNDR0,l,th=
=…=CNDRN-1,l,th and [CNDRl,th] AV =[CNDR0,l,th] AV=
=…=[CNDRN-1,l,th] AV, Eq. (12) is simplified as:
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and by substituting (13) into (14) we obtain the
following closed form mathematical expression for
the whole OFDM multihop wireless optical link:
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 (15)

l 1

and the corresponding CDF for the CNDRn, as:
FCNDRn (CNDRn )  1  exp  CNDRn CNDRn AV

(13)

l 1

L

(8)



In order to estimate the total outage probability
for the whole OFDM multihop wireless optical link
we evaluate the probability of at least one of the L
individual links interrupts which is given as:

(7)

Using (4)-(6), with an RV transformation, the PDF
for the instantaneous CNDRn is given as:

 (12)

N

n 0

and the cumulative distribution function (CDF), [17]:



(11)

AV

III. THE E XPONENTIALLY M ODELED
TURBULENCE CHANNEL
The scintillation effect is caused by the
atmospheric turbulence. This effect mitigates
significantly the performance of the wireless optical
communication system due to its influence at the
signal which is arriving at the PD. Thus, the
atmosphere, acts as a fading channel and the signal’s
irradiance at the receiver fluctuates. Many statistical
distributions have been proposed in order to model
these irradiance fluctuations. The NE is one of them
and it is suitable for cases of strong turbulence
conditions [16], [17], [29], [30]. The probability
density function (PDF) of this distribution, for the
normalized irradiance I, is given as, [17]:

f CNDRn (CNDRn ) 





(9)

IV. THE TOTAL OUTAGE PROBABILITY
A significant metric for the availability
estimation of the wireless optical link is the outage
probability [17], [18], [32], [33]. This quantity
represents the probability that the instantaneous
CNDR at the receiver falls below a specific threshold,
i.e. CNDRth, which depends on the receiver’s
sensitivity. More specifically the outage probability
for each one of the n=1..N subcarriers of the OFDM
signal for every one of the l=1..L individual optical
links of the multihop system is given as [9], [18]:
Pout,n,l  PrCNDRn,l  CNDRn,l ,th   FCNDRn ,l CNDRn,l ,th  (10)

By substituting (9) in (10) the outage probability is:

V. THE TOTAL AVERAGE BER
A significant metric for the estimation of the
system’s performance is the BER [32], [34]-[36]. For
the average BER’s estimation, we assume that the
total noise included in (4), (5) is AWGN, for the MQAM. Thus, the average BER of each OFDM
subcarrier of the total multihop wireless optical
communication system, [Pb,l,n] AV, by assuming Graycoded mapping at the transmitter’s side, is [18], [34]:

P 

b ,l , n AV





2 1  M 1 / 2
Log 2 M 





 3CNDRn,l 
 f ( I )dI (16)
 I


4
M

1



 erfc
0

where M is the modulation format value for the MQAM. By substituting the complementary error
function, erfc(.), with the Meijer G function [37], and
the PDF with (7), we obtain:

P 

b ,l , n AV







2 1  M 1/ 2 
exp(  I ) 
 Log 2 M  0

 3M  1 ml ,n Ltot,l Pt ,l I 
 G12,,20 
2
 4 N 0 TS    IMD
l , AV
l , AV

1

2





 

(17)


dI
0, 0.5 

is increasing, the average BER increases, as well. On
the other hand, when the modulation format value, M,
is increasing, the total average BER increases too.

1

The above integral is estimated, using [37], in the
following closed form mathematical expression:
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Next, by assuming that the average BER for all the N
subcarriers of each individual wireless optical link, is
the same, the average BER, for each link will be:
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Subsequently, the average BER of the whole
multihop wireless OFDM FSO system is estimated
by the following mathematical expression [19], [21]:
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Figure 2: Average BER estimation of the multihop OFDM wireless
optical link over turbulent channel, as a function of [CNDRl]AV, at
each receiver, for three values of L, and two of M.

(20)

Next, by substituting (19) into (20) we obtain the
final closed form mathematical expression for the
total average BER estimation, of the whole link:
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VI. RESULTS AND DISCUSSION
In this section we present numerical results for
the above mentioned metrics for the whole multihop
OFDM wireless optical system over strong
atmospheric turbulence channels modeled with the
NE distribution. We have chosen thre values for L,
i.e. 2, 3, 4 and two values for M, i.e. 4 and 16.
In Figure (2), we present the average BER, as a
function of the average carrier to noise plus
distortion, [CNDRl] AV, arriving at each one of the L
receivers. It is clear that as the number of relay nodes

Figure 3: Outage probability estimation for OFDM wireless optical
link over turbulent channel, as a function of the normalized average
[CNDRl]AV/CNDRl,th, for three values of L.

In Figure (3) we present the corresponding
results for the availability of the whole multihop
optical wireless OFDM system by means of its total
outage probability which is estimated by the
expression of Eq. (15). This metric is presented as a
function of the normalized carrier to noise plus
distortion, [CNDRl] AV/CNDRl,th, at each DF receiver.
Similarly with the previous case, the outage
probability of the whole system is increasing as the
number of relays increases.
It is worth mentioned here that the results
obtained in (15) and (21), has been compared with

those of [18], for the marginal case with L=1, i.e.
without DF relays, and for specific turbulence
strength parameter and nearly coincided.
[6]
VII. CONCLUSIONS
In this work we derived closed form
mathematical expressions for the estimation of the
outage probability and the average capacity of an
OFDM multihop wireless optical communication
system over turbulence channels modeled with the
negative exponential distribution. Using these
expressions, we demonstrated that the larger number
of relay nodes allows long distance propagation for
the wireless optical but decreases the performance
and availability characteristics of the whole system.
Additionally, we showed that the OFDM technique is
minimizing the influence of the ISI between the
subcarriers of the signal and many other performance
mitigation effects, but the modulation parameter
value affects significantly the system’s metrics.
Finally, we presented many numerical results using
these expressions for various, realistic, link’s
parameters values.
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