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Abstract. This paper presents the WSN-FSO (wireless sensor network—free-space optics) system based on CCR (corner cube
retroreflector) and modeled with Gamma—Chi-square distribution. The expressions of ABER (average bit error rate) for the received
signal under conditions of different levels of atmospheric turbulence are calculated. Numerical results are presented in the form of
graphs, and the results are confirmed by the Monte Carlo simulation. Graphs are presented for different Rician factor values, link
lengths, and different levels of atmospheric turbulence. The obtained results are compared with the existing results for other FSO
channel distribution models. After thorough consideration we conclude that Gamma—Chi-square gives a better system performance
in terms of ABER.
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1. INTRODUCTION

With the development of wireless communications, there is a growing interest in the development of wireless
sensor networks (WSNs) for various applications. WSNs offer reliable, low-power and low-cost platforms
that connect the physical environment with management and information systems to provide advanced
monitoring and control solutions for a wide range of applications [1]. There are many advantages of WSNis,
such as autonomous distributed control, self-organization, network scalability, simplicity of setting, greater
flexibility in design [2,3].

The WSN also has some disadvantages when using radio frequency (RF) channel for communications,
such as limited bandwidth resources, electromagnetic interference, easy signal interception and high energy
consumption [3-5]. In order to avoid the abovementioned problems, the use of free-space optics (FSO)
technology for wireless signal transmission is explored, which due to its numerous advantages can be a good
solution [6,7]. FSO communication systems offer a license-free and cost-effective access performance, high
data rate, highly secured, extremely large bandwidth and simplicity of system design and implementation
[8]. However, the major limitation of FSO performance is the atmospheric turbulence, which originates from
variations in the refractive index of the transmission medium due to temperature inhomogeneity and pressure
changes [9-11].
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A WSN consists of a large number of small networked sensor nodes that are deployed to sense, process
data, and communicate with the rest of the system. Due to restrictions in the node size, there are limitations
in the energy resources, memory and throughput of the sensor itself. Numerous applications of WSNs are
constrained by the limited battery power of the sensor; therefore, the primary goal is to improve the energy
efficiency of the sensor. Since in some environments it is very difficult or not possible to replace or recharge
the batteries, and the network lifetime is determined by the lifetime of the battery, energy efficiency is one
of the main issues [1,4].

In order to improve the energy efficiency of the sensor, a passive optical retroreflector known as corner
cube retroreflector (CCR) is often used in WSN—FSO systems. It is characterized by small size, ease of
operation and negligible energy consumption, so it is highly suitable for use in such systems. An ideal CCR
consists of three mutually orthogonal mirrors that form a concave corner. A continuous laser beam is emitted
towards each node. When the light beam enters the CCR, it bounces off each of the three mirrors and reflects
back toward the source parallel to the direction it entered. The decision of the corresponding node is detected
based on the intensity of the reflected beam. If the decision is 1, CCR reflects the laser beam back, while if
the decision is 0, CCR will not be activated and no signal will be reflected, which indicates lower energy
consumption [4,12,13].

Numerous papers deal with the issue of WSNs and their application and analysis in various systems
including FSO [3,14-19]. In [3] a scheme for solving the problem of analyzing the power efficiency based
on node positioning in optical WSN is proposed. Location estimation and detection in the presence of fading
were analyzed in [14]. The paper [17] studies an energy heterogeneous WSN, where nodes can cooperate
with each other to improve the energy efficiency of the network. In paper [19] the hybrid RF/FSO WSN
model was proposed with the aim of reducing energy consumption. In [2], the optical WSN system and its
performance when using CCR were analyzed. The research is quite focused on the work and application of
CCR. The ultrasonic reflective characteristics of a CCR are investigated in [20], while flexible CCR array
for temperature and strain sensing is considered in [21]. Other models of retroreflectors that represent the
modifications of CCR created in order to improve the performance given in [22,23].

Motivated by the above issues, in this paper we have analyzed the performance of the WSN-FSO system
based on CCR by observing the OOK (on-off keying) modulated signal through the ABER behavior. The
WSN-FSO system is observed in different atmospheric turbulence strength level conditions over novel
Gamma—Chi-square turbulence model. To the best of the authors’ knowledge, there are no similar analyses
or results presented in the available literature.

The main contributions of this paper are:

e Analytical expressions for the ABER of the received signal in the WSN—FSO system based on CCR
operating in conditions of different atmospheric turbulence strength levels over novel Gamma—Chi-square
turbulence model.

e Numerical results are presented in the form of graphs, and the results are confirmed by the Monte Carlo
simulation. The obtained results are compared with the existing results for other channel distributions.

e Based on the obtained results, the behavior of FSO channel in different atmospheric turbulence conditions
can be predicted for different values of network parameters. In that way we have provided lower and
higher bound approximation for FSO transmission in different turbulence conditions. This could enable
the designers of wireless optical systems to create rational solutions for the desired system performance.
The paper is organized as follows. Section 2 describes the WSN-FSO system with novel Gamma—Chi-

square channel distribution model. In Section 3, the initial expressions for the ABER calculation are given

and analytical closed-form expression for ABER is derived and presented. The numerical results obtained

for different levels of atmospheric turbulence and FSO link distance are presented and discussed in Section 4.

The conclusions are highlighted in Section 5.

2. SYSTEM MODEL

The laser emits an optical beam towards the CCR nodes with a transmitting power P, and semiangle of
illuminated field Gf. Average power reflected by the n-th CCR is expressed as [2,4]:
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where d_ is the effective diameter of the CCR, 6_, is the angle between the laser and the axis of the link, 6,
represents the angle between the center of the laser beam and the axis of the link, R, signifies the effective
reflectivity of the CCR, and L is horizontal distance between the laser and the n- th CCR. The diffracted
irradiance at the lens reflected by the n-th CCR is given as:

P zd’cos’ 6. cosé
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where 0, represents the angle between the direction to the camera lens and the axis of the link and 4 is the
laser Wavelength The average received photocurrent reflected by the n-th CCR is given by:

- [l,nﬂdlzj;rffactR , 3)
ra 4

where d, represents the effective diameter of the camera lens, 7, is the transmission efficiency of the camera
lens, T, signifies the optical filter transmission efficiency, f, , is the active fraction of the camera pixel area,
and R 1s the pixel responsivity.

Finally, the received power at the photodetector is given by:

.2
B, =i, 4)

and the received signal at the FC (fusion center) reflected from the »-th node is given as:

Vo =B hgx, +w,, (5)

where x represents the local binary decision of the node n. As the distance between the transmitter and the
receiver is considered large enough, /4 and g represent the independent channels of atmospheric turbulence
between the transmitter and the CCR and between the CCR and the receiver, respectively. Parameter w, is
the additive noise at the input of the receiver camera of the FC, which includes the ambient light shot noise
and the thermal noise, where the total noise variance, o* is:

o’ =(Sbg+SR)Rb’ (6)

and R, represents the bit rate. The one-sided power spectral density of the shot noise due to the ambient light
is S [ 2qi bg? where ¢ is the electron charge and i he is the photocurrent per pixel due to the ambient light given

by:

. Ap R A’ 0,dITT, f, R
bhgn = AN .

p

(7

The parameter p,  represents the power spectral density of the ambient light that illuminates the area
around the CCR and this area reflects the ambient light with reflectivity R be? AX signifies the bandwidth of
the optical bandpass filter, and Np is the number of pixels in the image sensor.

The load resistance R,. depends on the thermal noise having power spectral density given by:
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S, = , ®)

where k; is the Boltzmann constant and 7 is the absolute temperature.

Distribution used to describe 4 and g channels, i.e., atmospheric turbulence channel between transmitter
and CCR, as well as between CCR and receiver is the novel Gamma—Chi-square irradiance PDF (probability
density function) model given as [24]:

a+m+l

~ © 2K™e K 0{(1+K) 2 %m—l 0!(1+K)
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where [ is irradiance at the receiver, I'(*) represents the Gamma function [25, Eq. 8.310], and Kv(*) vth-order
modified Bessel function of the second kind [25, Eq. 8.432]. The parameter K is the ratio of the power of the
LOS (line of sight) component to the average power of the scattered component [26], and Q,, represents the
total received signal power. The parameter a is the atmospheric turbulence parameter that represents the
effective number of small-scale eddies of the scattering environment. This is the parameter of atmospheric
turbulence that for propagation of plane waves and zero inner scale can be expressed as [24]:
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2
04907

776
(1+1.110’}e2/5)
-1

a=|e > (10)

where o2 represents the Rytov variance used to determine the intensity of the optical signal due to atmospheric
turbulence, and is defined as:

op=1.23C2k"°L"° (11)

The parameter C? denotes the index of refraction used as a measure of the turbulence strength. For the
horizontal propagation path, the parameter C? is considered constant with mean values from 1077 m2 to
1073 m 2?3 for channels from weak to strong turbulence, respectively. The parameter k is an optical wave
number, defined as A&=27/A with wavelength A, while L denotes the distance between the transmitter and the
receiver, i.e., the length of the optical signal propagation.

3. ANALYTICAL RESULTS

The ABER for an optical signal transmitted by the previously described WSN-FSO system with the OOK
modulation scheme can be expressed as [4]:

/2 000
B=L T[] rt ()-dndgdo, (12)
T 900

where 7=——"—
8o sin” 4 -

Since the observed system is modeled with two independent channels of atmospheric turbulence, (12)
can be simplified as:
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where 1, is represented as:

I,=|1,f(g)-dg. (14)

Il
S )

while 7, is given as:

I, = Te-fhzgz f(h)-dh. (15)

0

Therefore, in order to derive closed-form expression for ABER, /, (15) is first calculated, the solution of
which is substituted in (14), in order to obtain / . The obtained solution of the integral for (14) is further
substituted in (13), the solution of which gives the required ultimate expression.

In order to derive the final solution, the modified Bessel function of the second kind can be represented
by the Fox function as follows [27, Eq. 2.9.19]:
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20| 2 _9 2
Hyx |~ (a—n,l} (a;n,q 2(2j K, (2), (16)

2

thus, the Gamma—Chi-square irradiance PDF model from (9) reduces to:
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where e %7 can also be represented by the Fox function as [27, Eq. 2.9.4]:
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By applying [28, Eq. 2.25.1.1] a solution is obtained for a given integral in (20):
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which based on [27, Eq. 2.1.3]
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By substituting (23) and (17) into (14), 1, is obtained as:
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whose solution is reached by using [28, Eq. 2.25.1.1]:
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In order to derive the closed-form expression for ABER, the solution obtained in (25) is substituted in (13):
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The parameter T can be represented as T = g/w, where ¢ = P /(80%) and wsin? 6. After their substitution,
(26) can be rewritten as:
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By employing the solution of the resulting integral given by [28, Eq. 2.25.2.2], we derive the ABER
closed-form expression for the Gamma—Chi-square channel model as follows:
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4. NUMERICAL RESULTS

Based on the calculated closed-form expression for ABER (28), numerical and graphical results were obtained
describing the ABER behavior for different values of system parameters. Additionally, analytical results were
verified by the Monte Carlo simulation.

In the final solution of the analytical expression for ABER (28), the Fox function appears, which is defined
by the Mellin—Barnes type integral with the integrand containing products and quotients of the Euler Gamma
functions. The Fox function generalizes most special functions and it can be developed in the form of integrals
of different products [27,29,30]. MATLAB, Wolfram Mathematica and other software tools do not have the
ability to directly calculate the Fox function, and program codes must be created for its software imple-
mentation. There are several published program codes that evaluate the Fox function [30]. Using [27,29-31]
and by modification, numerical values for expression (28) were obtained.

The values of the system parameters are given in Table 1 [2,4].

Figure 1 shows the ABER behavior depending on the average transmitted optical power P, for different
values of the FSO link length (L = 500 m, L = 1000 m and L = 2000 m), different strength levels of
atmospheric turbulence (strong C 2= 1.2x107"%, moderate C 2= 2x10"'* and weak C >= 6x107"°) and for a
fixed value of Rician factor K = 1. From the given graphs it can be seen that ABER decreases with increasing
average signal power. The fastest decrease of ABER is achieved with weak atmospheric turbulence and the
slowest with strong atmospheric turbulence. It is evident that as the length of the FSO link decreases, so do
the ABER values. At lower power values, there is almost no difference in ABER values for different FSO
link lengths. The impact of the FSO link length is more pronounced with an increase in the average signal
power.

Figures 2, 3, and 4 depict the ABER behavior depending on the average transmitted signal power for
strong, moderate and weak atmospheric turbulence, respectively. Graphs for different values of the K factor
at FSO link length of L = 1000 m are given. From the given graphs, it can be concluded that with the increase

Table 1. System parameters

Parameter Value Parameter Value
N 10 P, 0.5

pd 0.5 pr 0.1

R 0.85 Ti 0.1

dc 0.0005 di 0.1

17 0.8 fact 0.75

R 0.5 0. 60°

6 60° 6; 60°

A 830 x 107 or 1°

Ry 103 K» 138 x1073
T 300 Ry 20 x 109
Pbg 0.8 Rbg 0.3

AL 5x107° N, 10°

q 1.6021765 x 10717
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Fig. 1. ABER for different levels of atmospheric turbulence and FSO link distance.

0.1 4
0.01 4 N\

0.001 -

1E-4 4 \
1E-5 -

1E-6 \\\

o
L \
2 N
1E-8 3 x&\
1E-9 4 —K=1
E —K=2
1E-10 4 K
1E-11 3 o simulation \
1E-12
3 - . - . . . - . \ ;
—20 -10 0 10 20 30 40 50 60

p;[dB]

Fig. 2. ABER for different K factor values in strong atmospheric turbulence.

of the K factor, the system performance improves, i.e., lower ABER values are obtained. Further, the K factor
at low values of average power does not affect the communication system performance — ABER has
approximately the same value for all values of the K factor. The results obtained by the Monte Carlo
simulation coincide with the numerical results obtained on the basis of expression (28).

If the obtained ABER results for the Gamma—Chi-Square channel model are compared with the ABER
results obtained for other FSO channel models [4], it is obvious that the Gamma—Chi-Square model gives a
better performance in terms of ABER values. Lower ABER values are obtained for the same parameters of
the FSO communication system.
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Fig. 3. ABER for different K factor values in moderate atmospheric turbulence.
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Fig. 4. ABER for different K factor values in weak atmospheric turbulence.

Figure 5 shows the ABER behavior depending on the FSO link length and for different strength levels of
atmospheric turbulence (Rician factor K = 1 and the average transmitted optical power P,= 20 dB).
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5. CONCLUSIONS

The paper presents the WSN—-FSO system based on CCR and modeled with Gamma—Chi-square distribution.
The obtained ABER values for modulated signals by OOK modulation scheme are presented and analyzed.
The WSN-FSO system was observed for different levels of atmospheric turbulence and different FSO link
distances, as well as for other system parameters. Based on the obtained results, it is evident that the system
performs best in weak atmospheric turbulence conditions and for shorter link distances. The impact of the
FSO link length is more pronounced with the increase of the average signal power, while for lower power
values there is almost no difference. In addition, the impact of the K factor on system performance is shown.
It can be seen that increasing the K factor improves the quality of transmission. At lower power values,
changes in the K factor do not significantly affect the transmission, because ABER has almost the same
values. Besides, comparing the results obtained in this paper with the results obtained for other FSO
distribution models, it can be concluded that Gamma—Chi-square gives better system performance in terms
of ABER.

The obtained results can be used in the design of WSN-FSO systems to create rational solutions for the
desired system performance, in order to obtain the highest quality of signal reception.
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