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Despite the benefits of free-space optical (FSO) communications, their full utilization is limited by the influence of 
atmosphere weather conditions. Such as fog, turbulence, smoke, snow and others. In urban environments, additional 
environmental factor such as smog and dust particles due to air pollution caused by the industry and motor vehicles 
may affect the FSO link performance, which has not been investigated in detail yet. Both smog and dust particles 
cause absorption and scattering of the propagating optical signal, thus resulting in high attenuation. This work 
investigates the joint impact of the atmospheric turbulence and dust particle imposed scattering on the FSO link 
performance as part of the last mile access network in urban areas. Propagation of an optical wave is at first analyzed 
based on the micro-physic approach and the extinction caused by small particles is determined. An experimental 
measurement campaign using a dedicated test chamber is carried out to assess the FSO link performance operating 
wavelengths of 670 and 830 nm and under the dust and turbulent conditions. The measured attenuation and the 
Q-factor in terms of the velocity of particle flow and the turbulence strength are analyzed. We show that for an air 
flow of 2 m/s the Q-factor is almost 3.5 higher at the wavelength of 830 nm than at 670 nm. However, for a wavelength 
of 670 nm the FSO link is less affected by the increase in airflow compared to 830 nm. The Q-factor reduces with 
turbulence. Under similar turbulence conditions, for the ash particles the Q-factor is higher than that of sand 
particles. © 2016 Optical Society of America 
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1. INTRODUCTION 
The growing popularity of free-space optical (FSO) links as part of 
optical wireless communications (OWC) for mostly outdoor 
applications is evident from the increasing number of publications in 
the last decade  [1,2]. In large metropolitan cities, the demand for 
providing a high-speed backbone network for wireless 
communications  [3] and last mile access networks without the need for 
digging the streets (i.e., the need for regulations, high cost and 
inconvenience) are rapidly increasing, which requires viable solutions. 
In such situations, FSO systems do have a role to play in providing high 
data rate interconnection  [4] between buildings and being used as the 
interface between existing communication infrastructures. They are 
very fast to deploy and offer backbone type data rates similar to optical 

fiber at a relatively acceptable cost  [5]. Additionally, FSO links can be 
readily used in situations where there is a big demand for the radio 
frequency (RF) spectrum, e.g., big sporting events and concerts, or in 
emergency situations such as flooding, fire and security alerts, etc., in 
order to rapidly provide high-quality and high-speed wireless 
communication connectivity. Moreover, OWC links based on the FSO 
technology are also being recognized as fundamental for the 
development of mobile front-haul and backhaul in urban areas, which 
will contribute to the fifth generation (5G) wireless communications 
standard as a tool to augment the capacity due to the spectrum crunch 
facing the RF wireless systems  [3]. 

However, similarly to radio waves, optical waves are influenced by 
many factors when propagating through the atmosphere. Particles in 
the atmosphere scatter and or absorb light waves. The wave-particle 
interaction results in attenuation due to fog, snow, rain, smog, and 
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turbulence  [5–7]. Optical attenuation increases from a mere 0.2 dB/km 
on a very clear day to about 300 dB/km in dense fog conditions (i.e., 
visibility down to about 50 m). A high level of air pollution (smoke, dust 
and smog) combined with a high level of humidity in urban areas 
decreases the FSO link visibility to tens of meters, thus limiting the link 
availability well below the expected 99.999%  [8,9]. Air pollution due to 
smog is primarily caused by human activities such as transportation, 
industry, heating systems, agriculture, and forest fires  [10]. Smog is 
composed of particulate matters (PMs) such as nitrogen oxides (NOx), 
sulphur dioxide (SO2), volatile organic compounds (VOCs) and 
ammonia, ground-level ozone and gases formed by the reaction 
between NOx and VOCs in the presence of sunlight. PM10 particles (i.e. 
the fraction of particulates in the air of size < 10 m) and PM2.5 particles 
(< 2.5 m) are of major concern, as they are small enough to penetrate 
deep into the lungs, and so potentially pose significant health risks 
[5] [11].  

Studies of the FSO link performance mostly with fog and to some 
extent sandstorms have been reported in  [12–14]. However, in real 
scenarios, especial in the cities with hot dry weather conditions FSO 
links may also experience smog, and dust storms where dust particles 
are up-lifted up to 1-3 km into the atmosphere and can travel long 
distances for days  [15]. Although several studies and experimental data 
on the FSO link performance considering either smog (mostly dust) or 
turbulence are available in the literature  [16–18], to the best of our 
knowledge, no studies on the combined effect of smog and turbulence, 
which are rather frequent in subtropical metropoles, have been 
reported. 

In this paper, for the first time, we experimentally investigate the 
effect of both turbulence and smog particles, mainly dust, on the FSO link 
performance under a controlled indoor environment. We assess the link 
performance operating at wavelengths  of 670 and 830 nm in terms of 
the attenuation and the Q-factor as a function of the velocity of particle 
flow and the turbulence strength. 

The rest of the paper is structured as follows. The theoretical 
principles of wave-particle interaction and turbulence effects are briefly 
given in Section 2. In Section 3, the experiment setup based on a 
dedicated FSO dust chamber is described, whereas the results are 
outlined and discussed in Section 4. Finally, the conclusions are given. 

2. THEORETICAL BACKGROUND 
In order to assess the performance of the FSO communications link 
under smog conditions (particularly both sand and ash particles), it is 
necessary to characterize these particles in terms of their size and 
composition since they will contribute to the optical attenuation. First, 
the energy loss of an optical wave travelling through a layer of spherical 
particles with different radii can be expressed by the extinction 
coefficient, which is defined by  [19]: 
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where r is the particle radius, n(r) stands for the particle size distribution 
and Qext is the extinction efficiency factor of the particle.  

Figure 1 shows the extinction efficiency factor as a function of the 
sand particle radius r with a 5% volume content of hematite for a range 
of optical wavelengths. The optical properties of the particles have been 
adopted from  [20]. 

In general, the scattering particles have a complex shape, which is 
usually approximated by a spheroid, for electromagnetic computational 
efficiency. According to the spheroid aspect ratio s/t (where s is the 
equatorial radius of the spheroid, and t is the distance from center to the 
pole along the symmetry axis) they are divided into oblate (s/t > 1) and 
prolate (s/t < 1)  [21] and those having s/t = 1 are classified as spheres. 

The properties of spheroidal particles are usually described in terms of 
the diameter D of an equal-volume sphere, where D = 2∛(st2)  [21]. For 
propagation through a layer of spheroids, Qext depends both on r and the 
shape distribution as well as the particle orientation relative to the 
direction of the incident light. In the case of sand and ash (solid) 
particles, due to the large number of particles and under the turbulence 
condition, we have assumed that particles orientation is random. 
Therefore, absorption, scattering and consequently attenuation of a 
propagation optical beam are independent of both the polarization and 
the orientation. According to Paramonov approximation  [22], 
randomly oriented spheroids are optically equivalent to polydisperse 
spherical particles based on a certain weight function. 

 

Fig. 1. Extinction efficiency factor Qext against radius of sand particles 
assuming a 5% volume content of hematite at five different optical 
wavelengths. 

Turbulence results in an inhomogeneous distribution of the 
refractive index of air, which, in turn, leads to optical beam widening and 
wandering. These effects result in random fluctuations of the received 
optical power and the phase. According to the well-established model of 
the weak turbulence regime, the power fluctuations are quantified by 
the scintillation index, which in the case of a plane wave is given by [5]: 

2 7/6 11/61.23I nC k L 
,    (2) 

where k is the wave number of the optical wave, and L is the link length. 
Cn2 is the structure parameter of the refractive index of the atmosphere. 
It can be derived from the structure parameter CT2 of temperature 
through the following equation  [23,24]:  
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where P  and T are the mean value of air pressure and the average 

temperature along the path, respectively. CT2 can be calculated directly 
from temperature measurements in two points separated by a 
particular distance  [5], and is related to the 2/3 power law of 
temperature variation along the path. CT2 can be derived from the 
general definition of the structure function DT associated with the 
random processes given by: 
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where T1 and T2 are the temperatures at two points separated by the 
propagation distance Lp. The terms l0 and L0 are the inner and outer 
scale of turbulence, respectively, i.e., the minimum and maximum size of 
air inhomogeneity where turbulence can be characterized by 
Kolmogorov’s classical theory. 

In this study, the behavior of an outdoor FSO link (with a typical path 
length ranging from less than 100 m to few km) is assessed 
experimentally using a dedicated indoor optical chamber with a short 



 

optical path (about 650 mm). The indoor testbed needs to be scaled in 
order to ensure the measurements carried out reflect that of an actual 
FSO link in an outdoor environment. Note that, the scintillation index i2 

is dependent on Cn2 and the temperature gradient. Assuming a constant 
Cn2 over short propagation spans of ΔLindoor and ΔLoutdoor for indoor and 
outdoor FSO links, respectively, the relation between indoor 
experimental and outdoor links  [25] can be derived as: 
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The values of Cn2
outdoor measured using the indoor chamber are 

between 4.5x10-14 and 9.5x10−11 m-2/3. Therefore, the corresponding 
scintillation index I determined is well below 0.3, which is the upper 
bound for the weak turbulence regime where Eq. 2 holds. Note that, for 
I > 0.3 Eq. 2 no longer holds since the turbulence is in the saturation 
regime and therefore I is no longer proportional to Cn2  [26]. Here we 
have adopted Eq. 5 to scale the measured I for the indoor environment 

to the outdoor condition. Since Rin/out should be unity and assuming a 
typical range for Cn2

outdoor between 10−16 and 10−15 m-2/3, the 
corresponding outdoor path length will be up to about 1 km. Notice that, 
the proposed atmospheric chamber is equivalent to the typical cell size 
of a 5G wireless network. By generating higher temperature gradients 
in an indoor environment the same performance as that of an outdoor 
FSO link is achieved. However, this ratio should be contrasted with other 
effects such as multiple scattering at the FSO transceivers in order to 
scale properly the laboratory results. 

3. EXPERIMENTAL SETUP 
This work considerably extends our previously published results, which 
were focused on the performance evaluation and assessment of an FSO 
link under sandstorm  [12] or turbulence conditions  [16]. To fully 
understand the effects of smog/dust and aerosols on the FSO link 
performance an extensive experimental measurement campaign under 
a controlled environment was carried out to obtain the novel statistics 
of the received optical power and signal characteristics at two different 
wavelengths.  

A block diagram of the experimental setup adopted for this work is 
depicted in Fig. 2. Two laser sources (Global laser TX Beta) at  of 670 
nm and 830 nm with a 50 MHz electrical bandwidth and a 10 mW 
optical power were used. A pseudo-random bit sequence (PRBS) of 
length 27-1 in the on-off keying – non-return to zero (OOK-NRZ) signal 
format at a data rate of 20 Mbps was used for intensity modulation of 
laser sources. The modulated laser beams were then launched into the 
dedicated dust chamber. Two optical receivers (Rx, Thorlabs PDA10A) 
composed of photodetectors and trans-impedance amplifiers were 
used to detect distorted optical waveforms. The regenerated electrical 
signals at the output of the Rx were captured using a digital oscilloscope 
(Agilent DSO9254A) for post-signal processing to obtain the Q-factor, 
eye-diagrams, and the bit error rate (BER) of the link under test and for 
further evaluations. All the key system parameters are summarized in 
Table I. 

Smog/dust particles were injected into the chamber and a series of 
fans blowing in different directions were used to ensure homogenous 
distribution of particles. Indeed, keeping the particles airborne for more 
than one minute was a challenge; therefore, the experiment was carried 
out a number of times to ensure repeatability of the data generated. As 
for generating turbulence, it is necessary to create a temperature 
gradient within the chamber, which is > 6o C/m. This was achieved by 
blowing hot and cold air into the chamber. The fan used in the 
atmospheric chamber allowed us to reach an airflow up to 3 m/s. The 
temperature gradient was measured using 10 temperature sensors 

positioned equidistantly along the chamber, which were controlled 
using a microprocessor control unit that transmitted the information to 
the central signal processing computer. The temperatures were 
measured every second within a range of -55° C to +125° C with a 
resolution of 0.1° C. A number of fans were used to inject both hot and 
cold air into the chamber. The strength of the turbulence was controlled 
by simply adjusting the temperature and air flow from the fan heaters 
and their position, thus ensuring a minimum temperature 
gradient >6°C/m along the chamber. In this work a temperature range 
of 20° C to 60° C was considered. This measurement set-up allowed us 
to readily assess the link performance under the influence of turbulence 
and dust particles in a controlled environment, where repeated 
measurement could be carried out. A picture of the experimental 
testbed is depicted in Fig. 3(a), whereas Fig. 3(b) shows the inside of the 
test chamber. 

 

Fig. 2. Schematic block diagram of the experimental setup. 

 

Fig. 3. Snapshot of the: (a) experimental setup, and (b) inside the test 
chamber. 

Table I. System parameters. 

Parameter  Value 

Input signal 
(OOK-NRZ) 

Data rate 20 Mbps 

Laser source 
 (Global laser 

TX Beta) 

Wavelength -  
Power - PT 

Electrical bandwidth - BTX 

670 & 830 nm 
10 mW 
50 MHz 

Optical 
receiver 

(Thorlabs 
PDA10A) 

Responsivity R  
Electrical bandwidth - BRX 

Active area  
TIA gain 

0.44 A/W 
150 MHz 
0.8 mm2 

5∙103 V/A 

Atmospheric 
channel 

Dimension 
Thermal sensor spacing 

0.65 m×0.1 m× 0.1 m 
0.058 m 

 



 

4. RESULTS 
In order to analyse the effect of smog particles on FSO link performance, 
two samples of natural smog particles were used: (i) ash – which was 
collected from a common wildfire of the Central European wood; and 
(ii) sand – which is commonly found in urban and suburban areas 
particularly during highly polluted and windy days. To compare the 
results with the analytical approach, the particle size distribution was 
estimated using the magnified pictures of measured samples. The size 
of particles was determined from images captured using an electron 
microscope, see Fig. 4. The images were post-processed using Matlab to 
derive the probability density function (pdf) of the particle size for each 
sample. Because of the resolution of electron microscope used it was not 
possible to measure the particle size smaller than approximately 5 µm. 
The measured particle size distributions for the sand and ash can be 
represented via the log-normal model as depicted on processed 
distributions from measured data in Fig. 5(a) and 5(b), respectively. The 
density parameters of measured samples together with mean and 
standard deviations of determined log-normal distributions are 
summarized in Table II.  

 

Fig. 4. Electron microscope images of: (a) sand, and (b) ash particles. 

 

Fig. 5. Particle size distributions of: (a) sand and (b) ash sample. 

Table II. Aerosol sample main characteristics and particle 
distribution lognormal model parameters. 

 Measured sample 
parameter 

Log-normal model 

 
Weight 

(kg) 
Density 
(kg/m-3) 

Mean 
Standard 
deviation 

Sand 0.35400 1600 5 1.11447 
Ash 0.10054 750 1.74164 0.83505 

 
The FSO link performance was tested for  of 670 nm and 830 nm 

under both ash and dust conditions. Fig. 6 illustrates the extinction 
efficiency factor Qext obtained from (1) for each sample as a function of 
the size parameter x = 2r/ at  of 670 and 830 nm for sand and ash 
particles. This figure follows Fig. 1 where for the region r/ << 1 Qext 

increases to almost 5, and for r/ >> 1 it converges to 2 as expected. This 
indicates that the aerosol particle size and their concentration 
determine the energy loss in the FSO link under sand and ash 
environments. With reference to Fig. 6 the means of particle size 
distributions for sand and ash are about 50m and 3 m, respectively, 
therefore the FSO link under evaluation is best characterized for 
r/ >> 1.  

Next, the eye diagrams were measured by transmitting the OOK-NRZ 
signal format under clear and dusty channel conditions at  of 830 nm, 
air flow of 2 m/s and Cn2 = 10-14 m-2/3, as shown in Fig. 7(a) and 7(b), 
respectively. As can be seen the eye-opening is much reduced under 
dust condition, which translates into a reduction in the Q-factor from 10 
(clear channel without aerosols) to 4.5. 

 

Fig. 6. Extinction efficiency against the particle size parameter for sand 
and ash atof 670 and 830 nm. 

 

Fig. 7. Eye diagrams: (a) clear, and (b) dusty conditions for 2 m/s air 
flow and Cn2 = 10-14 m-2/3.  

Fig. 8 depicts the measured attenuation and the Q-factor as a function 
of the air flow with sand and ash particles for two values of Cn2 of (i.e., 7.5 
×10-11 m-2/3 and 4.5 ×10-14 m-2/3). The received signal was averaged over 
one minute to ensure a longer airborne time for particles within the 
chamber. The initial attenuation measurements under the no air flow 
condition (only at 0 m/s) were used as a reference (first value equal to 
0 dB of attenuation) to calculate the attenuation levels, see Fig. 8 (a) and 
(c). As shown in Fig. 8 (a) and 8(c), the attenuation increases with Cn2 for 
ash and sand particles at both wavelengths. In the case of ash (Fig. 8 (a)), 
due to the small particle size, the attenuation increases with the air flow 
velocity. For example, for the air flow of 2.5 m/s the FSO attenuation is > 
1 dB for all cases. Sand particles with larger sizes induce higher 
attenuations under turbulence and air flow as depicted in Fig. 8(c). For 
example, at an air flow of 2 m/s for  of 670 the attenuation has 
increased from 0.1 dB (no turbulence) to over 1.5 dB with turbulence.  

(b)(a)

(a) (b)

(a) (b)



 

 

Fig. 8. (a), (c) Attenuation and (b), (d) Q-factor dependence on air flow 
velocity in turbulent channel in case of ash (top graphs) and sand 
(bottom graphs), respectively for each Cn2 scenario. 

The FSO link performance in terms of the Q-factor obtained from the 
experimental measurements is shown in Fig. 8(b) and 8(d), for ash and 
sand particles, respectively. In both cases, with an air flow of 2 m/s, the 
Q-factor is almost 3.5 higher at the  of 830 nm than at 670 nm. 
However, for  of 670 nm the FSO link is less affected by the increase in 
airflow as compared to 830 nm. The Q-factor reduces with turbulence. 
Under similar turbulence conditions, the Q-factor of ash particles is 
higher than the one of sand particles. This is due to the smaller size of 
ash particles, which results in reduced probability of beam blockage as 
compared to sand particles. However, with sand particles the FSO link is 
more vulnerable when under stronger turbulence conditions.  

5. CONCLUSIONS 
We have developed an experimental test bed to determine the 
combined effect of urban aerosols and turbulence on the FSO 
communications link. The experimental results demonstrated that the 
particle size of the aerosols clearly affects the FSO link performance. For 
the case of joint turbulence and scattering effects, we did not observe 
wave distributions as predicted theoretically, this is because the planar 
description of waveform is no longer valid. We also showed that under 
high air-flow conditions and with sand particles the FSO link 
experienced higher attenuation, thus leading to reduced Q-factor 
compared with ash particles. However, the link performance was 
mostly stable with sand particles except at very high airflow velocities. 
The measurements confirmed that particles pf relative large size such 
as sand lead to reduced performance of the FSO link under turbulent 
conditions, whereas smaller particles such as ash only lead to the 
scattering of the propagating light beam under moderate to high 
turbulence regimes.  
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