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Abstract: In this paper, we present the measurements performed on a free space optics (FSO) communications link using an
indoor atmospheric chamber. In particular, we have generated several different optical turbulence conditions, demonstrating
how even the weak turbulence regime can strongly affect the FSO link performance. We have carried out an in-depth analysis
of the data collected during the measurements, and calculated the turbulence strength (i.e. scintillation index and Rytov
variance) and the important performance metrics (i.e., the Q-factor and bit error rate) to evaluate the FSO link quality.
Moreover, we have tested, for the first time, an appositely developed temporally-correlated Gamma-Gamma channel model to
generate the temporal irradiance fluctuations observed at the receiver. This has been accomplished by using a complete analysis
tool that enables us to fully simulate the experimental FSO link. Finally, we compare the generated time-series with the

collected experimental data, showing a good agreement and thus proving the effectiveness of our model.

1. Introduction

Until now, radio frequency (RF) and fibre optics technologies have been largely deployed in urban areas to ensure error-
free and high data-rate communications. However, these technologies do not represent the most cost-effective way of
providing high-quality video and audio streaming services to the end users. In fact, free space optics (FSO) is a broadband
based wireless communication technology offering almost similar capabilities to those of optical fibre communications and
several advantages compared to RF links. In particular, FSO links offer higher transmission rates over a wide unlicensed

spectral range of 0.7-10 um, inherent security, ease of installation and relocation, and is a green technology by the way of
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lower power consumption. Moreover, FSO systems do not interfere with other wireless communications links [1]. With such
features, the FSO technology is attractive for range of applications, including the last mile wireless access network, fibre
backup, wireless base station-to-base station, disaster recovery, network extension, building-to-building connectivity, and
temporary link. It is also widely used to bring high-speed connectivity to rural areas or developing countries, where the
deployment of fibre and satellite infrastructures is not affordable, due to their high cost or the low population density [2].
Moreover, FSO systems are also employed in inter-satellite communications and in satellite uplinks/downlinks [3, 4].

The transmitter side of an FSO system usually consists of a laser diode, a modulator (that can either be external or
included in the laser driver, in the case of direct modulation) and an optical collimator. The emitted optical signal propagates
along the free space channel (i.e. air) and it is collected at the receiver by means of telescope, detector, and demodulator. The
most common wavelengths used in FSO links are in the range of 0.85 - 1.55 um, and more specifically at wavelengths of 780
nm, 850 nm and 1550 nm, with the latter two coinciding with the optical fibre communications 1% and 3™ transmission
windows [1, 5].

While propagating through the atmosphere, the modulated optical beam can be strongly affected by unfavourable
atmospheric conditions, such as clouds, fog, rain, snow, smog - that generate optical scattering - and, furthermore, absorption
and scintillation phenomena [6-10]. Moreover, the scintillation is one of the most important factors that, even under the clear
sky conditions, can degrade the performance of an FSO communication link. This random phenomenon originates from
refractive index fluctuations (i.e. optical turbulence) caused almost exclusively by small temperature variations in the
atmosphere [11, 12]. The atmospheric turbulence produces irradiance fluctuations of the beam, which can cause the optical
power to drop below the receiver threshold. In this case, a large humber of problems can occur during the communication
between the transmitter and the receiver, such as fading and losses. In order to reduce these impairments, several techniques
have been reported in the literature. Among hardware solutions, aperture averaging [13, 14] and spatial diversity — such as
multiple-input multiple-output (MIMO) based FSO systems [15, 16] - are mostly employed to improve the link performance
under different atmospheric turbulence regimes. Instead, software solutions mainly consist of a retransmission protocol or
suitable encoding techniques, such as the recently developed rateless codes [17-19].

In order to predict the impact of optical turbulence on FSO communications, several turbulence models have been
developed and reported in the literature [1, 11, 12] to analyze and describe the irradiance fluctuations at the receiver. Among
them, is the log-normal distribution, which is mainly used for the weak turbulence regime, while Gamma-Gamma (G-G)
model can be adopted for all turbulence regimes. Whereas, the negative exponential model is mainly employed for very

strong turbulence conditions (i.e. the saturation regime). Therefore, the G-G model is the most widely used in order to



estimate the performance of FSO links under different atmospheric turbulence conditions [20-24].

However, with the above-mentioned models, it is only possible to find out about the irradiance statistics at the receiver.
In order to test both software and hardware solutions for fading mitigation, by means of a theoretical or simulative approach,
detailed information about the signal fading including the temporal duration and its statistics is needed. In the literature, such
information is mainly obtained from the measurements, thus limiting the analysis for given experimental conditions [25, 26].
To overcome this limit, in one of our previous works [27], a high-resolution time-correlated G-G channel model able to
predict, at the desired conditions, the random irradiance temporal fluctuations caused by the optical turbulence was
presented. In this paper we analyse and test the effectiveness of the above-mentioned model under the weak turbulence
conditions for the first time. In details, a comparison between the experimental data collected during a measurement
campaign and the simulated data produced by our time-correlated G-G channel model for the given experimental conditions
is reported. Moreover, an experimental set-up is presented, where a range of turbulent conditions can be created inside an
indoor atmospheric chamber to evaluate the FSO link performance. The in-depth data post-processing has been carried out
on the captured data regarding scintillation index and the normalized probability density function (PDF) based on the widely
used G-G model. The evaluation of the obtained results will provide a complete comparison with the theoretically predicted
distributions. In summary, a complete analysis tool to perform a precise simulation of the experimental FSO link has been
implemented in order to compare between the time-series generated by our proposed model and the experimental data.

The rest of the paper is organized as follows: the measurement set-up is introduced and explained in Section 2. The data
post-processing procedure implemented to analyse the FSO link performance and the theoretical model of turbulence are
outlined in Section 3, while the experimental results are discussed in Section 4. The analysis tool able to simulate the
experimental FSO links and to compare the time-series generated by using the proposed time-correlated channel model with

the collected experimental data is illustrated in Section 5. Conclusions and future works are presented in the final section.

2. Experimental set-up

The measurement campaign was aimed at investigating the performance of the FSO communications link under the
influence of the weak atmospheric turbulence regime. The experimental set-up, depicted in Fig. 1, consisted of a dedicated

indoor atmospheric chamber [28] having a dimension of 5.5x0.3x0.3 m°.



|° " .- aE I D E A E aE . Ll e e i
: Atmospheric Chamber I
NRZ-OOK direct (5.5m) :
- | : | Photodetector
modulation Laser,
! 13| 12| B !
= S

AWG

TIA

ﬁ/
N
¥
i
82
ST
1
1
o N
N S
: 3
E:| \
[
B
3
[v
\
:
O
w
(]
3 [

L

FiG. 1: Schematic block diagram of the experimental set-up

The chamber is composed of seven compartments (not shown in Fig. 1), with each section having a vent for the air
circulation. In order to create thermal gradients and hence turbulence, two external fan heaters were used to blow hot air in
the direction perpendicular to the propagating optical beam along the chamber through the two open vents placed closer to
the transmitter (FHT) and the receiver (FHR) and the rest were kept closed, as depicted in Fig. 1. In this way, the temperature
inside the chamber was able to reach up to 50-60° C with a temperature gradient greater than 6° C, along the chamber
between the transmitter and receiver, as required for creation of turbulence [1]. In order to continuously monitor the
temperature profile along the chamber, three temperature sensors (T1, T2 and T3) at 2.4 m apart were used, see Fig. 1.

On the transmitter side (Tx), a non-return to zero on-off-keying (NRZ-OOK) modulation format at a range of data rates
(1, 5 or 10 Mbps) was loaded into an arbitrary waveform generator (AWG) which RF output was directly modulated by the
laser source. The output optical beam was collimated by a lens, positioned at 0.24 m from the laser diode output, prior to
being launched into the chamber.

At the receiver side (Rx), a silicon PIN photodetector with an integrated trans-impedance amplifier (TIA) - to better
detect the output photocurrent - was employed. The photodetector was positioned at 0.33 m from the chamber. Finally, the
detected signal was captured by a high frequency digital storage oscilloscope (DSO) with a maximum analogue bandwidth of
2.5 GHz. At this stage both the transmitted and the recovered data (in NRZ-OOK formats) were captured by DSO for post-
detection signal processing.

The key system parameters are reported in Table I.

Table I: Key system parameters

Parameters Values

Tx

Data rate Ry, 1, 5 and 10 Mbps
Modulating signal Vp, +200 mV

Pseudo-random sequence of length 2% -1 bits



Optical source - Laser

Wavelength A 830 nm

Optical Output Power Prx 10 mW

Bandwidth Btk 75 MHz

Rx

Optical receiver — PIN PD

Active area App 0.8 mm?

Bandwidth Bgrx 150 MHz
Responsivity R 0.35 A/W @ 830 nm
TIA

Transimpedance gain G 5-10 kQ

Butterworth filter bandwidth Bgg % data rate

3. Theoretical background for data analysis

The measured data were post-processed to analyse the FSO link performance and to compare the results with the

theoretical prediction. The received signal can be described by the conventional channel model [29]:
Y, =hRx, +n,, 1)

where the channel state h = hh, where h; and hgare the attenuations due to the atmospheric turbulence, and geometric spread
and pointing errors, respectively. x, € {0, 2Py} is the optical intensity of the transmitted signal with Py, being the average
transmitted optical power, R the responsivity of the photodetector at the optical transmission wavelength, and n, is signal-
independent additive white Gaussian noise with zero mean and variance ¢;2. For a slow-fading channel with OOK signalling,

the received electrical signal-to-noise ratio (SNR) is defined as [1]:
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where SNR is a fluctuating term due to the influence of h, which is chosen from the random ensemble according to the
distribution f;, (h).

The signal received from the detector was digitally filtered via a second-order Butterworth low-pass filter with a cut-off
frequency equal to half of the data rate. Since during the measurements we used oversampling to ensure high resolution, for
data post-processing a down-sampling was adopted by selecting the points that maximize the Q-factor (and dually minimize

the bit error rate (BER)). The BER defined in terms of the Q-factor can be expressed by [1, 30]:
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where the Q-factor is:
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v, and v, are the mean received voltages and o, and o are the standard deviations for the ‘high’ and ‘low’ level

signals, respectively.

Following the selection of the samples that maximize the Q-factor, the comparison with the theoretically predicted
distributions was performed. In fact, as already explained in Section 1, several models are reported in literature to estimate
optical turbulence effects. Since the aim of the experimental campaign was to assess the link performance under the weak
turbulence condition, which is far more easier to generate, we chosen the G-G model - that can be used from weak-to-strong
turbulence regimes - in order to compare the measured data with the predicted ones. The scintillation index presents a viable
statistical quantitative measure of the magnitude of atmospheric turbulence-induced irradiance fluctuations (i.e. the level of

scintillations) given by [11, 12]:

-1 ®)

where the quantity | indicates the irradiance of the optical wave and the angle brackets <.> denote an ensemble average
equivalent to long-time averaging with the assumption of an ergodic process. The classification of atmospheric turbulence-
induced scintillations (i.e. weak, moderate and strong turbulences) is commonly distinguished through the values of the
Rytov variance:

a,i =1.23ka7/6L11’6; (6)
where k = 2w /4 is the optical wave number with A being the laser wavelength, and L is the distance from the transmitter.
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The refractive index structure parameter C2 (in unit of m™=”) is physically interpreted as a measure of the strength of the

fluctuations in the index of refraction, and is expressed through the relation [1]:
P 2
C?= [79 x107° —2) CZ; (7)
T

where CZ denotes the temperature structure constant. The typical values of C2 are 10 m™?® and 10" m™?® for weak and

strong turbulence regimes, respectively. 62 < 1, g2 ~ 1, and o > 1 correspond to the weak, moderate and stronge



turbulence regimes, respectively.

According to the G-G model, the PDF of the received optical irradiance can be expressed as:

2(ap) | larsyzhs
I(a)r(B)

where I'(") is the Gamma function, K,(*) is the modified Bessel function of the second kind of order n, while o and g are two

p(1) = K, ,(2Jam) ®)

parameters related to the large-scale and small-scale scintillations of the optical wave expressed, for plane wave model at
zero inner scale case [12], as follows:
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For a point detector and under weak turbulence conditions (aé <<1) the scintillation index corresponds to the Rytov
variance oﬁ that for the plane wave is defined as [11,12]:

o2 ,(0) = o2 =1.23C2K"°L1Y°, (11)

The aperture-averaging effect of a non-point receiver aperture is taken into account through the aperture-averaged

scintillation index:
o (D)= Aso7 ,(0) (12)

where A, denotes the aperture-averaging factor, and D is the receiver aperture diameter. The aperture-averaged scintillation

index for the limiting plane-wave and spherical-wave models take on the forms:

0.495°2 0.5107 (1+0.69052/°)°/°
(L+0.65d% +1.11522/5)'®  1+0.90d” +0.62d o'

of (D) =exp J—ll (13)

where the scalar parameter d is given by:

d =vkD?/4L . (14)



The proposed channel model is capable of generating irradiance time series starting from the PDF given by eq. (8), and to
define a temporal correlation between the samples. The spatial relationship that links the optical irradiance values is given, in

the case of a plane-wave propagation, by the following covariance function:

B, (0) =
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where p is the spatial variable, ;F;(") is the confluent hypergeometric function of first kind, and #, and #, are two parameters,

respectively, which are defined as [12,27]:
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The above-mentioned spatial covariance is then converted into a time function by applying the Taylor’s frozen eddies
hypothesis [11,12,27]. In detail, it is possible to define V; as the average transverse wind speed (orthogonal to the
propagation direction), and to express the spatial variable as a function of the time t:

p=Vit (18)
Substituting eq. (18) into (15), the covariance becomes a function of the only independent variable t, i.e., By(t).
A commonly-used method to simulate predictions of irradiance fluctuations is the theoretical block-fading model (BFM),
where the channel fade remains constant during a block and then changes to another independent value in the following
block [31]. By using this approach, it is not possible to obtain a time resolution that is less than one correlation time, i.e., the
time in which the amplitude of normalized covariance function is equal to 0.5 [25]. In order to improve the resolution, a time
correlation between the irradiance samples has to be introduced. Our channel model uses an algorithm composed of a

correlation filter and a nonlinear memory-less block function [27]. The input parameters are the double side Fourier



Transform of the temporal irradiance covariance B(t) - and a random G-G irradiance time series. The temporal spacing
between two adjacent samples is the reciprocal of the FFT sampling frequency f.. Therefore, it is possible to arbitrarily

choose the temporal resolution of the sequence. This allows to achieve a higher accuracy than the above-mentioned BFM.

4. Measurement results

In this section the results of the measurement campaign carried out are discussed. For each data rate, as defined by table
I, the performance of the FSO link with no turbulence was evaluated following the procedure outlined in section 2. Table Il
summarises the measurement conditions and results obtained. As shown with no turbulence (i.e. cases 1, 4 and 6) the link

quality is good judging by the values of the Q-factor — calculated using eq. (4) - being > 20.

TasLE I1: Measurement conditions and results.

Case Datarate  T1 T2 T3  Fanheater Q- BER Scintillation Rytov
[Mbps] [°C] [°C] [°C] factor index variance
1 1 24 24 24 None 47.6 0 =0 ~0
2 1 50 33 26 FHR 3.91 47x10° 0.004 0.006
3 1 24 25 35 FHT 1.81 3.5x% 107 0.04 0.06
4 5 24 26 26 None 29.8 0 =0 =0
5 5 26 32 50 FHT 2.55 5.5 x 107 0.01 0.013
6 10 25 27 26 None 21.2 0 0.0001 0.0002
7 10 36 29 25 FHR 322 65x10" 0.006 0.008
8 10 25 28 33 FHT 1.45 7.3x 107 0.07 0.096

In Fig. 2(a), we show the sampled signal (without the DC component) for the case 1 of Table Il. The black line represents
the point-by-point average of the signal. As reported, the average irradiance is almost constant, thus indicating no or a very
low turbulence within the chamber. In Fig. 2(b), the corresponding eye-diagram is depicted, which is widely open, thus
indicating very high link availability (i.e. low BER). In fact, the measured Q-factor is 47.6, while the BER — calculated using

eg. (3) - is almost zero.
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FiG. 2: (a) Sampled signal received at the photodetector (grey line) and the point-by-point average signal value (black line) for case 3, and
(b) the corresponding eye-diagram (plotted considering the first 4000 samples).

Inducing turbulence through hot air inside the chamber the signal irradiance fluctuations were observed. In Fig. 3, the
comparison between the sampled signal when the hot air fan was located at the receiver end for the case 7 (Fig. 3(a)), and at
the transmitter end for the case 2 (Fig. 3(b)) is depicted. It is shown that greater irradiance fluctuations were recorded for
case 2. This can be explained as follows. Within the chamber the optical beam is passing through the turbulence induced air
bubbles of different sizes, experiencing scattering (phase fluctuation) and power loss [28]. In fact part of the scattered light
beams are lost and the remaining propagates down the chamber to be collected at receiver. Thus the beam arriving at the
receiver will have a much wider and fluctuated optical foot print, which is considerably larger than the area of the
photodetector.

In Fig. 4(a), the eye diagram corresponding to the case 2 is depicted. The eye opening is not as wide as in Fig. 2(a)
because of turbulence within the chamber, thus indicating deterioration of the FSO link due to the low values of Q-factor
(1.81) and the BER (3.53 x 10?). Fig. 4(b) shows the PDF of the measured samples (in grey), which is being compared to

predicted G-G PDF (in black) calculated — through eq. (8) - taking into account the measured scintillation index (obtained by

eq. (5)).
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The small discrepancy visible between the two PDF distributions is due to the small number of samples taken during the

acquisition. Nevertheless, this is a good agreement between the predicted and measured distribution, thus confirming the

effectiveness of the G-G model in weak turbulence conditions. Similar results were obtained for a number of different set of

measurements.

As shown in Table 11, the maximum scintillation index that could be reached (case 8) is equal to 0.07, corresponding to a

Rytov variance of 0.096. The latter has been calculated by inverting eq. (13), taking into account the receiver diameter. In

this case, the Q-factor is 1.45, which corresponds to a BER of 7.34 x 102 Moreover, in all the measurements, the aperture

averaging factor was calculated using eq. (12), by taking into account the photodetector active area, being equal to 0.77.
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5. Comparison with the theoretical time-correlated channel model

In the previous sections, the results of the measurements campaign that was carried out on an indoor FSO link were
discussed. In particular, the analysis was focused on the FSO link performance metrics such as the Q-factor and the BER,
and the turbulence strength in terms of the scintillation index and Rytov variance. In addition, in order to investigate the
temporal and frequency characteristics of the irradiance fluctuations, additional analysis on the collected data was also
performed.

In detail, this section outlines the results obtained by using an irradiance time-series generator based on the channel
model already reported in our previous works [27] and described in Section 3. In each experimental case, the temporal
covariance of the signal was derived to obtain information on the frequency spectrum of the irradiance fluctuations. The
measured scintillation index value was used to generate the samples with correct statistical distributions in accordance to the
experimental turbulence condition. The theoretical temporal covariance B,(t) [27] — obtained by combining egs. (15) and (18)
- was then employed to temporally correlate the samples. Starting from the data collected during the measurements, the
correct transverse wind speed value V+ (see eq. (18)) was also determined, for each case, as a fitting parameter, in order to
achieve a close matching between the measured and predicted temporal covariances. The obtained values, summarized in
Table 111, fall within the range of 0.4 - 2.6 m/s, comparable to the wind speeds measured by an anemometer placed nearby
the vents, during the experimental campaign (about 1.5 - 2.5 m/s). Moreover, in Table Ill we show the comparison between
the measured and predicted (from the theoretical temporal covariance) correlation times. Among all the above-mentioned

cases, only those showing the presence of turbulence conditions are taken into account.

TABLE I11: Transverse wind speed and correlation times

Case Data rate Rytov variance Transverse wind ~ Measured correlation Predicted
[Mbps] speed [m/s] time [ms] correlation time

[ms]
2 0.006 2.0 0.35 0.34
3 1 0.06 15 0.44 0.45
5 5 0.013 2.4 0.30 0.29
7 10 0.008 1.7 0.41 0.42
8 10 0.096 0.7 0.94 0.94

These values were used as input parameters for our channel model. Then, we have generated the irradiance time-series
and compared them with the corresponding measured data in order to validate the model. We found that there is a close

match between the time-series and measurement data distributions. Moreover, the temporal covariance of the time-series fits
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quite well - within a correlation time, reported in Table Ill- with the measured data. Figure 5 shows both the PDF and

normalized temporal covariance for the measured data and predicted time-series for the case 3 in Table Il.
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FiG. 5: Comparison between the measured data and predicted time-series for (a) PDF, and (b) the normalized temporal covariance for the

case 3.

In addition, a complete analysis tool was implemented in order to perform an in-depth simulation of the above-described
experimental FSO link. In detail, it is composed of an FSO link simulator - that makes use of the equations illustrated in
Section 3 — and also of the above-mentioned irradiance time-series generator. The tool is able to reproduce the employed
experimental FSO link taking into consideration turbulence effects and noise contributions. Moreover, it can also evaluate
the link performance by means of determining the Q-factor and BER.

In the simulations, all the parameters were set in accordance with the FSO link specifications. In particular, for each case,
the average power intensity of the simulated NRZ OOK optical signal was set to the experimental value measured with no
turbulence. In order to correctly reproduce the experimental conditions, a term of noise with the measured standard deviation
of ~70 mV was added to the simulated output signal of the photodetector. The obtained results are summarized in Table 1V
and highlight a good agreement between measured and simulated data. Note that in all cases (with a noticeable level of

turbulence) the measured Q-factor value falls well within the statistical distribution obtained by means of simulations.

TasLE IV: Comparison between measured and simulated Q-factors

Case Data rate Scintillation Measured Minimum Mean Maximum
[Mbps] index Q-factor simulated  simulated  simulated Q-
Q-factor Q-factor factor
2 1 0.004 3.91 3.09 451 6.71
3 1 0.04 1.81 1.29 1.65 2.33

5 5 0.01 2.55 2.15 3.13 471
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7 10 0.006 3.22 2.51 3.91 6.08
8 10 0.07 1.45 1.22 1.47 191

For example, in Figs. 6 (a) and (b) we show the simulated statistical distribution for the Q-factor (in black), which is
compared to the measured value for the case 3 and 8, respectively, which present, among all the performed measurements,

the higher turbulence condition generated within the atmospheric chamber.
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FiG. 6: Simulated and measured probability density against the Q-factor values for: (a) case 3, and (b) case 8.

The overall results are summarized in Fig. 7, which depicts the Q-factor versus the scintillation index for the measured
and the simulated maximum, mean, minimum values. As shown, for all cases the Q-factor decreases with increasing

scintillation index and, furthermore, all the measured values fall within the range of the simulation results.
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FI1G. 7: Q factor versus scintillation index for the measured and the simulated maximum, mean, minimum values.
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The close agreement between simulation and measured results highlights that the time-series generator is able to predict,
with good approximation, the signal fluctuations and, consequently, enable the evaluation of the performance of a generic
FSO link under the weak turbulence regime. This kind of approach can be useful for parametric studies of FSO link design,
Monte Carlo analysis, and, in addition, to study the performance of fading mitigation techniques. In detail, it is possible to
automatically evaluate — in a more realistic way - the FSO link performance by establishing the exact time interval in which
fading events can occur during communication, for the given turbulence condition and FSO link specifications. In this way,
the packet loss (and hence the Packet Error Rate - PER) occurring for a given situation can be evaluated, and it is also

possible to obtain each single bit affected by the fading event.

Starting from the above-described FSO link and from the turbulence conditions reached in the chamber, some additional
simulations were performed, to demonstrate the usefulness of our channel model for an FSO system designer. In detail, these
simulations were aimed to obtain the Packet Error Rate, at varying FSO link path length and receiver active area. The worst
turbulence condition obtained in the chamber (case 8), i.e., Rytov variance of 0.096, was assumed as the test environment for
the simulations. The other parameters were: fading depth threshold of 6 dB (i.e., the threshold, with respect to the average
optical power, below which a packet is considered lost), packet length equal to 1000 bytes, and 1,000,000 packets sent for
each run. To obtain a higher accuracy, 20 cycles of simulations were performed for each combination of path length and

receiver diameter. The results, in terms of Packet Error Rate, are shown in Fig.8.
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FIG. 8: Packet Error Rate versus receiver active area, at different path lengths and at Rytov variance = 0.096

As reported, at increasing path length, the number of lost packets increases, and hence the PER. Instead, at increasing

receiver active area, it is possible to reduce packet loss and PER (due to the aperture averaging effect).
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Finally, an additional simulation analysis was performed, this time at varying turbulence conditions and receiver area. In
particular, the simulated configuration used the following parameters: the path length of the employed FSO set-up, a data
rate of 10 Mbps and a transverse wind speed value of 0.7 m/s, while the Rytov variance was varied from 0.05 up to 0.8.
Moreover, three different receiver active areas were considered (App =0.08 mm2, App =0.8 mm2 and App = 8 mm2). The

results are summarized in Table V.

TaBLE V: Packet Error Rate at several combinations of Rytov variance and receiver active area

Rytov Packet Error Rate (PER)
variance App = 0.08 mm? Arp = 0.8 mm? Arp = 8 mm?
0.05 0 0 0
0.1 4.04 x 10™ 2.07 x 10™ 0
0.15 4.10 x 10 2.00 x 10°® 437 x10°
0.20 1.48 x 107 8.10 x 10° 2.16 x 10™
0.25 3.25 x 10 1.96 x 10 6.80 x 10™
0.30 5.54 x 10 3.56 x 10 1.80 x 10°®
0.35 8.16 x 10 5.47 x 10 3.90 x 10°
0.4 1.09 x 10" 7.57 x 10 6.90 x 107

As reported, the PER strongly increases with Rytov variance at a given active area. Instead, at a given turbulence
condition, as expected, the PER strongly decreases when increasing the receiver active area. Therefore, we can conclude that
our channel model and the implemented simulator represent a very useful tool, that can be easily employed by system

designers to choose the FSO link specifications suitable to have, for example, a maximum PER or BER.

6. Conclusions

In this paper, an indoor FSO link performance was assessed using an indoor laboratory atmospheric chamber where
turbulence conditions were created. The obtained results showed that turbulence can severely affect the link performance,
decreasing the Q-factor and increasing the BER, even under weak turbulence conditions. A maximum value for Rytov
variance of 0.096 (measuring a BER of 7.3x107%) was obtained. Moreover, a complete analysis tool able to perform an in-
depth simulation of the experimental FSO links was implemented. In this way, we were able to test, for the first time, our
time-correlated channel model, which can be used to generate time-series to predict the irradiance fluctuations - caused by
optical turbulence - observed at the receiver. The generated time-series were compared with the experimental data collected
during the measurement campaign, showing a good agreement and thus proving the effectiveness of the model. Hence, we

can conclude that, by properly setting the simulation parameters, it is possible to employ the proposed model to evaluate with
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good approximation - by using a simulation approach - the performance of a FSO link under several turbulence conditions, in

terms of Q-factor, BER, PER and errors caused by fading. In the near future, we aim to examine the validity of the model

also under moderate-to-strong turbulence conditions, for example by generating higher temperature gradients within the

chamber.
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