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Abstract

Optical wireless communication (OWC) is a viable complementary solution for next-generation
communication networks saddled with meeting the great demands of high data rates and fast internet
connectivity. Its numerous advantages include: high data throughput; secure transmission; license-free
spectrum; relative low cost of deployment; flexible network connectivity; etc. However, OWC system
performance is severely degraded by atmospheric conditions such as fog and scintillation. Most of the
proposed FSOC and hybrid FSOC systems in the literature are limited in their capacity to predict the extent
to which atmospheric disturbances will impact on the performance of FSOC links in each location where
they are to be deployed. This is because of the complexities involved in accessing and analyzing the
information on the unique meteorological and climatic characteristics of the locations of interest prior to
FSOC link deployment. This important information is necessary for determining the fade margin required
by FSOC systems to withstand atmospheric disturbances in various locations of deployment. The effects of
other atmospheric conditions such as gas absorption, molecular scattering, and aerosol absorption on the
transmission wavelengths of interest (850 and 1550 nm) are negligible, and as such, were not considered in
this study. This research, therefore, focuses on the investigation and modeling of scattering attenuation and
irradiance fluctuations based on the unique climatic peculiarities of nine major cities in each of the
provinces of South Africa where OWC links are to be deployed. These cities are Bloemfontein, Cape Town,
Durban, Johannesburg, Kimberley, Mafikeng, Mbombela, Polokwane, and Port Elizabeth.

Meteorological data of visibility, wind speed, relative humidity, temperature, fractional sunshine, and
atmospheric pressure from 1st January 2010 till 30th June 2018, for each of the locations of interest, are
statistically processed and used in the investigation, estimation, and modeling of atmospheric phenomena
affecting the performance of OWC signals. To achieve this, visibility modeling and prediction for OWC
systems are performed using regression analysis. The results obtained show that various simple and multiple
linear regression models reliably forecast visibility from other meteorological parameters considered in this
study. The model's selection may be influenced not only by its performance but also by the parameters'
availability. While caution is taken to avoid model over-specification, multiple linear regression models are
preferable over simple regression models. The significance of the results obtained is the validated
alternatives the simple and multiple linear regression models provide while saving costs and avoiding the

complexities of measuring FSO visibility in the investigated locations.

The relationship between atmospheric visibility and aerosol scattering attenuation has been established by
various aerosol scattering models based on the Mie scattering theory. This is made possible because the

radii of aerosol particles in the atmosphere are approximately equal to the infra-red wavelengths of optical
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signals. Thus, the cumulative distribution of visibility and aerosol scattering attenuations based on the ljaz
fog and Kim models for transmission wavelengths of 850 and 1550 nm in nine cities in South Africa are
presented. The ljaz fog and Kim models are also used in computing the probabilities of exceedance,
deceedance, and encountering of different aerosol scattering attenuations for 850 and 1550 nm. The impact
of these specific attenuations on free space optical communication (FSOC) link performance are
investigated for all the various locations of interest. The results show that during foggy weather, the optical
signals transmitted at 1550 nm encounter more scattering attenuation than those transmitted at the 850 nm
wavelength. The reverse is the case during clear weather periods. Modeling of the minimum required
visibility cumulative distribution functions (CDF) during foggy and clear weather conditions for both
optical wavelengths is also presented. These CDFs are employed in evaluating the FSOC link availabilities

in various cities in South Africa.

The analysis of atmospheric turbulence effects on terrestrial SISO FSOC links based on the root-mean-
square (RMS) and ground wind speeds CDF, probability distribution function (PDF), and percentage of
time (POT) peculiar to various cities in South Africa is presented. These wind speed distributions are used
in computing the refractive index structure parameters based on the Hufnagel-Andrews-Phillips (HAP)
model. The scintillation indices, as well as the effective number of large-scale and small-scale turbulence
eddies, are calculated based on the modified Rytov theory and presented for periods not exceeding 50%,
99%, 99.9%, and 99.99% of the time. The scintillation profile comprising the values of these parameters is
computed for Gaussian beam waves transmitted at a wavelength of 1550 nm over specific link distances

for the locations of interest.

Finally, link availability, optimal link length, data rate, outage probability, and bit error rate (BER)
performance analysis for intensity modulated and direct detection (IM/DD) OWC systems based on
different modulation schemes while considering the effect of pointing errors, are investigated under the
influence of weak, and moderate to strong atmospheric turbulence regimes in various cities in South Africa.
Irrespective of the metrics used for performance evaluation, it has been shown that FSOC links transmitting
at 1550 nm outperform those at 850 nm for all locations under study. This is because of the inherent
characteristics of minimal absorption effects on optical signals transmitted in the short-wavelength infrared
range (1530-1560 nm). Thus, playing a major role in the better BER performance of the FSOC links
transmitting in this wavelength range over weak and moderate to strong atmospheric turbulence regimes as

compared to those transmitting in the near IR range (7801400 nm).
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Chapter 1

1 Introduction

1.1  Background of the Study

Optical wireless communication (OWC) technology generally known as Free-space optical communication
(FSOC) is a bidirectional, line-of-sight (LOS) communication that uses the atmosphere as an unguided
propagation medium of optically modulated information signals. FSOC systems use a combination of
electrical-to-optical circuits to transmit user information onto an optical carrier, and then use optical-to-

electrical circuits to convert back to the electrical domain at the receiver [1]-[3].

FSOC systems have gained tremendous research and commercial attention over the last few decades due to
the numerous advantages they provide and the development margins they exhibit. The high data rate
transmission and unrivaled user data security level they provide, as well as the comparatively cheap
operational cost and license-free installation, are some of the reasons why FSOC links are used in
contemporary communication networks [4]-[6]. Indeed, FSOC is a promising complementary solution
platform for 5G backhaul networks, whether as a standalone or hybrid technology[4], [7]. Many of the

limitations of microwave communication are not present in FSOC links [7].

In spite of their numerous features and prospective applications, FSOC systems have yet to gain widespread
commercial adoption. This is due to the fact that performance, dependability, and availability of FSOC
systems, are highly susceptible to atmospheric and meteorological conditions as the laser beam propagates
through the atmosphere [7], [8]. Attenuation due to absorption and scattering is a significant factor that
affects the performance of FSOC links and can cause major performance deterioration or even outages in
dense fog, snow, haze, dust or rainy weather ([1], [2], [6], [9]-[12]). This is because the composition of the
atmosphere, particularly during foggy weather, has similar particle size distributions compared with the
size of infra-red (IR) wavelengths. This could cause the IR optical beam to be scattered or absorbed, which
would lower the performance and availability of the FSOC link [13], [14].

Absorption and scattering of information-carrying photons may result in loss of signal power and
redirection of LOS communication at the receiver. Consequently, both impairments result in erroneous data

recovery at the receiver [1], [7]. Several specific attenuation models have been developed to estimate the



aerosol scattering attenuation based on meteorological visibility ranging from 0.1 — 50 km over transmission
wavelengths of 400 — 1550 nm [15]-[19].

The Kruse model was developed mainly for estimating scattering attenuation during haze conditions for
optical to near infra-red (IR) wavelengths over visibility ranges of 0-50 km. However, the Kruse model is
not suitable for visibility under fog conditions [18], [19]. The Nabousli et al. model was developed for
wavelengths of 690-1550 nm for visibility in the presence of advection and radiation fog conditions. The
optical threshold for the models was not stated, and the models are not suitable for estimating scattering
attenuation in haze and clear weather conditions [15], [18].

The Grabner et al. and Nadeem et al. models were both developed from empirical data of visibility under
fog conditions for two optical wavelengths of 830 and 1550 nm. Both models are clearly not independent
models because their root mean square errors (RMSE) are quite large when compared to other universal
models; thus, they are only suitable for the specific locations for which they were developed [17], [18],
[20]. Ferdinandov et al. proposed new empirical models for aerosol and molecular scattering coefficients
in the lower troposphere using analytical methods. These models were developed for wavelengths of 300—
1100 nm and visibility ranges of 0.1-50 km. However, the Ferdinandov models are not verified by
experimental work, and there are clear differences in the performance of the models when compared with
other independent models [16], [18].

The ljaz fog model was developed to investigate fog attenuation of optical signals for visibilities between
1 and 1000 metres. The model performance indicates that the scattering attenuation results are valid for
wavelengths of 600-1600 nm, where the results show that fog attenuation is wavelength dependent for all
ranges of visibility considered. This is in contrast to the claim by the Kim model that fog attenuation is
independent of all optical wavelength ranges for visibilities less than 500 metres [18], [19], [21]. The Kim
model is a modification of the Kruse model, and it was developed to correct the misconception that optical
signals transmitted at a wavelength of 1550 nm were less affected by aerosol scattering attenuation when
compared with shorter wavelengths of 780 and 850 nm. The Kim models are suitable for estimating
scattering attenuation of optical signals for visibility under haze and clear weather conditions but unsuitable
for fog investigations [18], [19], [21].

Furthermore, in clear sunny weather with negligible aerosols, atmospheric turbulence, which generates the
scintillation effect, degrades the performance of the FSOC links. Atmospheric turbulence causes random

fluctuations in the refractive index of the atmospheric medium. Along the propagation path, temperature



changes and/or mixing of hot and cold air masses generate pockets of eddies of varied densities. These
turbulence eddies result in intensity and phase variations in information-carrying photons, which may result
in irreversible information loss [22]-[25]. Some optical scintillation models for plane, spherical and
Gaussian beam waves taking into account the absence and presence of microscale and macroscale

turbulence eddies have been investigated and reported in [26]-[28].

Various mathematical models, such as gamma-gamma, log-normal, Kk-distribution, and negative
exponential models, have been researched and proposed to characterize the influence of turbulence on
FSOC information signals [1], [2]. Turbulence can be classified as weak, moderate, or strong depending on
the degree of intensity scintillations induced by the existence of turbulence eddies. The log-normal model
is best suited for received signal characterization during weak turbulence conditions, while the negative
exponential model is best suited for strong turbulence conditions only; however, the gamma—gamma model
has been found to be ideal for characterizing moderate to strong turbulence conditions [1], [9]. All of these
atmospheric impairments have been thoroughly investigated theoretically, and multiple channel models
have been developed in order to evaluate the key metrics of a communication system, such as outage
probability, bit error rate, and so on [21], [29], [30].

1.2 Problem Formulation and Motivation

The performance of FSOC links are highly susceptible to climatic and weather conditions in locations of
deployment, as well as physical phenomena [7], [8]. The majority of proposed FSOC and hybrid FSOC
systems in literature are limited in their capacity to predict the extent to which atmospheric disturbances
will impact on the performance of FSOC links in each location where they are to be installed. This is
because the information and computational analyses of the unique meteorological and climatic
characteristics of the locations of interest are usually not studied prior to FSOC deployment. This
information is very important for determining the required fade margin for FSOC systems so that designed
links can withstand atmospheric impairments in their various locations of deployment. It is therefore
imperative to thoroughly investigate and estimate the extent to which various atmospheric phenomena will
impact on the performance and availability of FSOC links in locations of interest. In this thesis, the South
African geographical space is the area of focus with keen interest in nine cities, one in each of the provinces
of South Africa. These cities are: Bloemfontein, Cape Town, Durban, Johannesburg, Kimberley, Mafikeng,
Mbombela, Polokwane and Port Elizabeth. These selected cities are urban places with considerable

population, hence great demand for high data rates and fast internet connectivity.



The climate of South Africa is considered highly variable spatially and temporally. The spatial variations
in elevation across the country contribute significantly to this diversity. The Council for Scientific and
Industrial Research (CSIR) developed the Koppen-Geiger climate classification for South Africa, which
characterizes the country as semi-arid with influences from temperate and tropical zones [31], [32].
Northern steppe climates may be found at Mafikeng, Kimberley, and Bloemfontein; Bloemfontein has cold
arid weather, whereas Mafikeng and Kimberley are mostly arid and hot. The climates of Johannesburg and
Mbombela are mildly temperate, with the former being high-veld and the latter being low-veld. Durban has
a humid subtropical climate, but Cape Town has a Mediterranean climate, with warm summers and rainy
winters. Polokwane has an arid Bush-veld climate with hot summers and chilly winters, whereas Port
Elizabeth has a southern coastal climate with rain throughout the year [33]-[35]. The aim of this study is to
determine the attenuations based on the atmospheric conditions peculiar to all the climatic zones of South
Africa.

1.3  Research Objectives

1) To determine regression models based on meteorological parameters to reliably forecast atmospheric
visibility in all the locations of interest.

2) To compute the probabilities of exceedance, deceedance and encountering of different aerosol
scattering attenuations for 850 and 1550 nm FSOC links from meteorological visibility data collected
for various cities in South Africa.

3) To model the minimum required visibility CDFs during foggy and clear weather conditions for 850 and
1550 nm FSOC links in order to compute the availability of these links in the aforementioned locations.

4) To compute the scintillation profile for Gaussian beam FSOC signals using the modified Rytov theory
for various locations in South Africa over periods that do not exceed 50%, 99%, 99.9%, and 99.99% of
the time.

5) To investigate the outage probability and bit error rate (BER) analysis for FSOC links employing
different modulation schemes while considering the effect of pointing errors over weak, moderate to

strong atmospheric turbulence regimes in various cities of South Africa.

1.4 Contributions

Six research articles were directly influenced by the research undertaken in preparation for this thesis: three
conference papers and three journal articles. Each article’s title, authors, type, publication status, and brief
synopsis are provided. The three journal papers for which the candidate is acknowledged as the lead author

are presented in the following chapters of this thesis (i.e. Articles 1, 3 and 6).
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14.1
Title
Authors
Type

Status

Summary

1.4.2
Title
Authors
Type

Status

Summary

Article 1

Visibility Modeling and Prediction for Free Space Optical Communication Systems for
South Africa

Olabamidele O. Kolawole, Modisa Mosalaosi and Thomas J.O. Afullo

Journal Paper

Published in International Journal on Communications Antenna and Propagation
(IRECAP), 2020, vol. 10, no. 3, DOI: 10.15866/irecap.v10i3.18008

This paper proposes regression models based on meteorological parameters to reliably
estimate atmospheric visibility. For Cape Town, South Africa, the meteorological
parameters utilized were relative humidity, temperature, fractional sunshine, air pressure,
and wind speed. The results obtained show that various simple and multiple linear
regression models adequately predict visibility. While caution is taken to avoid model over-
specification, multiple linear regression models are preferable over simple linear regression
models. The significance of the model parameters is achieved in the case of multiple linear
regression models by limiting the impacts of multicollinearity. The model's selection may
be influenced not only by its performance but also by the availability of the parameters.
The methodology used in deriving the regression models for Cape Town, were also
extended to seven other major cities spatially located within the South African
geographical space; and their results presented therein. This study shows that
meteorological parameters at a location can be utilized to model and perhaps forecast

optical signal visibility.

Article 2

Estimation of Optical Wireless Communication Link Availability Using Meteorological
Visibility Data for Major Locations in South Africa

Olabamidele O. Kolawole, Thomas J.O. Afullo and Modisa Mosalaosi

Conference Paper

Published in Proceedings of the 2019 Photonlcs & Electromagnetics Research Symposium
- Spring (PIERS-Spring), June 2019. DOI: 10.1109/PIERS-Spring46901.2019.9017842
This paper presents the cumulative distributions of visibility under fog conditions from
data spanning 8 years; based on visibility measurements for average worst month, worst
year and hour most fog events occurred in a major city in each of the nine provinces of

South Africa. The fog cumulative distribution based on average worst month



1.4.3

Title
Authors

Type
Status

Summary

144

Title

measurements was then converted into Mie scattering attenuation distributions for OWC
links propagating at 850nm using the Kim and ljaz Fog models. The availability of a typical
850 nm OWC link is then calculated for all the desired locations of interest. The results
presented show that the links in the province of Mpumalanga and the coastal cities of Cape
Town and Port Elizabeth are highly susceptible to aerosol scattering attenuations; hence

their noticeable degradation in availability over link distances between 0 — 1 km.

Article 3

Terrestrial Free Space Optical Communication Systems Availability based on
Meteorological Visibility Data for South Africa

Olabamidele O. Kolawole, Thomas J.O. Afullo and Modisa Mosalaosi

Journal Paper

Published in South African Institute of Electrical Engineers (SAIEE) Africa Research
Journal, 2022, vol. 113, no. 1, DOI: 10.23919/SAIEE.2022.9695423

This journal paper expands on the previous study done in Article 2. Statistical evaluation
of meteorological visibility data collected for various cities in South Africa is employed in
the computation of the probabilities of exceedance, deceedance and encountering of
different aerosol scattering attenuations for 850 and 1550 nm FSOC links. This was
achieved after the analysis of the cumulative distribution of visibility and aerosol scattering
attenuations based on the ljaz and Kim models for the aforementioned links. Thereafter,
the link margin equations derived, were implemented in evaluating and modeling of the
minimum required visibility CDFs for two FSOC links in foggy and clear weather
conditions. These computations were then implemented in determining the availability
performances for two commercial FSOC links. Achievable SNRs, data rates, and BERs for
FSOC systems employing IM/DD with non-return-to-zero on-off keying (NRZ-OOK)
modulation under the influence of weak turbulence are presented for all the locations of
interest. Due to their high wind velocities, altitudes, and refractive index structure
parameter values, the links deployed in the cities of Mafikeng and Kimberley have the
lowest BER performances as shown in the results. Also, the 1550 nm FSO link outperforms

the one transmitting at 850 nm based on all the performance metrics used.

Article 4

Initial Modeling of Atmospheric Turbulence Effect on Optical Wireless Communication
Links in South Africa



Authors

Type
Status

Summary

1.4.5

Title
Authors
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Status

Summary

Olabamidele O. Kolawole, Thomas J.O. Afullo and Modisa Mosalaosi

Conference Paper

Published in Proceedings of the Southern Africa Telecommunication Networks and
Applications Conference (SATNAC) 2019, Sept. 2019

In places where the aerosol scattering effects of fog are negligible, irradiance fluctuations
are primarily responsible for the losses experienced by transmitted optical signals. The
objective of this conference paper was to model the effect of irradiance fluctuations on
optical plane wave signals for horizontal-path propagation using the modified Rytov theory
for major cities across South Africa. According to the results, conventional OWC links
deployed for usage in Kimberley and Mafikeng would encounter greater atmospheric
turbulence losses than links deployed for use in the coastal cities of Port Elizabeth, Durban,
and Cape Town. This is because the inland cities of Kimberley and Mafikeng have high
altitudes above sea level and greater refractive index structure parameter values. The
refractive index structure parameter values were computed using the modified Hufnagel-

Valley model.

Article 5

Initial Estimation of Scintillation Effect on Free Space Optical Links in South Africa
Olabamidele O. Kolawole, Thomas J.O. Afullo and Modisa Mosalaosi

Conference Paper

Published in Proceedings of the IEEE AFRICON Conference 2019, Sept. 2019. DOI:
10.1109/AFRICON46755.2019.9134032

With similar objectives to Article 4, this conference paper investigates the impact of
irradiance fluctuations on FSOC links based on the horizontal-path transmission of
spherical and plane wave optical signals using the modified Rytov theory for major
locations across South Africa. The results obtained also show that FSOC links deployed to
places with high altitudes, ground wind speeds, and refractive index structure parameter
values based on the modified Hufnagel-Valley model (Kimberley, Mafikeng, and
Johannesburg) experience more scintillation losses than coastal cities (Cape Town,
Durban, and Port Elizabeth) due to their much lower altitudes. In spite of the small
differences in the optimal link distances achieved between FSOC links transmitting
spherical and plane wave optical signals, optical plane wave fronts cover more link lengths

when propagating information signals between FSOC transceivers.
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Title
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Summary

Article 6

Analysis of Scintillation Effects on Free Space Optical Communication Links in South
Africa

Olabamidele O. Kolawole, Thomas J.O. Afullo and Modisa Mosalaosi

Journal Paper

Published in Photonics (MDPI) Journal, 2022, vol. 9, no. 7, DOL
10.3390/photonics9070446

The analysis of the impacts of atmospheric turbulence on terrestrial SISO FSOC links
based on wind speeds prevalent in several South African cities is presented in this journal
paper. Ground wind speed data from the SAWS was statistically processed, and the
resultant CDF, PDF, and percentage of time plots for each location of interest are shown.
The refractive index structure parameters based on ground and root-mean-square (RMS)
wind speeds in clear and sunny weather are calculated using the Hufnagel-Andrews-
Phillips (HAP) model. The scintillation index values not exceeded 50%, 99%, 99.9%, and
99.99% of the time; based on the zero inner scale and infinite outer scale model and finite
inner scale and finite outer scale model, are computed for Gaussian beam waves. Aerosol
scattering losses based on visibilities not exceeding 50%, 99%, 99.9%, and 99.99% of the
time are presented for several South African cities. Outage probability and BER analysis
are then performed for OOK, BPSK, and SIM-QAM SISO FSOC links deployed at various
locations of interest, while taking into consideration the influence of pointing errors over

weak and moderate to strong atmospheric turbulence regimes.

15 Thesis Overview

This chapter introduces the background of this study. It also provides the problem formulation and

motivation, as well as the research contributions that have been made.

Chapter 2 presents the regression models based on meteorological factors in order to reliably estimate

atmospheric visibility. Simple linear regression (SLR) and multiple linear regression (MLR) techniques are

employed. Meteorological data from January 2010 until December 2017 for Cape Town was obtained from

the South African Weather Service (SAWS) and various regression models are derived from it. The

meteorological parameters considered are relative humidity, temperature, fractional sunshine, atmospheric

pressure, wind speed, and visibility. The average monthly values of these weather factors from January



2010 until December 2016 are computed and presented in Table 1.1. For the SLR models, each of the

meteorological parameters is regressed against atmospheric visibility as shown in Figures 1.1-1.5.

Additional information about the SLR and MLR models, as well as the various tests used to investigate
model performance, such as normality, variance, standard error, and so on, is provided. Two approaches to
combating the effects of multicollinearity in the MLR models where the significance of some predictors
may be diminished, namely, the removal of highly correlated predictors and the introduction of interaction
terms, are presented. The results of the performance of the SLR and MLR models when tested with
measured average visibility data from January to December 2017 are analysed. These regression techniques
are also carried out on other cities in South Africa, and the models are presented.

Table 1.1: Average monthly measured visibility, relative humidity, temperature, fractional sunshine hours,
atmospheric pressure, and wind speed values from 2010 — 2016.

Average Average Average Average Fraction Average Average

Visibility Relative Temperature of Sunshine Atmospheric  Wind Speed
(km) Humidity (%) °C) Hours Pressure (mb) (m/s)
28.27 67.37 22.01 0.7962 1007.42 6.67
28.56 68.11 21.69 0.8045 1007.40 6.11
26.39 70.94 20.30 0.7362 1009.00 5.44
25.34 71.54 17.50 0.7258 1012.08 4.64
20.91 77.20 15.04 0.6013 1012.85 4.01
20.57 76.59 12.79 0.5701 1014.87 4.03
23.26 75.76 12.50 0.6309 1016.77 3.96
21.89 75.31 13.16 0.6011 1014.07 4.36
24.41 70.94 14.39 0.6369 1014.37 4.63
26.56 67.99 16.90 0.7180 1012.13 5.30
27.87 65.61 18.49 0.7460 1010.85 6.21
30.49 65.43 20.99 0.8201 1008.78 6.44
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Figure 1.3: Average visibility (km) against average fractional sunshine hours.

Average Visibility (km)

0.85

35 T T
Vv Average Measured Visibility

= Estimated SLR AP Model

30| v ]
¥~
e v
~,
N
v ., v
-,
S,
25+ S i
v\ v
\.\ v
A4 \\\\
-
v v
20+ .
VSBAP = 878.7786-0.8435(AP)
15 1 Il 1 1 1
1006 1008 1010 1012 1014 1016

Average Atmospheric Pressure (mb)

Figure 1.4: Average visibility (km) against average atmospheric pressure (mb).

11

1018



35 . \
¢ Average Measured Visibility
-e Estimated SLR___ Model
WS

30 ¢ » B
— N 4
E $*” e
2 Leete
£ 0 9"
2 0 el
_2 25 B / -
> 0~
5]
0
s - o
>
= ?

20 - a

VSBWS =10.0958+2.9664(WS)
15 | 1 1 1 1 1
3.5 4 4.5 5 5.5 6 6.5 7

Average Wind Speed (m/s)
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Various aerosol scattering models based on the Mie scattering theory have established the relationship
between aerosol scattering attenuation and atmospheric visibility for IR wavelengths ([15]-[21], [36], [37]).
This is because the atmospheric particle radii are approximately equal to the IR wavelengths [13, 14]. Using
the appropriate aerosol scattering model in computing the associated specific attenuation encountered by
transmitted optical signals is important in calculating the required fade margin for FSOC systems. Some of
these aerosol scattering models are suitable only for a small range of optical wavelengths [17], [20], [37].
Others are not suitable for visibility under fog conditions [19], [37]. Therefore, in Chapter 3, the Kim model
is employed to compute the specific attenuation for visibility under haze and clear weather conditions, while

the ljaz fog model is used for estimating the attenuation for visibility under foggy weather.

The Kim and ljaz fog models are also used in the computations of probabilities of exceeding and
encountering various aerosol scattering attenuations based on the unique cumulative distribution functions
(CDF) of visibility for all the locations of interest. This was achieved for two optical wavelengths, namely,
850 and 1550 nm. The optical link margins for two FSOC links based on the selected wavelengths are

shown, while the minimum required visibility CDFs are computed. The resultant link availability plots from
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the calculated and approximated CDFs are also presented. Signal to noise ratio, bit error rate, and data rate

computations and results for non-return-to-zero on-off keying (NRZ-OOK) FSOC links are analyzed.

In Chapter 4, the analysis of the effects of atmospheric turbulence on FSOC links transmitting at a
wavelength of 1550 nm is presented. The choice of selecting this wavelength stems from the findings that
at 1550 nm, the eyes are less sensitive to light and, therefore, the eye safety requirement is more relaxed
and the interference due to ambient light sources is considerably reduced when compared to optical beams
at the 850 nm wavelength [9]. The CDF, probability distribution function (PDF) and percentage of time
(POT) analyses of ground wind speed data obtained from the SAWS as well as the application of the
Hufnagel-Andrews-Phillips (HAP) model are used in computing the refractive index structure parameters

(Cn) for various cities in South Africa.

These C are then employed in calculating the scintillation indices of the locations of interest for periods
not exceeding 50%, 99%, 99.9%, and 99.99% of the time. The scintillation indices as well as the effective
number of large-scale and small-scale turbulence eddies are computed based on the zero inner scale and
infinite outer scale model and finite inner scale and finite outer scale model for the afore-mentioned time
intervals in the locations of interest. Derivations of the CDFs of the Lognormal and Gamma-gamma
turbulence distributions while considering the effects of pointing errors are presented. Also, the outage
probability and bit error rate analyses, taking into account the effects of pointing errors in weak and
moderate to strong turbulence regimes, are carried out for FSOC links employing various IM/DD schemes

deployed in the locations of study.

Chapter 5 is the concluding chapter. Concise summaries of the key research contributions and outcomes

provided in this thesis, as well as further recommendations for future study, are presented.
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2.1 Abstract

Due to the cost and complexity in the measurement of Free Space Optical (FSO) visibility, this paper
presents regression models based on meteorological factors to reliably estimate atmospheric visibility. The
meteorological factors used are relative humidity, temperature, fractional sunshine, atmospheric pressure
and wind speed for Cape Town, South Africa. Initially, Simple Linear Regression (SLR) models are
developed and presented. To improve the performance of the regression, the SLR model is extended to a
Multiple Linear Regression model (MLR) where three of the meteorological factors are taken into
consideration simultaneously. It was found that by implementing MLR, the model performance improves
considerably. However, it was also found that the model had effects of multicollinearity due to some of the
predictor variables being highly correlated. To mitigate the effects of multicollinearity, two approaches are
proposed, 1) removing the problematic terms from the regression model and 2) introducing interaction
terms. Both approaches are seen to have little impact on the overall performance of the MLR model while
the estimated model coefficients are significant at 5% significant level. In general, it is found through
application of standard statistical tests that both SLR and MLR models can be used adequately to determine

visibility at a location.
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2.2 Introduction

The ever-increasing variety of bandwidth-intensive mobile applications has led to an unprecedented rapid
growth of the internet. This kind of growth may especially be attributed to the Internet of Things (loT)
technologies that have revolutionized the extent to which a massive number of devices are connected in a
network. Through a unique addressing scheme, these devices are capable of interacting as well as
cooperating amongst themselves to accomplish intended tasks [1]. The number of connected devices to the
internet is expected to continue to surge upwards over time. Currently, promising solutions to support such
growing demand in connectivity is through the fifth generation (5G) wireless communication systems
where millimetre wave (MMW) as well as massive multiple-input multiple-output (M-MIMQ) antenna
technologies are to be integrated. However, due to strict regulations in the usage of the radio frequency
(RF) spectrum, the transmission rates for mobile technologies operating in the RF spectrum are limited by
the available RF spectrum. Some of the operational standards include Wi-Fi (IEEE 802.11), UWB (IEEE
802.15), WiMAX (IEEE 802.16), iBurst (IEEE 802.20), and the cellular based 3G and 4G [2]. To date, the
capability to support numerous service requirements in order to realize elastic and ubiquitous connectivity
remains a major challenge [3]. Ideally, a convergent, cost-effective, and pervasive network penetration for
the next-generation network (NGN) is required. However, optical wireless communication (OWC) systems
may be deployed as an alternative solution to the spectrum limitation. OWC is an attractive broadband
access technology that offers high data rates as well as improved capacity. Therefore, OWC can attend to

some of the bandwidth requirements of numerous applications and services of the NGNs cost effectively

[2], [41

A terrestrial OWC system, as is with any communication system, consists of the transmitter, the channel,
and receiver. The focus of this work will only be on the free space as a channel. The performance of a
communication system is highly dependent on the channel condition, and the effective design of the
communication system depends on the understanding of that channel. The optical field produced at the
transmitter is radiated through the atmospheric channel to the receiving end. Due to the resultant effects of
scattering and absorption (wavelength-dependent) introduced by the molecular structure and atmospheric
aerosols along the transmission path, transmission loss occurs. In this light, this paper aims to utilize
meteorological parameters to estimate meteorological visibility of a radiated optical field. Visibility is a
key parameter in determining the attenuation of optical signals. By definition, it is perhaps logical to precede
with an intuitive analogy of visibility in terms of eyesight. In this way, it is defined as the meteorological
optical range defining how far away objects may be seen under certain conditions (snow, fog, rain etc.). In

other words, there is a certain contrast ratio threshold below which an observer cannot discern the difference
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between light and dark objects. In the case of free space optical receivers, the threshold contrast ratio is
analogous to receiver sensitivity i.e. how long can the optical beam travel before it is "invisible" to the
optical receiver. Generally, visibility is measured in airports at visible wavelengths over long periods of
time. Even though commercial FSO systems use infra-red (IR) wavelengths, their propagation is quite
similar to those of visible wavelength with an added advantage that they have improved penetration. The
significance of this assertion lies in the fact that available visibility data are measured at visible
wavelengths, therefore predictions made off of this data cannot in anyway undermine the effects of
atmospheric conditions on optical propagation.

Atmospheric visibility studies are common in the environmental sciences fraternity (global warming,
climatology etc.), with its greater application in the aviation industry and to some extent in generating
automated warnings for motorists during adverse weather conditions [5]. It has been found in several
research work [6]-[7] that visibility has a strong relationship with numerous meteorological factors such as
temperature, relative humidity and fractional sunshine. These relationships are typically obtained through
simple linear regression analysis. In [8], however, they have extended the simple regression models to
incorporate several parameters in one regression analysis to obtain a multiple regression model. Throughout
these works, the focus of [8]-[13] were on the performance of the models which in turn informed their

choice of best or acceptable models.

This was done through standard statistical tests such as the coefficient of determination, R? root mean
square error, RMSE, mean bias error, MBE and mean percentage error, MPE. In this paper, a thorough
regression analysis is presented suitable for free space optical communications. In our view, prior research
work available in literature is not suitable for optical communication system design as it lacks statistical

value.

Firstly, as mentioned before, the focus of the modeling technique in previous works is on the accuracy of
the model instead of its statistical power. The risk of such an approach lies in the fact that a model can
perform well for a given sample of a population, but may not do so if a different sample is selected. In this
work, this deficit is addressed by testing the significance of model parameter coefficients before a
conclusion is made about its suitability. Secondly, in the multiple regression model, there is a strong
evidence of multicollinearity observable from the results of [8]-[13]. In the presence of multicollinearity,
the statistical power of the model is lost making it difficult to specify the correct model. In this work,
multicollinearity is investigated and mitigated for it to improve the usefulness of the model. The

performance of each model is then assessed and some conclusions drawn.
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The rest of the paper is organized as follows: Section 2.3 presents the methodological approach used in
model validation and acknowledges the data source. The regression analysis and modeling is introduced in
Section 2.4 with simple linear regression and its extension to multiple linear regression discussed in Section
2.5. Visibility is estimated in Section 2.6 using MLR and its performance is compared to those of SLR. The
evident effects of multicollinearity are assessed in Section 2.7 and quantified through the variance inflation
factor which are then mitigated for in Section 2.8. The general findings are presented in Section 2.9 through
the discussion of results while Section 2.10 provides the conclusion.

2.3  Data and Methodology

This research work is a case study of a warm-summer Mediterranean climatic region of Cape Town, South
Africa. Its climatic profile is characterized by warm and dry summers with mean monthly temperatures not
exceeding 22 °C during the warmest month. During the coldest month, average temperatures range between
-3 °C and 18 °C with mild to chilly rainy weather experienced in winter, sometimes accompanied by
snowfall. Similar climatic conditions are prevalent in Spain, Portugal, western Washington, central Chile,
southern Australia etc. Mediterranean climatic regions experience between 2650 to 3400 hours of sunshine
annually with a yearly average solar radiation of up to 3200 kWh/m? [14]-[17].

The average monthly visibility for an eight year period starting from January 2010 to December 2017 for
Cape Town were provided by the South African Weather Services (SAWS). The same source provided data
for other meteorological parameters used in this work i.e. relative humidity, temperature, sunshine hours,
atmospheric pressure and wind speed spanning the same time period as well. The measured data is
populated as monthly averages over the measurement period and used in the modeling process. The
relationship between visibility and the aforementioned meteorological parameters is described using linear

regression models.

The statistical significance of the regression model coefficients is tested by means of the t-test for zero-
slope coefficients. All correlation coefficients were appropriately tested by computing the coefficient of
determination, R%. Moreover, the extent to which multicollinearity is present was tested through variance
inflation factors (VIF). As a rule of thumb, a VIF more than 5 is considered a strong indication of
multicollinearity and a reason for concern. To show the significance/uncertainty of the regression
coefficients, a 5% significance level was used as a benchmark against the p-values of the estimated model

coefficients.
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2.4  Simple Linear Regression (SLR) Model

Simple linear regression is a statistical technique through which a relationship between two quantitative
variables can be studied and summarized. In its structure, one variable is the outcome (dependent) while
the other is the independent (predictor) variable. The adjective "simple" is derived from the fact that the
model is only concerned with a single independent variable (IV). The extension of this treatment to two or
more 1Vs is referred to as multiple linear regression, which will be discussed later in the paper. In a simple
linear regression model (SLR), the relationship between an output variable y and an independent variable x
can be illustrated based on the regression equation of the form
Yi=Bo+ PBiXitei i=123..,n (2.1)

where g, is the intercept and g, is the slope parameter. By applying the least squares technique, the line

of best fit can be determined by minimizing the sum of the squares of the difference between the observed
data points and the corresponding fitted data values provided by the model. In general, the actual

observation vy, is predicted by the best fit line as follows:
¥ =bo+baxi (2.2)
where p, and b, are the estimates of g, and g, respectively. Before application of the SLR model to a

dataset, it is necessary to evaluate its appropriateness.

The suitability of the model relies on considering several underlying assumptions about the population
prediction errors as being reasonable. Under these assumptions, all subsequent tests, confidence intervals,
and hypothesis tests that arise in the regression analysis assume that the model is appropriate. Without a
proper validity of the model correctness, all the formulas and methodologies used going forward are of little

use in the prediction process and model consistency. The application of SLR models assumes the following:

e The mean of the response variable, E(yi) , for each value of the IV, ¥;, is a linear function of x; ;

e Theerrors, ¢;, are independent;
e Theerrors, ¢;, for each value of the IV, x;, are normally distributed,;

e The errors, ¢;, for each value of the IV, x;, have equal variances.

The conditions stated above may collectively be summarized to describe the errors as independent, normal

random variables with zero mean, E(Ei) =0and constant variance, 2. The unknown actual error terms,
ei=y;—E(y;) may be estimated through the residual terms, e;=y,-;, which is simply the difference

between the observed data point y; and the corresponding estimated value ;. In this work, meteorological
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data measured in Cape Town is used to estimate visibility in FSO communication systems that may be
deployed at the location. The atmospheric parameters available for this study are temperature, relative
humidity, atmospheric pressure, wind speed and fraction of sunshine hours. The latter simply describes the
ratio between the actual amount of sunshine hours in a day (n) and the maximum possible amount of
daylight hours (N). By regressing the measured visibility on these five parameters, linear relationships are

developed with varied degrees of linearity and significance of coefficients, g, and g,. The fitted models

for each IV are obtained as follows:

VSBRry = 76.3846—0.7178x (RH) (2.3)
VSBemp =11.7201+0.7965x (Temp) (2.4)
VSB sy = 0.3530+35.8031x (FSH) (2.5)

VSB ap = 878.7786 — 0.8435x (AP) (2.6)

VSBuws =10.0958 + 2.9664 x (WS) (2.7)

where RH is the relative humidity in %, Temp is the temperature in °C, FSH is the fractional sunshine
hours (n/N), AP is the atmospheric pressure in mb and WS is the wind speed in m/s. VSBry , VSBremp
VSBrsh » VSBap, and vsBys are estimated visibilities in km from each of the SLR models with IVs: RH ,

Temp, FSH, AP and WS respectively. In order to assess the normality of the actual error terms, the
residuals (yi— 9i) are obtained and their probability plotted. The idea is to visually assess whether the

residuals come from a population with a normal distribution. If the residuals have a normal distribution,
then it is expected that they will appear along a reference line with little to no indication of curvatures in
the plot.

The probability of residuals obtained from all the five models are plotted in Figure 2.1. In all the five cases,
there is visually no indication for concern in terms of normality as the residuals satisfactorily hugs the
reference line. The other condition required for the application of SLR models is that the error terms have
a uniform variance, 2. By plotting the error bars alongside the predicted model, the error variance can be
observed along the best fit line as shown in Figure 2.2. It is observed, in all five models, that there are data

points whose error variance differs significantly from others (at most three data points), e.g. <3, 5 0f the

Temp-based model. However, this is not enough to suggest that the error variance in general is not uniform
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since most of the data points exhibit relatively constant error variance. The performance of each model is
shown in Tables 2.1 through 2.5 in terms of the root mean square error (RMSE), correlation coefficient (R)
and p-value. The p-value gives indication on the hypothesis that the model is significant or otherwise at a
specific % confidence level. Perhaps more important than the accuracy of the model is the significance of

the model parameters used in the prediction process.
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Figure 2.1: Normality test for all the 1Vs

In general, for linear regression models, it is often useful to determine the t-statistic in order to make sound
inferences with regards to the regression coefficients. A hypothesis test is performed on each coefficient j
for the null hypothesis that it is equal to zero i.e. the corresponding model term is insignificant - against the

alternative that it is different from zero. By definition, a hypothesis test on coefficient j, with H,: ;=0
and H;:4;#0, the t -statistic is given by,

. 2.8
tStat = bj 28)

SE(b;)

where SE (b;) is the standard error of the estimated coefficient b .
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Figure 2.2: Error bars for variance test for all the IVs.

It can be seen from Tables 2.1 - 2.5 that tStat = Estimate/SE for all estimated coefficients. Since each model
consists of two terms, the independent variable and the constant, the t-statistic tests for the significance of
each term in the presence of the other. Considering the model derived from FSH, the intercept term is not
significant at 5% significant level as indicated by its p-value of 0.8542 which is greater than 0.05. However,
both terms of the models derived from RH, Temp, AP and WS are significant at 5% significant level. In
terms of model performance, the FSH-based model easily outperforms the other four having the highest
correlation coefficient, lowest RMSE, and smallest p-value as shown in Tables 2.1 through 2.5. The RH-
based model follows secondly, outperforming the Temp-, AP- and WS-based models across all the three
metrics. Before making a decision on the best model in the prediction of visibility, the issue of an
insignificant predictor under the FSH-based model is re-visited. In view of the fact that the intercept term
is not a predictor variable, there is no specific hypothesis regarding its usefulness so it might be best to

exclude it in order to simplify the model.
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Table 2.1: SLRgry estimated coefficients

Estimate SE tStat p-value
Intercept 76.3846 4.9871 15.3165 2.8601 x 108
RH -0.7178 0.0701 -10.2451 1.2726 x 10°®
p-value = 1.3 x 10

Model RMSE =0.995 R =0.9555

Table 2.2: SLRtemp estimated coefficients

Estimate SE tStat p-value
Intercept 11.7201 2.3550 49767  0.0006
0.7965 0.1347 59124  0.0001

Temp
Model RMSE =15913 R=0.8818 p-value=1.5x10*

Table 2.3: SLResH estimated coefficients

Estimate SE tStat p-value
Intercept 0.353 1.8715 0.1886 0.8542
FSH 35.8031 2.6587 13.4665 9.8104 x 108

Model RMSE=0.771 R=0.9735 p-value =9.8 x 108

Table 2.4: SLRap estimated coefficients

Estimate SE tStat p-value
Intercept 878.7786 199.6018  4.4027 0.0013
AP -0.8435 0.1973 -4.2755  0.0016

Model RMSE=2.006 R=0.8040 p-value=1.6x103

Table 2.5: SLRws estimated coefficients

Estimate SE tStat p-value
Intercept 10.0958 1.8815 5.3658 3.1642 x 10*
WS 2.9664 0.359 8.264 8.8506 x 10°°

Model RMSE=1.206 R =0.9340 p-value = 1.6 x 103
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Figure 2.3: Measured and estimated visibility for all I\Vs from January-December, 2017.

One further advantage of leaving out an insignificant term is that an extra degree of freedom is gained,
which is valuable considering the small number of samples (Ns = 12). The FSH-based model will now be

reduced to simply y; = B;xi+<i. After regressing visibility on FSH with g,=0, it turns out that there is

little change in the model performance in terms of the correlation coefficient, R = 0.9741 compared to the
previous R = 0.9735. More impressively, the significance of the FSH coefficient has improved a great deal
asindicated by a t -statistic value of 120.02 compared to the previous 13.47. This is a culmination of reduced
standard error in the estimation of the FSH coefficient, previously at SE = 2.66 and currently at SE = 0.30.

This indicates an almost ten-fold reduction in the standard error in estimating 4,. Thus, in the adjusted

model, the expected variance in the g, coefficient has significantly been reduced and this improves the
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2.5  Multiple Linear Regression (MLR) Model

The goal of any regression technique is to model the relationship between the independent
(explanatory/regressors) and the dependent (response) variables. Multiple linear regression (MLR) is one
such approach that uses several independent variables to predict the outcome of a dependent variable. This,
in contrast with a simple linear regression technique in which only two continuous variables are available
- an independent variable and a dependent variable, employs rather multiple continuous independent
variables to predict a single outcome. In its structure and formulation, it is similar to a simple linear
regression except that the linear fit is a plane that cuts through several planes. A multiple regression model
is obtained by extending this interpretation to a scenario wherein multiple regressors exist. In such an
environment, the dependent variable is related to two or more independent variables. In general, for m
variables it takes the form:

Y= Bo+ Bixint+ PoXizt o+ Puximter  1=12,...,n (2.9)
where g, is the intercept. g, [j=12,...,m] are the regression coefficients that measures the unit change
in the dependent variable in response to a change in the independent variables. Here ¢; represents the
random error term and it is assumed to be normally distributed with mean 0 and constant variance &2 i.e.

ci~ N(O,o‘z). The expression in (2.9) may be presented in a more compact form by using the matrix

framework. It is straightforward that (2.9) can be re-written in the vectorized form:

Y =Xp+e (2.10)
which can be written in the matrix form:
Y1 1 xuu - xmm || Bo el
Y, _ 1 xn - Xom|| B2 L €2
Yn 1 Xnt " Xnm ﬂm €n

where Y is an nx1 dimensional random vector containing observations, X is an nx(mx1) matrix
determined by the regressors, g is an (m+1)x1 vector of parameters to be determined, and e is an nx1

vector of random errors. When performing MLR analysis, the regression coefficients of (2.9) are estimated
using the least squares method. These coefficients provide information about the unrelated contributions
pertaining to each regressor variable towards predicting the outcome variable. Contrary to simple linear

regression, the degree of correlation between pairs of regressor variables must be inferred.
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2.6 Estimation of Visibility Using MLR

It has been shown in previous research contributions [6]-[8], as it shall also be done here, that visibility can

be estimated from several meteorological factors. Factors such as relative humidity (RH), temperature
(Temp), fractional sunshine hours (FSH), atmospheric pressure (AP) and wind speed (WS) have been

shown to have a strong relationship with visibility and have thus been utilized in its prediction. In this work,
data spanning a period of eight years is used to facilitate the prediction process. In the development of the
MLR model, reference will be made to the simple linear regression models based on each of the
aforementioned five Vs for comparison and completeness. Similar to SLR, in its application, MLR takes
the following assumptions:

e The mean of the response variable, E(y;), for each regressor value set (xi,xiz .-, xim) IS @ linear

function of the regressors.

e Theerrors, ¢;, are independent.
e Theerrors, ¢;, for each regressor value set (xiy xiz ---, xim) » are normally distributed.

e Theerrors, ¢;, for each regressor value set (xiy iz ---» xim) » ave equal variances.

In summary, these assumptions may be understood to describe a process whose error terms are independent,
normally distributed, random with zero mean and constant variance. Verifying the validity of the
assumptions for a multiple regression model in a comprehensive manner is not a trivial task, however, the
thoroughness with which this is done speaks to the confidence that can be placed on the model. As observed

in Section 2.4, the errors generated by regressing visibility on RH, Temp, FSH, AP and WS are fairly

random, independent and normally distributed. In extension to this view, the errors generated by applying
MLR is expected to be random, independent and normally distributed as well. The MLR model for

estimating visibility is determined to be:

VSB aLL = 35.6326 —0.3540( RH ) + 23.6978( FSH ) - 0.3219 (WS ) (2.11)

The performance of the MLR model in (2.11) is summarized in Table 2.6. Clearly this model outperforms
the SLR models presented in Section 2.4 in terms of the correlation coefficient, R = 0.9915, and RMSE =
0.4915. However, further analysis of the model reveals that the WS predictor term of the model is not
significant at 5% significant level. The p-value for the WS term is 0.5233. In summary, the MLR model has
significantly improved the model accuracy but has also drastically increased the standard error in the
prediction of the model coefficients. The increased variance in the estimation of model coefficients makes
it difficult to comprehend the effects of individual predictors towards observed changes in visibility.

Ultimately, there is a limited research conclusion that can be drawn from the model.
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Table 2.6: MLR estimated coefficients

Estimate SE tStat p-value

Intercept 35.6326 9.3473 3.8121 0.0051
RH -0.3540 0.0972 -3.6422 0.0066
FSH 23.6978 4.6715 5.0728 0.0010
WS -0.3219 0.4823 -0.6673 0.5233

Model RMSE=0.4915 R=0.9915 p-value = 2.0294 x 10’

With a quick glance at equations (2.3) - (2.7) in conjunction with (2.11), it can be seen that there is an
increased variance in the coefficient estimates i.e. minor changes in the model can result in highly sensitive
estimates. Two observations are notable: 1) The significance of wind speed in the prediction of visibility
has diminished greatly in MLR compared to SLR. 2) There is a direct proportional relationship between
wind speed and visibility when using SLR, while the relationship is inversely proportional when using MLR
(the sign has been reversed). This is an indication that the expected value of visibility for a change in each
predictor is not a linear function of the changes in the predictors. Simply put, in the MLR model, the change
in visibility cannot be attributed to a change in a single predictor whilst holding others constant. Thus, the
linearity assumption is violated. Theoretically, it is reasonable to assume that the issues raised above may
partly be due to the fact that the IVs are related to one another in some way. It is expected that the
meteorological factors be related to each other at a given location, giving rise to the phenomenon of

multicollinearity.

2.7 Multicollinearity of Visibility Predictors

Multicollinearity is a phenomenon that arises due to having two or more predictors in a regression model
with a moderate or high degree of correlation. Its presence reduces the precision of the estimate of
coefficients, which weakens the statistical power of the regression model. In the presence of
multicollinearity, the significance of some predictors may be diminished making it difficult to determine
the role of each predictor. Assuming that multicollinearity exists, the critical question is: to what extent are
the IVs correlated? Conceptually, the idea is to figure out if any of the predictors measure the same or
similar construct. The dependence between multiple variables can be evaluated by computing a correlation
matrix. In this work, the correlation analysis has been performed using Pearson's parametric correlation
test. In its application, the correlation coefficient, R, between two random variables X and Y with n series

of measurements sampled such that they are presented in the form x; and y; for i = 1,2,3,...,n, then the
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sample correlation coefficient may be used to estimate the population correlation between X and Y. The
sample correlation coefficient is calculated as:
(2.12)

where x and y are the sample means of X and Y, respectively. For a given system of study with n random
variables mMy,...,M ., its correlation matrix is an nxn matrix whose i, j entry represents corr(|v| "M j). It

is common practice to create a graphical display of the correlation matrix, this can be done using the
statistical toolbox in MATLAB. The plot shows correlations among pairs of variables in M. The scatter
plots of variable pairs appear in the off diagonal while the histograms of the variables appear along the
diagonal. The least squares method is used to determine the best fit line between variables with correlation
coefficients also displayed on each graph pair as shown in Figure 2.4. The correlation coefficients, R
(extracted into the R-matrix below), indicate which pairs of variables have correlations significantly
different from zero. The significance of the correlations are determined by calculating the p-values for each

variable pair and displayed as p-matrix below:

VSB RH  Temp  FSH AP WS |
VSB 1.0000 -09554 0.8819 0.9735 -0.8041 0.9339
RH -0.9554 1.0000 -0.8060 -0.8976 0.7397 -0.9297
Temp 0.8819 -0.8060 1.0000 09480 -0.9804 0.9144
FSH 09735 -0.8976 09480 1.0000 -0.8842 0.9264
AP -0.8041 0.7397 -0.9804 -0.8842 1.0000 -0.8900
| WS 09339 -09297 09144 09264 -0.8900 1.0000 |

el
1

VSB RH  Temp FSH AP WS ]|
VSB  1.0000 0.0000 0.0001 0.0000 0.0016 0.0000
RH 0.0000 1.0000 0.0015 0.0001 0.0060 0.0000
p=|Temp 0.0001 0.0015 1.0000 0.0000 0.0000 0.0000
FSH 0.0000 0.0001 0.0000 1.0000 0.0001 0.0000
AP 0.0016 0.0060 0.0000 0.0001 1.0000 0.0001
WS 0.0000 0.0000 0.0000 0.0000 0.0001 1.0000 |

Evidently, the output pairwise p-values are all less than 5% significant level, indicating that all pairs of
variables have correlations significantly greater than zero. That is, there is a fairly strong linear relationship
between the predictor variables. For example, AP and Temp are strongly correlated (R = -0.9804), while
RH and AP are moderately correlated (R = 0.7397).
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Correlation Matrix

22 26 3065 70 75 12 16 20 0.6 0.7 0.81008 1014 4 5 6
VSB RH  Temp FSH AP WS

Figure 2.4: Correlation Matrix for Visibility and all the 1Vs.

It may not be adequate to assess the severity of multicollinearity in a regression analysis by analysing the
correlation coefficients, usually, a variance inflation factor (VIF) is used. This factor is the ratio between
the variance of a predictor in a model with multiple predictors and the variance of the predictor in a model
with a single term [18]. It basically quantifies the extent to which the variance is inflated, as the name
suggests. Considering a model in which Xy is the only outcome predictor (as in the SLR case in (2.1)), it

can be shown that the variance of the estimated coefficient by, is given by:
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2 (2.13)

O'Z(bm) - na—

2
Z( Xim—Y)
i=1
In a multiple linear regression model where multicollinearity is present, such as in (2.9), the variance of bn

is inflated. The inflated variance can be calculated as:

2.14
Gz(bm)= g o’ 1 ( )

X
\?2 1-R%
Z(Xim—x)

i=1

where R2 is the coefficient of determination ( R? ) obtained by regressing the m™ predictor on the remaining
predictors. According to (2.14), the higher the correlation between predictor xin and the other predictors,
R2 , the greater the variance of bn. By taking the ratio of the two variances, the proportion of inflation can

be determined. Thus, VIF is found as follows:

o? 1
n

2 X 1— R%
Z(Xim—f) 1
2 _ =l —
o (bm) 62 1—R%1
n

> (s

i=1

(2.15)

For all the m predictors available in the MLR model there exist a corresponding variance inflation factor.
The objective is to determine the extent of "inflation™ on the variance of the estimated regression coefficient
bm as a result of correlation among predictor variables. It is straightforward from (2.15) that a VIF of 1
indicates no correlation between the m™ predictor and the rest of the predictor variables, thus, the variance
of bm is not inflated at all. There is no general agreement on the interpretation of VIF, but the general rule
of thumb is that a VIF exceeding 5 warrants further investigation [19] while those in excess of 10 signifies
serious multicollinearity [20]. These requires correction for meaningful model interpretation. By regressing
WS, FSH and RH on the remaining two variables at a time, the VIF for each predictor variable can be
calculated using (2.15). The results are shown in Table 2.7.

The coefficient of determination for WS, RH and FSH are, Rgs =0.908, R, =0.873 and RZy, =0.869

respectively. As shown in Table 2.7, their corresponding VIFs are 10.87, 7.89 and 7.60 respectively. The
VIFs for WS, RH and FSH are fairly large. By interpretation, for example, the VVIF for WS indicates that the
variance of the estimated coefficient bws of predictor WS is inflated by a factor of 10.87. It follows then that

the estimated coefficients of RH (bry) and FSH (brsh) are inflated by factors of 7.89 and 7.60, respectively.
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Table 2.7: Determination of variance inflation factors

WS as output
Estimate SE tStat p-value
Intercept 9.75147 5.58268 1.74674 0.11463
RH -0.11889 0.05425  -2.19149 0.05611
FSH 5.50649 2.65601 2.07321 0.06801

Model RMSE =0.3397 R?=0.908 VIF=10.8696
RH as output

Estimate SE tStat p-value
Intercept 94.90659 515379 18.41492 1.87844 x 108
FSH -12.53896 15.46406 -0.81085 0.43837
WS -2.92676 1.33551  -2.19149 0.05611
Model RMSE =1.6853 R?=0.873 VIF =7.8927
FSH as output
Estimate SE tStat p-value
Intercept 0.78240 0.61387 1.27453 0.23440
RH -0.00543 0.00670 -0.81085 0.43837
WS 0.05870 0.02831 2.07321 0.06801
Model RMSE =0.0351 R?=0.869 VIF = 7.6046

2.8 Mitigation for Multicollinearity

It has been shown in the analysis of the MLR model of (2.11) that the model exhibits signs of
multicollinearity. Furthermore, it has been ascertained through the evaluation of variance inflation factors
that indeed the model has cases of multicollinearity among some of the predictor terms. The objective of
modeling visibility with meteorological factors is to obtain a model which is easy to interpret with stable
coefficients and statistical significance. The presence of multicollinearity makes it difficult to specify the
correct model. In the following sub-sections two approaches are proposed to deal with the effects of

multicollinearity.

2.8.1 Removing highly correlated predictors

Based on the results obtained in Section 2.7 and equation (2.15), it is straight forward that the value of VIF
can be reduced by removing one of the highly correlated predictor pairs from the model. Using the

guidelines provided in Section 2.7 and the results in Table 2.7, the severe multicollinearity effects involving
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WS (VIF = 10.87) need to be addressed (since it is above 10). By observing the correlation matrix plot in
Figure 2.4, further light is shed on which predictor pairs are highly correlated. It turns out that the three
predictor variables which exhibit severe multicollinearity (WS, RH and FSH) in the MLR model, are in fact
highly correlated among themselves. The correlation coefficient (R) between the sets of WS & RH, WS &
FSH and RH & FSH are -0.93, 0.93 and -0.90 respectively. As revealed in Table 2.6, the WS predictor term
of the model is not significant at 5% significant level as the p-value for the WS term is 0.5233. Therefore,
removing the WS term from the model since it is insignificant and regressing visibility on FSH and RH, the
model reduces to:

VSBrHarsH = 32.4940-0.3158( RH ) +21.9255( FSH ) (2.16)

The performance of model (2.16) is shown in Table 2.8. It is evident from Table 2.8 that all the estimated
coefficients for predictor variables included in the models are now significant at 5% significant level. The
VIF criteria is used again to assess effects of multicollinearity. It should be noted that for a model with only
two predictor terms, the VIFs for the two predictors will be the same i.e. the same R? value is obtained after
regressing one term on the other. In this case, VIFrn = VIFgsn = 5.1467.

Table 2.8: Modeling without highly correlated predictors

Estimate SE tStat p-value

Intercept 32.4940 7.8250 4.1526 0.0025
RH -0.3158 0.07604 -4.1530 0.0025
FSH 21.9255 3.7228 5.8895 0.0002

Model RMSE=0.4761 R?=0.9821 p-value=1.3804 x 10®

It can be concluded that the effects of multicollinearity has been addressed adequately. Simply put, there is
hardly any variance inflation present. Incidentally, the model accuracy does not seem to have been lost in
terms of the R? value. In fact, the performance observed in Table 2.8 is slightly better than that of (2.11) as
shown in Tables 2.6 and 2.8, respectively. The model in (2.16) has a slightly smaller RMSE (0.4761 vs

0.4915) as well as the p-value (by an order of 10), while the R? = 0.98 remains approximately equal.

2.8.2 Introducing interaction terms

A linear combination of predictors is known to alleviate effects of multicollinearity. Even though RH, WS
and FSH are not measured in the same way i.e. RH is measured as a percentage, WS in derived units while
FSH is a ratio. As shown in Subsection 2.8.1, excluding highly correlated predictors may alleviate effects

of multicollinearity. However, it is also possible that such correlated predictors may have a complementary
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effect in determining the output variable. In this way, the two variables are combined into one variable. In
this work, the meaningful interactions between RH, WS and FSH have been found to be RH+WS, RH-WS,

and FSHxWS. The representative formulations are shown in (2.17) and (2.18) below.

Yi = Bo+ Bi(xinE Xi2) + BoXiz+ i (2.17)
and

Yi = Bo+ Bi(xinx xiz) + BoXia+ i (2.18)
In (2.17), x;; and x;, are the i™ elements of RH and WS while x;; represent the i elements of FSH. On the
other hand, x; and x;, are the i" elements of FSH and WS while x;; represent the i elements of RH in

(2.18). The results of these regressions are shown in Table 2.9. It can be observed that all the model term

coefficients are significant at 5% significant level.

Table 2.9: Modeling with interaction terms introduced

(RH+WS)
Estimate SE tStat p-value
Intercept 35.8690 8.2920 4.3257 0.0019
RH+WS -0.3572 0.0826 -4.3231 0.0019
FSH 23.9390 3.1756 7.5385 3.5468 x 10°
Model RMSE=0.4635 R’=0.9830 p-value =1.0852x 10°®
(RH-WS)
Estimate SE tStat p-value
Intercept 28.4385 7.5419 3.7707 0.0044
RH-WS -0.2697 0.0715 -3.7742 0.0044
FSH 21.0557 4.2788 4.9209 0.0008
Model RMSE =0.5059 R’=0.9798 p-value = 2.3847 x 10°®
(WS*FSH)
Estimate SE tStat p-value
Intercept 45.3112 11.7845 3.8450 0.0039
FSH*WS 1.4625 0.5242 2.7898 0.0211
RH -0.3561 0.1404 -2.5359 0.0319

Model RMSE =0.7681 R?*=0.9534 p-value = 1.0224 x 10®

Even though the model derived from the RH+WS interaction term slightly outperforms the other two in

terms of regression standard errors, p-values and R?, all the models produce fairly similar results. Through
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visual inspection, there is no sign of multicollinearity since all the model terms are consistent with
theoretical basis (significant with no sign reversals). This is also corroborated by the VIFs. By regressing
the interaction terms on the remaining predictor, it is found that VIFgrn+ws = 3.9494, VIFgn.ws = 6.0205, and
VIFeshxws = 6.7431. The model with the RH+WS interaction term is also slightly preferred since its VIF =
3.9494 is lesser than 5 while the other two VIFs are slightly higher than the threshold value of 5.

29 Discussion of Results

It has been established in this work that visibility can be accurately determined from several meteorological
factors. In the first instance, simple regression analysis is used in the estimation of visibility using relative
humidity, fractional sunshine, temperature, atmospheric pressure and wind speed. A multiple regression
analysis is then introduced to take advantage of the variety of available meteorological factors. The results

obtained are summarized in two parts, SLR models and MLR models.

2.9.1 SLR models

As mentioned before, in a regression model it is desired to test the significance of the parameters included
in the model. By testing for the significance of the parameter coefficients, a decision can be made regarding
the significance of the parameter concerned. All the tests are performed at 5% significant level. In practical
terms, it is not enough just to have information about the significance of parameters, generally there exist
a hypothesis about the parameters. For example, it is expected that full sunshine hours (clear skies) result
in increased visibility. Any result in the contrary merits further investigation as the model integrity may be
compromised. The 95% confidence interval (Cl) for the model coefficients are presented in Table 2.10 to
provide further insight into the model performance. The lower and upper bounds of the confidence interval

are denoted L, and Uy, respectively.

Table 2.10: Confidence intervals for SLR models

RH FSH WS
Cl Po BrH Bo BrsH Bo  Pws
L, 65.27 -0.87 -3.82 29.88 590 217
U, 87.50 -0.56 452 41.73 14.29 3.77

As shown in Table 2.10, for the 95% confidence level the confidence interval for the intercept term, g, for

FSH crosses the zero mark. Therefore, this makes it difficult to specify the direction of its effect. This

behaviour is significant in the FSH model. As mentioned in Section 2.4, the intercept term is not a predictor
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variable, therefore it might be reasonable to ignore it in the FSH model. By setting s,=0 in the FSH model,

the reduced model will only consist of the FSH term. The regression now changes to what is commonly

known as a regression through the origin (RTO). The confidence interval for the coefficient of FSH, g,
was found to be within [35.6 37.0]. Obviously the Cl width for g, has narrowed compared to that shown

in Table 2.10 (with intercept). As stated in Section 2.4, the model performance generally remains
unchanged. However, this model might lack practical interpretation due to the inference that when FSH =
0, VSB = 0 as well. The difficulty of interpretation arises simply because there is no measurement recorded
near FSH = 0.

2.9.2 MLR models

In the presence of multiple meteorological factors, a multiple regression model is presented in Section 2.6.
By including all the three predictors (based on their high correlation with visibility) in the model, the
regression results are shown in Table 2.6. The MLR model performed better than all the SLR models in
terms of the Regression SE, R?, and p-value. In comparison, the model performance results can be seen in

Table 2.11. The model containing all the predictor variables is denoted MLRAaLL.

Table 2.11: Comparison between SLR and MLRALL model

RH FSH WS MLRALL
RMSE 0.9951 0.7713 1.2058 0.4915
R? 0.9130 0.9477 0.8723 0.9830

p-value 1.3x10° 9.8x10% 8.85x10° 2.0294 x 107

As in simple regression models, the objective is to reliably specify a model with some degree of confidence
in the parameters included in the model. For any of the variables xi» included in the MLR model, the null

hypothesis states that the coefficient g, is not different from 0, with the alternative stating that g, is

significantly different from 0. The sensitivity of the coefficients of the MLR model parameters is quantified

through the 95% confidence intervals.

Table 2.12: Cls of the MLRALL model coefficients

Cl Bo Bru Brsh Bws
Lp 14.0776 -0.5782 12.9253 -1.4341
Up 57.1876 -0.1299 34.4704 0.7904
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In Section 2.7, it was determined through the variance inflation factor (VIF) that the estimated coefficient
for WS (bws) is highly inflated. The same conclusion can be reached by observing the CI of the coefficients
in question. As seen from Table 2.12, the expected mean value of this coefficient swing from negative to
positive values, indicating its lack of significance. The lack of statistical significance in this model
parameter makes it difficult to specify a reliable model due to the wide CI of the parameter coefficient. The
relatively low RMSE and high R? values may be applicable to specific samples and may not be
representative of the overall data population. The performance of the MLRa.. model is also shown in Figure
2.5 against the measured data. In the same figure, the results of the normality test are shown. The error
distribution does not indicate any significant deviation from the normality assumption. Figure 2.5 also
shows the performance of VSBrugrsH model (MLR model (2.16) after the removal of the WS predictor term)
against measured data in the year 2017. The VSBruars+ model contains the RH and FSH predictor terms
alongside its intercept as depicted in Table 2.8.

2.9.2.1 MLR with moderately correlated predictors

In Section 2.7, it was shown that the lack of model specificity in MLR may be due to a severe case of
multicollinearity. By regressing each predictor term on the remaining ones, it was established through VIFs
that indeed some parameters have strong linear relationships with others. Specifically, it was found that WS
and FSH are highly correlated (R = 0.93). The first approach in dealing with multicollinearity was to
eliminate the redundant term in the model i.e. excluding WS from the final model. The case where WS was
eliminated was explored and the results are presented in Table 2.8. Overall, it was found that the issue of
multicollinearity was adequately addressed without any loss in model precision. The confidence intervals
of the model coefficients also show stability since they no longer cross the zero mark as depicted in Table
2.13.

Table 2.13: Cls of the MLR model coefficients without correlated predictors

Cl o PrH PrsH
Lo 14.7927 -0.4878 13.5040
Ub 50.1953 -0.1438 30.3471
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Figure 2.5: MLR model including all the predictors and the error normality test for January-December,
2017.

The performance of the model in which the highly correlated term WS is excluded is shown in Figure 2.5.
It can be seen that the model estimates the expected visibility satisfactorily throughout the year. In Table
2.13, all the parameter coefficients of the model with FSH and RH have a narrower Cl width than they had
in MLRacL model shown in Table 2.12. The CI width of the intercept term, g, is =35 in Table 2.13

compared to ~ 43 in Table 2.12 while the coefficient of RH has a Cl of ~0.344in Table 2.13 as opposed to
~0.448 in Table 2.12. Also, S, hasaClof =17 in Table 2.13 as opposed to ~22 in Table 2.12.

2.9.2.2 MLR with interaction terms

An alternative approach was presented in Subsection 2.8.2 which deals with effects of multicollinearity. It

was shown therein that combining the highly correlated predictor terms in some way can alleviate the effects
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of multicollinearity in multiple regression model. In this case, the parameters of concern are RH, WS and
FSH which have been shown to be highly correlated. By combining RH, WS and FSH new variables are
generated, in this work, RH+WS, RH-WS, and WSxFSH are used.

Table 2.14: Cls of the MLR model coefficients with interaction terms

Model o 11 PrsH
RH + WS L,b=17.1111 L,=-0.5441 Lp,=16.7554
U,=54.6269 U,=-0.1703 U,=31.1227
RH - WS L,=11.3775 L,=-04314 L,=11.3763
Up,=45499%6 U,=-0.1081 U,=30.7352

Model Po Ji{ PrH
WS x FSH  L,=18.6528 L,=0.2766  Lp,=-0.6739
Uy=71.9696 Up=2.6483 U,=-0.0384
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Figure 2.6: MLR fitting with interaction terms for January-December, 2017.
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It is possible that other combinations may also work which include these basic terms in their formulation
but in this work, these three are considered adequate for the Cape Town location. The model parameter
coefficients were tested at 5% significant level as well as by investigating their VIFs. In all cases the
coefficients were found to be significant. The confidence intervals for all the three models are shown in
Table 2.14. By observing the model parameter coefficient Cls, all the parameters included in all three
models are significant. The performance of the models with interaction terms has been summarized in Table
2.9. The monthly estimation of average visibility throughout the year is shown in Figure 2.6 using the
models with interaction terms. The measured visibility is denoted as vSBw while the models with

interaction terms are denoted VSBgry.ws » VSBrH-ws» aNd VSBesy.ws for RH+WS, RH-WS, and FSHxWS

models, respectively. It can be seen from Figure 2.6 that the regression models estimate visibility accurately

throughout the year.
Table 2.15: Regression equations for other cities in South Africa
City Regression Equation Correlation Regression
Coefficient  Standard

Error

Bloemfontein VSBaLoEm = 27.9547 +1.7476 1074 (Temp x AP) 0.9304 0.3531

Johannesburg VSB jup =10.1288 +(0.1937 x Temp) + (1.3808 xWS ) 0.8888 0.6750

Kimberley VSBiim = 40.7399 - 0.0378(RH +WS) 0.8303 0.2443

Durban VSB ey =15.4965+(5.6239x FSH) 0.6580 0.7743

Kruger Mpumalanga VSBupU =15,9984_8_6808X1075(Temp(vv5)) 0.6386 0.7823

Polokwane VSBpoL = 24.9626 —0.0135( AP x FSH ) 0.8431 0.8234

Port Elizabeth VSBpe =16.8358 + (15.4479x FSH ) 0.6190 0.7921

2.9.3 FSO Visibility

In the planning process for the deployment of FSO systems, visibility at a location is a key component for
designers. The available measured visibility data used in this work is based on a 5% threshold of the visible
light. In other words, of the total transmitted signal, 95% is scattered and/or absorbed by the atmosphere.
This threshold was adopted by the World Meteorological Organisation as it meets the aeronautical
requirements [21]. In principle, the value of 0.05 ensures a reliable resolution of a black object against the
horizon in daylight at a wavelength of 550 nm where the human eye has the highest sensitivity. The received

5% intensity of visible light corresponds to around -13 dB of the source intensity. However, the photodiodes
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used in FSO systems typically have a receive sensitivity of about -30 dB (~0.001 of the transmitted
intensity) or less [22], which is much lower than the eye sensitivity. In contrast with the 5% visible light
threshold, FSO receivers can detect down to 0.1% of the transmitted intensity. This translates into longer

visibility away from the transmitter for FSO systems as compared to visible light reception by the eye. At

a distance L from the source, the signal intensity I(L)oc(1/|_2) . Therefore, the optical visibility at 0.1%

threshold is much higher than that recorded for meteorological visibility. If the transmitted intensity is |,

when the receiver sensitivity is adjusted from 0.05x |, to 0.001x |, the optical visibility will be higher than
the meteorological visibility by a factor of (10/\/5 ) for the same wavelength (550 nm) under the same

weather conditions. In this view, as a future study it should be considered to translate measured

meteorological visibility into optical visibility for determination of atmospheric attenuation coefficients.

2.10 Conclusion

The modeling of visibility has been presented through regression analysis. It has been shown in this study
that meteorological parameters at a location can be used adequately to model and possibly predict optical
signal visibility. As shown in the discussions, all models presented have a good agreement with the
measured data. In the case of multiple regression models, the significance of the model parameters is
achieved by reducing the effects of multicollinearity. The choice of the model may not be reliant on just its
performance but rather the availability of the parameters as well. SLR models can be used in situations
whereby a single meteorological parameter is measured reliably over a long period of time in the absence
of others. Otherwise, it is preferable to use MLR models to take into account all the different constructs
each parameter describes. However, caution must be exercised when too many parameters are available to
avoid model over-specification. In such cases, the fitting algorithm may capture the idiosyncratic properties
of that specific data rather than the true underlying trend of how visibility actually varies. In locations where
measured visibility data is not available, visibility may be inferred from measurement data collected in
locations with similar weather patterns. As part of future work, the performance of these visibility
regression models will be compared with various artificial neural network predictive models such as the
Generalized Regression Neural Network (GRNN), Multi-Layer Perceptron (MLP) neural network and

Gaussian Process Regression (GPR) Delta based method.
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3.1 Abstract

In spite of the numerous advantages of employing free space optical (FSO) communication systems as
viable complementary platforms for next-generation networks, the presence of atmospheric disturbances
such as fog and scintillations are major sources of signal impairment which degrade system performance.
Consequently, it becomes imperative to investigate and contextualize the unique climatic conditions in
those locations where FSO links are to be deployed. Statistical evaluation of meteorological visibility data
collected for various cities in South Africa is thus hereby employed in estimating the availability
performance of FSO links transmitting at both 850 nm and 1550 nm. It is determined that the cities of
Mbombela and Cape Town have the lowest performance due to the high occurrence of fog events as
compared to other regions in South Africa. During foggy periods, FSO links in Mbombela and Cape Town
would have availabilities of ~99.6% for link distances of 500 and 600 metres, respectively. The bit error
rate (BER) estimations of intensity modulation and direct detection (IM/DD) FSO links in the presence of
weak atmospheric turbulence were also investigated for the identified locations during foggy weather; with
the cities of Mafikeng and Kimberley showing the lowest BER performances because of their high wind
velocities, altitudes and refractive index values. In order to obtain a BER of 10, receive signal-to-noise
ratio (SNR) values ranging from ~46 to ~51 dB are required for FSO links deployed for data transmission

in the various cities investigated in this work.
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3.2 Introduction

Rising urbanization, population growth, increase in housing costs, and demand for higher standards of
living have generated an urgent need for smart cities to maximize resource use [1]. Based on the
International Mobile Telecommunications 2020 (IMT-2020) vision of the International Telecommunication
Union (ITU), the fifth generation (5G) technology is expected to support enhanced mobile broadband
(eMBB) with throughputs up to 10 Gbits/s, massive machine type communication (mMTC) for up to 1
million connections per square km, and ultra-reliable low latency communication (URLLC) as low as 1 ms.
This is to ensure that intelligent traffic systems, internet of vehicles (IoV), and internet of things (loT)
connections in emerging smart cities function optimally. 5G technology is also needed to meet the high

requirements on speed for virtual reality (VR), augmented reality (AR) and mixed reality (MR) applications

[2]-[4]

FSO communication is a viable complementary solution platform for next-generation communication
networks, whether as a standalone or hybrid technology. When employed in 5G cellular backhaul networks,
its numerous advantages include: flexible network connectivity, secure transmission, high data throughput,
ease of installation, relative low cost of deployment, immunity to electromagnetic interference, license-free
spectrum, low latency communication, low bit error rate (BER), etc. [5]. Despite these numerous merits,
the performance of FSO links is severely affected by weather constraints. Aerosol scattering attenuation
due to fog and atmospheric turbulence due by scintillations are major sources of signal impairment, hence

impacting on the received signal quality [1], [5], [6].

Hybrid FSO - Millimeter wave (FSO/MMW) links for FSO-based backhaul networks have been proposed
in literature. These are aimed at obtaining reliable and uninterrupted network connectivity by switching
between the main FSO link and the backup MMW link whenever the main FSO link is unavailable due to
weather constraints. Dual FSO thresholds are incorporated in the system to prevent unnecessary switching
between links [6]. In [7], the performance analysis of a FSO/MMW system incorporated with a flying
network platform (FNP) which employs point to point FSO/MMW links to pass backhaul traffic between
the access and core networks is carried out. While the results obtained in [6]-[7] indicate that the proposed
hybrid FSO links outperform the single FSO link, it is important to state that thorough estimations of signal
losses based on the climatic constraints of the various locations where the links are to be deployed was not
done. This is imperative in determining the switching thresholds of the proposed links which may differ

from one location to another.
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Figure 3.1: Map of South Africa showing elevation above sea level and locations of selected cities
investigated in this work.

South Africa’s climate is considered highly variable spatially and temporally. The spatial differences in
elevation across the country play an important part in this variability (Figure 3.1). Locations of the various
cities investigated in this work are highlighted in Figure 3.1 across the South African geographical space.
According to the Kdppen-Geiger climate classification for South Africa developed by the Council for
Scientific and Industrial Research (CSIR), the country is classified predominantly as semi-arid, with
influences from temperate and tropical zones [8]-[9]. Mafikeng, Kimberley and Bloemfontein have
northern steppe climates; Bloemfontein has cold arid weather while Mafikeng and Kimberley are majorly
arid and hot. Johannesburg and Mbombela have mild temperate climates with the former being high-veld
while the latter is low-veld. Durban has a humid subtropical climate while Cape Town is classified as a
Mediterranean climate with warm summers and wet winters. Polokwane has a Bush-veld climate that is
arid, with hot summers and cold winters while Port Elizabeth has a southern coastal climate characterized

by rain during all seasons [10]-[12].

Most of the proposed FSO and hybrid FSO systems in literature are constrained in their ability to estimate
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the losses encountered by FSO links in every location they are to be deployed. The focus of this paper is in

determining the attenuations based on the atmospheric conditions prevalent in all the climatic zones of

South Africa. It is also important to state that the cities chosen are urban places with considerable

population, hence great demand for high data rates and fast internet connectivity.

Table 3.1: Description of the climate of selected cities in South Africa [8]-[12].

City Climate

Bloemfontein Northern Steppe (Arid and cold)

Cape Town Mediterranean

Durban Subtropical

Johannesburg High-veld (Warm Temperate)

Kimberley Northern Steppe (Arid and Hot)

Mafikeng Northern Steppe (Arid and Hot)

Mbombela Low-veld (Temperate)

Polokwane Bush-veld (Arid and Hot)
Port Elizabeth Southern Coastal Belt

The following are the key contributions of this work:

1)

2)

3)

4)

5)

Cumulative distribution of visibility and aerosol scattering attenuations based on the ljaz and Kim
models for transmission wavelengths of 850 and 1550 nm in nine cities of South Africa are presented.
Probabilities of exceedance, deceedance and encountering of different aerosol scattering attenuations
for 850 and 1550 nm are calculated and their impact on FSO link performance investigated for all the
various locations of interest.

Modeling of the minimum required visibility CDFs during foggy and clear weather conditions are
presented. To the best of our knowledge, approximate polynomial expressions for determining the
minimum required visibilities for FSO systems transmitting at 1550 nm in various locations have not
been reported in open literature so far.

Determined link availability performances for two commercial FSO links are presented during foggy
and clear weather conditions.

Numerical expressions for obtaining the BER for FSO systems employing IM/DD with non-return-to-
zero on-off keying (NRZ-OOK) modulation under the influence of weak turbulence are presented.

Achievable SNRs and data rates of the two FSO links are also investigated.

The rest of this paper is structured as follows: Section 3.3 presents the visibility distribution of nine cities
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in South Africa; Section 3.4 presents and analyzes the cumulative distribution of aerosol scattering
attenuation based on the Kim and ljaz models for the two transmission wavelengths in the locations of
interest, with the probabilities of exceedance, deceedance and encountering of various scattering
attenuations calculated and discussed therein. The link budgets for two commercial FSO communication
systems are provided in Section 3.5; while Section 3.6 presents the minimum required visibility CDFs with
the corresponding polynomial coefficients. The approximate expressions for evaluating the link availability
performance are determined in Section 3.7. In Section 3.8, the SNR, BER and data rate equations of
received signals for FSO links in a weak turbulence regime are derived and their results analyzed; while
the conclusions are presented in Section 3.9.

3.3 Visibility Distribution

The scattering and absorption of optical signals is strongly impacted by visibility. Meteorological visibility
may be defined as the distance in the atmosphere at which a fraction of the luminous flux transmitted by a
collimated beam emanating from a 550 nm light source is reduced to 5% of its value. In other words, it is
the optical range determining how far away objects can be seen under certain weather conditions such as
snow, rain, haze etc.[13]-[14]. The presence of suspended fine water droplets in the atmospheric layer
closest to the surface of the earth results in the formation of fog. Fog is a weather condition where visibility
drops below 1000 m and the atmospheric humidity approaches 100% [15]. Visibility data from January
2010 till June 2018 was obtained for major cities in each of the nine provinces of South Africa from the
South Africa Weather Service (SAWS). These urban areas of interest are Bloemfontein, Cape Town,
Durban, Johannesburg, Kimberley, Mafikeng, Mbombela, Polokwane and Port Elizabeth. The data was
collected three times daily (8:00 a.m., 2:00 p.m. and 8:00 p.m.) for the 8% year period.

Figure 3.2(a) shows the visibility under fog conditions (0 to 1 km) against the percentage of time the
visibility events took place while Figure 3.2(b) shows the duration of visibility events up to 20 km over the
time period investigated for all the selected locations in South Africa. In Figure 3.2(a), Mbombela and Cape
Town have fog events that last up to 1% of the time considered, while Port Elizabeth, Polokwane,
Johannesburg, and Bloemfontein experience foggy events less than 0.5% of the time. Foggy incidents occur
less than 0.07% of the time for Durban, Kimberley, and Mafikeng, according to the processed data. Figure
3.2(b) best captures the visibility under haze and clear weather conditions. The cities of Mbombela, Cape
Town, Port Elizabeth, Polokwane and Johannesburg all have more visibility events under haze conditions
than Kimberley, Mafikeng and Durban. Cumulative distributions of visibility based on average worst

month, year and hour measurements for the same cities are shown in [16].
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3.4  Scattering Attenuation

The Beer-Lamberts law can be used to model the propagation of optical signals across the atmosphere. It
is stated in [17] as:

r(4,L)=¢"t) (3.1)
where z(4,L)is the transmittance of the atmosphere in (km™), « represents the atmospheric attenuation
coefficient or total extinction coefficient, 4 is the wavelength of the optical signal in nm and L is the

distance of propagation in km. The Kruse model is used to calculate the coefficient of atmospheric

attenuation from visible to near-infrared wavelengths. It is expressed as [17]-[18]:

M(ij &H (32)

\Y% A Vo L4
where T, =2% is the optical threshold, 4. =550nm is the solar band’s maximum spectrum wavelength, 1 is
the wavelength of the optical signal in nm, v is the meteorological visual range in km and g_represents the
particle size distribution parameter. The total extinction coefficient in decibel per unit length is given as:
aa(V) = al0log,,(e) ~ 4.343 (3.3)

As optical signals traverse the free space media, discontinuities in the atmosphere, such as aerosols and gas
molecules, act as sources of reduced signal power. Scattering losses, also known as atmospheric attenuation,

are caused by these channel impediments and are calculated using [19]:

Aa(LV)=a (V)xL (3.4)

Since the aerosol scattering coefficient is the most influential atmospheric channel parameter for scattering
losses in optical signals, the atmospheric attenuation is approximately equal to the aerosol scattering
coefficient [19]-[20], that is:

aa(V)Eﬁsa(){) (35)
The aerosol scattering coefficient or specific atmospheric attenuation in dB/km, as given in [16]-[17] is:
3912)( A" 17( A)" (3.6)
Ba(2) =10|0910(e)(T][7] = 7[7]

Equation (3.6) describes the Kim and ljaz fog models. In the Kim model, the particle size distribution

parameter, q_, is expressed in terms of all forms of visibility as [21]:
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1.6 for  V >50km (3.7)
1.3 for 6<V <50km
q.(V)=70.16V +0.34 for 1<V <6km
V-05 for 0.5<V <1km
0 for V <0.5km

For the ljaz fog model, on the other hand, %, is given in terms of wavelength as [22]-[23]:

q.(4)=0.14281-0.0947 (3.8)

Figures 3.3(a) and (b) show the cumulative distributions of scattering attenuation for major cities in South
Africa. For visibility measurements less than 1 km, the Ijaz model was used to calculate scattering losses,
while the Kim model was used to calculate the specific attenuation associated with visibility values greater
than or equal to 1 km. The two models were used to estimate scattering losses encountered by transmission
wavelengths of 850 and 1550 nm. In both figures, the cities of Johannesburg, Bloemfontein, Polokwane,
Cape Town and Mbombela encounter scattering attenuation greater than 175 dB/km for periods ranging
from 0.01 % to 0.2 % of the entire time considered. Specific attenuation below 100 dB/km was observed
in Durban, Kimberley, and Mafikeng for periods less than 0.07 % of the time investigated.
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Figure 3.3: Cumulative distribution of Aerosol scattering attenuation for major cities in South Africa using

ljaz’s and Kim’s models from January 1, 2010 to June 30, 2018 for (a) 850 nm and (b) 1550
nm.

Before deploying an FSO system, it is critical to understand the weather constraints that will be faced in a
given area and at a given time. Once the maximum attenuation the FSO system can tolerate is determined,
the FSO system installer can predict the likelihood of system outage based on the probability of exceeding
and encountering a specific atmospheric attenuation value. The probabilities of exceeding different
scattering attenuation losses for 850 nm and 1550 nm wavelength systems are shown in Figures 3.4(a) and
(b). In the cities of Mbombela, Cape Town and Polokwane, FSO systems transmitting at the two

wavelengths have a likelihood of facing attenuation values greater than 80 dB/km with probabilities of
0.0038, 0.0026 and 0.0012, respectively. The probabilities of FSO links encountering different atmospheric
attenuations when transmitting at 850 nm and 1550 nm are shown in Figures 3.5(a) and (b). The probability
of FSO links encountering scattering losses of 177 dB/km and 187 dB/km at these wavelengths in

Mbombela, Cape Town, Polokwane, Bloemfontein, and Johannesburg, are 0.0020, 0.0013, 0.0008, 0.0002
and 0.0001 respectively.
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Table 3.2: Most frequent fog measurements and their associated probabilities for major cities in South

Africa.
Most Attenuation Attenuation Probablllty of -
. Frequent Encountering Probability of
Location (dB/km) - (dB/km) - .
Fog Events 850 nm 1550 nm Scattering Exceedance (-)
(km) Attenuation (-)
Cape Town 0.3 59.05 62.51 0.001534 0.004163
Port Elizabeth 0.5 35.43 37.51 0.000976 0.002929
Durban 0.6 29.53 31.25 0.000226 0.000451
Bloemfontein 0.5 35.43 37.51 0.000440 0.001100
Kimberley 0.8 22.14 23.44 0.000109 0.000109
Johannesburg 0.3 59.05 62.51 0.000759 0.001193
Mafikeng 1 13.67 10.13 0.000219 0.000219
Mbombela 0.8 22.14 23.44 0.003475 0.011993
Polokwane 0.5 35.43 37.51 0.000663 0.002209

Table 3.3: Most frequent visibility measurements and their associated probabilities for major cities in

South Africa.
Most Attenuation Attenuation Probablllt){ of -
. Frequent Encountering Probability of
Location s (dB/km) - (dB/km) - ;
Visibility 850 nm 1550 nm Scattering Deceedance (-)
(km) Attenuation (-)
Cape Town 20 0.4827 0.2210 0.3075 0.8737
Port Elizabeth 30 0.3218 0.1474 0.7421 0.7437
Durban 20 0.4827 0.2210 0.8323 0.8448
Bloemfontein 30 0.3218 0.1474 0.7453 0.9079
Kimberley 40 0.2413 0.1105 0.9618 0.9623
Johannesburg 20 0.4827 0.2210 0.5010 0.7060
Mafikeng 30 0.3218 0.1474 0.9135 0.9379
Mbombela 10 0.9653 0.4421 0.3822 0.8514
Polokwane 15 0.6436 0.2947 0.2475 0.6381
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Table 3.2 summarizes the scattering losses, probabilities of exceedance and the probabilities of
encountering those losses associated with the most occurring fog events in the various cities in South Africa.
The ljaz model in (3.6) and (3.8) is used to compute the atmospheric attenuation values for the wavelengths
of 850 and 1550 nm. The most frequent fog events in the cities of Cape Town and Johannesburg have a
visibility of 300 m. The probability of encountering and exceeding the scattering attenuations associated
with the most frequent fog event in Cape Town is 0.0015 and 0.0042, respectively; while in Johannesburg,
the probabilities of encountering and exceedance of the specific attenuations are 0.0008 and 0.0012,
respectively. The most frequent fog events in Kimberley and Mbombela have visibilities of 800 m.
However, the probabilities of exceedance and encountering of the scattering losses associated with the fog
event is higher in Mbombela than in Kimberley.

Table 3.3 summarizes the specific attenuations, as well as the likelihoods of deceedance and encountering
of such losses, aligned with the most frequent visibility measurements in the different cities of South Africa.
The probability of deceedance describes the possibility of encountering values lesser than or equal to certain
atmospheric attenuations. It enables the FSO system installer to also predict the link availability, once the
most frequent and maximum atmospheric attenuations to be encountered by the link is known. Cape Town,
Mbombela and Polokwane have the lowest probabilities of encountering attenuations associated with their
most frequent visibility measurements. However, Polokwane has the least probability of deceedance when
comparing the three cities. This implies that the probability of exceedance or encountering of attenuations
greater than those associated with the most common visibility in Polokwane is 0.3619 or 36.19 % of the

time investigated.

3.5  Link budget

The level of signal power detected at the receiver is determined by the link budget of an FSO link [24]. The
average optical power detected at the receiver is given below as:
Pre= Prx— Bea(4)L = F s+ Gry+ Grx— Loeo = XTx— X kx (3.9)

where py, is the power of the transmitted optical signal in dBm, g, is the aerosol scattering loss in dB/km,
L is the propagation distance in km, gq is the free space path loss in dB, G, is the gain of the transmit
lens in dB, Gg, is the gain of the receive lens in dB, L., is the optical geometric loss in dB, x. is the
aggregate loss at the transmitter in dB and xg, is the aggregate loss at the receiver in dB. x., and xg,
include all other system-dependent losses such as beam direction misalignment, random changes in the
beam centroid position and decrease in sensitivity as a result of background solar radiation [20].

The free space path loss is expressed as [25]-[26]:
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Fo= 20I09(T] (3.10)

where 2 is transmit wavelength of the signal in metres. The gain of the transmit lens is derived below as
[26]-[27]:

Grm 20|og(126é491J (3.11)

where ¢ is the transmit beam divergence angle in radians. The gain of the receive lens is expressed as [27]-
[28]:

G = 20|0g(31.6i37rDJ (3.12)

where D is the diameter of the receiver aperture in metres. The geometric loss is caused by the optical
beam diverging from its path. It is given as [28]-[29]:

A
Leeo = _20|Og [%j (3 3)

The optical link power margin determines how well a system compensates for atmospheric attenuation
losses over a given propagation distance. It is the benchmark for assessing the performance of the FSO link,
and is presented as [30]:

QL\/E (3 14)

Lm(L)=Pr— xTx—ZOIOQ(T]— X re— Rs

where Rs is the sensitivity of the receiver in dBm.
Commercial FSO link parameters used in this paper are shown in Table 3.4. In calculating the optical link
margin, the constant parameters of the FSO links in Table 3.4 are substituted into (3.14) which results in a
simplified equation below:
Lm(L)=M.-20logL (3.15)

When the propagation distance, L, is in kilometres, the constant M- is equal to 24 dB when the parameters
of the FSO link A are substituted into (3.14). This results in (3.16):

(L), o = 24— 20l0g L (3.16)
When the parameters of FSO link B are substituted into (3.14), we have the simplified link margin equation
for the FSO system transmitting at 1550 nm below:

Lm(L), s =28—20logL (3.17)
Some commercial FSO links currently manufactured, use 850 nm and 1550 nm wavelengths for signal
transmission. In this work, the performance of two FSO links, labelled A and B are investigated. Typical

FSO link parameters are shown in Table 3.4. Throughout this paper FSO link A transmits data signals on

the 850 nm wavelength while FSO link B operates on the 1550 nm wavelength.
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Table 3.4: Commercial FSO link parameters used in calculations

Parameter FSO Link A FSO Link B
Wavelength (2) 850 nm 1550 nm
Transmit Power (pr,) 16 dBm 20 dBm
Receiver Sensitivity (rs) -38 dBm -40 dBm
Transmitter (xr,) and Receiver (xg) 2dB 4dB
System Losses
Receiver Aperture Diameter (D) 16 cm 10cm
Eye Safety Class 1 M Class1 M
Receiver Field of View 10 mrad 65 mrad
Transmit Beam Divergence Angle (¢) 2.8 mrad 1.75 mrad
Responsivity (%) 0.4 A/W 0.5 A/W
Bit Rate (r,) 1.25 Gb/s 10 Gh/s

3.6 Minimum visibility
The minimum required visibility, v .,(L,V), must be determined for the FSO link to function optimally. It

is a critical parameter for estimating the availability of an FSO link. It is presented in the form [16], [18]:

V 2V gin(LV) (3.18)

For a link to be available, the optical link margin must be greater than or equal to the atmospheric
attenuation losses. That is [31]-[32]:

Ln(L) 2 Ag(LV) (3.19)

The minimum required visibility, in kilometers, for the ljaz and Kim models is given below as [16], [18]:

- (3.20)
Vmﬂn“v”n”(b(lj
m ﬂ,

where the particle size distribution parameter, q_, is presented for the Kim and ljaz fog models in (3.7) and

(3.8), respectively. Equation (3.18) therefore becomes:
- (3.22)
7L | 2
> hbds
Lm(L)( /lo )
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Figure 3.6: Minimum required visibility vs link distance based on ljaz and Kim models for FSO links A
and B.

Figure 3.6 is generated using the ljaz model shown in (3.8), (3.16), (3.17) and (3.21) during foggy periods.
The parameters of the commercial FSO links shown in Table 3.4 are used in the calculations as well. The
minimum required visibility needed to achieve a link distance of 500 metres, is approximately 295 and 276

metres for the FSO links transmitting at a wavelength of 850 and 1550 nm, respectively.

The Kim model is used in computing the minimum required visibilities needed to achieve optimal link
distances in Figure 3.6 as well. Equations (3.7), (3.16), (3.17) and (3.21) are used in the computations of
the minimum required visibilities during haze and clear weather periods. In order to achieve path lengths
of 1.5 kilometres, the minimum required visibilities for FSO links transmitting at 850 and 1550 nm are 0.70
and 0.27 kilometres, respectively. It can be deduced from Figure 3.6, that FSO links transmitting at 1550
nm achieve similar optimal link distances at lower minimum required visibilities than those transmitting at
850 nm.

A novel approach for estimating the availability of FSO links without the use of substantial visibility records
is reported in [30], [32]. The cumulative distribution functions (CDF) of sample visibility data were fitted
using the least squares third-order polynomial method. However, the approach used in [32] used only the

Kim model for calculating the minimum required visibilities of FSO links transmitting at 850 nm from
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visibility data obtained from different airports across Europe. Further research as reported in [17], [22],
[23], propose that the ljaz model is more accurate in computing aerosol scattering attenuation losses
encountered by optical signals transmitting between wavelengths of 550 and 1600 nm for visibility

measurements ranging from 15 to 1000 metres.

This necessitates the application of the ljaz model in computing the CDFs of the minimum required
visibilities and resultant link availabilities of FSO links during foggy weather. In this work, the same
method implemented in [32] is also adopted, but only for estimating link availabilities of FSO links in clear
weather, when visibility measurements are greater than 1 kilometer. The CDFs of minimum required
visibilities during foggy weather are computed and the Ijaz model is used in estimating the availabilities of
FSO links transmitting at 850 and 1550 nm in major cities of South Africa.

Similar to what was reported in [32], the third-order polynomial fitting method of the CDFs calculated, are
a trade- off between simplicity and accuracy of the equations obtained. The higher-order (fourth to sixth)
polynomials investigated did not necessarily improve the accuracy of the resultant availabilities calculated.
This is due to repetitive CDF values traceable to the approximation of the visibility data measured to just
one decimal place. Therefore, the CDFs of the minimum required visibilities used in our computations is
presented as:

F[V - 23: o b (3.22)

j=0

where p; are the coefficients of the polynomial.

Tables 3.5(a), 3.5(b), 3.6(a) and 3.6(b) show the polynomial coefficients, error sum of squares (SSE),
coefficient of determination (R®) and the root mean square errors (RMSE) of fitted minimum required
visibility CDFs during foggy and clear weather for transmission wavelengths of 850 and 1550 nm. It is
clear from all the four tables that the directly calculated and the fitted minimum required visibility CDFs
have relatively high R?, and low SSEs and RMSEs not exceeding 0.1 and 1 metres during foggy and clear
weather, respectively. Figures 3.7(a), 3.7(b), 3.8(a) and 3.8(b) show plots of directly evaluated and
approximated minimum required visibility CDFs during foggy and clear weather for transmission
wavelengths of 850 and 1550 nm. Inserting the values of the coefficients in Tables 3.5(a), 3.5(b), 3.6(a) and
3.6(b) into (3.22) yield plots of the approximated minimum required visibility CDFs in Figures 3.7(a),
3.7(b), 3.8(a) and 3.8(b), respectively.
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Table 3.5(a): Polynomial coefficients of fitted minimum required visibility CDFs calculated for major
cities in South Africa during foggy weather and at transmission wavelengths of 850 nm

Coefficients of pj Tests
) Range
Location ps p2 p1 Po SSE R? RMSE
(km)
Mbombela 5.02x10 -8.26x10°2 1.71x102%  -4.55x10* | 5.17x10® 0.979 6.86x10*
Cape Town 9.41x10° -4.26x10°  1.34x102  -4.88x10* | 1.06x10% 0.990 3.10x10*
Port Elizabeth -2.16x108 4.15x108 2.99x10°  -1.25x10* | 6.23x107 0.983 2.38x10*
Polokwane 6.14x1073 -9.61x10°  7.55x10°  -2.40x10* | 4.04x107 0.978 1.92x10*
0.04<Vv<1
Johannesburg -3.09x10°3 5.85x10°3 5.00x10%  -2.47x10° | 5.69x107 0.967 2.27x10*
Bloemfontein -5.70x10 6.21x10* 1.73x10°  -6.47x10° | 1.09x107 0.975 9.96x10°
Durban -1.28x10* 7.71x10%  -3.26x10°  1.95x10% | 3.89x10® 0.937 5.94x10°
Kimberley 1.78x10* 8.96x10°®  -3.70x10°  1.23x107 | 7.01x10° 0.880 2.52x10°%

Table 3.5(b): Polynomial coefficients of fitted minimum required visibility CDFs calculated for major
cities in South Africa during foggy weather and at transmission wavelengths of 1550 nm.

Coefficients of pj Test
. Range
Location ps p2 p1 Po SSE R? RMSE
(km)
Mbombela 1.28x102 -2.17x102  2.31x102 -8.42x10* 6.08x10°  0.975 7.12x10*
Cape Town 7.73%x1073 -1.71x102  1.89x102 -7.04x10 1.31x10%  0.988 3.31x10*
Port Elizabeth 2.60x1073 -3.65x10°  6.19x103 -2.24x10* 1.07x10%  0.969 2.99x10*
Polokwane 7.95x103 -1.26x102  8.82x103 -3.08x10* 4.11x107 0.978 1.85x10*
0.04<v<1
Johanneshurg -1.93x10°  4.13x10°  1.09x10°  -4.12x10° 8.71x107  0.949 2.69x10*
Bloemfontein 5.04x10°  -3.28x10%* 2.07x10°  -7.29x10°5 1.09x107  0.975 9.53x10°
Durban 1.55x10* 3.05x10* 1.66x10* -5.39x106 3.29x10%  0.947 5.23x10°%
Kimberley 1.51x10* -2.30x10°  9.91x107 -1.26x10°8 3.85x10° 0.867 1.79x10°
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Table 3.6(a): Polynomial coefficients of fitted minimum required visibility CDFs calculated for major
cities in South Africa during clear weather and at transmission wavelengths of 850 nm.

Coefficients of pj Tests
Location Range ps p2 p1 po SSE R? RMSE
(km)
Mbombela 1.82x10*  -1.53x107 1.38x10% -1.16x10* 4.17x10°  0.995 1.57x1073
Polokwane 4.49x10*  -3.32x10°° 8.44x10°3 -7.49%x10* 1.33x10°  0.993 8.85x10*
Johannesburg 9.50x10°  -3.17x10* 3.02x10°3 -7.48x10%° 6.02x10°  0.996 5.95x10
Durban 9.42x10°° 4.07x10* 1.21x10* -1.26x10° 5.05x10° 0.981 1.72x10°

Cape Town 0.1<v<7 | 2.16x10*  -2.00x103 9.74x10°® 1.69x10* 1.84x10°  0.992 1.04x10°®

Port Elizabeth 2.60x10°  4.73x10° 4.60x103 -2.94x10* | 9.52x10° 0.996  7.48x10*
Bloemfontein 3.76x10°  -2.07x10* 1.49%x10°3 8.86x10° 2.33x10° 0.987  3.70x10*
Mafikeng 3.73x10°%  -2.28x10*  5.37x10* -4.62x10° 1.61x107 0.993  9.73x10°
Kimberley 1.21x10%  -1.90x10%  3.55x10* -3.10x10° | 3.55x107  0.992 1.44x10*

Table 3.6(b): Polynomial coefficients of fitted minimum required visibility CDFs calculated for major
cities in South Africa during clear weather and at transmission wavelengths of 1550 nm.

Coefficients of pj Tests
Location Range p3 p2 p1 Po SSE R? RMSE
(km)
Mbombela 2.54x104 -1.57x10°® 1.31x107? -1.26x10* 8.15x10° 0.988 1.97x10°
Polokwane 5.76x10* -3.20x10°3 6.96x10°3 -3.41x10* 5.64x10° 0963 1.64x103
Johannesburg 2.55x10 -1.29x10°3 4.35x1073 -2.71x10* 1.67x10% 0.998 2.82x10*
Durban 2.75x10* -3.57x10* 6.18x10* -1.42x10° 4.08x10° 0977 1.39x10°3
Cape Town 0.1<V<6 | 2.75x10* -2.35x1073 1.03x1072 -8.51x10° 1.76x10° 0.989 9.17x10*
Port Elizabeth 1.97x10* -9.32x10* 5.76x10°3 -3.34x10* 2.61x10% 0999 3.53x10*
Bloemfontein 1.71x10* -1.09x1073 2.88x10°3 -1.78x10* 5.50x107 0.996 1.62x10*
Mafikeng 5.30x10°° -2.77x10* 5.28x10* -3.09x10° 2.15x107 0.982 1.01x10*
Kimberley 2.52x10® 1.24x104 6.99x10°° -8.08x106 1.43x107 0.995 8.26x10°
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Figure 3.7: Directly evaluated CDF and approximated CDF of fog for major cities in South Africa using
ljaz model for (a) 850 nm and (b) 1550 nm.
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Figures 3.7(a) and (b) are based on the ljaz fog model while Figures 3.8(a) and (b) are calculated using the
Kim model for both transmission wavelengths considered in this work. In Figures 3.7(a) and 3.7(b),
minimum visibility CDFs under fog conditions are presented. The plot for the city of Mafikeng is not shown
because there were no fog events recorded in the data received from the SAWS over the time period
investigated. In Figures 3.8(a) and 3.8(b), minimum required visibility CDFs under fog and haze conditions
are shown. All the four Figures 3.7(a), 3.7(b), 3.8(a) and 3.8(b) show a high occurrence of minimum
visibility under fog/haze conditions in the cities of Mbombela, Cape Town and Port Elizabeth for both
transmission wavelengths considered. This clearly indicates that the FSO links in those cities will
experience more scattering attenuation during data transmission and ultimately lower link availabilities as
compared with the FSO links in the cities of Mafikeng and Kimberley which have very low occurrence of
poor visibility events.

3.7 Link Availability

The FSO link availability is majorly dependent on the atmospheric attenuation conditions. The availability
of the two commercial FSO links based on the ljaz and Kim models in this work is defined as ([16], [18],
[19], [30], 32]):

Lav = Probability[V >V (L) ] =1~ F[V n(L)] (3.23)

Figures 3.9(a), 3.9(b), 3.10(a) and 3.10(b) show the directly evaluated link availabilities alongside the
availabilities based on the calculations of approximated minimum required visibility CDFs during foggy
and clear weather conditions in different cities of South Africa. It is quite evident from the four figures that
Mafikeng, Kimberley and Durban have link availabilities of almost 100% over all the propagation distances
considered. This is because of the relatively high visibility measurements as well as the rare occurrence of
fog events in those places as shown in Table 3.3. Relatively low availability performance is seen in Port
Elizabeth, Cape Town and Mbombela due to unstable weather conditions and relatively high occurrence of
fog events in those locations. The link availability reduces with increase in the propagation distance
between the two FSO transceivers. In comparison with the 850 nm wavelength, optical signals transmitted
at 1550 nm have better availability performance over specific propagation distance in all the cities

investigated.
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3.8  Signal to noise ratio (SNR), Bit Error Rate (BER) and Data Rate Estimation

Regardless of the length of propagation distance, the optical signal still suffers from random amplitude
fluctuations, or scintillation effect, when it passes through the free-space channel. This is due to atmospheric
turbulence which is mostly caused by small-scale temperature changes in the atmosphere, which induce
variations in the refractive index. As a result of the amplitude fluctuations in the received signal, the BER
increases, thus degrading the performance of the system [34]. The lognormal distribution is generally
preferred in characterizing the received intensity, I, in a weak turbulence regime. Foggy weather is usually
accompanied with weak turbulence as fog does not occur under direct sunshine [35]. The probability
distribution function (PDF) of a lognormal variable | with small variance is given in [36] as:

2 \2 (3.24)
1 In(1)+<*

p(l)=—F—=exp-| ——=
) 12753 V254

where &% is the scintillation index parameter that indicates the amount of scintillation in the atmosphere.
Based on the zero inner scale model, the scintillation index is expressed in [37]-[38] as:

05102 [1 0,69 1%j% (3:29)
2 . SW| +U. O sw
04942, .

2
o5 =€Xp 7 2
12/\Vk 2 2 %
(1+ 0,184+ 0.560@ 1+0.90d: + 0.62ds05

- - - 2 - -
where ango.socﬁ(ﬁlkﬁ_“) is the Rytov variance for the spherical wave, d,= /%, c? is the refractive

index structure parameter in m??, and k = 27” is the wave number in m™. In weak turbulence conditions,

is less than unity [37]. For optical spherical waves, the scintillation indices of all the locations considered

in South Africa based on the average parameters shown in Table 3.7 were also less than unity [33].

Most commercial FSO links on the market are still using intensity modulation/direct detection (IM/DD)
schemes for operation. The performance of non-return-to-zero on-off keying (NRZ-OOK) modulation
scheme and avalanche photodiode (APD) FSO systems are investigated in this section. The total APD
receiver noise mainly consists of the shot noise %, , and thermal noise &%, . It is expressed in [39] as:

ol =ch+ch (3-26)
Thermal noise arises as a result of current fluctuation caused by the thermal motion of electrons at some
finite temperature, even when there is no signal transmission. It is given in [40] as:

2 _ 2TKgRsFn (3.27)
om=—"—go
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where T is the receiver temperature, kg is the Boltzmann constant, r, is the bit rate, F, is the amplifier
noise figure and R is the APD load resistance. The shot noise is also denoted in [40] as:

o = 209" RF ARbPrl + o (3.28)
where q is the charge of an electron, g is the APD gain, % is the responsivity, pg, is the power of the

received signal and g, is the excess noise factor. g, is expressed as:
Fa=kag+(1-ka)(2-97) (3.29)

where k, is the ionization factor.

The instantaneous SNR ( », ) at the receiver is given as:

(2g%Pg,l )’ (3.30)
VoS5
ON

The conditional BER of the FSO communication system employing IM/DD and based on the NRZ-OOK
modulation scheme is given by [41]:

1 () (. (3.31)
BER_EerfC[Z\E]_Q{ 5 ]
Substituting (3.30) into (3.31), yields:
. N (3.32)
BER = Zerfc| 290 Prd
s

Equation (3.32) represents the conditional BER in a turbulence-free channel. Taking into account the effect
of weak atmospheric turbulence on (3.32), the average BER over the lognormal fading channel is obtained
by averaging (3.31) over (3.24):

BERzTQ[@].p(I)dI (3.33)

Employing the change of variable, z, we have:

in(1)+ <5 (3:34)
- 2
\120'§|
Making 1 the subject of (3.34), we obtain:
(3.35)

2
I =exp[z 264 —%)

Differentiating 1 with respect to z, we have:
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(3.36)

dl =254 exp( V2o —ﬁ]dz

Substituting (3.24), (3.34), (3.35) and (3.36) into (3.33), we obtain:

(3.37)
BER_\/_J.Q exp(—z)dz
Further substitution of (3.27), (3.28), (3.30), (3.32) and (3.35) into (3.37) yields:
(3.38)
© ngPRx-exp[ ’\'20‘8 _Ofl]
BER = ! oJ.erfc . 1
NT oy 22 ot +
2
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Equation (3.38) can be evaluated using the Gauss-Hermite approximation as presented in [42]-[43] as:

R n (3.39)
[ ()t (x)ax= Y wif (2)
o i=1
where
(3.40)
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Equation (3.39) thus becomes:
(3.41)
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where the values of the weights, w; and zeros of the Hermite polynomial, z;, are given in [42]-[43].

The achievable data rate, rp, of an FSO link is given in [44] as:
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where ¢, is the transmitter efficiency, -, is the receiver efficiency, ag, is the area of the receiver lens, N,

is the receiver sensitivity, g, =% is the energy of the photon, h is Planck’s constant and c is the speed of

light.
Table 3.7: Wind velocities (ws), altitudes and refractive indexes [33].
City Average Ws (m/s)  Altitude (m) Refractive Index Structure Parameter (m3)
Kimberley 4.10 1196 2.4629 x 10°®
Mafikeng 3.96 1281 2.0566 x 1013
Johannesburg 4.18 1695 1.9574 x 108
Mbombela 2.82 865 5.5406 x 1014
Polokwane 2.82 1226 5.4351 x 10
Bloemfontein 2.45 1354 2.9039 x 10
Port Elizabeth 5.41 69 2.3653 x 104
Durban 3.47 106 8.7979 x 101
Cape Town 5.14 42 7.5257 x 10%°

The receive SNR for commercial FSO links A and B over link distances for the most frequent fog conditions
peculiar to each of the various cities of South Africa are presented in Figures 3.11(a) and (b), respectively.
The numerical results are derived from parameters in Tables 3.2, 3.4 and 3.8 as well as (3.26) to (3.30). It
is evident from Figures 3.11(a) and (b) that the FSO links in the cities of Cape Town and Johannesburg will
have the lowest link performance due to the occurrence of thick fog events. For a receive SNR of 20 dB,
both links have the least propagation distance of about 600 — 680 metres with FSO link B slightly out-
performing the FSO link A due to their transmission wavelength. FSO links in the city of Mafikeng have
improved performance due to the occurrence of only very light fog weather as compared with other cities
in South Africa. Figures 3.12(a) and (b) show the SNRs needed to achieve certain BERs for single-input
single-output (SISO) FSO links A and B in various cities of South Africa. The numerical results are
calculated from parameters in (3.41) and Tables 3.2, 3.4, 3.7, and 3.8. The FSO links in the cities of
Mafikeng and Kimberley require more power to achieve lower BERs than other cities in South Africa. In
Figure 3.12(a), to achieve a BER of 10, the FSO links in Mafikeng and Kimberley require an SNR of
~48.5 dB while the links in other cities require less than 48 dB to achieve the same BER. A similar

performance is seen in Figure 3.12(b).
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Table 3.8: FSO link parameters for SNR, BER and data rate

Parameter Values
Light Source Laser
Boltzmann’s constant (k) 1.381 x 102 J/K
Temperature (T) 298 K
Transmitter efficiency (zr) 80 %
Receiver efficiency (cx,) 80 %
Planck’s constant (h) 6.626 x 103 Js
Speed of light (c) 3 x 108m/s
Detector Avalanche Photodiode (APD)
APD Load Resistance (R) 1000 Q
APD gain (g) 50
Amplifier noise figure (r,) 2
Charge of an electron (q) 1.6022 x 10°C
lonization factor for (InGaAs APD) (ka) 0.7

The poorer BER performances of FSO links in Mafikeng and Kimberley are caused by high wind speeds,
refractive indexes and altitudes as compared with other cities of South Africa. This is highlighted in Table
3.7 as shown in [33]. Figures 3.13(a) and (b) show the BER performance of FSO links over propagation
distances in the various cities of South Africa. Of all the propagation path lengths considered, the FSO links
in Mafikeng and Mbombela have better performances than those in the other cities considered. In Figure
3.13(a), a BER of 10 is achieved over a link distance of 760 metres in Mafikeng, while the same BER can
only be achieved over a path length of 415 metres in Cape Town. Similarly, to obtain a BER of 10 in
Figure 3.13(b), link distances of not more than 580 metres and 370 metres will attain the BER performance

in Mafikeng and Cape Town, respectively.

The highest data rates over link distances that can be achieved by FSO systems under foggy weather
conditions in various cities of South Africa are shown in Figures 3.14(a) and (b). These numerical results
are calculated from (3.42) and parameters in Tables 3.2, 3.4 and 3.8. FSO links transmitting at 1550 nm
achieve higher data rates than the 850 nm links. It is evident from both figures that the aerosol scattering
attenuation due to fog greatly impacts data transmission rates. The FSO links in Johannesburg and Cape
Town have the lowest data rates performance over the link distances considered during their most occurring
dense fog event. The cities of Mafikeng, Kimberley and Mbombela have better data transmission rates due

to very light fog events that occur in those locations.
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3.9 Conclusion

In this paper, availability analysis of terrestrial FSO communication links based on the climatic peculiarities
of various cities in South Africa are presented. Cumulative distributions of aerosol scattering attenuation
based on Kim and Ijaz models were carried out using visibility data for the locations of interest. Probabilities
of exceedance, deceedance and encountering of scattering attenuation is shown. Link budget analysis for
two FSO links transmitting at two wavelengths were carried out. The resultant link margin equations
derived were implemented in evaluating minimum required visibilities for two links in foggy and clear
weather conditions. Approximate polynomial equations for calculating the minimum required visibilities
for all the cities considered are derived, and then applied in estimating link availabilities of two commercial
FSO links. Plots of the receive SNR and data rate performance in foggy weather conditions are presented.
BER and link performance plots are presented for two links in the presence of weak atmospheric turbulence
based on average weather parameters of several cities of South Africa. The FSO system transmitting at
1550 nm is seen to outperform the one transmitting at 850 nm based on all the performance metrics used.
This work may be extended in future by investigating different localized climatic constraints on the various
types of optical signals such as plane, spherical and Gaussian beam waves. This would aid in the modeling
of different types of attenuations for locations of interest where FSO or hybrid FSO systems are to be
deployed.
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4.1 Abstract

The performance of free space optical communication (FSOC) systems is severely degraded by certain
atmospheric conditions prevalent in places where they are deployed, in spite of their numerous advantages.
In clear weather conditions, the random fluctuation in the atmosphere’s refractive index causes substantial
scintillation losses to transmitted optical signals. It is therefore imperative to estimate the potential losses
due to atmospheric turbulence in locations where FSOC links are to be deployed. This will provide the
necessary fade margin for FSOC systems so that designed links withstand such atmospheric disturbances.

In this paper, statistical analysis of wind speed data collected for various cities of South Africa is used for

calculating the corresponding refractive index structure parameter (Cﬁ). These C7 values, as well as the
zero inner scale and infinite outer scale model and finite inner and finite outer scale model, are used in
computing the scintillation indices not exceeding 50%, 99%, 99.9%, and 99.99% of the time for the
investigated locations. The Lognormal and Gamma—gamma distribution models are then employed for the
computational analysis of the irradiance fluctuations and channel characteristics while considering the
effect of pointing errors for weak and moderate to strong turbulence regimes. Finally, derived mathematical
expressions for outage probabilities and bit error rate (BER) performances for FSOC links, employing
various intensity modulation and direct detection (IM/DD) schemes, are presented.
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4.2 Introduction

The International Mobile Telecommunications 2020 (IMT-2020) specifications, developed by the third
generation partnership project (3GPP) for new radio (NR) operations in the fifth generation (5G) spectrum,
is expected to accomplish the following performance requirements: ultra-reliable and low latency
communications (URLLC) in the user plane as low as 1 ms; massive machine type communications
(mMTC) that supports up to 1 million devices per square km; and enhanced mobile broadband (eMBB)
with uplink and downlink speeds of up to 10 and 20 Gbits/s [1], [2]. These technical requirements are
needed for the high bandwidth demands of augmented reality (AR), virtual reality (VR), and mixed reality
(MR) applications, as well as the seamless and optimal functionality of Massive Internet of Things (MIoT)

and Vehicle-to-Everything (V2X) connections for the smooth running of emerging smart cities [3]-[5].

Free space optical communication (FSOC), whether as a standalone or hybrid technology, is a promising
complementary solution platform for 5G backhaul networks [6]. FSOC systems convey bidirectional
information at high data rates through the atmosphere between line-of-sight (LOS) optical transceivers.
Their numerous advantages include: very high throughput, highly secure transmission, relatively low cost,
and ease of deployment when compared to the rigours encountered in the installation of fibre-optic
infrastructures, high resistance to signal eavesdropping, and low latency communication since the velocity
of light in the atmosphere is about 40% faster than in the fibre-optic cable [7], [8]. In spite of these

advantages, the performance of FSOC systems is severely affected by atmospheric impairments.

Dense fog, haze, and snow storms are known to cause the aerosol scattering of optical signals and
consequently degrade the availability of FSOC links [9]. In clear weather, atmospheric turbulence or
scintillation is the most significant cause of impairment in received signal quality [10]. Atmospheric
turbulence causes fluctuations in air temperature, pressure, density, and humidity, which results in rapid
variations in the atmosphere’s refractive index. The impact of these changes leads to irradiance fluctuations
of received information signals [11]. Other turbulence effects on FSOC link performance are disruptions in
the coherence of the laser beam and distortions in the optical wave front. Optical wave front distortions
result in laser beam broadening, uneven beam energy redistribution within a cross-section of the laser, and
beam wander [12]. Improving the bit error rate (BER) performance of FSOC systems during these adverse

weather situations is the major challenge in the design of FSOC links [13].

In addition, the misalignment between FSOC transceivers cause pointing errors, which increase the

performance degradation of FSOC links. These misalignments arise from either mechanical vibrations in
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the system as a result of wind or building movement or errors in the tracking system. The displacement of
the laser beam along vertical (elevation) and horizontal (azimuth) directions, which are generally expected
to be independent Gaussian random variables, result in pointing errors [14]-[19]. Beam width, boresight,
and jitter are the three fundamental components of a pointing error. The beam width is the beam waist
(radius computed at ), while the jitter is the random offset of the beam centre at the detector plane
produced by building motion, minor earthquakes, and dynamic wind loads. The boresight denotes the fixed
displacement between the beam centre and the alignment point. It should be noted, however, that boresight
displacements are of two kinds: inherent boresight displacement and additional boresight error. The first is
related to the spacing between the detector’s receive apertures. This inherent boresight displacement
corresponds to a fixed distance, namely the distance between each received aperture and its associated
alignment point. The second is related to the boresight error caused by the building's thermal expansion
[14]-[19].

Conventionally, FSOC systems employ intensity modulation/direct detection (IM/DD) schemes. Most
commercial FSOC links are based on the on-off keying (OOK) modulation schemes due to their low cost
and simple implementation. However, FSOC systems employing OOK require adaptive thresholding,
which is difficult to implement when combating irradiance fading, hence their sub-optimal performance
over atmospheric turbulence channels [11], [13], [20]. Binary phase-shift keying subcarrier intensity
modulation (BPSK-SIM) FSOC systems have also been investigated extensively. In spite of their superior
BER performance when compared with other coherent and non-coherent modulation schemes, BPSK-SIM
FSOC links have poor power efficiency when compared to pulse position modulation (PPM) FSOC links
[20], [21]. FSOC systems employing sub-carrier intensity quadrature amplitude modulation (SIM-QAM)
have also been investigated. SIM-QAM FSOC links are found to have better spectral efficiency compared
to PPM FSOC links which exhibit poor bandwidth performance. SIM-QAM FSOC systems have great
potential for future FSOC systems since they deliver a higher data rate without an increase in the required

bandwidth due to their inherent attribute of transmitting more bits per symbol [11], [22]-[24].

Between April 2015 and February 2016, the First European South African Transmission ExpeRiment
(FESTER) was conducted in False Bay, South Africa, to study the influence of atmospheric turbulence on
wave propagation [25], [26]. The experiment focused on measuring and modelling optical turbulence,
electro-optical system performance, and imaging. Despite the fact that wind direction, wind speed, and the
kinematic vertical sensible heat flux all have an effect on optical turbulence, thermal forces were found to
have the greatest impact on it, with both exhibiting a direct relationship regardless of the seasons.

Additionally, it was discovered that as friction velocity increases, optical turbulence increases. Onshore and
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offshore wind directions produced differences in the turbulence strength. With onshore conditions during

the winter, the turbulence strength is extremely low. Spring brings an increase in the variability of

turbulence strength. The highest refractive index structure parameter (C1) values above 104 m2? may be
reached during the summer [25], [26].

The Cf , Which is also dependent on the root-mean-square (RMS) wind speed and altitude of a location, is

used to characterize atmospheric turbulence as weak, moderate or strong at any point in time [27]-[30].

Most of the results obtained in literature ([6], [10]-[13], [20], [23], [31]-[33]) assume arbitrary Ci values
or estimate them based on average wind speed measurements for a particular location. In some cases, worst
case scenarios of atmospheric turbulence based on the maximum values of wind speed are investigated
[29], [33]. However, these measurements are based on data spanning less than 4 years. As a result, they
cannot be accurately used to estimate the maximum attenuation due to turbulence-induced irradiance
fading. In this paper, the focus is placed on the wind distributions based on data spanning over 8 years for
the various locations of interest where FSOC links are to be deployed. This will allow for accurate

estimation of the C# , and consequently, correct calculations of the maximum attenuation due to turbulence,

and the performance of various FSOC links during such periods.

Therefore, the key contributions of this work are as follows:

1) Computation of the scintillation profile for Gaussian beam FSOC signals in the nine cities under
investigation based on the zero inner scale and infinite outer scale model and finite inner and finite
outer scale model. To the best of our knowledge, the computation of the scintillation profile for
Gaussian beam FSOC links transmitting at 1550 nm in the cities of interest, while considering periods
not exceeded 50%, 99%, 99.9%, and 99.99% of the time, have not been reported in open literature.

2) Aerosol scattering losses over various distances for FSOC links transmitting at 1550 nm with respect
to events not exceeded 50%, 99%, 99.9%, and 99.99% of the time, for nine major locations in South
Africa, are investigated.

3) Outage probabilities of Gaussian beam FSOC links based on the aforementioned scintillation models,
while taking into account the effect of pointing errors for events not exceeding the previously
mentioned time intervals, are presented for various locations of interest.

4) Analysis of the bit error rate (BER) performance for intensity modulation and direct detection (IM/DD)
avalanche photodiode (APD) FSOC systems transmitting at 1550 nm and based on OOK, BPSK,

square, and rectangular SIM-QAM schemes during weak, moderate, and strong atmospheric

87



turbulence, with regards to average weather measurements and events not exceeding 99%, 99.9%, and

99.99% of the time are presented.

The rest of this paper is organized as follows: Section 4.3 presents the ground wind speed distributions for
nine cities in South Africa; Section 4.4 presents and analyses the modified Rytov theory based on zero inner
scale and infinite outer scale model and finite inner and finite outer scale model for Gaussian beam waves.
Section 4.5 presents aerosol scattering losses over various link distances for the nine cities under
investigation. Weak, moderate, and strong atmospheric turbulence parameters during clear weather for the
locations of interest based on the Lognormal and Gamma-gamma turbulence models are provided in Section
4.6, while outage probability analysis of FSOC links with respect to the effect of pointing errors is presented
in Section 4.7. In Section 4.8, the average BER analysis, taking in account pointing error effects for various
FSOC systems in weak, moderate, and strong turbulence regimes is derived and the results are analysed,

while conclusions are provided in Section 4.9.

4.3  Wind Speed Distribution
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Figure 4.1: Map of South Africa showing the mean wind speed 100 m above ground level for selected
cities investigated in this work.
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Figure 4.1 shows the map of South Africa depicting the average wind speed (m/s) at 100 metres above
ground level for selected cities investigated in this work. The average wind speed data used in plotting
Figure 4.1 spans January 2008 until December 2017 and was sourced from [34]. The data in Figure 1 is
very similar to the average measurement values presented in Table | of [10], [32]. Wind speed data from
January 2010 until June 2018 was also acquired from the South Africa Weather Service (SAWS) for major
locations in each of the nine provinces of South Africa. The data was collected hourly for the 8% year
period. The locations of interest investigated in this work are: Bloemfontein, Cape Town, Durban,
Johannesburg, Kimberley, Mafikeng, Mbombela, Polokwane, and Port Elizabeth. The data provided by the
SAWS, which was collected from various weather stations placed a few meters above the ground, was
statistically processed and used for all our computations in this work.

Figures 4.2(a)-(c) alongside all other analysis done in this work, are based on the measurement data obtained
from the SAWS. Figure 4.2(a) shows the CDF of wind speed for various cities in South Africa, while Figure
4.2(b) presents the PDF of wind speed for the same locations. In Figure 4.2(a), the coastal cities of Port
Elizabeth and Cape Town have the highest probabilities of occurrence of high wind velocities compared to
other cities in South Africa. The cities of Bloemfontein, Mbombela, and Polokwane have the highest

likelihood of occurrence of low wind speeds.
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Figure 4.2: (a) Ground wind speed CDF during clear weather for various cities in South Africa. (b) Ground
wind speed PDF during clear weather for different cities in South Africa. (c) Ground wind
speed exceedance against percentage of time for various cities of South Africa during clear
weather periods.
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In Figure 4.2(b), the probability of occurrence of wind speeds of 1 m/s in the cities of Mbombela and
Polokwane is ~0.3, while the cities of Cape Town and Port Elizabeth have the lowest likelihood of
occurrence (less than 0.15) of low wind velocities when compared with other cities in South Africa. Figure
4.2(c) shows the wind speed exceedance against the percentage of time for the various locations of interest.
Figure 4.2(c) validates the results in Figures 4.2(a) and (b). Wind velocities greater than 4 m/s occur ~ 60%
of the time in the cities of Port Elizabeth and Cape Town, while in Polokwane, Mbombela, and
Bloemfontein, wind speeds higher than 4 m/s occur less than 25% of the time.

The € in m?3based on the Hufnagel-Andrews-Phillips (HAP) model is presented in [35]-[37] as:

2 297 (W rms 2 atas v (a + as) _16 (a + as) —14\| 2o _%
ci(a)=M 510t 27 " exp| — " +(2.7><10 )exp 50t +(1.7><10 ) = o
-0

(4.1)

where M is the scaling factor, s is the reference height of the ground above sea level in metres, 2. is the

height of the first FSOC transceiver above the ground in metres, 2 is the altitude from the reference height

20 to the height of the other (second) FSOC transceiver above the ground in metres, and Wms is the root-
mean-square (RMS) wind speed in m/s. The RMS wind speed in (4.1) is calculated using the Bufton wind
model, which is given in ([35], [36], [38], [39]) as:

2 (4.2)
1 20000 9400 2
Worme = |—— j |a- da
™~ ys000 I b5a+W9+30exp{ ( 4800 U

where Ps is the beam slew rate associated with a satellite moving with respect to an observer on the ground

in rad/s and ¢ is the ground wind speed in m/s.

The climate of South Africa is considered to be highly variable, both spatially and temporally. Spatial
variations in elevation across the country contribute significantly to this variability. According to the
Council for Scientific and Industrial Research's (CSIR) Koppen-Geiger climate classification for South
Africa, the country is predominantly semi-arid, with influences from temperate and tropical zones [40]-
[42]. A large part of the geographical space of South Africa and Namibia is characterized by arid and hot

climates, with clear skies and low annual rainfall [28], [29]. Due to the similarities in the two countries'

climatic patterns, the C? pbased on the HAP model are expected to adequately estimate the atmospheric
turbulence losses encountered by FSOC links deployed in various cities of South Africa considered in this

work.
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Table 4.1: Reference altitude of the ground above sea level for various cities in South Africa.

City as (m)
Cape Town 42
Port Elizabeth 69
Durban 106
Mbombela 865
Polokwane 1226
Kimberley 1196
Mafikeng 1281
Bloemfontein 1354
Johannesburg 1695

Other values whereM =1, bs = 0.1 mrad/s, 2> =10 metres, and 2 = 15 metres were used in computing the
ct throughout this work. The altitude measurements above sea level are given in Table 4.1, and the ground

wind speed data from SAWS when inserted into (4.1) and (4.2) are used for determining the Ci of the

various locations shown in Figure 4.3.
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Figure 4.3: RMS and ground wind speed against refractive index structure parameter during clear weather
periods for various locations in South Africa.
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4.4  Modified Rytov Theory for Gaussian Beam Waves

Fluctuations in the wind speed and atmospheric temperature generate unstable air masses that eventually

break up into turbulent eddies or cells of varying scale sizes with constant C?. These inhomogeneities vary
in size from macroscale to microscale, and are of different densities [12]. As the Gaussian beams transverse

the free space channel, these zones of turbulent air motion act as lenses that scatter the beams off their
intended paths. The microscale eddies -, also known as the inner scale of turbulence, are approximately 3

to 10 mm near the ground. The macroscale eddies L, also referred to as the outer scale of turbulence, are

in the range of several metres above the ground level. Optical turbulence is primarily defined by Cﬁ, lo |

and Lo [43].

4.4.1 Zero Inner Scale and Infinite Outer Scale model (Infinite Kolmogorov Inertial Range)

The microscale and macroscale effects are neglected in this model. That is, =0 and Le=®. The
scintillation index or normalized irradiance variance for the zero inner scale and infinite outer scale model

is expressed as [44]:

U%I (0’ L)ZEXP(U%HX'*'O'IZny)_l (43)

2 . o . 2 N .
where i~ s the large-scale log-irradiance variance and °™ is the small-scale log-irradiance variance.
The large-scale log-irradiance variance is given as [44]:
) 0.4953 (4.4)

Glnxzw

and the small-scale log-irradiance variance is expressed as [44]:
, 05153 (4.5)

O'Iny_m

2
where ?8 is the Rytov variance for a Gaussian-beam wave, and is expressed in [38] as:

0.417 (4.6)
gé =1 3.86(712 X {0.40((1+ 2@1)2 + 4A12) x cos[0.833tanl[1+2_/2\®1jj - 0.688,@833}
1

2 . . ) .
where ° is the Rytov variance for a plane wave, ©:is the curvature parameter of the beam at the receiver,

2
and At is the Fresnel ratio of the beam at the receiver. ! is given as [45]:

o =1.23C 21167 1833 (4_7)

where k is the wave number of the plane wave. k is calculated in m* as [45]:
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K2z (4.8)
2

where 4 is the wavelength in metres. ©: is expressed as [46]:
O L (4.9)

S @%+Ay  F

01

where ©- is the Beam curvature parameter at the transmitter, Ao is the Fresnel ratio of the beam at the

transmitter, L is the propagation distance in metres, and F is the phase front radius of curvature of the beam

at the receiver. At is given as [46]:
Ao 2L (4.10)

S @2+AL kw?

A1
where W1is the beam radius in free space at the receiver. W1 can be calculated using [43], [47]:

wi=w,(02+a2)"" (4.11)

where Wo is the beam radius at the transmitter. The beam curvature parameter at the transmitter can be
expressed as [46], [47]:

o1 % (4.12)

while the Fresnel ratio of the beam at the transmitter is given as [46], [47]:

_ 2L (4.13)
AO - ng

The phase front radius of curvature of the beam at the receiver can be calculated using [38]:

Fol08+A3)(00-1) (4.14)

F=
03+A2-0,

where Feis the phase front radius of curvature of the beam at the transmitter.

4.4.2  Finite Inner and Finite Outer Scale Model (Modified Atmospheric Spectrum)

In this model, 'o>0 and Le<* The finite inner and finite outer scale effects model is actually the modified
atmospheric spectrum. The scintillation index for this model can be expressed as [44]:
%1(0,L) =exp( (101 Lo) + oy (10)) -1 (4.15)
where
otullorLo) = of(lo) — ot Lo) (4.16)
The large-scale log-irradiance variance component due to the inner scale of optical turbulence is given as
[44]:

o 1.167 05 0583 (4.17)
oh(lo)= 0.49512(0.3337 0.5¢,+ o.zélz)[%] x {1+ 1.75[L] - 0.25[LJ ]



while the large-scale log-irradiance variance component due to outer scale of turbulence is expressed as
[44]:

7Q 1.167 . 05 , 0.583 (4_]_8)
2 _ 2 _ = = 2 xo x| % ) Xo —0. X0
g,nX(L0)70.4901(0.333 0.56,+0.28, )[—UXO+Q|] [1+1 75[—7IXO+Q|] 025[—T7XO+Q|] ]
where

él:]__@l:_L (419)

F
The nondimensional inner-scale parameter, Qi is calculated as [44]:
~10.89L (4.20)

Q=

ki3

while the nondimensional low-pass cutoff frequency is expressed as [44]:

_ PN AN (4.21)
0.38 . 0147012(??.167[ 0.333-0.55, +0.28, J

e e———— =
| 1-3.215,+5.296,° 1+2.20¢,

The artificial quantity 7x, is defined as [44]:
1500 (4.22)

Mxwo=""_~~

Myo+tQ0

and the nondimensional outer-scale parameter, <, is given as [44]:

6472 (4.23)
e

o

The small-scale log-irradiance variance component due to the inner scale of optical turbulence is defined
as [44]:
05152 (4.24)

Glzny(lo) = 0.833
(1+0.695%¢)

where & is the Rytov variance for a Gaussian-beam wave with inner scale and is derived in [38], [44].

Tables 4.2-4.5 show the RMS and ground wind speeds, Ci, and scintillation indices for Gaussian beam
waves based on the zero inner scale and infinite outer scale model and finite inner and finite outer scale
model for various cities in South Africa while taking into account periods not exceeding 50%, 99%, 99.9%,

and 99.99% of the time, respectively. The values in these tables are generated based on RMS wind velocities

during clear weather periods for each city and their corresponding Ci calculated using the HAP model in
(4.1) and (4.2). It is important to reiterate that data spanning many years are necessary in order to accurately
estimate the atmospheric turbulence losses that may be encountered by FSOC systems before their
deployment to the desired locations. The scintillation index values based on the zero inner scale and infinite
outer scale model in Tables 4.2-4.5 are calculated using (4.3)-(4.14).
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Table 4.2: Average atmospheric turbulence parameters during clear weather.

Ground RMS c? Propagation Length of 2 km
City Wind  Wind (m23) Zero Inner Scale and Finite Inner and Finite

Speed  Speed Infinite Outer Scale Model Outer Scale Model

(m/s) — (mis) 0%(0,L, « B 0%(0,L, « B
Johannesburg 3.8 22.85 29277 x 10 | 0.7488 3.3001 2.9230 | 0.9311 2.6207 2.5143
Bloemfontein 2.2 21.43 29299 x 104 | 0.7492 3.2985 2.9214 | 0.9317 2.6192 2.5130
Mafikeng 3.4 22.49 29304 x 10 | 0.7494 3.2981 2.9210 | 0.9318 2.6188 2.5127
Polokwane 2.5 21.70 2.9308 x 10** | 0.7494 3.2978 2.9207 | 0.9319 2.6185 25124
Kimberley 3.7 2276  2.9311x10* | 0.7495 3.2976 2.9205 | 0.9320 2.6184 2.5123
Mbombela 2.6 21.78 2.9340x 10 | 0.7501 3.2955 2.9183 | 0.9328 2.6163 2.5105
Durban 3.1 22.23 29439 x 10 | 0.7521 3.2884 2.9110 | 0.9354 2.6096 2.5047
Port Elizabeth 4.8 23.75 2.9446 x 10 | 0.7522 3.2879 2.9106 | 0.9356 2.6092 2.5044
Cape Town 4.7 23.66 2.9450 x 10 | 0.7523 3.2876 2.9102 | 0.9357 2.6089 2.5041

Table 4.3: Atmospheric turbulence parameters not exceeded 99% of the time during clear weather.

Ground RMS C? Propagation Length of 1.5 km
City Wind  Wind (m23) Zero Inner Scale and Finite Inner and Finite

Speed  Speed Infinite Outer Scale Model Outer Scale Model

(mis) — (mis) 0%(0,L) « B |a4(0,L, « B
Johannesburg 9.3 27.87 29277 x10* | 0.4775 4.8389 4.4556 | 0.5947 3.8983 3.7156
Bloemfontein 8.0 26.67 2.9299 x 10 | 0.4778 4.8360 4.4527 | 0.5951 3.8957 3.7133
Mafikeng 10.5 28.99 29304 x 10 | 0.4779 4.8353 4.4520 | 0.5952 3.8951 3.7128
Polokwane 7.6 26.30 2.9308 x 10 | 0.4779 4.8347 4.4515 | 0.5953 3.8946 3.7123
Kimberley 10.6 29.08 29311 x10% | 0.4780 4.8344 4.4511 | 0.5953 3.8943 3.7121
Mbombela 6.9 25.65 2.9340x10%* | 0.4784 4.8305 4.4473 | 0.5959 3.8909 3.7090
Durban 9.4 27.96 29439 x 10 | 0.4799 4.8175 4.4346 | 0.5978 3.8795 3.6989
Port Elizabeth 14.5 32.76  2.9446 x 10* | 0.4800 4.8167 4.4338 | 0.5979 3.8788 3.6983
Cape Town 12.7 31.05 29450 x 10'* | 0.4800 4.8161 4.4332 | 0.5980 3.8783 3.6978

These values range from ~0.067 to ~0.752. In the finite inner and finite outer scale model, the microscale
and macroscale eddies are assigned to have the values of 0.005 m and 10 m, respectively. That is, I, = 0.005

m and L, = 10 m are used for all the computations of the scintillation indices based on the finite inner and

finite outer scale model in Tables 4.2-4.5.
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Table 4.4: Atmospheric turbulence parameters not exceeded 99.9% of the time during clear weather.

Ground RMS c? Propagation Length of 1 km
City Wind  Wind (m#) Zero Inner Scale and Finite Inner and Finite
Speed  Speed Infinite Outer Scale Model Outer Scale Model
(mis) — (m/s) 04(0,L) o B |dZ(0,L, « B

Johannesburg 114 29.83  2.9277 x10** | 0.2362 9.2025 8.6921 | 0.2956 7.4062 7.0664
Bloemfontein 10.1 28.61 29299 x 10** | 0.2364 9.1962 8.6859 | 0.2959 7.4009 7.0615

Mafikeng 13.2 3153 29304 x 10 | 0.2364 9.1946 8.6844 | 0.2959 7.3996 7.0603
Polokwane 9.3 27.87 29308 x 10** | 0.2365 9.1934 8.6832 | 0.2960 7.3986 7.0593
Kimberley 13.0 31.34 29311 x 10" | 0.2365 9.1927 8.6826 | 0.2960 7.3980 7.0588
Mbombela 8.5 27.13 29340 x 10** | 0.2367 9.1841 8.6743 | 0.2963 7.3909 7.0522
Durban 11.0 29.46  2.9439x10** | 0.2375 9.1557 8.6469 | 0.2973 7.3673 7.0304
Port Elizabeth 17.2 35.33 2.9446 x 10 | 0.2376 9.1539 8.6451 | 0.2973 7.3658 7.0290
Cape Town 14.7 3295 29450 x 10 | 0.2376 9.1526 8.6439 | 0.2974 7.3647 7.0280

Table 4.5: Atmospheric turbulence parameters not exceeded 99.99% of the time during clear weather.

Ground RMS C? Propagation Length of 500 m
City Wind  Wind (m#3) Zero Inner Scale and Finite Inner and Finite
Speed  Speed Infinite Outer Scale Model Outer Scale Model
(mis) — (m/s) 02(0,L) o B |a(0,L, « B

Johannesburg 12.7 31.05 29277 x10% | 0.0672 30.927 29.602 | 0.0834 24.755 24.182
Bloemfontein 11.2 29.64 29299 x 10** | 0.0673 30.904 29.580 | 0.0835 24.736 24.164

Mafikeng 16.3 3447 29304 x 10 | 0.0673 30.898 29.575 | 0.0835 24.732 24.160
Polokwane 10.4 28.80 2.9308 x 10** | 0.0673 30.894 29.571 | 0.0835 24.728 24.156
Kimberley 14.6 32.85 29311 x10™ | 0.0673 30.891 29.568 | 0.0835 24.726 24.154
Mbombela 10.2 28.71 29340 x 10** | 0.0674 30.860 29.539 | 0.0836 24.701 24.130
Durban 12.1 3049 29439 x 10" | 0.0676 30.758 29.440 | 0.0839 24.619 24.050
Port Elizabeth 19.7 37.73 29446 x 10" | 0.0676 30.752 29.434 | 0.0839 24.614 24.045
Cape Town 15.9 34.09 29450 x 10" | 0.0676 30.747 29.430 | 0.0839 24.610 24.041

Equations (4.7)-(4.24) are employed in the calculation of the scintillation index values in the presence of
small scale sized and large scale sized eddies. These values range from ~0.083 to ~0.936 based on the
periods not exceeded 50%, 99%, 99.9%, and 99.99% of the time. It should be noted that the outer scale of

turbulence has little effect on scintillation; it is the inner scale of turbulence that controls scintillation levels.
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45  Aerosol Scattering Losses

The aerosol scattering coefficient in dB/km, as defined by the Kim and Ijaz models, is given in [42] as:

B (4.25)
Sca — v 2

where V is the meteorological visibility in km, 40=50"M js the maximum spectrum wavelength of the solar

band, and % is the particle size distribution parameter. In the Kim model, % is expressed in terms of
visibility as [48]:
1.6 for Vv >50km (4.26)
q.(v)= 13 for 6<V <50km
0.16V +0.34 for 1<V <6km
while % is expressed in terms of wavelength in the ljaz model as [49], [50]:

q.(4)=0.14281-0.0947 (4.27)

For visibility measurements less than 1 km, the ljaz model is used to calculate scattering losses, while the
Kim model is used to calculate the specific attenuation associated with visibility values greater than or equal
to 1 km. The two models are used in estimating scattering losses encountered by the transmission
wavelength of 1550 nm.
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Aerosol Scattering Losses (dB)

Figure 4.4: (a) Average Aerosol scattering losses versus link distances under clear atmospheric conditions
at 1550 nm for various cities. (b) Aerosol scattering losses versus link distances under clear
atmospheric conditions at 1550 nm for various cities not exceeded 99% of the time. (c):
Aerosol scattering losses versus link distances under clear atmospheric conditions at 1550 nm
for various cities not exceeded 99.9% of the time. (d) Aerosol scattering losses versus link

distances under clear atmospheric conditions at 1550 nm for various cities not exceeded

10°

—

10

Distance (km)

(d)

99.99% of the time.

The visibility data used in computing the aerosol scattering losses over different distances in Figures 4.4(a)-
(d) was obtained from the SAWS for the nine major South African cities of interest investigated in this
work. The data was collected three times daily (8:00 a.m., 2:00 p.m., and 8:00 p.m.) over an 8% year period
(January 2010 until June 2018). Over a link distance of 1 km, FSOC links transmitting at 1550 nm in
Mbombela would encounter scattering losses of ~0.34, 23, 94, and 188 dB based on the periods not
exceeded 50%, 99%, 99.9%, and 99.99% of the time, respectively. Similarly, scattering losses of ~0.15,
0.50, 1.54, and 4.29 dB would be encountered by the same FSOC links over a distance of 1km in the city
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of Mafikeng as shown in Figures 4.4(a), (b), (c), and (d), respectively.
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4.6 Intensity Distribution

In this section, the statistical analysis of the irradiance fluctuations and the channel characteristics for the
weak and moderate to strong turbulence regimes are carried out using the Lognormal and Gamma-gamma

turbulence distributions, respectively. The PDF of the lognormal distribution is given in ([14], [15], [17],

[18]) as:
o |t In(l)+(0.55§|) 2 (4'28)
= exp{ | ————— 2
1) osIN2T P osiN2
While the PDF of the Gamma-gamma turbulence distribution can be expressed as ([17], [39], [51], [52]):
21 Yapl osta+s) (4.29)
f,(l%WKa_ﬁ(z apl )

where | is the normalized irradiance, ) represents the Gamma function, and Ka-p(*) is the modified

Bessel function of the second kind and of order =4, @ is the effective number of large-scale turbulence
eddies. It is defined as [43]:

a= (ai)il: (exp(gﬁ]x)fl)_l (4.30)

where %is the normalized large-scale (refractive) variance. # is the effective number of small-scale
turbulence eddies. It is given as [43]:

B=(o3) " =(exp(ohy) 1) (4.31)
where oy is the normalized small-scale (diffractive) variance. Using equation (07.34.03.0605.01) in [53],
where:
633 ap | 5] =2(apt) Pk (2T (4.32)
Equation (4.29) can be rewritten as:
T - (4.33)
fl(l)—r(a)r(ﬂ)eo’z{aﬂl . :l,l >0

o~
Where “€) is the Meijer G function, which is well defined in [54]. Integrating [l jn (4.33)
gives the CDF of !. This is derived by using equation (07.34.21.0003.01) in [53]. Thus we have:

1

1
Ao o

In this work, pointing errors represent the misalignment between the transmitter and receiver caused by the

Gfé[aﬂl (4.34)

laser beam being displaced horizontally or vertically, i.e., a two-dimensional configuration is being

considered. The transmitter and receiver planes are assumed to be parallel, and the laser beam is
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perpendicular to the receiver area. The pointing error parameter, ¢, is defined as the ratio between the
equivalent beam waist or radius at the receiver (WLeq) and the standard deviation of the jitter or pointing

error at the receiver (). It can be expressed as ([6], [16], [55], [56]):
Wi (4.35)

20

¢

The beam waist Wt of a Gaussian beam which is the radius calculated at ez, determines the value of the

parameter, W' at distance, L. W s given as ([6], [16], [18], [55]-[57]):

(it ) (4.36)
Wiea = 2vexp(_v2)
WL=Wo @, + A,)1+1.63A108* . . .
where ‘/( * Aofte(L. 630t D e () i the error function and parameter V is expressed as ([6], [16],
[55], [56]):
yo T (4.37)
WL\/E

where T represents the radius of a circular detector aperture. At distance L=0, the fraction of the collected
power is represented by parameter Ao, It is expressed as ([6], [16], [55], [56]):
Ao =[erf (v)}2 =[1—erfc(v)]2 (4.38)

where ()

is the complementary error function.
Therefore, the PDF of the Lognormal distribution, considering the effect of pointing errors, is derived in

[17], [18], [58] as:

£ ot opqer AP 43
n= o 15"*“‘”‘"”{?}
where
p=0503 +£%%, (4.40)
and
| (1+¢) (4.41)

2
Additionally, the PDF of the Gamma-gamma distribution model, taking into account the effects of
misalignment, is derived in [6], [16], [56] as:

AL (@T(A) 7 Ao

fl(l)——aﬁéz 3’{%|
2 la-1,8-

& } (4.42)
>0
1
After some mathematical manipulations, the PDF can be further simplified as [6], [56]:
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1722 50| @BE’
" F ) G“Lm'

&ap

£241 } o (4.43)

The expression for the CDF of the Gamma-gamma distribution model, considering pointing error effects,
is derived in [6], [56] as:

2 2 |1 (4.44)
FI) 1 ezpa{“f‘f 1y ”}
E°+1

&2.a, 8,0

For commercial FSOC links employing the use of intensity modulation/direct detection (IM/DD) schemes
and avalanche photodiode (APD) detectors, the instantaneous signal-to-noise ratio (SNR) at the receiver is
defined as ([42], [56], [59], [60]):

2
2Rg.p,| (4.45)
7=—( g;‘zp ) =712

where % is the responsivity, %2 is the APD gain, ot is the total noise at the APD receiver, and Pxis the

average optical power detected at the receiver. Pxis well defined in equation (9) of [42].

The average SNR at the receiver is defined as [42, 56]:

_ (2mg,p,) (4.46)
Ve
On
The total noise at the APD receiver comprises the thermal and shot noise. It is given as ([42], [51], [59],

[60]):

ROZFJRoP (4.47)

On

2:—4TK;R”F” I +2q

where T is the temperature of the receiver, Ko is the Boltzmann constant, R is the bit rate, Fr is the noise
figure of the amplifier, R is the APD load resistance, 9 is the electron charge, and Fa is excess noise
factor. The excess noise factor is expressed as ([42], [51], [59], [60]):

Fa=2-0;'2ka+ka03 +kala (4.48)
where Ka is the ionization factor.

The PDF of SNRs for weak atmospheric turbulence using the Lognormal distribution model with pointing
errors is derived by substituting (4.45) into (4.39), and is given below as [18]:

05In| =7 |+ p (4.49)
_ 052 o8 g ' (}7A¢Z)j
f,v(y)_(Ao)éz }70.552 \/;exp(q)erfc O_SI'\/E

Applying the relation in [18], [31] where:

2 2

Q(]/):0.5erfC[%}z%exp[—%]-#%exp[_%J (450)

Equation (4.49) becomes:
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2 (4.51)

/4 /4
0.5In| = +p 0.5In| = +p
1 1 [}’Agj 1 2 [mi]

)52 }70.552 V4 12 2 osl 4 3 oSl

Table 4.6: Commercial FSOC link parameters used in computations
FSOC Link Parameters

Light Source Laser
Wavelength (%) 1550 nm
Transmit Power (PT) 20 dBm
Receiver Sensitivity (7¢) -40 dBm
Receiver Aperture Diameter () 10 cm
Eye Safety Class 1M
Transmit Beam Divergence Angle (¢) 1.75 mrad
Responsivity " 0.5 A/W
10 Gb/s

Bit Rate (R
Detector Avalanche Photodiode (APD)

23
Boltzmann’s Constant (Ks) 1.381 x 10 J/K

Temperature (T) 298 K

-34
Planck’s Constant (") 6.626 x 10 Js

Speed of Light () 3% 10° m/s

APD Load Resistance () 1000 ©

APD Gain (%) 50

Amplifier Noise Figure (Fo) 2

Charge of an Electron 1.602 x 10°C
0.7

lonization factor for InGaAs APD (ka)

The PDF of SNRs for moderate to strong atmospheric turbulence using the Gamma-gamma model with

pointing errors, as derived in [55], [56], is given as:

1.2 2 0.5
__rs 30| aBE" (7
B0 =or a)r(ﬂ)Gl‘3L2+1[7j

211 (4.52)
Eap
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2
The (L) is used in characterizing the atmospheric turbulence strength due to the effect of scintillation.

o (0L)<1

In a weak turbulence regime, , and the Lognormal distribution model is employed. For moderate

to strong fluctuations, o (O’L)Zl, and the Gamma-gamma turbulence distribution is used [38], [44]. In

2
certain instances where °% (O’L)<1but af<10 or r(“)r(ﬁ)g‘r’o, then the Gamma-gamma distribution is

o (0L)<1 and I'(a)r(B)=100

employed. In other situations, where or ®#=20 'some computations involving

the Gamma-gamma distribution would produce undefined results [43]. Thus, in this work, when o5 (0L)<t

and @>10 gy T(@)T(4)>50 , the Lognormal distribution is used.

4.7  Outage Probability Analysis

Outage probability is a critical performance indicator that defines the likelihood of the instantaneous SNR
going below the threshold SNR. Once this occurs, the link's communication will fail. It is expressed below
as [45], [61]:

Prout = Probability[ y <y [=F, [ 7] (4.53)

where 7t js the threshold SNR and Fol7n] is the CDF of the instantaneous SNR.

From (4.45), the normalized irradiance at the receiver can be expressed as [6], [57]:

| _[1]0.5_ [mjo.s (4_54)
7 7
Therefore, substituting for | in (4.44) presents the expression for estimating the outage probability of the

FSO link over the turbulent atmospheric channel while considering the effect of pointing errors [6], [56]:
& | apE [ I ]"‘5 16241 (4.55)
Prout = F(a)r(ﬁ)Ggyé‘ §2+]_ 7

£a,B,0
Figures 4.5(a), (b), (c) and (d) are based on the numerical values in Tables 4.2, 4.3, 4.4, and 4.5,
respectively. These figures are generated using the parameters in Table 4.6, while computing with (4.1)-
(4.3), (4.15), (4.30), (4.31), (4.35), (4.46), and (4.55). The average receiver SNRs needed to achieve various

outage probabilities over different link distances while considering the effect of pointing errors in the

presence of turbulent eddies are presented in Figures 4.5(a)-(d) for the locations of interest. In these figures,
the average receiver SNRs required to attain different outage probabilities are quite similar. It is also evident
from these figures that the impact of the normalized jitter standard deviation on the outage probability is

O's=1 O's=

significant (when comparing Figures 4.5(c) and (d) where "  to Figures 4.5(a) and (b) where T ).
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Figure 4.5: Outage probability vs Average SNR (dB) based on zero inner scale and infinite outer scale
model and finite inner and finite outer scale model for weak and moderate to strong
atmospheric turbulence periods in different locations of South Africa
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Os

This implies that the lower the value of 1 , the better the overall system performance. Additionally, the

higher the value of ¢, the better the outage probability performance of the FSOC links. In the presence of
finite inner and outer scales of turbulence, that is, where I, = 0.005 m and L, = 10 m, the outage probabilities
of the FSOC links are quite similar to when these turbulent eddies have sizes of zero and infinity in the

Kolmogorov model with an infinitely large inertial range.

4.8  Average Bit Error Rate (BER) Analysis

The average BER of an IM/DD single-input single-output (SISO) FSOC link based on a specific modulation
scheme during periods of atmospheric turbulence is defined as [31], [56], [58]:

o 4.56
PBER:IP(ely)f,(V)dV (459

P(e|;/)

where is the conditional BER of the FSO link based on a specific modulation scheme and £, )

represent the PDFs of the Lognormal and Gamma-gamma turbulence models while considering the effects
of pointing errors in (4.51) and (4.52), respectively.

4.8.1 Return-to-zero On-off Keying (RZ-OOK) FSO Links

The conditional BER for RZ-OOK SISO FSOC links in the absence of atmospheric turbulence is given as
[56]:

PRZ—OOK(e/7)_Q[@]—O.SEFfC(O.SyO'S) (4.57)

1) Weak Atmospheric Turbulence

In order to derive the expression for the BER of RZ-OOK SISO FSOC links in the presence of weak
atmospheric turbulence, inserting (4.51) and (4.57) into (4.56) yields:

2 2 (4.58)
7 7
® ; 0.5In| = +p 2In| — +4p
2 05621 ¢ { 2} ( 2]
Prz-oox = | 05erc(05,°%)e —= £ ( )2 )| Lo | L2 | | Lo | TR g,
0 (Ao)é 7% Jz |12 4osi 4 9o
Variable substitutions where:
4.59
0.5In[_7 ]+p (4.59)
2
e \TA)
! 4o
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and

2In(}7};2j+4p (4.60)

901

2=

are employed. Making » the subject of (4.59) and (4.60) yield:
7 =7 Roexp(8z1051 - 2p) (4.61)
and
y =7 A2exp(4.52505 —2p) (4.62)
Differentiating 7 with respect to 2 and 22 in (4.61) and (4.62), respectively, gives:
dy =87A%0s exp(8z1051 —2p)dz (4.63)
and
dy =457 A2os exp(452505 —2p)dzs (4.64)

Therefore, substituting (4.59)-(4.64) in (4.58) generates:

s | _ _ (4.65)
o J-{ﬁ‘?—j;p(q)[(exp(gzlgy _2 p))(o.Scf ). erfc{ \/}’ Aoexp(822105| 2p) H. exp(ﬂf)}d n
0
+
0 2 2 T -
I[gffig—j;@[(exp(ngay , p))(oAs.f ) R erfc{ \/7 A, exp(4.2522c75| 2p) H . exp(—z%)} dzp
0

Since a closed form solution does not exist for the above integration, the Gauss-Hermite quadrature
approximation, as presented in [62], [63], is used to evaluate the integration, where:

@ N (4.66)
Iexp(—xz)f(x)dszWif(zi)

i=1

Therefore, the BER of RZ-OOK SISO FSOC links in the presence of weak atmospheric turbulence and

pointing errors is:
N ) — (4.67)
{%Zwi{(exp(szm —zp))(%é )-erfc[Jy Aoexp(gzzm = m

+

{% iZZ:W i {(EXP(4.52205| -2 p))(o's‘fz) . erfc{ \/?Ag exp(4.252265| -2p) HJ

where the values of the weights, Wi, and zeros of the Hermite polynomial, Zi, are given in [62], [63].

o _ oy xp(@) |
RZ-00K 2\/;

2) Moderate to Strong Atmospheric Turbulence
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Applying equation (07.34.03.0619.01) in [53] to (4.57), we obtain:

1 4.68
Gf‘?{O.ZS;f‘O,O.S}=;;°-5erfc(0.5yo'5) (4.68)
Therefore, combining (4.57) and (4.68) yields:
4.69
pRzOOK(e|y)—%ei?[ozw‘o’u (469)
Inserting (4.52) and (4.69) into (4.56) gives:
@ . 4.70)
B £2 o1, 520 1], 30 apé®(y 03 249 (
PRZ—OOK*—M_(a)r(ﬂ)”OB _([y 1‘61,2 {0.25}/ 0’0.5} GMLZH[?J 2 p dy
Applying equation (07.34.21.0013.01) in [53] to evaluate (4.70) yields:
. 5 Lo £rL &2 (4.71)
oo o &2 lfap) Ll T Ty
RZ-00K ;;1‘5F(a)r(ﬁ) 47 §2+1 475&20,_”& B+1 0
2' 2 272 "2" 27
Further simplification of (4.71) gives:
£242 (4.72)
. _ 622a+ﬁ74 G512 aﬂgz zi 1,05,7
(@ (p) (1) | @ ar pope

2'2" 2 "2 2
In Figures 4.6(b)-(d), the BER results of the FSOC links in all the cities of interest are generated using
(4.1)-(4.3), (4.15), (4.35), (4.38), (4.40), (4.41), (4.46), and (4.67) because the scintillation parameters in
those locations fall within the weak atmospheric turbulence regime over a link distance of 1.5, 1, and 0.5
km, respectively. The BER results of the cities in Figure 4.6(a) are computed using (4.1)-(4.3), (4.15),
(4.30), (4.31), (4.35), (4.46), and (4.72). Figures 4.6(a)-(d) present the BERs computed for the zero inner
scale and infinite outer scale model and finite inner and finite outer scale model for different receive SNRs,
and are based on the numerical values in Tables 4.2, 4.3, 4.4, and 4.5, respectively. It is imperative to state

Os _

that the presence of misalignment errors (T ) in Figures 4.6(a) and (b) strongly impacts on the BER

Os _

performance of the FSOC links, while the low presence of pointing errors (T ) in Figures 4.6(c) and (d)
indicate better BERs for all the locations investigated. Additionally, the presence of the inner and outer
scales of turbulence where I, = 0.005 m and L, = 10 m, cause poorer BERs when compared to the results
of the zero inner scale and infinite outer scale model. It is also important to note that the inner scale bump
is responsible for the higher values of scintillation obtained when the modified atmospheric spectrum is
employed. The BER performances of the FSOC links deployed in the cities investigated are quite similar,

as shown in the four figures.
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Figure 4.6: BER of OOK FSOC links vs Average SNR (dB) over weak and moderate to strong atmospheric
turbulence channels for various cities in South Africa.
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4.8.2 Binary Phase Shift Keying (BPSK) FSO Links
The conditional BER for BPSK SISO FSOC links in the absence of atmospheric turbulence is presented in
[57], [64] as:

PBPSK(e/}/)—Q(\/?)—O.Serfc[%] (4.73)

1) Weak Atmospheric Turbulence

Inserting (4.51) and (4.73) into (4.56) yields the expression for the BER of BPSK SISO FSOC links in the

presence of weak atmospheric turbulence and pointing errors:

2 ) (4.74)
y
- [7Q5J° 2 y@sgﬂ—lexp(q). 1 OEIn(7A§j+>p 7

2in| L |+ap

p I 0.5erfc exp| | ————24—| |+ ! exp _\rhe) d

Brsk = || 0. - Zexp| -
5 NA) (Ao)éz }70-552 N 12 4o 4 90|

Further simplification of (4.74), by substituting (4.59)-(4.64) into it, gives an expression in the form:

0 e — (4.75)
Pepsi :J‘[ﬂtgl—\/;p(q)[(exp(gzwsl _Zp))(O-Se‘ )-erfc{\/}/A"e P(j;am 2p) D'eXp(—Z%)szl

Tl 9£% ., ex 0562 7 A2exp (452505 -2

![%\/;p(m[(expu.&wy —ZP))( < )oerfc[\/}/A p({/sz p) H'eXp(_Z%)Jd 22

Therefore, evaluating (4.75) using the Gauss-Hermite quadrature approximation in (4.66) yields the BER
of BPSK SISO FSOC links in the presence of weak atmospheric turbulence and pointing errors:

, 2 7 AZex - (4.76)
[%ZW{(EXP(SZwm 72p))(°'55 ),erf{\/}’Ao D(j;lam 2p) JH

i=1
&%, exp(q) .

Pepsk = ———— +
BPSK 2\/;

[%iw i [(EXP(4.52205| -2 p))(o.sgz) . erfc[ \/77A§ eXp(A:-/;ZZUSI -2p) HJ

where the values of the weights, Wi, and zeros of the Hermite polynomial, Zi, are given in [62], [63].

2) Moderate to Strong Atmospheric Turbulence

The conditional BER for BPSK SISO FSOC links in terms of the Meijer G function and in the absence of

atmospheric turbulence is presented in [65] as:
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05 (4.77)

1
3 2,0
Pepsk(el7) = WGLZ {0'5}/‘0, 0.5}

Substituting (4.52) and (4.77) into (4.56) gives:

~ &2 .m 4 20 1 |,~30 ape’ 7 o
PBPSK_4F(&)F(,8)7[0'5 .(!‘]/ .G]_,Z |:05}"0’05:| Gl,3[§2+1 }7

£241 ] (4.78)
dy
&ap

Applying equation (07.34.21.0013.01) in [53] to evaluate (4.78) yields:
g a+f-4 2)2 1yo,5yﬁlﬂ (4'79)

PBpsk = £ 2 GS3 ape” | L 2 2
AT ()T (B) Y| (£241) 87 |2 241 o a4l B pel

=0
2 2 2 2 2 2

The BERs estimated for the zero inner scale and infinite outer scale model and finite inner and finite outer
scale model for different receive SNRs are presented in Figures 4.7(a), (b), (c), and (d), and are based on
the numerical values in Tables 4.2, 4.3, 4.4, and 4.5, respectively. Equations (4.1)-(4.3), (4.15), (4.35),
(4.38), (4.40), (4.41), (4.46), and (4.76) are employed for plotting the BER results of the FSOC links
deployed in all the cities in Figure 4.7(b)-(d), while Figure 4.7(a) is computed using (4.1)-(4.3), (4.15),
(4.30), (4.31), (4.35), (4.46), and (4.79). Figures 4.7(a)-(d) also show that the presence of finite microscale
and macroscale eddies result in poorer BER performances when compared with instances when those eddies

have sizes of zero and infinity in the Kolmogorov model with infinitely large inertial range.
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Figure 4.7: BER of BPSK FSOC links vs average SNR (dB) over weak and moderate to strong atmospheric
turbulence channels for various cities in South Africa.

In order to obtain a BER of 102 over a link distance of 2 km for FSOC links in all the cities investigated,
receive SNRs of ~84 and ~81 dB are required based on the finite inner and finite outer scale model in
Figures 4.6(a) and 4.7(a), respectively. The BPSK FSOC links investigated in Figures 4.7(a)-(d) generally
outperform the OOK FSOC links in Figures 4.6(a)-(d).

4.8.3 Quadrature Amplitude Modulation (SIM-QAM) FSOC Links

4.8.3.1 M-ary Square SIM-QAM FSOC Links

The conditional probability of error for M-ary square SIM-QAM signals in the absence of atmospheric

turbulence as derived in [64], [66] is given as:

JM -1 [3y log,M (4.80)
Pmoam (HY)—[NIngN]erfc[\/ Z?Mg—l)]

where M is the even number of bits per symbol for square constellations.
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1) Weak Atmospheric Turbulence

Similar to the previous computations of the BER expressions of RZ-OOK and BPSK modulated signals,
substituting (4.53), (4.59)-(4.64), and (4.80) into (4.56) gives:

o _[28og @ M-1 | (4.81)
MM T WM log I

]{é{(exp (821051 -2 p))(O.ng) . erfc{\ll.’:‘logz(l\ﬂ )e Z?K:X_pl()&ws' -2p) H o exp(zf)} dz

0

I{%[(expulngg . p))(o.sgz) . erf{\/mogz( M)e 7§€;X{i(ld),.52165| -2p) H . exp(z%)J dz,

where further similar mathematical calculations produce the expression for the BER of M-ary square SIM-

QAM SISO FSOC links in the presence of weak atmospheric turbulence and pointing errors:

o _[foy®e@ M1 ) (4.82)
MM T M log M

{% iW i {(exp (821051 -2 p))(o.sgz) o erf{\/3IOQZ(M - Z?K/lexpl()suo-s' = JH

i=1

+

{%iw i [(eXp (45220512 p))(%gz) o erfc{\/yOQZ(M : }72(0;(?(1;.52168' = UJ

2) Moderate to Strong Atmospheric Turbulence

The average BER for M-ary Square SIM-QAM SISO FSOC links in the presence of moderate to strong
atmospheric turbulence, while taking in account the effect of pointing errors, is derived in [67] as:
§2+2 (4-83)

g2 [ IM -1 ]5
G

P oA = z{aﬁéz]z M-y [ RO
MQAM ;;1'5F(a)r(ﬁ) Nlogzm ,6

E241) 28ylogM (2 o a+1 B B+l 0

2'2" 2 2" 2
Equations (4.1)-(4.3), (4.15), (4.35), (4.38), (4.40), (4.41), (4.46), and (4.82) are used in plotting the BER
results for the FSOC links in all the investigated cities based on the zero inner scale and infinite outer scale
model and finite inner and finite outer scale model for different receive SNRs in Figures 4.8(b)-(d). The
results in Figure 4.8(a) are generated using Equations (4.1)-(4.3), (4.15), (4.30), (4.31), (4.35), (4.46), and
(4.83). Additionally, the numerical values in Tables 4.2-4.5 determine the BERs for the SIM 16-QAM
FSOC links in Figures 4.8(a)-(d).
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Figure 4.8: BER of SIM 16-QAM FSOC links vs average SNR (dB) over weak and moderate to strong
atmospheric turbulence channels for various cities in South Africa.
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In the instance when turbulence eddies have sizes of zero and infinity in the Kolmogorov model with
infinitely large inertial range, receive SNRs of ~70 dB are required to obtain a BER of 107 for 16-QAM
FSOC links deployed in all the investigated cities, over a link distance of 1 km, as shown in Figure 4.8(c).
The BERs of 16-QAM FSOC links in Figures 4.8(a)-(d) surpass the BER results of conventional OOK
FSOC links in Figures 4.6(a)-(d).

4.8.3.2 1 x J Rectangular QAM FSOC Links

The conditional probability of error for | x J rectangular SIM-QAM signals in the absence of atmospheric
turbulence is given in [66] as:

P(1x3)Qam (el7)=

_— erfc +——erfc
log,(1eJ)| 1 12432-2 ] 12132-2

1 (ﬂ f[ 37I092(I°J)] 31 [ 3y|ogz(|-J)H (4.84)

where | and J are the dimensions of the in-phase and quadrature signals [24], [66].

1) Weak Atmospheric Turbulence
Similarly, inserting (4.53), (4.59)-(4.64), and (4.84) into (4.56) gives:
26%, exp(q) '([EJJ{EBX (4.85)

P(IXJ)QAM:\/;|092(|'J) 0 ]

T[%[(exp(&ma -2 p))(O.sgz) . erfc[\/?ﬂ?Ai exp (BZT;? J—ipi elog,(1eJ) ]J . exp(—zf)} dz;

0

+

T[%{(expu.&mm —2P))(O‘S‘fz)oerfc[\/3}7A‘2’eXp(4'szllzC:S|J;fz).IOQZ(I : J) Doexp(_Z%)Jd 72

0

Employing the Gauss-Hermite quadrature approximation in (4.66) to evaluate (4.85) generates the
expression for the BER of | x J rectangular SIM-QAM SISO FSOC links in the presence of weak

atmospheric turbulence and pointing errors:

2£% exp(0) [[ EH ED (4.86)

P(1x3)0am = \/;Iogz(l .J) 0 ]

{%ZW i [(exp (821051 -2 p))(O,S,:?) serfc {VIS?A(ZJ = (SZTZ-S: ;22_p;. e ]H

i=1

+

{% iW i [(exp(4.5120's| -2 p))(o.&fz) eerfc [\/?iAg eXp(4'5712i5'\];fz) ] H]
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2) Moderate to Strong Atmospheric Turbulence

The average BER for | x J Rectangular SIM-QAM SISO FSOC links in the presence of moderate to strong
atmospheric turbulence while considering the effect pointing errors is presented in [67] as:
(4.87)

atp-3 2 (12, 12 105,42
— f;;z( s 1 : [5+E]G§;§ (afézj (I_+J *.2) 2 05,5

()T () logy(1e3)L 1 3 £2+1) 487 log, (1 J)ét_,gya_ﬂyﬁlﬁyo

22 2 2 2

The BER performance of SIM rectangular 8 x 4 or 32-QAM FSOC links is presented for zero inner scale
and infinite outer scale model and finite inner and finite outer scale model for different receive SNRs in
Figures 4.9(a)-(d). In Figures 4.9(b)-(d), the BER results of the FSOC links deployed in all the investigated
cities are plotted using (4.1)-(4.3), (4.15), (4.35), (4.38), (4.40), (4.41), (4.46), and (4.86), while the BER
results in Figure 4.9(a) are computed using (4.1)-(4.3), (4.15), (4.30), (4.31), (4.35), (4.46), and (4.87).
Similarly, the results in Figures 4.9(a), (b), (c), and (d) are based on the numerical values in Tables 4.2, 4.3,
4.4, and 4.5, respectively. As expected, the BER performance of SIM 32-QAM FSOC links is poorer than
SIM 16-QAM FSOC links in Figures 4.8(a)-(d), but the 32-QAM links transmits a greater amount of
information. Additionally, when turbulence eddies have sizes of zero and infinity in the Kolmogorov model
with an infinitely large inertial range, the BERSs have better performances based on the zero inner scale and
infinite outer scale model, as shown in Figures 4.9(a)-(d).
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Figure 4.9: BER of 32-QAM FSOC links vs average SNR (dB) over weak and moderate to strong
atmospheric turbulence channels for various cities in South Africa.

4.9 Conclusion

In this paper, analysis of atmospheric turbulence effects on terrestrial SISO FSOC links based on the RMS
and ground wind speeds prevalent in various cities of South Africa are presented. Wind speed data provided

by the SAWS were statistically processed and the corresponding CDF, PDF, and percentage of time plots

are shown for each location of interest. The 7 based on RMS wind speeds during clear and sunny weather
are computed. The scintillation indices not exceeded 50%, 99%, 99.9%, and 99.99% of the time, based on
the zero inner scale and infinite outer scale model and finite inner and finite outer scale model are calculated.
Aerosol scattering losses based on visibilities not exceeded 50%, 99%, 99.9%, and 99.99% of the time for
the various cities of South Africa are shown. Outage probability and BER analysis, taking into account the
effect of pointing errors over weak and moderate to strong atmospheric turbulence channels, were then
carried out for OOK, BPSK, and SIM-QAM SISO FSOC links deployed at the different locations of
interest. All through Figures 4.5 to 4.9, the SISO FSOC links deployed in all the locations of interest have

similar outage probability and BER performances based on the zero inner scale and infinite outer scale
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model and finite inner and finite outer scale model. This is because the values of C# in all the investigated
cities are approximately equivalent over all the time intervals (Table 4.2-4.5) considered in this work. As

part of future work, all the analytical results in this work would be verified experimentally. The C? based
on important meteorological parameters such as temperature, pressure, and the structure parameter for
temperature, as well as three-dimensional pointing errors effects, will also be investigated for FSOC links
deployed in the locations of interest.
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Chapter 5

5 Conclusion

In this chapter, concise summaries of the key research contributions and outcomes provided in this thesis
are presented. The integration, implications, and significance of the results with respect to the research
objectives are also clearly stated. Further recommendations for future work are highlighted.

5.1 Thesis Conclusion

In chapter 2, regression analysis was used to illustrate the modeling of visibility. It was demonstrated that
meteorological parameters at a given location may be utilized to model and possibly forecast optical signal
visibility. All of the models provided have an excellent agreement with the measured data, as shown in the
results obtained. The significance of model parameters was improved in the multiple regression models by
mitigating the effects of multicollinearity. The model's selection may be influenced not only by its
performance but also by the parameters’ availability. In circumstances where a single meteorological
parameter is accurately measured over a lengthy period of time in the absence of others, SLR models can
be employed. Otherwise, MLR models should be used to account for all of the different constructs that each
parameter specifies. To avoid model over-specification, caution should be exercised when there are too
many parameters available. In such circumstances, the fitting method may capture the unique aspects of the

data rather than the genuine underlying trend of how visibility varies.

Visibility can be extrapolated from measurement data obtained in regions with comparable weather patterns
for locations where measured visibility data is not available. The contributions in Chapter 2 are significant
because the regression models presented reliably forecast atmospheric visibility from other meteorological
parameters in locations where FSOC links may be deployed. These models provided here are good
alternatives for estimating visibility in the absence of optical visibility sensors, transmissiometers, and
optical scatterometers, saving costs and avoiding the complexities of measuring FSO visibility in the

investigated locations.

The availability analysis of terrestrial FSOC links based on the climatic characteristics of several South
African cities is presented in Chapter 3. Using visibility data for the locations of interest, cumulative
distributions of aerosol scattering attenuation based on the Kim and ljaz models were generated. Both

models are suitable, experimentally verified, and independent aerosol scattering attenuation models. The
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probabilities of exceedance, deceedance, and encountering scattering attenuation for optical wavelengths
of 850 and 1550 nm are presented. These transmission wavelengths were selected because they are in the
range of wavelengths (800-890 nm and 1550 nm) where optical signals are least susceptible to absorption
effects. The results showed that during foggy weather, the optical signals at a wavelength of 1550 nm
encounter more scattering attenuation than those transmitted at the 850 nm wavelength. The reverse is the

case during clear weather periods. Link budget analysis was done for 850 and 1550 nm FSOC links.

The resulting link margin equations were used to evaluate the minimum required visibilities for these links
under foggy and clear weather conditions. Approximate polynomial equations are derived for computing
the minimum required visibility CDFs for all cities investigated, and these equations are then used to
estimate the availabilities of two commercial FSOC links. In foggy weather conditions, plots of the received
SNR and data rate performance are shown. Based on average weather data from various South African
cities, BER and link performance plots are presented for two links under the influence of weak atmospheric

turbulence.

In terms of all of the performance criteria examined, the FSOC system propagating at 1550 nm outperforms
the one transmitting at 850 nm. In terms of link availability, the minimum required visibility needed to
attain a certain link distance at 1550 nm is lower when compared with the link transmitting at 850 nm.
Hence, the 1550 nm link has a longer optimal link length. Also, optical signals in the short-wavelength IR
range (1530-1560 nm) are the dominant spectral region for long-distance telecommunications. This is
because of their inherent characteristics of minimal absorption within the IR spectrum. This plays a major
role in the better BER performance of the FSOC links transmitting in the short-wavelength infrared range
(1530-1560 nm) over weak and moderate to strong atmospheric turbulence regimes as compared to those

transmitting in the near IR range (780-1400 nm).

In chapter 4, analysis of atmospheric turbulence effects on terrestrial SISO FSOC links based on the RMS
and ground wind speeds peculiar to various cities in South Africa is presented. Wind speed data obtained

from the SAWS was statistically analyzed and the corresponding CDF, PDF, and percentage of time plots

are shown for each location of interest. The €/ based on RMS wind speeds during clear and sunny weather
are calculated using the Hufnagel-Andrews-Phillips (HAP) model. The scintillation indices for Gaussian
beam waves were determined based on the zero inner scale and infinite outer scale model and finite inner
scale and finite outer scale model for periods not exceeded 50%, 99%, 99.9%, and 99.99% of the time.
Aerosol scattering losses based on visibility not exceeding 50%, 99%, 99.9%, and 99.99% of the time for

the various cities in South Africa are presented. The scintillation indices and the aerosol scattering losses
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were computed for FSOC links transmitting at a wavelength of 1550 nm. The choice of selecting the 1550
nm wavelength, despite the relatively lower cost of optical sources and detectors that operate at wavelengths
within the spectral range of 700-1000 nm, is the higher level of eye safety of optical signals on the 1550

nm wavelength compared to optical signals transmitting at near IR wavelengths.

Outage probability and BER analysis are then performed for OOK, BPSK, and SIM-QAM SISO FSOC
links deployed at various locations of interest, taking into consideration the influence of misalignment errors
under weak and moderate to strong atmospheric turbulence regimes. According to the results obtained,
SISO FSOC links deployed to all the locations of interest have similar outage probability and BER

performances based on the zero inner scale and infinite outer scale model and finite inner scale and finite

outer scale model for transmission wavelengths of 1550 nm. This is because the estimated values of the ci
based on the HAP model in all the locations investigated are approximately equal over all the time intervals

considered in this work.

5.2 Recommendations for Future Research

1) Develop empirical models for the accurate estimation of the total attenuation coefficient for OWC
links for the locations of interest in this study.

2) Investigate the C? pased on important meteorological parameters such as temperature, pressure,

and the structure parameter for temperature for the various cities of South Africa.

3) Investigate the performance of the developed attenuation coefficient models with various machine

and deep learning predictive models.

4) Investigate the performance of various line coding schemes such as binary differential phase shift
keying (BDPSK), dual polarization quadrature phase shift keying (DP-QPSK), optical orthogonal
frequency division multiplexing (O-OFDM) etc. for SISO, single-input multiple-output (SIMO),
multiple-input single-output (MISO), multiple-input multiple-output (MIMO) and several hybrid
OWC systems while considering misalignment errors using time and wavelength diversity under

various atmospheric turbulence regimes.
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