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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 10-6, 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. 

Index Terms—Aerosol scattering attenuation, atmospheric 
turbulence, BER, FSO, link availability, minimum required 
visibility. 

I. INTRODUCTION
ISING urbanization, population growth, increase in 
housing costs, and demand for higher standards of living 
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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 (IoT) 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].  
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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. 

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 (Fig. 1). 
Locations of the various cities investigated in this work are 
highlighted in Fig. 1 across the South African geographical 
space. According to the Köppen-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  

TABLE I 
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 

 

 
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 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. 

The following are the key contributions of this work: 
1) Cumulative distribution of visibility and aerosol scattering 

attenuations based on the Ijaz and Kim models for 
transmission wavelengths of 850 and 1550 nm in nine 
cities of South Africa are presented. 

2) Probabilities of exceedance, deceedance and encountering 

 
Fig. 1. Map of South Africa showing elevation above sea level and locations of selected cities investigated in this work. 
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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. 

3) 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.

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

5) 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 II 
presents the visibility distribution of nine cities in South Africa; 
Section III presents and analyzes the cumulative distribution of 
aerosol scattering attenuation based on the Kim and Ijaz 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 IV; while 
Section V presents the minimum required visibility CDFs with 
the corresponding polynomial coefficients. The approximate 
expressions for evaluating the link availability performance are 
determined in Section VI. In Section VII, 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 VIII. 

II. 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 

Fig. 2. Visibility against percentage of time visibility distance exceeded 
for various cities in South Africa from January 1, 2010 to June 30, 2018 
under (a) fog conditions and (b) haze and clear weather conditions. 

(8:00 a.m., 2:00 p.m. and 8:00 p.m.) for the 8½ year period. 
Fig. 2(a) shows the visibility under fog conditions (0 to 1 km) 

against the percentage of time the visibility events took place 
while Fig. 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 Fig. 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. Fig. 2(b) best captures the visibility under haze and clear 
weather conditions. The cities of Mbombela, Cape Town, Port 

(b) Visibility up to 20 km 

(a) Visibility under fog conditions
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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].  

III. 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: 

   , LL e     (1)

where  , L  is the transmittance of the atmosphere in (km-1), 
 represents the atmospheric attenuation coefficient or total 
extinction coefficient,   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]: 

 ln 3.912
q q

thT
V V
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where 2%thT   is the optical threshold, 550nm   is the solar 
band’s maximum spectrum wavelength,  is the wavelength of 
the optical signal in nm, V is the meteorological visual range in 
km and q represents the particle size distribution parameter. 
The total extinction coefficient in decibel per unit length is 
given as: 

   1010 4.343loga V e     (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]: 

   ,a aL V V LA   (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: 

   a saV    (5) 
The aerosol scattering coefficient or specific atmospheric 
attenuation in dB/km, as given in [16]-[17] is: 

   10
3.912 1710log

q q

sa e
V V

 
 

 
         

    

(6) 

Equation (6) describes the Kim and Ijaz 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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Fig. 3. Cumulative distribution of Aerosol scattering attenuation for major 
cities in South Africa using Ijaz’s and Kim’s models from January 1, 2010 
to June 30, 2018 for (a) 850 nm and (b) 1550 nm. 

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

  0.1428 0.0947q     (8) 
Figs. 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  

(b) 1550 nm 

(a) 850 nm 



Vol.113 (1) March 2022SOUTH AFRICAN INSTITUTE OF ELECTRICAL ENGINEERS24

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. 

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 Figs. 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 Figs. 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, 

Fig. 4. Probability of exceeding different atmospheric scattering 
attenuation conditions for major cities in South Africa for (a) 850 nm and 
(b) 1550 nm. 

Fig. 5. Probability of encountering different atmospheric scattering 
attenuation conditions for major cities in South Africa for (a) 850 nm and 
(b) 1550 nm. 

(b) 1550 nm 

(a) 850 nm 

(b) 1550 nm 

(a) 850 nm 
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TABLE II 
Most frequent fog measurements and their associated probabilities for major cities in South Africa. 

Location 
Most Frequent 

Fog Events 
(km) 

Attenuation 
(dB/km) - 850 nm 

Attenuation 
(dB/km) – 1550 nm 

Probability of 
Encountering 

Scattering Attenuation 
(-) 

Probability of 
Exceedance 

(-) 

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 III 
Most frequent visibility measurements and their associated probabilities for major cities in South Africa. 

Location 
Most Frequent 

Visibility 
(km) 

Attenuation 
(dB/km) - 850 nm 

Attenuation 
(dB/km) - 1550 nm 

Probability of 
Encountering 

Scattering Attenuation 
(-) 

Probability of 
Deceedance (-) 

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 

Polokwane, Bloemfontein, and Johannesburg, are 0.0020, 
0.0013, 0.0008, 0.0002 and 0.0001 respectively. Table II 
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 Ijaz model in (6) and (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 III 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. 
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TABLE IV 
COMMERCIAL FSO LINK PARAMETERS USED IN 

CALCULATIONS 
Parameter FSO Link 

A 
FSO Link 

B 
Wavelength    850 nm 1550 nm 

Transmit Power  TxP  16 dBm 20 dBm 

Receiver Sensitivity  sR  -38 dBm -40 dBm 

Transmitter  TxX  and Receiver  RxX  
System Losses 

2 dB 4 dB 

Receiver Aperture Diameter  D  16 cm 10 cm 

Eye Safety Class 1 M Class 1 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  bR  1.25 Gb/s 10 Gb/s 
 

IV. 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: 

 Rx Tx SL Geo Tx RxTx Rxsa L G GP P F L X X         (9) 

where TxP  is the power of the transmitted optical signal in dBm, 
sa  is the aerosol scattering loss in dB/km, L  is the propagation 

distance in km, SLF  is the free space path loss in dB, TxG  is the 
gain of the transmit lens in dB, RxG is the gain of the receive 
lens in dB, GeoL  is the optical geometric loss in dB, TxX  is the 
aggregate loss at the transmitter in dB and RxX  is the aggregate 
loss at the receiver in dB. TxX  and RxX  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]: 

420logSL
L

F



   
 

 
(10) 

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

126.49120logTxG


   
 

 
(11) 

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

31.62320logRx
D

G



   
 

 
(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]: 

20logGeo
D

L L
    
   

(13) 

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]: 
 

  220logm Tx Tx Rx s
LLL P X X RD

 
      

   

(14) 

where sR  is the sensitivity of the receiver in dBm.  
Commercial FSO link parameters used in this paper are 

shown in Table IV. In calculating the optical link margin, the 
constant parameters of the FSO links in Table IV are substituted 
into (14) which results in a simplified equation below: 

  20logm L LL M   (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 (14). This results in (16): 

 Link A 24 20logm L LL    (16) 
When the parameters of FSO link B are substituted into (14), 
we have the simplified link margin equation for the FSO system 
transmitting at 1550 nm below: 

 Link B 28 20logm L LL    (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 
IV. Throughout this paper FSO link A transmits data signals on 
the 850 nm wavelength while FSO link B operates on the 1550 
nm wavelength. 

V. MINIMUM VISIBILITY 

The minimum required visibility,  min ,L VV , 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]: 

 min ,V L VV  (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]: 

   ,m L L VL A  (19) 
The minimum required visibility, in kilometers, for the Ijaz and 
Kim models is given below as [16], [18]: 

   min
17,

q

m

LL VV
LL







  
 
 

 
(20) 

where the particle size distribution parameter, q ,  is presented 
for the Kim and Ijaz fog models in (7) and (8), respectively. 
Equation (18) therefore becomes: 

 
17

q

m

LV
LL







  
 
 

 
(21) 

Fig. 6 is generated using the Ijaz model shown in (8), (16), 
(17) and (21) during foggy periods. The parameters of the 
commercial FSO links shown in Table IV 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.  
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Fig. 6. Minimum required visibility vs link distance based on Ijaz and Kim 
models for FSO links A and B 

 
The Kim model is used in computing the minimum required 

visibilities needed to achieve optimal link distances in Fig. 6 as 
well. Equations (7), (16), (17) and (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 Fig. 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 visibility 
data obtained from different airports across Europe.                
 Further research as reported in [17], [22], [23], propose that 
the Ijaz 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 Ijaz 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. 

 

 

 
Fig. 7. Directly evaluated CDF and approximated CDF of fog for major 
cities in South Africa using Ijaz model for (a) 850 nm and (b) 1550 nm. 
 

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: 

3

min min
0

j
j

j

F pV V


     
(22) 

where jp are the coefficients of the polynomial. 
Tables V(a), V(b), VI(a) and VI(b) show the polynomial 

coefficients, error sum of squares (SSE), coefficient of 
determination (R2) and the root mean square errors (RMSE) of 
fitted minimum required visibility CDFs during foggy and clear  

(b) 1550 nm 

(a) 850 nm 
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Fig. 8. Directly evaluated CDF and approximated CDF of minimum 
visibility for major cities in South Africa using Kim model for (a) 850 nm 
and (b) 1550 nm. 

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 
R2, and low SSEs and RMSEs not exceeding 0.1 and 1 metres 
during foggy and clear weather, respectively. 

Figs. 7(a), 7(b), 8(a) and 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 
V(a), V(b), VI(a) and VI(b) into (22) yield plots of the 
approximated minimum required visibility CDFs in Figs. 7(a), 
7(b), 8(a) and 8(b), respectively. Figs. 7(a) and (b) are based on 
the Ijaz fog model while Figs. 8(a) and (b) are calculated using 

the Kim model for both transmission wavelengths considered 
in this work. In Figs. 7(a) and 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 Figs. 8(a) and 8(b), minimum required 
visibility CDFs under fog and haze conditions are shown. All 
the four Figs. 7(a), 7(b), 8(a) and 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. 

VI. 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 Ijaz and Kim models in this 
work is defined as [16], [18], [19], [30], 32]: 

   min minPr 1Av obability V L F LV VL            (23)

Figs. 9(a), 9(b), 10(a) and 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 III. 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. 

VII. 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 
I with small variance is given in [36] as: 

(b) 1550 nm 

(a) 850 nm 
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TABLE V (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 

Location Range (km) p3 p2 p1 p0 SSE R2 RMSE 

Mbombela 

0.04<V<1 

5.02×10-3 -8.26×10-3 1.71×10-2 -4.55×10-4 5.17×10-6 0.979 6.86×10-4 

Cape Town 9.41×10-5 -4.26×10-3 1.34×10-2 -4.88×10-4 1.06×10-6 0.990 3.10×10-4 

Port Elizabeth -2.16×10-3 4.15×10-3 2.99×10-3 -1.25×10-4 6.23×10-7 0.983 2.38×10-4 

Polokwane 6.14×10-3 -9.61×10-3 7.55×10-3 -2.40×10-4 4.04×10-7 0.978 1.92×10-4 

Johannesburg -3.09×10-3 5.85×10-3 5.00×10-4 -2.47×10-5 5.69×10-7 0.967 2.27×10-4 

Bloemfontein -5.70×10-4 6.21×10-4 1.73×10-3 -6.47×10-5 1.09×10-7 0.975 9.96×10-5 

Durban -1.28×10-4 7.71×10-4 -3.26×10-5 1.95×10-6 3.89×10-8 0.937 5.94×10-5 

Kimberley 1.78×10-4 8.96×10-6 -3.70×10-6 1.23×10-7 7.01×10-9 0.880 2.52×10-5 

TABLE V (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 

Location Range (km) p3 p2 p1 p0 SSE R2 RMSE 

Mbombela 

0.04<V<1 

1.28×10-2 -2.17×10-2 2.31×10-2 -8.42×10-4 6.08×10-6 0.975 7.12×10-4 

Cape Town 7.73×10-3 -1.71×10-2 1.89×10-2 -7.04×10-4 1.31×10-6 0.988 3.31×10-4 

Port Elizabeth 2.60×10-3 -3.65×10-3 6.19×10-3 -2.24×10-4 1.07×10-6 0.969 2.99×10-4 

Polokwane 7.95×10-3 -1.26×10-2 8.82×10-3 -3.08×10-4 4.11×10-7 0.978 1.85×10-4 

Johannesburg -1.93×10-3 4.13×10-3 1.09×10-3 -4.12×10-5 8.71×10-7 0.949 2.69×10-4 

Bloemfontein 5.04×10-5 -3.28×10-4 2.07×10-3 -7.29×10-5 1.09×10-7 0.975 9.53×10-5 

Durban 1.55×10-4 3.05×10-4 1.66×10-4 -5.39×10-6 3.29×10-8 0.947 5.23×10-5 

Kimberley 1.51×10-4 -2.30×10-5 9.91×10-7 -1.26×10-8 3.85×10-9 0.867 1.79×10-5 

TABLE VI (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 (km) p3 p2 p1 p0 SSE R2 RMSE 

Mbombela 

0.1<V<7 

1.82×10-4 -1.53×10-3 1.38×10-2 -1.16×10-4 4.17×10-5 0.995 1.57×10-3 

Polokwane 4.49×10-4 -3.32×10-3 8.44×10-3 -7.49×10-4 1.33×10-5 0.993 8.85×10-4 

Johannesburg 9.50×10-5 -3.17×10-4 3.02×10-3 -7.48×10-5 6.02×10-6 0.996 5.95×10-4 

Durban 9.42×10-5 4.07×10-4 1.21×10-4 -1.26×10-5 5.05×10-5 0.981 1.72×10-3 

Cape Town 2.16×10-4 -2.00×10-3 9.74×10-3 1.69×10-4 1.84×10-5 0.992 1.04×10-3 

Port Elizabeth 2.60×10-5 4.73×10-5 4.60×10-3 -2.94×10-4 9.52×10-6 0.996 7.48×10-4 

Bloemfontein 3.76×10-5 -2.07×10-4 1.49×10-3 8.86×10-5 2.33×10-6 0.987 3.70×10-4 

Mafikeng 3.73×10-5 -2.28×10-4 5.37×10-4 -4.62×10-5 1.61×10-7 0.993 9.73×10-5 

Kimberley 1.21×10-5 -1.90×10-6 3.55×10-4 -3.10×10-5 3.55×10-7 0.992 1.44×10-4 
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TABLE VI (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 (km) p3 p2 p1 p0 SSE R2 RMSE 

Mbombela 

0.1<V<6 

2.54×10-4 -1.57×10-3 1.31×10-2 -1.26×10-4 8.15×10-5 0.988 1.97×10-3 

Polokwane 5.76×10-4 -3.20×10-3 6.96×10-3 -3.41×10-4 5.64×10-5 0.963 1.64×10-3 

Johannesburg 2.55×10-4 -1.29×10-3 4.35×10-3 -2.71×10-4 1.67×10-6 0.998 2.82×10-4 

Durban 2.75×10-4 -3.57×10-4 6.18×10-4 -1.42×10-5 4.08×10-5 0.977 1.39×10-3 

Cape Town 2.75×10-4 -2.35×10-3 1.03×10-2 -8.51×10-5 1.76×10-5 0.989 9.17×10-4 

Port Elizabeth 1.97×10-4 -9.32×10-4 5.76×10-3 -3.34×10-4 2.61×10-6 0.999 3.53×10-4 

Bloemfontein 1.71×10-4 -1.09×10-3 2.88×10-3 -1.78×10-4 5.50×10-7 0.996 1.62×10-4 

Mafikeng 5.30×10-5 -2.77×10-4 5.28×10-4 -3.09×10-5 2.15×10-7 0.982 1.01×10-4 

Kimberley 2.52×10-6 1.24×10-4 6.99×10-5 -8.08×10-6 1.43×10-7 0.995 8.26×10-5 

TABLE VII 
WIND VELOCITIES (WS), ALTITUDES AND REFRACTIVE 

INDEXES [33]. 

City Average Ws 
(m/s) Altitude (m) Refractive Index 

(m-2/3) 
Kimberley 4.10 1196 2.4629 x 10-13 
Mafikeng 3.96 1281 2.0566 x 10-13 
Johannesburg 4.18 1695 1.9574 x 10-13 
Mbombela 2.82 865 5.5406 x 10-14 
Polokwane 2.82 1226 5.4351 x 10-14 
Bloemfontein 2.45 1354 2.9039 x 10-14 
Port Elizabeth 5.41 69 2.3653 x 10-14 
Durban 3.47 106 8.7979 x 10-15 
Cape Town 5.14 42 7.5257 x 10-15 
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where 2
SI 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:

5
6122 5

2
2

7 122 2 56122 5

0.51 1 0.69
0.49exp 1

1 0.90 0.621 0.18 0.56

sw sw
sw

SI

s s sw
s sw

d dd

 




    
     

        

(25) 

where  2 2 6 7 110.50sw nC k L   is the Rytov variance for the

spherical wave, 
2

4s
k Dd

L
 , 2

nC  is the refractive index structure 

parameter in m-2/3, and 2k 


 is the wave number in m-1. In 

weak turbulence conditions, 2
SI  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 VII 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 2

Sh , and 
thermal noise 2

Th . It is expressed in [39] as: 
2 2 2
N Th Sh     (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 2 B b n
Th

TK R F
R

 
(27) 

where T  is the receiver temperature, BK  is the Boltzmann 
constant, bR  is the bit rate, nF  is the amplifier noise figure and 
R is the APD load resistance. The shot noise is also denoted in 
[40] as:

22 22 A b RxSh Thq Ig F R P     (28) 
where q  is the charge of an electron, g  is the APD gain,  is 
the responsivity, RxP is the power of the received signal and AF  
is the excess noise factor.  

AF  is expressed as: 

  11 2A A Ag gk kF     (29) 

where Ak is the ionization factor. 

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

 2

2

2 Rx

N

g IP
 




(30) 

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

1
2 22 2
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(31)
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 Substituting (30) into (31), yields: 

 2
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2 2 2
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g IPBER erfc


 
   

 
 

(32) 

Equation (32) represents the conditional BER in a turbulence-
free channel. Taking into account the effect of weak 
atmospheric turbulence on (32), the average BER over the 
lognormal fading channel is obtained by averaging (31) over 
(24): 
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Employing the change of variable, z , we have: 
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Making I  the subject of (34), we obtain: 
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Differentiating I  with respect to z , we have: 
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2 2exp2 2
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(36) 

Substituting (24), (34), (35) and (36) into (33), we obtain: 

Fig. 9. Link availability for commercial FSO links for various cities in 
South Africa during foggy periods using Ijaz’s model for (a) 850 nm and 
(b) 1550 nm. 

Fig. 10. Link availability based on the Kim model for commercial FSO 
links during clear weather conditions for various cities in South Africa for 
(a) 850 nm and (b) 1550 nm.

(b) 1550 nm 

(a) 850 nm 

(b) 1550 nm 

(a) 850 nm 
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TABLE VIII 
FSO LINK PARAMETERS FOR SNR, BER AND DATA RATE 

Parameter Values 
Light Source Laser 
Boltzmann’s constant  BK 1.381 × 10-23 J/K 

Temperature  T 298 K 

Transmitter efficiency  Tx 80 % 

Receiver efficiency  Rx 80 % 

Planck’s constant  h 6.626 × 10-34 Js 

Speed of light  c 3 × 108 m/s 

Detector Avalanche Photodiode (APD) 
APD Load Resistance  R 1000 Ω 

APD gain  g 50 

Amplifier noise figure  nF 2 

Charge of an electron  q 1.6022 × 10-19 C 

Ionization factor for (InGaAs 
APD)  Ak

0.7 
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Further substitution of (27), (28), (30), (32) and (35) into (37) 
yields: 
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Equation (38) can be evaluated using the Gauss-Hermite 
approximation as presented in [42]-[43] as: 
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Equation (39) thus becomes:            
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where the values of the weights, iw  and zeros of the Hermite 
polynomial, iz , are given in [42]-[43]. 

The achievable data rate, DR , of an FSO link is given in [44] 
as:  

 2 20.5
Tx RxTx Rx
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(42) 

where Tx  is the transmitter efficiency, Rx  is the receiver 
efficiency, RxA is the area of the receiver lens, bN  is the 

receiver sensitivity, p
hc

E


 is the energy of the photon, h  is 

Planck’s constant and c is the speed of light. 
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 Figs. 
11(a) and (b), respectively. The numerical results are derived 
from parameters in Tables II, IV and VIII as well as (26) to (30). 
It is evident from Figs. 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. 

Figs. 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 (41) and Tables II, IV, VII, and 
VIII. The FSO links in the cities of Mafikeng and Kimberley
require more power to achieve lower BERs than other cities in
South Africa. In Fig. 12(a), to achieve a BER of 10-4, 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 Fig. 12(b). 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 VII as shown in [33].

Figs. 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.  
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Fig. 11. Receive SNR for commercial FSO link for various cities in South 
Africa during foggy periods for (a) 850 nm and (b) 1550 nm. 

In Fig. 13(a), a BER of 10-4 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 10-6 in Fig. 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 Figs. 14(a) and (b). These 
numerical results are calculated from (42) and parameters in 
Tables II, IV and VIII. 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.  

Fig. 12. BER of SISO FSO links employing OOK modulation during 
foggy weather and weak atmospheric turbulence for (a) 850 nm and (b) 
1550 nm. 

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. 

VIII. 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. 

(b) 1550 nm 

(a) 850 nm 

(b) 1550 nm 

(a) 850 nm 
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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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Fig. 13. BER performance of SISO FSO links employing OOK modulation 
over link distances in a foggy and weak turbulence regime for (a) 850 nm 
and (b) 1550 nm. 

Fig. 14. Attainable data rates of horizontal FSO links over link distances 
under foggy weather conditions for (a) 850 nm and (b) 1550 nm. 

(b) 1550 nm 

(a) 850 nm 

(b) 1550 nm 

(a) 850 nm 
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