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The present work characterizes the degree of rain-induced attenuation on 15–80 GHz earth-space commu-
nication links. Eutelsats 36B and 36C, and NigComSat-1R satellite links over five West African countries 
were considered through the International Telecommunication Union Radiocommunication Sector (ITU-R) 
[International Telecommunications Union (ITU)], Bryant, and Syjatogor rain attenuation models. Three 
locations were selected in each country for the analysis using 2013–2017 rain data obtained from the Global 
Precipitation Measurement (GPM) missions. ITU-R predicted higher attenuation values than the other two 
models; while Svjatogor values were close to ITU-R, and the Bryant model predicted the lowest. At 99.99% 
signal availability, rain attenuation along the earth-space link over the five countries ranged between 22.1 
and 34.2 dB for Ku-band (15 GHz) but exceeded the satellites’ link margins at Ka-band (30 GHz). At 0.1% 
unavailability, the range is 6–21 dB across all the locations for V-band (60 GHz), which implies that the 
satellites can sustain 99.9% of signal availability across the countries. However, for 99.99% and 99.9% sig-
nal availability at W-band, earth-space links can experience a total outage across the selected stations. Some 
locations in the northern parts can have 99% availability, which is an ~ 87 h/yr outage. Hence, the result 
could be a benchmark for planning trans-horizon radio communication links across West Africa.

KEY WORDS: millimeter wave frequencies, radio propagation, rain attenuation, 
West Africa

1. INTRODUCTION

The design of an excellent and effective satellite communication system requires good 
planning and reliable statistical data of associated radio meteorological parameters. The 
recent multiplicity of satellite communication systems implies that expanded bandwidth 
is required to accommodate more frequencies (Balal and Pinhasi, 2019; Fadilah and 
Pratama, 2018). As these high-frequency signals traverse the earth-space path length, 
they are prone to the effects of hydrometeors and various gases that distort their quality. 
The influence of these is primarily observed on the earth-space path links. Operating 
frequencies of > 10 GHz are largely impaired by rain attenuation as this results in fading 
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of signals (Yussuff and Khamis, 2014). For the design of the Ku to W frequency band, 
this impairment is a major inhibiting factor (Liolis et al., 2010) as free space is subject 
to attenuation by the effects of rain (Suriza et al., 2012). An electromagnetic wave im-
pinging on raindrops is absorbed, scattered, or passed through, diminished in power, 
depending on the raindrop size and its distribution. The extent of loss experienced by 
such signals is determined by the intensity or rate of the rainfall (Upton et al., 2005). It 
has been deduced that the effects of rain attenuation vary from one region to another and 
that it increases as frequency increases (Choi et al., 1997). The attenuation, A, is related 
to the rain rate, R, by the following:

	 A = aRb� (1)

where a and b are frequency-dependent regression coefficients. Equation (1) is espe-
cially true when the rainstorm is uniform along the path length.

The tropical climate of the West African subregion is largely characterized by heavy 
rainfall during the wet season monsoon months, from about April to October. The sea-
sons are dictated by the north–south migration of the Inter-Tropical Convergence Zone, 
which either brings moist maritime air from the Gulf of Guinea, resulting in heavy rain-
fall as it is moving northward, or pushes down dry dusty continental air from the Sahara 
Desert when moving downward (Dairo and Kolawole, 2018). The rainfall pattern during 
these wet season months is usually heavy, with sizeable raindrops big enough to impair 
the signals (Ojo et al., 2008) as well as contribute to variability (Dairo and Kolawole, 
2018). Consequently, it is essential to critically observe the level of signal degradation 
in this region to improve on the quality of service (Sanyaolu et al., 2020a), and more 
specifically, the precipitation associated with the monsoon, its advancement inland, and 
its precise timing (Lewis and Buontempo, 2016).

In this work, the prediction and verification of the impact of rain-induced attenu-
ation on millimeter wave bands along earth-space satellite communication links in the 
West African subregion has been investigated using the NigComSat-1R (Nigeria), Eu-
telsat 36B and 36C satellites that beam down on this region.

2. REVIEW OF PREVIOUS WORKS

Copious research models have been recommended over the years for the estimation of 
fading along transmission of millimeter waves through the atmosphere right up to THz 
frequencies (Liebe, 1985, 1989; Allen et al., 1983; ITU, 2013). In fact, certain studies 
(Abdulrahman et al., 2012; Akobre et al., 2012; Omotosho et al., 2015) have investi-
gated the effects of hydrometeors on time delay as well as attenuation using models that 
were developed. A core disadvantage of these empirical models is the paucity of data-
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bases on microwave propagation measurements. Hence, the scarcity of rain data from 
the equatorial-tropical regions presents deviations in predictions when existing models 
from other regions are used or even deviate from direct measurements (Mandeep, 2009). 
In determining rain attenuation at a location, rain rate statistics at that location, i.e., mea-
surement at a point, must be adhered to. This is because in convective precipitation, hop 
length may or may not exceed the dimensions of the raindrop, which makes point rate 
measurement a necessity.

Furthermore, polarization effects on the wave signal due to attenuation must be 
considered (Hogg et al., 1977), the reason being that waves polarized vertically are 
less susceptible to impairment than those horizontally polarized because of the oblate 
profile of the large raindrops. Consequently, different outage intervals for vertical and 
horizontal polarizations are usually observed on a hop. One way to avoid this inherent 
problem involving many hops is to introduce sequencing of polarization to equalize 
annual channel outage times. It has been argued (da Silva Mello et al., 2007) that the 
extrapolation method in the fourth equation of the International Telecommunications 
Union (ITU) ITU-RP.530-14 (ITU, 2012) is the major contributing weakness of the 
model. The downside of this method is because, with two regions experiencing same 
values of A0.01 but different rain rate regimes, similar rain attenuation outcomes will be 
observed. Thus, to rectify this fault in the model, maximum rain rate distribution is in-
troduced as an input to evaluate the cumulative distribution. Hence, this study employs 
three prediction models at different percentages of time with the rain rate.

3. METHODS AND DATA ANALYSES

3.1 Study Locations and Instrumentation

This study investigates the prediction and analysis of rain-induced attenuation on com-
munication links over five West African countries, namely Benin, Cote d’Ivoire, Ghana, 
Nigeria, and Togo. The West African Sahel predominantly receives its rainfall during 
the northern hemisphere summer, which coincides with the Earth’s aphelion passage. 
The rainfall distribution in time and space reflects circumstances peculiar to the whole 
of the West Africa subregion (Kouadio et al., 2011). The region’s physical characteris-
tics tend to weaken the rain-producing mechanisms (Adedokun, 1978; Biasutti, 2019). 
These mechanisms and the weather over the area are related to the interactions between 
the subtropical and its counterpart over the south Atlantic Ocean. These trends reflect 
the harmattan characteristics and the south westerly airstreams associated with the two 
high-pressure centers (Acheampong, 1987).

In Nigeria, the climate is largely tropical, seasonally damp, and humid, from Guinea 
in the south through the central Savanna to the north’s Sahel. The annual rainfall is < 
500 mm in the far northeast, typically ranging from 450 to 1,050 mm, 1050 to 1400 
mm, to 1400 to 2700 mm in the Sahelian, Savanna, and Guinean climates, respectively 
(Ogungbenro and Morakinyo, 2014). The location of Nigeria is between latitudes 4° N 
and 14° N.
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Togo is associated with a tropical climate situated in the Sahara’s southern region, 
characterized by dry and rainy seasons due to the African monsoon, which commences 
mid-April to October in the south and May to October in the north, with a marked de-
crease in rainfall along the coast from July to September.

The latitude and longitude of Benin vary between 6° N to 13° N and 0° E to 4° E, 
respectively. The climate is typically humid and hot, with average annual precipitation 
of 1,360 mm, like other Guinean coasts in West Africa. The dry season is associated with 
the winter. Although the rainy season is due to the African monsoon, it stretches in the 
far north from May to September and from mid-March to October in the south.

Ghana is characterized by the tropical climate, ranging from warm, dry, and humid 
in the Guinean zone to semi-arid in the northern Sahel. Ghana’s location in the Gulf of 
Guinea, just above the Equator, is bounded between latitudes 4° N and 11° N and longi-
tudes 3° W and 1° E. Typical average annual precipitation ranges between ~ 8 × 102 and 
2 × 103 mm from the Sahel in the north to the south’s Guinean coast.

Cote d’Ivoire is a typically dry tropical climate; the temperature ranges between 28 
and 37°C, with 12 × 102 mm of annual rainfall. Four seasons characterize this climatic 
region, including the rainy season from April to mid-July laden with frequent rain and 
thunderstorms, and the dry season from mid-July to September.

Nigeria launched its Communication Satellite-1 (NigComSat-1R) on May 13, 2007, 
placed at 42° E in a geostationary orbit, with an estimated service life of 15 yr. For each 
location sampled in Nigeria, the elevation and azimuth angles for the links to NigCom-
Sat-1R were determined. On the other hand, with 52.5° dish elevation, 256.4° azimuth 
(magnetic compass), and 69.0° polarization, Eutelsat 36B co-located with Eutelsat 36C 
at 36° E orbital position are the leading providers of direct-to-home (DTH) broadcasting 
services in West Africa. The Eutelsat 36B and 36C satellites were launched on Novem-
ber 24, 2009, and December 24, 2015, respectively. The magnetic compass was used to 
determine the elevation angle for the remaining locations understudy.

This study considered three locations in each country, as shown in Fig. 1. The lo-
cations’ characteristics are presented in Table 1, while Table 2 shows the geographical 
factors for rain attenuation prediction using the ITU-R models at the sites.

FIG. 1: Map of 5 West African countries used for this study
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Five-year rainfall parameters obtained from the GPM mission’s Core Observatory, 
spanning 2013–2017, were used for this study. The GPM is an international U.S./Japa-
nese Earth science satellite mission with NASA and JAXA’s prime agencies, respec-
tively. Specifically, the GPM was designed to unify precipitation measurements made 
by the GPM core satellite along with a constellation of partner satellites. The GPM Core 
Observatory satellite is at an altitude of 407 km in a non-Sun-synchronous orbit that 
covers the Earth from 65° S to 65° N—from the Antarctic Circle to the Arctic Circle. 
GPM provides a four-dimensional view of rain, snow, sleet, and storms from space. The 
GPM constellation of satellites can observe precipitation over the entire globe every 2–3 
h (Krishna et al., 2017).

3.2 Rain Rate Model

A technique for translating the available rainfall data to the corresponding one-minute 
rain rate cumulative distribution (CD) would be beneficial for radio wave engineers. For 
this reason, using the refined Moupfouma model and long-term mean annual rainfall 
data, the one-minute rain rate CD can be calculated.

Several studies have shown that the one-minute rain rate distribution in tropical 
regions can best be represented by the Moupfouma model with refined parameters (Ojo 
et al., 2008, 2009; Mandeep, 2009; Abdulrahman et al., 2012). Moupfouma discovered 
that the CD of the one-minute rain rate could be formalized as follows:

	 [ ]( )( ) ( )≥ = +  µ−P R r R r R r    1
10

  1 exp   –
b

4  0.01
1

0.01 � (2a)

where

	 = −





+ +





b r
R

r
R

  1 ln 1 1  
0.01 0.01

�

The cumulative rain distribution slope is governed by µ, which is a function of the 
local atmospheric conditions and geographic topography. For tropical and subtropical 
regions
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	 µ = − λ






















γ

R
r

R
 

4 ln10
exp  

0.01  0.01
� (2b)

where λ and γ are positive coefficients, such that λ = 1.066 and γ = 0.214, and R0.01 is the 
rain rate exceeded for 0.01% of the time. R0.01 is obtained using the Chebil and Rahman 
(1999) model. Thus, the refined Moupfouma model can determine the one-minute rain 
rate cumulative distribution from the long-term mean annual rainfall rate. For the esti-
mation of R0.01 from the long-term mean annual precipitation M, several techniques were 
identified. These include the Morita (1978), Ghosh et al. (2012), Ito and Hosoya (1999, 
2006), Ito et al. (1999), Ajayi and Ofoche (1984), regression tropical India, and Chebil 
and Rahman models. All the five models used the power-law relationship (Chebil and 
Rahman, 1999; Ojo et al., 2008).

	 R0.01 = αMβ� (3)

where α and β are regression coefficients, which are 12.2903 and 0.2973, respectively. 
M is the total rainfall measured for a year, and R0.01 the rain rate measured in millimeters 
per hour. On the basis of the measured one-minute rain rate CD at several locations in 
Malaysia, Singapore, and Indonesia, these models were compared and the Chebil model 
was found suitable for the tropical regions (Moupfouma and Martin, 1995; Ajayi et al., 
1996; Shrestha and Choi, 2017; Islam et al., 2018; Ojo et al., 2009; Obiyemi et al., 2014; 
Igwe et al., 2019; Sanyaolu et al., 2020b). Hence, the rain rate, R0.01, for this study has 
been deduced using the Chebil and Rahman model and is presented in Table 1.

3.3 Rain Attenuation Prediction Models

Rain attenuation can either be obtained directly from microwave link measurements or 
estimated from the rain rate and rain drop-size distribution data, according to Ajayi and 
Barbaliscia (1990). Researchers have developed various methods for calculating CDs 
of attenuation due to rain from rain intensity measurements (COST, 1996; ITU, 2015). 
Among the well-utilized rain attenuation models, the ITU-R, Bryant, and Svjatogor 
models have been found suitable for the tropical regions, mainly for a region where 
direct measurements are not available (Shrestha and Choi, 2017; Igwe, 2019; Sanyaolu 
et al., 2020b). The step-by-step computation using the models is presented in Sections 
3.3.1–3.3.3.
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3.3.1 ITU-R Model

ITU-RP.838-3 (ITU, 2005) specified that the specific attenuation γR (measured in deci-
bels per kilometer) is obtained from the rain rate R (measured in millimeters per hour) 
using the power-law relationship, as follows:

	 γR = kRα� (4)

where the values for the coefficients k and α are determined as functions of frequency, f 
(measured in gigahertz ), in the range of 1–10 × 102 GHz, from the following equations, 
which have been developed from curve-fitting to power-law coefficients derived from 
scattering calculations:
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For horizontal polarization, the constants are written as kH and αH (ITU, 2005).
ITU-RP.618-13 (ITU, 2017) used an effective path length to consider the time–space 

variability of rain intensity along the terrestrial path. Rain attenuation exceeded for the 
year’s 0.01% time is calculated from the average one-minute rain intensity exceeded at 
the same time percentage.

The estimated attenuation to be exceeded for other time percentages of an average 
year, in the range of 0.001–5%, is determined from the attenuation to be exceeded for 
0.01% for an average year. The step-by-step procedure of computing the model is as 
follows:

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

TRE-41459.indd               43                                           Manila Typesetting Company                                           03/22/2022          05:40PM



Telecommunications and Radio Engineering

Sanyaolu et al.44

	 ( )=
−
θ

L
h h
sins
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For θ < 5°, the following formula is used:
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The horizontal projection, LG, of the slantpath length is obtained using

	 LG = Ls cosθ� (9)

The rain rate at 0.01% is

	 R0.01 = αMβ� (10)

where α and β are regression coefficients and are defined as α = 12.2903 and β = 0.2973.
The specific attenuation, γR, is expressed as follows:

	 γR = K(R0.01)
α� (11)

The horizontal reduction factor, r0.01, for 0.01% of the time is as follows:
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The vertical adjustment factor, v0.01, for 0.01% of the time is as follows:

	 ζ = tan–1[(hr – hs)(LG r0.01)
–1]� (13)

For ζ > θ, LR = (LG r0.01)(cos θ)–1.
Else, LR = (hr – hs)(sin θ)–1.
If |φ| < 36°, then x = 36 – |φ|.
Else, x = 0.
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/ 1
R R
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1
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The effective path length is

	 LE = LRν0.01� (15)

The 0.01% of annual average attenuation exceeded is computed using the following:

	 A0.01 = γRLE� (16)

For other percentages, ranging from 0.001 to 5%, the annual average predicted at-
tenuation to be exceeded is obtained from 0.01% of the annual average, as follows:
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If p ≥ 1% or | ϕ | ≥ 36°, then β = 0

If p < 1% and | ϕ | < 36° and θ ≥ 25°

then β = –0.005(|φ|) – 36; otherwise, β = –0.005 (|φ| – 36) + 1.8 – 4.25 sin θ.

	 A A p100p
p A p
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3.3.2 Bryant Model

The Bryant model employs the concept of effective rain cell and variable rain height to 
calculate the distribution of rain attenuation (Bryant et al., 2001). The steps involved in 
this model are as follows (Hanif et al., 2013):

Step 1: The path length–to–Rain–cell (PR) parameter:

	 PR = 1 + 2L (πD)–1� (18)

where the rain cell diameter, D, is given by
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and the horizontal projection, L, is expressed as follows:

	 L = Hr(tan θ)–1� (20)

Step 2: The rain height, Hr

	 = × +H R4.5 10 5 
10000r

4
P
1.65

� (21)

Step 3: The slant path attenuation, As, is given as follows:

	 = γ
ξ +

A D L
L D

1.57 Km n ps
s

� (22)

where LS is the slant-path length, γp is the specific attenuation (measured in decibels per 
kilometer)

	 = 

D D  2

πm � (23)

kn is the number of cells and expressed as follows:
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	 kn = exp (0.007Rp)� (24)

	   1
2
exp sin  for  55( )ξ = θ θ ≤ � (25)

	 ξ = 1.1 tan θ for θ > 55°� (26)

3.3.3 Svjatogor Model

The Svjatogor model (Svjatogor, 1985) defines its effective rain height, Hr, depending 
on the rain intensity as follows:

	 Hr = 2.7[log10(0.3Rp + 1.5)]–1 + 1.5 × 10–3 Rp� (27)

The path length reduction factor is formulated in the following:

	 ( )= = − ×
θ
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The rain attenuation As is given as follows:

	 = ∝A kR L Ks p s rs � (29)

where
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Re = 85 × 102 km (effective radius of the earth).

4. RESULT AND DISCUSSION

This section presents the results obtained from using the study locations data. The link 
margin of NigComSat-1R over the Atlantic Ocean region is 20 dB; whereas, it is ~ 27 
dB for Eutelsat 36B and 37C. The implication is that the devices used could tolerate a 
further 20 and 27 dB attenuation between the transmitter and the receiver.

4.1 Monthly Rain Distribution

Figure 2 is the monthly average of rainfall accumulation based on five years (January 
2013 to December 2017) of rainfall data obtained from the GPM mission’s Core Obser-
vatory. The monthly rainfall distribution for the observation period shows the different 
monthly peaks across all the locations, which invariably revealed the worst months of 
rain attenuations at these locations. For example, all the stations in Nigeria recorded 
their peaks in August. Lagos recorded the highest rainfall out of the three stations, with 
a peak monthly average rainfall accumulation of 511 mm, followed by Kano and Abuja 
with 484 and 473 mm, respectively.

Similarly, Bawku and Tamale in Ghana recorded their peak monthly average rainfall 
accumulation in August with about 561 and 457 mm, respectively, while Accra recorded 
its peak in June with about 189 mm. In the Benin Republic, Djougou and Kandi have 
their peaks in August and July with about 582 and 390 mm, respectively. On the average 
in Togo, Lome has the lowest average rainfall accumulation. However, Lome recorded 
the highest values of about 128 and 296 mm in March and May, respectively, compared 
to Bawku and Kara. The July pattern of rainfall distribution is similar to that of August 
in Togo, where Dapaong and Kara recorded their peaks in August with about 409 and 
541 mm, respectively. In Cote d’Ivoire, Tingrela recorded its highest monthly average 
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rainfall accumulation with about 562 mm in August, which is second behind Djougou 
across the five West African countries under consideration. The Katiola and Abidjan 
peaks, 424 and 408 mm, were in September and June, respectively.

4.2 Cumulative Distribution of Rain Rate

Predicted rain rate cumulative distributions for all location are shown in Table 3. The 
rain rate data were estimated using the Moupfouma one-minute integration model and 
presented in millimeters per hour. The estimated rainfall intensity ranged from 0.001 
to 1% exceedance. At 0.001%, Nigeria recorded the highest rain rate of 185 mm/h in 
Lagos. On the other hand, Ghana, Cote d’Ivoire, Togo, and Benin recorded the highest 
rain rates of 162, 146, 198, and 155 mm in Bawku, Abidjan, Dapaong, and Djougou, 
respectively.

FIG. 2: Five years monthly average rainfall accumulation in (a) Ghana, Togo, and Nigeria and 
(b) Benin and Cote d’Ivoire
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The patterns of all distributions have a similar trend across all the locations under 
study. Hence, rain attenuation is considered rain-rate dependent. However, rain-rate data 
exceeding radio signal availability is what most radio engineers and planners need for 
designing radio networks, because higher rain rates lead to increased losses of high-
frequency radio signals.

The CD function (CDF) of the measured rain rate in Nigeria is shown in Fig. 3. 
The CDF revealed the highest distribution pattern in Lagos, followed by Abuja. The 
observed distribution in Lagos is primarily due to its coastal location along the Gulf of 

TABLE 3: Cumulative distribution of rain rate (in millimeters per hour) across all study locations
Countries and cities Percentage exceedance

0.001 0.01 0.03 0.05 0.1 0.3 0.5 1
Nigeria Kano 185 110 97 89 71 60 50 15

Lagos 170 101 94 78 62 54 44 13
Abuja 160 102 93 66 51 44 33 12

Ghana Bawku 162 115 113 101 83 61 56 19
Tamale 144 111 102 91 73 52 48 16
Accra 137 95 92 80 66 50 41 14

Cote 
d’Ivoire

Abidjan 146 113 106 88 70 65 41 16
Katiola 145 114 101 79 66 54 38 15
Tingrela 135 120 85 63 50 41 23 12

Togo Lome 145 101 98 84 70 51 28 17
Kara 180 121 110 98 82 58 30 17

Dapaong 198 112 118 105 90 73 43 19
Benin Cotonou 147 111 102 87 60 43 28 16

Kandi 115 101 67 55 57 35 25 13
Djougou 155 120 83 66 52 30 30 15

FIG. 3: Cumulative distribution of rain rate based on measurement data conducted at the studied 
locations in Nigeria

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

TRE-41459.indd               51                                           Manila Typesetting Company                                           03/22/2022          05:40PM



Telecommunications and Radio Engineering

Sanyaolu et al.52

Guinea in Nigeria, where frequent and high rainfall occurs, which could be due to the 
conventional type of rain. The lowest pattern is observed in Kano.

4.3 Rain Attenuation

A typical result of the comparison of the measured and predicted rain attenuation is 
shown in Fig. 4. The measured data are only presented for a typical location (Nigeria) 
due to the availability of measured attenuation data. The results revealed that the ITU-R 
model predicted higher attenuation values at higher availability time compared to the 
measured rain attenuation.

Rain attenuation and the effective path length were also calculated for frequencies 
ranging from 6 to 100 GHz for rain rates exceeded 0.01% of times; the results are pre-
sented in Fig. 5. Generally, the result shows that rain attenuation increases with in-
creasing frequency. The attenuation was very low at 6 and 12 GHz but increased as the 
frequency increases, and attenuation became very pronounced at 100 GHz. At 0.01%, 
predicted attenuations for the C- to W-band, using ITU-R, were between 5 and 200 dB 
in Accra, Ghana, while 3 and 145 dB were recorded in Kano, Nigeria. For Tingrela in 
Cote d’Ivoire, the range was 4–192 dB.

In Nigeria, Lagos has the highest attenuation, followed by Abuja and Kano. It was 
observed that rain attenuation is less severe in the northern part but more severe in the 
south. On the other hand, Bawku recorded the highest attenuation in Ghana while Kara 
recorded higher attenuation in Togo than both Dapaong and Lome. The results also sug-
gest that there could be a total outage of signals at 0.01% unavailability across Ka-, V-, 
and W-bands for all elevation angles in all 18 locations during rainfall, i.e., link unavail-
ability of > 53 min of outage in a year.

Eutelsat plays a leading role among the operators of DTH broadcasting in Sub-
Saharan Africa and uses antenna pointing characteristics of 52.5° dish elevation, 
256.4° (magnetic compass) azimuth, and 69.0° polarization. The magnetic compass 
is used to determine the elevation angle for each of the locations. NigComSat-1R was 
used to determine the elevation angle for locations in Nigeria, as presented in Table 
1.

FIG. 4: Comparison of the measured and predicted rain attenuation in Nigeria
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Figures 6–9 show rain attenuation cumulative distribution for downlink frequencies 
of both NigComSat-1R and Eutelsat Hot Bird 13B with a very small aperture terminal 
(VSAT) at Ku (15 GHz), Ka- (30 GHz), V- (60 GHz), and W-band (80 GHz) covering 
West Africa. The ITU-R model is the most widely accepted estimation method of rain 
attenuation on satellite communication networks all over the world. Therefore, for reli-
ability, existing models are compared to it.

Figure 6 shows the cumulative rain attenuation distribution for the downlink fre-
quency of Ku (15 GHz), from 0.001 to 1 percentage of exceedance. The 0.01% exceed-
ance is equivalent to signal unavailability of ~ 53 min in a year, which is an equivalent of 
~ 8.7 s outage per day (Omotosho and Oluwafemi, 2009). The Svjatogor model predic-
tions closely agree with the ITU-R model; whereas, the Bryant model underestimated the 

FIG. 5: Attenuation at 0.01% exceedance for C-W bands in (a) Ghana, (b) Cote d’Ivoire, (c) 
Benin, (d) Togo, and (e) Nigeria
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rain attenuation values. For instance, the rain attenuation predicted by the ITU-R model 
for 0.001% exceedance probability is 27.1 dB and 29.3 dB for Kano and Abuja, respec-
tively, and 34.2 dB for Lagos. Concurrently, the Svjatogor model predicted 25.2, 26.1, 
and 32.2 dB for Kano, Abuja, and Lagos, respectively. In comparison, the Bryant model 
predicted 16.4, 16.6, and 19.4 dB for Kano, Abuja, and Lagos, respectively. Lagos has 
the highest attenuation in Nigeria. In Cote d’Ivoire, the ITU-R model prediction showed 
that rain attenuation ranges from 25.2 to 20.1 dB with Abidjan having the highest rain 
attenuation. On the other hand, the Svjatogor model predicted within the range of 18–23 
dB and Bryant predicted between 17–14 dB for the selected locations in Cote d’Ivoire.

FIG. 6: Rain attenuation distribution at Ku-band (15 GHz) frequency in (a) Nigeria, (b) Cote 
d’Ivoire, (c) Benin, (d) Togo, and (e) Ghana
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According to ITU-R prediction, Djougou recorded the highest rain attenuation in 
the Benin Republic with 25.2 dB, followed by Cotonou and Kandi having 24.1 and 
22.8 dB, respectively. The Svjatogor model predictions show an overlap of Djougou 
and Cotonou at 0.001% unavailability with 33.3 dB. The Bryant model underestimated 
all locations having 16, 10.1, and 9.2 dB in Kandi, Djougou, and Cotonou, respectively. 
Generally, the ITU-R predicted higher at all sites. However, the predictions of the other 
two models closely followed the trend of ITU-R though Bryant’s were much lower at 
the exceedance percentage of time considered across all the stations. In Togo, the rain 
attenuation ranges between 25.1 and 22.3 dB with Lome having the highest signal loss. 

FIG. 7: Cumulative distributions of rain attenuation distribution at Ka-band (30 GHz) frequency 
in (a) Nigeria, (b) Cote d’Ivoire, (c) Benin, (d) Togo, and (e) Ghana
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In contrast, Bawku has the highest attenuation in Ghana, which corresponds to the same 
location with the highest average rainfall accumulation.

Generally, the result also revealed that 99.99% signal availability is not attainable, 
as rain attenuation for all the five countries ranges between 22.1 and 34.2 dB, which 
could be more than the link margins of both Eutelsat 13 and NigComSat-1R at specific 
locations. The attenuation range across the study locations exceeded the specified link 
margin of NigComSat-1R values but below that of Eutelsat at some sites. On the other 
hand, Akinwumi et al. (2016) related the attenuation range to the EIRP. In particular, 
NigComSat-1R signal fading will be noticeable at the Ku-band for 0.01% exceedance. 
In Singapore, for an equatorial and tropical region, like Nigeria, Ku-band measurements 
with INTELSAT VI at 11 GHz show a rain attenuation range of 2 to 15 dB (Timothy et 
al., 2000).

FIG. 8: Rain attenuation distribution at V-band (60 GHz) frequency in (a) Nigeria, (b) Cote 
d’Ivoire, (c) Benin, (d) Togo, and (e) Ghana
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At Ka-band downlink frequency (30 GHz) and 99.99% signal availability, Fig. 7 
shows that all the study locations will experience attenuation due to rain because the 
values exceeded both satellites’ link margins. Also, rain attenuation was more prevalent 
along the coast, except for Djougou in the Benin Republic, which recorded higher at-
tenuation values than its remaining locations. At 0.01% of unavailability, Lagos, Nigeria 
recorded the highest attenuation of ~ 74 dB, ranging from 74 to 79 dB in Cote d’Ivoire. 
Ranges of 61–71 dB, 67–87 dB, and 70–83 dB were recorded for Benin, Togo, and 
Ghana, respectively. The results agree with the frequent severe fading observed in an 
equatorial climate, such as in Malaysia, at 38 GHz with values typically up to 46 dB for 
99.99% (Badron et al., 2010).

FIG. 9: Rain attenuation distribution at V-band (80 GHz) frequency in (a) Nigeria, (b) Cote 
d’Ivoire, (c) Benin, (d) Togo, and (e) Ghana

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

TRE-41459.indd               57                                           Manila Typesetting Company                                           03/22/2022          05:40PM



Telecommunications and Radio Engineering

Sanyaolu et al.58

However, at 0.1 of unavailability (which amounts to 525.6 min of signal loss in a 
year), the rain attenuation level of all studied locations ranges between 6 and 21 dB, 
which indicates that a radio signal of 99.9% availability will not suffer undue attenua-
tion from bad weather. The rain attenuation experiments with ACTS Satellite (VSATS) 
were conducted in the U.S. for a 10-year duration at Ka-band, using the beacon receiv-
ers. The study showed that rain attenuation exceeds 20 dB for 99.9% of a typical year 
at the Ka-band (27.5 GHz) under moderate elevation angles. Fading is worse for higher 
rainfall climates in the U.S. (Roberto, 1997). Hence, the results obtained at Ka-band in 
this study for tropical climate are in order.

Figure 8 shows the results of all the locations at V-band (60 GHz). These frequen-
cies are currently engaged in the deployment of both 5G mobile and satellite networks. 
The results show that there is pronounced rain attenuation at this millimeter wave across 
the five countries. The implication is there will be signal outage due to rainfall at 0.01% 
unavailability, where Nigeria recorded a range of 98–122 dB, while the recorded ranges 
of 112–129, 127–141, and 126–169 dB are for Cote d’Ivoire, Benin, and Ghana, re-
spectively. At 99.9% availability, even Togo, with the least rain attenuation range of 
20.3–28.4 dB, is not guaranteed of no signal degradation. On the other hand, nearly all 
the locations will experience 99% availability since none of the sites recorded attenu-
ation above 20 dB at 1% unavailability. The V-band can utilize mitigation techniques 
such as adaptive coding and power to reduce the fading effect.

At W-band (80 GHz) frequency, Fig. 9 shows that, at 0.01 percentage unavailability 
of signals, rain attenuation in Nigeria ranges from 166 to 200 dB, where Lagos recorded 
the highest attenuation value, which corresponds to the highest rain intensity in Nigeria, 
followed by Abuja and Kano. Abidjan, Katiola, and Tingrela in Cote d’Ivoire recorded 
about 173, 140, and 154 dB, respectively. Generally, the ranges of rain attenuation re-
corded were 162–184, 157–186, and 166–207 dB for Benin, Togo, and Ghana, respec-
tively.

Though W-band is a future spectrum, the present study is needed to plan for any 
possible impairment. Both 99.99 and 99.9% of signal availabilities are not feasible at 
this frequency. However, some locations in the northern parts, such as Bawku in Ghana, 
Dapaong in Togo, and Tingrela in Cote d’Ivoire, would have 99% signal availability. At 
this frequency band, the availability represents ~ 87.6 h of outage in a year.

5. CONCLUSION

This paper has provided information on rain-induced attenuation on communication 
links at Ku-W bands in the West Africa region. The ITU-R model was compared to the 
Svjator and Bryant models. The result showed that ITU-R predicted higher than the two 
models and Bryant prediction were much lower than ITU-R and Svjatogor. The monthly 
rainfall pattern over the region, which indicates the worst months at which radio signals 
may be unavailable, has been presented. The results obtained showed that the attenua-
tion increases from C-band to W-band. This work further revealed the possibilities of 
system availability and unavailability at different percentages of times of the year. For 
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instance, at 15 GHz, 99.99% of signal availability is possible across all locations on 
NigComSat-1R and Eutelsat.

Similarly, at 30 GHz, only 99.9% availabilities can be sustained while at 60 GHz and 
99.9%, only Togo can tolerate the attenuation level, while other locations will experi-
ence a total signal outage. Also, at 80 GHz, both 99.99 and 99.9% of signal availabilities 
are not feasible at all the selected frequencies. However, some locations in the northern 
parts, such as Bawku in Ghana, Dapaong in Togo, and Tingrela in Cote d’Ivoire, can 
experience 99% of signals availability. This study has provided crucial technical infor-
mation to the International Telecommunications Union (ITU) for frequency allocation 
and system designers and link-budgeting in the West African zone.
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