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An Overview of Rainfall Fading Prediction Models for Satellite Links
in Southern Africa
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Abstract—This work presents an overview of rainfall fading models over satellite links in South
Africa using three years of rainfall data collected by the Joss-Waldvogel RD-80 disdrometer in Durban,
South Africa (29◦ 52′S, 30◦ 58′E), alongside a colocated Ku-band satellite TV link. Different drop size
distribution models, such as Lognormal, Gamma, Weibull, and the Optimised drop size distribution
model for Equatorial Africa, are used to formulate the rainfall attenuation models used in this study.
Thereafter, the formulated attenuation models are used to convert rainfall rate time series data to
predicted rainfall attenuation time series. In addition, both the ITU-R model and the Synthetic Storm
Techniques are applied for comparison with the above rainfall attenuation models alongside experimental
measurements over the 12.6 GHz satellite TV link from Intelsat-20 (IS-20) located at 68.5◦E on the
azimuth angle of 57.5◦ with respect to Durban.

1. INTRODUCTION

For satellite communication systems operating above 10 GHz, rainfall is a major propagation impairment
affecting the delivery of services due to the attenuation and degradation of the received signal during
transmission [1, 2]. That is why numerical and empirical prediction techniques have been developed in
different parts of the world to estimate the attenuation due to rain in order to minimize fading outage
over such links. In some parts of the world, owing to the lack of real attenuation data, this is generated by
rainfall rate time series at any frequency and polarization. In this paper, we use the rainfall measurement
in Durban, South Africa, to provide a reliable prediction of rainfall attenuation on the received signal for
the Intersat-20 12.6 GHz satellite TV link located at 68.5◦E on the elevation angle of 36.5◦. We employ
the Synthetic Storm Technique (SST), the International Telecommunication Union-Recommendation
(ITU-R) model, and other established statistical models such as Lognormal (LGN), Gamma (GM), and
the Weibull (WBL) distributions. Three years of rainfall data were collected from 2014 to 2016 using
the Joss-Waldvogel RD-80 disdrometer installed on the rooftop of the Electrical Engineering Building,
University of Kwa-Zulu Natal, Howard College, Durban in South Africa (29◦ 52′S, 30◦ 58′E) — which
is colocated with the satellite link. Predicted rainfall attenuation time series is validated with the
colocated satellite link measurement data.

The present submission is a follow-up to earlier publications pertaining to rain attenuation and
raindrop size distribution modelling in the sub-Tropical Africa, including Southern Africa and Equatorial
Africa regions. These included the works of Afullo [3], Akuon and Afullo [4], Alonge and Afullo [5],
Adetan and Afullo [6], and more recent publications by Sumbiri et al. [7], Afolayan et al. [8], Ahuna et
al. [9]. Further, we have the recent submissions by Ahuna et al. on the rainstorm characterization [11],
and the latest modified raindrop size modelling approach by Alonge [12], and the optimized raindrop size
distribution by Sumbiri and Afullo [18]. Thus, we are furthering the effort to improve rain attenuation
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modelling in sub-Saharan Africa. The rest of the paper is organized as follows: Section 2 focuses on the
experimental data; Section 3 presents the attenuation prediction models; Section 4 presents the results
and discussions; and finally, Section 5 gives the conclusions.

2. LOCATION AND PROPAGATION EXPERIMENTAL DATA

Propagation measurements over a vertically polarized Ku-band satellite signal level from Intelsat-20
(IS-20) located at 68.5◦E on the azimuth angle of 57.5◦ with respect to Durban were undertaken on
the rooftop of the Electrical Engineering building (29◦ 52′S, 30◦ 58′E), University of Kwa-Zulu Natal,
Howard College, Durban in South Africa since 2012. A Ku-band, 12.6 GHz of 8-PSK (8-ary Phase Shift
Keying) signal is received by a 90 cm offset parabolic antenna dish at an elevation angle of 36.5◦. The
Rhode and Schwarz FSH8 spectrum analyser monitors and captures the received signal level (RSL) over
the link. The RSL measurements are recorded with logging data in one-minute sampling period and
stored in a computer. The link budget of this satellite link is detailed in Table 1.

Table 1. Link budget [4].

STAGE LINK GAINS (dB) LOSSES (dB)

Satellite
Antenna
Downlink

Transmission

EIRP (dBm) 85
Receive Antenna gain (dBi) 40

LNB gain 55
Peripheral Cable Loss 3

Atmospheric Loss 2
Free Space Loss 206

Offset/Contour Loss 3
Splitter Loss 7

RF Attenuation at Spectrum Analyser 20
TOTAL 180 241

Received Power Level ≈ −61 dBm

Post-Antenna
Processing

Noise Floor (at 40 MHz bandwidth) −97 dBm
5/6 8-ary PSK C/N Margin 25 dB

LNB Noise Figure 0.3 dB
Receiver Sensitivity (dBm) ≈ −71.7 dBm

Furthermore, three years of rainfall rate and drop size distribution measurement at 30-second
integration time was collected over a period of three years (2014 to 2016) using the Joss-Waldvogel
RD-80 disdrometer installed such that its rainfall sensor was set close to the receiver satellite antenna.
The collected rainfall measurement was converted to one-minute integration time using the relationship
obtained by Mary and Ahuna et al. in [9]:

R30S = 1.051 (R1,DBN )1.004 (1)
where R30S is the rainfall rate in mm/h at 30-second integration time, and R1,DBN is the rainfall rate
at one-minute integration time in Durban.

From Table 1, the expected power at the receiver is −61 dBm, with receiver sensitivity of
−71.7 dBm. This means that the clear-air signal remains 10.7 dB above the squelch level, and this can
only be guaranteed for rain rates up to about 50 mm/h — since beyond this rainfall rate, the satellite
receiver squelches. Measured data are generated by the following power law relationship obtained by
Afolayan et al. using rainfall drops for the 12.6 GHz satellite TV link RSLlevel observed during rainy
periods [8]:

Aav = 1.3387R0.5482 (2)
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The in-depth measurement process for this 12.6 GHz satellite TV link in Durban is detailed in [10].

3. ATTENUATION PREDICTION MODELS

In this section, the ITU-R model, Synthetic Storm Technique, several established DSD models
(Lognormal model [13, 14], Gamma model [15], Weibull model [16, 17]), and the Optimised drop size
distribution model for Equatorial Africa [18] are used to estimate the rainfall attenuation used in this
paper.

3.1. ITU-R Rain Attenuation Model

The ITU-R Recommendation P.618-13 [19] provides a simple method to estimate the statistical rainfall
attenuation on a slant (earth-space) path at a given location. This method employs some parameters
of the link and its location as inputs into the attenuation prediction process as illustrated in Figure 1.

Figure 1. Schematic diagram of an Earth-space path.

From Figure 1 (as also observed in the presentation by Freeman [22]), region A represents the
frozen precipitation zone; line B, the rain height; region C, the region of liquid precipitation; and region
D, the Earth space path. For elevation angle θ ≥ 5◦, the slant path length, LS, is expressed by [19]:

Ls =
(hR − hs)

sin θ
km (3)

For θ ≤ 5◦, the slant path length is given by the following expression [19]:

Ls =
2 (hR − hs)(

sin2θ +
2 (hR − hs)

Re

)1/2

+ sin θ

km (4)

where Re = 8500 km is the effective radius of the earth, hS (km) the height of the earth station above
sea level, and hR (km) the rain height given by the following expression [20]:

hR = ho + 0.36 km (5)
According to ITU-R model, the rainfall specific attenuation AS (dB/km) can be determined from the
rainfall rate R (mm/h) using the following power law expression [21–23]:

AS = kRα dB/km (6)
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where k and α are the power-law coefficients depending on frequency of transmission accessible in ITU-R
P.838-3 [15]. The total predicted path attenuation A (dB) is obtained from:

A = AS · LE dB (7)

where LE is the effective path length obtained as follows [19]:

• Calculate the horizontal reduction factor, r0.01:

r0.01 =
1

1 + 0.78 −
√

LGAS

f
0.38 (1 − e−2LG)

(8)

where LG is the horizontal projection of the slant-path as shown in Figure 1 and is given by the following
expression:

LG = LS cos θ km (9)

• Then, calculate the vertical adjustment factor, υ0.01:

ξ = tan−1

(
hR − hS

LGr0.01

)
degrees (10)

For ξ > θ, LR = LGr0.01
cos θ km

Else, LR = (hR−hs)
sin θ km

If |ϕ| < 36◦, χ = 36 − |ϕ| degrees

υ0.01 =
1

1 +
√

sin θ

(
31

(
1 − e−(1/(1+x))

) √
LRAS

f2
− 0.45

) (11)

• The effective path length LE is given by the following expression:

LE = LRυ0.01 km (12)

The basic parameters for the satellite link are presented in Table 2.

Table 2. Basic link parameters.

Parameter Value

Elevation Angle (θ) 36.5◦

Total distance to satellite 38,050 km

Longitudinal position of Satellite 68.5◦

Ground azimuth of satellite 57.5◦

Height above sea level (a.s.l) (hS) 0.176 km

Rain Height (hR) 4.96 km

Slant Path Length (LS) 8.042 km

Beacon Central Frequency 12.6 GHz

Total bandwidth 40 MHz
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3.2. The Synthetic Storm Technique

The Synthetic Storm Technique (SST) was developed by Drufuca [24] and refined by Matric-
ciani [1, 26, 30] to predict the rainfall attenuation for both terrestrial and slant path earth-space links
for different frequencies and polarisations in the absence of real attenuation data [25–29]. This approach
consists of converting a rain rate time series measured by a disdrometer or a rain gauge at any geo-
graphical location into a rainfall attenuation time series [30]. The model requires the knowledge about
the length of the signal path between the satellite and the base station L (km), the rainfall cell speed
(v), and the rainfall rate time series measured at the location under investigation. The physical funda-
mentals and mathematical concepts of this model are detailed in [30]. The vertical structure of rainfall
is modelled with two different layers, specifically, the rain layer A (raindrops at 20◦C) and the melting
layer B (melting hydrometeors at 0◦C) as shown in Figure 2. The rainfall rate RB (apparent rainfall
rate) in layer B is related to the rainfall rate RA = R, in the layer A by the following Expression [30]:

RB = rR, with r = 3.134 (13)

The total predicted link attenuation A (dB) can be calculated as [30]:

A (x) = KA

∫ LA

0
RαA (xo + Δxo, ξ) dξ + KBrαB

∫ LB

LA

RαB (xo, ξ) dξ (14)

where A(x) is the rainfall attenuation at a specific point along the link length L (km), ξ, the distance
measured along the satellite link. Constant values k and α are dependent on frequency and polarisation
of the electromagnetic wave. They are available in ITU-R P.838-3 for water temperature of 20◦C [21]
and in [31] for water of 0◦C.

Figure 2. Vertical structure of rainfall for Synthetic Storm Technique [26, 30].

The rainy paths, LA and LB ,j are obtained from [30]:

LA =
HA − HS

sin θ
(15)

LB =
HB − HS

sin θ
(16)
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where HS (km) is the height of the earth station above sea level, and HA (km) and HB (km) are heights
above sea level for the upper limits of layer A and layer B, respectively. According to [20], the upper
limit of layer B is given by:

HB = h0 + 0.36 (17)
where ho is the mean 0◦C isotherm height above sea level (a.s.l.) The height above sea level for the
upper limit of layer A is given by:

HA (ϕ) = HB (ϕ) − h (18)
Here h = 0.4 km is the depth of layer B taken by assumption irrespective of the latitude.

By applying Fourier Transform and making some assumptions in Eq. (13), Matricciani [30] has
derived the following expression for calculating the satellite link signal attenuation due to rainfall:

A (t) = KARαA (t)LA + rαBKBRαB (t) (LB − LA) (19)
Table 3 presents the two layers’ parameters for vertical structure of precipitation using the Synthetic
Storm Technique.

Table 3. Parameters used for vertical structure of rainfall using SST [8, 10].

Parameter Layer A (Rain layer) Layer B (Melting layer)
k 0.02421 0.0168
α 1.1516 1.26
H 4.6 km 4.96 km
L 7.43778 km 8.043 km

Elevation angle 36.5◦

Storm speed 9.41 m/s
frequency 12.6 GHz

3.3. Lognormal Rain Attenuation Model

This model is formulated from the lognormal raindrop size distribution model (LGN) as given in [13, 14]
for all rainfall regimes. The total predicted path attenuation A (dB) can be expressed as:

A (dB) = ASLE (20)
where AS is the specific attenuation due to rainfall drops and is expressed by the following expression [32–
35]:

AS [dB/km] = 4.343 × 10−3

∫ ∞

0
Qext (D)N (D) dD (21)

Here, N(D) is the raindrop size distribution, N(D)dD the density number of the drop with diameter
D (mm) in the diameter dD interval, and Qext (mm2) the extinction cross-section determined from Mie
scattering theory for frequencies above 3GHz [35].

From the Joss-Waldvogen disdrometer channels, Equation (19) is rewritten as follows [37]:

A (dB) =

[
4.343 × 10−3

20∑
i=1

kextā
ςextN (Di)ΔDi

]
· LE (22)

where N(Di) is the drop size distribution model, Qext = kextā
ςext , expressed as power law expression as

function of D (mm), where a = D
2 is the radius of the rain drop (here assumed spherical); kext and ςext

are both frequency and temperature dependent coefficients derived using Mie scattering technique [37].
The Lognormal rainfall drop size distribution model is given by [13, 14]:

N (Di)=
NT

σDi

√
2π

exp

{
−1

2

[
ln (Di)−μ

σ

]2
}

(23)
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Substituting Equation (22) into Equation (21), we have:

A (dB) =

[
4.343 × 10−3

20∑
i=1

kextā
ςext · NT

σDi

√
2π

exp

{
−1

2

[
ln (Di)−μ

σ

]2
}

ΔDi

]
· LE (24)

The expression between square brackets in Eq. (23) represents the rainfall specific attenuation, and it
is rewritten as the power law expression below:

AS = 4.343 × 10−3
20∑
i=1

kextā
ςext · NT

σDi

√
2π

exp

{
−1

2

[
ln (Di)−μ

σ

]2
}

ΔDi = kLGNRαLGN (25)

Substituting Equation (24) into (23), the total predicted path attenuation with the Lognormal
distribution model is given by:

A (dB) = kLGNRαLGN · LE (26)

where LE is the effective path length as described in (11); R is the rainfall rate in (mm/h); kLGN and
αLGN are lognormal regression coefficients depending on the frequency of transmission.

3.4. The Modified Gamma Rain Attenuation Model

This model is formulated based on the Modified Gamma Model (GM) as given in [16]. The Modified
Gamma raindrop size distribution model is thus given by:

N (Di) = Nm (Di)μ exp (−ΛDi) (27)

Substituting Eq. (26) into Eq. (21), we have:

A (dB) =

[
4.343 × 10−3

20∑
i=1

kextā
ςext · Nm (Di)

μ exp (−ΛDi)ΔDi

]
· LE (28)

where the expression between square brackets in Eq. (27) represents the rainfall specific attenuation,
and it is rewritten as the power law expression below:

AS = 4.343 × 10−3
20∑
i=1

kextā
ςext ·Nm (Di)

μ exp (−ΛDi) ΔDi = kGMRαGM (29)

Substituting Equation (28) into (27), the total predicted path attenuation due to rain with a modified
Gamma distribution is given by:

A (dB) = kGMRαGM · LE (30)

where LE is the effective path length as described in Eq. (11); R is the rainfall rate in (mm/h); kGM

and αGM are modified gamma regression coefficients depending on the frequency of transmission.

3.5. The Weibull Rain Attenuation Model

This model is formulated based on the Weibull distribution (WBL) as presented in [16, 17]. The Weibull
rainfall drop size distribution model is given by:

N (Di) = Nw

(
β

γ

) (
Di

γ

)β−1

exp

[
−

(
Di

γ

)β
]

(31)

Substituting Eq. (30) into Eq. (21), we have:

A (dB) =

[
4.343 × 10−3

20∑
i=1

kextā
ςext ·Nw

(
β

γ

) (
Di

γ

)β−1

exp

[
−

(
Di

γ

)β
]

ΔDi

]
· LE (32)
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where the expression between square brackets in Eq. (31) represents the rainfall specific attenuation,
and it is also rewritten as the power law expression below:

AS = 4.343 × 10−3
20∑
i=1

kextā
ςext ·Nw

(
β

γ

)(
Di

γ

)β−1

exp

[
−

(
Di

γ

)β
]

ΔDi = kWBLRαWBL (33)

Substituting Eq. (32) into Eq. (31), the total predicted path attenuation due to rain with a Weibull
distribution is given by:

A (dB) = kWBLRαWBL · LE (34)

Here LE is the effective path length as described in Eq. (11); R is the rainfall rate in (mm/h); kWBL and
αWBL are Weibull regression coefficients depending on the frequency of transmission. Table 4 presents
values of coefficients k and α for LGN, GM, and WBL models as given in [36].

Table 4. Coefficients k and α for different models, Durban at 20◦C [36].

Frequency (GHz) LGN Model GM Model WBL Model

12.6 k α k α k α

0.017 1.097 0.0174 1.095 0.0129 1.290

3.6. The Optimized Rain Drop Size Distribution Model for Equatorial Africa

This is a new “Optimized” rainfall DSD model developed by Sumbiri and Afullo using rainfall
measurement undertaken in Butare, Rwanda, Central Africa [18]. This model is given by the following
expression [18]:

N (Di) =
NT

CσDi

√
2π

exp

{
−1

2

[
ln (Di) − μ

σ

]2
}
{1 + α exp(−(Di)} (35)

Substituting Eq. (34) into Eq. (21), we have:

A (dB)=

[
4.343×10−3

20∑
i=1

kextā
ςext

NT

CσDi

√
2π

exp

{
−1

2

[
ln (Di)−μ

σ

]2
}
{1+α exp(−(Di)}ΔDi

]
·LE (36)

where the expression between square brackets in Eq. (35) represents the rainfall specific attenuation,
and it is, again, rewritten as the power law expression below:

4.343×10−3
20∑
i=1

kextā
ςext

NT

CσDi

√
2π

exp

{
−1

2

[
ln (Di)−μ

σ

]2
}
{1 + α exp(−(Di)}ΔDi = kOptR

αOpt (37)

Substitution of Equation (36) into Equation (35), the total predicted path attenuation due to rain with
the proposed distribution can be calculated as follows:

A (dB) = kOptR
αOpt · LE (38)

where LE is the effective path length as described in Eq. (11); R is the rainfall rate in (mm/h); coefficients
kOpt and αOpt are equal to 0.0212 and 1.1091 respectively at 12.6 GHz [37].

4. RESULTS AND DISCUSSION

During these rainfall measurements, all rainfall events have been recorded, with the maximum and
minimum rainfall rates being 250 mm/h and 0.0058 mm/h, respectively, for the entire period of
measurement. Then six different rainfall events with maximum rainfall intensities ranging between
10 mm/h and 40 mm/h for shower rainfall events and from 40 mm/h up to about 50 mm/h for
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Figure 3. Time series of predicted and measured attenuation due to rain for event of 21/08/2014.

thunderstorm rainfall events recorded between 2014 and 2016 have been chosen and converted to rainfall
attenuation time series using different attenuation prediction models presented in Section 3. For any
given frequency and path length, these models can be used to calculate the predicted rainfall attenuation
on any earth space link. Figures 3 to 8 present the comparison between the generated rainfall attenuation
time series and the attenuation due to rain measured over the 12.6 GHz link for different rainfall events
in Durban. As indicated earlier, the reason that we restrict our paper to rain rates up to 50 mm/h
is that from experience with the satellite receiver, for rain rates higher than 50 mm/h, the receiver
squelches, hence there would be no indication of “measured attenuation”.

For the shower range (rain rates between 10–40 mm/h), we have 5 plots, with maximum rain rates at
21.3 mm/h, 23.69 mm/h, 27.81 mm/h, 32.2 mm/h, and 38.06 mm/h. For the thunderstorm regime, above
40 mm/h, we have a single plot, with peak rain rate at 45.02 mm/h. Figure 3 presents a comparison
between the converted rainfall attenuation time series using different attenuation prediction models
for a rainy event on 21/08/2014. As shown in the plot, the peak rainfall attenuation occurs when the
corresponding rain rate is at the maximum. Note that what is of interest is the instantaneous attenuation
rather than cumulative attenuation. We are thus focusing on the measured and estimated attenuation
at the highest rain rate for any given rain event. In Figure 3, at the peak rain rate R = 21.36 mm/h,
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Figure 4. Time series of predicted and measured attenuation due to rain for event of 11/05/2014.

the corresponding attenuation peak values are: ALGN = 5.3 dB, AGM = 5.4 dB, AWBL = 7.0 dB,
AOpt·E·A = 6.7 dB, AITU -R = 9.3 dB, ASST = 8.1 dB and the measured rain attenuation Am = 7.2 dB,
which is closest to the prediction due to the Weibull attenuation model. Similarly, in Figure 4, the
predicted and measured rain attenuation time series for a rainy event on 11/05/2014 are compared. As
shown in the plot, at the peak rain rate R = 23.69 mm/h, while the corresponding attenuation peak
values are: ALGN = 5.9 dB, AGM = 6.0 dB, AWBL = 7.9 dB, AOpt·E·A = 7.3 dB, AITU -R = 10.3 dB,
ASST = 9.2 dB, and the measured rain attenuation Am = 7.6 dB which is closest to the predictions due
to the Optimised and Weibull attenuation models.

In Figure 5, the predicted and measured rain attenuation time series for a rainy event on 01/10/2014
are compared. As shown in the plot, at the peak rain rate, R = 27.81 mm/h, while the corresponding
attenuation peak values are: ALGN = 6.9 dB, AGM = 7.0 dB, AWBL = 9.5 dB, AOpt·E·A = 8.7 dB,
AITU -R = 12.2 dB, ASST = 11.1 dB, and the measured rain attenuation Am = 8.3 dB, which is closest
to the value predicted by the Optimised attenuation model. In Figure 6, the predicted and measured rain
attenuation time series for a rainy event on 07/05/2016 are compared. Again, as shown in the plot, at the
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Figure 5. Time series of predicted and measured attenuation due to rain for event of 01/10/2014.

peak R = 32.2 mm/h, the corresponding attenuation peak values are: ALGN = 7.9 dB, AGM = 8.0 dB,
AWBL = 11.2 dB, AOpt·E·A = 10.0 dB, AITU -R = 14.1 dB, ASST = 13.2 dB, with the measured rain
attenuation Am = 8.98 dB, which is closest to the value predicted by the Optimised, Lognormal and
Gamma models. In Figure 7, the predicted and measured rain attenuation time series for a rainy
event on 07/05/2016 are compared. Again, at the peak rain rate of R = 38.06 mm/h, the corresponding
attenuation peak values are: ALGN = 9.32 dB, AGM = 9.45 dB, AWBL = 13.43 dB, AOpt·E·A = 11.71 dB,
AITU -R = 16.65 dB, ASST = 16.10 dB, and the measured rain attenuation Am = 9.84 dB, which is closest
to the values predicted by both Lognormal and Gamma models. Finally, in Figure 8, the predicted
and measured rain attenuation time series for a rainy event on 07/01/2016 are compared. At the
peak rain rate R = 45.02 mm/h, the corresponding attenuation peak values are: ALGN = 10.94 dB,
AGM = 11.08 dB, AWBL = 16.14 dB, AOpt·E·A = 13.74 dB, AITU -R = 19.65 dB, ASST = 19.63 dB, and
the measured rain attenuation Am = 10.7 dB, which is closest to the value predicted by the Lognormal
model.

Thus from the plots of Figures 3 to 8, results show that for a rainy event with low rain
rate (R < 10 mm/h), all rainfall attenuation predicted models underestimate the measured rainfall
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Figure 6. Time series of predicted and measured attenuation due to rain for event of 07/05/2016.

attenuation. In the range between 10 mm/h and 14 mm/h, the ITU-R prediction model predicts best as
it returns the lowest percentage error among all considered models. Between 14 mm/h and 20 mm/h,
the SST model performs better than the other considered models. Between 20 mm/h and 26 mm/h,
both Optimised and Weibull models predict best as they return lower percentage errors than the other
models. In the 26 mm/h to 34 mm/h range, the Optimized model predicts best as it returns the lowest
percentage error among all considered models, while above 34 mm/h, both Lognormal and Gamma
models are observed to predict best as they return lower percentage errors than the other presented
models.

The percentage error (E) between the predicted path attenuation Ap (dB) and the measured path
attenuation Am (dB) is defined by [18]:

E =
Ap − Am

Am
× 100% (39)

where Am (dB) is the measured path attenuation, and Ap (dB) is the predicted path attenuation.
From Table 5, from the first row at 10 mm/h and the second at 15 mm/h, it is seen that the

ITU-R model best fits the measurement with lowest percentage error value among all the models. At
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Figure 7. Time series of predicted and measured attenuation due to rain for event of 04/04/2014.

Table 5. Comparison between measured and predicted rainfall attenuation models.

R

(mm/h)
Am

(dB)
ALGN

(dB)
Error
(%)

AGM

(dB)
Error
(%)

AWBL

(dB)
Error
(%)

AOpt

(dB)
Error
(%)

AITU

(dB)
Error
(%)

ASST

(dB)
Error
(%)

10 4.73 2.5 46.8 2.5 46.8 2.9 38.9 3.1 34.2 4.2 12.1 3.3 29.5
15 5.91 3.7 36.8 3.8 35.8 4.7 21.1 4.7 20.5 6.4 8.5 5.4 9.1
20 6.92 5.0 28.1 5.1 27.0 6.5 5.9 6.3 9.5 8.7 25.3 7.5 9.0
25 7.82 6.2 20.7 6.3 19.5 8.4 7.5 7.8 0.2 10.9 39.5 9.8 25.5
30 8.64 7.4 14.2 7.5 13.0 10.3 19.4 9.3 7.9 13.1 51.9 12.2 40.8
35 9.40 8.6 8.5 8.7 7.3 12.2 30.3 10.8 15.0 15.3 63.0 14.6 55.2
40 10.11 9.8 3.5 9.9 2.1 14.2 40.3 12.3 21.4 17.5 72.97 17.1 68.8
45 10.79 10.9 1.4 11.1 2.7 16.1 49.5 13.7 27.3 19.6 82.1 19.6 81.9
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Figure 8. Time series of predicted and measured attenuation due to rain for event of 07/01/2016.

20 mm/h, it is seen that the Weibull model predicts better as it returns lower percentage error than
other considered models. At 25 mm/h and 30 mm/h, results show that the Optimized model predicts
the measured attenuation better than the other models. At 35 mm/h, the Gamma attenuation model
provides the best prediction, while At 40 mm/h and 45 mm/h, the Lognormal and Gamma models
perform best, as they give the lowest percentage error values among all presented models. For example,
at 35 mm/h, the difference between the measured attenuation and the predicted attenuation corresponds
to the following percentage errors: 8.5%, 7.3%, 30.3%, 15.0%, 63.0% and 55.2%, for the LGN, GM,
WBL, Opt. EA, ITU-R, and SST models, respectively. For R = 40 mm/h, the difference between the
measured attenuation and predicted attenuation values corresponds to the following percentage errors:
3.5%, 2.1%, 40.3%, 21.4%, 73.0%, and 68.8% for the LGN, GM, WBL, Opt. EA, ITU-R, and SST
models, respectively. Finally, for R = 45 mm/h the difference between the measured attenuation and
predicted attenuation values corresponds to the following percentage errors: 1.4%, 2.7%, 49.5%, 27.3%,
82.1%, and 81.9% for the LGN, GM, WBL, Opt. EA, ITU-R, and SST models, respectively.

Averaging the percentage error for the eight sampled rain rates from 10 mm/h to 45 mm/h, it is
seen that the “Optimized” model presents the lowest average error of 17.7%, followed by the Gamma
model with an average error of 19.3%, the Lognormal model with an average error of 20.0%, the Weibull
model with 26.6%, the SST model with 40.0%, and the ITU-R model with 44.4%. These are plotted
in Figures 9 and 10, where we note that the Lognormal and Gamma models have almost identical
error trends, with their lowest error at the higher rain rates above 35 mm/h. On the other hand, the
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Figure 9. Measured and predicted rain attenuation at peak rain rate.

Figure 10. Percentage error between measurement and prediction at various rain-rate peaks.

“Optimized” and Weibull models tend to reduce the errors for both lower rain rates (widespread and
shower) and the thunderstorms.

The cumulative distribution of rainfall attenuation over three years between 2014 and 2016 in
Durban is plotted in Figure 11. From Figure 11, as per ITU-R recommendation, to get 99.99%
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Figure 11. Rainfall attenuation exceedence probability in Durban averaged over three years, 2014–
2016.

Figure 12. Comparison between measured rainfall attenuation and predicted rainfall attenuation
Models.

availability, the estimated fade margin varies between 9.4 dB and 17.1 dB, where the measured rainfall
attenuation is 9.9 dB, which is closest to the Lognormal prediction at this point. Figure 12 presents a
comparison between measured rainfall attenuation and those converted by different rainfall attenuation
models. From these plots, one observes that these attenuation prediction models have varying
performances as the rainfall rate increases.

For the overall performance of the link, all the proposed attenuation models are tested up to
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Table 6. Error estimation from different attenuation models.

Rain rate (mm/h) LGN GM WBL Opt. EA ITU-R A (SST)
10 ≤ R < 40 1.654 1.581 1.857 1.114 3.832 3.223
40 ≤ R < 50 0.622 0.712 5.617 3.202 9.105 9.137

50 mm/h rainfall rate using the root mean square error (RMSE). The RMSE test is given by [18]:

RMSE =

√√√√ 1
n

n∑
i=1

[f∗ − f ]2 (40)

where f∗ is the measured attenuation and f the predicted attenuation and n the sample size.
Using Equation (39), the evaluated results are presented in Table 6. From this table, the

“Optimized” attenuation prediction model best fits with RMSE of 1.114 for the rainfall events with
rain intensities between 10 mm/h and 40 mm/h. Between 40 mm/h and about 50 mm/h, the Lognormal
attenuation prediction model best fits the measurement with the lowest RMSE value of 0.622 compared
to the other models.

5. CONCLUSION

In this paper, the ITU-R model, Synthetic Storm Technique, and other raindrop size distribution models
are used to generate rainfall attenuation time series from rainfall rate measurements collected in Howard
College, University of Kwa-Zulu Natal. Error analysis based on comparisons between predicted rainfall
attenuation models and measured rainfall attenuation at 12.6 GHz satellite TV link shows that the
“Optimized” and Lognormal attenuation prediction models best predict the attenuation, as they give
the closest results to the measurement. Indeed, for the shower regime (up to 40 mm/h), the Optimized
model gives the best estimate of attenuation due to rain in South Africa, while for the thunderstorm
range (rain rates above 40 mm/h), the Lognormal attenuation model (closely followed by the Gamma
model) is recommended for prediction in order to implement fade mitigation over Ku-band Satellite
links in South Africa.
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