Chapter 36 )
Optimal Rain Attenuation Prediction ez
Models for Earth-Space Communication

at Ku-Band in North Central Nigeria

K. C. Igwe

Abstract Precipitation adversely affects satellite-earth links operating at frequen-
cies > 10 GHz. This paper evaluates five of the best performing rain attenuation
models for earth-space links so as to obtain the optimal models for North Central
Nigeria. The models considered are ITU-R P.618-9, Bryant, Simple attenuation,
Garcia-Lopez and Svjatogor. Also, three elevation angles were considered: 55° (the
look angle of most satellite receivers over the Atlantic Ocean Region (AOR) in
Nigeria), 23° (the look angle of receivers over the Indian Ocean Region (IOR)) and
42.5° (the look angle of Nigeria’s communication satellite (NIGCOMSAT-1R) over
the AOR). 2—4 years of 5-min integration time rainfall data was obtained from the
Centre for atmospheric research (CAR), Anyigba, Nigeria. The cumulative distri-
bution of rain attenuation at Ku-band was predicted for circularly polarised signals
at different percentages of time of the year. Results obtained showed that the ITU-
R P.618, Garcia-Lopez and Bryant models performed optimally in this region with
attenuation values ranging from 6 to 19 dB at exceedance time percentage of 0.01%
in all the stations.

36.1 Introduction

Amongst the debilitating atmospheric effects on satellite-earth links propagating
at higher frequency bands (>10 GHz), attenuation by rain is most deleterious to
the system’s functionality [1-5]. Therefore, it is important to carefully analyse and
quantify the extent of attenuation by rain at the frequency of interest [6].

During rainfall, radio waves propagating through the atmosphere at these high
frequencies are either absorbed or scattered, thereby resulting to signal reduction
[7]. Scattering may in addition cause interference on the radio paths. In the super
high frequency (SHF) band, where the wavelength of the radio wave is longer in
comparison with the rain drop size, attenuation by absorption will exceed that by
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scattering. Conversely, in the extreme high frequency (EHF) band and beyond where
the wavelength is shorter than the rain drop dimension, attenuation by scattering will
be more pronounced [8].

It is difficult to determine the attenuation of electromagnetic signals due to rain
because of the unstable nature of rain. Thus, since drop sizes vary temporally and
spatially, they do not have a definite arrangement for rainfall rates [9].

Attenuation induced by rain is an important propagation effect that should not
be neglected in satellite system design. For optimal analysis of rain attenuation, it
is imperative that the corresponding rain rate is accurately evaluated [10]. Some
recent works on rain rate attest to this deduction [11-14] Satellite beacon signals and
radiometers are often used to measure rain-induced attenuation but such measure-
ments are done only in very few locations of the world and thus impossible to directly
apply the obtained results to all locations. Consequently, in order to make inputs for
system margin calculations to be available in every region of the world, meteoro-
logical data have been obtained and different rain attenuation models have been
developed [15].

In Nigeria, NIGCOMSAT-1R operates on Ku and Ka bands. It is therefore impor-
tant to know the extent of rain-induced attenuation on satellite-earth links in various
locations so as to guide satellite system designers on enhancing the quality of local
network contents [16].

This paper therefore evaluates the degree of attenuation induced by rain on
satellite-earth communication and further investigates the optimal rain attenuation
prediction models in North Central Nigeria by using rainfall data of 5-min integration
time as against daily rainfall data used in [16].

36.2 Background

36.2.1 Rainfall Rate Model

Lavergnat-Gole model. The application of this model is given in [17]. It converts
cumulative distribution of rain rate from integration time t;, to the desired integration
time t,. This is done by using a conversion factor given as the ratio of the integration
times:

P>(Ry) = CF“Pi(Ry) (36.1)

where

CF=2= (36.2)
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and
R, =R|/CF" (36.3)

P, and P, are the cumulative probabilities obtained with rain gauges of t; (min)
and t, (min) integration times respectively, while R; (mm/h) and R, (mm/h) are the
rain rates for P; and P, respectively.

Parameter ‘a’ depends on the region of interest. For the temperate region, it is
0.115 [18], while a value of 0.143 was deduced by [19] for the tropical climatic
region. This model was used for the rain rate computation since it has recently been
adjudged the optimal rain rate model for the North Central region of Nigeria [20].

36.2.2 Rain Attenuation Models

For the rain attenuation models, five amongst the best performing models were
selected for rain attenuation estimation in this work. These are the globally accepted
ITU-R P.618-9 [21], Bryant [22], Simple attenuation [23], Garcia-Lopez [24] and
Svjatogor models [25]. The ITU-R P.618-9 model is explained in detail here, while
the other four models are only defined because of space constraint. Their detailed
explanation can be found in [16].

ITU-R P. 618-9 model. Rain rate at 0.01% exceedance is used for rain attenuation
prediction in this model. Then an adjustment factor is applied for prediction at other
percentage exceedances. The parameters required for the procedures are:

Roo1 (mm/h) point rainfall rate at 0.01% of a year.

hg (km) Station height above mean sea level
0 (degrees) Elevation angle

@: (degrees)  Latitude of the station

f (GHz) Frequency

The following steps are required for the computation:

Step 1  Compute the rain height, sz from ITU-R P. 839-3 [26]:
hg = ho + 0.36km (36.4)

where £, is 0 °C isotherm height above mean sea level.
Step2  Determine the slant path length, Lg from:
hgr —h
Lg= R : s
Sin6

(36.5)

Step3  Compute the horizontal projection, L of slant path length using:
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Step 4
Step 5

Step 6

Step 7

Step 8

Step 9

Step 10

K. C. Igwe
L = LgCos6 (36.6)

Input Ry p; (mm/h).
Calculate the specific attenuation, ygo.o0; (dB/km) at 0.01% from:

Yroo1 = kR o1 (36.7)
where k and « are frequency functions determined from ITU-R P.838-3

[27].
Compute the horizontal reduction factor, rj00; using:

1
Tho.01 = - (36.8)
1 +0.78, /(%) —0.38[1 — exp(—2Lg)]
Calculate the vertical adjustment factor, vy o; (km):
L
Lp= 20000 o0 (36.9)
cosf
otherwise,
Hpy — Hg
Lg=——F——, forp <6 (36.10)
sinf
where
Hp — H
o = tan~H (=2 —55) (36.11)
Lgrio.on
therefore,
1
Vool = - (36.12)
1+ /5B [31 (1 — exp(— 7 ) ) YEer — 0.45]
where o0 = 36 — |¢|, for|p| < 36°; for|p| > 36°,0 =0
The effective path length L,¢s(km) is calculated from:
Lg = Lgvgor (36.13)

Compute the predicted rain attenuation at 0.01% of an average year using:
Aoo1 = Yroo1 LE (36.14)

Obtain the attenuation for other percentage exceedances from:
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p—10.655+0.033In(p)~0.045In(Ag 1) ~zsind (1 p)]
A,(dB) = Ao.m(m) (36.15)

where p is the percentage probability of interest. z is obtained from:

2 =0ifp > 1%or|p| > 36 (36.16)

z = —0.005(|¢| — 36)ifp < 1%and|p| < 36° forf > 25°;, (36.17)
else

z = —0.005(]¢| — 36) + 1.8 — 4.255in6, ford < 25°and|g| < 36°
(36.18)

Bryant Model. The Bryant attenuation model uses the ‘effective rain cell’ and
‘variable rain height’ concept to compute rain attenuation.

Simple Attenuation Model. This model also uses point rainfall rate for prediction.
As an improvement from an earlier version, the effect of wave polarisation is now
incorporated [28]

Garcia-Lopez Model. The Garcia-Lopez attenuation model is an extension of the
one proposed for terrestrial links. In this model, separate coefficient values are
adopted for tropical regions during computation.

Svjatogor Model. This is a type of rain attenuation model whose effective rain height
is a function of the rain intensity.

36.3 Methodology

Rainfall at 5-min integration time was collected at the Tropospheric data acquisition
network (TRODAN) located at the mini campus of Federal University of Technology,
Minna, Nigeria. This data acquisition station was set up by the Centre for atmospheric
research (CAR), Anyigba, Nigeria. Data from four other Universities in the North
Central region where the TRODAN weather stations are also situated were used
in this work. These are Kogi State University, Anyigba, Benue State University,
Makurdi and the Universities of Abuja and Jos. The rainfall data was measured by
the Campbell CR-1000 data logger. Figure 36.1 shows the TRODAN weather station.

The Lavergnat and Gole model outlined in Egs. (36.1)—(36.3) was used to estimate
the rainfall rate (mm/h), while the ITU-R P.618-9 outlined in Egs. (36.4)—(36.18),
the Bryant, Garcia-Lopez, Simple attenuation and Svjatogor models were used to
predict the rain attenuation. Circular polarisation was considered and the Ku-band
downlink centre frequency of 12.675 GHz was used in the analysis. Also, three
elevation angles were considered. These are 55° (Look angle of satellite receivers



Fig. 36.1 a The TRODAN weather station (Campbell data logger and solar panel). b Tipping
bucket rain gauge

over the AOR in Nigeria), 42.5° (Look angle of NIGCOMSAT-1R over the AOR)

and 23° (Look angle of receivers over the IOR).

Table 36.1 lists the input parameters needed for the rain attenuation prediction

models.

Table 36.1 Input parameters for the rain attenuation prediction models

Rain model Py Hs 0 f k, o Rp(p) Ro.01
Bryant «/ «/ «/ \/

Garcia-Lopez J Vv Vv N v

ITU-R P618-9 J J J J J J
sAM v v Y VRN

Svjatogor v v v v

where \: latitude of the station (°), Hg: altitude of the station (km), 6: elevation angle (°), f: frequency
(GHz), k and a: frequency and polarisation dependent coefficients [27], p: time percentage of the
year (%), Ry(p): point rainfall rate distribution (mm/h), Ro,o1: point rainfall rate at 0.01% (mm/h)
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Table 36.2 Computed rainfall rate at 0.01%

Station Lat (°N) Lon (°E) Altitude (m) Ry o1 (mm/h)
Minna 9.54 6.54 249 75.50
Anyigba 7.25 7.18 420 37.80
Makurdi 7.70 8.50 142 75.50
Abuja 9.00 7.28 334 44.00
Jos 9.58 8.57 1110 75.50

36.4 Results and Discussion

36.4.1 Rainfall Rate Estimation

The station characteristics, including the computed rainfall rate Ry ; for the North
Central region are given in Table 36.2.

36.4.2 Rain Attenuation Prediction

The five predefined models were used to predict rain attenuation at the five stations
and comparison of the results were made based on the ITU-R P.618 model. This is
because the ITU-R P.618 model has been widely accepted as a very accurate method
for estimating rain attenuation on satellite-earth link systems all over the world.
When measured data are not available, developed models are usually compared with
it [29] since it has been shown that the ITU-R P.618 prediction model agrees closely
with measured attenuation values [30-33].

Tables 36.3, 36.4 and 36.5 give values of the relevant input parameters computed
using ITU-R P.618-9 model for the three elevation angles.

Figure 36.2a—e show the cumulative distribution of predicted rain attenuation for
the stations at 55° elevation angle

From Fig. 36.2, it can be seen that predictions by Bryant and Garcia-Lopez models
are close to that of the ITU-R P.618-9 model, though with little deviations of about

Table 36.3 Computed input parameters at 55° elevation angle

Station hg (km) Ls (km) Lg (km) Lg (km)
Minna 4.79 5.54 3.18 3.61
Anyigba 4.75 5.28 3.03 5.04
Makurdi 4.76 5.64 3.23 3.68
Abuja 4.76 5.40 3.10 4.72
Jos 4.76 4.45 2.55 3.22
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Table 36.4 Computed input parameters at 42.5° elevation angle

Station hg (km) Ls (km) Lg (km) Lg (km)
Minna 4.79 6.72 4.95 3.67
Anyigba 4.75 6.41 4.72 5.25
Makurdi 4.76 6.84 5.04 3.75
Abuja 4.76 6.55 4.83 4.89
Jos 4.76 5.40 3.98 3.30
Table 36.5 Computed input parameters at 23° elevation angle

Station hg (km) Ls (km) Lg (km) Lg (km)
Minna 4.79 11.61 10.69 5.02
Anyigba 4.75 11.08 10.20 7.22
Makurdi 4.76 11.82 10.88 5.14
Abuja 4.76 11.33 10.43 6.70
Jos 4.76 9.33 8.59 4.51

2-5 dB. It can also be observed that stations that recorded the same rainfall rates
at 0.01% have close attenuation values, while the attenuation values are different in
stations with different point rainfall rates. This can be noticed in Minna and Makurdi
that both recorded 75.5 mm/h at 0.01%. The computed attenuation by the ITU-R
P.618-9 model is 13.5 dB for Minna and 13.8 dB for Makurdi. Jos station, with the
same value of rain rate also recorded very close attenuation value of 12.0 dB. This
trend is replicated by the Bryant and Garcia-Lopez models. Stations like Abuja and
Anyigba that recorded lower point rainfall rates had lower rain attenuation computed
by the models. The Simple attenuation and Svjatogor models underestimated the rain
attenuation as predicted values deviated greatly from those of the other models. The
attenuation values computed by the best performing models are further presented in
Table 36.6 for clearer illustration.

It is clearly shown in Table 36.6 that these three models also predicted closely at
the other time percentage exceedances of 0.001, 0.1 and 1%.

The cumulative distribution of predicted rain attenuation at 42.5° elevation angle
are presented in Fig. 36.3a—e.

From Fig. 36.3, itis observed that predicted rain attenuation values are a bit higher
at42.5° elevation angle when compared with values obtained at 55°. The deviation in
values between the two elevation angles is about 2—5 dB for the entire distribution.
Again, values predicted by the Bryant and Garcia-Lopez models are close to the
ITU-R P.618, while computed values from SAM and Svjatogor models are low.

Figure 36.4a—e show the cumulative distribution of predicted rain attenuation at
23° elevation angle
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Fig. 36.2 Predicted attenuation at 55° elevation angle

propagating at higher elevation angles.

From Fig. 36.4, It is observed that there is an increase in the computed attenuation
values at 23° elevation angle. These higher values are due to the longer path length
of the rain region associated with this lower angle. This implies that satellite-earth
links propagating at this elevation angle will suffer more signal outage than those
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Table 36.6 Predicted rain attenuation for the three best attenuation models

% Exceedance Stations ITU-R P.618-9 (dB) Bryant (dB) Garcia-Lopez (dB)
0.001 Minna 21.5 19.5 18.0
Abuja 16.0 13.0 11.0
Makurdi 21.5 19.5 18.0
Anyigba 15.0 12.0 9.0
Jos 19.5 16.0 17.0
0.01 Minna 13.5 12.0 11.0
Abuja 10.0 8.0 6.5
Makurdi 13.8 12.0 11.0
Anyigba 9.0 7.0 5.6
Jos 12.0 9.7 10.6
0.1 Minna 6.0 5.0 5.0
Abuja 33 32 2.6
Makurdi 5.0 5.0 5.0
Anyigba 3.0 3.0 2.3
Jos 4.0 4.0 4.5
1 Minna 1.1 1.0 0.9
Abuja 0.8 0.6 0.5
Makurdi 1.2 1.0 0.9
Anyigba 0.7 0.5 0.4
Jos 1.0 0.8 0.8

36.5 Conclusion

Rain attenuation predictions on satellite-earth links at Ku-band middle frequency
operating at 55°, 42.5° and 23° elevation angles were made using five different
rain attenuation models. For the computed rain attenuation, it has been shown that
higher attenuation was experienced at lower percentage of time exceedance, while
lower attenuation was experienced at higher percentage of time exceedance. Also, for
the three elevation angles considered, rain attenuation was highest at 23°, followed
by 42.5°, while 55° elevation angle had the lowest computed attenuation (though
with slightly lower values than at 42.5°). This implies that higher attenuation is
experienced at lower elevation angles, while lower attenuation is experienced at
higher elevation angles. In all the stations, attenuation generally ranged from 6 to
14 dB at 55° elevation angle, 6 to 14 dB at 42.5° elevation angle and from 6 to 19 dB
at 23° elevation angle at time percentage exceedance of 0.01% for models with close
predictions.



36 Optimal Rain Attenuation Prediction Models for Earth-Space Communication ...

—=—ITU-R

—e— GARCIA
—=— SAM

—v— BRYANT
—*— SVJATOGOR

Attenuation (dB)

1E-3 0.01 0.1 1 10
Percentage exceedance (%)

(a) Minna

—=— ITU-R
—e— GARCIA
—a— SAM

—v— BRYANT
—*— SVJATOGOR

Attenuation (dB)

E-3 001 | 01 K 10
Percentage exceedance (%)

(c) Anyigba

Attenuation (dB)
>

Attenuation (dB)

425

—=—ITU-R

—e— GARCIA
—a— SAM

—v— BRYANT
—*— SVJATOGOR

E-3 0.01 0.1 1 10
Percentage exceedance (%)

(b) Abuja

20 —=—ITU-R

—e— GARCIA
—a— SAM

—v— BRYANT
—*— SVJATOGOR

Attenuation (dB)

1E-3 001 01 1 "0
Percentage exceedance (%)
(d) Makurdi
—=— ITU-R
—e— GARCIA
—— SAM
—v— BRYANT
—— SVJATOGOR

T
1E-3 0.01 0.1

1
Percentage exceedance (%)

(e) Jos

Fig. 36.3 Predicted attenuation at 42.5° elevation angle

In addition, results obtained have shown that three of the five models, the ITU-R
P.618, Garcia-Lopez and Bryant were in good agreement, while predictions from the
Simple attenuation and Svjatogor models underestimated the predicted rain attenu-
ation values. Thus, the ITU-R P.618, Garcia-Lopez and Bryant models can be used
to satisfactorily predict rain attenuation in North Central Nigeria.
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Fig. 36.4 Predicted attenuation at 23° elevation angle
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