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ABSTRACT: Satellite communication systems that work at frequency above 10 GHz can be severely affected by
atmospheric phenomena being the most important the attenuation due to rain. In order to satisfy availability and quality
of service specifications, fade mitigation techniques are designed and tested using experimental time series of rain
attenuation. These time series are synthesized from the estimated attenuation of rain to be exceeded for some
percentages of an average year. This paper presents a statistical model prediction based on peaks over threshold to
describe the rain attenuation exceeded for 0.01% of an average year for broadcast satellite services at Ku band. Then,
the predict attenuation is described by Pareto distribution and the time between fades by a nhonhomogeneous Poisson
process in monthly periods. This model is valid for elevation angles from 18° to 42° degrees and reflects the climate
change over the years.
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I.LINTRODUCTION

Satellite communication may endure channel impairments originated in the ionosphere and the troposphere that cause
variable duration fades. lonospheric effects influence systems operating below 3 GHz while tropospheric effects affect
systems operating above 3 GHz. The most important phenomenon that affect satellite communications in Ku band is
the rain precipitation causing absorption and signal scattering that increase with the frequency [1].

Fade mitigation techniques (FMTs) are designed and tested using experimental time series of rain attenuation in order
to satisfy availability and quality of service (QoS) specifications. These time series are synthesized form the long-term
distribution of rain attenuation, for this reason, many prediction model of rain attenuation have been proposed in order
to calculate the attenuation exceed for some percentage (%) of an average year (Ay) as: ITU-R model [2] which is a
madification of the DAH model [3], XCELL [4], SAM [5], among others.

Rain precipitation causes attenuation events that vary randomly in time and intensity, forthis reason, prediction models
are based on average attenuations at specific time periods. However,in order to guarantee availability and QoS
specifications it is necessary to analyze the time periods when the atmospheric attenuations exceed the average of
predictions. Peaks over threshold(POT) analysisallows to study the frequency and intensity of extreme events which
cause service loss.

I1.LBACKGROUND

Rain attenuation depends on the rain rate, elevation angle and frequency. The ITU-R recommendation [2] defines the
predicted attenuation exceed for 0.01% of an average exceed as:

Aoo1 = Vrlg 1)

whereL; is the effective path length. The specific attenuation y; is defined in [6] as yz = k(Rgo1)® with rain rate R
and frequency-dependent coefficients kand a. To use this recommendation it is necessary to have rain rate data. In
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absence of measured data, the ITU-R P.837 presents a map of rainfall [7], however, this map does not describe the
extreme events of rain fall.

Peaks over threshold analysisallows to study theextreme events and is used in several fields as a tool of risk analysis
[8].In satellite communication systems that are affected by atmospheric phenomena, the risks are connected to
parameters such as availability and QoS. Then, this analysis can be used in order to design adaptive fade mitigation
techniques. Many atmospheric phenomena have been modeled by POT analysis in order to estimate the climate change
[9] and the intensity of precipitation events [10-13].

The peaks over threshold (POT) analysis involves: choosing some threshold level, collecting into a sample the extreme
values which are above the threshold, and drawing conclusions based on the sample. Given a data setxy, x,, ..., x,,, the
excessy;over a threshold uare those x;with x > u. The values y; — uare the excesses over u. Then, the probability
distribution of the excessover the threshold can be modeled by the generalized Pareto distribution. Excess are rare
events that follow a Poisson law and can be described by a nonhomogeneous Poisson process [14].

I11. RAIN ATTENUATION BASED ON PEAKS OVER THRESHOLD

In this paper we proposed a statistical model based on peaks over threshold to describe the rain attenuation exceeded
for 0.01% of an average year for broadcast satellite communication at Ku band. This analysis is based on
meteorological data from 120 automatic weather station located in Mexican territory, this stations provide information
with 10 minute period of rain rate. Measurements were performed in a period of eleven years (January 2002 to
December 2012) in order to analyze the rainy season in the link to the geostationary satellite Intelsat 9 (-58° latitude).
This model is tested for elevation angles from 18° to 42° degrees.

The annual model is defined as:
GPDannual = (A0.01; A(T); 6(T): K(T)) (2)

wherethe generalized Pareto distribution (GPD) is composed for Pareto distributions that change its parameters in
monthly periods t. The Pareto distribution is defined as:

1
K(x— -1
f(Ago1;4,6,K) = %(1 n (5 )l)) . .

where 2, & and k are parameters of location, scale and shape respectively [14, 15].

Peaks over threshold represents a based to design adaptive mitigation techniques because it allows to analyze the signal
behavior when this is affect for rain attenuation that are under or over the threshold w. Then, it is possible design an
FMT in order to compensate the attenuation when the rain is under the threshold wu; and another that compensates the
attenuation when the rain is above the threshold.

IV.METHODOLOGY

Let Ag}n be the attenuation exceed for 0.01% of an average year with a 10 minute period for the ith automatic weather
station with 1 < i < 120. These attenuations are calculated following the ITU-R P-618 [2] with the rain rate data
collected for each automatic weather station.

In order to guarantee broadcast communication service in the Mexican territory, we must analyze the maximum
attenuation that occurs in each 10 minute period. Then, the attenuation A o, is defined for a 10 minute period t as:

Ao01(8) = max{A53, (©), AT (©), ., AL, (0), - AS (B} (@)

In order to select the optimum threshold, we follow a method based on mean residual life plot that was proposed by
Coles [15]: Let Agg1(1),A4001(2),...,Ag01(n) a sequence of measurements and Aggq (1), Ag01(2), ..., Ag o1 (k) the
sequence that represents the subset of data points that exceed a particular threshold uwith k < n. The threshold
excesses are defined as x o1 (j) = Ago1 () — ufor j = 1, ..., k. Then, the mean residual plot is defined as:
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Plot (u,- Xy bxoor () —ul)  u < Xo01 (max)  (5)

wheren,, is the number of observation that exceed the threshold u. The resulting plot allows to select an optimum
threshold which is a point where the plot is virtually linear. In order to design and adaptive FMT, the point to be
selected will be the highest.

Finally, the probability density function of Pareto distribution is defined in equation (3) [14, 15]. And the annual model
is described in the equation (2).

V. RESULTS AND DISCUSSION

Rainy season in Mexico covers from June to October [16], for this reason, POT analysis is applied only in these months
for the eleven years of measurements. August 2012 is selected in order to detail step by step the peaks over threshold
analysis. Fig. 1 shows the 120 automatic weather stations located in all Mexican territory.
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Fig. 1: Automatic weather stations

Using equations (1) and (4), we obtain the attenuation exceed for 0.01% of an average year with a 10 minute period.
Fig. 2 shows Ag o1 (t) for August 2012.
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Fig. 2: Rain attenuation exceed for 0.01% of an average year (August 2012)

The optimum threshold is selected using the mean residual life plot described in equation (5). The mean residual life
plot for August 2012 is shown in fig. 3. This figure is generated using extremes toolkit in R [17] and shows that it is
possible to select a threshold w in the interval (0, 3.5).
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Fig. 3: Mean residual life plot (August 2012)

We select the maximum value for the threshold: u = 3.5. Then, the Pareto probability density function for A o4 is
shown in the fig.4 with the following parameters: u = 3.5, A = 0, § = 1.81 and Log(x) = —13.06.

=3
(=

04

i)
|

nz

0o

[¢]
=
]
=
]

Fig. 4: Pareto probability density function (August 2012)

The complete analysis for the 2012 is shown in the table I. This table contains all parameters of Pareto distribution for
the remaining months of the rainy season.

Table I: Pareto distribution for 2012 withu = 3.5and A =0

T Month 6 Log (k) | Time over threshold
1 June 1.9654 -1.8167 31.3(h)
2 July 1.7976 | -12.0709 39.2 (h)
3| August | 1.8127 | -13.0638 39.5 (h)
4 | September | 1.5996 | -13.0987 23.2 (h)
5 October 15679 | -14.1191 11.7 (h)

Then, the annual model for 2012 is defined using the equation (2) and the parameters of the table I.

Pareto distribution is calculated for the eleven years. Then, we can see that the parameters of Pareto distributions follow
a linear fit. Fig.6 and 7 shows the trend of the scale and shape parameter respectively.
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Fig. 5: Scale parameter of Pareto distribution for August (Eleven years analysis)

Linear fit for the scale parameter Spresents a correlation coefficient of 0.77 and standard error of 0.19.August 2010
presents outlines for the scale parameter because it exceeds by 199% the average. For this reason, it is not considered in
the linear fit analysis.
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Fig. 6: Shape parameter of Pareto distribution for August (Eleven years analysis)
For the linear trend of the shape parameter x: the correlation coefficient is 0.51 and the standard error is 1.31.

Finally, the linear fit is applied in all months. Then, the rainy season in Mexico is described by Pareto distribution were
their scale and shape parameters vary each year. This variations follow a linear trend. Fig.7 and 8 show the eleven years
analysis of the rainy season.
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Fig. 7: Scale parameter & for rainy season (eleven years analysis)

As shown in fig. 7, scale parameters follow a linear trend with positive slope except October. The positive slope means
that the rain attenuation increases over the years.
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Fig. 8: Shape parameter Log (k) for rainy season (eleven years analysis)

Fig. 8 shows the linear trend of the shape parameter. This statistical prediction model allow to calculate the parameters
of Pareto distribution for future years, this predictions reflect the climate change, for this reason, this approximation is
more accurate that the ITU-R recommendations.

As seen in table I:the service loos, without fade mitigation techniques that compensate the extreme rain events, is equal
to 39.5 hours for August 2012. Then, it is necessary to design an FMT to compensate this extreme rain phenomena, but
work all the time with a robust FMT is not efficient. For this reason, we propose the peaks over threshold analysis like
a based to design adaptive fade mitigation techniques. Then, a robust FMT just will work in presence of extreme rain
events.

VI.CONCLUSION

In broadcast satellite communication at Ku band for elevation angles form 18° to 42°, the rain attenuation exceeded for
0.01% of an average year can be described using peaks over threshold analysis. Then, the predict attenuation is
described by Pareto distribution and the time between fades by a nonhomogeneous Poisson process in monthly periods.

The Pareto distribution parameters (scale and shape) vary over the years following a linear trend. Then, this statistical
prediction model allows to calculate future Pareto distributions. These predictions reflect the climate change over the
years, for this reason, POT analysis allows to synthesizer future rain events with more accurate than static models.

Defining a threshold allows to design an adaptive fade mitigation technique. For this reason, POT analysis is an
attractive option to design: a robust FMT to compensate the attenuation when occurs extreme rain events and another
less robust FMT that compensate the attenuation when the rain attenuation is under the threshold.
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