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�e attenuation induced by rain is prominent in the satellite communication at Ku and Ka bands. �e paper studied the empirical
determination of the power law coe	cients which support the calculation of speci
c attenuation from the knowledge of rain rate
at Ku and Ka band for Koreasat 6 and COMS1 in South Korea that are based on the three years of measurement. Rain rate data
was measured through OTT Parsivel which shows the rain rate of about 50mm/hr and attenuation of 10.7, 11.6, and 11.3 dB for
12.25, 19.8, and 20.73GHz, respectively, for 0.01% of the time for the combined values of rain rate and rain attenuation statistics.
Comparingwith themeasured data illustrates the suitability for estimation of signal attenuation inKu andKa bandwhose validation
is done through the comparison with prominent rain attenuation models, namely, ITU-R P.618-12 and ITU-R P. 838-3 with the use
of empirically determined coe	cient sets. �e result indicates the signi
cance of the ITU-R recommended regression coe	cients
of rain speci
c attenuation. Furthermore, the overview of predicted year-wise rain attenuation estimation for Ka band in the same
link as well as di�erent link is studied which is obtained from the ITU-R P. 618-12 frequency scaling method.

1. Introduction

Rainfall has been recognized as one of the atmospheric e�ects
that has serious impacts on radio wave propagation [1].
�e path attenuation caused by heavy rainfall can result in
signals to become indistinguishable from the noise signal
of the receiver [2]. �e higher frequency bands such as Ku
(12/14GHz) and Ka (20/30GHz) aremost e�ective in satellite
communication and promise future demands of higher data
rate services. In this concern, satellite communication plays
a crucial role but the atmospheric propagation e�ects impair
the availability and quality of satellite links during the service
period [3]. �e higher frequencies band has been preferable
to provide direct to home (DTH) multimedia services [4].
Rain attenuation in satellite communication systems operat-
ing at Ka band frequencies is more severe than usually expe-
rienced at lower frequency bands [5]. A number ofmitigation
techniques have been envisioned and experimented over the
years, in an attempt to overcome the problem and tomake Ka
band satellite applications as commercially viable as those at
Ku band [6]. Direct measurement of rain attenuation for all

of the ground terminal locations in an operational network
is not practical, so modeling and prediction methods must
be used for better estimation of expected attenuation for each
location [7]. �e methods for the prediction of rain attenua-
tion for a given path have been grouped into two categories,
namely, physical and semiempirical approaches.�e physical
approach considered the path attenuation as an integral of
all individual increments of rain attenuation caused by the
drops encountered along the path. Unfortunately, rain cannot
be described accurately along the path without extensive
meteorological database, which does not exist inmost regions
of the world [8]. In addition, when physical approach is used,
then all the input parameters needed for the analysis are
not readily available [9]. Most prediction models therefore
resort to semiempirical approaches which depend on the
two factors, namely, rain rate at a point on the surface of
the earth and the e�ective path length over which the rain
can be considered to be homogeneous [10]. �e attenuation
on any given path depends on the value of speci
c atten-
uation, frequency, polarization, temperature, path length,
and latitude [11]. When the comparative analyses of the
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various rain attenuation prediction models for earth-space
communication have been carried out against the measured
results to predictions, the ITU-R P. 618-12 is preferred from
both its inherent simplicity and reasonable accuracy, at least
for frequencies up to approximately 55GHz [12]. �e short
integration time rain rate is an essential input parameter
required in prediction models for rain attenuation. In this
regard, local prediction model for 1-minute rain rate is ana-
lyzed in South Korea, where the modi
ed polynomial shows
the predictable accuracy for the estimation of 1-minute rain
rate distribution [13–15]. Similarly, rain attenuation had been
studied for Koreasat-3 satellite from the database provided
by the Yong-in Satellite Control O	ce where the ITU-R
predictionmodel for earth-space communication is analyzed
[16, 17]. �e preliminary bases for estimation of rain attenu-
ation on slant path applicable for Ka band have been studied
with the combined values of rain attenuation for three years
in South Korea [18]. In this paper, a technique for predicting
the rain attenuation of Ka bands satellite signals during rain
events at Mokdong-13 na-gil, Yangcheon-gu, Seoul, Republic
of Korea, has been presented which is analyzed from the
year-to-year variation of rain attenuation database provided
by National Radio Research Agency (RRA) and studied for
earth-space communication.

�e several prominent rain attenuation prediction meth-
ods have been studied in [21–29] where the performances
of ITU-R method required for the design of earth-space
telecommunication systems have been compared. �e prob-
lem of predicting attenuation by rain is quite di	cult,
because of nonuniform distribution of rain rate along the
entire path length. Most of the models show poor results
on severe climates [30]. �e best possible estimates given
by the available information can be provided by the use
of prediction models due to sparse measured data. �ese
measured distributions are compared with those predicted
by method currently recommended by the International
Telecommunication Union Radio Communication Sector
ITU-R P. 618-12 [12], rain attenuation obtained by integrating
the speci
c attenuation along the propagation path as per
the ITU-R P. 838-3 [31] approach. Although some research
activities are performed for Ku band satellite link in South
Korea region, fewer studies are done for Ka band link.
A theoretical study of rain attenuation factor has been
performed in South Korea as mentioned in [32], which
emphasizes the need of more experimental data for better
comparison with the existing rain attenuation models. �e
techniques in [18] have been further studied which utilizes
power law relationship between the e�ective path length and
rain rate at 0.01% of the time and predicts the attenuation
values for other time percentage as per the ITU-R P. 618-
12 extrapolation approach. �e rainfall rate at 0.01% of the
time has been useful parameter for estimation of rain induced
attenuation on slant path which can be seen in [33]. �e
prediction approach requires the statistical features of the
signal variation at the location obtained over a long term
period, three years in the present case on earth-to-space
propagation database at Ku and Ka band. �is paper studied
the result of measured rain attenuation as compared with
the cumulative probability distributions of ITU-R P. 618-12

Table 1: Regression coe	cients obtained from ITU-R P. 838-3
approach [31].

Satellite links k � Polarization

12.25GHz 0.024205 1.151616 Circular

20.73GHz 0.104750 1.010399 Circular

19.8 GHz 0.094139 0.986283 Vertical

and ITU-R P. 838-3 methods and studied the suitable means
to characterize the rain attenuation behavior for Ku and Ka
band satellite communication links. �e rest of this paper is
organized as follows. Section 2 shows the brief overview of
selected rain attenuation models. Experimental system along
with proposed approach is described in Section 3. Based
on the pertinent models and experimental setup, Section 4
presents the statistical analysis with particular emphasis on
predicted and measured rain attenuation along with the
frequency scaling technique adopted to predict attenuation
values for 20.73, 19.8 GHz links from 12.25GHz for the
same and di�erent path, respectively. Finally, conclusions are
drawn in Section 5.

2. Literature Review of Rain
Attenuation Models

�e attenuation prediction model consists of three method-
ologies: 
rstly, the calculation of speci
c attenuation [31];
secondly, the calculation of rain height [34]; and, thirdly,
the attenuation calculation methodology. Power law form
of rain speci
c attenuation is widely used in calculating
rain attenuation statistics. Path attenuation is essentially an
integral of individual increments of rain attenuation caused
by drops encountered along the path which required the
physical approach. Unfortunately, rain cannot be described
accurately along the path without extensive meteorological
database, which do not exist in most regions of the world.
Hence, total attenuation is determined as

� (dB) = �� (dB/km) × �e� (km) , (1)

where �� (dB/km) is the speci
c attenuation and �e� (km) is
the e�ective path length. �e� is the length of a hypothetical
path obtained from radio data dividing the total attenuation
by speci
c attenuation exceeded for the same percentage
of time. �e recommendation of the ITU-R P.838-3 [31]
establishes the procedure of speci
c attenuation from the
rain intensity.�e speci
c attenuation �� (dB/km) is obtained
from the rain rate� (mm/h) exceeded at� percent of the time
using the power law relationship as

�� = ���, (2)

where � and � depend on the frequency and polarization
of the electromagnetic wave. �e constants appear in rec-
ommendation tables of ITU-R P. 838-3 [31] and also can be
obtained by interpolation considering a logarithmic scale for
� and linear scale for �. Most of the existing rain attenuation
prediction models used the regression coe	cients � and �
to estimate the rain attenuation. �e calculated regression
coe	cients are listed in Table 1.
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Secondly, the mean annual rain height is determined
through the recommendation of ITU-R P. 839-4 [34] where
the 0∘C isotherm height above mean sea level is obtained
through the provided digital map. �irdly, the attenuation
calculation procedures di�er as per the applicable methods.
As an initial step, ITU-R P. 618-12 [12] has been tested against
available 
eld results of the experimental links for earth-
space communication at 19.8GHz for COMS1 and 12.25,
20.73GHz for Koreasat 6 satellites. �is requires the rain
rate at 0.01% of the time with 1-minute integration, height
above sea level of the earth station (km), elevation angle (	),
the latitude of the earth station (
), and frequency (GHz).
Similarly, the calculation of the horizontal reduction and
vertical adjustment factors is based on 0.01% of the time
exceedance whose detail approach can be found in [12]. �e
e�ective path length can be obtained using (3a), whereas the
total rain attenuation at 0.01% of the time (�0.01) can be
calculated using equation (3b):

�� = ��]0.01 km (3a)

�0.01 = ���� dB. (3b)

�e predicted attenuation exceedances for other time per-
centages of an average year can be acquired from the value
of�0.01 using the extrapolation approach as presented in (3c)
[12]:

If � ≥ 1% or |
| ≥ 36∘, 
 = 0.
If � < 1% and |
| < 36∘ and 	 ≥ 25∘, 
 = −0.005(|
|−36).
Otherwise, |
| < 36∘ and 	 < 25∘; 
 = −0.005(|
| − 36) +

1.8 − 4.25 sin 	.
��

= �0.01 ( �
0.01)

−(0.655+0.033 ln(�)−0.045 ln(�0.01)−�(1−�) sin 	) .
(3c)

In addition, to calculate the e�ective path length, Simple
AttenuationModel (SAM) [35] has been adopted.�ismodel
studied the relationship between speci
c attenuation and
rain rate, statistics of the point rainfall intensity, and spatial
distribution of rainfall on earth-space communication links
operating in the range of 10 to 35GHz. It considers the
exponential shape of the rain spatial distribution, which
includes the distinction between stratiform and convective
rain. �e e�ective path length is calculated from an e�ective
rain height which is expressed by (4a) and (4b). In stratiform
rain, with point � ≤ 10mm/hr, the rain height is constant
and equal to isotherm height above mean sea level whose
values is given by ITU-RP. 839-4 [34]. Similarly, in convective
rainstorms, when � > 10mm/hr, the e�ective rain height
depends on the rain rate because strong storms push rain
higher into the atmosphere, lengthening the slant path. �e
attenuation time series is depicted as [35]

��% = �� 
; ��% ≤ 10mm/hr (4)

� 
 = (�� − ��)
sin 	 , (4a)

where ��% and ��% are the attenuation and rain rate
exceeded for �% of time, � is speci
c attenuation due to

rainfall, � 
 is slant-path length up to rain height, �� is rain
height above mean sea level, �
 is station height, and 	 is
elevation angle of the top of rain height.

In convective rainstorms, when ��% > 10mm/hr, a mod-
i
ed value of e�ective path length is used for determination
of slant-path attenuation as

��% = �1 − exp [−�� ln (��%/10)] � 
 cos 	
�� ln (��%/10) cos 	 ;

��% > 10mm/hr,
(4b)

where � = 1/22. Furthermore, the empirical expression for
e�ective rain height�� is given as

�� =
{{
{{
{

�0; � ≤ 10mm/hr
�0 + log( �

10) ; � > 10mm/hr. (4c)

�0 is the 0∘C isotherm height. �e detail description on the
applicability of this model is described in [35].

3. Experimental Methods and Measurements

�eexperimental setup is installed at Korea Radio Promotion
Association building, Mokdong-13 na-gil, Yangcheon-gu,
Seoul, Republic of Korea (37∘32�45.25��N, 126∘52�58.8��E), by
National Radio Research Agency (RRA).�e beacon receiver
measures the level of Ku and Ka bands beacon of the Koreasat
6 satellite at 12.25 and 20.73GHz, respectively, using 1.8m
antenna whose speci
cation is detailed in Table 2. Similarly,
another beacon receiver is installed at the same place to
measure the Ka band beacon at 19.8GHz from COMS 1 using
similar sized antenna whose speci
cations are depicted in
Table 3. Both the receivers sample the data at an interval of
10 seconds which are averaged over 1-minute distribution for
further statistical analyses. Satellite links have availability of
99.95% and the schematic for the setup is shown in Figure 1.
In addition, an optical disdrometer, OTT Parsivel, is used
to measure the rain rates which operates simultaneously
with the monitoring system of satellite beacon signal whose
speci
cation is also given in Table 2. �ese antennas were
covered with radome to prevent wetting antenna conditions.
�e received signal levels were sampled every 10 seconds
and 
nally averaged over 1 minute. �e three years’ rainfall
intensities with 99.95% of the validity of all time were
collected by OTT Parsivel, a laser-based optical disdrometer
for simultaneousmeasurement of particle size and velocity of
all liquid and solid precipitation, for every 10 seconds whose
detail operation is mentioned in [18].

�e schematic diagram for system setup is shown in
Figure 1.

As shown in Figure 1, the o�set parabolic antenna is faced
towards Koreasat 6 and COMS 1 satellites. �e circularly
polarized beacon signal at 12.25, 20.73GHz from Koreasat 6
and vertically polarized signal at 19.8 GHz were downcon-
verted using separate Low Noise Block Converter (LNBC)
which is further described in [18]. �e experimental data
shows the receive signal level is relatively higher inKu band as



4 International Journal of Antennas and Propagation

Table 2: Speci
cations of the 12.25 and 20.73GHz links for Koreasat 6 satellite link [19].

Type Descriptions Speci
cation

System location

Location 37.5447∘N, 126.8833∘E

Elevation angle 45∘

Azimuth angle 197.5∘

Sea level (km) 0.055

Receiver antenna

Antenna type O�set parabolic

Frequency band (GHz) 10.95 ∼ 31

Beacon signal level for clear sky at 12.25GHz −80.5 dBm
Beacon signal level for clear sky at 20.73GHz −38.7 dBm

Polarization Circular

Gain 55 dB ± 2 dB

Optical disdrometer

Type OTT Parsivel

Measuring area 54 cm2

Range of measurement particle size 0.2 to 25mm

Range of measurement velocity 0.2 to 20m/s

Precipitation intensity 0.001 to 1200mm/hr

Operating temperature range −40∘C to +70∘C

Table 3: Speci
cations of the 19.8GHz link for COMS1 satellite link [19].

Type Descriptions Speci
cation

System location

Location 37.5459∘N, 126.883∘E

Elevation angle 46.5∘

Azimuth angle 177.8∘

Sea level (km) 0.055

Receiver antenna

Antenna type O�set parabolic

Frequency band (GHz) 10.95 ∼ 31

Beacon signal level for clear sky −37.3 dBm
Polarization Vertical

Gain 55 dB ± 2 dB

Koreasat 6
GPS antennaGPS signal receiver

Data 
logger

EMI test 
receiver

Signal 
selector

OTT Parsivel

COMS1

Koreasat 6
GPS antennaGPS signal receiver

r
EMI test 
receiver

Signal 
selector

OTT Parsivel

COMS1

Figure 1: Experimental setup for rain attenuation and rain rate measurement [19].

compared to Ka band where the beacon level at 12.25GHz is
relatively higher as compared to 19.8 and 20.73GHz during
no rain condition. �is is performed in order to obtain
suitable signal-to-noise ratio.�is hasmaintained the relative
level of gain and power consumption for the experimental
system. Figures 2(a), 2(b), and 2(c) show the sample record
of simultaneous measurements of received signal level and
rain rate for 12.25, 20.73, and 19.8GHz, respectively.�us, the
corresponding path attenuation is calculated by 
nding the
di�erence between the RSL during clear sky condition and

the RSL during rain for circularly and vertically polarized
received signals at various rain rates as follows:

Attenuation (dB) = RSLclear sky − RSLrainy. (5)

�e procedure used to obtain slant-path attenuation
exceedances for other time instances is further detailed in
[18] along with the cumulative distribution of 1-minute rain
rate for each year and when combined together. �e values
for rain attenuation and rain rate in di�erent time series
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Figure 2: (a) Variation of 12.25GHz signal level during a rain event [19]. (b) Variation of 20.73GHz signal level during a rain event [19]. (c)
Variation of 19.8GHz signal level during a rain event [19].

are extracted from the simultaneous measurement of rain
attenuation and rain rate at 10-second intervals. �e OTT
Parsivel starts recording the rain rate whenever the rain drops
pass through the laser beam.�ese rain rates are converted to
1-minute rain rate instances from the procedure asmentioned
in [17]. Similarly, beacon receiver received the beacon signals
at 
xed signal level for no rain condition. Whenever there
is the rainfall, then the corresponding beacon signals are
changed from the reference level. �us, the di�erence in the
signal level determines the required attenuation values.�ese
values are arranged for the 1-minute instance by following
the procedure mentioned in [17]. Finally, these data are
combined in the descending order and the required 1-minute
rain rate and rain attenuation values are determined for 1%
to 0.001% of the time. For instance, at 0.001% of the time,
1-minute rain rate and attenuation values are taken for about
16 (((3∗365∗24∗60∗0.001)/100) = 15.768 ≈ 16) instances
for 3 years of measurement. Similarly, for each year of
measurement, the values of about 5 (((1 ∗ 365 ∗ 24 ∗ 60 ∗
0.001)/100) = 5.256 ≈ 5) instances were considered at the
same percentage of time. �ese instances are calculated by
multiplying the number of years, the number of days in a
year, and hour and minute in a day, with the required time
percentage.

Figure 3 shows the rain attenuation for 12.25, 19.8, and
20.73GHz frequencies which are obtained on the yearly basis
and when combined together from 2013 till 2015. �e rain
rate is greater in 2013 and 2014 which resulted in higher rain
attenuation values of 10.8, 12.3 dB; 12.3, 11 dB; 12.1, 10.2 dB,
respectively, for 0.01% of the time. �e combined values
of rain attenuation indicate the lower attenuation values at
higher time percentages and higher values at lower time
percentage. For instance, the attenuation values of 7.9, 10.7,
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Figure 3: Distribution of rain attenuation at Mokdong [19].
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Figure 4: Rain attenuation versus rain rate [19].

and 19 dB; 6.2, 11.6, and 25.1 dB; 5.7, 11.3, and 18.9 dB are
observed for 0.1%, 0.01%, and 0.001% of the time, respectively.
In addition, year-wise variability of rain rate and rain atten-
uation are studied further to generalize the use of regression
and coe	cients k and� value for the better estimation against
the measured rain attenuation statistics.

Furthermore, the relation between rain attenuation and
rain rate is shown in Figure 4 for three years of measurement
along with the combined values. �is 
gure indicates that
there is the positive correlation between the rain rate and
rain attenuation. Additionally, the experimental procedure
carried out by Korea Metrological Administration (KMA)
is studied for better analyses of 1-minute rain rate statistics
which have been detailed in [18] along with the proposed
approach. �is emphasizes the need of measurement for
rainfall rate provided by RRA with longer duration.

4. Numerical Results and Discussion

�e analysis presented above is applied here to numerically
illustrate the relation between estimated and measured rain
attenuation. To this end, the Complementary Cumulative
Distribution Function (CCDF) for combined value of rain
attenuation for three years at 12.25, 19.8, and 20.73GHz
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Figure 5: Cumulative distribution of rain attenuation as compared
with ITU-R P. 618-12 [20].

along with the ITU-R P. 618-12 predicted values is shown
in Figure 5 in several time percentages, �, at equiprobable
exceedance probability (0.001% ≤ � ≤ 1%). As shown
in the 
gure, for 12.25GHz link, ITU-R P. 618-12 model
predictions show a close value at 0.01% of the time but it
di�ers signi
cantly against the rain attenuation CCDF in
lower and higher time percentage. At lower time percentage,
the di�erence in prediction is relatively lower as compared
to higher time percentage. For instance, the calculated 1-
minute rain attenuation values are 7.9, 10.7, and 19 dB while
the corresponding ITU-R P. 618-12 estimates 3.73, 11.14, and
23.49 dB for 0.1%, 0.01%, and 0.001% of the time, respectively,
under the combined values of rain attenuation distribution.
Under this aspect, the paper presents the discussion of ITU-
R P. 618-12 which is applied for year-wise rain attenuation
database and provides the overview of applicable regression
coe	cients for 12.25, 19.8, and 20.73GHz frequencies ranges.
�e better performance analyses of regression coe	cients are
done from error calculation in further part.

�e measurement is performed for 12.25, 19.8, and
20.73GHz links in years 2013, 2014, and 2015. Rain rate
is plotted against the rain attenuation values arranged for
time percentages 1% to 0.001% a�er applying power law so
as to generate regression coe	cients, k and �. �e curve

tting tool as presented in MATLAB program was used
to determine the empirical expression for e�ective length,
�e� , as mentioned in Table 4. �e� as obtained from SAM
approach is plotted against the respective year-wise rain
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Table 4: Regression coe	cients for three satellite links [20].

Satellite links Year Expression for �e� �2 k �

12.25GHz

2013 5.022 R−0.318 0.6539 0.6167 0.6323

2014 4.739 R−0.326 0.5926 0.2783 0.9692

2015 3.488 R−0.2794 0.5677 0.1778 0.9805

20.73GHz

2013 5.022 R−0.318 0.6539 0.2207 0.8974

2014 4.739 R−0.326 0.5926 0.1727 1.024

2015 3.488 R−0.2794 0.5677 0.3456 0.9017

19.8GHz

2013 5.022 R−0.318 0.6539 0.3242 0.8015

2014 4.739 R−0.326 0.5926 0.0201 1.596

2015 3.488 R−0.2794 0.5677 0.3266 0.9854

rate values whose relationship is established by the power
law. In addition, the measured rain attenuation is divided
by estimated �e� , which is again plotted against the rain
rate measurement so as to obtain the required regression
coe	cients, � and �, for speci
c attenuation, ��, at di�erent
rain rate. �e rain attenuation is thus calculated with the
product of empirically generated � and � values, with the
estimated �e� . Similarly, the � and � as derived from the
procedure explained in ITU-R P. 838-3 whose values as listed
in Table 1 are used to obtained attenuation series for ITU-R
P. 618-12 extrapolation approach. �ese values are listed in
Table 4.

�e correlation coe	cient, �2, is greater in 2013 for the
mentioned three links which indicates the better estimation
of rain attenuation from rain rate statistics. �is might be
due to the use of higher rain rate values at 0.01% of the
time. Hence, comparison of the attenuations obtained from
empirically generated � and � along with the ITU-R P. 618-12
prediction method are graphically shown in Figures 6, 7, and
8 under 12.25, 19.8, and 20.73GHz for 2013, 2014, and 2015
years, respectively.

As noticed from Figures 6, 7, and 8, it is observed that
the measured cumulative statistics of rain attenuation are
overestimated by ITU-R P. 618-12 for Ka band operation as
compared to Ku band. �e overestimation becomes highly
pronounced at 20.73GHz. �e attenuation obtained a�er
using the empirically derived � and � for speci
c attenuation
�� when multiplied with predicted �e� generates the better
estimation against the measured attenuation values for Ku
and Ka band frequencies. For instance, the calculated rain
attenuation values in 12.25, 19.8, and 20.73GHz are 8.10,
10.80, and 14.70 dB; 8.40, 12.30, and 26.80 dB; 3.10, 6.00, and
12.60 dB and 7.00, 12.30, and 16.10 dB; 5.10, 11.00, and 34.70 dB;
6.20, 11.50, and 25.10 dB and 6.70, 12.10, and 17.50 dB; 5.30,
10.20, and 21.20 dB; 4.30, 9.70, and 17.70 dB for 2013, 2014,
and 2015, respectively, at 0.1%, 0.01%, and 0.001% of the
time. �ese values have been overestimated particularly in
19.8 and 20.73GHz as depicted from Figures 7 and 8. �e
further error analyses justify the suitability of the mentioned
approach.

�e rain attenuation prediction model for Earth-satellite
link is determined for exceeding time percentages in the
range of 0.001% to 1%. Hence, the percentage errors,
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Rain attenuation obtained from SAM for 2013

ITU-R P. 618-12 in 2013
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Figure 6: Comparison between empirical measured data and ITU-
R P. 618-12 at 12.25GHz [20].

 (�), between measured Earth-satellite attenuation data
(�%�,measured) in dB and themodel’s predictions (�%�,predicted)
in dB are obtainedwith expression exceeding time percentage
of interest on link at the same probability level, �, in the

percentage interval 10−3% < � < 1%, as follows:

 (�)
 =
�%�,predicted − �%�,measured

�%�,measured

× 100 [%] . (6)

In addition, chi-square statistic is used to access the methods
performance which is given by [36]

!2 =
�
∑
�=1

(�%�,predicted,� − �%�,measured,�)2
�%�,predicted,�

. (7)

�e chi-square statistic is presented against the threshold
value which depends on the degree of freedom whose
calculated value is 12 for the given observed data. Similarly,
for standard deviation, STD and root mean square, and
RMS calculation, the approaches followed in [13] have been
adopted. As per the recommendation by ITU-R P. 311-15 [37],
the ratio of predicted to measured attenuation is calculated
and the natural logarithm of these error ratios is used as
a test variable. �e mean (#

V
), standard deviation ($

V
), and

root mean square (%
V
) of the test variable are then calculated
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Figure 7: Comparison between empirical measured data and ITU-
R P. 618-12 at 19.8 GHz [20].

to provide the statistics for prediction methods’ comparison
which are listed in Tables 5(a), 5(b), and 5(c) along with
the chi-square values for 12.25, 19.8, and 20.73GHz links,
respectively, which also shows the evaluation procedures
adopted for comparison of predictionmethods by the recom-
mendation ITU-R P.311-15 [37].

As shown in Tables 5(a), 5(b), and 5(c), in 12.25, 19.8,
and 20.73GHz links, the proposed empirically derived � and
� value when used in speci
c attenuation calculation so as
to obtain desired attenuation values result in lower chances
of error as compared to ITU-R P. 618-12 approach when
0.001% ≤ � ≤ 1%which is justi
ed from lower STD, RMS, !2
values. In addition, ITU-R P. 618-12 shows underestimation
against the measured values in 2014 for 12.25GHz link.�us,
for all time percentages when 0.001% ≤ � ≤ 1%, for 12.25,
19.8, and 20.73GHz, empirically derived � and � value can
be used. �e numerical values as presented in Tables 5(a),
5(b), and 5(c) justify the suitability of the rain attenuation
statistics obtained from the proposed empirically derived �
and � value. Furthermore, the attenuation statistics obtained
with the use of proposed empirical coe	cients � and � result
in lower values of #

V
for 12.25, 19.8, and 20.73GHz links,

as per the recommendation of ITU-R P.311-15 [37], which is
justi
ed from lower values of $

V
and %

V
.�us, this emphasizes

the suitability of the proposed empirical coe	cients for the
estimation of rain attenuation in slant path for earth-space
communication in 12.25, 19.8, and 20.73GHz links.
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Figure 8: Comparison between empirical measured data and ITU-
R P. 618-12 at 20.73GHz [20].

In order to better visualize the trend of error matrices for
the values presented in Tables 5(a)–5(c), we have maintained
the plots for relative error, standard deviation, root mean
square, and chi-square values in the di�erent time percent-
ages as depicted by Figures 9(a)–9(d), respectively. �ese

gures show that the error matrices decrease and tend to be
lesser for the rain attenuation derived from the empirically
generated coe	cients sets as compared to the rain attenuation
statistics obtained from ITU-R P. 618-12 approach.

Furthermore, frequency scaling approach is tested for Ka
band along the same and di�erent communication paths.
Frequency scaling method provides an alternative to rain
attenuation models which are considered to be excellent
predictors and provide a means for determining what to
expect at a frequency for which there is no data. �e analyses
performed for year-wise estimation of rain attenuation for
19.8 and 20.73GHz are depicted in Figures 10 and 11. �ese
show that the estimation is relatively higher against the mea-
sured values. Similarly, analyses are performed for combined
values of rain attenuation statistics from 2013 till 2015, in
which attenuation values at 12.25GHz are used for frequency
scaling purpose and the attenuation series are predicted in
19.8 and 20.73GHz as depicted in Figure 13.

In order to minimize the error probabilities derived
a�er applying frequency scaling as noticed from Figure 12,
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Figure 9: (a) Plot of relative error for di�erent time percentages. (b) Plot of standard deviation for di�erent time percentages. (c) Plot of root
mean square for di�erent time percentages. (d) Plot of chi square for di�erent time percentages.
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Figure 10: Cumulative distribution of rain attenuation obtained
a�er frequency scaling for 19.8GHz [20].
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Table 6: Regression coe	cients.

Frequency
(GHz)

&1 &2 &3 &4 &5
19.8 −0.000000601 0.0001245 −0.007713 0.1891 11.13

20.73 −0.00000005285 0.00005339 −0.005334 0.1971 12.71

we considered the absolute values of deviation Δ�%� (dB)
which is obtained against the measured rain attenuation.�e

gure depicts the equal probability plots of rain rate and
deviation error Δ�%�. Investigation of this 
gure has shown
that polynomial of fourth order is best least square regression
that 
ts the prediction error against the 1-minute rain rate
distribution which is given as

Δ�%� = &1�4%� + &2�3%� + &3�2%� + &4�%� + &5, (8)

where Δ�%� is the prediction error and &1, &2, &3, &4, and &5
are regression parameters whose values depend on frequency
and radio path length of the link under consideration. Table 6
shows the values of regression coe	cients used for the
estimation of prediction errors against the full 1-minute rain
rate distribution over 0.001% ≤ %� ≤ 1%.

Hence, in order to improve rain attenuation prediction
approach from the frequency scaling method, it is proposed
that the prediction error obtained from (8) needs to be sub-
tracted from the estimation values as derived from frequency
scaling approach which is mentioned in the ITU-R P. 618-12.

Figure 13 shows that there is the overestimation for
predicted 19.8 and 20.73GHz links which are obtained from
the application of the frequency scalingmethod. For instance,
the calculated rain attenuations at 19.8 and 20.73GHz links
are 6.2, 11.6, and 25.1 dB; 5.7, 11.3, and 18.9 dB, respectively, at
0.1%, 0.01%, and 0.001% of the time and the estimated values
are 18.58, 24.80, and 42.48 dB; 20.06, 26.71, and 45.53 dB.
Interestingly, this overestimation is decreased and the better
estimation is obtained with the subtraction of the predic-
tion error as calculated from (8). �e better performance
analyses are judged through the error matrices as presented
in Table 7.

As noticed from Table 7, the attenuation statistics
obtained at 19.8 and 20.73GHz a�er applying frequency
scaling technique show the higher relative error chances for
all time percentages when 0.001% ≤ � ≤ 1% of the time. On
the contrary, the predicted attenuation statistics for both
frequencies calculated a�er subtracting prediction error from
the attenuation series calculated with the application of
frequency scaling technique as mentioned in ITU-R P. 618-12
generate the lower chances of relative error probabilities. For
instance, obtained relative error percentages are 200%, 114%,
and 69%; 252%, 136%, and 141% for 19.8 and 20.73GHz under
0.1%, 0.01%, and 0.001% of the time, respectively, from the
application of frequency scaling technique whereas the rel-
ative error percentage obtained a�er subtracting prediction
error generates 1%, 1%, and 0%; 0%, 2%, and 0%.

5. Conclusions

�e rain attenuation and rain rate, collected over three years
during 2013–2015 in the 12.25 and 20.73GHz from Koreasat
6 and 19.8GHz from COMS1 for Mokdong Station, were
analyzed to observe the statistical characteristics. In this
paper, the local environmental propagation e�ects in slant-
path attenuation for Ku and Ka bands have been investigated.
As 
rst approach to this open research problem, a statistical
analysis has been proposed to predict the time series of rain
attenuation, e�ective path length, and speci
c attenuation at
Ku and Ka band over an earth-space path in South Korea.
�e measured rain attenuation distribution at 0.01% of the
time in Ka band is higher than Ku band and the rain rate
is found to be 50.35mm/hr. It has been found that the
empirically derived k and � show suitability in the calculation
of attenuation series for all time percentages when 0.001% ≤
� ≤ 1% of the time against the measured values. �e
predictive capabilities of the models are judged through the
relative error analyses, standard deviation, root mean square,
and chi-square values as well as the recommendation of
ITU-R P.311-15 method. �us, the paper presents the com-
parison of the measured data with the existing ITU-R rain
attenuation prediction model for slant-path communication
and shows suitable method for the categorization of best

tting approach. Rain attenuation predictions are made for
a number of transmission paths at a 
xed set of probability
levels. However, it should be noted that the results are valid
for these particular climates, and their feasibility for other
regions requires more testing and analyses. On the whole,
we can adopt ITU-R P. 618-12 rain attenuation model in
South Korea for better prediction of rain attenuation until
the su	cient database of rain attenuation and rain rate from
other locations becomes available. In addition, frequency
scaling schemes are analyzed as per the recommendation
of ITU-R P. 618-12 where the validation of this approach is
performed by comparing with experimental data through
error matrices where the suitable parameters are derived for
better estimation of the prediction error.

Overall, based on such results, the contribution describes
some preliminary steps aiming at devising appropriate
methodology for prediction of rain attenuation a�ecting
earth-space communication link. However, more observa-
tions are needed from di�erent locations to provide a stat-
ically reliable estimation. Hence, the analyses of prominent
rain attenuation methods make the Ku and Ka bands spec-
trum studies for broadband satellite applications and network
centric systems.
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