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Abstract

Some second order rain attenuation statistics such as fade duration and fade slope are investigated on the basis of experimental mea-
surements of received signals using the GSAT-14 satellite beacon signal at 20.2 GHz for three years (2014–2016) over the tropical loca-
tion Ahmedabad (23.02 0E, 72.510N), India with an Elevation angle of 630. Existing models of fade duration are compared with
experimental data in this study and exponent of power law model of fade duration at Ka band is further explored. A new model for
fade duration for Ka band for tropical locations is proposed where the constant of exponent of attenuation in the power law is found
to be 0.143 instead of 0.055 used in ITU-R. Other relevant parameters for implementation of fade mitigation technique to prevent the
link outage like cumulative distribution of signal fade rate, maximum and minimum fade rise and fade fall are also studied. Fade slope
asymmetry over tropical region is also investigated. Keeping in view of exploiting the commercial launch of Ka band in Indian region
there is an urgent need for validation of the existing models of fade slope (specially looking into fade symmetry) and fade duration. It will
help the SATCOM (Satellite Communication) link designer to improve closed loop fade mitigation technique to minimize the possible
link failure/link outage over the tropical region.
� 2021 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Availability of a high capacity radio communication
link maintaining good quality of service (QOS) demands
optimum fade mitigation technique (FMT) to be adopted
with adequate tracking speed while designing Earth- space
communication link above 10 GHz. In order to optimize
the system resource sharing, the second order statistics of
rain attenuation i.e. rain induced fade durations and fade
slopes, are important parameters and needed to be mod-
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eled as accurately as possible. This will also help in better
tracking speed of FMT and proper estimation of link out-
age time. Fade duration is the time duration for which
attenuation remains higher than a threshold value. Fade
slope, on the other hand, is quantified as the change of
attenuation per unit time. Both fade duration and fade
slope primarily depend on attenuation value, however
slope is also strongly dependent on sampling time and cli-
matic condition while duration depends on frequency and
elevation angle of the link in addition to the attenuation
threshold.

Optimum SATCOM link design and selection of appro-
priate FMT above 10 GHz requires exhaustive knowledge
of these above mentioned two parameters. Especially For-
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ward Error Correction (FEC) coding scheme and proper
modulation scheme selection requires very accurate infor-
mation on dynamic nature of rain attenuation. Even short
duration and long duration of rain events (attenuation and
scintillation both) are of separate importance while design-
ing FMT to counter rain attenuation as well as scintilla-
tion. Similarly, application of Uplink Power Control
(ULPC) as a FMT needs the quantification of dynamic
range of attenuation. However, a very few measurements
using the satellite links at Ka and above frequencies (such
as INTELSAT VI) are reported over the tropical climate
(Allnutt and Rogers, 1990). Experimental studies were also
carried out in the Ka and Q/V bands for the verification of
existing fade countermeasure techniques based on the mea-
surements from ESA OLYMPUS and ASI ITALSAT
satellites (Paraboni et al., 2007). In another study, statisti-
cal performance analysis of both fade slope and duration
have been presented (Zemba et al., 2018) using simultane-
ous measurement at 40 GHz and 20 GHz at Edinburgh,
Scotland.

Fade duration prediction model proposed by Paraboni
and Riva (Paraboni and Riva, 1994) has been already
included in the ITU-R model. Several other fade duration
prediction models at Ku band (Lekkla et al., 1998;
Matricciani, 1981; Matricciani, 1996; Timothy et al.,
2000) and at Ka band (Timothy et al., 1998; Bråten
et al., 2001) for the frequency range of 20 GHz to
40 GHz are also reported. Fade duration prediction in Q-
band using Alphasat (Pimienta del Valle et al., 2018) are
also reported over temperate climate. However, since most
of the models based on signal strength data at Ka band are
from temperate regions, there are still not enough informa-
tion of the performances of the existing models over trop-
ical regions. Especially, performance evaluation of the
models that can predict the fade duration distribution from
rain rate distribution (Paulson and Gibbins, 2000;
Kormanyos et al., 2000) may be useful in absence of bea-
con measurement. This is particularly true for tropical
regions which are very less studied.

In another literature (Mandeep, 2013) the prediction of
the models (ITU-R P.1623 –1, 2005, Kormanyos et al.,
2000, Paulson and Gibbins, 2000) have been compared
with the measured data of fade duration over the equato-
rial region. Another work (Dao et al., 2018) also compared
the performance of the popular fade duration models
(ITU-R P.1623 –1, 2005, Timothy et al., 1998, Cheffena
and Amaya, 2008) at Ku band over tropical climate and
proposed a new model. However, the modification is done
on the basis of unfiltered data i.e. the input data of rain
event mixed with the data of scintillation event.

On the other hand, exhaustive studies of fade slope at
Ku band (Matricciani, 1981; Nelson and Stutzman, 1996;
Timothy et al., 2000) and at Ka band (Sweeney and
Bostian, 1992; Van de Kamp, 2003; Nelson and
Stutzman, 1996) are reported in literature in addition to
ITU-R (ITU-R P.1623 –1, 2005) model using the measure-
ments mostly over the temperate climate from several satel-
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lites such as of ETS (Timothy et al., 2000), SIRIO
(Paraboni and Riva, 1994), COMSTAR (Timothy et al.,
2000), Olympus (Paraboni et al., 2007; Nelson and
Stutzman, 1996), ACTS (Crane and Robinson, 1997), Ital-
sat (Paraboni et al., 2007) etc. Using the beacon signal
from satellite OLYMPUS (Van de Kamp, 2003) and satel-
lite MEASAT 3 (Dao et al. 2012) fade slope prediction
models are also developed. Some analyses are also avail-
able in literature for fade slope analysis of Ka band (Das
et al., 2020) to V band using the data from temperate
region (Chambers et al., 2006; Vilhar et al., 2016).

However, there is a very few fade slope prediction study
(Chakraborty et al., 2020) available at Ka band and above
for the validation of the dynamic parameters over tropical
region. Some literature (Sujimol et al., 2015) validated
existing ITU-R model using the beacon of IPSTAR in
Ka band and GSAT-8 in Ku band. Some studies have been
carried out on the fade slope asymmetry due to convective
precipitation using beacon signal of Measat-3 over equato-
rial Malaysian site (Jong et al., 2014, Jong et al., 2019) at
Ku band.

Keeping in view of exploiting the commercial launch of
Ka band in Indian region there is an urgent need for vali-
dation of the existing models of fade slope and fade dura-
tion. It will help the SATCOM (Satellite Communication)
link designer to improve closed loop fade mitigation tech-
nique to minimize the possible link failure/ link outage over
the tropical region.

2. Data source

The 20.2 GHz beacon signal data from GSAT-14 has
been obtained from Space Applications Center, Indian
Space Research Organization, collected over Ahmedabad
(23.02 �E, 72.51�N) Earth Station by an antenna of 2.3 m
diameter having 21.7� polarization angle and 63� elevation
angle for three years (2014–2016). The antenna height
above mean sea level is 49.7 m and station height is
48.7 m. Collocated rainfall data were collected using a dis-
drometer and a tipping bucket rain gauge with 1 min inte-
gration time. The average rain fall intensity for this
location is observed to be 42 mm/hr for 0.01% time in a
year with 1 min integration time.

2.1. Data preprocessing

The received signal data obtained at 20.2 GHz with a
sampling rate of 1 Hz is collected and used for further anal-
ysis. Fade slope analysis is carried with filtered data and
fade duration analysis is carried out with unfiltered data
having both attenuation and scintillation. For fade slope
calculations, first the abrupt fluctuations of signal due to
temperature variation and/or due to mechanical and
human error are removed by visual inspection. After that
the data is filtered to remove the fast fluctuation (i.e. scin-
tillations) by using a 10th order Butterworth low pass filter
of appropriate cut-off frequency. The cut-off frequency is



S. Chakraborty et al. Advances in Space Research 67 (2021) 4043–4053
estimated as 0.025 Hz by the spectral analysis of actual
data as shown in Fig. 1. Both unfiltered and filtered data
are later used, one for fade duration and other for fade
slope analysis, consecutively.

During the calculation of attenuation, rainy and non-
rainy days are separated first. Non-rainy days are identified
from visual inspection of signal level. This process is
repeated for three years on 20.2 GHz data .This signal level
values of non-rainy days in each month are later on aver-
aged. This averaged non-rainy clear sky signal level is fil-
tered with same cut off frequency that has been used for
rainy day for removing the scintillation. This clear sky level
is the reference signal level. Finally total attenuation is cal-
culated by taking the difference between reference signal
level (dB) and measured signal level (dB) during rain.
Fig. 2 shows an example of such data processing steps
for a typical rain attenuation event of almost one hour of
19th August 2016 over Ahmedabad along with the rain rate
information.

As attenuation due to rain is the major contributor
among those due to atmospheric components, it is men-
tioned here as rain attenuation (Das et al., 2020). The
20.2 GHz data is collected for consecutive three years from
2014 to 2016 with a data gap during August and October in
2015, and December 2015 to February 2016 causing 86%
availability of data. It is to be noted here that in Ahmed-
abad, rain mostly occurs during monsoon period and, in
fact, only 8 days of rain data (i.e. ~ 6% of total rainy days)
are missing out of total 134 rainy days over 3 years period.
As the present work is focused on the rain attenuation, the
missing data will therefore have very less contribution in
final statistics and may be accounted as year-to-year natu-
ral variability of rainfall. Hence, the average year’s statis-
tics is generated based on total measurement period.
Fig. 1. Power Spectral Density of the rain attenuation and scintilla
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3. Methodology and results

3.1. Dynamic analysis of rain attenuation

Two important dynamic characteristics namely fade
slope and fade duration are studied here in details. Slope
of rain-induced fade is primarily required as the tracking
parameter for FMT to be adopted. Rain-induced fade
slope is quantified as (Van de Kamp, 2003)

f tð Þ ¼ A t þ 0:5D tð Þð Þ � A t � 0:5D tð Þð Þ
D tð Þ ð1Þ

where A is the attenuation and D tð Þ is the time interval for
which the fade slope has been calculated. For this work,
data of 1 sec temporal resolution have been used for esti-
mating the fade slope and the time interval (Dt) considered
over here is 2 sec.

The duration of rain attenuation event is defined as the
time duration of exceeding a particular attenuation thresh-
old by the received signal continuously. Probability of
occurrence of fade duration d longer than a given duration
D, above given attenuation threshold A (ITU-R P.1623 –1,
2005) is

P ðd > DIa > AÞ ¼ Nðd > DIa > AÞ
NtotðAÞ ð2Þ

where NtotðAÞ is the total number of fade events exceeding
the attenuation threshold A, and Nðd > DIa > AÞ is the
number of fade events distribution.
3.2. Symmetry of fade slope at Ka band

In ITU-R model, it is assumed that there is no signifi-
cant change in the slope distribution in positive or negative
tion (20.2 GHz) for the year (2014–2016), Ahmedabad, India.



Fig. 2. Data processing steps for a typical attenuation event (19th August 2016) (20.2 GHz), Ahmedabad, India, (a) Rain rate (mm/hr), (b) Signal Level
(dB), (c) Rain Attenuation (dB), (d) Scintillation (dB).
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direction. Therefore, the fade slope model is symmetrical
and depends only on the attenuation value and filter char-
acteristics. Hence, it is worth investigating if the same
assumptions are valid over tropical regions as well or
not. The attenuation data available from the received sig-
nal of three years are used to calculate the fade slope by
equation (1). The attenuation threshold of 3 dB, 6 dB,
9 dB, 12 dB and 15 dB are considered here. For each atten-
uation threshold, fade slope time series is then calculated.
Cumulative distribution of fade slope from measured data
and using ITU-R (ITU-R P.1623 –1, 2005) are shown for
three-attenuation threshold level i.e. 3 dB, 9 dB and
15 dB in Fig. 3. It is observed that the ITU-R model
(ITU-R P.1623 –1, 2005) is performing well in estimating
fade slope over Ahmedabad. Here standard deviation of
fade slope for a particular attenuation threshold is the only
deciding parameter and for 3 dB and 9 dB the measured
and calculated standard deviation of fade slope using
ITU-R (ITU-R P.1623 –1, 2005) are matching very closely.
However, at higher attenuation threshold like 15 dB, slight
difference is observed. This may be due to change in nature
of rain or may be due to limited observation of high rain
attenuation.

For detailed analysis of the fade slope and its symme-
try, the whole fade slope is then split into positive fade
slope and negative fade slope. This analysis is more infor-
mative than analysis of standard deviation for system
design. The positive fade slope and negative slope are
mentioned as fade rise rate and fade fall rate over here.
In Fig. 4, the variations of mean value of fade rise and
fade fall rate are shown for different attenuation thresh-
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olds. It is seen that at least up to 10 dB attenuation
threshold, both of fade rise and fade fall rate, show a
monotonic increase with attenuation threshold. But after
10 dB, differences in mean value between fade rise rate
and fade fall rate are evident. That is the clear indication
of non-symmetrical nature of positive and negative fade
slope distribution (Chambers et al., 2006). This also indi-
cates that the non-symmetry is due to the nature of rain of
tropical region. Though due to limited number of samples
present at higher attenuation threshold, more analysis is
necessary to reach to any conclusion. For better under-
standing of the slope asymmetry, cumulative distribution
of fade rise rate and fade fall rate for any single attenua-
tion threshold are plotted in Fig. 5. This shows very
clearly that at the high value of fade slope and high value
of attenuation threshold, the departure between CDF of
fade rise rate and fade fall rate widens and may be
because of convective type of rain (Chambers et al.,
2006). Higher attenuation threshold shows greater asym-
metry and in 15 dB attenuation threshold, the deviation
between CDF of fade fall and fade rise rate is more than
the differences observed in 3 dB.
3.3. Fade duration analysis at Ka band

Fade duration is another key information for selection
of appropriate FMT and for the optimum sharing of sys-
tem resources. Proper knowledge of fade duration will help
in choosing proper coding scheme for error correction such
as size of coding word and interleaving in concatenated
code. As knowledge of fade duration is required to be



Fig. 3. Cumulative distribution of measured fade slope at 20.2 GHz (2014–2016) (plain line) compared with ITU-R model developed fade slope(dashed
lines) for different Attenuation (dB) threshold (Ahmedabad).

Fig. 4. Mean value of fade slope (both fade fall rate and fade rise rate) at 20.2 GHz (2014–2016) for different attenuation threshold (Ahmedabad).
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known with a higher degree of precision, general practice is
to subdivide the entire fade duration available for the
experiment into long and short duration fades. Due to
the sampling rate of 1 Hz, the fade duration longer than
1 sec is considered here for all calculations (ITU-R
P.1623 –1, 2005). Table 1 lists the statistics of average num-
ber of events for different duration during these three years
measurement period (2014–2016).

From the Table 1, it is found that as the attenuation
threshold increases, the average number of events with a
particular duration decreases. Long duration with high
attenuation threshold event is rare. This is, in fact, expected
and modeled in ITU-R model. It is assumed that statistical
distribution of fade duration is independent of location or
climatic condition and dependent on rain attenuation
threshold which, in turns, dependent on carrier frequency
and elevation angle.
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Fade duration can be explained by two different types
cumulative distribution functions, one is P(d > D|a > A),
the probability of occurrence of fades of duration d longer
than D (s), given that the attenuation a is greater than A

(dB) and another is F(d > D|a > A), the total fraction of
fade time due to fades of duration d longer than D, given
that the attenuation a is greater than A (dB) as per ITU-
R (ITU-R P.1623 –1, 2005). For calculation of fade dura-
tion as per ITU-R (ITU-R P.1623 –1, 2005), the important
parameters are mean duration(D0) of the log-normal distri-
bution of the fraction of fading time, standard deviation of
the lognormal distribution of the fraction of fading time,
and the exponent c of the power-law distribution of the
fraction of fading time. From the above mentioned
parameters, total number of fades exceeding the threshold,
Ntot(A) can be calculated and total time that the threshold
is exceeded, Ttot(A) can be calculated.



Table 1
Average number of occurrences of fade events observed (2014–2016) at
different duration for different Attenuation threshold (Ahmedabad).

Duration
(sec)

Attn
3 dB

Attn
6 dB

Attn
9 dB

Attn
12 dB

Attn
15 dB

1 195 70 45 32 24
2 161 62 43 31 23
10 122 57 37 28 19
30 99 45 24 16 12
60 84 33 17 15 7
100 69 27 11 11 6
300 35 11 4 2 1
500 27 7 2 2 0
1000 20 2 1 1 0
3000 12 1 1 1 0
5000 7 1 1 1 0

Fig. 5. Complementary Cumulative distribution of fade slope for both fade rise and fade fall for attenuation threshold value of 3 dB, 9 dB, and 15 dB at
20.2 GHz (2014–2016) (Ahmedabad).
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Attempt has been made to study the statistical distribu-
tion of fade duration at different attenuation thresholds
from 3 dB to 15 dB and is shown in Fig. 6. The figure indi-
Fig. 6. Average numbers of measured fade events exceeding a gi
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cates the average number of events decrease as event dura-
tion increases and at lower attenuation threshold, there is a
higher number of events present than higher attenuation
threshold. Fig. 7 and Fig. 8 show the probability distribu-
tion of fade events of the measured data with the distribu-
tion obtained from ITU-R (ITU-R P.1623 –1, 2005) and
Cheffena-Amaya (Cheffena and Amaya, 2008) model. The
Fig. 7 shows that ITU-R model slightly under-estimates
the probability of occurrence of mostly short duration fade
events.

Cheffena-Amaya also known as CRC model, developed
for Ku band is compared with the measured data of
Ahmedabad in the Fig. 8. The mean of fade duration due
to rain (mr) and standard deviation of fade duration due
to rain (rr) are considered as per equation. (3) and (4) of
Cheffena-Amaya model.

mr ¼ 689:59� 173:52 log fð Þ ð3Þ
rr ¼ 0:6210þ 4:3516 � 10�3 � f 1:5 þ 3:3637 � A�2 ð4Þ
ven durations (1sec) at 20.2 GHz (2014–2016) (Ahmedabad).



Fig. 7. Comparison of probability of occurrences of fade events between ITU-R model (ITU-R P.1623 –1, 2005) and measured data for given attenuation
thresholds at 20.2 GHz (2014–2016) (Ahmedabad).

Fig. 8. Comparison of probability of occurrences of fade events between Cheffena model (Cheffena and Amaya, 2008) and measured data for given
attenuation thresholds at 20.2 GHz (2014–2016) (Ahmedabad).
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Here also the Cheffena-Amaya model under-estimates
the probability of occurrence of fade events till 100 s and
later overestimates the measured probability of occurrence
of fade events for Ahmedabad, India at 20.2 GHz. From
Fig. 7 and Fig. 8, discrepancy between measured and mod-
eled probability of occurrence of fade events are observed
to be more for Cheffena-Amaya model than ITU-R model.

The total fraction of fade time due to fades of duration d

longer than D for different attenuation threshold like 3 dB,
9 dB, 15 dB are plotted in Fig. 9. The distribution shows
that fraction of fade times due to fades of duration d longer
than D (1 s in our case) is having lower slope at higher
attenuation threshold at same value of fade duration.
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3.4. Power law exponent of fade duration at Ka band over

Ahmedabad

The data collected for the period of three years (2014–
2016) over Ahmedabad is plotted for different attenuation
threshold to show the attenuation threshold dependence on
power law exponent in Fig. 10. It is clearly evident from
Fig. 10 that power law exponent (Paraboni and Riva,
1994) of fade duration is dependent on attenuation
threshold.

The dependence of power law exponent over attenua-
tion threshold can be quantified from result of three
years as



Fig. 9. Cumulative distribution of total fraction of fade time F(d) for different attenuation threshold at 20.2 GHz (2014–2016) (Ahmedabad).

Fig. 10. Variation of power law exponent for various attenuation threshold (dB) at 20.2 GHz (Ahmedabad)(2014–2016).
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c ¼ 0:143238 � f 0:65 � ðAÞ�0:003 ð5Þ
These values of power law exponent are important for
ULPC application or FEC application to overcome link
outage during heavy rain. Here, the fraction of fading time
is plotted for each attenuation threshold for fade duration
between 2 to 30 s and later for each attenuation threshold.
Power-law exponent of fraction of fading time is then cal-
culated using non– linear curve-fitting tool of MATLAB.
The constant value is significantly different from ITU-R
(ITU-R P.1623 –1, 2005) as described in the following
power law equation (6)

c ¼ 0:055 � ðf Þ0:65ðAÞ�0:003 ð6Þ
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3.5. Diurnal analysis of fade duration

As atmospheric temperature has a significant variation
in tropical equatorial climate during day time as compared
to night times and effect of atmospheric temperature on
radio wave propagation is significant, an attempt has been
made to evaluate the statistical distribution of event count
by dividing the 24 h of a day into four equal parts. The dis-
tribution has been plotted in Fig. 11(a) and Fig. 11(b) con-
sidering the whole year measurement of 2016 for
attenuation threshold of 3 dB and 9 dB. This type of study
will help to understand the quality of service (QOS) of
SATCOM link during the busiest business hours of the
day for the broadcast services.



Fig. 11a. Diurnal variation of number of events exceeding abscissa for 3 dB attenuation threshold (2016) (Ahmedabad).

Fig. 11b. Diurnal variation of number of events exceeding abscissa for 9 dB attenuation threshold (2016) (Ahmedabad).
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Comparing Fig. 11(a) with Fig. 11(b), it can be con-
cluded that the day time i.e. morning 6 a.m. to 6 p.m.,
the number of attenuation events are higher for a particular
event duration showing even greater value at lower attenu-
ation threshold. Within the day the number of events from
6 a.m. to 12 p.m. and from 12 p.m. to 6 p.m. is sparsely dis-
tributed for 9 dB threshold compared to 3 dB thresholds
indicating less reliability of the link at higher attenuation
threshold. For night time the event count distribution
becomes significantly lesser at 9 dB attenuation level as
compared to 3 dB attenuation level. This may be due to
the fact that during daytime, sun heats the ground and as
an effect the air moves up causing more rain during this
4051
period. Such information is very important for broadcast-
ing service providers because this is the busiest time for all
purpose of communications.

4. New fade duration model

As it is one of the most important designing parameter
as per ITU-R (ITU-R P.1623 –1, 2005), an attempt is made
to model the standard deviation of the fraction of fading
time. The dependence of standard deviation on attenuation
threshold has been modeled based on the measurement
period of two years (2014–2015) and given by equation
(7) as.



Fig. 12. Comparison of standard deviation of lognormal distribution of the fraction of fading time between new model, ITU-R 1623–1 and Cheffena
model for a given attenuation thresholds (Ahmedabad) at 20.2 GHz.
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rr ¼ 1:1633 � f �0:05�A�0:0004 ð7Þ
The coefficients are found to be significantly different

from the existing model (Cheffena and Amaya, 2008;
ITU-R P.1623 –1, 2005) at Ku band. The same parameter
estimated from actual measurements of year 2016 and
modeled standard deviation using the proposed model
along with ITU-R model and Cheffena-Amaya model are
plotted in Fig. 12.

The average of error between measured and modeled
standard deviation is maximum of 3% for the event having
duration of more than 1 s which is 76% for Cheffena-
Amaya model. This may be due to the fact that
Cheffena-Amaya model is based on measurements at
11.45 GHz. ITU-R model shows very high error in predict-
ing the standard deviation as shown in the figure.
5. Conclusion

Second order statistics of rain induced attenuation and
the deviation of the model parameters from a few popular
existing models are presented in this paper for a tropical
location, Ahmedabad. Some characteristics of fade slope
and fade duration has been studied at Ka band frequency
of 20.2 GHz using the received signal for 3 years from
GSAT-14 satellite. Asymmetry in fade slope is the signifi-
cant point observed which indicates the influence of nature
of tropical rain over received signal. Analysis of cumulative
distribution of fade rise and fade fall further confirms the
more frequent presence of Convective rain in tropical
regions compared to temperate regions. Relation between
the standard deviation of fade duration and attenuation
threshold at Ka band for tropical region is also explored.
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Result shows that long duration event at high attenuation
is very rare. The diurnal variations of the fade duration
indicate more fading events during daytime than nighttime.
Power law exponent of the power law relation of fade dura-
tion and attenuation is also investigated and a new model
based on the modification of the Cheffena-Amaya
(Cheffena and Amaya, 2008) model of standard deviation
of log normal distribution of fraction of fading time for
Ka band has been attempted. The result indicates that
the proposed model performs better than ITU-R model
and Cheffena- Amaya model. It is to be, however, noted
that the proposed model is presently validated over only
a single location and may be used as a local model. All
the above information along with further experimental
study will be very helpful for SATCOM link designer to
devise suitable FMT for the uninterrupted transmission
maintaining QOS during heavy rain, especially for tropical
regions.
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