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Abstract— In satellite propagation, variability (the 
fluctuations of certain parameter or phenomenon over time 
with respect to its average behavior) is assessed by using some 
statistical variable such as its variance over the years. Overall, 
there are few reports on rainfall and attenuation variability 
and only very few on fade dynamics, due to the need of 
experimental data for a long period of time with a high 
availability (a hard task to achieve) to produce meaningful 
results. Moreover, most of these reports are focused in the Ka-
band. Having data with a high availability ( higher than 97 %) 
for a concurrent period of 4 years in Madrid for KA-SAT 
(19.680 GHz) and Alphasat (39.402 GHz) propagation 
experiments, an study on the variability of rainfall rate, excess 
attenuation and fade and inter-fade number of events is 
carried out. The results show a high variability of some 
parameters, confirming the need of performing multi-year 
experiments to assess statistically stable trends.  

Index Terms—rainfall rate, excess attenuation, fade 
duration, inter-fade duration, variability, satellite propagation, 
Ka-band, Q-band. 

I.  INTRODUCTION  

The statistics from satellite propagation campaigns (such 
as rainfall rate, attenuation, fade dynamics, etc.) can greatly 
vary from one period of time to another. This variation is 
commonly characterized with some statistical parameters 
(such as its mean and variance) and its behavior is important 
in the development of propagation models, since it allows the 
assessment of the possible fluctuations of certain 
phenomenon over time. From an operator point of view, the 
knowledge of the variability of the attenuation for a certain 
probability serves, for example, to allocate the proper 
additional margin in a link. To assess variability accurately, 
long-term experimental data with a high availability are 
fundamental.  

Some models are available [1] [2] [3] for estimating the 
variability of first-order satellite propagation statistics. In [4], 
it was stated that these models are not adequate to 
characterize the variability of fade dynamics, since they are 
focused in rainfall rate and rain attenuation. Specifically, the 
ITU-R Rec. P. 678-3 [2] gives a method to compute the 
inter-annual variability of rainfall rate and rain attenuation 
probability using as parameter the yearly variance σ2 of the 
complementary cumulative distribution function (CCDF). 

Until now, there are some reports addressing the 
variability of first-order statistics [5] [6] [7] ‒the last has 
only into account the rainfall rate variability, and in all cases 

a large amount of data was used i.e. 8 years [5], 7 years [6] 
and 16 years [7]‒, being scarce the reports on the variability 
of second-order statistics [4]. This reference assessed the 
fade duration variability for a 7-year period of measurements 
by using the procedure proposed in [8] for the rainfall rate 
and rain attenuation. Nevertheless, in all these cases the 
variability of rain attenuation and second-order statistics are 
referred to the Ka-band, and until now only [9] reports the 
variation of attenuation distributions in the Q/V band.  

In the Universidad Politécnica de Madrid (UPM), two 
experimental campaigns receiving the KA-SAT (19.680 
GHz) and Alphasat (39.402 GHz) beacon signals are being 
carried out, having now 4 years of excess attenuation data 
(without considering gases attenuation) for a concurrent 
period (from March 2014 to March 2018, excluding March 
2017) with a high availability, i.e. 97.93 % for KA-SAT and 
97.61 % for Alphasat. With these, some analyzes regarding 
variability can be accomplished. Although such a period may 
not be representative enough for a long-term analysis, it can 
serve for a first approach into the study of variability for rain 
attenuation and fade dynamics in these frequency bands. 

The experimental setup for the Alphasat experiment was 
presented in [10] and the setup previously used in a Eutelsat 
HB 13A [4] campaign was reused for KA-SAT. The beacon 
receivers have similar pointing directions in elevation 
(41.41° for KA-SAT and 34.5° for Alphasat) and azimuth 
(160.81° for KA-SAT and 139.5° for Alphasat), then the 
period can be considered as long enough to disregard the 
influence of the azimuth difference in the rain statistics. 
Hereinafter, the results of KA-SAT and Alphasat are named 
as Ka- and Q-band results respectively. 

The remainder of this work is structured as follows: in 
Section II the first-order statistics variability (such as rainfall 
rate and excess attenuation) for both experiments is 
addressed, comparing the results with the ITU-R predictions 
and with a previous result for rainfall rate variability. In 
Section III, the number of fade and inter-fade duration events 
are presented, also their variability is assessed using the 
procedure of [8]. Finally, some discussions and conclusions 
are given in Section IV.  

II. FIRST-ORDER STATISTICS VARIABILITY 

The CCDF of rainfall rate and excess attenuation are the 
first-order statistics treated here. From now on, Year 1 stands 
for March 2014 to February 2015, Year 2 for March 2015 to 



February 2016, Year 3 for March 2016 to February 2017 and 
Year 4 for April 2017 to March 2018. For the 4-year period, 
there is a high year-to-year variability, the third year being 
the driest of all for the highest rainfall rate, of more 
relevance for propagation, as Fig. 1 shows. Annual excess 
attenuation distributions for the Ka- and Q- bands are 
displayed in Figs. 2 and 3, respectively. In each case, the 
Average Year (Ave. Year) for the period is shown.  
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Fig. 1.  Annual rainfall rate distributions. 

In order to assess the inter-annual variability of the 
probability (either for rainfall rate or excess attenuation), its 
standard deviation σ with reference to the long-term CCDF p 
(which is the mean of the probabilities for each year) can be 
calculated. A prediction model for σ2(p) is recommended in 
[2]: 

𝜎 𝑝 𝜎 𝑝 𝜎 𝑝  (1) 

With 𝜎 𝑝  and 𝜎 𝑝  being the estimation and the 
inter-annual climatological variance respectively. The model 
can be used for percentages of outage time between 0.01 and 
2 % (0.0001 ≤ p ≤ 0.02) and for frequencies between 12 and 
50 GHz (equations can be consulted in [2]). 𝜎 𝑝  depends 
on a climatic ratio provided in maps.  

As can be seen in Fig. 1, Year 3 is outside the band 
formed by the standard deviation ± σ ( +/‒ σ curve) around 
the average CCDF (Ave. year), for certain probabilities. This 
trend is also depicted in the attenuation distributions for both 
experiments in Figs. 2 (for Ka-band) and 3 (for Q-band).  

Fig. 4 shows the σ2(p) behavior for the three 
experimental curves and the Rec. ITU-R P. 678-3 prediction. 
Also, the curve derived from the rainfall rate data analyzed in 
[7] is displayed as 16 years of rain data for comparison 
purpose. In these results p is given in (%) instead of in 
absolute units (the one given in the Rec. ITU-R P. 678-3). 

From the results shown in Fig. 4, the relative differences 
between the model predictions and the experimental results 
have been calculated. The lowest RMS value of these 
differences is obtained for the 16 year curve (0.23) as can be 

expected, followed by the Ka-band (0.49), the Q-band 
(1.02) and the rainfall rate for the period (2.63). 
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Fig. 2.  Annual excess attenuation distributions in the Ka-band. 
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Fig. 3.  Annual excess attenuation distributions in the Q-band. 
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Fig. 4. Variance σ2(p) for probabilities p (in %). 



Having 𝜎 𝑝 , the ratio of the standard deviation with 
respect to the mean probability 𝜎 𝑝 /𝑝, can be derived. This 
ratio is depicted in Fig. 5. It provides information about how 
much the probability of exceedance for a given threshold 
(either for rainfall rate or attenuation) deviates from the mean 
value in relative terms. 
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Fig. 5.  Variability of the statistics depending of probability p. 

From Fig. 5, it can be seen that the model predicts a 
decrease of variability with the increase of the probability in 
relative terms. The 16-year curve is again the closest to the 
model predictions which seems to represent well the long-
term variability of the distributions, at least for rainfall rate. 

Before analyzing the second-order statistic variability, an 
issue must be highlighted, as it is the different probabilities 
associated with certain attenuation thresholds Ath of 3, 5 10 
and 15 dB at the two frequencies (given in Table 1). It can be 
said that the probability of exceeding 15 dB in the Q-band is 
approximately the same as the probability of exceeding 5 dB 
in the Ka-band. This means that the total time associated to 
5-dB attenuation in the Ka-band (52 732 seconds) is 
approximately the same as the total time associated to 15 dB 
in the Q-band (55 255 seconds). Then, a similar variability 
can be expected for these two thresholds in the two bands, 
since their exceedance is caused by roughly the same rain 
events. The probabilities of exceeding 10 dB in the Q-band 
and 3 dB in the Ka-band are also close to each other. 

TABLE I.  PROBABILITY p (IN %) FOR CERTAIN ATTENUATION 
THRESHOLDS 

Ath 
(dB) 

Q-band Ka-band 
Probability (%) 

15 0.0466 0.0069 
10 0.0891 0.0145 
5 0.2544 0.0443 
3 0.5454  0.1067 

 

III. FADE AND INTER-FADE DURATION VARIABILITY 

A. Distributions of the number of fade events 

The distributions of the number of FD events for certain 
attenuation thresholds for the individual and the average 

(Ave.) years are shown in Figs. 6 and 7 for each experiment. 
Here, the minimum fade duration is 1 s, which is the 
resolution of the samples (the same applies for inter-fade 
duration). 
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Fig. 6. Ka- band FD number of events. 
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Fig. 7. Q-band FD number of events. 

From these results, it can be seen that the variations of 
fade events are less prominent in the Q-band. The analysis 
must be taken with care in some cases, due to the few events 
that take place, particularly for the longer durations and 
higher attenuation thresholds. 

For the Ka-band case, the shape of some curves are not 
so smooth, this is the result of the low number of fade events 
with attenuation higher than 10 dB (only 56 events), or 
higher than 15 dB (only 32 events) in this band for the 
average year. The case of the third year (Year 3) curve for 15 
dB is particular, with only four fade events. On the other 
hand, a fair number of fade events, which impacts in a more 
stable statistical behavior, is obtained in the Q-band (i.e. 365 
events for 10 dB and 178 for 15 dB in average). As expected, 
there is a lower variability for lower attenuation thresholds, 
more prone to occur in all the years and frequencies. 



B. Variability of the number of fade events 

Using the procedure proposed in [8] for fade duration (as 
it was done in [4]), the variability of the number of fade 
events is obtained. Equation (2) assesses this variability for 
each attenuation threshold, where < > denotes the mean 
operator. The term 𝑒 𝑑  is given in (3) with d, 𝑁 𝑑  and 
𝑁 𝑑  being a duration vector, the annual distribution of 
number of events for the 𝑖-year and the average-year 
distribution, respectively: 

𝑉 𝑑 𝑒 𝑑 /  in %  (2) 

𝑒 𝑑
𝑁 𝑑 𝑁 𝑑

𝑁 𝑑
⋅ 100% 𝑖 1, … , 𝑁 (3)

Equation (3) denotes the relative differences (in %) 
between the number of events in individual years and in the 
average one. The following variability results are obtained 
for the Ka- (Fig. 8) and Q-band (Fig. 9). 
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Fig. 8. Variability of the number of events of FD in the Ka-band. 
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Fig. 9. Variability of the number of events of FD in the Q-band. 

As seen in these figures, a quite stable behavior can be 
noticed up to 300 s for Ka-band and up to 400 s for Q-band. 
For values higher than these, the behavior of all curves is 
more erratic, because the number of events exceeding those 

durations becomes very small, especially for the higher 
attenuation thresholds. These results confirm that the 
variability is higher for the Ka-band case, as could be 
suspected from Figs. 6 and 7. Also, if a comparison between 
the 15 dB curve of Q-band and the 5 dB curve of Ka-band is 
carried out, a similar trend is obtained (at least up to 1000 s, 
for longer durations the number of events is too small). The 
same can be said about the comparison of the curves for 10 
dB in the Q-band and 3 dB in the Ka-band. This can be 
attributed to the similar probabilities of exceeding these pairs 
of thresholds in the two bands, as it was already pointed out 
above in relation to Table I. 

C. Distributions of the number of inter-fade events 

In the case of IFD, the distributions of the number of 
events can be seen in Figs. 10 and 11 for the Ka- and Q- 
band respectively. A similar trend regarding the number of 
IFD is observed, i.e. there are higher fluctuations from one 
year to another in the Ka-band when comparing with the Q-
band. Also, Year 3 in the Ka-band has the lowest number of 
events for the 15 dB threshold (only five IFD events). 

1 10 102 103 104 105 106 107
1

10

102

103

Ka-band
N

um
be

r 
of

 in
te

r-
fa

de
 e

ve
nt

s

Inter-fade durations (s)

   Ath   Year 1   Year 2  Year 3  Year 4     Ave.
  3 dB                  
  5 dB                  
10 dB                  
15 dB                  

 
Fig. 10. Ka-band IFD number of events. 

1 10 102 103 104 105 106 107
1

10

102

103

104

Q-band

N
um

be
r 

of
 in

te
r-

fa
de

 e
ve

nt
s

Inter-fade durations (s)

   Ath   Year 1   Year 2  Year 3  Year 4     Ave.
  3 dB                  
  5 dB                  
10 dB                  
15 dB                  

 
Fig. 11. Q-band IFD number of events. 



D. Variability of the number of inter-fade events 

Applying (2) and (3) now for the IFD distributions, the 
variability results are obtained for the Ka- (Fig. 12) and Q-
band (Fig. 13). In both cases the same trend holds: in 
general, the highest variability is obtained for the Ka-band 
case, and for 10 and 15 dB thresholds. For each band, the 
variability for 3 and 5 dB is quite similar, having a more 
unstable behavior in the Ka-band. For durations longer than 
around 106 s the statistical stability is worse due to the small 
number of events. 
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Fig. 12. Variability of the number of events of IFD in the Ka-band. 
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Fig. 13.  Variability of the number of events of IFD in the Q-band. 

IV. DISCUSSION AND CONCLUSIONS  

The variability of rainfall rate, excess attenuation and 
number of fade and inter-fade events has been assessed for a 
4-year period of data obtained from two experiments in the 
Ka and Q bands. Although more data would be needed for 
greater reliability, these results are the starting point for a 
further analysis on variability for these frequency bands. 
Since these are ongoing experiments, more years will be 
available, allowing more elaborated conclusions. 

In the case of first-order statistics variability, results are 
moderately close to the ITU-R model, although in the case 
of rainfall rate they are not so close as in a previous result 

based on 16 years of data. This can be mainly attributed to 
the limited number of years and the presence of a particular 
year with a rainfall rate distribution out of the ± σ band. 

The highest variability for the number of fade and inter-
fade duration events is obtained in the Ka-band for the 
highest analyzed attenuation threshold of 15 dB. Overall, 
the year-to-year variability of the second-order statistics is 
lower in the Q-band. These may be conditioned by the total 
number of events, either fade or inter-fade, which is higher 
in the Q-band. Also, for each case, the order of magnitude 
of their FD and IFD variability is similar. 
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