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Abstract

The dynamic characteristic of rain fade slope is one important factor in determining the avail-
ability of a communication system, and it is very useful in the design of fade countermeasures.
In the literature, many models were proposed for rain fade slope for earth-to-satellite links.
However, there are no models available for rain fade point to point terrestrial microwave
links. This paper proposes a new model for the estimation of rain fade slope statistics for ter-
restrial microwave links in tropical regions. First, the ITU-R model for rain fade slope for
earth-to-satellite link was compared with the corresponding statistics obtained from rain
attenuation data measured from three terrestrial links in Malaysia. It is found that the expres-
sion of its distribution and its standard deviation should be modified. This leads to the der-
ivation of the proposed rain fade slope model based on the statistics of one link. Then, it is
tested using the remaining data and its results were very close to the measured statistics for
all attenuation levels higher than 1dB. Moreover, the model was validated using the
chi-square goodness-of-fit test.

Introduction

Rain fade refers to the absorption and scattering of a microwave signal by rain drops and it is a
critical issue at frequencies above 10 GHz. Knowledge of the dynamics characteristics of rain
fade is important for communication system designs since it determines the system availability
and provides essential information for implementation of fade mitigation techniques. For that
reason, it has received much attention during the last few decades [1-6]. Most of these studies
were conducted on rain fade dynamics using data collected from temperate regions and vari-
ous models were suggested. A well-known prediction model was proposed by the International
Telecommunication Union-Radio (ITU-R) for earth to satellite links only. However, studies in
[7-10] have shown that the ITU-R fade slope model should be modified in order to suit trop-
ical regions which are characterized by rainfall patterns that are different from temperate
regions [2]. In addition, the modification should also consider the implementation of the
model for terrestrial microwave links. This paper analyzes rain fade slope statistics obtained
from rain attenuation data measured in Malaysia, and proposes an empirical model that
can predict rain fade slope for point to point terrestrial microwave links.

This paper is organized as follows. “Fade slope models” section presents an overview of the
known fade slope models available in the literature. Then, the fade slope data and the filtering
process are described in the section “Fade slope data.” “Results and analysis” section compares
the ITU-R fade slope model predictions with the measured results and then presents a new
empirical model. Finally, “Conclusion” section concludes the paper.

Fade slope models

Fade slope is defined as the rate of change in rain attenuation with respect to time [11] as illu-
strated in Fig. 1. Fade slope has been measured and analyzed in many experimental sites.
Matricciani [12] studied the fade slope based on data collected from an 11.6 GHz satellite
link in Italy. He found that the distribution of the fade slope for negative and positive rates
is similar, and the threshold value does not affect the distribution. The same result was
obtained by Dintelmann [11] who also found that fade slope and fade duration are related.
Sweeney and Bostian [13] examined the dynamics of rain-induced fades on radio links by
evaluating the rate at which the first Fresnel zone volume gets filled with rain. They have con-
cluded that fade slope is very sensitive to changes in the rain rate. Nelson and Stutzman [14]
have studied rain fade dynamics using the data collected in Blacksburg-USA from the
OLYMPUS satellite beacons at 12.5, 20, and 30 GHz. Their measured results have demon-
strated that fade slope increases with frequency for a fixed occurrence level. They have also
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Fig. 1. Graphical representation of the fade slope definition.

found that as the attenuation level increases, the occurrence of
large fade slope increases. The same result is reported by Ruker
[15], who used data obtained from slant path propagation experi-
ments carried out using the OLYMPUS satellite at 12.5, 20, and
30 GHz. He has concluded that the fade slope is frequency
dependent, and occurs mostly in the high attenuation range.
Furthermore, Miranda et al.[16] have analyzed fade slope data
collected from three sites in Brazil. He has found that the distri-
bution is almost symmetric. Van de Kamp [17, 18] has derived a
model in 1999 which was later adopted by the International
Telecommunication Union Radio Communication Sector
(ITU-R) as a global model in 2003. The ITU-R model [1] was
tested using data collected at 12.5, 20, and 30 GHz from other
locations in UK, France, Belgium, Italy, and USA. These results
showed a good match with the shape of the fade slope distribution
as well as its variation with attenuation levels. In the ITU-R model
[1], the fade slope & was calculated for each sample from the fol-
lowing expression:

A(i+ 0.5 At) — A(i — 0.5 Ar)

&(i) = A7

(dB/s), (6]

where A is the rain attenuation, i is the sample number, and At is
the length of the time interval. To calculate the conditional distri-
bution of the fade slope, the following equation was proposed by
the ITU-R [1]

2

pEA) =—— =
71 + (& 09)?)

)

The only parameter that affects the distribution is the standard
deviation, which can be approximated by

o =s F(fz, ADA (3

where the coefficient s = 0.01, and the function F depends on the
time interval length Af and the 3 dB cut-off frequency of the low-
pass filter fz. The function F can be expressed as:

F(fB, At) = Ll/b 4)
V(b + Aanh)
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where b is a constant equal to 2.3. The bandwidth of the moving
average filter is defined as:

0445

fe= . (5)

where ¢, is the length of the moving average block.

Many researchers have found that the ITU-R model for fade
slope perform reasonably well when compared with experimental
data collected in temperate regions. For example, in England,
Kastamonitis [19] and Chambers [20] compared the ITU-R
model with measured data collected from satellite links at 20,
40, and 50 GHz. Both found that the ITU-R model is well fitted
to the measured data. The same result was obtained by
Garcia-Del-Pino in Spain at 50 GHz [21]. In Finland, Salonen
[22] compared the ITU-R model with the measured data from
satellite link at a low elevation angle (12.7°). He also concluded
that the prediction by the ITU-R model is close to their measured
data. The same result was published in [23] for terrestrial micro-
wave link in Hungary. On the other hand, the same researchers in
Hungary found that the ITU-R model should be modified to fit
their data for other terrestrial microwave links [24]. They found
that the ITU-R model does not fit to their measured data along
terrestrial paths. Therefore, they have proposed a modified
model which can be expressed as [24]:

4
70 (1 + (&)

p(&lA) = (6)

The parameter ¢, was determined by the minimum root mean
squared error. Moreover, Franklin and his team compared the
ITU-R model with the measured data in Japan [5]. They found
that the model does not fit the measured data and it needs to
be improved. They modified the expression of the standard devi-
ation which becomes:

o¢ = a F(f3qs, At) A (1 + AIn(A)) 7)

where F( f34p, At) is as mentioned in (4), and the factor 1 is equal
to 0.32. From their measurement, the fade slope distribution
behavior was found to be different from the one proposed by
the ITU-R. They observed that the shape of the fade slope distri-
bution had a return point between 7 and 8 dB in all stations and it
is independent of the sampling period.

Fade slope data

The measured data considered in this paper was collected from
three experimental mini links installed by Ericsson at the
University of Technology Malaysia in Johor campus (1.5333°N,
103.6667°). The frequencies used by these mini-links are 15, 23,
and 38 GHz with a hop length of 300 m. The main features of
these mini-links are summarized in Table 1. The collected data
were directly obtained from the measurement of the automatic
gain control (AGC) voltage level at the receiver side by using a
data acquisition card of type PCL-718. Then the data were con-
verted into the received power level using the calibration chart
supplied by the manufacturer. The data were collected every
second during raining events. If it is not raining, the average
value of the data is stored every minute. The data were measured
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Table 1. Mini link specification details

Frequency (GHz) Polarization (H/V) Antenna diameter (m) Gain (dBi) Transmitted power (dBm) Hop length (km) Availability (%)
15 H 0.6 37.0 3.0 0.3 97.8

23 H 0.6 40.2 3.0 0.3 99.5

38 H 0.6 44.9 15.0 0.3 100

Table 2. Combined standard uncertainty with 95% confidence for the three
links at various attenuation values

Overall
Attenuation 15 GHz 23 GHz 38 GHz accuracy
(dB) link link link (%)
0.5 0.0240 0.0243 0.0244 4.8
1 0.0296 0.0300 0.0300 3.0
3 0.0639 0.0640 0.0640 2.1
10 0.2012 0.2012 0.2012 2.0
20 0.4006 0.4006 0.4006 2.0

for a period of 16 months with the availability of the links shown
in Table 1. The rain attenuation data were extracted from the
received signal level using Matlab. A real-time rain gage was
also installed and synchronized in time with the mini-link data
acquisition system.

During rainfall, the received signals have two components: rain
attenuation and scintillation. To study the rain fade, fast fluctu-
ation due to scintillation is filtered out before analysis. Based on
[25], the rain attenuation time series can be obtained by filtering
the measured data time series through a Butterworth low-pass fil-
ter with a cutoff frequency of about 0.025 Hz. In [18] and [26-28],
low-pass filtering was used by applying moving average windows
of lengths varying from 10s to 2 min. In this study, the scintilla-
tion is removed by using a 20 s moving average filter which cor-
responds to a low-pass filter with a cut-off frequency of 0.022 Hz.
The output can be expressed as

A(t) =

1 t
o AW ®)

a t—t,

where t,=20s and ¢ is time in seconds.

Another issue of concern is the accuracy of the rain attenu-
ation data obtained from the measurement system. This can be
resolved by computing the measurement uncertainty of the sys-
tem following the GUM recommendations [29]. For this purpose,
a number of sources of uncertainty are considered based on their
significant contribution. This includes uncertainties due to cali-
bration, resolution, and repeatability which are associated with
the data acquisition card PCL-718. The accuracy and the reso-
lution of the PCL-718 card are provided in its specification
sheet, while the repeatability errors was estimated using 10
sampled data measured during non-raining events. Another
source of uncertainty is produced from the conversion of AGC
voltage into the received power level. Rafiqul [30] had demon-
strated that the AGC conversion will introduce a maximum
error of 2% when computing the rain attenuation. Considering
all these factors and taking into account the averaging of the
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AGC level, the combined standard uncertainty was determined
for five attenuation values with 95% confidence and the results
are shown in Table 2. It is clear that the AGC conversion signifi-
cantly contributes to measurement uncertainty and it is the dom-
inant factor because the maximum error is about 2% for
attenuation values higher than 3 dB. Since this study is dealing
with rain attenuation data with values higher than 0.5dB, in
worst case the maximum error will not exceed 5% and this can
be tolerated.

The fade slope statistics are analyzed by calculating the condi-
tional probability density function (CPDF). For each sample i the
fade slope &(i) is calculated from (1). The conditional distribu-
tions at the attenuation level A (in dB) is calculated based on
all the attenuation values A(t) that satisfy the following inequality:

A—05<A({t)<A+05 )

where A=1, 2, 3, 4,... dB. For example, the 1 dB distribution is
obtained considering all the slopes calculated using (1) for an
attenuation A(t) between 0.5 and 1.5 dB [21, 22]. The distribution
characteristics and its behavior are discussed in the next section.

Results and analysis

The fade slope of the measured data was calculated for each
attenuation level from (1). These data are used to compute the
CPDF distribution behavior which is compared with the predic-
tions from the ITU-R model. A detailed description of this com-
parison is presented in the next section. Then, a new empirical
model based on the data from the 23 GHz link is proposed in
the section “Proposed model for fade slope prediction.” Finally
in the last section, the model is validated using the data from
the 15 and 38 GHz links. This validation is made possible since
earlier studies in [9, 18, 21, 31] have shown that the fade slope dis-
tribution is independent of frequency.

Comparison of fade slope data with the ITU-R model

The CPDFs of the measured fade slope data at 23 GHz were com-
pared with the ITU-R model for different attenuation levels 1, 3,
5, 8, 10, and 15dB as illustrated in Fig. 2. The results show that
the ITU-R model is only close to the measured data at 1dB
level, but far away for all other attenuation levels. This problem
is mainly due to the selected value for the standard deviation
which affects the distribution. It is found that the standard devi-
ation values used by the ITU-R curves are generally higher than
those obtained from the measured data. Similar behavior is also
observed for the other two links. In order to predict the fade
slope probability density functions for terrestrial microwave
links, this study suggests improving the ITU-R model by modify-
ing the expression of its distribution and its standard deviation.
This will be discussed further in the next section.
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The conditional distribution functions of the fade slope for the
attenuation levels 1, 3, 5, 8, 10, and 15 dB at 23 GHz are plotted
in one graph in Fig. 3. The following observations are noted.
First, all the fade slope distributions here are symmetric around
0dB/s which confirm the finding of other researchers [14, 16-
19, 21]. Second, all the CPDFs follow normal distribution with
zero average. Third, the distribution becomes broader when the
attenuation level increases. Finally, the magnitude of the fade
slope increases with the attenuation level, however the amount
of data decreases.

To prove that the fade slope distribution follows the normal
distribution, the T-test is used. Two hypotheses are considered
for the T-test. The first one is the null hypothesis (H = 0) which
considers the measured data follow a normal distribution with
mean u =0. While the second one is the alternative hypothesis
(H=1) which considers measured data follow a normal
distribution with mean u # 0. The T-test statistics that is used is
described by [32]
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Fig. 3. The CPDF of the fade slopes for different
attenuation levels measured at 23 GHz in Malaysia.
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where X, o are the mean and standard deviation of the tested data.
The size of the data is represented by n. The results of the test are
summarized in Table 3 and it shows that the T-test succeeds for
all attenuation levels at 23 GHz considering a significance level of
0.05. This means that the null hypothesis is accepted with a con-
fidence level of 95%.

Since the data follow the normal distribution with zero mean
for all attenuation levels so the probability distribution can be

expressed as [32, 33]
1 £ M)Z
exp| 0.5 ———
a2 p( ( g

The only parameter that affects the distribution in this equa-
tion is the standard deviation. To derive an expression for this
parameter, the standard deviation is plotted in Fig. 4 as a function

(10)

p(élA) = (11)
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Table 3. T-test results for the data measured from the 23 GHz link
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of the attenuation levels measured at 23 GHz. By using Matlab fit-
ting tools, the best fit can be described by

Attenuation level (dB) n H
1 68938 0 o = 0.00012A% — 0.003A% + 0.027A — 0.0016 12)
2 51526
3 34127 0 The good fit is verified from the curve of (12) in Fig. 4. Since
5 7819 0 the mean is equal to zero, so (11) can be rewritten as
8 1928 0 1 £ 5
10 569 0 p(élA) = ——=exp( 0.5 = (13)
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Table 4. The computed (Xfomp) and the theoretical (x3,) x? values for a significance level of 0.05 are shown along the degree of freedom (df) for the three
experimental links

15GHz 23 GHz 38 GHz

Attenuation level (dB) dr Xeomp X dr Xeomp X dr Xeomp X

1 50777 70965 51302 68 938 75781 69 550 35716 64 289 36 157
2 58 739 37 59304 51526 67 52055 29508 5163 29909
3 30807 3563 31216 34127 9759 34558 41890 1427 42367
5 4504 197 4661 7819 8 8026 19982 1476 20312
8 54 1 2 1928 2 2031 6816 4 7009
15 = = = 85 2 108 1135 16 1214

From the above analysis, equations (12) and (13) can be used
as a new model for predicting the fade slope distribution. To test
its performance, Fig. 5 shows the plots of both the CPDF of the
fade slopes from the new model and from the measured data
for various attenuation levels at 23 GHz. It is clear that the new
model fits well the measured data at all attenuation levels except
at 1 and 3 dB. However, by comparing the results in Figs 2(b)
and 5(c), the predicted distribution by the new model is better
than that of the ITU-R for the 3 dB level. It can be concluded
that the new model can perform better than the ITU-R model
for any attenuation level above 2 dB. The validity of the proposed
model is presented in the next section.

Validation of the new model

To verify the proposed empirical model, the fade slope data mea-
sured from the 15 and 38 GHz radio links are used. The CPDF of
fade slopes from the proposed model and the measured data at 38
GHz are shown in Fig. 6. Similar outcome was observed if the

https://doi.org/10.1017/51759078719001600 Published online by Cambridge University Press

measured data at 15 GHz were used. The results show that the
proposed model fits very well the data for any attenuation levels
higher than 2 dB for both frequencies. However, this observation
is not sufficient since we should take into considerations the
uncertainty in the measured data. For this reason, the new
model is validated using the chi-square goodness-of-fit test
which is a well-known method. This test determines how well
the proposed distribution fits the measured distribution using
hypothesis testing for a given significance level which is com-
monly taken as 0.05 [32]. The test is applied to the fade slope
data measured from the 15, 23, and 38 GHz radio links. The
first step in this method is to define the null hypothesis: H,,
and the alternative hypothesis: H,.

Hg: There is no significant difference between the measured and
the expected values.

H,: There is a significant difference between the measured and
the expected values.
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In the next step, the chi-square test is determined using [32]

N (0; — E;)?
Xgomp - 27( & ) (14)
i=1 1

where x7,,,, represents the computed x° value, O; is the observed
or the measured sample, E; is the expected sample, and N is the
number of samples. In this case, the number of degree of freedom
(df) is equal to N — 1. The computed values for X?omp and dy are
shown in Table 4 for the three types of measured data. Then,
the theoretical ° value,)?, is determined for a degree of freedom
drand a significance level of 0.05 using Matlab and the results are
also presented in Table 4. It is noted that for attenuation levels
higher or equal to 2 dB, the values of x?,,, are found less than
those of x7, for all three links. Therefore, the null hypothesis
Hj is accepted and it can be concluded that there is no significant
difference between the predicted and measured values for the
three cases. This means the proposed model is a good fit for
attenuation levels larger than 2dB for the three frequencies.
However, the model did not produce a good fit for an attenuation
level of 1dB since x2, >

comp th*

Conclusion

This paper proposes a new empirical model for the prediction of
rain fade slope for point to point terrestrial microwave links in
tropical regions such as Malaysia. The study is based on measured
rain fade slope data which were obtained from three terrestrial
microwave links installed in Malaysia and operating at 15, 23,
and 38 GHz. Unlike the ITU-R earth-to-satellite rain fade slope
model for earth-to-satellite links, it is found that the measured
fade slope distribution at 23 GHz is better approximated by nor-
mal distribution with mean equals to zero. A new prediction
model is derived based on analysis of the measured data at 23
GHz. The proposed model is tested with the measured fade
slope data at 15 and 38 GHz and it is found in close agreement
with almost all attenuation levels. Furthermore, the model is vali-
dated using the chi-square goodness-of-fit test. The proposed
model will be a useful tool in designing rain fade mitigation tech-
niques for terrestrial links in tropical regions.
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