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Abstract

Advanced telecommunication systems are moving toward a high data transfer rate and wider
bandwidth. The 5G communication network has recently been implemented for such aims.
However, 5G networks operating with high operating frequency (typically above 20 GHz)
could lead to impairments because of the atmospheric phenomena mainly precipitation
and especially heavy rain. To address this, an optimum rain fade margin for the 5G network
in Peninsular Malaysia is proposed using 77 sites of the rain-gauge network, which convert 1-
h rain data to 1-min rain data by means of the international telecommunication union rec-
ommendation (ITU-R) P.837-7 model. Long-term rain attenuation statistics are obtained
from ITU-R P.530-17 and the synthetic storm technique. The predicted rain attenuation is
also presented in monthly statistics and in rain attenuation contour maps. The analysis
showed that at 99.99% of link availability, the optimum rain fade margin operating at
26 GHz link should be in the range of 6.50 to 10dB and 7 to 11 dB at 28 GHz link for a
5G network. Such information is useful for network operators and system engineers for the
operation of 5G terrestrial microwave links in heavy rain regions.

Introduction

The requirements of higher throughput and data rates from consumers have forced modern
telecommunication systems to move toward the employment of higher operating frequencies.
The evolution of technology and industry, especially the Internet of Things and Industrial
Revolution 4.0, has pushed communication services to expand and rise to another level [1].
The development of 5G technology aims to increase bandwidth and effectively support
more devices at the same time. In other words, this communication technology aims to
provide lower latency with high data rate services [2, 3].

However, atmospheric phenomena must be considered when designing microwave
line-of-sight (LOS) links in higher-frequency bands, particularly transmission links that are
more than 10 GHz. Atmospheric phenomena such as rain, clouds, and water vapor could
result in impairment of the transmission link. Among these phenomena, rain is the most dom-
inant factor. It contributes to more severe impairment for radio links in heavy rain regions. In
tropical regions such as Malaysia, heavy rainfall is common and high humidity prevails
throughout the year. Moreover, rain attenuation on any path is highly dependent on frequency,
path length, and polarization as well as specific attenuation contributed from raindrop size dis-
tribution (DSD).

In general, rain attenuation can be measured by a beacon or radiometer or predicted using
models. Several prediction models have been proposed and developed by propagation
researchers to estimate rain attenuation in both terrestrial and satellite communication
links. The international telecommunication union recommendation (ITU-R) model has
been widely used, owing to its higher global reliability. Nevertheless, other models have
been shown to provide high accuracy, taking local data into consideration. The synthetic
storm technique (SST) [4, 5], SC-EXCELL [6], and MultiEXCELL [7] are among the models
that predict rain attenuation. Rain attenuation characteristics were intensely investigated by
propagation researchers over the past few years in both tropical and temperate regions. In a
tropical region, Lam et al. investigated rain attenuation using DSD measurements over slant-
path links via SST by means of stratiform-convective rain [8, 9]. Rain rate contour maps in
Peninsular Malaysia have been produced for microwave applications [10]. On the contrary,
in the temperate region, researchers focused extensively on predicting 1-min rain rate statistics
from 1-h rain rate statistics [11] and predicting yearly and monthly rain attenuation statistics
[12]. Also, rain attenuation for microwave links at higher frequencies has been studied by
researchers in the temperate region by incorporating a regression factor and a rain-rate
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adjustment factor in the proposed prediction model [13, 14]. In
recent years, research has focused on 5G communication systems.
Shayea et al. studied rain attenuation for 5G networks using real
measurement in Malaysia.

This paper presents monthly statistics and rain attenuation
contour maps and it proposes a rain fade margin for the 5G net-
work in Peninsular Malaysia. The rest of this paper is structured
as follows. Section “Background of study” summarizes the back-
ground of the study, and the methodology is briefly explained
in Section “Methodology.” Section “Results and discussion” pre-
sents the results and discussions of the monthly statistics and
rain attenuation contour map. Finally, a conclusion is drawn in
Section “Conclusion.”

Background of study

The rain rate is the main element in predicting rain attenuation.
Commonly, rain rate statistics with 1-min integration time provide
more meaningful results with respect to the rapid signal fluctuation
as compared to the 1-h integration time of the rainfall rate statistics.
However, the 1-min rainfall rate is scarce and rarely available, as the
dense rain-gage networks used in meteorological applications are
usually recorded at a 1-h integration time. Hence, the ITU-R
P.837-7 [15] model was used in this study to convert the available
1-h rainfall data from the Malaysian Meteorological Department
(MMD) rain-gage network into a 1-min rainfall rate. Furthermore,
due to the unavailability of the measured rain attenuation for the
5G network in Malaysia, ITU-R P.530 and SST models were
employed to convert the rainfall rate statistics to rain attenuation,
taking into consideration link parameters such as path length, fre-
quency, and polarization type. The relationship between the rainfall
rate and rain attenuation is explained by equation (1). This relation-
ship is called the power-law relation, where the rain attenuation, A
over a terrestrial path is the product of specific attenuation, yz
(in dB/km) and the effective length of the propagated path, d 4 (in
km). The effective length of the propagated path refers to the length
of the path with rain that is distributed horizontally along the path:

A= 'YRdeﬁ’ 9]

ITU-R P.837-7 model

In this study, ITU-R P.837-7 has been used to estimate the 1-min
rainfall rate statistics from the measured cumulative distribution
of 1-h rainfall rate collected by MMD. Generally, the conversion
of rainfall rate statistics from higher integration time to lower inte-
gration time is based on the movement of synthetic rain cell simu-
lation. Yet, in a graphic user interface in MATLAB, this
conversion has been developed, and it can be obtained directly
from the recommendations of the ITU website. In fact, this con-
version is an upgraded version of the EXCELL model in [11].
Interestingly, the genetic algorithm is required as one of the
input parameters besides the geographical coordinates, percentage
time of exceedance, and the rainfall rate at a different time of per-
centage. More details of the genetic algorithm are given in [16].

Chebil model

In 1999, Chebil developed a prediction model to estimate the
1-min rainfall rate from the 1-h rainfall rate in Malaysia [17].
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This prediction model was proposed using the rain rate conver-
sion factor, CFgq that is defined as the ratio of the rain rate in
1-min integration time, R; to rain rate in 1-h integration time,
Rgp at the same percentage of time, P in equation (2). The predic-
tion model proposed by Chebil is given in equation (3) with the
constraint that the percentage of the time, P is in the range of
0.001-1%:

_ R((P)
Reo(P)

(@)

60

R (P) = Rg(P)[0.772 P~ 4 1.141 exp (—2.570P)]  (3)

ITU-R P.530-17 model

The terrestrial LOS link is based on the prediction method
described in ITU-R P.530-17 [18]. Path length and specific
attenuation play important roles in this method. As discussed
earlier, the relationship between these parameters is described
in equation (1). The effective path length is the hypothetical
length that experiences rainfall. It is shorter than the actual
path length, which introduces the path reduction factor. As
a consequence, the effective path length, d.s used in this
method is based on the behavior of the reduction factor,
which is the product of path length, d, and the reduction fac-
tor at 0.01% of time exceedance, ryo; as presented in equations
(4) and (5):

dcff = d?’o,m (4)
1
T =
001 ™ 047740633 ROOT3x £0.123 _10.579(1 — exp (—0.024d))
©)

The constant, o is the function of frequency, f in the range of
1-1000 GHz with horizontal and vertical polarizations. It can
be obtained from ITU-R P.838-3 [19]. The ryq, represents
the path reduction factor at 0.01% time of exceedance, d is
the path length in km, f is the frequency in GHz, and Ryg;
denotes the rain rate at 0.01% time of exceedance.
Furthermore, the rain attenuation, A exceeded for other per-
centages of time, p from 0.001 to 1% also be estimated
from equation (6) to equation (10):

Ap = Ag Crp~ (T8N ©)
with
C, = (0.07%)[0.120-%)] @)
C, = 0.855Cy 4 0.546(1 — Cp) 8)
Cs = 0.139C, 4 0.043(1 — Cp) )
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C o { 0.12 + 0.4[log10(f/10)0'8] fz106GH o

0.12 f <10 GHz

Synthetic storm technique

According to Matricciani, rain attenuation on a terrestrial link can
be predicted using the SST [4]. This technique is based on phys-
ical and mathematical formulations, which can be applied to esti-
mate the time series of rain attenuation by converting the time
series of rain rate using the storm translation speed along the
propagation path. Rain attenuation, A along the propagation
path can be estimated if a point located along the path in the
x-axis direction, x,, and the rainfall rate, R are measured at the
same point. The expression of estimated attenuation is expressed
in equation (11):

Xo+L/2
R™ (x) dx
xo—L/2

Ax,) = k j (11)

Changes of attenuation over time can be computed as in equation
(12) by varying the initial point, x,, at the same rate to the speed,
v of the rain cell:

X, = vt (12)
Details of the procedure of the SST model can be found in [4]. In
addition to application in terrestrial links, the performance of this
prediction model has been analyzed in satellite communication
links in Malaysia [8, 20]. Hence, this model has been well devel-
oped for both terrestrial and satellite links, as the results of this
prediction model have been validated in satellite links. For this
reason, the SST model has been applied in this study based on
the time series of rain data in the experimental site and the
reliability of this model in the terrestrial link.

Methodology

Rain rates with an integration time of 1-min were collected using
a tipping bucket rain gage at Universiti Tun Hussein Onn
Malaysia (UTHM) for 3.5 years along with 3 years of RD-69 disd-
rometer data from Universiti Teknologi Malaysia, Kuala Lumpur
(UTM-KL). In addition, data with a 1-h integration time were col-
lected using a tipping bucket rain gage in 75 other sites (more
than 10 years for each site) as in Fig. 1 spread over Peninsular
Malaysia. The details of each station are provided in Appendix
Table A in the appendix.

In this study, the data collected in UTHM and UTM-KL were
used mainly to develop monthly statistics in the equatorial region
and validate the 1-h data collected by MMD. In the interest of
ensuring the accuracy of 1-h to 1-min statistical conversion by
the ITU-R P.837-7 model, the 1-min data collected in UTHM
and UTM-KL were processed to 1-h rainfall rate statistics so
that they have the same integration time as the data collected
by MMD. The 1-h rainfall rate statistics are then converted to
I-min rainfall rate statistics by the ITU-R P.837-7 model
According to [11], this prediction method is applicable world-
wide, and it is more precise than other estimation techniques
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Fig. 1. Locations of experimental sites.

like the one proposed by Chebil and Rahman [17]. As the
1-min rainfall rate statistics are obtained, ITU-R P.530-17 was
applied to estimate the rain attenuation on a monthly basis. At
the same time, rain attenuation was predicted from the measured
1-min rainfall rate statistics using the SST model. A comparison
was made between the estimated 1-min rainfall rate statistics
and the measured 1-min rainfall rate statistics to validate the
accuracy of the conversion.

In this study, ITU-R P. 530-17 was chosen as the rain attenu-
ation prediction model because it is simple and applicable world-
wide. In addition, 1-min rainfall rates are not easy to obtain for all
locations in Malaysia; therefore, the prediction of rain attenuation
using the ITU-R model depends on the hourly rainfall data pro-
vided by MMD as input. Furthermore, with the intention to val-
idate the reliability of the ITU-R model, the SST model was
employed in this study because of its ability to adapt localized
time series rain rates to produce more reliable statistics.
Subsequently, the fade margin of the 5G network is proposed
to network planners in the interest of maintaining signal perform-
ance based on long-term statistical results.

Testing activity is necessary to check the accuracy of the
model. The appropriateness of the ITU-R P.837-7 model for con-
verting 1-h rainfall data into 1-min rainfall data was tested for
goodness of fit as recommended for ITU-R P.311 in [21]. The
error of the prediction model, £(P) used in the rain rate perform-
ance qualitative test is defined in equation (13), with probability
levels ranging from 0.01 to 1% when both estimated and mea-
sured rain rates are available [22]:

Resl(P) - Rmeas (P)

x 100%
Rmeas(P)

e (P)= (13)

where R.y(P) and R,,,,(P) represent the estimated and measured
rain rates at the same probability level, P, and N is the total num-
ber of available probability values.

Similarly, testing activity was also performed for predicting
rain attenuation using the SST and ITU-R models. This activity
was performed to determine the prediction accuracy of the predic-
tion models. The error of the prediction model, £(P) of rain
attenuation performance, is defined in equation (14) according
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Table 1. Coefficients of k and a

Frequency (GHz) ky ay
26 0.167035 1.0189
28 0.195700 1.0075

to the ITU fascicle in [22] with 10 probability levels that range
from 0.001 to 1% when both estimated and measured rain attenu-
ation values are available:

10 Apn(P)

0.2
(A’”(P)> 1n<AP(P)) An(P) < 10 dB
#P)= (AP<P)>
In
Anu(P)

(14)

A, (P) >10dB

where A,(P) and A,,(P) represent the predicted and measured
rain attenuation values at the same probability level, P.

Rain attenuation is presented in the form of contour maps
rather than line graphs. A contour map which focuses on the
rain rate has been developed in [10] in Peninsular Malaysia. In
this study, we presented the extended work up to the rain attenu-
ation contour map with a specific focus on 5G operating frequen-
cies. The maps will provide immediate graphic visualization of the
5G network performance with respect to the percentage of avail-
ability. A rain attenuation map that uses data from a 77-site rain-
gage network, including UTHM and UTM-KL, is generated for
the 5G network at a path length of 0.2km. A similar procedure
to estimate 1-min rainfall rate statistics from 1-h rainfall rate sta-
tistics using the ITU-R P.837-7 method was applied. Rain attenu-
ation was then predicted using ITU-R P.530-17 before the contour
map was developed. The constants k and a, both at horizontal
polarizations, H used in all aspects of this study for different fre-
quencies are obtained from DSD measurement and scattering
computation [23] as shown in Table 1.
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Fig. 3. Error of the rain rate prediction model for UTHM and UTM-KL stations.

Results and discussion

As discussed in Section “Background of study,” rainfall rates are
important for predicting rain attenuation. It is important to
note that rainfall rate statistics could be plotted in different inte-
gration times as was done in [24]. Figures 2(a) and 2(b) show the
conversion of 1-h rainfall rate statistics to 1-min rainfall rate sta-
tistics using ITU-R P.837-7 and the Chebil prediction models in
UTM-KL and UTHM, respectively. In fact, Chebil used that data-
set of UTM-KL to develop the prediction model. As a conse-
quence, the results in Fig. 2(a) show that the Chebil model
yields similar results and matches the measured rain rate. This
shows that the 1-min rain rates estimated using the ITU-R
model are close to the measured 1-min rain rate statistics, espe-
cially for the UTHM station. Figure 3 shows the error of the
rain rate prediction model for UTHM and UTM-KL stations.
Positive errors indicate that the prediction model is overestimated,
and negative errors indicate underestimation. The error of the
prediction model is 1.47% at 1% of time, —36.26% at 0.1% of
time, and —5.10% at 0.01% of time in UTM-KL site. However,
the errors of the rain rate prediction model at 1, 0.1, and 0.01%

10 T T T T T T T T
=—— Measurad
=B ITURPB3IT-T| |
=—B8— Chebil |1

Time exceeded [%)]

0 20 40 60 80 100 120 140 160 180
Rain rate [mm/h]

(b)

Fig. 2. Conversion of 1-h rainfall rate statistics to 1-min rainfall rate statistics in (a) UTM-KL and (b) UTHM.
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30

Rain attenuation [dB]
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Fig. 4. Comparison of rain attenuation statistics using the SST and ITU-R models in (a) UTM-KL and (b) UTHM.

are in accordance with 140.82, —9.65, and 1.96%, respectively in
UTHM. However, the error exceeded 10% at 1% of the time in
UTHM. This might be because the prediction model provides long-
term predictions because the input it receives is long-term data.
The worst-case scenario for the 5G network was considered
where the rain fade is critical to horizontal polarization because
of the increase of the size of the raindrops. Figures 4(a) and
4(b) compare the rain attenuation statistics from rainfall rate con-
version using the two prediction models, SST and ITU-R, at fre-
quency 28 GHz, horizontally polarized and 0.2 km path length in
UTM-KL and UTHM. In UTM-KL, 13.85dB is accounted for
when the SST model is used and 13.57 dB of rain attenuation
by the ITU-R model at 0.01% of the time. At 0.01% of the
time, the SST model records 9.77 dB, whereas 9.66 dB is recorded
by the ITU-R model in the UTHM site. The results show that
both models can be used to predict rain attenuation for 5G com-
munication systems in tropical regions, as both the SST and
ITU-R models follow closely with each other in both experiment
sites. Hence, it is agreed that the path length for the 5G network is
as short as 0.2 km as was discussed in [25]. Figure 5 shows the

80 T T

Relative error of rain attenuation [%]

-40 : i
10 102 107" 10°
Percentage of exceedance [%]

Fig. 5. Error of rain attenuation prediction model for the UTHM and UTM-KL stations.
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Rain attenuation [dE]

(b)

error of the rain attenuation prediction model in both UTHM
and UTM-KL sites. Once again, the prediction model gives posi-
tive errors if the predictions are overestimated and negative errors
when the predictions are underestimated. At 1% of the time, an
error of 70.10% is obtained in UTHM, but only 54.18% is
recorded in UTM-KL. The justification for the error exceeding
10% could be that the long-term input distribution of rain rates
resulted in long-term predictions by the prediction model. In
UTHM, the error decreased to —13.43 and —3.10% at 0.1 and
0.01% of time, respectively. In UTM-KL, the error was —25.80%
at 0.1% and 3.49% at 0.01% of time. At 0.001% of time, the
error achieved 25.37% in UTHM and 42.22% in UTM-KL. This
shows that the ITU-P.530-17 model is suitable for use in the
monthly analysis in this study because the predictions from the
ITU-R and SST models are comparable. Despite that, the SST
model was employed in this study to compare the rain attenuation
statistics for UTHM and UTM-KL stations, but it was not
employed throughout the analysis for all locations because of
the unavailability of 1-min rain data. It is also worth mentioning
that 1-h resolution rainfall data are widely available from
meteorological agencies that use them in meteorology applica-
tions, whereas propagation application requires 1-min rainfall
intensity, which corresponds to the signal fluctuation. Hence,
the conversion of 1-h rainfall data to 1-min rain intensity is cru-
cial. In fact, the SST model uses the local 1-min rain rate as the
input parameter. This can reflect the dynamic of signal fluctu-
ation as well as the local peculiarities of rain attenuation, and it
is much more reliable in producing statistics than the ITU-R
model.

Monthly rain attenuation statistics predicted for 5G networks
operating at a frequency of 28 GHz and a path length of 0.2 km
have been estimated using the SST and ITU-R models, as pre-
sented in Figs 6 and 7 for both UTM-KL and UTHM sites. The
result in UTM-KL shows that the lowest rain attenuation occurs
in July, whereas February recorded the highest rain attenuation
at 0.01% of the time when the SST model was used. At the
same time, August recorded the lowest rain attenuation, and
the highest rain attenuation was recorded in March when the
ITU-R model was applied. In UTHM, the lowest rain attenuation
was recorded in March when the SST model was used. On the
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Fig. 6. Monthly SST and ITU-R predicted rain attenuation statistics in UTM-KL: (a) January-March, (b) April-June, (c) July-September, and (d) October-December.

contrary, the lowest rain attenuation was recorded in February
when predicted using the ITU-R model. At 0.01% of time excee-
dance, May recorded the highest rain attenuation when the SST
model was applied, and when the ITU-R model was used, the
highest rain attenuation occurred in October. The results show
that rain attenuation varies with the geophysical and atmospheric
dynamics at a particular location and when different equipment is
used. The monthly statistics show that the predicted monthly out-
come presents a clear view of monthly variability, and they are
more reliable than yearly statistics in the equatorial region operat-
ing at the 28 GHz link. This agrees with the study of Carlo and
Luini [12].

Table 2 summarizes the proposed rain fade margin in dB at
different frequencies and different polarizations when the worst-
case scenario is considered in Peninsular Malaysia. Meanwhile,
Tables 3 and 4 show the proposed monthly rain fade margin
for UTHM and UTM-KL stations, respectively. The results sug-
gest that the communication system could set the optimum fade
margin according to monthly variations and geographical
locations.

Figure 8 presents the rain attenuation contour map at 0.01% of
time exceedance at a frequency of 26 GHz. The attenuation values,
Apo1> of all locations have been labeled on top of the contour
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lines. It is estimated that for 99.99% of the data, the rain attenu-
ation in the equatorial region at 26 GHz transmission link is as
low as 6.50dB, and the highest estimated rain attenuation is
about 10 dB. As the frequency increases to 28 GHz as shown in
Fig. 9, the rain attenuation at 0.01% of time exceedance records
the lowest attenuation of 7 dB in this region, and it could reach
as high as 11dB in some locations in the region. In other
words, the rain attenuation for the 5G network varies in the
range from 6.50 to 10 dB and from 7 to 11 dB, depending on loca-
tion, for 26 and 28 GHz links. This result indicates that the rain
fade margin for the 5G network is in the range of 6.50-11 dB
at 26 and 28 GHz links. Hence, the results obtained from the
rain attenuation contour map for the 5G network based on pre-
diction attenuation could provide an overview of the fade margin
system across Peninsular Malaysia.

Conclusion

This study provides crucial information on rain attenuation in
Peninsular Malaysia. Various analyses have been performed
with respect to the model used in this study before it is employed
for prediction and analysis. The analysis suggests that a 1-h rain-
fall rate can be accurately used for rainfall data analysis on a
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Fig. 7. Monthly SST and ITU-R predicted rain attenuation statistics in UTHM: (a) January-March and (b) April-June, (c) July-September, and (d) October-December.

Table 3. Rain fade margin in dB by month at 28 GHz and 0.2 km path length

with horizontal polarization in UTHM

Location Availability
Parameters Availability (%) UTHM UTM-KL Location Month 99.00% 99.90% 99.99%
26 GHz 99.00 0.89 1.36 UTHM January 0.89 3.23 8.56
99.90 3.22 4.89 February 0.33 121 3.20
99.99 8.51 12.92 March 0.78 2.83 7.48
28 GHz 99.00 0.99 1.49 April 0.80 2.92 7.71
99.90 3.58 541 May 1.32 4.79 12.67
99.99 9.47 14.31 June 1.08 3.93 10.39
Horizontal polarization 99.00 0.99 1.49 July 0.69 2.49 6.60
99.90 3.58 541 August 1.20 4.35 11.51
99.99 9.47 14.31 September 0.76 2.74 7.24
Vertical polarization 99.00 0.80 1.20 October 1.79 6.49 17.18
99.90 2.90 4.34 November 1.07 3.87 10.24
99.99 7.67 11.49 December 1.02 3.69 9.75
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Table 4. Rain fade margin in dB by month at 28 GHz and 0.2 km path length
with horizontal polarization in UTM-KL

Availability

Location Month 99.00% 99.90% 99.99%

UTM-KL January 1.27 4.60 12.17
February 1.69 6.13 16.21
March 2.07 7.49 19.81
April 1.63 5.92 15.66
May 1.69 6.12 16.18
June 1.99 7.21 19.09
July 1.56 5.66 14.97
August 0.90 3.25 8.60
September 135 4.89 12.93
October 1.62 5.87 15.54
November 1.83 6.63 17.54
December 1.04 3.75 9.93

Latitude (North)

1015 102 1025 103 1035 104
Longitude (East)

100 1005 101

Fig. 8. Rain attenuation contour map at 0.01 percentage of time in 26 GHz predicted
for 5G network.

monthly basis as it is more reliable than yearly statistics.
Furthermore, as little as about 14 dB of rain attenuation is
obtained at 0.01% of the time for short paths. In addition, an opti-
mal rain fade margin of 6.50-10 dB at 26 GHz link and 7-11 dB at
28 GHz link is proposed, based on the information in the rain
attenuation map. These findings are of great significance for
implementing 5G cellular telecommunications in heavy rain
areas, as this study shows the optimal way to predict the perform-
ance of a 5G network with respect to the rain fade margin. It
employed a combination of widely available local rain data and
a highly accurate propagation model. Such outcomes indirectly
address the need of societies and communities to remain linked
at all times as 5G plays an important role in socio-economic
development. It increases the productivity of work, improves
healthcare by implementing e-healthcare services, and supports
communication between families and friends.
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Fig. 9. Rain attenuation contour map at 0.01 percentage of time in 28 GHz predicted
for 5G network.

Acknowledgements. This study was supported and funded by the Ministry
of Higher Education under CRG Vot No. K262 and FRGS-RACER Vot No.
K157, and Universiti Tun Hussein Onn Malaysia (UTHM) under Tier 1
Vot No. H262 and REGG Vot No. H885.

References

1. Ghosh A, Maeder A, Baker M and Chandramouli D (2019) 5G evolu-
tion: a view on 5G cellular technology beyond 3GPP release 15. IEEE
Access 7, 127639-127651.

2. Andrews JG, Buzzi S, Choi W, Hanly SV, Lozano A, Soong ACK and
Zhang JC (2014) What will 5G be? IEEE Journal on Selected Areas in
Communications 32, 1065-1082.

3. Vora MLJ (2015) Evolution of mobile generation technology : 1G to 5G
and review of upcoming wireless technology 5G. International Journal
of Modern Trends in Engineering and Research 2, 281-290.

4. Matricciani E (1996) Physical-mathematical model of the dynamics of
rain attenuation based on rain rate time series and a two-layer vertical
structure of precipitation. Radio Science 31, 281-295.

5. Mandeep JS (2009) Rain attenuation statistics over a terrestrial link at
32.6 GHz at Malaysia. IET Microwaves, Antennas ¢ Propagation 3,
1086-1093.

6. Capsoni C and Luini L (2013) The SC EXCELL model for prediction of
rain attenuation on terrestrial radio links. Electronics Letters 49, 307-308.

7. Luini L and Capsoni C (2011) MultiEXCELL: a new rain field model for
propagation applications. IEEE Transactions on Antennas and Propagation
59, 4286-4300.

8. Lam HY, Luini L, Din J, Capsoni C and Panagopoulos AD (2012)
Investigation of rain attenuation in equatorial Kuala Lumpur. IEEE
Antennas and Wireless Propagation Letters 11, 1002-1005.

9. Yunus MM, Din J, Jong SL and Lam HY (2018) Slant path Ka-band rain
attenuation statistics in equatorial Malaysia obtained using stratiform
convective- synthetic storm technique. International Journal of
Engineering & Technology 7, 22-25.

10. Chebil J and Rahman TA (1999) Development of 1 min rain rate contour
maps for microwave applications in Malaysia Peninsula. Electronics Letters
35, 1772-1774.

11. Capsoni C and Luini L (2008) 1-min rain rate statistics predictions from
1-hour rain rate statistics measurements. IEEE Transactions on Antennas
and Propagation 56, 815-824.

12. Capsoni C and Luini L (2013) The SC EXCELL model for the prediction
of monthly rain attenuation statistics. In 7th European Conference on
Antennas and Propagation (EuCAP), 1382-1385.


https://doi.org/10.1017/S1759078721000751

758

13.

14.

15.

16.

17.

18.

19.

Shrestha S and Choi DY (2017) Rain attenuation over terrestrial micro-
wave links in South Korea. IET Microwaves Antennas & Propagation 11,
1031-1039.

Lu CS, Zhao ZW, Wu Z8, Lin LK, Thiennviboon P, Zhang X and Lv ZF
(2018) A new rain attenuation prediction model for the earth-space links.
IEEE Transactions on Antennas and Propagation 66, 5432-5442.

ITU-R P.837-7 (2017) Characteristics of precipitation for propagation
modelling. Recommendation ITU-R.

Goldberg DE (1989) Genetic Algorithms in Search, Optimization ¢
Machine Learning. Boston, MA: Addison-Wesley.

Chebil J and Rahman TA (1999) Rain rate statistical conversion for
the prediction of rain attenuation in Malaysia. Electronics Letters 35,
1019-1021.

ITU-R P.530-17. (2017) Propagation data and prediction methods required
for the design of terrestrial line-of-sight systems. Recommendation ITU-R,
1-24.

ITU-R P.838-3. (2005) Specific attenuation model for rain for use in pre-
diction methods, 1-8.

Appendix

20.

21

22.

23.

24.

25.

Shi Jie Seah et al.

Jong SL, Riva C, D’Amico M, Lam HY, Yunus MM and Din ] (2018)
Performance of synthetic storm technique in estimating fade dynamics
in equatorial Malaysia. International Journal of Satellite Communications
and Networking 36, 416-426.

. ITU-R P.311-17. (2017) Acquisition, Presentation and Analysis of Data in

Studies of Radiowave Propagation. Recommendation ITU-R.

ITU-R. (2016) Fascicle on testing variables used for the selection of pre-
diction methods, 1-6.

Lam HY, Luini L, Din J, Alhilali MJ, Jong SL and Cuervo F (2017). Impact
of rain attenuation on 5G millimeter wave communication systems in equa-
torial Malaysia investigated through disdrometer data. In 2017 11th European
Conference on Antennas and Propagation, EUCAP 2017, 1793-1797.
Capsoni C and Luini L (2009) A physically based method for the conver-
sion of rainfall statistics from long to short integration time. IEEE
Transactions on Antennas and Propagation 57, 3692-3696.

Rappaport TS, Sun S, Mayzus R, Zhao H, Azar Y, Wang K and
Gutierrez F (2013) Millimeter wave mobile communications for 5G
cellular: it will work!. IEEE Access 1, 335-349.

The station number in the first column of Appendix Table A refers to the station drawn in Fig. 1.

Table A. Location of experimental sites

Station no. State Lat (°N) Long (°E) Duration (months)
1 Johor 1.52 103.49 249
2 Johor 1.53 104.18 248
3 Johor 1.63 103.70 229
4 Johor 1.76 103.72 249
5 Johor 1.84 102.93 191
6 Johor 1.85 103.47 123
7 Johor 197 103.18 203
8 Johor 1.93 103.71 104
9 Johor 2.05 102.58 248
10 Johor 2.02 103.33 248
11 Johor 2.28 103.06 110
12 Johor 2.23 103.60 235
13 Johor 2.26 103.74 247
14 Johor 2.65 103.62 244
15 Johor jI#55) 103.64 42
16 Kedah 5.58 100.74 240
17 Kedah 5.80 100.44 233
18 Kedah 5.81 100.63 247
19 Kedah 5.88 100.89 229
20 Kedah 6.11 100.85 242
21 Kedah 6.24 100.77 242
22 Kedah 6.34 100.69 242
23 Kedah 6.37 99.73 177
24 Melaka 2.23 102.27 192
25 Melaka 2.29 102.49 252
26 Melaka 2.36 102.19 247
(Continued)
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Table A. (Continued.)

Station no. State Lat (°N) Long (°E) Duration (months)
27 Melaka 2.27 102.25 24
28 Pahang 2.82 104.17 157
29 Pahang 3.03 102.66 221
30 Pahang 3.17 102.98 230
31 Pahang 3.14 103.44 229
32 Pahang 3.44 102.43 225
33 Pahang 3,51 101.92 242
34 Pahang 3.81 101.85 241
35 Pahang 3.81 103.33 166
36 Pahang 4.39 102.40 241
37 Pahang 4.52 101.38 233
38 Perak 3.68 101.52 237
39 Perak 4.02 101.04 237
40 Perak 4.05 101.30 237
41 Perak 4.26 100.90 237
42 Perak 431 100.16 237
43 Perak 4.46 100.90 237
44 Perak 4.68 101.17 239
45 Perak 4.78 100.89 237
46 Perak 4.89 101.18 238
47 Perak 4.98 100.80 237
48 Perak 5.01 100.55 237
49 Perak 5.22 100.70 237
50 Perak 5.30 101.06 237
51 Perak 5.71 101.00 231
52 Perlis 6.45 100.19 235
53 Pulau Pinang 5.29 100.48 128
54 Pulau Pinang 5.39 100.21 241
55 Pulau Pinang 5.53 100.43 236
56 Selangor 2.83 101.54 230
57 Selangor 2.87 101.85 246
58 Selangor 2.93 101.39 246
59 Selangor 3.02 101.60 232
60 Selangor 3.17 101.87 246
61 Selangor 3.37 101.41 247
62 Selangor 3.42 101.17 242
63 Selangor 3.58 101.67 248
64 Selangor 3.70 101.35 241
65 Selangor 3.73 101.08 241
66 Terengganu 3.92 103.31 179
67 Terengganu 4.23 103.42 241
68 Terengganu 5.36 102.89 235
69 Terengganu 5.80 102.57 235
(Continued)
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Table A. (Continued.)
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Station no. State Lat (°N) Long (°E) Duration (months)
70 Wilayah Persekutuan 3.16 101.68 174
71 Wilayah Persekutuan 3.15 101.75 254
72 Wilayah Persekutuan 3.23 101.64 121
73 Wilayah Persekutuan 3.24 101.75 252
74 Wilayah Persekutuan 3.24 101.71 252
75 Wilayah Persekutuan 3.26 101.77 249
76 Wilayah Persekutuan 3.37 101.77 252
7 Wilayah Persekutuan 3.16 101.71 36
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