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Millimeter-wave will be the strong contender for the terrestrial link using
for 5G networks. So it is imperative to examine these frequency bands
to ensure the uninterrupted services when 5G network is connected in
tropical regions. A critical challenge of link-budgeting in mm-wave 5G
networks is the precise estimation of rain attenuation for short-path links.
The difficulties are further intensified in the tropical areas where the rainfall
rate is very high. Different models are proposed to predict rain attenuation,
however recent measurements show huge discrepancies with predictions for
shorter links at mm-wave. The path reduction factor is the main parameter in
the prediction model for predicting total attenuation from specific rain
attenuation. This study investigates four path reduction factor models for
the prediction of rain attenuation. A comparison was made between these
models based on rain attenuation data measured at 26 GHz at 300 m and 1.3
km links in Malaysia. All models are found to predict rain attenuation

at a 1.3 km link with minimum errors, while tremendous discrepancies
are observed for 300 m link. Hence it is highly recommended to further
investigate the reduction factor model for shorter links less than 1 km.
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1. INTRODUCTION

The Worldwide continuous demand for data on wireless communication systems having user
ubiquitous access requires a high-speed data rate and a large bandwidth to fulfill the requirement
uninterruptedly. 5th generation (5G) millimeter-wave (mm-Wave) communication system is coming
forth technology which will provide efficient mmWave spectrum utilization to provide high-speed data
rates and large bandwidth. Precipitation is a prevailing source of attenuation at mm-wave bands [1].
Attenuation due to precipitation at frequencies over 10 GHz, mostly extends to outages that compromise
the accessibility and performance of the mm-wave links, which leads to the most critical challenges for
mm-wave link design. The information of rain fade is the basic requirement to establish a reliable
and uninterrupted network for 5G links [2-3]. Precipitation is a notable obstruction that hinders the mm-wave
signals propagating from the transmitter link to the receiver link. The transmitting signal can be ingested,
dissipated, depolarized and diffracted by precipitation. This outcome causes extra fading to the transmitted
signals. The impact of high rain intensity turns out to be a further vital issue when the rain intensity
rate, the transmitted frequency band or the path length between the transmitter and the receiver
more increase [4-5].
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To predict the attenuation due to rain correctly, the pattern of raining events such as the distribution
of rain within the rain cell needs to be investigated. These phenomena reduce the effective length of raining
along the propagation path [6]. The amount of attenuation due to precipitation measurements is determined
by attenuation due to precipitation per unit of path length. The measure of attenuation due to precipitation
per unit of path length characterized as yg, specific rain attenuation estimated in [dB/km]. Assessing the yr
principally relies upon the rain intensity, frequency regression coefficients, and the type of polarization.
Consequently, the specific rain attenuation, yr applying the coefficients of frequency-dependent carried in (1),

7, =KR*  dB/km (1)

Where R (mm/h) is the rainfall rate for a given year. From the measurement at the point of location site as
mentioned, 0.01% of the time, the one-min. rainfall intensity was found 116 mm/h. The coefficient value of k
and & are dependent on the value of the frequency, f (GHz), the polarization of the wave and distribution of
the raindrop size [7-9]. Attenuation due to rain on a line-of-sight (LOS) path can be expressed in (2)

A=ydy =y xdxr dB )

Where dest is the effective path length over which rain rate is considered uniform and d is the actual path
length in km. The horizontal path reduction factor, r which accounts for the horizontal inhomogeneity of rain
along the propagation path. The distance between the transmitter and receiver which is known as path length,
d is another parameter that attenuates signals of mm-waves during precipitation.

Precipitation is not invariantly dispersed along the total path length. In this way, the total distance
is not the same as the effective distance [10-12]. This estimation is dependent on precipitation dispersion.
Accordingly, attenuation of signal due to rainfall rate determined as a function of the effective path length.
At the point when this distance expands, it implies the precipitation will comprehend a more area between
links, leads to more signal fading. Most of the measurements for the mm-wave terrestrial link are
concentrated on effective path length and considered path reduction factors (less than 1) as the main part of
the rain fade estimation. These prediction models are used as a way of ‘averaging out’ the spatial
inhomogeneity of rainfall rate that is uniformly distributed along the propagation path of 1 km and named
as specific attenuation in dB/km. Various research had examined and demonstrated this issue such
as AbdulRahman et al, Lin et al, da Silva Mello et al. It was perceived that the additional attenuation caused
by rain is straightforwardly proportional to the active distance between the links [13]. To anticipate
the aggregate sum of attenuation being caused by precipitation such as an mm-wave link might undergo,
a path reduction factor that is required to count the variability of rainfall rate results along the propagation
path for a short distance. Interestingly, rain-induced attenuation predicted by utilizing ITU-R P.530-17
largely overestimates the measured data for short path length [14-15]. This is due to the inclusion
of distance factor r, the behavior of which is found inconsistent for path lengths less than 1 km.
Hence, a modification for distance factor r in ITU-R P530.17 is required for accurate prediction of short
links in a tropical climate [16].

2. REDUCTION FACTOR MODELS
2.1. ITU-R P-530-17

Precipitation happens in a range where the rainfall rate is more at the focal point of the rain falling
area and diminishes quickly near to the boundary. It is because of the precipitation natural characteristics,
which is enormously convectional. Accordingly, when anticipating the measure of attenuation because of
rainfall that an mm-wave network may endure, a reduction factor, r is essential for the unevenness of rainfall
rate happening along the path between the terrestrial links. Thus, the reduction factor, r is a significant
parametric quantity for the estimation of signal fade due to rain. From ITU-R P.530.17 [17], this r which
is known as the reduction factor is given by (3)

1
r =
(0.477 x 0055 5 RO ¢ 0.123)_10.579 (1_ exp(—0.024d ))

©)

Where frequency, f in GHz and « is mentioned earlier in (1). The value of r can be highest equal to 2.5,
so use the value of r is 2.5, when the denominator value of the (3) is less than 0.4.

Bulletin of Electr Eng & Inf, Vol. 9, No. 5, October 2020 : 1907 — 1915



Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 1909

The rain-induced attenuation for different percentages of time, p in the range from 0.001% to 1%
derived by the power-law relationship given by (4)

izclp—(CﬁCﬂog10 p) 4)
Ao
With
C,=(0.07%)[0.124% | (5a)
C, = 0.855C, +0.546(1-C,) (5b)
C, =0.139C, +0.043(1-C,) (50)
Where
0.8
- 0.12+0.4] log, (  /10)"° | f>10 GHz ©
0.12 f <10 GHz

ITU recommended applying this model around the world, by giving measured rainfall rate data at
the regionally or by applying the ITU recommended map. It is applicable for estimation of rain attenuation at
any frequency somewhere in the range of 1 and 100 GHz with a limited distance till 60 km.

2.2. Abdulrahman model
AbdulRahman [18] developed a model to estimate the path reduction factor as expressed in (7)

1

r(Ryop.d)= @)
1+ d

2.6379(Ry ;)

0.21

Where d represents the actual distance between the transmitter and receiver of the link and Ros is the rain
rate at 0.01% percentage of the time. This model using multiple non-linear regression techniques.
The rain-induced attenuation for different percentages of time, p in the range from 0.001% to 1% derived by (8)

a d
A%p=7RXdeff:{k(R%p) }X g @)
1+ 021
2.6379(Ry,)

2.3. Lin model
This model [19] reported in some measure associate with variability of rainfall rate along
the propagation path. The path reduction factor, r is given by this model is shown in (9)

r=——— where, d(R):% 9)

Where d represents the actual distance between the links and R is the rainfall rate. The rain-induced
attenuation for different percentages of time, p in the range from 0.001% to 1% derived by (10)
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a d
Ay = 7r X Ugg ={k(R%p) }x—d (10)
1+( ]

d(R)

2.4. Da silva mello model

This model [20-21] practice the numerical coefficients that are determined for effective rainfall rate
and across identical rain cell distances that were acquired by various nonlinear regressions, utilizing
the accessible measured data. The path reduction factor for this model is shown in (11)

r=— 1 where, d, =119R™%** (11)

d
1 -
" d(R,)

Here d is the actual path length between the links and do represents equivalent rain cell diameter.
The rain-induced attenuation for different percentages of time, p in the range from 0.001% to 1% derived by (12)

A%pzj/RXdeff :k|:Reff(Rwd):|ax# (12)
1+ 4
o (R, )

R, —1763R"™ ¢ (13)

Where, Ref is the effective rainfall rate, a function of d and R,. The regression coefficients of (13) were
obtained by multiple nonlinear regressions, using the currently measured data in the ITU-R databanks.

3. INVESTIGATION OF PATH REDUCTION FACTOR

Rain occurs in cells that are mostly convective by nature, that causes the rain rate to be higher at
the center of the rain cell and taping rapidly at the edge. This eventually leads to unequal dispersion of rain in
areas that are experiencing precipitation. Hence, the need to use the path reduction factor as a parameter for
the calculation of attenuation due to rain is essential. The reduction factors r proposed by 4 models are
investigated for path length less than 1 km and more 1 km and presented in the following section.

3.1. Variations of r for less than 1 km

The reduction factor r proposed by ITU-R [17], AbdulRahman [18], Lin [19] and da Silva Mello
[20] models are investigated based on (3-4, 7-12) and shown in Figure 1. From Figure 1, it is observed that
the value of the reduction factor is almost constant with value 1 for AbdulRahman, Lin and da Silva Mello
Model. But for ITU-R it shows the value of r increases exponentially for path length less than 1 km. For
300 meter, the value of r is 2.548 for the ITU-R model, 0.959 for AbdulRahman model, 0.992 for da Silva
Mello model and 0.987 for Lin Model.

3.2. Variations of r for greater than 1 km

The reduction factor r proposed by ITU-R, AbdulRahman, Lin and da Silva Mello models
are investigated based on (3-4, 7-12) and shown in Figure 2. From Figure 2, it is observed that the value of
the reduction factor is almost linearly decreasing with the increase of path length for AbdulRahman, da Silva
Mello and Lin model. But ITU-R model shows the value of reduction factor exponentially decreasing with
the increase of path length. For 1.3 km, the value of r is 1.163 for the ITU-R model, 0.846
for the AbdulRahman model, 0.948 for Lin Model and 0.966 for the da Silva Mello model.
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Figure 1. Comparison of reduction factor with path length proposed by different
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4. RAINFALL RATE AND ATTENUATION MEASUREMENT

Here in the article, two years of continuous measurement was conducted to research the effect of
precipitation on the propagation of millimeter-wave links at 26 GHz. Block diagram of the experimental
setup for data collections at UTM is shown in Figure 3. Two Ericsson links were set up at the operating
frequency of 26 GHz in the university premises at Johor Bahru city in Malaysia. One link is set up between
the top of the microwave lab and Balai Cerapan at UTM, Skudai, Johor Baru. The distance between the links
is 1.3 km. The second link was set between the top of the microwave lab and a Base Transmit Station (BTS)
Tower. The distance between these two links is 0.3 km. Both links are horizontal polarized and antenna size
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is 0.6 m respectively. The two antennas are well protected with radomes from the effect of wet antenna
conditions. The programmed gain control outcome of the antenna is associated with a data acquisition card
on a PC to examining the data and the interim was set to 1-sec. The recorded information at that point saved
into databank composed by programming C language. The measurement was performed over a length of
thirty-six months and acceptable information accessibility of 99.95% was accomplished. A tipping-bucket
RG check with a 0.2 mm tip size was established on a similar rooftop. The RG measure included a period
stamp for each tip with 0.1-second goals [22-24].

T = - RX
Antenna / Antenna

=(

|| DL || RF
RBS Ro| g_ RBS
Transmitter Receiver |

™ RX) |

Figure 3. Design outline of the experiment set

Two Ericsson links were set up at the operating frequency of 26 GHz in the university premises at
Johor Bahru city in Malaysia. One link is set up between the top of the microwave lab and Balai Cerapan at
UTM, Skudai, Johor Baru. The distance between the links is 1.3 km. The second link was set between the top
of the microwave lab and a Base Transmit Station (BTS) Tower. The distance between these two links is 0.3
km. Both links are horizontal polarized and antenna size is 0.6 m respectively. The two antennas are well
protected with radomes from the effect of wet antenna conditions. The programmed gain control outcome of
the antenna is associated with a data acquisition card on a PC to examining the data and the interim was set to
1-sec. The recorded information at that point saved into databank composed by programming C language.
The measurement was performed over a length of thirty-six months and acceptable information accessibility
of 99.95% was accomplished. A tipping-bucket RG check with a 0.2 mm tip size was established on a similar
rooftop. The RG measure included a period stamp for each tip with 0.1-second goals [22-24].

5. RESULTS AND DISCUSSION

Precipitation intensity rate Ro.01% i$ @ very important specification to estimate the signal fading in dB
due to precipitation for a link at particular areas. The measurement period carried on from June 2015 to May
2018 at the university campus, the CCDF rain rate is presented in Figure 4. Recently the precipitation rate,
Ro.01 is 90 mm/hour recommended by ITU for Malaysia [25]. The measured rain rate is also compared to
the latest version of the ITU-R P.837-7 [1]. It shows that the rain rate of the ITU-R model at 0.1% and 0.01%
has underestimated the measured rain rate by 12 mm/h and 26 mm/h respectively. At 0.001% has
overestimated the measured rain rate by 40.8 mm/h. As a consequence, budget estimation for a link produces
serious miscalculation especially at a higher operating frequency for 5G applications.

The rain attenuation is predicted using ITU-R, AbdulRahman, Lin and da Silva Mello models based
on (3-4, (7-12) and presented in Figure 5. The measured rain rate at Rooi 0f 116 mm/h and path length of
300 m are considered for prediction. The frequency is considered 26 GHz with horizontal polarization.
These predicted attenuations are compared with one-year measured attenuation in UTM [22]. From Figure 5,
it indicates that the predicted attenuation results by ITU-R overestimated at 0.001% and 0.01% by 14.91 dB
and 3.63 dB respectively. At 0.1% ITU-R shows close estimation by 0.48 dB. Da Silva Mello model shows
very high overestimated compared to the measured attenuation for short path length. The results are at
0.001%, 0.01% and 0.1% by 98.58 dB, 56.8 dB and 11.57 dB respectively. On the other side,
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the AbdulRahman model and Lin model shows underestimated compared to the measured attenuation.
For AbdulRahman model at 0.001%, 0.01% and 0.1% by 6.75 dB, 5.37 dB and 3.88 dB respectively and

almost similar results for Lin model. None of the predictions reflects the measurement accurately at 300 m
path length.
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Figure 4. The complementary cumulative distribution function (CCDF) of rain intensity.
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Figure 5. Comparison between measured attenuation with different attenuation prediction
models at 26 GHz of frequency horizontal polarized for 300 m of path length.

The rain attenuation is predicted using ITU-R, AbdulRahman, Lin and da Silva Mello models based
on (3-4, 7-12) and presented in Figure 6. The measured rain rate at Ro .19 0f 116 mm/h and path length of 1.3
km are considered for prediction. The frequency is considered 26 GHz with horizontal polarization.
These predicted attenuations are compared with one year of measured attenuation in UTM [24].

From the presented results shown in Figure 6, it is noted that the predicted attenuation results by
ITU-R overestimated at 0.001% by 12.37 dB, at 0.01% and 0.1% underestimated by 5.45 dB and 5.13 dB
respectively. AbdulRahman, Lin and Da Silva Mello model shows underestimated compared to the measured
attenuation for path length 1.3 km. The results for Abdul Rahman model are at 0.001%, 0.01% and 0.1% by
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15.98 dB, 13.18 dB and 8.02 dB respectively. Lin model shows less underestimated compared to
the measured attenuation. The results for Lin model are at 0.001%, 0.01% and 0.1% by 13.15 dB, 10.67 dB
and 6.74 dB respectively. Da Silva Mello model shows close estimation compared to the measured
attenuation. The results for Mello model are at 0.001%, 0.01% and 0.1% by 9.09 dB, 7.41 dB
and 4.75 dB respectively.
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Figure 6. Comparison between measured attenuation with different attenuation prediction models at
26 GHz of frequency horizontal polarized for 1.3 km of path length

6. CONCLUSION

Attenuation caused by the rain of an mm-wave link faces a tremendous challenge to signal
accessibility for 5G networks operating in tropical regions. Different models are proposed to predict rain
attenuation, however recent measurements show huge discrepancies with predictions for short ranges of path
lengths at mm-wave. The path reduction factor is the main parameter in the prediction model for predicting
total attenuation from specific rain attenuation. This paper investigated path reduction factor models,
which have been proposed by ITU-R P530-17, AbdulRahman, Lin and Da Silva Mello for the prediction of
rain attenuation. For path length less than 1 km, it is observed that the value of reduction factor is almost
constant with value 1 for AbdulRahman, Lin and da Silva Mello Model, while it shows the value of r
increases exponentially for ITU-R. For path length longer than 1 km, it is observed that the value of reduction
factor is almost linearly decreasing with the increase of path length for AbdulRahman, da Silva Mello
and Lin model, while it shows the value of reduction factor exponentially decreasing with the increase of
path length for ITU-R model.

A comparison was made between these models based on rain attenuation data measured at 26 GHz
at 300 m and 1.3 km path lengths in Malaysia. It indicates that the ITU-R and Da Silva Mello model
prediction overestimates the measured attenuation for 300 m path length. While AbdulRahman and Lin
model underestimates compared to the measured attenuation. None of the predictions reflects
the measurement accurately at 300 m path length. For a 1.3 km link, all models are found close to
the measured attenuation with few dB underestimation. At 0.003%, ITU-R predicts the measurement with
correct accuracy and overestimates for lower percentages. All models are found to predict rain attenuation
at 1.3 km paths with minimum errors, while tremendous discrepancies are observed to predict for 300 m path
lengths. Hence it is highly recommended to further investigate the reduction factor model to the accurate
prediction for 5G short path links less than 1 km operating at mm-wave.
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