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ARTICLE INFO ABSTRACT

Keywords: Significant discrepancies have been observed between the measured attenuation induced by rain over mm-wave
Effeclt“’e rain rate terrestrial links at very short communication paths and the predicted measurement by ITU-R P.530-18. Recent
Predicted rain fade observations indicate that the rain rate at 0.01 % occurrence used by the ITU-R prediction method does not
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represent effective rain intensity for less than 1 km of path length, despite its accuracy for paths longer than 1
km. These deviations can be attributed to several factors, such as spatial inhomogeneity, rain cell diameter, and
environmental variations. Additionally, sudden changes in the propagation environment, such as wind direction,
humidity, and wind speed, contribute to non-uniform rain distributions. Additionally, there is still a lack of
comprehensive investigations due to the involved experimental difficulties. Thus, an effective rain rate concept
and model are proposed to represent rain intensity variations for short paths to eliminate the need for an effective
path length that more accurately predicts rain attenuation at path lengths exceeding 1 km. The proposed model is
based on the measured Ry o1 «, short path (less than 1 km) and frequency. Two-year measurements of both the
rainfall rate and rain attenuation over two experimental links operating at 26 and 38 GHz at a 0.3 km path length
are used to validate and enhance the model. The measurements and experiments are conducted in Malaysia. The
result indicated that the shorter the link, the higher the expected Res. One aspect that may partially justify this
significant increase in Re is the fact that the ITU-R P.838-3 model does not consider the impact of the raindrop
size distribution (DSD)for tropical climates when predicting rain attenuation at a short-range mm-wave link. The
proposed model estimations are compared with experimental attenuation results reported at 73.5GHz and
83.5GHz over a 0.3 km path length. Several experimental results reported from different regions around the
globe are used to validate the proposed model. The outcomes are in good agreement. The findings emphasize the
importance of developing region-specific models that consider local meteorological variations, potentially of-
fering significant improvements to the reliability and design of mm-wave communication systems and realizing
the future goal of 6G wireless mobile fronthaul.

1. Introduction Internet of Things (IoT) networks is expected to significantly increase
mobile traffic over the next decade. The forthcoming generation of

The emergence of innovative applications such as artificial intelli- cellular networks (6G) faces the challenge of handling massive data
gence (AI), virtual reality (VR), three-dimensional (3D) media and volumes while providing high-data-rate connectivity per device. This is
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anticipated since the higher throughput of backhauling links will
aggregate traffic from several users [1]. With a large number of regis-
tered users and their demand for high-quality multimedia content, the
millimetre-wave system enables greater data transmission rates between
the gateway and small-cell base stations, thereby enhancing the overall
system throughput [2]. To break the spectrum gridlock and to dramat-
ically expand system capacity for the evolving 5G and 6G mobile net-
works, millimetre-wave technology using small cells will play a crucial
role in achieving the envisioned network performance and communi-
cation tasks [3].

According to the latest report produced by Ericsson [4], 40 % of
global wireless backhaul systems are expected to be based on microwave
technology by 2023.

The latest WRC-19 document [5] states that 24-86GHz bands will be
treated as candidate frequencies for 5G applications. While waiting for
the finalisation of 5G regulations and specifications for different sce-
narios and applications, several countries have already implemented
commercial 5G systems with a particular focus on the frequency range of
26.5-29.5GHz [6].

Ultra-reliability of 99.999 % is the fundamental aim of the 5G system
in order to effectively support several sophisticated applications such as
industrial control, healthcare and vehicle-to-vehicle (V2V) communi-
cations [1]. However, mm-wave technology is challenging due to
propagation sensitivity [6,7]. The path losses are generally much higher
at 30-300 GHz, even at short communication distances of 200 m [2]. To
meet the channel requirements of future 6G communication networks,
the channel must be measured to assess the path loss, multi-band,
fading, blocking effect, multipath clustering as well as transmitter and
receiver movement speed, direction and time. Additional losses, such as
foliage attenuation and off-body fading, must also be considered. The
weather effects on outdoor radio propagation, such as atmospheric ab-
sorption, rain, snow, fog and dust, are also significant in the imple-
mentation of mm-wave and sub-THz wireless systems [6-12]. These
technical challenges must be resolved to fully exploit the application
potential of small-cell mm-wave topologies for outdoor networks since
they are the enabling technology for future communication networks.
With strategic deployment over short distances, they can overcome the
limitations of signal attenuation and ensure coverage in dense urban
environments.

Overcoming attenuation from weather effects is possible for mm-
wave and sub-THz radio propagation channels with the use of high-
gain directional antennas or antenna arrays at TX and RX with
numerous dB gain and small cell technology [1,7,8],. However,
rain-induced attenuation cannot be neglected, even for a small cell size
radius, to effectively achieve ultra-reliability requirements of outdoor
scenarios in tropical climates [13-18].

Rain attenuation at the millimetre wave is progressively more
influenced by the Drop Size Distribution (DSD) [19]. The wavelength
has the same dimension as the raindrop diameter and becomes compa-
rable to small and medium-sized raindrops. These smaller drops exhibit
stronger Mie scattering, which can lead to increased attenuation
compared to Rayleigh scattering at lower frequencies. The relative
contribution of small and medium-sized drops to the total rain attenu-
ation increases with higher frequency [19].

The necessity for more robust rain fade prediction models for small-
cell designs is currently the main issue. Improving the accuracy of pre-
diction models can provide a means to define the behaviour of mm-wave
propagation channels over short distances. This can offer enough in-
formation on path loss modelling, link budget calculation and channel
propagation characteristics at very short paths throughout various cli-
matic regions [20-22]. However, the effects of precipitation on short
links have not been thoroughly investigated, especially in tropical re-
gions. Hence, an accurate propagation prediction model for short-range
millimetre-wave links that considers different scenarios is necessary.
This will provide precise information on antenna and power trans-
mission requirements, transmitter and receiver designs as well as
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interference levels which will aid in the development of ultra-reliable
systems for outdoor applications [23]. This paper provides accurate
predictions of rain attenuation for the design of millimetre-wave
terrestrial links over a short communication path.

2. Background

In tropical climates, high rain rates that reach up to 270 mm can
influence the propagation channel and ultra-reliability requirements of
outdoor applications as compared to temperate regions. When using the
NYUSIM channel model for outdoor environments [24-26] with
measured data at 38 GHz, the propagation channel’s behaviour is
severely affected by heavy rain at 125 mm/h. In Malaysia, the received
power decreases by more than 15 dB on a 300 m link at 38 GHz due to
higher path loss during rain. However, these results are based on
one-month measurements at a fixed path length. The random temporal
and spatial variations of rain at a short distance, especially in tropical
regions with the convective rain type, may further indicate that rain-
drops merge and result in highly significant absorption and scattering
processes [27].

Based on conducted measurements over the propagation path of
more than 1 km, the effective path length multiplied by the specific
attenuation can be obtained from the rain rate distribution along the
propagation path using the power-law relationship, which provides an
accurate estimation of rain fade [28,29]. In this regard, most existing
prediction models will *average out’ the spatial inhomogeneity of the
rain rate that is uniformly distributed over the propagation path and
defined as specific attenuation calculated per unit of distance (dB/km)
[30-34]. In [22], the prediction model applies the effective rain rate
concept, however, it may provide inaccurate predictions of the effective
path length for distances below 700 m [22].

Generally, specific attenuation (dB/km) is a powerful theoretical
source for predicting rain attenuation at path lengths exceeding 1 km.
Based on conducted measurements at 26GHz along 1.3 km in Malaysia
and 38 GHz along 3.2 km in Korea, it has been found that the rain
attenuation predicted by ITU-R can provide a fade prediction similar to
the measured one for path lengths exceeding 1 km [25,35,36]. However,
a significant difference has been recorded between the measured and
estimated rain attenuations using the ITU-R P.530 prediction model over
a short-range Los link [28,29,37-41]. These deviations can be inter-
preted as: (i) the spatial inhomogeneity of the actual rain along the path,
especially over a short path length, (ii) the rain cell diameter must be
considered more than the distance reduction factor at higher frequencies
(the two concepts are strongly related since a small cell will correspond
to a decrease in the path reduction factor and vice versa) and (iii) the
sudden variations in the propagation environment include changes in
wind direction, humidity, wind speed, etc. [39]. Wind direction can
affect the distribution of rain along the propagation path, leading to
non-uniform rain rates. This can affect the accuracy of the path reduc-
tion factor used in calculating attenuation. Humidity levels can influ-
ence the condensation and evaporation of raindrops, affecting the rain
rate and drop size distribution. These changes in rain characteristics can
lead to varied attenuation coefficients (k and a). Wind speed can alter
the trajectory of raindrops and the overall rain distribution along the
link. This can influence the assumptions made in the effective rain rate
technique, leading to discrepancies between the predicted and actual
attenuation.

From the experimental and theoretical prediction models, systematic
deviation is attributed to the wet antenna attenuation effect [28,29,40,
38]. The specific attenuation’s mathematical formula in ITU-R P.530
[34] already accounts for the spatial inhomogeneity of the rain rate
along the path (the path reduction factor). Additionally, the DBSG3
database employed to fit the model’s coefficients also contains data for
links shorter than 1 km. The latest modifications to the ITU-R P.530
model have been explicitly conducted to fit these measurements.

In this approach, the effective path length (d.f) is calculated from the
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product of the actual path length and the path reduction factor, which
considers three input parameters: the actual path length, Ro 01 ¢ and the
operating frequency. However, we need to interpret the deviation be-
tween the predicted and measured rain attenuation over the short-range
path. The ITU-R P.838-3 model does not consider the impact of the drop
size distribution (DSD), which for tropical climates and high fre-
quencies, can be more pronounced compared to temperate climates and
low frequencies. The wet antenna effect leads to increased signal
attenuation caused by water droplets accumulating on the surface of the
antenna. This water layer can absorb and scatter the transmitted or
received electromagnetic waves, leading to additional signal losses
beyond the attenuation caused by the rain itself. In this regard, we must
describe the rain-induced attenuation over short-range millimetre-wave
terrestrial links, taking into account the effects of wet antenna and DSD.

The experimental data analysis of the most extreme rain events in
various climate regions has indicated that during convective down-
pours, the rain rate may not have consistent distribution along the path,
even in the case of very short links [31]. Thus, specific attenuation
within the cell significantly differs on a short path since rain cell sizes
may vary according to the location of the conducted measurements. For
short communication paths, it is assumed that the effective rain rate that
can induce attenuation will be relatively higher than the average rain
intensity within the 1 min integration time of the rain cell proposed by
the ITU-R Model. Thus, the peak rain rate increases within a short path
[40]. The path reduction factor of that model significantly changes as a
function of the path length, even more so for d < 1 km. Therefore, it is
recommended that the R0.01 % rain rate should be modified to an
effective rain rate in ITU-R P.530-17.

None of the mentioned studies had modified the existing rain
attenuation models to predict rain fade at very short mm-wave terres-
trial links, especially in tropical areas with intense rainfall rates. The
most recent investigation by Budalal et al. [25] was of the distance factor
behaviour in ITU-R P530.17. It was found that the distance factor values
are inconsistent for path lengths less than 1 Km. The results in [25]
presented the increment factor as an alternative to the path reduction
formulation in rain attenuation prediction for short-range milli-
metre-wave links. Therefore, the distance factor in ITU-R P.530-17 was
modified.

Accurate rain attenuation prediction models with higher efficiency at
short terrestrial microwave links are vital for designing and optimising
mm-wave systems. This paper presents methods for predicting rain
attenuation necessary for designing terrestrial line-of-sight systems over
short-path millimetre-wave links under 1 km, incorporating and vali-
dating the effective rain rate (Refr) model. Propagation data at 26 and 38
GHz have been collected over a two-year period in Malaysia. Several
measurements are considered for various locations and extremely short
mm-wave links have been utilised for model validation.

3. Data and methodology

The rain intensity and rain attenuation were simultaneously
measured at 26GHz and 38 GHz for a short-range path length of 300 m
[42]. The calculations took place at the wireless communication centre
(WCQ) of the University of Technology Malaysia. The University of
Technology Malaysia (UTM) is located in Johor Bahru, Malaysia. The
general coordinates are approximately 3.1616° N latitude and
101.6869° E longitude. Johor Bahru has a tropical climate, which is hot,
humid and wet throughout the year. Temperatures are consistently
warm, with average daily temperatures ranging from 25 °C (77°F) to 34
°C (93°F). Humidity is high, typically between 70 and 90 %. Johor Bahru
experiences significant rainfall with an average annual precipitation of
around 2500 mm (98 inches). The region has two main seasons: a wet
season from November to January, and a slightly drier season from June
to August. Thunderstorms and heavy downpours are common, espe-
cially during the wetter months. In Malaysia, the tropical climate leads
to intense and often localized rainfall events, which can result in higher

Results in Engineering 25 (2025) 104112

rain rates and variability. The characteristics of rain in this region, such
as the drop size distribution (DSD) and the frequency of heavy rainfall,
contribute to significant path loss, particularly at higher frequencies like
38 GHz. Fig. 1 presents the experimental system diagram. The time
availability of rain attenuation measurements on MINI-LINKS 38E and
26E (manufactured by Ericsson) is 98.6 % and 99.5 %, respectively.
Table 1 highlights the specifications of both links in more detail.

3.1. Extraction of rain rate data from Casella rain gauge

The Casella tipping bucket rain gauge, shown in Fig. 2, is used in
applications that include hydrology, rainfall monitoring, rainfall distri-
bution and intensity, remote monitoring, run-off monitoring, ecological
studies, agriculture as well as climate change studies. The bucket size
accommodates heavy rainfall (0.5 mm). It is fitted with a solid-state
logger. Only the number of tips is counted and stored in the battery-
operated micrologger cassette. This implies that the one-minute rain
rate will be read as a multiple of 30 mm/hr. Its long-term data is very
useful in obtaining reliable statistics. A MATLAB program based on an
algorithm is utilised to convert the recorded tipping time into one-
minute rain rate data. The algorithm applies the assumption that the
rain rate is uniform between two consecutive tips if the time difference is
not more than two and and each tip represents 0.5 mm. The program
was previously developed by Chebil [41] and later modified by the re-
searchers who further calibrated Casella RG. Calibration was conducted
in the laboratory within the specified +5 % accuracy of the equipment.

3.2. Accuracy of Casella RG with rainfall intensity

Casella has three types of tipping bucket rain gauges with 0.1 mm,
0.2 mm and 0.5 mm sensitivity. For medium and high rainfall rate, the
0.5 mm sensitivity rain gauge provides better accuracy than the 0.1 mm
and 0.2 mm rain gauges. For rainfall intensity ranging between 150
mm/h to 200 mm/h, the errors encountered by the 0.5 mm rain gauge is
about 3 %. During measurements, the 0.2 mm and 0.1 mm rain gauges
produced errors of 5 % and 15 %, respectively. For the Malaysian
tropical climate, the rain gauge with 0.5 mm sensitivity is more suitable.

3.3. Time availability of rain rate data

For reliable statistical results, the collected rain data should have an
availability greater than 90 % for each year [42]. Since the data must be
continuous, it should be carefully selected to obtain maximum avail-
ability during each year. Casella is a compact unit equipped with inside
batteries that function with 100 %-time availability for most of the
years. The Casella rain gauge measures the rain rate with one minute
integration time. The cumulative distribution is obtained by computing
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0

Rx-Directional [)g
' Antenna

.o

& () Tx-Directional
| Anfenna

Eﬂ AGC, automatic gain ‘
control; DL, data logger; RF,
radio frequency;

Rx, receiver;
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Fig. 1. Illustration of the experimental setup block diagram [41].
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Table 1

Specifications of mini links.
Descriptions Link1 Link2
Frequency Band 26GHz 38GHz
Path length 300m 300m
Polarisation HP HP
Antenna Gain 41.0 dBi 44.9 dBi
Antenna type Directional Directional
Maximum Tx Power 18 dBm 15 dBm
Link length 300m 300m
Availability 98.6 % 99.5%
Tx Antenna height 17.3m 17.3m
Rx Antenna height 18.7m 18.7m
Value of threshold (dBm) —36.2 —25.3

Fig. 2. Rain rate data logging system (Casella).

P (R > rt) which is the probability that one-minute rainfall intensity R
(mm/h) exceeds a threshold value rt (mm/h) for a time period T. It has
been formulated by Chebil et al. as:

P(R’rt) = Nt/NT m

where Nt is the number of rain rate data larger than rt and NT is the total
number of minutes in time period T. The MATLAB program calculates
the cumulative distribution from the measured rain rate. The Casella
rain gauge can only produce the discrete value of the rain rate which is a
multiple of 30 mm/h. Since the Casella rain gauge cannot record rain
rates less than 30 mm/h, larger errors are expected if the threshold value
of rt (mm/h) is set to start from 30 mm/h. With careful selection, a
threshold value for rt was proposed by Chebil [41] as follows:

rt =10+ 30n ()

where n is a positive integer and r0 = 15 mm/h.

Fig. 3 displays the cumulative distribution of data for one year based
on the one-minute average rain rate and the number of tips per minute.
The cumulative distribution of data was measured from January 1998 to
December 1999. Fig. 3 presents the daily measured rain rate, while
Fig. 4 highlights the monthly CCDF (Complementary Cumulative Dis-
tribution Function) rain rate in mm/h. Fig. 4 demonstrates how the
monthly CDF (Cumulative Distribution Function) of rainfall intensity is
influenced by the southwest monsoon from April to September and the
northeast monsoon from October to March. The rain rate was collected
each month, and an average graph was plotted for the entire year, as
shown in Fig. 5. The annual distribution of rain rate CDF for the same
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Fig. 3. The daily average rain rate in Malaysia.
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Fig. 4. Monthly CCDF measurements of rain intensity in Malaysia.
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Fig. 5. Two-year measurements presented as the rain rate’s cumulative dis-
tribution function.

areas varies from year to year, as demonstrated in Fig. 5. The rain rate
exceeds 150 mm/h at lower fractions of time (P < 0.01 %). The pre-
sented results indicate that the monthly rain rate shifts between 58 mm/
hr to 136 mm/hr at 0.01 % of time, whereas the average yearly rain rate
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comes to 125 mm/h. From previous investigations [36] performed in the
same area at Universiti Teknologi Malaysia (measured from June 2011
to May 2012), the recorded rain rate Ry y; was 120 mm/h. From the
CCDF graph in Fig. 6, the measured rain rate is almost similar for the
same location at Rg o1.

3.4. Rain attenuation measurements

The total number of minutes during rain is 6341 out of 139 rain
events throughout one year. Rainfall intensity data is collected with a 1-
min integration time. In contrast, the received signal strength is
organised with a sampling period of (1 s) resolution. Next, the rain
attenuation data is processed by applying the 1 min average period. The
processed date is then plotted to form a continuous rain curve, which
may be considered accurate above the 30 mm/h rainfall rate. The reason
behind this has been discussed in Section 3.3. The received signal var-
iations during rain events are obtained from the 38 GHz wireless link
shown in Fig. 6. As seen in the figure, the RSL (dBm) fluctuates around
—25.5 dBm in clear sky conditions. However, after rain, it sharply drops
to —64.5 dBm, which corresponds to the highest rainfall rate (270 mm/
h). A data acquisition card (PCL 818) is installed with a personal com-
puter to interface and log the automatic gain control (AGC) from the RF
unit. The AGC level is sampled every second and set at a selected
threshold level in the event of rain. The data is recorded every second
below this level. For non-rainfall events, the AGC level is averaged and
recorded every minute. The signal level varies from —25.3 dBm to —61.6
dBm for the 38 GHz link and —36.2 dBm to —70.5 dBm for the 26GHz
link, respectively. A wooden box is installed to protect both antennas
from moisture effects during measurements, which helps achieve accu-
rate results. Although the wet antenna effect is not present, the wooden
box did become wet, causing an issue similar to the wet antenna effect.
Extracting the rain attenuation level from the RSL by imposing a fixed
threshold will not allow isolating the impact of rain on the link; there-
fore, the wet antenna/box effect will not be removed. The RSL level just
before and after the rainfall event has been considered in order to only
extract the rain attenuation. The rain event is identified by examining
the concurrent rain gauge measurements. When the rain stops, the RSL
may not promptly return to its clear sky value due to the wet antenna/
box effect.

3.5. Measurements and ITU-R predictions

The fade due to rain for the 0.01% exceedance probability, denoted
as Ag.019 (dB), can be calculated using the formula provided in ITU-R
Recommendation 530-18. This formula estimates the attenuation
caused by the terrestrial line-of-sight (LOS) link due to rainfall as
follows:

Ao_(n = gdeff =k Rg_(ndr dB (3)

-30

-40 F

Received power level dB

-60

70 " L L " L
2200 2250 2300 2350 2400 2450 2500

Time [Sec]

Fig. 6. Received signal variation at 38-GHz observed during a rainfall event.
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where specific attenuation, the effective path length and rain rate at
0.01% are expressed as y (dB/km), degr and Ro 1%, respectively. The
values of regression coefficients k and o for different frequencies are
found in ITU P.838-3, the propagation path length is d and the distance
factor r is defined as:

1
r=
0.477d%%% RO97% 2123 _10.579(1 — exp(—0.024 d))

4

where the frequency f is in GHz, the propagation path length is d in km
and o is the same as in Formula (3). The following expressions, from (5)
to (9), are proposed to estimate the total attenuation A, for p = 0.001%
to 1%:

A, =Aj C p (€ + G Togiop) .
with:

G = (0.07%) [0.1201-%)| ©
Cy =0.855 Cy + 0.546 (1 — Cp) -
Cs =0.139 Gy + 0.043 (1 —Cp) ®
where:

0.8
o {0.12 +0.4 [ log,,(£/10)°°] £ > 10 GHz ©

0.12 f < 10 GHz

The rain fade measured over two years is used to construct com-
plementary cumulative distribution (CCDF) at 26 GHz and 38 GHz, as
shown in Fig. 7. The same predicted by ITU-R P.530-17 [34], Mello Da
Silva [32], Abdelrahman [43] and Ghiani [31] are also compared in
Figs. 8 and 9. The models of Abdelrahman and Ghiani underestimate the
measurement, while the models of Silva and ITU-R P.530-17 signifi-
cantly overestimate the measurement. Observations have confirmed
these results, as presented by Lam et al. [14,27]. The outcomes indicate
that the ITU-R model overestimates attenuation for all examined loca-
tions, particularly for extremely heavy rainfall (R > 100 mm/h). The
overestimation becomes high for 0.01% or 0.001% exceedance of time.
This observation agrees and confirms with the results presented by Valtr
et al. [40,35,38,39,37,44]. In [27], the unreasonably high attenuation
values predicted by the Silva model in Brazil are justified since the
model is valid until approximately 700-800 m. Ghiani’s model per-
formed better at exceedance probabilities of around P > 0.02% (mostly
at low rain intensity).

The distance factor applies to various link geometries, from short-
range to long-range links. The distance factor in the formula helps
model this spatial distribution of rainfall and its impact on the overall

30

—e— Measured at 26 GHz,300m
25} —=—Measured at 38 GHz,300m|

q
20

15

10

5

Rain Attenuation Exceedance [dB]

0
102 1072 107" 10° 10"
Time Percentage [%]

Fig. 7. Measured two-year rain attenuation probability distributions over the
26GHz and 38 GHz links.
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Fig. 10. Comparison between measured attenuation at 75GHz [35] and 25GHz
[45] with those predicted by ITU-R P.530-17.
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attenuation. Fig. 10 displays the ITU-R 530-17 model’s inability to
predict rain fade at 75GHz for 100 m link in Korea and at 25GHz for 223
m link in Japan [35,45]. It is also apparent from Figs. 8-10 that the
recommended distance factor is not suitable for short-range links [38,
39,46,47]. Note that the local data in Fig. 5 are used as inputs for the
models.

The same phenomenon was observed by Al-Saman et al. [18] at 21.8
GHz and 73.5GHz over distances of 1.8 km and 0.3 km in Malaysia. The
predicted rain attenuation values entirely align with the ITU-R attenu-
ation for the 1.8 km link at both frequencies. However, the ITU-R
P.530-17 model is inaccurate for the 300 m link, showing discrep-
ancies at time percentages from 0.01% to 1% with a maximum distance
factor of 2.5, as stated in [18].

From Eq. (12), the factor r is inversely proportional with (f, d and
Ro.01%)- Extensive investigations revealed that r slightly varies from f,
but mainly with Ry 919 and d. Moreover, the distance factor r is signif-
icantly affected by a when the path length d > 0.96 km. We suggest that
the value of a should be ignored since in ITU-R P.838-3, the variation of
the a coefficient at vertical and horizontal polarisations is very slow for
the mm-wave frequency range. The dependency of r on d is significant
since it is empirically derived from a wide range of terrestrial LOS link
geometries, from short-range to long-range links. This ensures that the
formula can be used for accurate rain attenuation estimation across
different link configurations. Short link data is present in the DBSG3
database, however, the accuracy at short paths still requires
improvement.

The path reduction factor in terrestrial links is a key criterion to
efficiently compare the performance of different rain attenuation models
[30,43]. The path reduction factor sharply rises past 1 for links with less
than 2 km path length.

The current prediction models assume that de¢s values are longer than
the actual path length in a very short communication path. However,
this concept is logically unacceptable since ITU-R has established the
specific rain attenuation formula as dB/km, which is globally accepted
and found to be accurate in path length > 1 km. The distance factor r in
the ITU-R model [34] considers the rain rate heterogeneity along the
propagation path as well as the rain cell distribution and frequency of
operation (d, Rg o1, f).

The distance factor exceeds 2.5 when the actual path length is at a
range of 300 m [28,29]. Therefore, the current parameters of ITU-R
P.530-17 must be re-evaluated to successfully apply to very short path
lengths at different climatic regions. By utilising the measured
one-minute rain rate and by knowing the behaviour of the received
signal strength during rain, the actual rain rate can be calculated ac-
cording to ITU-R [27,48] as:

Roows = ﬁ;:ﬂ & (mm/h) 10)

The rain intensity value can be derived from the corresponding
attenuation data by using the distance factor r and the link’s other pa-
rameters, as given in Eq. (10). The conversion can be considered as the
inverse of Formula (9) [13]. It should be noted that the rainfall rate for
0.01% exceedance of time during an average year (Ro.019%) measured
from a real-time rain gauge may not accurately reflect the rain-induced
attenuation over short-range links. Rain intensity estimation using a
short time interval is more likely to follow the instant changes and dy-
namics of rain events and monitor the peak rain rate. This indicates that
the rain rate derived from rain attenuation data can represent an accu-
rate rain rate for a short path compared to the measured rain rate ob-
tained from the rain gauge. At 0.01% exceedance of time, the rainfall
rate was around 125 mm/h, while the value obtained from the measured
rain attenuation using Eq. (9) is 240 mm/h (considering that r = 1). Due
to the assumption of uniformly distributed rain intensity along the path,
as proposed in [23,24], a path reduction factor has been set to 1 for the
path length < 1 km.
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We have thoroughly investigated the relationship between y (which
is the theoretical specific rain attenuation obtained from ITU-R P.838-3),
as presented in Formula (9), and y (which represents the specific rain
attenuation along a short path obtained from the measured total
attenuation), as presented in Eq. (11).

Yeig = % x 1000 dB/km a1

Due to the assumption of uniformly distributed rain intensity along
the path, as suggested in [23,24], a path reduction factor has been
proposed to equal to 1 for the path length < 1 km. However, the con-
ducted experiments in this paper reveal that the relationship between y
and y.; must be thoroughly investigated.

4. Concept of specific attenuation increment factor I,

In this section, the increment factor (If,) is proposed instead of the
conventional reduction factor since it is valid for long-range links. The
increment factor is assumed to interpret the increasing trend of
Yerr (measured) and y (predicted by ITU-R).

The increment factor of the rain rate is derived in [25] based on the
actual radio link length (d < 1 km), frequency (f GHz) and one-minute
rain rate (Rg1%). This work highlights the Increasing Factor (I_fy)
defined in (12) and proposes that if the link is shorter than the rain cell
diameter, the effective path length matches the link length:

—— 12)

where I, is the increment factor of the rain rate that causes variations
between the measured and predicted specific attenuation over short-
range mm-wave terrestrial links.

For rain attenuation over a short path at mm-wave frequencies, the
effective rain rate that causes attenuation can be considerably higher
than the rain cell’s average rain intensity. Based on rain attenuations
measured at 26 and 38 GHz in Malaysia, it has been found that the
measured specific attenuation exceeds the expected value from ITU-
R.838-3 by a factor of 1.8175. As previously assumed, the non-
uniform distribution of the rain rate occurs due to the random tempo-
ral and spatial variations of rain which cause non-anomalous behaviour
of specific attenuation and raindrops coalesce at d < 1 km. This leads to
a heavier penalty in absorption and scattering processes [20].

In the next section, the increment factor proposed in [25] is utilised
to interpret the increment trend of the specific attenuation y.; at
mm-wave frequencies over a path length of less than 1 km.

4.1. Formulation of I,

The distance factor r, proposed in [25], has been initially investi-
gated. The increment factor of the rain rate If, in Eq. (12) should be
equal to the reduction factor of Formula (13), expressed as follows:

1
0.477d°5% RO073 (0173
>100 (mm /h) (13)

Ify for f > 40GHz, d< 11(1']’17 Ro.010%,

where the frequency is f in GHz, the rain rate at 0.01% is R0.01% in mm/
hr and the path length is d in km. Fig. 11 presents I, as a function of its
parameters from ITU-R P.530-17, as found in Formula (11) and pro-
posed in Eq. (13), for 38 GHz in tropical and temperate climates [25].
The increment factor is inversely proportional to the path length, fre-
quency and rain rate at one-minute integration time (d, R0.01% and f)
when the signal propagates during rainfall events at R0.01% >
100 (mm /h) and frequencies below 40 GHz. Fig. 11 indicates that
ITU-R P.530-17 has the most consistent and predictive performance at
longer distances (km), however, it overestimates the r factor at shorter
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Fig. 11. Variations in reduction factor from ITU-R P.530-17, as found in For-
mula (11) and proposed in Eq. (13), for 38 GHz in tropical and temperate cli-
mates [25].

distances. In this method, r exponentially decreases up to 1 km and then
slightly decreases for longer distances. It can be seen that the distance
factor slightly decreases with increasing rain rates. Interestingly, the
same observations were noted for long-term rain attenuation statistics
conducted from September 2018 to September 2019 at 73 and 83 GHz
for LOS links over 0.3 km in Malaysia [18,49].

The factor r significantly increases in temperate regions compared to
tropical areas since the rain cell diameter is smaller for stratiform rain in
temperate areas as opposed to the intense convective rain types in
tropical regions [27]. At higher frequencies, the rain cell diameter must
be considered more than the distance reduction factor. There is a strong
correlation between the rainfall cell diameter at a given point and the
signal attenuation at very short paths for mm-wave terrestrial links. This
depends on the integration of the rainfall rate along a relatively short
path length (100 m). The result from [50] confirms that heavy rainfall
from convective clouds is a common phenomenon that frequently occurs
in Malaysia. The study further verifies that a rain cell with a rain rate of
120 mm/h has a diameter of about 1.2-1.5 km. In comparison,
temperate regions see rain cells measuring around 10 km for rates of 20
mm/h or more [46]. Thus, the size of the rain cell is defined by the
distance covered. For tropical regions, the increment factor at fre-
quencies above 40 GHz when R0.01% exceeds 100 mm/h can therefore
be calculated (13).

The rain attenuation measured at 26 and 38 GHz in Malaysia is
applied to optimise the expression of I, as given in Eq. (13). In the
regression analysis, the sum square error R2 is 0.9721, which indicates
the minimum error with measured data in the tropical region. The
dependence of the increment factor on frequency is found to be negli-
gible and therefore ignored in Eq. (13), as shown in Fig. 12. Hence, the
increment factor for f < 40 GHz and d < 1 km is proposed as follows:

f < 40GHz and d < 1km (14)

1
Iy, = {1.77(10.77 Rag,los

where d is the short-range path length (<1 km) and R0.01% is the 1 min
rain rate measured at 0.01%.

Fig. 11 demonstrates that the curve’s trend and pattern are faster in
tropical regions than in temperate areas. Mathematically, (Ir) is
inversely proportional to the value of d, f and R0.01%. Hence, the
increment factor of the rain rate (Ir,) can be given, as presented in Eq.
(13). When the increment factor of the rain rate (Ir,) is analysed at
different locations with temperate climates, it is shown to be inversely
proportional to the square value of three parameters (d, f and R0.01%)
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Ify as a function of its parameters
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Fig. 12. Iy, as a function of its parameters for different frequencies and R0.01%
=50mm\h for temperate climate areas.

when the rain rate < 100 mm/h and f > 40 GHz at a short path. Figs. 12
and 13 present I;, for 75GHz measurement in Korea on a 100 m path
length. Since it is inversely proportional to the square value of its pa-
rameters, the (Ir,) can be written as:

2

1
f > 40GHz and d

Iy, = 0.477d°6% jog? 0123
< 1km Ro.0196< 100 (mm /h (15)

Our observations indicate that the rain rate Rg 19, used by ITU-R
does not represent the effective rain intensity-induced attenuation
over mm-wave links less than 1 km path length, even though it is ac-
curate for paths longer than 1 km. Therefore, the empirical formula to
compute the effective rain rate Res is highly recommended to correct
this underestimation of y.f in short paths based on physical link
parameters.

5. Concept of effective rain rate (Resr)

New concepts and terms have introduced the “effective rain rate”,
defined as the peak value during the intersection between the rain cell
and short path length. In [32], the concept of R.i was introduced to
prevent inconsistencies and maintain the general expression of Reg
without any changes. The concept of R.g is briefly addressed by Yusuf
et al. [30,48,51] where it is agreed that the rain rate exhibits

fy Ify as a function of its parameters

The increment factor of rain rate

0 0.5 l4inkm 15 2 2.5
®—ITU-R.530-17 distance factor r
—@— The increment factor of rain...

Fig. 13. I, as a function of its parameters from ITU-R P.530-17, as presented in
Formula (11) and proposed in Eq. (13), at 75GHz and R0.01% =50mm\h for
temperate climate areas.
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inhomogeneity over short ranges. Measurement results indicate that
power fluctuations are likely due to local variations in the rain rate
occurring over distances significantly shorter than the overall path
length (ranging from 265 m to 605 m) and moving across the line of
sight during the sampling time. This observation aligns with conclusions
from [52] which noted the short-term signal strength variations of up to
2-3 min during rain.

However, researchers have not calculated the effective rain rate
induced attenuation over a short-range mm-wave terrestrial link. Thus,
this paper proposes a new approach by considering the actual path
length rather than just the degr and effective rain rate Reg, as follows:

A0_01 = k[ Reff(R()_()l; d)]a x dd< 1km (16)

where R is the effective rain rate, as a function of propagation path
length shorter than 1 km d, and the rainfall rate exceeds 0.01% of the
time Ry g10. The empirical formula that computes the effective rain rate
Refr is highly recommended to correct this underestimation of yef in
short path distances based on physical link parameters.

6. Modelling of effective rain rate and attenuation prediction

Based on Eq. (16), the effective specific attenuation can be expressed
as:

Yetf = k Reffa = Ify X y= Ify x k Rg.Ol (173)

or Reir = [l x R&g]"" 17.b)

where the rain rate increment factor Iy, is calculated from Egs. (13)-(15).
The behaviour of Reg with Rg 19, for various path length values at fre-
quency 38 GHz is presented in Fig. 14. It is evident that when the link
distance increases, the effective rain rate decreases, as observed in [39].
This result demonstrates that the peak of rain has a smaller cell size in
any climatic region. Furthermore, the value of Resf may be higher than
Ro.019% for short propagation path lengths since high rain rates may
dominate shorter path lengths at the centre of the rain cell [27].

Hence, the total attenuation for a path length less than 1 km, as
proposed in (15), can be expressed as follows:

Aoor =7Ver X d
18
Aoor =k[ Reg]” x d (18)
where Rqi can be obtained from (17.b) and k and a coefficient values
can be obtained from ITU-R P.838-3. The value of Ry 019 can be acquired
from local measurements or ITU-R P.837-7.

700 T v ' T T T T T
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600 —d=0.3km
= = +d=0.4km
S00F | ====d=0.5km 1
e (=), 6km

400

Effective Rain Rate (mm/h)

20 40 60 80 100 120 140 160 180
R0.01% (mm/h)

Fig. 14. Effective rain rate for 1-min rain rate at different distances <1 km.



A.A. Budalal et al.

6.1. Comparison of proposed model’s estimations with measurements in
Malaysia

Egs. (13), (15), (17.b) and (18) are used to investigate the R.g ac-
cording to the measured terrestrial rain attenuation in Malaysia. A
comparison is made between the CCDF of rain attenuation predicted by
the proposed effective rain rate method and the experimental data at 26
and 38 GHz for 300 m path length, as presented in Fig. 15. Predictions by
the proposed method are very similar to the measured rain attenuation
at both frequencies. The measurements of rain attenuation statistics at
73.5GHz and 83.5GHz using LOS links were conducted in Malaysia from
September 2018 to September 2019 over 0.3 km. The proposed model’s
predictions are further compared with real measurements [18,49]. As
shown in Figs. 16-18, the proposed model’s predictions are compared
with the long-term measurements using E-Band links for all percentages
of time in Malaysia. The increment factor of specific attenuation Iy, is
1.8149 at R0.01%, which corresponds to a rain rate of 144 mm/h.
Whereas at 26GHz and 38 GHz, I, is 1.8175 which corresponds to a rain
rate of 125 mm/h. Figs. 16 and 17 indicate that the proposed Reg and
rain rate data in [18-49] are very similar throughout all percentages of
time.

The shape of the CCDF curves does not change with the application
of effective rain rate, and the proposed empirical model’s attenuation is
in excellent agreement with the measured attenuation. It can be seen
that rain attenuation at both 73.5GHz and 83.5GHz using E-band links
and calculated by the effective rain concept are comparable at a range of
20-25 dB over 300 m. The maximum value of rain attenuation (almost
25 dB using E-band links) occurs when the rain rate is at a maximum
(nearly 193 mm/h), which corresponds to 0.001% of time. It is note-
worthy that the proposed model performs better at R0.001% (0.001<P
< 1). The prediction errors are in the range of 0.69-0.96 dB at low rain
rates (when p > 0.01%) and at a range of 0.03-0.17 dB (when p <
0.01%) depending on the link frequency. From the analyses, it is clear
that the deviations of rain fade at very short paths AP% dB can be related
to the rainfall rate RP% exceeded at %P [43] (Fig. 18).

6.2. Validation of the proposed model at different climatic regions

As illustrated in Fig. 19, the proposed model can predict at 25GHz
measurement in Japan and 75GHz measurement in Korea for 223 m, 150
m and 100 m path lengths, respectively. Based on a comparison between
the experimental results presented in Figs. 10 and 11, it is evident that
the concept of effective rain rate over the short-range millimetre-wave
terrestrial link has produced reliable prediction with separate fre-
quencies at different paths and locations. Thus, the effective rain rate
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Fig. 15. Comparison between measured and predicted rain attenuation in
Malaysia using Reg technique at F < 40 GHz over 300 m.
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Fig. 18. Comparison between measured and predicted rain attenuation using
the Resr technique for frequencies <40 GHz over path length <1 km at different
geographical locations.
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Fig. 19. Comparison between measured rain attenuation CCDF with those
predicted by the proposed modified model at 25GHz for 223 m in Japan and
75GHz for 100 m in Korea.

can interpret the increase of effective specific attenuation over paths less
than 700 m.

For further validations, the proposed model was used to transform
one-minute rain attenuation data to effective rain rate over short paths
in other geographical locations, such as Japan [54,53], Korea [35,47],
Spain [38], New Mexico [59], France [55], USA [52], Pakistan [56] and
Prague [57]. The effective rain rate seems fairly reasonable, with slight
prediction errors at path length <700 m due to different propagation
characteristics, such as one-minute rain rate cell size and frequency
band. Therefore, the conversion technique provides a relatively accurate
method for predicting attenuation at millimetre-wave frequencies over
short path lengths in Malaysia and for different climates, as shown in
Fig. 20.

7. Prediction error estimation

Performance evaluation has been accomplished by analysing the
discrepancies between the model’s predictions and the databank values
while assessing the model’s accuracy, robustness and reliability. Testing
metrics and criteria include statistical measures such as root mean
square error (RMSE), mean absolute error (MAE) and coefficient of
determination (R-squared) [58,60,61]. The documentation serves as a
record of the testing process and can be used for model validation,
regulatory compliance or communication with stakeholders. The Root
Mean Square Error values are calculated for the available rain attenu-
ation studies using mm-waves and short path length at different regions
worldwide to validate the proposed model. From Egs. (17) and (18), it is
clear that the results obtained from the proposed method provides a
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Fig. 20. Comparison between measured and predicted rain attenuation using
Resr technique for frequencies >40 GHz and path length <1 km at different
geographical locations.
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higher prediction accuracy with low RMSE values at 0.107 for both
frequencies (higher and lower than 40 GHz) in different climate regions
with the mean absolute percentage error MAPE at 3.76%. The RMSE
values for short path links working at frequency bands > 40 GHz are
0.018 less than the RMSE values for short path links working at fre-
quency bands < 40 GHz, which is 0.179. It is worth noting that the
proposed model performs better in predicting rain attenuation over
short range terrestrial links working at millimetre-wave frequencies
higher than 40 GHz in different climatic regions.

19

MAPE =

(20)

100% i |Am — Ap|
k 4 Am

8. Conclusion

Two-year measurements of both the rain rate and rain-induced
attenuation over two experimental terrestrial links operating at 26 and
38 GHz at 0.3 km path length in Malaysia have been investigated. Sig-
nificant discrepancies are present between the measured attenuation
induced by rain and the one predicted by ITU-R. P.530-17. Several
recent observations indicate that the rain rate at 0.01% occurrence
(Ro.01%) used by the ITU-R prediction method does not represent the
effective rain intensity for less than 1 km path length, even though it is
accurate for paths longer than 1 km. As the rain rate increases, the rain
rate distribution becomes increasingly non-uniform, even at a very short
path length. This paper introduced an effective rain rate (Reff) concept
modelled to eliminate the need for effective path lengths for short links,
representing the variations of rain intensities over a very short path. The
proposed effective rain rate (Regf) was developed based on the measured
R0.01% and short-range path length (less than 1 km). The proposed
model estimates have been validated and improved using the mea-
surements for long-term rain attenuation statistics (conducted from
September 2018 to September 2019) at 73.5GHz and 83.5GHz over 0.3
km in Malaysia. Available measurements of 25GHz on 223 m paths in
Japan and 75GHz on 100 m paths in Korea have also been validated. The
proposed effective rain estimations were compared with direct mea-
surements from several different climates. Therefore, the effective rain
rate technique provides a relatively accurate method for predicting the
attenuation at millimetre-wave frequencies over short path lengths in
Malaysia and other environments. The proposed model has achieved
very high accuracy over communication path lengths ranging from 100
m to 600 m. The effective rain rate seems relatively reasonable, with
slight prediction errors at path length >700 m due to different propa-
gation characteristics, such as one-minute rain rate cell size and fre-
quency band. Hence, the proposed effective rain rate model is
recommended for path loss calculations and channel design in outdoor
applications over mm-wave links at short paths.
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