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ABSTRACT The high frequencies of millimeter wave (mm-wave) bands have been recognized for the fifth

generation (5G) and beyond wireless communication networks. However, the radio propagation channel at

high frequencies can be largely influenced by rain attenuation, especially in tropical regions with high rainfall

intensity. In this paper, we present the results of rainfall intensity and rain attenuation in tropical regions

based on one-year measurement campaign. The measurements were conducted from September 2018 until

September 2019 at 21.8 GHz (K-band) and 73.5 GHz (E-band) in Malaysia. The rainfall intensity was

collected using three rain gauges installed along a 1.8 km link. The rain attenuation is computed from

the difference between the measured minimum received signal level (RSL) during clear sky and rain

conditions. The measured rain rate and rain attenuation distributions are then analysed and benchmarked

with several previous measurements and well-known prediction models such as the ITU-R P. 530-17. The

rainfall rate results showed that the best agreement between the measured rainfall rate in Malaysia and the

ITU-R PN.837-1 prediction value for Zone P is up to 0.01% of time (99.99% of time agrees well and only

disagrees for 0.01% of time). For the E-band, the maximum measured rain attenuation exceeding 0.03%

of the year is around 40.1 and 20 dB for 1.8 and 0.3 km links, respectively, at the maximum rain rate

of 108 mm/h. For the K-band, the maximum rain attenuation exceeding 0.01% of the year is around 31 dB

for the 1.8 km link. Finally, the rain rates exceeding 108 and 180 mm/h at 73.5 and 21.8 GHz, respectively,

along the 1.8 km path caused an outage on our measurement setup. The rain rate of 193 mm/h and above

caused an outage for the 0.3 km E-band link. The experimental data as well as the presented data analysis can

be utilized for efficient planning and deployments of mm-wave wireless communication systems in tropical

regions.

INDEX TERMS Mm-wave, rain attenuation, propagation, E-band, K-band, 73.5 GHz, tropical area.

I. INTRODUCTION

Radio communication frequencies are being expanded to

millimeter waves (mm-wave) in order to occupy a larger

bandwidth. Using mm-wave frequencies in 5G wireless net-

works will solve the spectrum shortage of existing 4G cel-

lular communication systems operating at frequencies below

6 GHz [1]. Mm-wave bands will be used for different outdoor

scenarios such as backhaul and fixed wireless communica-

tion to provide high data rates for various applications [2].

The associate editor coordinating the review of this manuscript and

approving it for publication was Jules Merlin Moualeu .

In reality, 5G standardization has already started, with a focus

on gigabit coverage between 28 GHz and 39 GHz bands [3].

However, there is still a profusion of spectrum beyond these

bands, specifically at 70 GHz (71–76 GHz) and 80 GHz

(81–86 GHz). The mm-wave bands up to 52.6 GHz have

been envisioned by 3GPP Release 15.With Release 17, 3GPP

would like to extend that across 52.6 GHz all the way up to

114 GHz [4]. However, the quality of the radio link at high

frequencies can be potentially affected by weather conditions

such as rain, snow and fog, which should be considered

in the link budget [5], [6]. Due to absorption and scatter-

ing at frequencies above 10 GHz, the precipitations cause
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significant attenuation at these frequencies, especially at the

E-band [1].

Comprehension of atmospheric propagation effects in mm-

wave bands is required, especially in the case of rain. Rain is

one of the primary factors that cause of attenuation at these

bands since the wavelength of propagation is comparable to

the size of the rain droplet [7]. Numerous measurements have

been conducted to study the effects of rain on both satellite

and terrestrial communications.

In satellite communication, several studies on the effect of

rain have been conducted in Europe on the microwave band

from 10 to 40 GHz [8]–[10]. The complementary cumulative

distribution functions (CCDFs) were computed for rainfall

rate and rain attenuation over four years (2009-2013) of

Earth-space propagation experiments at 19.7 and 20.2 GHz

in the southwest of France [8]. Also in France, rain rate and

attenuation were measured at 20.2 GHz based on Amazonas

3 satellite links over one year (2017) [9]. The rain attenuation

was calculated based on two slant satellite links (19.698 and

39.402 GHz) propagation experiments in Madrid, Spain over

three years (2014-2017) [10].

Unlike Europe, tropical countries often experience heavy

rain occurrences, hence, studies conducted in Europe would

be insufficient. Video streaming was performed over a

high-speed link via the WINDS satellite in a tropical area

(Singapore) to investigate the effects of rainfall on the sig-

nal strength of the link and the video quality [11]. The

rain induced scintillation was studied based on attenua-

tion measurement over a one year period during 2011 and

2012, from MEASAT3 satellite at Ku-band (12-18 GHz) in

Malaysia [12]. In [13], the performance of the Silva Model

in [14] for rain attenuation prediction in slant paths for satel-

lite links was investigated and compared to the ITU-R P.618-

11 model [15] based on data from three slant paths in tropical

regions of Malaysia [16], [17] and Australia [18].

This paper investigates rain attenuation on terrestrial links.

An overview of most previous works on rain attenuation in

terrestrial links is presented in the following Section.

II. RELATED WORK

Many years ago, rain attenuation on terrestrial links was stud-

ied at microwave bands below 30 GHz and mm-wave bands.

In [19], the rain attenuation prediction model was proposed

and developed using geophysical observations of the statistics

of point rain rate, the horizontal structure of rainfall, and the

vertical temperature structure of the atmosphere. The space-

time correlation of rain attenuation was investigated in [20]

based on 42 GHz starlike network measurements in Norway.

In [21], different rain attenuation prediction methods were

reviewed and compared. The improvement of rain attenuation

prediction methods was proposed by [22] and compared with

experimental data collected from 30 terrestrial radio links for

path lengths ranging from 1.3 to 58 km, and for frequency

bands from 7 to 38 GHz, located in Africa, Europe, North

America, and Japan.

In the last century, studies of rain attenuation on terrestrial

links have been conducted atmm-wave frequencies of various

distances and locations. At 0.4 km path length, the rain atten-

uation was measured in [23] at 48 GHz in New Jersey, United

States (US). Researchers in [24] conducted similar measure-

ments at 103 GHz in Japan, and at 120 GHz in [25] and [26].

The dependence of transmission distance on availability uti-

lizing the statistical rain attenuation datawas also investigated

in these studies. Researchers in [27] and [28] conducted their

studies on multiple frequencies in order to compare the effect

of rain on different transmission frequencies at 0.8 km path

length. The study in [27] was accomplished at 50.4, 81.8 and

140.7 GHz in Japan, while [28] achieved at 30, 50, 60, and

94 GHz in Belfort, France. For longer path distances, studies

on rain attenuation were done at 1.97 km at 90.5 GHz in

the USA [29], and at 6.5 km at 97 GHz in Portsmouth,

UK [30]. Both studies used data collected for more than one

year, in which statistical analysis and modeling of rain fade

duration were presented. The following subsections provide

an overview for most previous studies (to the authors knowl-

edge) on rain attenuation at different bands.

A. KU, K AND KA-BANDS

The rainfall effects on wireless communication links have

been studied at different regions of the world. The rainfall

rate and rain attenuation measurements were accomplished

at various tropical areas in six terrestrial line-of-sight (LOS)

microwave links at 15 and 18 GHz in Brazil [31]–[33].

In [33], the obtained results based on a two-year measurement

of these links indicated that the predicted rain attenuation

using Crane [19] and ITU-R P.530-9 [34] models is under-

estimated for the tropical area. The review of rain attenuation

studies from 1987 to 2005 based on long term measurements

for frequencies between 10 and 38 GHz at 20 terrestrial links

in Brazil were presented in [35]. In [36], Silva Mello et al.

proposed prediction model to overcome the underestimation

of the Crane and ITU-R predictionmodels for rain attenuation

based on the rainfall rate distribution and concept of effective

path length of rainfall rate. The proposed model was com-

pared to the Crane [19] and ITU-R P.530-12 [37] models.

Rain attenuation effects were studied for several terrestrial

links in tropical regions of Malaysia at different frequencies

below 40 GHz. Various prediction models were reported

in [38]–[54]. The frequency scaling of rain attenuation mod-

els was investigated based on a one year rain attenuation

data measured at 23, 26, and 38 GHz in [38]. The path

reduction factor models were analyzed in [39] and [42] based

on rain attenuation data measured at 15 GHz in two different

locations and over seven terrestrial links, respectively. Other

studies conducted at 15 GHz were performed in [44], [45]

on rain attenuation methods for terrestrial microwave links

operating in tropical regions based on experimental rain rate

and rain attenuation data over six terrestrial links. A study on

rain attenuation statistics was conducted in [41] at 32.6 GHz

with the link distance of 1.4 km.
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In other tropical regions, studies were accomplished in

Singapore [55], India [56], andAustralia [57]. In [55], the rain

attenuation was measured over ten years in the tropical region

of Singapore at 15, 21, and 38 GHz for a 1.1 km link. The

rain drop size distribution (DSD) was fitted with a negative-

exponential distribution [55]. Rain attenuation was presented

in [56] based on conducted measurement over one year at

11 GHz, on 3.2 km terrestrial link. The measured rain atten-

uation in [56] was compared with the empirical formula of

specific attenuation in [58]. In [57], the rainfall rate and

rain attenuation were presented based on conducted measure-

ments over one year at 38 GHz along a 2.1 km terrestrial link.

The results in [57] showed a significant difference between

the ITU-R P.530-11 [59] fading prediction and the measured

data.

For regions with four seasons, the rain attenuation was

examined using different frequencies at K and Ka-bands

in [60]–[69]. In [66] and [67], the rain attenuation was

assessed for a 3.2 km experimental link at 18 GHz in South

Korea, while the characteristics of seasonal rain attenua-

tion were analyzed in South Africa based on measurements

recorded for one year at 19.5 GHz along 6.73 km terrestrial

link in [62] and [63]. The rain attenuation and its yearly

variations was performed during a four-year period along

5.5 km link at 26 GHz in Prague, Czech Republic [65]. The

statistics of the rain attenuation were presented based on two

years of measurements at 30 GHz along 5.3 km terrestrial

link in Italy [60]. In [61], the distribution of rain fade was

proposed and compared to three years attenuation data at

38 GHz, 9 km terrestrial link, in the south east of United

Kingdom (UK). The rainfall rate and rain attenuation were

studied based on measurements at 23, 25, 28, and 38 GHz

over 0.7 km terrestrial link in Beijing, China [68], [69].

B. E-BAND

The E-band (71-76 and 81-86 GHz) with a regulated band-

width of 10 GHz is one of the future broadband communica-

tion bands [70]. The rain attenuation increases significantly

with rising frequency, which restricts the path length of radio

communication systems and limits the utilization of higher

frequencies for LOS microwave links [69], [71], [72]. This

makes the study of rain effects in the E-band crucial. A few

studies have investigated the rain attenuation at the E-band,

but mostly for short distances [5], [73]–[76]. In [5], the rain-

fall rate statistics and rain attenuation were investigated based

on a one-year measurement data for a short 35 m link at

25.84 and 77.52 GHz in the UK. The rain attenuation at

different rainfall rates for short measurement periods was

studied at 77 and 300 GHz over 160 m terrestrial radars link

in Birmingham, UK [73]. In [74], the attenuation measure-

ments under extreme rain conditions in a climate wind tunnel

were conducted to benchmark the possibility of wireless data

transmission at 77 GHz during adverse weather conditions.

The propagation loss with rain effect at 77 GHz was obtained

over 180 m based on generated rain with rates of 33, 43, and

105 mm/h. The preliminary results of rain attenuation was

presented in [75] based on short period of measurement at

73, 83, 148, and 156 GHz over a one year period in [76] at

73 and 83 GHz over a distance of 325 m in Milano, Italy.

Other studies that covered longer distances are found

in [71], [72], [77], [78], which conducted at 0.84, 1, 3.2 and

3.45 km links, respectively. The impact of rain on signal

attenuation for 75 GHz and 85 GHz bands was analyzed and

modeled in [71] based on two years field measurements along

840m link inMadrid, Spain. The impact of rain at 71-76 GHz

bands was based on ten months of measurements of a 1 km

terrestrial link in Molndal, Sweden [77]. Further measure-

ments for mm-waves were accomplished in South Korea

along 3.2 km experimental link at 75 GHz to study the impact

of rain on signal propagation and to investigate the accuracy

of the ITU-R models [72]. In [78] the rain attenuation was

studied at 83.5 GHz based on one year measurement data

conducted over a 3.45 km terrestrial link in Oslo, Norway.

Among the overviews of rain attenuation on terrestrial

links at various frequencies of microwave and mm-wave

bands in different regions worldwide, only few were con-

ducted at E-band and none were in tropical regions. Malaysia

is a tropical region with high rainfall rate of up to 280 mm/h.

Previous studies in Malaysia on rain attenuation were based

on measurements at 11, 15, 23, 26, 32 and 38 GHz and none

had covered the E-band [38], [41], [46], [50].

To the best of our knowledge, this work is the only

measurement campaign conducted to study the precipitation

effects using the 73.5 GHz E-band terrestrial link in tropical

areas. The results of one year of rainfall intensity and rain

attenuation over three LOS terrestrial links in Malaysia are

presented. The contributions of this paper can be summarized

as follows:

• The rainfall rate was studied based on the rain precip-

itation data measured at every minute from three rain

gauges installed along the experimental K and E-bands

1.8 km links. The empirical cumulative distribution of

the 1-minute measured rain rate was compared with

gamma and lognormal theoretical cumulative distribu-

tion models. The measured rain rate was also compared

with several previous measurements and rain rate of

ITU-RPN.837-1 [79] and ITU-RP.837-7 [80] prediction

models.

• We investigated the rain attenuation along three exper-

imental 73.5 GHz E-band and 21.8 GHz K-band links.

Two for E-band links with the path length of 1.8 km and

300 m, and one K-band link of 1.8 km. The minimum

received signal level (RSL) on a 15 minutes interval

period was recorded by the link setup. The maximum

rain attenuation was then computed by comparing the

measured RSL during clear sky and rain conditions.

The empirical cumulative distribution function (CDF) of

the maximum rain attenuation was compared with the

CDF of estimated 1-minute rain attenuation and with

some prediction models such as ITU-R P.530-17 [81],

and Mello [36] models. Comparison were also made

between the results of the two 1.8 and 0.3 km E-band
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TABLE 1. Rainfall intensity exceeded (mm/h) based on ITU-R P. 837-1 rain climatic zones.

links, as well as between the similar 1.8 km E-band and

K-Band links.

• The results of the rain attenuation and the corresponding

rainfall rate in this work were benchmarked with some

previous studies conducted in different regions and at

various E and K-band frequencies. The experimental

data and the presented data analysis are useful to pre-

cisely quantify the influence of rain, and to improve the

design and planning of mm-wave wireless communica-

tion systems in different regions.

The rest of the paper is organized as follows. Section III

provides an overview of the rain rate. Section IV discusses

the rain attenuation calculation and overview of several pre-

diction models. Section V describes the measurement setup.

Section VI explains the data processing. Section VII presents

the rain rate statistical analysis, while Section VIII shows

the rain attenuation statistical analysis. Section IX provides

a comparison study for rain attenuation at K and E-bands

for different experimental links around the world. Finally,

Section X presents the conclusions.

III. RAIN RATE

The rainfall rate can be measured using different methods and

instruments such as rain gauges and radars. The prominent

and direct way to measure the rain rate is to use a rain gauge

that measures the depth of water per unit of time [82]–[84].

The rain gauge and radar rainfall as an input of hydrological

model were compared in tropical regions; i.e., Malaysia [85].

The Global Precipitation Measurement (GPM) Core Obser-

vatory (CO) spacecraft was designed to measure rain rates

from 0.2 to 110 mm/h, detecting moderate to intense snow

events [86]. In [87], the data sources and estimation meth-

ods of 30 currently available global precipitation data sets,

including gauge-based, satellite-related, and reanalysis data

sets were presented.

The rainfall events and rates vary among region, time

and seasons [88]–[90]. Rainfall statistics near and above

the Earth’s surface are needed to estimate the percentage of

absorption time or the dispersion of radio waves affecting the

design of the radio system [91]. The rain rate distribution

was modeled by a lognormal distribution at low rates and

a gamma distribution at high rain rates [92]–[95]. This type

of model was developed by Moupfouma et al. [18], [96] for

both tropical and temperate climates. In certain situations,

the exponential and generalized-Pareto PDFs can also be used

to model the rain rate [97]. In [25], different distributions

were examined for rainfall rate measurements over one year

in Atsugi, Japan.

The International Telecommunication Union Radio Com-

munication sector (ITU-R) has grouped the world into 15 rain

climatic zones depending on the similarities of their rain

characteristics, as shown in Table 1 [79]. According to time

percentages and rain rate values in Table 1, the regions in

Zones N, P and Q have high rainfall rates where Zone P is

the highest. The ITU-R P.837-7 [80] presents a prediction

method to calculate the rainfall rate exceeded for a desired

average annual probability of exceedance and a given loca-

tion on the surface of the Earth using digital maps of both

monthly total rainfall and mean surface temperature. Tropical

regions have a convective type of rainfall with high occur-

rence of rainfall events compared to temperate regions of the

world [46], [55], [98]–[100].

IV. RAIN ATTENUATION

The rainfall rate has significant impact on radio propagation

links, especially at mm-wave frequencies. The rainfall rate,

operating frequency, link length, and type of polarization

play crucial roles for designing the LOS terrestrial link. The

impact of these factors on rain attenuation has been studied

in [101]–[110]. Due to their impact on the rain attenuation,

these factors are included in the ITU-R P.530-17 rain atten-

uation prediction model for terrestrial links [81]. Due to the

strong relationship between rain attenuation and the rain rate,

some studies have even used the attenuation of terrestrial

links during the event of rain to estimate the rainfall rate [64],

[68], [111]–[119].

Attenuation due to rain of anywireless communication link

can be calculated from the distribution of specific attenuation

along that link. The specific attenuation is obtained from the

rain rate along the path using power law relationship [58],

[120]–[122], and can be calculated per distance unit (dB/km)

as [122]:

SR = aRb, (1)

where a and b represent the regression factors which depend

on several aspects such as the temperature, distribution of rain

drop size, frequency and polarization [58]. The values of a

and b can be experimentally obtained as empirical values. The

ITU-R P. 838-3 [122] has the prediction values for a and b

for 1-1000 GHz frequencies at vertical and horizontal polar-

ization. The specific attenuation predictions for horizontal
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polarization is higher than the vertical one for terrestrial

paths, as reported in [123]. To simplify, the rain attenuation

along the terrestrial link of d km can be calculated as the prod-

uct of the specific attenuation with the path length of the link.

This assumption is only valid if the rainfall rates are equally

distributed along the path of the particular link. Considering

the spatial inhomogeneity of the rain rate, the rain distribution

is not uniform along the link, especially for long paths. Hence,

the rain attenuation prediction models use the effective path

length instead of actual path length to average out the spatial

inhomogeneity of rain rate; thus, the specific attenuation. The

rainfall rate is consider uniform in the effective path length.

The effective path length is a product of correction factor with

physical path length (L) of the link which can be defined

as [81], [96]:

LE = r × L, (2)

where r is the correction factor (reduction factor) which is

usually less than unity except in rare cases [47]. It depends

on the rain rate’s spatial distribution and horizontal variation

of rain along the link [39]. The direct method to obtain the

rain attenuation for any terrestrial link is the radio propaga-

tion measurement. The measured rain attenuation is simply

calculated from RSL by determining the amount of signal

degradation during rain conditions compared to the amount

of RSL in the clear sky condition. It can be calculated as [72]:

RA(dB) = RSLclear sky − RSLrain (3)

The rain attenuation based on (3) may cause overestimation

due to the wet antenna effect after rain occurrence. To over-

come the wet antenna effect, the antenna radome can be

covered with an additional hydrophobic material [5], [124].

The wet antenna attenuation can also be calculated and

excluded from the rain attenuation of (3). Some studies have

investigated the wet antenna effects on terrestrial links at

different microwave and mm-wave frequencies [125]–[134].

In this work, the acrylonitrile styrene acrylate (ASA) was

used as the antenna’s radomes. ASA has great toughness

and rigidity, good chemical resistance, thermal stability, and

outstanding weather resistance [135]. The antenna’s radomes

wet attenuation is calculated from the difference between the

RSL in the clear sky condition period to the RSL during

the first hour after the rainfall has stopped. Based on our

measurement over a one-year period, the average antenna’s

radomes wet attenuation is 1.5 dB. This value is similar to

the wet antenna attenuation calculated in [124], [132]. This

value is excluded from the measured rain attenuation.

Using long-term rainfall rate statistics, the rain attenuation

can be predicted. The simple form for rain attenuation pre-

diction at percentage time of p (Ap) is:

Ap(dB) = SRp × LE , (4)

where SRp is the specific attenuation (dB/km is defined in (1)

for the rainfall rate Rp (mm/h) exceeded at p% of time and LE
is the effective path defined in (2). By substituting (1) and (2)

in (4), the general formula for rain attenuation can be defined

as:

Ap(dB) = aRbp × r × L (5)

The descriptions for several well-established rain attenuation

models based on (5) with different reduction factor values are

presented as follows.

A. LIN MODEL

The rain attenuation model in [136] was proposed by Lin

based on long-term rain rate statistics and empirical rain

attenuation fitting from the measurement data at 11 GHz. The

reduction factor of thismodel accounts for partially correlated

rain rate variations along the propagation path length. The

reduction factor of this model is defined as:

r =
1

1 + L/L̄(Rp)
, (6)

where L̄(Rp) is the characteristic path length that can be

computed using (L̄(Rp) ≈
2636
Rp−6.2

) for Rp> 10 mm/h . L̄ is

related to the diameter of the rain cell such that the reduction

factor is equal to half when L̄ = L. Next, the rain attenuation

is calculated based on (5) for the rainfall rate exceeded at p%

of time.

B. ITU-R P.530-17

The ITU-R P.530-17 [81] is the latest ITU-R recommendation

for terrestrial LOS link propagation and prediction methods.

It recommends calculating the rain attenuation (A0.01) for

the rainfall rate using (5). Next, the rain attenuation (Ap)

for other rainfall rates is computed by scaling A0.01 to other

percentages of time p%. The r reduction factor in (5) is

calculated as:

r =
1

0.477L0.633R0.073b0.01 f 0.123 − 10.579(1 − e−0.024L)
(7)

where f is the frequency in GHz and the maximum rec-

ommended r is 2.5 [81]. The attenuation exceeding other

percentages of time p in the range of 0.001%–1% of the year

Ap(dB) can be calculated as follows:

Ap = A0.01c1p
−(c2+c3 log10 p), (8)

where

c0 = 0.12 + 0.4 log10(f /10)
0.8

c1 = 0.07c0 (0.121−c0 )

c2 = 0.855c0 + 0.546(1 − c0)

c3 = 0.139c0 + 0.043(1 − c0) (9)

C. MOUPFOUMA MODEL

The Moupfouma model in [22] and [137] is based on the

rainfall rate exceeded at 0.01% of the time. The details of

rain attenuation (Ap) determination for other rainfall rates

can be found in [22]. When adopting this model, the A0.01
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rain attenuation is calculated using (5) at the rainfall rate of

R0.01 mm/h, where the r value is computed using:

r = exp(
−R0.01

1 + ζ (L) × R0.01
), (10)

where

ζ (L) = −100, for L ≤ 7 km

ζ (L) = (
44.2

L
)0.78, for L > 7km

D. SILVA MELLO MODEL

The Silva Mello model [14], [36] uses the rain rate distri-

bution Rp to correct the underestimation of the attenuation

predicted by the ITURmodel, especially in low latitude areas

with serious precipitation regimes. By incorporating two vari-

ables (the effective rain rate (Reff ) in specific attenuation and

the rain cell diameter (d0)), the rain attenuation (Ap) exceeded

at p% percentage of time is calculated as:

Ap(dB) = a(Reff )
b
×

1

1 +
L

d0(Rp))

, (11)

where

Reff = 1.763R0.753+0.197/d

d0 = 119R−0.244

V. EXPERIMENTAL SETUP

The rain rate and rain attenuation measurement setups and

test bed environment are extensively discussed as follows.

A. RAIN ATTENUATION MEASUREMENT

The transmitter (Tx) and receiver (Rx) equipment for K and

E-bands for this measurement campaign are manufactured

by Ericsson, i.e. the Mini Links ML-6363 and ML-6352.

The specification details of the ML-6363 and ML-6352 are

provided in [138], [139]. The 21.8 GHzK-band and 73.5 GHz

E-band link setups have been operated from Septem-

ber 2018 to study the effect of rain. The 21.8GHz link is tuned

to support up to 225 Mbps by using a bandwidth of 28 MHz

channel and adaptive modulation of up to 1024 QAM. The

73.5 GHz link is tuned to support up to 4.532 Gbps by using

a bandwidth of 750 MHz channel and adaptive modulation

of up to 256 QAM. The parameters for the measurement

setup for both links, including the antenna specifications,

are provided in Table 2, where both Tx and Rx at each link

adopted similar antenna specifications. The data loggers at

Rx recorded the maximum and minimum RSL values every

15 minutes. Both links are located in Universiti Teknologi

Malaysia (UTM), Kuala Lumpur (KL), Malaysia, with radio

propagation LOS path length of 1.8 km. The Tx for both links,

labeled Site A (3◦11’7’’N, 101◦43’46’’E), are located at the

top of a 5-storey student residential building (49 m above sea

level) outside the university campus. The Rx for both links,

labeled Site B (3◦10’21’’N, 101◦43’10’’E), are located on a

level 16 in one of the high-rise management building (43 m

above sea level) at the university campus.

FIGURE 1. Measurement links map in Kuala Lumpur, Malaysia for 1.8 km
LOS path at K and E-bnads between Kolej Siswa Jaya (Tx site) and Menara
Razak, Universiti Teknologi Malaysia (Rx site), and 300 m LOS path at
E-band between Kolej Siswa Jaya (Tx site) and Residensi UTM (Rx Site).

Another E-band link has been established inside UTM,

KL campus where the measurement setup parameters are

listed in Table 2. The Rx is located on Site B while the Tx,

labelled as Site C (300 m LOS from Site B) (3◦10’20’’N,

101◦43’19’’E), is located at the rooftop of Residensi UTM

building (41 m above sea level). Figure 1 presents the

map of the measurement setup and the pictorial view at

Tx and Rx sites.

B. RAIN RATE MEASUREMENT

To collect the rainfall rate along the route of the three link

setups (discussed in Section V-A), three HOBO data logging

rain gauges have been installed in the link paths. The data

logging rain gauge system is battery powered and includes

data logger with a tipping-bucket rain gauge of 0.2 mm

sensitivity. Details on the rain gauge specifications are given

in [140]. Two rain gauges were installed at the Rx site while

the third was installed at the Tx site, as shown in Figure 1.

The two Rx rain gauges (named RGRx and RGRx1) were

located at the rooftops in two different buildings separated

about 130 m and 380 m from the Rx, respectively. The Tx

rain gauge (RGTx) was located at the rooftop of the building

near the Tx building (about 50 m from Tx antenna). The rain

gauges record the rainfall that occurs every minute; i.e., at an

integral multiple of 12 mm/h.

VI. POST PROCESSING OF RAIN RATE AND

RAIN ATTENUATION DATA

This section discusses the details of the post processing used

on the data collected from the rain gauges, and from the
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TABLE 2. Parameters of experimental terrestrial links.

E and K-bands’ Mini Links for the purpose of statistical anal-

ysis. The minimum RSL at the Rx has been recorded every

15 minutes and the rain attenuation is calculated based on (3).

Here, the RSLclear sky is the minimum RSL during the clear

sky condition and the RSLrain is the minimum RSL during

rain condition. The reference level of the received signal can

be calculated from the averaged RSL just before and after rain

occurrence [141]. In this work, the average of all recorded

minimum RSLclear sky during the measurement period is used

as a reference signal level (RL). Some algorithms have been

proposed in [142]–[144] to enhance the accuracy of choosing

the RL. Here, the maximum rain attenuation is calculated as:

RAmax(dB) = RL − RSLminimum during rain (12)

The rainfall rate has been recorded at one minute intervals.

To correlate the rain rate data with the maximum rain attenu-

ation (RAmax), the maximum rain rate of 15-minute intervals

is calculated. From the data processing of the minimum RSL

and maximum rain rate every 15 minutes along the year,

we noticed that the average antenna wet attenuation along

the year is 1.5 dB. The wet antenna attenuation is calculated

from the difference between the average RSL during the

clear sky condition and the RSL after 15 to 60 minutes of

rain condition. We used the maximum measured 15-minute

interval rain as an indicator that the rain has stopped. In some

cases, the rain rate data is zero but the RSL is more than the

average RSL of clear sky condition by 0.5 to 2.4 dB with the

average of 1.5 dB (indicating the wet antenna effect).

For the post-processing of the rain rate data, collected from

three rain gauges along the path link, the rain rate at each

location along the communication path is estimated by using

the inverse distance weighting (IDW)method [145]. IDW has

been effectively used as one of the standard spatial interpo-

lation procedures [146], [147]. Using the IDW procedure,

the estimated value Rp is a weighted sum of the rain gauge

values Ri given by:

Rp =

N
∑

i=1

wiRi (13)

where N = 3 in this case (i.e., the number of rain gauges).

The weight of each rain gauge value wi on the estimated

location p depends on the distance di in between, and is given

by [148], [149] as:

wi =
d−2
i

∑N
i=1 d

−2
i

(14)

The average rain rate is then calculated from these estimated

values (named RGE), together with the rain gauge readings,

and is used in this study.

The standard deviation of the maximum rain attenuation

(σRA) is calculated based on mean values of the maximum

rain rate (µR) as follows. The maximum rain rates for every

15 minutes of RGE are grouped to multiples of 12 (R = 12,

24, 36,. . . .mm/h). Let R represent the vector that contains all

rain rate data and Ri is the rain rate data for group i, where Ri
⊂ R (i = 1, 2,. . . , N ) contains the values Rie defined as:

Rie ≤ 12, for i = 1

12(i− 1) < Rie ≤ 12i, for i = 2, 3, . . . ,N

The values of rain rate at each group are averaged out to

obtain the mean of rain rate Ri and its corresponding mean

maximum rain attenuation RAi. Next, we calculated the stan-

dard deviation σRA of the corresponding values of the maxi-

mum rain attenuation due to the rainfall rate of each group.

The σRA is defined as:

σRAi =

√

∑M
e=1(RAe − RAi)2

M − 1
, (15)

whereM is the number of rain attenuation observation values

in group i, which varies among groups 1 to N .

VII. STATISTICAL ANALYSIS OF RAIN RATE

The rainfall rate measurements were collected in tropical

region for one year, from 6th September 2018 until 5th

September 2019, using three different rain gauges on the link

path, as described in Section V-B. Based on the annual reports

of the Malaysian Meteorological Services (MMS) in 1987,

there are three categories of rainfall in tropical regions: thun-

derstorm, shower, and drizzle [46], [103]. The thunderstorm

rainfall rate is more than 70mm/h, and the shower rainfall rate

is in the range of 20-70 mm/h. The rainfall rate of drizzle is

less than 20 mm/h. More details on rain categories in tropical

region are found in [46].

Figure 2 shows the cumulative distribution function (CDF)

of the measured rainfall rate along the link. Four curves
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FIGURE 2. Cumulative distribution for the measured rain rate per minute.

FIGURE 3. Cumulative distribution for the measured rain rate using RGE
compared to some theoretical cumulative distribution models.

(legends as RGRx, RGRx1, RGTx, and RGE) present the

measurement of the rain rate along the experimental link.

It is clear that the CDFs for the measured rain rate from

RGRx, RGRx1, RGTx, and the estimated RGE using (13)

are very close to each other at percentage of time larger than

0.01%. However, there are few differences between them in

the percentage of time lower than 0.01%. Figure 2 shows

that the best agreement is between the measured rain rate of

RGRx1 and the estimated rain rate from three rain gauges

(RGE). Figure 3 displays the CDF for RGE compared to

the lognormal and gamma distribution models. It can be

shown that the gamma distribution model fits the RGE rain-

fall rate data well at 0.02% of time and above (rain rate

is ≤ 120 mm/h) and has slight deviation at the rain rate above

120 mm/h. It is also shown that the deviation is larger for high

rain rate of 150 mm/h and above. For lognormal distribution,

the data with rainfall rate of zero value were excluded. The

lognormal distribution is comparable with RGE measured

data at 0.5% of time and above, and agrees well with RGE

at 20% of time and above (low rainfall rate ≤ 26 mm/h).

FIGURE 4. Cumulative distribution for the measured rain comparing with
ITU-R Models and some previous measurements.

According to the ITU-R rain Zones in Table 1, Malaysia

falls in Zone P. The CDF of the measured rainfall rates is

compared with the ITU-R Zones N, P, and Q at time per-

centage p% for p from 0.001 to 1. The experimental CFD

is also compared with rainfall of 1-hour integration time data

collected from the Malaysian Meteorological Station (MMS)

over 12 years [150]. Chebil and Rahman’s model [150] was

used to convert the rain rate data to the equivalent 1-minute

integration time.

A total of eight curves are plotted in Figure 4 to present the

cumulative distributions of the rain rates. The measured rain

rate of RGE at 0.01% of 144 mm/h is equal to the predicted

rain rate by the ITU-R Zone P of 145 mm/h, which is only

less by 1 mm/h. It is also close to the ITU-R Zone P at

the percentage of time (p≥0.01%). The measured rain rate

using RGE at 0.1% is equal to the predicted value by ITU-R

Zone Q. At the time percentage of 0.001%, the predicted rain

rate by ITU-R Zone N is close to the measured rain rates of

RGEwith slight underestimation by 10 to 12mm/h. However,

the ITU-RZone P predicted value of 250mm/h at 0.001% had

overestimated the RGE measurement value by 58 mm/h.

The measurements of rainfall rate are also compared with

the latest ITU-R P.837 series [80]. Figure 4 shows that the

rain rates of ITU-R P.837-7 model [80] are comparable with

measured rain rates in the high percentage of time 1% and

above (low rain rates below 12 mm/h). At the time percent-

age of 0.6% to 0.002%, the ITU-R P. 837-7 rain rates are

underestimated when compared to our measured rain rates.

At 0.01% of time, the ITU-R P.837-7 rain rate is 92 mm/h,

however, the rain rates of measurement are 146, 144, 146, and

144 mm/h for RGRx, RGRx1, RGTx, and RGE, respectively.

This implies that the ITU-R P.837-7 model at 0.01% had

underestimated our measured rain rate by 52 to 54 mm/h

and the predicted rain rate of ITU-R PN.837-1 Zone P by

53 mm/h. It is noted that the rain rates of ITU-R P.837-7

and ITU-R PN.837-1 Zone N models are very close at the

percentage of time of 0.003% and above.

VOLUME 8, 2020 51051



A. M. Al-Saman et al.: Statistical Analysis of Rain at Millimeter Waves in Tropical Area

Figure 4 also shows a comparison between our measure-

ment, and the rain rate data from MMS, and the measure-

ment conducted by Chebil et.al. [150] over three years, from

June 1992 to May 1995 at 3◦08’N, 101◦39’E, located within

the region of RGRx1. Figure 4 also shows the compari-

son with the average of conducted rain rate measurement

by Rafiqul et.al. [90] over 6 years form 2011 to 2016 at

3.2505◦N, 101.7347◦E (about 10 km from our experiment).

It can be seen that the MMS and Chebil rain rate data are very

close to the rain rate measurement of RGE at the percentage

of time (p≥ 0.01%). The rain rates of Rafiqul’s measurement

are very close to our measurement of RGE at the rain rate

of 0.05% of time and above. At 0.03% to 0.003% of time,

Rafiqul’s rain rate measurements are in the best agreement

with the rain rate of ITU-R Zone Q. The rain rates of Rafiqul

are also very close to the ITU-R Zone Q at 0.003% to 0.001%.

From the MMS, Chebil, Rafiqul, and our measurements,

it can be concluded that the rain climate in the city of Kuala

Lumpur, Malaysia falls in the rain region of ITU-R Zones

P and Q.

VIII. STATISTICAL ANALYSIS OF RAIN ATTENUATION

In this section, the rain attenuation’s statistical analysis for

two E-band links and one K-band link are discussed. All

results in the following subsections are based on post pro-

cessing, as discussed in Section VI. Here, our rain attenuation

and rain rate results refer to the maximum rain attenuation

corresponding to the maximum rain rate per 15 minutes.

A. RAIN ATTENUATION AT E-BAND

Figures 5a and 5b show the CDF of the maximum measured

rain attenuation for two links: 73.5 GHz E-band and their cor-

responding maximum rain rates. For the 1.8 km E-band link,

the maximum rain attenuation is 40.1 dB at 0.03% of time and

themaximum rain rate is 108mm/h, as presented in Figure 5a.

Figure 5b shows that the maximum rain attenuation for 300 m

link is 25 dB at 0.006% of time with the maximum rain rate

of 193mm/h. It means that the outage probabilities are around

2.9 × 10−4 and 5.9 × 10−5 for 1.8 km and 300 m E-band

links, respectively. In Figure 5a, the line curve for the rain

attenuation of 1.8 km shows no changes in rain attenuation

values after 40 dB. This implies that the reading of RSL by

Rx is the receiver sensitivity and the actual RSL is below the

Rx threshold. In other words, the 1.8 km link is down when

the rain attenuation is more than 40 dB, and occurs when the

rain rate is above 108 mm/h. In contrast, the 300 m link has

rain attenuation around 13 dB when the maximum rain rate is

108 mm/h, as depicted in Figure 5b. The 300 m link is down

only when the maximum rain rate is above 193 mm/h.

The maximum rain attenuation along one year of mea-

surements for the 1.8 km and 300 m based on the measured

rain rate of RGE, RGRx, RGRx, and RGTx is shown in

Figures 6a, b, c, and d, respectively. Using the classification

of rainfall types, as discussed in Section VII, the maximum

rain attenuation at 1.8 km and 300 m links for each rainfall

class is shown in Figures 7(a-c). The rain attenuation at

FIGURE 5. Cumulative distribution for the maximum rain attenuation at
E-band links with maximum rain rate (a) 1.8 km link and (b) 300 m link.

FIGURE 6. Maximum rain attenuation for 1.8 and 0.3 km links at the
maximum rain rate using (a) RGE, (b) RGRx, (c) RGRx1, and (d) RGTx.

corresponding drizzle rainfall (0-20mm/h rain rates) is shown

in Figure 7. It can be seen that the rain attenuation values

along the year for 300 m link are below 10.2 dB, and most
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FIGURE 7. Comparison of the maximum rain attenuation at 1.8 and
0.3 km links for three rainfall types (a) Drizzle (b) Shower and
(c) Thunderstorm.

of the values are below 4 dB at drizzle rainfall type. The

rain attenuation values along the year for 1.8 km are below

15.2 dB with many recorded values above 6 dB. For shower

FIGURE 8. Standard deviation of the maximum attenuation according to
mean values of maximum rain rate in one year for 1.8 km link of 73.5 GHz
E-band.

rainfall (20-70 mm/h rain rate), the rain attenuation for all

months is less than 20.3 and 40.1 dB for 300 m and 1.8 km,

respectively, as shown in Figure 7b. The rain attenuation for

1.8 km link reaches the maximum rain attenuation value at

shower rainfall, however, most of values along the year are

below 25 dB; and for the 300 m link, below 15 dB. The rain

attenuation for thunderstorm rainfall is the maximum among

all rainfall types, as shown in Figure 7c . It can be seen that

the rain attenuation is more than 5 and 25 dB along the year

for this type of rainfall for of 300 m and 1.8 km, respectively.

Figures 7(a-c) also show the dispersion of rain attenuation at

the corresponding rainfall rate. It is more along the 1.8 km

link in the shower rainfall category, as shown in Figure 7b.

To further assess the dispersion of rain attenuation,

the standard deviation of the maximum rain attenuation (σRA)

is calculated using (15), as discussed in Section VI. Figure 8

shows that the σRA varies from 2.3 to 6.5 in the range of

µR of maximum rain rate from 8.1 mm/h to 110 mm/h. The

maximumdispersion of rain attenuation occurs with the range

of σRA from 5 to 6.5 for theµRmaximum rain rate of 31mm/h

to 70 mm/h. This implies that the high rain rates correspond

to small rain cell size and low rain rates have greater drop size

distribution variability.

Based on ITU-R rain climate Zones in Table 1, Zones N, Q,

and P are classified as zones with high rainfall rate and Zone

P the highest among them, as discussed in Section III. Here,

the ITU-R P.530-17 is used to calculate the rain attenuation

based on the rain rate at 0.01% of time (R001). The ten curves

plotted in Figure 9 show the CDFs of the maximummeasured

rain attenuation every 15 minutes (maximum measured) for

1.8 km and 300 m links compared to the calculated rain atten-

uation every minute using ITU-R P.530-17 prediction model.

The R001 values of ITU-R Zones N, P, Q (95, 145, 115mm/h),

and the R001 of measurement rainfall rate (144 mm/h), leg-

end as Estimated/min, are used in ITU-R P. 530-17 predic-

tion model for rain attenuation calculation. Figure 9 shows

that at the percentage of time range from 0.03-1%, our
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FIGURE 9. Cumulative distribution for the maximum rain attenuation at
1.8 km link and 300 m link compared to predicted rain attenuation using
ITU-R P.530-17 model.

measured rain attenuation varies between 40.1 to 14.3 dB

and 20.4 to 5.9 dB for 1.8 km and 300 m links, respectively.

It is shown that the Estimated/min at 1.8 km and at 300 m

predicted rain attenuation values completely match with the

attenuation of ITU-R Zone P at 1.8 km and 300 m links,

respectively.

Since the attenuation per minute must be equal or less

than the maximum attenuation per 15 minutes, from visual

inspection of Figure 9, we can see that the ITU-R model

over estimates the attenuation that exceeds 0.03% of the year

for 1.8 km link. The attenuation for other percentages of

time (from 0.04 to 1% of the year) for 1.8 km, as well as

at percentages of time from 0.01 to 1% for 300 m link, are

below the maximum attenuation per 15 minutes.

B. RAIN ATTENUATION AT K-BAND

In this section, the results for rain attenuation at 21.8 GHz

K-band are discussed and compared with the E-band.

Both the K-band and E-band links were established in the

same sites with a link distance of 1.8 km. Figure 10 shows

the CDF of maximum rain attenuation for 21.8 GHz along

1.8 km distance and its corresponding maximum rain rate.

It can be seen that the rain attenuation varies between 2.8 to

31.1 dB at the percentages of time 3.9-0.008% corresponding

to the maximum rain rate of 12-180 mm/h. It is noted that

the K-band link of 1.8 km is down when the maximum rain

rate is above 180 mm/h. As compared to the same 1.8 km

LOS link using the E-band of 73.5 GHz, it can be concluded

that the maximum rainfall threshold of 21.8 GHz K-band

and 73.5 GHz E-band are 180 and 108 mm/h, respectively.

In particular application, based on the configuration of these

links and the results of rain attenuation, the E-band link that

can support high capacity can be used for clear sky condition

and rainy condition with rain rates below 108 mm/h. For

any rain rate above 108 mm/h, the particular application can

FIGURE 10. Cumulative distribution for the maximum rain attenuation
and maximum rain rate at 21.8 GHz K-band link.

FIGURE 11. Cumulative distribution for maximum rain attenuation at
1.8 km for 21.8 and 73.5 GHz compared to predicted rain attenuation
using ITU-R P.530-17 model.

be provided with capacity sacrifice using the K-band link

of 21.8 GHz.

Figure 11 shows the maximum measured rain attenuation

CDF every 15 minutes for 21.8 and 73.5 GHz 1.8 km links

as well as the calculated rain attenuation every minute using

ITU-R P.530-17 prediction model. The R001 values of ITU-

R Zones N, P, Q (95, 145, 115 mm/h) and the R001 from

our measurement rainfall rate (144 mm/h), legend as Esti-

mated/min, are used in ITU-R P. 530-17 prediction model

for rain attenuation calculation. Figure 11 shows that, from

the measured and predicted rain attenuation, the rain attenu-

ation of 73.5 GHz is slightly more than the rain attenuation

of 21.8 GHz at the high percentage of time (low rainfall rate).

The difference becomes larger at the low percentage of time

(high rainfall rate). At 1% of time (low rain rate), from our

measurement, the rain attenuation at 73.5 GHz is around 5 dB

higher than 21.8 GHz, however, at 0.03% of time (high rain

rate) the difference is 10 dB. For the predicted rain attenua-

tion using ITU-R (i.e. the rain attenuation of ITU-R Zone P
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FIGURE 12. Cumulative distribution for maximum rain attenuation at
1.8 km for 21.8 and 73.5 GHz compared to predicted rain attenuation
using the Mello model.

of 73.5 GHz) is greater than the corresponding 21.8 GHz by

3.5 and 25 dB at 1% and 0.03% of time, respectively. It is also

shown that the Estimated/min at 21.8 GHz and at 73.5 GHz

predicted rain attenuation values completely match with the

attenuation of ITU-R Zone P at 21.8 and 73.5 GHz of 1.8 km

link, respectively.

Using our rainfall rate measurement (legend as Esti-

mated/min), Chebil measurement, MMS measurement, and

the predicted one using ITU-R at Zones N, P, and Q, the rain

attenuation at 21.8 and 73.5 GHz for 1.8 km link is calculated

using the Silva Mello model (explained in Section IV-D)

and the results are presented in Figure 12. The predicted

rain attenuation per minute for both K and E -bands are less

than the maximum rain attenuation per 15 minutes at all

percentages of time. From the visual inspection of Figure 12,

it is noted that the predicted curves of rain attenuation for

all measured rainfall (Estimated/min, Chebli, and MMS) is

comparable with the the predicted curves of rain attenuation

based on the rainfall rate of ITU-R Zones P and Q at most

of percentages of time for both 21.8 and 73.5 GHz bands.

The predicted rain attenuation based on the rainfall rate of

ITU-R ZoneN is underestimated compared to those with high

deviation at 73.5 GHz.

IX. COMPARISON STUDY OF RAIN ATTENUATION

AT K AND E-BANDS AT DIFFERENT REGIONS

AROUND THE WORLD

In this section, the rain attenuation at K and E-bands for

different regions in the world are discussed and compared.

Table 3 presents the comparison of several previous studies

of rain attenuation at K-band in different regions. The rain

attenuation at 18 GHz band was analyzed in South Korea

and Brazil. Based on three years rainfall rate measurements

at South Korea, the rain rate values are 50 and 100 mm/h

at the time percentage of 0.01% and 0.001%, respectively

[66], [67]. The corresponding rain attenuation values for

50 mm/h along 3.2 km link are 33.38 and 21.88 dB for

horizontal and vertical polarizations, respectively. At 0.001%

of time (rain rate of 100 mm/h), the rain attenuation values

are 43.5 and 38.5 dB for horizontal and vertical polarizations,

respectively. The link experiences more rain attenuation at

horizontal polarization. In [31]–[33], the rain attenuation for

the same band of 18 GHz in Brazil is 33 dB along 7.5 km

vertical polarization link at 0.001% of time (120 mm/h rain

rate). The rain rate at 0.01% of time (50 mm/h) is extremely

high at South Korea compared to the rain rate of 6 mm/h at

0.01% of time in Brazil.

The rain attenuation at 26 GHz was studied in Prague,

Czech Republic and Malaysia. In Prague, the rain attenua-

tion over 4 years of measurements along 5.5 km link varies

between 20 to 35 dB and 17 to 31 dB at 0.01% of time

(20-60 mm/h rain rates) for horizontal and vertical polariza-

tions, respectively [65]. In Johor Bahru, Malaysia [51], [52],

at the same percentage of time 0.01%, the rain rate

of 120 mm/h is twice the rain rate in Prague, Czech Repub-

lic. The rain attenuation at 26 GHz in Malaysia is 34 dB

at 0.01% of time along 1.3 km horizontal polarization

link.

The rain attenuation at 19.5 GHz was studied over one year

along 6.73 km horizontal polarization link in Durban, South

Africa [62], [63]. The rain attenuation is 25 dB at 0.01% of

time with rain rate less than 80 mm/h. Based on the statistics

of rain attenuation in Singapore [55] at 21GHz along 10 years

over 1.1 km, the rain attenuation values among 120 mm/h

rain rate are 22 and 27.5 dB for vertical and horizontal

polarizations, respectively. In our work, the rain attenuation

at 21.8 GHz among 120 mm/h along 1.8 km link (vertical

polarization) is 26.4 dB. Our rain attenuation at 21.8 GHz K-

band is comparable to the rain attenuation at 21 GHz K-band

in Singapore [55].

Table 3 displays three different measurements at K-band

at different frequencies in Malaysia including this work. The

rainfall rate has some differences for both percentages of time

0.01% and 0.001%. The rational of these variances is the

difference of geographic area of the measurement and the

time. In [40] and [51], the measurements were conducted at

the same area in Universiti Teknologi Malaysia (UTM), Sku-

dai in different years; 1999 and 2011 to 2012, respectively.

In [40], the rainfall rates are 127 and 185mm/h for 0.01% and

0.001% percentages of time, respectively. However, in [51],

the rainfall rates are 120 and 168mm/h for 0.01% and 0.001%

percentages of time, respectively. The rain rates based on

measurements in 1999 [40] are more than the rain rates in

May 2011 to Jun 2012 [51] by 7 and 17 mm/h for 0.01%

and 0.001% percentages of time, respectively. Here, the mea-

surements were conducted at different locations and time,

as discussed in SectionV. The rain rates in this experiment

are 144 and 193 mm/h for 0.01% and 0.001% percentages of

time, respectively. It is more than the one conducted in [51]

by 22 and 24 for 0.01% and 0.001% percentages of time,

respectively. In [40], the rain attenuation for 0.3 km horizontal

polarization link at 23 GHz is 17 and 25 dB at the time

percentages of 0.01% and 0.001%, respectively. The rain

attenuation at 26 GHz is 34 and 50 dB at the time percentages

of 0.01% and 0.001%, respectively [51].
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TABLE 3. Comparison of different rain attenuation studies at K-band.

TABLE 4. Comparison of different rain attenuation studies at E-band.

The rain attenuation for this work at 21.8GHz along 1.8 km

vertical polarization link is 31 dB at 0.01% of time. It is

mentioning that, the rain attenuation at 0.001% cannot be

obtained using our experiment since the link was down when

the rain rate was above 180 mm/h. In [69], based on the

experimental link in Beijing, China at 23 GHz along 0.7 km

vertical polarization, the link went down when the rain rate

was above 80 mm/h.

Table 4 presents a comparison of several previous works

on rain attenuation at E-band in various regions. To the best

of our knowledge, all studies at E-band terrestrial link for

long-term rain attenuation statistics (1 year and above) are

listed in Table 4. The rain attenuation at 73.5 and 83.5 GHz

are comparable based on the rain attenuation along 840 m

vertical polarization experimental link in Madrid, Spain [71].

It can be noted that at the high percentage of time 0.01% (low

rain rate of 20 mm/h), the maximum rain attenuation values

of 11 dB for both bands are the same, as addressed in Table 4.

For the high rainfall rate of 55mm/h at 0.001%, themaximum

rain attenuation at 83.5 GHz is 1.5 dB more than the one at

73.5 GHz. In [72], the rain attenuation values at 75.6 GHz

over 100 m vertical polarization link are 28.55 and 40.48 dB

at the percentages of time 0.01% (rain rate of 50 mm/h) and

0.001% (rain rate of 98.57 mm/h), respectively.

Table 4 shows that the rainfall rate at 0.01% in neighboring

Scandinavians countries (Sweden and Norway) are approx-

imately the same [77], [78]. The rain attenuation of 0.01%

at 73.5 GHz along 1 km vertical polarization link in Swe-

den [77] and at 83.5 GHz along 3.45 km vertical polarization

link in Norway [78] are comparable. The rain attenuation is

12 dB in 73.5 GHz 1 km link, and 22 dB over 3.5 km link

at 83.5 GHz. The 10 dB increase in rain attenuation for the

83.5 GHz could be due to the difference in link distances as

the 73.5 GHz has additional 2.5 km.

In [76], the rain attenuation values at 73 and 83 GHz

along 325 m are 4 and 4.5 dB, respectively at 0.01% of time

with 40 mm/h rainfall rate. This result is the same as [71]

which indicates that attenuation at 73 GHz and 83 GHz

are comparable. The maximum rain rate obtained from the

measurement conducted in Milano, Italy is 120 mm/h at
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0.001% of time [76]. In this work, the rain attenuation val-

ues are 40.1 and 20 dB at 0.03% of time (108 mm/h rain

rate) along the 1.8 km and 300 m vertical polarization links,

respectively. The rain attenuation is 25 dB at 0.001% of time

(193 mm/h rain rate) in 300 m link, however, the 1.8 km link

is down at 0.001% due to the extremely high rain rate. Among

the studies in Tables 3 and 4, it can be seen that Malaysia has

the highest rainfall rate at 0.01% and 0.001% of time. It is

extremely high comparing to the other regions.

X. CONCLUSION

In this work, the rainfall intensity in tropical regions and its

effect on the radio propagation at K and E-bands were investi-

gated. An extensive overview for rainfall rate and rain attenu-

ation in different regions around the world was presented. The

rain attenuation at 73.5 GHz E-band and 21.8 GHz K-band

was calculated based on the measured minimum RSL along

1.8 km experimental links. Moreover, the rain attenuation of

the E-band was investigated using two different link paths

of 1.8 km and 300 m. The results from this work were

compared with several previous works in different regions.

From the obtained results, it was found that at 0.01%, the rain

rate was 144 mm/h. The maximum rain attenuation for E-

band is more than the K-band by 10 dB at 0.03% of time.

Moreover, the rain rates of 108 mm/h and above cause an

outage for the E-band experimental link of 1.8 km, while for

the K-band link with the same distance, the outage occurs

when the the rain rate is 180 mm/h and higher. The rain rate

of 193 mm/h causes the outage for the shorter E-band link

of 300 m. Our findings can be used to support the solution

of a multi-band microwave to boost commercial back-haul

performances, where the E-band with a large spectrum can

be utilized to support high throughput for rain rates below

108 mm/h, while the K-band can take over when the rain rate

is higher than 108 mm/h. Finally, it was found that Malaysia,

as tropical region, has the highest rainfall rate at 0.01% and

0.001%of time when compared to reported studies in the

literature from around the world.
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