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ABSTRACT

The congestion at the lower frequency bands is pushing the demands for the usage and
operation in the higher bands. The bands above 10 GHz are now required to satisfy the
tremendously increasing needs in satellite communication (SatCom) systems. The
biggest problem in deploying frequencies above 10 GHz in tropical-equatorial regions
is that such areas will experience acute degradation of signal quality due to heavy
rainfall throughout the year. A reliable estimation of rain attenuation is required.
Dependable fade margins are required in mitigating the harsh signal losses. It is found
that data validation for rain attenuation estimation using the frequency scaling technique
is not available in any previous studies conducted in tropical regions. It has been
suggested that instead of using the conventional method of predicting rain attenuation
using the point rainfall rate information, an applicable non-meteorological technique
should also be established. A frequency scaling technique can be the alternatives mean
to predict rain attenuation when rainfall data is not available. The objectives of the
research entail rain-induced attenuation studies for SatCom in tropical regions. They
comprise identifying the best fade margin for rain attenuation at various links,
formulating a new frequency scaling model with improved accuracy, and validating the
proposed model. The methodologies involved in the study encompass the processing of
the beacon signals into first-order statistics of rain attenuation. This, later, leads to the
generation of monthly and annual rain attenuation Cumulative Distribution Functions
(CDFs). The worst month analysis for rain intensity and rain attenuation was also
carried out. The signal loss is expected to be appalling in the worst month because of
the high occurrence of rain events. The required fade margin was determined from an
exceedance at a specific point from the annual CDF. In brief, the frequency scaling
model was derived based on the correlation between the attenuation ratio of a higher
and lower frequency against the attenuation at a lower frequency. The newly developed
formulation was utilized to generate new CDFs of attenuation at different frequencies.
The proposed model offers a lower RMSE value and percentage error of 2.8 and 11.3%
respectively. In contrast, the generic method suggested by the ITU-R only managed to
perform prediction with RMSE value and percentage errors of 28.3 and 28%
accordingly. The new model was validated using data set from alternative years and
alternate locations. In conclusion, the results from the research demonstrate a model
that can be used in the tropical-equatorial region in a way denoting the achievement of
fulfilling the stated objectives. The satellite signal performance can be improved by
applying developed mitigation techniques with an economically viable cost where
dependable fade margins can be attained. The newly developed frequency scaling
technique can offer the right margin to achieve the required quality of service (QoS) for
future SatCom in supporting near-future 5G communication. Consistent connectivity
for high-speed broadband communication demand in delivering digital and internet
applications during heavy precipitation can be attained.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND OF THE STUDY

The Covid-19 global pandemic has caused serious problems for the world's leading
satellite industries. They faced several challenges in delivering reliable link availability
of satellite-Earth signals. Since the start of the pandemic, broadband connectivity
provided by satellite operators had drastically increased from 15% to 70% in network
usage. Satellites can instantly connect isolated communities and offer connectivity to
unreachable and remote areas. However, the main challenge experienced by satellite
industries is providing consistent internet connection in places that experience frequent
heavy precipitation where severe impairment of satellite signal reception occurs.
Precipitation like rain prominently degrades the quality of satellite signals. When
signals travel from satellites to the Earth’s receivers, they pass over unpredictable rain
along their propagation paths. The signal power may weaken before reaching its
destination, especially when longer slant paths and lower elevation angles are involved
(Igwe et al., 2019; Nazrul et al., 2013). These factors affect link availability, leading to
negatively impacting consumer satisfaction which further damages and causes a tumble

in the reputation of satellite providers.

The International Telecommunication Union’s (ITU) Radio Regulations (RR)
defined satellite links as radio links transmitting between Earth stations to satellite
receivers and vice versa. An “uplink” refers to an Earth-to-satellite propagation, and a
“downlink” implies transmission from the satellite to a receiving Earth station. Radio
frequencies that have wavelengths (1) ranging between 1 mm to 10 mm in satellite-
Earth links are referred to as millimetre-wave frequencies. Communication satellites
facilitate human connection regardless of location (Badron et al., 2015). Satellite
communication (SatCom) is then considered the best option for addressing user

demands for areas not economically reachable by terrestrial links, such as for



developing countries with vast lands or in the middle of the ocean. Numerous
requirements in the telecommunication and broadcasting industries have prompted an
increase in demand for high-speed broadband communication, especially for
multimedia services. These have subsequently led to the growing demands for greater
bandwidth (Yussuff et al., 2019). Although the rollout of fibre in South Africa
significantly enhanced the speed of home broadband in the year 2014, satellite
infrastructures continue to fulfil a crucial role in providing communication access to
rural, remote and inland areas throughout the continent and across the globe as well.
The fast growth in telecommunications, increasing bandwidth demands, congestion in
lower frequency bands, and miniaturisation of communication equipment have forced
designers to employ higher frequency bands such as the Ku (12 to 18 GHz), Ka (26.5
to 40 GHz) and V (40 to 75 GHz) (Kamruzzaman & Islam, 2014). Unfortunately, higher
operating frequency bands are very susceptible and vulnerable to tropospheric
conditions that impair and reduce signal quality (Sujimol et al., 2015).

The proposed satellite television broadcast for home reception is called Direct
Broadcast Satellite (DBS) or Direct-to-Home (DTH). It enables the easy access to live
television channels from other countries. Various multimedia applications are offered
by satellite communication which all require extremely high data rate transmissions,
including videoconferencing, broadcasts, data broadcasts that include High Definition
(HD) television broadcasts, bandwidth on demand, intranet works and telemedicine.
Such applications lead to spectrum congestion in lower frequency bands. Shifting to
higher frequency bands is one option for achieving better services in satellite
communication applications since these bands support high data-rate broadcasts and
internet applications. SatCom systems are now moving towards the use of Ka-bands
(20/30 GHz). In future, the shift to higher frequency bands, such as the Q/V (40/50
GHz), will undoubtedly occur to accommodate larger bandwidth requirements. High
radio frequency offers several advantages such as larger spectrum availability, smaller

equipment size requirements and less interference for SatCom (Samat & Singh, 2020).

High Throughput Satellites (HTS) are communication satellites with higher
throughput than traditional Fixed Satellite Services (FSS) which give advantages in
frequency reuse and multiple spot beams. High throughput is important because of its

high-speed information delivery (bits/sec). It can be influenced by frequency reuse and



channel efficiency. The first commercial HTS in Asia is the IPSTAR (Thaicom-4)
operating in the Ku-band and is now developing to operate in the Ka-band (ITU-R
P.618-13, 2017). The main purpose of these satellites is fast internet connectivity. The
commercial HTS, IPSTAR, was launched by Thaicom in 2005. This satellite was
designed for FSS, which is a two-way communication over an Internet Protocol (IP)
platform with a maximum capacity throughput of 45 Gbps, a user download speed of
up to 5 Mbps and an upload speed of 4 Mbps.

Today, the IPSTAR is licensed to operate in 14 countries in the Asia Pacific
areas, which directly allows service providers and operators to deliver real-time
broadband internet access via satellite. In May 2011, Thaicom began selling some parts
of its satellite capacity to Malaysia. Malaysia’s satellite operator, MEASAT, signed a
contract for a specific capacity on the IPSTAR. MEASAT Satellite Systems Sdn. Bhd.
purchased access to seven IPSTAR spot beams under a decade contract for delivering a
total of 3.3 Gbps, representing 7% of the satellite’s total capacity. The bandwidth was
known and marketed in Malaysia as MEASAT-5 (Christensen, 2012).

The idea of deploying a new satellite system in the Ka-band frequency started
to evolve and gain attention in countries with tropical environments. The areas between
the Earth's latitudes of 23°27’ North and 23°27’ South are identified as tropical regions,
as shown in Figure 1.1. The propagation impairments are quite critical in locations with
tropical weather. This is due to the occurrence of frequent heavy rain which severely
affects high-frequency radio wave signals. The rain can cause severe signal fading as
well as interference (Yeo et al., 2009a). The dominant factor for signal impairment of
satellite links at higher frequencies is rain, and this depends on the rain rate, the raindrop
size and raindrop density (Kamruzzaman & Islam, 2014; Islam et al., 2018). Raindrops
absorb and scatter radio waves with shorter wavelengths, hence resulting in signal
attenuation as well as reducing system availability and reliability (Mom et al., 2021).
The attenuation due to rain on any path depends on several parameters, such as the
specific attenuation in dB/km, frequency, polarization, temperature, path length and
latitude. As it is known rain attenuation causes a reduction of the received signal level,
therefore, upon designing dependable Ka-band satellite communication systems, rain
attenuation must be considered as an important propagation element to ensure signal

quality. The conventional quality of service (QoS) criterion in Malaysia for broadcasts



15 99.99% availability (MCMC, 2022). The QoS requirement recommended by the ITU-
R Telecommunication Standardisation is 99.9% link availability for communication
services (ITU-T G.1028, 2016).
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Figure 1.1 Map of Tropical Regions (IEEI, 2014)

Rain attenuation is typically assumed as a product of specific attenuation
(dB/km) and the effective propagation path length (km). The effective path length is the
product of the path reduction factor and the physical path length of a microwave link
(Islam et al., 2012). Rain is the most destructive source of signal propagation on these
bands. The consequence of rain attenuation on band signal quality, especially in tropical
countries such as Malaysia, requires comprehensive research. The appropriate fade
margins must be identified to ensure successful implementation in all provinces

throughout Malaysia.



Several methods can be used for identifying and estimating rain attenuation. The
frequency scaling technique is one suggested approach (Ulaganathen et al., 2013).
Frequency scaling of attenuation is the prediction of rain attenuation at the desired
frequency derived from attenuation values at another frequency (Laster & Stutzman,
1995; Ramana, 2015; Ulaganathen et al., 2013). The method can be used to obtain an
estimation of the attenuation statistics at the desired frequency from attenuation values
measured at a lower frequency. This is very much applicable where and when reliable
long-term rain attenuation statistics are available. Numerous scaling models have been
developed either from theory, from empirical data of various propagation experiments
or from both (Islam et al., 1999).

Generally, statistical models (such as ITU-R) are suitable for establishing fade
margins to mitigate the impairment of transmitted signals. However, it has been
highlighted by various research that the proposed margin cannot cater to large
attenuations and acute impairments in tropical regions (Ismail et al., 2013; Sujimol et
al., 2015; Yaccop et al., 2016). The design and deployment of satellite systems in
tropical regions for higher frequencies require an accurate and precise prediction of
impairment statistics. The statistics must have the smallest error margin to employ
several adaptive techniques at the receiver system. This applies to Malaysia, a country
with a tropical climate with persistent heavy rainfall every year. The research outcomes
will help in solving the relevant problems and setting an appropriate link budget when
designing new satellite networks. Appropriate allocation of higher power transmission
can be deployed to overcome rain fade endured by higher frequency satellite-Earth

links.

1.2 PROBLEM STATEMENT

The terrestrial network has a serious limitation in terms of offering mass coverage for

rural areas and isolated locations. This can be complemented by satellite-Earth



communication that delivers broadband connectivity to unreachable locations.
Implementing SatCom in the mentioned areas would be more effective for investment
cost and installation time. Numerous sectors were affected by the Movement Control
Order (MCO) during the Covid-19 pandemic. For example, the education and
employment sectors were unable to continue physical operations and had to run online.
The efficiency and effectiveness of work and learning processes during that period were
largely impaired. Parallel to the rapid technological advancement in the terrestrial link
(the 5G network application), SatCom has also shifted to operate in higher frequency
bands. This is to manage traffic congestion issues that occur in lower frequency bands
as well as to address the increasing demands for larger broadband connectivity. The
most significant challenge of applying a high-frequency band in areas with frequent

heavy precipitation, such as Malaysia, is the degradation of satellite signals due to rain.

Most established rain attenuation prediction models are considered to be capable
of providing a good estimation for temperate regions. Nonetheless, they might be
deemed unsuitable and even referred to as inaccurate when applied to tropical regions.
In many rain attenuation models, both terrestrial and satellite-Earth paths are semi-
empirical models. This is mainly due to the inadequate understanding of the physics of
rain. These models do not incorporate detailed characterizations of various rain types
that cause signal impairments. Propagation studies at higher frequencies in tropical
regions are very scarce since numerous rain attenuation prediction models have been
developed for temperate region measurement data (Yeo et al., 2009; Cuervo 2016). The
parameters involving rain characteristics and statistics suggested in the ITU-R
prediction model cannot be applied to tropical regions. The ITU-R model is implied to
underestimate the rain attenuation in Malaysia. The predicted rain rates suggested by
the ITU-R also do not consider the overall severity of rainfall in the country
(Khairolanuar et al., 2015).

The prediction of rain attenuation in tropical regions has been widely examined.
Most were derived from the general rain attenuation prediction methods that require
localized rain rate data from a specific place or region. The actual performance of these
propagation models for higher frequencies in tropical regions remains undefined
(Cuervo et al., 2016). It is advisable to adopt a non-meteorological approach, such as

the frequency scaling technique, as an alternative way to predict rain attenuation.



Scaling of rain attenuation statistics as a function of frequency is a useful method when
appropriate measured attenuation data is available for a specific location. The technique
predicts the attenuation statistics at one or more frequencies based on the measured
attenuation statistics at a different frequency. Scaling methods are generally applicable
in the statistical sense which apply to exceedance probabilities averaged over a
considerable length of time.

The latest frequency scaling technique proposed by ITU-R was used to generate
the long-term statistics of rain attenuation on Earth-space links in tropical regions (ITU-
R P.618-13, 2017). Somehow, the proposed method by the ITU-R 618-13 seems to
underpredict the rain attenuation values in tropical regions. Most previous studies
related to frequency scaling techniques of rain attenuation were proposed based on data
obtained from temperate regions. Rain attenuation in tropical regions cannot be
accurately obtained from such procedures (Ulaganathen et al., 2016). The ITU-R P.311-
15 proposed that in the effort of obtaining a high-accuracy model, the best prediction
method should produce the smallest values of statistical parameters. Long-term
statistical data, especially from tropical regions, are required to enhance the model’s
precision and accuracy. A comprehensive study is essential for exploring the frequency
scaling technique to acquire a better rain attenuation prediction model.

Several studies on frequency scaling of long-term statistical methods were
accomplished. The outcomes revealed that such techniques only have 10% accuracy for
the probability range between 0.001% to 0.1% (COST, 2011; Toriola et al., 2021). This
indicates that the application of frequency scaling methods from measured rain
attenuation data is required to reliably predict rain attenuation. Instead of using
measured rain rate data, it is advisable to utilize rain attenuation data for the desired
location. It was observed that the scaling factor is more influenced by the year-to-year
variability than by the site-to-site inconsistency. The same formula may therefore be
used for different regions as well. The overview of the system setup for rain attenuation
studies of the C and Ku-bands is shown in Figure 1.2, while the overview of the system
setup for Ka-bands is shown in Figure 1.4. The miniature model of satellites Measat-3

and Measat-5 are displayed in Figures 1.3 and 1.5 respectively.
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Figure 1.2 Overview of System Setup for the C & Ku-bands

Figure 1.3 Miniature Model of Measat-3 Satellite
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1.3 PURPOSE OF THE STUDY

This research aims to assess and identify a suitable frequency scaling formulation for
satellite communication links in tropical-equatorial regions. The difference in terms of
frequency scaling formulation from the ITU-R model when compared to the tropical or
equatorial climate will help identify the improvement of rain attenuation prediction in
the region. The new frequency scaling formula can be used to enhance the current rain
attenuation prediction model. The cost to launch a satellite system is very high,
therefore, accurate prediction for reliable satellite link availability is important. This is
crucial for creating the best plan, the most cost-effective implementation and the fastest

rollout for next-generation satellites or High-Throughput Satellite (HTS) systems.

The cost of installing and deploying millimetre-wave bands at the Earth terminal
is also extremely high. Proper planning must be supported by significant and credible
research. Satellite design requires a margin to resolve the anticipated fading within a
link budget. To cater to the fading that is likely to occur for several hours during a year,
greater transmission capacity, as well as enhanced antenna capability, may be required.
This will entail tremendous capital investments. Alternatively, a smart power controller
can be deployed along with adaptive processes, such as adaptive power regulation and
adaptive encoding. The transmission power can be raised to compensate for the
attenuation measured at the Earth station’s receiver. Overall, understanding and
determining accurate fade margins likely to be experienced by satellite-Earth links is

extremely crucial.

Numerous researchers have attempted to implement frequency scaling using the
empirical frequency scaling ratio. However, most had only focused on instantaneous
frequency scaling (Luini et al., 2021; Acharya, 2020; Vidyarthy et al., 2017; Cuervo et
al., 2017; Nessel et al., 2014). In this work, the proposed statistical frequency scaling
technique involves the use of local attenuation data. It should also be applicable during
the condition of rain along the signal path. The statistical frequency scaling technique

offers a reliable fixed attenuation margin that can be used for link budget planning.
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1.4 RESEARCH OBJECTIVES

The objective of this study is to expand the knowledge concerning propagation effects,
climatological influences, refined propagation and attenuation modelling for satellite
communication. These aspects also apply to satellite broadcasting systems that provide

services in tropical regions.
The specific objectives of the study are summarised as follows:

1. To identify the best fade margin for rain attenuation at C, Ku and Ka-
band radio frequencies at Cyberjaya, Malaysia.

2. To formulate a new frequency scaling model capable of accurately
estimating the fade margin of millimetre-wave satellite links for desired
availability in tropical regions.

3. To validate the frequency scaling technique in tropical regions with
attenuation data from a different year as well as data from various

countries in tropical areas.

1.5 RESEARCH QUESTIONS

The followings are the research questions of this study:

1. What is the monthly and annual time exceedance probability of less than
1% for the average rainfall rate in tropical-equatorial rain conditions?

2. What is the monthly and annual time exceedance probability of less than
1% for the average rain attenuation in satellite-Earth frequency bands
such as C, Ku and Ka-bands for equatorial-tropical rain conditions?

3. What are the fade margin values of the Quality of Service (QoS)

requirement for communication services and broadcasting applications?
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4. Does the recommended frequency scaling method by ITU-R 618.13
provide a dependable rain attenuation prediction in tropical regions?
5. Does the derived frequency scaling model from equatorial-tropical

regions able to improve the prediction of the rain attenuation model?

1.6 THEORETICAL FRAMEWORK

Statistical frequency scaling is the implementation of statistical values at a base
frequency to predict attenuation statistics at the desired frequency. Ratio Attenuation
Statistics (RAS) is the division of two statistical attenuation values (upper frequencies,
Az, and lower frequencies, A1) at the same percentage of time of occurrence, p. The RAS
IS easier to acquire compared to the Ratio Attenuation (RA) value for the m event, which

is used by instantaneous frequency scaling.

Statistical frequency scaling technigues in satellite-Earth communication can
be obtained by correlating the annual Cumulative Distribution Function (CDF) of
rainfall rate with the annual CDF of rain attenuation. The relationship between
attenuation at two different frequencies is also accomplished. Figure 1.6 describes the
research framework for formulating the frequency scaling of rain attenuation in tropical

regions.
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Figure 1.6 Theoretical Framework of Statistical Frequency Scaling Study

1.7 RESEARCH SCOPE

To obtain a better and more reliable rain attenuation prediction model that suits tropical
climates, this study only covers tropical areas and excludes temperate regions. This
study also only focuses on the propagation of satellite-Earth links and not terrestrial
links. The measured satellite frequency bands are for the C, Ku and Ka-bands with
values of 4.198 GHz, 12.201 GHz and 20.1998 GHz, respectively, originating from
MEASAT-3 and MEASAT-5 which use beacon signals. The available rain attenuation
data was retrieved from the Earth station located at Cyberjaya. It was processed only
during rainy days as recorded by the rain gauge installed at Cyberjaya. The two years
of data, from January 2015 to December 2016, were successfully processed. The
attenuation data in 2016 was statistically processed to obtain a new frequency scaling
formula. The attenuation data for the year 2015 was statistically employed for validation

purposes.
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The idea of frequency scaling can be expanded to involve other parameters of
rain attenuation, such as polarisation scaling, elevation angle scaling and path length
scaling. This is because attenuation is a function of the path length, elevation angle and
frequency. However, the research only concentrated on attenuation as a function of
frequency. Frequency scaling of attenuation can be implemented with statistical scaling
and instantaneous scaling techniques. For this research, statistical scaling is highlighted
instead of instantaneous scaling frequency. Instant frequency scaling is an attenuation
of the reference frequency scaling to anticipate the attenuation in each unit period at the
desired frequency. Scaling of statistic frequencies allows link budgets to be determined

for new systems with a fixed attenuation margin.

1.8 RESEARCH PHILOSOPHY

This section discusses the research philosophy of the study, involving the investigations
accomplished based on empirical analysis. A new formulation was developed from the
data outcomes using empirical assessment. A frequency scaling technique for rain

attenuation prediction on a given path was developed in the experimental methodology.

The empirical modelling produced in the research refers to the mathematically
definable relationships of the system rather than computer designation based on
empirical observations. To develop the empirical model and conduct statistical analysis
based on the obtained data, software such as Microsoft Excel and MATLAB are applied
in the study. The empirical formulation was developed according to the rainfall and rain
attenuation data obtained from the Earth station in Cyberjaya for one year. The

distribution pattern was examined, and the resultant equations were presented.
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1.9 RESEARCH HYPOTHESES

Tropical regions, especially equatorial areas, experience severe rainfall on a daily basis.
The general model of rain attenuation prediction is based on the utilisation of climatic
data at a specific location or region for satellite communication links. However, there
is a non-meteorological approach that can be deployed to predict rain attenuation. The
technique is deemed capable of generating attenuation statistics at other frequencies
from the measured attenuation statistics at a specific available frequency. The input
variables applied to the formulation are frequency and attenuation values. An improved
rain attenuation estimation can be derived from the formula of frequency scaling, which
was accordingly revised to be the best analytical fit for tropical-equatorial attenuation
data.

1.10 SIGNIFICANCE OF THE STUDY

Accurate formulation of the rain attenuation model involves longer data collection of
rainfall rates in Malaysia. Further comprehensive analysis of the satellite system’s
performance in tropical regions will be of great concern. Tropical regions typically
experience high rainfall intensity which is or should not be, affected by month-to-month
variations. The analysis includes determining the rain attenuation of C, Ku and Ka-band
links along the slant path in tropical regions. In the study, the direct measurements
involving the rain attenuation information of C, Ku and Ka-bands are significant in
investigating the statistical analysis of rain attenuation. A more reliable predicted value
of attenuation is anticipated to be achieved with C, Ku and Ka-band propagation data
collected during a one-year duration. The proposed frequency scaling model that
estimates rain attenuation at other frequencies is the optional method offered when
rainfall data is unavailable. Knowing the fade margin value at the required link

availability in the system design is extremely important. It is required to overcome the
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losses in signal strength due to rain over the path. The best performance of satellite
communication services that can meet user satisfaction would be consistently delivered

even during heavy rainfall.

The research outcome will contribute to the development of an alternative
formula that accurately estimates rain attenuation in tropical regions. The proposed
technique is a statistical frequency scaling model that can generate statistical attenuation
values at a higher frequency. The model can also provide data for a higher frequency of
slant path attenuation in tropical regions. The extrapolation technique was applied to
the rain attenuation of the Ka-band. The worst month analysis was also accomplished
in this research. The critical part of the study is the derivation of the frequency scaling
method to estimate rain attenuation at higher frequencies. Throughout the research, one
conference proceeding, one non-index journal and three indexed journals have been
published. The research outcomes are expected to be beneficial for future enhancements
of the fade margin in satellite links during rainfall in tropical regions. The cost of pre-
and post-operations of satellite launches is high, therefore, this research will assist
decision-makers and satellite designers to enhance cost efficiency, link availability and
throughput. Hopefully, this decision will help to provide a better-received signal in
broadcasting and telecommunication services. The databases made available from the
measurement campaigns in Malaysia provide excellent opportunities to examine the

propagation characteristics in tropical regions.

1.11 LIMITATIONS OF THE STUDY

The study employed the measurement data of the received beacon signals for the three
frequencies previously mentioned in the scope of the research. The frequencies
originated from two different satellites. The C and Ku-band signals were from
MEASAT-3 and the Ka-band signal was from MEASAT-5. These satellites are in

different orbit locations. There is a small difference in the elevation angle during the
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measurement of the beacon signal. The rain gauge was installed at the ground station
located in Cyberjaya. There were days when the rain gauge was deemed inoperable. As
an alternative, rain attenuation was compared using a nearby alternative rain gauge
owned by the Department of Irrigation and Drainage (DID). The sensor should have a
similar coverage of rain conditions near Cyberjaya. The study’s limitation is the all-
inclusive availability of data. There were days where attenuations were observed but
somehow no rain event was recorded in Cyberjaya. This is probably because the rainfall
did not directly pour into the rain gauge due to the wind draft at the location. Attenuation
was detected since the rain had occurred along the path of the satellite links, despite the
rain did not localize in the Cyberjaya area. The rain attenuation data for the C-band
during November 2016 was incomplete. The C-band data for December 2016 was also
unavailable. It has been acknowledged that the ground station underwent a system
downtime for technical maintenance purposes during these months. The data for
November and December were then extrapolated using information from other
available months. The attenuation data belongs to MEASAT and ASTRO. Acquiring
the datasets was a complicated process. It required significant bureaucracy and security
clearance procedures as well as official agreements. The rain attenuation data in 2016
was used for developing the frequency scaling technique due to the availability of
concurrent rainfall data. The validation of the proposed model was accomplished on
two measurement datasets. The first and second datasets include the rain attenuation
data at Ka-band retrieved from an Earth station in Cyberjaya for the year 2015 and

Rawang station for the year 2016, respectively.

1.12 DEFINITION OF TERMS

An electromagnetic wave is a medium that carries information between the ground and

space for microwave communications, including terrestrial and satellite systems.

The electromagnetic spectrum is all frequencies from zero to infinity.
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Frequency is the rate of reversing the polarity of electromagnetic waves in cycles per
second. The unit is in hertz (Hz).

Wavelength is inversely proportional to frequency. The proportionality constant is the

value of the speed of light.
The frequency band is a range of frequencies.

Radiofrequency (RF) is a part of the electromagnetic spectrum that permits the
efficient generation of signal power, its radiation into free space and reception at a

distant point.

The fade margin is the difference between the level of the unfaded received signal and

the threshold of the receiver’s sensitivity.
Link availability is the percentage of time that a link is available.
Time exceedance is time the exceeded time that involves a system outage.

Quality of Service (QoS) is the measurement of standard for the overall service

performance to ensure that consumers attain the best service quality.

Rain attenuation is the amount of signal loss in dB, as detected at the receiver, due to
rain (Ozuomba & Kalu, 2015).

1.13 ORGANIZATION OF THE THESIS

To produce plausible and well-organised research that covers the study aim and the
methods employed, this thesis was divided into five chapters.

Chapter Two highlights a comprehensive literature review on the propagation
impairment endured by satellite-Earth links, the classification of tropical climates, rain

attenuation due to precipitation, fade margin requirement, rain attenuation prediction
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model, frequency scaling technique and a summary of previous related research. The
chapter begins with a brief explanation of propagation impairment in satellite-Earth
links. Next, the classification of tropical climates and rain attenuation due to
precipitation is discussed since Malaysia annually experiences high precipitation. The
chapter continues to elaborate more on the fade margin and rain attenuation model, with
a focus on frequency scaling techniques. Afterwards, previous related studies on

frequency scaling techniques are reviewed, summarised and arranged accordingly.

Chapter Three focuses on raw data collection, extraction and conversion of data
into first-order statistical rain attenuation information. The analysis is divided into three
main parts. The first part involves the compilation of the monthly and annual
Cumulative Distribution Functions (CDFs) for the rain attenuation data of the C, Ku
and Ka-bands. The second part determines the worst month statistics. The third part
covers the focus of the study, where it outlines the development of a new frequency
scaling formulation as well as the validation of the proposed formula.

Chapter Four presents the results and findings, including the annual CDFs. The
chapter explains the outcome of the proposed frequency scaling technique and its
validation. Chapter Five highlights the discussion and conclusion of the overall project.

It also features a framework and suggests improvements for future research.

1.14 CHAPTER SUMMARY

This chapter briefly discussed the background of the study. It highlighted the impact of
rain attenuation in areas that experience frequent rainfall. The frequency scaling
technique is an alternative method for predicting rain attenuation. The problem
statements that led to accomplishing this research were highlighted. The research
questions and hypotheses were briefly discussed. The theoretical framework was
outlined, clearly showing how the research was managed and conducted. The scope and

limitations were discussed to maintain the research focus. The chapter concluded with
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the organization of the thesis. The study is crucial in predicting the fade margin of rain
attenuation at a higher frequency band by using the frequency scaling technique. A more
reliable fade margin value was identified from the annual availability of CDFs
generated using data from tropical regions, making the research outcomes very
significant. The main research contribution is the applicability of the new model in
estimating rain prediction with increased accuracy as compared to the available model.
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CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

Chapter Two introduces the relevant theoretical backgrounds which are considered
essential for the research. The chapter also briefly discusses the classification of
microwave communication systems. Several important pieces of knowledge in
conducting the research including the propagation impairments in the satellite-Earth
link, spectrum allocation to the satellite system, rain attenuation in tropical regions, and
available frequency scaling techniques in predicting rain attenuation are described in
this chapter. Rain attenuation becomes the main challenge in deploying the higher
frequency bands in tropical regions that experience severe rain conditions. It leads to
signal losses at the receiver and transmission power will be increased to overcome the
loss of signal. The losses can be encountered if the margin is accurately determined.
This chapter also explains the steps in performing the worst month analysis in tropical

regions.

The transmission of signals through radio waves which utilize a series of radio
wavelengths measured in small numbers of centimetres is defined as microwave
communication (Mohamed & Nadir, 2005). A microwave radio system is usually used
in broadcasting and telecommunications transmissions. Microwave communication
systems can be divided into two types which are satellite systems and terrestrial systems
(Mao, 2021). Both of these systems have transmitters and receivers to transmit and
receive the signals. In general, the transmitter converts a baseband signal to a
microwave signal. The microwave signal is converted back to the baseband signal via
the receiver. The baseband signal is a multiplexed signal. The multiplexed signal carries

several individual low bandwidth signals such as voice, data and video.
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2.1.1 Satellite Communication System

A satellite communication (SatCom) system is a system that uses a microwave repeater
station, permitting two or more users to deliver or exchange information with
appropriate Earth stations. The basic elements of a communications satellite system are
the space segment and ground segment (Elbert, 2008). The space segment consists of
the spacecraft and launches mechanism. The ground segment comprises the Earth
station and network control centre of the entire satellite system. Electromagnetic waves
are used as carrier signals that carry information such as voice, audio, video, or any

other data between ground and space and vice-versa.

SatCom consists of four major phases. The first step is when an uplink Earth
Station transmits or beams the required signal to the satellite. The second step is when
the onboard transponders at the satellite amplify the incoming signal and change the
frequency to differentiate between incoming and outgoing signals. The transponder in
the satellite system is used to provide connectivity between source and destination
stations. The third step is when the satellite transmits the signal back to the Earth station.
The last step is when the ground communication system at the Earth station receives the
signal (Mitra, 2008). The transferred data usually refer to voice (telephone), video
(television), and digital information. Figure 2.1 shows the satellite communication

system.
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Figure 2.1 Satellite Communication (SatCom) System (Walter, 2018)

2.1.2 Terrestrial Communication System

In a terrestrial communication system, a microwave link consists of a transmitter and a
receiver designed in a point-to-point link system. The transmitter and the receiver are
each connected to their antenna respectively. The terrestrial system is affected by Line-
Of-Sight (LOS) which microwave frequency gets attenuated due to buildings, trees as
well as geographical locations (Yee et al., 2007). Besides, the ground distance is limited
from one part of the Earth to the other as the long distance will reduce the power of
transmission. Thus, multi-section relays or repeaters are used between sources and
destination stations to extend the range of the terrestrial communication system. Figure

2.2 illustrates the terrestrial communication system.
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Figure 2.2 Terrestrial Communication System (Yee et al., 2007)

2.2 IMPORTANCE OF SATELLITE COMMUNICATION SYSTEM

The advancement of the SatCom system towards higher frequencies is parallel to the
development of terrestrial technology in providing better communication system
performance. SatCom system assists to deliver successful digital and internet
applications in remote and unreachable locations. It accelerates the 5G technology
expansion and sets new levels of performance for enterprise, telecommunication,
defence system, telemedicine, and government broadband connectivity on land, air, and
sea. SatCom system is important in areas which are broadcasting information across a
wide region and allowing remote communications access to isolated places or rural
areas (Lutz et al., 2004). Terrestrial communication develops tremendously in heavily
built-up areas such as cities and suburban communities, despite the inability to cover
rural areas since it is costly (Cuervo et al., 2016). The advancement of fibre optic
networks has not weakened the importance of satellite communication systems,
especially for rural, remote, and inland cities across the globe (Malinga et al., 2013). In
regard to that, the government of Malaysia has come out with a national broadband

initiative by executing the application of satellite in providing internet access to rural
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areas (Ahmad et al., 2019). SatComs are developed to higher bands in delivering high-
capacity data rates to accommodate all the demands. This is parallel to terrestrial
communication that goes up to 5 GHz technology to furnish the technologies needed
(Samat et al., 2019).

Satellite broadcasting delivers a bright future in terms of the economy if
attractive content can be provided. All television coverages are covered by the SatCom
system whereas the channel reaches directly to the home from space which is known as
direct-to-home (DTH) multimedia services (Shrestha et al., 2017; Usha & Karunakar,
2020). It is similar to data communication applications in which users require all the
data to carry out their business regardless of time and place. The necessity of having a
telecommunication system to be connected is a trigger point for the majority of
countries around the world to use SatCom. SatCom systems are also developing
multimedia information and personal communication to reach many potential users.
This leads to the quality improvement of the telephone network system (Malinga et al.,
2013).

SatCom is the best option to reach in the area of emergency preparedness and
response (Abubakar et al., 2019). SatCom has maintained reliable television broadcast
and transmission around the nation in the event of all terrestrial long-distance lines out
of the city being disconnected. It happened when the earthquake hit Mexico City in
September 1985. Satellite communications were also utilized to facilitate disaster relief
on the island of Sumatra after the December 2004 earthquake and subsequent tsunami
(Lee & Winkler, 2011). With the implementation of the SatCom system, countries that
are unreachable by terrestrial communication infrastructure can experience high-speed
data communication services. This is very essential in critical applications such as
telemedicine disaster monitoring as well as distance learning (Lee & Winkler, 2011).
SatComs in general, offer alternative modes of transmission when terrestrial
microwave, cable, or fibre networks cannot be applied. In addition to that, Satcoms also

provide the following benefits:

I. Wide area coverage and cost-effective
The costs for satellite-based transmission are more consistent,

particularly for international or intercontinental communications across
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long distances (Ahmad, 2019). It generally covers a wide area in a single
setup, hence, is more cost-effective for rural areas, long-distance areas,
or in any case of emergency.

ii. High Capacity
High carrier frequencies and huge information bandwidths are required
for satellite communications networks. Typical communications
satellites have capacities ranging from tens to hundreds of megabits per
second (Mbps) and may support hundreds of video channels or tens of
thousands of phone or data lines (Abubakar et al., 2019; Samat et al.,
2019).

iii. Diverse user networks
The applications of satellite communications can be expanded into
satellite-based air traffic management, personalized land mobile radio
broadcasting, and aeronautical satellite communications due to the
advantages offered (Lutz et al., 2004). Thus, higher demand for greater
bandwidth of satellite communication will shift to higher frequency band

deployment (Ghanim et al., 2018).

Even though the signal usually degrades when transmit through the atmosphere,
especially in higher frequencies, there is a mitigation technique that can contribute to
successful system performance (Acharya, 2019; Lyras et al., 2016; Saad et al., 2013;
Yunus et al.,, 2016). Therefore, having an in-depth knowledge of the types of
atmospheric effects that impact satellite communications in tropical regions is essential
(Lwas et al., 2015), especially in designing satellite link budgets (Fadilah & Pratama,
2018; Yeo et al., 2014).

SatCom is essential for large populations that live outside the cities to keep up
with the requirements of current global development. High Throughput Satellite (HTS)
technology has changed the SatCom industry in recent years to facilitate a much higher
capacity and reduce costs per Megabits per second (Mbps) so that it can be more
affordable (Ahmad et al., 2019; Samat & Singh, 2020; Vidal et al., 2012). The HTS
system has increased in the system capacity and data rates due to the use of multiple
beams that apply frequency reuse (Widjanarko & Gunawan, 2017). The high

availability of HTS allows for smaller terminals that support applications with
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aeronautical and maritime mobility. HTS is beneficial in cellular use that requires data
service in areas that are unreachable by cable or optical fibre networks (Samat & Singh,
2020). HTS satellite with high-speed internet is beneficial in providing better internet
services to remote areas proving that the performance of HTS to conduit information is
better than conventional satellites (Hidayat et al., 2019). Again, HTS is the best choice
for providing high-speed satellite internet use for schools, health centres, police stations,

and public facilities in remote areas.

2.3 DISTRIBUTION OF FREQUENCIES SPECTRUM

The design of satellite communication links depends on the frequency of operation
(Jong et al., 2015). The satellite systems designer technically operates within the
constraints of international and domestic radio frequency bands. Frequency bands are
allocated for various purposes by the International Telecommunication Union (ITU), a
specialized agency of the United Nations that has its headquarters in Geneva. Members
of the ITU are responsible for assigning radio frequencies in allocated bands to domestic
users (Kestwal et al., 2014). Because the RF spectrum is a limited resource, the ITU has
allocated the same parts of the spectrum to many countries and for many purposes
around the globe (Ahmad, 2019). The frequency band designation by wavelength is

summarised in Figure 2.3.
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Figure 2.3 Wavelength Designation for Frequency Band (IEEE, 2002)

Various frequency bands are allocated to satellite transmission while some
segments of the band can be transmitted easily and propagate through the atmosphere
with less fading. The spectrum for space-to-Earth applications lies between about 1 and
4 GHz and is perfect for transmission since it is less affected by weather (Ahmad et al.,
2022). The Super High Frequency (SHF) range has been divided into common usage
into sub-bands with letter designations, the familiar L, S, C, X, Ku and Ka-bands being
included. Generally, Ku-band and frequencies below 10 GHz are the most popular
because of the relatively low cost of equipment and good propagation characteristics.
Meanwhile, the Ka, V and Q-bands employ millimetre wavelengths and are potentially
useful for very high-frequency bandwidth transmissions into small receiving antennas.
Despite that, there are challenges in applying the millimetre-wave bands due to

increased rain attenuation and hardware expenses (Singh & Saleh, 2021).

The VHF and UHF bands lie within the range from 30 to 300 MHz and from 300
to 3,000 MHz, respectively. The band within the range of 400 MHz and 1,000 MHz is
for SatCom application purposes. However, that range already is highly congested for

terrestrial wireless applications such as cellular, mobile data, and various radio systems
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of government and emergency services. A system that employs VHF/UHF takes as
random for fading and disruption in transmission (Albert, 2008).

The 1 GHz represents the starting frequency for satellite-Earth microwave
applications. The L and S-bands are very effective in providing vast communications
by way of mobile and transportable Earth stations. The antenna that has been used for
two-way voice and data service is a small Yagi (TV-type antenna), a wire helix, and a
quarter-wavelength rod. The size of the antenna is reduced by applying the high satellite

transmit power for each channel of communication (voice or data) (Albert, 2008).

2.3.1 Microwave Bands (C, X and Ku-bands)

SatCom usually employs C, X and Ku-bands which lie between frequencies of 3 to 15
GHz. Compared to L and S-bands, these bands offer larger bandwidths. C-band is
deployed in broadcasting industries such as cable TV in North America and satellite
DTH in Asia. The C-band is also popular in domestic and international telephone
services in large countries such as China, Russia, Brazil, and Mexico. X-band is a
specially assigned medium for fixed services for government and military users. The
ground terminals that have been developed for these applications are designed to
operate under all types of weather by soldiers and security forces in many countries.
Ku-band was first exploited in broadcasting such as in TV distribution and became the
band of choice for DTH and VSAT networks in developed countries (Albert, 2008).
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2.3.2 Millimetre Wave (Ka, Q and V-bands)

Since the C and Ku-bands tend to become congested, millimetre wave bands offer
greater bandwidth and smaller wavelengths. Ka-band with its 30/20-GHz allocations
and about 2.5 GHz of the available spectrum was first considered and after that, the
frequencies above about 40 GHz which are known as Q and V-bands are evaluated for
space and ground applications because of the wide bandwidths offered. Ka-band (30/20
GHz) was considered to be used for commercial applications in cases where C and Ku-
bands are fully occupied. However, during rainy conditions, the applications that
employ these frequencies must allow for some periods of total outage (Albert, 2008).

A Ka-band communication satellite is an alternative to an unreachable terrestrial
communications network system, that is embattled in areas that are not covered by
terrestrial communications networks. The primary Ka-band application comprises voice
messaging services in remote areas, maritime and in-flight Internet connection services,
community Internet services, emergency communications, TV broadcasting services,
Internet of Things (loT) data transmission, and company and government agency
intranets (Kalaivaanan et al., 2020). Ka-band technology provides a new range of
frequencies for the satellite communications market with the benefits of HTS
(Christensen, 2012). HTS is more cost-effective for delivering higher quality, better

performance, and higher speed services (Hidayat et al., 2019).

As now the world is in the Fourth Industrial Revolution (4™ IR) and Internet of
Things (IoT) data transmission, the demand to transfer data volume is increasing
(Samad et al., 2021). The millimetre-wave (mm-wave) frequency is a feasible
alternative for offering bandwidth to transfer the higher data volume (Choi, 2021).
However, the mm-wave frequency is very vulnerable and susceptible to rain attenuation
for terrestrial or satellite communications applications (Al-Samman et al., 2020). Thus,
the wavelength of the signal determines the interaction effects of the atmosphere which
leads to link path degradations and further affects the quality of services (QoS)

(Osahenvemwen & Omorogiuwa, 2017).
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2.4 CLASSIFICATION OF TROPICAL CLIMATE

The region of the Earth by the Equator lies in latitude by the Tropic of Cancer in the
northern hemisphere at approximately 23°27' North and the Tropic of Capricorn in the
southern hemisphere at 23°27' South is known as the tropics or tropical regions or torrid
zones. Tropical regions comprise the tropical zone, equatorial zone, and sub-equatorial
zone as shown in Figure 2.4. Tropical countries are including India, Bangladesh, Burma,
Thailand, Indonesia, the Philippine Islands, South China, Central America, West India,

Venezuela, Brazil, Nigeria, Singapore, and Columbia.
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Figure 2.4 Climate Region (Mustafa et al., 2017)
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2.4.1 Distribution of Equatorial Climate

The region that lies between 5° and 10° of North and South of the equator is known as
the equatorial region with a hot and wet climate throughout the year. Equatorial regions
comprise the lowlands of the Amazon, the Congo, Malaysia, and the East Indies.
Indonesia, Vietnam, and Sri Lanka share a similar climate to Malaysia. Some of the
Central and South American countries with equatorial climates are Colombia, Brazil,
Venezuela, Nicaragua, Panama, Guyana, Suriname, and Peru. Tropical climates
experience a dry season which is two months or more with less than 50 mm of total rain
while equatorial climates possess no dry season. Equatorial climates show only little
variation in temperature during the day and throughout the year (Green, 2004). Figure
2.4 shows the regions of the world which experience the hot and wet equatorial climate.
Rainfall intensity in the equatorial region is very high, usually from 2,500 to 3,500 mm
per year, and well distributed throughout the year. The average relative humidity is
around 80% and there is no month without rain as well as a distinct experience of the
dry season like those of the Savannah. The Equator region has a tropical rainforest
climate, also known as an equatorial climate which has an average annual temperature
of around 30 °C (86 °F) during the day and 23 °C (73 °F) at night.

2.4.2 Malaysia’s Climate

Malaysia is located in the Southeast Asian region. Land borders are shared with
Thailand, Indonesia, and Brunei, and maritime borders exist with Singapore, Vietnam,
and the Philippines. Malaysia contains the southernmost point of continental Eurasia
which is Tanjung Piai. Malaysia is located near the equator and has a tropical and
equatorial climate. Malaysia is one of the Asian countries that is located just north of
the equator in which the climate is equatorial. The Peninsula of Malaysia is situated

between 3° and 7° North of the Equator as shown in Figure 2.4. Its position in the
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equatorial zone guarantees a classic wet tropical climate with relative humidity levels

usually around 95%.

Since Malaysia is completely located in the tropical zone and lies in the
equatorial zone which is about 3.08° North of the equator as shown in Figure 2.4, its
climate is influenced by consistent temperature, high humidity, and heavy rainfall
(Abdulrahman et al., 2015; Cuervo et al., 2016; Samat & Singh, 2020). The average
rainfall in Malaysia is around 2,500 mm (98 in.) and the intensity of rainfall rate in
Malaysia is 222 mm/hr (Nizhanthi, 2012; Omotosho et al., 2017). This is because
Malaysia often experiences heavy rainfall due to convective rain and thunderstorms
(Chakraborty et al., 2021). The rains are caused by the monsoon regime since Malaysia
is near the Equator and surrounded by the sea, therefore is no real dry season (Mandeep
et al., 2008). The average daily temperature throughout Malaysia varies from 26 °C to
28 °C (MMD, 2016).

As Malaysia is divided into two parts which are the peninsula and East Malaysia,
both climates are slightly different. The climates of the peninsula of Malaysia are
directly affected by wind from the mainland, and more maritime weather affects east
Malaysia. Typically, Malaysia's climate is affected by winds blowing from the Indian
Ocean (South-west Monsoon Winds - from May to September) and the South China
Sea (North-east Monsoon Winds - from November to March). From March to the end
of April, the season is called inter-monsoon (Omotosho et al., 2017; Samat & Singh,
2020). According to the weather report prepared by the Malaysia Meteorological
Department (MMD), the year 2016 was recorded as the warmest year in Malaysia's
history with a mean temperature of 27.66 °C exceeding 27.60 °C, as recorded in 1998
(MMD, 2016). The average temperature of Malaysia was 0.78 °C above normal, which
was the average daily temperature from 1981 until 2010. On the other hand, the average
maximum daily temperature in Malaysia was 0.70 °C above normal, while the average

minimum daily temperature was 1.03 °C above normal.

Malaysia's weather was strongly influenced by the natural climate variability of
Super El Nino that took place until the middle of 2016, and the La Nina conditions that
began in the third quarter of 2016 (MMD, 2016). Despite the relatively severe dry

season between February and April, in general, most areas of the country received the
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average annual rainfall (Samat & Singh, 2020). Significant effects on Malaysia during
the change of climates besides the increase in sea levels and rainfall also increased
flooding risks and led to large droughts (Mandeep & Ng, 2008; Samat & Singh, 2019).
Although the rainfall pattern of the West Cost Peninsular Malaysia (WCPM) is
influenced by monsoon winds and El Nino events, topographical features affect inter-
annual rainfall patterns (Sany et al., 2018). The northeast monsoon contributes 41% of
the total rainfall, while the southwest monsoon contributes a little less (37%) in the

region.

The rainfall pattern over the west coast of Malaysia is classified into two periods
of maximum and two periods of minimum rainfall. The maximum rainfall usually
occurs near the end of the year during the northeast monsoon, while the secondary
maximum rainfall occurs in April-May (the second inter-monsoon period). Minimum
rainfall is observed in January-February, while the secondary minimum rainfall occurs
in June-July. The highest monthly rainfall of 314 mm occurs in December, which
contributes about 14% of the mean annual rainfall. The lowest monthly rainfall of 115
mm is observed in February, which is 14% of the mean annual rainfall. Thus, during
the northeast monsoon (November-March), both the minimum and maximum monthly
rainfalls occur. River discharge variation significantly correlates with rainfall patterns
(MMD, 2016; Wong et al., 2009). The total rainfall for the year 2016 in Malaysia is

shown in Figure 2.5.
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Figure 2.5 Total Rainfall in Malaysia in 2016 (MMD, 2016)

Precipitation is usually experienced by the propagation of a slant path of
microwave and millimetre waves along tropical regions in the rain instead of snow or
hail (Yussuff & Khamis, 2013). The precipitation characteristics in tropical regions are
different compared to those in temperate regions. Rain attenuation is a significant
impairment that produces a significant amount of loss compared to other environmental
disturbances in terrestrial and satellite communications wave propagation links
operating with microwave and millimetre-wave frequencies (Al-Saman et al., 2020;
Grabner et al., 2017; Kalaivaanan et al., 2020; Samad et al., 2021). Rainfall is an
inhomogeneous process in nature and a meteorological phenomenon with a complex
structure attributable to its variability in duration, region, and occurrence frequency
(Afahakan et al., 2016; Islam et al., 2018; Samat & Singh, 2020; Yussuff et al., 2019).
The rain in tropical regions can be divided into two types which are stratiform and
convective (Green, 2004; Lam et al., 2010; Osahenvemwen & Omorogiuwa, 2017,
Yussuff & Khamis, 2014).
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2.4.3 Precipitation Type in Tropical Regions

Convective rain is produced from clouds that are formed and stimulated by the strong
movements of air masses due to differences in tropospheric pressure. Intense rainfall is
defined as convective rain. Malaysia which is a tropical region experiences heavy rain
throughout the year which is usually correlated with convective rain which is
characterized as a high rainfall rate in short events with a limited region or smaller area
(Das et al., 2013; Yussuff et al., 2014). Pek et al., (2016) claimed that convective rain
is a rain rate exceeding 10 mm/h.

Stratiform rain, which is larger in the area is caused by the formation of small
ice particles in the upper tropospheric layers. The small particles merge and produce
bigger nuclei upon falling, and turn into raindrops upon reaching the Earth's surface, as
the nuclei become unstable while passing through the melting tropospheric layer.
During continuous rain events, a stratiform structure develops and spreads over larger
areas with smaller intensities. According to Lee & Winkler (2011), the stratiform rain
event happens at 30.5 hours for 15 minutes with a peak rainfall rate of 12 mm/hr.
Meanwhile, the convective rain event happens in 32.4 hours for a duration of 3 to 4
minutes with a peak rainfall rate of 48 mm/hr. Badron et al., ( 2015) claimed that
stratiform rain is determined by medium and low-rate events that occur for a longer

period.

Rainfall in tropical and equatorial regions is also categorized into three types
which are thunderstorms, showers, and drizzle according to their degree of intensity
(Ulaganathen et al., 2013). Rainfall intensity is varying with time and location
(Abubakar et al., 2019; Durodola et al., 2017; Nalinggam et al., 2012; Suryana et al.,
2005). Rainfall in temperate regions is significantly different from tropical regions
(Oluwayemisil et al., 2019).

A nucleus of rain, varying in diameter but with high precipitation, intensity
forms a rain cell whose size increases as the intensity of the rainfall increases.
(Albendag & Zain, 2020; Chakraborty et al., 2021). Distinctive dimensions of heavy

rain rate cells are identified through radar measurements within the range from 2 to 5
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km. The lifespan of each cell is short which is about 10 to 20 minutes but intense rainfall
has a longer lifetime (Green, 2004). Rainstorms have a longer period of an event due to
the tendency of forming new rain cells adjacent to existing ones. The propagation
impairments in tropical regions are severe since the regions receive abundant rainfall
throughout the year (Chakraborty et al., 2021). The propagated radio waves at the
satellite-Earth link in tropical regions are seriously attenuated due to the convective rain

which is heavy rainfall intensity (Samat & Singh, 2020).

2.5 PROPAGATION IMPAIRMENT IN SATELLITE-EARTH LINK AT
HIGHER FREQUENCIES

The propagation impairments consist of signal attenuation, fading, crosstalk, inter-
system interference, increase in sky noise temperature, and variation in the signal angle
of arrival (Green, 2004). Propagation impairment in the 10 GHz and above on satellite-
Earth paths in tropical and equatorial regions is very severe (Chakraborty et al., 2021).
In microwave satellite-Earth link communication, reduction of energy and decrease in
amplitude occurs when the signal propagates from satellites to Earth which are
approximately 36,000 km. At the Earth station, the received signal is usually affected
by propagation impairment from the tropospheric effect such as tropospheric
scintillation, gaseous absorption, clouds, and rain distortion (Kubista et al., 2000).
While travelling to receivers with longer slant paths and lower elevation angles, signals
are passing over an occurrence of rain along their propagation paths and lead to rain
attenuation (Nazrul et al., 2013).

Since equatorial and tropical regions experience abundant rainfall, the dominant
impairment in the satellite-Earth link in tropical and equatorial regions is rain
attenuation (Cuervo et al., 2016; Kalaivaanan et al., 2020; Momin et al., 2021; Yunus
et al., 2016). Rain attenuation causes a decrease in the received strength of a signal due

to a large number of losses along the transmission link (Yeo et al., 2014). The received
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power of signals reduces before reaching their destinations leading to a reduction
system’s performance (Ahmad, 2019; Omotosho et al., 2017; Sujimol et al., 2019).
Subsequently, link availabilities will reduce and consumer satisfaction levels also
decrease (Abdulrahman et al., 2015).

There are two types of attenuation sources along signal propagation which are
in clear conditions and rain conditions. During clear sky conditions, radio waves are
disturbed by multipath, scintillation, gaseous absorption, atmospheric water vapour, and
reflection (De & Maitra, 2020; Ozuomba & Kalu, 2015). Radio waves are more
vulnerable to severe weather compared to clear conditions. Rain dominantly disturbs
satellite signals, especially in a higher frequency band that has a short wavelength
(Singh & Saleh, 2021). As frequency increases, the wavelength decrease becomes
comparable in size to the particles with which the wave interacts. This decrease in
wavelength makes the waves particularly susceptible to impairment from fog, clouds,
dirt, and especially rain (Al-Saman et al., 2020).

An electromagnetic wave passes through raindrops on the propagation due to
its shorter wavelength (Nizhanthi, 2012; Singh & Saleh, 2021; Toriola et al., 2021). The
signal quality is reduced as the decrease of received signal level due to the scattering
and absorption phenomenon. Scattering is a physical process due to the diffraction or
refraction of radio waves that deviate the direction of radio waves from their original
path as they pass through raindrops. As a consequence, the energy of the signal is
scattered from its travel direction. Besides that, when a signal passes through raindrops,
the water molecules in the rain droplet will absorb half of all of the signal energy. Higher
interaction between radio waves with shorter wavelengths and water molecules causes
energy losses. The polarization of the electromagnetic waves that are being changed by
rain as it propagates through it leads to a reduction in the quality of the received signal.
Reduction in the quality of the received signal is defined as rain attenuation (Acharya,
2017; Albendag & Zain, 2020; Patra & Mitra, 2020; Singh et al., 2018; Singh & Saleh,
2021).

The main parameters such as raindrops size, rain temperature, drop velocity,
polarization, raindrop orientation, as well as transmitting frequency of the

communication systems will affect the level of rain attenuation (Malinga et al., 2013;
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Samad et al.,, 2021; Singh & Saleh, 2021; Toriola et al., 2021). Thus, satellite
communication systems operating at frequencies above 10 GHz in tropical and
equatorial regions will experience low signal quality due to higher rainfall rates and
larger raindrop sizes compared to temperate regions (Abdulrahman et al., 2015; Igwe et
al., 2019; Singh & Saleh, 2021; Tashan et al., 2021; Yussuff et al., 2019).

2.6 FADE MARGIN REQUIREMENT FOR GOOD QUALITY OF SERVICES
(QOS)

In the SatCom system, a sufficient fade margin in the satellite link is required to
overcome path fading that weakens the radio signal. The fade margin is defined as how
much margin in decibels (dB) between the received signal and the receiver sensitivity
and it is directly proportional to link availability. Link availability refers to the
percentage of time that the link is functional. As the fade margin increases, the available
link is increasing, and the link will experience fewer system outages or less time exceed.
Therefore, a higher fade margin will increase the reliability of the link (Patra & Mitra,
2020; Shrestha & Choi, 2018).

The reliable link will achieve the required quality of services (QoS) and increase
the performance of the system. A greater fade margin will cause a link to experience
fewer system outages. Ozuomba & Kalu (2015) explained the statistically available

time of expression in the following:

Py = 100% — Py (2.1)
Pot: a percentage time exceedance or outage time or total unavailability time of
the link.
Pat: the percentage of the available time of the link.
Tat: the total number of hours or minutes or seconds in the year when the link is

available or simply known as the total available time of the link per year.
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Tot: the total number of hours or minutes or seconds in a year when the link is
not available or simply known as the total outage time or time exceedance

or total unavailable time of the link per year.

For instance, the total number of hours in a year of 365 days is 365 x 24 = 8760
hours/year.

__ Pgt XTotal number of hoursin a year Pt X8760

To: = ™ =5 (hours/year) (2.2)

T,: = Total number of hours in a year — T, = 8760 — T, (hours/year) (2.3)

__ Pyt XTotal number of hours in a year Pyt X8760

T, = oo = oo (hours/year) (2.4)

For example, if the link availability, Pat is 99.97%,

Por = 100% — 99.97% = 0.03% (2.5)
T, = W = 8757.372 (hours/year) (2.6)
T, = % = 2.628 (hours/year) 2.7)

Thus, unavailable total hours per year for link availability of 99.99% or time
exceedance or time outage of 0.01%, is 2.628 hours which is equal to 157.68 minutes
in one year if that year is not a leap year. Link availability or time exceedance at a
particular point can be determined from the annual cumulative distribution of the rain
attenuation (Badron et al., 2011). Samad et al., (2021) presented attenuation at 0.1%
and 0.01% of time exceedance, corresponding to the typical link availability of 99.9%
and 99.99% over time to highlight the maximum availability of the radio links.
Sudarshana & Samarasinghe (2011) claimed that the link availability performance of

the direct-to-home application, IS-DTH services is 99.98%.

The percentage of time exceedance help in providing guideline in radio network
planning to determine link budget availability in satellite-Earth link designs (Samad et
al., 2021). Fade mitigation techniques (FMTs) have been proposed as a solution to
obtain the high availability of satellite links (Karagiannis et al., 2013). Abubakar et al.,

(2019) emphasized that an underestimation of rain attenuation will affect the link
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availability of the system and leads to higher cost estimation. A deeper rain attenuation
study in tropical and equatorial regions is essential in determining reliable signal

attenuation estimations.

The computation of rain attenuation in a particular area is important to estimate
the link margin required by the satellite-Earth link (Fadilah & Pratama, 2018; Sujimol
et al., 2019). A sufficient fade margin can be included in the link budget analysis
(Yaccop et al., 2016). Reliable fade margin determination is very important in assuring
the reliability of the system for new satellite link planning (Badron, et al., 2015). A
reliable fade margin can be determined from long-term rain attenuation data analysis.
The satellite system designers have to determine a suitable time margin for high data
rate communication with higher link availability to maintain a lower fade margin and
for further enhancement of rain compensation methods or fade mitigation techniques
(Das et al., 2013; Shrestha & Choi, 2018). For instance, the rainfall rate exceeding
0.01% of the time is essential in predicting attenuation statistics to surmount the fade
margin due to rain so that the satellite communication links obtain 99.99% of link
availability (Baldotra & Hudiara, 2004).

Evaluation of the performance of the main element with their technical cost is
the best way to ensure the reliable network cost in implementing new technology. Risk
analysis should be performed to ensure a proper level of technology maturity for a
particular application. Technology maturity cannot be ensured but in such higher-
demand situations, at least one or more alternatives can be identified early on to provide
what could be called an escape route or mitigation technique. To overcome the
deterioration of system performance and increase link availability of severe rain
attenuation conditions, the satellite beacon data are processed into first-order statistical

analysis which CDF. From the CDF analysis, the fade margin can be determined.

The data also may be scaled up, using appropriate coefficients to predict up-link
performance and determine the need for appropriate countermeasures. The up-link
availabilities of the average year and the worst month which are 99.99% and 99.93%
respectively are relevant. Three fade countermeasure techniques are power control,
space diversity, and time diversity. These are significant to the physical link on a

satellite broadcast system. While power control and site diversity are eminent
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techniques for application to broadcast up-links (Badron, et al., 2015; Samat & Singh,
2020; Singh et al., 2018), time diversity is a recent technique that is suitable for satellite

downlinks as well as significant to radio-return path systems (Hassan et al., 2021).

2.7 RAIN ATTENUATION PREDICTION FOR EARTH-SPACE
TELECOMMUNICATION SYSTEM

The earlier satellite networks operate at lower frequency bands which are L, S, C and
X-bands, while the recent ones start operating at higher frequency bands which are Ku,
K, Ka, Q and V-bands since the radio spectrum is congested at lower frequency bands.
Advancements in communication technology including increasing demand for
broadband services and telecommunication networks caused the increase in demand for
higher frequency band usage (Haule et al., 2019; Kamruzzaman & Islam, 2014,
Mandeep et al., 2011; Osahenvemwen & Omorogiuwa, 2017; Samad et al., 2021;
Toriola et al., 2021; Vilhar & Hrovat, 2016). Shifting to a higher frequency band is
required to accomplish tremendous growth in communication systems such as
supporting Industrial Revolution (IR) 4.0, Internet of Things (10T), and telemedicine to
unreachable locations by the terrestrial network. Among the advantages of
telecommunications systems operating at higher frequencies are such as having large
bandwidth, increased frequency reuse, small device size, and a wide range of spectrum
availability which are suitable for HTS technology to be applied (Bahri et al., 2013;
Luini et al., 2021; Malinga et al., 2013; Maruddani et al., 2014; Renju et al., 2021,
Vidyarthi et al., 2017; Yussuff et al., 2019). However, the major obstacle in deploying
the satellite-Earth links at higher frequency ranges is rain (Abubakar et al., 2019;
Badron et al., 2015; EI-Shami et al., 2015; Grabner et al., 2017; Kestwal et al., 2014;
Momin et al., 2021; Oluwayemisi et al., 2019; Singh et al., 2018).

The presence of rain in satellite communication links causes the degradation of

signals, especially for frequencies above 10 GHz (Abdulrahman et al., 2015; Ahmad et
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al., 2019; Panagopoulos & Arapoglou, 2004; Badron et al., 2015; Das & Maitra, 2015;
Das et al., 2010; Ojo & Rotimi, 2015; Osahenvemwen & Omorogiuwa, 2017; Singh et
al., 2018; Singh & Saleh, 2021; Yaccop et al., 2013; Yagasena & Hassan, 2000). In
tropical regions, electromagnetic waves at millimetre-wave bands passing through
raindrops will be absorbed or scattered, which constitutes severe rain attenuation. For
example, the effect of rain attenuation is more severe at the Ka-band (20-30 GHz)
frequency than at the Ku-Band (10-15 GHz) frequency. The impacts of rain rate along
the satellite path in Malaysia, where tropical and equatorial climates demand special
attention concerning rain attenuation modelling. Rain attenuation, A in dB is the product
of specific attenuation, y in dB/km, and the propagation path length, d in km along
transmitter to receiver. The following equation represents rain attenuation (Mishra et
al., 2020; Ozuomba & Kalu, 2015);

A(dB) =y (52) x d(km) (2.8)

The specific attenuation is obtained from the rain rate exceeded at percentage, p of the

time as shown in the equation below:

dB e
Yo () = k X Ry () (29)

where k and a are constants that depend on the polarization and frequency of the
electromagnetic wave. The constants can be referred to in the recommendation tables
(P.838-3, 2005). In general, the rain attenuation to the satellite-to-Earth radio link
depends on many parameters including point rain rate, frequency, elevation angle, 0°
isotherm height as well as the height of the Earth station from the mean sea level.

Commonly, in rain attenuation analysis along satellite-to-Earth links, attenuation
of the signal is directly affected by the intensity of rain that occurred (Momin et al.,
2021). Since rain attenuation is depending on the rainfall that varies in place and time,
rain attenuation prediction based on temperate regions data is not accurate to be applied
to tropical regions (Das & Maitra, 2015; Jong et al., 2015; Kestwal et al., 2014,
Mandeep et al., 2011; Singh et al., 2018; Yagasena, 2016; Yeo et al., 2014).
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2.7.1 Approaches for the Prediction of Rain Attenuation

There are two approaches to the prediction of rain attenuation for a given path which
are physical and semi-empirical (Mandeep, 2009; Ojo, 2008; Shrestha & Choi, 2018;
Usha & Karunakar, 2020). The physical approach of rain attenuation prediction
measured the path attenuation in terms of all individual increments of rain attenuation
caused by the drops that come across along the path. However, it is impossible to
measure rain along the path accurately without an extensive meteorological database,
as an extensive meteorological database technically does not exist in most regions of
the world including Malaysia (Mandeep et al., 2011; Usha & Karunakar, 2020). Mostly

all inputs needed for physical approach analysis are not available.

The semi-empirical approaches that are mostly deployed by most prediction
models are depending on two factors which are the rain rate at a point on the surface of
the Earth and the effective path length over the rain that is considered to be
homogeneous (Shrestha & Choi, 2018; Usha & Karunakar, 2020). The less
understanding of the physical mechanisms as well as the lack of adequate
characterization of the various sources generating the impairments along the path is the
factor that most prediction models prefer semi-empirical approaches (Malinga et al.,
2013; Mandeep et al., 2010; Rahim et al., 2020).

2.7.2 ITU-R Prediction Method of Determining Rain Attenuation

In predicting rain attenuation, two parameters have to be considered; the rainfall rate
distribution across a given region and specific attenuation (Islam et al., 2017; Mandeep
et al., 2010; Shrestha & Choi, 2017b). Figure 2.6 illustrates the schematic presentation
of an Earth-space path obtained from ITU-R (ITU-R P.618-13, 2017). In the figure, A
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and B represent the frozen precipitation area and rain height respectively. C represents
the liquid precipitation and D is a line that illustrates the Earth-space path.

Figure 2.6 Schematic Diagram of an Earth-Space Input Parameter Needed in the
Attenuation Prediction Process (ITU-R P.618-13, 2017)

where other parameters are;

hr: rain height,

hs: the height of the ground station above sea level,
Ls: slant path length,

Le: horizontal projection of slant path,

0: elevation angle.
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2.7.3 Meteorological Technique

The general method to predict attenuation due to rain along a slant propagation path is
presented in this section. This method can be performed if no reliable rain attenuation
data is available, by using rainfall data, the rain attenuation prediction can be
determined. The estimation of rain attenuation along a slant path in a satellite link
requires an understanding of the rain height (Ahmad et al., 2019; Choi, 2021; Haule et
al., 2019).

Long-term rain attenuation statistics from the point rainfall rate proposed by
(ITU-R P.618-13, 2017) are presented in Eq. (2.10)-(2.20): The annual average in
tropical and equatorial regions especially Malaysia for a probabilistic value, p < 1% and

| @ | <360 and 6 > 250 is shown as follows:

p —(0.6555+0.033In(p)—0.045In(Ag 1)~ B (1-p)sind)

Apyy = Ag.01 0.01 (2.10)
where;
coefficient  and attenuation at 0.01% of time exceedance are shown as follows:
B = —0.005(l ¢ | —36) (2.11)
Ago1 =Yr X Lg (2.12)
YR: specific attenuation,
Lg: the effective path length.

The provided method is used to estimate the long-term statistics of the slant-path rain
attenuation at a given location for frequencies up to 55 GHz. The following parameters

are required:

R.0.01: rainfall rate for 0.01% of an average year (mm/h)

hs: height above mean sea level of the Earth station (km)
0: elevation angle (degrees)

f: frequency (GHz)

o: latitude of the Earth station (degrees)
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RE: effective radius of the Earth (8 500 km)

hr: mean annual rain height above mean sea level

Ls: the slant path length

La: the horizontal projection of the slant path length
ro.01: the horizontal reduction factor for 0.01% of the time
Vo.o1: the vertical adjustment factor

If data for the earth station height above mean sea level, hs is not available, an
estimation can be used from the maps of topographic altitude given in Recommendation
ITU-R P.1511. In tropical and equatorial climates, the vertical dimensions of the rain
event may be different from the 0° isotherm in altitudes compared to the temperate
climate in which rain is most widespread. The assumption for temperate climates is that
the rain cells extend vertically up to the height of the 0° isotherm (Badron et al., 2011;
Yussuff et al., 2019). The elevation angle, 0 is the view angle from the Earth station to
the satellite which is the geostationary satellite in orbit. The azimuth angle is the angle
from the north that will complement the view angle and direction of the satellite in the
geostationary orbit from the ground station location. Usually, the elevation angle, 0 is
available from the website of the satellite operator and also can be found using the
application (SatFinder, 2018).

This method provides an estimation of the long-term statistics of rain attenuation
on a global scale. Somehow, previous research had proven that this model was not
accurate for rain attenuation prediction in tropical regions (Ahmad et al., 2019; Dao et
al., 2011; Islam et al., 2017; Kalaivaanan et al., 2020; Khairolanuar et al., 2015; Shrestha
& Choi, 2019; Yeo et al., 2009b). After performing statistical analysis of rain attenuation
of the measured rain attenuation in Malaysia and comparing them to the ones measured
using ITU-R standards, it is concluded that the ITU-R model did not accurately predict
attenuation in tropical regions, specifically for higher frequencies and rainfall rates. The
ITU-R model was designed based on data collected from temperate regions of the world
which experience less rain compared to tropical regions (Kalaivaanan et al., 2020; Lwas
et al., 2015; Yagasena, 2016). Since tropical regions have high rainfall rates compared
to temperate regions, the ITU model underestimated the rainfall rate and produced a less
accurate result (Lwas et al., 2015; Nuroddin et al., 2013; Semire et al., 2013,
Ulaganathen & Assis, 2015). Previous research also added that the ITU- R model was
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not suitable for the prediction of rain attenuation at elevation angles higher than 54°
(Samat et al., 2019).

2.7.4 Non-meteorological Technique

The scaling technique is a non-meteorological technique to predict rain attenuation
which no rain data or known also as meteorological data required. Scaling of the rain
attenuation is preferable rather than using the general method if reliable long-term
statistical attenuation data are available (ITU-R P.618-13, 2017). The available data
were measured at an elevation angle and a frequency different from the prediction data
is needed. The scaling techniques of rain attenuation in rainy conditions for the radio
wave link are categorized into four types which are elevation angle scaling, frequency
scaling, path length scaling, and polarization scaling (Samad & Choi, 2021). Rain

attenuation, A can be represented as attenuation in a function of the following

parameters:
A= A(Lf,0,R,polarization)
where;
L: path length in the rain,
f: operating frequency,
0: the elevation angle,
R: the rainfall rate.

However, the scaling of the rain attenuation model comprising all of the above
parameters has not been developed. Among these parameters, four parameters:
frequency, elevation angle, path length, and polarization scaling techniques are

explained in the literature.
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2.7.4.1 Frequency Scaling

Frequency scaling can be used when rain attenuation at one frequency is available to
predict rain attenuation at another frequency. This technique can be applied in
predicting attenuation in a dual-frequency use of a satellite communication system. This
scaling technique is explained in detail in section 2.8.

2.7.4.2 Elevation Scaling

The elevation scaling can be defined as the change in the rain attenuation at distinct
probability levels as a function of the elevation change (Tomaz et al., 2018). The

elevation scaling of rain attenuation can generally be written as:

where 01 and 0> are elevation angles, and A(¢1) and 4(6.) are rain attenuations at a

particular frequency at respective elevation angles 61 and 6.,

There are three techniques to determine the scaling factor for elevation scaling
which are power law techniques, cosecant rule techniques, and synthetic time series
techniques (Das & Maitra, 2015; Jong et al., 2017; Samad & Choi, 2021). The power
law-based technique describes that an elevation angle scaling is the ratio of rain
attenuation at the zenith and the slant paths for elevation angles are from 1° to 89°. The

scaling factor, SF(0) for power law-based is:
SF(8) = 1.741 x 6796015 4 0,8931 (2.14)

This technique can predict slant link attenuation accurately from 5° < 6 < 90°,
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Cosecant-rule-based technique exhibits a scaling factor (SF[P, 0]) is defined as the
proportion of the attenuation across 0 and attenuation from the zenith path using the
simple cosecant law:

Agp(P,0)
CSC(8)xAgp (P,90°)

SF(P,0) = (2.15)

The time-series-based technique is applied when a single rain cell intercepts the
propagated signal from the Earth station antenna. The elevation angle scaling with the

rainy time series generation technique is:

F = (hy = hg)/(hy,ys — ha) X (sin(61)/ sin(8,)) X (fz/f1)"7* (2.16)

where the subscripts “1” are used for the reference measured and “2” are used for
desired datasets, hy (km) is the rain height and ha (km) is the antenna height. Both heights
are concerning the sea level. 6 is the elevation angle, and f is the frequency in GHz.

However, this scaling is not valid when multiple rain cells exist.

2.7.4.3 Path Length Scaling

The path length scaling techniques can be combined with frequency scaling (Samad et
al., 2021). The cumulative distribution of rainfall from the particular reference path for

the frequencies employed can be recalculated to other paths as follows:

A =UXV (2.17)
U=kL/1+ Z— (2.18)
ai
V= (A X (1+2))/ kaly)e (2.19)
where;
Ax: the attenuation on the reference path,
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Az the attenuation on the desired path,
ki and kz:  coefficients dependent on the frequency for the reference path and the

desired path,

L the reference link’s path length,
Lo: the desired link’s path length,
do: the path reduction factor.

This method can be applied only to operating frequencies from 38 GHz to 58 GHz
(Kvicera et al., 2012a).

2.7.4.4 Polarization Scaling

Polarization scaling is used to predict attenuation as a function of polarization for which
attenuation is unknown in a given region at a particular polarization (Choi, 2021; Samad
etal., 2021). Polarization in radio waves is the orientation of electric and magnetic fields
including horizontal, vertical, left-hand circular, and right-hand circular. For instance,
the ITU-R model can predict horizontal polarization attenuation if long-term attenuation
statistics in vertical polarization are available and vice versa for a particular link (P.530-
18, 2021). However, this polarization scaling cannot be deployed in circular
polarization. Polarization scaling in determining rain attenuation can be described in the

equation below:

_ 300XAp,

ve =35 ar (dB) (2.20)
300x Ay,
Ay = ﬁ (dB) (2.21)

where Ano is the rain attenuation of the horizontal links, and Ave is the rain attenuation
of the vertical links. The scaling of polarization is used to predict the type of polarization
of attenuation at a specific frequency in particular areas (Lin & Chen, 2002). The ITU-
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R model can estimate the vertical polarization attenuation due to the availability of long-
term attenuation data (Mohamed & Nadir, 2005).

2.8 FREQUENCY SCALING TECHNIQUE

Frequency scaling is the prediction technique of propagation effects such as rain
attenuation at the desired frequency with known information at a different or reference
frequency (Nuroddin et al., 2013; Samad et al., 2021; Samad & Choi, 2021; Toriola et
al., 2021). The frequency scaling technique is an alternative method to predict rain
attenuation at different frequencies quickly when rainfall data is not available (Pinder
et al., 1999; Usha & Karunakar, 2020). Statistics frequency scaling predicts attenuation
values at another frequency by scaling previously measured attenuation at a reference
frequency. The reference frequency attenuation is known from the previous analysis.
For instance, in a particular area, the rain attenuation information is well-known at a
specific frequency, using that frequency and related information as a reference, the

attenuation at other frequencies can be predicted.

Typically, the frequency of the predicted rain attenuation is higher than the
frequency of the known rain attenuation (Kvicera et al., 2012b). The frequency scaling
technique helps to determine rain attenuation prediction for another desired frequency
band accurately even if the attenuation statistics at the desired frequency are
unavailable. The ratio between the rain attenuation at both frequencies can vary during
a rain event. Generally, the ratio increases as the rain attenuation increases. In addition,
to scale the value of rain attenuation which will occur at the desired frequency, the
known value of rain attenuation at the based frequency has to pass through the same
rainfall (Hodge, 1977). The applications of frequency scaling are useful in determining
predicted attenuation at different frequencies as well as in a dual-frequency use of
satellite communication systems, discovering the magnitude of rain-induced attenuation

at higher frequencies, and predicting rain attenuation on uplink/downlink based on
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measured rain attenuation in downlink/uplink (Cuervo et al., 2016; Montera et al., 2008;
Samad et al., 2021; Toriola et al., 2021).

Most of the prediction methods of rain attenuation for satellite communication
applications are based on measured rain rate as the main input parameter which is called
rain-induced attenuation. However, when measured attenuation data is available at one
frequency, frequency scaling techniques become an alternative method for estimating
measured rain attenuation at the other frequencies. Frequency scaling techniques can be
helpful to estimate the attenuation at another frequency band for the quick management
of slant links and real-time frequency attenuation scaling can be used in adaptive fade
mitigation systems (Laster & Stutzman, 1995; Ramana, 2015; Samad et al., 2021;
Samad & Choi, 2021). A good estimation of rain attenuation is very important to predict
an accurate level of signal loss to be compensated for during satellite radio propagation
(Afahakan et al., 2016). Thus, accurate link budgeting with effective cost in satellite
communication system planning can be attained (Toriola et al., 2021; Yeo et al., 2014).
Consequently, frequency scaling rain attenuation prediction techniques can save time
for the immediate operation of a slant path link in a communication system (Samad et
al., 2021).

There is little research that has been done on terrestrial frequency scaling (Islam
et al., 1999; Islam et al., 2004; Kvicera et al., 2012b; Ulaganathen et al., 2015;
Ulaganathen et al., 2013). There are differences between the terrestrial and slant links
which are complex non-rainy atmospheric elements, such as clouds, gasses, and
turbulence that appear in slant links. Thus, frequency scaling models for terrestrial links
cannot be applied to slant links without proper parameter considerations and validations
(Samad et al., 2021).

Frequency scaling can be carried out through two techniques which are
statistical and instantaneous mechanisms. In other words, the rain attenuation scaling
technique in terms of frequency can be categorized into long-term (statistical) and short-
term (instantaneous) applications (ITU-R P.618-13, 2017; Samad & Choi, 2021). Some
models can predict short-term or instant attenuation and some of the models for long-

term or statistical attenuation applications.
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2.8.1 Statistical Frequency Scaling

Statistical scaling methods require long-term attenuation statistics. Statistical frequency
scaling uses statistics from the first measures at a reference frequency to estimate the
rain attenuation statistics at the desired frequency (Ramana, 2015). Typically, reference
or based frequency and desired frequency are represented by fi and f, respectively. The
main input parameter in the numerous statistical scaling methods is frequency. The ratio
of the rain attenuation at two frequencies for the same time percentage of occurrences

is provided by the long-term frequency scaling (Acharya, 2017).

The Statistical Attenuation Ratio (SAR) method considers statistical attenuation
analysis in terms of the percentage of time exceeding the corresponding rain rate. In this
technique, many researchers perform empirical relationships of a satellite link for two
frequencies by determining the fraction of f, and f1 for different frequency bandsin GHz
to identify the ratio where the f> value is higher than the f; value (Choi, 2021). The
model that presents the SAR through a mathematical model is the CCIR model (IRCC,
1986). SAR from the model is the model that relates to the ratio of rain attenuation
model on both frequencies instead of directly depending on frequency value. This model
acquires attenuation values that can form a ratio to estimate SAR for a given pair of

frequencies (Choi, 2021). The equation is as below:

SAca(f2.P%)
SAR( fi, fo, Poy) = — = 2.22
(fuforby) = goom 2o (2.22)
where;
SAca: the statistical attenuation with clear air
Po: the percentage of time exceedance of the occurring rain event for particular

frequencies f; and fa.

The SAR is computed from three models which are raindrop size distribution
(DSD)-based path-averaged rain rate, DSD-based specific attenuation ratio, and the
spatial rain rate profile or known as the simple atmospheric model, SAM. The rain
attenuation is significantly influenced by the distribution of the raindrop size rather than

the rain rate but the specific attenuation is affected by the rain rate (Cuervo et al., 2016).
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Some researchers present statistical and physical raindrop size distribution models in
Malaysia (Lam et al., 2015). The limitation of this model is that it requires a
sophisticated device to record the drop size of rain. However, DSD-based information

is not available in rain attenuation datasets.

The SAR that is derived from DSD-derived attenuation is as follows:

_ Apsp(f2)
SARpsp = A—Dsn(f1) (2.23)

where Apsp is attenuation with DSD information at the frequency of f; and f.

Besides that, the specific attenuation factor can be identified for the frequency
f1 (GHz) and f2 (GHz) as ys1 and yr2 accordingly (Luini et al., 2021). The SAR represents

the ratio of two specific attenuations as follows:
SAR¢; f, = 1L (2.24)
’ Yf2

where the product of SARs. 1 is constant.

The constant SAR+ 2, and the specific attenuation of a baseline link can be used
to estimate rain attenuation at the desired link. The application of this model is to
estimate the specific attenuation of a satellite’s downlink channel using the specific

attenuation of the uplink channel.

The simple atmospheric model, SAM highlights the spatial rain distribution by
adopting the exponential rain cell distribution (Acharya, 2019; Stutzman & Dishman,
1982). The basic idea is to provide the geographical rain rate profile for the rainfall rates
when the rain rate can be recorded. The SAM represents the rainfall rate’s spatial profile

as exponential and varies as:

R(t,h) = Ro(t) X exp(—y XIn (-2) x h) for Ry > 10mm/hr (2.26)

where;

R(t, h): the rain rate at a range of h,
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h: projection or height of the slant link to the rainy region from the receiver at
any time,

Ro(t): the point of rain rate at the receiver located at the corresponding time.

Instead of ratio-based scaling like SAR, the non-ratio scaling rule formulation
derives that scaling rule is performed from an empirical formula that conveys the
relationship of the physical influence of scaling (Samad et al., 2021; Shrestha & Choi,
2017a; Zhou et al., 2000).

In the scaling method based on the empirical formula, the link between the desired
and base/reference frequency attenuation is determined by quantifying the relationship
between Ari and Ar, through empirical relationships (Ahmad et al., 2019). There are two
ways of predicting frequency scaling through empirical studies which are single-
frequency and dual-frequency implementations. The models of the single-frequency
empirical method include International Consultative Committee (CCIR), Kheirallah,
Hodge, and ITU-R (Pinder et al., 1999).

2.8.2 Instantaneous Frequency Scaling

For instantaneous frequency scaling in terms of ratio-based, the scaling is related to the
ratio of attenuation due to clear air (ACA) at high and low frequencies in a particular
sample time (Acharya, 2019; Laster & Stutzman, 1995). Instantaneous frequency
scaling helps to estimate real-time attenuation on a link from attenuation measured on
another link that can be used for fade mitigation techniques (Ebert et al., 2015; Ramana,
2015). Matricciani & Paraboni (1985) developed instantaneous frequency scaling in 0.8
seconds of resolution and Bertorelli and Paraboni derived instantaneous frequency
scaling by using a Gaussian generator (Acharya, 2019). The relationship between
simultaneous attenuation at different frequencies can be investigated through

instantaneous frequency scaling (Brisseau et al., 2006; Brisseau et al., 2003; Montera et
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al., 2008). The proposed method to determine attenuation, A in the range of 20 to 30
GHz is given as:

A=(kxRa)x(1—exp[(—y.XaXh, XCSCO)/y. xa]) (2.27)

where;
Ye: the specific attenuation coefficient,
R: rainfall rate,

kand a: the coefficient,
hr: the height of the receiver,

0: is the elevation angle.

The specific attenuation coefficient, yc can be determined by deploying the non-
linear least squares approach. The advantage of this model is better options for real-time
applications based on spatial variation via specific attenuation. The limitation of this
technique is the non-uniformity of rain rate distribution and the DSD of the rain along
its path link (Samad et al., 2021). Sampling techniques were used to determine the short-
term scaling. The instantaneous time limit is within 5 minutes. Thus, the scaling factor
IS not constant as an instantaneous factor is vary for each frequencies pairs (Laster &
Stutzman, 1995)

For the non-ratio instantaneous frequency scaling technique, the instantaneous
rain attenuation is executed using the spatial rain rate distribution. The spatial rain rate
distribution is determined via the SAM rain rate distribution (Acharya, 2019; El-Shami
et al., 2018; Samad et al., 2021; Yunus et al., 2018). The hysteresis attenuation
behaviour is shown at two frequencies in different frequency bands and the impact is
severe (Kviceraetal., 2007). The mean, standard deviation, and covariance parameters
of the two frequencies were defined by using the cumulative distribution function of the
rain attenuation graph. The resulting covariance parameter indicates the correlation of

the frequencies. The equation develops as:
A, = Ay X (;—2)1'72 X exp [Aa X ] (2.28)
1

where Aa is a log-normal variable with zero mean (i = 0)
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odepend and Gindepend are the standard deviations (STD) of a link’s attenuation depending
on any other radio links respectively.

The reduction coefficient (§) is the ratio of two STDs as follows:

_ o (depend) — f: _ 1)0.1676
(= o (independ) = 0.3548 x ( Z/f1 1) (2.29)
where 2 is derived for the pair of frequencies if f1 is known and vice versa (Bertorelli
& Paraboni, 2007). This model supports frequency ranges from 1 to 100 GHz and
considers rain as inhomogeneity. The relation between peak precipitation and

attenuation values is considered important (Karagiannis et al., 2013).

2.8.3 Previous Model of Frequency Scaling

In this section, several available models relating to statistical frequency scaling
techniques were discussed. The models are including the frequency scaling method
proposed by the ITU-R, Hodge, Battesti, Kheirallah, CCIR, Simple Power Law,
Boithias and Zhou (Nuroddin et al., 2013; Pinder et al., 1999; Toriola et al., 2021; Zhou
et al., 2000). The frequency scaling developed by the CCIR, Drufuca, and Dintelmann
generated lower values than the measured data. The Simple Power Law and ITU-R
frequency scaling model, on the other hand, produced higher values than the
measurements in tropical regions (Nuroddin et al., 2013). Zhou model was then
developed for the terrestrial link. The Hodge and Kheirallah models were developed
based on the United State of America (USA) measurement data; a temperate region that

experienced less rainfall.
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2.8.3.1 ITU-R 618-13 (2017) Model

If reliable attenuation data measured at one frequency are available, the ITU-R model
has proposed a frequency scaling technique with the following empirical formula giving
statistical attenuation ratio directly as a function of frequency and attenuation (ITU-R
P.618-13, 2017). This technique was applied for frequency scaling on the same path in
the frequency range of 7 to 55 GHz:

Ay = Ay (pa/py) ' HO92 4D (2.30)

where;
f? (2.31)
(1+107%) x f?

o(f) =

H (@1, 92, A1) = 112X 1073x (92/901)** (01 x A1) *%°  (2.32)

where A; and Az were the rain attenuations at given time exceedance for frequencies f1
and f» (GHz), respectively. For frequency scaling of attenuation, reliable long-term
measured attenuation data was preferred to be used instead of long-term measured rain
data. This model was then proposed for satellite-Earth propagation links. Previous

studies had used this technique in tropical regions, but the result was not validated.

2.8.3.2 Hodge’s Model (1977)

Hodge’s proposed method included a correction factor for rain inhomogeneity and took
into account the high correlation between peak rainfall rate and attenuation. The rainfall
along the attenuation path was represented by the Gaussian function of position along
the path which:

(=x)?

R(x)=R Xe b (2.33)

0
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where;

R a peak of rainfall rate along the rain path,
X: position on the path,
l: length of rainfall.

The ratio between attenuation for two frequencies, frand f> was described in the

equation below.

4z _ ﬂ(ﬂ

Ay a; ~a;

by

o (2.34)

b
x ﬁ)(ﬁ_l) x
s
The constant coefficients a and b were taken from the specific attenuation-rain rate

relationship in the equation below and referred to in (P.838-3, 2005).
y=axR" (2.35)

where y is the specific attenuation expressed in decibels/kilometres and R is the rain rate

expressed in millimetres/hour. A1 and Az are rain attenuations at f1 and f2 respectively.

2.8.3.3 Battesti’s Model (1982)

A linear model based on rain attenuation statistics was proposed by Battesti Segal in
Canada for terrestrial microwave links which emphasized on attenuation is proportional
to the linear function of frequency (Pinder et al., 1999). This model was obtained from
observing specific attenuation in uniform rain events with typical drop size distribution
(DSD) where a statistical attenuation ratio of f> and f; was determined. The frequency
scaling techniques have three conditions applied which are:

If fi.fo <20 GHz 22 = 2 (2.36)
Af1 fi—-6
Afz _ f2—10

If fi,f2 = 20 GHZ,A—f1 = fo10 (2.37)
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If f, <20GHz,f, > 20 GHz , 22 = 1.4 x 27X (2.38)
Afq fi-6

As and A are rain attenuations at f; and f2 respectively. The model was used to scale
up the frequency from 20 GHz to 27 GHz.

2.8.3.4 Kheirallah’s Model (1980)

Kheirallah frequency scaling technique was derived from ITU-R’s rain attenuation
model with the assumption of path length, L and reduction factor, r is the same for both
frequencies (Kheirallah et al., 1980). Thus, the equation was proposed as below:

Afa _ Agolomy Aso

= == 2.39
Ar1 Asilim Asa ( )
where;
As1 and Ar are rain attenuations at f1 and f2 respectively,
As1 and As are specific rain attenuations at f; and f> respectively.
Ag =a X RP (2.40)

where a and b are the regression coefficients dependent on frequency and the drop size
distribution (DSD). Kheirallah proposed the model below:

_ A2 2.41
A, —az(al) 1 (2.41)
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2.8.3.5 CCIR (1980)

The International Consultative Committee (CCIR) has concluded that the statistical
attenuation ratio (RAS) has a non-linear relationship with frequency. It does not require
any parameter that relates to DSD or the intensity profile of rainfall. CCIR has proposed
a model that can be applied within the range of 7 to 30 GHz, however, if the region with
a low rainfall rate is less than 50 mm/hr, the model can be used up to 50 GHz. The

equation as below:

A [
RASCCIR — (f2) — (f2) (242)
Ay Pu

f1.72

where, @ (f) =

(2.43)

143 x 1077 x 344

Acs,y and A,y are rain attenuations at f, and f2 respectively.

2.8.3.6 Simple Power Law (SPL) Model (1974-1995)

One of the well-known frequency scaling models for rain attenuation prediction is the
power over the ratio of frequencies and statistical attenuation ratio (RAS). This model
assumes that the attenuation ratio is directly proportional to the square of frequencies
ratio. The SPL is shown in the equation below:

— Al2) _ f2yn
RAS,, 200 (f1) (2.44)

A1 and A are the values of rain attenuation in decibels which correspond to the
frequencies f; and f2, respectively, at desired time exceedance in gigahertz. Previous
research has proposed various values of n for different frequency ranges and locations.

Drufuca (1974) had found empirically that rain attenuation scales were according to the
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frequency range of approximately 11 to 19 GHz with an n value of 1.72. This method
was proposed in Ohio, United States. Drufuca's (1974) model is suitable for a
homogeneous rainfall of 1 mm/h and progressively worse as the rainfall differs in its
exponents from 1 mm/h, particularly for high rain rates. In tropical regions, a high
rainfall rate with inhomogeneous rainfall will cause inaccuracy in this model. Owalabi
and Ajayi (1982) proposed that the value of an n is equal to 2 after investigating specific
attenuation for a Laws and Parson drop size distribution, DSD. This model was
designed for a range of over 10 to 20 GHz and found a trend of decreasing with
increasing rain rates (Pinder et al., 1999). Dintelman (1992) proposed an n value equal
to 1.8 based on experimental German propagation for the frequency range of 12 to 30
GHz.

The power law relation derived from the Virginia Tech data proposed n value
equal to 1.9 based on OLYMPUS satellite data for the frequency range of 12 GHz to
30GHz (Brisseau et al., 2006; Ulaganathen et al., 2013). Some authors found that the
frequency scaling ratio is very susceptible to the distribution of raindrop diameters
(DSD). Besides, frequency scaling ratio measurements performed using the Olympus
data demonstrated that changes and hysteresis effects occurred during some rain events
since variations in raindrop size distribution (DSD) during the event is very essential
(Brisseau et al., 2006; Cuervo et al., 2017; Laster & Stutzman, 1995).

2.8.3.7 Boithias’s Model (1989)

A more complicated model modification to ITU-R 618-13 that includes base attenuation
as well as the frequency was proposed by Boithias frequency scaling (Toriola et al.,
2021). It provided an empirical expression for a scaling factor that produces an

attenuation ratio directly as a function of frequency and measured attenuation as below:

‘:_j - (%)1—1‘1(471,(/72 A1) (2.45)
fZ
¢ ()= i (2.46)
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H (91,9241 = 112X 107°x (£) x(p, x 4,)°° (2.47)
1

where ¢ is a function of frequency-dependent, and H is a function in terms of frequency
and base attenuation dependent. A; and A are the measured attenuation and predicted

attenuation respectively.

2.8.3.8 Zhou’s Model (1999)

The most commonly implemented formula, which is CCIR was proved to be inaccurate
to be applied in Singapore’s tropical region (Zhou et al., 1999). The frequency scaling
model was proposed in Singapore for terrestrial or line-of-sight communication as in

the equation below:
A, =48 +1.61x4, (2.48)

where A; and A2 are the measured attenuation and predicted attenuation respectively.

2.8.4 Previous Related Research

Most of the available frequency scaling techniques were comprehensively studied.
Various methods had been employed in deriving statistical and instantaneous frequency
scaling models. Most research focused on the techniques used in the terrestrial link. It
has been found fewer studies conducted on exploring a technique that applies to the
satellite-Earth link in tropical regions. Therefore, this study focuses on the relevant
frequency scaling technique to be used for the satellite-Earth link in heavy rainfall areas.

This study also concentrates on statistical frequency scaling since it is a suitable
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technique for acquiring a reliable fade margin for operation at higher frequency bands.
The instantaneous frequency scaling is used to estimate real-time attenuation on a link
from attenuation measured on another link that can be used for fade mitigation
techniques. Previous studies regarding frequency scaling techniques in estimating rain
attenuation for satellite-Earth communication links were summarised in Table 2.1. The
limitations of the available frequency scaling technique for the SatCom link are shown
in Table 2.2.

Table 2.1 Comparison of Frequency Scaling Technique in Predicting Rain Attenuation
for the Satellite Communication Link

No | Source Methodology | Frequency | Location | Typesof | Findings
bands frequency
scaling
1 Toriolaet | Applied F1 (Ku- Nigeria Statistical | Attenuation
al., (2021) | Boithias band) frequency | by frequency
frequency 12.245 scaling scaling at 16,
scaling model | GHz and 20, 30, and 40
and ITU-R GHz were
i F, of 16,
rain 28.36 33.95,
. 20, 30, and
attenuation 42.17 and
o 40 GHz
prediction 46.07 dB
model respectively.
2 Samad et Applied F1 (Ku- South Frequency | ITU-R
al,, (2021) | Awrtificial band) 12 Korea and frequency
Neural GHz and vertical scaling model
Network polarizati | overestimated
F2 (Ka-
(ANN)-based on the measured
. band) 20
scaling frequency | value of 20
GHz
GHz at0.1
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and 0.01% of

time

exceedance.
Luini etal., | Performed F1 (Ka- Italy Instantane | Additional
(2021) total band) ous information
attenuation 19.701 frequency | on radiometric
frequency GHz and scaling data and the
scaling raindrop size
F2 Q- o
(TAFS) and distribution
o band)
simplified (DSD) were
39.402 )
TAFS (S- required.
. GHz
TAFS) first Good
accuracy in
scaling the
total
attenuation
from Ka- to
Q-bands in
Italy in terms
of first-order
statistics and
time series
Acharya Used a simple | F; (Ka- India Instantane | The model
(2020) atmospheric band) 20 ous produced an
model (SAM) | GHz and frequency | error of 2.5
scaling dB
F2 (Q-
band) 30
GHz
Usha & ITU-R 618- Fi (Ka- India Statistical | Frequency
Karunakar | 13 frequency | band) 20 frequency | scaling
(2019) scaling model | GHz and scaling attenuation

values for
30.5 GHz at
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F. (Q- polarization
band) 30 PH, PV, MH,
GHz and MV was
18.77, 18.29,
15.55, and
15.14 dB
respectively.
Vidyarthy | Proposed F1 (Ka- India Instantane | Rain
etal., frequency band) 20 ous attenuation at
(2017) scaling GHz and frequency | 20 GHz and
model, scaling 30 GHz were
F2 (Q-
10 and 19 dB
Auplink = band) 30 ]
respectively.
1.818509 x GHz
Adownlink
Cuervo et Applied F1(Ka- Austria Instantane | Frequency
al., (2017) | frequency band) 19.7 ous scaling
scaling ITU- | GHz and frequency | overestimated
R 618-12 scaling the measured
F2 (Q-
model value
band) 39.4
GH),
Shreshta & | Applied F1 (Ku- South Statistical | At 0.01% of
Choi frequency band) 12.7 | Korea frequency | time
(2017) scaling ITU- | GHz and scaling exceedance,
R 618-12 the measured
F, (Ka- .
model rain
band) .
attenuation
20.73 o
and frequency
GHz,

scaling rain
attenuation
were 13 dB
and 27 dB
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9 Nessel et Applied F1 (Ka- Italy Instantane | The average
al., (2014) | frequency band) 20 ous errors and
scaling GHz and frequency | RMS values
derived from scaling produced
F2(Q-
DSD were 0.86 and
band) 40
2.4
GHz, .
respectively
10 | Maruddani | Applied F1 (Ku- Indonesia | Statistical | At 0.01% of
etal., frequency band) frequency | time
(2014) scaling ITU- | 12.7475 scaling exceedance,
R 618-10 GHz and measured rain
model attenuation
F, (Ka—
and frequency
band) 18.9 . .
scaling rain
GHz, .
attenuation
was 17 dB
and 36 dB
respectively.

Table 2.2 Limitation of Frequency Scaling Technique in Predicting Rain Attenuation
for the Satellite Communication Link

No | Author Year Limitations

1 Toriola et 2021 Applied the Boithias model and no validation was
al., done on the result in tropical regions.

2 Samad et 2021 The model was developed in South Korea which had
al., four seasons of weather.

4 Luinietal., | 2021 Additional information on radiometric data and the

raindrop size distribution (DSD) were required as
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this technique was meant for the instantaneous
method.

Acharya 2020 The SAM model was suitable for the instantaneous
model, not for the statistical model.

Usha & 2019 ITU-R 618-13 frequency scaling model was applied

Karunakar and there was no data validation for the obtained
result.

Vidyarthy | 2017 A simple model was developed for the instantaneous

etal., technique.

Cuervo et 2017 The frequency scaling ITU-R 618-12 model was

al., applied and the model overestimated the measured
value.

Shreshta & | 2017 The ITU-R 618-13 frequency scaling model was

Choi applied and there was no data validation for the
obtained result.

Nessel et 2014 A simple model was developed for the instantaneous

al., technique.

Maruddani | 2014 The ITU-R 618-13 frequency scaling model was

etal., applied and there was no data validation for the
obtained result.

2.8.5 Research Gap

Based on the existing studies on the frequency scaling technique that is applicable to
the satellite-Earth link, it is found that data validation is not available in any studies
conducted in tropical regions. Regarding that, this study focuses on the statistical

scaling technique with a validation step to enhance the reliability of the existing
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methods used in tropical regions. Figure 2.7 shows the research gap identified for the
study to be conducted.

No Validation

Toriola et al., (2021)

Usha & Karunakar
Shreshta & Choi (2019)

(2017) Maruddani et al.,
(2014)

Vidyarthy et al.,
(2017)
‘Temperate regions Tropical regions ’
Luini et al., |
=i o
——— 2020
Cuervo et al., ( )
2017
Nessel et al., <_> Instantaneous
2014 2

With Validation Statistical

Figure 2.7 The Research Gap Identified in the Study

2.9 WORST MONTH ANALYSIS

The worst-month analysis is very useful to design satellite-to-Earth because the required
fade margin must be contented in any given month throughout the year. Therefore,
performing analysis for the worst month data is crucial for telecommunication system
designers (Abubakar et al., 2019; Chebil, 2003; Mandeep & Ng, 2008; Yagasena &
Hassan, 2000). The annual worst-month statistic is determined by choosing the worst

CDF at the occurrence level computed during twelve sequential months. Comparing the
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monthly CDF at a particular level is recognized as the worst month which is
representing the month with the highest probability of exceeding that threshold within
the particular period (Badron et al., 2011; Ismail et al., 2012; Pontes et al., 2015; Ting
& Mandeep, 2014). The annual worst month is the month in the particular year in which
the threshold has been exceeded for the longest time (Abubakar et al., 2019).

The concept of the worst month given in has provided a solution to help the
designer who is confronted with high-quality communication network intention based
on any month (Ismail et al., 2012; Samat et al., 2019). It is also recommended that the
worst month concepts can be applied to different types of quantities such as rain rate,
rain attenuation, and cross-polarization (Chebil, 2003; Mandeep & Ng, 2008; Ting &
Mandeep, 2014; Yagasena & Hassan, 2000). Some researchers agreed that the worst
month is not the same for all threshold levels (Pontes et al., 2015; Abubakar et al., 2019;
Chebil, 2003). The model for the conversion of annual statistics to worst-month
statistics is represented by the conversion factor, which is given below (Durodola et al.,
2017; P.841-6, 2019; Ting & Mandeep, 2014).

(2.49)

where P,, is the probability of the average worst-month and P,,, is the probability of
average annual rainfall intensities for the same threshold. Q is the conversion factor for
converting from the average annual per cent to the average annual worst month time
percentage in the function of the occurrence level and the climatic region. Regions with
the same climatic categories will have alike values of Q. The factor Q is also defined

by the power law relationship in the parameters of Qi and p (P.841-6, 2019):

Q= QyxPg,F (2.50)

By inserting equation 2 into equation 1, the probability of the average worst month can
be defined as:

P, = Qx Pyt F (2.51)

For rain attenuation effect on slant path in global purpose, the value of parameters Q:

and 3 suggested by the ITU are 2.85 and 0.13, respectively. While, for the rain rate in

71



tropical regions, the values of Q1 and [ are 2.82 and 0.15 respectively. The values of Q1
and B for various propagation effects and regions in the world are given in ITU-R P.841-
6 (2019). Previous researchers also proposed several values of Qi and B for various

propagation effects and regions in tropical regions as tabulated in Table 2.3.

Table 2.3 Q: and [ for Various Propagation Effects and Areas in Tropical Regions

No | Source Country Propagation B Q1
Effect
1. | (Durodola | i) Akure, | Rainrate i) 0.372 i) 1.06
etal., Nigeria i) 0.207 i) 2.042
2017) i) Jos,
Nigeria
2. | (Marzuki Kotabang, | Rain rate 0.24 1.39
etal., Indonesia
2016)
3. |ITU-R Indonesia | Rain rate 0.22 1.7
P.841-4
4. | (Ting & USM, Slant path rain i) 0.097 i) 1.7952
Mandeep, | Nibong attenuation i) 0.07 i) 1.6769
2014) Tebal, i) 60 samples
Penang i) 4 years
5 | (Ismailet | UTM, Terrestrial rain 0.219 1.69
al., 2012) | Johor attenuation
Malaysia
6. | (Mandeep | USM, i) Slant path rain | i) 0.10 i) 1.695
& Ng, Nibong attenuation i) 0.39 i) 1.343
2008) Tebal, i) Rain rate
Penang
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7. | (Islam et Skudai, i) Slant path rain | i) 0.3 (Ku- 1) 0.945

al., 2003) | Johor attenuation band) ii) 0.9078
ii) Rain rate i) 0.32 (Ka-
band)

8. | (Chebil, Malaysia Rain rate 0.27 1.32
2003)

9. | (Yagasena | Tronoh, i) Slant path rain | i) 0.3041 i) 1.3862
& Hassan, | Perak, attenuation i) 0.293 i) 1.397
2000) Malaysia i) Rain rate

2.10 CHAPTER SUMMARY

This chapter presents and discusses in terms of definition and importance of satellite
communication as well as the development of HTS satellites which will be operating in
Malaysia as MEAST-3d has been launched recently. This chapter also elaborates on the
distribution of frequency spectrum in microwave communication. As the higher
frequency is highly affected by precipitation, the climate of Malaysia located in tropical-
equatorial regions has been highlighted in this chapter. The type of precipitation is also
being discussed as precipitation such as rain is the main propagation impairment
affecting space communications in tropical regions. There has also been a review on the
requirement of fade margin to sustain good Quality of Services (QoS) for better link
availability of the system’s performance. A comprehensive literature on frequency
scaling with the frequency scaling classification was also discussed by presenting the
previous research related to the frequency scaling technique in predicting rain
attenuation. Besides that, the worst-month analysis is also being covered as the worst-
month analysis is important in designing a satellite-Earth communication system. A
parameter required in the frequency scaling technique is also being analysed. Finally,
the frequency scaling techniques in predicting rain attenuation for a satellite-Earth link

in tropical-equatorial regions were summarised in this chapter.
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CHAPTER THREE

METHODOLOGY

3.1 INTRODUCTION

The chapter highlights the methodologies that were carried out throughout the study.
The approaches used in the research were empirical and evidence-based. Data
collections used in the study were the C, Ku, and Ka-band beacon signals during rainy
conditions transmitted from the MEASAT-3 and MEASAT-5 satellites. Both satellites
are located in their fixed geostationary orbits. The beacon signals from MEASAT-3 and
MEASAT-5 transponders were retrieved using the respective Earth stations’ receiving
systems. At the same time, rainfall intensity data were collected using a dedicated rain
sensor. The rain attenuation data at C, Ku, and Ka-band alongside the rainfall
information were analysed, assessed, and evaluated in statistical form. From the
statistical analysis, the enhanced frequency scaling model was produced. In this chapter,
the methodological processes of the study were presented in detail. The overview and

synopsis of the research methodology are illustrated in Figure 3.1.
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Perform Literature Review
v
Set the Objectives
v
Collect and Analysis Data
v

Perform Previous Frequency Scaling
Model

v

Formulate New Frequency Scaling
Model for Tropical Region

v
Validate the Proposed Model

Figure 3.1 Overview of the Research

The cumulative distribution function (CDF) was constructed from the time series of rain
attenuation data acquired during the rain events. The frequency scaling techniques
proposed by previous studies were presented in this chapter for reference and
comparison. The flow chart of the methodologies carried out in the research is shown

in Figure 3.2.
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V.

I Performing literature reviews I

o;

| Collection of C, Ku and Ka-band beacon signal I

e

Conversion of the raw data of beacon signal into rain
attenuation data

g

I Generation Time-Series of rain attenuation during rain event I

y;

| Constructing the monthly and annual CDF I

o3

Generating Time Exceedance graph

I Performing previous frequency scaling techique I

o;

Formulate new frequency scaling tehcnique

o;

| Validation of proposed model I

L

Figure 3.2 Research Flow Chart
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3.2 MEASUREMENT SETUP

The determination of rain attenuations was based on the measured beacon signals data
of the C-band and Ku-band links broadcasted from the MEASAT-3 satellite. The Ka-
band data originated from the MEASAT-5 satellite also known as IPSTAR (Thaicomm-
4). The C-band and Ka-band Earth stations are located at MEASAT Teleport and
Broadcast Centre. Figure 3.3 shows the Earth station at the MEASAT location. The
Ku-band Earth station is located at the ASTRO Broadcast Centres. Figure 3.4 portrays
the receiver station at the ASTRO site.

Figure 3.3 Earth Stations at the MEASAT Teleport and Broadcast Centre
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e T N

Figure 3.4 Receiver Station at the ASTRO Broadcast Centre

Both centres can be considered neighbouring to each other in Cyberjaya,
Malaysia with latitude and longitude information of 2.935° N and 101.658° E. The Earth
stations were constructed on an area of about 20 m above sea level. The locations of the
MEASAT-5 and MEASAT-3 satellites are at 119.5° E and 91.5° E respectively. The
beacon signal frequencies of the C, Ku, and Ka-band are 4.198 GHz, 12.201 GHz, and
20.198 GHz accordingly. The footprints and specifications for MEASAT-3 and
MEASAT-5 are shown in Figures 3.5 and 3.6.
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C-band footprint Ku-band footprint

EIRP (dBW) EIRP (dBW) 59 (Malaysia) /
G/T (dB/°K) +1 3 55 (Indonesia /
TWTA Power 60 Watts G/T (dB/°K) 13 (Malaysia) /
Transponder Bandwidth 36 MHz 10 (Indonesia /
Channel Polarization Linear TWTA Power 120 Watts
Transponder Bandwidth 36 MHz
Channel Polarization Linear

Figure 3.5 MEASAT-3 Specifications and Footprints (MEASAT, 2022)

Ka-Band Specifications Ku-Band Specifications

GATEWAY REMOTE

EIRP (dBW) 63 (max) EIRP (dBW) 61 (max)
G/T (dB/°K) 21 (max) G/T (dB/°K) 20 (max)
TWTA Power 150 Watts TWTA Power 120 Watts
Transponder Bandwidth 513 MHz Transponder Bandwidth 460 MHz
Channel Polarization Linear Channel Polarization Linear

Figure 3.6 MEASAT-5 Specifications and Footprints (MEASAT, 2022)

The elevation and azimuth angle values of C and Ku-band antennas are 77.5°,
and 245.05° respectively as both antennas point to the same satellite; MEASAT-3. The
Ka-band antenna points toward the MEASAT-5 satellite with an elevation angle of
68.77° and an azimuth angle of 99.04°. Both MEASAT-3 and MEASAT-5 are
geostationary satellites and are about 36000 km away from the Earth. The difference
between the elevation angle of the Ka-band and the C/Ku-band is small and can be

considered insignificant. There is also a difference in slant path calculation during rain
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events, however, the difference is also very small. At a rain height of 5.36 km as
proposed by the ITU (ITU-R P.618-13, 2017), the slant path lengths for the C/Ku-band
and Ka-band link are 5.47 km and 5.72 km respectively. The difference of 0.25 km can
be assumed negligible and can be disregarded. The locations of the satellites in reference

to the Earth stations are shown in Figure 3.7.

ol : s Blu'nm,
M qﬂ'ga Earth Station i (iR

RE4e MATRA ) )

! 3 Singapore TR™A K :
R ) KALIMAR T AN s RO
- ) KALIMANTAN

Measat 3 o e ] = " ~ weorMeasat 5

Indonesia

Makassar

Figure 3.7 MEASAT-3 and MEASAT-5 in reference to their Earth Stations

The observation and recording of satellite beacon signals were continuously
carried out using the tracking and ranging subsystems at the Earth station. The tracking
and ranging subsystems enable the accurate provision of the beacon signals
measurement. A predefined level for the beacon signals received power was determined
by the subsystems. The predefined level of received power is denoted as the clear sky
signal value. The peak signal strength of the beacon was constantly monitored by the
automatic ranging measurement device. The received strength of beacon signals will

determine the pointing direction of the antenna at the Earth station.

Rain events cause signal losses. The signal losses or rain attenuations were

attained by measuring the difference between received signal levels during rain events
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and information collected in clear-sky conditions. Figure 3.8 portrays the Earth-space

link design used in the research for the determination of rain attenuation.

MEASAT 3
C-band/Ku-band MEASAT 5
Ka-band

0
Ku-band 0 0
Antenna 0 Py ] 0

;i Ka-band Antenna

ﬁ Rain gauge

C-band Rx Ku-band Rx Rain gauge data Rx

C-band Antenna

Ka-band Rx

Figure 3.8 Earth-Space Link Design

A thorough understanding of the statistical characteristics of rainfall intensity
as well as rain attenuation in heavy rainfall areas such as tropical regions is critical.
Those pieces of knowledge are beneficial for better planning of any millimetre-wave
SatCom system. Every different frequency band measurement has its experimental

setup consisting of the antenna and its digital track receiver (beacon receiver) for

monitoring and recording the satellite signals.

The low noise amplifier (LNA) amplifies the power of every received signal by

the antenna. The final signal power, therefore, is increased according to the set gain
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value. The beacon’s original frequency is down-converted to an intermediate frequency
(IF), making it possible for the digital tracking receiver to detect and record the beacon
signals. In the research, two years of beacon data from January 2015 until December
2016 were acquired from the C, Ku, and Ka-band Earth stations. The details of the

measurement for each beacon are discussed in sections 3.2.1 to 3.2.3.

3.2.1 C-band Beacon Measurement Setup

The receiver system measures 4.198 GHz C-band beacon signals. The C-band receiver
consists of a Cassegrain antenna with an 11.1 m diameter and it is linearly polarized.
The antenna was manufactured by General Dynamics Satcom Technologies from the
USA. The reflector of the antenna is designed from precision-formed panels, truss
radials, and hub assembly that uses matched tooling for interchangeable components.
The advantages of the antenna are high antenna efficiency, low noise temperature, high
gain, as well as excellent rejection of noise and microwave interference due to its feed
and sub-reflector design. The reflector is supported by a galvanized elevation over an
azimuth kingpost pedestal that provides the required stiffness for accurate pointing and
tracking purposes. The antenna is easy to install on the ground or rooftop since the
pedestals are designed for full orbital arc coverage. The antenna system consists of an
LNA with a high Gain over Temperature (G/T) performance of 33 dB/K. The received
signals are amplified by the LNA and then down-converted to the IF of 1.5 GHz.

The beacon tracking receiver is made by General Dynamics Satcom
Technologies USA. The tracking receiver is a Digital Signal Processor (DSP) based
receiver that is developed for satellite tracking and uplink power control. It receives
wideband Radio Frequency (RF) inputs, selects frequency, and processes the selected
signal in digital form using the Direct Digital Synthesis (DDS) technique to facilitate 1
kHz frequency resolution. The maximum power level of the tracking receiver is — 10

dBm in conditions where the input signal levels are within the range of — 40 dBm to -
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110 dBm. The recording of the beacon signals is performed by data interfaces of RS/422

with a PC. Table 3.1 shows the parameters set up for the C-band receiver extracted from

the antenna and beacon/tracking receiver datasheets.

Table 3.1 C-band Beacon Signals Receiving Setup

Parameters Specification
Antenna Type Cassegrain Antenna
Diameter 111 m

Antenna Polarization Linear

GIT 33 dB/K

Antenna Material

36 Precision Formed Aluminium

Antenna Mount

Elevation over Azimuth Pedestal

Tracking Receiver Input Signal Level

-40 to -110 dBm (nominal)

Tracking Receiver Input Frequency 34-48GHz
Receiver Tuning Resolution 1 kHz
Minimum Carrier over Noise (C/No) 35 dB-Hz
Tracking Sensitivity 1V/dB

Data Interface

RS-232 /| RS-422

The reference level of the C-band beacon signals receiving system is 0 dB.

Figure 3.9 shows a simplified block diagram of measurement at C-band and Ku-band

links. Figure 3.10 shows the picture of the C-band antenna.
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Figure 3.9 C/Ku-band Configuration

Figure 3.10 C-band Antenna (General Dynamics SATCOM Technologies)

84



3.2.2 Ku-band Beacon Measurement Setup

The Ku-band antenna is of the Cassegrain type with a diameter of 13.1 m. The size of
the Ka-band’s antenna is larger than the C-band to provide a better link margin for
Broadcasting Satellite Services (BSS) operations, particularly during high precipitation
conditions. A large centre hub provides wider space for proper equipment mounting.
The antenna was manufactured for full orbital arc coverage use. The precision-formed
panels, truss radials, and hub assembly was designed for the antenna’s reflector. The
antenna also has the ability in providing the required stiffness for pointing and tracking
accuracy. The characteristics and specifications of the Ku-band antenna are somewhat
similar to the C-band antenna except for the dish size and the gain. The size of the Ku-
band antenna is bigger than the C-band antenna to provide better performance in terms
of G/T which is 40.5 dB/K. The LNA intensifies the power of the Ku-band beacon-
received signals. Table 3.2 lists the parameters of the Ku-band receiver, retrieved from
the Generals Dynamics documentation. The 13.1m Ku-band antenna is provided by

General Dynamics Satcom Technologies from the USA.

The signals were down-converted to an IF with a value of 1.5 GHz. The beacon
tracking receiver is a product from General Dynamics Satcom Technologies USA. The
tracking receiver can receive L, S, C, X, Ku and Ka-band. The input range of the
tracking receiver is configured at the factory. The system which is interfaced with a PC
via RS/422 is capable of recording all beacon signals. The predetermined level or the
clear sky signal is set to -76 dBm in the Ku-band beacon receiver system. Figure 3.11
shows the picture of the 13.1 meters diameter of the Ku-band antenna while Figure 3.12
shows the digital tracking receiver that is being used for Ku and C-band measurement

setups.

85



Table 3.2 Ku-band Beacon Signals Receiving Setup

Parameters Specification

Antenna Type Cassegrain Antenna

Diameter 13.1m

Antenna Polarization Linear

GIT 40.5 dB/K

Antenna Material 50 Precision Formed Aluminium
Antenna Mount Elevation over Azimuth Pedestal
Tracking Receiver Input Signal Level -40 to -110 dBm (nominal)
Tracking Receiver Input Frequency 10.7 - 13 GHz

Receiver Tuning Resolution 1 kHz

Minimum Carrier over Noise (C/No) 35 dB-Hz

Tracking sensitivity 1V/dB

Data interface RS-232 / RS-422

Figure 3.11 Ku-band Antenna (General Dynamics SATCOM Technologies)
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Figure 3.12 Digital Tracking Receiver for Ku and C-band

3.2.3 Ka-band Beacon Measurement Setup

The Ka-band antenna system is located within the vicinity of the C-band as well as the
Ku-band antenna. The main purpose of the deployment of the Ka-band antenna system
is to provide a better internet connection, especially to remote places in Malaysia. Ka-
band should be capable of accomplishing such tasking due to its characteristic which is
high-frequency bands with high throughput. High-speed data connection services in
Malaysia using satellite communication can be achieved since Ka-band has greater data

transmission capacity with low latency.

The ground station uses an 8.1 m dual reflector Gregorian antenna. The antenna
selection involving a smaller diameter compared to the low-frequency antennas was due
to economic reasons and flexible reception services purposes. The reflector consists of
20 segments from precision-formed aluminium. The antenna is mounted on an elevation
over azimuth and pedestal so that it will be stable during conditions of strong wind and
rain. The Ka-band receiver system has a gain of 21 dB/K to receive Ka-band beacon
signals from the satellite. The specifications of the Ka-band parameters are shown in
Table 3.3. Figure 3.13 portrays a simplified block diagram of measurement at the Ka-
band link.
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Table 3.3 Ka-band Beacon Signals Receiving Setup

Parameters Specification

Antenna Type Dual Reflector Gregorian
Diameter 8.1m

Antenna Polarization Linear

GIT 20.1 dB/K

Antenna Material

20 Precision Formed Aluminium

Antenna Mount

Elevation over Azimuth Pedestal

Tracking Receiver Input Signal Level

-30 to -90 dBm (nominal)

Tracking Receiver Input Frequency

930 to 2300 MHz

Receiver Tuning Resolution 10 kHz
Minimum Carrier over Noise (C/No) 45 dB-Hz
Tracking Sensitivity 0.5V/dB

Data Interface

RS-232 /| RS-422

20.199 GHz oy
(Ka-band beacon)

Vi

Low Noise Block

l.'_'. }—! Digital Tracking L
- Receiver (LNB)

Figure 3.13 Ka-band Configuration

The LNA was used to increase the power of the Ka-band received signals. The 20 GHz

frequency was also down-converted to an IF of 1.5 GHz. The clear sky signal or
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predetermined level was set manually in section 3.4.1. Figure 3.14 shows the picture of
the Ka-band antenna. The digital tracking receiver being used for the Ka-band

measurement setup is portrayed in Figure 3.15.

Figure 3.14 Ka-band Antenna

Figure 3.15 Digital Tracking Receiver for Ka-band
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3.2.4 Rain Gauge Measurement Setup

To measure and monitor the rainfall rate, a rain gauge or rain sensor is required. A rain
sensor installed at ASTRO Broadcast Centre was used to monitor the rain events in
Cyberjaya. When a rain event occurs, lower received signals are detected where such
an instance specifies the attenuation in the link because of rain. In this measurement
setup, the Vaisala Weather Transmitter WXT520 model is used as the rain sensor.
Covering an area of 60 cmz, the sensor has an accuracy of 95% with a resolution of
0.001 inches. The units of the rainfall reading by the sensor are in millimetres and
inches. The sensor comprises two parts which are the steel cover and a piezoelectrical
sensor. The piezoelectric sensor is mounted on the bottom surface of the cover. The

detection of size and impact of individual raindrops are measured as raindrops.

The volume of the drops produces proportional signals and is converted to the
accumulated rainfall rate. Rain amount is referring to the detection of every individual
drop. Rain intensity with high resolution also can be computed. After every 10 seconds,
the current rain intensity is updated. The transmitter automatically sends a
precipitation/rain message every 10 seconds after recognition of the first drop and the
messages are continuously sent until the rain stops. After every sixth measurement, the
one-minute integration time is generated. The general specification of the Vaisala
Weather Transmitter WXT520 rain sensor is summarised in Table 3.4. The rain sensor
that has been installed at ASTRO Broadcast Centre is shown in Figure 3.16.
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Table 3.4 Vaisala Weather Transmitter WXT520 Specifications

Parameters

Specification

Wind speed measurement

0-60 m/s (3% @ 10 m/s)

Wind direction measurement

0 - 360° (£3%, response time <250 m/s)

Rainfall accumulation

Resolution of 0.01 mm (5% uncertainty)

Rainfall duration

Counts each ten-second increment when

droplets detected

Rainfall intensity

0 - 200 mm/h (one-minute running average in

ten-second steps)

Barometric pressure measurement

600 - 1100 hPa (£0.5 hPa at 0 - 30 °C)

Digital output options

SDI-12, RS232, RS485, RS422, USB adapter

IP65 design

Up to IP66 with mounting kit option (for pole

installation)

Lightening protection

Optional bird spike and WSP150 surge
protection

Figure 3.16 ASTRO Rain Sensor
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3.3 COLLECTION OF DATA

The data of the C, Ku and Ka-band beacon signals were collected from receivers
at the respective ground stations for twenty-four months from 2015 to 2016. The rainfall
data were retrieved from the rain sensor for one year in 2016. Both rain attenuation and
rainfall data were processed into first-order statistics and analysed thoroughly.

3.4 DATA PROCESSING

Figure 3.17 shows the flow chart of the overall analysis process in the research. Firstly,
the attenuation data of the C, Ku, and Ka-band as well as rainfall information were

gathered.
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Figure 3.17 Flow Chart of Processing Data

3.4.1 Extraction & Conversion of Raw Data into Rain Attenuation Data

The following approaches have been applied to achieve the first objective of the
research. The rain attenuation and rainfall data were processed to obtain first-order
statistics which are the cumulative distribution function (CDF). The CDF of the Ku and
Ka-band is important as an input parameter for developing a frequency scaling model.

The raw data of the Ka-band beacon signals were collected in text document type (.txt)
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format. The data were imported into Microsoft Excel format. The raw data of C-band
and Ku-band was already in Microsoft Excel format. For Ku-band, the predetermined
level of the digital tracking receiver was set at -76 dBm in the Ku-band beacon receiver
system. The data collected for C-band were recorded in terms of Delta (in dB)
concerning 0 dBm which presents the attenuation value itself. The beacon signals data
of the Ka-band were registered in terms of beacon signal level in dBm. The beacon
signals have to be subtracted by a clear sky value to produce attenuation data. The clear

sky value for Ka-band was derived manually.

The received signal strength from the beacon signal, during the clear sky, was
individually compared for each day to determine the minimum value received signal.
The average received signal minimum value acquired during non-rainy days from 12
months throughout the year 2016 was then denoted as a clear sky value. The clear sky
value was deducted from the received signal strength values to obtain the attenuation
value. The clear sky value for the Ka-band beacon received signal was determined as
66.7 dB. The time-series graphs for rain attenuation of C, Ku, and Ka-band correlated
with concurrent rainfall rates were generated. The attenuation data of the C, Ku, and

Ka-band were analysed in detail related to the time of the rain on rainy days.

3.4.2 Generation of Probability Density Function (PDF)

The rain attenuation and rainfall were accumulated to obtain their frequencies of
occurrence and probability density function (PDF). The PDF is a method for calculating
the likelihood that a variable value falls within the same interval. For a continuous
function, the PDF is the probability that the variate has the value x, and the probability
at a single point is zero. It can be expressed in terms of integration between two points.
In the research, the PDF was created using Microsoft Excel's pivot table feature. The

sample of the PDF for the Ka-band beacon signals is attached in Appendix I.
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3.4.3 Generation of Cumulative Density Function (CDF)

The CDF is a function whose value represents the chance that a related continuous
random variable has a value less than or equal to the argument of the function. The CDF
is used to determine the likelihood that a random observation taken from the population
will be less than or equal to a particular value. The CDF is generated from PDF. The
CDF is the most competent way to present data for a very long period. In this research,
the CDF curve was plotted to evaluate the probability of rainfall rate exceeding a
percentage of time and the time exceedance for signal link loss due to rain. The sample
of the CDF for the Ka-band beacon signals is attached in Appendix Il.

3.4.4 Generation of Time Exceedance

After the PDF was transformed into the CDF, the time percentage of exceedance was
calculated in obtaining a probabilistic value. The percentage of time exceedance for rain
attenuation was established from the obtained CDF. The formula to determine time
exceedance is given:

CDF
24X60Xn

Time exceedance =

x 100% (3.1)

Parameter n refers to how many days are in a particular month/year. For example, for a
one-year duration, at 0.01% of time exceedance for the one-minute based rain
attenuation and rainfall intensity, the required value of samples is
0.01*60*24*365*/100 amounting to 53 minutes. From the time exceedance graph, the
fade margin capable of achieving the required QoS of the link can be determined. A
fade margin on annual basis can be obtained. The monthly and annual experimental data
were plotted for the year 2016.
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3.4.4.1 Monthly

Monthly CDF in the form of time exceedance is presented as the equation as follows:

Monthly CDF
24X60 X Ny

Time exceedance = x 100% (3.2)

where;

Ny 31 days for January, March, May, July, August, October, and December,
Ny, 30 days for April, June, September, and November,

Ny, 28 days for February of the year 2016,

Ny, 29 days for February of the year 2015.

3.4.4.2 Annual

Annual CDF in the form of time exceedance is presented as the equation as follows:

Annual CDF

Time exceedance = B coxn %X 100% (3.3)
where;
ng: 365 days for the year 2016,
Ng: 366 days for the year 2015.

The summarised flow chart of generating time exceedance for rainfall and rain
attenuation in 5 steps is illustrated in Figure 3.18 to achieve the first objective. The
annual CDF is very important in determining the best and most reliable fade margin to
be applied in the communication link designs. These five steps were performed on the
rainfall and rain attenuation data in 2016 and 2015 for analysis and validation purposes
respectively. The validation process was executed by using rain attenuation data from
2015 due to the limitation of data.
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Step Flow chart
Step 1
C-band Ku-band Ka-band Rainfall at
beacon signal beacon signal beacon signal Cyberjaya
Rainy days?
Step 2 —
Convert to rain attenuation
RainyV
Step 3
h 4
Generate PDF
Step 4
Generate CDF
Step 5 ;
Rain Attenuation Rainfall Rate
Time Exceedance Time Exceedance

Figure 3.18 Steps in Generating Time Exceedance for C, Ku and Ka-band Beacon

Signals, and Rainfall Rate Data.

3.5 DATA ANALYSIS

The rain attenuation data were analysed daily, monthly, and annually.
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3.5.1 Time Exceedance Analysis for C, Ku & Ka-Band

For daily analysis, the attenuation values at C, Ku and Ka-band were extracted
accordingly from all recorded rain events throughout the day. A time-series graph was
generated for every rain event during rainy days for all frequencies. The time frames
for C and Ku-band were the same since both rain attenuation measurements were
retrieved from MEASAT-3. The results of the time-series plots were presented in

Chapter Four.

The timestamp for rain attenuation of the Ka-band link was different from those
of the C-band and Ku-band highlighted previously. The timestamp was in GMT
(Greenwich Mean Time) where the time difference was at +8 hours. Kuala Lumpur is
located east of Greenwich town, thus having GMT+8 time zone. The received signal of
the Ka-band beacon was 8 hours earlier from the Malaysian time zone. The time frame
had to be adjusted so that the attenuation would overlap with the rainfall event
timestamp. The rainfall rate and Ka-band rain attenuation time-series graphs for one
day were presented in Figures 3.19 and 3.20 accordingly.
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Figure 3.19 Time-Series for Rain Event on 6th February 2016
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Figure 3.20 Attenuation Time-Series of Ka-band for One Day on 6th February 2016

There were several days where rain attenuation values were registered at the Ka-
band, however, no rain was detected and recorded in the Cyberjaya area. The attenuation
data were then compared with alternative rainfall rate data retrieved from other rain
sensors installed nearby the Ka-band Earth station. These substitute rain gauges are
located at Paya Indah (2.8789, 101.6192) and Puncak Niaga (2.9111,101.6972) as

shown in Figure 3.21.
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Figure 3.21 Location of Rain Gauge at Paya Indah, Puncak Niaga, and Earth Station at
Cyberjaya

Paya Indah and Puncak Niaga sites are located 5 km and 9.2 km away from
Cyberjaya Earth station respectively. Table 3.5 tabulates the rain detected at different
locations on the rain gauge in January 2016. From Table 3.5, on 12th January 2016,
there was no rain detected at Cyberjaya yet somehow the attenuation with a value of
34.3 dB was registered. It can be observed from the table that there was rain detected in
Paya Indah and Puncak Niaga. Based on the literature and physical observation, it has
been acknowledged that the clouds consisting of a rain cell can be repositioned from
one place to another place by a wind gust. The new rain cells were produced at the new
location. The collected rain data along the ground path should be counted into
consideration for rain attenuation comparison. However, the research only focuses on
rainfall data from Cyberjaya as a concerned parameter since the rain gauge is located
nearest to the Earth station.
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Table 3.5 Rain Detected at Different Rain Gauge Locations in January 2016

Rain at Rain at
Rain Paya Puncak Rain at
Attenuation of Indah Niaga Cyberjaya
Ka-band link | (2.8789, (2.9111, (2.95,
Month Date (2.95,101.678) | 101.6192) | 101.6972) | 101.678)
January 3-Jan 21.4 dB YES
4-Jan 31.9dB YES YES YES
5-Jan 9dB YES YES
6-Jan 11.2dB YES
12-Jan 34.3dB YES YES
14-Jan 17.4 dB YES YES
15-Jan 33dB YES YES YES
17-Jan 31.7dB YES YES
18-Jan 12.6 dB
19-Jan 32.3dB YES YES
28-Jan 22.5dB YES YES YES
29-Jan 31.5dB YES YES YES

From Figure 3.22, the attenuation value experienced by the Ka-band link was capped at
33 dB due to the limited receiver sensitivity level. Due to the limitation, the higher
attenuation values (>33 dB) of the Ka-band needed to be extrapolated to produce a better
graph. The rain attenuation graph at the frequency is very essential in further analysis

in the research which is to develop the frequency scaling model. The applied

extrapolation techniques were explained in detail in section 3.5.2.
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Figure 3.22 Time-Series of Rain Attenuation of Ka-band on 4th January 2016

3.5.2 Technique to Extrapolate the Ka-band Attenuation Data

Since the annual rain attenuation of the Ka-band link was capped at 33 dB, the
extrapolation formula was developed based on the rainfall data obtained from the rain
gauge installed at ASTRO Broadcast Centre. The available data was within the range
of time exceedance percentages from 0.6% to 0.05%. The extrapolation formula was
used to calculate the attenuation exceedance at other percentages of time between 0.04%
and 0.001%. Several techniques had been applied for extrapolation methods such as the
linear, power, and polynomial approaches. The following steps were used to evaluate
the extrapolation techniques. The most suitable technique for extrapolating rain

attenuation at the Ka-band link had been identified as follows:

1. Correlate annual rainfall rate with annual rain attenuation data of Ka-
band by plotting the graph of Ka-band rain attenuation versus rainfall
rate for the same probabilities of time exceedance in EXCEL shown in
Figure 3.23.

102



35
y = 0.4472x +2.7273
30 RZ=0.9967 =

25
20

15

Attenuation (dB)

10

0 10 20 30 40 50 60 70 80

Rainfall rate (mm/hr)

Figure 3.23 Plot of Annual Rain Attenuation of Ka-band versus Annual Rainfall Rate

2. Apply the linear curve fit equation to the graph.

The linear model equation by EXCEL is shown as follows:
A = 0.4472 X (Ry,) + 2.7273 (3.4)

A denotes attenuation, R, represents rainfall rate at desired time
exceedance.

3. Apply the curve fit tool to the graph and evaluate a few extrapolations
formulas using MATLAB such as linear, first-order power law, second-
order power law, and second-degree polynomial as attached in Appendix
.

The variables m and n were used in MATLAB to represent the annual rain attenuation
of the Ka-band versus the annual rainfall rate of the year 2016 at the same percentage
of time exceedance respectively. The data for Ka-band rain attenuation was also
extrapolated by using Ahmad’s model (Ahmad, 2019). The applied extrapolation

techniques are:

i)  The linear model equation by MATLAB is as follows:
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A= plx(Ry)+ p2 (3.5)

where plis 0.4472 and p2 is 2.727.
i) The first-order Power Law equation by MATLAB is as follows:

A=aX (Ry)” (3.6)

with constants of a and b of 0.2038 and 0.8704 respectively.

iii) The second-order Power Law equation by MATLAB is as follows:
A=ax (Ry)+c (3.7)

with constants of a, b, and ¢ of 0.4638, 0.9917, and 2.659 respectively.
iv) The second-degree polynomial equation by MATLAB is as follows:

A= (a XRy,°) + (bXRy) +c (3.8)

with the constants of a, b and c are -0.0004, 0.4717, and 2.5305
respectively.

v) Applying ITU-R 618-13 rain attenuation prediction with specific
attenuation proposed by (Ahmad, 2019), k is 0.1454173 and a is 1 and

Ro.019 is 102 mm/hr.

3.5.3 Selection of The Best Extrapolation Technique to Determine Ka-band

After that, the best extrapolation model was selected. All the extrapolation models were
analysed using R-square, RMSE, and percentage error. The best-predicted methods
produced the smallest value of RMSE. If the R-squared of the model is equal to 1, it
indicates that the predicted model fits perfectly with measured data. Thus, the better
model should yield a smaller RMSE and higher R-squared which is approaching 1

value. The findings are presented in section 4.2.2.5.
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3.5.4 Comparison with ITU-R

During the data analysis, the ITU-R analysis was also conducted for comparison
purposes. The results of the ITU-R analysis of rain attenuation and rain rate are

presented in Chapter Four.

3.5.5 Determination of Worst Month

Since the worst month analysis is also important in the planning of the satellite-Earth
system, the attenuation value exceeded for a time percentage of the worst month, pw
was determined in the research. The following steps were used to evaluate the

attenuation exceedance for a particular percentage of the worst month.

I. Step 1: Acquire the desired worst-month time percentage, pw,
corresponding to the annual time percentage, pa, throughout the year.

ii. Step 2: Obtain the conversion factor, Q from equation 2.34 which is the
ratio of pwand pa.

iii.  Step 3: Plot the conversion factor, Q versus the average annual time
percentage of rain attenuation, pa to obtain parameters of Q1 and B. The
least-square method is one of the methods to obtain regression
parameters Q1 and  with the measured rainfall rate and rain attenuation
data.

Iv. Step 4: The estimated attenuation for a percentage of the worst month,
pw is acquired from attenuation exceeded for the resulting annual time
percentage, pa. The results of the worst month analysis are included in

Chapter Four.
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3.6 DETERMINATION OF FREQUENCY SCALING TECHNIQUE

In this section, the methods that had been deployed to carry out the second objective are
elaborated. The available techniques on frequency scaling were tested on the sample set
of rain attenuation data. The accuracy of the models was investigated. The tested model
included the ITU-R 618-13 frequency scaling model, Hodge Model, Drufuca Model,
Battesti Model, Kheirallah Model, CCIR Model, Simple Power Law Model, and
Boithias Model. Based on the ITU-R guidelines, in developing the frequency scaling of
the rain attenuation model, reliable long-term measured attenuation data was preferred
to be applied instead of long-term measured rain data. The ITU-R suggests that the
accuracy is obtainable from the smallest statistic parameters. The prediction accuracy
can be improved with the implementation of long-term statistical data in tropical
regions. All the models mentioned in section 2.8.3 had been tested on attenuations at
the equiprobable values of the excess rain attenuation at pairs (f2/f1) for 12.201 (Ku-
band) GHz/4 GHz (C-band) and 20.199 GHz (Ku-band)/12.201 GHz (Ka-band). The

results are presented in section 4.6.

3.6.1 Proposed Frequency Scaling Model

Long-term rain attenuation data is required to develop a frequency scaling model. The
research used one-year rain attenuation data of the C, Ku, and Ka-band. The
employment of statistical rain attenuation data at different operating frequency bands
was essential in the frequency scaling studies. In the research, the CDFs of rain
attenuation measurements at C, Ku, and Ku-band were obtained and the rain path was
considered consistent. A new frequency scaling model that depends on rain attenuation
was derived based on the relationship between RAS and attenuation at base frequency.

The correlation between attenuation at upper frequency and attenuation at lower
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frequency was also considered. The new model was developed by adopting the curve
fitting technique to the correlation graph.

3.7 VALIDATION OF THE MODEL

The validation of the model is very critical in providing reliable results and a dependable
new frequency scaling technique. In ensuring that the model can be trustworthily
applied in tropical regions, authentication was done by comparing the proposed
frequency scaling model with the measured rain attenuation data of alternative years
and locations, as well as the ITU-R frequency scaling model. The first phase of
validation of the proposed model was performed with two sets of measurement data.
The first dataset is rain attenuation data of Ka-band retrieved from Earth station in
Cyberjaya in 2015. Another set of data was rain attenuation data of the Ka-band in 2016
which was obtained from the MEASAT backup station located in Rawang, Selangor.

The backup station had the same specification as the station in Cyberjaya.

The proposed model was utilized to scale up the possible attenuation at VV-band.
The scaling data was validated with V-band rain attenuation data in Akure, Nigeria. All
the validation methods were carried out to achieve the last objective of the research.

The validation results were presented and detailed in the result section in Chapter Four.

3.8 SUMMARY

This chapter elaborates in detail on the methodology conducted throughout the research,
including the data processing and analysis as well as correlation approaches. The

method involved in the processing and analyzing of the twelve months of rain
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attenuation data was thoroughly presented. The step required in generating CDFs for C,
Ku, and Ka-band were also explained. The steps of determining the worst month were
also detailed. Several previous models of existing frequency scaling were also tested to
evaluate their performance efficiency. The regression analysis from the scaling ratio
was performed to acquire the best frequency scaling model deemed suitable for tropical-

equatorial regions.

The proposed frequency scaling technique was deployed to obtain potential rain
attenuation data of Ka, Q, and V-band. The scaled Ka-band data was validated with the
two sets of measured Ka-band data with changed years and another area in tropical
regions. The outcomes were compared with the frequency scaling model of the ITU-R.
The estimation of the V-band values from the proposed model was justified using
measured data from the Nigerian communication satellite, NigComSat. The accuracy
was compared with the one that has been tested with the ITU-R rain attenuation
prediction model. All results of the research are presented, analysed, and discussed in

detail in Chapter Four.
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CHAPTER FOUR

RESULT

4.1 INTRODUCTION

The research results are presented and discussed in this chapter. This is to fulfil all the
mentioned objectives. The results were obtained from the conducted methodologies, as
extensively explained in Chapter Three. The statistical analysis of the twelve-month
continuous data of rainfall rates and rain attenuation from January to December 2016 in
Cyberjaya was carried out. The findings on the rain attenuation data for the C, Ku and
Ka-band links were presented in first-order statistics format. The outcomes also include
the relationship between attenuation and rainfall intensity in tropical regions. The time
exceedance of each Cumulative Distribution Function (CDF) for C, Ku and Ka-bands
rain attenuation and rainfall rate data were depicted on a monthly and annual basis. The
CDF analysis is the most effective method to present one-year attenuation data. This is
very important in providing the best link margin for proper system operations as well
as service configuration. The CDF of the Ka-band rain attenuation was extrapolated for
the development of a new frequency scaling technique. The best extrapolation technique
with the smallest RMSE and the highest R-squared value was selected. An error analysis
was performed on the existing frequency scaling techniques for comparison purposes.
A new frequency scaling method was derived based on rain attenuation data in
Malaysia. The newly developed frequency scaling model was presented and discussed.
This is to determine a more accurate rain attenuation prediction method in tropical
regions. The proposed model was evaluated using the RMSE value and relative
percentage error. Acquiring the RMSE value is the right method for determining
whether the model will fit the available dataset for tropical regions. The essential

findings in this chapter consist of:

1. The statistical analysis of rain attenuation for C, Ku and Ka-bands in

tropical regions.
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2. The correlation between the rainfall rate and the measured rain
attenuation in developing a frequency scaling model for tropical regions.
3. The validation of the proposed model in determining a reliable technique

for estimating rain attenuation that is applicable in tropical regions.

4.2 DIURNAL TIME-SERIES ANALYSIS

This chapter presents the time-series plots for the rainfall rate and rain attenuation for
C, Ku and Ka-bands. It was noted that 160 rain events occurred in Cyberjaya throughout
the year 2016. Figure 4.1 displays an example of a time-series plot for rainfall intensity
and rain attenuations on the satellite-Earth link at the C, Ku and Ka-bands. The rain
attenuation data were obtained from the MEASAT databases on 20" May 2016. The
rainfall intensity measurements and the MEASAT satellite signal attenuation of the C,
Ku and Ka-band links are simultaneously represented in Figure 4.1. The peak of the
time-series graph represents the highest level of attenuation values, which are
concurrent with the highest values of rainfall rates. This was demonstrated by the Ku
and Ka-band rain attenuation graphs. The C-band rain attenuation plots indicate that the
C-band link is less likely influenced by rain. A good and definite correlation between

rain attenuation and the intensity of rainfall can be observed in the time-series plots.
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Figure 4.1 Time-Series Plots of Rainfall Intensity and Attenuation during Rainfall on
20" May 2016

Figure 4.2 shows another example of the time-series graph of rainfall rates
during rainfall registered on the 6" of February 2016. In the figure, the peak in the time-
series graph represents the heavy rainfall rate experienced on that day. The rain occurred
during the evening between 3.56 p.m. to 4.16 p.m. The heaviest rainfall rate was
detected at 4.12 p.m. where the value almost reached 90 mm/hr. There was light rainfall
during the late evening at approximately 7.14 p.m. where the rainfall rate was about 10
mm/hr. According to the rainfall rate recorded in Cyberjaya throughout the year 2016,
most of the downpours occurred in the evening. A rainfall intensity of more than 60
mm/hr is classified as convective rain or very heavy rain condition by the Department
of Irrigation and Drainage (DID), Malaysia. A rainfall rate of 10 mm/hr and below is
considered a light rain condition. The rainfall rates within the range of 11 mm/hr to 30

mm/hr and 30 mm/hr to 60 mm/hr are categorised as moderate and heavy rain events,

respectively.
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Figure 4.2 Time-Series for Rain Events on 6" February 2016

Figure 4.3 shows the C-band attenuation for the day in a time-series
presentation. The peak of attenuation was detected in the morning with an approximate
value of 1.2 dB. There was no rain spotted at that time. Attenuation may be due to clouds
or scintillation since rain is not the only factor that causes attenuation in the satellite-
Earth link. Based on Figure 4.4, the attenuation of the C-band varies from the value of
0.3 dB to 0.6 dB during rainfall. It is shown that rain has a limited effect on the C-band
link. It is also evident that the wavelength of C-band frequencies, which is 74.8 mm,
can tolerate rain in signal propagation. It is 10 to 50 times larger than a raindrop
diameter in tropical regions, varying from 1.2 mm to 7.0 mm. The observation indicates
that the C-band link is probably not significantly affected by the rain’s particle
scattering and absorption. The signal can pass through the rain by enduring relatively

small attenuation which can be considered negligible.
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Figure 4.3 Time-Series of C-Band Attenuation for the Entire Day of 6" February 2016
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Figure 4.4 Time-Series of C-Band Attenuation during Rainfall on 6™ February 2016

Figure 4.5 presents the time series of the Ku-band attenuation for the entire day.
The attenuation occurred from 3.55 p.m. to 4.16 p.m. From Figure 4.6, the highest
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attenuation level of the Ku-band link was 22.4 dB on the 6™ of February 2016. The
rainfall rate was registered during the first rainfall rate peak, which was 59 mm/hr, as
depicted in Figure 4.2. From Figure 4.6, it can be seen that the values of Ku-band
attenuation are 11.06 dB and 13.61 dB when experiencing rainfall intensity of 34.9
mm/hr and 80 mm/hr, respectively. The Ku-band link is considered to be more
susceptible to heavy rainfall compared to the C-band link since it has higher rain
attenuation values. When the value of 5 dB attenuation was considered, the Ku-band
link attenuation began at 3.54 p.m. and disappeared at 4.13 p.m., parallel to rain
occurrence at Cyberjaya. It was noted that the attenuation level of the Ku-band varies
from 0 to 1 dB during light rainfall or no recorded rainfall. If a 5 dB amount of
attenuation is considered a threshold in the Ku-band link system, the link outage should
be about 19 minutes. It was also noted that attenuation at the Ku-band link is quite
severe during heavy rainfall. The wavelength of the Ku-band signal is 24.5 mm. In areas
with heavy rain, rain droplets tend to become larger, leading to more induced
attenuation. The Ku-band signal was severely degraded by heavy rain since the signal

power was absorbed and the particles were scattered by the rain droplets.
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Figure 4.5 Time-Series of Ku-Band Attenuation for One Day (6" February 2016)
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Figure 4.6 Time-Series of Ku-Band Attenuation during Rainfall on 6" February 2016

The peak of the Ka-band rain attenuation time-series graph denotes the highest
attenuation value recorded on that day. Figure 4.7 shows the time-series plots of the Ka-
band rain attenuation during rainy conditions. From the figure, the highest rain
attenuation value noticed on that day was 32 dB. Since the time was unavailable, it was
estimated at approximately 20 minutes when the value of 5 dB attenuation was
considered as a threshold for the Ka-band link. The attenuation amounts fluctuate from
21 dB to 33 dB during rainfall. This indicates that the Ka-band link suffers a much more
severe rain attenuation effect compared to the Ku-band link for the same rain conditions.
In contrast to the Ku-band, the Ka-band link also seems to suffer from high attenuation
during both light and heavy rainfall. The wavelength of the Ka-band frequency is 14.8
mm, which is 5 times shorter than the C-band and almost half the value of the Ku-band’s
wavelength. It was noted that the Ka-band frequencies are very sensitive to rain. Their
shorter wavelength is close to the raindrop size, allowing the signal strength to be easily

absorbed and scattered by the rain droplets.
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Figure 4.7 Rain Attenuation Time-Series of Ka-band on 6" February 2016

The maximum attenuation value of the Ka-band link was a cause for concern.
The high values of Ka-band attenuation encountered saturation. This was capped at 33
dB due to the limitation of the receiver’s sensitivity. Higher attenuation values of more
than 33 dB (>33dB) cannot be identified. Figure 4.8 presents a different time series
where the rain attenuation peak of the Ka-band was capped at about 9 minutes. Figure
4.8 clearly shows that the attenuation value of the Ka-band link was saturated at 33 dB.
The actual highest value of attenuation on that day cannot be determined. Extrapolation
techniques must be performed to solve this problem. This issue is extensively discussed
in Section 4.2.2.5.
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Figure 4.8 Time-Series of Rainfall on 4™ January 2016

4.2.1 Monthly Analysis

The various time series of rainfall, as well as rain attenuation, were generated into the

monthly CDF for twelve consecutive months.

4.2.1.1 Rainfall Rate

The CDF of rain intensity for the year 2016 was examined. Equatorial regions
endure far more precipitation values than what is experienced by temperate regions.

High precipitation conditions significantly influence Earth-space propagation,
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particularly at frequencies above 10 GHz. This leads to relentless link impairment due
to rain. Determining an accurate rain rate at the desired probability is critical in
predicting reliable rain attenuation values. The local measured rain rate at 0.01% of time
exceedance was applied as an input parameter to predict rain attenuation while adhering
to the ITU-R P.618-13 recommendation.

Figure 4.9 presents the monthly CDF of the recorded rainfall rate acquired from
the rain sensor. From the figure, November experienced the heaviest rainfall intensity,
followed by March, May and January at 0.1% of time exceedance with values of 80
mm/hr, 67 mm/hr, 67 mm/hr and 60 mm/hr, respectively. From the monthly statistics,
September experienced the least rainfall rates with a value of only 10 mm/hr at the same
time exceedance. At 0.01% of time exceedance, November and March experienced
rainfall rates of 122 mm/hr. The month of May underwent 109 mm/hr of rain intensity,
and January suffered 106 mm/hr of rain condition. Throughout the year 2016, June
experienced the least rainfall rate with a value of 64 mm/hr at the same time exceedance.
It was observed that the average, rain intensity is higher in January, March, May and
November. The rain distribution in Malaysia is typically affected by two main monsoon
seasons; the southwest monsoon and the northeast monsoon. The southwest monsoon
occurs in the months of May, June, July, August and September. The northeast monsoon

occurs in November, December, January, February and March.
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Figure 4.9 Monthly Rain Intensity of Time Exceedance in 2016

Table 4.1 lists the total precipitation values recorded at Cyberjaya with the
number of rainy days. The month of November suffered the highest total precipitation
followed by May, March and December with values of 276.10 mm, 201.45 mm, 190.19
mm and 131.40 mm, respectively. This is because March, November and December
were affected by the northeast monsoon that struck peninsular Malaysia. The heavy rain
that occurred in May was influenced by the southwest monsoon. The month of
September experienced the lowest rainfall rate with a value of 30.58 mm, and it had the
fewest number of rainy days. The maximum rainfall rate and the highest total monthly
rainfall were detected in November 2016 with a value of 140 mm/hr and 276.1 mm,

respectively. The lowest rainfall rate of that year occurred in April with a value of 78
mm/hr.
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Table 4.1 Total Precipitations in Cyberjaya for the Year 2016

Months Millimetres (mm) | No. of Rainy | Maximum rainfall rate
Days (mm/hr)
January 124.60 6 118.00
February 61.05 3 89.80
March 190.19 8 126.70
April 50.41 4 78.30
May 201.45 8 115.40
June 78.26 4 102.60
July 100.83 4 97.00
August 58.97 4 97.40
September 30.58 2 90.60
October 59.27 3 122.80
November 276.10 9 140.20
December 131.40 5 92.80
The year 2016 1363.18 60 140.20

4.2.1.2 Rain Attenuation

The CDFs of C, Ku and Ka-bands rain attenuation from Cyberjaya were plotted for each

month. In each frequency band, the monthly CDFs for twelve consecutive months were

grouped to present a one-year observation.
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4.2.1.2.1 Rain Attenuation at the C-band

Figure 4.10 shows the monthly distribution of C-band attenuation in 2016. The value of
attenuation is below 2 dB for all percentages of time exceedance. The highest rain
attenuations measured at time exceedance of 0.01% and 0.001% are 1.2 dB and 1.6 dB,
respectively. These instances were detected in January 2016. The lowest rain
attenuations at time exceedance of 0.01% and 0.001% were recorded in September 2016
with 0.1 dB and 0.3 dB, respectively. The C-band link impairment due to rain was
insignificant and therefore the resulting attenuation can be considered negligible. Table

4.2 presents the rainfall rate at 0.01% time exceedance for each month for the C-band
rain attenuation.
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Figure 4.10 Monthly Distribution of the C-band Rain Attenuation at Cyberjaya in
2016
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Table 4.2 Rainfall Rate at 0.01% of Time Exceedance for C-band Rain Attenuation at

0.1%, 0.3%, 0.01% and 0.03% of Time Exceedance

Month Rainfall rate, Attenuation (dB)
Ro.019% (mm/hr) | 0.01 % 0.03 % 0.1% 0.3%

Jan 105 1.2 0.9 0.1 0.1
Feb 81 0.7 0.4 0.1 0.1
Mar 118 0.8 0.7 0.5 0.1
Apr 64 0.7 0.2 0.1 0.1
May 109 0.7 0.6 0.1 0.1
June 67 0.8 0.6 0.1 0.1
Jul 86 0.8 0.4 0.1 0.1
Aug 73 0.6 0.4 0.1 0.1
Sep 75 0.1 0.1 0.1 0.1
Oct 84 1 0.8 0.4 0.1
Nov 120 1.1 0.8 0.1 0.1
Dec 82 0.8 0.6 0.1 0.1

4.2.1.2.2 Rain Attenuation at the Ku-band

The monthly statistics for Malaysia were compiled accordingly. From the monthly CDF
graph of rain attenuation for the Ku-band, as shown in Figure 4.11, the month of May
experienced the highest attenuation values of 18 dB, 42 dB and 46 dB at 0.1%, 0.01%
and 0.001% of the time exceedance, respectively. May is one of the months with a
higher value of total rainfall rate and the number of rainy days in the year 2016.
September has the lowest attenuation values of 1 dB, 10 dB and 14 dB at 0.1%, 0.01%
and 0.001% of time exceedance, respectively. This is because September experienced
the least rainy days throughout the year. Even though December is one of the months

which experienced high total rainfall in the year, it did not have the highest value of Ku-
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band rain attenuation at any percentage of time exceedance due to the low amount of
rainfall intensity at 0.1% and 0.01% of time exceedance. The maximum rainfall rate
detected in that month was also small, only 92 mm/hr. The results demonstrate the
principle that attenuation differs from the variation of rainfall characteristics, which

includes the intensity, duration, total amount and frequency of rainfall.
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Figure 4.11 Monthly Distribution of the Ku-band Rain Attenuation at Cyberjaya in
2016

Table 4.3 presents the monthly rainfall rate at 0.01% of time exceedance for rain
attenuation of the Ku-band at 0.1%, 0.3%, 0.01% and 0.03% of time exceedance. From
the table, it can be seen that attenuation becomes higher than the value of 30 dB when
the rainfall rate increases, approaching a value of more than 100 mm/hr. It was noted

that attenuation becomes higher as the rainfall rate increases, but the severity of rain
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attenuation is not limited to the rain attenuation value at 0.01% of time exceedance,
Ro.o1. Table 4.3 displays the Ku-band rain attenuation at 0.1%, 0.3%, 0.01% and 0.03%
of time exceedance with the rainfall rate at 0.01% of time exceedance. As shown in
Table 4.3, only the month of September experienced small rain attenuation of less than
10 dB at 0.1%, 0.3%, 0.01% and 0.03% of time exceedance. The rest of the months
experienced a considerably high value of rain attenuation which is more than 10 dB at

0.01% and 0.03% of time exceedance.

Table 4.3 Rainfall Rate at 0.01% of Time Exceedance with Ku-band Rain Attenuation
at 0.1%, 0.3%, 0.01% and 0.03% of Time Exceedance

Month Rainfall rate, Attenuation (dB)
Ro.019 (mm/hr) | 0.01 % 0.03 % 0.1% 0.3%

Jan 105 41 33 10 1
Feb 81 15 12 5 1
Mar 118 32 27 14 5
Apr 64 14 11 5 1
May 109 42 37 18 8
Jun 67 28 21 9 1
Jul 86 22 14 9 1
Aug 73 16 11 4 1
Sep 75 10 8 2 1
Oct 84 20 14 4 1
Nov 120 36 25 17 7
Dec 82 18 13 6 1

Figure 4.12 presents a bar chart of rain fades at the selected thresholds of 5, 10,
15, 20, 25, 30, 35 and 40 dB monthly exceedance in the year 2016. From the figure, the
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attenuation level of 5 dB and 10 dB were constantly detected for each month. This
indicates that 5 dB and 10 dB attenuation were not influenced by the monthly variation.
The 40 dB level was detected in January, May and November since those months
endured heavy rainfall. Severe fading can be seen in May. Each year, the monsoon
winds hit Peninsular Malaysia, particularly Cyberjaya, in January, March and May as
well as in November and December since heavy rainfall was detected during that period.

The attenuation amounts in these months were the highest compared to the other

months.
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Figure 4.12 Histogram of Certain Attenuation Thresholds and Monthly Time

Exceedance

The lowest point of selected attenuation values over a year is extensively
presented to highlight the severity of rain attenuation suffered by tropical regions. The
results in Figure 4.13 represent the probability of exceeding a specific threshold of a

particular attenuation level statistics. The probability of the highest attenuation level
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was detected in May. The presence of the ‘worst month” of attenuation was verified by
the probability that the attenuation level will exceed 45 dB. The month of May
experienced the highest probability of high attenuation levels. The attenuation level
with the lowest value was observed in September. The month of September had very
limited rain-induced attenuation where the probability of attenuation levels exceeding
5dB and 10 dB are 0.05% and 0.01%, respectively.
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Figure 4.13 The Probability of Specific Rain Attenuation Thresholds at the Ku-band
Link

4.2.1.2.3 Rain Attenuation at the Ka-band

The recorded attenuation data of the Ka-band were compiled on a monthly basis. Figure
4.14 portrays the CDF for the measured beacon signal of the Ka-band for each month.

January, May and March experienced the highest rain attenuation values for the time
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exceedance of 0.1% (which is 32 dB), followed by April with an attenuation value of
30 dB. These months experienced higher rainfall intensity. However, the rain
attenuation for time exceedance of 0.01% could not be obtained since the graph shows
saturation at the value of 33 dB. September experienced the lowest attenuation value
for the time exceedance of 0.1% and 0.01% with attenuation values of 12 dB and 22
dB, respectively. Table 4.4 presents the rain attenuation for the Ka-band at 0.1%, 0.3%,
0.01% and 0.03% of time exceedance with a rainfall rate of 0.01% of time exceedance
for each month. The NA value in the table refers to “Not Available” since no data was

available at that percentage of time exceedance.
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Figure 4.14 Monthly Distribution of Rain Attenuation of Ka-band at Cyberjaya in
2016
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Table 4.4 Rainfall Rate at 0.01% of Time Exceedance with Ka-band Rain Attenuation
at 0.1%, 0.3%, 0.01% and 0.03% of Time Exceedance

Month Rainfall rate, Attenuation (dB)
Ro.019% (mm/hr) | 0.01 % 0.03 % 0.1% 0.3%

Jan 105 NA 33 32 16
Feb 81 NA 29 14 3
Mar 118 NA NA 32 12
Apr 64 NA NA 30 8
May 109 NA NA 32 19
Jun 67 NA NA 16 6
Jul 86 NA 31 25 8
Aug 73 NA 31 13 3
Sep 75 22 20 12 4
Oct 84 NA 33 16 4
Nov 120 NA 33 29 14
Dec 82 NA 29 19 9

Figure 4.15 represents a bar chart of rain fades at the selected thresholds of 5,
10, 20, 25,30 and 33 dB of monthly exceedance for each month, from January 2016 to
December 2016. The attenuation levels of 5, 10, 15 and 20 dB can be noticed for each
month. All months experienced attenuation levels of up to 25 dB and 30 dB, except for
the month of September. From the figure, May is the dominant month that endured the
most severe fading in the year 2016. September had fewer detected fading instances

throughout the year.
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Figure 4.15 Histogram of A Specific Threshold of Attenuation is Exceeded Monthly
at the Ka-band Link

It was noted in Figure 4.16 that the probability of the highest attenuation levels
was detected in March. March experienced the highest probability of attenuation
amounts of 33 dB and was denoted as the ‘worst month’ for Ka-band rain attenuation.
The attenuation level with the lowest value was apparent in September. September can

be described as the ‘best month’ since the attenuation level at 30 dB was not detected.
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Ka-band Link

4.2.2 Annual Analysis

The monthly CDF for twelve consecutive months of rainfall rate and rain attenuation
were then compiled to produce an annual CDF. The annual CDF represents one-year

observation data.

4.2.2.1 Rainfall Rate

The annual CDF of rainfall rate for the year 2016 was analysed. Figure 4.17 presents
the CDF for the year 2016. For annual analysis, 0.1% and 0.01% of time exceedance of
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rainfall rates at Cyberjaya was 50 mm/hr and 103 mm/hr, respectively. The typical
average annual precipitation at Cyberjaya is 1493.0 mm, based on weather reports of
rain collected from 2005 to 2015 at Sultan Abdul Aziz Shah-Subang, which is 26
kilometres from Cyberjaya (Timeanddate, 2022). The total rainfall amount observed in
2016 was only 1363.18 mm. The rainfall amount in the year 2016 can be considered
slightly low compared to other years. It was recorded that only 60 out of 365 days
experienced rain in the year 2016. Compared to other regions in tropical areas, the
rainfall rate at 0.01 % of time exceedance recorded in Singapore and Thailand was 106
mm/hr and 100 mm/hr respectively is very close to the one recorded in Cyberjaya (Yeo
et al.,2014; Singh & Saleh, 2021).

g 50, 0.1
- 0.1
[S)
©
2
bt 80, 0.03
(8]
u>j \
QE) 0.01 103, 0.01
=
117, 0.003
0.001 —

0 10 20 30 40 50 60 70 80 90 100 110 120 130

Rainfall rate (mm/hr)

Figure 4.17 Annual CDF of Rain Intensity for 2016 in Cyberjaya
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4.2.2.2 Rain Attenuation at the C-band

The annual CDF of rain attenuation for the C-band in the year 2016 is plotted in Figure
4.18. The annual rain attenuations at time exceedance of 0.01% and 0.001% are 0.8 dB
and 1.2 dB, respectively. The attenuation value of 1.2 dB can be considered low

attenuation in tropical regions.
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Figure 4.18 Annual CDF of C-band Rain Attenuation for 2016 in Cyberjaya

The measured C-band rain attenuation and rainfall rate in Cyberjaya were
correlated in a graph by equalising the time exceedance of rainfall rate and rain
attenuation. The correlation graph is shown in Figure 4.19. It was noted that the C-band
rain attenuation begins to increase when the rainfall rate is higher than 60 mm/hr.

Attenuations are considerably low (less than 1 dB) for rainfall rates below 112 mm/hr.
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As rainfall rates approach 123 mm/hr, the C-band link experiences a value of 1.2 dB

rain attenuation.
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Figure 4.19 C-band Rain Attenuation Correlated to Rainfall Rate in Cyberjaya’s Rain
Gauge

From the annual CDF, the rain attenuation at 0.01%, 0.03%, 0.1% and 0.3% of
time exceedance means that the rain-induced attenuation would exceed 0.01%, 0.03%,
0.1% and 0.3% of the time for that particular year. In the year 2016, the duration is
about 52.6 minutes, 157.7 minutes, 525.6 minutes and 1576.8 minutes, respectively.
From Table 4.5, it was noticed that 0.6 dB and 0.8 dB of losses of C-band occurred at

0.03% and 0.01% of time exceedance, accordingly.
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Table 4.5 Annual Rainfall Rate and Annual Rain Attenuation of the C-band at 0.1%,
0.3%, 0.01% and 0.03% of Time Exceedance

Time Exceedance (%0)
Annual CDF
0.3 0.1 0.03 0.01
Rainfall rate (mm/hr) 13 50 80 103
C-band (dB) NA NA 0.6 0.8

4.2.2.3 Rain Attenuation at the Ku-band

From the annual CDF of the Ku-band, the Ku-band attenuation is 8 dB at a time
exceedance of 0.1%, as shown in Figure 4.20. The annual rain attenuation values of the
Ku-band at 0.01% and 0.001% of unavailability links were 30 dB and 41 dB,
respectively. The attenuation amount of 30 dB detected in the Ku-band link was higher
than at the C-band link. It strengthens the literature that rain attenuation in tropical

regions is acute at a frequency above 10 GHz.
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Figure 4.20 Annual CDF of Ku-band Rain Attenuation for 2016 in Cyberjaya

Table 4.6 lists the annual rainfall rate and annual rain attenuation of the Ku-band
at 0.1%, 0.3%, 0.01% and 0.03% of time exceedance. From Table 4.6, it can be seen
that the Ku-band link experienced attenuation values of 8 dB, 17 dB and 30 dB,
occurring at 0.1%, 0.03% and 0.01% of time exceedance, respectively.

Table 4.6 Annual Rainfall Rate and Annual Rain Attenuation of the Ku-band at 0.1%,
0.3%, 0.01% and 0.03% of Time Exceedance

Time Exceedance (%0)
Annual CDF
0.3 0.1 0.03 0.01
Rainfall rate (mm/hr) 13 50 80 103
Ku-band (dB) 0 8 17 30
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Figure 4.21 displays the rain attenuation of the Ku-band which increases almost
proportionally with the rainfall rate. It can be seen that rain attenuation became higher
as the rainfall rate intensified. Attenuation can reach up to 43 dB at a rainfall rate of

more than 120 mm/hr.
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Figure 4.21 Ku-band Rain Attenuation Correlated to Rainfall Rate in Cyberjaya’s
Rain Gauge

Yaacop (2016) modified the ITU-R model with the implementation of local
parameters (the rain height and specific coefficients) which offered a similar rain
attenuation value as the current study. According to Yaacop (2016), the rain attenuation
values for the Ku-band at 99.9% and 99.99% of link availability are 12.58 dB and 24.16
dB, respectively.
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4.2.2.4 Rain Attenuation at the Ka-band

The annual CDF of Ka-band rain attenuation is portrayed in Figure 4.22. The cumulated
rain-induced attenuation for one year at 0.1% of time exceedance was 25 dB. No
attenuation was captured for 0.01% and 0.001% of time exceedance. The graph
indicates that the data-saturated at 0.05% of time exceedance when rain attenuation

values exceeded 33 dB.
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Figure 4.22 Annual CDF of Ka-band Rain Attenuation for 2016 in Cyberjaya

Figure 4.23 demonstrates how the Ka-band rain attenuation correlates to the
rainfall rate. Ka-band rain attenuation uniformly increases with the rainfall rate. It was
noted that rain attenuation consistently increases as the rainfall rate intensifies. Rain
attenuation can only be correlated to the rainfall rate of 68 mm/hr due to the receiver’s

level saturation. The rain attenuation of the Ka-band at a higher rainfall rate value can
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be extrapolated by using the trendline technique. Table 4.7 lists the attenuation value of
the Ka-band at 0.1%, 0.3%, 0.01% and 0.03% of time exceedance.
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Figure 4.23 Ka-band Rain Attenuation Correlated to Rainfall Rate in Cyberjaya’s Rain
Gauge

Table 4.7 Annual Rainfall Rate and Annual Rain Attenuation of Ka-band at 0.1%, 0.3%,
0.01% and 0.03% of Time Exceedance

Time Exceedance (%)
Annual CDF
0.3 0.1 0.03 0.01
Rainfall rate (mm/hr) 13 50 80 103
Ka-band (dB) 9 25 NA NA
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4.2.2.5 Extrapolation of Rain Attenuation at the Ka-band

All extrapolation models performed in Chapter Three were plotted in Figures 4.24-4.28.
The extrapolation results were compared with the measured value of the annual Ka-
band rain attenuation.
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Figure 4.24 Measured Plotted Values with Linear Extrapolation Model
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Figure 4.25 Measured Plotted Values with First-Order Power Law Extrapolation
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Figure 4.26 Measured Plotted Values with Second-Order Power Law Extrapolation
Model
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Figure 4.27 Measured Plotted Values with Second-Degree Polynomial Extrapolation
Model
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Figure 4.28 Measured Plotted Values with Ahmad’s (2019) Extrapolation Model
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All extrapolation models were evaluated using four evaluation methods: R-

squared, Correlation, Root Means Square Error (RMSE) and percentage of error, as

shown in Table 4.8. RMSE and relative error analyses are the predictive capabilities of

the models suggested by (P.311-13, 2009). The second-degree polynomial model was

selected for the Ka-band data extrapolation since the model offers a small value of
RMSE (0.62).

Table 4.8 Summary of Techniques Used to Determine the Best Extrapolation Graph
for Extended Ka-band

Second- Second-
First-Order | Order Power Degree
Linear Power Law Law Polynomial Ahmad’s
Model Extrapolation | Extrapolation | Extrapolation | extrapolation | Extrapolation
Correlation 0.998 0.997 0.998 0.998 0.978
R-squared 0.997 0.994 0.997 0.997 0.956
RMSE 0.63 0.90 0.63 0.62 4.97

After applying the second-degree polynomial model to extrapolate the annual
CDF of Ka-band rain attenuation, the attenuation values obtained at 0.01% and 0.001%

of time exceedance are 47 dB and 56 dB, respectively. Table 4.9 displays the summation

of attenuation results by comparing the extrapolation data with a previous model,
Ahmad (2019) and ITU-R 618-13. From Table 4.9, at all percentages of time

exceedance, it was noted that Ahmad suggested higher values while the ITU-R model

recommended lower values.
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Table 4.9 Comparison of Measured Rain Attenuation at 0.1%, 0.01% and 0.001% of
Time Exceedance with Ahmad’s (2019) Model and ITU-R 618-13 (2017)

Time Ka-band with Ahmad prediction ITU-R 618-13

Exceedance extrapolation data model with revised prediction

(%) (dB) specific attenuation | attenuation (dB)
(dB)

0.1 25 28 22

0.01 47 53 43

0.001 56 66 55

From Figure 4.29, it can be seen that the Ka-band rain attenuation uniformly

increases with the rainfall rate, starting from the lower rainfall rate. It was observed that

rain attenuation evenly increases as the rainfall rate rises. Attenuation can reach up to

56 dB at a rainfall rate of more than 120 mm/hr. The limitation of the Ka-band receiver’s

sensitivity can be countered by employing a larger-sized antenna (Kalai, 2020). To

operate the Ka-band at 99.99% of link availability in tropical regions, the considered

fade margin values are approximately 45 dB and 55 dB for Ro.010%, equal to 103 mm/hr

and 194 mm/hr, respectively.
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Figure 4.29 Extrapolated Ka-band Rain Attenuation Correlated to Rainfall Rate in
Cyberjaya’s Rain Gauge

Renju (2021) noted that the significant factor that affects Ka-band attenuation is
raindrop size. Intense convective rain causes higher rain attenuation within the range of
10 dB to 30 dB. The light stratiform rain can attenuate the signal below 12 dB in tropical

regions.

4.3 DETERMINATION OF FADE MARGIN

This section provides the results that accomplish the first objective of the study. An
exceedance at a specific point or link availability can be determined from the annual
CDF. The rain attenuation values attained at the desired link performance can be implied
as the system fade margin. The CDF provides information on the required estimation of
rain attenuation margins for given link reliability. It is typically conveyed in percentage

and represents the given link reliability expressed in minutes per year. Figures 4.30 to
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4.33 display the annual CDFs of rain attenuation for the C, Ku and Ka-bands at 0.10%,
0.30%, 0.01% and 0.03% of time exceedance.
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Figure 4.31 Annual CDF of Ku-band Rain Attenuation
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Figure 4.33 Annual CDF of Extrapolated Ka-band Rain Attenuation

The satellite link’s quality of service (QoS) can be determined from the time
exceedance plots. Service availability is measured in the percentage of availability per

year. It is a network-related parameter that measures the performance of a service for a
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particular application. It is defined as the ability of the service provider to efficiently
deliver to the customer its required function over a given period. The minimum
requirements of link availability to achieve QoS for communication and broadcasting
services are 99.90% and 99.99% according to the Malaysian Communications and
Multimedia Commission (MCMC) and the ITU-R G.1028, respectively (MCMC, 2022)

The fade margins for C, Ku and Ka-band links that operate at 99.70%, 99.90%,
99.97% and 99.99% of link availability in 2016 are listed in Table 4.10. It is clear that
attenuation at 0.1%, 0.3%, 0.01% and 0.03% of link unavailability increases as
frequency increases. Higher frequencies are more susceptible to rainfall, degrading the
performance of link signal availability. The best QoS for delivering the expected
broadcasting service is 99.99% link availability corresponding to attenuation at 0.01%
of time exceedance. The required fade margins to enable system performance of Ku and
Ka-band links and achieve the required level are 30 Db and 47 Db, respectively. The
margin values of 8 Db and 25 Db are required for Ku and Ka-band to achieve the

suggested QoS standard for communication services, respectively.

Table 4.10 Fade Margins for C, Ku and Ka-Band Links Operating at 99.70%, 99.90%,
99.97% and 99.99% in 2016

Link Time Attenuation (dB)
Availability | Exceedance
(%) (%)
C-band Ku-band Ka-band Extrapolated
Ka-band
99.70 0.3 NA 0 9 9
99.90 0.1 NA 8 25 25
99.97 0.03 0.6 17 NA 38
99.99 0.01 0.8 30 NA 47
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Satellites operating at frequencies above 10 GHz are generally vulnerable to
rain-induced attenuation and will therefore require a measurement approach to improve
design parameters. The fade margin value obtained from the time exceedance plot is
important in satellite-Earth link systems that target cost-efficiency, including the
implementation of suitable antenna size as well as power consumption at the receiver.
It was noticed that high fade margins of 30 dB and 17 dB (more than 10 dB) are required
to enable the Ku-band to achieve 99.99% and 99.97% link availability, respectively.
The fade margin required for the Ka-band link is larger than the Ku-band for any
percentage of link availability. From Figure 4.33, it can be seen that an approximately
38 dB fade margin would have been required at 0.03% link outage corresponding to 2.6
hours per year. This is equivalent to 99.97% link availability in the year 2016. It was
also noted that the fade margins of 25 dB and 9 dB would have been needed for outages
of 8.7 hours (0.1% of time exceedance) and 26.3 hours (0.3% of time exceedance),
respectively. The high-quality link has been characterised by the national telephone

system as the link with only one-hour outage per year (Ismail, 2001).

4.4 COMPARISON WITH ITU-R

Figures 4.34 and 4.35 present a CDF comparison of the predicted and measured values
of rainfall measurements and rain attenuation, respectively. The rain rate prediction
model by ITU-R overpredicts the rainfall rate time at time exceedance of more than
0.2% and less than 0.02%. The ITU-R model underpredicts the rainfall rate value even
at 0.1% of time exceedance. The ITU-R proposes a value of 40 mm/hr, whereas the
measured value is 51 mm/hr. The ITU-R model underpredicts the measured rainfall rate
values within the range of 0.2% < time exceedance < 0.03%. The measured rainfall rate
is still higher than the predicted rain value by ITU-R (P.837-6 2012). The proposed
rainfall rate by ITU-R for Malaysia is 100 mm/hr, which can be considered inaccurate
and impractical since the point of rainfall measurement is unique for each location.

Rainfall rate varies with climate and location. Marzuki (2020) tested the ITU-R rain
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prediction model 837-7 for various areas throughout Indonesia, such as Kototabang,
Padang, Sicincin, Pontianak and Bandung. The ITU-R tested in Cyberjaya produced a
similar result to the ITU-R tested in Padang. Both Padang and Cyberjaya are tropical
areas that experience annual precipitation of 1868.1 mm and 1493.0 mm, respectively.
It is important to use precise rainfall rates in predicting rain attenuation in a particular
area. In the year 2016, the rainfall rate at 0.01% of time exceedance, the Ro.01 obtained
at Cyberjaya was 103 mm/hr, while at Puncak Niaga, it was about 136 mm/hr (Ahmad
2019). Tropical regions experienced a combination of stratiform and convective rain
types throughout the year. This can be the factor that limits the ITU-R’s accuracy in
predicting rain attenuation since it uses only a single rainfall rate at 0.01% of time

exceedance (Ro.o1 value) for producing an annual CDF.
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Figure 4.34 Annual CDF of the Measured Rain Rate Value in 2016 compared to ITU-
R 837-7 Rainfall Prediction
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From the rain attenuation, the ITU-R prediction model overpredicts the attenuation

values for the time exceedance of more than 0.2% and underpredicts the attenuation for

the time exceedance of less than 0.2%. It can be seen that no consistency is present in

the ITU-R prediction model. The exact parameters that influence rainfall intensity in

tropical regions must be extensively examined. The ITU-R prediction model to be used

for tropical regions must be meticulously developed based on the tropical climate data.

This is critical in predicting rain attenuation in areas that suffer frequent heavy rainfall

as well as various types of rainfall throughout the year.
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4.5 WORST MONTH ANALYSIS

The worst month analysis for rainfall and rain attenuation conducted in the previous
chapter is discussed in this section. From Figure 4.36, the worst month for the rainfall

rate at Cyberjaya in the year 2016 was identified as November with a rainfall rate of
120 mm/hr.
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Figure 4.36 The Probability of a Specific Threshold of Rainfall Rate Exceeded for the
year 2016 at Cyberjaya

151



The values for Q1 and B parameters, as mentioned by the ITU-R P.841-6, for tropical
climate areas with frequent rain are 2.82 and 0.15, respectively. The recommended
values of Q:=2.85 and 3 = 0.13 are for global planning purposes or terrestrial or slant
path rain attenuation propagation. From the table of ITU-R P.841-6, in tropical regions
section, the provided coefficient values of Q1 and 3 were adapted from a test involving
the rain effect on terrestrial microwaves conducted in Indonesia. ITU-R has
recommended that the values of  and Q1 should be 0.22 and 1.7, respectively, for
determining the worst month analysis for rain attenuation effect on terrestrial
propagation links in Indonesia. There is no available value for the slant-path rain
attenuation propagation effect in tropical regions. The annual CDF of rainfall intensity
and the worst month analysis were obtained from the measured data and then plotted in
Figure 4.37. ITU-R’s predicted worst month was determined and plotted in the same

figure for comparison.
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Figure 4.37 Annual and Worst Month Rain Rate Exceedance Curve
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The variable Q represents the ratio of time exceedances between the average
year and the average worst month and was derived from the measured data. The ratio
can be extracted from a regression fit, as shown in Figure 4.38. Figure 4.38 presents the
ratio of time exceedance between the annual rainfall rate and the average worst month
at probabilities of 0.001% up to 1% of time exceedance. The ratio of time exceedance
between the annual rain attenuation at Ku-band compared to the average worst month
at the same probabilities is portrayed in Figure 4.39. As can be noticed from both
figures, the values for the regression parameters of Qi1 and 3 were derived from the
measured data by applying a trendline or the least square method of the power law
equation. The values of the obtained parameters Q1 and 3 for the slant path rain effect
as well as for the rain rate propagation in tropical climate regions are presented in Table
4.11. From the analysis, the worst month for the Ku-band slant path at Cyberjaya in the
year 2016 is the month of May, as shown in Figure 4.13.
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The proposed values of Q1 = 1.85 and 3 = 0.18 were applied for rain attenuation
at the Ku-band slant path link. The Q1 = 1.67 and B = 0.22 values were suggested for
the rain rate. From the measured data, the rain-induced attenuation and CDF of the Ku-
band for a year and the worst month analysis were obtained and plotted in Figure 4.40.
Figure 4.40 displays the identified worst month graph for Ku-band rain attenuation
compared to the annual rain attenuation, and the worst month graph proposed by ITU-
R for the terrestrial links in Indonesia, as well as the recommended ITU-R for general
purposes. It was noticed that there is a slight difference in the attenuation value at 0.1%
of time exceedance when compared to ITU-R. The new parameter values of Q1 and
acquired during this research are similar to those recommended in previous research.
These parameters can be used to attain a better estimation of any slant path rain

attenuation for the worst month statistics in tropical regions.
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Figure 4.40 Worst Month Model Comparison of Ku-band Rain Attenuation

Table 4.11 summarises the Q1 and B values at Cyberjaya and other tropical
locations in comparison to the ITU-R values. The measured values of Q1 and 3 for
Cyberjaya are similar to the values proposed by ITU-R for Indonesia. This is probably
because Indonesia and Malaysia are located in the same tropical and equatorial regions.
The Q factor depends on the climate, thus different climate regions will have different
Q factors. The values of Q| =2.59 and § = 0.07 were proposed for rain attenuation at
the Ka-band slant path link in tropical regions. The values can be observed in Figure
4.41.
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Table 4.11 Measured Values and Proposed Values for Q1 and  in Tropical Regions

for Slant Path and Rain Rate Propagation

Source Propagation Type Location Q1 B

ITU-R P.841-6 General Purpose Tropical regions 2.85 0.13

Drudola (2017) Rain rate Nigeria 1.06 0.37

Ismail (2016) Rain Attenuation Johor Bahru, 1.69 0.22
at Ku-band Malaysia

Marzuki (2016) Rain rate Indonesia 1.39 0.24

Mandeep (2008) Rain Attenuation Malaysia 1.7 0.10
at Ku-band

Ting & Mandeep | Rain Attenuation | Penang, Malaysia 1.68 0.07

(2014) at Ku-band

Islam et.al, (2003) | Rain Attenuation | Johor, Malaysia 0.95, 0.3,0.32
at Ku-band, Ka- 0.91
band

Yagasena (2000) | Rain Attenuation | Perak, Malaysia 1.39 0.30
at Ku-band, Ka-
band

Yagasena (2000) | Rain rate Perak, Malaysia 1.40 0.29

Measured Rain rate Cyberjaya, 1.67 0.21

Malaysia

Measured Rain Attenuation Cyberjaya, 1.85 0.18
at Ku-band Malaysia

Measured Rain Attenuation Cyberjaya, 2.59 0.07
at Ka-band Malaysia
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Figure 4.41 Q as a Function of Annual Rain Attenuation at Ka-band Exceedance
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The annual and worst month analyses of rain attenuation for the Ka-band link in
Malaysia are presented in Figure 4.42. The figure also provides a comparison with the
ITU-R model for general purposes. The worst-month statistics of rainfall rate and rain
attenuation are very beneficial in offering high-quality communication networks. The
degradation of the signal at the satellite link is expected to be higher during the worst
month due to the maximum occurrence of rain events. The worst month analysis in
tropical regions can be assumed to have a less critical impact compared to that in
temperate regions. Tropical regions experience heavy rain throughout the year and this

is not exclusively influenced by a specific month or a particular season.
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Figure 4.42 Worst Month Model Comparison of Ku-band Rain Attenuation

4.6 FREQUENCY SCALING

Several existing statistical frequency scaling techniques have been tested using the

acquired rain attenuation information. This section presents the results.

4.6.1 ITU-R 618-13 Frequency Scaling

The ITU-R 618-13 has proposed a frequency scaling model in equations (2.30) — (2.32).
Figure 4.43 presents the results of ITU-R 618-13 frequency scaling rain attenuation

prediction. By applying the frequency scaling model proposed by ITU-R, the following
occurred:
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I.  For pairs fo/fi of Ku-band/C-band and Ka-band/C-band, ITU-R
underpredicted the measured value of rain attenuation at all percentages
of time exceedance.

ii. For pairs f2/f1 of Ka-band/Ku-band, ITU-R underpredicted the value of

rain attenuation at a time exceedance of more than 0.1% and

overpredicted the value of rain attenuation at a time exceedance of less
than 0.07%.
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Figure 4.43 ITU-R 618-13 Frequency Scaling
4.6.2 Hodge

Hodge proposed a frequency scaling technique that can be expressed as equation (2.34).
The constants a and b were derived from the specific attenuation-rain rate relationships

provided in equation (2.35). The results of Hodge’s frequency scaling rain attenuation
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prediction model are shown in Figure 4.44. By applying the frequency scaling model
proposed by Hodge, the following can be seen:

I. For pairs fo/f, of Ku-band/C-band, the Hodge model overpredicted the
measured value of rain attenuation at less than 0.07% of time
exceedance.

ii. For pairs fo/f1 of Ka-band/C-band, the Hodge model overpredicted the
measured value of rain attenuation at less than 0.06% of time
exceedance.

ii. For pairs fo/f1 of Ka-band/Ku-band, the Hodge underpredicted the value
of rain attenuation at a time exceedance of more than 0.03% and

overpredicted the value of rain attenuation at a time exceedance of less
than 0.03%.
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Figure 4.44 Hodge Frequency Scaling Model
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4.6.3 Battesti

Battesti’s model proposed a frequency scaling method, as represented by equations
(2.36) — (2.38). This model emphasised that attenuation is proportional to a linear
function of the frequency models. The results of Battesti’s frequency scaling rain
attenuation prediction model are shown in Figure 4.45.

i.  For pairs fo/fi of Ku-band/C-band and Ka-band/C-band, the Battesti
model cannot provide an accurate prediction since the results are of
negative values.

ii.  For pairs f/f; of Ka-band/Ku-band, the Battesti model underpredicted
the value of rain attenuation at a time exceedance of more than 0.07%
and overpredicted the value of rain attenuation at time exceedance less
than 0.04%.
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Figure 4.45 Battesti Frequency Scaling Model
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4.6.4 Kheirallah

Kheirallah’s model proposed a frequency scaling technique, as given in equation (2.41).
The results of Kheirallah’s frequency scaling rain attenuation prediction model are

shown in Figure 4.46.

I. For pairs f2/f1 of Ku-band/C-band, Kheirallah’s model adequately
predicted the percentage of exceedance less than 0.01%, overpredicted
at exceedance percentage from 0.01% to 0.06% and underpredicted at
exceedance percentage from 0.06% to 0.08%.

ii.  For pairs f2/f1 of Ka-band/C-band, Kheirallah’s model overpredicted the
measured rain attenuation value at less than 0.06% of time exceedance
and more than 0.08% of time exceedance.

iii.  For pairs f2/f1 of Ka-band/Ku-band, Kheirallah’s model underpredicted
the rain attenuation value at a time exceedance of more than 0.02% and

overpredicted the value of rain attenuation at a time exceedance of less
than 0.02%.
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Figure 4.46 Kheirallah Frequency Scaling Model
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4.6.5 CCIR

The results of the International Radio Consultative Committee (CCIR) model, given in
equations 2.42 and 2.43, are provided in Figure 4.47. By applying the frequency scaling
model proposed by CCIR, the result was similar to ITU-R.

I.  For pairs f2/f1 of Ku-band/C-band and Ka-band/C-band, the CCIR
underpredicted the measured value of rain attenuation at all percentages
of time exceedance.

Ii.  For pairs f2/f1 of Ka-band/Ku-band, the CCIR underpredicted the value
of rain attenuation at the time exceedance of more than 0.1% and

overpredicted the value of rain attenuation at the time exceedance of less
than 0.06%.
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Figure 4.47 CCIR Frequency Scaling Model
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4.6.6 Simple Power Law

The Simple Power Law frequency scaling model applied a power law relationship in
predicting rain attenuation at the desired frequency. The results of simple power scaling

proposed by Dintelman, Owalabi and Olympus are presented in Figures 4.48 and 4.49.
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Figure 4.48 Simple Power Law Frequency Scaling for Pairs Ku-band/C-band and Ka-
band/C-band

By applying the simple power law frequency scaling model:
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I.  For pairs f2/f1 of Ku-band/C-band and Ka-band/C-band, all models of
simple power law underpredicted the measured value of rain attenuation
for all percentages of time exceedance.

ii. For pairs f2/f1 of Ka-band/Ku-band, all models of simple power law
underpredicted the value of rain attenuation at a time exceedance of more
than 0.1% and overpredicted the value of rain attenuation at a time

exceedance of less than 0.1%.
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Figure 4.49 Simple Power Law Frequency Scaling for Pairs Ka-band/Ku-band

Drafuca (1974) is another simple power law frequency scale, as shown in Figure 4.50.
It has been empirically found that the rain attenuation scales can be established, as
shown in the following equation:

Ay

£ 72)
n= G

: (4.1)
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For pairs f2/f1 of Ku-band/C-band and Ka-band/C-band, Drafuca

underpredicted the measured value of rain attenuation at all percentages
of time exceedance.

For pairs f2/f1 of Ka-band/Ku-band, Drafuca underpredicted the value of
rain attenuation at a time exceedance of more than 0.1% and
overpredicted the value of rain attenuation at a time exceedance of less
than 0.07%.
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Figure 4.50 Drufuca Frequency Scaling Model
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4.6.7 Boithias

Boithias (1989) proposed an empirical expression for a scaling factor that directly
produces an attenuation ratio as a function of frequency and measured attenuation, as
shown in equations (2.45) — (2.47). The results are illustrated in Figure 4.51. By
applying the frequency scaling model proposed by Boithias, the results are as follows:

. For pairs f2/f1 of Ku-band/C-band and Ka-band/C-band, Boithias
underpredicted the measured value of rain attenuation at all percentages
of time exceedance.

ii.  For pairs f2/f1 of Ka-band/Ku-band, Boithias underpredicted the value
of rain attenuation at a time exceedance of more than 0.02% and
overpredicted the value of rain attenuation at a time exceedance of less
than 0.02%.
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Figure 4.51 Boithias Frequency Scaling Model
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4.6.8 Zhou

Figure 4.52 presents the results of the scaled attenuation at the desired frequency
compared to the measured attenuation at the base frequency, as proposed by Zhou.

By applying the frequency scaling model, the results are as follows:

I.  For pairs f2/f1 of Ku-band/C-band and Ka-band/C-band, the Zhou model
overpredicted the Ku-band rain attenuation at more than 0.4% of time
exceedance and underpredicted the measured value of rain attenuation of
Ku and Ka-band at all percentages of time exceedance.

ii.  For pairs f2/f1 of Ka-band/Ku-band, the Zhou model underpredicted the
value of rain attenuation at a time exceedance of more than 0.2% and less
than 0.4%, while it overpredicted the value of rain attenuation at time

exceedance of less than 0.02%.
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Figure 4.52 Zhou Frequency Scaling Model
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The error analysis was performed on all eleven existing models for further
assessment. Table 4.12 presents the results. From the obtained RMSE and percentage
error, it can be identified that all models produce very high RMSE values as well as
large percentage error rates. The model that offers the smallest RMSE value of 5 and
the second-lowest percentage error is the Boithias model. From these findings, a new
frequency scaling model with reduced RMSE value and low percentage error rates was

developed.

Table 4.12 RMSE and Percentage Error of Available Model over the Interval [0.001%

to 1%]

Model Parameters

RMSE | ¢ (%)
Dintelman 29.0 323
Owalabi 35.9 39.6
Drufuca 26.5 30.9
Olympus data 32.4 35.7
Hodge 13.2 25.6
Battesti 24.5 30.1
Kheirallah 8.5 30.4
CCIR 26.5 30.9
Boithias 5.0 28.2
Zhou 9.9 17.3
FS ITU-R 28.3 28.0
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4.7 PROPOSED FREQUENCY SCALING TECHNIQUE

The second aim of the research was achieved by the findings presented in this section.
The frequency scaling technique did not utilise the C-band rain attenuation
measurement as a base frequency since the C-band is minimally affected by rain. The
CDF of rain attenuation from the year 2016 for C, Ku and Ka-band with their mutual
time base were simultaneously plotted with the rainfall rate throughout the year 2016 in
Figure 4.53. Figure 4.53 exhibits that rain attenuation at the Ku and Ka-band gets higher
as the rainfall rate increases. It can be seen that the different values between rain
attenuation amounts of the Ku and Ka-band are consistently equal to 15 dB at 0.1% and
0.01% of time exceedance, respectively. Rain attenuation at a higher frequency is
proportional to the rainfall rate. Rain attenuation of the Ka-band is indeed more severe

compared to that of the Ku-band.
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Figure 4.53 Time Percentage Exceedance Curve of Measured Rain Rate and Rain
Attenuation of C, Ku and Ka-band Links for 2016
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Figure 4.54 displays the graph of the Ratio of Statistical Attenuation (RAS) for
the year 2016. The graph outlines the function of lower frequency attenuation for the
frequency pair of Ka-band/Ku-band where the logarithmic equation was fitted to RAS
within the percentage interval of 0.05% < P < 0.4%. The relationship between the RAS
at two frequencies with attenuation at the base frequency is represented by the following

equation:

3—2: ~1.425 X In(Ap) + ¢ (4.2)

where Ag,; refers to attenuation at a base frequency or reference frequency or lower
frequency, while A, refers to attenuation at the upper frequency. The frequency of fi

and f, are 12 GHz and 20 GHz, respectively. The parameter, c, obtained from the graph
in Figure 4.54 is 5.9006.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Ku-band (dB)

Figure 4.54 RAS for the Year 2016 as a Function of Lower Frequency Attenuation for
the Frequency Pairs of 20/12 GHz
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Another important parameter in deriving frequency scaling values was obtained
from the correlation of A, and A, . The correlation graph of attenuation at the Ka-band

and Ku-band was plotted within the percentage interval of 0.05% < P < 0.4% in Figure

4.55. The following power equation was fitted to the values:
App = a X ApP (4.3)

The acquired a and  are 6.1685 and 0.6175, respectively.
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Figure 4.55 Graph of Attenuation at the Ku-band versus Attenuation at the Ka-band

Figures 4.56 and 4.57 present the attenuation at the Ku-band versus that of the
C-band as well as the attenuation at the Ka-band compared to that of the C-band,
respectively. The correlation plots of frequency pairs (Ka-band/C-band) and (Ku-
band/C-band) demonstrate that there is no uniform relationship between both
frequencies. The C-band link cannot be set as the base frequency. It can be seen in

Figures 4.56 and 4.57 that attenuation at the C-band has no uniform relationship with
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attenuation at the Ku and Ka-band links. The C-band link is less likely to suffer from
rain since its frequency has a 74 mm wavelength which is longer than the wavelength
of the Ku and Ka-band links. Signal attenuation of the C-band link is mainly due to
absorption since its wavelength is greater than the diameter of convective rain, which is
approximately 60 mm. The wavelengths for the Ku and Ka-band links are 24.5 mm and
14.8 mm, respectively. These wavelengths are significantly shorter than the raindrop
size diameter and therefore greatly influenced by absorption and scattering effects.
These effects contribute to greater loss in signal propagation. When scaling attenuation
at higher frequencies, it is important to consider attenuation at lower frequencies that
have a consistent relationship since they have similar characteristics.

45

40 y=28.455x+4.7182

i R2:0.94z9‘..--"'0
s 3 (| A & B o oo B O 0020 B a.-9

.-
5 o ©® .-
2 30 e
=]
~
2 25 ‘
S|l e /B @3 .-
& ” IR
a4 .

g 15 . . ®
< 10

5

0

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Attenuation at C-band

Figure 4.56 Graph of Attenuation at the Ku-band versus Attenuation at the C-band
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The study proposed a new frequency scaling model based on the correlation of
two rain attenuation information within Cyberjaya. The technique employed the Ka-
band as the upper frequency and the Ku-band as the base frequency. The newly derived
model can be said suitable to be used for tropical regions since the model was developed

using data from tropical areas.

The proposed frequency scaling of rain attenuation for tropical-equatorial
regions is provided in equation 4.4 which combines equations (4.2) and (4.3) with some

modifications.

A, = (a x A;*°%%)- (1425 xInb + (2 x b)) (4.4)

_ £
b=12 (4.5)

The coefficient c in equation (4.2) was modified, as follows:

c=2Xb (4.6)

174



where b is the ratio of £, and f;. The variable coefficients a and 3 in equation (4.3) were

modified with the upper and lower frequency values. A has the following formation:

a=f—f +138 4.7)

and B is 0.669. B was derived from the modified power value of the power model that
fit the graph of attenuation at the Ka-band versus attenuation at the Ku-band with the

same time exceedance percentage.

The proposed model was tested to estimate attenuation at the Ka-band in the
year 2016 by using attenuation at the Ku-band in Cyberjaya as the base frequency. The
proposed frequency scaling model for the year-wise estimation of rain attenuation at the
Ka-band is depicted in Figure 4.58 and compared with the measured value of Ka-band

rain attenuation in that year.
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Figure 4.58 Comparison of Scaled-up Ka-band Rain Attenuation Using the Proposed
Frequency Scaling Model with Measured Rain Attenuation at the Ka-band in 2016
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The performance of the proposed frequency scaling model derived from this
research was compared with various well-known statistical frequency scaling methods
for rain attenuation. Most models perform poorly in tropical areas. This is because these
models were developed in different climatic regions. The comparison of the available

model with the proposed model is portrayed in Figure 4.59.
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Figure 4.59 Comparison of the Derived Frequency Scaling Technique and Available
Frequency Scaling Models, including ITU-R at Frequency Pair of Ka/Ku-band

All models were evaluated using the Root Means Square Error (RMSE) and
Relative Error Analysis (). RMSE represents the average difference between the
predicted values and the measured values. The RMSE equation is given in equation

(4.9). At the same probability level, the percentage errors of & between the measured

176



rain attenuation data (Awp, measured) and the model’s predictions (Awp, predicted) are

evaluated within the percentage interval of 0.001% < P < 1%, shown as follows:

Percentage error, € = (Awp predicted — Aowp measured)/(Aswp measured) x100 [%] (4.8)
RMSE = /(Z(Pi — Mi)?/n) (4.9)

¥ refers to the summation of the particular variable. Pi is the predicted value for the
percentage of time exceedance in the percentage interval of 0.001% < P < 1%. Mi is the
measured value for the percentage of time exceedance in the percentage interval of
0.001% < P < 1%. N is the number of samples in the percentage interval of 0.001% < P
< 1%.

Table 4.13 presents the error matrixes, which consist of the RMSE value and
average relative percentage error. From the table, the percentage error and RMSE of the
proposed frequency scaling model were the lowest as compared to previous models for
all-time exceedance values. The proposed model produced an RMSE value of 2.8 and
an average relative error of 11.3%. The measured rain attenuation at the Ka-band link
was compared with the proposed model and previous models. These values are the
lowest compared to other available models, including ITU-R. A lower RMSE value in
a model will ensure a greater fit of measured data. The lowest number of statistical

parameters implies that the best prediction model has been determined.

Table 4.13 RMSE and Percentage Error Obtained after Testing the Proposed Model
over the Intervals [0.001% to 1%]

Parameters
Model RMSE € (%)
Proposed Frequency Scaling Model 2.8 11.3
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This result proves that the proposed model is more practical for use in tropical
regions such as Malaysia. The frequency scaling model proposed by ITU-R can
therefore be regarded as inaccurate for application in tropical regions since it has a high
RMSE value and huge percentage error (28.3 and 28%, respectively). The newly
proposed model achieves 88.7% accuracy, which is significantly higher compared to
the frequency scaling technique proposed by ITU-R (only 72% accuracy).

The proposed model was further examined by forming a ratio of the predicted
attenuation and measured attenuation at each percentage of exceedance, RMSE, and
percentage error as compared to the recommended frequency scaling method from ITU-
R. The ratio of predicted attenuation, Apre (dB), to measured attenuation, Amea (dB), for

each percentage of time was calculated, as shown in the following equation:
Si = Apre,1 [/Amea,l (4.10)
Siis the above ratio calculated for each percentage of time exceedance:
Vi =In Si X (Amea, / 10) %2 for Ameay <10dB  (4.11)
Vi=InS$; for Ameas >10dB  (4.12)

The RMSE, ratio of S;j and percentage error values of the proposed model and ITU-R
method are tabulated in Table 4.14. It can be seen from the table that for the rain
attenuation dataset in the year 2016 at Cyberjaya, the RMSE and percentage error
obtained from the new technique were significantly lower than the ITU-R model. The
ITU-R frequency scaling calculation seems to be overestimating the measured values
by almost double (at 0.003% and 0.001% of time exceedance). Therefore, it can be
regarded that the proposed technique can be applied to predict rain attenuation in
tropical regions. The results indicate that the newly derived model can produce better

estimation values than the ITU-R recommendation 618-9.
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Table 4.14 Comparison of Statistical Parameters between the Proposed Frequency

Scaling Model and the ITU-R Frequency Scaling Method

Time
Exceedance | Ka-band Proposed Frequency Scaling | FS
(%) (2016) Model ITU-R

Measured | Predicted Predicted
Statistical | Attenuation | Attenuation Attenuation
Parameter | (dB) (dB) Si E(%) (dB) Si E(%)
0.1 25.22 22.10 0.88 | Predicted | 24.20 0.96 |70.74
0.05 32.95 28.18 0.86 |52.59 35.41 1.07 | 74.53
0.03 37.97 32.57 0.86 |47.79 44.09 1.16 | 78.13
0.02 41.26 37.64 091 |49.94 54.62 1.32 |91.11
0.01 46.91 45.07 0.96 |49.16 70.85 151 |104.11
0.005 50.47 50.25 1.00 | 49.08 98.75 1.96 | 145.19
0.003 52.42 51.91 0.99 |46.60 103.95 1.98 | 145.87
0.002 53.59 53.55 1.00 |46.34 109.15 2.04 |150.11
0.001 55.51 54.35 0.98 |42.41 111.75 2.01 | 14581
RMSE value 2.98 36.56

4.8 IMPLEMENTATION OF FREQUENCY SCALING TECHNIQUE FOR Q-
BAND AND V-BAND

The proposed model has been applied to scale up attenuation at millimetre-wave (mm-
wave) frequency bands, such as the Q-band (30 GHz) and V-band (40 GHz), for

exceedance probabilities of 0.001% to 1%. The attenuation variations at different

frequencies are portrayed in Figure 4.60.
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Figure 4.60 Scale-up of Ka, Q and V-band links using the Proposed Frequency
Scaling Model

The summarised attenuation of Ku, Q and V-band at the desired time exceedance is
shown in Table 4.15. At 0.1% of time exceedance, the estimated values of rain
attenuation of both the Q-band and V-band are 29.73 dB and 41.68 dB, respectively.
Malaysia is estimated to suffer frequent severe attenuation observed at the Q-band and
V-band with attenuation values reaching up to 60.39 dB and 83.33 dB, respectively, at
99.99% of link availability in a year. In tropical regions with frequent heavy rain
volumes such as Malaysia, it is expected that a larger fade margin is required to achieve

high link availability.

The postulated signal loss values during rainfall at the Ka and Q-band in
Cyberjaya were between 25.22 to 55.51 and 29.73 dB to 72.91 dB, respectively. The V-
band is expected to suffer attenuation levels in the range of 35.94 dB to 87.17 dB. The

findings strengthen the theory that mm-wave frequencies are very susceptible to rain. A
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greater fade margin will be required to overcome rain attenuation, especially to obtain
high link availability of 99.99% and above. The estimated fade margins that permit Q
and V-band links to have better system performance at that level are 61 dB and 72 dB,
respectively. The required fade margins at the desired time outage of Ku, Ka, Q and V-
band links are presented in Table 4.15. Omotosho et al. (2017) suggested increasing the
antenna power to counter the signal loss due to rainfall and achieve the desired link

availability.

Table 4.15 Tabulated Values of Scaled Attenuation at Ka, Q and V-band links

Time Measured Attenuation
Exceedance | Value in the Year 2016 | Predicted Attenuation Value
(%) (dB) Proposed Frequency Scaling Model (dB)
Ku-band Ka-band | Ka-band Q-band V-band
0.1 10 25.22 22.10 29.78 35.94
0.05 15 32.95 28.18 37.91 45.59
0.03 19 37.97 32.57 43.77 52.56
0.02 24 41.26 37.64 50.55 60.61
0.01 32 46.91 45.07 60.50 72.42
0.005 38 50.47 50.25 67.42 80.64
0.003 40 52.42 51.91 69.64 83.28
0.002 42 53.59 53.55 71.83 85.88
0.001 43 55.51 54.35 72.91 87.17

Nandi (2019) noted that rain attenuation greatly rises with the increase in
frequency or path length. Rain attenuation is very high for mm-wave frequency bands,

even for very low rain rates only applicable to short-distance communication.
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Otomosho (2019) claimed that rain attenuation at 99.99% link availability is between
79.2 dB to 121.7 dB. At 99.9% link availability, the losses at the V-band were within
the range of 20 dB to 41 dB. Badron (2014) also proposed a model that predicts rain
attenuation at the V-band. At 0.1% and 0.01% of link availability, the rain attenuations
were estimated to be 43.54 dB and 75.11, respectively. The value of the required fade
margin for the VV-band link proposed by the new model of frequency scaling is slightly
lower than the values proposed by Otomosho (2019) and Badron (2014). Table 4.16
represents the comparison values of VV-band rain attenuation at 99.9% and 99.99% of

link availability between the existing model and the new model.

Table 4.16 Comparison Values of V-band Rain Attenuation at 99.9% and 99.99% of
Link Availability Between the Exiting Model and the New Model.

Attenuation (dB)
Model
Otomosho Badron (2014) New model
Link Availability (%) (2019)
99.9 20to 41 43.54 35.94
99.99 79.2t0 121.7 75.11 72.42

49 VALIDATION OF THE PROPOSED FREQUENCY SCALING
TECHNIQUE

The third objective of the study was fulfilled with the outcomes presented in this section.
The model was validated using two rain attenuation datasets in Malaysia. The first
dataset was Ka-band rain attenuation retrieved in Cyberjaya for the year 2015.

Attenuation measured at the backup station in Rawang for the year 2016 was applied as
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the second dataset. The assessment of the proposed model using the first dataset is
shown in Figure 4.61.
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Figure 4.61 Comparison of Measured Rain Attenuation of the Proposed Model at

Cyberjaya in 2015

The result of the proposed model was evaluated and weighed against the
frequency scaling method recommended by the ITU-R model. From Table 4.17, it can
be seen that the proposed model acquired a significantly lower RMSE value in contrast
to the ITU-R model. The RMSE value of the derived technique is 4.56 as compared to
the ITU-R value of 38.39.
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Table 4.17 RMSE and Percentage Error Value of Rain Attenuation Predicted at
Cyberjaya in the year 2015 using the Proposed Model

ITU-R

Link Time Frequency Proposed
Availability | Exceedance | Measured | Scaling Model
(%) (%) (dB) Model (dB) | % Error | (dB) % Error
99.9 0.1 15 26.48 161.52 | 23.39 140.92
99.95 0.05 28 44.09 129.46 | 32.57 88.31
99.97 0.03 32 52.54 132.19 | 36.65 82.54
99.98 0.02 35 58.75 132.85 | 39.56 78.04
99.99 0.01 40 68.86 132.15 | 44.18 70.45
99.995 0.005 43 74.80 130.95 | 46.83 65.91
99.997 0.003 47 98.75 163.11 | 50.25 59.91
99.998 0.002 50 106.55 163.10 |52.73 55.46
99.999 0.001 95 119.54 162.35 | 56.74 48.17

RMSE 26.48 4.56

As shown in Figure 4.62, validations included the use of the second rain

attenuation dataset from Rawang. At 0.1% of time exceedance, the predicted attenuation

value was 22 dB, which is lower compared to the measured value of 31 dB. The

predicted and measured attenuation values are 45 dB and 46 dB, respectively, once the

time exceedance approached 0.01%. At 0.001% of time exceedance, the difference

between the predicted and measured attenuation values was 3 dB.
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Figure 4.62 Comparison of Measured Rain Attenuation of the Proposed Model at
Rawang in 2016

The RMSE and percentage error of the new prediction model were presented and
compared with the frequency scaling method suggested by the ITU-R model in Table
4.18. From the table, it can be denoted that the RMSE value and percentage error of the
proposed model was 5.57 and 47.75%, respectively. They are considerably lower in

comparison to the ITU-R frequency scaling model.
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Table 4.18 RMSE and Percentage Error Value of Rain Attenuation using the Proposed
Model Predicted at Rawang in the year 2016

Measured Ka- Rain
Time band Rain Attenuation
Exceedance | Attenuation at | ITU-R FS | Error by Proposed
(%) Rawang (dB) | prediction | (%) Model (dB) | Error (%)
0.1 31.30 24.20 46.02 22.10 39.33
0.05 37.12 35.41 58.27 28.18 38.79
0.03 40.63 44.09 67.89 32.57 39.53
0.02 42.83 54.62 84.70 37.64 45.03
0.01 46.49 70.85 105.91 45.07 50.45
0.005 48.73 98.75 153.92 | 50.25 54.39
0.003 49.93 103.95 158.26 51.91 54.02
0.002 50.65 109.15 164.85 | 53.55 55.08
0.001 51.82 111.75 163.83 54.35 53.08
RMSE 38.34 5.57

The future annual statistics of rain attenuation were estimated for the V-band
link operating in Malaysia. The result was validated with the V-band rain attenuation
data at Akure, Nigeria for a time availability of 99-99.99%. Nigeria is a tropical region
with a wet climate. The rain height and annual rainfall volume are 4.75 km and 1314
mm, respectively. The rain attenuation data was obtained from Omotosho & Oluwafemi
(2009). The data was retrieved from NigComSat-1 (Nigerian communication satellite)
located at 42.5° E. The slant path length of rain attenuation of the VV-band at Akure was
denoted as 6.13 km, which is longer than Cyberjaya (5.32 km). The effective path length
of rain attenuation of the V-band was 5.22 km, which is slightly longer than in Akure

(4.59 km) (Badron, 2014). Attenuation is very dependable on effective path length.

The scaled-up rain attenuations at the V-band using the proposed model were

plotted in Figure 4.63, together with the measured values at Akure. The results were
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compared with ITU-R 618-13 rain attenuation prediction model to analyse the
percentage error.
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Figure 4.63 Comparison of the Proposed Model with the Measured Rain Attenuation
at the V-band Link in Nigeria

The error analysis, including RMSE and average percentage error for specific
time exceedance, is displayed in Table 4.19. The attained RMSE and average

percentage error were 3.24 and 43.88%, respectively.
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Table 4.19 RMSE and Average Percentage Error Value of Rain Attenuation at the V-
band (40 GHz) Predicted in Nigeria using the Proposed Model

Time Link
Exceedance | Availability
(%) (%) V-band (40 GHz)

ITU-R 618-

13 Rain

Attenuation New

Measured | Prediction | % Error | model | % Error

0.1 99.9 25 58.86 210.46 |35.94 118.75
0.09 99.91 30 61.25 174.16 |37.98 |96.59
0.07 99.93 35 67.02 156.47 | 39.96 79.16
0.06 99.94 40 70.61 136.52 | 43.76 69.40
0.05 99.95 45 74.90 121.44 | 4559 | 56.32
0.04 99.96 55 80.20 90.82 [47.39 |31.16
0.03 99.97 65 87.08 68.97 | 52.56 15.86
0.02 99.98 75 96.76 54.01 60.61 |5.81
0.01 99.99 100 112.76 12.76 72.42 27.58
RMSE 27.36 12.48

The new frequency scaling model and the ITU-R model were compared using
the RMSE analysis, as shown in Figure 4.64. Table 4.20 presents the percentage

reduction of RMSE for the proposed frequency scaling model.
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Table 4.20 RMSE Percentage Improvement for the Ka-band using the Proposed

Model as compared to the ITU-R Frequency Scaling Technique

Ka-band Ka-band Ka-band
(Cyberjaya | (Cyberjaya | (Rawang
2016) 2015) 2016)
New Model 2.8 4.56 5.57
ITU-R  Frequency  Scaling
Technique 28.3 26.48 38.34
RMSE Improvement 90% 83% 85%

For all datasets, the improvement in the RMSE value is very large,
approximately 80% to 90%. Table 4.21 represents the RMSE percentage improvement
for estimating V-band rain attenuation using the proposed model as compared to the
ITU-R rain attenuation prediction model.
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Table 4.21 RMSE Percentage Improvement for Estimating VV-band Rain Attenuation
using the Proposed Model as compared to the ITU-R Rain Attenuation Prediction

Model
V-band
(Nigeria)
New Model 12.48
ITU-R 618-13 Rain Attenuation Prediction Model 27.36
RMSE Improvement 54%

4.10 SUMMARY

This chapter deliberates the research findings that successfully achieved all the
objectives. This section further discusses the results from the adopted methodologies.
The research findings were highlighted concerning the attenuation characteristics due
to heavy precipitation in tropical-equatorial regions. The findings of the measured
rainfall rate in Cyberjaya as well as the rain attenuation for C, Ku and Ka-band
frequencies were examined in terms of the CDF. Determining the required fade margin
was obtained from the annual CDF for specific exceedance values. The first objective
was satisfied by the CDF analysis results. The worst month statistics of rainfall rate and
rain attenuation were also revealed. These elements are extremely essential in
establishing high-quality communication networks. Severe signal degradation was
expected to be in the worst month due to the high occurrence of rain events. The
correlation between rainfall rate and rain attenuation for each frequency (C, Ku and Ka-
band links) was accomplished to develop a new frequency scaling model. This
successfully answered the second objective. The best prediction method was derived
from a model that produced the lowest statistical parameter values when compared to
the ITU-R and other available prediction methods. Attenuation at higher frequencies,
such as Q-band and V-band, was also estimated using the proposed model. Validation

methods were executed to establish a reliable model. The validation approach was
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accomplished using datasets consisting of different years and locations throughout
tropical regions. The validation step completes the last objective of this research. The
results revealed an improvement in the frequency scaling technique which can be
applied in tropical regions. The derived model can be considered the best prediction

model since it has the lowest RMSE value (a value close to zero).
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CHAPTER FIVE

DISCUSSION AND CONCLUSION

5.1 DISCUSSION

The results presented in previous Chapter Four are discussed in this section. The
findings were guided by the five research questions highlighted in Chapter One. The
discussion emphasized significant findings and their theoretical contributions as well as
methodological influences on the existing body of knowledge on the satellite system’s
propagation effect. The accurate and reliable rain attenuation prediction methods are
essential in the Earth-space telecommunication systems design.

In addressing the first research question, it had been identified from the study
that the rainfall rate distribution at the ASTRO station varied from 89.8 mm/hr to 140
mm/hr throughout 2016. From the obtained annual CDF, the rainfall intensity at 0.01%
of the time exceedance, Ro.o1 was 103 mm/hr. The suggested value of Ro.o1 by the ITU-
R for tropical areas was 100 mm/hr which was lower than the measured value. Other
previous research at a different location in tropical regions acquired a value of 126
mm/hr of Roo1, which was also greater than ITU-R’s recommendation (Ahmad, 2019).
The statistical analyses of the rainfall intensity are important findings in studying the

effect of signal attenuation on the satellite-Earth link during rainfall conditions.

From the study, it can be observed that accurate rainfall rates can be determined
by deploying several rain gauges over a wide area. Future rain models should consider
the inclusion involving the combination of different rain types such as convective and
stratiform rain during rain events throughout the year. Most countries in tropical regions
suffer frequent rain because many of them are water-logged areas. Such instances
involve the evaporation of water from the sea and/or river. The monthly and annual

CDF of rainfall rates less than 1% of time exceedance are presented and explained in
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section 4.2. The value could be used to estimate the rain attention at various time
exceedances using applicable prediction techniques in tropical climate areas including

Cyberjaya.

To answer the second research question, the analyses involving the rain
attenuations experienced by the C, Ku, and Ka-band beacon signals transmitted from
MEASAT-3 and MEASAT-5 were carried out. The statistical characteristics were
computed from the analysis to determine the required fade margin for links operating
in tropical-equatorial regions. The methodologies involving measurement and data
processing were elaborated on in Chapter Three. The monthly and annual CDFs of less
than 1% unavailability for the C, Ku, and Ka-band are also presented in Section 4.2.
The annual rain attenuation values at 0.01% time exceedance for the C and Ku-bands
are 0.8 dB and 30 dB respectively. The attenuation amount of the C-band was small
indicating that rain attenuation in tropical-equatorial regions was manageable for the C-
band link. In contrast to C-band, Ku-band on the other hand suffered a larger rain
attenuation with a value of 30 dB at the same time exceedance. The value of 30 dB loss
corresponded to the 103 mm/hr of annual rainfall rate. The rain attenuation faced by the
Ka-band was much more severe than Ku-band. It denotes that rain attenuation increased
significantly with the increment of the frequency band. In the study, the time
exceedance of 0.01% could not be compiled for the Ka-band. The rain attenuation value
was capped at 0.05% of unavailability with a value of 33 dB. This was due to the
saturation effect encountered by the receiver. The rain attenuation at the Ka-band had
to be extrapolated to attain the desired value at 0.01% of time exceedance. The selected

extrapolation technique offering the lowest RMSE was the second-degree polynomial.

The correlation between the measured rain attenuation and the rainfall rate
distribution in Cyberjaya was carried out. It can be concluded that as the wavelength of
the deployed frequency became shorter, the rain attenuation, therefore, became more
severe. This was due to the absorption and a more intense scattering of the signal’s
particles. The latest ITU-R prediction model (ITU-R P.618-13, 2017) offered had

underestimated the rain-induced attenuation values for Cyberjaya, as shown in Figure 4.35.

Dealing with research question three, applicable fade margins were determined

from the rain attenuation annual CDFs for time exceedances of 0.10%, 0.30%, 0.01%, and
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0.03%. The service availability of Quality of Service (QoS) requirements for Broadcast
Satellite Services (BSS) applications is not less than 99.99% availability accordingly to
the recommendation by MCMC. The QoS required for communication applications as
recommended by ITU-R G.1028 is 99.9% of link availability. From the study involving
the C, Ku and Ka-band link analysis, it had been determined that the required fade
margins to operate at 99.99% of link availability were 0.8 dB, 30 dB, and 47 dB
respectively. To achieve the QoS for communication services, the required fade margin

values for Ku and Ka-band links were 8 dB and 25 dB correspondingly.

The findings concluded that when availability increases, the required rain fade
margin also had to be increased. In future millimetre-wave frequency applications,
these fade margin values are needed to be embedded in the design consideration to
mitigate rain attenuation. Such analyses will provide wide-ranging ideas of rain
attenuation to communication engineers and designers to facilitate a more relevant link
budget for improved signal propagation. Mentioned elements in the previous paragraphs

fulfilled the first research objective.

In specifying the best performance of a satellite link system, anticipated link
margin values should be adequate to compensate for the rain attenuation. The
underestimation of the fade margin would affect the link availability, while
overestimation would inflict greater costs on investment. The best QoS and reliable
signal availability for satellite link transmission can be obtained from proper planning.
The implementation of fade mitigation techniques such as power control, diversity,
coding, and resource sharing can also be taken into consideration to overcome the
attenuation due to rain effects at higher frequency bands. The physical characteristic of
a raindrop, rain height, statistics of rainfall, and geometrical parameters related to

satellite information are essential elements in performing rain attenuation estimation.

To tackle the fourth research question as well as the second research objective,
an alternative rain attenuation prediction technique was ascertained. The frequency
scaling technique can be a reliable optional method to predict rain attenuation when
there is no available meteorological data. The acquired findings from the evaluation of
the previously available frequency scaling methods, including the ITU-R, indicated

unreliable outcomes. This led to the motivation of the research and the derivation of a
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new revised model. The new model was evaluated by using statistical parameters, such
as RMSE and percentage error. It presented the smallest and lowest error values when
compared with the earlier proposed models. The newly proposed model possessed an
RMSE value of 2.8 and an average relative error of 11.3%. The frequency scaling
recommended by the ITU-R 618.13 should be used with caution for predicting rain
attenuation in tropical regions as it produces an extra-large value of RMSE and error.

In achieving the third objective, a new frequency scaling model proposed in the
study was validated with various datasets in the evaluation of the RMSE and percentage
error. The model showed a great improvement of 80% to 90% in the percentage of
RMSE reduction compared to the frequency scaling method recommended by ITU-R,
as well as the rain attenuation prediction model of ITU-R. The best model should be the
one with the smallest number of statistical parameters as well as the least percentage
error. As for the fifth research question, the study established a newfound frequency
scaling model that can considerably improve the prediction of rain attenuation for

satellite communication links in tropical regions.

5.2 CONCLUSION AND FUTURE WORKS

In conclusion, reliable fade margins are crucial elements in rain attenuation studies on
satellite-Earth link communication. This is applicable in applying the best mitigation
technique with an economically viable cost. The fade margin derived from annual CDF
is essential in providing information concerning the suitable and reliable fade margin to
be adapted in the higher frequencies’ communication link designs. This study
significantly contributes to the improvement in achieving desired link availability for
telecommunication as well as a broadcasting application in heavy frequent rainfall
areas. The rainfall characteristics in tropical regions are different from those of

temperate regions due to geographical location.
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The correlations between rainfall rate and rain attenuation at C, Ku, and Ka-
band were conducted. It is noted that the rain attenuation is strongly dependent on the
operating frequency except for the C-band. Rain attenuation detected at C-band is very
small and can be neglected. Rain attenuations at Ku-band and above are severe and very
significant as they degraded the satellite system performance. In tropical regions, high
rainfall volume throughout the year and severe rain-induced attenuation are the big
challenges in implementing frequencies above 10 GHz. Throughout the study that had
been conducted, several recommendations are offered for future works in contributing

new knowledge involving rain attenuation prediction for the satellite-Earth link.

For future works, it is recommended that more measurements at different
frequencies above 10 GHz with different rain characteristics should be made available.
It is recognized that tropical regions experience heavy rainfall volume throughout the
year with a combination of stratiform and convective rain. The understanding of the
physics of rain and accurate characterization of rain that produces the impairment also
need to be enhanced. Future research on satellite-Earth propagation that concerns the
effect of different types of rain can produce a highly accurate model. Extensive data is
required for the development of satisfactory physically based models for prediction with
the variety of rain events to be characterized. A comprehensive study on the
investigation of relevant rain height in tropical areas with a different drop size
distribution of rain can be explored. It is envisaged that the inclusion of these future
findings can significantly improve the accuracy of rain attenuation estimation for

satellite communications systems in tropical regions.
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APPENDIX I: SAMPLE PDF OF KA-BAND RAIN

ATTENUATION
Attenuation Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0 30568 38880 37188 34696 28436 38880 39167 39013 38384 36014 25869 36016
1 1706 1764 6522 7723 13930 | 3600 2671 5311 4467 6618 15942 | 6349
2 9794 1016 595 486 1577 498 2438 197 153 1781 779 1782
3 2181 27 50 73 129 63 146 28 52 88 162 209
4 104 8 32 26 81 25 35 13 27 17 92 59
5 45 10 23 28 54 22 21 13 11 13 55 40
6 29 5 19 17 47 19 19 5 11 10 35 23
7 15 1 16 18 37 5 10 1 12 10 27 15
8 5 0 16 11 29 8 12 3 15 10 20 11
9 9 3 9 11 29 4 7 4 7 4 19 9
10 13 0 16 12 29 6 8 3 7 7 20 13
11 5 2 14 3 18 6 3 1 7 6 15 15
12 7 0 12 7 21 5 10 3] 6 4 13 7
13 5 3 10 3 12 3 6 3 2 3 17 9
14 9 2 6 2 29 10 7 0 7 5 15 7
15 7 1 8 3 12 2 2 8 4 3 8 12
16 11 0 2 5) 20 4 8 1 1 2 11 11
17 10 0 3 3 7 0 2 4 6 2 4 5
18 7 2 4 0 5 3 4 3 4 2 8 5
19 4 1 2 0 10 2 3 3 3 3 5 9
20 4 1 3 5 9 2 3 1 3 3 5 2
21 2 1 2 2 9 0 3 2 5 1 4 3
22 5 1 2 2 8 4 9 0 2 2 4 3
23 3 2 1 1 9 1 4 0 1 2 4 3
24 0 5) 4 5) 5 2 2 0 2 1 5 2
25 2 1 4 2 5 4 4 0 0 2 2 4
26 3 1 4 1 3 0 7 1 1 3 7 0
27 5 2 4 4 3 1 10 0 0 3 4 2
28 2 0 3 2 3 0 6 1 0 1 2 3
29 10 2 5 4 9 3 6 3 0 3 7 4
30 7 1 6 4 4 0 4 3 0 2 6 1
31 4 2 6 6 5 1 2 2 0 1 3 1
32 48 10 8 12 19 2 1 10 0 7 18 0
33 11 6 41 23 37 15 5 0 0 7 13 6
34 0 0 0 0 0 0 0 0 0 0 0 0
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APPENDIX Il: SAMPLE CDF OF KA-BAND RAIN

ATTENUATION
Attenuation Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0 44640 | 41760 44640 43200 44640 43200 44640 44640 43200 44640 43200 44640
1 14072 | 2880 7452 8504 16204 | 4320 5473 5627 4816 8626 17331 | 8624
2 12366 | 1116 930 781 2274 720 2802 316 349 2008 1389 2275
3 2572 100 335 295 697 222 364 119 196 227 610 493
4 391 73 285 222 568 159 218 91 144 139 448 284
5 287 65 253 196 487 134 183 78 117 122 356 225
6 242 55 230 168 433 112 162 65 106 109 301 185
7 213 50 211 151 386 93 143 60 95 99 266 162
8 198 49 195 133 349 88 133 59 83 89 239 147
9 193 49 179 122 320 80 121 56 68 79 219 136
10 184 46 170 111 291 76 114 52 61 75 200 127
11 171 46 154 99 262 70 106 49 54 68 180 114
12 166 44 140 96 244 64 103 48 47 62 165 99
13 159 44 128 89 223 59 93 45 41 58 152 92
14 154 41 118 86 211 56 87 42 39 55 135 83
15 145 39 112 84 182 46 80 42 32 50 120 76
16 138 38 104 81 170 44 78 34 28 47 112 64
17 127 38 102 76 150 40 75 33 27 45 101 53
18 117 38 99 73 143 40 73 29 21 43 97 48
19 110 36 95 73 138 37 69 26 17 41 89 43
20 106 35 93 73 128 35 66 23 14 38 84 34
21 102 34 90 68 119 33 63 22 11 35 79 32
22 100 33 88 66 110 33 60 20 6 34 75 29
23 95 32 86 64 102 29 51 20 4 32 71 26
24 92 30 85 63 93 28 47 20 3 30 67 23
25 92 25 81 58 88 26 45 20 1 29 62 21
26 90 24 77 56 83 22 41 20 1 27 60 17
27 87 23 73 55 80 22 34 19 0 24 53 17
28 82 21 69 51 7 21 24 19 0 21 49 15
29 80 21 66 49 74 21 18 18 0 20 47 12
30 70 19 61 45 65 18 12 15 0 17 40 8
31 63 18 55 41 61 18 8 12 0 15 34 7
32 59 16 49 35 56 17 6 10 0 14 31 6
33 11 6 41 23 37 15 5 0 0 7 13 6
34 0 0 0 0 0 0 0 0 0 0 0 0

214




APPENDIX I11: EXTRAPOLATIONS FORMULA FOR THE KA-BAND LINK

Results

Linear model Polyi:
flx) = pl*x + p2
Coefficients (with 95% confidence bounds):
pl= 04472 (04278 0.4663)
p2= 2727 (1.866, 3.589)

Goodness of fit
SSE:4.428
R-square: 0.9967
Adjusted R-square: 0.9964
RMSE: 0.7014

Linear Model of Extrapolation Method

by MATLAB
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Results

General model Power1: 14 ! . kv lraimm 1
flx) = a'*b _ ——— untiled fit
Coefficients (with 95% confidence bounds): nk
a= (2038 (0142 0.2655)
b= 08704 (08044, 09365)
10
Goodness of fit
SS5E:3.06 o 8F
R-square: 0.9906 g
Adjusted R-square: 0.9902
RMSE: 0.3912 6
4
2 -
L]
L ] I l ] |
0 20 40 60 80 100 120

rainrate

First-order Power Law Model of Extrapolation Method by MATLAB
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Results

General model Power2:
ix) = &% bec

Coefficients (with 95% confidence bounds):
a= 04638 (0.06625,0.8613)

b= 09917 (0.7963, 1.187)
c= 2859 (0795 4.524)

Goodness of fit:
SSE: 4422
R-square: 0.9967
Adjusted R-square: (.9959
RMSE: 0.7435

Second-order Power Law Model of Extrapolation Method by MATLAB
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Results

T T
Linear model Poly2:
f{x) = p1*u™2 + p2*x + p3 - =
Coefficients (with 95% confidence bounds): * fnys.m
pl = -0.0003586 (-0.001926, 0.001208) = ynfitled fi{ 1
p2= 04717 (0.3626, 0.5807) 25— 1
p3= 2531 (1.274,3.787)
Goodness of fit 20 -
SSE: 4.279 c
R-square: 0.9968
Adjusted R-square: 0996 151 7
RMSE: 0.7314
10 [~ N
5 ]
I 1 1
0 10 20 30 40 50 60 70

Second-degree Polynomial Model of Extrapolation Method by MATLAB
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