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Abstract 

Making accurate prediction of channel attenuations can be of immense value in improving the 

quality of signals in high frequency satellite communication channels. Such prediction of weather 

related attenuation factors for the impending weather conditions is an objective of this thesis. The 

thesis also describes an intelligent weather aware control system (IWACS) that uses both Inter

national Telecommunication Union-Radiocommunications (ITU — R) and the predictions made 

from Markov model to maintain the quality of service (QoS) in channels that are impacted by rain, 

gaseous, cloud, fog, and scintillation attenuations. Based on that, a three dimensional relationship 

is proposed using our adaptive scheme to estimate atmospheric attenuations with both propagation 

angle and predicted rainfall rate (RRpr) at a given location and operational frequency. This novel 

method of predicting weather characteristics supplies valuable data for mitigation planning and 

subsequently for developing an enhanced back propagation-learning algorithm to iteratively tune 

the IWACS based on the decision support system (DSS) technique with the returned signal to noise 

ratio (SNR) values for activating the weighted modulation/codepoint to its optimal values for dif

ferent cases. The tuning in this case is done by adaptively selecting appropriate channel frequency, 

modulation, coding, propagation angle, transmission power level, and data transmission rate to 

improve channel robustness. The ultimate outcome is maximization of the capacity of the network 

under different weather conditions. Simulation results are presented to show the effectiveness of 

the proposed scheme. 
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Chapter 1 

Introduction 

Recently, satellite based communications networks at Ku and Ka bands have been rapidly ex

panding. These high frequency operations have enabled a wide variety of available and potential 

applications and services including communications, navigation, tele-medicine, remote sensing, 

distributed sensors networks, and wireless access to the Internet. However, at high frequencies, 

weather can cause significant variations in signal level, phase, polarization tilt angle relative to 

the horizontal, and angle of arrival. These effects are broadly known as signal attenuations which 

varies with parameters such as location, frequency of operation, transmission power, propagation 

angle, modulation, coding, and transmission rate. The impact eventually translates into degen

eration of Quality of Service (QoS) in networks, which is explained later in this thesis. Thus, 

due to new bandwidth and frequency requirements, the problems of attenuations due to various 

atmospheric factors have come to receive increased level of prominence. The problem becomes 

particularly pronounced at frequencies above 10 GHz [1-5]. 

Signal propagation for satellite networks has a long path from the source to the destination. 

Therefore, it is immensely susceptible to attenuations mainly caused by weather factors for differ

ent satellite functions and service providers as shown in Figure 1.1 [1,2,6-8]. The major atmo

spheric and weather related factors in signal attenuation are rain fade, gaseous absorption, cloud 
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Figure 1.1: A satellite broadcast system in the presence of horrendous weather conditions. 

and fog attenuations, and tropospheric scintillation. Among them, the rain attenuation (RA), also 

known as rain fade, is the dominant cause of signal impairment, especially at frequencies higher 

than 10 GHz and in a variety of applications including Very Small Aperture Terminal (VSAT) and 

Television Receive Only (TVRO) [7-12]. 

Control systems attempt to minimize the effect of attenuation by adjusting the transmission 

parameters and signal characteristics. In doing that, the existing systems relay the knowledge of 

atmospheric attenuation, to activate appropriate transmission control. The consequence is that the 

optimality and effectiveness of the control of transmission parameters is dependent on the accuracy 

of the detailed knowledge of occurrence probabilities for different impairments. Knowing the 
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expected impairments due to different attenuation factors, more specifically the non-uniformity of 

weather factors, would help us utilize the appropriate control for mitigating impairments. This 

is achieved by actuating the right combination of characterizations like up-link power control, 

adaptive coding, antenna beam shaping, and site diversity [13,14], and, therefore, improve QoS 

provisioning. 

1.1 Research Overview 

Weather impacts in satellite communications are widely discussed in literature. Empirical methods 

could be found for estimating signal attenuation based on weather condition. Of all, the method

ology developed by International Telecommunication Union-Radiocommunications (ITU — R) is 

widely used in the industry [15-18]. 

Other prior works could also be found in related areas. For example, in [14], authors present 

prediction models and analytical techniques for a range of operational parameters involving low 

margin, low propagation angle, inclined geosynchronous, and low earth orbit systems. The pa

per estimated rain and scintillation attenuations while assuming gaseous attenuation as constant. 

Authors of [19] present a statistical analysis of rain fade data on satellite to ground propagation 

path. Authors of [20] presented a method for rain attenuation prediction which yielded good re

sults during low rain and low propagation angle. Cumulative distribution of rainfall rate and the 

risk of exceeding rain fade margin in monthly and yearly basis has been estimated in [21]. An em

pirical model is proposed in [22] based on statistical measurements at Ku and Ka bands for fade 

duration as a function of attenuation and frequency. The work cited in [23] uses modeling of chan

nels to obtain signal attenuation due to clouds and precipitation. It presents an empirical model 

for fade duration prediction as a function of rain attenuation and frequency without considering 

other weather factors. Authors of [24] predicted rainfall rate (RRpr) by using weather radar reflec

tion data instead of ground based measurement. The work presented in [25] discusses a method, 

called two level Markov model, to predict multi-path fading of signals. While [26], cites difficulty 
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in approximating the losses due to limited availability of experimental data on clouds, [27] cites 

problem in developing accurate models due to ambiguity of cloud water content and cloud's ex

tent limit. These techniques have helped to mature the control systems in satellite communication. 

Lately, emerging frequency requirements have brought the problems of atmospheric attenuations 

to prominence. 

Empirical approaches that deal only with combined effects are in prevalence due to absence 

of detailed knowledge of occurrence probabilities for different impairments. Nevertheless, the 

knowledge of expected total impairment is used to select appropriate methods for mitigating im

pairments. Some of these methods include up-link power control, adaptive coding, antenna beam 

shaping, and site diversity [13,28]. 

ITU — R maintains a large database for probability of precipitation and other parameters. It 

provides mathematical equations and analytical approaches to estimate rainfall rate and different 

atmospheric attenuations around the world from this data. However, ITU — R techniques were 

developed in view of finding the average conditions and the boundary conditions, which are more 

useful for the design of control system and less for the day-to-day operation of those systems. 

Moreover, ITU — R techniques were developed at a time when the high frequency operations 

above Ku — band, where losses become really significant, were not expected. Consequently, 

there was a great room to, first, improve the ITU — R techniques to keep them accurate at higher 

frequency operations, and, second, to decouple them from the fifteen years average data provided 

by ITU — R [10,15,16,29]. However, if we are able to make them work with predicted weather 

data, those techniques could help satellite service providers achieve better operation, as much as 

they helped in the system design in the past [7,9,30,31]. 

Thus, signal fading caused by different weather conditions limits the QoS of satellite links 

and system availability. In order to prevent the loss of signal due to attenuation, satellite service 

providers transmit signals down with extra power in areas with extreme weather conditions. This 

extra power is called rain fade margin. For example, users can still be watching television during 
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rain from home satellite dishes, when the loss of signal strength due to rain is less than the rain fade 

margin. Users will lose picture when signal loss exceeds the rain fade margin; this occurs when 

there is enough water in the atmosphere to completely block the signal, or more likely, when the 

signal loss caused by the combination of water in the atmosphere and water on the dish exceeds a 

threshold. 

Moreover, transmission power cannot be increased beyond a specified level due to safety reg

ulations [32,33]. Therefore, the fade countermeasure (FCM) system must also employ various 

other ways to increase system's throughput and availability. 

Signal to noise ratio (SNR) achieved at the receiver's end, which is a measure of signal strength 

for satellite signal relative to attenuations and background noise, plays an important role for the 

returned feedback to the transmitter for the selected parameters. 

Properly predicting atmospheric attenuations can support mitigation planning by adaptively 

selecting appropriate power level, coding, and modulation to maintain Service Level Agreement 

(SLA). For this to happen, there are different tradeoff parameters that should be dealt with in 

order to get appropriate results. Thus, efficient weather prediction is an important factor in order 

to improve QoS in satellite networks. Some of the main factors that can be controlled for better 

performance under different weather conditions include: Changing data rate, type of modulation, 

coding, frequency, signal power, and frame size [3,34]. 

Despite many notable work done regarding weather characteristics in satellite networks, the 

need for techniques that would estimate attenuation and apply effective control of high frequencies, 

high rainfall rate, and severe weather conditions, has been tremendous since most of the existing 

works consider low rainfall rate. Similarly, provisioning of the propagation of signal characteristics 

in weather impacted satellite networks for reliable satellite communications merits further investi

gations especially in developing computationally efficient prediction control methods. This need 

for computationally efficient models for accounting challenging propagation environments and 

predicting parameters for satellite networks have already been well documented [13,14,19-23,28]. 
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Our preliminary research in this problem [3] demonstrated that a better control of satellite 

signal parameters and improved system performance could be achieved by taking into account the 

major weather related contributors of signal attenuation separately. Our methodology of predicting 

rainfall rate and then using that estimated attenuation due to rain, gas, cloud, fog, and scintillation 

yielded greater accuracy in estimating weather related attenuation. This work estimated constituent 

weather related attenuations for reasonable rainfall conditions and for different propagation angles 

and frequencies of operation at a given location. However, in doing so, this work had to rely on 

historical data collected by ITU — R that provided an average rainfall in a yearly basis for specific 

locations throughout the world, based on fifteen years of historical data. During the research, it 

was realized that the tuning of channel parameters achieved through that methodology could have 

been further enhanced if real-time measurements were used to gain a closer forecast of weather 

conditions. The work reported in this thesis was inspired by that premise. And, as research thrust 

has been put to improving QoS on satellites based networks with the use of intelligent prediction 

methods on signal quality in presence of weather related attenuation. The work presented in this 

thesis should be of significant interest to the research community. 

Moreover, the proposed method yields flexible system based on optimized algorithms that lends 

control based on weather prediction that made with actual data. Consequently, it should allow the 

control systems to better react with impending weather entities before problems actually manifest. 

Therefore, it is believed that this work should mount to a noticeable contribution to improve the 

control of satellite networks. 

1.2 Thesis Contributions 

The contributions towards improving the operation of satellite communication systems, made by 

the work reported in this thesis, include the following: 

1. A new rain attenuation calculation method, named Iterative Approximation Method (IAM), 
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which brings marked improvements over ITU — R methods currently in use; it also ex

tends the accuracy of calculations of rain attenuation over a wide range of signal frequency, 

propagation angle, and rainfall rate not achieved by the existing techniques. 

2. Extensions of ITU — R method for calculating rain, gas, cloud, fog, and scintillation atten

uations so as to factor rainfall rate, frequency, and propagation angle in calculation. 

3. Introduction of a three dimensional relationship model for estimating atmospheric attenua

tions in relation to rainfall rate, frequency, and propagation angle; the method thus results in 

faster decision making and improved responsiveness. 

4. A new approach for predicting rainfall rate based on actual weather data and Markov theory. 

5. A methodology for estimating attenuations due to rain, gas, cloud, fog, and scintillation 

based on rainfall rate prediction made in contribution 4. 

6. An improved estimation of attenuation and control of transmission parameters compared to 

improvements made in contribution 1 and contribution 2. 

7. An enhanced intelligent weather aware control system (IWACS) based on the decision sup

port system (DSS) technique for achieving improved channel performance that takes into 

account the models of predictions described above. 

1.2.1 Published, Accepted, and Submitted Papers 

Based on this work, several papers have been published, accepted, and submitted. They are: 

• K. Harb, A. Srinivasan, C. Huang, and B. Cheng, "QoS in Weather Impacted Satellite Net

works," Proc. of Pacific Rim Conference on Communications, Computers and Signal Pro

cessing, pp. 178-181, Aug. 2007. 
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• K. Harb, A. Srinivasan, C. Huang, and B. Cheng, "Prediction Method to Maintain QoS in 
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(SMC)'07, pp. 4008-4013, Oct. 2007. 

• K. Harb, A. Srinivasan, C. Huang, and B. Cheng, "Intelligent Weather Aware Scheme for 

Satellite Systems," Proc. of IEEE International Conference on Communications (ICC)'08, 

pp. 1930-1936, May 2008. 
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• K. Harb, F. R. Yu, P. Dakhal, and A. Srinivasan, "An Intelligent QoS Control System for 

Satellite Networks Based on Markovian Weather," Proc. of IEEE Vehicular Technology 
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• K. Harb, F. R. Yu, P. Dakhal, and A. Srinivasan, "Performance Improvement in Satellite 
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1.3 Thesis Organization 

The rest of this thesis is organized as follows. In Chapter 2, background and literature review 

are presented. Estimating the effect of rainfall rate on satellite communication links is then de

scribed in Chapter 3. Chapter 4 describes prediction of rainfall rate based on Markov modeling 

of weather characteristics. Chapter 5 describes the calculation of atmospheric attenuation such 

as rain, gaseous, cloud, fog, and scintillation attenuations. Signal attenuation prediction and the 

relationship with intelligent weather aware control systems for impacted atmospheric conditions is 

presented in Chapter 6. Finally, the conclusion of this thesis is presented in Chapter 7. 
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Chapter 2 

Background and Literature Review 

2.1 Introduction 

Satellite communications were first used for military communications applications. These services, 

later on, were open to public for different usages such as long distance telephone network and tele

vision. Starting in 1990's, another task was added to satellite communication technology, which 

was the connection to the Internet via broadband data connections. Thus, the satellite communi

cation experience has demonstrated that satellite systems can satisfy many military and civilian 

requirements. Satellite communications are reliable, survivable, secure, and cost effective. They 

can be easily identified as the ideal, if not often the only, solution to problems of communicating 

with highly mobile forces. This chapter will provide a brief overview on satellite communica

tion and the impacts of atmospheric attenuations such as rain, gas, cloud, fog, and scintillation 

attenuations on satellite communications. 
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2.2 Satellite Communications Background 

The orbiting of an artificial satellite, Sputnik, launched by the Union of Soviet Socialist Republics 

(USSR) in 1957, signaled the beginning of satellite communication era. The United States (US), 

who was in a technological race with USSR, made an all-out effort to catch up and launched its own 

satellite in 1958. It was the first earth satellite of the US as part of the program for the International 

Geophysical Year. The first regular satellite communications service was used by the US Navy in 

1960. The moon was used to bounce teletypewriter signals between Hawaii and Washington, D.C., 

USA, during the early 1960s, thus passing messages between ships at sea and shore stations. This 

method of communications proved reliable when other methods failed [35,36]. 

Foreseeing many profound applications, various branches of military were given resources to 

support their communication research and development needs. Considering the primitive state 

of satellite communication, large-scale improvements were sought to satisfy future needs of the 

Department of Defense. These needs included greater capacity for long-haul communications to 

previously inaccessible areas. Therefore, communications via satellites were considered a natural 

outgrowth for modern technology and for the continuing demand of greater capacity and higher 

quality in communications [5,18,37]. 

The Defense Satellite Communications Program (DSCP) of USA was initiated in 1962 [1]. In 

Phase I, the program was the stepping stone to Initial Defense Satellite Communications Program 

(IDSCP) where high quality voice transmissions were conducted between a satellite and two earth 

stations [38]. Experience with satellite communications has demonstrated that satellite systems 

can satisfy many military requirements. They are reliable, survivable, secure, and a cost effective 

method of telecommunications. 

In the 1970s, the high frequency spectrum was overcrowded and free frequencies were at a 

premium. High frequency jamming and Electronic Countermeasures (ECM) techniques became 

highly sophisticated during that period. As a result, the need for new and advanced long-range 
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transmission methods became apparent. 

Phase II of DSCP changed from an all-analog communications system to an all-digital com

munications system. The performance capability provided by Phase II DSCP was limited by 

equipment availability. Phase II satellites provided a great increase in effective radiated power and 

RF bandwidths. These satellites used wide coverage and narrow beam antennas [35,38]. 

In 1972, Canada launched its first domestic communication satellite by TELESAT, Anik Al, to 

serve the vast Canadian continental area. It acts as space repeaters capable of receiving transmis

sions from earth stations and retransmitting them to other earth stations in Canada. The antenna 

coverage of the satellite provides the capability of serving virtually all of Canada. TELESAT 

Canada is a Canadian satellite communications company founded on May 2, 1969. The company 

is headquartered in Ottawa, Ontario as well as having offices in the United States and Brazil. It 

has launched several satellites and became one of the leaders in the satellite communication do

main [39]. 

There are currently six companies providing fixed satellite service to the U.S.: GE Americom, 

Alascom, AT&T, COMSAT, GTE, and Hughes Communications. They operate thirty six satellites 

with a net worth over four billion dollars. The ground stations which communicate with these satel

lites are innumerable and may have a similar net worth. Canada has joined United States (1974) 

after launching the first domestic satellite service, followed by Indonesia (1976), Japan (1978), 

India (1982), Australia (1985), Brazil (1985), Mexico (1985), and many others [40]. INTELSAT 

has had competition in the international market from Pan American Satellite since 1986. Each year 

10 to 20 communications satellites are launched in space. 

The following section present electromagnetic waves and their relationship with satellite com

munication media. 
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2.3 Electromagnetic Waves and Their Relationships with The 

Medium 

The careers of satellite communication signals are especially created electromagnetic waves con

sisting of electric and magnetic field components. In most practical cases these waves self-propagate 

in a vacuum or in any other medium [41]. The components oscillate in phase perpendicular to each 

other and perpendicular to the direction of energy propagation. Electromagnetic waves are clas

sified into several types according to their frequency, examples being radio waves, microwaves, 

tera-hertz radiation, infrared radiation, visible light, ultraviolet radiation, X — rays, and Gamma — 

rays. 

Radio waves can be made to carry information by varying a combination of amplitude, fre

quency, and phase of the wave within a frequency band. 

When electromagnetic radiation impinges upon a conductor, it couples to the conductor, travels 

along it, and induces an electric current on the surface of that conductor by exciting the electrons 

of the conducting material. This effect (called skin effect) is used in antennas. Electromagnetic 

radiation may also cause certain molecules to absorb energy and thus to heat up; this is exploited 

in microwave ovens. 

Electromagnetic radiation carries energy and momentum that may be imparted to matter with 

which it interacts. Of all the characteristics, we are interested in the following for improving the 

QoS in satellite networks: 

1. Frequency: Sending more information requires the usage of high frequency operation, and 

sending signal over a long distance requires low frequency operation. 

2. Path length: Signal attenuations varied widely with distance between transmitter and re

ceiver. The greater the distance, the higher the signal losses. However, the locations of 

stations are often dictated by needs and, therefore, there is less flexibility in altering the path 
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length. 

3. Propagation angle: As propagation angle increases from around 5 degrees up to 90 degrees, 

the path length becomes shorter and attenuations decrease. However, propagation below 

5 degrees suffer largely from fog and cloud as the path length reaches its maximum. Usually, 

this propagation is used in the case of reflection from the first sky layers. 

4. Transmit power: This factor has some limitations according to safety and health require

ments. However, to offset signal attenuation power could be increased up to its maximum 

allowable level. 

Satellite signals pan through rain, snow, and other condition on the way. But in general, weather 

conditions have little to no effect on RF signal of a 2.4 GHz system. For 2.4 GHz systems, you 

may find attenuation up to 0.08 dB/mile (0.05 dB/km) in a heavy rain condition (4 inches/hr). 

A thick fog may result in as much as 0.03 dB/mile (0.02 dB/km) attenuation. However the loss 

become significant at Ku and Ka bands [3,8,42]. 

In fact, terrestrial microwave transmissions are more susceptible to the effects of rain attenua

tion because their signal paths are entirely in the troposphere and the signal may pass through an 

entire rain cell. Table 2.1 shows the relationships of frequency bands with rainfall rate and their 

coverage area [43]. It could be noted that for C — band signals to be affected by rain, it would re

quire a rain storm approaching hurricane conditions. On the contrary, Ku and Ka bands are highly 

susceptible to rain. These results and their effects are discussed later on in this thesis. 

2.4 Impacts of Atmospheric Attenuations on Satellite Commu

nications 

Atmospheric attenuations refer to the weakening of data signals as they travel through a respective 

media. As the signal travels through the media, it encounters various forms of resistances to 
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Table 2.1: VSAT Frequency Spectrum Allocation. 

Band 

C 
Ku 
Ka 

Frequency 
GHz 

3 - 7 
1 0 - 18 
1 8 - 3 1 

Area 
Foot-print 

Large 
Medium 

Small 

Power 
Delivered 

Low 
Medium 

High 

Rainfall 
effect 

Minimum 
Moderate 

Severe 

signal propagation. Thus signals encounter loss as they pass through the atmospheric layers under 

different weather conditions [12]. The extent signal interaction with the media depends on the 

inherent characteristics of the signal, such as the carrier frequency. 

Transmissions at C — band, which has longer wavelength than transmissions at Ku — band, 

were less susceptible to different weather attenuations. For example, L — band radars, that are used 

for clear air turbulence studies, operate on a wavelength and frequency of around (A = 20 cm) 

and 1.5 GHz, respectively. S — band radars operate on a wavelength of (A = 15 cm ~ 7.5 cm) 

and a frequency of (f = 2 ~ 4 GHz). C — band frequency has a wavelength of approxi

mately (A = 7 cm), X — band radars operate on a wavelength of (A = 3 cm) and a frequency 

of (f = 10 GHz) and Ku — band frequency (f = 12.6 ~ 18.6 GHz) has a wavelength of 

approximately (A = 2.380 cm ~ 1.612 cm). Any raindrop in the path of either signal, which 

approaches half the wavelength in diameter, will cause attenuation [43-45]. 

Rain attenuation's impairment for satellite signals becomes particularly severe as the frequency 

increases. In C — band, it is not as critical as that in higher bands as shown in Table 2.1. However, 

the diameter of a raindrop is definitely detrimental for Ku/Ka — band signal's passage. It is to be 

noted, Ku — band attenuation in rain is approximately nine times that of C — band [44-47]. In 

general, weather conditions have little to no effect on the RF signal of a 2.4 GHz system. 

These attenuations become particularly severe at frequencies higher than 10 GHz, especially 

for small aperture antenna such as VSAT and TVRO [1,9,30,43,48]. Weather attenuation - which 

is considered the dominant cause for signal impairment — is a function of frequency, propagation 

angle, rain intensity, raindrop size distribution, and raindrop temperature [20,23]. Fades of larger 
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than 20 dB were observed at least 0.1 % of the time in subtropical rain zones and 0.01 % of the 

time in a dry rain zone [22]. Also, the effect of clouds is around 2 dB for all rain zones. Accurately 

computing the effect of different weather attenuations on satellite networks [12-14,49], remains 

one of the main motivations of this thesis. 

ITU — R manages a detailed coordination and recording procedures for using weather data 

for space systems and earth stations. ITU — R processes and publishes data as well as carrying 

out the examination of frequency assignment notices submitted by governments for inclusion in 

the formal coordination procedures or recording in the Master International Frequency Register. 

ITU — R - also provides several years of data for average rainfall rate at a given location on earth, 

other propagation variable such as height above mean sea level, and signal parameters. All these 

parameters are used to compute different weather attenuations such as rain, gaseous, cloud and 

fog, and scintillation attenuations [7,15,29,50] for specific coordinates throughout the world. 

2.4.1 Rain Attenuation 

Rain attenuation (RA) is one of the most common and often most misunderstood and complicated 

phenomena that affects satellite signals. Rain attenuation is all about signal absorption and the 

scattering of incoming signal. By far, the greatest single event reduction in signal power is caused 

by rain, not so much water vapor. We first explain rain attenuation extensively and then propose 

solutions to control the effect of RA on satellite signal propagation. 

Rain attenuation is a function of frequency (/), probability (p), propagation angle (8), polar

ization tilt angle relative to the horizontal (r), raindrop temperature (£#-), and other factors such as 

rain intensity and raindrop size distribution. Therefore, it is the dominant propagation impairment 

when facing high frequency. Also, rain fade seems to correlate very closely with the volume of 

raindrops along the propagation path [11,22]. This is opposed by the common misconception that 

the degree of attenuation is proportional to the quantity or the individual size of raindrops falling 

near the receiving site [23]. 
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Thus, determining the specific factors that lead to attenuation is crucial to properly predicting 

signal propagation problems along the satellite path. Models developed from this data can be used 

to chart the effects of rain fade on a regional or individual site basis. From this information, antenna 

size needed, power level, and other factors such as modulation, coding, transfer data rate, etc. can 

be determined in order to counteract the effects of different weather attenuations. 

According to an experiment conducted at different U.S. sites over several years period, rain 

attenuation is the dominant cause for signal impairment at Ka — band frequencies. Rain attenuation 

is a function of frequency, propagation angle, rain intensity, raindrop size distribution, and raindrop 

temperature [8,20-23]. 

This research is conducted using the Advanced Communications Technology Satellite (ACTS) 

system. It enables service providers to tailor a satellite system to provide quality system availabil

ity at relatively low cost. Continuing research is being performed on rain fade compensation to 

allow for an inexpensive Ka — band system implementation [28,38]. The ACTS adaptive rain 

fade compensation protocol was developed to ensure a T1VSAT bit error rate (BER) of less than 

5.10 e — 7 for 99.5 % of total operational time of T1VSAT [51,52]. The compensation protocol is 

adaptive, has decision-making capabilities, and is implemented to maintain T1VSAT performance 

during periods of week signal due to fade or other factors. 

2.4.2 Gaseous Attenuation 

As signals pass through the troposphere, they undergo interactions with gas molecules that are 

present in the atmosphere. The composition of the gas molecules presented in the atmosphere at 

sea level are shown in Table 2.2 [53]. In the table, the "Others" column includes Neon (Ne), 

Helium (He), Krypton (Kr), and other compounds. Such as water vapor (H20), which is a 

major concentration from 0 to 2 % of the others. Trace quantities of Methane (CHA), Sulphur 

Dioxide (SO2), Ozone (03) , Nitrogen Oxide (NO), and Nitrogen Dioxide (N02) are also present 

in atmosphere. Each of these gas molecules interact with the propagated signal. The interactions 
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Table 2.2: Gas Molecules Percentage in The Atmosphere. 

Gas 
Molecules 

Percentage 

Nitrogen 
N2 

78 

Oxygen 

o2 
21 

Argon 
AT 

0.9 

Carbon 

co2 
0.0999 

Others 

0.0001 

may or may not cause loss of energy and hence attenuation. Losses are especially high near 

the resonances of molecules. For example, when an asymmetric molecule like that of H20 is 

placed in an electric field, it will try to align itself to a minimum potential with respect to the 

electric field. This process causes loss of signal propagation. The complex permittivity of the gas 

shows a resonance — the imaginary part is the absorption. The problem further complicates with 

temperature variation as it changes resonance frequency. The signal absorption depends on (1) the 

resonant frequency, (2) the concentration of gas in the atmosphere, and (3) the length of the path. 

The atmospheric pressure also plays an important role in gaseous attenuation. The resonance 

modes of the molecules are discrete, but as the molecules are constantly in collision with each 

other and moving at random, the resonance lines become broadened. Notice that, below 10 GHz, 

gaseous attenuation can be ignored for most purposes [29,53]. 

For gaseous absorption up to almost 300 GHz, the important resonances are those from at

mospheric oxygen and water vapour levels. The quantities and effects of resonant gases (CO, 

NO, N02, N20, S02, and O3) are negligible compared to water vapour at typical microwave link 

frequencies. 

Oxygen has strong bands of resonances around 57 — 60 GHz and 119 GHz. At sea level, the 

losses can mount up to 15 dB/km at between 57 GHz and 63 GHz. Water vapour has strong 

resonances at 22 GHz, 183 GHz, and 324 GHz [3,34,50]. The attenuation changes with the 

amount of water vapour in the atmosphere. Typical analysis and results for gaseous attenuations 

will be discussed in the following chapters. 
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2.4.3 Cloud and Fog Attenuations 

The air contains water in all temperatures. Near the surface of earth when air temperature is usually 

higher, the air holds much more water vapor than that of the cold air. This water at gaseous state 

remains invisible. However, as the warm air rises, it expands and cools. Cool air cannot hold as 

much water vapor as warm air. Thus, some of the vapor condenses into tiny pieces of dusts that 

are floating in the air and form tiny droplets around each dust particle. When very large numbers 

of these droplets approach together they turn out to be a visible cloud. A cloud is a large collection 

of very tiny water droplets or ice crystals, usually a mixture of both. The droplets are so small and 

light that they can float in the air. 

Clouds are white because they reflect the light, including the entire visible spectrum. If the 

clouds get thick enough or high enough, all the light above will not make it through, hence the 

gray or dark look. Also, if there are lots of other clouds around, their shadow can add to the gray 

or multi-colored gray appearance. Clouds move with the wind. High cirrus clouds are pushed 

along by the jet stream, sometimes traveling at more than 150 km/hr. 

Fog is a cloud that touches the surface of the earth. A cloud that is not a fog on lower ground 

may be a fog where it contacts higher grounds such as hilltops or mountain ridges [10,42, 54-

56]. Fog begins to form when water vapor condenses into tiny liquid water droplets in the air. 

Conversely, water vapor is formed by the evaporation of liquid water or by the sublimation of ice. 

There are many different types of fog, but fog is mostly formed when southerly winds bring 

warm, moist air into a region, possibly ending a cold outbreak. As the warm, moist air flows over 

much colder soil or snow, dense fog often forms. Warm, moist air is cooled from below as it 

flows over a colder surface. If the air is near saturation, moisture will condense out of the cooled 

air and form fog. With light winds, fog near the ground can become thick and reduce visibility 

to zero. Fog is thus defined as cloud which reduces visibility to less than 1 km. Moreover, The 

phenomenon which is known as flash fog can be formed suddenly, and can be dissipated just as 

rapidly depending on what side of the dewpoint the temperature is at. 
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2.4.4 Scintillation Attenuation 

Scintillation is produced by turbulent air with variations in the refractive index and signal ampli

tude. This term is indicative of fast fluctuations in signal's amplitude. This attenuation is caused 

by the changes that happens by the variation of the refractive index of the atmosphere where sig

nal propagates over the sky. The refractive index of air depends on temperature, giving rise to 

refraction effects when the temperature gradient is large. It can also be caused by rainstorms, 

irregularities in temperature, humidity, and pressure. An example of such effects is the mirage. 

This turbulence causes attenuation for communicating signals, and the attenuation significantly 

relies on several factors such as antenna diameter, operating frequency, rainfall rate, and propaga

tion angle. 

The losses caused by atmospheric scintillation and multi-path propagation are indistinguish

able as shown in Figure 2.1. However, in satellite communications at carrier frequencies above 

10 GHz, scintillation may play a significant role in determining the power margin, especially for 

low availability systems with low propagation angle and low gain antennas when compared to 

other attenuations such as cloud and fog. Therefore, accurate estimates of signal degradation due 

to these effects must be included in the design of low margin satellite communication systems, 

otherwise, signal cannot be received properly at the other communication sides. The assessment of 

the linkage between rain and scintillation attenuations during rain are then necessary to better use 

a given system's capacity. Notice that, increase of attenuation even by a small amount may destroy 

the overall of satellite communication networks [39]. 

The scintillation attenuation increases up to 2 dB for different propagation angles and rain

fall rate values for an applied frequency of above Ku — band. Unfortunately, there is no model 

available for this attenuation fading below the propagation angle of 0.5 degree [28,57]. 
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Figure 2.1: Scintillation attenuation effect on signal propagation along the path. 
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2.4.5 Free Space Attenuation 

Free space attenuation is the loss in signal strength of an electromagnetic wave that would result 

from a line-of-sight path through free space as shown in Figure 2.2, with no obstacles nearby to 

cause reflection or diffraction. Path loss is a major component in the analysis and design of the 

link budget of a telecommunication system [38,41]. 

Signal attenuation due to free space is primarily caused by beam divergence, as signal scattering 

over larger areas at increased paths from the ground station. Also, free space loss is a function of 

frequency of operation, propagation angle, and mainly distance between transmitter and receiver 

terminals as shown in Figure 2.2. The free-space path loss is proportional to the square of the 

distance between the transmitter and receiver, and also proportional to the square of the frequency 

of the radio signal. The formula of this attenuation will be explained in Chapter 5. 

The most important four features of free space are [41]: 

1. Uniformity everywhere: This means spatially homogeneous everywhere in the universe. 

2. Free of electrical charge: Electrical charge comes in two types — positive and negative. In 

free space, there is no charge and so the current density flowing out of a region must result 

in a decrease of charge within the region. 

3. Free of electric currents: An electric current is defined as a directed flow of electrons flows 

from a negative terminal to a positive terminal. The direction of the current flow in a material 

is determined by the polarity of the applied voltage. Electrons having negative charges move 

through a conductor in response to an electric field. 

4. Infinite extent in all directions: In a free space environment, signal is able to propagate in 

all direction and penetrate space layers without any limitation. Signal thus fades in strength 

naturally as it travels from the source to the destination. 
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Figure 2.2: Free space effect on signal propagation. 
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2.5 QoS and SLA 

QoS is an important requirement for satellite network users. As signal propagating between hubs 

and satellites, will be affected by different weather attenuations as it has to pass through several 

atmospheric layers. For this reason, service providers want to ensure that the signal quality received 

by their costumers has enough throughput to satisfy their needs. Often time the service providers 

and customers agree in a minimum level of throughput and availability and sign agreements called 

Service Level Agreements (SLA), which the providers is obliged to meet at all times. 

In this thesis, we present a method to maintain QoS and SLAs by adaptively adjusting sig

nal power, channel rate, location, propagation angle, frequency, modulation, coding, and queuing 

schemes to adapt with different weather conditions by the use of estimated and predicted weather 

knowledge. 

Our main concern is based on the allocation of the maximum allowable end-to-end service 

quality by improving SNR. Therefore, the amount of transmission rate used for the satellite net

work controller is adjusted based on accurately reported statistical weather data and forecasts of 

service performance based on those data. Also, we will monitor the SNR at receiving end of 

the channel and adjust the value adjusting transmission characteristics with the use of IWACS, 

explained later on this thesis. 

2.6 Summary 

The satellite communication services have grown rapidly in recent times and this growth has been 

a global phenomenon due to economy that is requiring increased communications services. Such 

services are increasingly relying on higher carrying frequencies to pack greater volume of infor

mation. These higher frequencies that are carrying signals are more prone to weather losses as 

they pass through the earth's atmosphere. In some heavy rain conditions, it is possible for virtually 

all satellite signal to be absorbed by rain and other atmospheric factors such as gaseous, fog, and 
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cloud. These various kinds of attenuations, that can impair satellite signals, are described in depth 

in the following chapters. 
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Chapter 3 

Estimating the Effect of Rainfall Rate on 

Satellite Communication Links 

3.1 Introduction 

Weather conditions have little effect on satellite signals operating at low operational frequencies. 

However, at higher transmission frequencies, satellite networks are greatly affected by atmospheric 

attenuations. This chapter introduces the existing ITU — R methods and the Iterative Approxima

tion Method (IAM) for calculating rainfall rate and rain attenuation [2,9,15,58] combined with 

bi-linear interpolation and frequency extrapolation. In addition, since rain attenuation is consid

ered a dominant impairment for wireless signal, an enhanced method for accurately determining 

rain attenuation is introduced as function of frequency based on processing results from a weather 

database. 
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3.2 Rainfall Rate Calculation 

Rainfall rate is one of the factors in determining rain fade. Rain fade seems to correlate very closely 

both with the size of raindrops along the path of propagation and the depth of rain affected zone 

the signal passes through [15]. 

Data files are collected from ITU — R Recommendation P. 837 — 4. They represent a weather 

characteristic model to derive rainfall rate RRep(Lat, Long) for exceed percentage probability 

ep, the probability of rainy periods Pn(Lat, Long), the average annual convective rainfall amount 

Mc(Lat, Long), and the average annual stratiform rainfall amount Ms(Lat, Long) at different 

X {Long degree) and Y (Lat degree) locations [15,16]. Lot is considered the latitude, and Long 

is considered the longitude. The RReP is computed based on historical rainfall data for the exceed 

percentage probability (ep), which can be considered an alternative to real-time data. 

Other parameters are then derived from this data through the following procedure. 

1. Extract variables Pa, Mc, and Ms for the four points closest in Lat and Long to the geo

graphical coordinates (X and Y) of the desired location. Latitude grid ranges from (90°N) 

to (—90°S), and longitude grid ranges from 0 to 360° both for 1.5° steps as shown in Ta

ble 3.1. Thus: 

a. If the location falls on the grid, these values will be taken as is from the given ITU — R 

tabulated data. 

b. If it does not fall on the grid, a bi-linear interpolation will be performed for the four 

closest grid points as shown in Figure 3.1. 

2. Derive percentage probability of rainfall in an average year, Pep, based on calculated data 

collected from previous steps [15], where: 

Pep(Lat,Long) = PR(Lat,long) • (l - e-^n7(Ms(Lat,Lon9)/pR(Lat,Long^ _ ( 3 1 ) 
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Table 3.1: Data Format. 

X/Y 0 

90 
88.5 

1.5 

0 

-1.5 

-88.5 
-90 

(0, 90) 
(0, 88.5) 

(0, 1.5) 

(0,0) 

(0,-1.5) 

(0, -88.5) 
(0, -90) 

1.5 

(1.5, 90) 
(1.5,88.5) 

(1.5, 1.5) 

(1.5,0) 

(1.5,-1.5) 

(1.5,-88.5) 
(1.5,-90) 

385.5 

(385.5, 90) 
(385.5, 88.5) 

(385.5, 1.5) 

(385.5, 0) 

(385.5,-1.5) 

(385.5, -88.5) 
(385.5, -90) 

360 

(360, 90) 
(360, 88.5) 

(360, 1.5) 

(360, 0) 

(360,-1.5) 

(360, -88.5) 
(360, -90) 

a. If PR is equal to zero, the result of this operation will be undetermined, and, conse

quently, intensity rainfall rate will also be equal to zero [9]. In this case the procedure 

shall be stopped. 

b. If PR is not equal to zero, rainfall rate (RRep), should be derived from the exceeded 

percentage probability of interest (ep) ', where ep should be less than or equal to Pep, 

otherwise Pep — and thus rainfall rate — will be equal to zero and the following steps 

will not be required [15]. 

Thus, rainfall rate (RRep) will be: 

RRep(Lat, Long) 
-B + VB2 -4-Ab-C 

2 - A 
mm/hr, (3.2) 

where: 

Ab = a • b, (3.3) 
1 Although the exceed percentage probability is represented in ITU — R as p, the symbol ep has been used in this 

thesis because it was discovered the many readers confuse p as a symbol for probability. 
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B = a + c • In (ep/Pep (Lat, Long)), (3.4) 

C = In {eplPep {Lat, Long)) , (3.5) 

a = 1.11, (3.6) 

{Mc{Lat, Long) + Ms{Lat, Long)) 

22932 • Pep 
(3.7) 

and 

c = 31.5 • b. (3.8) 

3.3 Definition of Bi-Linear Interpolation 

Bilinear interpolation is an extension of linear interpolation for interpolation of variables whose 

values depend on two other linearly related variables. The key idea is to perform a linear interpo

lation in two different directions. Figure 3.1 shows the four diamond dots that represent the given 

data points around the interpolated location. It also shows the circle dot that is surrounded by the 

point diamond dots. The circle dot is the point at which the interpolation should be done using 

the bi-linear interpolation [58,59]. The value of the unknown function (G) that is located at the 

longitude {X) and the latitude (Y) can be computed as: 

Kn = K{XU Y,), 

Kl2 = K{XU Y2), ^ 9 ) 

K21 = K{X2, YO, 

K22 = K{X2, Y2). 
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Figure 3.1: Grid point location. 

First, the linear interpolation is done in the X direction. This yields: 

X-j-X X - Xi 
J l "v F K l l + v ^ A 2 i (3 

and 

-A 2 — ^ r^ -^ — X\ 
T2 ~ T ; ^ ^ 1 2 + "^ ^ - ^ 2 2 

•A-2 ~ -*-l ^ 2 — ^-1 

Then, the interpolation is done in the Y direction. This yields: 

(3 

G^y^f^Ti + ^ H (3 
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Table 3.2: Bi-Linear Interpolation. 

Bi-Linear 

X,Y 
Mc 

Ms 

(X,Y) 

(296.27,68.5) 
2.73 

96.884 

(XuYJ 
(295.5, 67.5) 

3.15 
89.79 

(XUY2) 

(295.5, 69) 
3.1 

87.28 

(*2 ,*9 
(297, 67.5) 

1.32 
114.85 

(X2,Y2) 

(297, 69) 
2.54 

112.48 

The result of these interpolations give us the desired estimation for G(X, Y) as: 

••• + ^ - ^ - n ) ^ - * ) ( y - y o + (x2-^)(v2-n)(x - ^ ) ( y - yi) • 
(3.13) 

Thus, this formula provides interpolated values for all necessary propagation parameters at a 

given location on earth that does not fall on a grid point given in Table 3.1. Table 3.2 shows an 

example for interpolating two weather parameters at a given longitude (X) and latitude (Y). The 

first parameter is the average annual convective rainfall amount (Mc) and the second parameter 

is the average annual stratiform rainfall amount (Ms). These parameters are used to estimate 

different weather attenuations using bi-linear interpolation to obtain their approximated values. 

Also, bi-linear method is used to interpolate other parameters such as mean rain height above 

sea level, liquid precipitation, and other ITU — R parameters that are used to estimate different 

attenuations that are presented in this thesis. 

3.4 Rain Attenuation Development 

This section, at first, provides ITU — R recommended procedure for estimating long-term statistics 

of slant-path rain attenuation and then the improved method that has been proposed [29]. The 

ITU — R original method developed in 1986 has been presented as ITU — R Original Method. Then 

to improve the computational efficiency of the calculation, ITU — R developed the approximation 

method, hereon identified as ITU—R Approximation Method, which is an extension to the ITU—R 

31 



Original Method. The significant contribution made by the ITU — R Approximation Method was 

that the rain attenuation calculations were made much faster without significant loss of accuracy 

of results. This, however, was the case when rainfall rate values were low. Therefore, improving 

the accuracy of rain attenuation estimation at high rainfall rate for the entire frequency range in 

use by the satellite systems remained as a challenge. It turns out that, the IAM gives remarkably 

good results for rain attenuation up to the highest rainfall rate values at frequencies as high as Ka 

— band while remaining computationally more efficient than the ITU — R Approximation Method. 

In all three methods, the value of rain attenuation is dependent on a number of propagation 

parameters including propagation angle, frequency, atmospheric attenuation, and location. The 

propagation angle, which has been depicted in Figure 3.2 as (9), is dependent on the locations of 

the ground stations and the satellite. Other factors affected by location of the communicating points 

include: Mean rain height above mean sea level (/IR), liquid precipitation (Lep), frozen precipita

tion (Fep), height above mean sea level of earth station (hg), earth-space path (Eep), horizontal 

projection (LG), slant-path length below rain height (Ls), and rain height (Rh)- These parameters 

and others as defined by ITU - R is shown in Table 3.3. Frequency is the only location for in

dependent variable that affect rain attenuation. In the following subsection, we describe ITU — R 

Original Method, ITU — R Approximation Method, and Iterative Approximation Method (IAM). 

3.4.1 ITU - R Original Method 

The ITU — R Original Method provides an estimate of long-term rain attenuation based on statis

tical data collected on parameters like annual rainfall and probability of precipitation. The results 

obtained by this method are close to the measured values but allowance should be given for the 

variability in rainfall rate statistics. 

The original algorithm for estimating the rain attenuation is as follows: 

1. For areas around the world where no specific information is available: The mean 0°C 
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Table 3.3: Variables as Defined by ITU - R. 

Name of Variable 
F 
1 ep h0 

hR 

hs 
K 

KH 

Kv 

aH 

ay 

Kt 

KT 

aT 

l^ep 

Lv 

-L'w 
M 
Mc 

Ms 

Nwet 
ph 

PR 

Rh 
P 
tk 

Unit 

Km 
Km 
Km 
Km 
Km 

Kelvin 

Km 
kg/m2 

kg/m2 

kg/m* 

hpa 

Km 
degree 
Kelvin 

Description 

Frozen precipitation 
Mean 0°C isotherm height above mean sea level 
Mean rain height above mean sea level 
Height above mean sea level of earth station 
Equivalent height for water vapour 
Constant coefficients of horizontal polarization 
Constant coefficients of vertical polarization 
Constant coefficients of horizontal polarization 
Constant coefficients of vertical polarization 
Specific attenuation coefficient 
Frequency-dependent coefficients 
Frequency-dependent coefficients 
Liquid precipitation 
Statistics of the total columnar content 
Total columnar content of liquid water 
Integration of liquid water density 
Average annual convective rainfall amount 
Average annual stratiform rainfall amount 
Radio refractivity 
Pressure 
Probability of rainy periods 
Rain height 
Latitude of the earth station 
Temperature 
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8 : Propagation angle hs : Mean rail's height above mean seu level #?;, : Raht height 
Fc,,: Frozen precipitation hx : Height above mean sea level of earth station E,.p : Earth-space path 
£;,-: Horizontal projection l.s :, Slant-path length below rain height l,,s, : Liquid precipitation 

Figure 3.2: Earth space path. 

isotherm height above mean sea level ho in (km) can be obtained from data file HEIGHTO 

.txt (this file may be downloaded from the ITU — R Bureau - BR). Note that this file contains 

data with resolution of 1.5 degrees in both latitude and longitude [30]. The same applies for 

the grid point data described in the previous section. 

2. Obtain mean rain height above mean sea level, HR, from 0°C isotherm ho, given in [30], as: 

hR = ho 0.36 km. (3.14) 

3. Compute slant-path length, Ls, below rain height [9,15,16,30] using the following formulas: 

(a) 6 < 5 degrees: 

L. = 
2(hR - hs) 

1/2 
km. 

(sin20 + ^ ^ ) +s in# 

Note: Re represents the effective radius of Earth, (8,500 km) 

(3.15) 
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(b) 8 > 5 degrees: 

Ls = ^ L Z M km. (3.16) 

Here, if {hft — hs) < 0, then predicted rain attenuation (RA) for any time percentage 

is equal to zero. Therefore, reset RA value to zero and skip the rest of the steps. 

4. Calculate horizontal projection, LG, of slant-path length from: 

LG = Ls • cos 9 km. (3.17) 

5. Find RRep for ep = 0.01 % of an average year. If RRo.oi is equal to zero, then predicted RA 

is equal to zero for a given time percentage and skip steps 6 to 11. 

6. Compute specific attenuation, 7^, using frequency-dependent coefficients as given in [15] 

for k, a, and RReP, calculated in Section (4.1) for ep = 0.01 %, determined from (3.2), by 

using: 

lR = KT • {RR0.mTr dB/km. (3.18) 

For linear and circular polarization and for all path geometries, coefficients in (3.18) can be 

computed as: 

KT = [KH + KV + (KH - Kv) cos2 9 cos 2r] /2 (3.19) 

and 

aT = \KHOIH + Kyav + {KH&H — Kyctv) cos2 9 cos 2r] /2k, (3.20) 

where Kv, ay and KH, OLH, are constant coefficients of vertical and horizontal polarizations. 

Also, the determined path propagation angle (9) and the polarization tilt angle (r) relative to 

horizontal polarization is equal to 45 degrees for circular polarization. 
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7. Calculate horizontal reduction factor, rep, for ep = 0.01% of time: 

1 + 0.78 Ji^sL _ o.38 (1 - e~2Lo) 

8. Calculate vertical adjustment factor, vom, f°r 0-01 % of time: 

a = tan 1 ( | degrees. 
LG • rom 

The actual slant-path length LR will be: 

L R = I 

and the variable x is equal to: 

cose km for a > 9 

(hK.-j*s) km for a < 9 
sin 6 •> — 

X = < 

36 — \p\ degree for \p\ < 36° 

0 deg ree otherwise 

where p is the latitude of the earth station. 

The vertical adjustment factor is [29]: 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

vom = 
1 + VsirT^ 31 'i_e-(V+x))W 7H 0.45 

(3.25) 
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9. Obtain the effective path length as: 

LE = LR • vom km. (3.26) 

10. Estimate RA for exceeded ep = 0.01 % of an average year as follows: 

A ftain(O.Ol) 7H • LE dB. (3.27) 

11. For other exceeding percentages of an average year ranging from 0.001 % to 50 %, estima

tions of RA can be computed from the following equation as: 

A, Rain(ep) — ^4flam(0.01) ' 

/ e p s-(0.655+0.033ln(ep)-0.0451n(yl f t a i n ( 0 ,0 1 ))-/3(l-ep)sine) , R 

(3.28) 

where 

13 = { -0 .005( |p | - 36) 

if (ep > 1% or \p\ > 36°) 

if {ep < \%and \p\ < 36°and6 > 25°} 

•0.005(|/o| - 36) + 1.8 - 4.25 sin 0 otherwise 

(3.29) 

The above equation for rain attenuation (RA) was tested by ITU - R and found to be the most 

precise overall of all tested models [2,9,17,60]. This method provides a reasonable solution for 

calculating RA, represented as (Arain). In order to estimate RA at a given location, this calculation 

has to go through (3.18) to (3.28) for every frequency sample; a process that requires a large 

computational load. 
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3.4.2 ITU - R Approximation Method 

In this method, calculating rain attenuation for a geographic location of our concern for a given 

practical rainfall rate and useful frequencies of up to 55 GHz are based on a fixed frequency-

sample (Fs). A special logic for extrapolation is then applied to calculate rain attenuation for 

the rest of the frequencies. However, such a calculation is made possible through a series of 

background calculations of other necessary parameters. 

By using the ITU — R Approximation Method as described below, the rain attenuation (RA), 

can be computed for the entire range of useful frequencies, using (3.30) - (3.33), based on a fixed 

sample frequency (Fs) [9,29]. Thus, RA value at a specific location as a function of frequency is 

calculated by using the following formulas: 

/ „ / f \ , \(l-HMFs),V,(fi),ARain(Fs))) 

where 

*(/«) = r^i^rr (331) 

ARain(Fs) = lR{Fs) • LE(FS) dB, (3.32) 

HMFJMf&AnainiFs)) = 1.12-10-3 • ••• 

( ^ % ( F . ) ) 0 ' 5 > ( W W ^ ) ) 0 ' ' 
(3.33) 

where Anain is a value of rain attenuation, fc, that represents the frequency ranging from 7 to 

55 GHz, and Fs is the sample frequency [29]. 

Therefore, if reliable attenuation data — measured at one sample frequency (Fs) — is available 

(preferably a higher frequency sample since it offers an overall better results), these empirical 

formulas will then generate RA as a function of the chosen frequency [9, 16,29]. The values 

of RA thus obtained can be applied for frequency scaling on the communication channel where 
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frequencies may range from 7 to 55 GHz. 

In this method, the value of rain attenuation at the sample frequency (Fs) is extrapolated to 

estimate the other rain attenuation at a given channel frequency. The extrapolation requires pre

cipitation probability, propagation angle, location of the ground station, and the rain attenuation 

value at the sample frequency (Fs). The computational efficiency of this method is much superior 

to ITU — R Original Method. At high rainfall rate values and high frequencies, however, the errors 

in rain attenuation calculations accumulate such that the anomaly becomes significant. Therefore, 

in the next section, we will present a new method to overcome the problem of accurately approxi

mating rain attenuation when operating at high frequencies under high rainfall rate situations. 

ITU — R Approximation Method, However, is accurate only when rainfall rate is reasonably 

small (RRo.oi = 5.968 mm/hr) [9,30], as shown in Figure 3.3. Also, Table 3.4 shows the results 

and the relative percentage error 2 in ITU - R Approximation Method with respect to ITU — R 

Original Method. 

At high rainfall rate the deviation will be substantial, which will be demonstrated in the next 

section. Thus, by using high frequency sample (Fs) in order to match the ITU — R Original Method 

will not guarantee delivering enhanced solutions for all models. 

3.4.3 Iterative Approximation Method 

In this section, we describe a novel method that has been named Iterative Approximation Method 

(IAM) for estimating rain attenuation and compares its computational efficiency and accuracy with 

the previously described methods [9,30]. This IAM is not, however, related to or a derivation work 

of some other research works where they also chose to name their methods "Iterative Approxima

tion Method" [61,62]. This is a unique work that deals with iterative approximation of attenuation. 

This method was developed through empirical studies of past data of communication systems as 

2Error in Approximation Method with respect to ITU - R Original Method as: 
Relative Percentage Error = [(Original — Approximation) j Original] * 100 %. 
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Ati RA vs. Freq. at X = 100, Y = 88, Angle = 40°, and Fs = 30 GHz 
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Figure 3.3: ITU — R Original and Approximation Methods for small rainfall rate. 
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Table 3.4: Rain Attenuation Comparison Between ITU — R Original and Approximation Methods 
at Different Frequencies for Fs — 30 and 0 = 40. 

Frequency 

[GHz] 

9 
10 
12 
14 
16 
18 
19 
20 
21 
22 
23 
25 
27 
28 
29 
30 
31 
32 
35 
38 
40 
44 
46 
50 
54 
54 

I T U - R 
Original 
Method 

[dB] 

0.34468 
0.50705 
0.91177 
1.3783 
3.0011 
2.4166 
2.7025 
3.0011 
3.3133 
3.6384 
3.9784 
4.6985 
5.4675 
5.8683 
6.2791 
6.6986 
7.1256 
7.5591 
8.8815 
10.221 
11.112 
12.852 
13.696 
15.313 
16.82 
17.178 

I T U - R 
Approximation 

Method 
[dB] 

0.71549 
0.88253 
1.2646 
1.7066 
3.3359 
2.7483 
3.0372 
3.3359 
3.6438 
3.9599 
4.2836 
4.9505 
5.6387 
5.989 
6.3425 
6.6986 
7.0567 
7.4161 
8.4971 
9.5715 
10.278 
11.656 
12.322 
13.601 

14.8 
15.086 

Relative % Error 
of Approximation 

Method 
w.r.t. Original 

107.58 
74.052 
38.698 
23.817 
17.247 
13.723 
12.386 
11.158 
9.9754 
8.8375 
7.6698 
5.3649 
3.1316 
2.056 
1.0106 

0.0 
0.96764 
1.891 
4.328 
6.3567 
7.5017 

9.31 
10.034 
11.184 
12.013 
12.18 
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opposed to that applied in [61,62]. 

Thus, our propose IAM is used to overcome the problem of inaccuracies in rain attenuation 

estimations found in ITU — R Approximation Method while remaining computationally efficient. 

The ITU — R Approximation Method calculated the value of rain attenuation at a specific 

frequency (Fs) by following the empirical formulas (3.30)-(3.33), where the results lost accuracy 

in case of high rainfall rate and high frequency. The new method computes the rain attenuation 

by using equations (3.34)-(3.37) and produces rain attenuation estimates that closely matches with 

the results obtained from the computationally cumbersome ITU — R Original Method even at 

high rainfall rate and higher frequencies of 7 to 55 GHz. The key differentiator here is that the 

sample frequency (/n) is not static as in the case of ITU — R Approximation Method described in 

the previous section. Here (/„) represents the selected frequency to start the computation of rain 

attenuation. 

Anain(fn+l) = ^ i n ( / n ) ' (^fn+%{fn))
 dB> ( 3 ' 3 4 > 

where 

4 « ( / » ) = 7fl(/n) • M / n ) dB, (3.35) 

H(<p(fn),v(fn+1),ARain(fn)) = 1.12 - 10-3 • ••• 

. . . . ^(/n + 1) /^ ( / n ))°-5 . (ip(fn)ARam(fn)f55 , 

(3.36) 

*(jy = rSwr <337) 

and 

7 GHz < / < 55 GHz, 

and AnainUn) a nd Ajiain(fn+i) are the equiprobable values of excess RA at frequencies (/n) and 

(/n+i) with rainfall rate respectively. 
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The IAM is based on getting attenuation results of next frequencies out of preceding ones [9, 

30]. Thus, once RA is computed at a given location on earth at a known frequency (/„) ranging 

from 7 to 55 GHz, we can then compute RA for upper frequency (/«+i) based on prior frequency 

(/„) and the process could be repeated for incrementally higher frequencies until reaching the 

desired frequency. 

Table 3.5 shows a comparison between the results obtained from the ITU — R Original Method, 

Figure 3.4: ITU — R Original, ITU — R Approximation, and IAMs comparison for relatively 
high rainfall rate and low sample frequency (Fs). 

43 



ITU — R Approximation Method, and IAM for different frequencies. This comparison could be 

better understood by depicting the difference graphically in Figure 3.4, Figure 3.5, and Figure 3.6. 

From the results, it could be noted that the IAM computes RA for a given propagation angle, 

rainfall rate, polarization, probability, and frequency with accuracies comparable to the ITU — R 

mentioned methods. Also, the ITU — R Approximation Method results for relatively hight rainfall 

rate does not match the ITU — R Original Method for different small, medium, and high sample 

RA vs. Freq. at X = 25, Y = 10, Prop. Angle = 35°, and Fs = 20 GHz 
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Figure 3.5: ITU — R Original, ITU — R Approximation, and IAMs comparison for relatively 
high rainfall rate and medium sample frequency (Fs). 
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frequency values as presented in Figure 3.4, Figure 3.5, and Figure 3.6. The mismatch occurred 

because the errors were accumulated for each new calculation since all outputs were extrapolated 

based on one RA value related to one frequency sample (Fs). ITU — R Approximation Method 

did not improve the accuracy of approximation even when using higher frequency sample in case 

of high rainfall rate. 

Whereas the ITU—R Original Method is appropriate for stable weather conditions and ITU—R 

RA vs. Freq. at X = 8, Y = 12, Prop. Angle = 15°, and Fs = 35 GHz 

400 -

350 

300 -

59 
250 

200 -

150 

100 

50 

0 

I I I I 
ITU-R Original Method 

- IAM 
ITU-R Approximated Method 

• • i i 

i- J- - j^-^K---

i > s-^'* • 1 1 1 1 1 h \ S ^ ' ' 

i l l ! j . j ^ - l i i 
! ! ! A \A\ - i i ! 
i i i i , \ / i i i i 

i i / i \JS i • i i , i 

\ y \J \ i i i i i 

! /\y\ ! ; ! ! ! ; 
A A \ \ \ ! i ! ! 

— — --v*—i : r T 1 ": r r 
> ^ i i i i i * i i i 

i i i i i 1 i i i 10 15 20 25 30 35 40 45 50 55 

Frequency (GHz) 

Figure 3.6: ITU — R Original, ITU — R Approximation, and IAMs comparison for relatively 
high rainfall rate and large sample frequency (Fs). 
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Approximation Method is appropriate during low rainfall rate and low frequency states, our IAM 

produces in highly acceptable results under different weather conditions. This is one of the major 

contributions of the research reported in this thesis. 

Unlike ITU — R Original Method, this technique provides better CPU time efficiency as it does 

not require repeating the entire calculation from beginning for each frequency [29]. Because the 

CPU time varies with the number of simulations, the efficiency of the IAM increases dramatically 

over the ITU — R Original Method and comes closer to ITU — R Approximation Method. This 

effect is especially prominent when dealing with unstable weather conditions. 

3.4.4 Algorithm for Iterative Approximation Method 

In order to implement our IAM technique, we developed an algorithm for calculating rain at

tenuation (RA). In this section, the algorithm is explained. For the purpose of this work, the 

communication links between various stations are divided into three groups: 

(a) Satellite to satellite link, where weather attenuations are absent and only free space attenua

tion is to be factored, 

(b) Ground to satellite link or visa versa, where weather attenuation plays a major role, 

(c) ground to ground link, where weather attenuation becomes ever more significant. 

Since satellite to satellite link represents a special case where weather attenuation is zero, the 

algorithm here is explained for the general case where both atmospheric and free space attenuations 

play a role. 

The algorithm for calculating RA on links that involve tropospheric layer in the path is stated 

in the following steps: 

1. Select the location of transmitting and receiving terminals of the link. 
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Table 3.5: Rain Attenuation Comparison Among ITU — R Original Method, ITU — R Approxi
mation Method, and Iterative Approximation Method (IAM) at Different Frequencies. 

Frequency 

[GHz] 

10 
11 
12 
14 
16 
17 
18 
19 
20 
21 
22 
23 
24 
26 
28 
29 
30 
31 
32 
34 
36 
38 
40 
42 
44 
48 
50 
52 
54 
55 

Original 
Method 

[dB] 

17.72 
22.421 
27.623 
38.946 
51.164 
57.627 
64.335 
71.283 
78.462 
85.827 
93.346 
101.01 
108.76 
124.42 
140.04 
147.76 
155.42 
162.97 
170.41 
184.75 
198.46 
211.51 
223.82 
235.32 
246.13 
265.71 
274.44 
282.61 
290.16 
293.74 

Approx. 
Method 

[dB] 

25.278 
30.157 
35.276 
46.01 
57.041 
62.542 
67.972 
73.291 
78.462 
83.453 
88.235 
92.786 
97.084 
104.87 
111.5 
114.38 
116.96 
119.25 
121.25 
124.41 
126.52 
127.67 
127.94 
127.46 
126.3 
122.4 
119.84 
116.97 
113.88 
112.27 

IAM 

[dB] 

16.554 
21.097 
26.197 
37.594 
49.784 
56.129 
62.664 

69.4 
76.332 
83.453 
90.717 
98.096 
105.58 
120.67 
135.73 
143.2 
150.54 
157.82 
164.97 
178.79 
191.99 
204.5 

216.33 
227.36 
237.77 
256.57 
264.96 
272.84 
280.26 
283.69 

Relative % Error 
in Approximation 

Method 

42.654 
34.505 
27.706 
18.137 
11.485 
8.5277 
5.6528 
2.8168 

0 
2.7662 
5.4755 
8.1451 
10.731 
15.712 
20.38 
22.59 

24.747 
26.831 
28.849 
32.662 
36.247 
39.641 
42.837 
45.836 
48.684 
53.933 
56.333 
58.61 

60.753 
61.781 

Relative % Error 
oflAMw.r.t. 

Original Method 

6.5791 
5.9056 
5.1626 
3.4699 
2.6973 
2.6001 
2.5969 
2.6419 
2.715 

2.7662 
2.8164 
2.8884 
2.9175 
3.0088 
3.0781 
3.0861 
3.1388 
3.1599 
3.189 

3.2259 
3.2613 
3.3168 
3.3485 
3.381 

3.3974 
3.4409 
3.4534 
3.4588 

3.41 
3.4205 
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2. Collect parameters P f i, Ms and, Mc, described in Section (3.2), ho, hs, KT, and aT de

scribed in Section (3.4) according to selected location from ITU — R and other fixed param

eters needed to compute RA. 

3. Derive the requested value of parameters Pep, RRep, described in Section (3.2), hR, L$, LQ, 

LR, JR, rep, a, vep, LE, and /3 described in Section (3.4) from parameters collected in 

step 2. 

4. Calculate RA for a given discrete frequency. The discrete frequency should fall somewhere 

between the lowest frequency of interest (//) and the highest frequency of interest (//,,) using 

ITU — R Original Method for a given rainfall rate, which can be either computed or predicted 

in equation (3.2). The other parameters can be computed starting from equation (3.14) and 

ending in equation (3.28). 

5. Based on step 4, RA can be calculated at other frequency values belonging to the same range 

by using IAM technique by going through equations (3.34 - 3.37). 

6. Repeat step 5 for other required RA by incrementing the frequency by one unit as fx = 

fx + 1 and going through equations (3.34 - 3.37) to cover RA's values up to the desire 

frequency of operation. 

7. The above steps should be derived for different propagation angles, estimated or predicted 

rainfall rate values, and locations. 

If reliable attenuation data measured at a given specific frequency is available, the previous 

empirical formula shown in equations (3.34 - 3.37) will provide attenuation ratio as a function of 

its preceding frequency. 

The IAM is used to investigate rain attenuation, which depends not only on rainfall rate but 

also on other factors such as propagation angle, location, polarization, and frequency. 
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Also, the IAM works by eliminating the accumulated error compared to the case of ITU — 

R Approximation Method [9, 30]. Rain attenuation values that can be computed for different 

locations, selective propagation angle, and frequency ranging up to 55 GHz with estimated rainfall 

rate [3,9]. We propose the IAM as one of the key research contributions made by the work reported 

in this thesis. 

3.5 Summary 

Rain is a dominant cause of signal attenuation. However, the extent of rain attenuation also depends 

on several parameters such as frequency, propagation angle, polarization tilt angle, rain intensity, 

raindrop size distribution, and raindrop temperature. There were two existing ways for calculat

ing rain attenuation using ITU - R methods: The ITU - R Original Method and the ITU - R 

Approximating Method. We described both of these methods and their limitations in this chapter. 

As part of this research work, we developed a new method called IAM, which can estimate rain 

attenuation more accurately and efficiently than ITU — R Original Method and ITU — R Approxi

mating Method. Moreover, the proposed method offers reduced CPU time and enhanced accuracy 

in estimation for higher frequencies. 

IAM in this chapter does not concern whether the rainfall rate is a historical average or a real 

time value. Nevertheless, when it comes to real-time control the real-time value is of interest. For 

this matter, in the following chapter first we present prediction of rainfall rate based on actual data 

and then we derive rain attenuation according to predicted values. 
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Chapter 4 

Prediction of Rainfall Rate Using Markov 

Theory 

4.1 Introduction 

This chapter describes a method for making prediction of rainfall rate. The prediction is made 

by using Markov theory along with ITU — R models and bi-linear interpolation. The Markovian 

theory was selected because it was successfully utilized in problems that has similar random char

acteristics like rain. Our subsequent studies proved that it can be applied to gain very effective 

prediction of rainfall rate [34,63]. 

A Markov Chain is a discrete random process with the Markov property that goes on forever. A 

discrete random process means a system which is in a certain state at each "step", among predefined 

finite number of states. The probability by which the system enters into each of the other state in 

the next time period is known through statistical study of the system [64,65]. In this chapter we 

use Markov theory to predict rainfall rate. The predicted rainfall rate can then be used to adjust the 

control parameters and, therefore, help improve the QoS in communication channels, which is the 

subject of discussion of subsequent chapters. 
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4.2 Rainfall Rate Prediction 

In this section, we present prediction of rainfall rate using Markov theory ' on the time series of 

weather data. For that reason, weather is considered a discrete random process that can assume a set 

of finite states. Further, it is assumed that the change from one state to another is a random discrete 

step with certain transition probability (p), whose value is derived from statistical properties of the 

system. 

4.2.1 Classification of Rain 

For the purpose of explaining to the reader the application of Markov modeling for predicted 

rainfall rate, a specific location is chosen where we divided rainfall rate ranges into five classes 

starting from zero mm/hr up to the highest rainfall rate as follows: 

1- Class A: from zero up to but less than 1 mm/hr. 

2- Class B: from 1 up to but less than 4 mm/hr. 

3- Class C: from 4 up to but less than 8 mm/hr. 

4- Class D: from 8 up to but less than 14 mm/hr. 

5- Class E: values greater than 14 mm/hr. 

The discrete time interval chosen in this study has been one hour. The reason being that envi

ronment could supplied weather data in one hour intervals. However, the method can be applied 

for finer grain intervals given that weather data for shorter intervals are available. 

The approach in grouping total rain conditions into classified blocks has been depicted in Fig

ure 4.1. This classification in actual data provides a basis for the data required to apply Markov 

theory in the prediction of rainfall rate [34]. 

'It is assumed that the reader is familiar with Markov theory. References [25,66] are recommended for those 
readers who are unfamiliar. 

51 



n 
• • — » 

(0 
o 

1 

C 

k 

i i i i 

• • • • 

) 1 

.>. * 

* 

> 

• 

"•: • •••/ 

2 3 4 h h+1 

• 

'" ' ."i: 

h+2 

| 

h+3 h+4 

Class: 

Time (hr) 

A B I C D | 

Figure 4.1: Presentation of the five rainfall rate classes. 

To make the classification of rainfall rate to better reflect local statistical weather patterns, two 

parameters can be adjusted: 

a- Periodicity of rainfall rate: Instead of selecting one hour interval, periodicity in minutes or 

hours could be used. The smaller the sampling period, the more instantaneous will be the 

rainfall rate values especially when dealing with rapidly changing weather conditions. 

b- Number of classes: Instead of five, the number of classes could be decreased or increased 

to other numbers. More classes means more computational time with finer granularity of 

control. 
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4.2.2 Markov Model Implementation 

I- Weight of Transition Probability Matrices 

Different weights are assigned to each Markov state, zero order (present state), first order (previous 

state), and second order (previous to previous state), as defined in Markov Chain theory. There 

exist no direct formula for calculating these weights and it needs iterative search involving trial 

and error. The weight values need to be validates over many sets of data. 

The resulting weight vector is denoted as: 

W = W{0) W{1) W{2) (4.1) 

where W(0), W(l) , and W{2) represent weight assigned to present, previous, and previous to 

previous intervals, respectively, as shown in Figure 4.2. Each weight in (4.1) has a different unique 

value and the largest value will belong to the present weight W(0) and so on for the other weights. 

Also, these weights are positive numbers and their summation is equal to one. 

This research came to conclude that there exist a set of weight that work very well for all pos

sible sets of transition probability matrices describe below. 

II- Transition Probability 

The transition probabilities and classification of rain are directly correlated. The transition proba

bilities are the probabilities of moving from given state to another state. 

In Markov Chain theory, the probability of a discrete event to remain in state x is denoted as 

P(x). In this representation, independent chains without any memory of past state are called zero-

order Markov Chains. The transition probability matrix of zero-order Markov Chain theory (P0) 

for the five presented classes is, thus, represented as follows: 

Po = PA PB PC PD PE • (4-2) 
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Figure 4.2: Presentation of the three different weights. 

Then the process consisting of a finite number of states with known probabilities P(x, y) of 

transition from state y to state x is considered a first order Markov Chain [64-66]. The transition 

probability matrix of the first-order Markov Chain for the five classes is shown below in (4.3). 

These transitions are depicted in a pictorial form in Figure 4.3 and can be represented by: 

Pi 

A 

B 

C 

D 

E 

A B C D E 

PAA PAB PAC PAD PAE 

PBA PBB PBC PBD PBE 

PCA PcB PcC PcD PcE 

PDA PDB PDC PDD PDE 

PEA PEB PEC PED PEE 

(4.3) 
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Figure 4.3: First Order Markov Chain model with transition probabilities for switching between 
states. 
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Similarly, the transition probability matrix of the second-order Markov Chain theory P(z\xy) 

for the five classes is presented in (4.4). 

The characteristics of these transition probability matrices is such that the entries for each 

column vectors in (4.2), (4.3), and (4.4) are positive numbers. The sum of the elements of each 

row in the matrices is one. The columns represent probability vectors, which are the stochastic 

values for transition. The transition probabilities are dependent on statistical pattern of rain at 

particular geography and climate. 

4.2.3 Predicted Rainfall Rate 

The value of predicted rainfall rate for the immediately following discrete time period is computed 

based on probability and weight combinations. These combinations present a special module of 

weather prediction of different weights assigned to each transition probability matrix along with 

Markov Chain of order <j>, where <j> is finite and equal to 2 in our case. Thus, the prediction of 

the future state is dependent on the present, previous, and previous to previous states and it is 

independent of the other earlier states [34]. 

Given that the zero (PQ), first (Pi), and second order (P2) transition probability matrices with 

the weights assigned to each matrix (W0), (W\\ a nd (W2), respectively. The predicted rainfall rate 

values can be computed as follows: 

PW{1) = W{0).P0{1) + W ( l ) . P , ( m , l ) + W(2).P2(n,l), 

PW{2) = W(0).P0(2) + W( l ) .P i (m,2) + W(2).P2(n,2), 

PW(3) = W(0).P0(3) + W(l ) .P! (m,3) + W{2). P2(n,3), 

PW[4) = W(p).P0(4) + W{l).Pi(m,4) + W(2) .P2(n,4), (4-5) 

PW(5) = W(0).P0(5) + iy ( l ) .P! (m,5) + W(2). P2(n, 5), 
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where the numbers (1,2,3,4, and 5) represent the five classes (A, B, C, D, and E) shown in Fig

ure 4.1. Po represents the row corresponding to the present state. Pi represents the row correspond

ing to the transition from the last state to the present state. P2 represents the row corresponding to 

the transition from the last-to-last to the last state and then to the present state. In our specific case, 

the m can be any value ranging from 1 to 5, and n can be any value ranging from 1 to 25 according 

to the previous and previous to previous weather state, respectively. 

Also, PW presented in equations (4.5) can be written in a simple mathematical form as: 

PW(u) = W(0).Po(u) + W( l ) .P i (m ,u ) + W(2).P2(n,u), (4.6) 

where u ranges from 1 to 5 and PW represents the probability weight values of the five existing 

classes (A, B, C, D, and E), thus: 

PW = [PW(1) PW(2) PW{3) PW(4) PW(5)} 

(4.7) 

= [PWA PWB PWC PWD PWE\. 

Therefore, the predicted rainfall rate (RRpr) will be belonging to the class that has the maxi

mum probability weight of PW vector collected from equation (4.7). 

Figure 4.4 shows a demonstration for the effectiveness of our method for predicting rainfall 

rate. At the beginning, we used randomly generated values of rainfall rate to determine the weights 

and probability matrices elements for our model [67]. 

These values were then tested against rainfall rate values that were collected by Environment 

Canada for almost two month duration at South West of King City using weather radar near 

Toronto, Ontario, Canada. We applied our methodology to predict the future state out of past 

states. The prediction data obtained using our method and the measured rainfall data from En

vironment Canada are provided in Figure 4.5 and in Table 4.1. Note that only small numbers of 
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Predicted and Random Values for RR vs. Time 

1 0 0 

Real Measurement Data 
Predicted Data 

200 300 
Time (hr) 

400 500 600 

Figure 4.4: Comparison of random data and predicted rainfall rate values. 

samples are presented in the table to keep it readable and the prediction matches closely with the 

measured results. 

We conclude that, the Markov Chain has promising application in effectively predicting the 

future weather result in statistical terms. The results are astoundingly accurate. Therefore, our 

methodology for predicting rainfall rate can be applied under different weather conditions at any 

given location on earth. 
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Real and Predicted Rainfall Rate vs. Time 

Real Measurement Data 
Predicted Data 

800 

Time (hr) 

Figure 4.5: Comparison of actual and predicted rainfall rate values at South West of King City. 
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Table 4.1: Comparison of Accurate and Predicted Rainfall Rate Data at Different Time. 

Time 

[hr] 

1 
3 
4 
80 
170 
200 
210 
220 
330 
338 
350 
510 
610 
620 
640 
650 
780 
790 
880 
890 
970 
1071 
1098 
1103 
1104 
1126 
1127 
1137 
1148 
1152 
1155 
1190 
1192 
1429 

Accurate Time 
Data 

[mm/hr] 

0 
0 
0 
0 
0 
0 
1 
0 
0 
1 
0 
1 
1 
0 
0 
1 
1 
0 
1 
0 
0 
8 
4 
0 
1 
8 
8 
1 
0 
0 
1 
1 
1 
0 

Predicted 
Data 

[mm/hr] 

0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
1 
0 
0 
1 
1 
0 
1 
0 
0 
8 
4 
1 
1 
4 
8 
1 
0 
0 
1 
1 
1 
0 

Different Between 
Both Results 

[mm/hr] 

0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
4 
0 
0 
0 
0 
0 
0 
0 
0 



4.2.4 The Values of Weights and Transition Probabilities 

The values of the weight matrix as defined in (4.1) and the transition probabilities as defined 

in (4.2), (4.3), and (4.4) were obtained through an extensive exercise of iterative adjustments and 

their test of validity on rainfall rate data. In the end, the study not only revealed a set of workable 

values but also the following behavior in them revealed the following behaviors. 

1- For a given set of transition probabilities, there is a corresponding weight that gives the best 

prediction of rainfall rate in Markov Chain theory. 

2- Studies done over actual rain data revealed that the five states model developed here gives 

extremely reliable prediction of rain with the following values of weights (W's) are: 

W = 0.495 0.335 0.170 (4.8) 

and transition probabilities (P's) are: 

Fn = 0.35 0.25 0.2 0.1 0.1 (4.9) 

and 

P = 

A 

E 

AA 

EE 

A B C D E 

0.43 0.33 0.2 0.04 0 

PEA FEB PEC PED PI EE 

A B C D E 

0.45 0.37 0.14 0.03 0.01 

PEEA PEEB PEEC PEED PEEE 

(4.10) 

(4.11) 
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The full set of values could be obtained by contacting the author. 

3- When rain rate classification as done in 4.2.1 is altered to better suite different locations on 

earth, the coefficients mentioned above will change. However, the values listed here will 

give good starting values for the iterative process of finding the new values. 

Notice that, the weights and the transition probability matrices values are selected initially based on 

the statistical investigation of historical field data collected over several years. We discovered that 

the coefficient of the matrices and the weights remain relatively stable although weather conditions 

vary significantly. Nevertheless, some severe weather conditions not recorded by the data analyzed 

for this research could require some adjustments. 

We acknowledge that the depending of Markov theory in stochastic assumptions and the poten

tial errors in estimating the weights and coefficients of transition probability matrices. Especially 

for the fact that the method assumes stationary weather within one discrete time period, its pre

diction is nothing more than a practical approximation. Nevertheless, the test on the fields data 

demonstrated highly respectable results, yielding prediction values to contain low relative percent

age error of (< 11.9%) for the presented fifteen hundred hours rainfall rate data stated in Figure 4.5. 

4.3 Summary 

The proposed method, based on Markov theory, is flexible and can be presented in a given number 

of states that are chosen for the test environment. Through experiments it was concluded that five 

states yielded a good compromise between accuracy of results and computational efficiency. In 

practical systems, the number of states as well as the width of time-slice used for state observation 

can be changed, even dynamically if desired, to better reflect the weather pattern of a given loca

tion. It should also be noted that increasing the number of states to represent the weather spectrum 

increase the accuracy of prediction. Note that, when increasing the number of states, the compu-
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tational complexity increases significantly. The predicted rainfall rate will be applied directly for 

atmospheric attenuations as it will be shown in the following chapter. 
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Chapter 5 

Calculation of Atmospheric Attenuation 

5.1 Introduction 

The aim of this chapter is to describe a method to calculate signal attenuations due to rain, gaseous 

absorption, cloud, fog, and tropospheric scintillation with the aid of estimated weather condition. 

Our method presented here is a major enhancement over ITU — R methods as it improves compu

tational efficiency in estimating atmospheric attenuations in the presence of both changing weather 

and frequencies. In addition, we have presented a three dimensional relationship for atmospheric 

attenuations in relation to rainfall rate and propagation angle at a given frequency, location and 

propagation parameters. Similarly, a three dimensional relationship is also established between 

atmospheric attenuation with rainfall rate and frequency for a specific propagation angle at a given 

location and propagation parameters [9,15,16,50]. 

Relationship is also established between weather attenuations, propagation angle, and predicted 

rainfall rate for different operational frequencies given the geographic location of ground termi

nals. Therefore, we propose new results presented in three dimensional relationships for different 

atmospheric attenuations, predicted rainfall rate, and propagation angle for a selected operational 

frequency, which can be any value up to 55 GHz. 
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Thus, the above mentioned results will be an immense asset for the satellite's controller to 

have a clear view of channel characteristics that are related to a given location based on different 

propagation angles, frequencies, and other satellite parameters. 

5.2 Migrating ITU — R Model from the Design Domain to the 

Operational Domain 

ITU — R model for estimating environmental attenuations based on the weather data that was 

collected over a decade and a half have served well in knowing average operating conditions and 

the boundary conditions that a communication system would be subjected to. ITU — R provides the 

geographic parameters of a location, such as the height above sea level and average rain height as 

shown in Figure 3.2 and weather factors like the probability of precipitation. Further, the ITU — R 

provides mathematical formula for estimating rainfall rate, and subsequently estimating signal 

attenuation to be caused by rain, gas, cloud and fog, and scintillation. The ITU — R techniques 

have been serving useful purpose in selecting the optimal combination of frequency, modulation, 

coding, and other transmission and reception parameters when designing satellite communication 

systems. 

The research work reported in this thesis stemmed from an interest that, if these techniques 

were to be extended to estimate the attenuations in a real-time environment, they would have 

greatly served the purpose of optimally operating those designed systems by allowing to select 

proper combination of controllable parameters. Therefore, the ITU — R methodology was studied 

and extended to solve the problem of adapting the control systems with the instantaneous variations 

of weather. Markov theory has been utilized to estimate the weather condition for the immediately 

following time-period based on the actual data from the immediately preceding time-periods and 

the statistical probability of state changes. Subsequent experiment demonstrated that inclusion of 

Markov prediction technique and its resulting data as an input to ITU — R techniques resulted in 
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highly accurate estimation for rainfall rate, rain, gaseous, fog and cloud, and scintillation atten

uations. The improvement in the ability to predict weather attenuation in real-time would thus 

help significantly to improve the real-time control by enhancing the ability to select the signal 

parameters not only during system design but also during system operation. 

The following are the key benefits achieved by the proposed technique: 

1. Use of Markov model for real-time estimation of rainfall rate. The prediction of rainfall rate 

is made by viewing the time series of weather data. The impending rain rate is estimated 

based on current rate, previous rate, and previous to previous rate. 

2. Calculation of attenuations based on the predicted rainfall rate based on measured data. 

3. Actual signal adaptation to weather variation. It is facilitated by selecting appropriate fre

quency, modulation, coding, and transmission rate. 

5.3 Fusing ITU - R Method with Markov Model 

A new model of representing satellite channel has been devised such that it not only gives better 

estimation of channel characteristics, but is also conducive for efficient software implementation. 

In doing that, various constituent contributors of total attenuation are estimated separately and 

extended to give good approximations for a wide range of signal frequency, propagation angle, 

and predicted rainfall rate. The model uses ITU — R coefficients as shown in Figure 3.2 while 

estimating the attenuation at grid locations in weather collection map that is used by ITU — R. In 

cases where the location of concern does not fall on the grid, a bi-linear interpolation technique is 

then used to get the parameters [3,9]. 

Most of the formulas and variables presented in the following section are derived from ITU — R 

model and are adapted to handle actual data of the present window and Markov prediction of the 

data for the following period. Next section is devoted to predict constituent contributors of channel 
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attenuation due to different weather variants. The total attenuation due to all the factors com

bined is then determined. Also, in the following chapter, SNR calculation based on the estimated 

attenuations is presented. 

5.4 Calculating Atmospheric Attenuation Using Historical and 

Predicted Data 

5.4.1 Calculating Rain Attenuation 

i- Using Historical Data 

Rain attenuation is the single greatest weather factor in signal attenuation, which occurs in 

satellite networks largely due to signal absorption and scattering of incoming signal. Note 

that rain forms only in the troposphere that extends around sixteen kilometers from sea level 

and the satellites are located in geostationary orbit at 35,800 km above earth. Nevertheless 

free space loss alone would be very substantial when the transmitting and receiving entities 

are at great distances. 

It is due to this need that determining signal attenuation from rain became as important as 

those from other climatic-variations and free-space loss in satellite communication systems. 

Therefore, modeling rain attenuation from predicted rainfall rate at regional or individual 

sites were found to be important for improved control of satellite channel parameters espe

cially when higher transmission frequencies were adopted to achieve greater transmission 

rate through communication channels [44^17]. 

Usually, control of transmit power is used to compensate for the change in signal attenua

tion. This extra power that is reserved to compensate for rain attenuation is called rain fade 

margin [22]. However, this measure is not always sufficient to achieve desired level of link 
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quality. For this reason, the fade margin is used along with other factors such as different 

coding, modulation, frame size, and transmission rate. Also, with home satellite dishes, 

when the loss of signal strength due to rain is less than the rain fade margin, television can 

still be watched while raining and signal will be lost when its loss exceeds the rain fade 

margin. 

In most situations, this measure is supplemented with limiting of up-link power to increase 

the availability, the performance of satellite links [39,68-70] and the control of other pa

rameters such as coding, modulation, frame size, and transmission rate. That is why satellite 

control systems become complex. 

Thus, a new method for extracting rain attenuation as a function of propagation angle and 

rainfall rate is presented below. The calculation of rain attenuation is performed in few steps. 

First, rain attenuation is the multiple of specific attenuations and the effective path length as 

follows [9,30]: 

Obtain the specific attenuation using: 

lR(6, RRep) = KT{9) • (RRep)
aA0) dB/km, (5.1) 

where the frequency-dependent coefficients KT and aT as a function of propagation angle 

(8) can be computed as: 

KT[9) = [KH + KV + (KH - Kv) cos2 9 cos 2r] /2 (5.2) 

and 

aT(0) = [KHaH + Kvav + (KHaH - Kvav) cos2 9cos 2r] /2k, (5.3) 

where Ky,a>v and KH,CIH, are constant coefficients of vertical and horizontal polariza-
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tions [7], and the effective path length is calculated as: 

LE {9, RRep) = LR {8, RRep) • v (8, RRep) km. (5.4) 

The above variables KT, yR, aT, LE, and LR are described in Section (3.4). The difference 

in this Section is that we represent these variables as function of rainfall rate (RRep) and 

propagation angle (8). Calculate the rain attenuation by multiplying the specific attenuation 

with the effective path length as: 

Anain (8, RRep) = lR (8, RRep) • LE {8, RRep) dB. (5.5) 

The Ajiain(8, RRep), which is a function of propagation angle (8), rainfall rate (RReP), 

location, polarization, and frequency, has been plotted in Figure 5.1 for a weather at Hazelton 

Station in Canada. The figure shows that rain attenuation increases exponentially with the 

increase of rainfall rate and with the decrease of propagation angle. Rain attenuation values 

are collected at the station ranging from 0 to 21 dB when rainfall rate ranges from 0 to 

12 mm/hr and propagation angle ranges from 50 to 0 degrees for a given frequency equal 

to 20 GHz. 

As mentioned, rain attenuation is considered a dominant factor among other atmospheric 

attenuations and strongly affects wireless signal propagation. In the previous chapter, rain 

attenuation was presented as a function of frequency by: 

ARain(fn) = lR (/n) ' LE (/„) dB. (5.6) 

Another way is then proposed for extracting rain attenuation (RA) as a function of frequency 
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Figure 5.1: Rain attenuation — function of rainfall rate and propagation angle at Hazelton Station, 
Canada. 

and rainfall rate by combining several functions [9,29]. Therefore, RA computed in (5.5) 

can be reformulated for different frequencies and rainfall rate values as per (5.7). The RA of 

an average year for different frequencies ranging from 7 to 55 GHz, and for different rainfall 

rate values ranging form 0 mm/hr to higher values, can be obtained from: 

ARain (/, RRep) = JR (/, RRep) ' LE (/, RRep) dB, (5.7) 

where ARain(f, RRep) represents RA at a given frequency and given rainfall rate. Series of 

ARain values calculated for a range of frequencies and rainfall rate. Figure 5.2 shows that 

rain attenuation increases widely with the increase of rainfall rate and operational frequency. 

The rain attenuation values ranged from 0 to 25 dB when rainfall rate ranged from 0 to 

12 mm/hr, frequency ranged from 0 to 50 GHz for a given propagation angle of 25 degrees 

placed at Atlin Station, Canada. 

The foundational work of this technique and variables are explained in [3,6,7]. Here, it is 
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Figure 5.2: Rain attenuation — function of rainfall rate and frequency at Atlin Station, Canada. 

emphasized that in this technique we start with an attenuation value at a known frequency 

(fn) and then estimate the attenuation at one higher frequency (/n+i) increment. Then using 

the attenuation at (/n+i), we find attenuation at (fn+2), and so on. That is, once we have rain 

attenuation at a lower selected frequency, we can then compute rain attenuation at a higher 

frequency and we continue the process until we reach the maximum desired frequency. Sim

ilar approach is used when the sample frequency (Fs) is found at a higher frequency and we 

traverse towards lower frequencies. 

ii- Using Predicted Data 

The technique developed for historical data works equally well for actual data. However, 

we use a notation RRpr to denote the predicted rainfall rate from actual data. The rain 

attenuation thus obtained from actual scenario would be as follows [3,6]: 

Attain {fn, RRpr) = lR(fn,RRpr) ' LE (fn, RRpr) dB, (5.8) 

where based on previous definition for ^R and LE, we found that we can present these two 
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variables as a function of predicted rainfall rate and frequency, thereby making it useful for 

the operation of the control system. The historical data only helped in design but not in 

operation. The derivation of the above variables were explained in Section (3.4). 

Here the rain attenuation is calculated as a function of frequency and rainfall rate. Unlike 

existing ITU — R method, this method provides high CPU efficiency as it avoid reparative 

calculation for each frequency. The different in CPU time consumption between Original 

ITU — R Method and IAM increases with the degree of variation in weather. As the weather 

varies the saving obtained through the IAM becomes more and more significant. Also with 

the increase in the range of frequency of operation, the saving from IAM increase. In discrete 

frequency of n steps, the calculation in ITU — R Original Method is made n times. But 

with IAM only one major calculation and one more calculation to extrapolate the value 

in required. Moreover, IAM eliminates the accumulated error in comparison with existing 

Approximated ITU - R solution [9,30]. 

Also, the rain attenuation (RA) is calculated as a function of propagation angle {&), predicted 

rainfall rate (RRpr), effective path length, and frequency coefficient, as: 

A-Rain (# , RRpr) = lR ( # , RRpr) ' ^E (6, RRpr) dB, ( 5 . 9 ) 

where Anam(#, RRpr) represents RA for a given value of predicted rainfall rate (RRpr), 

and propagation angle (6). Figure 5.3 plots RA versus 9 and RRpr, and the variables LE 

and JR are described in Section (3.4.1). The figure shows that rain attenuation increases 

exponentially with the increase in rainfall rate and decrease in propagation angle. The rain 

attenuation values, collected at South West of King City Station, Canada, ranged from 0 to 

55 dB when rainfall rate ranged from 0 to 15 mm/hr, propagation angle ranged from 45 to 

5 degrees for a given frequency that equals to 20 GHz. 

Thus far we discussed prediction of rain attenuation at a desired location for different prop-
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Figure 5.3: Predicted rain attenuation — function of predicted rainfall rate and propagation angle 
at South West of King City Station, Canada. 

agation angles, predicted rainfall rate values, and channel frequencies. However, in order to 

control the satellite channels efficiently, we also need to factor other parameters like gaseous, 

cloud, fog, and scintillation attenuations as described below. 

5.4.2 Calculating Gaseous Attenuation 

i- Using Historical Data 

In this section, we extend the analytical methods for estimating gaseous attenuation pre

sented in ITU - R Recommendation P. 676. This method had been discussed in great deal 

in our papers [3,31] to present the variations of gaseous attenuation with the changing of 

rainfall rate, propagation angle, and frequency for a given temperature, pressure, location, 

etc. The key point is that gaseous attenuation depends on meteorological conditions created 

by the distribution of temperature, pressure, and humidity along the transmission path. Also, 
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the effective path length varies with location, month of the year, height of the station above 

sea level and the propagation angle. Essentially the calculation is done by summing the 

effects of all of the significant resonance lines given in ITU — R Recommendation P. 676 

"Attenuation by atmospheric gases". The calculation requires the following parameters: 

1. Specific Attenuation for Dry Air (^yT). 

2. Specific Attenuation for Water Vapor (^yv). 

3. Equivalent Path Length for Dry Air (hT). 

4. Equivalent Path Length for Water Vapor (hv). 

The ITU - R mathematical equations for obtaining the values of these parameters are given 

below. 

1. Specific Attenuation for Dry Air (jT) 

For dry air, the attenuation j T (dB/km) for the frequency (/ < 54 GHz) is given 

as [2,50,53]: 

7.2 • rf8 
, 0-62 - 6 

P + 0.34 • r* • r}-6 ^ (54 - /)i-"Ki + 0.83 • £2 
f2-r2

ph.10-3, (5.10) 

with 

6 = <p(rph,rt,0.0717, -1.8132,0.0156, -1.6515), (5.11) 

6 = <p{rph,rt,0.5146, -4.6368, -0.1921, -5.7416), 

& = y>(rph,rt, 0.3414,-6.5851,0.2130,-8.5854), 

(5.12) 

(5.13) 

and 

ip(rph, rt, a, b, c, d) = ra
h • r\ • exp[c(l - rph) + d{\ - rt)\. (5.14) 
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2. Specific Attenuation for Water Vapor (jv) 

For water vapour, the attenuation j v (dB/km) is given as: 

lv 
I- 3.98-7?! exp[2.23(l-rt)] (f QQN , 11.96-7)rexp[0.7(l-rt)] 
I ff-22.23512+9.42-77? I/U ) - " 7 ~r rf-183.31124-ll.14n? (/-22.235)2+9.42-772 ( / - 1 8 3 . 3 1 ) 2 + 1 1 . 1 4 T 7 2 

, 0.081-7)1-exp[6.44(l-rt)] , 3.66-7)i-exp[1.6(l-n)] 
~l~ (/-321.226)2+6.29-7)2 ~*~ (/-325.153)2+9.22-772 

. 25.37-771 -exp[l. 09(1 -rt)] , 17.4-T)i-exp[1.46(l-rQ] 
"+" (/-380)2 + (/-448)2 

+ 844-6"7VrSl(1-rt)] • g(f, 557) + ^ a 1 - " " • g(f, 752) } , (/-557) (/-752)2 

with 

and 

77! = 0.955 • rph • rf68 + 0.006 • p, 

772 = 0.735 • rph • rf-5 + 0.0353 • rf • p, 

7 - / i N 2 

(5.15) 

(5.16) 

9 (/, /i! 1 + 
/ + / i 

(5.17) 

where p/i: pressure (hPa), rph = ph/1013, rt = 288/(273 +1) , p: water-vapour 

density (g/m3), f: frequency (GHz), and t: mean temperature values (°C), can be 

obtained from ITU — R Recommendation P. 1510 when no adequate temperature data 

is available. 

3. Equivalent Path Length for Dry Air (hT) 

The equivalent height for the dry air is given by: 

hT = 
6.1 

1 + 0.17-7-. - l . i ( l + « l + « 2 + * 3 ) , (5.18) 
ph 

where 

h = 
4.64 

1 + 0.066 • r. -2.3 exp 
/ - 59.7 

2.87 +12.4 •exp(-7.9-rp / l) 
(5.19) 
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0 . 1 4 . ^ ( 2 . 1 2 . ^ ) ( 5 2 0 ) 

( / - 118.75)2 + 0.031 • exp(2.2 • rph)' 

and 

_ 0.0114 - 0 . 0 2 4 7 + ! Q - 4 - / +1.61 • 10~6 • f2 

3 ~ 1 + 0.14-r^2 '6 ' • ' ' 1 - 0 . 0 1 6 9 - / + 4.1- 10"5 • / 2 + 3.2- 1 0 ~ 7 - / 3 ' ( ' } 

with the constraint that: 

hT < 10.7 • r°pl (5.22) 

when/ < 70 GHz. 

4. Equivalent Path Length for Water Vapour (hv) 

For water vapour, the equivalent height for / < 350 GHz is: 

hv{RRep) = 1.66 • • • • 

(-[ _i 1.39 • av | 3.37 • <yv , 1.58 • av \ h. 
\ L "•" (/-22.235)2+2.56 • av "•" (/-183.31)2+4.69 • av ^ (/-325.1)2+2.89 • av ) / v " t ' 

(5.23) 

where 

av = (l + exp[-8.6(rp h-0.57)]" ( 5 " 2 4 ) 

• Calculating Total Gaseous Attenuation 

The total gaseous attenuation based on surface meteorological data using the cosecant law 

for a given propagation angle and rainfall rate (RRep) could be obtained from: 

AGas (9, RRep) = A + A^RR^ dB, (5.25) 

where AT = hT • jT dB, Av(RRep) = hv(RRep) • 7^ dB, and 9 > 5 degrees. 

This equation estimates gaseous values at desired locations, for all ranges of propagation 

angle, rainfall rate, and for a given frequency. Figure 5.4 shows the gaseous attenuation 
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Gaseous Attenuation aXX= 127.67 W, Y= 55.25 N, and Frequency = 20 GHz 
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ure 5.4: Gaseous attenuation — function of rainfall rate and propagation angle at Hazelton 
Station, Canada. 

calculated for a Hazelton Station in Canada. The figure shows that gaseous attenuation 

increase exponentially with the increase in rainfall rate and decrease in propagation angle. 

The gaseous attenuation values, collected at the station ranged from 0 to 3.5 dB when rainfall 

rate ranged from 0 to 12 mm/hr, and propagation angle ranged from 50 to 0 degree for a 

given frequency that equals to 20 GHz. 

Note that, gaseous attenuation can also be presented as a function of rainfall rate and fre

quency for a specific propagation angle as: 

A-Gas (/, RRep) = :—7, dB. 
sm.6 

(5.26) 

Based on equation (5.26) and its derivatives, water vapour has resonance of (22.235 GHz), 

(183.31 GHz), and (325.1 GHz), respectively and that attenuation changes with the amount 

of water vapour in the atmosphere. Note that av is a function of predicted rainfall rate [53]. 
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Gaseous Attenuation at X= 133.7167 W, Y= 59.5833 N, and Angle = 25° 
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Figure 5.5: Gaseous attenuation — function of rainfall rate and frequency at Atlin Station, Canada. 

Gaseous attenuation is calculated at the experimental location. We can notice from Fig

ure 5.5 that the attenuation increases at operating frequency near (22.235 GHz) for all given 

rainfall rate values (0 to 12 mm/hr) signaling greater absorption of signal at this frequency. 

Therefore, satellite's controller should avoid the operation at and around this operational 

frequency to avoid high attenuation due to resonance effect [50,53]. 

ii- Using Predicted Data 

In this section, the gaseous attenuation is calculated by deploying actual prediction [34]. 

Let us replace the historical rainfall rate (RReP) with the predicted rainfall rate (RRpr) in 

equation (5.25) as in the following: 

Acas (8, RRpr) = 
sin 6 

dB, (5.27) 

where 

A T — hT • 7T dB (5.28) 
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Figure 5.6: Predicted gaseous attenuation — function of predicted rainfall rate and propagation 
angle at South West of King City Station, Canada. 

and 

AviRRpr) = hyiRRpr) • 7„ dB. (5.29) 

Figure 5.6 shows that the gaseous attenuation increase with the increase in rainfall rate and 

decrease in propagation angle. The gaseous attenuation values, ranged from 0 to 6.5 dB 

when rainfall rate (RRpr) ranged from 0 to 15 mm/hr and propagation angle ranged from 

45 to 5 degrees for a given frequency that equals to 20 GHz at South West of King City 

Station, in this example. 

5.4.3 Calculating Clouds and Fog Attenuations 

Cloud and fog can be described as a collection of smaller rain droplets or alternatively, as different 

interactions from rain since the water droplet size in fog and cloud are smaller than the wavelength 

of 3 - 30 GHz signals. 
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Using Historical Data 

In this section, we extend analytical method in [16] for estimating clouds and fog attenua

tions. This method has also been discussed in papers [3,31,54]. 

We compute the attenuation due to clouds and fog using the following equation for propaga

tion angle ranging between 5 < 8 < 90 degrees using the following relationship: 

Acioud&iFog {Q; RR-ep) = T"^— dB, (5 .30) 

where 

Kt = (0.819 • f)/(Dp2il+V
2)) (dB/km)/(g/m3) , (5.31) 

V = (2 + Dpl)/Dp2, (5.32) 

Dpl = ((e0 - si) I (1 + ( / / / P ) 2 ) ) + {(ei - e2) / ( l + ( / / / s c ) 2 ) ) + e , (5.33) 

and 

Dp2 = ( / • (e0 - ei) / {U • (1 + UlUf))) + ( / • (ei - e2) / {fsc • (l + {f /fscf))) , 

(5.34) 

where Kt represents attenuation coefficients. And EQ, EI, and e2 are the complex dielectric 

permittivities of water as: 

e2 — 3.51, 

ei = 5.48, (5.35) 

£o = 77.6 + 103.3(^-1), 

where 

h = 300 / tk , (5.36) 
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fp = 20 .09- 142(^-1) + 294( t i - l ) 2 , (5.37) 

and 

fsc = 5 9 0 - 1 5 0 0 ( ^ - 1 ) , (5.38) 

where tk represents temperatures in Kelvin. fp and fsc represent the principal and the 

secondary relaxation frequencies, respectively. 

To obtain the estimated attenuation due to clouds for a given rainfall rate value, the statistics 

of the total columnar content of liquid water Lw (kg/m2) is to be known. The latter, however, 

is an integration of liquid water density, M (kg/m3), along a cross section of 1 m? from 

surface to top of clouds for a given site. 

The clouds and fog attenuations AciOUd&Fog c a n be expressed in terms of rainfall rate, and 

propagation angle, for a specific frequency and temperature values. Figure 5.7 shows that 

cloud and fog attenuation increases exponentially with the increase in rainfall rate and with 

decrease in propagation angle. The cloud and fog attenuation values, collected at Hazelton 

Station, Canada, ranged from 0 to 1.9 dB when rainfall rate ranged from 0 to 12 mm/hr 

and propagation angle ranged from 50 to 0 degree, for a frequency of 20 GHz. 

Also, cloud and fog attenuations can also be expressed after mathematical manipulation in 

terms of wide range of frequency (/) and rainfall rate (RRep) for a given propagation angle 

as: 
L • K 

A-ciou.dk.Fog (/, RRep) = —:—7— dB. (5.39) 

The result of equation (5.39) is plotted in Figure 5.8. This figure shows that cloud and 

fog attenuations increases with the increase of rainfall rate and operational frequency. The 

cloud and fog attenuation values ranged from 0 to 2.8 dB when rainfall rate ranged from 

0 to 12 mm/hr and frequency ranged from 0 to 50 GHz for a given propagation angle of 

25 degrees placed at Atlin Station, Canada. 
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Figure 5.7: Clouds and fog attenuations — function of rainfall rate and propagation angle at Hazel-
ton Station, Canada. 

The difference between equation (5.30) and equation (5.39) is that: The former is a function 

of propagation angle and rainfall rate for a fixed frequency value, and the later is a function 

of frequency and rainfall rate for a fixed propagation angle value. 

ii- Using Predicted Data 

The predicted cloud and fog attenuations can be expressed by replacing the historical rainfall 

rate (RRep) in equation (5.30) with the predicted rainfall rate (RRpr). These attenuations are 

estimated in terms of predicted rainfall rate and propagation angle for a specific frequency 

and temperature values tk (Kelvin) as follows: 

A-Clmidk,Fog (&, RRpr) = :—7, dB, (5.40) 
sin 6 

where AciOUd&Fog(9, RRpr) represents predicted cloud and fog attenuations. Lv (kg/m2) is 

the statistics of the total columnar content of liquid water and the integration of liquid water 
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Figure 5.8: Cloud and fog attenuations — function of rainfall rate and frequency at Atlin Station, 
Canada. 

density, M (kg/m3), along a cross section of 1 m2 from surface to top of clouds for a given 

site. The Lv is provided from ITU — R for the exceed percentage probability (pr) based on 

predicted rainfall rate. The reader is referred to Section 3.2 to obtain the relation between 

pr and predicted rainfall rate (RRpr). In all cases the value of pr based on the predicted 

rainfall rate has been found to be in the range of 0.001% to 50%. Figure 5.9 shows the 

clouds and fog attenuations as a function of propagation angle (9) and predicted rainfall rate 

(RRpr) for the station at King City, Canada. The figure shows that cloud and fog attenuations 

increases exponentially with the increase in rainfall rate and decrease in propagation angle. 

The cloud and fog attenuation values ranged from 0 to 5.5 dB when rainfall rate ranged from 

0 to 15 mm/hr, propagation angle ranged from 45 to 5 degrees for a given frequency that 

equals to 20 GHz. 
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Predicted Cloud & Fog Attenuations for Frequency = 20 GHz 

Propagation Angle (Degree) Predicted Rainfall Rate (mm/hr) 

Figure 5.9: Predicted cloud and fog attenuations — function of predicted rainfall rate and propa
gation angle at South West of King City Station, Canada. 

5.4.4 Calculating Scintillation Attenuation 

In satellite communications, scintillation attenuation results from rapid variations in the signal's 

amplitude and phase due to changes in the refractive index of the earth's atmosphere. In the 

following Subsection, we present a general technique for estimating and predicting the scintillation 

attenuation as a function of rainfall rate and propagation angle [29]. 

i- Using Historical Data 

The cumulative distribution of tropospheric scintillation is based on monthly or longer av

erage ambient temperature t (Celsius). This distribution reflects the specific climate condi

tions of the site [3,31,57]. The following is a general technique for estimating scintillation 

attenuation as a function of rainfall rates and propagation angles. 
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1)- Calculate the standard deviation of the signal amplitude aref 

aref = 3.6 • l(Td + 10 - 4 • Nwet dB, (5.41) 

where Nwet is the radio refractivity, given in ITU — R Recommendation P. 453. 

2)- Calculate the effective path length L scintillation as: 

2-hi 
•> Scintillation 

Vsin2 9 + 2.35 • 10~4 + sin 9 
m, (5.42) 

where hi is the height of the turbulent layer equal to 1000 m. 

3)- Estimate the effective antenna diameter, Defj, from the geometrical diameter of the 

earth-station antenna (D), and the antenna efficiency (77) (if unknown, use 77 = 0.5): 

Deff = Vv • D m. (5.43) 

4)- Calculate the antenna-averaging factor from: 

11/. 
g{x) = 4/3.86 • O 2 + 1) /12 - si sin 

11 1 
— arctan -
6 x 

7.08 • x /6 , (5.44) 

with 

and 

x = 1.22 • D2
eff • {f I L, Scintillation) 

a (9) = aref • fW 12) g(x) 

(5.45) 

(5.46) 
(sinfl)1-2 ' 

5)- Calculate the time percentage factor, a(RRep), where RRep is the rainfall rate for ex-
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ceed percentage probability (ep) ranges from 0.001% to 50%: 

a(RRep) = -0 .061 • (logep)3 • 0.072 • ( logep) 2 -1 . 71 • (log ep) + 3.0 . 

(5.47) 

6)- Calculate the scintillation fade depth using the procedure that can be found in [3]: 

AscintMation{6, RRep) = a(RRep) • o(d) dB. (5.48) 

The scintillation attenuation AstintuiaUon is presented in terms of rainfall rate (RReP) 

and propagation angle (6), for a specific frequency (/). Figure 5.10 shows that scintilla

tion attenuation increases with the increase of rainfall rate and decrease of propagation 

angle. The scintillation attenuation values ranged from 0 to 0.45 dB when rainfall rate 

ranged from 0 to 12 mm/hr and propagation angle ranged from 0 to 50 GHz for a 

frequency equal to 20 GHz placed at Hazelton Station, Canada. 

Note that, scintillation attenuation estimated in equation (5.48) can also be presented 

as a function of RReP and frequency for a specific propagation angle as: 

The scintillation attenuation calculated at experimental location using the above equa

tion (5.49). The resulting relationship among the attenuation, rainfall rate, and fre

quency is shown in Figure 5.11. This shows that scintillation attenuation increases with 

the increase of rainfall rate and slightly operational frequency. The scintillation attenu

ation values ranged from 0 to 0.17 dB when rainfall rate ranged from 0 to 12 mm/hr 

and frequency ranged from 0 to 50 GHz for a propagation angle of 25 degrees placed 

at Atlin Station, Canada. 

Astintillationif, RRep) = a{RRep) • < T ( / ) dB, (5 .49) 
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Scintillation Attenuation at X= 127.67 W, Y= 55.25 N, and Frequency = 20 GH: 
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Figure 5.10: Scintillation attenuation — function of rainfall rate and propagation angle at Hazelton 
Station, Canada. 

where 

O ( / ) = ^ r e / • / (7/12) . 9{x) 
(5.50) 

(sine?)1-2 ' 

The model we present for different attenuations provide controllers with a perceptible 

view of approximate channel attenuation, based on ITU — R Recommendation, and by 

estimating different weather attenuations at desired locations, for different propagation 

angles, for a given rainfall rate, and for a wide range of uplink or downlink frequencies. 

Also, as mentioned above, it can be computed for different frequencies, for different 

rainfall rate values, and for any specific operation propagation angle [29]. The original 

version of this method was developed by ITU — R [29] to work with historical data. We 

adapted it for predicted weather conditions. Its ultimate application in SNR prediction 

was found to be close to field measured data in TELESAT experiments. However, we 

do not have access to those experimental values to present here in this document. 
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Figure 5.11: Scintillation attenuation — function of rainfall rate and frequency at Atlin Station, 
Canada. 

ii- Using Predicted Data 

Let us calculate time percentage factor, a(RRpr), where RRW is the predicted rainfall rate 

for the predicted probability of precipitation (pr) as follows: 

a{RRpr) = - 0.061 • {log (pr))3 • 0.072 • {log {pr))2 - 1 . 71 • log {pr) + 3.0. 

Thus, 

Ascintillation{9, RRpr) = a{RRpr) • o(9) dB. 

(5.51) 

(5.52) 

The scintillation attenuation calculated by using (5.52) resulted in a set of Asdntuiation val

ues in relation to propagation angle (6), prediction rainfall rate (RRpr), frequency (/), and 

location as shown in Figure 5.12. The figure shows that scintillation attenuation increases 

exponentially with the increase in rainfall rate and decrease in propagation angle. The scin

tillation attenuation values, collected at South West of King City Station, Canada, ranged 
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Predicted Scintillation Attenuation for Frequency = 20 GHz 

Propagation Angle {Degree) Predicted Rainfall Rate (mm/hr) 

Figure 5.12: Predicted scintillation attenuation — function of predicted rainfall rate and propaga
tion angle at South West of King City Station, Canada. 

from 0 to 0.25 dB when rainfall rate ranged from 0 to 15 mm/hr, propagation angle ranged 

from 45 to 5 degrees for a given frequency that equals to 20 GHz. 

5.5 Summary 

In this chapter, we presented techniques to calculate rain, gaseous, cloud, fog, and scintillation 

attenuations based on historical weather data as well as with the hourly rainfall rate data captured 

by weather stations. The new method presented in this chapter better support the satellite system's 

controller with an improved view of the channel at any specific location with the use of actual 

predictions before weather deteriorates the operational function of the system. 

In the following chapter, total attenuation is computed based on these attenuations and we 
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will present how it could be utilized to improve SNR estimation. The estimated SNR values 

for different combinations of propagation parameters are used by the intelligent weather aware 

control system (IWACS) for selecting the right combination to achieve the desired quality in the 

communication channels. 
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Chapter 6 

Signal Attenuation Prediction and 

Intelligent Weather Aware Control System 

6.1 Introduction 

In this chapter, total effect of all four types of attenuation, that were calculated in the previous 

chapter, are used to determine atmospheric attenuation and is combined with free space attenuation 

to determine total attenuation. Also, we describe an intelligent weather aware control system 

(IWACS) to better control channel parameters and queuing characteristics. 

A three dimensional relationship is introduced among total attenuation, estimated rainfall rate, 

and propagation angle on one hand, and among total attenuation, predicted rainfall rate, and prop

agation angle on the other. Similar relationship is established among SNR, transmit power, and 

both of estimated and predicted total attenuation [3,9,30,31]. These relationships are then used as 

decision aid by IWACS for control purposes. A set of channel parameters are selected based on 

the value of total attenuation to facilitate the decision support system. Such control includes ad

justing satellite signal power, modulation, and coding schemes as countermeasures for degradation 

of signal quality. 
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The algorithm also able to receive heuristic and SLA inputs from the DSS and the SNR feed

back from the neighboring terminals. The selection of appropriately weighted modulation/codepoint 

for impending weather conditions, configuration settings and tolerance/safety margins for honoring 

SLA is the prime objective of this chapter. 

6.2 Calculating Total Attenuation from Historical Data and 

Predicted Data 

6.2.1 Calculating Atmospheric Attenuations Using Historical Data 

In this section atmospheric attenuations are calculated based on rain, gas, cloud, fog, and scintilla

tion attenuations. 

The required input parameters for the above attenuations are: 

Aiiain{Q, RRep)'- attenuation due to rain, as estimated in (5.5). 

AGO,S{6, RRep)'- gaseous attenuation due to water vapour and oxygen, as estimated in (5.25). 

AcioudhFogi®', RRep)'- cloud and fog attenuations, as by (5.30). 

Ascintuiation{6i RRep)'- attenuation due to tropospheric scintillation, as estimated in (5.48). 

Here, Ajiain{Q, RRep), Acasi^, RRep), AcioudkFog(&, RRep), and AsCintuiation(9, RRep) rep

resent atmospheric attenuations for a wide range of rainfall rates and propagation angles. 

A general method for calculating the updated atmospheric attenuations Aw(0, RRep), is given 

by [3,9]: 

AW(0, RRep) = AGas(8, RRep) + 
_ (6.1) 

• • • + y {Ajiai^O, RRep) + Acioud&Fog{8, RRep)) + {AscinUllation{8', RRep))2, 

where 

Acioud&Fog{0, RRep) — Acioud&Fog(0, RRep=1 %) for ep < 1.0% (6.2) 
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and 

AGas(8,RRep) = AGas(8,RRep=1%) for ep < 1.0%. (6.3) 

Equation (6.2) and (6.3) take into consideration that large parts of clouds and gaseous attenua

tions are already included in the prediction of rain attenuation below 1 % [16]. RRep is the rainfall 

rate for exceeded percentage probability (ep) in the range between 0.001 % to 50 %. This method 

was tested using contour rain map presented in [15], using procedures set out in ITU — R Recom

mendation P. 311. The results were found to be in good agreement with the available measurement 

data for all latitudes, and for the prediction of wide rainfall rate ranges as shown in Figures 5.1, 

Figure 5.4, Figure 5.7, Figure 5.10, and Figure 6.1. 

6.2.2 Calculating Atmospheric Attenuation Using Predicted Data 

The aim of this section is to estimate different atmospheric attenuations such as rain, snow, gaseous, 

cloud, fog, and scintillation using our adaptive scheme. This combines predicted rainfall rate with 

ITU — R propagation models and interpolation methods to do this estimation. A three dimensional 

relationship for this attenuation with respect to propagation angle and predicted rainfall rate (RRpr) 

is shown in Figure 6.2 [1,3,7,9]. 

We first calculate ARain(6, RRpr), AGas(8', RRpr), ACioud&Fog(0,RRpr), and AScintiiiation(0, 

RRpr) using equations (5.9), (5.27), (5.40), and (5.52), respectively. Then, we obtain the predicted 

atmospheric attenuations Aw(6, RRpr), from the following equation [3,9]: 

Aw{0,RRpr) = AGas(6,RRVr)+ ••• 
. (6.4) 

• • • + y (Ajiain(6, RRpr) + AGioud&Fog(9, RRpr)) + {Ascintillation{Q, RRpr))2. 

The results were found to be in good agreement, according to ITU — R standards [7,15,16,29], 

with the available measurement data for all latitudes for wide range of predicted rainfall rate as 

calculated in Chapter 4, propagation angle, and other selected propagation parameters as shown in 
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Figure 6.1: Atmospheric attenuations — function of rainfall rate and propagation angle at Hazelton 
Station, Canada. 

Figure 5.3, Figure 5.6, Figure 5.9, Figure 5.12, and Figure 6.2. 

6.2.3 Free Space Calculation 

By definition free space is a space with nothing inside it. The most important four features of 

free space are its uniformity everywhere, absence of electrical charge, no current flowing through 

it, and its infinite extent in all directions. Since such phenomenon does not exist in the known 

universe, it is a common practice to assume interstellar space as a good approximation [38,41]. 

The free space attenuation, A0(8), is obtained as follows: 

A0(6) = (4 • TT • d (0) I A)2, (6.5) 

with d{6) being the distance between transmitter and receiver and the wavelength A = c/f. 
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Figure 6.2: Predicted atmospheric attenuation — function of predicted rainfall rate and propagation 
angle at South West of King City Station, Canada. 

6.2.4 Calculating Total Attenuation 

The total attenuation is calculated based on both atmospheric and free space attenuations. As a 

result, we could calculate the total attenuation (At) from the following relation: 

AtfrRRpr) = Aw(9,RRpr) + AQ(9): (6.6) 

where, At(9, RRW) is the total attenuation, Aw(8, RRpr) is the atmospheric attenuation described 

in (6.4), and A0(9) is the free space attenuation described in (6.5). 

Figure 6.3 shows a three dimensional relationship of total attenuations in terms of propagation 

angle and predicted rainfall rate [34]. From the operational point of view, it is important to consider 

the effect of these attenuation, especially for systems running at frequencies above 10 GHz — 

with low propagation angles [29,57]. Knowing different weather attenuations' behavior will be 
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Figure 6.3: Predicted total attenuation — function of predicted rainfall rate and propagation angle 
at South West of King City Station, Canada. 

an immense asset to support analysis for budgeting the operational satellite networking parameters 

around the world under different weather conditions. 

Prediction of total attenuation becomes a key factor in diagnosing, adjusting and improving 

satellite signal power, modulation and coding schemes. 

We verified that prediction of total attenuation using the above method, improves the accuracy 

of the results. The total attenuation is used to calculate SNR. IWACS uses the calculated SNR to 

determine the channel quality and subsequently adjust satellite propagation parameters. We will 

describe this in the next section. 

6.3 Intelligent Weather Aware Control System 

In order to put all of the principles and methods discussed thus far in this thesis, we designed 

an intelligent weather aware control system (IWACS). The main function of IWACS is sensing 
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the health of the communication nodes and links and improve them continuously. However, our 

primary objective in using IWACS, is to improve SNR in weather impacted networks. 

The improvements are achieved by controlling parameters like power, modulation, coding, and 

data rate. The IWACS uses a broad set of general and specialized knowledge representations, 

reasoning mechanisms, on problem solving and search algorithms, and on machine learning tech

niques [3,39,68]. 

The IWACS continuously strives to maximize SNR and therefore the throughput of the net

work. It also maintains the SLAs by adaptively adjusting signal power, channel rate, location, 

propagation angle, frequency, modulation, coding, and queuing schemes to adapt with the oper

ation of changing weather conditions by the use of predicted weather knowledge. The proposed 

IWACS adjusts transmission parameters before the rain problems actually manifest by minimizing 

estimated attenuation effect, maximizing channel robustness and efficiency, and improving SNR 

as well as QoS. IWACS is also similar to generally available control systems except that it is 

extended to factor various weather affected parameters separately to achieve better optimization of 

the service. The core architecture of the IWACS, as shown in Figure 6.4, where it may be noted 

that it consists of four control blocks along with a special module called decision support system 

(DSS). 

The first control block, estimates SNR. SNR is a function of signal parameters, such as esti

mated data, propagation angle, frame size, frequency, signal transmitted power, and atmospheric 

attenuation. 

The second control block compares the differences between the estimated SNR and its thresh

old value set by the system's controller. This will lead to one of three different possible outcomes 

{A, B, and C} as shown in Figure 6.4. For the first outcome {A}, where SNR value is smaller than 

the threshold level, the DSS increases transmit power up to a maximum limit of -30 dB (0 dBrn). 

For the second outcome {£?}, where SNR value is equal to or greater than the threshold level, the 

DSS take no action and jumps to the last block. For the third outcome {C}, where SNR is smaller 
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Figure 6.4: Intelligent weather aware control system for satellite networks. 
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than the threshold level even after increasing the transmit power to its maximum value, the DSS 

goes to the next block for more diagnostics. 

In the third control block, the DSS will opt for the adjustment of other parameters such as data 

rate, transmit power, frequency, modulation, and coding schemes based on weather variations so as 

to keep the SNR within a tolerable range. In doing that, DSS relies on a combination of modulation 

and coding schemes and transmit power predetermined to give optimal results for a given frequency 

and propagation angle subjected to different atmospheric attenuations. One such set for a specific 

transmission frequency and propagation angle has been shown in Table 6.3. Therefore, the DSS 

will compromise among different SNR achieved outputs and will make the optimum decision 

based on the intelligent controller according to available parameters and requirements. It will then 

pass the selected SNR to next block. 

In the fourth control block, if satisfactory SNR is not achieved through different combinations, 

the control system goes back to first control block through feedback to re-adjust the parameters 

as explained earlier and comes to re-work with the tables according to DSS decision, until a sat

isfactory value is reached at which the procedure will stop. In case significant improvement is 

not achieved it abandons the process after a set number of iterations and gives the warning to the 

operator. 

The DSS utilizes the predicted weather knowledge and other signal parameters for control. It is 

constructed from specific classes of computerized algorithms that support satellite signal decision

making activities to control and monitor SNR with signal propagation values during operation. 

This system searches for different combinations of input variables in order to minimize the esti

mated attenuation effect and maximize the channel robustness and efficiency by improving SNR. 

The DSS utilizes system parameters like atmospheric attenuation, propagation angle, location, and 

antenna gain, to adaptively adjust signal power, transmission rate, coding, and modulation under 

different weather conditions in a way to honor the desired levels of QoS and SLA. Typical in

formation that a DSS might gather and present would be to sense the environment by accessing 

100 



current information assets, such as knowledge base, channel and transmission parameters, and pe

riodic querying for the variable parameter values, which keeps updating the knowledge based input 

to the DSS [39,68,70]. The model is made to deal with ITU — R collected data as well as actual 

weather data. 

The next task of IWACS is to improve SNR, availability of links, and QoS by adaptively con

trolling the system in response to changing weather conditions. To achieve that, IWACS relies on 

knowledge representations, problem solving, search algorithms, and signal parameter adjustment 

schemes. 

In IWACS, the said improvements are much noticeable compared to ISs that we have come to 

know thus far. It proficiently searches for different combinations of input control variables such 

as transmit power level, modulation schemes, channel coding, transmission rates, etc. to minimize 

estimated attenuations effect and maximize channel robustness and efficiency by improving SNR 

using the technique presented in Figure 6.4. 

The major difference between IWACS and models known thus far is that the IWACS acquires 

rain, cloud and fog, scintillation, and gaseous attenuation separately and tunes the controllable 

parameters to get the optimal result. Whereas the traditional techniques did not treat them sepa

rately. Signal attenuation is calculated by factoring these four major impairment factors separately 

as well as parts of total attenuation for an improved control of channel parameters especially at 

higher transmission frequencies. 

6.3.1 Decision Support System 

The derived parameter values, being fed through IWACS to improve the estimated SNR, will 

enable the DSS block to maintain QoS and SLAs by adaptively adjusting satellite signal power, 

modulation, coding, and data rate at frequent storms and precarious weather conditions. The DSS 

and its network optimization blocks are depicted in Figure 6.5. The work fits in the data prediction 

module, and the interface to the core computing intelligence model of the DSS. The periodically-
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computed attenuation will keep updating our knowledge input to the DSS. 

The DSS is constructed from specific classes of algorithms that takes experiential decision in

puts from the user so that they could be factored in decision-making activities. Typical information 

that a DSS might gather and present would be: 

• Accessing current information assets, such as knowledge base, satellite parameters, and trig

gering of periodic query 

• Maintaining different combinations of channel parameters known to give acceptable system 

performance 

• Monitoring SNR values during operation and learning new combination of parameters when 

they become known. 

The DSS takes in the predicted weather database as shown in Figure 6.4 and proficiently 

searches for different combinations of controllable input variables such as transmit power level, 

modulation schemes, channel coding rates, etc. to minimize the estimated attenuation effect and 

maximize the channel robustness and efficiency by improving SNR. The ability to better predict 

attenuation for different weather conditions allows for adjust propagation parameters such that the 

attenuation could be lowered, SNR be improved thereby achieve improved QoS. 

6.4 Relating Total Attenuation with Signal to Noise Ratio 

In this section, we describe the effect of total attenuation on SNR. Estimating the channel atten

uation would be an important support to determine the appropriate value for SNR, and to help 

satellite provider to make the necessary improvement to the system according to the presented 

situation before weather deteriorate the signal. SNR is usually measured in decibels (dB) [41]. 

The signal energy (Es) to noise power spectral density (N0) per symbol is calculated from the 
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knowledge that Es = C • Ts = C / Rs, where C is signal power, Ts is symbol duration, and Rs 

transmission rate. 

EL - 9- c JL 
No ~ iVo ' s - iVo ' X' ( 6 ' 7 ) 

Note that thermal noise power spectral density N0 = Kb • T, and Kb (Boltzman constant) 

= 1.38 • lOe - 23 Ws/K = - 228.6 dB Ws/K. The T is effective noise temperature and it is 

the sum of noise temperatures of both the antenna and the receiver. 

T (effective noise temperature) = Ta + Tr, (6.8) 

where Ta noise temperature of the antenna as represented in Table 6.1, and 

Tr (noise temperature of the receiver) = (IQ(N-/ 10) _ i) . 290. (6.9) 

In the above equation the noise figure (Nr) for a low-noise amplifier is found to be in the range 

of 0.7 to 2 dB. The above equations can now be combined as: 

C _ C _ Pr _ Pt • Gt Gr 

N0 ~ Kb-T ~ Kh-T ~~ At ' Kb-r
 K ' ) 

where Pt and Pr are transmitter and receiver power, respectively. Gt and Gr are antenna gain at 

transmitter and receiver sides, respectively. Now expressing (6.10) in dB, we find: 

9- = Pt + Gt - At + Gr - Kh - T dBHz (6.11) 
iV0 

As 

Es (symbol energy) = C • Ts = C / R,, (6.12) 

where transmission rate Rs (symbol/sec) is inversely equivalent to symbol duration Ts and energy-
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Table 6.1: Noise Temperature in Antenna. 

Antenna Noise Temperature Ta 

Directional 
satellite 
antenna 

Directional 
terminal 
antenna 

Hemispherical 
terminal 
antenna 

Earth from space 

Space from earth at 90° elevation 

Space from earth at 10° elevation 

Sun {1...10 GHz) 

At night 

Cloudy sky 

Clear sky with sunshine 

Kelvin 

290 

3 - 1 0 

« 8 0 

105...104 

290 

360 

400 

to-noise power density per symbol is: 

or 

Ea 

N0 

Es 

NQ 

. T — 
No s 

C 

dB " NO 

C 1 

N0' R 

— Rs, 

and SNR is expressed as: 

(6.13) 

(6.14) 

No 
(At, Pt) = Pt + Gt-At + Gr Kh R. dB. (6.15) 

It should be noted that the SNR estimation of (6.10) will be optimized by the virtue of hav

ing better estimation of At through (6.15). Figure 6.6 and Figure 6.7 show SNR values before 

adjustment as a function of total attenuation and transmit power. These figures represent the es

timated and predicted weather data at Vancouver Station and at South West of King City Station, 

respectively. 

The SNR calculation contributes to optimization of channel throughput, because, keeping other 
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Figure 6.6: Output SNR at Vancouver Station, Canada. 

factors as they are, improvement in SNR results in indirect improvement in throughput. Therefore, 

the control system to be included in the real section works continuously to maximize the value of 

SNR. 

Real-time channel measurements such as SNR and BER can also serve as a feedback tuning 

control for our DSS by adaptively modifying the input control variables for clear channel opti

mization. 
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Figure 6.7: Output SNR at South West of King City Station, Canada. 
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6.5 Signal to Noise Ratio Adjustment 

Several factors such as power, modulation, etc. could be adjusted in order to improve SNR and 

to maximize system's throughput and availability of links. The adjustment of these parameters 

ultimately results in the adjustment of SNR. In this section, it is demonstrated how SNR is related 

to attenuation along with other parameters. 

We propose that, by controlling the supplying factors of the IWACS, a path is given to allow for 

an efficient mechanism to better estimate satellite's networking parameters. These derived parame

ters would enable the IWACS to maintain SNR by adaptively adjusting signal power, transmission 

rate, coding, and modulation under severe weather conditions. 

Equation (6.15) can be used to determine BER of a digital transmission scheme. Figure 6.4 

illustrates a manner for changing parameters of the communication system in order to overcome the 

deteriorating effect of atmospheric impairments, and to increase reliability of the data transmitted 

throughout the channel. 

Figure 6.6, Figure 6.7, Figure 6.8, and Figure 6.11 show a comparison for the outputs of SNR 

ranges before and after modification for estimated and predicted measured weather data at Van

couver Station and at South West of King City Station, respectively. 

These results are also presented in 2-D relationships at a given value of the third variable for 

clarity. Figure 6.9 and Figure 6.12 represent the adjusted output SNR with adjusted transmission 

power for given values of estimated and predicted attenuations. Also, Figure 6.10 and Figure 6.13 

represents the adjusted output SNR with total estimated and predicted attenuations for given values 

of transmission power. These results are taken at Vancouver Station and at South West of King 

City Station, respectively. 

Consequently Figure 6.8, Figure 6.9, Figure 6.10, Figure 6.11, Figure 6.12, Figure 6.13, Ta

ble 6.2, and Table 6.3 show throughput enhancements for wireless communication systems. These 

results also create a robust IWACS by allowing service provider to work with flexible ranges by 
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Output Adjusted SNR Results for Propagation Angle = 30° and Frequency = 20 GHz 

Total Attenuations (dB) ™ Adjusted Transmitted Power (dB) 

Figure 6.8: Output Adjusted SNR at Vancouver Station, Canada. 

applying various combinations of satellite's signal parameters under different weather conditions 

as discussed in the following section. 

6.6 Simulation Results and Discussions 

In the previous sections, the estimated and predicted atmospheric attenuations are calculated at 

any specific location on earth for different rainfall rate values, with a range of given operational 

frequency and propagation angle. These schemes provide appropriate results up to high frequency 
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Adjusted Output SNR for Propagation Angle = 30° and Frequency = 20 GHz 
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Figure 6.9: Output SNR at Vancouver Station, Canada. 
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Table 6.2: Forward Link Modes and Performance at Vancouver Station for Propagation Angle 
= 30 Degrees and Frequency of Operation = 20 GHz. 

Modulation 

QPSK 

QPSK 

QPSK 

QPSK 

QPSK 

QPSK 

QPSK 

QPSK 

QPSK 

QPSK 

8PSK 

8PSK 

8PSK 

8PSK 

8PSK 

16PSK 

16PSK 

16PSK 

16PSK 

16PSK 

LPC 
Code 

Identifier 

1/4 

1/3 

2/5 

1/2 

3/5 

2/3 

3/4 

4/5 

5/6 

8/9 

3/5 

2/3 

3/4 

5/6 

8/9 

2/3 

3/4 

4/5 

5/6 

8/9 

SNR 
Adjusted Values 

[dB] 

2.73 

3.56 

-0.47 

-1.47 

-2.51 

2.47 

1.10 

3.02 

3.76 

6.52 

6.90 

6.49 

3.89 

1.34 

13.89 

8.73 

2.38 

1.51 

3.35 

14.61 

Transmit 
Power 
[dB] 

-40 

-42 

-52 

-53 

-55 

-54 

-56 

-50 

-51 

-48 

-46 

-49 

-57 

-58 

-45 

-47 

-59 

-60 

-62 

-44 

Total 
Attenuation 

[dB] 

228.30 

226.70 

221.13 

222.30 

223.25 

219.86 

220.70 

222.42 

223.57 

224.80 

226.08 

224.35 

220.25 

221.19 

225.04 

226.40 

222.05 

223.04 

219.59 

227.61 
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Output Adjusted SNR Results for Propagation Angle = 45° and Frequency = 20 GHz 
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Figure 6.11: Adjusted output SNR at South West of King City Station, Canada. 

Table 6.3: Forward Link Modes and Performance at South West of King City Station 
for Propagation Angle = 45 Degrees and Frequency = 20 GHz. 

Modulation 

QPSK 

QPSK 

8PSK 

8PSK 

16PSK 

LPC 
Code Identifier 

2/3 

4/5 

2/3 

8/9 

8/9 

SNR 
Adjusted Values 

[dB] 

12.37 

5.90 

1.2 

4.86 

21.10 

Transmitted 
Power 
[dB] 

-55 

-60 

-62 

-58 

-57 

Total 
Attenuation 

[dB] 

214.36 

223.46 

221.13 

218.69 

216.23 
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Adjusted Output SNR for Propagation Angle = 45° and Frequency = 20 GHz 
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Figure 6.12: Output SNR at South West of King City Station, Canada. 
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Adjusted Output SNR for Propagation Angle = 45° and Frequency = 20 GHz 
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Figure 6.13: Output SNR at South West of King City Station, Canada. 
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of operations for historical data for rain, gas, cloud and fog, and scintillation attenuations as shown 

in Figures 5.1, Figure 5.4, Figure 5.7, and Figure 5.10, and for the same weather attenuations 

with predicted data as shown in Figure 5.3, Figure 5.6, Figure 5.9, and Figure 5.12, respectively. 

Moreover, these results are key factors in implementing an enhanced intelligent engine that act to 

improve end-to-end wireless communications for different weather conditions. 

The IWACS was simulated in Matlab simulations version 7.1 running on Intel Centrino Pen

tium M 1.6 GHz CPU, 512 MB RAM. A special module was written to read weather data from 

Environment Canada supplied in a specially formatted text stream. It then converted it into a three 

hour sliding window of moving weather data always proceeding the present moment. Software 

modules were written to extract propagation related parameters shown in Figure 3.2 and Table 3.3 

for the location from ITU — R supplied data. Algorithm for predicting the rainfall rate based 

on Markov theory with fixed-duration weather data was written. The main IWACS module took 

the above mentioned data, along with transmit power and other signal propagation parameters, 

as inputs, calculated predicted signal attenuations, and heuristically searched right combination 

of controllable parameters for the input conditions, while learning to adapt. The improvement in 

SNR values experienced in receiving stations due to the adjustments made by IWACS were then 

evaluated. These are explained below. 

IWACS checked various combinations of input parameters based on the given threshold signal 

level at receiver's end. It searched for a blend of available power, frequency, propagation angle, 

coding, transmission rate, and modulation in response to predicted channel attenuations and by 

attempting to maintain a desired level of SNR as shown in Figure 6.6, Figure 6.7, Figure 6.8, 

Figure 6.9, Figure 6.10, Figure 6.11, Figure 6.12, Figure 6.13, Table 6.2, and Table 6.3 for the 

estimated SNR requirements. 

Figure 6.6, Figure 6.7, Figure 6.8, and Figure 6.11 compare the SNR before and after the 

adjusted techniques discussed in this thesis. They are put to use for making improvements to 

the system performance. Also, for having a close view of the output SNR results, we provide 
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relationships between SNR and either of adjusted transmit power or total attenuation as shown in 

Figure 6.9, Figure 6.10, Figure 6.12, and Figure 6.13. 

The cases of SNR before and after adjustment, using IWACS for satellite networks, based on 

estimated and predicted data are: 

Case 1: For estimated data, Figures 6.6 and Figure 6.8 represent cases when SNR fell between 

(—66 ~ — 38) dB and transmit power from (—110 ~ — 90) dB before intelligent decision 

mechanism was turned on. The improvements made in SNR and transmit power levels were 

significant after the IWACS was allowed to operate in the same condition. In presence of 

IWACS based propagation parameter control, the SNR improved to (—16 ~ 25) dB and 

transmit power level ranged from (—63 ~ — 37) dB. Both cases were subjected to identical 

weather conditions where total attenuation due to weather ranged from (219 ~ 228) dB for 

a frequency of 20 GHz at 30 degrees propagation angle and transmission rate in the range 

of 40 (IB. 

Case 2: For predicted data, Figures 6.7 and Figure 6.11 represent cases when SNR fell between 

(—37 ~ - 15) dB, transmit power from (-100 ~ — 88) dB before intelligent decision 

mechanism was turned on. The improvement made in SNR and transmit power level were 

significant after the IWACS was allowed to operate in the same condition. In presence 

of IWACS based propagation parameter control, the SNR improved to (5 ~ 27) dB and 

transmit power level ranged from (—63 ~ — 52) dB. Both cases were subjected to identical 

weather conditions where total attenuation due to weather ranged from (214 ~ 224) dB for 

a frequency of 20 GHz at 45 degrees propagation angle and transmission rate in the range 

of 45 dB. 

Note that IWACS was able to bring the upper limit for transmit power to less than the maximum 

allowed of —30 dB. Any time this limit is reached, signal parameters are re-adjusted to prevent 

uncontrolled signal transmission as shown in Figure 6.8 and Table 6.2, similarly for actual data in 
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Figure 6.11 and Table 6.3. It could be noted that the improvements in channel performance made 

by the scheme is significant. 

The cases of SNR presentation in 2-D after adjustment, using IWACS for satellite networks, 

based on estimated and predicted data are: 

Case 1: For estimated data, Figure 6.9 shows that adjusted SNR takes different values from approx

imately (—3 ~ 15) dB when adjusted transmit power have values between (—62 ~ — 

40) dB for given estimated total weather attenuation, modulation, coding, transmission rate, 

frequency equal to 20 GHz, and propagation angle equal to 30 degrees. Also, Figure 6.10 

shows that adjusted SNR takes different values from approximately (—3 ~ 15) dB when to

tal weather attenuation have values between (219 ~ 229) dB for given adjusted transmitted 

power, modulation, coding, transmission rate, frequency equal to 20 GHz, and propagation 

angle equal to 30 degrees. Both Figure 6.9 and Figure 6.10 took place at Vancouver Station, 

Canada. 

Case 2: For predicted data, Figure 6.12 shows that adjusted SNR takes different values from approxi

mately (1 ~ 22) dB when adjusted transmit power have values between (—62 ~ —55)dB 

for given total predicted weather attenuation, modulation, coding, transmission rate, fre

quency equal to 20 GHz, and propagation angle equal to 45 degrees. Also, Figure 6.13 

shows that adjusted SNR takes different values from approximately (1 ~ 22) dB when 

total predicted weather attenuation have values between (214 ~ 224) dB for given adjusted 

transmitted power, modulation, coding, transmission rate, frequency equal to 20 GHz, and 

propagation angle equal to 45 degrees. Both Figure 6.12 and Figure 6.13 took place at South 

West of King City, Canada. 

These results help in understanding the SNR behavior with respect to adjusted power from one 

side and total attenuations from the other. 

This simulation provides a feedback algorithm and a refresh duration for different satellite 
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signal parameters that are used to iteratively tune the intelligent controller technique as shown 

in Figure 6.4. The results are done by using Matlab simulations, where different programs were 

written to collect database information from different sources such as ITU — R, to implement the 

two and three dimensional relationships for predicted rainfall rate, different weather attenuations, 

total attenuation, and SNR, and to run the intelligent engine in order to present the desired output 

for the communication satellite systems. 

6.7 Summary 

In this chapter, the total effect for all of rain, gas, cloud and fog, and scintillation attenuations 

are used to determine the atmospheric attenuation. This attenuation is combined with free space 

attenuation to calculate total attenuation. Also, an IWACS is implemented to demonstrate how 

the system performance could be improved by providing suitable estimates for different weather 

attenuations that leads to adjust estimated SNR output in lieu of a wide range of rainfall rate 

and transmitted power, for any specific frequency, propagation angle, transmission rate, gain, and 

location. Hence, this mechanism gives system's controllers the flexibility to apply various combi

nations of modulation, coding, and transmit power for a given atmospheric condition in order to 

maximize system's throughput as well as QoS. 
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Chapter 7 

Conclusions and Future Works 

7.1 Conclusions 

Rain, gaseous, cloud, fog, scintillation, and other atmospheric properties can have a distorting ef

fect on communication signals. The signal fading caused by different weather attenuations directly 

affect the QoS in satellite links and, hence, affect system availability especially at frequencies 

above Ku — band. Such attenuation makes it difficult to provide agreed upon QoS by satellite 

networks unless special mitigation measures are devised to counter weather effects. Thus, control 

systems could be made to be the most effective if we had the best possible technique for predicting 

channel attenuation due to weather related factors. Especially at high frequency bands the relative 

effect of atmospheric attenuation is so great that an efficient and dependable method for estimating 

these attenuations was considered essential for designing efficient and intelligent control systems. 

This thesis studies QoS improvement by providing estimated results for atmospheric attenuations 

in lieu of a wide range of rainfall rates, frequencies, propagation angles, and other propagation 

parameters at any specific location on earth. 

This work stemmed from the idea that the ability to predict channel attenuation due to at

mospheric conditions can enable mitigation of channel fading condition by adaptively selecting 
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appropriate propagation parameters. In this thesis, not only a new technique to calculate differ

ent atmospheric attenuations such as rain, gas, cloud and fog, and scintillation for any specific 

location based on ITU — R database has been presented, but also, an intelligent weather aware 

control system (IWACS) was established to bring noticeable improvements in the SNR on satellite 

communication channels. This is done by utilizing the atmospheric attenuation estimations and 

free space attenuation in the decision support algorithms. The ability to better estimate these at

tenuations has resulted in a significant opportunity to channel modeling such that we are able to 

improve SNR by better tuning of parameters like transmit power, modulation, coding, propagation 

angle, frequency, and transmission rate. The ultimate benefit of this work would be in realizing 

tolerance/safety margins for SLA commitment by achieving optimal QoS. 

In this thesis, we presented a method to estimate rain attenuation and other atmospheric atten

uations using the weather database from using bi-linear interpolation and frequency extrapolation. 

We also demonstrated that the calculation of rain attenuation is better done by some improvements 

made over ITU — R Original Method and ITU — R Approximation Method. The improved tech

nique is named as Iterative Approximation Method (IAM). Simulation results clearly showed that 

IAM is very effective and computationally efficient. A three dimensional model of rain attenuation 

as well as other atmospheric attenuations with both propagation angle and rainfall rate from one 

side, and the atmospheric attenuations with both frequency and rainfall rate from other side, are 

also the result of this work. 

This thesis presents a technique for predicting channel attenuation based on actual weather data 

and the use of Markov theory. The results of predicted rainfall rate obtain is found to be able to 

make significant improvement over the control techniques known thus far. The technique positively 

contributes to QoS maintenance by allowing for better tuning and adaptation of signal propagation 

parameters such as frequency, power, propagation angle, modulation, coding, and transmission 

rate with changing weather conditions. 

The work also introduces a three dimensional relationship model between attenuation, propa-
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gation angle, and predicted rainfall rate with an implication that for a given atmospheric condition, 

the signal attenuation could be predicted with much improved accuracy than the techniques in use 

thus far. 

The IWACS described here and that is used to select appropriate combination of controllable 

channel characteristics is able to demonstrate that SNR could be maximized for a given weather 

condition in presence of techniques presented here. The IWACS successfully controlled mod

ulation, coding, transmission power, frequency, propagation angle, and transmission rate, to im

prove channel robustness and, consequently, maximizing the throughput of the satellite network by 

preparing for the next weather period with predicted data. The algorithm uses the weighted modu-

lation/codepoint optimal values that tune with predicted weather conditions, configuration settings, 

and tolerance/safety margins for SLA commitment and improve QoS under variant weather condi

tions. 

7.2 Future Works 

Several avenues for future works that could be launched based on the foundation of this work. 

These avenues include: 

1. Take the implementation from simulation environment and apply it in practical systems and 

demonstrate its efficiency through physical systems by comparing the estimated and pre

dicted results with the actual results. 

2. Study of Markov model for weather conditions at different locations in the world, and re

search the possibility of having an optimal model for places having different weather pat

terns. 

3. Investigate to control the time period for measuring rainfall rate when dealing with high 

variations on weather states and locations. 
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4. Build up a flexible IWACS based on neuro-fuzzy systems with optimized algorithms and 

core computing intelligence model that would be controlled by predicted weather knowledge 

in order to minimize their impact on the QoS in satellite networks. 
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Appendix A 

Rainfall Rate Calculation and Bi-Linear 

Interpolation Code 

The following code is used to calculate rainfall rate combined with bi-linear interpolation. Also, it 

is computed other factors such as the level of satellite position according to sea level, height above 

mean sea level of earth station, and Mean 0° C isotherm height above mean sea level for the input 

specific location x and y. 

function [rainfallrate] = RainfalLRate_Calculation, 

% Define Variables 

global x y ep Rk hO hs hr cetal 

% x: Longitude 

% y: Latitude 

% hO : Mean 0° C isotherm height above mean sea level 

% hs: Height above mean sea level of earth station 
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% hr: Mean rain height above mean sea level 

% cetal: Propagation angle 

% Longitude axis matrix size = [1 X 241]; 

xx =[0:1.5:360]; 

% Latitude axis matrix size = [121 X 1]; 

yy=[90:-1 .5 : -90] ; 

% Matrix size = [121 X 241] for Pr6 values; 

Pr6 = FafoPr6; 

% Matrix size = [121 X 241] for Mc values; 

Mc = FafoMc; 

% Matrix size = [121 X 241] for Ms values; 

Ms = FafoMs; 

% Matrix size = [121 X 241] for hO values; 

HHO = FafoHO; 

% Matrix size = [121 X 241] for hs values; 

HHS = FafoHS15; 

Yl = size(yy); 

uu - 1; 

% Space distance among grid is 1.5 degrees 

Ak=1.5; 

% Variables initialization 

xb = 0; xc = 0; 

yb = 0; yc = 0; 

ila = 0;i lb = 0; 

ilc = 0;ild = 0; 

xk = 0; yk = 0; 



x = 0;y = 0; 

x b l = 0 ; x c l =0; 

ybl = 0; ycl = 0; 

ilal = 0 ; i l b l = 0 ; 

ilcl = 0 ; i l d l =0; 

% Input x value: 

x = input ('Please note that x ranges from [0 to + 360] degrees, Input x = '); 

xxl = x; 

while x > 360 | x < 0, 

x = input ('Please note that x ranges from [0 to + 360] degrees, Input x = '); 

xxl = x; 

end 

xa = xxl; 

% Input y value: 

y = input ('Please note that y ranges from [ - 90 to + 90] degrees, Input y = ') ; 

yyl =y; 

while y > 90 | y < - 90, 

y = input ('Please note that y ranges from [ - 90 to + 90] degrees, Input y = '); 

y y l = y ; 

end 

% Start bi-linear interpolation function 

ya = yyl; 

xx(l) = 0; 

% Interpolation for x axis 

ikx = 0; 

xab3 = 0; 
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i f x a > = xx(illx — 1) & xa < = xx(illx), 

xabl = xa; 

xab2 = xa + Ak; 

xb = xx(illx - 1); 

xc = xb + Ak; 

ikxl = i l l x - 1 ; 

ikx2 = i l lx; 

ikx = i l lx; 

ila = i l lx - 1; 

ilb = i l lx ; 

if xa = = xx(illx — 1) | xa = = xx(illx), 

if xa== xx(illx), 

ikx2 = i l lx; 

ikx = i l lx; 

ikxl = i l lx; 

else 

ikx2 = i l l x - 1; 

ikx = i l lx - 1; 

ikxl = i l lx - 1; 

end 

xabl = xa; 

xab2 = xa; 

xab3 = xa; 

end 

xb l=xab l ; 

xcl = xab2; 
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i lal = ikxl; 

i lbl = ikx2; 

break; 

end 

end 

yy(l) = 90; 

% Interpolation for y axis 

for i l ly = 2: 121, 

iky = 0; 

yab3 = 0; 

if (ya < = yy(illy - 1) & ya > = yy(illy)), 

yabl = ya; 

yab2 = ya - Ak; 

ybl - yabl; 

y c l = yab2; 

yc = yy(illy); 

yb = yy(i l ly-1) ; 

ikyl = i l ly - 1; 

iky2 = i l ly; 

iky = i l ly; 

i lcl =ikyl; 

i ld l= iky2; 

ilc = i l ly - 1; 

ild = i l ly; 

ifya = = yy(illy - 1) | ya = = yy(illy), 

if ya==yy(il ly - 1), 
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iky = i l ly - 1; 

iky2 = i l l y - l ; 

ikyl = i l ly - 1; 

yb = ya; 

ilc = i l ly - 1; 

yc = ya - Ak; 

ild = i l ly; 

elseif ya == yy(il ly) 

iky = i l ly; 

iky2 = i l ly; 

ikyl = i l ly; 

yb = ya + Ak; 

ilc = i l ly - 1; 

yc = ya; 

ild = i l ly; 

elseif ya == - 90, 

iky = i l ly; 

iky2 = i l ly; 

ikyl = i l ly; 

ild = i l ly; 

yb = ya + Ak; 

ilc = i l ly - 1; 

yc = ya; 

end 

yabl = ya; 

yab2 =ya; 



yab3 = ya; 

ybl = yabl; 

y c l = yab2; 

i lcl = ikyl; 

i ld l=iky2; 

end 

break; 

end 

end 

% End of bi-linear interpolation function 

% Print out the four closed points of x and y axis location 

if (xa == xab3) & (ya == yab3), 

KK1 = sprintf('xl = %1.2f degrees, xal = %1.If degrees, • • • 

• • • xbl = % 1 . If degrees, and yl = % 1.2f degrees, yal = %1.2f degrees, • • • 

• • • ybl = %1.If degrees', xa, xbl , xcl, ya , ybl, ycl); 

disp(KKl) 

else 

KK1 = sprintf('x = %1.2f degrees, xa = % 1 . If degrees, xb = % 1 . If degrees, • • • 

• • • and y = %1.2f degrees, ya = %1.2f degrees, • • • 

. . . yb = % 1 . If degrees', xa, xb , xc, ya , yb, yc); 

disp(KKl) 

end 

x = xa; 

xl = xb; 

x2 = xc; 

y = ya; 
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yl = yb; 

y2 = yc; 

il - ila; i2 = ilb; % for x axis 

j l = ilc; j2 = ild; % for y axis 

% Bi-linear interpolation in the x and y direction yield to: 

% Check if the location (x, y) falls on one of the grid points 

xk = mod(x, Ak); 

yk = mod(y, Ak); 

% xk and yk are equal to zero their values fall on the grid 

if xk == 0 & yk == 0, 

FTJPr6e = Pr6(iky, ikx); 

FTJVIc = Mc(iky, ikx); 

FTJVIs = Ms(iky, ikx); 

FT_H0 = HH0(iky, ikx); 

T_HS15 = HHS(iky,ikx); 

else 

% First variable Pr6, 

FJPr6el = [(x - x2) / (xl - x2)] * Pr6(jl, il) + [(x - xl) / (x2 - xl)] * Pr6(jl, i2); 

F_Pr6e2 = [(x - x2) / (xl - x2)] * Pr6(j2, il) + [(x - xl) / (x2 - xl)] * Pr6G2, i2); 

FT_Pr6e = [(y - y2) / (yl - y2)] * F_Pr6el + [(y - yl) / (y2 - yl)] * F_Pr6e2; 

% Second variable Mc, 

FJVlcl = [(x - x2) / (xl - x2)] * Mc(jl, il) + [(x - xl) / (x2 - xl)] * Mc(jl, i2); 

F_Mc2 = [(x - x2) / (xl - x2)] * Mc(j2, il) + [(x - xl) / (x2 - xl)] * McG2, il); 

FTJVIc = [(y - y2) / (yl - y2)] * FJVlcl + [(y - yl) / (y2 - yl)] * FJVIc2; 

% Third variable Ms, 

FJVIsl = [(x - x2) / (xl - x2)] * Ms(jl, il) + [(x - xl) / (x2 - xl)] * Ms(jl, i2); 
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F_Ms2 = [(x - x2) / (xl - x2)] * Ms(j2, il) + [(x - xl) / (x2 - xl)] * Ms(j2, i2); 

FT_Ms = [(y - y2) / (yl - y2)] * F_Msl + [(y - yl) / (y2 - yl)] * F_Ms2; 

% Fourth variable hO: O'C above mean sea level 

FT_H0_1 = [(x - x2) / (xl - x2)] * HH0(jl, il) + [(x - xl) / (x2 - xl)] * HH0(jl, i2); 

FT_H0_2 = [(x - x2) / (xl - x2)] * HH0(j2, il) + [(x - xl) / (x2 - xl)] * HH0(j2, i2); 

FT_H0 = FT_H0_1 + FT_H0_2; 

% Fifth variable hs: Height above mean sea level 

FT.HS_1 = [(x - x2) / (xl - x2)] * HHS(jl, il) + [(x - xl) / (x2 - xl)] * HHS(jl, i2); 

FT_HS_2 = [(x - x2) / (xl - x2)] * HHS(j2, il) + [(x - xl) / (x2 - xl)] * HHS(j2, i2); 

FT_HS15 = FT_HS_1 + FT.HS_2; 

end 

x = xa; 

xl = xb; 

x2 = xc; 

y = ya; 

y l = y b ; 

y2 = yc; 

% Calculation of average annual convective rainfall amount Mc 

MC = FTJVIc; 

% Calculation of average annual stratiform rainfall amount Ms 

MS = FT-Ms; 

% Calculate hr: Mean rain height above mean sea level 

hr - FT_H0 + 0.36; 

% Derive the percentage probability of rain in an average year P0: 

% Check for P0 and P 

if (isnan(FT_Pr6e) | FT_Pr6e = = 0), 
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POa = 0; 

ep = 0; 

RpXat_Lon = 0; 

else 

% Calculation of rainfall rate 

P0_Lat_Lon = FT_Pr6e * (1 - exp( - 0.0117 * (FTJVls) / FT_Pr6e)); 

POa = POXatXon; 

% Enter exceed percentage probability (ep) for rainfall rate: 

% Note that P should be less than PO otherwise result will be zero 

rrpa = sprintf('Notice that %ep should be smaller or equal to PO = %3.4f and • • • 

• • • different from zero otherwise rainfall rate will be equal to Zero', POa); 

disp(rrpa) 

ep = input ('Please enter the percentage rate ep - % '); 

if (ep > P 0 a | e p = = 0), 

POa = 0; 

RpXat_Lon = 0; 

else 

a = 1.11; 

b = (FTJVIc + FTJVls) / (22932 * P0_Lat_Lon); 

c = 31.5*b; 

A = a * b ; 

B = a + c * log(ep / P0_Lat_Lon); 

C = log(ep / P0_Lat_Lon); 

% Rainfall rate value will be: 

Rp_Lat_Lon = ( - B + sqrt(B2 - 4 * A * C)) / (2 * A); 

end 
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end 

% The rainfall rate is equal to: 

rainfallrate = RpXatXon; 

Rk = rainfallrate 
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Appendix B 

Rain Attenuation Calculation Code Using 

Historical Data 

Calculation of rain attenuation using ITU—R Original Method, ITU—R Approximation Method, and 

Iterative Approximation Method (IAM). 

The rain attenuation values are calculated for different propagation angles and frequencies at any 

location on earth. 

function [attenl] = atten_P2_AF, 

global x y ep Rk hO hs hr cetal POO 

APpOOl = 0; 

% Collect different propagation parameters according to the specific location 

sab = RainfalLRate.Calculation; % Presented in Appendix A 

x = sab(l); 

y = sab(2); 

P = sab(3); 

P0 = sab(4); 
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Rain_rate = sab(5); 

hO = sab(6); 

hs = sab(7); 

% Calculation of rain attenuation using ITU — R Original Method 

% The following steps are as presented in Chapter 3 

%Step 1: 

% Satellite position over mean sea level 

hr = sab(8); 

R001 = Rain_rate; 

Rk = Rain_rate; 

% Effective raduis of the earth in Re 

Re = 8500; 

rrlO = sprintf(' x y P P0 Rain_rate hO hs hr'); 

disp(rrlO) 

tapa = sprintf('%g %g %2.2g %2.2g %2.5g • • • 

• • • %2.4g %2.4g %2.4g', x, y, P, P0, Rain_rate, hO, hs, hr); 

disp(tapa) 

P001 = 0; 

A001 = 0; 

Pf=0; 

ApS = sprintf(' For P = %g %, Attenuation due to rain • • • 

• • • A(%g) = %g\ PPf, PPf, Aps); 

disp(ApS) 

% Step 2: 

else 

cetal = input ('Please enter the propagation angle Ceta(degrees), Input Ceta = '); 
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if cetal > = 5, 

cetald = cetal * pi/180; 

% Calculate slant-path length Ls as: 

Ls = (hr - hs) / sin(cetald); 

else 

Ls = (2 * (hr - hs)) / ((((sin(cetald))2) + • • • 

••• (2 * (hr - hs) / Re))*1 / 2> + sin(cetald)); 

end 

Ls = abs (Ls); 

% Step 3: 

% Calculate horizontal projection Lg as: 

Lg = abs (Ls) * abs (cos(cetald)); 

% Step 4: 

Rain_rate = sab(5); 

% Step 5: Calculate rain attenuation at different frequencies: 

uu = 0; 

for Fl = 7: 55, 

uu - uu + 1; 

fkv = KalfaFreq(Fl); 

F_actual = fkv(l); 

fe = fkv(2); 

% Call frequency - dependent coefficients and constant coefficients of horizontal and 

vertical polarizations 

Kh = fkv(3); 

Kv = fkv(5); 

Alfah = fkv(4); 
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Alfav = fkv(6); 

taw = 4 5 * pi/180; 

% Constant coefficients of vertical and horizontal polarizations K: 

K = (Kh + Kv + (Kh - Kv) * ((cos(cetald))2) * cos(2 * taw)) / 2; 

K = abs (K); 

Alfa = (Kh * Alfah + Kv * Alfav + (Kh * Alfah - Kv * Alfav) • • • 

••• * ((cos(cetald))2) * cos(2 * taw)) / (2 * K); 

Alfa = abs (Alfa); 

% Calculate specific attenuation GamaR as: 

GamaR = K * (R001)(Alfa>; 

f = fe* le9; 

% Step 6: Calculate the horizontal adjustment rOOl: 

rOOl = 1 / (1 + 0.78 * sqrt((Lg * GamaR) / f) - (0.38 * (1 - exp( - 2 * Lg)))); 

% Step 7: Calculate the vertical adjustment factor V001: 

Phi = abs (y); 

% Calculate vertical adjustment factor Fita as: 

Fita = atan((hr - hs) / (Lg * iOOl)); 

if Fita > cetal, 

% Calculated the actual slant-path length Lr as: 

Lr = Lg * rOOl / (cos(cetald)); 

else 

Lr = (hr - hs) / (sin(cetald)); 

end 

if Phi < 36, 

xeso = 36 - Phi; 

else 
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xeso = 0; 

end 

Lr = (Lr); 

V001 = 1 / (1 + sqrt(sin(cetald)) • • • 

• • • * (31 * (1 - exp( - cetal / (1 + xeso))) * (sqrt(Lr * GamaR) / f2) - 0.45)); 

V001=(V001); 

% Step 8: The effective path length is: 

Le = Lr*V001; 

% Step 9: Rain attenuation using ITU — R Original Method: 

AT(uu) = GamaR * Le; 

FFl(uu) = Fl; 

end 

attenl = [FFl' AT']; 

end 

This program calculates rain attenuation for different frequency sample (Fs) as per ITU — R 

Approximation Method. 

function a t t e n = atten_P_Freq(Fs), 

global x y ep Rk hO hs hr cetal 

% Fs: Input sample frequency 

APpOOl = 0; 

% Call for rainfall rate and other propagation parameters 

sab = RainfalLRate.Calculation; % Presented in Appendix A 

x = sab(l); 

y = sab(2); 

P = sab(3); 
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PO = sab(4); 

Rain_rate = sab(5); 

hO = sab(6); 

% Satellite position over mean sea level hs: 

hs = sab(7); 

hr = sab(8); 

R001 = Rain_rate; 

Rk = Rain_rate; 

F_actual - Fs; 

Re = 8500; 

rrlO = sprintf(' x y P PO Rain_rate hO hs hr'); 

disp(rrlO) 

tapa = sprintf('%g %g %2.2g %2.2g %2.5g • • • 

• • • %2.4g %2.4g %2.4g', x, y, P, PO, Rain_rate, hO, hs, hr); 

disp(tapa) 

% Calculation of rain attenuation using ITU - R as explained in Chapter 3 

GamaR = 0; 

Le = 0; 

if ((hr - hs) < = 0 | Rain_rate = = 0), 

rain_att = 0; 

P001 = 0; 

A001 = 0; 

Pf = 0; 

else 

cetal = input ('Please enter the propagation angle Ceta(degrees), Input Ceta = '); 

cetald = cetal * pi/180; 
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if cetal > = 5, 

Ls = (hr - hs) / sin(cetald); 

else 

Ls = (2 * (hr - hs)) / ((((sin(cetald))2) + (2 • • • 

• • • * (hr - hs) / Re))*1' 2) + sin(cetald)); 

end 

Lg = (Ls) * abs (cos(cetald)); 

% Calculation of rainfall rate 

Rain_rate = sab(5); 

fkv = KalfaFreq(Fs); 

F_actual = fkv(l); 

fe = fkv(2); 

Kh = fkv(3); 

Kv = fkv(5); 

Alfah = fkv(4); 

Alfav = fkv(6); 

taw = 45* pi/180; 

f = fe; 

K = (Kh + Kv + (Kh - Kv) * ((cos(cetald))2) * cos(2 * taw)) / 2; 

Alfa = (Kh * Alfah + Kv * Alfav + (Kh * Alfah - Kv * Alfav) • • • 

••• * ((cos(cetald))2) * cos(2 * taw)) / (2 * K); 

GamaR = K * (R001)(Alfa); 

rOOl = 1 / (1 + 0.78 * sqrt((Lg * GamaR) / f) - (0.38 * (1 - exp( - 2 * Lg)))); 

Phi = abs (y); 

Fita = atan((hr - hs) / (Lg * rOOl)); 

if Fita > cetal, 
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Lr = Lg * rOOl / (cos(cetald)); 

else Lr = (hr — hs) / (sin(cetald)); 

end 

if Phi < 36, 

xeso = 36 - Phi; 

else 

xeso = 0; 

end 

V001 = 1 / (1 + sqrt(sin(cetald)) * (31 * (1 - exp( - cetal / (1 + xeso))) • • • 

• • • * (sqrt(Lr * GamaR) / f2) - 0.45)); 

Le = Lr*V001; 

end 

% The rain attenuation values using ITU — R Approximation Method is: 

A001 = GamaR * Le; 

APpOOl = sprintf(' For P = %g %, Attenuation due to rain A(%g) = %g d B \ P, P, A001); 

disp(APpOOl) 

atten = [F_actualPA001]; 

This program is used to calculate the rain attenuation based on Iterative Approximation Method 

(IAM) and compare the results with the ITU - R Original Method, 

function [tatol] = Comp_ApF2(), 

global x y ep Rk hO hs hr cetal 

% Get the rain attenuation values using ITU — R Original Method 

[Faro] = atten_P_AFreq2; 

F_actual = Faro(:, 1); 

Al = Faro(:, 2); % Al at different frequencies 
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fl =0; 

Phil(l) = 0; 

u = 0; 

forff=7:55, 

fl=ff; 

fw = (ff+l); 

u = u + 1; 

Phil(u) = (fl2) / (1 + (10- 4 ) * (fl2)); 

Phi2(u) = ( fw 2 ) / ( l + (10<-4)) * (fw2)); 

Hh(u) = 1.12 * (10( - 3>) * ((Phi2(u) / Phil(u))0-5) * ((Phil(u) * Al(u))0-55); 

ff2(u) = fw; 

A2(u) = Al(u) * (Phi2(u) /Phi l (u)) ( 1 - H h ( u »; 

A22(u) = A2(u); 

end 

% Rain attenuation values using IAM is: 

Ai = A22'; 

tatol = [F_actual Al ff2' Ai]; 

This program is used to calculate the rain attenuation using ITU — R Original Method for dif

ferent frequencies, 

function [attenl5] = atten_P_AFreq2, 

global x y ep Rk hO hs hr cetal 

APpOOl = 0; 

Rain_rate = Rk; 

R001 = Rain_rate; 

Re = 8500; 
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Ffa=[7 : 55]; 

zzl = length(Ffa); 

cetald = cetal * pi/180; 

if ((hr - hs) < = 0 | Rain_rate = = 0), 

rain_att = 0; 

P001= 0; 

A001 = 0; 

Pf = 0; 

FFl(zzl) = 0; 

AT(zzl) = 0; 

else 

if cetal > = 5 , 

Ls = (hr — hs) / sin(cetald); 

else 

Ls = (2 * (hr - hs)) / ((((sin(cetald))2) + ••• 

••• (2 * (hr - h s ) /Re) ) ( 1 / 2 ) + sin(cetald)); 

end 

Lg = (Ls) * abs (cos(cetald)); 

Rain_rate = Rk; 

uu = 0; 

for Fl = 7: 55, 

uu = uu + 1; 

% Call frequency dependent variables: Kh Alfah Kv Alfav 

fkv = KalfaFreq(Fl); 

F_actual = fkv(l); 

fe = fkv(2); 
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Kh = fkv(3); 

Kv = fkv(5); 

Alfah = fkv(4); 

Alfav = fkv(6); 

taw = 45 * pi / 180; 

K = (Kh + Kv + (Kh - Kv) * ((cos(cetald))2) * cos(2 * taw)) / 2; 

K = abs(K); 

Alfa = (Kh * Alfah + Kv * Alfav + (Kh * Alfah - Kv * Alfav) • • • 

••• * ((cos(cetald))2) * cos(2 * taw)) / (2 * K); 

Alfa = abs (Alfa); 

GamaR = K * (R001)(Alfa); 

f = fe; 

rOOl = 1 / (1 + 0.78 * sqrt((Lg * GamaR) / f) - (0.38 * (1 - exp( - 2 * Lg)))); 

Phi = abs (y); 

Fita = atan((hr - hs) / (Lg * rOOl)); 

if Fita > cetal, 

Lr = Lg * rOOl / (cos(cetald)); 

else 

Lr = (hr - hs) / (sin(cetald)); 

end 

if Phi < 36, 

xeso = 36 - Phi; 

else 

xeso = 0; 

end 

Lr = abs (Lr); 
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V001 = 1 / ( 1 + sqrt(sin(cetald)) * (31 * (1 - exp( - cetal / (1 + xeso))) ••• 

••• * (sqrt(Lr * GamaR) / f2) - 0.45)); 

V001=abs(V001); 

Le = Lr*V001; 

% Rain attenuation 

AT(uu) = GamaR * Le; 

FFl(uu) = Fl; 

end 

end 

attenl5 = [FFl'AT']; 
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Appendix C 

Total Attenuation Calculation Code Using 

Historical Data 

Calculation of total attenuation using historical weather data 

function [rajo] = P_Att_Rain^Angle_Static(Ceta_Min, Ceta_Step, CetaJVIax, fw, pu,Ptt,dd), 

global x y hO hs hr cetal Le Nwet POO fwi 

global TempKa TempCa IWV1 IWV2 r\VV3 IWV5 WVD1 

global WVD2 WVD3 WVD5 pz Vtl PklOl Rain_Predl01 

fwi = fw; 

% Ptt: Represents transmit power value 

% dd: Represents antenna diameter at transmit station 

% The following function collects the required propagation parameters 

that are used to calculate rain, gas, cloud, fog, and scintillation attenuations. 

It is similar to Rainfall_Rate_Calculation function presented in Appendix A, 

which collects only the rain related parameters 

Rain_Gas_Cloud_Scint; 
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hsat = 35880; % Satellite height above sea level 

% This function is used to get the rainfall rate 

Rain_Prob(pu); 

% Le: Distance between earth station and rain height above sea level 

% Rain attenuation calculation 

L_RAINdB = Atten_Rain(Ceta_Min, Ceta_Step, CetaJVIax); 

% Gaseous attenuation calculation 

L_GASEOUSdB = Atten_Gaseous(Ceta_Min, Ceta_Step, CetaJVIax); 

% Cloud attenuation calculation 

L_CLOUDJFOGdB = Atten_Cloud(CetaJVlin, Ceta.Step, CetaJVIax); 

% Antenna efficiency at receiver ranging from: 0.55 to 0.65 

Mu_r = 0.55; 

Mu_rmax = 0.65; 

Dia = dd; % Antenna diameter at transmitter side 

Mu = Mu_rmax; 

D_S = Dia; 

% Scintillation attenuation calculation 

LJSCINTdB = Atten_Scintillation(CetaJVIin, Ceta_Step, CetaJVIax, D_S, Mu); 

% Calculation of atmospheric attenuation: 

R = size(L_RAINdB); 

G = size(L_GASEOUSdB); 

C = size(L_CLOUD JFOGdB); 

S = size(L_SCINTdB); 

% Calculation of total loss due to atmospheric attenuation 

Lt_exactl = L_GASEOUSdB + • • • 

••• sqrt((L_RAINdB + L_CLOUD_FOGdB).2 + (LJSCINTdB).2); 
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Lt.exact = Lt_exactl; 

xw = 360 - x; 

% Calculation of total power: 

PI = Ptt; 

Pt = PI * ones(size(Lt_exact)); 

% Speed of light c: 

c = 2.998* le + 8; 

% Wavelength Larnda: 

Lamda = c / fwi; 

Gmax = Mu * (pi * Dia/Lamda) 2 ; 

Gmax_dB = db(Gmax, 'power'); 

Gtl = Gmax.dB; Grl = 100; 

% Transmitter and receiver gain 

Gt = Gtl * ones(size(Lt_exact)); 

Gr = Grl * ones(size(Lt_exact)); 

% Total Power after adding all attenuations: 

Pr_dB = Pt + Gt + Gr - Lt.exact; 

% Propagation angle ranges Ceta 

Ceta = [Ceta_Min:Ceta_Step:Ceta_Max]; 

rainfall = Rain_Predl01; 

rainJVIax = max(rainfall); 

rainfall 1 = rainfall; 

% Total attenuation calculation 

Lt_min = min(min(Lt_exact)); 

Lt_max = max(max(Lt_exact)); 

Figure 



mesh(Ceta, rainfall 1, Lt_exact) 

grid on 

uuul = sprintfCTotal Attenuation at X = %4.4f W, Y = %4.4f N', xw, y); 

title(uuul), 

uuu = sprintf('Total Attenuation(dB)'); 

xlabel(' Propagation Angle(Degree)'), 

ylabelORainfall Rate(mm / hr)'), 

zlabel(uuu) 

axis([CetaJVIin CetaJVIax 0 rain_Max Lt_min Lt_max]) 

% Rain attenuation 

L.RAINdB_Max = max(max(L_RAINdB)); 

L_RAINdB JVIin = min(min(L_RAINdB)); 

Figure 

mesh(Ceta, rainfall 1, LJRAINdB) grid on 

uuul = sprintfC Rain Attenuation at X = %4.4f W, Y = %4.4f N', xw, y); 

title(uuul), 

uuu = sprintfC Rain Attenuation(dB)'); 

xlabel(' Propagation Angle(Degree)'), 

ylabel('Rainfall Rate(mm / hr)'), 

zlabel(uuu), 

axis([CetaJVIin CetaJVIax 0 rainJVIax L_RAINdBJVIin L_RAINdBJVIax]) 

% Gaseous attenuation 

L_GASEOUSdB JVIax = max(max(L_GASEOUSdB)); 

L_GASEOUSdB JVIin = min(min(L_GASEOUSdB)); 

Figure 

mesh(Ceta, rainfall 1, L_GASEOUSdB) grid on 
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uuul = sprintf('Gaseous Attenuation at X = %4.4f W, Y = %4.4f N \ xw, y); 

title(uuul), 

uuu = sprintf('Gaseous Attenuation(dB)'); 

xlabel(' Propagation Angle(Degree)'), 

ylabel('Rainfall Rate(mm / hr)'), 

zlabel(uuu), 

axis([CetaJVIin CetaJVlax 0 rainJVIax L_GASEOUSdBJVIin L_GASEOUSdB_Max]) 

% Cloud & Fog attenuations 

L_CLOUD_FOGdB_Max = max(max(L_CLOUD_FOGdB)); 

L_CLOUD_FOGdB_Min = min(min(L_CLOUD_FOGdB)); 

Figure 

mesh(Ceta, rainfall 1, L_CLOUD_FOGdB) grid on 

uuul = sprintfCCloud & Fog Attenuations at X = %g, Y = %g', xw, y); 

title(uuul), 

uuu = sprintfC Cloud and Fog Attenuations(dB)'); 

xlabel('Propagation Angle(Degree)'), 

ylabel('Rainfall Rate(mm / hr)'), 

zlabel(uuu) 

axis([Ceta_Min Ceta_Max 0 rainJVIax L_CLOUD_FOGdB_Min L_CLOUD_FOGdBJVIax]) 

% Scintillation attenuation 

L_SCINTdB JMax = max(max(L_SCINTdB)); 

L_SCINTdB JUin = min(min(L_SCINTdB)); 

Figure 

mesh(Ceta, rainfall 1, L_SCINTdB) grid on 

uuul = sprintfC Scintillation Attenuation at X = %4.4f W, Y = %4.4f N', xw, y); 

title(uuul), 
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uuu = sprintfCScintillation Attenuation(dB)'); 

xlabel(' Propagation Angle(Degree)'), 

ylabel('Rainfall Rate(mm / hr)'), 

zlabel(uuu), 

axis([CetaJVIin CetaJVIax 0 rain_Max LJSCINTdB JVIin L_SCINTdB JVIax]) 
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Appendix D 

Total Attenuation Calculation Code Using 

Predicted Data 

This program returns the total attenuation using real-time data. 

function [rajo] = P_Att_Rain_Angle_Dynamic(Ceta_Min, CetaJStep, 

Ceta_Max, fw,Ptt,dd, gg), 

global x y hO hs hr cetal Le Nwet POO fwi TempKa TempCa 

global IWV1 IWV2 IWV3 r\VV5 WVD1 WVD2 WVD3 

global WVD5 pz Vtl PklOl Rain_Predl01 

% Ceta: Represents propagation angle 

fwi = fw; % Frequency of operation 

% Ptt: Represents transmit power value 

% dd: Represents antenna diameter at transmit station 

% gg: Represents antenna gain 

% This function is similar to Rainfall_Rate_Calculation presented in Appendix A 

Rain_Gas_Cloud_Scint; 
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hsat = 35880; 

% This function calls Markov Model presented in Chapter 4 

Markovk_L5; 

% Actual distance between earth and satellite station 

% Le: Distance between earth station and rain height above sea level 

% Rain attenuation calculation 

L_RAINdB = Atten_Rain(Ceta_Min, Ceta_Step, Ceta_Max); 

% Gaseous attenuation calculation 

L_GASEOUSdB = Atten_Gaseous(CetaJVIin, Ceta_Step, CetaJVIax); 

% Cloud attenuation calculation 

L_CLOUD JFOGdB = Atten_Cloud(CetaJVIin, Ceta_Step, CetaJVIax); 

% Antenna efficiency at receiver range: 0.55 to 0.65 

Mu_r = 0.55; Mu_rmax = 0.65; 

% Antenna diameter(m) at transmitter side 

Dia = dd; 

Mu = Mu_rmax; D_S = Dia; , 

% Scintillation attenuation calculation 

L_SCINTdB = Atten_Scintillation(CetaJVtin, CetaJStep, CetaJVIax, D_S, Mu); 

% Calculation of Total Loss: 

R = size(L_RAINdB); 

G = size(L_GASEOUSdB); 

C = size(L_CLOUD_FOGdB); 

S = size(L_SCINTdB); 

Lt_exactl = L_GASEOUSdB • • • 

••• + sqrt((L_RAINdB + L_CLOUD_FOGdB).2 + (L_SCINTdB).2); 

Lt_exact = Lt_exactl; 
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xw = 360 - x; 

% Calculation of Total Power: 

% Power balance: 

Pr = 0 at: Zeroe_Received_Power = Lt - Gr - Gt; 

% uk = sprintf('Transmit power required to assure 0 dB received power = %g dB', Zeroe) 

PI = Ptt; Pt = PI * ones(size(Lt.exact)); 

c = 2.998* le + 8; 

Lamda = c / fwi; 

Gmax = Mu * (pi * Dia/Lamda) 2 ; 

Gmax_dB = db(Gmax, 'power'); 

Gtl = Gmax_dB; Grl = gg; 

Gt = Gtl * ones(size(Lt_exact)); 

Gr = Grl * ones(size(Lt_exact)); 

% Received power 

% Pr = (Pt * Gt * Gr) / Lt; 

% Received power after adding all attenuation: Pr_dB = Pt + Gt + Gr - Lt_exact; 

Ceta = [Ceta_Min:Ceta_Step:Ceta_Max]; 

rainfall = Rain_Pred 101; 

rainJVIax = max(rainfall); 

% Total attenuation calculation 

Lt_min = min(min(Lt_exact)); 

Lt_max = max(max(Lt_exact)); 

figure 

mesh(Ceta, rainfall, Lt_exact) grid on 

uuul - sprintfCTotal Attenuation at X = %g, Y = %g and Freq. = %g GHz', xw, y, fw); 

title(uuul), uuu = sprintfC Total Attenuation(dB)'); 
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xlabelfPropagation Angle(Degree)'), 

ylabel('Rainfall Rate(mm / hr)'), 

zlabel(uuu) 

axis([Ceta_Min CetaJVtax 0 rain_Max Lt_min Lt_max]) 

% Rain attenuation 

L_RAINdB JVlax = max(max(L.RAINdB)); L_RAINdB_Min = min(min(L_RAINdB)); 

figure 

mesh(Ceta, rainfall, LJRAINdB) grid on 

uuul = sprintf('Rain Attenuation at X = %g, Y = %g and Freq. = %g GHz', xw, y, fw); 

title(uuul), uuu = sprintf('Rain Attenuation(dB)'); 

xlabel('Propagation Angle(Degree)'), 

ylabel('Rainfall Rate(mm / hr)'), 

zlabel(uuu), 

axis([Ceta_Min Ceta_Max 0 rain_Max L_RAINdB_Min L_RAINdB_Max]) 

% Gaseous attenuation 

L_GASEOUSdB JVlax = max(max(L.GASEOUSdB)); 

L.GASEOUSdB_Min = min(min(L_GASEOUSdB)); 

figure 

mesh(Ceta, rainfall, L_GASEOUSdB) grid on 

uuul = sprintff Gaseous Attenuation at X = %g, Y = %g and Freq. = %g GHz', xw, y, fw); 

title(uuul), uuu = sprintf('Gaseous Attenuation(dB)'); 

xlabel('Propagation Angle(Degree)'), 

ylabel('Rainfall Rate(mm / hr)'), 

zlabel(uuu), 

axistfCetaJMin CetaJVlax 0 rain_Max L.GASEOUSdBJVIin L-GASEOUSdB _Max]) 

% Cloud & Fog attenuations 
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L_CLOUD_FOGdB JVIax = max(max(L_CLOUD-FOGdB)); 

L_CLOUD_FOGdB JVIin = min(min(L_CLOUD_FOGdB)); 

figure 

mesh(Ceta, rainfall, L_CLOUD_FOGdB) grid on 

uuul = sprintfCCloud & Fog Attenuations at X = %g, Y = %g and Freq. = %g GHz', xw, y, fw); 

title(uuul), uuu = sprintf('Cloud and Fog Attenuations(dB)'); 

xlabel('Propagation Angle(Degree)'), 

ylabelC Rainfall Rate(mm / hr)'), 

zlabel(uuu) 

axis([Ceta_Min CetaJVIax 0 rainJVIax L.CLOUD_FOGdB_Min L_CLOUD_FOGdB_Max]) 

% Scintillation attenuation 

L_SCINTdB_Max = max(max(L.SCINTdB)); 

L_SCINTdB_Min = min(min(L_SCINTdB)); 

figure 

mesh(Ceta, rainfall, L_SCINTdB) grid on 

uuul = sprintf('Scintillation Attenuation at X = %g, Y = %g and Freq. = %g GHz', xw, y, fw); 

title(uuul), 

uuu = sprintfC Scintillation Attenuation(dB)'); 

xlabel('Propagation Angle(Degree)'), 

ylabelC Rainfall Rate(mm / hr)'), 

zlabel(uuu), 

axis([CetaJVIin CetaJVIax 0 rainJMax L_SCINTdBJVIin L_SCINTdBJVIax]) 
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Appendix E 

Signal to Noise Ratio Calculation Code 

This program is used to calculate SNR after calculating atmospheric attenuation and free space 

loss. The output of SNR is presented using both total attenuation and transmit power for Geosyn

chronous Earth Orbit (GEO) where satellite height is 35880 km above sea level 

function [rajo] = SNR_Total_Power_AdjustJFuzzy • • • 

• • • (P.Start, P_Step, Inv_P_End, Pw_min, Pw_step, Pw_max, Ceta_A, fw, SnR, dd, rr, gg), 

% fw: Represents the lower and upper frequency 

% Pw: Represents transmit power 

% P: Represents Rainfall Rate for exceed percentage probability 

% Ceta: Represents the lower and upper propagation angle 

% SnR: Signal to Noise Ratio 

% dd: Represents antenna diameter at transmit station 

% rr: Represents transmission rate 

% gg: Represents antenna gain 

global x y hO hs hr cetal Le Nwet POO fwi 

global TempKa TempCa IWV1 IWV2IWV3 IWV5 WVD1 WVD2 

global WVD3 WVD5 pz Vtl 
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Ceta.Step = 1; Ceta_Max = Ceta_A; CetaJVIin = Ceta_A; 

fwi = fw; 

hsat = 35880; 

c = 2.998 * le + 8; 

Lamda = c / (fwi * le9); 

% Le: Distance between earth station and rain height above sea level 

Rain_Gas_Cloud_Scint; 

% Rain attenuation calculation 

L_RAINdB = Atten_Rain • • • 

• • • (P.Start, P_Step, Inv_P_End, CetaJVIin, Ceta_Step, CetaJVIax); 

% Gaseous attenuation calculation 

L_GASEOUSdB = Atten_Gaseous • • • 

• • • (P_Start, P_Step, Inv_P_End, CetaJVIin, Ceta_Step, CetaJVIax); 

% Cloud attenuation calculation 

L_CLOUD_FOGdB = Atten_Cloud • • • 

• • • (P_Start, P_Step, Inv_PJEnd, CetaJVIin, Ceta.Step, CetaJVIax); 

% Antenna efficiency at receiver range: 0.55 to 0.65 

Mu_r = 0.55; 

Mu_rmax = 0.65; 

Dia = dd; 

Mu = Mujrmax; 

D_S = Dia; % Antenna diameter at transmitter side 

% Scintillation attenuation calculation 

L.SCINTdB = Atten_Scintillation • • • 

• • • (P.Start, P-Step, Inv_P_End, CetaJVIin, CetaJStep, CetaJVIax, D.S, Mu); 

% Free space attenuation calculation 
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cetald = Ceta_A*pi/180; 

dis = (hsat - hs) / (sin(cetald)); 

% Distance between earth station and Satellite 

% Free space loss calculation 

Lfree = (4 * ir * dis * le3 / Lamda)2; 

LfreedB = 10 * loglO(Lfree); 

% Calculation of total loss: 

R = size(L_RAINdB); 

G = size(L_GASEOUSdB); 

C = size(L_CLOUD_FOGdB); 

S = size(L_SCINTdB); 

totaLloss = L_RAINdB + L_GASEOUSdB + L_CLOUD_FOGdB + L.SCINTdB; 

Lt_exactl = L_GASEOUSdB • • • 

••• + sqrt((L_RAINdB + L_CLOUD_FOGdB).2 + (L.SCINTdB).2); 

Lt_exact = Lt.exactl + LfreedB; 

xw = 360 - x; 

% Calculation of total power: 

c = 2.998 * le + 8; 

Lamda = c / (fwi * le9); 

Gmax = Mu * (pi * Dia / Lamda)2; 

Gmax_dB = db(Gmax, 'power'); 

Gtl = Gmax_dB; 

Grl = gg; 

Gt = Gtl * ones(size(Lt_exact)); 

Gr = Grl * ones(size(Lt_exact)); 

% Total power after adding all attenuation: 
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RateJran = rr; % Transmission rate 

K_boltz = - 228.6; 

Nr = 1.5; % Range from 0.7 to 2 

Tr = (10<Nr /10) - 1) * 290; 

Ta = 290; 

T_dB = 10*logl0(Tr + Ta); 

ip = 0;jp = 0; 

Pt = 0; 

Pt_Adjust = 0; 

for ptt = Pw_min:Pw_step:Pw_max, 

ip = ip + 1; 

Pt(ip) = ptt; 

SNR_dB(:, ip) = Pt(ip) + Gt + Gr - Lt_exact - T_dB - K_boltz - RateJran; 

end 

ipl = 0; 

% Transmit power ranges: 

ptt = [Pw_min:Pw_step:Pw_max]; 

% Get the values of rainfall rate for different ep: 

rainfall = rainfall_prob(P_Start, P_Step, Inv_P_End); 

SNR_dBJPower_Adjust = SNR_dB; 

Ptt = 0; 

SNRJVIIN = min(min(SNR_dB J>ower^djust)); 

Pw_min_Adjust - Pt(l); Pw_max^\djust = Pw_max; 

SNR_dBJower.Adjustl 1 = abs(Pttt(l) + Gt(l) + Gr(l) • • • 

• • • - LLexact(l) - T_dB - K.boltz - RateJran); 

PTT = [Pw_min_Adjust:Pw_step:Pw_max_A.djust]; 
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for pttl = Pw_min_Adjust:Pw_step:Pw_max_Adjust, 

ipl = ipl + 1; 

Pt_Power_Adjust(ipl) = pttl; 

SNR.dBJPower_Adjust_K(:, ipl) = PLPower^djust(ipl) + Gt + Gr - Lt_exact • • • 

• • • - T_dB - K_boltz - RateJran; 

P_SNR = [SNR_dB J>ower^djust_K(:, ipl)]; 

P_P = Pt_Power_Adjust; 

end 

P_SNR = SNR_dB_Power_Adjust_K; 

PJP = Pt_Power^\djust; 

P_adjust = [Pw_min_Adjust:Pw_step:Pw_max_Adjust]; 

P_Raino = rainfall; 

ir = 0; 

xw = 360 - x; 

% Calling system adjustment function 

SNR_Adj = Adjustment(SNR_dB_Power_Adjust_K); 

% Convert to Watt 

DB.CON1 = 10.(p t/1 0); 

% Convert to mWatt 

DBM_CONl = (103) * DB.CONl; 

% Convert to dBm 

Pt_DBM = 10 * logl0(DBM_CONl); 

% Convert to dBm for adjust power 

% Convert to Watt 

DB_CON2 = io ( P T T / 1 0 ) ; 

% Convert to mWatt 
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DBM_C0N2 = (103) * DB_C0N2; 

% Convert to dBm 

PtJPower_Adjust_DBM = 10 * loglO(DBM_CON2); 

rain_Max = max(rainfall); 

rainJVIin = min(rainfall); 

PtJVIin = min(Pt); 

PtJVIax = max(Pt); 

SNR_dB.min = min(min(SNR.dB)); 

SNR_dB_max = max(max(SNR_dB)); 

AttenJVIax = max(Lt_exact); 

Atten_Min = min(Lt_exact); 

figure 

mesh(Pt, Lt_exact, SNR_dB) 

uuul2 = sprintf('SNR vs Attenuation & Power • • • 

• • • for propagation angle = %g & Freq = %g GHz', Ceta_A, fwi); 

title(uuul2) 

uuu = sprintff Total Attenuations(dB)'); 

xlabel('Transmitted Power(d B)'), 

ylabel(uuu), 

zlabel('SNR(dB)') 

axis( [PtJVIin PtJVIax AttenJVIin AttenJVIax SNR_dB_min SNR_dB_max]) 

PwJVIin_A = min(PtJ3ower .Adjust); PwJVIax^\ = max(Pt_Power_Adjust); 

SNR_dB_A_min_K = min(min(Fuzzifier_SNR_Adj)); 

SNR_dB_A_max.K = max(max(Fuzziher_SNR_Adj)); 

figure 

mesh(PtJ3ower_Adjust, Lt.exact, FuzzifierJSNR_Adj) 
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% axis([XMIN XMAX YMIN YMAX ZMIN ZMAX]) 

uuul = sprintff Adjusted SNR vs Attenuations & Power • • • 

• • • for propagation angle = %g & Freq = %g GHz', Ceta_A, fwi); 

title(uuul) 

uuu = sprintf(' Total Attenuations(d B)'); 

xlabel('Adjusted Transmit Power(d B)'), 

ylabel(uuu), 

zlabelCAdjusted SNR(d B)') 

axis([Pw_Min_A Pw_Max_A AttenJMin AttenJVlax SNR_dB_A_min_K SNR_dB_A_max 
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