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Chapter Two

PROPAGATION IMPAIRMENTS AND MEASURING TECHNIQUES
2.1
Scattering and Absorption by Single Particles
Scattering is the process by which a particle (or any bit of matter) in the path of an electromagnetic wave continuously abstracts energy from the incident wave and reradiates that energy into the total solid angle centered at the particle. The particle is a point source of the scattered (reradiated) energy. For scattering to occur, it is necessary that the refractive index of the particle be different from that of the surrounding medium. The particle is then an optical discontinuity, or inhomogeneity, to the incident wave. When the atomic nature of the matter is considered, it is clear that no material is truly homogeneous in a fine-grained sense. As a result, scattering occurs whenever an electromagnetic wave propagates in a material medium. In the atmosphere the particles responsible for scattering run the size gamut from gas molecules to raindrops as listed in Table 2.0. The wide ranges of size and concentration are note worthy McCartney (1976). Figure 2.1 below describes a single scattering process

Table 2.0: Particles Responsible for Atmospheric Scattering, McCartney (1976).
	Type
	Radius (μm)
	Concentration (cm-3)

	Air molecules
	10-4
	1019

	Aitken nuclei
	10-3 - 10-2
	104 - 102

	Haze particles
	10-2 – 1
	103 - 10

	Fog droplets
	1-10
	100 - 10

	Cloud droplets
	1-10
	300 - 10

	Raindrops
	102 - 104
	10-2 - 10-5



[image: image1]
 The scatterer can be an atom, a molecule, or an extended particle consisting of a dielectric or magnetic material. Here we will assume that the scatterer is a dielectric particle described by a spatially variable dielectric constant ε(r), a complex parameter:




ε(r) =ε'+iε" ;





(1)

Similar scattering and absorption properties are found for magnetic scatterers with a relative magnetic permeability μ(r):




μ(r) = μ'+iμ" ;




(2)

The type of scattering to be considered is elastic scattering, a linear process that keeps the angular frequency ω constant (neglecting Doppler effects for moving objects).
2.1.1 

Cross Section and Scattering Amplitude

Let a particle be illuminated by radiation from an incident plane electromagnetic wave whose electric field at position r and time t is the real part of the complex phasor

Ei = Ei0exp(ik⋅r-iωt).




(3)
Where ω is the angular frequency, k=ki is the wave vector of the incident wave, k =ω /c = 2π /λ is the wave number, where λ is the wavelength, and c is the speed of light. At a sufficiently large distance R from the centre of the scatterer, the scattered field Es at position r = sR is a spherical wave:





[image: image2.emf]

(4)


where the vector f(s,i) is called scattering amplitude, i and s are unit vectors in the directions of the incident and scattered wave, respectively. The scattering amplitude describes the directional dependence of the scattering. The dimension of f is length (m). Ishimaru (1978) developed an electrodynamic expression for f for a dielectric scatterer with volume Vs in vacuum:

[image: image3.emf]

(5)


The exponential term in the integral is a far-field phase correction of the spherical wave in equation (4). This integral requires knowledge of the electric field E(r') inside the scatterer. A problem is to find this internal field. For the moment we assume this problem to be solved. The incident and scattered intensities Ii and Is (power per unit area) are proportional to the squared absolute value of the respective electric fields, namely:
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(6)
where μ0 and ε0 are the vacuum permeability and permittivity, respectively. Thus we get



[image: image6.emf]






(7)
The numerator [image: image7.emf]  is called the differential scattering cross section and has the dimension of an area. 
2.2 

Propagation Impairment Mechanisms


Propagation impairments of radio wave signals above 10 GHz are primarily caused by constituents in the troposphere which extends from the Earth’s surface to height of about 10 km to 20 km the vertical extent being lowest at the temperate and highest in the tropics region. Degradations induced in the Ionosphere (50-100 km) generally affect frequencies well below 10 GHz. The ionosphere is essentially transparent to radio waves at frequencies above 10 GHz. The major factors affecting Earth-space paths in the frequencies above 10 GHz are:

(a)
Impairment by atmospheric gases 

(b)
Impairment by Cloud 

(c)
Impairment by Rain 

(d)
Tropospheric Scintillations

These are described in more details below.

2.3 
Impairment by Rain

Attenuation due to rainfall plays a significant role in the design of earth-satellite radio links at frequency above 10 GHz. With the current proliferation of satellite communications systems worldwide, it becomes necessary to study the microwave attenuation by precipitation in various climatic regions. A lot of research has been carried out in several countries, such as America, Europe, and Japan on the microwave propagation characteristics and the results published in the literature (Olonio and Riva, 1998; Bowman et al., 1997; Gloaguen and Lavergnat, 1996; Li et al., 1995; Stutzman et al., 1995; Goldhirsh et al., 1992; Stutzman et al., 1990) are mainly applicable to regions of higher latitude, whereas the results available for  low latitude regions in the tropical are quite limited.

2.3.1
Characteristics of Rainfall in Tropical Regions


The precipitation characteristics in the tropics differ appreciably from those of the temperate regions. Broadly speaking, rainfall can be classified into: Stratiform and convective rainfall. Stratiform precipitation results from formation of small ice particles joined together to form bigger nuclei. The growing nuclei become unstable and as they pass through the so-called melting layer, (extending from about 0.5 to 1km below the 00C isotherm) they turn into raindrops that fall down to the earth surface, with an horizontal extent of hundreds of km for durations exceeding an hour. The vertical extent is up to the height of the bright band. Convective precipitation is associated with clouds that are formed in general below the 00C isotherm and are stirred up by the strong movement of air masses caused by differences in tropospheric pressure. In this process, water drops are created and grow in size, until they fall to the earth surface. The horizontal scale is of several km for durations of tens of minutes (Ajayi, 1989). Tropical rainfall has been shown to be predominantly convective and characterized by high precipitation rates. It occurs in general, over small vertical extent and for short duration of time (Ajayi, 1993). However, during precipitation, stratiform structures develop which extend over wider areas (about 100km) with smaller intensities (0-25mm/h).

2.3.2
Types of Cloud

Rain can be traced to the formulation of clouds. Clouds are a form of condensation best described as visible aggregates of minute droplets of water or tiny crystals of ice particles. The earth’s lower atmosphere is typically cloudy. At any instant, about half of the planet’s surface is overlain by clouds, varying in thickness from few metres to the full length of troposphere. Clouds are classified on the basis of two criteria: appearance and height. 

[image: image8.emf]
Figure 2.2: Types of Cloud, Sandra (2001) 
Three basic clouds form are recognized. These are Cirrus, Cumulus, and Stratus clouds.

1. Cirrus clouds are high, white and thin. They are separated or detached and form delicate veil-like patches or extended wispy fiber and often have a feathery appearance.

2. Cumulus cloud consists of globular individual masses. Normally they exhibit a flat base and have the appearance of rising domes or towers.

3. Stratus clouds are best described as sheets or layers that cover much or all of the sky. Although there may be minor breaks, there are no distinct individual cloud units.

All other clouds either reflect one of these three basic forms or combinations or modification of them. Nearly all clouds occur in the troposphere between extreme heights of sea level and approximately 18 km. A long established sub-division of the troposphere into three layers is still used when describing the heights at which the bases of clouds occur – low, medium and high. The approximate height ranges at which bases of cloud are found is shown in Table 2.1  (Lutengs and Parbuck, 1992). 

Table 2.1: Approximate height ranges at which bases of cloud are found

	Level
	Height in Polar 

regions (km)
	Height in Temperate 

regions (km)
	Height in Tropical 

regions (km)

	High
	3 – 8
	5 - 13
	5 - 18

	Medium
	2 – 4
	2 - 7
	2 - 8

	Low
	                       From earth’s surface to 2 km.


Three cloud types make up the family of high clouds; these are cirrus, cirrostratus and cirrocumulus. Due to low temperatures and small quantities of water vapour present at high altitudes, all high clouds are thin and white and are made up of ice crystals. These clouds are not considered precipitation makers. However, when cirrocumulus clouds and increased sky coverage follow cirrus clouds they may warn of impending stormy weather. Clouds that appear in the middle range are altocumulus and altostratus. Although, non-frequent precipitation in form of light snow or drizzle may accompany any of these clouds. There are three members of the family of low clouds namely stratus, stratocumulus and nimbostratus. These clouds may produce light amounts of precipitation. Nimbostratus is a rainy cloud and one of the major precipitation producers. Some clouds do not fit into any of these three height categories such clouds have their bases in the low height range and often extend upward into the middle of high altitudes. Consequently these clouds are referred to as clouds of vertical developments. Figure 2.3 shows the summary of the ten basic clouds described above.

[image: image9.emf] 


Figure 2.3: The Ten Basic Cloud Types, Source: International Cloud Atlas.
2.3.3
Stratiform and Convective Rain

Stratiform and convective rainfall can be further divided into two types:

(a) Drizzle rain is associated with drops of diameter of the order of 1.0 mm and the maximum rainfall intensity is about 5 mm/h.

(b) Widespread rain is made up of raindrops in the diameter range between 1.0 mm and 3.5 mm. The rainfall time duration is usually long (greater than 1-hour) and has a maximum rainfall intensity of about 50 mm/h.

(c) Shower rainfall consists of extremely few raindrops above 2.0 mm diameters. It is of small time duration and its maximum rainfall intensity is about 150 mm/h.

(d) Thunderstorm rain on the other hand has a distribution of relatively high concentration of large drops, typically greater than 3.0 mm. The maximum rainfall intensity is 210 mm/h.


The classifications above are often used in the calculation of propagation parameters when their variations are examined with respect to the change of size distribution (Joss et al., 1968). Studies undertaken in the last two decades concerning rain attenuation in different regions of the world combine convective and stratiform rainfalls. Regardless of the precipitation type, rainfall is characterized by space and time variable structure constituted by cells of various dimensions that move horizontally with speed depending on the tropospheric winds and the height of the clouds. Radar measurements have shown that typical dimensions of strong rain rate cells range from 2 to 5 km (Adimula and Ajayi, 1996). The height of the rain cell (rain height) is an important parameter in the calculation of slant path attenuation. It is generally considered that the rain system reaches a maximum height equal to the 00C isotherm, above this precipitation it is assumed to have the form of ice, snow, or melting snow (ITU-RP, 839, 2001).

2.3.4
Raindrop size and shape
In the millimeter-wave range of the radio spectrum both the shape and the size of the raindrop are important. In addition, for a particular raindrop, the drop shape will depend on its size and the rate at which it is falling. This is illustrated in figure 2.4. In order to model the effects of rain attenuation and scattering of radio-waves, rainfall is usually characterized by drop-size distribution, N (D), which is defined as the number of raindrops falling per cubic meter, with drop diameters, D, in the range D to D+dD. The drop-size distribution is a function of the rain rate, R, which is usually measured mm/hr. Other parameters include the fall velocity of the drops and, the time of the year. Model predictions of attenuation due to rain had been standardized in ITU-R P.838, 2005. 

[image: image10]
2.3.5
Raindrop size distribution models


A number of raindrop-size distributions are in use in various regions of the world for estimating radio wave impairments on both terrestrial and earth-space systems. Among the most widely used are the Law and Parson (1943), Marshall and Palmer (1948) and the Joss et al. (1968). Theoretical calculations are usually based on the best available empirical data of the drop size distribution. 
Laws and Parsons distribution model

This is probably the best-known drop size distribution and is currently recommended by the ITU-RP 838 (2005) for the calculation of specific attenuation. This distribution was obtained experimentally using rudimentary technique (Laws and Parson, 1943). It was concluded that the actual drop size distribution on the ground can be obtained from the volume distribution with a fall velocity, v(a) as:
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(8)
where β(m)da is the volume percentage, a is the radius in (m), da is the size interval from a-da/2 to a+da/2 and R is the rain rate in mm/h.


Marshall and Palmer distribution model


Distribution, functions which describe N(D) directly, using an analytical expressions, were initially proposed by Marshall and Palmer (1948) and later by Joss et al. (1968) for different types of rainfall. Both suggested a negative exponential model for the raindrop size distribution of the form:
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where 
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, Λ is a constant that tends to increase with rain rate. It is expressed as Λ= 4.1R-0.21mm-1 and V(D) is the raindrop terminal velocity expressed by Battan (1973) for the diameter range 1 to 4 mm as V(D) = √(200.8a). The Marshall and Palmer distribution is particularly close to the Laws and Parsons for N0 = 8000mm-1m-3. A disadvantage of the distribution is its tendency to overestimate the number of small raindrops below the diameter of about 1 to 5 mm because of its exponential increase when D tends to zero.

Modified Gamma distribution model
The distribution also present N(D) directly, but in contrast to the negative exponential, it corrects the exponential increase of the raindrop number per unit volume when D tends to zero. It is expressed as:
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where N0, m, Λ and β are constants which are positive and real. The greatest difficulty in the use of this distribution is in obtaining experimentally the above four parameters and the tendency of cutting off both the large and small ends of the raindrop size spectrum for values in the range 3 to 5 mm.


Joss et al distribution model


The use of electronic devices has been employed in the measurement of drop size distribution. An example is the electromechanical sensor called the distrometer that transform the momentum of falling raindrops on a diaphragm into electrical pulses. Other types include electrostatic sensor that can measure size dependent electric charges on the drops, and optical detectors that are made up of two parallel light beams capable of measuring both size and fall velocity of raindrops as they pass through the beam. Joss et al. (1968) measured raindrop size distribution with a distrometer at Lorcarno, Switzerland and found the distribution to vary considerably for different types of rainfall. They obtained the parameters of the average exponential distributions for different types of rain. Their work represents the first attempt to model raindrop-size distribution with respect to the variation of drop size within each storm (Ajewole, 1997).

Lognormal distribution model

Due to the inadequacy of the negative exponential model as well as the modified gamma distribution in describing the small diameter drop range, a number of investigators have studied the lognormal distribution, which is expressed in the form:
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(11)

where N(D) is the number of drops per unit volume per diameter interval, μ is the mean of ln D, σ2 is the standard deviation and NT is the total number of drops of all sizes. The parameters σ2, μ and NT depend on climate, geographical location of measurement and rainfall type. Among recent contributions using lognormal distribution function are those of Ajayi and Olsen (1985), Maciel and Assis (1990), Maitra and Gibbins (1995) and Ajewole et al. (1999). Ajayi and Olsen (1985) employed the lognormal distribution function with a method of moment regression fit, to produce a good theoretical fit to the measured data at Ile-Ife, Nigeria.
2.3.6 
Models of Rain Attenuation Statistics
Rain attenuation is measured quite accurately by space-borne radiometers. However, since such propagation experiments are carried out only in a few places in the world and for a limited number of frequencies and link geometry, their results cannot be directly applied to all sites. For this reason, several attenuation models based on physical facts and using available meteorological data have been developed to provide adequate inputs for system margin calculations in all regions of the world. In particular, the prediction of rain induced attenuation starting from the cumulative distribution of rainfall intensity has been the subject of a major effort carried out by many researchers. Several methods have been developed and tested against available data to relate the site climatic parameters to the signal attenuation statistics. 
There are about 16 rain attenuation models to date (Harris, 2002). The most widely accepted rain attenuation models for the planning and design of line-of-sight radio systems are summarized in ITU-R P report 618 (2003). The models to date and the input parameters necessary for the models are shown in Table 2.2. 
Table 2.2: List of the input parameters necessary for rain attenuation prediction models. (Harris, 2002)
	Models
	λ 


	Hs
	Θ
	f
	τ
	k,α
	P0
	Rp(p)
	R0.1
	R0.01
	hR
	H0(p)
	H0
	H-15

	Assis-Einloft


	✓

	✓
	✓
	
	
	✓

	
	✓

	
	
	✓

	
	
	

	Australian


	✓
	✓
	✓
	✓
	✓
	✓
	
	✓
	
	
	
	
	
	

	Brazil


	
	✓
	✓
	
	
	✓

	
	✓

	
	
	
	
	
	

	Bryant


	
	✓
	✓
	
	
	✓

	
	✓

	
	
	
	
	
	

	Crane Global


	
	✓
	✓
	✓
	
	
	
	✓

	
	
	
	✓

	
	

	Crane two

components


	✓
	✓
	✓
	
	
	✓

	
	✓

	
	
	
	
	
	

	EXCELL


	✓
	✓
	✓
	
	
	✓

	
	✓

	
	
	✓

	
	
	

	Garcia


	✓
	✓
	✓
	
	
	✓

	
	✓

	
	
	
	
	
	

	ITU-R 618-6


	
	✓
	✓
	
	
	✓

	
	
	
	✓
	✓
	
	
	

	ITU-R 618-8


	✓
	✓
	✓
	✓
	✓
	
	
	
	
	✓

	✓

	
	
	

	Karasawa


	✓
	✓
	✓
	
	
	✓

	
	
	✓
	✓
	✓

	
	
	

	Leitao-

Watson


	
	✓
	✓
	✓
	✓
	
	
	✓

	
	
	✓

	
	
	

	Matricciani


	✓
	✓
	✓
	✓
	✓
	
	
	✓

	
	
	
	
	
	

	Misme

Waldteufel


	
	✓
	✓
	
	
	✓
	✓
	✓
	
	
	
	
	✓
	✓

	SAM


	✓
	✓
	✓
	
	
	✓

	
	✓

	
	
	
	
	
	

	Svjatogor


	
	✓
	✓
	
	
	✓

	
	✓

	
	
	
	
	
	


List of the symbols used in the Table 2.2: λ: latitude of the earth station [deg], Hs: altitude of the earth station [km], θ: elevation angle of the link [deg], f: frequency of the link [GHz], τ: polarisation angle of the link [deg], k and α: frequency and polarisation dependent coefficients given by ITU-R to calculate specific attenuation due to rain [ITU-R P.838], P0: probability of exceeding a rainfall rate intensity of 0 mm/h [%], p: generic time percentage of the year [%], Rp(p): point rainfall rate distribution of an average year in the site of the earth station [mm/h], R0.1: point rainfall rate at 0.1% of the time of an average year in the site of the earth station [mm/h], R0.01: point rainfall rate at 0.01% of the time of an average year in the site of the earth station [mm/h], hR: average effective rain height1 [km] [ITU-R p.618],H0(p): average yearly distribution of the effective rain height [km], H0: average 0°C isotherm height [km], H-15: average -15°C isotherm height [km]
2.3.7
Methods of rain attenuation measurements
Rain attenuations can be obtained by:

(1) Direct method: - Direct measurement using satellite beacon receivers.

(2) Indirect method: - Using rain gauges, radiometer and radars

(3) Prediction from the knowledge of rainfall rate and drop size distribution.

In this work, methods (2) and (3) were adopted.  The Tropical Rainfall Measurement Mission (TRMM) precipitation radar data was used in the estimation of rainfall accumulation and rainfall rates for 37 locations. Considering the horizontal and vertical non-uniformity of rain structure, the radar is, undoubtedly, the best tool for observing the spatial variation of rain intensity, thus allowing the estimation of the attenuation along the propagation path. The procedure for predicting rain attenuation is based on the relationship between specific attenuation and rain rate, established through the modeling of the rain microstructure, e.g. shape, size, temperature and terminal speed of the raindrops. The ITU-RP 838, 2005, standard procedure has been used to estimate the specific rain attenuation which uses Laws and Parson’s (1943) drop size distribution, spherical shape for the raindrops, Gunn and Kinzer (1949) terminal velocity of fall for the rain droplets and a temperature of 200C for the raindrop.

2.3.8 
Rain Data Source (Rainfall Archives)

The Tropical Rainfall Measurement Mission (TRMM), an American-Japanese Earth observation mission (launched to an altitude of 350 km in November 1997) was to provide a better understanding of precipitation structure and heating in the tropical regions of the earth (Simpson et al., 1996). It operates in non-sun-synchronous orbits. It completes one orbit around the earth in 91 minutes, allowing much coverage of the tropics and extraction of rainfall data  24-hrs a day (16 orbits). TRMM’s onboard instruments include the precipitation radar (PR), Microwave Imager (TMI), Visible and Infrared Scanner (VIRS), Cloud and Earth’s Radiant Energy System, and Lightning Imaging Sensor. Of these, the most prominent probably is the PR. TRMM PR is the first space borne radar that was designed to capture a more comprehensive structure of rainfall than any space borne sensor before it. It has been producing 3-dimensional rainfall data from space in a manner unprecedented by any previous scientific spacecraft. The ground validation for tropical sites in Africa are in Congo (-4.0, 16.0) and Conakry (10.0, -14.0) West Africa. TRMM rainfall data from January 1998, to December 2006 were used in this study in estimating one-minute point rainfall rate for the 37 stations. 
The results were validated with existing rainfall rate data derived from 30 years ground measurement (in 1988) and with the results of International Telecommunication Union Radiocommunication data banks (ITU-R P SG3 Digital maps). Sixty two data CDs and one data tape of TRMM Data were received from NASA Goddard Space Flight Centre Maryland USA. The data include; 

(a) Monthly TMI rain Product (3A12 V6) containing; Surface, Convective, and Stratiform rain rates in mm/h. The 3A12 V6 data set was based on 10 by 10 latitude and longitude spacing.
(b) Monthly TRMM and other satellite data rain product (3B43 V6): the product is based on rain gauge measurements and satellite estimates of rainfall. The gridded estimates are on a temporal resolution of 0.250 by 0.250 latitude and longitude spacing. The combined data set is based on the concepts of Huffman et al., (1995) combining precipitation data sets. The TRMM best estimates method is a combination of data from the TMI, PR and VIRS with SSM/I, IR and rain gauge data. 

2.3.9
Processing of Rain Data

For ease of data analyses in this work, the 37 stations in Nigeria have been divided into six distinct regions namely: South-West (SW), South-East (SE), South-South (SS), Middle-Belt (MB), North-West (NW) and North-East (NE). For each of the stations, the thunderstorm ratio β was calculated using the method developed by Rice and Holmberg in (1973). The model divides rainfall into two types to permit the prediction of rainfall rate statistic from the total rainfall accumulation measured in an average year. The two types are termed mode 1 rain (M1) and mode 2 rain (M2). Mode 1 contained the high rainfall rates associated with strong convective activity and thunderstorms. Mode 2 was simply everything else. Therefore, the total average rainfall accumulation M is,

 M = (M1 +M2) mm.






(12)
The ratio of thunderstorm rain accumulation to the total rainfall accumulation, namely 
β = M1/M.                






(13)
The one-minute rainfall rate was computed using the empirical model developed by Chieko and Yoshio (2002) in which regional climatic parameters such as the thunderstorm ratio β was taken into account in the estimation of the one-minute rainfall rate. This model was found to give the best prediction accuracy among existing models, especially for small percentage of time (0.001 - 1%), which is important for radio system design. From their result, it was found that the thunderstorm ratio was an important parameter. As the result of their analysis, one-minute rain rate for arbitrary percentage of time P (%), Rp (mm/h), can be estimated by using only the average annual total rainfall and the thunderstorm ratio. The model is given by equations (14)-(17) below using coefficients ap, bp, cp, with x=log (P). The equations were determined by multiple regression analyses of rain attenuation data on satellite links of 290 data sets from 84 locations in 30 countries and the databank of different integration- time rain rates which contain data sets from 54 locations in 23 countries:
               [image: image16.emf]
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(17)
where, P = percentage of time, M = total annual rainfall accumulation, β is the thunderstorm ratio and a, b and c are constants derived from x = log (P).
2.4.0
Computer program to compute one minute rainfall rate

For the computation of the derived one minute rainfall rate for each of the 37 stations, a program named Rainrate was written in Matlab 7.0, which can be called in Microsoft Excel as a function, taking input parameters like annual rainfall accumulation M in mm, thunderstorm ratio β, and percentage of time unavailability P in %, respectively.

2.4.1
Station height above mean sea Level 

The heights above the mean sea level for the 37 stations in Nigeria were derived from GTOPO30, a global data set covering the full extent of latitude from 90 degrees south to 90 degrees north, and the full extent of longitude from 180 degrees west to 180 degrees east. The horizontal grid spacing is 30-arc seconds (0.008333333333333 degrees), resulting in a Digital Elevation Model (DEM) having dimensions of 21,600 rows and 43,200 columns. The horizontal coordinate system is in decimal degrees of latitude and longitude referenced to WGS84. The vertical units represent elevation in meters above the mean sea level. The elevation values range from -407 to 8,752 metre. In the DEM, ocean areas have been masked as "no data" and have been assigned a value of -9999. Lowland coastal areas have an elevation of at least 1 metre, so in the event that a user reassigns the ocean value from -9999 to 0 the land boundary portrayal will be maintained. Due to the nature of the raster structure of the DEM, small islands in the ocean less than approximately 1 square kilometre are not represented. The data was obtained from their internet site (ftp://edcftp.cr.usgs.gov/pub/data/gtop30/global). A Matlab 7.0 code was written, which can be linked with Microsoft excel to extract the GTOPO30 data taking input parameter such as the latitude and longitude of each location.

2.4.2
00C Isotherm height and Rain height 


Another important input parameter for rain attenuation calculation is the effective rain height. This was derived from Atmospheric Infrared Sounder satellite AIRS, launched in 2002. The measured daily profile of temperature, at 00C isotherm height (from 2002-2006) was averaged for the 37-locations and the ITU-RP 839 (2001) recommendation were used to calculate the effective rain heights as follow: 




[image: image20.emf]






(18)
where h0 is the zero degree isotherm height, Table 2.3 shows the height of each station hS, above sea level, the zero degree isotherm height h0, and rain height hR, for the 37 stations in Nigeria. Jos (in the MB) had the highest height above sea level (1110 m) while Port Harcourt (in the SS) had the lowest height (18 m). The NW region recorded the highest zero degree isotherm height (Sokoto) of 4430 m while Asaba (the SS region) recorded the lowest isotherm height of 4377 m. The MB (Minna), NW (Sokoto) and NE (Gombe) regions recorded the highest rain heights of 4.79 km, while the SS (Asaba, Benin, Port Harcourt and Yenagoa) region recorded the lowest value of 4.74 km.

[image: image21.emf]Table 2.3: Topographic data: Heights above Mean sea level (m), Zero degree  Isotherm height  (m) 

and Rain height (km) Derived from GTOPO30 and AIRS Satellite for  37 Stations in Nigeria.

State 

Station Station

Station Zero degree isotherm

Rain

Regions  capitals

latitude longitude height (m ) height (m ) height (km )

South 

Abeokuta

7.07 3.21

74

4411.0 4.77

 West

Adoekiti

7.42 5.13

363

4392.0 4.75

Akure

7.18 5.12 303

4392.0 4.75

Ibadan

7.21 4.01 134

4402.0 4.76

Ikeja

6.35

3.20

38

4398.0 4.76

Osogbo

7.42 4.31

229

4402.0 4.76

South 

Abakaliki

6.18 8.70

149

4408.0 4.77

East

Akwa

6.12 7.04

159

4395.0 4.75

Enugu

6.24 7.24

139

4395.0 4.75

Owerri

5.19 7.07

158

4387.0 4.75

Umuahia

5.30 7.33 165

4387.0 4.75

South 

Asaba

6.10 6.44

152

4377.0 4.74

South

Benin

6.22 5.39

42

4379.0 4.74

Calabar

4.55 8.25

370

4404.0 4.76

Port harcourt

4.43 7.02

18

4381.0 4.74

Uyo

5.00 7.57

163

4387.0 4.75

Yenagoa

4.55 6.16

93

4379.0 4.74

Middle 

Abuja

9.04 7.28

334

4402.0 4.76

Belt

Ilorin

8.32 4.34

304

4415.0 4.78

Lafia

8.29 8.34

403

4405.0 4.77

Lokoja

7.47 6.44

204

4389.0 4.75

Markurdi

7.41 8.35

142

4405.0 4.76

Minna

9.33 6.33

152

4426.0 4.79

Jos

9.58 8.57

1110

4397.0 4.76

North 

Birini kebbi 12.28 4.08

244

4421.0 4.78

West

Gusau

12.18 6.27

440

4420.0 4.78

Kaduna

10.32 7.25

605

4410.0 4.77

Kano

11.56 8.26

566

4411.0 4.77

Kastina

12.56 7.33

590

4415.0 4.77

Sokoto

13.05 5.15

247

4430.0 4.79

North 

Bauchi

10.18 9.46

665

4416.0 4.78

East

Damaturu

11.44 11.58

451

4412.0 4.77

Dutse

11.43 9.25

452

4422.0 4.78

Gombe

10.19 11.02

422

4428.0 4.79

Jalingo

8.54 11.22

304

4389.0 4.75

Maiduguri

11.51 13.09

343

4416.0 4.78

Yola

9.07 12.24

207

4414.0 4.77


2.4.3
Calculation of long-term rain attenuation statistics from point rainfall rate
The following ITU-RP 618, 2003 procedure provides estimates of the long-term statistics of the slant-path rain attenuation at a given location for frequencies up to 55 GHz. The following parameters are required:
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Figure 2.5: Schematic presentation of an Earth-space path giving the parameters to be input into the attenuation prediction process 

Step 1: Determination of the rain height, hR, as given in Recommendation ITU-R P.839.

Step 2: For θ(5 the slant-path length, Ls, below the rain height is computed from:



[image: image24.emf]





(19)
For  θ5, the following formula is used:



[image: image25.emf]

(20)
If hR – hS ≤ 0, then predicted rain attenuation for any time percentage is zero and the following steps are not required.

Step 3: the horizontal projection, LG, of the slant-path length is calculated from:



[image: image26.emf]




(21)
Step 4: The rainfall rate, R0.01, exceeded for 0.01% of an average year (with an integration time of 1 min) was obtained from TRMM data. If R0.01 is equal to zero, the predicted rain attenuation is zero for any time percentage and the following steps are not required.

Step 5: Obtain the specific attenuation, γR, using the frequency-dependent coefficients given in

Recommendation ITU-R P.838 and the rainfall rate, R0.01, determined from Step 4, by using:
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(22)
Step 6: The horizontal reduction factor, r0.01, for 0.01% of the time is given by:



[image: image28.emf]


(23)
Step 7: The vertical adjustment factor, v0.01, for 0.01% of the time is given by:
[image: image29.emf]
Step 8: The effective path length is:
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(24)
Step 9: The predicted attenuation exceeded for 0.01% of an average year is obtained from:





[image: image31.emf]



(25)
Step 10: The estimated attenuation to be exceeded for other percentages of an average year, in the range 0.001% to 5%, is determined from the attenuation to be exceeded for 0.01% for an average year:
[image: image32.emf]
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(26)
This method provides an estimate of the long-term statistics of attenuation due to rain. When comparing measured statistics with the prediction, allowance should be given for the rather large

year to year variability in rainfall rate statistics. Matlab 7.0 code was written to implement equations (19) to (26) which can be linked to Microsoft excel and called as a function taking the following input parameters, Latitude of the station (0), Frequency (GHz), elevation angle (radians), unavailability (%), station height (km), Rainfall rates exceeded for 0.01% (mm/hr) and polarization tilt angle (00, for horizontal, 900 for vertical and 450 for circular polarizations)

2.4.4
Empirical scaling formula

An empirical scaling formula was employed to estimate the specific attenuation. The relationship between specific attenuation, ( (dB/km) and rain rate R (mm/h) can be approximated by a power law (Olsen et al., 1978) as





[image: image34.emf]
where α and k are constants which depend on polarization, frequency and temperature. These parameters were taken from the table of ITU-RP 838, (2005) which was derived from Mie scattering calculations at raindrop temperature of 200C, using Law and Parson raindrop size distribution.
2.4.5
Some Geometrical Parameters Relevant to the Study of Rain Attenuation at selected 37 Stations in Nigeria.
Table 2.4 below shows some geometrical parameters relevant to the study. The table reveals that at small elevation angle of 50, the slant-path length LS and the horizontal projection LG, of the slant path length are approximately the same. The table also reveals that LS and LG decreases with increasing elevation angle. Ikeja (SW) and Port Hacourt (SS) coastal areas, had the longest LS and LG at both elevation angles, while Jos (MB) the only station with the highest elevation above sea level had the lowest LS and LG at both elevation angles.

On 13th May 2007, Nigeria launched its communication satellite-1 (NigComSat-1) which was placed into a geostationary orbit positioned at 42oE, with an expected service life of 15 years. The elevation and azimuth angles for links to NigComSat-1 were calculated for each station. The effective path lengths through the rain filled region were also calculated for 0.01% unavailability. 
[image: image35.emf]Table 2.4: Some Geometrical  Parameters Relevant to the Study of Rain

                 Attenuation at 5 and 55 degrees elevations for the 37-Locations

At 5 degrees At 55 degrees

State 

Station Station

 Elevation  Elevation

Regions  capitals

latitude longitude

h

S

 (km )

 

h

R

 (km )  

L

S

 (km )

L

G

 (km)

 

L

S

 (km )

L

G

 (km)

South 

Abeokuta

7.07 3.21

0.074

4.77 53.9 53.7 5.73 3.29

 West

Adoekiti

7.42 5.13

0.363

4.75 50.3 50.1 5.36 3.07

Akure

7.18 5.12 0.303

4.75 51.0 50.8 5.43 3.11

Ibadan

7.21 4.01 0.134

4.76 53.1 52.9 5.65 3.24

Ikeja

6.35 3.20 0.038

4.76 54.2 54 5.76 3.31

Osogbo

7.42 4.31

0.229

4.76 52.0 51.8 5.53 3.17

South 

Abakaliki

6.18 8.70

0.149

4.77 53.0 52.8 5.64 3.24

East

Akwa

6.12 7.04

0.159

4.75 52.7 52.5 5.60 3.21

Enugu

6.24 7.24

0.139

4.75 52.9 52.7 5.63 3.23

Owerri

5.19 7.07

0.158

4.75 52.7 52.5 5.61 3.22

Umuahia

5.30 7.33 0.165

4.75 52.6 52.4 5.60 3.21

South 

Asaba

6.10 6.44

0.152

4.74 52.6 52.4 5.60 3.21

South

Benin

6.22 5.39

0.042

4.74 53.9 53.7 5.74 3.29

Calabar

4.55 8.25

0.370

4.76 50.4 50.2 5.36 3.07

Port Harcourt

4.43 7.02

0.018

4.74 54.2 54 5.76 3.31

Uyo

5.00 7.57

0.163

4.75 52.6 52.4 5.60 3.21

Yenagoa

4.55 6.16

0.093

4.74 53.3 53.1 5.67 3.25

Middle 

Abuja

9.04 7.28

0.334

4.76 50.8 50.6 5.40 3.10

Belt

Ilorin

8.32 4.34

0.304

4.78 51.4 51.2 5.46 3.13

Lafia

8.29 8.34

0.403

4.77 50.1 49.9 5.33 3.06

Lokoja

7.47 6.44

0.204

4.75 52.2 52 5.55 3.18

Markurdi

7.41 8.35

0.142

4.76 53.0 52.8 5.64 3.23

Minna

9.33 6.33

0.152

4.79 53.2 53 5.66 3.25

Jos

9.58 8.57

1.110

4.76 41.9 41.7 4.46 2.56

North 

Birini Kebbi

12.28 4.08

0.244

4.78 52.0 51.8 5.54 3.18

West

Gusau

12.18 6.27

0.440

4.78 49.8 49.6 5.30 3.04

Kaduna

10.32 7.25

0.605

4.77 47.8 47.6 5.08 2.92

Kano

11.56 8.26

0.566

4.77 48.2 48.1 5.13 2.94

Kastina

12.56 7.33

0.590

4.77 48.0 47.8 5.10 2.93

Sokoto

13.05 5.15

0.247

4.79 52.1 51.9 5.55 3.18

North 

Bauchi

10.18 9.46

0.665

4.78 47.2 47 5.02 2.88

East

Damaturu

11.44 11.58

0.451

4.77 49.6 49.4 5.27 3.02

Dutse

11.43 9.25

0.452

4.78 49.7 49.5 5.28 3.03

Gombe

10.19 11.02

0.422

4.79 50.1 49.9 5.33 3.06

Jalingo

8.54 11.22

0.304

4.75 51.0 50.8 5.43 3.11

Maiduguri

11.51 13.09

0.343

4.78 50.9 50.7 5.42 3.11

Yola

9.07 12.24

0.207

4.77 52.4 52.2 5.57 3.20

Note: h

S

 = Station height,  

h

R

 = Rain height,  

L

S

= Slant-Path length 

L

G

= Horizontal projection length



2.5.1
Impairment by Clouds
Although raindrops are the most significant hydrometeors affecting propagation for frequency above 10 GHz, the influence of clouds and fog can also be important on earth-space paths. Clouds and fog generally consist of small water droplets with diameter generally less than 0.1 mm whereas raindrops typically range from 0.1 to 10 mm in diameter. Clouds are water droplets (not water vapour) suspended in the sky. The relative humidity is usually near 100% within the cloud. The average liquid water content of clouds varies widely, ranging from 0.05 to over 2 g/m3, peak values exceeding 5 g/m3 have been observed in large cumulus clouds associated with thunderstorms; however peak values for fair weather cumulus are generally less than 1 g/m3 (Gibson, 2002). Fog results from the condensation of atmospheric water vapour into droplets that remain suspended in air. There are of two types of fog: advection fog, which forms in coastal areas when warm, moist air moves over cold water, and radiation fog which forms at night, usually in valleys, low areas, and along rivers. Typical fog layers are only 50 to 100 m in height, and, hence, the extent of fog on a slant path is expected to be small, even for low elevation angles (Altshuler, 1984). 

Theoretical predictions of the attenuation of millimeter-waves by clouds are derived in roughly the same way as for rain. The main difference is that clouds consist of suspended mist of water drops with very small diameters less than 1μm. The attenuation due to suspended water droplets contained in atmospheric clouds can be determined with great accuracy, using the model developed by Liebe (1989) for fog and cloud attenuation at frequencies up to 1000 GHz based on the Rayleigh scattering of electromagnetic wave, which uses a double-Debye model for the dielectric permittivity of water. This has been adopted by ITU-R Recommendation ITU-R P.840-3 (1999), and will be used in this research to predict the effects of cloud on the propagation of radio waves on Earth-space path at Ku-band and above. The specific attenuation due to cloud, γf, is expressed in terms of the total liquid water content per unit volume, M, in g/m3. This physical approach requires the assessment of the cloud vertical profile, which can be derived from radiosonde or satellite remotely sensed parameters, such as cloud liquid water content, temperature, pressure and relative humidity. Using this approach, the attenuation estimation depends mainly on the accuracy of radiosonde measurements. Alternatively, the availability of global meteorological databases, containing the statistics of cloud parameters, permits the prediction of the statistics of cloud attenuation in the K and V frequency bands in a manner simpler than with the Rayleigh model, under some general assumptions and approximations. The Salonen and Uppala (1991) and Dissanayake et al., (1997) models of cloud attenuation are based on this latter approach. Another model, which makes use of the Salonen and Uppala cloud attenuation model, has been proposed by Konefal et al., (2000) to predict monthly distributions of cloud attenuation. This model employs the ITU-R meteorological database of atmospheric profiles to calculate the monthly cloud liquid water. Moreover, the cloud attenuation model, proposed by Wrench et al., (1999), based on extensive analysis of available measurements of cloud characteristics (synoptic observations, radiosonde and Meteorological satellites), had been used to produce worldwide maps of attenuation.

 
. The NASA Aqua satellite launched in 2002 have six instruments onboard the spacecraft that measured twice daily the profiles of Temperature, Pressure, Relative humidity, Water vapour mixing ratio, Cloud fraction, Cloud top pressure, Total cloud liquid water, surface pressure, surface skin temperature, surface air temperature and geopotential heights for all locations on Earth surface. The data from 2002-2006 have been used for the study of cloud impairments of radio waves signal at the 37 locations in Nigeria. 
2.5.2
Cloud Data sources


The Atmospheric Infrared Sounder (AIRS) Satellite is one of the six instruments on board NASA’s Aqua spacecraft launched on May 4 2002. The Spacecraft is positioned in a near-polar orbit around the Earth in synchronization with the Sun, with its path over the ground ascending across the equator at the same local time every day, approximately 1.30 p.m. On the other side of its orbit, Aqua descends across the equator at approximately 1.30 a.m, every day. AIRS uses cutting-edge infrared technology to create 3-dimensional maps of air and surface temperature, water vapour, and cloud properties. With 2378 spectral channels, AIRS has a spectral resolution more than 100 times greater than previous IR sounders and provides more accurate information on the vertical profiles of atmospheric temperature and moisture content. AIRS can also measure trace greenhouse gases such as ozone, carbon monoxide, and methane. AIRS and AMSU-A share the Aqua satellite with the Moderate Resolution Imaging Spectro-radiometer (MODIS), Clouds and the Earth Radiant Energy System (CERES) and the Advance Microwave Scanning Radiometer-EOS (AMRS-E). Aqua is part of NASA’s “A-train” (Figure 2.6), a series of high-inclination, sun-synchronous satellites in low Earth orbit designed to make long-term global observation of the land surface, biosphere, solid earth, atmosphere and oceans.


The AIRS measured profiles of Temperatures, Pressure, Relative humidity, and geopotentials (from 2002-2006) data have been used as input parameters for the study of cloud attenuations at the 37 stations in Nigeria.
[image: image36.jpg]The A-Train

CALPSO  Cioudsat
3




Figure 2.6: Illustration of the A-Train Satellites, source: NASA website
2.5.3
Cloud Data processing


The daily measured profiles of temperature T (K), Pressure P (hpa) and relative humidity RH, (%) ascending data of AIRS satellite were averaged for each of the 37 locations. The four year average values were used in the evaluation of the surface water vapour density SVD, total columnar content of liquid water TCC, and integrated water vapour content IWVC for each of the 37-locations.

2.5.4
Procedure for evaluation of SVD, TCC and IWVC
2.5.5
Surface Water Vapour Density, ρ (SVD)
The relationship between water vapour density ρ (g/m3) and temperature T (K) is given

by (ITU-RP 453, 2003):
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(27)

where the water vapour pressure e, is given by
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2.5.6
Total columnar content of liquid water in clouds (TCC)
The calculation of the columnar liquid water content of clouds from radiosonde measurements is based on the model proposed by (Salonen et al., 1990). The cloud detection is performed using the "critical humidity" function defined as follows:
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(30)
where
[image: image42.emf]is ratio of the atmospheric pressure at the considered level and the pressure

at ground

Within the cloud layer the water density w (g/m 3) of any slice of the upper air sounding is a function of the air temperature, t [ºC], and of the layer height, h [m]:


[image: image43.emf]




(31)
where: 
w0 = 0.17 (g/m 3)


c = 0.04(0C-1) = temperature dependence factor


hr =1500m


hb = cloud base height (m)

The liquid and solid water density, wl and wi are given by:
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(32)
where Pw (t) is the fraction of cloud liquid or solid water given and is given by:
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(33)
The calculation of both cloud base and top heights is performed by linear interpolation. The Total columnar content of liquid water in clouds TCC was calculated for the 37 locations in Nigeria by adding the contributions from all the layers within the clouds that contain water.
2.5.7
Integrated Water Vapour Content (IWVC)
The mass of water vapour in a vertical column of unit cross sectional area from the surface to altitude z is called "the columnar vapour", sometimes called "precipitable water" as defined by (Rogers and Yau 1989; Mc Ilveen, 1991). Consider a vertical column of moist air, with air density ρ [kg m-3] and specific humidity q [gkg-1] The mass m (g) of water vapour in a slice of depth (z2 - z1) and unit horizontal area is given by:
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(34)


This equation, according to the hydrostatic equation, (P2- P1) = ρg (z2- z1), can be rewritten as:


[image: image47.emf]






(35)
where:

g is the acceleration due to gravity (ms-2)
p1 and p2 (hPa) are the air pressure at the base and top of the slice respectively.

The water vapour density, ρv (g/m3), in the layer is:
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(36)
If this vapour were to be precipitated into a rainguage at the foot of the column, it would yield a layer of water with a depth h (mm or Kg/m2):
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(37)
Where pw [kg m-3] is the density of the precipitated water. It follows that:
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(38)
The precipitated water (in mm or kg/m2) can be readily calculated for any slice of an upper air sounding in which humidity is reported, and integrated water vapour content, (IWVC) was calculated by adding the contributions from all atmospheric layers containing water vapour.
2.5.8
Computer Program to Evaluate SVD, TCC and IWVC


Computer programs namely, WVD, TCLWC, IWVCN and SVP were written in Matlab 7.0 for equation (27) to (38) which can be called as functions in Microsoft excel taking input arguments such profiles of temperature, pressure, acceleration due to gravity, relative humidity, geopotential height e.t.c., to evaluate SVD, TCC and IWVC. Table 2.5 shows the results of surface temperature T (K), surface pressure P (hpa), SVD (g/m3), TCC (kg/m2 for 1% unavailability) and IWVC (kg/m2 for 1% unavailability). The results show that surface temperature T (K) and TCC (kg/m2) increases from southern to the northern part of Nigeria, while WVD and IWVC decreases from southern to the northern part of Nigeria. The surface pressures do not follow a particular pattern, but Ikeja (SW) and Calabar (SS) have the highest surface pressure of about 1004 and 1010 hpa, respectively. 

[image: image51.emf]Table 2.5: Summary of the input Climatic data for Cloud and Gaseous Attenuations

                   derived  from AIRS Satellite data from AUG 2002-JUL 2006 

Average Average Total Columnar  Average Intergrated Water

 Surface  Surface Content for 1%  Water vapour Vapour Content for 1%

State 

Temperature Pressure Unavailability Density Unavailability

Regions capitals

T (K) P (hpa) TTC (kg/m2) WVD (g/m3) IWVC (kg/m2)

Abeokuta 301.6

990.3

1.47 15.93 38.99

South West

Adoekiti 300.6 968.5 1.47

13.62

39.27

Akure 300.6 968.5 1.47 13.62 39.27

Ibadan 300.7 977.7 1.47 14.61 39.08

Ikeja 300.2

1003.5

1.46

16.92

38.87

Osogbo 300.7 977.7 1.47 14.61 39.08

Abakaliki 301.7

991.9

1.51 16.38 41.34

South East

Akwa 301.4

988.3

1.47 15.97 41.23

Enugu 298.1

988.3

1.47

15.97

41.23

Owerri 300.4

991.6

1.47

16.44

39.66

Umuahia 300.4

991.6

1.47 16.44 39.66

Asaba 300.9

993.8

1.47 16.5 40.96

South South

Benin 300.2 997.6 1.47 16.4 39.73

Calabar 299.6 1009.7 1.45

18.96

43.20

Port harcourt 299.7 987.1 1.46

16.21

42.31

Uyo 300.4 991.6 1.47 16.43 41.37

Yenagoa 299.4

989.4

1.45 16.53 41.20

Abuja 303.1 946.2 1.49

11.38

37.68

Middle Belt

Ilorin 302.7 972.0 1.48 14.3 38.78

Lafia 303.6 973.8 1.49 14.48 39.18

Lokoja 301.8

982.4 1.48

15.46

40.16

Markurdi 302.7 991.5

1.48 15.69 39.07

Minna 303.9

980.2 1.49

14.29

37.86

Jos 303.1 920.0

1.50

11.63

37.87

Birini Kebbi 306.9 978.8

1.49

10.42

33.92

North West

Gusau 306.3 963.1

1.49

8.74

33.86

Kaduna 303.7

941.0

1.49 11.37 35.53

Kano 304.6 949.0

1.49

8.46

33.82

Kastina 305.7 949.2

1.49 7.36 34.07

Sokoto 306.9

974.4 1.49

9.48

33.34

Bauchi 304.2 936.3

1.50

8.89

36.90

North East

Damaturu 306.2 958.8

1.50

8.32

34.87

Dutse 305.8 958.2

1.49 7.73 34.37

Gombe 305.6 966.0

1.50

12.27

37.82

Jalingo 303.1

948.4 1.50 13.79 39.87

Maiduguri 306.8

969.6 1.50

11.72

34.72

Yola 306.1 972.9

1.50

13.68

37.34


2.5.9
Procedure for Evaluation of Cloud Attenuation


The following (ITU-RP 840, 1999) procedure valid for frequencies below 200 GHz was used for the computation of the Cloud attenuation for each of the 37-locations in Nigeria. The specific attenuation within a cloud or fog can be written as: 
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(39)
where: γc : specific attenuation (dB/km) within the cloud, 

Kl : specific attenuation coefficient ((dB/km)/(g/m3)), 

M : liquid water density in the cloud or fog (g/m3). 
2.5.9.1
Specific Cloud attenuation coefficient 

A mathematical model based on Rayleigh scattering, which uses a double-Debye model for
 the dielectric permittivity ε ( f ) of water, can be used to calculate the value of Kl for frequencies
 up to 1000 GHz (ITU-RP 840, 1999): 
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(40)
Where, f is the frequency (GHz), and 
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(41)
The complex dielectric permittivity of water is given by: 
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(42)
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(43)
where: 

[image: image57.emf]
where T is  the temperature (K). The principal and secondary relaxation frequencies are: 

[image: image58.emf]

(44)
To obtain the attenuation due to clouds for a given probability value, the statistics of the total columnar content of liquid water L (kg/m2) or, equivalently, to mm of precipitable water for a given site must be known yielding: 
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(45)
where θ is the elevation angle and Kl is calculated from equations (40) to (44) . Statistics of the total columnar content of liquid water was obtained from AIRS satellite measurements from August 2002 to July 2006 as shown in Table 4.3. For cloud attenuations, a temperature corresponding to 0° C was used to compute the specific attenuation coefficient Kl. 

2.5.9.2
Computer Program for Attenuation due to Cloud

A computer program named CloudAtt was written in Matlab 7.0 for equations (40) to (45) which can be linked to Microsoft excel, taking TCC in Table 2.6 and 00C cloud temperature (273 K) as the input parameter.

2.6
Impairment by Atmospheric Gases

The principal atmospheric gases which absorb electromagnetic energy in the microwave frequencies are oxygen and water vapor. Atmospheric gases absorb energy from electromagnetic waves if the molecular structure of the gas is such that the individual molecules possess electric or magnetic dipole moments. It is known from quantum theory that at specific wavelengths, energy from the wave is transferred to the molecule, causing it to rise to a higher energy level. If the gas is in thermodynamic equilibrium, it will then reradiate this energy isotropically as a random process, thus falling back to its prior energy state. Because the incident wave has a preferred direction and the emitted energy is isotropic, the net result is a loss of energy from the wave. The only atmospheric gases with strong absorption lines at millimeter wavelengths are water vapor and oxygen. The magnetic dipole moment of oxygen is approximately two orders of magnitude weaker than the electric dipole moment of water vapor. The net absorption due to oxygen is still very high, simply because it is so abundant. The fact that the distribution of oxygen throughout the atmosphere is very stable makes it very easy to model (Edward and Richard, 1988)

The amount of water vapor in the lower atmosphere is highly variable and has surface densities ranging from a fraction of a gram per cubic meter for very arid climates to more than 30 g/m3 for hot and humid regions. Absorption is assumed to be linearly proportional to the water vapor density, except for very high concentrations. Absorptions for other water vapor densities may be calculated. It is assumed that for clear sky conditions the slant path absorption is proportional to the distance through the absorbing atmosphere (Edward and Richard, 1989).
Attenuation by atmospheric gases can be described using either an accurate physical model, such as Liebe’s (model) or approximate or probabilistic models such as the  ITU-R P report 676 (2005) or Salonen’s model (1991). Liebe’s models (1981,1985, 1989, and 1993) perform accurate calculations of air refractivity, for frequencies from 1 to 1000 GHz, but it is computationally demanding and requires vertical profiles of meteorological parameters whose accuracy has to be carefully checked. Therefore, Liebe’s model is mainly used as a reference.  Attenuation by atmospheric gases at millimetric frequencies occurs because of absorption by oxygen molecules and water vapour in the atmosphere. Gaseous absorption arising from other gases present in the atmosphere is relatively small. Absorption due to oxygen is nearly constant and that due to water vapor varies slowly with time in response to variations in the water vapor content in the atmosphere. As such, the gaseous absorption increases with the relative humidity as well as the temperature. 
2.6.1 Gaseous Specific Attenuation

Specific attenuations at frequencies up to 1 000 GHz due to dry air and water vapour, can be evaluated most accurately at any value of pressure, temperature and humidity by means of a summation of the individual resonance lines from oxygen and water vapour, together with small additional factors for the non-resonant Debye spectrum of oxygen below 10 GHz, pressure-induced nitrogen attenuation above 100 GHz and a wet continuum to account for the excess water vapour absorption found experimentally ITU-R P report 676 (2005).

2.6.2
Input Data sources for Gaseous Attenuation


Absorption is a function of temperature, pressure and humidity. Therefore, it is necessary that these meteorological parameters be known along the propagation path in order to calculate the gaseous attenuation for any location. Daily surface temperature, pressure, and vertical profiles of temperature, pressure and humidity profiles from AIRS satellite were used to estimate integrated water vapour content (IWVC). Table 2.6 shows the results of the input parameters necessary for the computation of gaseous attenuation derived from AIRS satellite. The gaseous attenuation is calculated along earth-space paths for the 37 locations at frequencies from 10 to 50 GHz. For a normal clear atmosphere (free of inversions) the absorption of electromagnetic waves is directly proportional to the length of the propagation path through the absorbing medium. 
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Average Average Average Intergrated Water

 Surface  Surface  Water vapour Vapour Content for 1%

State 

Temperature Pressure Density Unavailability

Regions capitals

T (K) P (hpa)

Abeokuta 301.6

990.3

15.93 38.99

South West

Adoekiti 300.6 968.5

13.62

39.27

Akure 300.6 968.5 13.62 39.27

Ibadan 300.7 977.7 14.61 39.08

Ikeja 300.2

1003.5

16.92

38.87

Osogbo 300.7 977.7 14.61 39.08

Abakaliki 301.7

991.9

16.38 41.34

South East

Akwa 301.4

988.3

15.97 41.23

Enugu 298.1

988.3

15.97

41.23

Owerri 300.4

991.6 16.44

39.66

Umuahia 300.4

991.6

16.44 39.66

Asaba 300.9

993.8

16.50 40.96

South South

Benin 300.2 997.6 16.40 39.73

Calabar 299.6 1009.7

18.96

43.20

Port harcourt 299.7 987.1

16.21

42.31

Uyo 300.4 991.6 16.43 41.37

Yenagoa 299.4

989.4

16.53 41.20

Abuja 303.1 946.2

11.38

37.68

Middle Belt

Ilorin 302.7 972.0 14.30 38.78

Lafia 303.6 973.8 14.48 39.18

Lokoja 301.8

982.4

15.46

40.16

Markurdi 302.7 991.5

15.69 39.07

Minna 303.9

980.2

14.29

37.86

Jos 303.1 920.0 11.63

37.87

Birini Kebbi 306.9 978.8 10.42

33.92

North West

Gusau 306.3 963.1 8.74

33.86

Kaduna 303.7

941.0

11.37 35.53

Kano 304.6 949.0 8.46

33.82

Kastina 305.7 949.2

7.36 34.07

Sokoto 306.9

974.4

9.48

33.34

Bauchi 304.2 936.3 8.89

36.90

North East

Damaturu 306.2 958.8 8.32

34.87

Dutse 305.8 958.2

7.73 34.37

Gombe 305.6 966.0 12.27

37.82

Jalingo 303.1

948.4 13.79 39.87

Maiduguri 306.8

969.6

11.72

34.72

Yola 306.1 972.9 13.68

37.34

) / (

3

m g WVD

) / (

2

m kg IWVC


2.6.3
Procedure for the Computation of Gaseous Attenuation

The following ITU-RP 676 (2005) procedure which is valid for frequencies between 1 to 350 GHz was used for the computation of the gas attenuation on earth-space path for each of the 37 stations in Nigeria.

Gaseous Specific Attenuation
The specific attenuation due to dry air and water vapour, from sea level to an altitude of 10 km, can be estimated using the following simplified algorithms, which are based on curve-fitting to the line by line calculation, and agree with the more accurate calculations to within an average of about 10% at frequencies removed from the centers of major absorption lines. The absolute difference between the results from these algorithms and the line-by-line calculation is generally less than 0.1 dB/km and reaches a maximum of 0.7 dB/km near 60 GHz. 


 Dry air Attenuation (o (dB/km) 
The dry air or oxygen attenuation is given by the following equations:

 For f ≤54 GHz:
[image: image61.emf] 


(46)
For 54 GHz < f ≤ 60 GHz:


[image: image62.emf]


(47)
For 60 GHz < f ≤62 GHz:
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(48)
For 62 GHz < f ≤66 GHz:

[image: image64.emf]


(49)
For 66 GHz < f ≤120 GHz:

[image: image65.emf]


(50)
For 120 GHz < f ≤350 GHz:

[image: image66.emf]


(51)
where

[image: image67.emf]
where:
f: frequency (GHz)

rp p/1013

rt 288/(273 t)

P: pressure (hPa)

t: temperature (C), where mean temperature values can be obtained from AIRS satellite Data 

Water vapour attenuation (w (dB/km) 
The water vapour attenuation is given by:
[image: image68.emf](52)
with:


[image: image69.emf]





(53)
where, ρis the water-vapour density (g/m3).

2.6.4
Gaseous attenuation along slant paths
This section contains simple algorithms used for estimating the gaseous attenuation along slant paths through the Earth’s atmosphere, by defining an equivalent height by which the specific attenuation may be multiplied to obtain the zenith attenuation. The equivalent heights are dependent on pressure, and can hence be employed for determining the zenith attenuation from sea level up to an altitude of about 10 km. The resulting zenith attenuations are accurate to within 10% for dry air and 5% for water vapour from sea level up to altitudes of about 10 km, using the pressure, temperature and water-vapour density appropriate to the altitude of interest. The path attenuation at elevation angles other than the zenith may then be determined using the procedures described equations 62 to 65 below.


Dry air equivalent height 


For dry air, the equivalent height is given by:
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(54)
where:
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(56)
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with the constraint that:
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Water vapour equivalent height 

 For water vapour, the equivalent height is:

[image: image75.emf]
(59)
For f ≤350 GHz



[image: image76.emf]




(60)
The concept of equivalent height is based on the assumption of an exponential atmosphere specified by a scale height to describe the decay in density with altitude. Note that scale heights for both dry air and water vapour may vary with latitude, season and/or climate, and that water vapour distributions in the real atmosphere may deviate considerably from the exponential, with corresponding changes in equivalent heights. The values given above are applicable up to altitudes of about 10 km.

The total zenith attenuation is then:




[image: image77.emf]



(61)

 Elevation angles between 5and 90

 
Earth-space paths

For an elevation angle, φ, between 5and 90°, the path attenuation is obtained using the cosecant law, as follows: For path attenuation based on surface meteorological data:




[image: image78.emf]




(62)
where, Ao ho (o and Aw hw (w and for path attenuation based on integrated water vapour content:





[image: image79.emf]


(63)
where, Aw(p) is the total water vapour attenuation.


Slant path water-vapour attenuation


The above method for calculating slant path attenuation by water vapour relies on the knowledge of the profile of water-vapour pressure (or density) along the path. In cases where the integrated water vapour content along the path, Vt, is known, an alternative method may be used. The total water-vapour attenuation can be estimated as:


[image: image80.emf]
(64)
where:


f : frequency (GHz),
θ: elevation angle ((5°)

f ref : 20.6 (GHz)

p ref = 780 (hPa)


[image: image81.emf]







(65)
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(66)
Vt(P): integrated water vapour content at the required percentage of time (kg/m2 or mm), which was obtained from daily measurements of AIRS satellite profiles from August 2002- July 2006 the results are shown in Table 2.6 for each of the 37 locations in Nigeria.
 γW(f, p, ρ, t): specific attenuation as a function of frequency, pressure, water-vapour density, and temperature calculated from equation (52) (dB/km).

2.6.5
Computer program to evaluate gaseous attenuation

A computer code named Space676S was written in Matlab 7.0 to implement equations (46) to (66). The codes can be linked to Microsoft excel and called as a function taking input parameters such as frequency, pressure, water-vapour density, and temperature.

2.7 
Tropospheric Scintillation

Tropospheric scintillation is caused by small-scale refractive index inhomogeneities induced by tropospheric turbulence along the propagation path especially in the presence of clouds, such as cumulus and cumulonimbus clouds mostly around noon. It results in rapid fluctuations of received signal amplitude and phase which affect Earth-space radio links. Above 10 GHz, tropospheric scintillation intensity has been shown to increase with increasing carrier frequency and with decreasing elevation angle and antenna size (Harris, 2002). Scintillation fades can also have a major impact on the performances of low margin communication systems, for which the long-term availability is sometimes predominantly governed by scintillation effects rather than by rain. In addition, the dynamics of scintillation may interfere with tracking systems or fade mitigation techniques. 

The parameters used for the characterization of scintillation are the following:

(i)
 the amplitude deviation y in dB,
(ii)
 the variance σ2 and the standard deviation σ of the log-amplitude,
(iii)
the predicted variance σ2p and standard deviation σp.
2.7.1 Amplitude Scintillation Prediction Models 

All the classical models for scintillation are based on the assumption that the short-term probability density function (PDF) of the log-amplitude is Gaussian. The models are statistical models that allow for the calculation of either a probability density function or a cumulative distribution function (CDF) of the log-amplitude of the fluctuation or the variance (or standard deviation) of the log-amplitude. There are seven adequately documented scintillation models till date (Harris, 2002). They are briefly listed below:

1.
Karasawa model (Karasawa et al., 1988)  
2.
ITU-R models (ITU-R P.618, 2003.) 

3.
Otung model (Otung, 1995 and 1996)

4.
Ortgies model (Otgies 1993)

5.
Marzano MPSP model (Marzano and D’Auria, 1994)

6.
DPSP model (Tatarski, 1971)

7.
Van de Kamp model (1998, 1999a and 1999b).

The Kasarawa et al. and the ITU-R scintillation models support the observation that scintillation is more pronounced under high-temperature and high-humidity conditions such as in tropical regions or temperate regions in summer. At low elevation angles, the fading caused by scintillation has been discovered by measurements to exceed attenuation caused by rain, particularly at percentages above 1% unavailability (or 87.5 hours) in an average year (Gibson, 2002). In particular, scintillation generated on propagation paths at low elevation angles often produces considerable signal fading in excess of 10 dB (Yoshio, et.al., 1988).  On earth-space radio path the tropospheric scintillation is a complex phenomena, and it includes the boundary layer, clouds, and layer structures which can extend up to heights of 20 km within the troposphere. A radio signal traversing this path is affected by the medium in a random way and in addition to attenuation (caused by a combination of absorption and scattering), the turbulent characteristics of that medium result in random variations of the refractive index. These variations in turn modify the amplitude and phase of the received electric field (Harris, 2002). It has been found that the strongest scintillations tend to occur during the passage of cumulus clouds through the propagation path (Green et. al., 1978) which is consistent with observations of large refractive index fluctuations in clouds. In practice scintillation intensity is a variable that depends on meteorological conditions, and the resulting variability in scintillation intensity has a considerable impact on the statistics of the scintillation process. 

The primary objective of this section is concerned with the calculation of propagation loss due to tropospheric scintillation by using the current (ITU RP 618, 2003) model and current meteorological data from AIRS satellite (from 2002-2006) for the 37 stations in Nigeria for the purpose of satellite link budget for scintillation loss on earth-space path at elevation angles of 50, 550 and for links to recently launched NigComSat-1.

2.7.2
Input Data Sources for Evaluation of Tropospheric Scintillation

The AIRS measured profiles of temperatures, pressure, and relative humidity, (from 2002-2006) data have been used as input parameters for the study of tropospheric scintillation attenuations at the 37 stations under study in Nigeria. The daily surface temperatures, pressure, and relative humidity, have been used to derive the monthly and annual values of wet term of radio refractivity (Nwet), which is the major input parameter, needed for the computation of scintillation fade depth. Table 2.7 shows the summary of the data derived from AIRS satellite. 

2.7.3
Procedure for evaluating the input parameters es e, and Nwet
The wet term of radio refractivity Nwet (N-unit) is given by by (ITU-RP 453, 2003):
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(67)

where T is absolute temperature (K) and water vapour pressure e, is given by
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where:

H : relative humidity (%)

t : Celsius temperature (C)

es : saturation vapour pressure (hPa) at the temperature t (C) and the coefficients

a, b, c, are:

for water 




for ice
a 6.1121 




a 6.1115

b 17.502 




b 22.452

c 240.97 




c 272.55

Valid for water between –20° to +50°C with accuracy of ( 0.2% , 
valid for ice between –50to 0C with an accuracy of (0.20%.

2.7.4
Calculation of monthly and long-term statistics of amplitude scintillations at elevation angles greater than 4°


A general technique for predicting the cumulative distribution of tropospheric scintillation at elevation angles greater than 4° is given below. It is based on monthly or longer averages of temperature t (°C) and relative humidity H, and reflects the specific climatic conditions of the site. As the averages of t and H vary with season, distributions of scintillation fade depth exhibit seasonal variations, which may also be predicted by using seasonal averages of t and H in this method. Values of t and H may be obtained from weather information for the site(s) in question.

Parameters required for the method include:

t : average surface ambient temperature (°C) at the site for a period of one month or longer

H : average surface relative humidity (%) at the site for a period of one month or longer

f : frequency (GHz), θ : path elevation angle, where θ ( 4°

D : physical diameter (m) of the earth-station antenna

( : antenna efficiency; if unknown, ( = 0.5 is a conservative estimate.

Step 1: For the value of t, the saturation water vapour pressure, es, (hPa), was calculated as specified in Recommendation ITU-R P.453.

Step 2: The wet term of the radio refractivity, Nwet, corresponding to es, t and H was computed as given in Recommendation ITU-R P.453. 

Step 3: The standard deviation of the signal amplitude, (ref, used as reference is given by:
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Step 4: The effective path length L is calculated according to:
[image: image87.emf]
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where hL is the height of the turbulent layer; the value to be used is hL = 1 000 m.

Step 5: The effective antenna diameter, Deff, from the geometrical diameter, D, and the

antenna efficiency (, is given by:
[image: image88.emf]
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Step 6: The antenna averaging factor is calculated from:
[image: image89.emf]
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with:

[image: image90.emf]
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where f is the carrier frequency (GHz).

If the argument of the square root is negative (i.e. when x (7.0), the predicted scintillation fade

depth for any time (of percentage) is zero and the following steps are not required.

Step 7: The standard deviation of the signal for the considered period and propagation 
path is calculated from:

[image: image91.emf]
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Step 8: The time percentage factor, a( p), for the time percentage, p, of concern in the

range 0.01 p ≤50 is calculated from:


[image: image92.emf]
(76)
Step 9: Calculate the scintillation fade depth for the time percentage p by:

[image: image93.emf]





(77)
2.7.5
Computer program for the evaluation of tropospheric scintillation


A Computer code named Scint was written in Matlab 7.0 for equations (67) to (77) this can be linked with Microsoft excel and called as a function taking input parameters such as Nwet, frequency (GHz), dish Elevation (0), Unavailability (%), Station height (km), Antenna efficiency and antenna diameter (m).  Table 2.7 shows the summary of the input parameters needed for the computation of scintillation derived from AIRS satellite data, while Table 2.8 shows the geometrical parameters relevant to scintillation fade depth for downlink from NigComsat-1 for  the 37 stations. 
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                   from AIRS Satellite data, Average value  from Aug 2002- Jul 2006.

Station height Average Surface Average Surface Average Saturation Average Water Wet term of

State 

Above mean 

Temperature Relative humidity Vapour Presure Vapour Presure Radio

VSAT

Regions  capitals

sea level in 4 years in 4 years in 4 years in 4 years Refractivity Antenna Antenna

(m )

T(K) RH (%) es (hpa) e(hpa) N

wet (N-unit)

efficiency diameter (m)

Abeokuta 74 301.6 57.0 39.1 22.3 91.6 0.5 0.3

South 

Adoekiti

363 300.6 51.3 36.9 18.9 78.3 0.5 0.3

 West

Akure

303 300.6 51.3 36.9 18.9 78.3 0.5 0.3

Ibadan

134 300.7 54.9 37.1 20.4 84.1 0.5 0.3

Ikeja

38 300.2 64.9 36.1 23.4 97.4 0.5 0.3

Osogbo

229 300.7 54.9 37.1 20.4 84.1 0.5 0.3

0.5 0.3

Abakaliki

149 301.7 58.4 39.4 23.0 94.1 0.5 0.3

South 

Akwa

159 301.4 57.7 38.7 22.3 91.8 0.5 0.3

East

Enugu

139 298.1 57.7 31.9 18.4 77.0 0.5 0.3

Owerri

158 300.4 62.7 36.5 22.9 94.7 0.5 0.3

Umuahia

165 300.4 62.7 36.5 22.9 94.7 0.5 0.3

0.5 0.3

Asaba

152 300.9 60.8 37.6 22.9 94.8 0.5 0.3

South 

Benin

42 300.2 63.2 36.1 22.8 94.4 0.5 0.3

South

Calabar

370 299.6 75.7 34.8 26.4 109.2 0.5 0.3

Port harcourt

18 299.7 64.1 35.0 22.5 93.5 0.5 0.3

Uyo

163 300.4 62.7 36.5 22.9 94.7 0.5 0.3

Yenagoa

93 299.4 66.5 34.4 22.9 95.7 0.5 0.3

0.5 0.3

Abuja

334 303.1 38.2 42.7 16.3 65.7 0.5 0.3

Middle 

Ilorin

304 302.7 48.4 41.7 20.2 81.9 0.5 0.3

Belt

Lafia

403 303.6 47.1 43.9 20.7 82.9 0.5 0.3

Lokoja

204 301.8 54.6 39.6 21.6 88.7 0.5 0.3

Markurdi

142 302.7 53.2 41.7 22.2 90.4 0.5 0.3

Minna

152 303.9 45.7 44.7 20.4 82.6 0.5 0.3

Jos

1110 303.1 39.6 42.7 16.9 67.6 0.5 0.3

0.5 0.3

Birini Kebbi

244 306.9 28.8 52.9 15.3 60.5 0.5 0.3

North 

Gusau

440 306.3 24.8 51.2 12.7 50.6 0.5 0.3

West

Kaduna

605 303.7 35.8 44.2 15.8 65.5 0.5 0.3

Kano

566 304.6 25.7 46.5 12.0 48.7 0.5 0.3

Kastina

590 305.7 21.3 49.5 10.6 42.6 0.5 0.3

Sokoto

247 306.9 25.2 52.9 13.3 53.3 0.5 0.3

0.5 0.3

Bauchi

665 304.2 28.2 45.4 12.8 51.7 0.5 0.3

North 

Damaturu

451 306.2 23.8 50.9 12.1 48 0.5 0.3

East

Dutse

452 305.8 22.9 49.8 11.4 44.9 0.5 0.3

Gombe

422 305.6 34.8 49.2 17.1 68.8 0.5 0.3

Jalingo

304 303.1 45.6 42.7 19.5 78.5 0.5 0.3

Maiduguri

343 306.8 31.6 52.6 16.7 67.4 0.5 0.3

Yola

207 306.1 39.5 50.6 20.0 81.1 0.5 0.3

Maximum 1110 306.9 75.7 52.9 26.4 109.2

Minimum 18 298.1 21.3 31.9 10.6 42.6


[image: image95.emf]Table 2.8: Geometrical Parameters  Relevant  to Scintillation Fade Depth for Downlink from NigComSat-1 for the 37 Stations 

Under Investigation

Station height

Dish

Wet term of Standard deviation Effective path

Above mean 

Elevation

VSAT Radio of signal amplitude Length through

State 

sea level

To

Antenna Antenna

Refractivity

used as reference the turbulence layer

Regions  capitals

(m )

Satellite

efficiency diameter (m)

N

wet (N-unit)

s

ref

(dB)

L (m)

Abeokuta 74 44.4 0.5 0.3 91.6 0.013 1429

South 

Adoekiti

363 46.5 0.5 0.3 78.3

0.011 1378

 West

Akure

303 46.5 0.5 0.3 78.3

0.011 1378

Ibadan

134 45.3 0.5 0.3 84.1

0.012 1407

Ikeja

38 44.5 0.5 0.3 97.4

0.013 1427

Osogbo

229 45.6 0.5 0.3 84.1

0.012 1399

Abakaliki

149 50.7 0.5 0.3 94.1

0.013 1292

South 

Akwa

159 48.8 0.5 0.3 91.8

0.013 1329

East

Enugu

139 49.0 0.5 0.3 77.0

0.011 1325

Owerri

158 49.0 0.5 0.3 94.7

0.013 1325

Umuahia

165 49.3 0.5 0.3 94.7

0.013 1319

Asaba

152 48.2 0.5 0.3 94.8

0.013 1341

South 

Benin

42 47.1 0.5 0.3 94.4

0.013 1365

South

Calabar

370 50.4 0.5 0.3 109.2

0.015 1298

Port harcourt

18 49.0 0.5 0.3 93.5

0.013 1325

Uyo

163 49.6 0.5 0.3 94.7

0.013 1313

Yenagoa

93 48.1 0.5 0.3 95.7

0.013 1343

Abuja

334 48.5 0.5 0.3 65.7

0.010 1335

Middle 

Ilorin

304 45.4 0.5 0.3 81.9

0.012 1404

Belt

Lafia

403 49.8 0.5 0.3 82.9

0.012 1309

Lokoja

204 47.9 0.5 0.3 88.7

0.012 1348

Markurdi

142 50.0 0.5 0.3 90.4

0.013 1305

Minna

152 47.4 0.5 0.3 82.6

0.012 1358

Jos

1110 49.7 0.5 0.3 67.6

0.010 1311

Birini Kebbi

244 44.2 0.5 0.3 60.5

0.010 1434

North 

Gusau

440 46.5 0.5 0.3 50.6

0.009 1378

West

Kaduna

605 48.1 0.5 0.3 65.5

0.010 1343

Kano

566 48.8 0.5 0.3 48.7

0.008 1329

Kastina

590 47.5 0.5 0.3 42.6

0.008 1356

Sokoto

247 45.0 0.5 0.3 53.3

0.009 1414

Bauchi

665 50.5 0.5 0.3 51.7

0.009 1296

North 

Damaturu

451 52.4 0.5 0.3 48

0.008 1262

East

Dutse

452 49.9 0.5 0.3 44.9

0.008 1307

Gombe

422 52.2 0.5 0.3 68.8

0.010 1265

Jalingo

304 52.9 0.5 0.3 78.5

0.011 1254

Maiduguri

343 53.9 0.5 0.3 67.4

0.010 1238

Yola

207 53.9 0.5 0.3 81.1

0.012 1238

Maximum 1110 53.9 0.5 0.3 109.2 0.015 1434

Minimum 18 44.2 0.5 0.3 42.6 0.008 1238


2.8.
Methods of Combining Propagation Impairments
2.8.1
Combination of Different Attenuation Effects
For Telecommunication systems characterized by low availability with outage percentages of the order of 1% in an average year and with small earth terminals, rain is no more the dominating attenuation phenomenon. The effects of the melting layer, clouds, water vapour and oxygen must be taken into account as well. When the statistical distributions of the different attenuation phenomena are calculated separately, the problem is how these attenuation phenomena can be combined to get the total attenuation distribution. Mathematical and statistical tools for combining different phenomena are presented, together with the assumptions required for different methods. Correlation studies of different attenuation phenomena, that are essential to find reasonable rules or assumptions for combining methods, have been performed using different databases (Harris, 2002). Various possibilities for statistical combination are briefly reviewed in this section. They can be considered as building blocks for different methods of calculating total attenuation distributions. The required assumptions for these mathematical tools are as follows;
2.8.2
 Equiprobability summing

Equiprobability summing means adding attenuation levels for equal probabilities, i.e., total attenuation from the two attenuation distributions A1(P) and A2(P) is simply (Harris, 2002):
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This method assumes that the different effects are fully correlated. In practice, two (or more) attenuation phenomena are not fully correlated and therefore equiprobability summing gives pessimistic values for low outage times. Thus, the equiprobability summing may be used for the worst case approximation.
2.8.3 
Convolution method

Considering the fact that two fade phenomena are not correlated, their statistical distributions can be combined in an independent way. The cumulative distribution P(At) of the total attenuation At is then described by the convolution:
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where: P1(A) is the probability density distribution of fade phenomenon 1 

P2(A) is the cumulative distribution due to fade phenomenon 2. 

This method can be applied numerically so that both distributions are divided into n equally spaced probability intervals Δp about pi (pi-Δp/2, pi+Δp/2). All combinations of the fade A1,i and fade A2,j are first summed as Aij= A1,i + A2,j, and then the sums Aij are ranked in order of size to obtain the cumulative total fade distribution.
2.8.4 
Disjoint summing

If two phenomena are disjoint, their statistical attenuation distributions can be combined by adding the probabilities for given attenuation levels. A typical case is when attenuation effects are calculated separately for rain and non-rain conditions. Then, we get
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where:At = total attenuation, and a =  fixed threshold level of attenuation
The probabilities for the rain and non-rain components are calculated over the total (rainy and nonrainy) time. Disjoint summing is recommended if it is possible to calculate disjoint distributions. Unfortunately, the required meteorological input parameters are not usually available separately, i.e. for rainy time, non-rainy cloudy time and clear-sky time.
Disjoint summing of monthly distributions

One way to decrease the error due to the combination of various attenuations is first to calculate monthly distributions of total attenuation using some approximation and then to calculate the annual distribution using disjoint summing from monthly distributions. This method is used in the combining method of (Feldhake, 1997) and using the monthly prediction model of (Konefal et al., 2000). One problem with this method is that it is difficult to find reliable worldwide input data on a monthly basis.

2.8.5 
Root-sum-square addition

One possible method for combining two attenuation distributions is to use the following formula:
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It is easy to see that this equation gives smaller values for total attenuation than the equiprobability summing if equation (78) is written as:
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Therefore it is clear that equation (80) generally underestimates the combined attenuation. For example, the average combined attenuation is smaller than the sum of the averages of the components. One feature of equation (80) is that the effect of the smaller component decreases when the bigger component increases. For example, in the case A1 =A2=1 dB the result is 1.41 dB but if A1 =1 dB and A2=10 dB the result is 10.1 dB. Due to these numerical properties, this method is not generally useful for combination purposes.

2.8.6 
Coherent summing

If all attenuation phenomena can be calculated for a given time ti, then total attenuation can be 
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When the total attenuation values are calculated for a given period, the distribution for that period can easily be produced. However, it is difficult to find a single time series source for all the necessary radio-meteorological input data and also the amount of these data would be enormous for global predictions. Therefore, this method can be used only as a reference method to test other combination methods for such cases when different phenomena can be calculated from the common time series data set.
2.8.7
Prediction of Combined Propagation Effects
All the propagation impairments discussed in subsections 2.3, 2.5, 2.6, and 2.7 originate in the lower troposphere and their respective sources are highly interdependent. For example; 
(i) Cumulus clouds can produce both attenuation and scintillations; 
(ii) The melting layer is associated with low-intensity rain; and
(iii)  Gaseous absorption increases during rainfall due to the increased water vapor content in the atmosphere. 
These simultaneous occurrences of such phenomena are strong possibility at the Ka band and above. As a result, a procedure for combining the different impairments to produce an overall cumulative fade distribution is not directly evident. This is compounded by the fact that most impairment prediction models are semi-empirical in nature due to an incomplete understanding of the physical mechanisms as well as the lack of an adequate characterization of the various sources producing the impairments. Methodologies available for combining impairments generally limit themselves to combining only the absorptive and non-absorptive components. Several approaches have been considered in the literature for combining the individual attenuation contributions to produce the overall attenuation distribution (Asoka, et. al., 2002). These are; 

a) Direct addition on an equi-probable basis, 
b) Root-sum-square addition on an equi-probable basis,  

c) Equi-probable weighted addition, and statistical interpolation. 
The first approach considers all attenuation effects as being correlated and all attenuation are added, while the second approach treats attenuation effects as being partially uncorrelated. Therefore, RSS summing is adopted for the total attenuation in this work. Finally a third approach that reflects the interdependence of various attenuation factors and considers some of the propagation effects as uncorrelated used the Equi-probable weighted addition, and statistical interpolation (Castanet, 2001). 

The ITU-RP 618 (2003) method of combining propagation effect due to multiple sources of simultaneously occurring atmospheric attenuation was based on interdependence of various attenuation factors and considers cloud and rain attenuation as correlated, while it considered tropospheric scintillation as partially correlated with rain and cloud attenuation, but consider gaseous attenuation as uncorrelated with rain, cloud and scintillation. So a root-sum-square addition and equi-probable weighted addition was used. This method was adopted in combining all the propagation impairment studies for the 37 locations in Nigeria.

2.8.8 
Estimation of Total Attenuation due to Multiple Sources of Simultaneously Occurring Atmospheric Attenuation

The following ITU –RP 618, (2003) procedure was used in the estimation of combined effect of rain, gas, clouds and scintillation. For systems operating at frequencies above about 18 GHz, and especially those operating with low elevation angles and margins, the effect of multiple sources of simultaneously occurring atmospheric attenuation must be considered.

A general method for calculating total attenuation (dB) for a given probability, AT (p), is given by:
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where;

AR (p) is attenuation due to rain for a fixed probability (dB), as estimated in chapter three.

AC (p) is attenuation due to clouds for a fixed probability (dB), as estimated in chapter four.

AG (p) is gaseous attenuation due to water vapour and oxygen for a fixed probability (dB), as estimated in chapter five.

AS (p) is attenuation due to tropospheric scintillation for a fixed probability (dB), 
where:

AC (p) = AC (1%) 


for p < 1.0% 



(85)

AG (p) = AG (1%) 


for p < 1.0% 



(86)

Equations (85) and (86) take account of the fact that a large part of the cloud attenuation and

gaseous attenuation is already included in the rain attenuation prediction for time percentages

below 1%. A Matlab 7.0 program was written to implement equation (84). 
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Figure 2.1: Illustrating a single Scattering process: Ψ is the scattering angle
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Figure 2.4: Raindrop size and shape: Increasing drop size leads to   increasing 	         deformation (oblateness) and increasing polarization amplitude difference
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