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ABSTRACT
Dust carry non-spherical particles which in the absence of turbulence or shear wind and
hydrodynamic forces, tend to orient their major axis in the vertical plane, thus resulting in
particles anisotropy which may contribute to Cross Polarization Discrimination (XPD)
degradation due to differential phase shift. This research presents an improved model of
harmattan dust effect on cross polarization of microwave access radio link operating between
15GHz and 38GHz. Meteorological data such as dust mass concentration, visibility, etc. for
ten years (that is, 2003 to 2012) were obtained from Nigerian Meteorological Agency
(NIMET) and the five months harmattan period data was sorted out. The sorted data were
used to deduce important parameters like dielectric constant, relative particle volume and so
on. Then, the complex propagation coefficients (attenuation and phase shift) were deduced as
a function of wave frequency, media dielectric constant depolarization factor and fractional
volume of dust storm using Maxwell’s electromagnetic equation for a random medium.
Mathematical background for XPD was then established as a function of signal frequency,
dielectric constant of dust storm, particle size probability distribution function and visibility.
Finally, a link budget analysis was done for some selected frequency values of 18 GHz, 23
GHz, 27 GHz, 30 GHz and 35 GHZ to deduce a fade margin of 52.073dB, 50.5313dB,
41.2168dB, 43.1843dB, 41.6434dB and 41.3091dBrespectively due to the depolarization
factor of harmattan period in Kano. A percentage time availability of 99.99 percent was
obtained for the selected antenna thereby showing the validity of the developed model based

on Rayleigh’s distribution Model for Link availability.

xii



CHAPTER ONE

INTRODUCTION
1.1  Background of Study
Wireless communications service providers are currently facing challenges due to the
congested radio spectrum which has imposed the use of higher frequencies. However, higher
frequency bands are more sensitive to weather conditions and microwave signal degradation

due to rapid increase in atmospheric particles.(Elsheikh et al., 2010).

The termgeographical dust usually refers to solid inorganic particles that are derived from the
weathering of rocks. In the geological sciences, dust is defined as particles with diameters
smaller than 62.5 pum. In the atmospheric sciences, dust is usually defined as the material that

can be readily suspended by wind (Shao, 2008).

Increase in frequency of occurrence of dust storm has made the study of wind-blown dust
particles as well as their effects on human activities an important topic for research.
Appreciable interest has been expressed in the problem associated with influence of dust
storm on microwave link performance(Kok et al., 2012). This has been largely attributed to
the continuous growth of satellite and terrestrial microwave systems and the use of higher
frequencies. There is now spectral congestion of microwave radio frequency range owing to
the emergence of new technologies and high demand of telecommunication applications,
such as mobile video traffic and other multimedia applications over the past decade. This has
given rise to a steady move towards higher carrier frequencies for increased information
transfer rates and to further miniaturize equipment for portability. However, a range of
meteorological phenomena such as dust storm make microwave propagation a serious
problem as operations can be hampered by attenuation due to dust storm particles (Musa et

al., 2014a)



1.2 Significance of Research

The research is important to discover the effect of dust on microwave access links operating
in regions prone to harmattan dust. The results can then be used to deduce the depolarization
loss and then effectively calculate link budgets in these regions to reduce link outages during
the harmattan season.

1.3 Statement of Problem

The reliability of microwave signals operating in areas that have high rainfall, a lot of
obstacles,where dust and other particles are abundant in air is limited. The effect of dust on
microwave signals have attracted interest of researchers because dust is associated with poor
visibility which causes high attenuation in the long run. Therefore, there is a need to consider
the effect of dust (for areas having abundant dust quantity in air)when developing models for
cross polarization of microwave access radio links and when designing a link budget to
ensure precision in the fade margin calculation. Thus, the motivation was to investigate the
phenomenon of depolarization of microwave signal, propagating through atmosphere having
dust particles. The factors of dust size parameter, frequency of incident wave, the angle of
incident, and dust permittivity, dust storm visibility and water content analysis was taken into
consideration to obtain cross-pole discrimination of electromagnetic wave propagation in the
dust storm. Finally, a loss margin due to depolarization was computed from XPD results.
This loss margin was added to the traditional link margin calculation for microwave line of
sight path planning within the telecommunication radio access frequency range of 15 to 38
GHz.

1.4 Aimand Objectives

The aim of this research work was to examine the effect of dust storm on the cross
polarization of a microwave access radio link operating between 15GHz to 38GHz in order to

establish an improved mathematical model which includes loss margin due to XPD



degradation for fade margin calculation. This loss margin was added to the traditional fade
margin calculation for microwave line of sight link at the microwave radio access network.
The objectives of this research were as follows:
I.  Establish a mathematical relationship between XPD and the variables (particle
size density, visibility, propagation frequency and permittivity).
ii.  Establish a loss margin due to XPD degradation using deduced XPD values and a
line of sight fade margin due to XPD degradation.
iii.  Design link budget template to account for losses due to dust depolarization.
1.5  Methodology
The following steps were taken to achieve the objectives:

i.  Solving Maxwell’s electromagnetic equation in the random medium (dust storm
medium) to deduce complex propagation coefficients (attenuation and phase constant)
as functions of variables including wave frequency, media dielectric constant,
depolarization factor and fractional volume of dust particles.

ii.  Deduction ofthe mathematical relationship between visibility and fractional volume of
dust particle.

iii.  Using meteorological data in Kano to deduce dielectric constant.

iv.  Establishing:

a. Probability distribution function from particle size distribution data.

b. Mathematical relationship between XPD as a function of signal frequency,
dielectric constant of dust storm, particle size probability distribution function,
and visibility at foremost.

v. Deduction of the fade Margin due to wave depolarization of a co-channel dual
polarized microwave transmission link

vi.  Modelling and programming using MATLAB R2015b and validation of results.



1.5 Dissertation Organization

The organization of this dissertation report is as follows: Chapter one presents the general
background of the study. In Chapter two, review of fundamental concepts pertinent to this
research work and detailed review of similar works were presented. Chapter three covers
detailed explanation of methods and materials used in this work and Chapter fourcentres
onthe results and discussions. In Chapter five, conclusions, significant contributions,
limitations and recommendations are presented.The references quoted in this dissertation

report as well as appendices have also been provided.



CHAPTER TWO

LITERATURE REVIEW
2.1 Introduction
This Chapter presents a review of the fundamental concepts such as microwave systems and
applications, radio waves transmission and losses and so on. It also presents a critical review
of previously published research works which are considered very similar to this research.
2.2 Review of Fundamental Concepts
Some fundamentals such as microwave propagation basics, radio waves characteristics, dust
storm characteristics amongst others are presented in this chapter. Included also are concepts
and model equations relevant to this research.
2.3  Microwave Propagation Fundamentals
Electromagnetic waves which have frequencies that are greater than that of the television
signals are known as microwaves(Jakes & Cox, 1994). Microwave transmission is a very
attractive transmission alternative for various applications. These applications range from the
coverage of the rural, sparsely populated areas to the well-developed areas that require rapid
expansion of telecommunications networks. Most of the commercially deployed terrestrial
microwave point-to-point (also called radio-relay) systems use frequencies from
approximately 2 to 60 GHz (and lately up to 90 GHz) with maximum hop lengths of around

200 km(Ali & Alhaider, 1992).
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Figure 2.1: Optical and Radio Line of Sight (Ali & Alhaider, 1992).

Microwave point-to-point communications operate in a propagation mechanism similar to
that of light propagation. Microwave radio communications require a clear path between
parabolic antennas, commonly known as a line-of-sight (LOS) condition as seen in Figure
2.1. LOS exists when there is a direct path between two separate points having no
obstructions (for example, buildings, trees, hills, or mountains) between them.
Radio waves propagation in free space or air occurs with acceptable loss while they are
attenuated rapidly in sea-water or inside lands, increasing with frequency. Generally, every
media of propagation is characterized by three parameters itemized as follows (Harb et al.,
2013):

i.  Permittivity denoted by € in Farad per meter (F/m)

ii.  Permeability denoted byu in Henry per meter (H/m)

iii.  Conductivity denoted by o in Siemens per meter (S/m)

In free space, values of the above parameters are:

€,=8.85x102F /m
t, =42x10™?H /m and

oc=0

where,



€, Is permittivity in free space,

U, is permeability in free space, and

o is conductivity in free space.
2.3.1 Microwave Radio Applications
Microwave radio is used as a transport medium to facilitateinformation transmission in
networks such as basic service networks, mobile cellular network, last mile access networks,

private networks amongst others. Figure 2.2 shows the typical application of microwave

application in GSM networks(Manning, 2009).

PSTN- Private switched tolophone netaorik
MSC == Mobilc switching center
BSC — Base slation controlier

01S — Base transcalver sysiem
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Figure 2.2: Microwave Application in a GSM Backhaul Network (Manning, 2009)
Microwave radio terminal has three basic modules which are as follows (Jakes & Cox, 1994):
i.  Digital Modem: To interface with customer equipment and to convert customer
traffic to modulated signal.
ii.  RF Unit: To up and down convert signal in the RF Range.
iii.  Passive Parabolic Antenna: For transmitting and receiving RF signal.
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Given any two microwave station, the distance between them is called a hop. A hop can be
exclusively explained as the portion of a signal’s path from source to receiver. Figure 2.3
shows a pictorial representation of two microwave terminals forming a hop and thus, a

microwave communication which requires line of sight (Manning, 2009).

Waveguide or direct
connection
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1 .
"Outdoor | Outdoor

RF RF
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! ! ! !

Figure.2.3: One Hop of Microwave Transmission (Manning, 2009)
In microwave transmission, frequency bands of 7GHz, 15GHz, 18GHz, and 23 GHz and
26GHz are allowed for deployment in the transport network by private operator based on the
following (Rai, 2012):
I. 15 GHz, 18 GHz and 23 GHz, 26GHz bands are used for access network.
ii. 7 GHz band is used for backbone network.
iii.  Different channelling plans are available in these bands to accommodate different
bandwidth requirements.
For tropical regions like Nigeria, microwave transmission is operated within commercial
frequencies of 7GHz, 15GHz, 18GHz,23Ghz and 26GHzwith a speculated future use of

35GHz and 38GHz (Kesavan et al., 2012).



2.3.2  Transmission Losses in Radio Communication
Generally, radio waves propagating between transmitting and receiving antennas encounter
transmission losses. These losses, in addition to free space loss, are subjected to excess
attenuations, including the following items amongst others (Islam et al., 2010)

I.  RF feeder loss

Ii.  Propagation mechanisms losses

iii.  Depolarization loss

iv.  Losses due to precipitation (such as dust particles, raindrops, gaseous absorption etc.)
This research hereby focuses on the effect of losses which are due to precipitation (dust
particle to be precise) on cross polarization of microwave access radio link.
2.4  Dust Particle Geometry
Dust is a composition of small particles having random irregular shapes without any specific
symmetry and cannot be described by any simple geometry. The dust particle shape may vary
from needle-like to almost perfect sphere or disc(Sharif, 2015). Dust particle shape is very
complicated; the nearest geometry that approximates dust particle is the ellipsoid with axis

ratio varying over wide range (from 0 to 1) as shown in Figure 2.4(Musa et al., 2014a).

asz

az

Figure 2.4: Ellipsoidal Model of Single Grain Dust Particle (Sharif, 2015).

The ellipsoid geometry has three degrees of freedom which give good approximation for the

shape of realistic dust particles. The aspect ratios of the three axes a,,a, anda, were

9



investigated and a ratio of the axis is found to be 1:r, : r, which corresponds to 1:0.71:0.53

(Vyas et al., 2014).

2.4.1 Particle Size Distribution

Particle sizes and distribution are important parameters both for investigating the
characteristic properties of dust storm and calculating signal transmission parameters. The
particle size distribution function affects the wave attenuation in dust storm. Attenuation and
phase shift of a microwave signal have been estimated utilizing measured particle size
distribution or numerical distribution methods. Unlike rain, there is paucity of data on dust
particle sizes. Generally, the particle size distributions of dustare varied considerably and no

clear pattern of prediction seems to be available (Sharif, 2015).

If the probabilityof finding particles with axis ratio between a, and a, in the range

Mo <Ir<r

m+1

isP,(r) and the probability of the particles with axis ratio between a, and a,
intherange r,, <r<r,, is P (r), then the probability of finding particles with and axes

ratios within their respective ranges is P, (r)P, (r) (Ghobrial & Sharief, 1987).

2.4.2 Particle Size Measurement Methods

The sizing methods involve both classical and modern instrumentations, based on a broad
spectrum of physical principles. The typical measuring systems may be classified according
to their operation mechanisms(Syvitski, 2007). The various methods used in measurement of
particles are sieving, microscopy and sedimentation technique. Each of these methods have

their advantages and disadvantages as shown in Table 2.1

10



Table2.1: Comparison of Particle Size Distribution Measurements Methods(Syvitski, 2007)

Sieving Microscopy Sedimentation

Easy to perform Particles are Required equipment can be
individually relatively simple and
examined impressive

Wide range of sizes Visual meansto  Can measure a wide range of

Advantages . . .

see sub-micron  sizes with accuracy and
specimens reproducibility

Impressive Particle shape

can be measured

Problem of Very expensive  Large particles create
reproducibility turbulence, are slow and

recorded as undersize

Wear or damage when in  Time consuming  Careful temperature control
use or clearing sample IS necessary to suppress

preparation convection currents

Irregular/agglomerated Materials such as Particles have to be

Disadvantages particles emulsion are completely in the
difficult to suspending liquid
prepare
Labour intensive Not suitable for ~ The lower limit of particle
routine use size is set by the increasing

importance of Brownian
motion for progressively

smaller particles

2.4.3 Dielectric Constant of Dust
The dielectric constant (or permittivity) of dust particle comprises two parts, which are the

real part and the complex part. The real part of the relative permittivity of dust particles is an

11



important factor in determining depolarization and the imaginary part is a critical factor in the
attenuation caused by the energy absorption. In turn, the moisture uptake is significant for the

real part and critical for the imaginary part(Musa et al., 2014b).

Microwave signal energy is lost in dust clouds through scattering, polarization loss, and
absorption, all of which are created when dust particles in a volume of air change the
electromagnetic properties of that volume. The net effect of mixing air and dust particles can

be described by a dielectric mixing model(Wikner, 2008).

Since dust is a mixed material, the most accurate and popular formulae for effective
permittivity is the Maxwell Garnett formula. The Maxwell Garnett formula for effective
permittivity of a mixture in i direction, having suspended ellipsoidal particles with

permittivity €, suspended in a medium with permittivity €, and particle having dielectric

constant of € is given as (Sharif, 2015):

e—-¢e,
€,=¢€, {1+V < A~ Ea)} (2.1)

where:
V is the volume of ellipsoidal particle in unit volume of storm

A is the depolarization factor along the ith axis for i =1,2,3,...

2.4.3.1 Effect of Moisture Content on Dielectric Constant (Permittivity)

The dielectric property of water within mixtures is not the same as that of pure water because
the ion content of water within mixtures is different. An example can be seen in Figure 2.5
where the exposure of water to silica dust particles promotes the ions transfer to water, which

form an ionic halo around the particles(Liu et al., 2013).

12
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Figure 2.5: Variation of Dielectric Constant of Silica Dust Particles as a Linear Function of
Moisture Content at 10 GHz(Liu et al., 2013).

Hygroscopic water increases both real and imaginary parts of the dielectric constant. Water
contents as low as 4.8% by weight cause the real part to increase by 48% and imaginary part
by over 600% as observed in Figure 2.5. Chemical analysis shows that the major constituents
of dust are SiO,, Al,O3 and Fe,O3. Of these, SiO, is the major contributor to the real part
while Al,O3; has the greatest effect on the imaginary part. The changes in both real and
imaginary parts of the dielectric constant with frequency are small (Sharif, 2015).

2.4.3.2 Dielectric Constant for KanoRegion

Kano, which is a commercial city located in central northern Nigeria, records accumulations
of 170-230 g/m?/yr of dust (McTainsh, 1984). Thus, Kano area lies within the path of
present-day dust plumes and on the humid margins of the Quaternary dune fields appear the
most likely area of dust mantle formation (McTainsh, 1984).

David and Moses, (2011), presented a measurement of dielectric permittivity across Nigeria
(Kano inclusive). In order to relate soil volumetric moisture content with relative dielectric
permittivity,a simple formula can be used to obtain the relative dielectric permittivity which
is given as(Topp et al., 1980):

€,=3.03+0.30, +14667 - 76.76. (2.2)

13



Where; 6, is the soil volumetric content.

The graphical relationship between relative permittivity and volumetric moisture content for
Kano region is shown in Figure 2.6 (David & Moses, 2011). From Figure 2.6, it can be seen
that the graph follows the pattern of a cubic equation which is in conformity with the general

formula for relative permittivity.

Relative Permittivity
D

0 0.05 0.1 0.15 0.2

\Volumetric Moisture Content
Figure 2.6: Permittivity Against Moisture Content (Kano Zone) (David & Moses, 2011)

2.4.4 Cross Polarization Discrimination Induced by the Atmosphere

In order to increase the line capacity of a given link without increasing the bandwidth of the
signal, one generally resorts to orthogonal polarizations of either rectilinear or circular
orientation. By using orthogonal polarizations, two independent information channels
occupying the same radio frequency band can be transmitted over a single link. However,
when a wave propagates through the atmosphere, a part of the energy emitted with a given
polarization becomes orthogonally polarized, thereby causing interferences between the two

communication channels (Bashir et al., 2013).

While the orthogonally-polarized-channels are completely isolated in theory, some degree of
interference between them is inevitable, owing to less-than-theoretical performance mobile

station antennas, and depolarizing effects on the propagation path. The main sources of this
14



depolarization of wave frequencies are hydrometer absorption and scattering in the

troposphere(Ghobrial & Sharief, 1987).

Depolarization is the phenomenon whereby all or part of a radio wave transmitted with a
given polarization has no longer any defined polarization after the propagation. The
phenomenon of trans-polarization is characterized by the appearance, during the course of
propagation, of a polarization component (cross-polar component) orthogonal to the initial

polarization (co-polar component) (Rai, 2012).

2.4.4.1 Cross and Co-polarization

A measure of the degree of interference between the two orthogonally-polarized channels is
the Cross Polarization Discrimination which is simply denoted as XPD(Sharif, 2015). For
example, letEjbe the magnitude of the electric field at the receiver that is transmitted in
polarization state i and received in the orthogonal polarization state j (i,j=1,2). Hence Ejs,
E2.denote the co-polarized waves and E,;, Ejorefer to the cross-polarized waves as shown in

Figure 2.7.
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Figure 2.7: Co-Polarized and Cross Polarized Wave (Sharif, 2015)

XPD is the ratio (in dB) of the power in the co-polarized wave to the power in the cross-

polarized wave that is transmitted in the same polarization state (Sharif, 2015).
15



XPD = 20log % (2.3)

21

2.4.5 Analytical Methods to Single Particle Scattering

The analytical method is the use of conventional mathematical solutions of Maxwell’s
equations for the scattering of electromagnetic waves by dielectric particles. Thesemethods

include the Rayleigh approximation method and the Mie theory (Islam et al., 2010).

2.4.5.1 Rayleigh Approximation Method

The Rayleigh approximation scattering is about the simplest approximation method. It is a
function of electric polarizability of particles and occurs when the particle is electrically
small. However, once the particle is of the order of the size of the wavelength, Mie scattering
occurs (Sharif, 2015). The assumption for Rayleigh approximation is that k <1

2
k=—" 2.4
. (24)

where:

k is the wave number,

A is the wavelength
In the Rayleigh approximation, the field inside the scattering particle is not modelled
properly. For an exact solution the scattered field reflects all the properties of the object
which is no longer true for an approximation solution. The total cross-section efficiency

factor is expressed as (Sharif, 2015):

2

c-1
&+2

(2.5)

o E ma?(ka )+ 12na2(ka)m}

where:

a is the particle radius,
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k is the wave number,

g'and &' are the real and imaginary relative dielectric constants of the particles.
2.4.5.2 Mie Theory
Mie theory unlike that of Rayleigh, gives a complete analytical solution of the Maxwell’s
equations. The solution accommodates possible ratios of particle diameter and wavelength.
The extinction or total cross-section efficiency factors by Mie solutions can be expressed as

(Sharif, 2015):
00 = 2 (ka)?[er + ¢z (ka)2c; (ka)?)] (2.6)

where, C,,C, and C, are constants whose values depend on ¢'and &' defined as:

6"
ey 2.7)
_ )BT+ 420 1 5 -
. {5 (e+2f +e2] 15 323y + 4e } (28)
C3 — ﬂ (8'—1)2 (g'+2) + [2(8'—1)(3‘42.2) _ 9]+ iz -
3 [(e+2)? + &)

The Mie theory application is limited to spherical particles only but do not depend upon any
such limitation and can be utilized to predict attenuation in microwave wave band with high
reliability, especially at higher frequencies used by new systems with larger bandwidth.

2.4.6 Dust Storm Depolarization

Depolarization of dust storm involves the depolarization of microwave propagation through
atmosphere having dust particles of ellipsoidal shape. When a linearly polarized wave
incidents on a non-spherical dust particle at an angle of@, the electric vector of the wave can

be resolved into two components and along the OX and OY axis as shown in Figure. 2.8.
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Figure 2.8: Relationship between Incident Canting Wave E and Depolarized Wave E’(Ral,
2012).

E=E/+E,]j (2.10)
Thus, i and j are unit vector component on the OX and OY respectively where,
E, =Esindcosat (2.11)

and

E, = Ecosdcosat (2.12)

Furthermore, if a, and a, are the attenuation factors and g, and pB,, are the phase constant
along OX and OY axes respectively, depolarized wave vector may be expressed as:

E'=ELi+E ] (2.13)
where:

E, is the electric field of the OX axis,

E, is the electric field of the OY axis,

E', is the depolarized field in the OX axis,

E', is the depolarized field in the OY axis,

y
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Given that attenuation along OX and OY axes ase “*‘and e *'’and phase shift along

respective axes are expressed asf,L and f,L, therefore components E,'candE; can be

expressed as (Rai, 2012):
E'. = Esinée ™" cog[wt — B, L]
' —ayL
E',=Ecosee cos[cot - B, L]
Where;
L is the distance,

Q is the angular frequency and

tis time

(2.14)

(2.15)

In this case, if differential attenuation is considered to be the major cause of depolarization

produced by dust particles, then the effect of differential phase shift can be considered

negligible such that(Rai, 2012):
BB =081 =L

From Figure 2.8, it can be obtained that:

1
X

El

y

fany =

Substituting equations (2.14) and (2.15) into equation (2.17), this gives:

E sin & coglwt — 3, L]
tany = ——
Esinee ™ cos[a)t—ﬂyLJ

Substituting equation (2.16) into (2.18) gives tany as:
7ay)L

tany = tan e~

w =tan™ [tan &‘(“*‘“V)LJ
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(2.16)

(2.17)

(2.18)
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o [-(a, —a, )L(dB)
e = Iogl({ 20" (2.21)
Where «,,a, are in dB/km and L in km.
Substituting equation (2.21) into equation (2.20) gives ¥ as:
—\a, —a, JL(dB
W= tan‘l[tanelogl‘({ ( s 20y) ( )H (2.22)

Therefore, it can be seen from Figure 2.8 that due to differential attenuation the incident
linearly polarized vector is rotated by an angle while passing through the medium and attains
the resultant electric vector amplitude. It is, therefore, clear that the depolarization angle is

given by(Rai, 2012):

S=0-y (2.23)
—\a, —, JL(dB
S=0- tan{tan Hloglg{ (ax ;Zoy) ( )ﬂ (2.24)
Finally, XPD can be given as(Rai, 2012):
sing
XPD(dB) =20 Iog[w} (2.25)
XPD(dB) = 20log(tan &) (2.26)

From equations (2.25) and (2.26), it may be noted that to find the value of depolarization, the

attenuation factors must be known.

2.4.6.1 Visibility
Knowledge of visibility has guided the formulation of propagation models in dust storm. It is
a more realistic parameter that meteorological observations of dust storms are usually based
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upon. Optical visibility is directly related to the severity of dust storms and thus a measure of
the severity of the storm. Visibility is often used to describe the distance at which a mark
disappears against the background for terrestrial dust storm. The term visibility is also
normally applied to denote the degree of dust storm density instead of the total number of
dust particles. Needless to mention that visibility decreases with increasing intensity of dust
in a storm. Low visibility implies high number concentration of particles while low number
concentration of particles represents high visibility. A measure of the severity of a dust storm
is visibility, which decreases with increasing number of particles in the atmosphere (Musa et

al., 2014a).
The mass of suspending dust per unit volume of air is related to visibility as seen in the

equation (2.27) (Saleh & Abuhdima, 2011):

M:% (2.27)

Where;
M is the dispersed density in the medium (dust mass concentration) in Kg/m?®
vV is the Visibility (km)

C and , are constants that depend on the type of land from which the storm originated

as well as the climatic conditions.

There is no single value of C that is generally applicable to relate the mass concentration of
soil-derived aerosols and visibility. Different values have been reported in the literature

(Musa et al., 2014b).

When solid density pyis considered, equation (2.27) becomes:

=X (2.28)
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Substituting the mass (M) in equation (2.28) gives:

C
Vr:
poVY

where;

V, is the Relative dust volume in air,

Cand y are constants,

v is the visibility,

P, Is the relative density of air.

2.4.6.2 Dielectric Constant

(2.29)

The best technique used to obtain the dielectric constant of dust in any particular area at

different frequency bands is by measurement under experimental conditions. It has already

been established that moisture content of dust seriously increases the dielectric constant of

dust. The most reasonable and accurate values of dielectric constants for each frequency band

is shown in Table 2.2. However, the values of dielectric constant can also be obtained using

known or measured relative humidity values which can be computed as follows (Sharif,

2015):

€, =€ +0.04H —7.78x10*H? +5.56x10°H?
e, =€ +0.02H -3.71x10*H?* +2.76x10° H?

where; € +j e are the values of dry dust dielectric constants.
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Table 2.2: Dry Dust Dielectric Constants (Sharif, 2015)

Band Frequency Range (GHz) Dielectric Constant

S 2-4 4.56+j0.251
X 8-12 5.73+j0.415
Ku 12-18 5.5+j1.300
K 18-26.5 5.1+j1.400
Ka 26.5-40 4.00+j1.325
W 56-100 3.50+j1.640

2.4.6.3 Dusty Medium Permittivity

The permittivity of a dusty medium can be obtained using the Maxwell Garnett formula
shown in equation (2.1). Since the dust particles are assumed to be approximately ellipsoidal
in nature, the dipole moment induced on the dust particle depends on the direction of the
electric field that excite the particle. Thus, the dust medium is classified as an isotropic

medium in which the permittivity depends on the direction considered. Given an effective

permittivity of dust mixture g, , the following can be obtained (Sharif, 2015):

eE—¢€,
€4i=€, {1+V . +Ai(e - Ea)} (2.32)

where:
V is the volume of the dust particle,

A is the depolarization factor in the i-direction,
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€ is the permittivity of the dust particle suspended in a medium,

€, Is the permittivity of the medium which is air.

For a medium of air, €, has a value which is equal to one (1), thus equation (2.32) can be re-

written as:
e-1
€, =€, 1l+V—-F"7"— 2.33
4, a { 1+ A, (G _1)} ( )
€gi=1+¢ (2.34)

where; €,,=1+¢; is the normalized polarizability (that is, the ability of the particles to

acquire a dipole moment in an electric field), divided by the volume and permittivity of free

space.

2.4.6.4 Wave Attenuation in a Lossy Medium

For a lossy medium, electromagnetic fields must always satisfy Maxwell’s equations
assuming sinusoidal time dependence. To evaluate the attenuation factor for horizontal and
vertical polarizations it is necessary to consider the value of propagation constant in a lossy

dielectric medium. The wave equation is given by(Hong et al., 2008):
V’E-y°E=0 (2.35)

Having a solution such that:
E=|Eje”e™z (2.36)
y=a+iﬂ=j%£ (2.37)

where:
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a is the attenuation,

B is the phase shift

w is the frequency

c is the speed of light,

€ is the dielectric constant of the medium (that is, suspended dust particle)
Z is a unit vector orthogonal to plane XY as shown in Figure 2.8

Given that N dust particles are contained in volume V, the propagation constant of the EM

wave facing the i" direction.

Yo =0 +if; = J%\/E_u (2.38)
where:

€; is the effective dielectric constant of the medium having suspended dust
Since,

ei:1+L_l) (2.39)

1+ A(e-1)
Then, equation (2.38) becomes:
: . ® V(Ee-1) |2
o +if = |l —— T 2.40
Vo =a +ip, JC{ 1+A(€_1J (2.40)

Now neglecting the higher power terms in the expansion for a very small value of V, equation

(2.40) gives:

of, V- |
e ) R
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Equating the real and imaginary parts and taking into consideration the equation of speed

which is(Bashir et al., 2013):

c="11 (2.42)

Hence, a; and B; can be obtained as (Sharif, 2015):

L 1

Thus,
a == |m{ﬂ}2 (2.44)
2|1+ A(e-D)
and
B, :2_” 1+REM % (2.45)
oA 1+ A(e-1) '

The attenuation along axes 1, 2, and 3 can be estimated utilizing measured Particle Size

Distribution (PSD) as follows (Ghobrial & Sharief, 1987):

1
Gy == DV P (2.46)
" Alm nt
el
T 1
Uy = —EZVPm Pl —— (2.47)
" AZm n +
el
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A3 mn :_%vam I:>n —1 (248)
" A3,m,n T

where:
P, is the probability of finding dust particle with a;/a, axis ratio in the range.
T_q <17 < T,y and,
B,, is the probability of finding dust particle with a,/a; axis ratio in the range,
Tme1 <7 < Tyt

2.4.6.5 Dusty Media Depolarization Factor

Given an ellipsoidal geometry of a dust particle as shown in Figure 2.4, where the semi axes
fall in the order, and are orthogonal in directions, the depolarization factor in the i"direction
is given as follows (Sharif, 2015):

_ 4@

AT

. 1
'[0 (s+ai\/(s+a1)(s+a2)(s+a3)) (249)

However, according to equivalent medium theory, dust particles can be equivalent to

homogeneous medium in which the radius of all particles are the same. Therefore, the
depolarization factor in the three axes of a,, a,and a, are 0.243, 0.324 and 0.432,

respectively (Sun et al., 2013).

For a vertically polarized wave, the direction of the electric field is parallel to the shortest

axis of the precipitating particle on the OY axis ( which can be given as(Musa et al., 2014a):
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1

=y =y, = —%ZVPm P Im (2.50)

1

+7
AS,m,n c —l

Similarly, the propagation constants for horizontal polarization on OX axis (are obtained
following the same analysis as for vertical polarization. However, in thiscase the subscript 3is
replaced by either 1 or 2. Since the particles have no particular orientation in the horizontal

plane, the attenuation and phase shift constants are obtained as follows (Musa et al., 2014b):

Vs 1 1
= —EEVPmPn Im T+ ] (2.51)

Almn+7 AZmn+7
m m e g

o, ta,
“=Tg

In conclusion, the value of the Cross Pole Discrimination (XPD) whose equation is presented

as equation (2.25) can be obtained based on the following:

i.  Computation of the horizontal plane attenuation, ay,

I.  Computation of the vertical plane attenuation, ay,

iii.  Computation of the differential attenuation, a, — a,,

iv.  Finally, XPD values can be obtained.

2.4.6.6 Loss Due to Depolarization

In order to obtain the loss due to depolarization in medium having sand of dust particles, E;
can be considered as the incident field. After passing through the medium, the polarization
plane of the incident wave changes such that if the medium produces the depolarization of an
angle, 6 then the effective values of electric field after passing through the medium will be E;
multiplied by the cosine of parallel to the medium having dust particles. This can be used to

obtain the loss due to polarization (L) as follows (Rai, 2012):
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2 2 2
L, - ES—E,;cos o (2.52)

o

where, 7, is the intrinsic impedance of the free space medium.

Thus,

1
L, =10lo 2.53
‘ g[cosz 5) (253)

Substituting §from equation (2.24) into equation (2.53) gives:

1

cos’ {0 —tan ‘{tan 0log 1—3[_ (o - a, )L(dB) H}

20

L, =10log (2.54)

2.4.7 Microwave Link Budget

When a wave signal is travelling along different paths thereby causing interference with other
waves travelling on the direct line-of-sight path, multipath fading is said to occur. Hence,
waves travelling along different paths end up completely out of phase and cancel each other.
The fading problem isresolved by having enough fade margin which is factored into the link
budget to overcome this loss when designing a wireless system. The amount of fade margin
required depends on the desired reliability of the link but it is always advisable to maintain a
fade margin of between 20dB to 30dB at all times. The percentage time availability of a link
can be deduced using the Rayleigh fading model such that each value of fade margin gives a
specific percentage time availability as shown in Table 2.3.Fade margin is calculated as

follows(Tranzeo, 2010):

Fade M argin(dB) = received Power — receive Sensitivity (2.55)
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Where; receive sensitivity is constant for the desired kind of antenna and the received power

is obtained as follows:

Re ceived Power = Tx Power + Gains — Losses (2.56)

Table 2.3: Link Availability Based on Rayleigh Fading Model(Freeman, 2005)

Time Availability (%) | Fade Margin (dB)

90 8
99 18
99.9 28
99.99 38
99.999 48

If the gains are those of transmitter (Tx) and receiver (Rx) antenna gains and the loss is Free-

Space Path Loss, then equation (2.56)is re-written as:

Re ceived Power = Tx Power +Tx Gain + RxGain — FSPL (2.57)
The Free-Space Path Loss (FSPL) is then obtained as follows:

FSPL =20log,,(d) +20log,, (f) +32.45 (2.58)
where:

d represents the distance between the transmitter and receiver

f is the frequency of the signal.

Thus, equation (2.55) can also be written as:
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Fade M argin=Tx Power + TxGain + RxGain — FSPL — receive Sensitivity

(2.59)

2.4.8 Eclipse Radio Datasheet
In order to validate the model developed in this research, the eclipse ODU300HP radio is
selected. The parameters of this radiois used to design a link budget template based on XPD

degradation for Kano. The parameters of the radio are illustrated in Table 2.4.

Table 2.4: Parameters of Eclipse ODU300HP Radio(Eclipse, 2015)

Frequency 18GHz | 23GHz | 26GHz | 28GHz | 32GHz
Tx Power(dBm) 16.5 16.5 12.5 15 15
Tx Antenna Gain (dB) 88 87.5 82 83.5 83
Rx Antenna Gain (dB) 88 87.5 82 83.5 83

Receive Sensitivity (dBm)  -71.5 -71 -69.5 -69 -68.5

Table 2.4 shows the data for different frequencies of the specified radio at a bandwidth of
200Mbps. These parameters can be used to obtain the value of received power when

performing a wireless link budget analysis.

25 Review of Similar Research Works

This section deals with the review of previously published research works that are considered
to be directly relevant and critical to this research. It is from these reviews that the extent of
research in this area will be known and what achievements and contributions have been

made. However, the following are some of the relevant literatures reviewed.

Elshaikh et al., (2009) developed a mathematical model to predict the signal attenuation due

to dust storm. The model was used to calculate the signal path attenuation based on Mie
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solution of Maxwell’s equation. The model enabled a convenient calculation of the
microwave signal path attenuation which related attenuation to visibility, frequency, particle
size and complex permittivity. The proposed mathematical model showed that the microwave
signal attenuation due to dust storm depended on visibility, frequency, dust particle radius
and dielectric constant. There were directly proportional relationships between the
attenuation values and the frequency, dust particle radius and dielectric constant, while it had
inverse proportional relationship to visibility values. The predicted values from the
mathematical model, which were compared with the measured values observed in Saudi
Arabia and Sudan showed relatively optimistic agreement. However, the proposed
mathematical model, did not take in to account effect of moisture content in these areas as

reported by other authors.

Islam et al., (2010) developed a model to predict microwave attenuation due to dust particles
using Mie solution of Maxwell's equations for the scattering of electromagnetic wave. The
predictions showed that the attenuation varied from 13dB/km to 0.2dB/km at 40GHz for dust
particle radius equal to 50um and the visibility varied from 10m to 500m. At higher
frequency of 100GHz, the attenuation varies from 47dB/km to 2dB/km for dust particle
radius equal to 50um and the visibility varied from 10m to 500m. The predicted values from
the mathematical model were compared with the measured values observed in Saudi Arabia
and Sudan. The proposed model predicted the measured data more accurately than existing
model. The accurate prediction was useful to design higher frequency links at areas affected

by dust storms. Though moisture content was not taken into consideration.

Dong et al., (2011) carried out quantitative studies on the attenuation and phase delay caused
by dust storms using ‘“effective material technique and general formulation complex

propagation factor”. The analysis took into account multiple scattering effects in the
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computation of attenuation, a factor which was not considered were the scattering theories
(Rayleigh scattering approximation and Mie scattering theory). Attenuation at different
frequencies was calculated and their values were validated with the ones obtained from
Raleigh scattering. From the results presented, it was established that attenuation dropped
dramatically with the increase in visibility and that the attenuation is insignificant except for
very high frequencies (above 30 GHz) as well as for very dense storms. The results also
revealed that for a propagation path of over 1 km having a visibility of 10m, there might be
tendency of severe cross-polarization, which could lead to a signal loss in microwave and
millimetre-wave links. However, extra work needs to be done in order to precisely compute
the complex permittivity of dust particles mixing with air and water so that a precise model of

dust storms with respect to signal attenuation and phase delay is obtained.

Saleh and Abuhdima, (2011) investigated the effect of dust storms on wireless
communication, such as microwave links (15 GHz to 26GHz), in the southern region of
Libya (Sebha, Ashati, Obari, Morzok, Ghat) by determining the attenuation. The author
carried out analysis for samples such as particle size distribution, average density and
chemical composition, which were used to compute the dielectric constant and attenuation
factors. Calculation of average density and complex permittivity of samples in Southern
region were equal to 2.5764gm/m?, 6.3485-j0.0929, respectively and the attenuation constant
of the region of study was equal to 0.2412dB/km where weather conditions due to dust
storms were described as visibility equal to 4m (worst case) and humidity equals to O percent,
60 percent and 100 percent at any height. However, the lesser accurate Looyenga equation
was used to calculate dielectric constant of mixture of air, water and dust instead of the
Maxwell Garnett’s equation that is a more accurate model for evaluating dielectric constant

of mixture.
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Musa and Bashir, (2013) investigated effects of dust storms on propagation of
electromagnetic wave at millimetre wave band. Raleigh method was used to develop a
formula for attenuation based on the complex forward scattering amplitude of spherical dust
particles. The model showed that attenuation and phase shift were found to be dependent on
visibility, wavelength and complex permittivity. They were also observed to be dependent on
the moisture content of the dust particles in the storms. The geometry of the particle was
assumed uniform for all particles that is all particles were spheres of the same radii.However,
more recent research articles reveal that dust particles could best be approximated as
spheroids, and furthermore,recent authors validated that particle geometry and size
distribution were significant factors that affected attenuation in dust storms. These researches

disqualified Musa and Bashir, (2013) research.

Bashir et al., (2013)conducted a research work on the effect of propagation of
electromagnetic waves through dusty particles for quantifying some telecommunication
channel impairments. Rayleigh scattering theory was used to compute the Cross-Polarization
Discrimination (XDP) for different sizes of dust storm particles. The results of the
computation were compared with the solutions obtained from Maxwell’s main equations
using a Point Matching Technique (PMT) and it showed a strong correlation between
Rayleigh approximations and PMT. The XPD values were computed at frequency bands of
12 GHz to 18GHz. The author compared an analytical method (Raleigh scattering) to a
numerical method (PMT) where similar assumptions were made and similar results were
obtained from both methods. However, when the two analytical methods (Raleigh and Mie
scattering) were compared there was deviation in results due to the fact that Mie technique
provided full solution to Maxwell’s equation eliminating assumptions made by Raleigh. Thus

the use of Mie technique disqualified Bashir et al.,(2013) as being not perfect.
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Musa et al., (2014b) investigated the Cross Polarization Discrimination (XPD) induced by
dust storms at millimetre wave band. The work introduced simple models of wave
propagation through dust storms. The models were developed based on the forward scattering
amplitude of dust particles using Rayleigh method. It was observed that the phase shift and
the signal attenuation caused by dust storm vary directly with the frequency and dielectric
constant but were inversely proportional to the visibility. During severe dust storms,
attenuation became significant but negligible as the visibility increases. Rayleigh scattering
could be used to predict the losses at lower frequency side of the millimetre wave band.
However,the assumption of forward scattering amplitude of dust particle is insufficient in the

modelling of dust particle as this does not fully capture the effect of dust particle in air.

Sharif, (2015) investigated the electrical and mechanical properties of dusty media needed to
study the propagation of microwave signals in such media. The parameters which were

considered in this paper included

(i) The dust particle geometry which was approximated as an ellipsoid

(i) Its orientation when suspended in air and the dust particles particle size distribution which

was found to follow power law.

(iii) Visibility statistics during dust storms as observed in some towns in Sudan, and its

variation with height, permittivity and depolarization factor of the dusty medium.

The permittivity and depolarization factor were derived based on Maxwell Garnett formula
and dusty media propagation constant and phase shift were used to estimate signal
attenuation and cross depolarization. The author concluded that depolarization factor
computation involved solution of the first and the second kind Elliptic integral hence the

computation of the dusty media depolarization and permittivity was not simple and it needed
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some efforts. Numerical computations were evaded in this paper because the author
highlighted the difficulties involved in the computation of cross depolarization. Secondly,the
author observed power square law was best fit for particle size distribution. However, several
literatures have proven that the log normal distribution is the best model to represent particle
size distribution. This is because power square law is an inaccurate curve fitting model
associated with a high error value thus the research is guaranteed to have high modelling

errors.

Bilal et al., (2015)investigated the impacts of dust storms with respect to the polarization
conditions of microwave signal. The depolarization model described was used to compute the
differential attenuation and phase shift for the six microwave bands (S, X, Ku, K, Ka and W).
The polarization indices were computed for different axial ratios and visibilities in the
presence of moisture for 0%, 5% and 10% relative humidity values. Results suggested that
induced differential attenuation and differential phase shift were high when axial ration of
particles were too small and visibility was low. It was found that differential attenuation was
more sensitive to relative humidity than differential phase shift particularly for low frequency
bands. Higher frequency bands were more depolarized by dust particles than low frequency
bands. However, formulae for horizontal and vertical complex propagation constants of the
medium referenced as basis for research were not verifiable. Graphs showing relationship
between differential attenuation and phase shift with respect to frequency, relative humidity,
and visibility were captured, however graphs of Cross Pole Discrimination (XPD) with
regards to variables highlighted earlier were not captured as it was the key parameter in this

research area.

In conclusion different researches that investigated the behaviour of microwave propagation

through dust storms have been critically reviewed. The parameters such as attenuation, phase
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shift, cross pole discrimination have been of great interest to the authors because they are key
microwave signal quality parameters in line of sight propagation. These parameters are
heavily dependent on variables like visibility, frequency, dielectric constant, particle size
distribution, moisture content of medium. There were limitations in each of the reviewed
researches, in the sense that some of these variables were not taken into consideration or not
analysed in details. Forexample, most of the authors neglected the effect of moisture content
while some used simple geometry for particle geometry. Hence, in this research every
variable that typically affects the propagation of microwave signal operating with a dual
polarization in dust storms is taken into consideration.

Also, most of the literatures consulted based their studies on either temperate region like
Europe or the Asian peninsular, where the design of microwave links are restricted to these
areas. More research work in this area is needed to be done in order to addressthe effect of
dust storm in many parts of Africa severely affected by these factors. This will lead to the
evolution of home based technologies that could be deployed to resolve such problems.
Based on the forgoing, this research work will seek to address some of the highlighted loop
holes associated with the works reported therein with particular attention to the peculiarities

in the North West of Nigeria, with Kano as a focal point.
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3.1

CHAPTER THREE

METHODOLOGY

Introduction

This Chapter presents the step by step procedure of the methodology used in achieving the

aim and objectives of this research. It also gives full account of how the research work was

carried out in order to obtain the desired results.

3.2

Methodology

The following steps make up the methodology followed to achieve the objectives:

Vi.

Solving Maxwell’s electromagnetic equation in the random medium (dust storm
medium) to deduce complex propagation coefficients (attenuation and phase constant)
as functions of variables including wave frequency, media dielectric constant,
depolarization factor, and fractional volume of dust particle.

Deduction of the mathematical relationship between visibility and fractional volume
of dust particle.

Using meteorological data (Kano) to deduce dielectric constant.

Establishing:

a. Probability distribution function from particle size distribution data,

b. Mathematical relationship between XPD as a function of signal frequency,
dielectric constant of dust storm, particle size probability distribution function
and visibility at foremost.

Deduction of the fade Margin due to wave depolarization of a co-channel dual
polarized microwave transmission link
Modelling and programming of attenuation and XPD data against visibility data using

MATLAB R2015b and validation of the results.
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3.3  Data Collection

Meteorological data for a period of ten years (2003-2012) was obtained from Nigerian
Meteorological Agency (NIMET) as shown in Appendix Al, A2, B1, and B2. The data
collected included dust mass concentration, visibility, relative humidity, and particle size
distribution for Kano. Tables 3.1 and 3.2 show the extracted data of visibility and relative
humidity respectively, during the significant harmattan periods (i.e. October to February).

Table 3.1: Extracted Monthly Visibility Average for Harmattan Period in Kano
Year | October(m) | November(m) | December(m) | January(m) | February(m)

2003 190 290 1590 280 1790
2004 1500 280 290 260 570
2005 1640 1440 140 160 3430
2006 5120 150 160 1620 2260
2007 140 130 230 220 1720
2008 3260 1390 100 1430 450
2009 100 200 100 200 1580
2010 100 100 100 110 3550
2011 150 120 100 120 2350
2012 100 100 1190 1800 300
Average 1230 420 400 620 1800

Table 3.1 shows the monthly visibility values of harmattan period for a duration of ten years
in Kano and its corresponding monthly average while Table 3.2 shows the same data set for

percentage humidity.
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Table 3.2: Extracted Monthly Humidity Average Values for Harmattan Period in Kano
Year | October(%) | November(%) | December(%o) | January(%o) | February(%o)

2003 59 33 29 29 27
2004 57 33 31 32 28
2005 62 36 30 32 27
2006 55 37 33 30 25
2007 60 38 31 31 28
2008 60 34 32 29 28
2009 56 36 30 30 27
2010 58 35 32 32 27
2011 63 38 31 30 28
2012 52 33 32 30 25
Average 58.2 35.3 31.1 30.5 27

3.4  Deduction of Complex Propagation Attenuation and Phase Constant

Maxwell’s electromagnetic equation was used to obtain the complex propagation coefficients
(that is, attenuation and phase constant) in a dust particle medium. The attenuation and phase
constant were derived as a function of wave frequency, dielectric constant, depolarization
factor and fractional volume of dust particle. However, the attenuation and phase constant
can be obtained from equation (2.40) and equation (2.51), depending on the vertical and

horizontal polarized wave and the direction of the electric field.

Equations (2.44) and (2.45) were used to obtain the values of attenuation and phase constant
of microwave signalpassing through a dusty medium. This puts into consideration the effects
of depolarization and the probability distribution of dustin two dimensions (i.e. horizontal and

vertical).

40



3.5  Mathematical Relationship between Visibility and Dust Mass Concentration for

Kano Region

Based on the selected values gotten from the extracted data shown in Table 3.1 and Table 3.2,
the logarithmic average visibility and mass concentration values were used to obtain a
relationship based on the linear graph equation. This was used to obtain the dimensional and

dimensionless constants C and y, respectively, whereby Cis the slope and y is the

intercept of the graph. Table 3.3represents the selected values of visibility against dust mass

concentration arranged in ascending order.

Table 3.3: Mean Values of Visibility Against Mass Concentration

Visibility | Mass Concentration
(m) (Kg/m3) LogV Log M
400 0.00000183 2.60206  -5.73754891
420 0.00000177 2.6232493 -5.75202673
620 0.00000125 2.7923917 -5.90308999
1230 0.000000673 3.0899051 -6.17198494
1800 0.000000476 3.2552725 -6.32239305

This was then used to plot a graph as shown in Figure 3.1 so as to obtain the relationship

between visibility and mass concentration of dust for Kano region.
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Figure 3.1: Logarithmic Plot of Visibility Against Mass Concentration

From Figure 3.1, it can be seen that the linear graph can be represented by an equation which

can be used to obtain both the slope and the intercept of the graph as follows:

y =—0.8983x —3.3969 (3.1)

where,

y corresponds to LogM and

X corresponds to LogV

From equation (3.1), the slope was obtained as 0.8983 while the intercept when the value of x

equals zero was obtained as follows:

7 =—0.8983

and,

Log C =-3.3969
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C =4.01x10""kg/m?

3.6  Mathematical Relationship for Fractional Volume of Dust Particle

The mass of suspended volume of dust in air which is also termed as fractional volume of
dust particle can be obtained based on visibility as shown in subsection 2.4.6.1. This
relationship between visibility and suspended volume of dust particle is shown in equation
(2.29).

v _ 401x10*

T 1.3xy 08 (3.2)

For each visibility value shown in Table 3.3, the corresponding volume of dust as determined
from equation (3.2) is shown in Table 3.4.

Table 3.4: Relative Volume of Dust Particle Against Visibility
Visibility | Relative Dust Particle

(m) Volume, V,
400 0.0671
420 0.0701
620 0.0995
1230 0.1840
1800 0.2591

From Table 3.1, the average relative volume of dust during harmattan period in Kano can be

obtained as:

V =avgV. =0.1360 (3.3)

3.7  Dielectric Constant for Harmattan Period in Kano Region

The dielectric constant of Kano region for the harmattan period can be obtained using
equation (2.30) and equation (2.31), respectively. From Table 2.2, the dielectric constant
corresponding to the frequency adopted for this research (that is, 15GHz-38GHz) are

5.1+j1.400 and 4.00+j1.325, respectively. An aggregate dielectric constant,which puts into
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consideration the dielectric constant for both frequency bands (that is, the k-band and ka-
band) were thenobtained from the individual dielectric constant of each frequency band.
Based on the extracted humidity data shown in Table 3.2, a corresponding dielectric constant

value for harmattan period in Kano was obtained as follows.

For K-band:
€, =5.1+0.04H - 7.78x10"H? +556x10° H* (34)
€4, =14+0.02H —3.71x10*H? +2.76x10° H° (3:5)

For the Ka-band:

€, =4+0.04H ~7.78x10*H? +556x10°H° (3.6)

€y, =1.325+0.02H —3.71x10*H? +2.76x10° H° (3.7)
where:

e'd1 +] e:jl represents the complex dielectric constant for K-band

e'd2 +] e'c',2 represents the complex dielectric constant for Ka-band

The corresponding dielectric values for both frequency bands were then obtained using the
sorted humidity data for harmattan period in Kano which is represented in Table 3.2. Since
the frequency range considered for this research is between 15 GHz and 38 GHz, a part of
this frequency range which is approximately 43.18 percent is covered by the K-band while
56.82 percent is within the Ku-band. Therefore, the aggregate (or average) dielectric constant

which was obtained as 0.4318 of k-band and 0.5682 of ka-band can be expressed as:
€,=04318¢, +0.5682 ¢, (3.8)
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3.8  Particle Size Distribution Function for Kano
The sample data for particle size distribution in Kano was used to obtain the probability
distribution function for dust particle. The dust particle size which ranges from 2um to

291um was plotted against their respective percentage distributions as illustrated in Figure

3.2.

12
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Figure 3.2: Particle Size Distribution in Kano

Figure 3.2 which was plotted from the data shown in Appendix B2 can be represented with a
Log-Normal distribution in which for any given distribution, d contained in the total

distribution data D, the probability is obtained as follows:

P(d < D)= q{w} (39)
(o}
where;

4 is the mean of the sampled data,
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o is the variance, and
@ is the standard normal distribution function.

The mean of the distribution sampled data was obtained as 4.21 while the variance is 13.67.
Therefore,

. Tlog(d)—4.21
P(d)_q{ 186.89 } (3.10)

Equation (3.10) was used to obtain the probabilities of the dust distribution in the three

degrees of freedom as explained in dust particle geometry in section 2.4. Thus the respective

values of ‘d”are 0.71 and 0.53 were used to obtain P, and P, as follows:
P, = P(0.71)=0.492 (3.11)
P, = P(0.53)=0.492 (3.12)

3.9  Computation of Cross Polarization Discrimination
In order to obtain the Cross Polarization Discrimination (XPD) for Kano, equation (2.25) was
used based on theknown values of horizontal attenuation, vertical attenuation, and

depolarization factor.

The horizontal and vertical plane attenuations «, and «, are obtained from the values of

depolarization factor, dielectric constant, visibility and probability distribution function.

Equations (2.50) and (2.51) are thus re-written as follows:

Vs 1 1
7 Zn:vapz Im T (3.13)

21 1
+— +—
A e-1 A e-1

a,=—
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a, =-=3 VPP, Im

== — (3.14)

From the vertical and horizontal attenuation expressed by equations (3.13) and (3.14),

respectively, the depolarization angle can be obtained as:

B -ZZVP@ Im T . +TZVP1P2 Im T
AH-Q Az"'a A3+a
5=0-tan|tan Olog 20

(3.15)

Finally, from equation (2.26), XPD was established as a function of signal frequency,

dielectric constant, particle size distribution, and visibility. The corresponding values of XPD

for each values of visibility were then obtained.

- —Z@ZVHF’zlm Lot > VRP, Im L L
c
A+ oAb ar b
XPD = 20log{ tan| 6 — tan"*| tan #log ;! e-1 2; -1 e-1
(3.16)

Similarly, the loss due to depolarization was obtained using equation (2.54)
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3.10 Fade Margin Considering Loss Due to Depolarization
The fade margin factored into the link budget of a typical travelling wave is presented in
equation (2.55). However, this research takes care of loss due to depolarization, whereby

losses in equation (2.56) are defined as:

Losses = FSPL+ L, (3.17)

where:

FSPL is the Free-Space Path Loss as given in equation (2.58), and

L, is the loss due to depolarization.

Substituting equation (3.17) into equation (2.59), and by considering loss due to

depolarization, the Fade Margin (FM) wasobtained as:

FM =Tx Power +TxGain + RxGain — FSPL — L, — receive Sensitivity (3.18)

Equation (3.18) is re-written as:

FM =Tx, + TXg + Rx; —FSPL—L, —Rxg (3.19)

Where,

Tx, and Txg represent the Transmitter Power and Transmitter Gain respectively,

Rx; and Rx; represent Receiver Gain and Receive Sensitivity respectively,

By inputting the Free Space Path Loss from equation (2.58) into equation (3.19), FM is

expressed as:

FM =Tx, +Txs + Rx; —20log,,(df ) — L, —Rx; —32.45 (3.20)
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Thus, equation (3.20) wasused to design a link budget template which provides a fade margin

for losses due to dust depolarization in Kano.
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1 Introduction
In this Chapter, results obtained are presented and discussed. A mathematical relationship
describing cross polarization discrimination as a function of particle size density, visibility,
propagation frequency, permittivity, and moisture content of Kano region was first
established. The corresponding values of XPD were obtained and a budget template was

designed based on fade margin due to XPD degradation.

4.2  Parameter Selection
Certain parameters value and assumptions were obtained from literature and were adopted for

simulation purposes. These parameters include:

I.  Depolarization factors in the three axes, Al, A2, and A3 are 0.243, 0.324 and 0.432
respectively(Sun et al., 2013).
ii.  Elevation angle ©, equals 30°(Elfatih et al., 2013).
iii.  Slant path/Path length, L is 1Ikm(Elfatih et al., 2013).
iv.  Distance between transmitter and receiver, d is 5km(Tranzeo, 2010).
v.  Antenna transmission power is +23dBm(Tranzeo, 2010).

vi.  Antenna gain is 24dBi(Tranzeo, 2010).

4.3  Dielectric Constants
The dielectric constant for harmattan period in Kano were obtained from equations (3.4)
through equation (3.7). Tables 4.1 and 4.2 representthe corresponding dielectric values for K-

band and Ka-band, respectively
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Table 4.1: Harmattan Period Dielectric VValues for K-Band

Humidity

Dielectric Constant

E' E"

27
30.5
31.1
35.3
58.2

Average

5.7223 1.7239

5.754 1.7432

5.7588 1.7462

5.7871 1.7651

5.8888 1.8514

5.7822 1.76596

Table 4.1 shows the constant dielectrics for the harmattan period in Kano considered for this

research within K-band range. From Table 4.1, it was deduced that the average dielectric

constant is:

€4, =5.7822 + j1.766

(4.1)

Table 4.2: Harmattan Period Dielectric VValues for Ka-Band

Humidity

Dielectric Constant

El Ell

27
30.5
311
35.3
58.2

Average

4.6223 1.6489

4.654 1.6682

4.6588 1.6712

4.6871 1.6901

4.7888 1.7764

4.6822 1.6910
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Similarly, from Table 4.2, the constant dielectrics for the harmattan period in Kano
considered for this research within Ka-band range are presented. From Table 4.2, it was also

deduced that the average dielectric constant is:

€, = 46822+ j1.691 (4.2)

Therefore, the total dielectric constant as obtained from equation (3.8) is:

e,=5.1572 + j1.7234 (4.3)

4.4  Result of Attenuation for Harmattan Period in Kano

The values of horizontal attenuation were obtained with respect to visibility using equation
(3.13). Each value of the attenuation obtained was the plotted against visibility at frequencies
15GHz, 18GHz, 23GHz, 26GHz, 35GHz and 38GHz respectively as depicted in Figure 4.1.
The range of frequencies were selected so as to accommodate the frequency range of this
research (that is, between 15GHz and 38GHz) while also considering the commercial
microwave transmission frequency in Nigeria which is within the frequency range of this

research.
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Figure 4.1: Result of Attenuation Against Visibility

From Figure 4.1, it is observed that as the visibility increases, the attenuation reduces
irrespective of the frequency of transmission, this is an indication that an increase in dust
particle in air can cause an increase in signal attenuation. However, the value of attenuation
increases fairly constant value at visibility above 1230m for all frequencies, which indicates

that the transmission of the signal is fairly stable beyond this visibility value.

4.5 Result of Cross Polarization Discrimination for Harmattan Period in Kano

The mathematical model expressed by equation (3.16) for obtaining the XPD for harmattan
period in Kano was used to obtain the corresponding XPD values with respect to particle size
density, visibility, propagation frequency, permittivity, and moisture content. The XPD
values obtained based on visibility were plotted against frequency values of 15GHz, 18GHz,

23GHz, 26GHz, 35GHz and 38GHz, respectively as shown in Figure 4.2.
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Figure 4.2: Result of XPD Against Visibility
From Figure 4.2, it can be observed that as the visibility increases, the cross polarization
discrimination also increases for all frequency of transmission. Therefore, it can be inferred
that an increase in dust particle in air causes a corresponding increase in the cross
polarization discrimination. At visibility of 1230m and above, the value of XPD is increase

fairly constant, thus indicating that signal transmission for all frequencies at 1230m is no

longer significantly dependent on visibility.
46  Link Budget Design

The parameters of the radiorepresented in Table 2.4 were used in designing a link budget
based on Fade Margin while considering loss due to polarization for Kano. Equation (3.20)
was used to calculate the fade Margin so as to obtain the reliability of the link using Table 2.3

as a guide. The average relative volume, VV which was obtained in equation (3.3) was used to
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obtain the values of attenuation for each of the selected frequency before the fade margin was
calculated. Hence, Table 4.3 illustrates the results of fade margin for each value of frequency

considered in this research.

Table 4.3: Fade Margin Results

Frequency (GHz) | Fade Margin (dB) | Time Availability (%)

15 52.0731 99.999
18 50.5313 99.999
23 41.2168 99.990
26 43.1843 99.990
35 41.6434 99.990
38 41.3091 99.99

From Table 4.3, it can be concluded that each of the frequencies gives very good availability
meaning that the linkwill sufficiently provide a data rate of 200Mbps at more than 99.99

percent availability based on Rayleigh’s fading model.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION

5.1 Summary

This Chapter presents a general summary of this research work. A model for the harmattan
dust effect on the cross polarization of a microwave access link operating between 15 GHz
and 38GHz was presented. This model put into consideration the effect of loss due to
depolarization with regards to its effect on signal attenuation and phase shift when calculating
the Cross Polarization Discrimination (XPD) of Kano region. The conclusion,

recommendations, and suggestions for further work are also presented below.

5.2  Conclusion

This research work has been able to present a model for harmattan dust effect on cross
polarization of a microwave link. In achieving this, dust particle data was collected from
Nigerian Meteorological Agency (NIMET) which included dust mass concentration,
visibility, particle size distribution, and humidity for Kano region. The visibility and dust
mass concentration data were used to obtain a mathematical model for fractional volume of
dust particle, while the humidity data was used to deduce a mathematical expression for
dielectric constants. The dust particle size distribution was then used to obtain the probability
distribution function of dust particle for Kano. The Maxwell’s equation in a random medium
of dust particle was used to model the propagation coefficients (that is, attenuation and phase
constant) as a function of wave frequency, dielectric constant of dust particle, depolarization

factor, and fractional volume of dust particle.

A mathematical relationship between Cross Polarization Discrimination (XPD) was then
established based on dielectric constant of dust, particle size distribution function, and
visibility in Kano before the value of attenuation and XPD were calculated for the frequency

range of 15GHz, 18GHz, 23GHz, 26GHz, 35GHz and 38GHz, respectively. Finally, a link
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budget based on fade margin was deduced to include depolarization loss using the average
fractional dust volume and this showed a maximum percentage time availability of 99.99
percent based on Rayleigh’s fading model. This has shown that the model developed for
harmattan dust in Kano can be adopted for microwave access radio link operating between

15GHz and 38GHz.

5.3  Significant Contributions
The significant contributions achieved by this research work are as follows:

1. Development of a mathematical model based on visibility and dust mass
concentration which was used to obtain the relative volume of dust of 0.0671 to
0.2591 for visibility ranges of 400m to 1800 metres respectively.

2. Development of a mathematical model for XPD based on meteorological data of
harmattan period in Kano with specific ranges for the different frequency bands used
in this research.

3. Development and deduction of a loss margin due to XPD degradation for link budget
analysis with percentage time availability not lower than 99.99 percent.

54  Limitations
The limitation of this research work is as follows:

1. Due to challenges of the terrain and the approvals needed from the regulatory body
NCC and the security of an Operator’s network a prototype was not built to test
validity of research

53  Recommendations
The following is suggested as recommendation for further work that may be considered as

extension of this research:
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1. A different mathematical model can be done based on Mie’s Theory to see the effect

of dust on cross polarization of a microwave access radio link
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Appendix Al

Monthly Visibility Data for Kano Region (NIMET)
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Appendix A2

Monthly Percentage Humidity Data for Kano Region (NIMET)
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Appendix B1
Dust Mass Concentration per Visibility Data for Kano Region (NIMET)
Dust Concentration per Visibility

Visibility Mass Concentration

(m) (Kg/m3)

400 0.00000183

420 0.00000177

620 0.00000125
1230 0.000000673
1800 0.000000476
3490 0.000000263
5570 0.000000172
5750 0.000000167
6060 0.00000016
6320 0.000000154
7890 0.000000126

9470 0.000000107
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Appendix B2
Percentage Particle Size Distribution Data for Kano Region (NIMET)

Percentage Particle Size Distribution

Particle Size (um) | % Distribution

2 5.8 5.8

& 3.5 3.5

4 1.5 1.5

5 1.5 1.5

8 1.6 1.6
12 1.9 1.9
16 2.1 2.1
24 3 3
27 4.6 4.6
31 6.2 6.2
47 9.6 9.6
55 10.8 10.8
63 12 12
79 8.5 8.5
94 5) 5
125 1.6 1.6
188 0.5 0.5
219 0.25 0.25
250 0 0
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Appendix C1

Standard Normal Distribution Table(Reid & Sanders, 2005)

D (2)

9 (2)

YA

D (2)

9 (2)

z

D (2)

9 (2)

Z

D (2)

9 ()

0.5

0.3989

1

0.8413

0.242

2

0.9772

0.054

3

0.9987

0.0044

0.01

0.504

0.3989

1.01

0.8438

0.2396

2.01

0.9778

0.0529

3.01

0.9987

0.0043

0.02

0.508

0.3989

1.02

0.8461

0.2371

2.02

0.9783

0.0519

3.02

0.9987

0.0042

0.03

0.512

0.3988

1.03

0.8485

0.2347

2.03

0.9788

0.0508

3.03

0.9988

0.004

0.04

0.516

0.3986

1.04

0.8508

0.2323

2.04

0.9793

0.0498

3.04

0.9988

0.0039

0.05

0.5199

0.3984

1.05

0.8531

0.2299

2.05

0.9798

0.0488

3.05

0.9989

0.0038

0.06

0.5239

0.3982

1.06

0.8554

0.2275

2.06

0.9803

0.0478

3.06

0.9989

0.0037

0.07

0.5279

0.398

1.07

0.8577

0.2251

2.07

0.9808

0.0468

3.07

0.9989

0.0036

0.08

0.5319

0.3977

1.08

0.8599

0.2227

2.08

0.9812

0.0459

3.08

0.999

0.0035

0.09

0.5359

0.3973

1.09

0.8621

0.2203

2.09

0.9817

0.0449

3.09

0.999

0.0034

0.1

0.5398

0.397

11

0.8643

0.2179

2.1

0.9821

0.044

3.1

0.999

0.0033

0.11

0.5438

0.3965

1.11

0.8665

0.2155

2.11

0.9826

0.0431

3.11

0.9991

0.0032

0.12

0.5478

0.3961

1.12

0.8686

0.2131

2.12

0.983

0.0422

3.12

0.9991

0.0031

0.13

0.5517

0.3956

1.13

0.8708

0.2107

2.13

0.9834

0.0413

3.13

0.9991

0.003

0.14

0.5557

0.3951

1.14

0.8729

0.2083

2.14

0.9838

0.0404

3.14

0.9992

0.0029

0.15

0.5596

0.3945

1.15

0.8749

0.2059

2.15

0.9842

0.0396

3.15

0.9992

0.0028

0.16

0.5636

0.3939

1.16

0.877

0.2036

2.16

0.9846

0.0387

3.16

0.9992

0.0027

0.17

0.5675

0.3932

1.17

0.879

0.2012

2.17

0.985

0.0379

3.17

0.9992

0.0026

0.18

0.5714

0.3925

1.18

0.881

0.1989

2.18

0.9854

0.0371

3.18

0.9993

0.0025

0.19

0.5753

0.3918

1.19

0.883

0.1965

2.19

0.9857

0.0363

3.19

0.9993

0.0025

0.2

0.5793

0.391

1.2

0.8849

0.1942

2.2

0.9861

0.0355

3.2

0.9993

0.0024

0.21

0.5832

0.3902

1.21

0.8869

0.1919

2.21

0.9864

0.0347

3.21

0.9993

0.0023

0.22

0.5871

0.3894

1.22

0.8888

0.1895

2.22

0.9868

0.0339

3.22

0.9994

0.0022

0.23

0.591

0.3885

1.23

0.8907

0.1872

2.23

0.9871

0.0332

3.23

0.9994

0.0022

0.24

0.5948

0.3876

1.24

0.8925

0.1849

2.24

0.9875

0.0325

3.24

0.9994

0.0021

0.25

0.5987

0.3867

1.25

0.8944

0.1826

2.25

0.9878

0.0317

3.25

0.9994

0.002

0.26

0.6026

0.3857

1.26

0.8962

0.1804

2.26

0.9881

0.031

3.26

0.9994

0.002

0.27

0.6064

0.3847

1.27

0.898

0.1781

2.27

0.9884

0.0303

3.27

0.9995

0.0019

0.28

0.6103

0.3836

1.28

0.8997

0.1758

2.28

0.9887

0.0297

3.28

0.9995

0.0018

0.29

0.6141

0.3825

1.29

0.9015

0.1736

2.29

0.989

0.029

3.29

0.9995

0.0018

0.3

0.6179

0.3814

1.3

0.9032

0.1714

2.3

0.9893

0.0283

3.3

0.9995

0.0017

0.31

0.6217

0.3802

1.31

0.9049

0.1691

2.31

0.9896

0.0277

3.31

0.9995

0.0017

0.32

0.6255

0.379

1.32

0.9066

0.1669

2.32

0.9898

0.027

3.32

0.9995

0.0016

0.33

0.6293

0.3778

1.33

0.9082

0.1647

2.33

0.9901

0.0264

3.33

0.9996

0.0016

0.34

0.6331

0.3765

1.34

0.9099

0.1626

2.34

0.9904

0.0258

3.34

0.9996

0.0015

0.35

0.6368

0.3752

1.35

0.9115

0.1604

2.35

0.9906

0.0252

3.35

0.9996

0.0015

0.36

0.6406

0.3739

1.36

0.9131

0.1582

2.36

0.9909

0.0246

3.36

0.9996

0.0014

0.37

0.6443

0.3725

1.37

0.9147

0.1561

2.37

0.9911

0.0241

3.37

0.9996

0.0014

0.38

0.648

0.3712

1.38

0.9162

0.1539

2.38

0.9913

0.0235

3.38

0.9996

0.0013

0.39

0.6517

0.3697

1.39

0.9177

0.1518

2.39

0.9916

0.0229

3.39

0.9997

0.0013
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Standard Normal Distribution Table

0.4

0.6554

0.3683

1.4

0.9192

0.1497

2.4

0.9918

0.0224

3.4

0.9997

0.0012

0.41

0.6591

0.3668

1.41

0.9207

0.1476

2.41

0.992

0.0219

3.41

0.9997

0.0012

0.42

0.6628

0.3653

1.42

0.9222

0.1456

2.42

0.9922

0.0213

3.42

0.9997

0.0012

0.43

0.6664

0.3637

1.43

0.9236

0.1435

2.43

0.9925

0.0208

3.43

0.9997

0.0011

0.44

0.67

0.3621

1.44

0.9251

0.1415

2.44

0.9927

0.0203

3.44

0.9997

0.0011

0.45

0.6736

0.3605

1.45

0.9265

0.1394

2.45

0.9929

0.0198

3.45

0.9997

0.001

0.46

0.6772

0.3589

1.46

0.9279

0.1374

2.46

0.9931

0.0194

3.46

0.9997

0.001

0.47

0.6808

0.3572

1.47

0.9292

0.1354

2.47

0.9932

0.0189

3.47

0.9998

0.001

0.48

0.6844

0.3555

1.48

0.9306

0.1334

2.48

0.9934

0.0184

3.48

0.9998

0.0009

0.49

0.6879

0.3538

1.49

0.9319

0.1315

2.49

0.9936

0.018

3.49

0.9998

0.0009

0.5

0.6915

0.3521

1.5

0.9332

0.1295

2.5

0.9938

0.0175

3.5

0.9998

0.0009

0.51

0.695

0.3503

1.51

0.9345

0.1276

2.51

0.994

0.0171

3.51

0.9998

0.0008

0.52

0.6985

0.3485

1.52

0.9357

0.1257

2.52

0.9941

0.0167

3.52

0.9998

0.0008

0.53

0.7019

0.3467

1.53

0.937

0.1238

2.53

0.9943

0.0163

3.53

0.9998

0.0008

0.54

0.7054

0.3448

1.54

0.9382

0.1219

2.54

0.9945

0.0158

3.54

0.9998

0.0008

0.55

0.7088

0.3429

1.55

0.9394

0.12

2.55

0.9946

0.0154

3.55

0.9998

0.0007

0.56

0.7123

0.341

1.56

0.9406

0.1182

2.56

0.9948

0.0151

3.56

0.9998

0.0007

0.57

0.7157

0.3391

1.57

0.9418

0.1163

2.57

0.9949

0.0147

3.57

0.9998

0.0007

0.58

0.719

0.3372

1.58

0.9429

0.1145

2.58

0.9951

0.0143

3.58

0.9998

0.0007

0.59

0.7224

0.3352

1.59

0.9441

0.1127

2.59

0.9952

0.0139

3.59

0.9998

0.0006

0.6

0.7257

0.3332

1.6

0.9452

0.1109

2.6

0.9953

0.0136

3.6

0.9998

0.0006

0.61

0.7291

0.3312

1.61

0.9463

0.1092

2.61

0.9955

0.0132

3.61

0.9998

0.0006

0.62

0.7324

0.3292

1.62

0.9474

0.1074

2.62

0.9956

0.0129

3.62

0.9999

0.0006

0.63

0.7357

0.3271

1.63

0.9484

0.1057

2.63

0.9957

0.0126

3.63

0.9999

0.0005

0.64

0.7389

0.3251

1.64

0.9495

0.104

2.64

0.9959

0.0122

3.64

0.9999

0.0005

0.65

0.7422

0.323

1.65

0.9505

0.1023

2.65

0.996

0.0119

3.65

0.9999

0.0005

0.66

0.7454

0.3209

1.66

0.9515

0.1006

2.66

0.9961

0.0116

3.66

0.9999

0.0005

0.67

0.7486

0.3187

1.67

0.9525

0.0989

2.67

0.9962

0.0113

3.67

0.9999

0.0005

0.68

0.7517

0.3166

1.68

0.9535

0.0973

2.68

0.9963

0.011

3.68

0.9999

0.0005

0.69

0.7549

0.3144

1.69

0.9545

0.0957

2.69

0.9964

0.0107

3.69

0.9999

0.0004

0.7

0.758

0.3123

1.7

0.9554

0.094

2.7

0.9965

0.0104

3.7

0.9999

0.0004

0.71

0.7611

0.3101

1.71

0.9564

0.0925

2.71

0.9966

0.0101

3.71

0.9999

0.0004

0.72

0.7642

0.3079

1.72

0.9573

0.0909

2.72

0.9967

0.0099

3.72

0.9999

0.0004

0.73

0.7673

0.3056

1.73

0.9582

0.0893

2.73

0.9968

0.0096

3.73

0.9999

0.0004

0.74

0.7704

0.3034

1.74

0.9591

0.0878

2.74

0.9969

0.0093

3.74

0.9999

0.0004

0.75

0.7734

0.3011

1.75

0.9599

0.0863

2.75

0.997

0.0091

3.75

0.9999

0.0004

0.76

0.7764

0.2989

1.76

0.9608

0.0848

2.76

0.9971

0.0088

3.76

0.9999

0.0003

0.77

0.7794

0.2966

1.77

0.9616

0.0833

2.77

0.9972

0.0086

3.77

0.9999

0.0003

0.78

0.7823

0.2943

1.78

0.9625

0.0818

2.78

0.9973

0.0084

3.78

0.9999

0.0003

0.79

0.7852

0.292

1.79

0.9633

0.0804

2.79

0.9974

0.0081

3.79

0.9999

0.0003

0.8

0.7881

0.2897

1.8

0.9641

0.079

2.8

0.9974

0.0079

3.8

0.9999

0.0003

0.81

0.791

0.2874

1.81

0.9649

0.0775

2.81

0.9975

0.0077

3.81

0.9999

0.0003

0.82

0.7939

0.285

1.82

0.9656

0.0761

2.82

0.9976

0.0075

3.82

0.9999

0.0003
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Standard Normal Distribution Table

0.83 | 0.7967 | 0.2827 | 1.83 | 0.9664 | 0.0748 | 2.83 | 0.9977 | 0.0073 | 3.83 | 0.9999 | 0.0003
0.84 | 0.7995 | 0.2803 | 1.84 | 0.9671 | 0.0734 | 2.84 | 0.9977 | 0.0071 | 3.84 | 0.9999 | 0.0003
0.85 | 0.8023 | 0.278 | 1.85 | 0.9678 | 0.0721 | 2.85 | 0.9978 | 0.0069 | 3.85 | 0.9999 | 0.0002
0.86 | 0.8051 | 0.2756 | 1.86 | 0.9686 | 0.0707 | 2.86 | 0.9979 | 0.0067 | 3.86 | 0.9999 | 0.0002
0.87 | 0.8078 | 0.2732 | 1.87 | 0.9693 | 0.0694 | 2.87 | 0.9979 | 0.0065 | 3.87 | 0.9999 | 0.0002
0.88 | 0.8106 | 0.2709 | 1.88 | 0.9699 | 0.0681 | 2.88 | 0.998 | 0.0063 | 3.88 | 0.9999 | 0.0002
0.89 | 0.8133 | 0.2685 | 1.89 | 0.9706 | 0.0669 | 2.89 | 0.9981 | 0.0061 | 3.89 | 0.9999 | 0.0002
0.9 |0.8159 | 0.2661 | 1.9 | 0.9713 | 0.0656 | 2.9 | 0.9981 | 0.006 | 3.9 1 0.0002
0.91 | 0.8186 | 0.2637 | 1.91 | 0.9719 | 0.0644 | 2.91 | 0.9982 | 0.0058 | 3.91 1 0.0002
0.92 | 0.8212 | 0.2613 | 1.92 | 0.9726 | 0.0632 | 2.92 | 0.9982 | 0.0056 | 3.92 1 0.0002
0.93 | 0.8238 | 0.2589 | 1.93 | 0.9732 | 0.062 | 2.93 | 0.9983 | 0.0055 | 3.93 1 0.0002
0.94 | 0.8264 | 0.2565 | 1.94 | 0.9738 | 0.0608 | 2.94 | 0.9984 | 0.0053 | 3.94 1 0.0002
0.95 | 0.8289 | 0.2541 | 1.95 | 0.9744 | 0.0596 | 2.95 | 0.9984 | 0.0051 | 3.95 1 0.0002
0.96 | 0.8315 | 0.2516 | 1.96 | 0.975 | 0.0584 | 2.96 | 0.9985 | 0.005 | 3.96 1 0.0002
0.97 | 0.834 | 0.2492 | 1.97 | 0.9756 | 0.0573 | 2.97 | 0.9985 | 0.0048 | 3.97 1 0.0002
0.98 | 0.8365 | 0.2468 | 1.98 | 0.9761 | 0.0562 | 2.98 | 0.9986 | 0.0047 | 3.98 1 0.0001
0.99 | 0.8389 | 0.2444 | 1.99 | 0.9767 | 0.0551 | 2.99 | 0.9986 | 0.0046 | 3.99 1 0.0001
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Appendix D

MATLAB Codes

% horizontal and vertical attenuation

clc

V=[0.0671 0.0701 0.0995 0.1840 0.2591]; Y%relative volume

vi = [400 420 620 1230 1800]; %visibility

vii =[1800 1230 620 420 400];
f1=[15€9:1e9:38e9];%frequency

f=[15e9 18e9 23e9 26e9 35e9 38e9];%frequency

A1=0.243;

A2=0.324;

A3=0.432;

€=299792458;

L=1000;

P1=0.492;

P2=0.492;

theta=30;

sgm=5.1572-1.7234i; %Sigma i.e dielectric
P=(((((-pi*f(:)*V*P1*P2)/(2*c))*imag((1/(A1l+(1/(sgm-1))))+(1/(A2+(1/(sgm-
DIM+(((pi*f(:)*V*P1*P2)/c)*imag(1/(A3+(1/(sgm-1))))))*L);
ps1=-log10(p);

ps=tan(theta)*(ps1.M-1);

psi=theta-atan(ps)
XPD=-20*log10(tan(psi))

plot(vii,XPD)

% horizontal and vertical attenuation

clc

V=0.136; %relative volume

vi = [400 420 620 1230 1800]; %ovisibility
vii = [1800 1230 620 420 400];

f=[15e9 18e9 23e9 26e9 38e9];%frequency
A1=0.243;

A2=0.324;

A3=0.432;

€=299792458;

P1=0.492;

P2=0.492;

Txp=[16.516.512.51515];

Txg=[88 87.582 83.583.5];

Rxg=[88 87.5 82 83.583.5];
Rxs=[-71.5-71 -69.5 -69 -68.5];
k=[32.532.5325325325];

theta=30;

d=3000;

L=1000;

sgm=5.1572-1.7234i; %Sigma i.e dielectric
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Alphax=((-pi*f(:)*V*P1*P2)/(2*c))*imag((1/(A1+(1/(sgm-1))))+(1/(A2+(1/(sgm-1)))));
Alphay=((-pi*f(:)*V*P1*P2)/(2*c))*imag((1/(A1+(1/(sgm-1)))))
df=4*pi*d*f/c;

Idf=20*(log10(df));

%plot(vii,Alphay)

L1=atan(log10((Alphax-Alphay)*(L/20)));
L2=((cos(theta-L1))."2).\1;

Ld=10*log10(L2)

FM=Txp+Txg+Rxg-Rxs-k-1df-Ld(5,:)

% horizontal and vertical attenuation

clc

V=[0.0671 0.0701 0.0995 0.1840 0.2591]; %relative volume

vi = [400 420 620 1230 1800]; %visibility

vii =[1800 1230 620 420 400];

f1=[15e9:1e9:38e9];%frequency

f=[15e9 18e9 23e9 26e9 35e9 38e9];%frequency

A1=0.243;

A2=0.324;

A3=0.432;

€=299792458;

P1=0.492;

P2=0.492;

sgm=5.1572-1.7234i; %Sigma i.e dielectric
Alphax=((-pi*f(:)*V*P1*P2)/(2*c))*imag((1/(A1+(1/(sgm-1))))+(1/(A2+(1/(sgm-1)))))
plot(vii,Alphax)% horizontal and vertical attenuation

clc

V=[0.0085 0.0089 0.0126 0.0233 0.0328]; %relative volume

vi =[400 420 620 1230 1800]; %visibility

vii =[1800 1230 620 420 400];

f1=[15€9:1e9:38e9];%frequency

f=[18e9 25e9 279 30e9 35e9];%frequency

A1=0.243;

A2=0.324;

A3=0.432;

€=299792458;

P1=0.492;

P2=0.492;

sgm=>5.1572-1.7234i; %Sigma i.e dielectric
Alphax=((-pi*f(:)*V*P1*P2)/(2*c))*real (1/(A1+(1/(sgm-1))))+(1/(A2+(1/(sgm-1)))))
plot(vii,Alphax)
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