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Abstract

The prediction of electromagnetic propagation through dust clouds assumes
greater importance due to the increased use of microwave communications and

radar in those parts of the world where these storms are found.

This project reviews the morphological and electrical properties of the dust and
its distribution in a dust storm. Dust cause attenuation and phase shift in
the propagating electromagnetic waves. Eight mathematical attenuation and
phase shift prediction models from the literature are presented. The attenuation
predictions only are analysed. It was found there are huge differences between
the predicted and the measured attenuations. One reason that might justify this
difference is the induction of charge on the dust particles in wind-blown dust
storms. This charge is known to increase the attenuation. We conclude that a

great deal of further experimental work is required.
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Chapter 1
Introduction

The earth surface in arid and semi-arid regions is permeated with sand and dust
particles that can be blown by the air flow. The wind-blown sand and dust

constitute the sand/dust storms.

The particle sizes form the main difference between the sand and dust. In the
literature, sand particles are known to have radii that fall in the range 50 ym to
2 mm. On the other hand, dust particles are known to have radii of less than 50
pm. Due to sand particles large size, and hence their weight, it becomes difficult
for the blowing wind to elevate them to more than few metres, rarely above 2 m
as reported by Chu [15] and Ansari and Evans [8]. However, the light weight of
the dust particles assists the blowing wind to elevate them to a greater height,
up to 5 km as reported by Norinpel [16], compared to sand particles. Figure 1.1
serves as an example of s dust storm height in Riyadh, Saudi Arabia. In this
report, the terminology Dusty medium is used to indicate air with suspended

dust particles.

The number of dust storms is increasing in the Middle East and North Africa,
as reported by Al-Dabbas et al. [17] and Elshaikh et al. [18]. Figure 1.2 shows
the increasing number of dust storms in Khartoum, Sudan in 2006 compared
to 1997 [18]. This has led to an increase in the importance of studying the

effects of dust storms on wireless communication, especially the one that utilises



1.1. BACKGROUND

Figure 1.1: February 2012 Dust storm - Riyadh, Saudi Arabia. The tower in the
photo is the Kingdom Tower, which is 300 meter high. (www.americanbedu.com)

long-distance traveling waves, such as radar.

1.1 Background

The utilization of electromagnetic wave (EMW) applications in the areas experi-
encing dust storms has increased the importance of studying and, quantitatively,
predicting the effects of dust storms on these applications. The propagation of
an EMW in a dusty medium can be hampered when the wave interacts with the
dust particles. This interaction will result in attenuating the propagating EMW
which form the main effects of dust storms on the electromagnetic waves. The

attenuation is also called extinction [19].

Scattering and absorption are the two main physical mechanisms that form the
main causes of the attenuation that occur to a propagating EMW in a dusty

medium. The extinction (attenuation) is defined as [19]:
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Increasing in Duststorm Frequency at Khartoum, Sudan
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Figure 1.2: Increasing number of dust storms in Khartoum, Sudan, (1997,
2006). [18]

Extinction = Scattering + Absorption (1.1)

Due to the dust particles’ small radii compared to the wavelength, the attenua-
tion of the propagating EMW in a dusty medium can be predicted using Rayleigh
scattering based models together with the vertical dust particles size distribu-
tion. On the other hand, the complex Mie scattering, which is described by Mie
solution to Maxwells equations, based models can be used together with the sand

particles’ size distribution to predict the attenuation of the propagating waves.

Visibility, or optical visibility, is an important factor in the attenuation prediction
equations. The visibility, measured in metres, is directly proportional to the
attenuation. A severe dust storm can reduce the visibility to few metres as seen
in Figure 1.3. As the visibility decreases, the attenuation to the propagating wave
will increase. This might have a serious effect on the long-distance travelling

EMW, such as radar signals.

One of the serious effects of heavy dust storms is the obscuring of the satellite
view as shown in Figure 1.4. This limits the ability of the satellites to observe
the ground. Figure 1.4(a) shows also the ability of the dust storms to extend over

large areas, from 10 to 500 km, as reported by Ansari and Evans [8], with average
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Figure 1.3: Left: Marib, Yemen 2005; Right: Kuwait, Kuwait 2011.
(www.tripadvisor.com, www.drillingahead.com)

duration of 3 hours [8]. Heavy dust storms prevent satellites from monitoring
the sea-land borders as shown in Figure 1.4(b). The dust storm might extend

from one continent to another as shown in Figure 1.4(c).

1.2 Problem Statement

All of the attenuation observation experiments were performed using communi-
cation links where the attenuation was measured in the receiving station. The
validation of the available attenuation prediction models in the literature is still
lacking. It is very rare that the radar applications are taken into consideration.
As the radar signal travels to the target then back to the radar (two ways), it
is subjected to far larger attenuation than experienced by the communication
links, bearing in mind that the radar signal travels very long distances in both

directions.

The increasing interest in using several radar applications, such as: guarding bor-
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Figure 1.4: Sattelite images of Dust Storms (http://earthobservatory.nasa.gov).

ders, monitoring smuggling operations monitoring and observing enemy move-
ments in wartime, in arid and semi-arid areas(which frequently encounter dust
storms), increases the importance of studying the EMW behaviour, especially
radar signals, when propagating in a dusty medium. Signal attenuation forms
the most critical effects of the dust storm especially for radar applications and

its prediction models need to be investigated.

An accurate validated attenuation model will help both radar operator and design
engineers to try to compensate for this attenuation and reduce the effects of dust

storms on the propagating radar signal.

1.3 Objectives

Several EMW attenuation prediction models have been developed in the past 50
years. The main goal of this study is to evaluate the performance of available
models and to validate them against the few available measurements; also, to
analyse the relation between the attenuation and some factors, such as visibility,
dielectric constant, particles size distribution and the effect of dust storm height.
The scarceness of practical experiments in this field and hence the limited number

of measurements restrict accurate validation of the available models.




1.4. OVERVIEW

The objectives of this project are:

e A critical review of the electromagnetic wave propagation in dusty medi-

ums, i.e. through dust storms.

e Compare the predictions of the mathematical attenuation models with the

measurements available in the literature.

e The applicability of the signal attenuation prediction models to radar ap-

plications.

1.4 Overview

This section serves as an overview of the project report. It will also describe the

approach followed to achieve the previously mentioned objectives.

Chapter II discusses the morphological and electrical properties of dusty medi-
ums. Silt and clay are the two main constituents of the dust. The dust particles’
shape in dusty mediums is random as they vary from needle-like shapes to sphere
or disc shapes as reported by Sharif [4]. The dust particle shape plays a major

role in deriving the EMW attenuation prediction models.

Most of the attenuation models assumed a spherical dust particle shape while
deriving their attenuation models. This assumption reduces the mathemati-
cal complexity involved in finding the attenuation, specially when finding dusty
mediums effective permittivity. This assumption allows the use of a well-known
in-homogeneous dielectric mixture effective permittivity rule given by Patil [20],
which is based on the Maxwell Garnette (MG) mixing rule. In nature, it is very

rare to find the dust particle in a perfectly spheroid shape.

Assuming an ellipsoidal dust particle shape gives three degrees of freedom and

forms a good approximation to the realistic dust particle shapes. Ghobrial and
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Sharif [5] and Rai [10] derived complex equations for the medium dielectric per-
mittivity which requires the calculation of the depolarisation factor along the

ellipse axes.

The dust particles’ radii vary between 0.1 gm to 50 pm, Sharif [4]. Xiao et al. [2]
claimed that the dust particles radii can be upto less than 60 ym . The particles
radii decrease as the height increases according to a vertical dust particles size
distribution, hence the visibility will increase with the height. Chu [15] assumes
an equisized particles size distribution which is unrealistic. Ghobrial, according
to Alhaider et al. [6], and Haddah et al. [3] reported that the dust particles’ verti-
cal size distribution is best fit with an exponential distribution. Both conclusions

were based on only one sample observation.

Alhaider et al. [6] tested the dust particles size distribution for 16 different sam-
ples. Fourteen out of the 16 samples were best described by log-normal and
normal distributions. The remaining two samples were best fit by power low
distribution. At a height of 21 m, three of five collected samples were best de-
scribed by log-normal distribution and the other two can be explained by normal
distribution. It becomes clear that the dust particles size distribution in dust
storms may differ from one storm to another, based on the geographical location

and the climatic conditions.

The difficulties involved with measuring the optical attenuation and the dust
mass concentration led to the use of visibility as an alternative choice. Visibility
can be used instead of optical attenuation and dust mass concentration as they
are related by mathematical expressions. Chu [15] gave the relation between

optical attenuation as:

15
Qp = V (12)

where o is the optical attenuation and V' is the visibility.

Patterson and Gillette [13] derived a relation between the dust mass concentra-

tion (M) and the visibility (V') as:
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MV =C (1.3)

where v and C' [kg/m?] are constants that depend on the originating geographical

area of the dust storm and the climatic conditions.

Another critical factor that plays a major role in the attenuation prediction of a
propagating EMW in a dusty medium is the medium’s dielectric constant. The
moisture content of the dust has a serious effect on the value of the dielectric
constant of the dust. The dielectric constant increases, and hence the attenuation

changes, with the moisture content of the dust.

Chapter I1I starts with a review of the scattering regimes, or domains, and their

applicability to microwave signals. The scattering regimes are:

% < 1 Rayleigh Scattering (small particle compared to wavelength
of light)
< 2i)\7" ~ 1 Mie Scattering (particle about the same size as wavelength
o =
of light)
? > 1 Geometric Scattering (particle much larger than wavelength
of light)

where « is the size parameter, r is the particle radius and A is the wavelength.

The scattering regime that is applicable to the microwave (MW) and millimetre
wave (MMW) is the Rayleigh scattering due to tiny dust particles radii compared
to the propagating signal wavelength.

Several efforts have been made to come up with mathematical attenuation pre-
diction models in the past 50 years. In 1978, Chu [15] derived the first known at-
tenuation prediction model for microwave signal propagating through dust storm.
This model was based on the Rayleigh approximations. It was assumed that the
dusty medium is a mono-dispersive (equal particles radii) system and all parti-

cles in the medium were perfect spheres. After that, the Chu model has been
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modified independently by Ghobrial and Sharif [5] and Goldhirsh [21] and [22].
Both modifications made use of the relation between visibility and mass concen-
tration given by Patterson and Gillette [13] and arrive at identical mathematical

formulas.

Rayleigh scattering assumptions have some inherent limitations that appear as
the frequency increases. The microwave attenuation in a dusty medium depends
on frequency, particle size and the dielectric constant. Vishvakarma and Rai [1]
observed that at higher frequencies, higher than 40 GHz, the predicted atten-
uation will be associated with a large deviation. This deviation is due to the

inherent limitation of Rayleigh scattering assumptions.

Due to the above-mentioned deviation, Abdulla et al. [23] suggested the use of
the first three terms of the Mie extinction formula to develop an electromagnetic
wave, propagating through a dusty medium, attenuation prediction model. This
model was slightly modified by Islam et al. [24]. The size parameter « is much
smaller than 1 for the microwave signals. As a result, the use of the Mie solution is
theoretically not feasible. The use of the Mie solution to predict the attenuation

for a dusty medium becomes more feasible for very high frequency (>500 GHz).

The last attenuation model presented in Chapter III is the model derived by
Xiao et al. [2]. This model makes use of the effective material property technique
together with the general formulation of the complex propagation factor of the
dusty medium. The attenuation in this model is obtained directly from the
general formulation of the wave propagation constant based on an equivalent
complex permittivity of the dusty medium [2]. This model produce comparable

results and performance to the Rayleigh scattering based models.

All the above attenuation prediction models were based on the assumption of
spherical dust particles. A more realistic assumption concerning dust particle
shape is ellipsoid. This assumption provides three degrees of freedom and gives
a more realistic approximation to real dust particles as it covers a wide variety

of shapes by changing the ellipsoid axes ratios.

Ghobrial and Sharif [5], Dong et al. [25] and Rai [10] developed mathematical
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attenuation models under the assumption of ellipsoidal dust particles. These
models are claimed to give a more accurate prediction compared to the models
that are based on the assumption of spherical dust particles. This claim has
not been verified practically. The only disadvantage of these models is their
mathematical complexity as they require the evaluation of depolarisation factors

along each of the ellipsoid axes.

The chapter ends with a performance analysis of the models where the results of
each model is compared with the available measurements and with that of the

other models. This performance test is implemented in MATLAB.

Chapter IV discusses the effect of the charged dust particles on the attenuation.
As the wind blows the sand and dust particles during a storm, the particles gain
some charge, Zheng et al. [26]. The interaction between the wind and the dust
particles and the collision and the friction between particles form the main causes
of charging the particles. Experiments and observations, discussed by Zheng et
al. [26], of the electric field have confirmed the existence of the charges on the
dust and sand particles. According to Zheng et al. [26], some observations showed

the decrease in the particles charge with increasing the measurement height.

The charge will be distributed only on the top cap of the sand and dust particles
[26]. The amount of the charge on the particle has a direct relationship with the
amount of the attenuation that occurs to the propagating electromagnetic wave
through dusty mediums. Zhou et al. [11] showed that the charged sand/dust

particles attenuate the signal more than the uncharged particles.

If the particle charge is distributed uniformly on the particle surface, then the
attenuation caused by this particle will be as if the particle has zero charge
(uncharged particle) [11]. In the case of the uncharged particles, the attenua-
tion occurring to the propagating wave can be found by the attenuation models

presented in Chapter III.

The final chapter, Chapter V, concludes that the assumption of perfect spherical
dust particles, which simplify the attenuation calculation, in the dust storm is

not accurate as the particles have random shapes. Assuming all dust particles

10



1.4. OVERVIEW

in a dust storm are ellipsoid with different axes ratios will provide three degrees
of freedom and give better and realistic approximation to the dust particles in
nature. In addition, it will increase the complexity of the attenuation prediction
mathematical models as it requires the calculation of the depolarisation factors

along ellipsoidal particle axes.

The Rayleigh scattering based attenuation prediction models suffer from large
deviation from the measurements as the frequency of the propagating EMW in-
creases. Several reasons may contribute in this behaviour, such as the invalid
dust particles geometry, as they assume perfect spheroid particles, and the in-
crease of the particles scattering cross-section contribution to the extinction cross

section.

The attenuation prediction models that make use of the effective material prop-
erty technique have a similar performance to the Rayleigh-based models. Also,

it suffers from large errors as the wave frequency increases.

The use of the Mie solution to derive an attenuation prediction model is theoret-
ically invalid as the size parameter «, ratio of particle radius to the propagating
signal wavelength, is much smaller than one. This model is inconsistent with the
Mie theory and might be fortuitous. By using the constants given by Kerr [27]
in the attenuation prediction model that utilises the Mie solution, the model
gives identical attenuation predictions of the model derived by Chu [15], which

is based on Rayleigh approximation.

The existence of charges on the particles’” surface will increase the attenuation
caused by the particles. The attenuation due to charged sand and dust particles
depends on two additional factors: the amount of the charge on the particle and
the charge distribution angle on the particle. These factors are difficult, and
might even be impossible, to measure which has led to the neglect of the dust

particles’ charge effect.

According to Zheng et al. [26], the dust particle possesses negative charges. This
charge has less effect on the overall wave attenuation. The particles’ charges

become more negative as the measurement height increases. This reduces the

11
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effects of the charges on the dust particles on the overall attenuation of the wave

propagating through dusty mediums.

12



Chapter 2

Morphological and Electrical
Properties of Dusty Mediums

This chapter serves as a review of the morphological and electrical properties
of a dusty medium as they form the two main contributors to the attenuation
of the EMW propagating in this medium. Understanding of both properties
is an essential part of the process of studying and evaluation the attenuating

prediction models.

The geometry of the dust particle is an important factor to be investigated as
it gives an idea of the behaviour of the incident wave when interacting with the
dust particle. Another factor that will have an effect on this interaction is how

the dust particles are aligned in a dust storm.

The dust particle sizes decrease with the measurement height. The relation
between the measurement height and the dust particle sizes is investigated and

the vertical distribution of the dust particle sizes is discussed.

Visibility and dust dielectric constant are the investigated electrical properties
of the dusty medium that have made an essential contribution to predicting the

propagating wave attenuation.

13



2.1. MORPHOLOGICAL PROPERTIES OF DUST PARTICLES

2.1 Morphological Properties of Dust Particles

2.1.1 Geometry
Shape and Alignment

The shapes of the dust particles are completely random irregular with no partic-
ular symmetry. Sharif [4] looked at various dust particles under the microscope
and concluded that the their geometry cannot be explained by one simple ge-
ometry; rather they have various and sometimes complicated geometries. The

shapes varied from needle-like to discs or spheres [4].

Most of the attenuation prediction models in the literature for an EMW propa-
gating in a dusty medium assume the dust particle shapes as perfect spheroids.
This assumption leads to more mathematical simplifications when predicting the

attenuation as the particles’ radii will be the only variable.

A more realistic assumption is to assume dust particles to have ellipsoidal shapes
as shown in Figure 2.1. This assumption is a good approximation to realistic

dust particles as the ellipsoid has three degrees of freedom. By varying the ellipse

AT

o K

S~

Figure 2.1: Dust particle ellipsoidal geometry approximation.

axes ratios, totally different shapes will result.

h..‘
-

A
Y

The only problem with assuming dust particles to have ellipsoidal shapes is
that it increases the mathematical complexity when predicting the attenuation.
The calculation of the medium effective dielectric constant involves evaluation of

integrals to find the depolarisation factors along each axis of the ellipse.
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2.1. MORPHOLOGICAL PROPERTIES OF DUST PARTICLES

Different alignments of the spherical dust particles in a dust storm does not
make any difference as all points on the particle surface will have the same
distance from the particle centre. In case of the ellipsoidal shape assumption,
the ellipsoidal shapes are oriented with shortest axis vertical and the other two
axes are randomly oriented if there is no air flow. Because of air flow turbulence

as the wind blows, the ellipsoidal dust particles will be randomly oriented.

Size

Silt and clay are the two main constituents of the dust. In the mathematical
attenuation prediction models available in the literature, both silt and clay are
assumed to have spherical shapes. The silt particles have radii that fall in the
range between 2 ym to 50 pym. The clay particles have radii that are less than
2pm. Haddad et al. [3] reported that more than 30% of the particles in a dust
storm have radii of less than 5 pym. Table 2.1 shows a natural dust sample,
collected at height of 3 m above the ground by Haddad et al. [3], different particle
sizes with different weight ratios reported by [3]. Figure 2.2 shows that as the
particles get smaller, their cumulative weight in a dust storm will be larger. It
has been found out that the sample contains sand, silt and clay. The existence

of sand particles might be due to low measurement height.

Table 2.1: Natural dust sample, collected during dust storm, particles sizes and
percentage of weight. [3]

Radius (um) Weight (%) Cumulative (%)
250 1.04 1.714

125 2.3 5.504

62.5 5.585 14.708

15.5 23.25 53.026

7.8 16.5 80.22

3.9 8 93.403

1 4 99.996

Sharif [4] reported that dust particle radii vary from 0.1 gm to 42 ym. Alhaider et
al. [28] found that the dust particle radii vary between 10.5 ym to 21.25 ym when

measured at a height of 1 metre, and at a height of 21 metres, the radii range

15
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Figure 2.2: Cumulative percentage weight vs ¢ = —logy(D,,m) curves of the
natural dust sample. [3]

between 8 pym and 9.2 pym. Ansari and Evan [8] reported that: dust particles
with radii of less than 5 um constitute more than 30% of the total population of

the dust storm.

The sizes discussed above are measured under the assumption that all dust par-
ticles have spherical shapes. If the dust particles are assumed to have ellipsoidal
shapes, further measurements are required to find the ratios of ellipse axes, indi-
cated in Figure 2.1. Ghobrial and Sharif [5] measured the ellipsoid axes ratios for
over 500 sand/dust particles. The ratios (a;/as and as/ay) probability density
functions are shown in Figures 2.3 and 2.4 and are best fit with normal distri-
bution with a variance of 2 [4]. The right-hand parts of the two figures give the
probability of finding the axial ratio in the specified interval [5]. The average

ratios and the standard deviations are found to be:

T = ag/ag = 075, std = 0.70 (21&)
Ty = ag/a; = 0.71;  std = 0.64 (2.1b)
a; tag:az=1:0.71:0.53 (2.1c)
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Figure 2.4: Axial ratio ry = as/ay. [4], [5].
2.1.2 Particles Radii Variation With Height

As the measurement height increases, the dust particles will get smaller and
hence the attenuation. Alhaider et al. [6] came up with an empirical formulas
that describe the relation between both average and effective particle radii and
the height. Figure 2.5 shows that the variation of particle radii with the height

is best described by power low as follows [6]:

Tavg = Toa[lt/ho] ™" 5 7 =0.15 (2.2a)
re =roc[h/ho] ¢ 5 7e =10.04 (2.2b)

where r and r( are the particles radii at heights h and hg respectively.

17



2.1. MORPHOLOGICAL PROPERTIES OF DUST PARTICLES

20 | *\ !’
r
" LS ¢
10 } Fav t]:
£
- « b
s L
c
o
T 3}
2_
1} uiLP
| | |
5 7 10 20 30

Radius, um

Figure 2.5: Particles effective and average radii, r. and r,,, variation with
height. [6]

2.1.3 Dust Particles Size Distribution

As mentioned before, the particles’ sizes change with height -become smaller as
height increases. Several efforts were made to study the particles’ vertical size
distribution. In 1979, Chu [15] assumed the particle radii in a dust storm to be
between 10 pym and 100 gm. Further, he assumed that the dust particles in a

dust storm to have equisized distribution [6] which is an unrealistic assumption.

Ansari and Evans [8], 1982, reported that Ghobrial carried out experiments to

analye the dust particles size distribution in Sudan. This study reveals that the
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dust particles’ size distribution follow an exponential distribution of the type:

P(r) = pexp(=pr) (2.3)
with a to have a mean value of @ = 1/f

In 1983, Haddad et al. [3] found that the particles’ size distribution is best fit
by an exponential distribution function. The decision was made based only on
one collected dust sample, collected from real dust storm, that is collected at
a height of 3 metres above the ground level and using the pipette method for

sample analysis. Figure 2.6 shows the particles’ size distribution found by [3].

400 — natural local storm

300

250

250

2004

NUMBER OF PARTICLES e

150

50

3
Dgumy

Figure 2.6: Dust particles size distribution in a dust storm. [3]

Rowe et al. [29], 1985, performed an experiment on the indoor-outdoor rela-
tionship of suspended particulate matter at the engineering laboratories, King
Saud University, Riyadh, Saudi Arabia. This study concludes that of the air-

suspended particles, size less than 10 um, size distribution is best described by

normal distribution.
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In 1987, Sharif [7] utilised both hydrometer and pipette methods to analyse size
distribution of sand and dust particles. In this experiment, twelve sand/dust
samples were collected in two different cities, 300 km away from each other, in

Sudan between 1981 and 1983. The samples were collected at ground level.

The collection of samples at ground level led to the inclusion of large particles,
sand particles that cannot be elevated to more than a few metres, typically 2-5
m. The inclusion of sand particles may have negative effects on the study of the

dust particles size distributions.

The study reveals that the cumulative dust particles size distribution is best fit
by a straight line. The average probabilities of different particles sizes for the
collected samples are shown in Table 2.2. Figure 2.7 shows the curves of the
cumulative particles size distribution of five different samples. The straight line

equation can be given by [7]:

F(W) =a+bD (2.4)

where F'(W) is the weight fraction occupied by particles having a diameter of
less than D (um).

The constants a and b, which depend on the distribution characterising factor,
values are estimated using least square method. The value of a ranges between
-0.3551 and 0.046 with average value of 0.0144, and the constant b value ranges
between 0.0055 and 0.0098 with average value of 0.0072. [4]

In 1987, Alhaider et al. [6] performed tests on dust particles size distribution
on 16 different dust samples that are collected at five different heights and from
five different dust storms in Riyadh, Saudi Arabia between 1985 and 1986. The
sample heights are indicated in Figures 2.8 and 2.9. Passive collectors were used
to collect the dust samples as they have the advantage of being able to collect
wide ranges of dust particles sizes [6]. The samples’ preparation method is
explained in great detail in [6]. The meteorological parameters of the five dust

storms are shown in Table 2.3.
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Table 2.2: Average probabilities of different particles sizes in 12 different dust
storms samples. [7]

Particle Diameter (pm) Probability
300.0 - 100.0 0.012
100.0 - 50.0 0.232
50.0 - 10.0 0.404
10.0 - 5.0 0.091
5.0 - 1.0 0.141
1.0-0.5 0.060
0.5-0.1 0.062

The samples were collected at four different heights as shown in Table 2.4. It
is clear from the table that both effective and average particle radii decrease
as the height increases and hence the attenuation decreases. The particles’ size

distribution type varies between normal, log-normal and power low.

Using the ‘least squares fitting” method, it was found that 14 of these samples are
best described by normal and log-normal functions while the other two samples
are best described by power low as indicated in both Figures 2.8 and 2.9. For a
measurement height of 21 m, the distribution is either normal or log-normal. In
conclusion, the geographical location, soil properties and wind speed are impor-

tant factors involved in shaping the particles size distribution.

In 1988, Abdulla et al. [23], performed a study on the dust particles size distri-
butions over several dust samples collected in 1985 from several dust storms at a
height of 20 m in the city of Baghdad, Iraq. Five different techniques were used
to complete this study, namely: hydrometer, pipette, sedimentation balance, op-

tical microscope and Coulter counter. The detailed experiment procedure can

be found in [23].

This study revealed that almost identical results were achieved from different
techniques used for all the tested samples. It was found that the cumulative
dust particles distribution can be well be described by log-normal and a third
degree polynomial functions for sand/dust particles with radii range from 1 pm
to 100 pm.
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Table 2.3: Meteorological Parameter of Five Dust Storms In Riyadh, Saudi Ara-
bia. [6]

Meteorological Parameters

Storm Date and Wind Pressure Temp. Relative  Visibility
Event Time Speed Humidity
(Local Time) (m/s) (mb) °C) (%) (km)

I 23.3.85 (19-01) 18.0 956 29 90 1.6 - 2.0
IT 22.4.85 (15-15:30) 16.5 956 28 70 1.6 - 2.0
I11 23.4.85 (16-18) 8.2 956 36 80 5.0 -6.0
v 09.2.86 (17-18) 18.0 948 19 88 3.0-4.0
\Y 25.3.86 (18:50-23) 20.6 943 32 37 0.6 -1.0

Table 2.4: Dust particles size distribution for 16 dust samples collected from five
different dust storms at different heights. [6]

Dust storm Height Average Effective Probability % decrease in
Event- (m) Radius  Radius  density attenuation with
sample number (pm) (pm) function height

I-1 21 9.2 15.45 Log-normal 34%

I-2 15 9.8 19.90 Normal 15%

I-3 1 14.0 24.0 Log-normal -

II-4 21 8.50 13.20 Normal 53%

Ir-5 15 9.0 15.70 Power low 44%

II-6 1 18.5 28.0 Power low -

I -7 21 8.0 11.40 Normal 31%

IIT - 8 15 8.5 15.50 Log-normal 11%

Ir-9 1 10.5 16.30 Log-normal -

IV -10 21 7.20 10.0 Log-normal 19%

IvV-11 15 7.50 11.80 Normal 15%

IV -12 6 8.50 12.30 Normal -%

V-13 21 8.30 13.0 Log-normal 51%

V-14 15 9.20 14.60 Log-normal 45%

V-15 6 15.30 19.80 Log-normal 26%

V-16 1 21.30 26.80 Normal -%
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Figure 2.7: Dust particles size distribution in a dust storm. [7]

Sviridenkov et al. [30], 1989, performed a study of the aerosol particles size distri-
butions during the Soviet-American experiment in Tadzhikistan. The conclusion
of this study was: the arid aerosol particles, with diameters between 3.5 ym and
6 pm, size distribution can be approximated by log-normal distribution with o
= 0.5t0 0.8.

As can be noticed, the distribution functions differ from one study to the other.
In Alhaider et al. [6] study, different samples that are collected from the same
dust storm at different heights have different distribution functions. This indi-
cates that the distribution functions vary with the measurement height. Particle
size dependence on both geographical location and storm parameters, mainly its

speed, may provide a good explanation of the results inconsistency.
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(c¢) Dust Storm III, Visibility = 5.0 - 6.0 km.

Particles size distributions at different measurements heights for

dust storms I, IT and III. s#: sample number; h: height; o: standard deviation;
PDF: probability density function; r,,: average particle radius; r; radius of
index i; N: Normal, LN: Log-normal; P: Power low; A: measured data; e:

fitted data. [6]
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Figure 2.9: Particles size distributions at different measurements heights for dust
storms IV and V. s#: sample number; h: height; o: standard deviation; PDF'
probability density function; r,,: average particle radius; r; radius of index ¢; V:
Normal; LN: Log-normal; P: Power low; A: measured data; e: fitted data. [6]
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2.2 Dust Electrical Properties

2.2.1 Visibility in dust storm

Visibility or optical visibility forms a critical factor in the attenuation prediction
calculations. The attenuation that occurs on a propagating EMW through dust
storms increases as the visibility decreases. Long-time duration of low-visibility
dust storms will have more impact on the propagating wave, especially the at-
tenuation. Tables 2.5 and 2.6 provide an idea of the dust storms’ period of stay
in two cities in Saudi Arabia and five different locations in Sudan. As the dust
storms last for a longer time, their effects on the propagating signals will be

enhanced.

Table 2.5: Visibility average time per year based on 15 years record at Jeddah
and Riaydh, Saudi Arabia. [12]

Average No. of minutes/year

Visibility (m) Jeddah Riyadh
10 78 24

100 175 690
200 275 870
300 340 1272
400 385 1502
500 480 2332

Visibility vs Mass Concentration

Patterson and Gillette [13] studied the relation between the visibility and the
particles’ mass concentration to determine the particulate concentration in the
atmosphere. This relation provides provide another mean of finding the visibility

from the particles mass concentration and vice versa.

If M is the particulate mass concentration, V is the visibility and C' is a con-

stant, the relation between the mass concentration and the visibility can be given

by [13]:
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MV =C (2.5)

The constant C' varies with different particles size distributions. Using empirical
data, the relation can be modified to [13]:

MVY =C (2.6)

where v is another constant. The constant C' and + depend on the dust storm’s

originating geographical area, soil type and the climatic conditions [13].

In 1973 and 1974, Patterson and Gillette [13] made 13 observations, at 2 m
measurement height, during several dust storms with visibilities of less than 11

km as shown in Table 2.7.

The constant C' is calculated for three different cases:

e Total mass C?.

e Small particles mode; radius: r < 10um.

e Particles with radii < 20pm.

For the total mass, C*' ranged between 9 x 1073 and 3.9 x 1072 [g.km/m?|, with
a mean value C¥ = 0.023 £ 0.004 [g.km/m?3]. The individual values of mass

concentration M and visibility V' are used to find C' using Equation 2.6. The

results are shown in Table 2.8.

In case of local erosion, the constant C' values range between 2.0 x 1072 and
1.0 x 107! [g.km/m?]. In this case the value of C' will depend on wind speed,
soil conditions and visibility. If there is no local erosion in the dust storm source
region and the storm is still in the dust generation region, the convenient value of
Cis 2.0 x 1073 [g.km/m?]. If the tested area is several thousand kilometres from

the dust source, the 1.4 x 1073 [g.km/m?] is the appropriate value for C. [13]
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Table 2.6: Visibility statistics in between 1975 and 1980 in Sudan. [4]

Hours/Annum

Visibility (m) Khartoum AbuHamad Elobied Atbara
0-100 3.80 0.61 2.37 0.79
100-200 5.40 4.82 4.03 1.59
200-300 6.13 4.03 6.22 1.60
300-400 7.27 7.53 3.77 6.18
400-500 6.75 2.45 4.20 3.8
500-600 8.41 15.16 4.56 6.75
600-700 3.77 19.62 2.63 8.76
700-800 2.63 6.83 0.35 10.16
800-900 21.64 17.34 13.67 17.43
900-1000 0.79 9.11 1.40 4.38

Table 2.7: Visibility and mass concentration obsevations, USA, TX. [13]

Date Location Wind Speed Visibility Mass Concentration
[mph] [km] [g/m?]
3.4.1973  Bronco, TX 28 0.26 1.4 x 1071
441973  Bronco, TX 20 3.2 5.2 x 1071
4.4.1973  Bronco, TX 22 1.0 2.1 x 1073
17.4.1973 Union, TX 30 0.20 8.1 x 1072
19.4.1973 Union, TX 28 0.20 1.1 x 1072
19.4.1973 Union, TX 27 0.40 9.6 x 1071
28.3.1974 Plains, TX 28 0.92 1.0 x1072
30.3.1974 Plains, TX 18 8.0 2.0 x 1072
31.3.1974 Plains, TX 32 0.47 6.9 x 1073
31.3.1974 Plains, TX 28 0.69 2.0 x 1072
31.3.1974 Plains, TX 24 1.6 1.7 x 1072
2.4.1974  Plains, TX 39 0.06 4.4 x 1071
2.4.1974  Plains, TX 38 0.06 2.5 x 1071

Table 2.8: Constants C' and ~y calculated values. [13]

Total mass  Small particles Particles with
r < 20pum
Mean Value of C [g.km/m?|  0.023+0.004 0.013 +0.005 0.017 £ 0.006
Best fit value for C' [g.km/m?®] 0.020 +0.004 0.011 £0.002  0.013 + 0.003
Best fit value for ~ 1.07 £+ 0.009 0.95+0.12 1.08 +£0.14
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Visibility Variation With Height

From previous section, the visibility can be given by:

V = (C/M)/ (2.7)

The dust mass concentration at different altitude as given by Ghobrial [31] can

be given by:

M = M’ exp(—ah) (2.8)

where M’ is the mass concentration at ground level, A is the altitude in kilometres
and a is a constant. Ghobrial [31] used the value of 1.35 for a as it its value vary
between 1.5 for dense dust storm to 1.2 for less dense dust storm. Ghobrial [31]

gave the relation between height and visibility to be:

V = V" exp(bh) (2.9)

where V' is the visibility at ground level and b = 1.26.

Sharif [32] use the following relation between the dust mass concentration M, in
[kg/m3], and the height h in metres:

M =a/hb (2.10)

where a and b are constants and depend on dust particles size distribution, geo-
graphical and climatic conditions. Ghobrial and Sharif [5] believed that constant
C value for Sudan is 2.3 x 107° [kg.km/m™3] and the value of the constant
is 1.07 for Sudan. Using these values and Equations 2.6 and 2.10, Sharif [32]
derived the relation between visibility and height which is given by:
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hb
a

VY = C[—] (2.11)
Assuming Vj is the visibility at reference height hg, the relation can be written
as [32]:

V = Volh/hol"" (2.12)

where the average value of b is 0.28.

2.2.2 Dust Dielectric Constant

The dielectric constant, or the relative permittivity, (¢) reflects the strength of
the electrostatic field produced in different materials by a fixed potential relative
to that produced in vacuum under similar conditions’ [33]. The understanding
of the dusty medium, dust storm, dielectric properties is essential to investigate
the medium effects on the microwave signal propagating through. The complex
dielectric constant forms the main dielectric properties of the dusty medium. It
is an important component in the attenuation prediction mathematical models.

This shows the importance of the knowledge of this parameter.

Several experiments in the literature were performed to measure the dust complex
dielectric constant. Some of the achieved results are summarised in Table 2.9.
All the experiments presented were performed on different dust samples not on
dusty mediums. As can be noticed, there is inconsistency between measured

values in different experiments.
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2.2. DUST ELECTRICAL PROPERTIES

According to Ansari and Evans [8], there is a little change in both real and

imaginary parts of the complex dielectric constant with the frequency for dry

dust case as shown in Figure 2.10.
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Figure 2.10: Measurement of real and imaginary parts of the complex dielectric
constant of dry dust(0.3%) as a function of frequency. [8]

As mentioned above, all the measurements were done on dust samples in the
lab not for dusty mediums. All the attenuation prediction models, discussed in
Chapter III, use the dust samples’ dielectric constant measurements to find the
attenuation. As the dusty medium is far from being a solid material and the dust
particles are assumed to have spherical shapes, Xiao et al. [2] uses the Maxwell
Garnett mixing rule given by [20] to find the dielectric constant of the air-dust

mixture. The Maxwell Garnett mixing rule is given by:

i Esd—Eair
3U 8(117" <Esd+25air>
1 - Esd—Eair
€sdt2€air
/ N/

= €, — JEeq (2.13)

Eeq = Eair T

where €., is the equivalent complex relative permittivity, €4, is the air relative
dielectric constant and v is the volume fraction occupied by dust in a storm per
unit volume. &4 is the complex relative permittivity of the dust. ¢'., and £”,

are the real and imaginary parts of the equivalent complex relative permittivity.
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2.2. DUST ELECTRICAL PROPERTIES

Effect of Moisture Content and Frequency

It can be observed from Table 2.9 that the complex dielectric constant vary sig-
nificantly with dust sample moisture content (or relative humidity). Ansari and
Evans [8] reported that in the presence of moisture in the dust sample, the dielec-
tric constant becomes frequency-dependent and both real and imaginary parts

of the complex dielectric constant vary significantly, as shown in Figure 2.11.
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Figure 2.11: Measurement of real and imaginary parts of the complex dielec-
tric constant of dust samples with different moisture contents as a function of
frequency. [8]

Ansari and Evans [8] also reported that at 19.35 GHz, the silty clay loam sample’s
dielectric constant sharply increased for a 20% moisture content, as shown in
Figure 2.12. The sharp increase of the real part can cause up to five times

increment to the real part and up to 50 times to the imaginary value.

Sharif and Ghobrial [9] measured the dielectric constant of four different dust
samples collected in the period between 1975 and 1982 at 8.3 GHz. The measure-
ments are shown in Figure 2.13. In a similar observation to [8] it was deduced,

both real and imaginary parts of the complex dielectric constant increase with
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Figure 2.12: Variation of dielectric constant as a function of moisture content at
19.35 GHz. [§]

increasing the moisture content of the sample.

Furthermore,Sharif and Ghobrial [9] studied the frequency effects on the dielec-
tric constant of two dust samples before and after dehydration. The conclusion
derived from Figure 2.14 is that over a short frequency range, 8.2 - 9 GHz, both
real and imaginary parts of the dust sample complex dielectric constant will not
vary significantly. Ansari and Evans [8] reported that by changing frequency over
a wide range, 0.3-24 GHz, the value of both real and imaginary parts of the dust

complex dielectric constant can change significantly as shown in Figure 2.11.

As the dust samples’ moisture content can significantly change the value of the
dust dielectric constant, Sharif [4] gave the following equations for the dielectric

constant of dust that is suspended in air with relative humidity of % H:

gy =& +0.04H — 7.78 x 107*H? +5.56 x 10 °H3 (2.14a)
ey =" +0.02H —3.71 x 107 *H* +2.76 x 10" °H? (2.14b)
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2.2. DUST ELECTRICAL PROPERTIES

where (¢ — j&") is the dry dust dielectric constant.
J Yy

Dielectric Constant Assuming Ellipsoidal Dust particles

The dielectric constant of air with suspended ellipsoidal dust particles (dusty
medium) requires more complex mathematical calculations as it requires the
evaluation of the depolarisation factors along each of the ellipsoid axes. In this
situation, the dust particles are much smaller than the propagating signal wave-

length which permits the assumption of homogeneous and uniform medium [5].

The dusty medium electric constant, under the assumption of ellipsoidal dust
particles, depends on the particles’ intensity per unit volume of air and the

propagating wave polarization relative to the particle axes.

To find the medium effective dielectric constant, Rai [10] defines the vector D

as:

D=¢eyE+P (2.15)

where ¢ is the permittivity of the free space, F is the incident electrical field and
P is the polarisation per unit volume. Stratton [37] gave the relation between
the incident electrical field and the vector D to be:

1
E=—-—D (2.16)
g;

where ¢; is the effective dielectric constant of the medium having suspended dust

particles.

Now we have [37]:

EZ‘E = 80E + Pv (217)

where v is the relative volume fraction of the air occupied by dust particles.
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From Equation 2.17, the medium effective dielectric constant can be given by:

Pv
€ = &g+ F (218)
and the polarisation is given by [37] as:
E
P=——1=12]3 2.19
Ai + —5,150 a ’ (2.19)

where ¢ is the dielectric constant of the dust particle and A; is the depolarisation

factor along a; axis, Figure 2.1, and is given by [37] and [10]:

d
1243 i i=1,2,3 (2.20)

Ai: )
2 /0 (s +a2)\/(s + a?)(s + ad)(s + a3)

ai, ag, az are the axes of the ellipsoidal dust particle as shown in Figure 2.1.

For the dusty medium, air with suspended dust particles, the effective dielectric

constant can be given as [5] and [10]:

v(e —1)

=1l
A Py WP

(2.21)

2.3 Conclusions

The dust particles have random and irregular shapes that do not have any par-
ticular symmetry. The shapes vary between needle-like to disc, sphere or ellipse
shapes. The assumption that all dust particles have ellipsoidal shapes with differ-
ent axes ratios gives three degrees of freedom and provide a good approximation
to the realistic dust particles shapes. In addition, it will increase the mathemat-

ical complexity of the attenuation prediction models.

Under the assumption that all the dust particles have spherical shapes, the dust
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particles’ radii vary between 0.1 um to 50 um following different vertical size
distributions as the radii decreases with the height. As shown in the chapter,
the dust particles’ size distribution differs from one geographical area to another
and sometimes from one storm to another. According to Alhaider et al. [6] ex-
perimental results for Riyadh, Saudi Arabia, the dust particles’ size distribution
at measurement height of 21 metres is either normal or log-normal distributions.
It can be concluded that the type of dust particles’ vertical distribution depends
mainly on the storm parameters, especially the wind speed, storm originating

geographical area and soil conditions.

The difficulties involved in measuring dust mass concentration lead to the use
of the optical visibility, which is easier to be measured, in order to evaluate
the attenuation. The visibility is inversely proportional to the dust mass con-
centration. It increases with the height, Equation 2.12 is believed to show the
right relation, as the dust particles become smaller and their mass concentration
decreases. The two constants governing the relation between visibility and the
mass concentration, C' and 7y, will have different values for different geographical

area and mainly depend on erosion location, wind speed and soil conditions.

The measurements of the dust dielectric constant in the literature were made
for collected dust samples. When evaluating the attenuation to the propagat-
ing microwave signal in a dusty medium, the dielectric constant of the air-dust
mixture must be used. The mixture’s dielectric constant can be found by using
any of the mixing rules. Using the measured dust dielectric constant without
considering the mixture may lead to errors in the attenuation prediction as the

dielectric constant is an important factor in the attenuation calculation.

The dust moisture content, and hence the dust storm, has a large effect on the
dielectric constant values. This can be seen from the reported dust samples, with
different moisture content, dielectric constants measurements. So, the value of
the dust dielectric constant can vary significantly with the dust moisture content

and also with the incident wave frequency.
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Figure 2.13: Measurement of real and imaginary parts of the complex dielectric
constant of dust samples with different moisture contents at 8.3 GHz. [9]
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Chapter 3

Attenuation and Phase Shift
Prediction Models

The first section of this chapter serves as a brief review of the scattering theorem.
Due to the fact that the dust particles are tiny, the ratio of the particles radii to
the incident signal wavelength is much smaller than 1, i.e. the validity of Rayleigh
approximation is confirmed. As a result, the scattering due to these particles falls
in the Rayleigh scattering regime. Eight attenuation and phase shift prediction
models, of which six are based on the validity of Rayleigh approximation, are

reviewed in this chapter.

The Rayleigh assumption encounters some limitation as the incident signal fre-
quency increases which affect the models prediction performance. As the incident
wave frequency increases, the Rayleigh-based models tend to underestimate the

attenuation compared to the few measurements available in the literature.

Due to the limitations that are involved with Rayleigh approximation, few au-
thors, Abdulla et al. [23], derived an attenuation model that uses the well-known
Mie scattering solution, i.e. they assume the scattering of a microwave signal
due to dust particle fall under the Mie scattering type. This assumption is the-
oretically invalid as the particle radii to the propagating wave wavelength ratio

is very small compared to 1.
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3.1. SCATTERING THEORY

Both Rayleigh-based and Mie solution-based prediction models are developed
under the assumption that all dust particles have spherical shapes. In nature,
the dust particles shapes are random and may vary from needle-like to sphere,
disc or sphere. Due to this fact, some of the authors, Ghbrial and Sharif [5], Dong
et al. [25] and Rai [10], developed attenuation models under the assumption of
ellipsoidal dust particles. This assumption provides three degrees of freedom and
covers a wide range of shapes as the axes’ ratios change. The only disadvantage
of this assumption is that it increases the mathematical complexity of the model.
Three derived attenuation and phase shift prediction models are presented in this

chapter.

3.1 Scattering Theory

Scattering of propagating EM wave occurs when the wave is forced to deviate
from straight line propagation by one or more localised non-uniformities in the
propagation path. Scattering of EM wave is often accompanied by absorption
[19]. Both scattering and absorption remove energy, attenuate, from the EM
wave propagating through a medium. The attenuation of the propagating EM
wave is also called extinction. According to Hulst [19], the extinction can be

defined as:

Extinction = Scattering + Absorption (3.1)

Scattering of the EM wave can be split into three main domains based on a

2mr .
DR
the wave length of the propagating EM wave. The three domains are:

dimensionless size parameter o, o = where r is the particle radius and A is
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3.2. ATTENUATION PREDICTION MODELS

QLAT < 1 Rayleigh Scattering (small particle compared to wavelength
of light)
2—2” ~ 1 Mie Scattering (particle about the same size as wavelength
o =
of light)
% > 1 Geometric Scattering (particle much larger than wavelength
of light)

Due to the fact that the dust particles have small radii that range between 0.1y [4]
and 50u, the scattering of the propagating EM wave, with frequency up to =~
500 GHz, will fall in the Rayleigh scattering domain. This conclusion has some

limitations that will be discussed later in this chapter.

In theory, the only scattering domain that is applicable to the dust particles is
the Rayleigh scattering. One of the models discussed in this chapter considers
the Mie scattering domain. The following paragraph illustrates the difference in
scattering behaviour between Rayleigh scattering domain particles and the Mie

scattering domain particles.

As the incident propagating wave interacts with the dust particle, the dust par-
ticle absorbs some energy. As a result, the particle becomes as a point source
and starts re-radiating the energy in all directions. The scattered wave spatial

distribution depends on the particle size parameter.

3.2 Attenuation Prediction Models

During the last 50 years, several efforts have been made to develop mathematical
models to predict the attenuation of an EM wave propagating in a dusty medium.

These models are either:

e Based on Rayleigh scattering approximation.
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3.2. ATTENUATION PREDICTION MODELS

e Based on Mie scattering theory ( Mie extinction formula) .

e Utilize the effective material property technique and general formulation

of the complex propagation factor.

3.2.1 Rayleigh Scattering Based Models
Attenuation assuming spherical dust particles

CHU, August, 1978 [15]

Chu [15] considered the dust particles to have radii up to 50 pym. Due to their
tiny sizes, and hence light weights, they can be blown by wind to heights of
more than 1 km, it can reach up to 5 km [16]. On the other hand, larger
particles, sand particles, are driven by wind as low-flying objects, typically up
to 2-5 metres high. As a result, only the dust particles will have effects on the
radio communication as the radio communication antennas are more than 5 m

high. Chu [15] investigated the effects of dust on the radio communications.

The uncertainty involved in both the value of dust dielectric constant and the
dust particles size distributions limits the accuracy of the models that aim to
predict the attenuation and the phase shift that will occur to a wave propagat-
ing in a dusty medium. However, Chu [15] investigated the dust storm effects,

attenuation and phase shift, dependence on the wave frequency.

The dust density in a dust storm forms an important factor when predicting the
attenuation due to a dust storm. Since the density is very difficult to measure,

the optical visibility forms a convenient measure to predict the dust density.

The visibility is inversely proportional to the optical attenuation- extinction-
(dust storm attenuation at optical wavelength) coefficient and is given by Al-
haider et al. [6] as:

In ||
ap = 4.343—Fk

. (3.2)
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3.2. ATTENUATION PREDICTION MODELS

o = dust storm attenuation at optical wave length.

k = is the threshold contrast which is defined as: contrast ratio between black
object and a bright background, Alhaider et al. [6] or the normalized differ-
ence in luminance between the sky and a mark located at the visibility distance,
Chu [15] and Goldhirsh [21]. There is no world-wide standard value of k. How-
ever, Alhaider et al. [6] reported the value (0.02) and Chu [15], Goldhirsh [21]
and Alhaider et al. [6] reported the value of (0.031) as the experiment-measured

median.

Using the value £ = 0.031 will give 15 dB as a proportionality constant between

optical attenuation and visibility.

In addition, Chu [15] assumes that all the dust particles are in spherical shapes
with different radii from storm to storm. This assumption is not true since the
dust particles have random shapes that are far from spherical most of the time.
In addition, Chu [15] performed his analysis on assuming dust particles to have
radii that range between 10 ym and 100 pm. While Haddad et al. [3] reported
that 30 % of the flying dust particles in dust storms have radii less than 5 pym.

Further, Chu [15] assumed all dust particles in a dust storm have a single radius
(equisized particles). This assumption is not valid since the dust particles radii

follow certain vertical distribution functions as discussed in Chapter II.

Chu [15] also assumed that dielectric constants take only one of two values; this
is inconsistent with different authors’ dielectric constant measurements shown in
Chapter II. It is clear that the dielectric constant has a wide range of values that
depend on many factors as discussed in Chapter II and cannot be assumed to

have only one or two values.

Since the constant (27r), where r is the particle radius, is much less than the
wavelength of centimetre and millimetre waves, the Rayleigh approximation is
still valid.

A sand/dust storm attenuation is the sum of extinction cross-sections C(r) of

the spherical particles and is given by [15]:
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A= /000 N(r)C(r)dr (3.3)

where N (r)dr is the number density within the radii range of r to r + dr.
Following Chu [15] derivation, the number of sand/dust particles per unit volume

can be given by:

[67eYA

N=—_ "0
6.5 (%7‘(’7“3)

[#particles/ m?’} (3.4)

where « in this equation is in dB/m.
The complex dust particle dielectric constant is given by:
e=¢ —je' (3.5)

Following Chu [15] mathematical derivations, he arrived at the following formulas

for the attenuation and phase shift coefficients:

i 1
A= i’_g aor Im [i +2] (8.686)  [dB/km] (3.6a)
12.5944 "
_ 12504 {3;2} (B /km] (3.6b)
A (e +2)" + e
3k e—17 /180
0= aor e[Sl (B0) peml (o)
83.077 2+ 4 -2
D) o { (e +2)* +e” } eg /] 200

where k = 27”, V' is the visibility in kilometres, A is the incident wave wavelength
in metres and r is the effective radius of the dust particles in metres. In the
source paper, Chu [15], the specified units for the attenuation and phase shift
are [dB/m] and [deg/km] respectively. After interpolating from attenuation and
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phase shift figures in [15], it was found out that the units are [dB/km]| and
[deg/km] as indicated in Equation 3.5.

By using Equation 3.2, the attenuation and the phase shift can be written as:

566.748 e’
A= - dB/k 3.7
va [(5' +2)° + 5”2} (4B /] (3.72)
1246.155 24y -2
o= deg/k .7b
v l (e +2)° + e } [dog/lm) (3.70)

Ansari and Evans, October, 1982 [§]

Ansari and Evans [8] mentioned that 30% of the population (particles) of the
dust in a dust storm will have radii of less than 5 um as per study performed
in Sudan. They assumed that dust particles will have radii of < 100 pm. But,
from the literature review in Chapter II, the particles of radii more than 50 p is
counted as large particles, sand particles, and is difficult to be elevated by wind

to more than few metres. So, their effect on radio propagation can be ignored.

Ansari and Evans [8] derived the formulas of the attenuation and the phase shift
due to dust storms by following similar method to the one used to derive similar
equations for rain and ice in the troposphere. Following this method may lead
to some degree of inaccuracy as the dust particles are tiny compared to rain and
ice particles. This method leads to a rise of the forward propagation constant
for both horizontally and vertically polarised propagating wave. This forward

propagation constant can be given by Ansari and Evans [8] as:

Kyp(0) =k+ )\/OOO fvm(0,7)p(r)dr (3.8)

where V' and H indicate vertically and horizontally polarised incident waves
respectively, k = 27“, 6 is the incident wave elevation angle, fy u(6,7) is the
scattering amplitude and p(r)dr is the particle size distribution per unit volume,

in (cm?), of particles that have radii in the range r — 7 + dr.
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The attenuation and the phase shift can be found as [§]:

Ay = 8.686 x 10°Im[Ky(0)]  [dB/km] (3.9a)
By = ? < 10°Re[Ky ()] [deg,/km] (3.9b)

Ansari and Evans [8] compared the calculated scattering amplitudes of particles
with radii = 100 pum for two different geometrical shapes, spheres and spheroids,
under the assumption of validity of Rayleigh approximation at 37 GHz to the
exact calculations using Fredholm Integral Method (FIM), derived by Ansari
and Evans for rain and ice attenuation calculation, as shown in Table 3.1. This
comparison revealed, due to tiny difference, that the Rayleigh approximation is

valid for dust particles up to a frequency of 37 GHz [8].

49



3.2. ATTENUATION PREDICTION MODELS

¢—0T X TL92Z ¥+
0T X L889F°6 = Af
o—0T X LTe8°¢l+

¢ 0T X 2060°¢ = Hf
¢—0T X 8918 T+
«—0T X L0€98°% = Af
o—0T X 6988°¢L+
0T X 189¢¢ = Hf
10T X €6898°6(+

e 0T X L166G°C = Af
,—0T X 8688°¢l+

¢ 0T X 9291 F{+
«—0T X 12¢F'6 = Af
00T X ge6Lel+
¢ 0T X €980°¢ = Hf
«—0T X 8€08 T/
«—0T X 6068°F = Af
00T X PeL8 €L+
¢ 0T X 899¢¢ = Hf
,—0T X L66L6L+
e—0T X GT6¢C = Af
10T X PIFS €L+

0—0T X ZIGET LI+
¢ 0T X SLVCV'¥

o—0T X 76,8790+
¢—0T X 9FGGT'¢

,-0T X GP9pGGl+

0—0T X ZPeT LI+
0T X 6L0V'¥

00T X GEE'9l+
0T X G8¥1°€

1—0T X 8967 'G/+

(ywegu00 SInysIOW %()7)

GroCT ¥l — GLE L

(yue3uod dInystowr 94071 )
el — 07

(yuegu0d aanjsiowt %,()

0T X €pg9 1 =Hf ¢ 01 xXg€ee91 =4/ ¢ 0T X T9G€0'C ¢ 0T X €€0°C 6290°0L — €5
(pues auy Aureory)
INIA USodey INIA USodey JURISTOD DLIFII[AI(]

sproxoydg soroydg

8] ‘seporyred poureds pue oa1eyds joq 10J ZHY) L¢ Jo Adousnbeiy ye pue wrf ()T JO PRI [IIm

sopo1yred jsnp/pues I10j SPOYIoOU JoRXe pue paseq YIW[AeY Usamjaq sepnjrjdure urejjedss jo uostreduwo)) :1°¢ o[qe],

50



3.2. ATTENUATION PREDICTION MODELS

The authors consider two cases when deriving the propagation constant equation.
First, they assumed that all particles in the medium have the same size. The
second case considered the availability of particles size distribution. In the first
case, using Rayleigh approximation, since the particles size parameter < 1, and

using Equation 3.4, the propagation constant can be expressed as [8]:

K=k [H B0 (;;)} (3.10)

where r is particles’ effective radius and V' is the visibility. Look to the source
paper by Ansari and Evans [8] for detailed derivation. The attenuation and the
phase shift given by the authors, Equation 3.8, show multiplications to 10° for
both attenuation and phase shift. By working through the paper again and using
A, r in metres and the visibility in kilometres, the multiplication will be cancelled.
The attenuation and the phase shift under the assumption of equisized spherical

dust scatterers can be then written as:

566.497 o
A= dB/k 311
2 {(5’ +2)° + a”Z} [4B/kom] (8.112)
360 1.2456 x 103 g2 4?9
*= deg/k 11b
PR T5Y " [ CETEETT ] [deg/km] (3.11b)

As it is clear from the phase shift formula, ignoring the fist right-hand term will

not have any effect on the final phase shift value.

By considering that the particles size distribution to follow an exponential dis-
tribution, as per analysis done in Sudan and reported by Ansari and Evans [§],

of the type:

P(r) = Bexp(—pr) (3.12)

with a mean value @ = 1/4.
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Using the fact that the optical extinction = 2, the propagation coefficient can be

expressed as [§]:

45 e—1
K=k [1 T 86865V (a + zﬂ (3.13)

Following the same mathematical derivation of Equation 3.10, for equisized

spherical scatterers, the attenuation and the phase shift can be written as:

848.23 e
A= r dB/km 3.14a
BV [(5/ +2)% + sﬂJ (4B/km] (3.142)
360  1.8651 x 108 [e2 4+ —2
d="= deg/k 3.14b
X e { (& +2)2 +en } (dog/km] - (3.14b)

Again it is clear from the phase shift formula, ignoring the fist right-hand term

will not have any effect on the final phase shift value.
J. Goldhirsh, November, 1982 and December 2001 [21] [22]

If the dusty medium is assumed to be a monodispersive system, where all dust
particles are spheres with equal radii, the attenuation that will occur to a prop-
agating microwave signal in this medium is expressed by Chu [15] as in Equa-

tion 3.6. Using Equation 3.4, the attenuation can be given by [21]:

N.B.: In [21], the constant in equation 16 should be 3,67 x 1072

_ L0287 X 10°

AN S

lm} [dB/km]  (3.15)

If the particle size distribution (more realistic polydispersive system) is taken

into consideration, the attenuation expression can be written as [21]:

1.0287 x 10° " 5
_ S Ne? [dB/k 1
AN A [(s’+2)2+6”2] - Nori [dB/km] (3.16)
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where NNV; is the number of particles with radii ranging between r; and r; 4+ dr; per
cubic metre. If the Equation 3.16 is multiplied and divided by the total particles
density N, the attenuation can be written as [21]:

_1.0287 x 10° "

A% X {W

}ZPﬂ’f [dB/km] (3.17)

where P; = N;/N: is the probability that r; falls between r; and r; + dr;.

Using Equations 3.2 and 3.4, the relation between the visibility and the total

particles density can be written as [21]:

5,509 x 10~

V N2 [km] (3.18)
and the attenuation can be expressed as:
566.7108 e’
A(N) = dB/k 3.19
(V) VA |:(€/ +2)2 + 5”2} [4B/k] ( )

Later Goldhirsh in 2001 [22] predicts that his attenuation models (above) that
are based on Rayleigh approximation are valid since Rayleigh approximation

holds for frequencies up to ~ 48 GHz.

The total relative volume of dust particles in air were given by J. Goldhirsh,
2001, [22] as:

4 3 3 3 :
v=gm z; N;rs [m?® of dust/ m? of air] (3.20)

Then, from Equation 3.16, the attenuation can be expressed as:

2,456 x 10°

Ay = =2

[(8/ + 28)/; + e//?} v [dB/km] (3.21)

which is similar expression to the one derived by Ghobrial and Sharif [5].
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As the dust mass concentration (M), relative dust mass per cubic volume of air,

is given by [22]:

M =puw [kg of dust/m?® of air] (3.22)

where p is the dust density in kg/m? and v is the total volume fraction of the air
that is filled with dust.

Using the relation between mass concentration and visibility given by Patterson

and Gillette [13]:

M:£—>’U ¢

where C' and v are constants explained in Chapter II. From Equation 3.21, the

attenuation can be given as:

2.456 x 10° " C
AN) = . dB/k 3.24
2 ) {(a' T2 1 6”2} pyr B/l (3.24)
and similarly, the phase shift can be given by:
54x10° [e?+%+e' —2] C
= : deg/k 3.25
A { (' +2)2 + ¢ ] pV [deg/km] ( )

Goldhirsh [22] used the values p = 2.44 x 10° [kg/m?], C' = 2.3x107° [kg.km/m?|
and v = 1.7 which are believed to be right values for Sudan as reported by
Ghobrial and Sharif [5]. These values are taken directly from the paper by
Patterson and Gillette [13] and believed to be right for Sudan as the dust is

not generated locally and tropical climatic conditions dominate, as reported by

Sharif [4].

Due to huge differences between geographical locations of dust storms, these
values are not applicable always and may differ from one geographical area to

another. In the above derivations, the equation of the relative dust volume is
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replaced by the original symbols, not values, to work for different geographical
locations. Deep study of the dust storm properties, dust storm originating re-
gion and the geographical location where the dust storm spreads are required to

achieve the right values of these constants.

Haddad et al., June, 1983 [3]

Haddad et al. [3] followed exactly the same procedure followed by Chu [15] and

arrive to an identical result represented by Equation 3.10.
Ghobrial and Sharif, October, 1985 [5]

Ghobrial and Sharif [5] found that the following values are believed to be appli-

cable for Sudan:
p =244 x 10 [kg/m?], C' = 2.3 x 107° [g.km/m?], v = 1.07

They used these values and derived an equation, Equation 3.23, that relates
the relative volume occupied by the dust particles in a storm to the visibility,
based on the relation between the dust mass concentration and visibility, given in
Chapter II, derived by Patterson and Gillette [13]. They found the attenuation,

under the assumption of spherical dust particles, can be give by equation 3.21 [5].

Later, in 2001, J. Goldhirsh [22] used the derived relation between the relative
occupied volume by the dust particles and the visibility and then he derived an

equation for the attenuation, Equation 3.24.
Alhaider et al., September, 1987 [6]

Alhaider et al. [6] consider the dust particles to be the particles with radii < 50
pm, and hence the Rayleigh approximation holds for the dust particles. Alhaider
et al. [6] showed that the attenuation of a millimetre wave propagating in a dusty
medium can be given by Equation 3.17. This equation requires the knowledge
of the number of dust particles in a dust storm or the relative volume fraction
of the storm that is filled with dust which is difficult to be measured. By re-
arranging Equation 3.4, Alhaider et al. [6] used the following form for the optical

attenuation:
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ag = 4.343 x 10* (2rN) Y " Pr?  [dB/km] (3.26)

After that, Alhaider et al. [6] used Equation 3.26 together with the Equation 3.2

and arrived at the following equation for the attenuation:

"

A = 566.97 (é) (%) {(g—} [dB/km] (3.27)

I + 2)2 +8//2

where 7, is the effective particles’ radii and is given by [6]:

_ Zz Pir,f’
- P

(3.28)

Te

Y. Yan, August, 200/ [38]

Yan [38] gave the equations of the real and imaginary parts of the effective

dielectric constant of a dust storm, Equation 3.5, to be:

,_ 1+3v(e,—1) (e, +2)+¢€
(sg+2)2+gg2
" el

=" "¢ 3.29b
c (e 42) + € ( )

5 (3.29a)

where €/, and ¢/ are the real and imaginary parts of the measured dust dielectric
constant and v is the relative volume fraction of a dust storm that is filled by dust.
The author did not give any equation for the relative volume of the dust. In this
report, it is assumed that the relative volume can be found using Equation 3.23.
The author assumes that the dusty medium can be accepted as even media,
based on the equivalent media propagation theory. The propagation constant of

the dust storm is given by [38]:

I'=a+j3 (3.30)
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where « is the attenuation (A) and § is the phase shift (®). Assuming that all
dust particles have the same size, Yan [38] gave the following equations for the

attenuation and the phase shift:

RG] el

d = 7.545 x 106 f N3 {

where f is the frequency, in GHz, of the of the propagating wave (incident wave).
The attenuation formula above is identical to Equation 3.15. The phase shift is
similar to the one derived by Chu [15]. This phase shift can be achieved by sub-
stituting Equations 3.2 and 3.4 into Equation 3.6. By considering a more realistic
case where the dust particles have different sizes following some particles size dis-
tribution (polydispersive system) and using Equation 3.16, the attenuation can

be given by:

"

6

} > N [dB/km] (3.32)

A=8.191x 10° f {m} v [dB/km] (3.33)

Then, by using Equation 3.21, the attenuation can be rewritten as:

A=8.191 x 10°f [(8/ - 25)2 - 6”2} (,;Sw) [dB,/km] (3.34)

Following the same procedures, the phase shift can be given by:

& =1.80 x 10° f [(5, ?a’ll(j)jf)e:; 8”2} (pgv) deg/km]  (3.35)
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Dong et al., May, 2012 [25]

Dong et al. [25] used similar assumptions and similar method used by Ansari
and Evans [8]. Using Equation 3.21, Dong et al. [25] arrived to the following

equation for the propagation coefficient:

K:k+31(5_1).v (3.36)

Using Equations 3.11, 3.12, 3.23 and 3.36, Dong et al. [25] arrived at the following

equation for the attenuation:

e’ C
A = 8686Im [K] = 8.1864 x 10° F { EETE 8”2} (pVV) [dB /km]
(3.37)

where the incident wave frequency F' is in GHz. Similarly, the phase shift can

be given by:

o

Re[K] = —+1.8x10° F
e [K] +1.8x% e

~ 1.8x10° 360 e?+e"+e -2 C
o A (g +2)2+ e

JRCE
(3.38)
The first right-hand term of the phase sift equation can be ignored.

Dong et al. [25] used the values of constants C' and ~y that are applicable for Sudan
in his derivation. These values are not applicable for all different geographical
areas. In this report, all values are replaced by their symbols which can then be

replaced by the constants’ right values.

Attenuation assuming ellipsoidal dust particles

Ghobrial and Sharif, October, 1985 [5]

The effective dielectric constant of a dusty medium, under the assumption of
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ellipsoidal suspended dust particles, can be given by [5]:

v(ie—1) .
i=l+————;1=1,2,3 3.39
ST Ay (3:39)
where A; is the depolarization factor along the axis a; of the ellipsoidal particle

and can be given as, Stratton [37]:

% d
A, = “1a2a3/ i Li=1,23  (3.40)
2 Jo (s+a})/(s+af)(s+a3)(s +a3)

The total relative volume of the dusty medium, that is occupied by the dust
particles, in Sudan is very small even for dense dust storms, as demonstrated
in Section 2.1.1. Hence, the second right-hand term of Equation 3.39 is much

smaller than unity.

The propagation constant can be given by [5]:

_ L, W 2T 27 v(e—1)
F—Oéz+]ﬁz—JE\/€_Z_]/\\/6_l_J/\\/|:1+1+Ai(5_1) (3.41)

i=1,2,3

and hence the attenuation and the phase shift constants along each axis of the

ellipsoidal particle can be expressed as [5]:

a; = —%]m {J’i—(;l_)l)] [dB/km]; i = 1,2,3 (3.42a)
Bi = 2; {1 + %Re (1:(;—(_51—)1))] ci=1,2,3 (3.42D)

The unit of the phase shift was not reported. The phase shift per unit length

relative to a wave travelling in air can be expressed as [5]:
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v(ie —1)

T
i =y he [1 T A -1

i ] L i=1,2,3 (3.43)

Due to the fact the the ellipsoidal dust particles are randomly oriented relative

to the wave polarization, it is essential to obtain the average value of all a; and

B; which is given by [5]:

o = — i Im [1:(2—(_51—)1)] [dB/km]; i =1,2,3 (3.44a)

o v(e—1) o

Figure 3.1: Dust particle ellipsoidal geometry approximation.

If the probability of finding particles with ay/a; axes ratio, considering Figure 3.1
as an example of ellipsoidal dust particle, in the range R, < R < R,y is given
as P,(R) and the probability of finding the particles with as/ay axes ratio in
the range 1,1 < 1 < 1441 is given by P,(r). Then, the probability of finding

particles with as/a; and ag/as axes ratios within given range will be P,(R)FP,(r).
-Attenuation and phase shift for a vertically polarised wave [5]

The electric field direction of a vertically polarized wave is parallel to the ellip-
soidal dust particle’s shortest axis, axis ag in Figure 3.1. The total attenuation
and the phase shift constants, due to the presence of the ellipsoidal dust particles,

for vertically polarised wave can be given by [5]:
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ay = —3% N PP Im L +fp:(i)_ 1)} [dB,/km)] (3.452)

T v(e —1)
U PO e v IR

where ¢ is the shortest axis in the dust particle, a3 in Figure 3.1.
-Attenuation and phase shift for a horizontally polarised wave [5]

Since the ellipsoidal dust particles have no particular orientation in the horizontal
plane, the attenuation and the phase shift is achieved by taking the average of

the attenuation and phase shifts of the two horizontal axes as [5]:

oy = 2% ngqu:vppqum{l (- 1) P Gl } [dB/km]

2 2\ FAppge—1)  1+A.,(e—1)
(3.46a)
_Bet B m (e—1) (e—=1)
o =""5""n ;;Re L + Ay pgle — 1) * 14+ A, pqle — 1)}
(3.46D)

where x and z are the other two axes of the ellipse - other than the shortest axis

- axes a; and ay in Figure 3.1.
-Attenuation and cross polarization of a circularly polarised wave [5]

A circularly polarised wave can be resolved into two linearly polarised wave with

equal magnitudes but with their polarization are 90° out of phase, orthogonal.

In a previous discussion it was shown that the attenuation for a vertically po-
larised wave propagating through a dusty medium is not the same as the one for a
horizontally polarised wave propagating through the same medium. As a result,

circular polarisation will be induced [5]. The cross-polarisation-discrimination
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(XPD) for a circularly polarised wave is given by [5]:

1+ 2mcos ¢ + m?
1 —2mcos ¢ + m?

where m is the two linearly polarised waves, that produce the circular polariza-
tion, magnitudes ratio and ¢ = 90° - phase difference between the two waves.
If m =1 and ¢ = 90°, the wave is truly circularly polarised [5], X PD becomes

infinite. For a wave propagating in a dusty medium, m and ¢ are given by [5]:

m = elon—aviD (3.48a)

¢ = (Bu — Bv)D (3.48b)

The attenuation of a circularly polarised wave propagating in a dusty medium
is caused mainly due to two mechanisms: energy absorption in the medium and
change in polarisation. The attenuation of a circularly polarised wave can be

given as [5]:

142 2
aC:—QOIng\/ + mCZSd)er eovD (3.49)

For a constant m, the maximum and the minimum attenuation caused by changes

in the phase are given by [5]:

1 —

ac,,.. = —20logyq [Tm} e b (3.50a)
1

ac,.. = —20logy, {%} e=avD (3.50b)

and these attenuations correspond to ¢ = 7 and 0 respectively.

Dong et al., May, 2012 [25]
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The ellipsoidal dust particle forward-scattering amplitude, based on Rayleigh

approximation, can be expressed as [25]:

a1a20s3

fi = kZT (L —iLl) (3.51)

where k = 27”, and:

1 1
L'=Re|———|; Ll=Im|———|; i=1,2,3 3.52
i 6[1+Ai(g—1)1’ i mLJrAi(e—l)]’ i=123 (382
A; is the depolarisation factor along each axis and is given by the Equation 3.40.

The sum of all three depolarisation factors, A; + As + A3z = 1, is equal to one.

Using Equations 3.51 and 3.52, the propagation coefficient will be [25]:

T T
K=k+—-L.wv—i-L. 3.53
+ T (3.53)
where v is the relative volume of the storm that is occupied by dust particles

and given by Equation 3.35.

The attenuation and the phase shift coefficients, in terms of visibility, can be

given by:

C
a; = 8686Im [K] = 9.096 x 10* F L" [W} [dB/km]; i = 1,2,3 (3.54a)
p

_1.8x10°
- T

B; Re[K]=6x10° F L {i} [deg/km]; i =1,2,3 (3.54b)

pV

where F' is the frequency in GHz and ¢ indicates the ellipsoidal particle three
axes, one (shortest axis) corresponds to vertical polarisation and the other two
randomly oriented axes corresponds to horizontal polarisation. For example, if

we assume axis number 3 is the shortest particle axis, then ¢ = 3 corresponds
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to the vertically polarised wave while ¢ = 1,2 correspond to the horizontally

polarised wave.
-Attenuation and phase shift for a horizontally polarised wave [25]

As mentioned before, the two horizontal axes of the ellipsoidal dust particle are
randomly oriented in the horizontal plane. As a result, the attenuation and
phase-shift coefficients for the horizontally polarised wave, assuming axes 1 and

2 are the particle horizontal axes, can be expressed as:

L// L//
an = 2 9096 % 10" F ( s 2) { ¢ } [dB/km]  (3.55a)

2 2 pV
Pt B 5 Ly + L C
Bu = 5 = 6 x 10> F 5 e [deg/km]  (3.55b)

-Attenuation and phase shift for a vertically polarised wave [25]

Assuming the particle’s shortest axis is axis 3, the attenuation and the phase

shift coefficients of the vertically polarised wave can be given by:

e
ay = 9.096 x 10" F L} {W} [dB/km] (3.56a)
By =6 x10° F L i [deg/km] (3.56Db)

-Differential attenuation and phase shift [25]

The differential attenuation and phase shift can be written as:
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LI/ + L/l) o L// C T
Aa = — = 9.096 104F<1 2 3 dB/k
« ‘CKH Oév‘ X 9 pv,y_ [ /m]
(3.57a)
L+ L)) — L, C ]
BulAa = |By — By| =6 x 10° F (U 22) 3 [ 7 [deg/km]
pv7]
(3.57b)

-Cross-polarisation discrimination (XPD) [25]

The XPD can be given as in Equation 3.47, where m is the ratio between the
two linearly polarised waves that produce the circular polarisation and ¢ = 90°
is the phase difference between them. Both m and ¢ can be determined using
Equation 3.48.

C. S. Rai, May, 2012 [10]

Rai [10] followed exactly the same procedure followed by Ghobrial and Sharif [5]
to find the attenuation coefficient, phase shift coefficient and XPD of the prop-
agating circularly polarised wave under the assumption of ellipsoidal dust parti-

cles.

Rai [10] gave the attenuation equation along axes 1, 2 and 3 to be:

T v(e —1) o
Qipg = =7 Xp: zq: P,P,Im [1 AL 1)] [dB/km]; i =1,2,3 (3.58)

Considering a linearly polarised wave, given by: FE coswt, is incident on an el-
lipsoidal dust particle at a canting angle # as shown in Figure 3.2. Due to the
differential attenuation happening while the incident wave propagates in a dusty
medium, the incident linearly polarised vector E will be rotated by an angle 9,

a depolarisation angle. This angle can be given by [10]:
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-3 G
E'J\_______._

Figure 3.2: Rotation of the linearly polarized field vector due to differential
attenuation. [10]

™

40\

1 ) . (3.59)
X + -
zp: zq: (Al,p,q + ﬁ Aspg+ ﬁ Az pg T +1 > ] )

£

§=60—tan"" (tan(ﬁ) log™* [ vP,P,L

and the XPD can be expressed as [10]:

sin

XPD =20log (3.60)

cos 0

™

40\

: , . (3.61)
X + -
; ; (Al,p,q + 5%1 Aspg+ 5%1 Az pg T ﬁ)] ))

XPD =20log sin (9 —tan™! (tan(ﬁ) log™! [ v P,P,L

66



3.2. ATTENUATION PREDICTION MODELS

The depolarisation loss can be given by [10]:

_ 2 g ion-1 -1 [ T
Ls =10log <1/cos {9 tan (tan(G) log [40)\ v P,P,L
1 1 1
X + — dB

(3.62)

3.2.2 Limitations of Rayleigh approximations (scattering) [1]

As mentioned in Chapter I, the attenuation due to scattering and absorption is
also called extinction. The extinction is defined by Hulst [19] in Equation 3.63.

The same definition also apply for the cross-sections.

Extinction = Scattering + Absorption (3.63)

Vishvakarma and Rai [1] did a theoretical investigation on the main constituents
of sand and dust storms, sand, silt and clay. The study revealed that in the
lower frequency range, the absorption cross-section is the dominant contributor
to the extinction cross-section, while the scattering cross-section has low values
at the same frequency range. So, the term responsible for conduction and hence,
absorption in the medium, will be appreciably high and the extinction cross-
section may be represented by the absorption cross-section. These results are in

good agreement with Rayleigh scattering, where the scattering depends on (27”)4.

As the frequency increases, the wavelength will decrease. As a result, the ratio of

the particle radius to the incident wavelength will increase. This may enhance the

backscatter power from the dust particles and, hence, increase the attenuation as

observed by Vishvakarma and Rai [1]. It can be concluded that, as the frequency

increases, the scattering cross-section contribution to extinction cross section will
2

also increase, since reducing the wavelength, the term (27)* will increase.

This observation is also supported by the radiation theory [1] which states that
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the particles exposed to an incident electromagnetic wave should radiate as a
dipole. This radiation increases as the incident wave frequency increases. As a
result, increasing the frequency of the incident wave increases the scattered, and

re-radiated, energy and hence increases the attenuation.

As a conclusion, the attenuation due to dust particles depends on incident wave
frequency, dust particles’ radii, visibility and the relative dust particles complex
permittivity. At higher frequency, it was noticed by the authors that the atten-
uation prediction using Rayleigh scattering based attenuation models will have
a large deviation due to the inherent limitations of Rayleigh scattering assump-

tions.

According to Goldhirsh [22], Rayleigh scattering-based attenuation models can
be used up to 48 GHz. Abdulla [23] concluded in his study that these models
can be used up to 37 GHz.

3.2.3 Mie Scattering-Based Model

Due to the limitations of that are caused by the assumptions of Rayleigh scatter-
ing, Abdulla et al. [23] and Islam et al. [24], used the first three terms of the Mie
extinction formula to develop a mathematical model to predict the attenuation
to a propagating electromagnetic wave in a dusty medium. The Mie extinction
formula is used to find the attenuation to the propagating particles due to large
particles, 2%” ~ 1, such as rain drops. Abdulla et al. [23] mention that the main
advantage of using the Mie solution as a base to find the electromagnetic wave
attenuation is that it takes into account both scattering and absorption of the
wave energy by the particles and can be used for high frequencies, higher than
37 GHz, and at high moisture content mediums, more than 10 percent relative

humidity .

Oguchi [39] reported that the attenuation to a microwave signal passing through

1 km slab of rain can be given by:
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A =4.343 x 10° Qeatn(r)dr

Tmin

(3.64)

where r,,;, and r,,,, are the minimum and maximum dust particles radii in a

dust storm and Q.. is the dust particle total extinction cross-section. The Qeuy

is given by Kerr [27] as:

Qext = )\P3 (Cl + C2P2 + 03/)3

where p = 2% and p < 1. The constants C, Cy and Cj5 are given by:

66”
(E’ + 2)2 + 5//2
E// 75/2 + 76”2 +45/ _ 20 25
C2 = - 5| +1+
15 [(e" +2)2 +¢"2] [(2e” + 3)2 + 4e772]
o - 4 (e —1)2(e' +2)2 +&"?[2(e' —1)(e' +2) — 9] + "%
3 3 [(E’ + 2)2 + 5//2}2

(3.65)

By substituting Equation 3.65 and the three constant into Equation 3.64, we

arrive to the following attenuation equation reported by Abdulla et al. [23] and

given by:
1.714 x 10° rmae
A= —)\X Cl/ r3n(r)dr
6769 x 100 (7
+ —)\: Cg/ ron(r)dr
4.253 x 107 rma
+ )\—503/ ron(r)dr

Islam et al. [24] simplified the equation to the form:

A= 043 ee 137919 ¢, e 4 93381 o e
= O C L C Ca———
VA 2V A3 Y

(3.66)

(3.67)
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which the same equation was achieved by Abdulla et al. [23], but with different
equations of the constant Cy and C5. Abdulla et al. [23] gave the constants as:

6e!’

C = —_—
1 (¢ +2)2 172

o , (6 [7¢? + 72 44’ — 20 N 1 N 5
= 13 — — - -
2 5 [(e" +2)2 +£/2)? 15 3[(2¢’ + 3)2 + 4¢/2]
o - 4 (" =12 +2) +[2(e' —1)(e' +2) — 9] + "4
3 - 3 [(El +2)2 +E//2}2

There are two small differences between the constants given by Kerr [27] and
Abdulla et al. [23]. In the constant co, Abdulla et al. [23] multiplied the first term
by 6. In the third constant, in Abdulla et al. [23] a square is missing for the value
(¢'42). Islam et al. [24] used Equation 3.29 and assumes equisized dust particles
in order to simplify the mathematical calculations involved in evaluating the
attenuation. Islam et al. [24] assumed the same constants as Abdulla et al. [23].
For the purpose of this report, it is assumed that the constants equations given

by Kerr [27] are the right equations.

3.2.4 Effective Material Property Attenuation Model [2]

Xiao et al. [2] derived an attenuation model obtained using the effective material
property. It is obtained from the general formulation of the wave propagation
constant, based on an equivalent complex permittivity of the storm medium, the
mixture of a host material (air) and sand and dust particles and visibility. The

equivalent complex relative permittivity of the storm medium is given by:

_ . Esd+2€azr
geq 8&7/" + 1 —v Esd—Eair
€sd+2€air
o .
= &y — Jel, (3.68)

where €., is the equivalent complex relative permittivity, €4, is the air relative
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dielectric constant and v is the volume fraction occupied by sand and dust in
a storm per unit volume, given by Equation 3.23. &4, is the complex relative
permittivity of sand and dust, respectively, given by Xiao [2]. € and £” are the

real and imaginary parts of the equivalent complex relative permittivity.

This model assumed a negligible magnetic loss of the sand and dust storms. The

attenuation of transversal EM waves traveling in the storm can be obtained from:

F=a+j6= \/jw,uo(jweoaeq) [m™] (3.69)

where I' is the complex propagation factor and w is the angular frequency. « and
[ are the attenuation and the phase shift. ¢y and po are the dielectric constant
and permeability of air and e, is the complex relative permittivity of the sand

and dust storm.

The loss tangent of the storm can be expressed by [2]:

8//

tand = —< (3.70)

/
eq

where ¢ and &” are the real and imaginary parts of the equivalent complex

relative permittivity.

From the previous two equations, the attenuation and the phase shift can be

expressed as

o2 [el 1/2
A = 8686 Tﬂ {7(1 V1 +tan?s — 1} [dB /km] (3.71a)

3.6 x 10° [<L, 5 V2
o = — |3V 1+ tan®0 + 1 [deg/km)] (3.71Db)

where ) is the wavelength in air.
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3.3 Attenuation Models Performance Analysis

3.3.1 Attenuation Measurements

In the literature, only few practical attenuation measurements were performed.
Some attenuation measurements, that were done in simulated sand/dust storms
environment in the labs, accuracy was poor due to the difficulty to simulate real
storms. In 1976, Ahmed [40] performed few attenuation measurements in the
lab for free falling dust under gravity effect. This free falling dust is far from
being similar to real storms due to the lack of wind and the friction and collision

between particles. These measurements were not considered in this study.

Haddad et al. [3], 1983, performed few lab measurements for both natural and
simulated dust samples. The natural dust sample was collected from a dust
storm at a height of 3 m. All these measurements were done under simulated
dust environment in the lab and is not considered for this study because of the

reasons mentioned above.

In 1985, Ghobrial et al. [41] performed two attenuation measurements for two
communication links 2 GHz and 7.5 GHz respectively. The path length of the first
link was 18 km and 20 km for the second link. Authors reported an attenuation
of 0.02222 dB/km for the first link and 0.025 dB/km for the second link. The
visibility for the first link was reported to be nil and considered to be 5 m in
this study. The visibility of the second link was reported to be 0.15 km. The
measurement height was not provided for this experiment and assumed to be
27 m for the purpose of this study. Also, the dust moisture contents for both

measurement were not reported.

Ghobrial et al [41] reported that Alhafid et al. measured an attenuation of 0.5778
dB/km for 45 km, 11 GHz link with a visibility of 6 km. The attenuation was
0.3333 dB/km for 8 km visibility and 0.2222 dB/km for 10 km visibility. The

measurement height was not given and assumed to be 27 m for this study.

Alhaider and Ali [14], 1987, performed experiments to measure the attenuation
for 40 GHz, 14 km during nine different dust storms in Riyadh, Saudi Ara-
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bia. The visibilities and the recorded attenuations are shown in Table 3.2. The
measurement height and the moisture content of the nine dust storms were not
reported. For the purpose of this experiment, a measurement height of 27 m is

assumed.

Table 3.2: Measured attenuation for 40 GHz, 14 km communication link,
1987. [14]

Visibility (km) Attenuation (dB)
0.625 2.0
0.682 2.5
1.25 1.4
1.42 1.0
1.61 2.0
2.05 1.4
2.14 1.0
3.75 1.5
3.75 0.7
5.56 0.5

In 1990, Ghobrial and Jervase [42] measured the attenuation of a 10.5 GHz, 25
km communication link during a dense dust storm in Khartoum, Sudan. The
receiving antenna was placed 27 m above the ground level. The visibility was

reported to be nil and is assumed to be 5 m for this study. The measured
attenuation was 0.256 dB/km.

The last measurement that is considered in this study was done in Sudan for a
15 km, 13 GHz communication link by Islam et al. [24]. The measurement height
was net reported and assumed to be 27 m as before. The reported visibility was
50 m. The measured attenuation was 0.67 dB/km.

3.3.2 Effective Particles Radii and Dielectric Constants

The effective particles radii for five different dust storms measured by Alhaider
et al. [6] at measurement height of 21 m are shown in Table 3.3 for either normal

or log-normal distributions. The calculated effective radii for the height 27 m
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using Equation 3.72 [6] are shown in the last column of Table 3.3. The mean of
the radii at 27 m is 12.484 pm with a standard deviation of 4.1274.

Te = TOe[h/hO]iﬁye; Ye = 0.04 (372)

Table 3.3: Effective dust particle radii of five dust storms at 21 m high, 1985-
1986 [6] and the calculated effective radii at height of 27 m.

Dust storm  Effective Radius (um) Calculated effective Radius (pum)

event h=2lm h=27m
1 15.45 15.296

11 13.2 14.068
111 11.4 11.286
v 10.0 9.90

\% 13.0 12.870

For the purpose of the analysis, only two effective radii at a measurement height
of 27 m are considered maximum and minimum radii. Alhaider et al. [6] found
that three of the five dust samples measured at a height of 21 m follow log-
normal particles size distribution while the other two follow normal distribution.
The two radii chosen for this analysis are for two samples that follow log-normal

distribution.

The dielectric constant value is taken from Table 2.8 as follows:

e For 2 GHz: the dielectric constant at 3 GHz is used for 0% and 20.09%

moisture content.

e For 7.5 GHz: the average dielectric constants of two dust samples at 8.6

GHz is used for 0% and 3% moisture content respectively.

e For 10.5 GHz and 11 GHz: the dielectric constant measured at 10 GHz
given by Bashir and McEwan [34] is used.

e For 13 GHz: the dielectric constant at 14 GHz is used.
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e For 40 GHz: the dielectric constant at 37 GHz and about 10% moisture

content is used.

3.3.3 Attenuation Models

The models analysed in this study are:

Model 1:

The attenuation models derived by Chu [15], Ansari and Evans [8] and Alhaider
et al. [6] are identical. The following equation is used for this model:
~566.74 "

A Te
VA [(z—:’ +2)% 4 &7

] [dB/km] (3.73)
Model 2:

The models derived by Gobrial and Sharif [5], Goldhirsh [22], Yan [38] and Dong
et al. [25] are identical. The values p = 2.44 x 10® [kg/m?], C = 2.3 x 107°
[kg.km/m?®) and v = 1.7, applicable for Sudan, are used in this analysis. This
model equation is:

"

2316 x 1073

A
NE hy+2v+yﬂ

] [dB/km] (3.74)
Model 3:

Nevertheless the assumption of applying Mie solution to find the attenuation
due to dust particles is theoretically invalid. Here, the model developed by
Abdulla [23] and modified by Islam et al. [24] and based on the Mie solution is
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compared with the other attenuation models to evaluate its performance. The

model equation is:

3 4
T T T
A =943 ¢;— +3721.2 co—= + 23381 53— 3.75
VA VA3 Va4 ( )
and the constants are given by Kerr [27]:
C -~ 66//
o e 5 7e'? 4 7e"? 44’ — 20 L 25
2 - E [(E/+2)2+5//2}2 +1+ [(26/+3>2+45//2}}
o - 4 (e —1)2(e" +2)2 +&""?[2(e' —1)(e' +2) — 9] + "4
3T 3 [(c' +2)2 + 2]2

Model 4:

The last model included in this analysis is the attenuation model that is based on
the effective material property and developed by Xiao et al. [2]. The equivalent

complex relative permittivity of a dust storm is given by:

_ €sd+2€air
86(1 50,7,'7‘ + 1 _ E€sd —Eair
€sd+2€air
s
= &, — JEeq (3.76)

Here also the values applicable for Sudan are used to evaluate the volume fraction.

The attenuation model is given by:

o [e! 1/2

A= 8686 | 51V + tan® 0 — 1 [dB,/km] (3.77)

where ¢ is the storm loss tangent and given by:
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8//

tand = ?6(1 (3.78)

€q

3.3.4 Predicted Attenuations vs Measurements

For the purpose of validating the predicted attenuations by different models
against the available measurements, the attenuation is calculated for the mini-
mum and maximum particles radii at a height of 27 m as shown in Table 3.3.
As the measurement heights, for the performed experiments, are not reported
except for the experiment by Ghobrial and Jervase [42] which is reported as 27
m. So, the measurement height chosen for this analysis is 27 m as it is reported

by one experiment and it is a reasonable height for a communication tower.

Tables 3.4 and 3.5 show the Predicted attenuation for maximum and minimum
particles radii at a measurement height of 27 m. These predicted values are

compared with the measurements. These results are discussed in Section 3.3.7
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3.3.5 Predicted attenuation vs Visibility

As the visibility is a very important factor in the attenuation prediction for all
models, Figure 3.3 shows that the predicted attenuation to a 10 GHz incident
wave decreases with the visibility. The visibility in this plot ranges between 5 m

to 500 m. The particles’ effective radii of 9 pum is used here.

Predicted Attenuation (dB) at 10 GHz vs Visibility (km); e = 5.33 - j0.285
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Figure 3.3: Models predicted attenuation vs visibility

3.3.6 Predicted Attenuation vs Measurement Height

The receiver (measurement) height is an important factor when designing com-
munication links or when choosing a radar deployment site. The relation between
measurement height and the predicted attenuation is investigated. The visibil-
ity is believed to vary directly with the height following the relation given by
Sharif [4] as:

(3.79)

B, 1(0-28/7)
ho

V:VO[—
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where V' is the visibility at desired height h, V{ is the reference visibility at
reference height hg, v = 1.07, the value that is found to be applicable for Su-
dan, is assumed. Using the above equation, Figure 3.4 shows how the predicted

attenuation of different models varies with the measurement height.

Predicted Attenuation (dB) at 10 GHz vs Measurement Height (m); € = 5.33 - j0.285
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Figure 3.4: Models predicted attenuation vs height

3.3.7 Discussion

Ghobrial et al. [41], Ghobrial and Jervase [42] and Alhaider and Ali [14] used the
visibility data reported by airports’ meteorological stations. In the first two ref-
erences, the visibility was reported to be “nil”. This visibility data has a degree
of inaccuracy which enhances the errors involved with the attenuation predic-
tions. In addition, Ghobrial and Jervase [42] collected 20 graduate students, who
live in different parts of Khartoum, Sudan, in the next day of dense dust storm
event and asked them how far they could see during that dust storm. The vis-
ibility data recorded by the meteorological stations are not accurate enough to
be used for accurate attenuation predictions for an electromagnetic wave prop-

agating through a dusty medium. As a result of using this visibility data, the
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predicted attenuation will have some errors. For example, the high visibility to-
gether with the high attenuation reported by Alhafid [41] increases the suspicion
on the accuracy of the visibility measurements. The methods used to measure
the visibility in the rest of the discussed measurements are not specified. An
accurate means of measuring the visibility should be used in future in order to

increase the attenuation predictions accuracy.

The moisture contents of all dust storms events analysed in this section were
not reported by the authors. The dusty medium moisture content has a huge
effect on the medium dielectric constant. For example, the dielectric constant of
a dust sample measured at 3 GHz with 20.09% moisture content is about five
times double the value for dry dust. As a result, the huge impact of the dusty
medium moisture content on the dielectric constant cannot be ignored. In this
study, measured dielectric constants at different moisture content and different
frequencies were used to predict the attenuation. In cases where the dielectric
constant at the experimented frequency is lacking, the dielectric constant mea-
sured at the nearest frequency is used. This may increase the error in predicted

attenuation and hence the error percentage when compared to measurements.

Tables 3.4 and 3.5 show the measured attenuations and the attenuations pre-
dicted by different models. Due to the lack of the dielectric constant at certain
frequencies, the dust dielectric constant measured at the nearest frequency to
the frequency under test is used. This forms another factor that affects the

attenuation predictions accuracy.

In the two tables, at some frequencies, 2 GHz and 7.5 GHz, two dielectric con-
stants, measured for two dust samples with different moisture contents, are used
to show how severe the change of the dielectric constant to the predicted at-
tenuation value. The first row of the two tables gives the predicted attenuation
at 2 GHz and dielectric constant measured for dust sample at 3 GHz with 0%
moisture content and the second row for 20.09% moisture content. The predicted
attenuations using the dielectric constant of a dust sample with 20.09% moisture
content is approximately eight times double that of the once predicted using the

dielectric constant for dry dust. At 7.5 GHz, the dielectric constant measured
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for dry dust samples and samples with 3% moisture content at 8.6 GHz are used.
The predicted attenuation using the dielectric constant of samples with 3% mois-
ture content is approximately three times double the attenuations predicted for
dry dust. This demonstrates the importance of using the right dielectric constant
of the dusty medium that is measured at the right moisture content in order to

achieve better attenuation predictions.

Table 3.4 gives the measured predicted attenuations for incident signals with
different frequencies assuming the largest, 15.296um, effective dust particles ra-
dius. The very high error in the second row is due to the use of a dielectric
constant measured for dust sample with 20.09% moisture content. In general,
the errors between the measurements and the predictions increase with the in-
cident wave frequency. This proved the limitations of Rayleigh approximation
at high frequencies as discussed in Chapter II. The predicted attenuation, also,
increases with the increase of the moisture content of the medium, as it increases
the dielectric constant. Similar observations were noticed in Table 3.5 which
was simulated with dust particles’ effective radii of 9.90um. It can be noticed
from both tables that predicted attenuations of the model derived from the Mie
solution, Model 3, using the constants given by Kerr [27], are identical to those
predicted by the model developed by Chu [15], Model 1. Model 2 and 4 also give

identical predictions.

The predicted attenuations for the larger particles effective radius is approxi-
mately 1.5 times more than the one for the smaller particles effective radius, and
as discussed in previous chapters, the particles radii become smaller as the mea-
surement height increases. As a result, the higher the measurement, the lower

the attenuation.

Figure 3.3 shows an exponential decay of the attenuation predictions as the
visibility increases. As can be seen the model developed by Chu [15], Model 1,
and the model developed using the Mie solution, Model 3, using the constants
equation provided by Kerr [27], gave identical result of the predicted attenuations
for a 10 GHz propagating signal. The other two models, Model 2 and Model 4,

gave identical results. The last two models predict lower attenuations compared
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to the first two. All models exponentially decay as the visibility increases.

The attenuation predictions of all the four models decay exponentially with the
measurement height as shown in Figure 3.4. As the height factor is not directly
included in any of the attenuation models, Equation 3.79 was used to find the
visibilities from height. The reference height, hg, used to generate this plot is 1.5
meters with reference visibility of 5 m. The constant « is taken to be 1.07. As
before, models 1 and 3 are identical and the same applies to models 2 and 4. It

can be concluded that the higher that measurements, the lower the attenuation.

As can be seen from the figures, Models 2 and 4 predict 25% to 40% lower
attenuation than Models 1 and 3 at very low visibility and height. The difference

becomes lower as the visibility or the measurement height increases.

3.4 Conclusions

Scattering and absorption are the two main mechanisms that cause the atten-
uation of the propagating electromagnetic wave in dusty mediums, i. e. when
interacting with dust particles. The wave scattering by dust particles falls un-
der the Rayleigh scattering type because the ratio of the particles radii to the

incident signal wavelength, size parameter is much smaller than 1.

Eight attenuation models discussed in this chapter assume that all the dust par-
ticles have spherical shapes. The relation between optical attenuation and the
visibility is derived using the mean value of the threshold contrast as assumed
by Chu [15]. Six out of eight models are based on the validity of Rayleigh ap-
proximation for dust particles, i.e. fall in the Rayleigh scattering regime. Ansari
and Evans [8] proved this assumption by calculating the scattering amplitude
using exact method and a method that uses Rayleigh approximation for 100 ym
particles, sand particles, at 37 GHz. The calculations reveal that only a negli-
gible difference between the two methods which prove the validity of Rayleigh

approximation.

Ghobrial and Sharif [5] consider the air volume fraction that is occupied by dust
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while deriving the attenuation model. They used the empirical constants that
are applicable for Sudan in their derivation. In this model, similar to the other
models, the attenuation is inversely proportional to the visibility. Ansari and
Evans [8] modified the attenuation prediction model to cater for particles size

distribution of the exponential type reported by Ghobrial for Sudan.

In nature, the dust particles shapes vary randomly between needle-like to sphere
or disc and are very rarely to be found in perfect sphere shapes. Ghobrial and
Sharif [5], as an extension to their attenuation model, assume the dust particles to
have ellipsoidal shapes with different axes ratios. This assumption provides three
degrees of freedom and is a realistic approximation to dust particles in nature.
The attenuation prediction using this model is assumed to increase the prediction
accuracy over the attenuation models that assume spherical dust particles. The
disadvantages of the attenuation prediction models based on the assumption of
ellipsoidal dust particles are that the mathematical complexity increases, large
mathematical calculations are required, and the attenuation is evaluated based
on the incident wave polarisation. Rai [10] derived the additional loss caused by

the depolarisation which enhances the attenuation.

When the incident wave frequency increases, the wavelength decreases, Vish-
vakarma and Rai [1] observed that the attenuation predictions by Rayleigh
scattering-based models are associated with a large deviation due to the inherent
limitations of Rayleigh approximation. Abdulla et al. [23] suggested 37 GHz as
the maximum frequency limit for the use of Rayleigh scattering-based models.
Goldhirsh [21] suggested 48 GHz.

Due to Rayleigh scattering-based attenuation prediction models, Abdulla et al.
[23] used the first few terms of the well-known Mie extinction formula to develop
a mathematical attenuation prediction model for a wave propagating in a dusty
medium. The solution of the Mie extinction formula is used to predict the wave
attenuation due to large particles such as rain and ice, when the size parameter
can be approximated by 1. The size parameter for the largest dust particles can
be approximated to 1 for frequencies above 400 GHz. This makes the use of the

Mie extinction formula theoretically invalid.
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The constants used in the attenuation prediction formula that was given by
Abdulla et al. [23] and Islam et al. [24] led to overestimation of the attenuation.
By replacing these constants equations by the equations given by Kerr [27] for
the same constants, the performance of the Mie scattering-based model become
identical to the model developed by Chu [15], which assumes the applicability of

Rayleigh approximation.

The attenuation model derived by Xiao et al. [2], which is based on the effective

material property, provides identical results to the model derived by Ghobrial
and Sharif [5].

The attenuation prediction by all the models decay exponentially with increasing
the visibility or the height. In general, the model developed by Chu and the Mie
scattering-based model give identical performance. Also, the effective material
property attenuation prediction model gives identical attenuation prediction to
the model derived by Ghobrial and Sharif [5]. The first two models’ predictions
are higher than the second two models predictions. The attenuation predictions

increase with the effective dust particles’ radii.

In order to increase the attenuation prediction accuracy, we must:

e Use an accurate mean to measure the visibility.

e Measure the dielectric constant of dust storms together with measuring the

moisture content of the dust storm.

e Experimentally, determine the dielectric constants for wide range of fre-
quencies of the incident waves and for all possible moisture content of dust

storms.
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Chapter 4

Charged Sand/Dust Particles
Attenuation Effects

The mathematical attenuation prediction models, based on pure dielectric scat-
tering, underestimate the attenuation that occurs to an electromagnetic wave
propagating through a dusty medium, as shown in Section 3.3. Haddad et al. [3]
measured an attenuation of 34 dB/km of 9.35 GHz wave propagating through
a 60 gm/m?® dense simulated dust storm. The mathematical prediction using
the Chu [15] model gives an attenuation of 1 dB/km. For another simulated
dust storm, by Haddad et al. [3], with visibility of 4.06 metres, the measured
attenuation was 17 dB/km while the predicted attenuation was 0.8 dB/km.

This suggested more research required to find other factors that led to the high
attenuation. In the last century, many researchers - refer to Zheng et al. [26]
-, through some observation and some experiments, found that one of the main
reasons for this high attenuation is the electric charges gained by the particles
during the wind-blown storms. The first section of this chapter provides a brief
review of wind-blown sand/dust electrification. Section 4.2, is about the effects
of the charged particles on the electromagnetic wave propagating in the dusty
medium containing these particles. One mathematical attenuation prediction
model is provided. The last section of this chapter discusses the effect of the

dust particles’ size distribution, taking exponential distribution as an example,
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4.1. WIND-BLOWN SAND/DUST ELECTRIFICATION

on the mathematical attenuation model given in the previous section.

4.1 Wind-Blown Sand/Dust Electrification

Many authors (Rudge 1913 and 1914; Gill 1948; Kunkel 1950; Latham 1964;
Karma 1969; Stow 1969; Greeley and Leach 1978) are aware, by observations
and experiments, of the ability of the sand/dust particles in a wind-blown storm
to gain electric charges [26] [43]. Some of the above-mentioned authors reported
that the electric field measured in a wind-blown sand/dust storms is higher the

one measured for clear air [26].

Experiments by Rudge revealed that the large (sand) particles gain positive
charges while the small (dust) particles gain negative charges. Shaw, 1929, blew
sand through a sandpaper sheath at room temperature. His finding was that
the blown sand became negatively charged and the sandpaper became positively

charged. [26]

Gill, 1948, observed the discharge (spark) phenomenon in the wind-blown sand /dust
storms. Later, by experiment, he found that the small particles acquired positive
charges and the large particles gained negative charges. In 1949, Paterson found

that the sand particles in a storm gain negative charges. [26] [43]

Latham, 1964, assumed that the friction and the collision between different sizes
particles in sand/dust storms are the two main sources of charges [43]. Greeley
and Leach, 1979, found that the dust particles with radii less than 30 um acquired

negative charges and the larger particles acquired positive charges [26] [43].

In 1993 and 1998, Schmidt and Dent observed that the electric field in a wind-
blown sand/dust storm is vertical to the earth’s surface pointing upward. They
measured the magnitude for a storm at a height of 1.7 m and found it to be up
to 166 kV/m. They found that the charged particles are the main cause for this
electric field. [43].

Recently, Zheng et al. [26] [43] verified the sand/dust particles electrification by
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4.2. ATTENUATION DUE TO CHARGED SAND/DUST PARTICLES

means of simulated dust storms in a dust tunnel. For detailed experiments and
results refer to [26] and [43]. The experiments revealed that the small (dust) par-
ticles gain negative charges during a wind-blown sand/dust storm. The acquired

charges by the particles became more negative as the wind speed decreases.

Another finding was that the charges on the particles became more negative as
the measurement height increases for the a constant wind speed. This result

agreed with Schmidt and Dent findings.

4.2 Attenuation due to Charged Sand/Dust Par-

ticles

4.2.1 Medium Equisized Spherical Particles

As discussed in the previous chapter, the dust storms attenuate the electromag-
netic waves propagating through them. This attenuation weakens the signal to

a degree where the signal might disappear.

As the electrification of dust particles is proven in the previous section, the elec-
tric charges play a major role in increasing the attenuation for the propagating
wave. Zhou et al. [11], investigated the attenuation due to charged particles and
derived a mathematical attenuation prediction model that took the particles’
charges into account. Zhou et al. [11] assume that the dust sand/dust storm
is a monodispersive system, all the particles have the same radii, and that the
electric charge on each sand/dust particle is distributed only on the spherical top
cap of the particle as shown in Figure 4.1. Fj is the incident electric field and

20, is the charge distribution angle on the particle surface.

As is clear from the figure, the authors assume spherical particles that satisfy
Rayleigh approximation requirement. Using Equations 3.2 and 3.4, Zhou et

al. [11] give the attenuation as:
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ml

X

Figure 4.1: A charged sand/dust particle with incident wave. [11]
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(4.1)
where )\ is the wavelength of the incident wave in metres, r is the particle radius,
V is the visibility, ¢’ and ¢” are the real and imaginary parts of the sand/dust
dielectric constant, p is the particle mass density [kg/m?], ¢ is the charge to mass

ratio [u C/kg], € is the electric permitivity of air and ¢, is the dielectric constant
of sand/dust. This result is identical to the one achieved by Qunfeng et al. [44].

4.2.2 Medium with Particles Size Distribution

Exponential Distribution [44]

Analysis of the sand /dust particles in Sudan, as reported by Ansari and Evans [8],

revealed that the particles’ radii follow an exponential vertical distribution of the

type:

P(r) = Bexp(—pr) (4.2)
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with a mean value @ = 1/4.

The attenuation due to charged particles following exponential size distribution

is expressed by Qungeng et al. [44] as:

.
A

21 { 135 e ) 30 pgsin? 6,

BV ((5' +2)% +e” B32VeE, (1 — cos HO)Im(gd - 1)] [dB/km]

(4.3)
Uniform, Exponential, Rayleigh and Log-normal Distributions [45]

As the complex dielectric constant is a function of particles’ moisture content and
the incident wave frequency, Dong and Xu [45] utilises the well-known mixing rule
derived from the Maxwell-Garnett equation to evaluate the complex equivalent

dielectric constant. The equivalent dielectric constant can be given by [45]:

Ew—Es
* o _|_ 3p ewt2es
€m T Es 1 —p Ew—Es
Ewt2es
/ o/
= &, — JEm (4.4)

where €7 is the equivalent complex dielectric constant of the sand particle, e
and ¢, are the dielectric constants of dry sand/dust and water respectively and

p is the water content volume percentage.

According to one particles size distribution analysis performed in Sudan, the

particles’ radii follow distribution of the type [45]:

N(r) = Nop(r) (4.5)

where Nj is the number of particles per unit volume and p(r) is the probability

density function.

The attenuation to an electromagnetic wave propagating through a dusty medium
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can be given as [45]:

A [dB/km)]

(4.6)

2097 x 10° 3el Iy pq(es, —1)sin6y 14
OV (e +2)24e2) "I, 6cEy(1—cosby) I
where I,, = [ r"p(r) and n = 1,2,3,4. The two ratios can be found as [45]:
Uniform Distribution

The distribution can be given by:

1
= — 4.7
pr) = o (@7)
where a is the average. The ratios are:
[3/[2 = 3@/2 (48&)
I/1, = 12a*/5 (4.8Db)
Exponential Distribution
The distribution can be given by:
1
p(r) = —exp(-r/a) (4.9)
The ratios are:
13/]2 = 3a (410&)
I/1, = 12a* (4.10b)
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Rayleigh Distribution

The distribution can be written as:

p(r) = % exp(—r/20?) (4.11)

[A)]

The average “a” is: a = o4/7/2 and o is the standard deviation. The ratios are:

I3/15 = 3a/2 (4.12a)
I/1, = 8a*/m (4.12b)

Log-normal Distribution

The distribution can be written as:

1 (Inr — p)?
r) = exp(———2
p(r) = —=exp(——

) (4.13)
The average is given as: a = exp(u + 02/2) and p is the mean. The standard

deviation can be given as: ¢ = ay/(expo? — 1). The ratios are:

L)L, =a(l1+6%); §=0/a (4.14a)
L)1, = a(1 4 6%)°? (4.14b)

4.3 Conclusions

Various indoor and out door experiments on the sand/dust storms prove the elec-
trification of sand/dust particles in wind-blown storms. The amount of charge

on each particle depends on many factors such as: particle size, wind speed
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and measurement height. The charge on each particle is distributed on the top
spherical cap of the particle. The knowledge of both the charge amount and its
distribution angle on each particle is required to accurately predict the atten-
uation. The wind speed and the measurement height have huge effects on the
amount of charge on the particle. The attenuation models for both monodisper-
sive and polydispersive systems are given. The attenuation equations for several

particles size distributions are presented.

Several factors affect the electrification process and the quantity of charges that
accumulate on dust particles such as: geographical origin of the dust storm and
its geographical location, wind speed and the measurement height. Mathematical
attenuation prediction models, for both monodispersive systems and polydisper-
sive systems with different dust particles size distribution are presented in this

chapter.

The loss mechanism due to charged dust particles is not explained by the dielec-
tric scattering models available in the literature. The existence of the electric
charges on the dust particles’” surface is a valid reason, but not the only one,
to explain the high measured attenuations in the literature compared to the

available attenuation prediction theoretical models.

The electrification of the dust particles in dust storms is a real problem for
electromagnetic wave propagating through and requires further investigation. As
both the charge amount and its distribution angle on each particle are difficult
to measure experimentally, further future work is required to tackle this problem
and to produce mathematical attenuation prediction models that consider the

dust particles electrification effect.

Finding the amount of charge and the distribution angle on each particle is a
difficult task to be accomplished. These measurements should be done for each
storm with different speed, different geographical area or different measurement
height. This leads to the impracticality of including the charge effect when

predicting the attenuation.
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Chapter 5

Conclusions and

Recommendations

The main objective of this research was to study all mathematical attenuation
prediction models available in the literature for predicting the attenuation to
electromagnetic waves propagating in dusty mediums. Then to validate these
models against the few practical attenuation measurement available in the liter-

ature and to see the applicability of these models to radar applications.

The conclusions drawn after performing the above-mentioned study are presented
in the next section. The conclusions are followed by some recommendations for

future work.

5.1 Conclusions

The dust is composed of silt and clay particles with radii of less than 50 pm.
The shapes of the dust particles are random and irregular without any particular

symmetry. They may vary from needle-like to disc, sphere or ellipse.

Most of the attenuation prediction models that predict the attenuation to an

electromagnetic wave propagating in a dusty medium, assume spherical dust
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particles as this assumption enhances the mathematical simplicity of the models.

The assumption that the dust particles are ellipsoids provide three degrees of
freedom and give more realistic approximation to real dust particles. Different
ellipse axes ratios result in wide variety of shapes. Another advantage of this
assumption is that it accounts for one extra loss that results from interaction
between the incident wave and the dust particle, which is the depolarisation loss.
However, the depolarisation loss should be evaluated for each dust particle. The
only side-effect of this assumption is that it increases the model’s computational
complexity as it requires the evaluation of depolarisation factors along each ellipse
axis and it requires the evaluation of depolarisation loss. It is believed that
the assumption of ellipsoid dust particles will give more accurate attenuation

prediction, but this has not been proved in practice.

The dust particles get smaller as the height increases, following vertical size
distribution. Many particles size distribution functions were reported in the
literature such as: straight line, exponential, power low, normal and log-normal.
Only one experiment were performed at a measurement height of 21 m and
revealed that distribution at that height is either normal or log-normal. As the
particle size become smaller with the height, the attenuation will decrease as
the dust particles’ radii is involved in the attenuation calculation. A practical
experiment revealed that the attenuation at a height of 21 m is 20 - 55% lower

than the attenuation measured at 1 m high.

The difficulties involved in measuring the optical attenuation and the dust mass
concentration, as they are required to predict the attenuation, leads to the use of
visibility, or the optical visibility, as it is easy to measure and is related to both
factors. As the visibility increases, the attenuation will decrease. The visibility,

also, increases with the height.

The dusty medium dielectric constant is a critical factor when evaluating attenu-
ation predictions as it can change the attenuation value greatly. All the dielectric
constant measurements available in the literature were done in the laboratories
for collected dust samples. Only one attenuation prediction model, based on

effective material property, considered the use of a well-known mixing rule to
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find the dielectric constant of the air-dust mixture, dust storm. Not considering
the evaluation of the dielectric constant of the air-dust mixture may enhance the

error in attenuation prediction.

A factor that can largely change the value of the dielectric constant, and hence
the attenuation, is the dust moisture content. This conclusion is drawn from
the effect of collected dust samples moisture content on the laboratory measured
dielectric constants. The frequency of the incident wave can change the dielectric

constant value.

Six of the eight attenuation mathematical prediction models are based on the
assumption of the validity of the Rayleigh assumption. This assumption is math-
ematically valid for the tiny dust particles. As demonstrated in Chapter III, there
is a very small difference in the calculation of the forward scattering amplitude
between the Rayleigh-based method and the exact calculation for a 100 ym sand
particle, larger than the dust particle which proves the validity of Rayleigh as-

sumption.

As the incident wave frequency increases, the attenuation predicted by Rayleigh
approximation-based models start to deviate largely. This is assumed to be
an effect of the assumption of Rayleigh approximation. It was then suggested
to use the first few terms of the well-known Mie solution, which is used for
rain attenuation calculation, to derive an attenuation prediction model that has
less deviated attenuation predictions at high frequencies. Theoretically, the Mie
solution can be used only for large particles such as large sand grains and rain-
drops, not with the tiny dust particles. By ignoring the constants given by this
model’s developers and using the constants equations given by Kerr [27], this
model gave a comparable result to the first developed attenuation prediction

model that is based on Rayleigh assumption.

The first attenuation prediction model developed by Chu [15] and the model
derived from Mie solution gave identical results. The model based on the effective
material property gave identical attenuation predictions to the models - that
utilise the volume fraction of the air occupied by dust in a dust storm and the

relation between dust density and the visibility. All four models predictions
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decay exponentially with both visibility and height. The first two models gave
higher attenuation predictions compared to the second two models. It was also
observed, both experimentally and theoretically, that the attenuation increases

with increasing dust particles’ effective radii.

The attenuation predictions by all four models are very small compared to the

available measurements. This high difference between the two may be due to:
e In accurate visibility measurements.

e Unavailability of accurate dielectric constant measurements for wide range

of frequencies and wide range of moisture content.

Another reason that might explain the high measured attenuation is the presence
of electrical charges on the dust particles surface. Several experiments prove the
process of electrification of the wind-blown dust particles in dust storms mainly
due to the interaction between particles. The loss mechanism due to charged dust
particles is not explained by the dielectric scattering models that are available in
the literature. It can be concluded that the electrification of the dust particles is
a valid reason that might explain the high measured attenuations compared to

those predicted mathematically.

The mathematical attenuation prediction models developed taking the charge
on the dust particles into account are not practically validated. They are also
not practical as they depend on the knowledge of the charge’s amount in each
particle as well as the charge’s distribution angle on the top cap of the particle.
These two factors are impossible to measure practically. These models might

work if a reasonable assumption is made for both factors.

5.2 Recommendations

Based on the study conclusions above, several recommendations for future work

are made in order to improve the theoretical models’ predictions or develop a
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new attenuation prediction model that is based on accurate measurements. The

recommendations are:

Visibility

e Accurate means to measure the visibility, or the optical visibility, should be
used. More accurate means to measure the visibility can be found specially
with the vast development in the technology. This will increase the math-
ematical prediction models accuracy as the visibility form an important

factor in the attenuation prediction process.

Dielectric constant

e Accurate means should be used to measure both dielectric constant and
the moisture content of real dust storms. The measured dielectric constant
should be then compared with the values given in the literature for collected
dust samples that are measured inside the laboratories. This will give an
idea about the difference between the laboratory measurement and the real
dust storm measurement in order to evaluate the possibility of doing future

dielectric constant measurement in the laboratories.

e The relation between the dielectric constant and the humidity in the air,
given by a mathematical equation, should be validated. This will help in
finding the dielectric constant values when changes in humidity, and hence

moisture content, occur without having to repeat the practical experiment.

e The dielectric constant measurements should be performed over a wide
frequency band as the frequency is one of the main contributors to the
dielectric constant value. The same applies for doing the measurements for
several moisture contents. This will help in building a good database that

contains the values of dielectric constant for several scenarios.

Dust density and the constants v and C
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e A geographical study should be performed in the area of interest to find

the applicable values of the two constants v and C'.

e A study should be performed on the dust density in a storm and its relation
with the wind speed, soil type and the geographical area affected by the

dust storm in order to increase the attenuation prediction model’s accuracy.

Attenuation measurements

o Attenuation measurements should be performed over a wide frequency
range using accurate means. This will help in validating the mathemati-
cal attenuation prediction model and may help in developing an empirical
attenuation prediction model if the pure theoretical models fail to achieve

reasonable predictions.

Effect of charges on dust particles

e The effect of electric charges distributed on the surface of the dust par-
ticles on the attenuation should be investigated. This may requires some
measurements of the electric charges, both in the lab and during real dust
storms. Due to the difficulties in measuring the charges on each dust parti-
cle and how they are distributed, an empirical attenuation prediction model
may be required. Many attenuation measurements in several environmen-
tal scenarios and several geographical locations will help in increasing the

accuracy of any empirical model.
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