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Refraction Interference Elimination Employing Smart
Arrays at VHF

By

Antonios Constantinides

Abstract

Radio interference from the Middle East is one of the most significant problems plaguing
the local radio services in Cyprus today. The issue is particularly noticeable on the
highway, where it affects in-car tuners in all coastal areas of the island when the weather is
hot and humid. In this work, the problem of interference from the Middle East was
explored in the context of field strength variations versus the type of propagation
mechanism favouring the radio waves in Band 11, allowing them to travel from the Middle
East to beyond the horizon in Cyprus. This problem was significant, since no line of sight
exists between the two regions. After in-depth analysis adhering to the ITU (International
Telecommunications Union) Recommendations, it was demonstrated that interference is
caused by “Tropospheric Ducting”, i.e., trapping of the overseas transmitted signals
between two layers of the troposphere at different heights. The upper air data were
obtained using the Weather Research Forecasting (WRF-ARW version 3.4) model. The
results yielded by the present study confirm that this model provides accurate prediction of
interference for up to five days in advance. The interference problem is widely recognized,
and therefore many attempts have been made to explicate its causes and provide solutions.
The aim of the present study was to present a robust solution based on an innovative
receiving antenna design. The antenna is a receiver’s component that collects
electromagnetic waves from various directions. The rationale behind focusing on a circular
array topology is that its tuning ensures that the receiver processes the desired signal only,
while rejecting the unwanted interference. This can presently only be achieved by a large
directional external antenna that must be steered mechanically in the desired direction. As
this arrangement is not practical, an innovative smart antenna was proposed as an
alternative. A circular phased array is a very compact antenna that produces a predicted
radiation pattern, whereby it receives maximum energy from the desired direction without
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the need for mechanical control. Circular arrays exhibit high gain as well as immunity to
interference, making them ideal for use in high interference environments. This

combination allows the antenna to be incorporated into a commercial deck receiver or
installed on vehicles.



The Professional Elements of the Project
The project “Refraction Interference Elimination Employing Smart Arrays at VHF” is
closely linked to my professional background as a chartered radio engineer. | gained
extensive experience in the field while working in the US and European industry in the
capacity of radio transmitter and antenna designer. This is evidenced by the two separately
funded research projects, which | have successfully implemented while also conducting my
research for the doctorate degree. Particularly, the first research project was endorsed by
the Research Promotion Foundation, with the goal of optimizing Digital Video Terrestrial
Transmitters (DVB-T) in terms of efficiency and linearity of the final stage. The second
project was initiated by the Ministry of Communication and Works, as a part of which |
undertook the design and development of a dual-band solid state laterally diffused metal
oxide semiconductor (LDMQOS) amplifier that enables operation in Band II (87.5-108
MHz) by analog FM, Digital Radio Mondiale (DRM+) exciters and in band Il (174-
240MHz) for Digital Audio Broadcasting (DAB+) radio. Both projects commenced in
October 2013 and were successfully completed in June of 2015. | have reported on the
outcomes of these projects in international conferences and publications, the details of

which are given in the appendices.

As a part of these initiatives, | was involved in many practical of engineering tasks, one of
which pertained to the testing of RF apparatus in order to ascertain compliance with
European standards, namely the Low Voltage Directive (LVD), Electromagnetic
Compatibility (EMC) and Radio and Telecommunication Terminal Equipment (R&TTE).
The main objective was to ensure that radio transmitters and receivers are certified with the
European CE conformity for marking purpose. In addition to these activities, | utilized the
laboratory equipment of ET Broadcast to conduct experimental research pertaining to my

doctorate degree.

The rationale behind my doctorate research is based on my professional experience and the
gaps in the knowledge | could glean through my activities and practical expertise. Going
forward, | will benefit from not only the skills gained working as an engineer, but also my
study findings. As the director of ET Broadcast LTD, | am confident that | can provide
significant contribution to the field, as I will develop and realize in practice many FM radio
transmitting projects aimed at mitigating the problem of interference from the overseas
Middle East radio services. My appreciation of these issues has prompted me to, in
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collaboration with the Cyprus Government, embark on this journey of academic research.
The ultimate aim of my doctorate dissertation was to assist in finding the most optimal
solution to the overseas interference, and use the results for the current and future radio
plans in terms of the Middle East radio station frequency allocation. Furthermore, in the
world of communication engineering, the implementation of a smart antenna that blocks
the interference is valuable practical contribution to the field of engineering with a wide
scope of applications. The project was also endorsed by my mentor, Dr. John Howard, the
President of ET Industries INC, a firm that specializes in the design and manufacturing of
phased arrays and intelligence antennas. With his full support, I was successful in
developing this type of antenna ensuring that it operates in Band Il. Hence, | envisage that
the same solution can be applied by other practitioners in other sectors benefiting from
commercial and military communication systems that can be compromised by interference.
Its utilization will result in enhanced system performance, as discussed in the future work

and conclusion chapters.



Chapter 1: Introduction

1.1. Introduction to the proposed system

Radio interference is presently the most serious issue affecting the operation of terrestrial
radio stations in Cyprus. This problem has become particularly acute in recent years
because of the high demand for new local and national radio services internationally. The
interference examined in the present study is caused by a plethora of radio services that
broadcast from the Middle East. Although VHF radio waves propagate under line of sight
conditions, when the temperature rises, i.e., during the summer months, numerous and very
strong Middle Eastern radio signals reach Cyprus and thus conflict with the local radio
services, resulting in a complete loss of the desired signal. While the cause of this problem
is presently not well understood, various attempts to mitigate it have been proposed over
the years. As a solution, the Cypriot government mandates that the radio station owners
install repeaters along the southern coast of Cyprus, where this issue is most prominent.
However, introduction of new repeaters necessitates having a broader spectrum due to
which the commercial band FM has become saturated. The worsening interference
problem, which is expected to escalate further in the future, has motivated this doctorate
dissertation, the aim of which is to analyze the problem of radio interference along the
southern coast of Cyprus and offer a solution that can be utilized both in Cyprus and
elsewhere in the world, as this issue is becoming prevalent in other regions. For example,
in 2002, an abnormal propagation case was reported in South Korea by Son and Lee
(2012), who analyzed the interference caused by ‘CPS’ (Cellular Phone System) in the
‘TRS’ (Trunked Radio System) due to the non-line overseas radio signals from Japan. In
their comprehensive work, Sim and Warrington (2003) examined abnormal atmospheric
conditions that enable VHF/UHF signals to travel beyond the horizon and cause
interference in the Channel Islands. In Japan, Shin, Nishi and Yoshida (2011) conducted a
study during 2005—-2010, aiming to elucidate the causes of abnormal VHF-UHF signal
propagation, which caused interference in the local radio and TV services. These and
similar cases are discussed in more detail in the following chapters. They confirm that
abnormal interference is an international problem, recognized by the International
Telecommunications Union (ITU), prompting introduction of standards that can guide
identification and assessment of abnormal propagation mechanisms arising due to

meteorological conditions, which is the focus of the present study.

More specifically, the aim of this research was to investigate the characteristics of overseas

signals arriving to Cyprus in terms of propagation mechanisms defined by the ITU, such as
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the tropospheric refraction of radio waves and ducting propagation, along with the radio
refractive index, its formulae and refractivity data, as well as the prediction procedures for
the evaluation of microwave interference between stations on the Earth’s surface at
frequencies above 0.7 GHz which can be applied also for the VHF band as it has been used
successfully by Son and Lee (2002). In order to achieve these objectives, real world
measurements in Band II (87.5—-108 MHz) were utilized in analyses, based on current
overseas radio transmissions monitored in the southern coast of Cyprus beyond the horizon
in a clear interference free spectrum during the hot dry summer months. The focus was
specifically on the field strength variations in terms of the types of ducts that enhance the
radio waves from the Middle East in Band |1, allowing them to travel beyond the horizon

and reach Cyprus.

The Department of Meteorology in Cyprus was instrumental in this research, as it provided
all the upper air data needed to evaluate the problem on specific dates and times along the
points that were selected based on the path of the selected radio signals arriving from the
Middle East to the coast of Limassol. A particularly important contribution of the present
study stems from the innovative calculations performed using the Weather Research
Forecasting (WRF-ARW Version 3.4) model that, based on this implementation, enables
accurate forecast of the interfering signal strength for the future period of up to five days.

Although the interference problem is widely recognized, and many attempts have been
made to explicate its causes and provide solutions, at present the focus is on tuning the
receiving antenna. The antenna is a receiver’s component that collects electromagnetic
waves from various directions. The rationale behind focusing the solution on the antenna is
that its tuning ensures that the receiver processes the desired signal only, while rejecting
the unwanted interference. This can only be achieved by a directional antenna that, when
operating in VHF Band Il, is large in size and must be steered mechanically in the desired
direction. As this arrangement is not practical, smart antennas have been proposed as an
alternative. These phased arrays have been used for years in radars. A phased array can
produce a predicted radiation pattern, whereby it radiates its maximum energy in the
desired direction (Malahias and Zagos, 1998) without the need for mechanical control.
Owing to these characteristics, phased arrays exhibit high gain as well as immunity to
interference, making them ideal for use in high interference environments. Howard and
Fung have also developed the Clever Dumb Antenna that enables dividing up to 360° cell
site into several high gain sectors. Benefiting from the phased array principles, the aim of
the present study was to apply this technology in Band Il by overcoming the physical
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constraints imposed by the long signal wavelength characterizing this band. One of the
most significant problems that have been addressed in this research is the size of the
antenna, which must be relatively small to be employed in practice, while not
compromising its performance. This combination would ensure that it can be incorporated
into a commercial deck receiver or installed on vehicles. This aim was achieved by
investigating the performance of popular small antennas operating in Band I, such as the
small dipole, the short stub, as well as the Normal Mode Helical Antenna (NMHA),
whereby the latter was shown to provide the best performance. Although NMHA is a
narrow band antenna, its performance was optimized in this work, ensuring that it provides
the best possible VSWR response across the entire Band 11 while keeping its dimensions
small. Finally, the topology of the phased array designed as a part of this study is based on
the circular array, as it can operate with a very small diameter and provide a directional
pattern without distortion near the end-fire direction as explained in chapter 4. This design
choice has been justified in practice, since the circular array can detect signals in all

directions, successfully rejecting the interference coming from the Middle East coast.

1.2. Brief Thesis Outline:

Historical Overview and Critical Analysis: The thesis begins with a comprehensive

literature review, which helps place the present study in the context of extant work in the
field, as well as identify gaps in the current knowledge of interference, abnormal
interference in particular. The studies reviewed in this chapter pertain to special cases of
abnormal interference recorded around the world and the causes of radio interference, such
as tropospheric refraction and ducting. This is followed by the discussion of methodologies
that have been adopted to date in the assessment of interference. In addition, the historical
development of antennae is briefly discussed, elucidating the key differences between
conventional and smart antennae in the treatment of interference. The chapter ends with the
discussion of the existing smart antenna designs, along with their application in

telecommunications sectors as a means of mitigating the interference issue.

Analysis of VHF Propagation Mechanisms that Cause Interference within the Southern

Coastal Regions of Cyprus: This chapter describes the methodology adopted in the present

study in order to detect and evaluate the interference affecting the Southern coast of
Limassol, which is caused by the Middle Eastern radio services. Furthermore, it discusses
the measurements performed on the existing Middle Eastern radio services that arrive to
Cyprus with strong signal density during the summer months, as well as the variation in
these signals based on specific meteorological changes. In this evaluation, the ITU
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standards were followed, as explained in this chapter. As previously noted, close
collaboration with the Department of Meteorology was instrumental to the success of this
project, since it has provided all meteorological data needed to meet the ITU
Recommendations. Thus obtained meteorological data were combined with intensity
measurements pertaining to the interference, allowing detailed examination of all
propagation mechanisms permitting the electromagnetic waves to travel beyond the

horizon.

Phased Arrays — A Robust Solution to the Problem of Interference: This chapter provides

justification for using a phased array is the solution to the interference problem in Cyprus
and other regions of the world. It commences with a discussion of key antenna theory
principles pertinent to the implementation of the smart antenna and its specifications. This
is followed by an examination of the behaviour of small antennas, such as the Hertzian
dipole, the short stub and the Normal Mode Helical Antenna (NMHA), in order to justify
performing laboratory experiments using individual array elements. In this evaluation,
great emphasis was placed on the NMHA because of its superior performance and very
small physical dimensions, allowing it to be modified in order to overcome the narrow
band response issues and low efficiency of all small antennas. As a result, in this work, the
bandwidth of the NMHA was optimized by testing several new topologies in order to
obtain the best VSWR response and gain with the smallest permissible size. In addition,
according to phased array theory, circular array is the best topology for this application,
which was designed in this study by employing four modified NMHA. Because the array
must be interfaced with a commercial receiver, a compatible receiver was also designed

and constructed successfully in order to support the project.

Conclusion and future work: In this chapter, the most important findings and contributions

yielded by the present study are summarized, along with the directions in which the
research presented here can be expanded in the future. For instance, by applying additional
measurements of the overseas transmissions, it will be possible to determine the
probability of enhanced VHF (30—300 MHz) signals reaching the coast of Cyprus as a
function of season, month, and time of day. Furthermore, applications of circular arrays in
other commercial bands, such as Band Il (174 to 240 MHz) for Digital Audio
Broadcasting (DAB+), and digital video broadcasting terrestrial TV (DVB-T) that
broadcasts in UHF Band in the channels 21-69 (i.e., in the 512—800 MHz frequency
range) should also be investigated.



Chapter 2: Historical overview

2.1 Basic Interference Concepts

The problem of interference in radio communications, as indicated below, has been
considered a significant global issue since the establishment of the first generation wireless
technology. According to Marriott (1923), the first case of interference was reported in the
USA, in 1901. In his view, ‘at the time, there was unintentional and intentional interference
between radio stations in New York harbour’. This was when the Marconi Company, the
American Wireless Telephone, Telegraph Company, and the De Forest Company tried to
report the International “Yacht Races” at the same time. The above mentioned, was an
object lesson that proved the need for avoiding radio interference and interference fights,

and caused experiments and development in tune and in etheric diplomacy’ (P.375-388).

Jackson (1987) commented on case of interference, which was appointed in 1933 by the
Council of the IEE. ‘The representative committee has reviewed the matters of interference
to radio reception in order to make recommendations on methods of suppression and
incorporation of suppression requirements in specifications for electrical equipment and
also on the need for legislation’ (P.244-250).

Since then, as the incidences of interference became more prevalent, the global research
interest on the issue grew, focusing mainly on ways to overcome the problem of
interference by exploring new properties of electromagnetic waves. More specifically, the
propagation properties in different wavelengths, new and/or upgraded modulation schemes

and antenna topologies were explored, and some of these efforts are discussed below.

The first radio modulation scheme was designed with the focus on amplitude modulation,
whereby a constant carrier was employed, the amplitude of which changed with respect to
the modulated signal. Since the noise usually affects the amplitude of the received signal, it
becomes an integral part of the demodulated information and is thus perceived as a product
of interference (Greb et al 2003:220-221).

However, in 1930, Armstrong invented FM radio, which had superior performance
compared to the AM, in terms of interference and noise immunity. FM radio utilizes the
frequency modulation scheme, whereby its carrier frequency changes according to the
amplitude of the modulation signal. As a result, the FM radio scheme is less susceptible to
noise, as it demodulates only the frequency variations, without affecting the noise,

typically treated an amplitude modulation component.



On the other hand, interference in terms of the antenna properties has been investigated by
Dr. John Kraus, the inventor of the helical antenna and the corner reflector. In his work,
Kraus (1988) presents crucial antenna parameters, such as the directive gain, as well as the
front to back ratio, both of which play a key role in the enhancement of the signal to noise
ratio (SNR). These factors are analyzed in his book “Antennas”, where the author also
discusses the benefits of the phased arrays and their performance with respect to specific

geometric shapes.

Owing to the considerable research effort in this field, the approaches in dealing with the
problem of interference have been significantly improved since these early initiatives.
However, it has not yet been eliminated, perhaps because of the growing demand for new
radio services. In this regard, the International Telecommunication Union (ITU) has
proposed specific regulations pertaining to certain technical aspects of radio
communications manufacturing that cause interference. For example, recommendation
“ITU-R BS.412-9” titled ‘Planning standards for terrestrial FM sound broadcasting at
VHF’ governs the design and development of commercial Band FM radio transmitters. Its
objective is to suggest the optimal technical specifications, targeting the maximum level of
harmonic and spurious emissions, as well as the deviation limits, which prevents

introducing interference to other radio services within the service area.

Although VHF/UHF electromagnetic waves travel on a straight line, under certain
conditions, this may not be the case. These special mechanisms of propagation have been
also demonstrated by the recommendation “ITU-R P.452-11" that designates the special
properties of VHF/UHF electromagnetic waves that enable the transmitted signal to travel
above high obstacles by diffraction or beyond the horizon by refraction or scattering.
According to Recommandation ITU-RP.844-1" (1994) “Sporadic-E ionization appears as
intensification in ionization in the form of a horizontal sheet of about 1km average
thickness and a horizontal dimension of the order of 100 km. The height is commonly 100
to 120 km. Such sporadic-E layers can cause abnormal VHF propagation for periods
lasting for several hours. The occurrence of sporadic-E propagation decreases with
increasing frequency, but can be a significant cause of interference at frequencies up to
about 135 MHz’. Consequently, under non-line of sight conditions, the aforementioned
issues could cause interference between two different radio service areas, if the radio

planning service has not been designed properly.

Radiocommunication Study Group 3 made editorial amendments to this Recommendation in 2000 in
accordance with Resolution ITU-R 44.
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In this regard, beyond the Cyprus problem of interference, which concerns the Middle East
radio services and was discussed in detail in chapter 1, several other non-line of sight
special cases of interference have been registered throughout the world and are discussed
as a part of the literature review. Due to the fact that they were introduced by signals
transmitted beyond the horizon, every individual case is considered as an abnormal
propagation. This phenomenon has been reported in several regions, including Japan,
Korea, Channel Islands, and the UK. These individual cases are examined in more detail in

subsequent sections.
2.2 Special Cases of Abnormal Radio Signals Propagation

2.2.1 Japan

Shin, Nishi and Yoshida (2011:1-4) present the ‘Classification method for reflection and
duct propagation of FM radio waves observed at Hiroshima and Aso in Japan’. In their
work, the authors focus on the issues of non-line of sight signals that caused interference to
local radio and television services. The study lasted for five years, spanning the 2005-2010
period, and its primary aim was to detect the main cause of this abnormal propagation, as
well as to examine its behaviour during specific seasons and weather conditions.
Furthermore, the research was extended to identify a specific point of time at which the
phenomenon reached its peak levels. The classification method the authors applied for the
detection of the FM signal was implemented in frequencies in the 76-90 MHz range that,
according to the ITU, it is the permissible frequency allocation of the commercial FM band
in Japan. Furthermore, a Phased Locked Loop (PLL) synthesized receiver and an UDA-
YAGI antenna were used for reception purposes, providing data acquisition during the day
and night. The research findings, however, indicated that the interference was caused by
two principal components, which have been reported as the ‘Reflection’ and ‘Ducting’.
The Modelling of Tropospheric ducting effects on VHF/UHF propagation issues has also
been reported by Slingsby (1991), who conducted a study that explored the extensive range
in VHF/UHF transmissions, due to anomalous propagation conditions. The impact of such
phenomenon, in the author’s view, ‘causes volatile problems of inter-service interference’.
The author stated that ‘A reliable prediction of such anomalous propagation effects is
therefore important in the planning of broadcasting services’. Furthermore, in publishing

the paper, the author aimed to introduce to the broadcasting community ‘an effective
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technique for determining the effects of troposphere ducts on signal coverage which is

known as the ‘parabolic equation met Concepts hod’(P.25-34).

2.2.2 South Korea

In 2002, an abnormal propagation case was reported as a study focusing on the coastal
region of South Korea (Son and Lee, 2002). This case pertained to the interference of
‘CPS’ (Cellular Phone System) and ‘TRS’ (Trunked Radio System) due to the non-line of
sight interference, which was caused in 1994 by overseas radio signals from Japan. The
analysis performed as a part of the study focused on the field strength variations of the
interference signal. The required data were collected from March to November in order to
facilitate the path loss calculations pertaining to an assigned reference signal. The study
findings suggest that the interference arose due to ‘Ducting’ which is discussed later. In
this regard, the authors presented a new method (not relying on the parabolic equation) to
predict the propagation loss in the lower atmosphere, which they termed the ‘APM’
(Advanced Propagation Model). The method is based on real measurements of field
strength that are subsequently compared to a calculated model based on the ‘predicted
propagation loss values’. In addition, as a part of this investigation, the authors also
explored the reception antenna parameters that reduce the effect of interference. According
to their report, ‘the technique, method which can protect from harmful interference are
antennas tilt angle adjustment or antennas height adjustment or antennas diversity or base
station position, displacement, etc’. Furthermore, the authors noted ‘As an effective way to
reduce interference is to tilt an antenna main beam pattern downward at a certain angle, but
this method reduces the service coverage region’. They concluded that ‘The radio ducting
signal is varied as duct height, transmitting antenna height, receiving antenna height.

‘Thus, interference can be mitigated by adjusting the antenna height’ (P.502-505).

2.2.3 Channel Islands

In their renowned work, Sim and Warrington (2003:800-803) demonstrate ‘Measurements
of the propagation characteristics of VHF/UHF radio waves over two over-sea paths in the
Channel islands’. Their research focus on the atmospheric conditions, as well as the
propagation principles that enable the VHF/UHF signals to travel beyond the horizon.
According to the authors, ‘special propagation characteristics are defined as diffraction
around the earth’s curvature, refraction within the atmosphere, and scattering within the
troposphere’. Another crucial aim of the study was to determine the characteristics of
antenna height, which was, according to their findings, ‘appropriate to inter-ship

communications on VHF and UHF frequencies at ranges beyond the direct line of sight’.
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The experiment was performed over a period of 17 months and 248 and 341 MHz were the

selected frequencies under investigation.

In order to explore the aforementioned phenomena, two different sets of transmitting/
receiving equipment were used to detect field strength variations over specific weather and
non-line of sight conditions. In conclusion, the authors highlighted the significance of the
outcome of their investigation, in particular the ‘enhancement of the interference field

strength during warm summer days’.

2.2.4 United Kingdom

More recently, in his work titled ‘Statistics of Anomalous Atmospheric Propagation at
UHF Frequencies’, Rudd (2009:3862-3864) explored short-term interference across the
English Channel and the North Sea. The study was performed due to the lack of
information on the short-term interference, given that most data was outdated and was
provided by ‘the broadcasters in the decade of 1950-1960°. According to the author,
‘although the past studies provided a very good understanding of the annual statistics of the
path loss between frequencies from 40 MHz to 40 GHz, have not, however, provided
detailed statistical data about seasonal, diurnal and night time broadcast measurements’. In
this respect, the new approach was necessary, in order to extend the knowledge of the
short-term interference, in particular the phenomena affecting the terrestrial Digital TV
services in the United Kingdom. One of the study objectives was to better understand the
nature of the short-term interference, which has been considered as a ‘major destructive
factor in reception quality for the terrestrial services in coastal regions, due to ducting
overseas paths which do not exist over land’. Therefore, the investigation focused on the
area encompassing the English Channel, including the French coast, as well as parts of the
North Sea, from Belgium to Holland.

In this work, the field strength data collection technique from Holland and Belgium was
implemented by the use of one receiver, and a log periodic antenna, which was installed in
the coast of Southwold, where it was employed as a 24-hour monitoring system, as well as
for annual measurements. Furthermore, the experiments conducted as a part of this
investigation yielded results suggesting that, during the ducting event, ‘the power received
for every individual transmitter were very stable’. In contrast, in the case of a ‘single
frequency network (SFN) a fast fading pattern of + 2dB was detected’. It is worth noting
here that propagation predictions have also been calculated on theoretical basis by utilizing
the ITU-R Recommendations (P.370) and (P.452), which aim to contribute to the

frequency planning and coordination. According to the author, ‘The algorithm of the new
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revised ITU-R models (P.1546) has been revised to the ITU-R P.1812. The statistical
results were found to be identical in both ways, like utilizing ITU-R recommendation

models as well as from real measurements’.

Based on the models of propagation discussed above, it can be concluded that all
investigations conducted in this field thus far have utilized antenna measurements in order
to determine the field strength variations over the interference under specific conditions.
As a result, it can be concluded that antenna likely plays a key role in understanding the
entire propagation issue. It is therefore vital to examine the role of antennas in terms of
interference and reception quality. This is achieved by exploring the past researchers’

work, in the literature review presented in the subsequent chapters.
2.2.5 Nigeria

In 2007, Adediji and Ajewole (2008) examined the vertical radio refractivity profile in
Akure (southwestern Nigeria) at a height of 0, 50, 100, 150 and 200 m, because all
previous studies conducted in the area aimed to investigate the surface refractivity gradient
only. The meteorological data were obtained using five Wireless weather stations
(Integrated Sensor Suite, I1SS) installed at the aforementioned heights. In contrast, authors
of previous studies conducted in Nigeria utilized radiosonde to obtain extrapolated data
that lack the spatial and temporal resolutions necessary for the measurement of small-scale
variations, particularly in the lower atmosphere. Furthermore, according to Adediji and
Ajewole (2008) ‘radiosonde data do not provide a sufficiently high degree of accuracy to
be completely acceptable for use in observing changes in the degree of stratification of the
very lowest layers of the atmosphere’. The authors conducted the study between January
and December 2007 and plotted the data in 30-minute intervals during this period. The
obtained results indicated the occurrence of sub-refractive conditions observed to be
prevalent between January and July, while super-refraction and ducting were observed
mostly between August and December.

Because the aforementioned stations cannot obtain radiosonde data based on the
coordinates in Figure 30, and the data are observed only once a day, the prognostic model
WRF-ARW Version 3.4 was used in the present study because it is a special weather
forecasting software that enables upper air data simulation at any fixed coordinates and

hour in the day.
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2.3 The Role of Antennas in Terms of Interference

2.3.1 Basic Concepts and Theorems

According to Balanis (2012:5-7), ‘antennas are the eyes and ears of wireless radio
communications’. Moreover, ‘antennas dated back to Marconi’s days in 1901°. However,
historically, antennas have primarily been used as an integrated part of every wireless
communication system. According to Straw (2000), an antenna consists of at least one
active element, which acts as the source of a resonant circuit, and it is known as the driven
element. When operating as a transmitting source, the antenna radiates electromagnetic
energy to the free space. In contrast, when used as a receiving source, it operates in exactly
the opposite manner, as it collects electromagnetic energy radiated by the transmitters into
the free space. For the aforementioned modes of operation, the reciprocity in antennas has
been also demonstrated by John Giannopoulos (1963) in his work focusing on ‘the
antennas for TV reception’. As the author stated, antennas exhibit equal properties,
whether operating as transmitters or receivers, in terms of the radiation pattern, impedance,
and bandwidth. The above reciprocity theorems have been justified by Lorentz Rayleigh-
Carson in the 19th century, and later by Green, who demonstrated the relation between the

‘interchange of electric potential and electric charge density’.

Antennas are sources of electromagnetic energy and thus play a very significant role in the
determination of the SNR value in wireless communication systems. This is discussed by
Olsson, Brostrom and Craig (2004:1968-1702), who presented the method of elimination
pertaining to interference as the ‘single antenna interference rejection in GSM/EDGE

Networks’.

Furthermore, Mouhamadou et al (2006:251-265) provide additional information regarding
the importance of the antennas in wireless radio and mobile cellular networks, by
demonstrating ‘the Interference Suppression of the Linear Antenna Arrays controlled by
phase with the use of the SQP algorithm’. In their view, ‘the performance of mobile
cellular radio networks is limited by the level of co channel interference’. Therefore, ‘the
use of antenna arrays is very helpful in enhancing the performance and capacity of the

wireless communication system’.

2.3.2 Conventional Antennas
Before proceeding with an in-depth literature review regarding the advanced antenna
topologies, which are described later, it is important to demonstrate why a simple antenna

unit has been developed in other superior models and how this improvement has
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contributed to interference control. For instance, according to Lee (1984), in theory, in its
simplest form, an antenna is a short-sized (hertzian) dipole. However, the author also
presented a literature review regarding the antenna design development, indicating that the
hertzian dipole is not adequate for being used in real world applications, mainly because of
its low efficiency and inadequate matching impedance response. In practice, however, the
monopole antenna has been considered adequate, and is presently used by most of the

commercial radio receivers in stationary and mobile applications, as indicated below.

According to Khan, Azim and Islam (2014:339-342), a monopole antenna provides an
omnidirectional pattern and its performance depends strictly on the ground plane’s
conductivity. This claim was justified by applying the method of images. However, over
the years, the antenna research has explored the combination of active and passive
elements, as well as complete antenna systems in various geometric shapes, in order to
achieve superior specifications over the traditional monopole. For example, the main focus
on the research conducted by Kraus (1988) was the compromise among the crucial
antenna’s parameters, such as the radiation pattern, gain, efficiency, matching and
bandwidth. As a part of the study, he assessed the effect of the antenna’s physical size. It
was evaluated as a function of the antenna’s efficiency versus the operating wavelength, as
well as its construction conductive material. More recently, Gorbachev et al (2010:177-
179) presented a printed Yagi, directional antenna with significant lower physical size
operating at a frequency of 1.8 GHz. In this, the main objective was to develop and explore
the antenna, via a two-phase methodology. First, the research team designed and
implemented the antenna based on the traditional approach, after which it was enhanced
using a thick “’¢’’ substrate material in order to compare the characteristics and
performance of the two designs. It has been reported that the use of a thick substrate

beyond the antenna’s size affects the antenna’s matching and directivity.

In relation to this study, it is worth noting that the Yagi is a linear polarized antenna
comprising one active element as well as a number of passive elements defined as
reflectors and directors (Yeo and Lee, 2016). Empirical evidence indicates that Yagi
antennas provide high gain as well as a directional radiation pattern in order to operate as a
lens. According to extant research, they are capable of increasing the power density of a
selected signal within a specific angle defined as the beam width, whereas their
performance degrades when operating outside the aforementioned range. As a result, Yagi
antennas are mostly used in stationary receiving applications, where the desired signal and
the interference are arriving from two different directions (Neelgan and Raju, 2011:115-
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130). According to Kraus (1988), among other directional antennas commonly used in
VHF/UHF wireless communications, most notable are the Corner Reflector, the Helical, as
well as the log-periodic models. Under special circumstances, the dish antennas are also

used in some UHF link wireless applications.

2.3.3 Advanced Antenna Topologies, Collinear & Phased Arrays

Literature review conducted as a part of this study has revealed that a single antenna is
unable to provide unlimited high gain. For instance, according to Lee (1984), the
maximum gain that can be provided by a single Yagi antenna is currently 15 dBi. Thus,
two or more antennas, mounted side by side or stacked, must be used, in order to increase
the total gain of the system. Such an arrangement is known as collinear arrays. According
to the extant data, collinear broadside and end-fire active radiators provide high
performance specifications in advanced applications, such as terrestrial broadcasting
services. For example, Mappatao (2010:222-225) reports that ‘FM antennas manufactured
by most antenna manufacturers have an omnidirectional pattern in the horizontal plane,
radiating signals equally well in all directions’. The author further states that ‘These
antennas, when used by radio stations, commonplace in high rise structures to obtain full
coverage of the desirable areas within the service area of the station’. In such applications,
‘Several bays are often side mounted along the top portion of a tower to achieve a higher
gain’ (Mappatao, 2010:222-225). Furthermore, according to Straw (2002), a collinear array
is one-dimensional phased array that provides the benefit of the beam tilt in the desired
direction of the incident wave. This arrangement is achieved by providing the required
space and phase parameters of the active radiators. Other important aspects of collinear
arrays have also been investigated by Delfino, Procopio and Rossi (2004:1480-1483), who
assessed the effects of mutual coupling between the bays comprising the array. Thus, the
current research has filled the gap in the extant knowledge in this field. In particular, it has
contributed useful technical information on ‘Phased Arrays, which beyond cellular

communications are used in areas such as satellite communications and radars’.

Furthermore, Phased Arrays consist of a certain number of active radiators, side mounted
vertically and horizontally, forming geometric shapes that resemble squares, rectangles or
circles (Ndt.net, 2017). Among the many benefits of this system, the most notable one is
that it provides very high gain that depends on the single antenna parameters, its
architecture as well as the total number of active radiators that constitute the
aforementioned array system. As a result, by ensuring the correct spacing among the active
radiators, as well as the desired phase and amplitude, a Phased Array can produce a
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predicted radiation pattern, whereby radiates its maximum energy in the desired direction
(Malahias and Zagos, 1998:161-164). According to these characteristics, Phased Arrays
exhibit high gain as well as immunity performance within a high interference environment.
These advantages are due to the ability to program the main beam’s directivity and Frond
to Back Ratio in advance. Howard and Fung conducted their study, focusing on an
antenna, which they labelled ‘Clever Dumb Antenna’ in reference to its ability to derive
the great benefits of the multi-beam antennas interfaced by a beamformer. According to the
authors, ‘the great benefit of such antennas enables dividing up to 360 degree cell site into
several high gain sectors’. It is important to note that a beamformer the authors refer to is a
signal processing technique based on a network comprised by phase shifters that enable
programming of the adequate phase shift of the radiators in order to produce an optimum
radiation pattern as well as beam tilt. In a different study, Vedula Paladuga and Prithvi,
(2015) present a circular phased array, referring to it as a smart antenna, due to its ability to
provide a low side lobe response for scanning purposes. As the side lobes are minor beams,
scanning antennas enable reception from different angles of the main beam. Owing to these
properties, low side-lobe response arrays are primarily aimed for use in a high interference
environment. Winters (1998) and Gil (2005) extended the aforementioned research by
examining the parameters of the two major categories of smart antennas, namely the
phased and adaptive arrays. The adaptive arrays’ radiation pattern, as the author’s state, ‘it
IS auto adjusted according to the move of interference, whereas the phased arrays’ radiation
pattern are not. They further explained that ‘it is steered or different beams are selected as
the desired user moves’. According to this view, smart antennas are highly recommended
for new generation wireless communications. Consequently, they are presently being
extensively researched in ‘Europe in order to be applied in GSM networks as well as in
Japan for satellite communications’. In this regard, the use of smart antennas is justified,
given that they provide great benefits against interference. Presently, they are being applied
experimentally in 4G/5G wireless radio communication systems and it is likely that their
range of applications will expand in the future, given that this promising area of research

will be explored for many years to come.

2.3.4 Chapter Conclusion

The literature reviewed in this chapter has confirmed that the problem of interference has
influenced the global research of wireless radio communications. In this work, this
phenomenon will be explored in two main phases. The first phase concerns the detection as

well as the scientific analysis of the interference, whereas the second phase pertains to
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upgrading the existing hardware technology in order to improve the operations of wireless
communications, enabling quality operations within an interference environment. The
review of the extant literature has further indicated that the interference is caused by the
interaction of unwanted wireless radio signals with the useful ones. Moreover, while it
typically occurs in direct line of sight, under certain circumstances, it can arise in abnormal
propagation conditions. For example, in several regions of the world, including Japan,
South Korea, Channel Islands, and the UK, the abnormal propagation has been
investigated due to the fact that it has caused serious interference problems in different

sectors of local wireless services.

For instance, in Japan interference primarily affected radio and television services, whereas
in South Korea, cellular phone services suffered the greatest effects. In addition, in the
Channel Islands, the investigation focused on non-line of sight signals in VHF/UHF bands,
as this was the phenomenon that caused interference. This was also the case in the UK,
where the interference was explored on behalf of terrestrial digital television services due
to short-term interference affecting their performance. In order to model the behaviour of
the interference, many studies have been conducted so far. However, most such
investigations have been based on statistical analysis and data acquisition techniques, along
with different data fitting methods, such as the parabolic equation and the ‘Advanced
Propagation Models’. As was shown in the discussions presented in previous Sections,
abnormal propagation is based mainly on refraction, diffraction or scattering, and it strictly
depends on weather conditions prevalent in the region under investigation. In this respect,
no scholarly articles have been published about abnormal propagation that caused the
interference in Cyprus, or more generally the Eastern Mediterranean Sea.

Furthermore, based on Kraus (1988) and Balanis (2012:5-7), the findings reported in the
reviewed literature have indicated that antenna is still the most effective weapon against
interference. Due to the fact that antennas are the eyes and ears of wireless
communications, they can be designed to control interference. Recent studies have
indicated that the advanced antenna topologies, such as the phased and adaptive arrays, can
be utilized as smart antenna configurations capable of auto-adjusting the main beam’s
direction according to the interference movements. The aforementioned technology has
been applied experimentally in GSM, beyond satellite and radar systems. However, no
scientific or scholarly articles have been identified as a part of this literature review, where
the authors provide information on the application of smart antennas in either FM radio or
the Digital Audio Broadcasting (D.A.B). In particular, no work has been conducted on
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smart antennas that operate in Band Il and Band Ill, perhaps because of the significant
physical size requirements in the aforementioned frequency range which is discussed in

chapter 4.
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Chapter 3: Analysis of VHF Propagation Mechanisms that Cause

Interference within the Southern Coastal Regions of Cyprus

3.1 Statement of the Problem

This chapter explores the type of propagation mechanism in the VHF Band Il (87.5-
108MHz), which favours the overseas transmissions from the Middle East, allowing them
to cause a strong destructive interference in the local radio services along the southern
coast of Cyprus. The co-channel and adjacent-channel interference degrades the reception
quality in major service areas within the cities of Paphos, Limassol, Larnaca and their

suburbs, as illustrated on the map presented in Figure 1.
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Figure 1: The area affected by Interference from the Middle East

The interference also adversely affects the "in car listening” quality across the main
highway that connects the aforementioned cities. This phenomenon can be better
understood by noting that, according to preliminary measurements in Band Il, the national
radio services' field strength intensity in Limassol (34°42'26.66"N, 33° 1'24.35"E) lies
between 55 and 60 dBuV/m, as indicated by the spectrum analyzer readings shown in
Figure 2. Furthermore, measurements during motion, across the highway, have indicated
that the field of the national services fluctuates in the 35-52 dBuV/m range, as confirmed
by the spectrum analyzer readings shown in  Figure 3. (These
measurements were conducted by the use of a 0 dB monopole antenna at one meter height
above the ground and ata speed of 75 km/h). Thus, the Carrier-to-Interference-Ratio
(SIR)*of the local radio services to the undesired overseas transmissions determines the co-
channel interference? at any random point of reception within the southern coast of Cyprus.

The co-channel and adjacent channel interference only occur when the level of these

!t is the quotient between the average received modulated carrier power to the average received co-channel
interference power.
2 Co-channel interference is crosstalk from two different radio transmitters using the same frequency
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unwanted signals exceeds that of the local services. This occurs at random locations where
the automobile receiver demodulates an unwanted signal, rather than the desired
program to which it has been tuned. Empirical evidence indicates that this phenomenon is

more pronounced in motion due to multipath fading (K. Chy, 2015).

According to the Cyprus government, the monthly average field strength intensity of
unwanted overseas transmissions fluctuates. However, under the conditions investigated in
this study, these effects, must exceed the free space level of the local radio transmissions in
order to produce interference in band Il. Furthermore, the field strength intensity of these
unwanted transmissions may depend on the weather conditions, and thus varies with the
season and the time of reception. For instance, the phenomenon appears weak during the

spring and peaks during the hot, dry summer months.
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Figure 2 : Spectrum analyzer readings of the local radio services in Limassol

During the autumn, the effect weakens again and vanishes completely in the winter. The
extant Tropospheric case studies conducted in Korea, Nigeria, Japan, etc. (presented in the
literature review chapter) revealed that a non-line of sight interference is attributed to
abnormal mechanisms of propagation. Hence, one of the aims of the present study is to

reveal the propagation mechanisms affecting the signal quality in Cyprus.
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Figure 3: Spectrum analyzer readings during motion

The focus is specifically on those favouring the radio waves in Band 11, allowing them to
travel from the Middle East beyond the horizon in Cyprus, since line of sight conditions do
not exist between the two regions as it will be investigated in the following chapters. The
aims and objectives of the study are presented below in this chapter and in the remaining

chapters.

3.2 Interference Testing Methodology

The methodology adopted in this study for determining the type of interference
propagation mechanism is based on experimental research (real condition measurements)
as well as applied theory of propagation mechanisms. In performing the measurements, the
goal was to plot the field intensity variations of the unwanted overseas signals versus
various weather parameters. Furthermore, the aim was to investigate their characteristics in
terms of all types of propagation mechanisms. A vital part of the research has been based
on the implementation of a path profile analysis, which focuses on the detection of
overseas radio waves as they have been monitored in Cyprus in clear spectrum during the
summer of 2015. They arrive to Cyprus from two different directions, Israel and Lebanon,
and will be discussed thoroughly later. This assertion is confirmed by the measurements
that were conducted from June to September 2015 by utilizing dedicated test equipment,
described in the subsequent sections. A vital part of the path profile analysis was based on
the Recommendations ITU-R 452, 453, and 834. These recommendations provide the
testing procedures and mathematical expressions incorporating the meteorological
parameters that affect the radio refractivity of the Troposphere that permits the overseas
radio waves to travel beyond the horizon and cause interference (more details on this

phenomenon are provided below).
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Specifically, in this work, the Recommendation ITU-R P.834 was adopted, as it pertains to
the effects of tropospheric refraction on radio wave propagation’ and Tropospheric Ducting
propagation. For the same purpose, the ITU-R P.453 was also considered in order to
demonstrate the radio refractive index, its formulae and refractivity data. Finally, the ITU-
R P.452 pertains to the prediction procedures for the evaluation of microwave interference
between stations on the surface of the Earth at frequencies above about 0.7 GHz. It has
been utilized in this study, as it pertains to all possible cases of propagation mechanisms

that enable interference.

The main objective of this research is to explore each type of these propagation
mechanisms on individual basis by considering the two major categories, as demonstrated
by the Recommendation ITU-R 452, which indicates that the long-term mechanisms
incorporate the line of sight, diffraction and tropospheric scatter. The short-term
mechanisms, on the other hand, include ducting, elevated layer reflection, as well as
hydrometeor scatter (Son, 2002). More details pertaining to the scientific properties of each
of the aforementioned propagation mechanisms are defined by the ITU and are presented

in the following paragraphs, because they constitute the foundation of this study.

3.2.1 Line of Sight

‘The most straightforward interference propagation case occurs when a line-of-sight
transmission path exists under normal (i.e. well-mixed) atmospheric conditions. However,
an additional complexity is introduced when sub-path diffraction causes a slight increase in
the signal level above that normally expected. In addition, on all but the shortest paths (i.e.
paths longer than about 5 km), signal levels can often be significantly enhanced for short

periods of time by multipath and focusing effects resulting from atmospheric stratification’

3.2.2 Diffraction

‘Beyond line-of-sight and under normal conditions, diffraction effects generally dominate
wherever significant signal levels exist. For services that are unaffected by anomalous
short-term problems, the accuracy to which diffraction can be modelled generally
determines the density of systems that can be achieved. However, the diffraction prediction
capability must have sufficient utility to cover smooth-Earth, discrete obstacle and

irregular (unstructured) terrain situations’.

3.2.3 Tropospheric Scatter
‘This mechanism defines the “background” interference level for longer paths (e.g. those

exceeding 100-150 km in length) where the diffraction field becomes very weak. However,
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except for a few special cases involving sensitive Earth-based stations or very high power
interferers (e.g. radar systems), interference arising from troposcatter will be at a level that

it too low to be of practical significance’.

3.2.4 Surface Ducting

‘This is the most important short-term interference mechanism over water and in flat
coastal land areas, and can give rise to high signal levels over long distances over the sea
(exceeding 500 km). Such signals can exceed the equivalent “free-space” level under

certain conditions’.

3.2.5 Elevated Layer Reflection and Refraction

‘The treatment of reflection and/or refraction from layers at heights up to a few hundred
meters is of major importance, as these mechanisms enable signals to overcome the
diffraction loss arising from the terrain very effectively under favourable path geometry
conditions. Again, the impact can be significant over quite long distances (up to 250-300
km)’.

3.2.6 Hydrometeor Scatter

‘Hydrometeor scatter can be a potential source of interference between terrestrial link
transmitters and Earth-based stations because it may act virtually omnidirectional, and can
therefore have an impact in directions off the great-circle interference path. However, the

interfering signal levels are quite low and do not usually represent a significant problem’.

3.3 Location and Instrumentation Set Up

The equipment described in this section was used for monitoring the field strength
intensity of the undesirable signals from the Middle East in order to study their properties.
However, it is not practically possible to conduct field strength measurements at every
single reception point within the southern coast of Cyprus. Consequently, it was important
to identify a reference point that can serve as a permanent and reliable source of
measurements of field strength intensity of the unwanted overseas transmissions on a daily
basis. This was achieved by utilizing the testing equipment of the company “ET Broadcast
LTD”, located in the northern part of Limassol (34°42'37.14"N, 33° 1'15.26"E). The
location is at 313 ft above sea level (asl) and has an absolute line of sight with the coast of
Limassol. For reception purposes, a broadband response, circular polarized dipole antenna
has been installed outdoors, on a mast, one meter above the ground in order to represent
the height of a typical commercial receiver’s antenna. The testing equipment arrangement

is illustrated in Figure 4 and all its components are described below.
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Figure 4: Testing equipment arrangement

The Advantest U3751 is a professional spectrum analyzer that is used to provide field
strength measurements of the monitored unwanted transmissions. The YEASU receiver
VR5000 was employed in the present study in order to provide the audio information of
the unwanted signals during testing. Furthermore, the circularly polarized dipole antenna
was used as the major receiving antenna of the testing chain. The low noise amplifier was
included into the equipment chain in order to compensate for the signal losses arising from
impedance mismatch, as well as insertion losses due to the wiring among the testing

components.

In addition to these measurements, additional data was obtained from the Department of
Electronic Communications, which is the official body of the Cyprus Government
responsible for radio signal measurements and monitoring. The department has official
access to the sophisticated system “THALIS” that enables field strength data from all
major regions of Cyprus to be displayed on a continuous basis for a long period of time.
The system comprises of a chain of omnidirectional antennas that provide the field strength
information to a central computer unit in Nicosia. Finally, the radiosonde data required for

the present study were sourced from the Meteorological Department of Cyprus.

3.4 The Importance of the RX Antenna Polarization Sense

Monitoring antenna polarization sense® is essential for obtaining accurate readings of the
unwanted transmissions’ detection. The importance of this key issue in radio
communications discipline stems from the fact that the air interface between the
transmitting and receiving antennae must exhibit an identical polarization sense in order to

achieve a maximum Signal to Noise Ratio (SNR) of the received signals (Wang, Lv and

> The polarization of an antenna is the direction of the radiated fields produced by the antenna.
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Li, 2014). The aforementioned case is described by two principal equations representing
the electric field’s vector orientation of the radiated or received electromagnetic waves
(Kraus, 1988):

Ex = E; (sin(wt — Bz)) 1)
Ey = E, (sin(wt — Bz + §)) (2)
Where:

E; = amplitude of the wave in x direction

E, = amplitude of the wave in y direction
B=2n/\

d = time phase angle by which Ey precedes Ey

Considering these equations, the two major antenna polarizations utilized by radio industry

in Band 11 are discussed below.

3.5 Vertical Polarization

A linearly polarized antenna Electric field phasor is only in one plane, which can be either
vertical or horizontal. Hence, utilizing a linear vertically polarized antenna ensures that the
electric field vector (E) is perpendicular to the Earth’s surface, whereas the magnetic field
(H) vector oscillates at 90 degrees angle compared to the Electric field as illustrated in
Figure 5. However, despite its horizontal polarization, this arrangement is not applied in
FM radio services, which rely on a linear horizontal polarization antenna, and thus benefits
from vertical polarization. In practice, the polarization state of linearly polarized antennae
is determined by the orientation of the antenna’s wire with respect to the Earth’s surface. In
theory, these arrangements are described by Eqg. 1 and 2, i.e. when E1 = 0, the wave is
linearly polarized in the Y direction and vice versa (Kraus, 1988).

3.5.1 Advantages and Disadvantages of Linear Vertical Polarization in the Context of
FM Broadcasting

Vertical antenna polarization is predominantly used in FM radio broadcasting, as it
provides many benefits. For example, a vertically polarized monopole antenna is found in

most automobiles for reception purposes (Fanning, 2009). As a result, a vertically
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polarized transmitting antenna will provide the maximum possible SNR in the received

signals during driving.

Transmitting antenna
(vertical). The electric field MagneticField
isolates vertically in relation

Receiving Antenna

The electric field and magnetic field
to beground vibrate at right anglesto each other ~ Radic wave direction -_

) ) Magnetic Field
Horizontally polarized waves
Transmitting antenna
(horizontal). The electric

field isolates horizontally in Electric Fi

Receiving Antenna

relation to be ground
Figure 5: Linear vertical and horizontal incident waves

Another important factor that has prompted the broadcasting industry to adopt linear
vertical polarization antennae in many applications is the omnidirectional radiation pattern’
that is obtained by a vertically polarized half-wave dipole (Straw, 2002). In this respect,
the E and H plane patterns of a linear vertically polarized half-wave dipole antenna have
been simulated by the use of EZNEC software, as demonstrated in Figure 6. The magnetic
field (H) represents the horizontal plane (Azimuth), whereas the electric field (E) is
perpendicular, i.e. lies in the vertical plane (Elevation). The expression describing the half-

wave dipole’s electric field is given by (Kraus, 1988):

cos [(g)cose]

sinf

E= 3)
Where 6 is the angle of direction of the E Field

Despite the aforementioned benefits of linear polarization, its major drawback arises from
the reflections of a linear polarized wave that occur from buildings in densely built urban
areas, such as cities, or from the hills in rough terrain. This phenomenon results in a

change from the linear, vertical polarization to a random polarization state.

* The radiation pattern is a graphical depiction of the relative field strength transmitted from or received by
the antenna.

28



Azimuth (H) Plane Elevation (E) Plane

Figure 6: Azimuth and elevation planes of E field of a half-wave linearly polarized dipole

In case of a receiver’s vertically polarized antenna, as installed on an automobile, signal

will not be received properly due to the random polarization, and will cause nulls.

3.5.2 Discussion of Circular Polarization Antennas in FM Broadcasting

Although dual linear polarization was considered, the processing of the signal was more
complex and therefore circular polarization was chosen for ease of signal processing. A
circular polarized antenna enables radiation or reception equally well, in all planes, and
across 360 degrees, as it contains both vertical and horizontal linear components. However,
it should be noted that the planes are always out of phase by "4 A (denoting signal
wavelength). Consequently, there is always a 3 dB loss when a circularly polarized
incident wave is received by a linear polarization antenna and vice versa (Lee, 1984).
Based on the Eq. 1 and 2, the circular polarization (CP) state occurs when E1 = E2 and ¢ =
+ 90. The CP ability to operate in all planes equally well is defined as the axial ratio of a
circularly polarized antenna, which becomes a crucial factor when the linear polarization
of an incident wave is unknown. In this respect, the electric field of a circularly polarized
antenna rotates perpendicular to the axis, and according to the sign of the time phase angle

0, it rotates clockwise or counter clockwise, as illustrated in Figure 7.
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Circularly Polarized z

Figure 7: The rotation of a circular polarization incident wave

One important benefit of a circular polarization incident wave is that, although its rotation
changes direction due to reflections from clockwise to counter clockwise and vice versa, it
always incorporates the linear polarization components in any rotational direction. Thus,
from the perspective of a receiver’s linear monopole antenna, this change will not be
noticeable in terms of the received signal’s field intensity (Green, 1983).However; an
important disadvantage of the circular polarized antennas concerns the 3 dB loss that

occurs in reception when the receiver has been installed with a linear polarization antenna.

3.5.3 Linear Versus Circular Polarization

The interaction of linear and circular polarization antennae is illustrated in Table 1.

Horizontal Vertical RHCP LHCP
Horizontal 0 30 3 3
Vertical 30 0 3 3
RHCP 3 3 0 30
LHCP 3 3 30 3

Table 1: The interaction of linear and circular polarization antennas

Based on the above, the following conclusions can be reached:

1. Asacircularly polarized receiving antenna enables reception in all planes, it will
provide a superior performance in cases where the incident wave is affected by a

random linear polarization.

2. When the receiving antenna is LHCP, a circularly polarized RHCP wave will

introduce significant losses, which are typically in the order of 30 dB.

3. A vertically polarized receiving antenna will provide a maximum SNR when the
incident wave is only vertically polarized; however, due to reflections, polarization
may be random and exhibit losses.




4. A vertically polarized antenna enables a good reception when the incident wave is
circularly polarized in either RHCP or LHCP mode and vice versa.

Considering the above parameters, in this study, a circularly polarized antenna was
employed for monitoring the unwanted transmissions under the condition that they utilize
linearly polarized antennas. This is elaborated on in the subsequent chapters. Briefly,
circular polarized dipole provides a better SNR than a linearly polarized one, i.e. it

eliminates the need to align the antenna.

The specifications of the selected circular polarized dipole are presented in Table 2.

Freq. range: 87.5 - 108 MHZ

Impedance: 50 Ohm

V.SWR.: <141

Gain: -1.5db

Bandwidth: 300 KHz

Connector: “N”

Weight: 5 Kg

Max Power: 500 W

Polarization: Circular

Dimension: 580 x 350 x 850
mm

Table 2: Specifications of circular polarized dipole

Figure 8: The testing antenna

3.6 Rigorous Analysis of the Voltage Standing Wave Ratio (VSWR) and
Insertion Loss of the Testing Equipment Topology

The true operating conditions of the testing equipment’s topology should be computed
before commencing the monitoring of the unwanted transmissions arriving from the
Middle East. This task must be accomplished in order to avoid inaccurate results in
measurements concerning the field intensity of the monitored signals, especially those

pertaining to the weak ones. In this regard, the SNR of the received signals at the input port
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of the “Advantest spectrum analyzer” (Fig. 4) is determined according to their signal
density, the receiving antenna’s “Gain” and from the Voltage Standing Wave Ratio
(VSWR), as well as the “insertion losses” of each element in the test equipment chain, as

expressed by Eq. 4 and 5 below (S.Laverghetta, 1996):

SNR(dB) = (%) = 10log;,(signal) — 10log,o(Noise) 4)
PdB(signal) = Antenna(GaindB) — {).(VSWR + Insertion Losses)} (5)

Based on Eg. 5, the antenna is considered the most vital component of the chain, as it
determines the SNR of the entire system. Furthermore, the reflection losses from the
antenna’s VSWR and the transmission line’s insertion losses will be combined, resulting in
a reduction of the antenna’s Gain, as expressed by equation 5. Therefore, the field intensity
readings of the received signals will not be accurate. Consequently, the reflection and
insertion losses must be compensated for, properly, by the use of a Low Noise Amplifier,
as will be discussed at the end of this chapter. The major loss of the system is expected to
be caused by the transmission Line RG213, the computation of which is described below.

Step 1: Calculations of the Coaxial Cable Length Insertion Losses
The attenuation in dB per unit length of the transmission line RG213 can be derived from
the factory specifications given in table 3. It is computed based on a simple cross-

multiplication using Eq. 6 below:

Loss (dB)15 meters = 5% %15 = 1.0335 dB or 21.18% (6)
100

Inner Conductor Material and Plating: Copper

Dielectric Type: PE

Shield Material: Copper Braid

Impedance: 50 ohm

Velocity of Propagation: 0.66

Length: 15 meters

Testing Frequency: 100 MHz

© N o o M ow NP

Attenuation (dB/100 m) = 6.89

Table 3: The RG213 specifications
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Step 2: Calculations of Antenna’s VSWR Losses

The VSWR losses of the antenna arise due to the impedance mismatch between the coaxial
cable characteristic impedance (50 Q), the source and the antenna’s impedance arising due
to the change from purely resistive function to complex impedance. This is a very

important consideration in practical measurements,

V1= EF+ER II=EF-ER/Z0

Figure 9: Scattering parameters of one port system

as the antenna has been installed on a metallic mast, very close to the Earth’s surface.
Thus, the mutual coupling of the surrounding objects, including the mast and the Earth’s
surface, will ultimately affect the 50 Q default impedance indicated by the antenna’s
factory specifications, changing it to an unknown value that must be established based on
new measurements (Hon Tat Hui, 2010). The VSWR measurements are conducted at the
input of the 15-meter-long transmission line RG213, as illustrated in Figure 10. The
VSWR can be expressed via scattering parameters in terms of one port system (e.g. S11),
as illustrated in Figure 10 (HEWLETT PACKARD, APPLICATION NOTE 95-1, 1995)

SWR -E } CP
Analyzer Antenna

Figure 10: VSWR analyzer

The mathematical expression describing the VSWR in one port system is given by:

1+S11
1-S11

S11= Reflection coefficient given by S parameters

VSWR =

)
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The return loss characteristics can thus be calculated using the expression below (Eg. 8)

with the results provided in Figure 11.

VSWR+1
Return Loss (dB) = 20.log ——— (8)
VSWR-1
30 -
25 -
Return ig |
Loss (dB) 10
5 4
0 |
88 91 94 97 100 103 108

Frequency in MHz

Figure 11: Return loss versus frequency

3.6.1 True Antenna Gain-Overall Signal Losses-Compensation

The transmission line RG213 losses based on its 15-meter length were calculated at 1.0335
dB using Eq. 6. The information pertinent to the return loss characteristics of the antenna
response were illustrated in Figure 11 as well. Thus, the overall losses comprise of two
components—the VSWR and insertion losses—which are combined. These phenomena are

described by Eq. 9 and 10, respectively:

VSWR Loss(dB) = 20. 1og[ Zi;‘jﬁj] — 1.0335 dB 9)
P(signal) = Antenna(GaindB) — [Y.(VSWR + Insertion Losses)] (10)

Finally, the true signal losses are given in Figure 12, which indicates that the losses range
between 1 and 1.5 dB, according to the testing frequency. Furthermore, these additional
losses will reduce the circularly polarized antenna’s gain by -2.5 to -3 dB. However, these
losses can be compensated by the use of a Low Noise Amplifier, which is installed on the
mast in a close proximity to the antenna, in order to restore the gain of the antenna back to

-1.5 dB. The amplifier has a variable gain (0-10 dB), and illustrated in Figure 4.

The VSWR and insertion losses of the splitter and the connectors are negligible and have

thus been excluded from the above calculations.
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Figure 12: Overall signal losses versus frequency

3.7 Monitoring Unwanted Overseas Transmissions

This section focuses on the behaviour of the overseas signals arriving from the Middle East
in clear spectrum. It also provides their technical specifications, followed by the long- and
short-term field strength intensity measurements made by the 30 kW main transmitter of
the Cyprus Broadcasting Corporation (CYBC) that is installed on Olympus Mountain,
Troodos. The CYBC'’s field intensity measurements in Limassol are also included, as they
are adopted in the present study as the reference values for all other national radio services
in Cyprus because they all exhibit similar specifications. It should, however, be noted that,
although many unwanted overseas transmissions have been monitored in Band II, as they
overlap with the local radio services, their behaviour could not be studied. Nonetheless,
two overseas signals could be detected in a very clear spectrum in Limassol, namely The
Lebanon “Radio Libran Libre” 102.5 FM, broadcast from Lebanon, and the “Tel Aviv”
95.5 MHz, broadcast from Jerusalem, Israel. In this work, these two signals served as the
reference overseas transmissions, i.e. their behaviour represents all other unwanted
transmissions in Band Il that arrive from the Middle East to Cyprus. This decision was
made as all incoming unwanted signals arriving from that direction are transmitted from
the same region and exhibit similar technical properties. The technical specifications of the
aforementioned overseas signals, as well as the national radio “CYBC” have been obtained

by the 1.T.U. and are illustrated in table 4.

3.7.1 The Path Length Calculations of the Detected Signals

The path length from the aforementioned regions to the coast of Limassol must be
determined, as it is subsequently utilized for the line-of-sight calculations, performed in the
next chapter. Therefore, by the use of Google Earth professional software tools, the path
length between Israel and Limassol, as well as Lebanon and Limassol, has been calculated

based on the coordinates given in Figure 13. The transmitting point’s altitude of the 95.5
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MHz signal from Israel is 860 m, and the path length to Limassol is 376 km. Similarly, the

path length of the Lebanese 102.5 MHz signal to Limassol is illustrated in Figure 14, and is

measured at 271 km, whereby the transmitter point is located at 2295 m asl. Finally, the

path length between Limassol and Olympus Mountain, as it concerns the service area of

the national radio station CYBC 94.8 MHz signal, is illustrated in Figure 15 and is

measured at 29 km only, with the transmitting point altitude of 1549 m (i.e. the

transmitting point has absolute line of sight with Limassol).

ITU country | LBN ITU country | ISR ITU country | CYP
code code code
Location Farayar/Mzaar Location Jerusalem/Eitanim | Location Mount Olympos
Coordinates 35e50/33n58 Coordinates 35e06/31n47 Coordinates 32e52/34n56
Longitude 33°50°24.80” Longitude 35°05°50.40” Longitude 32°51°38.15”
Latitude 33°57°55.80” Latitude 35°46°39.60” Latitude 34°56°18.70”
Longitude 35.840222 Longitude 35.097333 Longitude 32.860597
decimal decimal decimal
Latitude 33.965389 Latitude 31.777667 Latitude 34.938528
decimal decimal decimal
Coordinates 3 Coordinates 3 Coordinates 3
precision precision precision
Frequency 102.5000000 Frequency 95.500000 Frequency 94.800000
Language ar Language He Language El
Program Loubnan al- | Program IBA 2 Reshet Bet Program CyBC-RIK Trito Prog.
Horr=R.Liban
Libre
Modulation m Modulation S Modulation S
Power 50.000000 Power 40.000000 Power 30.000000
Directional D
Polarisation v Polarisation \Y/ Polarisation c
Antenna 90
relative
height
Effective 860
relative
height
RDS-PS noRDS RDS-PS BET E__ RDS-PS _AKOYTE_TO_TPITO
TOY_PIK 94,8 MHz
94.0 MHz 96.0_ MHz
106.7MHZ HH:MM:SS
RDS-PI noPl RDS-PI 4202 RDS-PI 2203
Remarks May/June 2010 at | PTY 99

Balaton/Hungary

Table 4: Technical specifications of the monitored transmissions
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Figure 14: Path length between Limassol and Lebanon, 271 km, height 2995 m
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Figure 15: Path length between Limassol and Olympus, 29 km, height 1549 m

The crucial technical specifications of the signals under consideration are demonstrated in
table 5, as they are used in the analysis of the propagation mechanisms that cause the

interference in Cyprus, which is provided in the next chapter.

Frequency | Location Path Length Height | ERP

102.5 MHz | Lebanon 271 km 2995 m | 50 kW
95.5 MHz | Israel 376 km 860 m 40 kW
94.8 MHz | Cyprus 29 km 1549 m | 30 kW

Table 5: The technical specifications of the transmitting points

3.7.2 Measurements of 102.5MHz, 95.5MHz and 94.8MHz performed at 1:00 PM
between June 17" and September 2™, 2015

The short-term field strength variations in the 102.5 MHz signal from Lebanon are
demonstrated in Figure 16. The measurements have been conducted from June 17" until
September 2™, 2015, at 1:00 PM. During this period, the average field strength intensity of
102.5 MHz was measured at 30 dBuV, and ranged from 10 dBuV to 48 dBuV, with the
fluctuations essentially comprising of noise. The field strength variation of the

aforementioned signal was in the order of 38 dBuV.
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Figure 16: The field strength variations in the 102.5 MHz signal

Similarly, the field strength intensity of the 95.5 MHz signal arriving from Israel was
measured between June 17" and September 2™, 2015, at 1:00 PM, with the data illustrated
in Figure 17. The average field strength was 45 dBuV, with 10 dBuV and 71 dBuV
denoting the minimum and maximum, respectively. The ripple in the signal was measured
at 61 dB.
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Figure 17: The field strength variations in the 95.5 MHz Signal

The measurements pertaining to the local national radio CYBC signal were performed
within the same period and are illustrated in Figure 18. The graph is almost linear and the
ripple is only 2 dB.
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Figure 18: The field strength variations in the local CYBC 94.8 MHz radio signal

The field strength variations of the three signals under study are merged on the graph
depicted in Figure 19. The green colour represents the field strength intensity of the local
94.8 MHz radio signal, whereas the red and blue lines correspond to the overseas signals at
102.5 MHz and 95.5 MHz, respectively. According to Figure 19, the field strength of the
95.5 MHz prevails over the local radio 94.8 MHz on the specific dates depicted on the
graph. Therefore, the cause of co-channel interference has been established, and is evident
from Figure 19, which reveals that the peaks of the 95.5 MHz signal are above the green
line that represents the field strength of the local services.
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Figure 19: The field strength Intensity of the three signals under Study
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3.7.3 Measurements of the 95.5 MHz and 94.8 MHz Signals Between June 17" and
September 2th, 2015, made at 1:00 PM & 9:00 PM

Figure 20 illustrates field strength variations of the 95.5 MHz signal arriving from Israel

and the local CYBC 94.8 MHz radio signal, noted on specific dates. The measurements

were conducted at 1:00 PM and 9:00 PM. According to Figure 20, the overseas signal’s

field intensity is unstable relative to the local channel CYBC radio signal. Another

important observation is that the average field of the overseas 95.5 MHz signal was higher

in the evening compared to the levels measured during the day.

Figure 20 illustrates the variations in this phenomenon and elucidates the cause of co-

channel interference, which would occur in the evening on the given dates, provided that

the local radio services used the same spectrum as that adopted by the overseas signals.

95.5 MHz (dBuV) 1:00 PM

95.5 MHz (dBuV) 9:00 PM

94.8 MHz (dBuV) 9:00 PM

Date Israel Israel Cyprus
6/8/2015 40 68 58
7/8/2015 61 61 58
8/8/2015 10 51 58
10/8/2015 10 41 58
11/8/2015 12 43 58
12/9/2015 38 45 58
13/8/2015 61 67 58
14/8/2015 61 56 58
16/8/15 35 10 58
17/8/2015 45 53 58
18/8/2015 48 65 58
20/8/2015 50 67 58
21/8/2015 44 70 58

39.61538462 53.61538462

Average 58
Maximum 61 70 58
Minimum 10 10 58

Table 6: The field strength variations in the 95.5 MHz and 94.8 MHz signals, as measured at 1:00 and 9:00 PM
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Figure 20: The field strength variations in the 95.5 MHz and 94.8 MHz signal, as measured at 1:00 and 9:00 PM

3.7.4 Short Term Measurements of the 95.5MHz and 94.8 MHz Signals Conducted
between June 17" and September 2th, 2015, from 11:00 AM to 7:00 PM

The field strength variations in the Israel radio service 95.5 MHz signal between 11:00 AM
and 7:00 PM, based on the measurements conducted on August 24" and 25", 2015 is
illustrated in figure 21. These measurements revealed that the field strength intensity of the
overseas signal was sporadic, i.e. comprised of various values. An important observation is
that its intensity measured on August 24™ at 4:00 PM exceeded the free space value of the
local national radio services CYBC, whereas the values were below the reference value at

all other times.

70
60 A\

) —~\
ol T~

)4
dBuV/m 20 / e 24-8-15(95.5MHz)
/ 25-8-15(95.5MHz)
20 \ 7
== CYBC
10
0 T T T T T T T T 1

S O O & & & S S
SO OO L0 OO 0L
NV YO HFE T

Time

Figure 21: The field strength variations of the 95.5 MHz and 94.8 MHz signals, as measured between 11:00 and 7:00
PM
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3.7.5 Discussion and Results of measurements

The measurements described in preceding sections have elucidated the manner in which
the field strength intensity of the overseas transmissions could cause co-channel
interference in Limassol during the summer months of 2015. It could be established that
this phenomenon occurs as the monitored signals’ field strength intensity varies with the
month, day and time of the reception, causing the unwanted signals to prevail over the
local radio services. The average field intensity measurements of the monitored 95.5 MHz
signal from lIsrael during the summer months (June, July and August) are illustrated in
Figure 22. According to the data, the average signal strength was 33 dBuV/m in June,
increasing to 53 dBuV/m in July, before declining to 42 dBuV/m in August. Therefore, the
signal is weakest in July. Furthermore, the strength of the 95.5 MHz signal arriving from
Israel exceeded that of the local CYBC radio service in certain periods of summer, as well
as during some parts of the day, despite the difference in the frequency designated for these
two signals. Moreover, as the propagation losses increase with distance, it would be
expected that signals arriving from Jerusalem (located is 376 km away from Limassol)
would be weaker than those arriving from Olympus (at only 29 km distance). As a result,
the expected field strength intensity of the 95.5 MHz signal should be considerably lower
than that of the CYBC signal, as justified by the path loss equation (Eqg. 11) given by
(Debus, 2006) .

Lys = 32.4+20 logf +20 logd  dB (11)

Particularly, under line of sight conditions, the path loss between Jerusalem and Limassol

can be estimated using the following data and Eq. 12:
Distance from Jerusalem to Limassol: 370 km

Frequency: 95.5 MHz

Altitude: 860 m asl

ERP: 40 kW

Path Loss = 32.4 + 2010g(95.5) + 2010g(370) — 123dB (12)
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Figure22: The average strength of the 95.5 MHz signal arriving from Israel during the summer Months

According to Eq. 12, the path loss between Jerusalem and Limassol is 123 dB. Since the
effective radiated power of the 95.5 MHz signal is 40 kW (table 5), it corresponds to the
signal strength in Limassol of approximately 0.02 uW or 60 dBuV at a 50 ‘QQ antenna.
However, according to the measurements, the maximum intensity of the 95.5 MHz signal
was 71 dBuV/m, exceeding its free space value by 10 dB.

It should also be noted that the field strength intensity of the national radio CYBC signal

was almost constant in all measurements.

On the other hand, the path loss calculations of the CYBC 94.8 MHz signal are presented

below:

Distance from Olympus to Limassol: 29 km

Frequency: 94.8 MHz

Altitude: 1549 m asl

ERP: 30 kW

Path Loss = 32.4 + 201og(94.8) + 2010g(29) — 101dB (13)

As can be seen from the above, the loss is 101 dB. Since the power is 30 kW, the
attenuation of 101 dB corresponds to 2.38 uW or 80 dBuV at a 50 Q2 antenna. According to
the measurements, the maximum field strength of the CYBC signal was 58 dBuV/m, most
likely due to the fact that the monitored antenna is installed on a 1-meter mast, adversely
affecting the line of sight to the point of transmission.

However, it is noteworthy that the average field intensity of the 102.5 MHz signal arriving
from Lebanon (illustrated in Figure 23) is different from the 95.5 MHz signal. The field

has an average intensity of 13 dBuV in June, after which it increases to 31 dBuV in July,
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before declining to 30 dBuV in August. The path loss calculations pertaining to the path

from Lebanon Limassol are given below.
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Figure 23: The average signal strength of the 102.5 MHz signal arriving from Lebanon during summer months

Distance from Lebanon to Limassol: 271 km

Frequency: 102.5 MHz

Altitude: 2995 m asl

ERP: 50 kW

Path Loss(dB) = 32.4 + 2010g(102.5) + 201og(270) — 121dB (14)

According to Eq. 14, the path loss between Lebanon and Limassol is 121 dB. However,
although Lebanon is closer to Limassol than Jerusalem, according to the measurements, the
maximum field intensity for the signal arriving from Lebanon was 49 dBuV/m,

corresponding to 13 dBuV/m below its maximum free space value.

The measurement instability of the overseas signals under study indicated that the signal
propagation in Limassol is affected by an abnormal propagation mechanism. In order to
understand the behaviour of the monitored overseas signals, a scientific analysis was

performed, as described in the next section.

3.8 Analysis of the Monitored Signals
In order to better understand the phenomena affecting foreign radio signals that can be
detected in Limassol, the propagation mechanism of the 95.5 MHz signal broadcast from

Israel and 102.5 MHz signal arriving to Cyprus from Lebanon.

3.8.1 Line of Sight Interference Analysis
Line of sight interference occurs when a transmitted electromagnetic wave travels in a

straight line from the transmitting antenna to the receiver, i.e. there are no obstructions that
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could block the propagation. In the case of interest for this study, the line-of-sight analysis
pertains to the transmitting origin of the signals monitored in Limassol. As no obstructions
(other than the Mediterranean Sea) exist between Limassol and the Middle Eastern regions
considered in this work, the line-of-sight analysis is limited to the radio horizon illustrated
in Figure 24. The radio horizon is given as a function of the effective Earth radius, the
elevation of the transmitting and receiving points, and the distance between them. In this
analysis, it is essential to distinguish between the visual and radio horizon, due to the

refraction of the radio waves, discussed below.

Radio Hnﬁzcn>

Visual Horizon

Figure 24: Radio versus visual horizon

The geometric horizon is defined as the visual field limit imposed by the Earth’s curvature.
However, under normal atmospheric conditions, the path length of the radio horizon in the
VHF/UHF frequency domains appears to extend beyond the visual horizon, as the incident
wave bends downwards. This phenomenon is described in the Recommendation ITU-834

and can be expressed by Eqg.15 below:

T (19
Where:

p = radius of the ray path curvature
n = refractive index of the atmosphere

dn/dh = vertical gradient of the refractive index
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h = the point elevation above the Earth surface in km

¢ = angle of the ray path measured from the horizontal plane

Under normal conditions, the refractive index is equal to unity and the angle ¢ is equal to

zero. Thus, Eq. 15 can be simplified, as shown in Eq. 16 below:

1 dn 16

In practice, Eq. 16 is used for terrestrial line of sight calculations, whereby Earth is
considered to be perfectly spherical.

Thus, based on the Earth’s geometric radius of 6370 km, its effective radius can be then
calculated by taking into account a constant coefficient £’ which is approximately 1.33

under normal atmospheric conditions. Incorporating this into Equation 17 yields:

Effective Earth Radius = /(KR + H1)2 — (KR)? (17)

Where KR = 63701{ng = 8500 m

The radio horizon between the Middle Eastern regions and Limassol can be then calculated
by applying the Pythagorean Theorem on the right-angled triangle, as shown in Figure 28

and presented below.

Paths Lengths:
1) Jerusalem — Limassol: Distance = 376 km, Height = 860 m Frequency: 95.5 MHz

Radio Horizon (Jerusalim — Limassol) = /(8500000 + 860)2 — (8500000)2 =
120 km (18)
According to the results yielded by Equation 18, the path length between Limassol and
Jerusalem is 376 km, thereby the 95.5 MHz signal is not arriving to Limassol by a line-of-

sight propagation mechanism.

2) Beirut-Limassol: Distance 271 km, Height = 2995 m Frequency: 102.5 MHz

Height (H) =3083 Meters

Radio Horizon (Beirut — Limassol) = /(8500000 + 2995)2 — (8500000)2 = 224

km (19)
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Equation 19 reveals that the path length between Beirut and Limassol is 271 km. Thereby

the 102.5 MHz signal is not arriving to Cyprus by a line-of-sight propagation mechanism.

It should be noted that, beyond the radio horizon, the signals will either attenuate rapidly or

propagate away from the Earth (Castel, 1965).

3.8.2 Diffraction Interference

The diffraction can cause a long-term interference in the VHF band. This is especially the
case if a portion of the incident wave passes over a tall sharp obstacle, like the top of a
mountain, or a building, and penetrates into the shadow area of that obstacle (Matthew,
1965). This phenomenon has been explained by Huygens—Fresnel principle in 1678, which
states that a strong incident wave enables an obstacle to behave akin to a number of
secondary point sources that produce a spherical radiation pattern at the near-field region.
The signal density of the diffraction in the shadow area depends on the amplitude and
phase of the secondary radiation sources. This phenomenon is also described in the
Recommendation ITU-526-8, which provides diffraction equations, along with the Fresnel
zones. The chart in Figure 29 demonstrates the diffraction’s distance attenuation over the

sea of a vertically polarized incident wave according to the ITU-526-8.

According to Figure 25, the diffraction is very efficient at low propagation frequencies
relative to the VHF Band Il. In other words, the lower the frequency, the more the wave is
diffracted because the wavelength becomes longer relative to the Earth’s radius. In Band
Il frequencies, the wavelength is approximately 3 m, which is negligible compared to the
Earth’s dimensions; thus, not much energy can be diffracted. The diffraction effects can be
negligible where the propagation path is very long (> 200 km) at VHF bands (Son, 2002).
Therefore, in this work, there is no need to consider the diffraction effect as a principal
propagation mechanism that causes interference between Jerusalem and Lebanon and the
coast of Limassol because the distances between these transmitted signals exceed 200 km.
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Figure 25: Diffraction by spherical earth —effect of Distance

3.8.3 Tropospheric Scattering

Tropospheric scattering is a long-range propagation mechanism used for microwave radio
link communications between terrestrial stations beyond the horizon (Tropospheric-scatter
observations, 1961). The system requires very high-gain antennas steered at very low
angles compared to the horizon, whereby microwave signals are randomly scattered as
they pass through the upper layers of the troposphere. Thus, such arrangement is used in
high-frequency applications where the wavelength is short due to the high antenna gain
requirements. As the troposphere is turbulent, and is characterized by a high proportion of
moisture, the radio signals exhibit affected by tropospheric scatter exhibit great losses.
Thus, troposcatter communications require amplifiers ranging from 1 kW to 50 kW and
antennae with gain in the 40-60 dB range, in order to establish a successful link interface.
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The methods for evaluating the path loss of the troposcatter communications are provided
in the Recommendation ITU-R P.617-1, and are based on Eq.20 below:

L(dB) = M + 30log(f) + 10log(d) + 30log(8) + Ly + L. — G; — G, (20)
Where:

f denotes frequency in MHz, d is the distance in km, 0 is the scatter angle (milliradians),
Ly accounts for the height of the common volume, Lc is the aperture-medium coupling

loss, and G; and G; are the antennae gains.

Based on EQ.20, the loss increases dramatically with the angle 0; thus, the lowest losses are
obtained when 6 = 0, i.e. when the transmitting and receiving antennae are steered at the

horizon.
The angle 6 can be calculated using Equation 21 as follows:

0=0,+ 6, + 6, (21)

where 6; and 0, are the transmitter and receiver horizon angles, respectively, and

6, = 1000 d/R, (22)
R. = effective earth radius ~ 4/3 x 6370 km.

Ln represents the transmission loss variation with the height of the common volume, as

given by Equation 23 below.

Ly = 20log(5 + yH) + 4.34yH (23)

Where:

H =102 0d/4, h = 10° 6% Re/8, and y is a climatological parameter ~0.27 km™, based on
the region, where Lc described by Equation 24.

LC =0.07 e0.0SS(Gt+GT) (24)

Based on the calculations presented above, the troposcatter communication in Band 11,
between Limassol and Lebanon or lIsrael, will exhibit losses exceeding 160 dB. These
losses correspond to a field intensity in Limassol of no more than 20 dBuV. According to
the measurements presented in t