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Abstract 

Abstract 

The main focus of this work was to study the impact of FM audio broadcasting signals on the 

aeronautical radionavigation systems. This Thesis was done with the cooperation of NAV Portugal. 

One assessed the transmissions in the VHF band, and thus, the systems that presented to be relevant 

for the study included the VHF Omnidirectional Range and the Instrument Landing System Localiser. 

The study was accomplished through the establishment and implementation of models regarding the 

characterisation of the transmitters and their signals, as well the definition of the aircraft path 

throughout flight routes and approaches. The assessment of interference was performed by using two 

criteria: one consisted on the raw analysis of the ratio between the wanted and interfering signals, and 

the other was based on an ITU-R Recommendation. One focused on the interference generated due 

the intermodulation of multiple FM broadcasting signals. Simulations were done taking into account 

possible scenarios occurring in the Portuguese airspace. One verified the non-existence of any 

harmful interference generated by any of the commercial FM broadcasting networks. The most 

noticeable impact is verified in the approach on runway 03 of the Lisbon airport, where the high power 

FM transmitters located in Monsanto generate a decrease of the carrier to interference ratio down to a 

minimum of 43.5 dB. 

Keywords 

Radionavigation, FM broadcasting, ILS, VOR, Interference, Intermodulation. 
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Resumo 

Resumo 
O foco principal deste estudo foi averiguar o impacto que os sinais de radiodifusão em FM têm nos 

sistemas de radionavegação aeronáutica. Esta tese foi realizada em cooperação com a NAV 

Portugal. Foram estudados os sistemas aeronáuticos que transmitem na banda VHF, e os que se 

apresentaram ser relevantes para o estudo foram o sistema de navegação omnidireccional em VHF, 

VOR, e o ILS pertencente ao sistema de aterragem por instrumentos. O estudo foi realizado através 

do estabelecimento e implementação de modelos para a caracterização dos transmissores e de seus 

sinais, tal como para a definição do caminho percorrido pela aeronave, quer em rota quer em 

aterragem. A averiguação da existência de interferência foi baseada em dois critérios: um baseia-se 

na análise da razão entre o sinal aeronáutico e os sinais interferentes, e o outro numa recomendação 

ITU-R. A avaliação foi centralizada na interferência gerada pelos produtos obtidos da intermodulação 

de vários sinais de radiodifusão. Realizaram-se simulações para averiguar possíveis cenários no 

espaço aéreo português. De acordo com os resultados obtidos, verificou-se a inexistência de 

qualquer interferência perigosa causada pela rede de radiodifusão FM. O impacto mais significativo 

foi obtido na aproximação à pista 03 do aeroporto de Lisbon, em que os transmissores de alta 

potência no Centro Emissor de Monsanto geraram uma queda da razão de sinal para interferência até 

um mínimo de 43.5 dB. 

Palavras-chave 

Radionavegação, Radiodifusão FM, ILS, VOR, Interferência, Intermodulação. 
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Chapter 1 

Introduction 

1 Introduction 

This chapter gives the context of the study in nowadaysô systems. In order to better understand the 

relevance of the work, a brief overview of it is given as well its impact in the area of study. It is finalised 

with a brief presentation of the structure of this study. 
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1.1 Overview 

With the constant progression of technology, mankind was able to connect the whole world. 

Nowadays, it is possible to communicate with another being on the opposing side of the planet in a 

matter of milliseconds, and even fly across the world within hours. These travels across the globe 

were made viable due to a progressive evolution of their efficiency, costs and safety. 

It all started in the beginning of the XX century, when flights were limited due to the lack of visibility, 

whether due to the darkness of the night or to weather conditions. Thus, mankind started using 

bonfires to provide visual guidance to pilots through defined paths. This indicated the beginning of the 

use of ground beacons to assist pilots in the navigation throughout the airspace. And, as 

telecommunication technologies evolved, pilots started navigating through the assistance of various 

radio beacons spread throughout the land, which lead to the radionavigation practiced today. 

Since 1989, air traffic flows increased 33%, and in 20 years, they are expected to nearly double 

[EUCO14]. In Figure 1.1, one can observe a representation of the aforementioned statistics, and 

denote the increase of the density in flights throughout Europe.  

In 2013, the number of airplane flights worldwide reached 33 million [ICAO14]. The number of yearly 

flights has been increasing around 5% the last few years, with 5.2% expected in 2014. The constant 

increase of flights implies the need to have precise systems that can supply an uninterrupted flow of 

accurate information to aircrafts regarding their position and path. 

 

Figure 1.1 - Flight flow evolution from 1985 to expected in 2015 (extracted from [EUCO14]). 

For that end, every flight, whether national or international, is supervised by an entity that manages 

the air traffic. Figure 1.2 presents the airspace internationally delegated to Portugal, being divided into 

various Flight Information Regions (FIRs). These FIRs are controlled by an Air Navigation Service 

Provider (ANSP), which is in charge of controlling and assisting the departure and arrival of aircrafts, 

and also maintaining a secure traffic throughout the airspace.  

Each of the ANSPs must comply with numerous quality standards, whether national or international. 
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At a worldwide scale, the International Civil Aviation Organisation (ICAO) is responsible for assessing 

and supervising the required standards for the provision of air traffic control or information services. 

These requirements comprise every area that is involved in this process, and radio equipment and 

telecommunication regulations are not excluded.  

NAV Portugal is the Portuguese ANSP, being responsible for both the Santa Maria and Lisboa FIRs 

[NAV14a], Santa Maria is one of the largest FIRs located in the Atlantic Ocean, and it oversees a big 

part of the traffic between Europe and America. This requires NAV Portugal to present quality service 

and ground assistance to every aircraft that flies through Portuguese airspace. In Portugal, ICAO is 

represented by the Instituto Nacional de Aviação Civil (INAC), which is the major regulating entity 

supervising the services provided by NAV Portugal. 

 

Figure 1.2 - Portuguese delegated airspace (extracted from [EMFA14]). 

There are numerous systems that allow the pilot to check and control various parameters regarding 

the navigation of the aircraft. Amongst them, there are some that rely on the support of ground 

antennas. NAV Portugal is responsible for maintaining these ground radio aids, which assist the 

aircraft positioning throughout its defined route. 

Two of the most important guidance systems that pilots rely on are the VHF Omnidirectional Range 

(VOR) and the Instrument Landing System (ILS). The VOR allows the aircraft to receive guidance 

relative to fixed ground locations during its flight, playing a significant part on the en-route 

radionavigation. The ILS assists during the approach and landing procedures, and for operations with 

low visibility, the utilisation of this radio aid is crucial. Both of these systems transmit signals in the 

VHF band, being comprised within [108, 137] MHz [ICAO96]. 

Frequency Modulated (FM) audio broadcasting stations transmit in the lower adjacent frequency band. 

There are over 700 FM audio transmitters in Portugal, which provide coverage throughout the territory. 

These are usually positioned on the top of hills, in order to strategically provide coverage to the 

surrounding regions with the minimum obstacles obstructing the view. The chosen locations without 

surrounding terrain or buildings obstructing the propagation of the signal also make the signal 
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propagation into the airspace unobstructed, and this may cause interference in the signals used by 

aeronautical radionavigation systems. 

Autoridade Nacional de Comunicações (ANACOM) is the entity responsible for the distribution of the 

frequency spectrum throughout the various telecommunication services. The frequency band reserved 

for FM audio broadcast in Portugal is within [87.5, 108] MHz [ANAC13], implying that FM broadcasting 

systems may interfere with radionavigation systems. 

The main goal of this work is to assess the impact that these FM audio broadcasting stations have on 

aeronautical radio aids, namely VOR and ILS. It also intended to evaluate various scenarios, to 

quantify the interference in each one of them and to verify if there is any relevant perturbation in the 

aeronautical radionavigation system. To that end, a simulator was developed to analyse the signals 

present at the aircraft, whether from radionavigation systems or from FM broadcasting stations, and to 

verify the effect of interfering signals. 

At the end of the XX century, there were a high number of papers regarding this topic, coinciding with 

the emergence of the high dependence on radionavigation systems; since FM broadcasting was also 

in a constant evolution, studies on their interaction were inevitable. Nowadays, there are documents 

providing recommendations to both aeronautical radionavigation and FM broadcasting systems, to 

allow their co-existence with the least amount of interaction. This Thesis presents a focalised study 

and evaluation of real case scenarios through interference assessment criteria.  

1.2 Motivation and Contents 

The focus of this work consists of assessing whether FM audio broadcasting systems have any impact 

in the quality of the radionavigation ground aids maintained by NAV Portugal. To that end, the 

assessment of the received power of both the wanted and interfering signals is done. Afterwards, two 

theoretical models were be used to assess if there is any interference caused to the radionavigation 

signal, the first one being an evaluation of the ratio between the wanted and interfering signals, and 

the second one being based on a recommendation from the International Telecommunication Union 

(ITU).  

This Thesis was done in collaboration with NAV Portugal. Crucial assistance was provided throughout 

the development of this work, both supplying essential information regarding aeronautical 

radionavigation systems, and discussing results. 

This Thesis is divided into a total of 5 chapters, including the present introductory one, and it is 

complemented with 5 annexes.  

In Chapter 2, one begins by presenting the basic concepts concerning the radionavigation aids under 

study. Following the theoretical introduction of VOR and ILS, FM broadcasting systems are presented, 

and, afterwards, the assessment of the interference that these may cause on radionavigation systems 
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is done. In the end, the state of the art regarding the focus of this Thesis is briefly presented. 

Chapter 3 consists of the chosen theoretical models used to fulfil the purpose of this study. It includes 

the modelling of wave propagation, antenna and radio systems, and the path taken by the aircraft. In 

this chapter, one also presents the models developed for the assessment of interference. A simulator 

was implemented to assist the study, and a thorough description of the implementation of the models 

into the program is done. In order to verify the implementation of the simulator, this chapter concludes 

with the assessment of the models and the simulator. 

In Chapter 4, the scenarios that were chosen for evaluation are presented. This includes all the radio 

equipment included in the study, as well as aircraft paths. Afterwards, one presents the results 

obtained from the developed simulator regarding each one of the scenarios, accompanied by various 

observations and remarks that were derived from the output of the aforementioned simulator. 

Chapter 5 is the closing chapter, containing a brief summary of the work done in this Thesis, as well 

as the conclusions that were obtained from it. It also includes some recommendations for future work 

to be done in this area of study. 

This Thesis is complemented with a set of annexes with complementary information to the study. In 

Annex A, the frequencies of all radio channels that may be used in the radionavigation systems under 

study are presented. Annex B contains a list of all FM audio broadcasting systems installed in 

Portugal. It also includes the relevant individual characteristics of each one of the FM stations, as well 

their locations. In Annex C, the navigational charts of the flight routes relevant for the study are 

presented. In Annex D, the results extracted from the simulator are presented. Only VOR results are 

presented in an appendix since they are extensive. Annex E contains a listing of the FM broadcasting 

stations considered in the evaluation of obstacles in the ILS related scenarios. 

  



 

6 

 



7 

Chapter 2 

Basic Concepts 

2 Basic Concepts 

This chapter presents the two radionavigation systems that are going to be studied (ILS and VOR) and 

also FM audio broadcasting systems. One will also present how the interference between these 

systems is originated, followed by the state of the art in this area. 
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2.1 VOR 

This section presents a brief explanation of a VOR and its components, being based on [Fern13]. 

2.1.1 System Overview  

A VOR is a radionavigation system operating in the VHF band that supplies aircrafts with positioning 

relative to ground stations/beacons (bearing). The VOR provides azimuth guidance to the aircraft by 

displaying in the receiver end the bearing relative to the ground station radial and if the airplane is 

going ñto/fromò the ground station [NAV12a]. The VOR ground station provides guidance by 

transmitting 360 radials separated by 1º, which provides the orientation of the aircraft relative to the 

beaconôs position. The radial corresponding to 360º is used as a reference, being pointed to the 

magnetic North. 

The beacons are constantly transmitting two different types of signals: a reference one and various 

radials with bearing information. Each of these radials carry the guidance information through an RF 

phase-shift relative to the 360º radial measured in a clockwise rotation, e.g., the 90º radial 

corresponding  to the magnetic east has a 90º phase-shift relative to the reference one.  

Considering that the information is carried through the phase-shift of the signals, there are repeated 

signals in 180º angles that render the aircraft unable to distinguish between the two directions. As a 

countermeasure, the VOR is complemented with a Distance Measuring Equipment (DME) that 

supplies the user with the distance between the aircraft and the ground station. This pairing of 

equipment is given the name of VOR/DME. 

The airplaneôs DME transmits a pair of pulses separated with a defined time interval. The ground 

system receives them, and transmits back with the same format but in a different frequency. The DME 

then calculates the traveling distance depending on the elapsed time between sending and receiving 

the signal. This system uses frequencies in between 960 and 1 215 MHz [FAAG14]. 

There are various kinds of VORs with different purposes besides the Conventional VOR (CVOR), but 

nowadays, only one more type is used in radionavigation, the Doppler VOR (DVOR) that takes 

advantage of the Doppler Effect on the transmitted signals to generate the required phase-shift for the 

variable signal. The one that is most commonly used as a navigation aid is the DVOR due to being 

less affected than the CVOR by the surrounding terrain, and since the receiver does not differentiate 

between DVOR and CVOR ground stations, the latter has been gradually replaced by DVORs 

[NAV12b]. 

The transmitting power of a DVOR station is typically around 50 W, being adjustable between 25 and 

100 W, depending on the desired range. The effective range of the VOR is also determined by the 

flight altitude of the aircraft due to RF propagation characteristics. The range of a VOR can go up to 
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130 NM for higher altitudes. The receiver thresholds are defined by Standard Service Volume (SSV) 

designations. Table 2.1 presents the different SSV classes and the ranges for the different flight 

altitudes and designations. 

Table 2.1 - VOR/DME classes and ranges (adapted from [FAAG14]). 

SSV Class designator Altitude [ft] Range [NM] 

T (Terminal) 1 000 ï 12 000 25 

L (Low Altitude) 1 000 ï 18 000 40 

H (High Altitude) 

1 000 ï 14 500 40 

14 500 ï 60 000 100 

18 000 ï 45 000 130 

 

Besides the horizontal range, the ground system also has a blind spot in its propagation region. The 

antennas propagate signals up to 60º above the horizon, which leaves a zone above the beacon 

unattended with any viable VOR information. For the region covered by the VOR signal, it must be 

guaranteed a minimum signal level of 79 dBm to provide an effective radio aid [ICAO96]. 

2.1.2 Operation Mode 

As stated in Subsection 2.1.1, the VOR works through the comparison of the phase difference 

between a reference signal and a variable one, providing the aircraft with azimuth guidance to the 

VOR beacon. To that end, the ground station is composed of a non-directional transmitter along with 

an array of antennas that loop at 30 Rotations per Second (RPS). The former transmits the reference 

signal and the latter the radials with bearing information. 

Due to the electronic or mechanical loop done in the antennas, it is possible to generate a signal 

transmission corresponding to 30 Hz Amplitude Modulated (AM) waves. This rotation implies that the 

difference between the phase of each of the radials and the reference signal with a phase-shift equals 

the deviation of its propagation direction and the magnetic North. By calculating the phase-shift 

between both received signals, the aircraft VOR receiver is able to obtain the magnetic bearing 

leading to the position of the ground beacon. Figure 2.1 depicts the VOR operation and signals 

transmitted. 

The receiver in the aircraft interprets the signals originated from both the CVOR and DVOR alike, not 

being able to differ in between them. Even though there is no difference in the receiver end, the 

generation of the signals differs in the two systems, the main difference being in the modulation of 

both reference and variable signals. One of the differences between the CVOR and DVOR is the fact 

that the CVOR does the loop through mechanical means, while the DVOR does it electronically. 

However, nowadays, the CVOR also depends on electronic loops to generate its signals, although its 

operation differs from a DVOR ground beacon.  

In a DVOR, the modulation of the signals is reversed compared to the CVOR, that is, the reference 

signal is an AM one and the variable is FM. The frequency shift for the FM signal is generated through 
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a Doppler shift, which corresponds to an apparent FM signal, since its modulation is done through an 

equivalent Doppler Effect. The generation of the signal of the VOR is complex, being explained further 

in the following subsection. 

 

Figure 2.1 - VOR operation illustration (extracted from [NAV12a]). 

2.1.3 Radio Interface 

The VOR ground station transmitter is composed of horizontally polarised antennas with 

omnidirectional characteristics transmitting on RF carriers within [108.00, 117.95] MHz, with a 50 kHz 

channel spacing. It only uses the ones with the first decimal place even for frequencies lower than 

112.00 MHz, due to sharing the band with the ILS. Regarding transmission, one must characterise the 

signals, since they are critical for its understanding. The reference phase signal modulates a 

subcarrier with an offset of the carrier frequency of ±9 960 Hz with a frequency shift of ±480 Hz 

[NAV12a]. 

Two crossed omnidirectional dipoles radiate the variable signal. The dipoles receive a sideband 

signal, i.e., with a supressed carrier, from the sideband transmitters with a 90º phase difference in the 

envelope. An omnidirectional antenna transmits the carrier, hence, there is a superposition of the 

carrier and the 30 Hz sidebands in the field, with the resulting 30 Hz signal depending on the azimuth 

and related to the reference signal. This antenna also transmits identity codes along with the carrier. 

These identity codes are transmitted in Morse code and they correspond to a 3 letter identification. A 

VOR may also transmit a broadcasting signal within [300, 3 000] kHz. 

As stated before, the variable phase and the reference phase signals in a DVOR are transmitted in FM 

and AM respectively, opposite to the CVOR ground beacon. One of the major benefits of using a 

DVOR is its wide-base antenna system, which can only be done by the utilisation of the Doppler 
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Effect, reducing significantly the interference due to obstacles. 

Figure 2.2 presents the frequency allocation of the signals transmitted by the DVOR and the CVOR. 

The modulation depth of the each frequency can be adjusted within a certain range, the acceptable 

range being as follows [NAV12a]: 

¶ 30 Hz navigation signal: 30%. 

¶ 9 960 Hz auxiliary carrier: 30%. 

¶ Voice: 30%. 

¶ Identity code: 10%. 

 

Figure 2.2 - Frequency spectrum of a DVOR (CVOR) (extracted from [NAV12a]). 

2.2 ILS 

This section addresses the ILS, focusing firstly on its overall constitution and then on the specifications 

of its Localiser component. 

2.2.1 System Overview 

The ILS is a radionavigation system operating in VHF and Ultra High Frequency (UHF) bands that is 

installed at the threshold of a landing runway in an aerodrome, assisting the airplane aligning for 

landing. The system is divided in three components that supply the pilot with a 3 dimensional guidance 

into the landing zone. 

The Localiser (LOC) works in the VHF band, being used to position the aircraft correctly in the 

horizontal axis of the runway, i.e., azimuth guidance [THAL05a]. The horizontal orientation is done 

through the reading of the Difference in the Depth of Modulation (DDM) of two signals transmitted by 

the LOC ground system, which will be explained in further detail in Subsection 2.2.2 [THAL04]. Both of 

the transmitted signals are equally AM on 90 Hz (left lobe) and 150 Hz (right lobe) transmitted in a 

Radiofrequency (RF) carrier within [108.10, 111.95] MHz. There are 40 LOC channels with a 50 kHz 

spacing, corresponding to the frequencies within the band with odd tenths, e.g., 108.10, 108.15, and 

108.30. 
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The ILS LOC is composed of an antenna array spread horizontally, being located at the threshold of 

the runway. Figure 2.3 shows the orientation of both lobes of the transmitted signals. The sector 

centred at the runway has a null value of DDM, and as the aircraft deviates from the centreline, the 

receiver captures a higher value of DDM, enabling the orientation relative to the track. Additionally, the 

ILS LOC also transmits a 1020 Hz audio Morse code with the identification of the ILS. 

 

Figure 2.3 - ILS LOC lobes diagram (extracted from [ILSy14]). 

The Glide Slope (GS) is a system similar to the LOC, but instead of providing guidance to the runway 

centreline, it informs about the vertical alignment of the plane relative to a reference glide path. This 

glide path is normally tilted around 3º relative to the ground [FAAG14]. The antenna array is positioned 

outside the runway approximately 230 to 380 m from the threshold, spaced 80 to 200 m from its 

centreline. The two lobes are AM signals of 90 Hz (upper lobe) and 150 Hz (lower lobe) sine waves, 

transmitted on a carrier within [329.15, 335.00] MHz. As stated before, there are 40 ILS channels, and 

the GS frequencies have a channel spacing of 150 kHz. Each of the 40 ILS channels corresponds to a 

pairing of a LOC and a GS frequency. 

The last variable that the ILS indicates corresponds to the remaining distance until the touchdown 

zone. The Marker Beacons (MB) correspond to a maximum of three beacons spread along the 

extended runway front-course. All of these beacons are composed of directional antennas sending the 

signal vertically, making the form of an inverted cone. The Outer Marker (OM) is placed 6.5 to 11 km 

from the threshold and the Middle Marker (MM) located around 1 km. Some aerodromes have an 

Inner Marker (IM) that is placed around 60 m from the runway. The markers send signals in the 

75 MHz band, and as the plane enters in the inverted cone defining the beaconsô line of sight, the 

receiver differentiates between the different beacons and displays in which region the airplane is 

located. 

Some aerodromes have a DME associated with the ILS, located near the landing runway, being used 

instead of the marker beacons to provide the distance information. The DME is typically calibrated to 

give the distance relative to either the touchdown or the threshold of the runway, instead to the 

location of the DME equipment. 

There are three ILS categories that depend on the ground and airborne equipment. Each of these 
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categories have minimum Decision Heights (DH), at which the pilot decides if the landing manoeuvre 

is possible or needs to be repeated, and the Runway Visibility Range (RVR). The heights are typically 

given in imperial units and horizontal visibility ranges in metric ones. The categories are defined as 

follows [ICAO13]: 

¶ Category I (CAT I) is the most basic one, and it requires minimum DH of 200 ft and either an RVR 

not less than 550 m or a visibility equal or higher than 800m.  

¶ Category II (CAT II) is more calibrated than a CAT I operation. Its DH is within 100 and 200 ft and 

the minimum RVR of 300 m. 

¶ Category III (CAT III) presents the most precise equipment, requiring special airborne equipment 

to fully grasp the functionality of the system. The CAT III approach is divided in three 

subcategories: 

o CAT IIIa is intended for operations with a DH higher lower than 100 ft or no DH at all, and 

a minimum RVR of 175 m. 

o CAT IIIb is intended for operations with a DH higher lower than 50 ft or no DH at all, and a 

RVR within 50 and 175 m. 

o CAT IIIc is intended for operations with no DH and no RVR limitations. 

There are some variations and complementary systems to improve the efficacy of the readings, but 

considering the purpose of this Thesis only the ILS LOC was studied, due to its band of frequencies 

being the only one close to FM broadcasting systems, i.e., [87.5, 108] MHz, [ANAC13]. 

2.2.2 LOC System 

The LOC ground system is typically composed of an antenna array of either Log-Periodic Dipoles 

Arrays (LPDA) or dipoles with a reflection screen [THAL05a]. The transmitted signals are polarised 

horizontally, and an ILS LOC system can be single or dual frequency. When operating in single 

frequency, the array only transmits a course signal, but in dual frequency it also transmits a clearance 

one [THAL04]. The single frequency operation is typically used in landing runways without significant 

reflecting obstacles. 

Those two signals transmit the same information but have different purposes. The course signalsô 

radiation pattern corresponds to lobes with a longer range that radiate up to 10º deviation of the 

extended runway centreline with a coverage range up to 25 NM. On the other hand, clearance signals 

are used for a shorter but broader range, covering azimuth angles within 10º and 35º from the 

extended runway centreline, reaching up to 17 NM. The coverage range of these signals may be 

reduced, depending on the topographical features of the terrain, down to 18 and 10 NM, respectively 

[ITUR10]. Focusing on the vertical propagation, an ILS LOC must cover the region situated between 

2 and 7º vertically for ground distances lower than 4.7 NM. For regions farther away, it must cover 

every region between the altitudes of 305 and 1 900 m.  

Figure 2.4 illustrates the range of an ILS LOC system both vertically and horizontally. For an ILS LOC 

to be considered functional, a minimum signal level of 86 dBm must be guaranteed in every point 
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inside the covered region [ICAO96]. 

 

Figure 2.4 - Coverage of an ILS LOC system (extracted from [ITUR10]). 

An antenna array of a dual frequency LOC system transmits the course and the clearance signals, 

and it is normally defined by its total number of elements. In some arrays, it is defined by the number 

of elements transmitting the course and clearance signals, i.e., a 14/10 Localiser Array corresponds to 

all 14 elements radiating course signals and the centre 10 transmitting clearance signals. The 

maximum output power of these signals rounds 25 W [THAL04]. 

The course signal is transmitted in the ILS LOC carrier frequency, and the clearance signal is 

transmitted with an offset of ±4 kHz [NAV14b] and [THAL05b]. 

The array transmits two different RF signals: a Carrier-plus-sideband (CSB) and a Sideband Only 

(SBO). The CSB signals are radiated by pairs of antennas having equal amplitude and in-phase, 

resulting on a waveform with a peak on the runwayôs centreline and decreasing as the angle of 

deviation increases. The SBO signals are transmitted with equal amplitude but each pair is 180º out of 

phase from each other. This generates a signal composed of only sidebands with a supressed carrier.  
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The DDM results from the comparison of the SBO and CSB signal strengths, and it increases as the 

value of SBO signal decreases relatively to CSB signal. Thus the extended runway centreline 

(0º deviation) the point in which the SBO signal, and by association the DDM, are null. Figure 2.5 

shows the radiation patterns of the two signals for the course and clearance signals, where one can 

see the evolution of DDM as the absolute azimuth angle increases. The radiation patterns depend on 

the characteristics of the array, i.e., the number of pairs of antennas present in the array, their spacing 

and the current distribution among these elements. 

 

Figure 2.5 - CSB and SBO field strength using a two-frequency 16-element LPDA (extracted from 

[Indr13]). 

2.3 FM Broadcasting 

This section presents an overview of a FM broadcasting system and its radio interface according to 

Portuguese standards. 

2.3.1 System Overview 

FM audio broadcasting systems provide channels to users through transmissions in the VHF band. 

The system is composed of a broadcasting antenna in the transmitter end that can cover up to several 

kilometres. FM broadcasting is provided virtually everywhere. To that end, there are stations scattered 

throughout every region of the territory. Each one of these stations has an output power that defines a 



 

16 

maximum coverage range, depending also on the environment and interference sources. The 

coverage range of a station corresponds to the region where the signal can be protected against 

interference for over 99% of the time [ITU84]. 

The frequency allocations for each broadcast station vary from region to region as to optimise the 

band and avoid interference. The installation of the stations is carefully studied in order to provide an 

optimal coverage for the least cost and also to avoid co-channel interference. 

In some countries, such as Brazil and USA, FM broadcasting stations are divided in various classes 

and each class is defined by its reference facilities and protected contours [FCC14a]. A service 

contour corresponds to the circular-shaped form inside which a certain electric field can be 

guaranteed. In Portugal, FM radio stations are categorised as national, local or regional, which is 

directly related to their transmission power. 

Broadcasting antennas are typically located at a high altitude, since it typically implies a larger 

coverage range.  The height of a communication tower is typically around 20 m, although it can be 

over 100 m, such as the Centro Emissor de Monsanto which is one of the most distinctive 

communication towers in Portugal with around 120 m.  

Depending on the transmitting power and its location, a broadcast station is able to cover up tens of 

kilometres. The Effective Radiated Power (ERP) of a commercial FM broadcasting station can go over 

100 kW, depending on the scenario and the desirable coverage range. In Lisbon, the typical maximum 

ERP rounds 100 kW [ANAC14].  

In 1984, the worldwide standards for FM broadcasting were defined in an international agreement 

made by ITU [ITU84]. These standards define, amongst others, the frequency spectrum 

characteristics and the installation procedures regarding co-channel and even air navigation 

radionavigation interference. In Portugal, the RF allocation of FM broadcasting throughout the country 

is controlled by ANACOM. 

2.3.2 Radio Interface 

Since the radio interface of FM broadcasting services may vary from country to country, the standards 

presented are those taken in Portugal. 

Broadcasting stations transmit RF signals in any polarisation, even though nowadays they are 

adopting circular polarisation, since it presents a better solution in terms of shadowing and 

out-of-phase reflection destructive interference and, additionally, it covers both linear polarisations 

(with a 3 dB loss).  

There is a big variety of antennas used by FM broadcasting stations depending on the scenario. Some 

of the antennas used are presented in [OnDy07], such as: 

¶ Ring stub and twisted ring. 

¶ Shunt and series fed slanted dipole. 

¶ Multi-arm short helix. 
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¶ Panel with crossed dipoles. 

The RF signals are transmitted in the VHF band within [87.5, 108.0] MHz. The spacing between 

carriers is not standard, and it can go up to 200 kHz [ANAC13]. The maximum allowed frequency 

deviation in FM broadcasting corresponds to 75 kHz according to ITU Radiocommunication Sector 

(ITU-R) standards [ITUR01]. The type of transmission that is typically used is a stereophonic one, 

using a pilot tone system. 

The stereo coder adds the left and right audio signals, composing a mono signal that occupies up to 

15 kHz of deviation. To compose a stereo audio signal, the pilot tone system also transmits a 

subcarrier that permits the receiver to split the left and right audio signals. This subcarrier is a double-

sideband suppressed-carrier (DSB-SC), which ideally means that the information is transmitted only in 

its sidebands and none in the carrier frequency (suppressed carrier). This subcarrier carries 

information corresponding to the difference between the right and left audio signals. The subcarrierôs 

central frequency is at 38 kHz deviation, thus occupying the sidebands from 23 to 53 kHz. To allow the 

demodulation of the left and right signals, the stereo coder also transmits a pilot tone at 19 kHz (half of 

the frequency of the DSB-SC), allowing the receiver to access the subcarrier [ITUR01]. 

It is possible to reproduce a stereo signal using only 53 kHz of spectrum, although nowadays 

additional information besides the stereo audio is transmitted. Radio Data System (RDS) can carry a 

big variety of information, such as broadcast station information, time or even an alternative frequency 

for the same station in case of weak signal at the receiver. The RDS subcarrier is at 57 kHz, which 

corresponds to twice the frequency of the pilot tone, allowing the decoder to easily access this 

subcarrier. Besides RDS, FM broadcasting stations also transmit a Subsidiary Communications 

Authority (SCA) signal, which is not part of the regular FM audio broadcast, and cannot be received by 

common FM receivers [FCC14b]. The SCA signal is used for purposes that are not related to the 

audio broadcasting, but rather for, e.g., paging, traffic control signal switching or even bus dispatching; 

there can be multiple SCA signals. Figure 2.6 presents the spectrum of an FM broadcast signal using 

a pilot tone system. 

 

Figure 2.6 - FM stereo pilot tone system baseband (extracted from [AxTe14]). 
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2.4 Interference 

In this section, one addresses the interference that FM broadcasting may cause on both ILS LOC and 

VOR, being based on ICAO and ITU-R recommendations, [ICAO08] and [ITUR10]. 

2.4.1 Problem Assessment 

A high density of FM broadcasting channels is expected in any urban area, and aircraft navigation 

routes are not an exception. Thus, radionavigation systems are susceptible to interference originated 

from FM broadcasting stations that are transmitting in a neighbouring frequency band. FM 

broadcasting signals could be regarded as noise when considering the overview of ILS LOC and VOR, 

but since both aeronautical systems use very specific frequencies to provide critical guidance to 

aircrafts, it makes them prone to interference. In the case of ILS LOC, it corresponds to frequency 

shifts of 90 and 150 Hz, and for VOR to 30 and 9 960 Hz [ITUR10]. The impact of interference on an 

aeronautical receiver is non-negligible. It can cause a VOR receiver to present a bearing to a different 

ground station that is using an adjacent co-channel, or make an ILS LOC deviation signal erratic and 

generate sound in its voice channel [ICAO02]. 

Presently, there are two official models for ILS and VOR receivers developed by ICAO, which are 

used to calculate the impact of the interference caused by FM Broadcasting: one was agreed at a 

meeting of Task Group 12/1 in Montreal in 1992 (Montreal receivers), and the other was published in 

Annex 10 in 1996, presenting better interference immunity criteria [ICAO96]. Annex 10 also presents 

various regulations and standards that the aeronautical receivers must fulfil. 

ICAO defines the FM Broadcasting interference in aeronautical radionavigation systems by dividing its 

effects in two categories [ICAO08]: 

¶ Type A interference corresponds to the interference caused by FM broadcast emissions into the 

aeronautical frequency band. 

¶ Type B interference is generated in the aeronautical receiver due to side effects of emissions 

outside of the aeronautical band. 

2.4.2 Interference Mechanisms 

In what follows, one assesses each of the categories defined by ICAO and verifies which interference 

mechanisms are involved. Both Type A and Type B interferences are subdivided into subcategories. 

Type A1 interference is caused by a spurious transmission of an FM broadcasting transmitter or by the 

intermodulation of various transmitters generating an interfering component in the aeronautical band.  

Spurious emissions are located outside the reference carrier frequency band, including effects such as 

harmonic and parasitic emissions. They correspond to emissions that do not carry any information 

relevant to the transmission, and can be reduced without causing any effect on transmission. 

Intermodulation Distortion (IMD) is an effect that occurs due to the interaction of harmonics of two or 
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more signals with different frequencies. These harmonics are generated due to the non-linearity of the 

components pertaining in the signal modulation process, e.g., amplifiers and oscillators. The sum of 

the harmonics will generate various IMD products outside the carriersô bands, and the frequencies of 

these products correspond to the ratio of the carriers frequencies. 

Figure 2.7 presents the frequency of the IMD products of two signals and an approximate scale of 

their amplitudes. The most relevant for the interference with neighbouring frequency bands are the 3
rd

 

order products due to being the products with frequency closer to the carriers and also for having 

significant amplitudes. 

 

Figure 2.7 - IMD products of two signals and their frequency relations with the carriers (extracted from 

[RFGN14]). 

There are also interfering non-negligible components of FM broadcasting signals in the aeronautical 

band that cannot be reduced without damaging the information being transmitted, due to their 

proximity to the carrier band, contrary to spurious emissions. This type of interference is named by 

ICAO as Type A2 one, and these components correspond to the out-of-band emissions that spill into 

the aeronautical band. According to [ITUR14], out-of-band emissions correspond to those with a 

deviation lower than 250% of the wanted bandwidth of the signal, and spurious emissions for a 

separation higher than 250%. 

Unlike Type A interference, Type B one is generated specifically in the aeronautical receiver, being 

also divided into two categories. Type B1 occurs when the intermodulation of two or more FM 

broadcast signals is generated in the receiver due to being forced into non-linearity by the presence of 

FM broadcasting signals outside the aeronautical band [ITUR10]. 

Since the aeronautical receiver has to be driven into regions of non-linearity, at least one of the signals 

needs to have enough strength to do so. Besides the power of the signal, for this interference to take 

place, there must exist a ratio in between the frequencies of the FM broadcast channels that will 
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create an IMD product in the RF channel in use by the aeronautical receiver. Only 3
rd

 order IMD 

products are considered, hence the cases analysed correspond to the intermodulation of two or three 

signals. 

Along with Type B1 interference, if the signal strength of the FM broadcast signal(s) at the input of the 

receiver is too high, it can also cause saturation of the front end, resulting in the desensitisation of the 

receiver. This phenomenon is called Type B2 interference, and occurs when the power of the input 

signal nears the maximum input power of the receiver, making it incapable of discerning the 

oscillations of the wanted signal. 

2.5 State of the Art 

ILS started its appearance in commercial aircrafts in the 1940s and VOR in the 1960s, and since then 

lots of studies have been developed about interfering sources. The research on the impact of FM 

broadcasting signals on these systems has been progressing over the years. In this section, some of 

the studies that allowed the understanding and analysis of this interference effect are presented. 

These studies peaked in the 1970s and early 1980s, due to the uprising of both the radionavigation 

systems and FM broadcasting, which led to a change in the frequency spectrum agreement in Europe 

and in some parts of Asia. In 1979, ITU announced at the World Administrative Radio Conference 

(WARC) that the frequency band usable by broadcasting stations, which had an upper limit of 

100 MHz in half the world until then, was to be increased up to 108 MHz, thus increasing the available 

band for FM broadcasting and also the risk of interference with the aeronautical radionavigation 

systems [ITU79]. 

Essman and Loos in [EsLo78] developed theoretical models that allow a further understanding and 

prediction of the interference effect that FM broadcasting has on an aeronautical receiver. This study 

took the various interfering mechanisms into account, such as the spill over into the aeronautical 

frequency band and the interference occurred during the RF-amplifier stage, which are similar to the 

categories defined by ITU as Type A and Type B interferences, respectively. For every stage, Essman 

and Loos developed analytical models for each of these components and then compared the 

theoretical values obtained from these models with experimental results. Essman and Loos also 

designed a computer program capable of predicting the interference effects of the FM broadcasting 

stations by analysing the different parameters of the scenario.  

Also in 1978, Sawtelle and Dong in [SaDo78] studied the impact of IMD interference in the 

radionavigation receiver. To that end, they did flight tests with controlled interference input to 

determine if it was possible to improve receiversô immunity to this interference. Sawtelle and Dong 

concluded that by increasing the rejection of FM signals by 10 dB on the aeronautical receiver, it 

would eliminate most of the FM broadcasting interferences. 

In 1981, the Radio Technical Commission for Aeronautics (RTCA) published a report [RTCA81], which 
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involves the study of the effects of the interference of FM broadcasting on the ILS, VOR and VHF 

communications used in aeronautics. Besides the study of the interference effect caused by FM 

broadcasting and the development of models, there were also studies concerning the improvement of 

the receiver in order to reduce this effect.  

Badinelli and Cushman in [BaCu91] tested the implementation of various external filters in order 

reduce Type B interference. The authors mentioned that the study only focused on the attenuation of 

the interference through external passive filters, without considering the cost efficiency or the 

environmental conditions. Badinelli and Cushman concluded that external passive filters can reduce 

Type B1 interference, i.e.,they can reduce the IMD generated in the receiver by high power FM 

broadcasting signals. 

In response to these studies, ICAO proposed in Montreal in 1992 a model for the receivers (which 

were called Montreal receivers), and later on in [ICAO96] a revised model for the ILS LOC and VOR 

receivers. With this document, ICAO presented global standards that must be applied to every 

aeronautical radionavigation receiver according to various interference immunity criteria, and, as of 

January 1
st
 1998, every avionic receiver is in agreement with these standards. 

In 1995, ITU-R presented Recommendation SM.1009-1, which presents regulations for airborne 

receivers and FM broadcasting stations in order to allow compatibility between the two neighbouring 

frequency bands. This document has been regularly updated, the most recent recommendation being 

published in 2010 [ITUR10]. 
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Chapter 3 

Model Development 

3 Model Development 

This chapter presents the models that were developed for this Thesis, followed by the explanation of 

the methodology used in the simulator, as well as the assessment of the aforesaid simulator and 

models. 
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3.1 Propagation Models 

This section contains information regarding the signal propagation models necessary for the analysis 

of the transmission links. The model depends on the transmitter and on the scenario under evaluation. 

Figure 3.1 presents the general scheme of the system under analysis in this Thesis. One needs to 

assess the ratio between the wanted signals transmitted by the air radionavigation ground stations 

and the interfering components received in the aircraft. To quantify this relation, the modelling of the 

RF propagation losses is imperative. 

 

Figure 3.1 - Diagram of the links of the system in study. 

The systems have working frequencies in the VHF band, so, factors such as the atmosphere and rain 

are not taken into account, since that their impact caused is too small to be taken into consideration. 

When considering long distance radio communications, the Earthôs effective radius considered is 

obtained through (3.1) due to the impact that the atmosphere has on the radio waves, 

Ὑ ὑ Ὑ   (3.1) 

where: 

¶ Ὑ: effective Earthôs radius. 

¶ ὑ: multiplication factor, typically with the value 4/3. 

¶ Ὑ: Earthôs radius. 

One should also take into account the distance to the radio horizon that can be calculated by (3.2), 

Ὠ Ὑ Ὤȟ Ὑ  ḗ ςὙ Ὤȟ  , for Ὑ ḻὬȟ  (3.2) 

where: 

¶ Ὠ : distance from the terminal to its radio horizon. 

¶ Ὤȟ : height above Mean Sea Level (MSL) of the terminal. 



 

25 

In order to obtain the distance between the two terminals, one can use their geographic coordinates in 

(3.3) to calculate the Earth circumference angle between them, followed by (3.4) to obtain the ground 

distance [Pint11]. 

— ÁÃÏÓÃÏÓ‰ ÃÏÓ‰ ÃÏÓ‗ ‗ ÓÉÎ‰ ÓÉÎ ‰   (3.3) 

Ὠ Ὑ —   (3.4) 

where: 

¶ — : Earth circumference angle between the station and the aircraft. 

¶ ‰ : Latitude of the station position. 

¶ ‰ : Latitude of the aircraft position. 

¶ ‗: Longitude of the station position. 

¶ ‗ : Longitude of the aircraft position. 

¶ Ὠ: ground distance between terminal and aircraft. 

In this Thesis, there are 3 types of transmissions that are analysed. VOR transmitters are considered 

to be ideally located for the surrounding airspace, hence, line of sight is always considered to be 

unobstructed, so, for this transmission, a free-space propagation model is applied. In the case of the 

ILS LOC, since it is located near the threshold of the runway and the runway can be assessed as flat, 

one assesses both the Flat and Spherical Earth models, depending on the characteristics of the link. 

Finally, FM broadcasting transmitters are spread throughout the various regions to provide radio 

coverage to most of the country: it is expected to be a high number of obstacles in the propagation of 

waves, for which the Knife-Edge and Deygout models are used. 

In free-space propagation, path loss is given by [Corr14a]: 

ὒ σςȢτ ςπÌÏÇὨ ςπÌÏÇὪ   (3.5) 

where: 

¶ Ὠ : length of the direct ray. 

¶ Ὢ: frequency of the signal. 

The Flat Earth propagation model can be considered for short distances, since the effect of the Earthôs 

curvature is negligible. Figure 3.2 depicts the transmission ray in between terminals when applying 

this model. Equation (3.6) presents a reasonable criterion that should be fulfilled to apply this model; it 

presents the phase error of using the Flat Earth model instead of the Spherical Earth one [Figa12b]. 

The length of the direct ray in between terminals is given by (3.7), 

Ў‰ ḗ Ḻρ  (3.6) 
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Ὠ Ὠ Ὤ Ὤ   (3.7) 

where: 

¶ Ў‰: phase difference between using the Flat and Spherical Earth Models. 

¶ ‗: wavelength of the transmitted signal. 

¶ Ὤ: height of the transmitter. 

¶ Ὤ : height of the aircraft. 

 

Figure 3.2 - Diagram of the Flat Earth Model. 

When considering the Flat Earth model, the received power should be calculated from [Corr14a]: 

ὖ ρςπὖ Ὃ Ὃ ςπÌÏÇὬ ςπÌÏÇὬ τπÌÏÇὨ   (3.8) 

where: 

¶ ὖ: power of the signal at the receiver. 

¶ ὖ: power of the signal transmitted. 

¶ Ὃ: gain of the transmitter antenna. 

¶ Ὃ: gain of the receiver antenna. 

¶ Ὤ: height of the receiver.  

The Spherical Earth model presents a more accurate approach for communications with longer 

distances [Corr14a]. Figure 3.3 presents the overview of the communication considering a spherical 

Earth. The objective is to obtain the values of the equivalent effective heights of the terminals (Ὤ  

and transform them into the Flat Earth equivalent.  

The following expressions were taken from [Figa12a], which gives the effective heights of both 

terminals using a reference reflection point. Equation (3.9) is a third order equation from which the 

location of the reference reflection point can be obtained. Equations (3.10), (3.11) and (3.12) allow the 

calculation of the effective heights of both terminals. 
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Figure 3.3 - Diagram of the Spherical Earth Model and the Flat Earth equivalent parameters. 

Ὠ
σ

ς
Ὠ Ὠ

ρ

ς
Ὠ Ὑ Ὤ Ὤ Ὠ Ὤ Ὠ Ὑ

π 
(3.9) 

Ὠ Ὠ Ὠ   (3.10) 

Ὤ ȟ  Ὤ   (3.11) 

Ὤ ȟ  Ὤ   (3.12) 

where: 

¶ Ὠ: ground distance between the station and the reflection point. 

¶ Ὠ: ground distance between the aircraft and the reflection point. 

¶ Ὤ ȟ : equivalent effective height of the terminal in the Flat Earth model. 

¶ Ὤ ȟ  : equivalent effective height of the aircraft in the Flat Earth model. 

For the power assessment, for the Spherical Earth Model, instead of the physical heights of the 

stations, one uses the effective height of the terminals, Ὤ ȟ  and Ὤ ȟ , in (3.8). 

When analysing the line of sight between two points, one should check if there are any obstacles that 

may cause extra attenuation. The best approach is to verify if the first Fresnelôs Ellipsoid is being 

obstructed, since most of the transmitted energy is concentrated in this region. Equation (3.13) 

provides the radius of Fresnelôs Ellipsoid of order ὲ depending on the distance ᾀ to the terminals. The 

ellipsoid is symmetric, thus, the distance ᾀ can be referred to any of the antennas [RoSa14]. 

Ὑ ȟ ὲ ‗   (3.13) 

where: 

¶ Ὑ ȟ: radius of the Fresnel Ellipsoid of order ὲ in a point with a distance ᾀ to the terminal. 
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¶ ὲ: order of the Fresnel Ellipsoid. 

¶ ᾀ: distance from the point to the terminal. 

When the first Fresnelôs Ellipsoid is obstructed, the impact of the obstacle on the link should be 

quantified. The Knife-Edge model is only applied when the obstacle dimensions are substantially 

larger than the signalôs wavelength [Corr14a]. Since the frequencies in this work are in the VHF band, 

they comprise a wavelength of roughly 3 m, thus fulfilling the conditions of this model. The impact is 

quantified by parameter ‡ as in (3.14) [Corr14a]. The higher is the obstruction of the first Fresnelôs 

Ellipsoid, the higher is the value of ‡ and of the attenuation. 

 ‡ Ὤ
   

   (3.14) 

where: 

¶ ‡: obstacle impediment coefficient. 

¶ Ὤ : height from the tip of obstacle to the centre of the ellipsoid (it can have negative values when 

the obstacle is below the line of sight). 

¶ Ὠ: distance from the obstacle to the transmitter. 

¶ Ὠ: distance from the obstacle to the receiver. 

The Knife-Edge model path loss generated by the obstacle can be approximated by (3.15). For values 

of ‡ πȢψ the path loss is considered negligible [Corr14a]. 

ὒ φȢτ ςπÌÏÇ‡ Ѝ‡ ρ  (3.15) 

For the situation where there are multiple obstacles obstructing communication, the Deygout method 

presents the most reasonable approach, since it is of simple implementation and works very well for 

most cases. Its disadvantage in relation to other models is that it presents an overestimation of the 

path loss when the obstacles are too close to each other [Salo13]. 

First, the ‡ coefficient is calculated for all obstacles, and the one with the highest value of ‡ is labelled 

as the main obstacle. One obtains the path loss caused by the main obstacle using (3.15) and then 

the path is divided in two segments with the main obstacleôs edge as a new terminal point. Next, the 

two smaller paths are analysed and the same process is repeated until all obstacles are considered. 

The total path loss caused by the obstacles (ὒ  corresponds to the sum of all path losses. 

3.2 Radiation Patterns 

In this section, the radiation patterns of the various antennas are being considered. Both the vertical 

and horizontal planes must be considered, to obtain the total gain of the antenna depending on the 

relative position of the aircraft. 
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3.2.1 Navigation Systems 

In order to successfully analyse the different zones of coverage and ranges of propagation, the 

3 dimensional radiation patterns of the VOR and ILS LOC systems must be modelled. 

The radiation patterns of the VOR array are presented first. VOR ground beacons are modelled as 

DVOR, which use a circular array of 48 Alford Loop antennas, each of these being defined by an 

omnidirectional radiation pattern in the horizontal plane. As for the normalised vertical radiation pattern 

of the VOR array, it is given by [NAV14b]: 

Ὃ ÓÉÎ  Ὤ ÓÉÎ—   (3.16) 

where: 

¶ —: angle between the antenna angle of fire and the receiver in the vertical plane. 

Figure 3.4 corresponds to the normalised vertical radiation pattern of a DVOR antenna. For this 

representation, the characteristics of the VOR located in Lisbon (LIS) were considered, as described 

in Section 4.1. As one can observe, for angles higher than 60º relative to the ground, VOR coverage is 

more limited, which represents the beginning of cone of silence located above the VOR.  

 

Figure 3.4 - VOR normalised vertical radiation pattern. 

Given the horizontal and vertical radiation patterns, the total gain of the antenna is defined by: 

Ὃ Ὃ  Ὃ Ὃ   (3.17) 

where: 

¶ Ὃ : maximum gain of the antenna. 

¶ Ὃ : normalised horizontal gain. 

For this Thesis, the antenna considered for the ILS LOC is an LPDA one, the modelling being based 

on the specifications in [Indr13] and [NAV14b]. 
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First of all, it is necessary to characterise the elements composing the antenna system. In [Kibo13], a 

simple model for the radiation pattern of an LPDA by doing an approximation to a dipole is presented. 

The horizontal normalised gain of a dipole is given by: 

Ὃȟ   (3.18) 

where: 

¶ ὰ : length of the dipole. 

¶ •ȡ angle between the beam direction and the receiver azimuth in the horizontal plane. 

The length corresponds to ‗, in order to have a half-power beamwidth similar to the specifications in 

[Indr13]. Figure 3.5 presents the horizontal radiation pattern of the LPDA, the half-power beamwidth 

being 48º. 

 

Figure 3.5 - Horizontal radiation pattern of an LPDA. 

For the antenna system, one considers the radiation pattern of the course CSB signal, since it 

corresponds to the signal received by the aircraft at longer distances. The main concern of the 

modelling is the main lobe of the course signal, since the analysed signal is inside of the section 

covered by it.  The array radiation pattern is given by [More14]: 

Ὃ Ὃ  Ὂ  (3.19) 

where: 

¶ Ὃ : gain of the array antenna element. 

¶ Ὂ: array factor. 

Ὂ depends on the excitation distributed among the various antennas and the distance between 

elements. The elements of the ILS LOC antenna system are fed differently, depending on the 

transmitted signal. The normalised antenna factor is given by [More14]: 
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Ὂ В Ὡ   (3.20) 

 ὯὨ ÃÏÓ•    (3.21) 

where: 

¶ ὔ : number of elements in the array. 

¶ ὥ: electrical current ratio between the ὔ  antenna and the reference one. 

¶ : phase delay. 

¶ Ὧ: wave number. 

¶ Ὠ : distance between the dipoles. 

electric phase difference between the ὔ : ¶  antenna and the reference one. 

Most of the LPDA antenna systems used in an ILS LOC are composed of 12 to 24 elements. For the 

development of this Thesis, all ILS LOCs have the same radiation pattern, independent of the number 

of elements in the system since their formats are similar and the differences are negligible. As for the 

ILS LOC horizontal radiation pattern, one considers a 16-element LPDA antenna system [Indr13]. 

In the scenarios assessment, every point of the aircraft approach is analysed, hence, the selection of 

the course CSB signal, as it corresponds to the signal that covers the approach following the extended 

runway centreline. So, for the course CSB signal, one considers the distribution depicted in Table 3.1. 

One assesses the distance between dipoles constant, equal to 2 m, which is around the lowest 

distance between the various elements, as observed in Table 3.1. 

Table 3.1 - 16-element LPDA antenna system course CSB characteristics (adapted from [Indr13]). 

Antenna 
no. 

Distance from 
centreline [m] 

Course CSB 

╪▲ Phase [º] 

1 -19.23 0.09 0 

2 -16.09 0.18 0 

3 -13.13 0.37 0 

4 -10.34 0.60 0 

5 -7.73 0.80 0 

6 -5.30 0.93 0 

7 -3.04 1.00 0 

8 -0.95 1.00 0 

9 0.95 1.00 0 

10 3.04 1.00 0 

11 5.30 0.93 0 

12 7.73 0.80 0 

13 10.34 0.60 0 

14 13.13 0.37 0 

15 16.09 0.18 0 

16 19.23 0.09 0 
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The resulting horizontal radiation pattern is plotted in Figure 3.6; by comparing it with the one in 

Figure 2.5, one can observe that it is a valid approach to the one presented in Figure 2.5. The half-

power beamwidth corresponds to 6º, which is a close approximation of the 5.2º indicated in [Indr13]. 

 

Figure 3.6 - 16-element LPDA antenna system course CSB radiation pattern. 

As for the vertical radiation pattern of the ILS array, it is also modelled using (3.16) [NAV14b]. 

According to the information provided in [ITUR10] regarding vertical ranges, the ILS LOC covers 

regions located up to a maximum of 7º relative to the ground. Hence, one only addresses the lobe 

resulting from (3.16) that covers the relevant regions for the study. Figure 3.7 presents an example of 

the vertical radiation pattern that was modelled for the ILS LOC, considering the transmitting 

characteristics of the ILS LOC located in Lisbon runway 03, as specified in Section 4.1.  

 

Figure 3.7 - Vertical radiation pattern of the ILS LOC in Lisbon RWY03. 
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As stated in [Indr13], the gain of each of the LPDA elements composing the ILS LOC is 9.5 dBi 

( 0.5 dBi). The maximum gain of each ILS LOC array varies, depending on the installation and 

number of elements, even though the normalised radiation patterns are considered equal 

independently of the number of elements. Later on, in Subsection 4.1, one lists the maximum gains for 

each of the ILS LOCs. 

3.2.2 FM Broadcasting 

As stated in Section 2.3, there are multiple antennas that are used in FM broadcasting stations. This is 

due to the variety of possible scenarios in which they are inserted, hence, a global radiation pattern 

does not exist. 

The transmitting power of FM broadcasting stations is defined by their ERP, which corresponds to the 

power obtained in the direction of the main lobe, including both the losses and gains of the system. 

ERP also includes the antenna gain, compared to a half wavelength dipole, hence, the gain of an FM 

station is only given by the vertical and horizontal normalised gains of the antenna. 

Most of the broadcasting stations have omnidirectional antennas to cover the surrounding region. 

There are also installations in which highly directional antennas are positioned pointing to various 

directions to cover more efficiently the targeted areas by using antennas with higher gains, e.g., a 

Yagi-Uda antenna or an LPDA. 

In this Thesis, three different radiation patterns are assessed to approach the stations considering 

different directional gains, half-power beamwidth and tilt. 

First of all, concerning the type of transmitting stations, one considers a Vertical Dipole Array (VDA) as 

broadcasting stationsô antennas. It presents a realistic approach to a broadcasting antenna and its 

horizontal omnidirectional characteristics make it a good model to be applied in the simulator. There is 

no standardised half-power beamwidth, and depending on the installation, it can vary from less than 

10º up to 90º, or even more. Since FM stations are defined by their ERP, this implies that their impact 

on the airspace increases directly with the half-power beamwidth. 

Since the array consists of a VDA, the vertical radiation pattern of the array is calculated by (3.18), 

(3.19) and (3.20). For this Thesis, one considers an array of half-wavelength dipoles. As one 

increases the number of elements, the half-power beamwidth decreases, thus, three models were 

developed for scenarios assessment in order to allow for pessimistically, realistically and optimistic 

evaluation. 

One assesses a VDA with 2 dipoles spaced by ‗Ⱦς, which presents a pessimist case, since the lower 

the number of elements a VDA is composed of, the larger the radiation pattern, hence, a higher 

antennas gain into airspace. By applying the expressions listed above, it is possible to obtain the 

vertical radiation pattern of the antenna, Figure 3.8, its half-power beamwidth being 54º. 

To obtain high transmitting gains, FM stations are composed of arrays with high gains. This implies 

that they use antenna arrays with a high number of elements, being able to achieve ERP in the order 
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of 100 kW. So, for a most realistic approach, a VDA with 12 dipoles with ‗Ⱦς spacing is considered, 

corresponding to the radiation pattern depicted on Figure 3.9. This array presents a vertical half-power 

beamwidth of 12º. 

 

Figure 3.8 - VDA vertical radiation pattern (2 elements). 

 

Figure 3.9 - VDA vertical radiation pattern (12 elements). 

The last model corresponds also to a 12 elements VDA, but with a down tilt in its radiation pattern. 

The variation of the maximum gain direction is typically generated by modifying the phase shift of the 

different array elements. This presents the best approximation to the real antenna systems, since 

most FM stations tilt down their antennas to cover terminals located at ground level more efficiently. 

This also implies that the impact of the FM signal on airspace is reduced, compared to the non-tilted 

case. For modelling purposes, a tilt of -10º relative to the horizontal plane was implemented. The 

radiation pattern of the tilted 12 element VDA is shown in Figure 3.10. 

As for the propagation in the horizontal plane in FM broadcasting antennas, it is normally considered 

to be omnidirectional, except in cases such as the directional antennasô scenario presented earlier. 

Hence, one considers an omnidirectional horizontal radiation pattern similar to a VDA. 
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Both the vertical and horizontal radiation patterns are based on theoretical models. It should be taken  

 

Figure 3.10 - VDA vertical radiation pattern (tilted 12 elements). 

into account that, in a real array, there is a minor front-to-back ratio that could affect the lobes in the 

vertical radiation pattern. One should also denote that the real horizontal propagation also depends on 

the directivity of the antenna or array, not being ideal as the one presented here. 

3.3 Flight Routes 

This section covers the modelling of the aircraftôs position through the various flight routes and 

approaches. This section is mostly based on [Pint11], since it contains a thorough approach to the 

topics required for this work. 

First, the route angle travelled by the aircraft should be taken into consideration. The shortest path 

between two points implies a constant variation of the route angle due to the Earthôs spherical form. 

This curve is called an orthodrome. Since a constant bearing correction is not convenient for manual 

navigation, flight routes correspond to loxodromes, i.e., paths taken by aircrafts by using a constant 

angle of travel. However, for long flights, flight routes through loxodromes may present a significant 

longer path and, subsequently, an increase of costs. With the present technology, auto-pilots realise 

the constant adjustment of the path bearing to allow flights along orthodromes.  

One assesses flight routes as loxodromes, since the evaluated flight routes do not correspond to long 

enough flights. There are various significant points spread throughout the airspace, and aircrafts use 

constant route angles between each of those checkpoints. These flight routes are defined by their 

specific name and also Flight Level (FL) limitations. The FL of a route is characterised by a number, 

which corresponds to the altitude calculated in the aircraft at a specific calibration, and is expressed in 

hundreds of feet, e.g., FL300 corresponds to a displayed altitude of 30 000 ft. 
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When verifying magnetic bearings, one must take into account that there is a variation to the real 

angle depending on which zone of the Earth the verification of the magnetic bearing is done in. To 

compensate that deviation, every navigational chart contains its value, being given by [Pint11]: 

     (3.22) 

where: 

¶  : real route angle. 

¶  : magnetic route angle. 

¶  : variation angle given in relation to the magnetic West. 

The loxodrome between two points can be defined by using their geographical coordinates [Pint11]: 

 ÁÃÏÔ
В В

  
(3.23) 

В‰ ÌÎÔÁÎ   (3.24) 

Ὠ Ὑ ‰ ‰ ȿÓÅÃ ȿ  (3.25) 

where: 

¶ В‰: vertical spacing of parallel Ὥ. 

¶ Ὠ : length of the path between the two points. 

Equation (3.23) gives the value of the loxodrome angle, its length being given by (3.25). Thus, with the 

variation and the magnetic route angles obtained in a map, it is possible to obtain the real angle by 

applying (3.22). 

Since the expressions use trigonometric functions, the assessment on the existence of two solutions is 

a must. Also, there is a specific case in (3.25) that occurs when the aircraft is traveling always in the 

same parallel which would result in ȿ‰ ‰ȿ π ᵼὨ π. Since it presents an incorrect value for 

the distance, for this situation, one should use [Alex04]. 

Ὠ Ὑ   (3.26) 

In (3.26), ÓÅÃ‰  corresponds to the stretching factor for a parallel with Latitude ‰. And as it can be 

observed, if the aircraft is traveling in the equator, then (3.26) would be equivalent to (3.25) with a 

  of π or ρψπ. 

The previous expressions allow for the calculation of all flight routes to be considered in this study. 

The remaining situation that needs to be defined is the approach of the aircraft to the runway. The 

approach distance and the altitude are given by [Pint11]: 
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Ὠ   (3.27) 

Ὤ Ὤ Ὠ  ÔÁÎ   (3.28) 

where: 

¶ Ὤ : approach initial height above MSL. 

¶ Ὤ : airport runway height above MSL. 

¶  : descent angle. 

¶ Ὤ: height in a point Ὥ of the approach. 

¶ Ὠ: relative distance in a point Ὥ to the end of the approach. 

Since the considered scenarios imply the analysis of various points of a flight route, the distances and 

coordinates have to be defined in each of these points. These values can be obtained by: 

Ὠ   (3.29) 

‰ ‰
ȿ ȿ

Ὥ ρ  (3.30) 

‗ ‗
В В

  (3.31) 

where: 

¶ Ὠ : distance between fixed intervals. 

¶ ὔ : number of points to be tested in the path. 

¶ Ὥ: current test position, considering Ὥ π the initial point and Ὥ ὔ ρ the final point. 

3.4 Radio Characterisation 

In this section, the power spectrum of the various systems integrated in this Thesis is presented. One 

presents both radionavigation systems, and characterises FM broadcasting systems. 

3.4.1 Radionavigation Systems 

For both of navigation systems, the signals transmitted are idealised, i.e., signals are represented only 

by their transmitting bandwidth. Since there is no interference between channels and this Thesisô 

objective is to pinpoint the impact of interference of FM broadcasting onto these systems, this 

approximation has no influence on the results. 

The frequency spectrum of an ILS LOC radio channel is depicted on Figure 3.11. One should denote 

that the course and clearance signals would have to be implemented differently, due to their different 
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radiation patterns, as stated in Subsection 3.2.1.  

 

Figure 3.11 - Frequency spectrum of an ILS LOC carrier with frequency ὪȢ 

For the VOR, the band allocation has been presented on Subsection 2.1.3. For simplification 

purposes, one considers the transmitted signal by the VOR beacon as a signal with a bandwidth 

covering all components. The maximum frequency deviation corresponds to 9 960 + 480 Hz, which 

makes a total of ὄ=20.88 kHz. Any unwanted signal pertaining in this band must be analysed to 

assess its impact. Figure 3.12 presents the various elements constituting the VOR signal and the 

bandwidth of the interfering zone.  

 

Figure 3.12 - Frequency spectrum of an VOR carrier with frequency Ὢ and the total bandwidth. 

For the assessment of the power of the navigation systems, one considers the frequency of the carrier 

in the signal propagation calculations instead of separately calculating each of the elements of both 

navigation systems. It is true that frequency affects the values of the path and obstacle losses, but 

since the maximum deviation relative to the carrier in these systems is around 4 kHz in the ILS LOC 

and 10.44 kHz in the VOR, the impact of this approximation is negligible. Yet, to study the results for 

each of the elements separately, its frequency and bandwidth should be used instead of the carrierôs.  

For a complete listing of the aeronautical channels in use by both radionavigation systems, one lists 

every ILS LOC and VOR channel frequencies in Annex A. 

3.4.2 FM Broadcasting 

When considering an emission of an FM audio broadcasting, one should evaluate what kind of signal 
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and which components are being transmitted. As stated in Subsection 2.3.2, a mono signal only needs 

up to 15 kHz of audio bandwidth, and the 200 kHz allocated bandwidth allows for a 75 kHz carrier 

frequency deviation plus guard bands for reducing interference. For stereo signals, the audio 

bandwidth is 53 kHz, which entails that, for the same carrier frequency deviation, it is more prone to 

interfere with adjacent channels. 

Unlike navigation systems, FM broadcasting signals have to be fully modelled, including the unwanted 

emissions. To that end, a linear approximation is done to define the signal. In [ITUR14], out-of-band 

emission limits for FM broadcasting transmitters, when considering a carrier with 200 kHz bandwidth, 

are presented. Figure 3.13 depicts the linearised transmission mask of an FM emission, and Table 3.2 

presents the break points of the mask depending on the frequency deviation Ὢ relative to the central 

frequency Ὢ (Ὢ Ὢ Ὢ . 

 

Figure 3.13 - Out-of-band transmission mask for FM broadcasting transmitters (extracted from 

[ITUR14]). 

Table 3.2 - Break points of spectrum limit mask for FM broadcasting (extracted from [ITUR14]). 
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Thus, in the modelling of the FM broadcasting signal, the considered out-of-band emissions are the 

same as the limits imposed by ITU-R, and using the break points presented in Table 3.2, one can 

model the power decrease of out-of-band signals depending on the value of Ὢ. In Portugal, the 

allotted bandwidth for FM sound broadcasting is 75 kHz, which is transmitted with the rated power of 

the station. In the deviation interval between 75 and 100 kHz, one can linearise the output power 

decrease. For values of Ὢ higher than 0.5 MHz, the power of the FM broadcast is considered as null. 

Using these considerations, one can obtain (3.32) which defines the power decrease of the signal 

relative to the wanted signal output relative to the value of Ὢ. 

 

ὃ Ὢ

ừ
ỬỬ
Ừ

ỬỬ
ứ
 π                                                       ȟ                        Ὢ πȢπχυ

 ωςπὪ πȢπχυ             ȟ       πȢπχυ Ὢ πȢρππ

 ςσ υχπὪ πȢρππ   ȟ       πȢρππ Ὢ πȢςππ

 ψπ ρτπὪ πȢςππ   ȟ       πȢςππ Ὢ πȢσππ

 ωτ ρρπὪ πȢσππ   ȟ       πȢσππ Ὢ πȢυππ

  (3.32) 

where: 

¶ ὃ: decrease of the power level relative to the maximum output power. 

3.5 Interference Assessment 

In this section, the establishment of the procedures to analyse the impact of interference on the 

receiver is done, accompanied by a thorough study of the various interference mechanisms and the 

presentation of the various criteria proposed by ITU-R and ICAO. 

3.5.1 FM Broadcasting Selection 

As previously mentioned, the FM broadcasting network located in Portugal pertains hundreds of 

stations located throughout the whole territory. The existence of such a high number of stations is due 

to the range limitation of each of these stations, and that is why one must assess and exclude stations 

according to the coverage area and the area in study in each of the scenario. 

To that end, one established an exclusion criterion to reduce the assessed FM stations depending on 

the scenario. To assess the relevance of an FM broadcasting station, the characteristics of the 

installation must be considered. The value of Ὠ , above which stationsô influence is negligible, is 

based on the station classification used in the USA. Depending on the ERP and the Height Above 

Average Terrain (HAAT) of a broadcasting station, the Federal Communications Commission (FCC) 

provides the distance to the protected service contour that corresponds to a circular-shaped form 

inside which a certain electric field can be guaranteed.  

Table 3.3 presents the various FM stations classes defined by FCC, and their respective protected 
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service contours. The distance corresponding to the radius of the protected service contours is going 

to be the Ὠ  below which a station is studied in the scenario. 

Table 3.3 - FM broadcasting stations classes' characteristics (adapted from [FCC14a]). 

FM Broadcast 

Station Class 

Reference Maximum Facilities Distance to Protected 

Service Contour [km] ERP [kW] HAAT [m] 

Class A 6 100 28.3 

Class B1 25 100 44.7 

Class B 50 150 65.1 

Class C3 25 100 39.1 

Class C2 50 150 52.2 

Class C1 100 299 72.3 

Class C0 100 450 83.4 

Class C 100 600 91.8 

 

This creates a model that excludes stations depending on their properties. The value of HAAT of each 

station is disregarded, and one only applies the distance to protected service contours for the classes 

with highest HAAT for each of the reference maximum ERP, i.e., the station with classes A, B1, B and 

C. So, a FM station is categorised uniquely by its ERP, and it belongs to the classification with the 

smallest maximum ERP higher than its own. This presents a wider range of inclusion and an easier 

delimitation of the evaluated FM stations. 

Even though these classifications are not done in Portugal, the purpose of this assessment is the 

realisation of an exclusion model. The fact that it is based on a classification done by the FCC and not 

integrated in Portugal does not present any restrictions on the integrity of the model. 

3.5.2 Power Level 

First of all, one analyses the power assessment for a signal considering free-space propagation. 

Besides the path losses given in (3.5), the attenuation caused by obstacles should also be considered, 

in case there is an obstruction in the link. The received power results from: 

ὖ ὖ Ὃ Ὃ ὒ ὒ   (3.33) 

where: 

¶ ὒ : loss due to the obstacles (ὒ έὶ ὒ ). 

This can be applied in scenarios where the terrain is not appropriate for Flat and Spherical Earth 

propagation models, and the aircraft is located in a high altitude. 

Regarding the transmissions of FM broadcasting stations, one must take into account that the power 

output is not constant throughout the considered band, being given by: 
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ὖȟ ὖȟ ὃ   (3.34) 

where: 

¶ ὖȟ : power of the signal transmitted by the FM broadcasting station. 

¶ ὖȟ : maximum transmitted power of the FM broadcasting station. 

Having the power of the signals at the input of the receiver, one has to assess the possible IMD 

products that FM broadcasting generates and that may cause significant interference on the reception 

of aeronautical signals.  

In order to distinguish the resistance of a receiver to IMD, a standardised figure of merit called third-

order intercept point (IP3) is used. A receiver with higher IP3 presents better immunity to IMD. IP3 is 

considered at the front end of the receiver, which means it already considers the non-linearity of all the 

components inside the instrument, including the amplifier and the band-pass filter. The value of IP3 is 

highly dependent on the individual characteristics of a receiver and not all of them contain this 

information concerning IMD. The figure of merit method of calculation was derived from [Agil12]: 

Ὂ
ὖ ὖ ὖ ὖ

ς
 (3.35) 

where: 

¶ Ὂ : figure of merit regarding the IMD. 

¶ ὖȟὖ and ὖ are the power levels of the signals at the input. 

¶ ὖ : power level of the generated 3
rd

 order IMD product. 

In case of an IMD product generated by two signals instead of three, the power of the signal with 

higher frequency is taken as ὖ ὖ ὖ  and the lower frequency signalôs power as ὖ ὖ. It can be 

noted that as the average power of the input increases 1 dB, the power of the IMD product increases 

by 3 dB. 

It must be noted that IMD products are originated by FM broadcasting signals, and they have a 

transmitting bandwidth, which implies that the generated IMD product also contains a bandwidth. In 

[Agil12], it is said that a frequency deviation on the carriers causes an equal deviation on the IMD 

products without affecting the power levels. This implies that a band surrounding the input signal 

originates a band with the size at the output. So, the bandwidth considered for the IMD products is 

equal to the band of the input signal. Although, since there is a cubic power ratio between the input 

and the generated products, the band of the IMD products is defined by the triple in logarithmic scale 

of the decrease of transmitted power in relation to the frequency depicted in Subsection 3.4.2  

The power of the IMD product in the aeronautical frequency is obtained in: 

ὖȟ ὖ σὃ   (3.36) 

According to [NSA11] and [Holm14], a typical receiver has an IP3 of around +30 dBm. In this study, 

this value is considered for the aeronautical receiver, thus, one can obtain the value of ὖ  
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depending on the possible interferers in the input by using (3.36).  

Having the power levels at the receiver, the Carrier to Interference Ratio (CIR) can be analysed, 

corresponding to the ratio between the power of the wanted signal and the interfering ones, given by: 

ὅȾὍ ρπÌÏÇ
ȟ

ȟ
  (3.37) 

where: 

¶ ὖȟ: received power of the carrier signal. 

¶ ὖȟ: sum of the received powers of the interfering signal(s) given by: 

ὖȟ ὖȟȟ  (3.38) 

where: 

¶ ὖȟȟ: power of a interfering signal. 

¶ ὲ: number of interfering signals. 

Interfering signals are only taken if their power is higher than the average noise power of the receiver: 

ὖȟȟ ὖ    (3.39) 

where: 

¶ ὖ : average noise power of the receiver and it is defined by [Corr14b]: 

ὖ ρχτρπÌÏÇὄ Ὂ   (3.40) 

where: 

¶ ὄ: signal bandwidth. 

¶ Ὂ : noise figure of the receiver. 

Each receiver equipment has a value of ὅȾὍ  that guarantees a proper functioning of the 

equipment without damaging the link. In worst case scenario, for low values of CIR, the 

communication can be dropped, hence, the main criterion used to quantify interference is the CIR of 

the communication in each of the scenarios and different positioning of the receiver. 

3.5.3 ITU-R Recommendation 

In ITU-R Recommendation SM.1009-1 [ITUR10], various standards are presented regarding Type A 

and Type B interferences. This recommendation takes into account an interference threshold above 

which the performance of the aeronautical receiver becomes unacceptably degraded. 

For the ILS LOC and considering a wanted signal with DDM of 0.093, this threshold corresponds to 

one of the following criteria: 
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¶ A change in the course deflection current of 7.5 ʈA. 

¶ The appearance of the flag.  

The flag is an indicator that lights up when the equipment is inoperative or not operating adequately, 

or the power level or the quality of the signal is below the acceptable threshold. The signal can supply 

faulty readings before the appearance of the flag, hence the differentiation of both events.  

For the VOR, the interference threshold is defined by: 

¶ A change in the course deflection current of 7.5 ʈA, which corresponds to a 0.5º deviation of the 

bearing indication. 

¶ A change in the audio voltage level by 3 dB. 

¶ The appearance of the flag for more than 1 s. 

Before assessing the various standards defined by ITU-R, one should analyse the various 

mechanisms. The IMD products that are generated by multiple signals have a frequency relationship 

with the original signals. Equation (3.41) shows how the frequencies of the IMD products are obtained, 

and (3.42) defines the order of the IMD product. The amplitude of the IMD product is lower as its order 

increases. 

Ὢ Ὧ  Ὢ Ὧ   Ὢ Ễ Ὧ  Ὢ   (3.41) 

ὔ ȿὯȿ ȿὯȿ  ȣ ȿὯȿ  (3.42) 

where: 

¶ Ὢ : frequency of the IMD product. 

¶ Ὧ ȟὯȟȣȟὯ: random integer values for each of the ὲ signals. 

¶ ὪȟὪȟȣȟὪ: frequency of each of the ὲ signals. 

¶ ὔ: order of the IMD product generated by the transmitted signals. 

In this study, only the 3
rd

 order IMD products are considered, since for ὲ
th
 order products with ὲ even, 

the frequency of the products is outside the aeronautical band, and for an order higher than 3, the 

amplitude is low enough to be considered negligible. The following expressions depict the frequency 

of the IMD products for the two and three signals cases, which can be derived from (3.43) and (3.44), 

considering Ὢ Ὢ Ὢ. 

Ὢ ςὪ Ὢ             , two-signals case (3.43) 

Ὢ Ὢ Ὢ Ὢ  , three-signals case (3.44) 

Regarding the Type A1 interference, Table 3.4 presents the protection ratios that should be attended 

for the various differences of frequency between the spurious emission or IMD product and the wanted 

signal. This type of interference is not accounted for a difference higher than 200 kHz. 

Type A2 interference is neglected for a frequency difference between the wanted signal and the 

broadcasting signal carrier higher than 300 kHz. Table 3.5 shows the protection ratio that an 
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aeronautical receiver must present to be immune to this kind of interference for various frequency 

differences. 

Table 3.4 - Type A1 interference protection ratios for aeronautical receivers (extracted from [ITUR10]). 

Frequency difference 
between wanted signal and 

spurious emission [kHz] 

Protection 
ratio [dB] 

0 14 

50 7 

100 -4 

150 -19 

200 -38 

 

Table 3.5 - Type A2 interference protection ratios for aeronautical receivers (extracted from [ITUR10]). 

Frequency difference 
between wanted signal and 
broadcasting signal [kHz] 

Protection 
ratio [dB] 

150 -14 

200 -50 

250 -59 

300 -68 

 

For the study of Type B1 interference, the considered receiver is according to ICAO Annex 10, since it 

presents a more accurate approach than the Montreal one. Equation (3.45) shows the correction 

factor to account for changes in Type B1 interference immunity resulting from changes in wanted 

power levels [ITUR10]. 

ὒ ὖȟ ὖȟ   (3.45) 

where: 

¶ ὒ :  correction factor to account for changes in the wanted signal level. 

¶ ὖȟ:  wanted aeronautical signal level at the input of the receiver. 

¶ ὖȟ : reference level of the wanted aeronautical signal at the input of the aeronautical receiver, 

considering the ICAO Annex 10 receiver: 

o -86 dBm for the ILS LOC. 

o -79 dBm for the VOR. 

It is considered that the aeronautical receiver has a good immunity to this type of interference if it fulfils 

the criterion in (3.46) for the two-signal case and in (3.47) for the three-signal one.  

ςὖȟ ςπÌÏÇ
ÍÁØπȢτȠρπψȢρ Ὢ

πȢτ
 (3.46) 
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ὖȟ ςπÌÏÇ
ÍÁØπȢτȠρπψȢρ Ὢ

πȢτ
ὑ ὒ Ὓ π 

where: 

¶ ὖȟ ȟὖȟ: FM broadcasting signal levels in the aeronautical receiver corresponding to the signal 

with Ὢ and Ὢ. 

¶ ὪȟὪ: FM broadcasting frequencies, with Ὢ Ὢ. 

¶ ὑ  78 dB. 

¶ Ὓ : 3 dB margin to take account that the equation does not provide comprehensive compatibility 

assessment expressions. 

ὖȟ ςπÌÏÇ
ÍÁØπȢτȠρπψȢρ Ὢ

πȢτ
 

ὖȟ ςπÌÏÇ
ÍÁØπȢτȠρπψȢρ Ὢ

πȢτ
 

ὖȟ ςπÌÏÇ
ÍÁØπȢτȠρπψȢρ Ὢ

πȢτ
ὑ φ ὒ Ὓ π 

(3.47) 

where: 

¶ ὖȟ ȟὖȟ ȟὖȟ: FM broadcasting signal levels in the aeronautical receiver corresponding to the 

signal with frequencies Ὢ, Ὢ and Ὢ, respectively. 

¶ ὪȟὪȟὪ: frequencies of the FM broadcasting signals, with Ὢ Ὢ Ὢ. 

If there is a deviation between Ὢ  and the frequency of the aeronautical signal Ὢ, in order to 

accurately verify the impact of interference, a correction to the IMD product signal level must be done. 

Hence, before applying (3.46) or (3.47), FM broadcasting signal levels have to be corrected by using: 

ὖȟ ὖȟ ὅ  (3.48) 

where: 

¶ ὖȟ : corrected signal level. 

¶ ὖȟ: real signal level. 

¶ ὅ: correction term as defined in Table 3.6. 

Table 3.6 - ὅ depending on the frequency difference between the wanted signal and IMD products 

(extracted from [ITUR10]). 

Frequency difference 

between the wanted signal 

and the IMD product [kHz] 

╒◄ [dB] 

0 0 

50 2 

100 5 

150 11 
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For a frequency difference higher than 150 kHz, Type B1 interference is not considered. 

To study the Type B2 interference, both of the Montreal and the ICAO Annex 10 receivers present a 

good approach. Equations (3.49) and (3.50) represent the maximum acceptable FM broadcast signal 

levels at the input of the receivers of both studies, respectively. Even though the ICAO Annex 10 

receiver was developed more recently, there are some combinations of frequency and wanted signal 

level at which the Montreal receivers present better immunity criteria to Type B2 interference. 

Therefore, when considering the maximum allowed value of an input FM broadcast signal, the lowest 

value should be the one considered.  

ὖȟ   ςπ ςπÌÏÇ
ÍÁØπȢτȠὪ Ὢ

πȢτ
 (3.49) 

where: 

¶ ὖȟ : maximum allowed FM broadcast signal level at the input of the aeronautical receiver. 

¶ Ὢ: frequency of the FM broadcasting signal. 

ὖȟ  ÍÉÎρυȠρπ ςπÌÏÇ
ÍÁØ πȢτȠρπψȢρ Ὢ

πȢτ
ὒ Ὓ  (3.50) 

where: 

¶ ὒ : correction factor to account for the changes in the wanted signal level as calculated in (3.51). 

ὒ ÍÁØπȠπȢυ ὖȟ ὖȟ  (3.51) 

3.6 Simulator Development 

In this section, one presents the simulator developed in Mathworks Matlab r2013a [MatL13] that was 

used to assess the impact of the interference throughout various scenarios. One briefly presents the 

general functionality of the simulator, and explains further the implementation of the essential 

functions. 

3.6.1 Methodology and Input Data 

First of all, one defines the basic structure of the simulator and how the diverse interference 

parameters are calculated. The initial focus of this simulator is to rapidly calculate the power of the 

signals received by the aircraft in multiple points in a certain flight route.  

Figure 3.14 presents the general structure of the simulator. It begins by reading various input data and 

converting it into parameters defining the scenario. Afterwards, the propagation models are applied to 

the transmitting stations to assess the received power, and in case there is a need to consider the 
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obstacles between terminals, obstacles losses are calculated and added to the path loss. Finally, to 

determine the existence of significant interference in the scenario, both the CIR and the ITU-R 

standards are evaluated, thus producing the final results. 

 

Figure 3.14 - General methodology of the simulator. 

Regarding input data, they consist of locations and characteristics of the aeronautical and FM 

broadcasting transmitters. Among the data, there is also detailed information about the flight route or 

approach that is going to be considered. This is divided into 5 main Excel files: 

¶ Information regarding the evaluated approach paths, containing coordinates of the touchdown 

zone, the approach bearing, the total path distance, and the initial height. These data consist of 

scenarios to be tested with an ILS LOC. 

¶ Definition of the flight routes that are going to be assessed in a VOR scenario, their altitude being 

considered constant. Along with the height of the receiver, the geographical coordinates of the 

initial and final points of the path taken by the aircraft are also listed. 

¶ List of all FM broadcasting stations in Portugal and their characteristics, composed of their 

locations, transmitting frequencies and radiated powers, as well as the height of the station and 

the terrain. The input data are listed in Annex B. 

¶ Data about the VORs managed by NAV Portugal, i.e., their location, transmitting frequencies and 

powers, their heights, and the maximum gains of their antennas. 

¶ Input file for the ILS LOCs, with information similar to the VOR input file, as well as the azimuth to 

which the ILS LOC is directed to, since it is composed of directional antenna arrays. 

After deciding which scenario is going to be evaluated, it reads the corresponding required files, e.g., 

for the VOR link, it only reads the files regarding the flight routes, and the VOR and FM stations 

characteristics. 

Regarding the scenario, it discretises the flight path into various route points, as stated in Section 3.3. 

To that end, two different functions were implemented to calculate the geographical coordinates and 

altitude of the receiver at each of these positions. One was implemented for the approach and the 

other for the flight routes; these two functions were adapted from the simulator developed by Ricardo 

Santos [Sant13]. Figure 3.15 presents the discretisation of an approach path. 

There are various parameters that are fixed for all simulations, such as the receiver characteristics 

and the value of ὅȾὍ . The essential parameters that are changed depending on the scenario are: 

¶ Terrain profile and heights. 

¶ Position and azimuth of the transmitters. 

¶ ὖ: transmitted power from every transmitter. 

¶ Ὃ: gain of the transmittersô antennas. 
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¶ Ὤ: height of the transmitters. 

¶ Ὢ: frequencies of the FM broadcasting and aeronautical signals. 

¶ Path taken by the aircraft. 

¶ Ὤ: height of the receiver. 

 

Figure 3.15 - Discretisation of the Ponta Delgada approach path into 10 points. 

3.6.2 Transmitters and Receiver 

The data link between the aircraft receiver and the radionavigation systems was considered 

unobstructed since the location of the ground antennas is idealised for aerial communications. 

There are over 700 FM broadcasting stations in Portugal [ANAC14], and depending on the considered 

path, there is only a small percentage of FM stations that is near the receiver and that have 

significance for the evaluation, thus, being important to implement the FM broadcasting selection 

criteria. An auxiliary function was developed to check which FM stations are located within a certain 

range of each of the points of the flight path, calculating how many and which FM stations are within a 

certain radius of the aircraft position, which depends on the FM broadcasting transmitted power; for 

stations with higher transmitted power, the radius is higher compared to the low power ones. 

Afterwards, the simulator calculates which of these stations may create an IMD product with frequency 

nearing the aeronautical signal. All of the assessed aeronautical signals have transmitting frequencies 

far from the lower limit of the aeronautical band (108 MHz), thus Type A interference is not evaluated 

in the simulator, since it only occurs for two transmitters in neighbouring frequencies. An IMD product 

is considered for analysis if the frequency spacing ɝὪ is lower than 0.5 MHz from the aeronautical 

signalôs frequency, corresponding to the maximum frequency deviation considered for FM 

broadcasting signals.  

Both of these models were used as exclusion criteria to significantly reduce the number of FM 

broadcasting stations included in each of the scenarios. Figure 3.16 presents the general structure of 

the implemented algorithm. 

The parameters of the aircraft receiver are considered equal for all scenarios. According to [NAV14b], 
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an aircraft receiverôs ὖȟ varies between -96 and -113 dBm, and the value of ὅȾὍ  is 20 dB. 

Besides these values, the receiver is also characterised by Ὃ = 2 dB and Ὂ  = 6 dB. One also 

considers that ὖȟ  = -113 dBm for all scenarios, so that the receiver most vulnerable to interference 

is assessed. 

 

Figure 3.16 - Algorithm for the selection of FM broadcasting stations. 

Taking into account the bandwidths considered for the ILS and the VOR in Subsection 3.4.1, one can 

obtain an estimation of their ὖ , being -128.97 and -124.80 dBm, respectively. As the threshold due to 

noise is lower than the sensitivity of the receiver, the lower limit for the received signals to be 

perceived is imposed by the sensitivity. 

3.6.3 Link Characterisation and Analysis 

When considering the link between the transmitter and the receiver in the aircraft, one has to define 

three different functions for each of the different transmitters, since their propagation models and 

radiation patterns differ greatly from each other.  Before initiating each of these functions, the 

simulator calculates the angles — and • between the two terminals and also the gain of the 

transmitting antenna according to the radiation patterns stated in Section 3.2. 

For the VOR transmission link, one considers that it is positioned ideally and that the aircraft is always 
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in unobstructed line of sight, hence, the received power is calculated using the free space propagation 

model. When considering an ILS scenario, the Flat Earth propagation model is used to assess the 

received power in case the criterion defined in (3.6) is fulfilled, otherwise, the Spherical Earth 

propagation model is used. 

The scenarios are firstly evaluated considering no obstacles between the FM stations and the 

receiver, hence considering the free space propagation model. This allows the exclusion of every FM 

station that does not cause interference with an unobstructed line of sight, and thus it is guaranteed 

that it will not cause damage to the link. In case there are FM stations in the vicinity causing 

interference in this idealised scenario, a more realistic scenario is assessed, which includes the terrain 

profiles between these FM stations and the receiver. The approach scenarios are more prone to be 

affected by the FM stations due to the low altitudes, and thus, the obstacles are more relevant to the 

assessment. 

To that end, the API Javascript of Google Maps v3 [Java14] was used, which obtains the terrain height 

of various points along a path between two terminals and returns the terrain data in form of a table 

with the distance and terrain height. The javascript file was adapted to include the location of all FM 

broadcasting stations and the various points of the flight path, in order to easily choose the 

coordinates of the transmitter and the receiver. Each of the terrain profiles is saved in a corresponding 

text file (*.txt). For each of the discretised points of each route, there is a folder containing the various 

terrain profiles between the FM broadcasting stations and the respective path point, the name of the 

text file being the number ID of the station, as indicated in Annex B.  

In case it is necessary, the path loss due to obstacles has to be assessed. An auxiliary function is 

used, which requires the aforementioned text file as an input, calculating the obstacle losses using the 

Deygout model; it was also adapted from the simulator that was developed by Ricardo Santos 

[Sant13]. Afterwards, the free space propagation model is used to calculate the received power, 

subtracting the losses due to obstacles. One obtains multiple received power levels from this function 

according to the different VDA models considered for the FM broadcasting stations. 

The power level of the relevant IMD products that were listed when doing the exclusion of FM stations 

is promptly obtained. Taking the number of FM broadcasting stations in evaluation into account, it is 

safe to assume that there is a high number of generated IMD products, and one must assess which 

ones are relevant to the study. Every IMD product with calculated power lower than the sensitivity of 

the receiver is excluded from the following CIR analysis. 

Two different functions are created to assess the impact of the interference that FM stations cause on 

the aeronautical signal: one is based on the receiverôs CIR; the other one verifies if the FM 

broadcasting signals follow the ITU-R Recommendation SM.1009-1 detailed in Subsection 3.5.3. As 

previously mentioned, Type A interference is not taken into consideration in the ITU-R standards 

function, since all VOR and ILS channels are spaced more than 1 MHz from the lower limit of the 

aeronautical band, which is a margin that guarantees the nonexistence of Type A interference. 

Figure 3.17 depicts the flowchart detailing the result assessment process used in this Thesis. 
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Figure 3.17 - Simulator result assessment flowchart. 

3.7 Model Assessment 

The main focus of this section is the validation of the models that were implemented in the simulator. 

Their verification is accompanied by the output of intermediate results obtained from the MATLAB 

program [MatL13]. One must make sure that the implementation of the models was successful. There 

are 3 models which implementation must be verified to confirm the accuracy of the simulator, i.e., the 

radiation pattern of the transmitters, the propagation models, and the power assessment. 

The scenarios depend on which aeronautical system is being evaluated; hence, two scenarios were 

simulated to investigate the implementation of the models. In one, the receiver moved through a 

constant altitude flight route, to analyse the variation of the VOR and FM broadcasting signals. The 

other consists of an approach manoeuvre, allowing the verification of the ILS LOC installed in the 

runway. A single FM station was considered in the VOR scenario, to analyse the variation of its signal 

in a constant height flight. One has chosen the flight route RN870a, the VOR transmitters located in 

Lisbon (LIS), and the FM station located in Sintra, which corresponds to the ID 634, Figure 3.18. The 

approach scenario used to evaluate the ILS LOC is the one installed in Ponta Delgada, and the path 

depicted previously in Figure 3.15. Both of these scenarios are described in Section 4.2. 
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Figure 3.18 - Flight route RN870a and relevant transmitters. 

The first assessment concerned the radiation patterns and directive gains of each of the modelled 

transmitters. Figure 3.19 (a) is the vertical angle — between the transmitter and the receiver at FL45 

and Figure 3.19 (b) represents the normalised gain of the FM stations for the 3 different VDA antenna 

models. Only the vertical angle — is relevant to the analysis, since the horizontal radiation pattern 

considered for the VDA antenna systems is omnidirectional.  

When the aircraft is in the closest position relative to the FM station, — hits the highest value, and, 

according to the aforementioned radiation patterns, the normalised gain decreases as the aircraft 

approaches the region above the FM station. It can also be confirmed that the lower the number of 

elements of the VDA, the higher the normalised gain into the airspace. In the normalised gain graphic, 

both curves regarding the 12 element VDA have a slight increase in the distance between 

50 and 58 km, which corresponds to one of the minor lobes depicted in Figure 3.8 and Figure 3.10. 

 

(a)  Angle —.                         (b)  Normalised gains. 

Figure 3.19 - FM station antenna models assessment (FL45). 

One should also assess these models for a higher FL. Figure 3.20 presents the assessment of the 

VDA models when considering a flight route at FL300. At this FL, the link presents a much higher 

value of —, Figure 3.20, being observed that the high vertical angle of the transmission causes a big 

enough variation to distinguish the various lobes defined in the radiation patterns.  
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  (a)   Angle —.                       (b)   Normalised gains. 

Figure 3.20 - FM station antenna models assessment (FL300).  

Regarding the VOR antenna system, Figure 3.21 (a) presents the progression of the angle — as the 

aircraft travels through the flight route and Figure 3.21 (b) the normalised gain. Two flight levels were 

considered, and, taking into account that the aircraft moves in the direction of the VOR ground beacon 

position, both graphics present curves as expected. As observed in Figure 3.4, the optimum direction 

of radiation is when the value of — rounds 35º, and the cone of silence exists for — higher than 60º. The 

following graphics present this behaviour, and a steep decrease of the gain can be verified when the 

receiver approaches the VOR location. The cone of silence corresponds to a larger area for higher 

altitudes, as simple trigonometry dictates. 

  

(a)   Angle —.              b)  Normalised gains. 

Figure 3.21 - VOR antenna models assessment (FL45 and FL300). 

The next step is the verification of the propagation models. The free space propagation model was 

applied for the propagation of both of these systems, as stated in Subsection 3.6.3. The model 

implemented to calculate the losses due to obstacles is not included in this verification, since it was 

developed and tested in [Sant13]. 
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Figure 3.22 contains the curves regarding the received power of the VOR and FM broadcasting 

signals. In Figure 3.22 (a), the FM signal received power increases as the aircraft closes up on the FM 

station location, hitting its peak in the nearest position. Even though the gain due to the directivity of 

the antenna is minimal in this region, the lower distance of propagation is more relevant in the signal 

strength. The curve depicting the VOR signal power is shown in Figure 3.22 (b). The value of ὖ 

increases as the aircraft approaches the VORôs position, and when considering a higher altitude, one 

can observe the beginning of the cone of silence. The higher the altitude the larger is the size of this 

region. 

   

(a) FM signal ὖ (at FL45).            (b)  VOR signal ὖ. 

Figure 3.22 - VOR and FM stations signal propagation models assessment. 

The following assessment is about the ILS LOC related models. Figure 3.23 presents various 

intermediate results that allow the confirmation of a proper implemented simulator. 

Unlike the antenna models previously presented, the ILS LOC antenna array is not omnidirectional 

horizontally. Figure 3.23 (a) presents both the angles defining the direction of the direct ray. The 

evolution of the curves is as expected, although the value of angle • was modelled to be null, since 

the approach was considered ideal and centred in the centreline of the runway. This slight deviation is 

originated by the chosen landing point and by the fact that the approach bearing and the deviation 

angle are presented in the navigational charts without decimal places, possibly causing a small 

approximation in the orientation. As it can be observed in Figure 3.23 (b), the deviation from the 

centreline is negligible, since the horizontal gain is basically omnidirectional. The vertical gain of the 

ILS LOC is quite low, since the vertical radiation pattern taken for the array has an optimal direction 

corresponding to — = 13º. 

In Figure 3.23 (c), the propagation model is assessed. The signal power increases as the aircraft 

closes on the touchdown, with a slight drop of power in the landing point. The low variations on the 

angles make the gain basically constant and maximised. The flat earth propagation model is used and 

this drop is explained due to the low height of the aircraft relative to the ground, which generates a 

minimum caused by destructive interference. The value of ɝ‰ defined in (3.5) varies in 
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πȢπππσȟπȢπσψρ rad, fulfilling the criterion, and thus, only the flat earth propagation model was used in 

this scenario.  

    

(a)  Angles — and •.                             (b)   Normalised gains.  

 

    (c)  ILS LOC ὖ. 

Figure 3.23 - ILS LOC models assessment. 

The final model to be checked is the definition of the IMD productsô power. This assessment is not 

scenario dependant, as long there are 2 or 3 FM broadcasting signals to cause IMD. Three FM 

stations, identified with the IDs 256, 261 and 636, were considered to verify if the 3
rd

 order IMD 

product is calculated successfully. The first two stations are located in Centro Emissor de Monsanto, 

and the latter is positioned in Sintra. For this simulation, a 2 element VDA was considered for the FM 

stations. 

Figure 3.24 presents the received power of the signals transmitted by these stations and the 

generated 3
rd

 order IMD product in the RN870a scenario. The values with received power lower than 

the receiver sensitivity are displayed even though they are not taken into account on the result 

assessment. The resulting IMD product presents powers varying in [-162.6, -119.4] dBm. Usually, the 

power assessment of IMD products is done in dBc, which correspond to the power ratio relative to the 
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carrier. In this situation, the IMD product presents power ranging in [-116.9, -91.1] dBc, and taking into 

account the received powers of the FM broadcasting signals, it represents a realistic approach on the 

IMD assessment. 

 

Figure 3.24 - Assessment of the power assessment of an IMD product. 
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Chapter 4 

Data Analysis 

4 Data Analysis 

This chapter consists of the presentation of the various scenarios to be evaluated and the analysis of 

the obtained data. 
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4.1 Transmitters 

In this section, one presents the various transmitters that were considered in the studied scenarios. 

This includes the several installed ILS LOCs and VORs maintained by NAV Portugal, and also the FM 

broadcasting stations installed in Portugal. 

There are VORs spread throughout the territory to provide assistance to all of the countryôs airspace. 

Nowadays, most of the aircraft guidance is done throughout routes connecting radio aids, and VORs 

are presently the most important ground radionavigation aid. Each VOR has a unique frequency that is 

permanent, which is defined at the moment of installation.  

The information regarding the location and frequency of the various VORs is essential to pilots, 

allowing guidance between ground stations. Table 4.1 presents the VORsô locations and 

characteristics. It should be noted that Santa Mariaôs VOR is a CVOR, while the others are DVORs, 

even though the type of VOR is not relevant when inputting data into the simulator for the assessment 

of the scenarios. 

Table 4.1 - VOR positions and transmitting characteristics (provided by [NAV14b]). 

VOR Location ID Latitude [º] Longitude [º] ▐◄ [m] Frequency [MHz] ╟◄ [W] 

Santa Maria VSM 36.96278 -25.15250 1.2 113.700 50 

Espichel ESP 38.42417 -9.18583 1.2 112.500 50 

Fátima FTM 39.66556 -8.49278 1.2 113.500 50 

Faro VFA 37.01361 -7.97500 1.2 112.800 70 

Flores FRS 39.45361 -31.21056 1.2 113.300 50 

Funchal FUN 32.74722 -16.70556 1.2 112.200 50 

Horta VFL 38.51944 -28.62361 1.2 112.700 50 

Lisbon LIS 38.88778 -9.16278 1.2 114.800 70 

Nisa NSA 39.56472 -7.91472 1.2 115.500 50 

Ponta Delgada VMG 37.84611 -25.75806 1.2 114.500 50 

Porto Santo SNT 33.09028 -16.35056 1.2 114.900 50 

Porto PRT 41.27306 -8.68778 1.2 114.100 50 

Sagres SGR 37.08389 -8.94639 1.2 113.900 80 

Viseu VIS 40.72333 -7.88583 1.2 113.100 50 

 

In this Thesis, the geographical coordinates are always represented in degrees. The positive values of 

Latitude and Longitude correspond to the North and to the Eastern hemispheres, respectively. 

In order to properly use the propagation models, one must also consider the height of the terrain upon 

which the VOR is installed, which is relevant for both distances and the angle of the line of sight, which 

can affect the gain substantively. To that end, one obtained the elevation of the DME co-located with 

the VOR presented in the Aeronautical Information Package (AIP) [NAV14c]. The Ὤ  considered 
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for the VOR is equal to the elevation of the DME, and the values obtained are shown in Table 4.2. 

Table 4.2 - Height of the terrain on VOR locations. 

VOR Location ID ▐◄▄►►╪░▪ [m] 

Santa Maria VSM 91.4 

Espichel ESP 182.2 

Fátima FTM 213.4 

Faro VFA 30.5 

Flores FRS 853.4 

Funchal FUN 152.4 

Horta VFL 152.4 

Lisbon LIS 335.3 

Nisa NSA 396.2 

Ponta Delgada VMG 853.4 

Porto Santo SNT 121.9 

Porto PRT 61.0 

Sagres SGR 152.4 

Viseu VIS 640.1 

 

In order to better visualise the distribution of the VOR ground stations throughout the country, the 

geographical representation is essential. Figure 4.1 presents their location in Portugal mainland, as 

well in the archipelagos. 

 

Figure 4.1 - Location of the VOR located in Portugal mainland. 

The Ὃ  of the VOR antennas depends on the various characteristics of the installation, including the 

radius of the ring and the height of the antennas. The Ὃ  considered for the VOR antennas in this 

study is 20 dBi [NAV14b]. 
















































































































