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Abstract 
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This thesis presents research into the principles of spectrum sharing analysis 

methods developed for investigating implications of interference from 

Nongeostationary Fixed Satellite Service (NGSO FSS) systems into Geostationary 

Fixed Satellite Service (GSO FSS) systems and Fixed Service (FS) terrestrial radio 

systems operating or planned for operation in the 12 to 30 GHz frequency range. 

Spectrum sharing is an effective way of allowing new services to operate without 

cancelling the existing allocations in the same part of the spectrum. The use of 

spectrum sharing results in re-use of the available spectrum among different services 

and, therefore, increases the efficient use of the radio frequencies. However, it is 

necessary to carry out extensive feasibility studies into technical or operational 

compatibility between the services involved. Often, sharing constraints are placed 

on systems, such as the power of emissions and the transmitter and receiver antenna 
pointings to reduce the interference into negligible levels. 

Traditionally, radio spectrum allocated to GSO FSS has been shared with FS. In 

recent years, there has been a growing interest in the use of low Earth orbits and a 

number of NGSO FSS constellations has been designed to provide broadband data 

services. This has led to the allocation of certain bands used by the FS and GSO 

FSS systems to NGSO FSS. 

In line with the new allocations, NGSO FSS, GSO FSS and FS systems are required 

to co-exist in parts of the 12 to 30 GHz frequency range. The primary objectives of 
this research were to identify principal factors affecting the feasibility of spectrum 

sharing and to develop spectrum sharing analysis methodologies to examine the 
implications of these factors with a view to identifying sharing constraints that 

would give rise to an acceptable sharing environment. 
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Introduction 

CHAPTER I 

INTRODUCTION 

This chapter presents a review of fixed satellite and terrestrial service system 

characteristics concerning with frequency spectrum management. Initially, a brief 

introduction into the concept of spectrum management is provided together with a 

summary of international organisations responsible for the efficient use of the radio 

spectrum. This is followed by identification of key fixed satellite service system 

characteristics with regard to the use of the frequency spectrum. The basic 

parameter definitions related to satellite communications systems are also included 

in the review for the purposes of completeness. The characteristics of terrestrial 

fixed radio stations are then outlined. The final section explains the thesis structure. 

1.1 Frequency Spectrum Management 

Spectrum was originally introduced as an abstract mathematical idea by Jean Baptise 

Fourier in the early 19th century to bring solutions to differential equations. Peter 

Dirichlet and Georg Riemann had resolved initial doubts and since then the concept 
became a powerful tool used in applications including radiocommunications, signal 

processing and computing. Meanwhile, instruments were developed and the 

spectrum evolved into a measurable physical quantity. This was followed by the 

radio engineering and, today, the concept of radio spectrum is widely used [1]. 

The ability to carry energy and messages at a distance and at the speed of light make 
the spectrum of radiowaves a valuable natural resource with which another concept 
is associated namely satellite orbits. The radio spectrum and satellite orbits are 

common and limited resources. The concept of a free and unregulated access to 
limited resources brings about potential problems if the number of users starts to 

exceed certain limits. The regulation, coordination and management of the use of 
the spectrum and satellite orbits are, therefore, an unavoidable necessity [2,3]. 
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As a consequence of an ever increasing demand, the issue of rational use, sharing 

and protection of the limited common resources is becoming a serious problem on 

the national and international scale. Therefore, radio spectrum management needs to 

embrace all activities related to regulations, planning, allocation, assignment, use 

and control of the radio spectrum and satellite orbits. There appears to be three main 

objectives: conveying policy goals, apportioning scarcity and avoiding conflicts [1]. 

The first international conference was held in Berlin in 1903 to regulate and manage 

the use of the radio spectrum by marine disaster relief applications. The primary aim 

of the conference was to prevent mutual interference and to allow for 

intercommunication. The first operational radiocommunications standard, stating 
that ships must be provided a communications service regardless of the system 
deployed, was agreed at the London conference in 1912. 

For the provision of international regulations, the International Telecommunication 

Union (ITU) was set-up in 1932 which was then reorganised at the conference which 
took place at Atlantic City in 1947 and became a specialised agency of the United 

Nations (UN). The regulatory functions carried out by various ITU consultative 

committees were integrated and three sectors which are Radiocommunications 

(ITU-R), Telecommunication Standardisation (ITU-T) and Telecommunications 

Development (ITU-D) were created in 1992 [4]. 

The activities of the ITU falls into three main areas: radio spectrum management, 

consultation between telecommunications administrations and operators and 
technical assistance to developing countries. From the radio spectrum management 
point of view, among the major responsibilities of the ITU are to ensure that radio 
interference is avoided and that the spectrum and orbit resources are used efficiently. 
For these purposes, the Radio Regulations comprising articles, appendices, 

resolutions and recommendations are reviewed regularly at international World 
Radiocommunication Conferences (WRC). The Radio Regulations have the status 
of an international treaty and each government warrants that these regulations are 
respected by everybody under its jurisdiction [2]. 
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The articles and appendices in the Radio Regulations include the agreements and 

procedures regulating the allocation of frequency bands to services and the technical 

measures to be taken to increase the efficiency of the use of the radio spectrum. The 

Radio Regulations resolutions and recommendations cover a wide range of subjects. 

In general, they are used for declaring the decisions and intentions agreed at WRC 

and for initiating studies in preparation for the future conferences. 

In order to develop the Radio Regulations further, Study Groups (and their 

associated working groups, joint working parties and joint task groups) within the 

ITU-R undertake studies to investigate the use of the radio spectrum and satellite 

orbits in terrestrial and space radiocommunications. The results of these studies are 

presented in the form of draft ITU-R Recommendations which need to be approved 

by the member states to become ITU-R Recommendations. The implementation of 

the recommendations is not mandatory, however, as they are developed by the 

experts from national administrations, operators, industry and other organisations 

dealing with radiocommunications matters, their use is common worldwide. The 

ITU-R recommendations are divided into series according to the subjects they cover. 

The scarcity of the radio spectrum causes conflicts between those who have access 

to it and those without it. In addition, conflicts also arise between proponents of 

competing uses of the spectrum as well as those who manage it and those who use it. 

The nature of these conflicts may be commercial, political, physical and interference. 

For those whose needs have already been satisfied, spectrum management should 

assure the continuation of the existing status. Therefore, any modification could 

result in a conflict. On the other hand, for the newcomers, the principal aim of 

spectrum management is to eliminate the obstacles that prevent them from entering 

the competition [1]. 

To solve spectrum scarcity and orbit congestion problems, numerous conferences 

and symposia are held every year by a number of international organisations. In 

addition to the ITU, in Europe, the European Commission (EC), the European 

Conference of Postal and Telecommunications Administrations (CEPT), the 
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European Radiocommunications Committee (ERC) and European 

Radiocommunications Office (ERO) are involved in radio frequency management 

activities. 

Currently, the spectrum and orbit resources are treated as public in the international 

forum and no access fee mechanisms has been applied. The access to these 

resources are based on Table of Frequency Allocations of the Radio Regulations 

which is, as mentioned earlier, reviewed by all ITU member states at the regular 

conferences. However, on the national scene, the use of economic tools to overcome 

the spectrum congestion have been investigated. These include an analysis of the 

economic value of the spectrum, pricing the spectrum, allowing trading in spectrum 

and using competitions to grant spectrum [5]. 

In the US, Federal Communications Commission (FCC) deals with the national 

spectrum management issues [6]. Awarding licenses to the highest bidders was first 

implemented by the FCC in 1994 [7]. Currently, a number of methods are applied 

for granting licenses for the use of the radio spectrum including auctions and beauty 

contests (i. e. comparative evaluations). The economic implications of new licensing 

processes, in turn, makes the protection of a granted spectrum increasingly 

important. Spectrum monitoring and control equipment with an integrated spectrum 

management software are widely used in the field to measure channel occupancy and 

eliminate infringements due to interference [8]. 

In the Table of Frequency Allocations of the Radio Regulations, frequency bands in 

different parts of the spectrum (from 9 kHz to 275 GHz) are allocated for a number 

of radio services, giving the national administrations the opportunity to assign 

frequencies according to their individual needs. The formal definitions of "services" 

used in the Table of Frequency Allocations are given in the Radio Regulations 

Article 1 [9]. For the purposes of this research, the Fixed Satellite Service (FSS) and 

the Fixed Service (FS) are of particular interest. The Article 1 states that: 



Introduction 5 

" radiocommunication service is a service involving the transmission, 

emission and/or reception of radiowaves for specific telecommunication 

purposes. 

" fixed service is a radiocommunication service between specified fixed 

points. 

" fixed-satellite service is a radiocommunication service between earth 
stations at given positions, when one or more satellites are used. 

It is important to note that many frequency bands are allocated for more than one 

service, and are thus shared. As far as the protection from in-band interference is 

concerned, some services may not enjoy equal status in shared bands. The ITU 

recognises two categories of frequency allocation: primary and secondary. The 

Radio Regulations Article 5 states that the systems with secondary allocations 

should not cause interference to the systems with primary allocations and can not 

claim protection from interference from the systems with primary allocations. The 

systems within the same category, on the other hand, can claim interference 

protection from each other [10]. 

The use of sharing in the Allocation Table has grown greatly in recent years, in 

particular, since the introduction of satellite services. Currently, there are only few 

exclusive bands allocated to one service and some bands are shared by as many as 

six services. 

Sharing allows major frequency allocations to be made to new services without 

cancelling the existing allocations in the same part of the spectrum. This, in turn, 
implies that the available spectrum is re-used among different services, increasing 

the efficient use of the radio frequencies. However, sharing requires extensive 
feasibility studies into technical or operational compatibility between the services 
involved. Often, limits are placed on parameters of systems, such as the power of 

emissions and the transmitter and receivers antenna pointings to reduce the 

interference into negligible levels. These limits are referred as sharing constraints. 
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Trends in the emerging technologies are towards the deployment of devices with an 

ability to co-exist without excessive mutual interference [11-13]. 

In addition to the sharing constraints, a formal frequency co-ordination procedure 

could be applied in order to facilitate the spectrum sharing. The frequency co- 

ordination is invoked before a new system is introduced. During the co-ordination 

process, negotiations are undertaken between interested parties with a view to 

making system adjustments or defining operational criteria that will ensure a 

mutually satisfactory frequency sharing environment. Examples of where co- 

ordination is likely to arise include between satellite networks, satellite Earth 

stations and terrestrial services in the territory of a different administration, satellite 

and terrestrial services and terrestrial services of neighbouring administrations. 

It is also worth noting that, at an international level, it has sometimes been found 

convenient to allocate frequency bands to different services in different parts of the 

world although, in general, spectrum allocations are worldwide. For these purposes, 

the ITU divides the world into three regions. Each region is defined in the Radio 

Regulations Article 5 and illustrated in the following figure. 
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Traditionally, radio spectrum allocated to terrestrial radio systems operating within 

the FS are shared with geostationary satellite systems of the fixed satellite service 

(GSO FSS). In recent years, there has been a growing interest in the use of low 

Earth orbits (i. e. nongeostationary orbits) and several constellation of satellite 

systems are proposed for the provision of broadband data services. In order to 

encourage the competition and to increase the efficient use of the spectrum, World 

Radio Conference'95 (WRC'95) revisited the radio regulations and decided to 

allocate certain bands used by the FS and the GSO FSS systems to nongeostationary 

fixed satellite service systems (NGSO FSS) on a primary basis. 

It is the primary objective of this research to investigate the principles of the 

spectrum sharing analysis methods to be used for examining the implications of 

interference from the NGSO FSS systems into the GSO FSS systems and the FS 

systems operating/planned for operation in 

" Ku-band where Earth-to-space links (uplink) are set-up in the 14 GHz 

band and Space-to-Earth links (downlink) are established in the 12 GHz 

band 

Ka-band where Earth-to-space links (uplink) are set-up in the 30 GHz 

band and Space-to-Earth links (downlink) are established in the 20 GHz 

band. 

1.2 Fixed Satellite Service (FSS) Systems 

This section starts with a general description of Fixed satellite Service (FSS) system 
design parameters concerning with the use of the allocated frequency spectrum. It 

then moves on to consider system design technologies used in GSO and NGSO FSS 

networks, planned for Ku and Ka band frequencies. 

1.2.1 General Overview of FSS Systems 

A fixed satellite communication system comprises a space and ground segment. 
Satellites and all terrestrial facilities for the control and monitoring of satellites 
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constitute an FSS system space segment. User terminals and gateways providing 
interconnections with other networks form an FSS system ground segment. The key 

space and ground segment elements are described in the following sections with a 

view to review issues related to the frequency spectrum. 

1.2.1.1 Transponders 

A satellite transponder is the subsystem which takes the received signal and 

converts it to a form suitable for retransmission. In most instances, a transponder 

refers to a chain of equipment on board the satellite which lies in a direct signal path 
between two ground terminals. In terms of transponder functionality, there are two 

types of satellites: Transparent and Regenerative [14]. 

In a typical transparent satellite application, a received carrier is passed through an 
RF front-end comprising a band pass filter (to reject spurious signals entering the 

transponder) and a low noise amplifier (to compensate for losses introduced on the 

uplink). The signal is then split into separate channels by a bank of band-pass filters. 

The frequency translation is then applied to each channel by feeding a microwave 

mixer with the output of the filter and an on-board generated continuous wave signal 

produced by a local oscillator unit. After the mixer, a new band-pass filter is 

introduced to each channel to reject the unwanted mixing products. The filter 

outputs are then amplified by high-power amplifiers (HPAs). Each HPA operate at 

maximum efficiency near saturation where the linearity is poor. This results in an 
intermodulation distortion. In order to minimise the impact of intermodulation 

products, HPAs do not operate near saturation (i. e. power back-off is introduced) 

and each channel is band-pass filtered after the non-linear high power amplification 
by another bank of filters. The filtered signals are then recombined and fed into a 
downlink transmitter antenna [14,15]. 

It is worth noting that the amplification at a high frequency is more difficult to 

achieve than at a lower frequency. Therefore, the high power amplification is 

performed after the frequency translation where the resultant downlink signal 
frequency is lower than the received uplink signal frequency. 
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In some applications, transparent satellite design may employ different 

configurations where the positions of mixers, demultiplexer and amplifiers are 
interchanged [14,15]. Some transparent transponders may also take a dual 

conversion approach where an incoming signal is translated into a lower 

intermediate frequency before demultiplexing, amplification and translation to the 

downlink transmitter frequency. This takes advantage of easy amplification and 
filtering at lower frequencies at the expense of an increased transponder hardware 

cost. 

Regenerative satellites are employed to optimise the system capacity for applications 

where a flexible approach is required to meet the uplink and downlink traffic 

requirements. In a typical regenerative satellite application, an incoming signal is 

transmitted through an RF front-end and demultiplexed into a number of channels. 
At this stage, the downlink frequency translation process used in the transparent 

satellite design is replaced with downconversion to an intermediate frequency and 
demodulation to baseband on each channel. Processing is then performed on the 

baseband stream using baseband processors. The processing typically involves 

decoding, switching, routing, re-encoding and buffering. The processed data are 

then remodulated, upconverted to the transmit frequency and transmitted through a 
high power amplifier and a filter before recombined and fed to a downlink 

transmitter antenna [14-17]. 

The main advantage of employing regenerative satellite design is that an overall link 

degradation is not cumulative as it is in a transparent design since the uplink and 
downlink are considered independently. The major trade-off, on the other hand, is 

an increased satellite complexity due to the hardware and software requirements to 
implement on-board processing. Transparent and regenerative transponder 

configurations are illustrated in Figure 1.2. 
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Figure 1.2: Transparent and Regenerative Configurations 

1.2.1.2 High Power Amplifiers 

Two types of power amplifier are used on satellites: Travelling Wave Tube 

Amplifiers (TWTAs) and Solid State Power Amplifiers (SSPAs). TWTAs operate 

by interaction between an electron beam and the radiowave. They satisfy the need 

for broadband capability, high output power and high efficiency (i. e. the ratio of 

radio frequency output power to electric power consumed). Therefore most satellite 

transponders today employ TWTAs as their main power amplifiers. 

As power on-board the satellite is at a premium, it is desirable that TWTAs be 

operated as efficiently as possible, i. e. close or at saturation. However, this 

operation mode introduces non-linearity distortions due to non-linear relationship 
between output amplitude and phase and input amplitude. These include 

degradation of the bit-error-rate (BER) of the system (due to intersymbol 

interference) and spectral spreading of the transmitted signal which causes adjacent 

channel interference. In addition, when a number of carriers are at present at a given 
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transponder the output/input non-linearity causes intermodulation products. In these 

circumstances, input power to the amplifier is backed-off (i. e. input power is reduced 

relative to its value at saturation) resulting in reduced transmitter power which, in 

turn, represent a penalty, in particular, when transmitting to small Earth stations. 
Typically, TWTAs provide around 50 dB gain at saturation and their output powers 

are about 100 watt [17-21]. 

In general, SSPAs employ silicon bipolar transistor and GaAs MESFET. These 

amplifiers offer lower maximum output power and efficiency than TWTAs. 

However, they have the major advantages of greater linearity, higher reliability, 
lower mass and lower DC power supply requirements as compared to TWTAs. At 

Ku-band frequencies, recent improvements in SSPA technology has enabled power 

values around 30 watt to be achieved using GaAs MESFET components [22]. 

1.2.1.3 Earth Stations 

Earth stations forming a ground segment of a typical FSS system comprise antenna, 

receiver and transmitter equipment [14,15]. In Ku and Ka band applications, it is 

desirable that the Earth station receive antenna provides sufficient low noise gain 

and an efficient pointing capability. The receiver low noise front-end combined with 
the antenna amplifies the weak satellite signals to enable the following receiving 

stages (including demultiplexing, demodulation and baseband processing) to 

perform their functions with an adequate carrier-to-noise ratio. In the case of an 
Earth station transmitter, the multiplexed signals are modulated and upconverted to 

produce low-level output carriers in the appropriate uplink frequency band. The 

resultant upconverted signals are then amplified, filtered and combined to give a 

unified output to the transmit portion of the antenna feed. Depending on the 

terminal size, the power amplifiers range from SSPAs of a few watts output power 
to large TWTAs with output powers around hundreds of watts. 

There are three key Earth station design parameters: antenna size, low noise 

amplifier noise temperature and high power amplifier output power. The ratio of the 
first two parameters is called "figure of merit" which is directly related to the 
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receiver Carrier-to-Noise ratio (C/N) and denoted by G/T. A three way balance 

needs to be struck between these parameters in that the antenna size and noise 

temperature should satisfy the Earth station receiver G/T requirement while antenna 

size should ensure that expensive high power amplifiers are not required to provide 

the required EIRP when transmitting to the satellite [ 14,15]. 

The elevation angle of an Earth station is the angle between the directions to the 

satellite and the horizon. When an elevation angle is too small, signals travel 

through much of the Earth's atmosphere and are degraded by high atmospheric 

attenuation and, in particular, high attenuation due to rainfall in Ku and Ka band 

[23]. 

Earth stations are distinguished by their size which varies according to the volume of 

traffic to be carried on the link [24]. The terms of fixed and transportable are also 

used to categorise FSS Earth stations. The definitions given in the Article 1 [9] state 

that the FSS provides radiocommunication service between Earth stations at given 

positions which may be specified fixed points or any fixed points within specified 

areas. Therefore, fixed and transportable Earth stations which are operated only 

when they are stationary within a specified area are included within the definition. 

Small Earth stations providing a service directly to the user at a geographic location 

covered by a satellite beam are called very small aperture terminals (VSATs). 

VSATs do not require support from local terrestrial networks and can be powered 

from a portable supply and, therefore, could be transportable. The main advantages 

of VSAT networks include easy and rapid deployment, easily added or removed 

additional terminals and distance insensitive connection costs. Typically, a VSAT 

receiver comprises a parabolic antenna with a diameter less than 2m, mostly 60cm to 

90cm, an outdoor unit including low-noise amplifier and downconverter and an 

indoor unit containing demodulator and decoder. In the transmitter case, an indoor 

unit includes encoder and modulator while an outdoor unit contains upconvertor and 

solid state power amplifier with a saturated output about a few watts [14,15,25]. 
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1.2.1.4 Satellite Orbits 

13 

The orbit is the trajectory followed by the satellite in equilibrium between two 

opposing forces which are the force of attraction due to Earth's gravitation and the 

centrifugal force associated with the curvature of the satellite's trajectory, as 

illustrated in Figure 1.3 [26]. 
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Figure 1.3: Forces Determining Satellite Trajectory 

It is worth noting that the closer the satellite to the Earth, the stronger is the Earth's 

gravitational pull and the faster the satellite travels. 

Amongst the factors that influence the FSS system orbit selection are the nature of 

services to be provided and their delay and data throughput requirements, the 

anticipated traffic levels and their geographical distributions, platform size and cost 

requirements and propagation factors. The orbits may be circular or elliptical. An 

elliptical orbit enables the satellites to spend a large fraction of orbital period over 

the regions located under the apogee. For a circular orbit, the altitude of the satellite 
is constant and equal portions of the orbital period is spent over the regions covered. 
The orbit may also have an inclination with respect to the equatorial plane to provide 

an optimum coverage for targeted regions of latitudes. In this context, the optimum 

refers to the probabilities associated with visibility of one, two or more satellites 
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with elevation angles greater than some specified operational minimum angle. 
Multiple inclined orbital planes generally provide a dense coverage over latitudes 

where highest traffic density is expected [23,24,26]. 

FSS systems may be deployed in three types of satellite orbits: Geostationary Earth 

Orbit (GEO), Medium Earth Orbit (MEO) and Low Earth Orbit (LEO). 

The GEO is a circular orbit in the equatorial plane with an orbital height of 35,786 

km. For the GSO FSS satellites, the orbital period is equal to the Earth's rotation 

time and, therefore, they appear to be stationary from the Earth. The footprint (i. e. 

geographical area coverage) of the GSO FSS satellite covers approximately 45% of 

the Earth's surface from about 75 degrees south to about 75 degrees north latitude. 

Therefore, a near global coverage can be achieved with three satellites in orbit [27]. 

In recent years, satellite operators have expressed a growing interest in the use of 

slightly inclined geostationary orbits for the provision of communication 

services [28]. 

The MEO is either elliptical or, more usually, circular at an altitude of around 10,000 

km with an orbital period of approximately 6 hours. The maximum amount of time 

during which a satellite in a circular MEO is above the local horizon for an Earth 

station on the surface of the Earth is in the order of hours. Typically, an NGSO FSS 

system using MEO requires a modest number of satellites (<_ 20) operating in 

multiple inclined orbital planes (S 4) to provide global communications services. 

Similarly, the LEO is either elliptical or, more commonly, circular at an altitude of 
less than 2000 km above the surface of the Earth. The orbit period at these altitudes 
is approximately less than 2 hours. For an Earth station operating within an NGSO 

FSS system deployed in a LEO, a given satellite is visible for less than 20 minutes. 
Therefore, when a satellite serving a user moves below the local horizon a handover 

to a succeeding satellite in the same or adjacent plane is required. A global NGSO 

FSS system deployed in LEO, typically, requires a large number of satellites (<_ 300) 

within a number of inclined orbits (<_ 20). Figure 1.4 shows illustrative GEO, MEO 

and LEO orbits. 
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Figure 1.4: FSS System Orbits 
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It is worth noting that few satellite systems use circular orbits with altitudes between 

2000 km and 9000 km. This is due to the harsh radiation environment associated 

with Van Allen radiation belts located at these altitudes [23]. The relative 

advantages and disadvantages of each FSS orbit are summarised in Table 1.1. 
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II Advantages Disadvantages 

GEO 1) Very large coverage area (- 45% of total 1) Large slant path requiring relatively high 
Earth surface at 00 elevation), and, satellite and Earth station EIRP, 
therefore, few satellites (-3) for 
achieving global coverage, 2) Large slant path introducing long 

propagation delay (120 millisecond for 90° 
2) Low satellite-induced Doppler frequency elevation, 140 millisecond for 0° elevation). 

offsets and, therefore, efficient use of 
spectrum with a minimum interchannel 
guard bands. 

MEO 1) Large coverage area (-80% of the GEO 1) Doppler frequency offsets are larger than 
coverage at 00 elevation), GEO due to the higher relative satellite 

2) Lower range loss than GEO and, motion, 
therefore, relatively lower satellite and 2) Larger number of satellites than GEO for 
Earth station EIRP, providing continuous global coverage 

3) Lower propagation delay than GEO 
allowing system design for voice 
communications(at a 10,000 km altitude, 
34 millisecond for 90° elevation, 51 
millisecond for 00 elevation), 

4) Less frequent intersatellite handover than 
required for LEO. 

LEO 11) Lowest range allowing lowest satellite I 1) Very high orbital velocity leading to large 
and Earth station EIRP requirement, Doppler frequency offsets, 

2) Lower propagation delay relative to both 
GEO and MEO, latency comparable with 
long distance terrestrial links (at a 700 
km altitude, 2.3 millisecond for 90° 
elevation, 10.3 millisecond for 0° 
elevation). 

2) Low altitude resulting in small satellite 
coverage (. -30% of the GEO coverage at 00 
elevation), 

3) Larger number of satellites than GEO and 
MEO for providing continuous global 
coverage, 

4) Relatively higher probability of satellite 
handover as satellites remain visible for a 
few minutes. 

Table 1.1: Comparison of FSS Orbits 

Satellites in orbit may employ antennas forming a single beam covering a large 

geographical area or multiple spot beams each with smaller area coverage. Antenna 

beamwidth is usually used to refer to the angle between the directions in which the 

antenna gain falls to half its maximum value. 

After this brief introduction, a summary of GSO FSS and NGSO FSS technologies 

employed in designing Ku and Ka band system constellations that are either in 

operation or being planned is provided together with the type of new services offered 
in the following sections. 
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1.2.2 GSO FSS Systems 

The first commercial GSO FSS satellites were employed in C-band (6/4 GHz), 

where 6 GHz is the approximate uplink frequency and 4 GHz is the downlink, 

because radio equipment was readily available for this frequency band. This was 

followed by migration to Ku-band in the 1980s due to the lack of existing spectrum 

at lower frequencies coupled with C-band orbital slot congestion. Today, the Ku- 

band frequencies are widely used and systems are planned for Ka-band deployment. 

Both Ku and Ka band system characteristics are reviewed in the following sections. 

1.2.2.1 Ku-band System Characteristics 

Currently, global satellite operators including Eutelsat, Astra, Panamsat and Intelsat 

as well as regional commercial satellite systems (for example, Italsat, Turksat, 

Chinasat, Brasilsat and Satmex) use Ku-band spectrum to provide fixed satellite 

services [29]. 

Ku-band GSO FSS satellites are equipped with multiple (typically, between 12 and 

52) high power transponders each comprising transmitter and receiver equipment 

with typical bandwidths in the range 24 MHz to 72 MHz [17-20]. Most Ku-band 

transponders are transparent. The first commercial satellite, called Hot Bird 4, with 

an on-board processing unit operating in Ku-band was launched by Eutelsat in 

February 1998 [17,30]. 

A transponder's available power and bandwidth are shared among a number of 

different carriers by employing conventional multiple access techniques, such as 

frequency division multiple access (FDMA), time division multiple access (TDMA) 

and code division multiple access (CDMA). These techniques may also be used in 

combination to provide efficient schemes for various traffic demands. In general, 

each carrier sharing the transponder may itself represent data from multiple users. 

Resources divided by frequency, time and codes may be assigned to the multiple 

sites permanently (fixed assignment) or dynamically based on the traffic (demand 

assignment). Fixed assignment is simple in implementation and leads to lower delay 

in connection set-up but does not achieve full bandwidth utilisation. Demand 
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assignment makes efficient use of the spectrum, however, it requires more complex 

network protocols and causes longer connection set-up delay with a non-zero 

blocking probability [25,31,32]. 

In a typical Ku band GSO FSS system, a satellite is located at a single orbital 

position on the geostationary arc to provide fixed multiple widebeam coverage over 

a very large geographical area. In addition to the multiple fixed widebeam transmit 

and receive coverage, steerable beam coverage may also be employed to establish a 

single satellite hop links between different geographical areas. The satellite payload 

equipment, therefore, includes fixed and steerable antennas with diameters, 

typically, within the range Im to 3m. In order to maximise the system capacity, 

transponders support orthogonal polarised carriers [17-20]. 

In the following figure, the Eutelsat Atlantic Bird satellite (planned to be launched in 

2001) multibeam downlink coverage map is illustrated [17]. 

Figure 1.5: Example Multibeam Satellite Downlink Coverage 

Ku band GSO FSS Earth stations may be connected to the end-user directly, for 

example VSATs, or via terrestrial networks. Depending on the type of applications 



Introduction 19 

to be supported, Earth station antenna diameters satisfying G/T and EIRP 

requirements may be as large as 10m. Typical G/T values are 25 to 35 dB/K and 

typical EIRP levels are 50 to 85 dBWper carrier [17-20]. 

In general, Ku-band VSAT terminals are used in networks of related users, for 

example, to establish private business networks to link offices of a global 

organisation distributed over a large geographical area. Corporations in banking, 

retail, transportation, financial services and energy industries employ VSAT 

networks for primarily data services which are less sensitive to transmission delay 

[251. Two basic network topologies illustrated below are used by VSAT networks. 
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Figure 1.6: VSAT Network Topologies 

In the mesh topology, VSAT terminals communicate with each other using direct 

paths through the satellite and, therefore, transmissions require only single satellite 
hop. In the star topology, all VSAT communications go through a hub station which 
is usually a relatively larger Earth station where, for example, data processing is 

carried out or central archive is stored. Using the star topology, VSAT-to-VSAT 

communications links are established with two satellite hops. It is worth noting that 

applications requiring little VSAT-to-VSAT communication, for example, if a hub 

station is located with a corporate headquarters and nearly all VSAT 

communications are to and from the headquarters, the use of star topology is an 

efficient solution. VSAT terminal transmit and receive data rates are limited by the 
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antenna size (typically less than Im) and the capability of the transmitter amplifier 

(typically, SSPA with an output power of few watts). Higher data rates are generally 

achieved using the star topology by employing large antennas and transmitter 

amplifiers at hub stations. In general, VSAT terminals transmit rates are 64 kbps to 

512 kbps and the receive rates are between 64 kbps and 6 Mbps [25]. 

1.2.2.2 Ka-band System Characteristics 

The first experimental Ka-band satellite (CS-2A) was launched by Japan in 1983 

with a mission to quantify the potential rain attenuation at Ka-band frequencies. 

Later, the Olympus technology demonstration satellite developed by European Space 

Agency (ESA) was launched in 1989. This was followed by the development of 

Italsat 1A and IB satellites, launched by Italy in 1991 and 1996, to demonstrate the 

operational capabilities of Ka-band satellites. Research into possible use of Ka-band 

was further progressed by NASA's Advanced Communications Technology Satellite 

launched in 1993 and Japan's Communications Engineering Test Satellite launched 

in 1997 [33-35]. Meanwhile, a constellation of Ka-band GSO FSS satellites 

providing near global coverage was proposed by Hughes Systems [36,37]. 

Following that, an announcement was made by the US administration inviting Ka- 

band satellite applications with a filing deadline in November 1995. A total of 

twenty-three applications were made, some with global coverage, some limited to 

domestic US coverage, involving eighty-two geostationary satellites and over five 

hundred non-geostationary satellites. By 1998, fifty projects that required over three 

hundred geostationary orbit locations were filed with the ITU [29,38,39]. 

In line with these developments, existing global GSO FSS Ku-band operators made 

attempts to make use of the high capacity offered by the Ka-band to meet increasing 

bandwidth requirements resulting from demand for multimedia applications. For 

these purposes, new satellites designed to support both Ku and Ka band carriers have 

been ordered where the cross-connections between the Ku and Ka band coverage 

areas are established by coupling the corresponding carriers from both bands 

[17-19]. Astra-1H launched in June 1999 is the first commercial satellite employing 
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transparent Ka-band transponders to provide broadband interactive multimedia 

services [ 18,40]. 

The primary concern in Ka-band satellite system design is that of overcoming rain 

fade. In general, proposed GSO FSS system designs seek to provide high link 

margins to overcome rain fading by employing high EIRP on board the satellite [38]. 

Therefore, many of Ka-band GSO FSS systems intend to employ regenerative 

satellites and the proposed constellation designs are based on the use of intersatellite 

links, digital beam forming networks producing multiple spot beams and digital 

processors for switching traffic among beams [21,29,33,36,40-44]. 

Intersatellite links are used to ensure global interconnectivity. The use of these links 

to provide long range communication between GSO FSS satellites reduces end-to- 

end transmission delay relative to the use of multi satellite hop connections 

involving terrestrial links. It is noted that establishing intersatellite links to nearby 

(within few degrees in longitude) satellites of other compatible GSO FSS satellite 

networks is also proposed in order to increase the global interconnectivity. In 

addition, dual-frequency Earth stations capable of communicating with compatible 

GSO FSS systems are planned to be able to access to the services provided by other 

systems [21]. 

The use of Ka-band frequencies for satellite applications imply relatively higher 

bandwidth carriers and require increased satellite EIRPs to compensate for increased 

fading. These features, in turn, have led to the possible requirement for a satellite 

antenna to radiate a large number of narrow spot beams where power and bandwidth 

resources are focused on the areas where they are needed [23]. In general, Ka-band 

GSO FSS system design proposals include multiple transmitter and receiver 

antennas (-4m in diameter) each with an offset reflector fed by an array of feed 

elements which are used to generate high power, shaped, multiple spot beams up to 

hundred per satellite. Alternative future antenna technology is the use of direct 

radiating phased array antennas where all the radiating elements contribute to each 
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of its spot beams [14]. These spot beams enable the systems to meet high data rate 

demand of densely populated areas [40]. 

It is worth noting that, in the presence of many beams, providing beam-to-beam 

connections is a complex procedure [38]. There are several methods proposed to 

achieve connectivity between different beams. The beam switching method is based 

on providing multiple switches on board the satellite to interconnect each spot beam 

to any other spot beam. This method becomes highly inefficient when there are 

more than a very few spot beams as the amount of hardware required increases 

significantly. An alternative method suggests that the address of the recipient could 

be included in the transmission as a header. The signal can then be demodulated to 

determine the destination. It is further suggested that the demodulation process 

could be implemented either on board the satellite or by relaying the signal to a 

gateway Earth station where signal is demodulated and the required information is 

transmitted back to the satellite. The first approach eliminates the need for the 

double hop at the expense of adding complexity on the satellite. 

In general, the spot beams are positioned on a regular matrix and overlap at a 

crossover point close to their nominal half power beamwidth to afford contiguous 

coverage of the service area. The beamwidths are typically less than a degree and 

orthogonal polarisations are used to increase the system capacity [14,15,38]. It is 

worth noting that the use of dual polarisation may affect the unavailability of the 

links in comparison to single polarisation due to depolarisation induced interference 

resulting from adverse propagation characteristics [45,46]. Figure 1.7 shows an 

illustrative geostationary satellite contiguous spot beam coverage. 
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Figure 1.7: Illustrative Spot Beam Downlink Coverage 

The use of very small spot beams also allows the high level of frequency re-use. For 

example, a proposed four-cell frequency re-use pattern ensures that no adjacent 

beams have the same frequencies allocated to them, and that every beam is isolated 

from a co-frequency beam by at least one beam spacing as illustrated in the 

following figure [21,381. 

Figure 1.8: Four-cell Frequency Re-use Pattern 

In general, beams are assigned a nominal wide bandwidth (for example, about 
100MHz) to support multiple users operating within each service area. The use of 
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multiple beams and intersatellite links together with the ability to switch the traffic 

among beams suggests that a signal received by one satellite may be relayed back to 

the same beam, switched to another beam or relayed by intersatellite links to other 

satellites [43]. Intersatellite links are designed to operate in 60 GHz band. 

In order to minimise the significant propagation impairments resulting from 

atmospheric and rain effects experienced at the Ka-band, the selection of satellite 

orbit locations on the geostationary arc must ensure that high elevation angles from 

the GSO FSS Earth stations are maintained. This, in turn, implies that, at least one 

GSO FSS satellite should be viewed at sufficiently high elevation angles from a 

large proportion of the land areas of the Earth. 

Ground segment of Ka-band GSO FSS networks comprises user terminals and 

gateway stations [21,35,41,42,44]. Different types of user terminals are used 

depending on the capacity requirement, location within the service area, elevation 

angle to the satellite and required service quality. It is noted that user terminals are 

planned for installation at customer premises for both residential and business 

applications. Typically, user antenna diameters range from 50 cm to 2 m. Primary 

reasons for using larger antennas are to overcome transmitter power limitation, to 

provide higher link availability for critical applications and to improve system 

availability in high rainfall regions and high latitude areas. 

In most cases, Ka-band GSO FSS networks facilitate user terminal uplink power 

control in order to maximise their spectrum efficiency. Each user terminal adjusts 

its transmitter operating power based on the received signal from the satellite. It is 

worth noting that the user terminal transmitter power is a function of the path 

attenuation which is dependent on the range from the ground station to the satellite 

and propagation fading mechanisms, in particular rain [38,40]. 

Ka-band gateway Earth stations are used to provide interconnection between the 

satellite network and terrestrial communication networks. Typically, each satellite 

coverage area includes at least one gateway with relatively larger antennas (-2.5 m 
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to 5m in diameter) using transmitter power level about tens of 

watts [21,36,41,42,44]. 

A number of Ka-band system configurations offering interactive communications 

are illustrated in the following figure. 
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Figure 1.9: Ka-Band Configurations 

Using the first configuration, it is possible to establish connection between any two 

or more terminals within the system. A typical application employing this approach 

may be provision of a private network for a global corporation. In the second 

configuration, connectivity between gateway and user terminals is provided through 

a satellite. This configuration may be used to support interactive data, video and 

audio applications. The third configuration where the return path is carried typically 

via the public switched telephone network may be suited for internet service 

providers to offer point-to-point and point-to-multipoint services as a typical internet 

link is asymmetric involving little amount of transmission in one direction and 

potentially large amounts of data in the opposite direction. It is worth noting that, in 

general, elements of the above configurations are combined to meet a given 
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requirement [47]. It should be noted that although it is possible to provide two-way 

communications using the first and second configurations with existing Ku-band 

VSAT technology, the Ka-band offers opportunity for high capacity. 

Ka-band system proposals indicate that the networks will employ low order 

modulation techniques (for example, QPSK). The higher order modulation schemes 

(for example, 64-QAM) requires relatively higher carrier-to-noise ratios which is 

difficult to achieve as the Ka-band systems are power limited due to limitations on 

the satellite and Earth station power amplifiers and the relatively high levels of rain 

fading [21]. 

1.2.2.3 System Applications 

From a potential applications point of view, the advantages of GSO FSS systems 

include wide area coverage, global reach potential, fast set-up and reconfiguration of 

customer services and availability where terrestrial alternatives are non-existent or 

poor [48]. Capacity offered by GSO FSS networks [17-21,36,41,42,44] is used to 

support a range of applications. These include: 

9 Backbone links for network operators and internet service providers supporting 
broadband services including internet access, videoconferencing, direct-to-home 

multimedia applications, telemedicine and distance learning. 

" Capacity for private business network operators providing high speed networks 
for global organisations to support services including local area/wide area data 

network connections, corporate intranets and extranets, business 

videoconferencing between office locations, business data services (hotel, airline 

reservations, retail and banking), inventory tracking, inter-office file transfers 

and paging. 

" Links for the extension of existing terrestrial networks to remote locations to 

provide basic telecommunications services. 

" Capacity for Ku-band VSAT networks typically used to link together multiple 

store, factory and office locations of global organisations (for example, 
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manufacturers, corporations and supermarket chains) in private communications 

networks. Typical VSAT applications include credit authorisation, inventory 

control, fleet management, shipment tracking, electronic payment transactions, 

on-line trading, file/software updates, database access, pipeline monitoring, 

power line monitoring, internet access, corporate-mail, LAN internetworking, 

distance learning and brokerage services [25,49]. 

9 Provision of bandwidth-on-demand capability to provide interactive last-mile 

connections direct to customer premises. These connections are planned to be 

asymmetric Internet Protocol (IP) based Ka-band high speed two-way 

communication links where a star topology is formed between user terminals, the 

satellite and gateway stations providing connection to external networks. Global 

multimedia services offered include high speed direct internet access via 

satellite, interactive television [50], telebanking and investment services, 

multicasting where multimedia content (news, music, video, scientific data) is 

distributed dedicated user groups [51], interactive on-demand applications, 

monitoring remote data (environment, utility, security surveillance), database 

access (medical data, financial and business information), interactive tele- 

training. 

1.2.3 NGSO FSS Systems 

Deregulation of telecommunication services led to structural changes which created 

opportunities for the use of non-geostationary orbits to provide global satellite 

communication services. NGSO FSS constellations are a new type of system aiming 

to provide broadband satellite services to fixed or portable terminals [38,40,43,52]. 

A number of NGSO FSS systems proposing to operate at Ku and Ka band 

frequencies have been filed with the ITU and FCC since early 1990s. These include 

Skybridge, Ku-band LEO constellation comprising 80 satellites; Teledesic, Ka-band 

constellation consisting of 288 LEO satellites; @Contact, Ka-band constellation 

consisting of 16 MEO satellites; Spaceway-NGSO, Ka-band MEO constellation 

comprising 20 satellites; Rostelesat-N, Ku-band LEO constellation of 91 satellites; 
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Rostelesat-V, Ka-band MEO constellation consisting of 24 satellites; UsaKu-Ll, 

Ku-band LEO constellation of 80 satellites; UsaKu-M1, Ku-band MEO constellation 

comprising 20 satellites [53-58]. Many of these systems are still at the planning and 

fund raising stage. The best known NGSO FSS proposals under development with 

an increased likelihood of near future deployment are the Skybridge and Teledesic 

systems [38,40,43,52,59]. 

1.2.3.1 System Characteristics 

Key NGSO FSS constellation design parameters include number of orbital planes, 

orbit altitude and inclination, number of satellites in each orbit, orbit spacing and 

relative phasing between satellites in adjacent orbital planes. These parameters 

together with operational system characteristics determine geographical area over 

which continuous system coverage is provided [52,54-56,60]. 

The primary objective of the system design is to provide sufficient coverage using 

the minimum number of satellites. For example, Skybridge, which is a constellation 

of 80 Ku-band LEO satellites in 20 circular planes each at 1469 km altitude and 

inclined at 53°, is designed to provide continuous coverage in the ± 68° latitude band 

[53] while Teledesic, comprising 288 Ka-band LEO satellites in 12 slightly elliptical 

near polar orbital planes each at a nominal altitude of 1380 km and inclined at 84.7°, 

is planned for covering ± 72° latitude band continuously [54]. Figure 1.10 illustrates 

both constellations. 
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Figure 1.10: Skybridge and Teledesic Constellations 

The use of multibeam satellites orbiting inclined multiple planes is a common 

approach taken by NGSO FSS system proposals [53-58]. Typically, the number of 

spot beams is in the order of tens per satellite in both uplink and downlink 

directions. Spot beams are, in general, produced by direct radiating arrays (i. e. 

phased arrays). These beams enable the system to use its limited power resources 

efficiently in providing sufficient degree of service quality. Each spot beam is 

dynamically assigned to illuminate a service area of typically a few hundred 

kilometre radius. This approach allows the system to re-use the allocated 

frequencies over sufficiently separated service areas. 

It is worth noting that if small service areas were swept by LEO satellite nadir 

pointing fixed beams, the ground terminals would be served only a fraction of the 

satellite orbital period before traffic is handed over to other satellites. Frequent 

traffic handover limits the system capacity and implies increased processing costs. 

Therefore, NGSO FSS systems commonly employ an Earth-fixed service area design 

where spot beams are continuously steered over the service areas in order to remain 
fixed with respect to the ground. The ground terminals within each service area 
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track the serving satellite as it moves across [53-58]. This approach is illustrated in 

the following figure. 
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Figure 1.11: Spot Beam Steering 

In a slightly different system design approach, satellites are designed to create a 

fixed contiguous beam pattern over the areas covered by their footprints [55,58]. In 

these constellations, a fixed pattern is locked onto a service area and steered to 

remain fixed as satellite orbits in its orbital plane, as shown in Figure 1.12. 
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In most cases, NGSO FSS system design ensures that there is more than one satellite 

visible to a given location on the surface of the Earth. By allowing more than one 
beam from different satellites to cover the same service area, it is proposed that 

increasing capacity demands from highly populated service areas are to be satisfied 
[53-56]. 

Traffic handover between satellites are required for a number of reasons. These 

include geometry (for example, there is a satellite with a better elevation angle), 

propagation (for example, local clutter obstructs the link) and interference mitigation 
(for example, there is a satellite eliminating potential interference into other 

networks) [53]. High attenuation, terrain blocking and other existing terrestrial 

networks make reliable communication between NGSO FSS satellites and ground 

terminals operating at low elevation angle very difficult. Therefore, system 

proposals are incorporated with minimum operational ground terminal elevation 

angle requirements, typically between 100 and 400 [53-58]. 

A low Earth orbit altitude together with a high minimum elevation angle results in 

limited coverage areas which are being served by each satellite short periods of time. 

This implies an increased number of handovers which, in turn, suggests an increase 

in the number of satellites required for global continuous coverage [61]. Depending 

on the type of transponder used in the constellation, the handover process is 

implemented by gateway Earth stations and/or by on-board processing satellites. 

In order to satisfy the traffic hand-over requirements, constellations are designed to 

ensure that there will always be at least one satellite available (not only visible) to 

which traffic can be switched at any time a given satellite becomes unavailable. 
This is achieved by stabilising the satellite constellations to produce repetitive 

ground tracks and, therefore, the position of the satellites in view from a given 
location is predetermined over the lifetime of the system [53]. 

Service areas covered by spot beams are populated with fixed and transportable user 
terminals of different sizes and gateway Earth stations. The gateway Earth station 
locations are selected to provide unobstructed view towards the satellites. They 
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provide connections to system control and monitoring centres and enable the NGSO 

FSS system to communicate with other networks. User terminals are primarily 

installed on rooftops to minimise the effects of obstacles limiting line-of-sight to 

satellite positions. Both gateways and user terminals employ directional antennas 

which, in turn, reduces the potential multipath problem caused by the reflection of 

signals from the local clutter [53-58]. 

In general, the use of mechanically steered multiple ground terminal antennas is 

proposed to enable the systems to implement satellite handover [53]. An alternative 

approach suggested is to employ active phased array ground terminal antennas with 

fast re-positioning or with dual beams [55,56]. The downlink and uplink carriers 

are shared among the ground terminals according to the multiple access scheme 

combinations employed within the systems to make efficient use of limited 

bandwidth and power resources. 

The required space and ground segment antenna sizes and transmitter power levels 

are determined by the operating frequency (i. e. Ku or Ka band), amount of traffic to 

be supported, terminal locations within the satellite footprint, availability 

requirements and type of orbit satellites operating (i. e. LEO or MEO). For example, 

the Spaceway system (Ka-band MEO) proposes to employ 32 cm user antennas with 

4 watt solid state power amplifiers (SSPAs) to support data rates up to 2 Mbps, 52 

cm antennas with 6 watt SSPAs for data rates up to 10 Mbps and 2m antennas with 

25 watt SSPAs for data rates up to 155 Mbps. The system supports four phased 

array antennas at each satellite, two for transmit with 1.2 m apertures and the other 

two for receive with 0.8 m apertures [56]. 

In addition, NGSO FSS systems are generally designed with capability of varying 

satellite power levels and transmitter antenna gains to ensure a constant power flux 

density for each service area within a satellite footprint (i. e. to compensate for an 
increased path loss when serving service areas located near nadir and edge of the 

satellite footprint) [53-56]. For example, in the Skybridge (Ku-band LEO) 

constellation [53], the maximum satellite transmitter antenna gain for a service area 
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located at satellite nadir point is 15 dBi. The gain is increased to 22.8 dBi for the 

service area located at the edge of the satellite footprint. Similarly, the satellite 

transmitter power level is increased from 1.5 to 4.5 watt for the 45 MHz carrier used 

in transmissions to the user terminals located in service areas around nadir point and 

edge of satellite footprint, respectively. 

It is worth noting that Automatic Transmitter Power Control (ATPC) is commonly 

employed at NGSO FSS ground terminals, and at the satellites in some proposed 

systems [53,55], so that the minimum amount of power is employed to carry out 

transmissions. When fading events occur (for example, under rain conditions) 

transmitter power is increased to compensate for the additional loss. The use of 

ATPC minimises power consumption under clear-sky conditions and, therefore, 

eases the spectrum sharing with other networks by reducing the potential 

interference [53-56]. 

Since NGSO FSS transmitters require EIRP levels less than those required by GSO 

FSS transmitters due to relatively short communication links, solid state power 

amplifier modules are proposed as high power amplifiers [53-56]. As mentioned 

previously, although these amplifiers produce less maximum output power in 

comparison to travelling wave tube amplifiers, they achieve greater linearity and 

higher reliability. In addition, solid state power amplifier technology enables small 

volume and mass amplifier components to be built which, in turn, reduces the 

satellite weight [14,15,22]. 

As far as typical amplifier output values are concerned, for example, Teledesic 

(Ka-band LEO constellation) user terminals (located at satellite nadir) with 35 dBi 

gain employ transmitter power of 0.8 watt and 9.2 watt under clear sky and rain 

conditions, respectively, for the transmission rate of 4.8 Mbps. The gateway 

transmitters (located at satellite nadir) with 54 dBi gain use 1.1 watt and 12.1 watt 

under clear sky and rain conditions, respectively, for the corresponding data 

transmission rate of 340 Mbps. In addition, satellite carriers supporting 680 Mbps 

transmission rate to user terminals employ 45 watt transmitter power and carriers 
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destined for gateway receivers with 340 Mbps transmission rate require 1.3 watt 

satellite transmitter power under both clear sky and rain conditions and for any 

terminal locations within the satellite footprint as ATPC is not employed in the 

downlink direction [54]. It is noted that @Contact (Ka-band MEO constellation) 

user terminals (located at satellite nadir point) with 41.9 dBi gain transmit 1 watt 

under clear sky and 21.87 wall for rain conditions to support transmission rate of 3.1 

Mbps [55]. Comparison of Teledesic and @Contact user uplink power and antenna 

size values indicates the need for relatively larger user terminal EIRP requirement to 

support similar data transmission rates (using the same modulation technique, 

QPSK) when the constellation is designed for MEO. 

1.2.3.2 Network Configurations 

In NGSO FSS constellations employing transparent satellites [53,57,58], each 

uplink and downlink beam produced by, in general, phased array antennas are 

coupled via a transponder providing amplification, filtering and frequency 

conversion. All monitoring and control functions together with the allocation of 

satellite beams to different service areas are implemented on the ground using 

network operations control centre and gateway Earth stations. Transparent systems 

support direct links between user terminals and gateways (i. e. service links), and 

between gateways (infrastructure links), as shown in Figure 1.13. 
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Figure 1.13: Links Supported by Typical Transparent NGSO FSS System 
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Service links interconnect a user terminal with an appropriate gateway providing the 

last mile connection between a user and other networks. Infrastructure links allow 

gateways placed at locations where there are not adequate terrestrial infrastructure to 

access terrestrial networks through another gateway. User terminal-to-user terminal 

interconnections within the same service area are established via a gateway using 
double hop to the satellite. In situations where both user terminals are not in the 

same service area, links are established through gateways and terrestrial networks. 
In general, systems are designed to handle unsymmetrical traffic patterns by 

assigning relatively large carriers to links originating from gateways as transmission 

rates from user terminals are expected to be significantly lower than those in the 

opposite direction. 

Constellations employing regenerative satellites [54-58] allow service links between 

user terminals directly to be set-up in addition to the above mentioned connections 

supported by transparent constellations. Generally, regenerative constellations 

support multiple intersatellite links (typically, less 10 per satellite) planned for 

operation in 60 GHz band. The use of optical intersatellite links is also considered 
in some constellation designs [54,56]. 

In a typical regenerative NGSO FSS satellite application, data packets recovered 

after demodulation and decoding are routed to the appropriate downlink data stream 
based on the address information extracted. The resulting data streams for each 
downlink beam are then encoded, re-modulated onto either downlink or intersatellite 
link carriers for transmission by spot beams [56]. Various network routing 

algorithms are developed to integrate service, infrastructure and intersatellite links 

and, therefore, to achieve an efficient use of system resources [62]. 

As far as system resource management is concerned, network operations control 

centre works with the satellite on-board processors and gateways to monitor service 

availability and capacity, implement beam management and handover, and control 

user access to the system. A typical regenerative NGSO FSS network configuration 
is illustrated in the following figure. 
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Figure 1.14: Regenerative NGSO FSS System Configuration 

1.2.3.3 System Applications 

36 

NGSO FSS systems primarily aim to provide interactive real time multimedia 

applications direct to user premises by taking the advantage of relatively lower 

transmission delays than those associated with GSO FSS systems (uplink + 

downlink delay of 10 milliseconds for an altitude of 1400 km vs. 240 milliseconds 

for an altitude of 35,786 km). In addition, the hybrid use of NGSO FSS systems and 

terrestrial communications resources is considered to be an efficient and practical 

way of providing global wireless communication infrastructure [63-65]. 

The types of service offered by NGSO FSS networks are similar to those to be 

provided by GSO FSS systems. These include direct internet access, on line services 

(transactions, remote purchasing, telebanking, teletraining), videoconference and 

videotelephony, interactive entertainment services (video-on-demand, electronic 

games), teleconmmuting (access to business servers and LANs, file transfer, e- 

mailing), high speed access to large and complex databases (used in geology, 

engineering, meteorology and military applications), remote monitoring and control 
(electric utilities, nuclear power plants, oil and gas pipelines), disaster management 
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(forest fire fighting) and LAN interconnections and provision of infrastructure links 

for telephony and data networks [53-57,65]. 

It is noted that the combinations of NGSO and GSO constellations have also been 

proposed to provide broadband fixed satellite services [36,56]. This approach is 

taken to extend the overall system capabilities by increasing the total capacity and 

complementing NGSO and GSO system coverage [66]. 

1.2.3.4 NGSO FSS Interference 

As mentioned previously, Ku-band is widely used in satellite and terrestrial radio 

system applications. This, in turn, implies reduced technology risk and price of 

system components for a new system development in this band [43]. Therefore, a 

number of NGSO FSS systems are planned for Ku-band operation [53,57,58]. 

One of the key issues related to Ku-band NGSO FSS system design is the 

requirement for spectrum sharing methods to solve potential interference problems 

with other systems currently in operation. For example, the ITU Radio Regulations 

state that "non-geostationary satellite systems shall not cause unacceptable 

interference to geostationary satellite systems in the fixed satellite service.... " [67]. 

For these purposes, interference mitigation techniques are incorporated into NGSO 

FSS system design. In order to protect GSO FSS systems, NGSO FSS networks 

propose to cease transmissions in predetermined geographic zone (i. e. non-operating 

zone) within which transmissions to and from an NGSO FSS satellite may cause 

interference into GSO FSS systems. In such situations, all uplink and downlink 

transmissions are switched to other satellites in the constellation that are not in 

danger of causing interference. In addition, power limitations on satellite and 

ground terminal transmitters and requirement of ground terminal minimum 

operating elevation angle are imposed on NGSO FSS systems to eliminate potential 
interference into fixed radio stations of other networks operating on the surface of 

the Earth [68,69]. 
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In Ka-band, although there are very few currently operating GSO FSS links many 

systems are planned for near future deployment as explained in the preceding 

section. In addition, this band is commonly used for terrestrial fixed radio 

applications. Therefore, interference mitigation techniques similar to those proposed 

by Ku-band systems are to be used by Ka-band NGSO FSS systems [54-58] to 

facilitate the spectrum sharing. 

It is worth noting that the development and application of analysis methods to 

evaluate the implications of proposed interference mitigation techniques are among 

the primary objectives this research. 

1.3 Terrestrial Radio Systems Operating in Fixed Service 

The first experimental point-to-point (PP) radio link was installed by Bell 

Laboratories between New York and Boston in 1947. This analogue point-to-point 

link utilised vacuum tubes for amplification and employed frequency modulation. 

The experimental system was further improved and, in 1950, the 4 GHz TD-2 

system carrying the first commercial telephony service was developed. Through 

continuous improvements, this system expanded into a national long distance 

network of 6,500 km with 125 active repeaters connecting the East and West costs 

of the USA in 1960 [70]. 

Point-to-point radio systems similar to the analogue TD-2 system were installed on 

major telephony backbone routes in Australia, Canada, France, Italy and Japan 

beginning in the early 1950s. The channel capacity of commercial systems reached 

3,600 analogue voice circuits in Japan by 1979 and 6,000 in the USA by 1980. 

The first digital point-to-point radio link was put into service in a short-haul network 

in Japan in 1968. This system operated at 2 GHz with a capacity of 240 circuits and 

employed 4-PSK (Phase Shift Keying) modulation. This development brought the 

issue of spectral efficiency to prominence as digital transmission required large 

amounts of spectrum for reliable and high quality communication of a large number 

of voice channels. Since the 1980s, high level modulation techniques leading to an 
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increased spectral efficiency (for example, 16-QAM (Quadrature Amplitude 

Modulation) and 64-QAM) have been implemented in digital fixed service links 

[70]. 

Among the major advantages of radio links are their ability for rapid installation, the 

possibility of easy expansion, the minimum maintenance requirement and the 

capability of re-using existing network structure. Today, fixed service radio links 

are, therefore, important parts of transmission media in all segments of national and 

international telecommunications networks. Typically, these links are deployed to 

form different portions of Integrated Services Digital Network (ISDN), to 

complement optical fibre and satellite networks, to establish infrastructure 

connections for mobile systems and to provide transportable systems for disaster 

recovery and relief operations. 

Much standardisation work related to fixed service point-to-point radio links has 

been carried out within international organisations including ITU and ETSI. There 

exist a number of recommendations and standards on performance objectives, 

frequency channel arrangements, system architectures, equipment specifications and 

frequency sharing constraints. 

Point-to-point radio links are employed in a wide range of frequency bands in each 

country. For example, in the UK, these links are employed in a number frequency 

bands in the range 1.3 GHz to 60 GHz [71]. Frequency channels are assigned on the 

basis of frequency assignment criteria defined for each frequency band. In the 

assignment process, the link details including site location, availability requirement, 

link length, type of service, bandwidth and equipment and antenna details are taken 

into account to calculate the required EIRP to achieve the link design objectives. 

Using the calculated value, it is then examined to see if the link under consideration 

could be accommodated without causing/receiving harmful interference to/from 

other links operating within the same band [72]. 

The choice of frequency band principally depends on link length and traffic capacity. 
Various frequency band assignment policies have been adopted by national 



Introduction 40 

administrations. For example, in the UK, in order to conserve the spectrum in the 

lower frequency bands for the longer high capacity links the frequency channels are 

assigned in the highest frequency band compatible with meeting the radio planning 

requirements. Therefore, a minimum link length policy is adopted by the UK 

Radiocommunications Agency in selecting the appropriate frequency band for a 

given link. This policy is based on distances below which it would be reasonable to 

expect the next highest band available to be used [72]. 

Traditionally, the most difficult component of the telecommunications network to 

build and maintain cost effectively has proven to be the local access network. In 

recent years, a new approach, called Fixed Wireless Access (FWA), has been 

developed to provide wireless local access for potential residential and business 

customers. The primary objectives of FWA networks are to reduce the cost by 

eliminating the need of cables to the subscriber premises, to allow faster network 

deployment for providing high capacity services to new subscribers and to encourage 

competition by allowing new entrants to achieve fast coverage and roll-out [73]. 

The geography of the service area, user density, services offered and available 

technology are important parameters that enable operators to choose to deploy 

different technologies and network architectures to serve the potential users. 
Currently, Point-to-multipoint (PMP) and mesh type architectures are proposed for 

the FWA systems. 

In general, point-to-multipoint networks are similar in design to cellular phone 

systems. The area to be served is split into a number of cells, with a base station 

located at the centre of each cell and its antenna typically mounted on a roof top or a 

pole to provide good line-of-sight to remote subscriber units situated at 

residential/commercial user premises. Cells are repeated in the form of a regular 

pattern to provide regional/national coverage. 

A mesh architecture, on the other hand, distributes the base station functionality 

across the network and, therefore, removes the need for base station deployment. 

Mesh networks comprise an interconnected network of short point-to-point links and 
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each radio node can act as either a repeater station or a transmitter/receiver station. 

Basic network components of both architectures are illustrated in Figure 1.15. 
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Figure 1.15: Point-to-Multipoint and Mesh System Configurations 

Technical characteristics of fixed service links operating/planned for operation at Ku 

and Ka band frequencies are briefly discussed in the following sections. 

1.3.1 Point-to-Point Radio Links 

Ku and Ka band frequencies are extensively used for point-to-point radio links 

which are primarily deployed within the infrastructures of cellular networks to 

provide high capacity connections between, for example, base transceiver stations 

and base station controllers. In general, these links are designed to operate with a 

high availability (for example, 99.99% averaged throughout the year) as each link 

carries entire communication traffic from base transceiver stations. The transmitter 

power and antenna gain values are determined to overcome the effect of link fading 

events (for example, multipath and rain fading) and to achieve the required link 

availability objectives. 

Within infrastructure links, typical data rates are in the range 2 Mbps to 34 Mbps and 
QPSK modulation is generally employed. Increasing numbers of micro and pico 

cells added to terrestrial mobile networks result in an increasing demand for higher 

capacity infrastructure links up to or beyond 155 Mbps. These links are likely to use 
high level (for example 64-QAM) modulation and may be required to have higher 
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availability criterion (for example, 99.999 ö) because of the greater proportion of 

network traffic being carried over each link. 

Ku and Ka band PP links may also be deployed by fixed telecommunications 

operators to deliver medium to high capacity (2 to 34 Mbps) data services direct to 

business customers. The availability requirement associated with these links is 

primarily determined by the nature of the traffic carried and may in some instances 

be lower than those used in mobile infrastructure links (for example, 99.9%). 

In addition, analogue links which are primarily used for frequency modulation 

surveillance networks and video trunk transmission applications operate in Ku and 

Ka bands. For example, it is noted that, in the UK, analogue channels of 28 MHz are 

employed to support these applications [71]. 

Typically, transmitter and receiver antennas are required to be highly directional, 

with tightly controlled side lobe emissions to maximise spatial re-use of frequencies. 

In Europe, ETSI standard ETS 300 833 [74] has been developed to set minimum 

standards for antenna radiation patterns. This standard defines three classes of 

antenna, applicable to deployment environments where there is a low, high and very 

high probability of interference. In addition, generic antenna radiation patterns for 

high performance point-to-point links are defined within ITU recommendations 

[75,76]. It is worth noting that the antenna elevation angles are typically close to 

zero although, in some instances, they may be few degrees. 

As far as the typical link lengths and radio station equipment are concerned, the 

minimum link lengths in the UK vary from 2.5 km to 15 km at Ku and Ka band 

frequencies and the link equipment needs to comply with ETSI standards EN 301 

128, ETS 300 639 and EN 300 431 [77-79]. 

1.3.2 Fixed Wireless Access Networks 

At Ka band frequencies, fixed wireless access networks are being deployed in many 

countries. These networks are often referred as Broadband Fixed Wireless Access 
(BFWA) systems due to high bit rates supported through the network. The data 
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transmission rate is primarily determined by the type of service to be delivered to 

subscriber sites and the access technique employed within the network. Current 

BFWA networks aim to support maximum carrier transmission rates typically 

ranging from 14 Mbps to 43 Mbps. In general, this capacity is shared dynamically 

between a number of subscribers within the service area [80-83]. 

As mentioned previously, two types of architecture are proposed for BFWA 

deployments: point-to-multipoint and mesh. Due to the limited frequency spectrum, 

it is essential that both configurations use the available spectrum efficiently in order 

to achieve higher data rate transmissions. The frequency re-use plan, antenna 

radiation patterns, terrain conditions, power control schemes, multiplexing, multiple 

access and modulation techniques all play a significant role in determining the 

BFWA network spectral usage. Characteristics of both configurations are 

summarised in the following sections. 

1.3.2.1 Point-to-multipoint Architecture 

Most current networks use point-to-multipoint architecture. Ka band propagation 

requires that links are line-of-sight. Therefore, elevated base stations are employed 

to serve a number of subscribers in a given cell or sector. Local clutter (vegetation 

and buildings) and high capacity demand are two important factors limiting the cell 

size. Cell radius is typically in the range 2 to 5 km [80-82]. The need to ensure line 

of sight propagation within a cell area limits the single base station coverage. 

Therefore, the coverage is increased by allowing multiple base station coverage for 

service areas that cannot be served adequately by a single base station. 

In the case of high local demand for service, i. e. urban deployment, each cell is split 

into sectors. In practice, 4 and 6 sector cells are most commonly deployed. In each 

sector, a specific set of radio frequencies together with wide antenna azimuth 

beamwidths are used. Base station azimuth beamwidths typically lie in the range 

600 to 900. Sectorisation reduces the likelihood of interference between cells 

because of the limited azimuth and narrow elevation beamwidth of the base station 

antenna. This, in turn, enables the network to re-use the available frequencies. The 
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correspondingly higher sectored antenna gain (typically, between 16 to 22 dBi) also 

improves the link budget, enabling greater distances to be served. In rural 

applications, coverage and capacity objectives may be satisfied by unsectored cells. 

Base stations communicate with the cell's fixed subscriber units and the high 

capacity trunk network connecting the individual base stations to the centrally 

managed control centre. Although subscriber unit configurations may be somewhat 

different for various system designs, all configurations include outdoor mounted 

microwave equipment and digital equipment to support modulation, demodulation, 

control and interface functionality [80-82]. Narrow beam antennas (typically, 3 dB 

beamwidths of 2-4 degrees) directed towards the most appropriate cell sector are 

deployed at subscriber sites. 

Each base station is connected to the control centre via high capacity backhaul links 

which could employ either wired or wireless technology. High capacity 

transmissions to/from other networks are provided through the control centre. 

Choice of backhaul links is an important economic factor in the broadband point-to- 

multipoint network design process and also has a bearing on overall spectrum 

efficiency. Point-to-multipoint network management facilitates the operations, 

administration, maintenance and provisioning of the network functions. Typically, a 

network manager workstation located at an appropriate point in the network enables 

operators to view and optimise the network performance [80-82]. 

1.3.2.2 Mesh Architecture 

A different network topology known as mesh network is suggested for use in Ka 

band BFWA applications [83]. Unlike point-to-multipoint networks, mesh networks 
do not employ base stations. Instead, each subscriber station functions as a repeater 

station enabling traffic to be routed on an ad-hoc basis around an interconnected 

network of point-to-point links, or to be originated from or delivered to its 

subscribers. Transmissions are not broadcast to many subscriber stations over a 

wide area (as with point-to-multipoint base stations) but are conveyed between 

nodes. 
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In a typical mesh architecture, relatively short (z 1 km) inter-node connections are 

established using low power (1 to 5 milliwatts in a1 MHz reference bandwidth), 

relatively narrow (3dB beamwidths of 9° to 12°) point-to-point radio beams [83]. 

Subscriber antennas are mounted at a roof-top to minimise the effect of local clutter 

and to ensure that there are line-of-sight paths in several directions for network 

interconnectivity. The direction of the links and the choice of frequencies for each 

link are determined by the traffic routing and channel assignment algorithms. 

Overall network performance can be significantly affected by the efficiency of these 

algorithms. 

Mesh networks include specific system radio nodes in addition to subscriber radio 

nodes. The first set of specific nodes, often referred to as seed nodes, are used to 

provide initial inter-connectivity within a network when the number of subscribers is 

too low, for example at early stages of the network roll-out. The second set of 

specific nodes, referred as interconnection nodes, enable the network to connect to 

an infrastructure (trunk) network through which transmission to/from other networks 

is achieved. If the number of interconnection points is relatively small the 

bandwidth requirement could be large as the network traffic is concentrated at these 

nodes. The mesh network management system provides global network level 

control and monitors the performance of the mesh nodes [83]. 

1.3.2.3 Standardisation and Applications 

In order to address issues related to BFWA system developments, technical activities 

are conducted within various study groups either at a national or international level. 

For example, ETSI has drafted two standards relating to BFWA networks, both 

based on point-to-multipoint technology: EN 301 213 specifies system 

characteristics, EN 301 215 defines antenna radiation patterns to be used in point-to- 

multipoint digital radio relay systems [84,85]. 

It is worth noting that, due to cost implications, initial BFWA deployments are likely 

to target business customers by providing fast internet access, video conferencing 

and multimedia services. The residential market is likely to be addressed in the 
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longer term where additional services may include video-on-demand, interactive 

television and telephony services [80-83]. 

1.4 Thesis Structure 

This research is concerned with spectrum sharing analysis methods to be used in 

examining the impact of interference from NGSO FSS systems into GSO FSS 

systems and FS terrestrial radio systems operating or planned for operation, at Ku 

and Ka band frequencies. 

After this introduction chapter, the thesis is broken down into the following 

chapters: 

- Chapter 2 [Propagation Characteristics] examines principal factors affecting 

propagation of radio signals in Ku and Ka band frequencies. This chapter also 

considers the implications of the use of propagation models defined in various 

ITU-R recommendations to investigate NGSO/GSO FSS and NGSO FSS / FS 

spectrum sharing issues. 

- Chapter 3 [Review of Issues Related to Interference from Nongeostationaty 

Fixed Satellite Service Systems Into Geostationary Fixed Satellite Service 

Systems] provides an overview of current regulations facilitating spectrum 

sharing between NGSO/GSO FSS systems. This chapter also includes a review 

of key mechanisms affecting the co-existence of these systems and summary of 

representative system characteristics to be used throughout this study. 

- Chapter 4 [Sharing Analysis Between Geostationary and Nongeostationary 

Fixed Satellite Service Systems] presents the author's work into spectrum 

sharing methodologies used to examine the implications of interference from 

NGSO FSS systems into GSO FSS systems in the frequency range 12 to 30 GHz. 

- Chapter 5 [Review of Issues Related to Interference from Nongeostationary 

Fixed Satellite Service Systems Into Fixed Service Systems] reviews current 

regulatory requirements and provides critical revision of methodologies 

employed in studies concerning NGSO FSS / FS spectrum sharing issues. 
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- Chapter 6 [Sharing Analysis Between Fixed Service and Nongeostationary 

Fixed Satellite Service Systems) presents the author's work concerning with 
development and application of analysis methodologies used to assess the 

feasibility of spectrum sharing between terrestrial radio systems operating in the 

fixed service and NGSO FSS systems in Ku and Ka band. 

- Chapter 7 [Conclusions] identifies the key conclusions of this research. 
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CHAPTER 2 

PROPAGATION CHARACTERISTICS 
Radio frequency congestion has resulted in many frequency bands being shared by 

more than one radio service. In order to ensure satisfactory sharing conditions for 

terrestrial and space systems, it is necessary to be able to predict with reasonable 

accuracy the propagation behaviour at the frequencies of interest. 

In this chapter, the principal factors affecting propagation of radio signals at the Ku 

and Ka band frequencies are examined. Within ITU-R, a number of 

recommendations has been developed to model terrestrial and space path 

propagation effects. These include [86-90]: 

  ITU-R Rec. 676 (Attenuation by Atmospheric Gases) used for calculating 

terrestrial and slant path atmospheric attenuation, 

  ITU-R Rec. 530 (Propagation Data and Prediction Methods Required for the 

Design of Terrestrial Line-of-Sight Systems) used for deriving terrestrial wanted 

path propagation statistics, 

  ITU-R Rec. 452 (Prediction Procedure for the Evaluation of Microwave 

Interference Between Stations on the Surface of the Earth at Frequencies above 

about 0.7 GHz) used for deriving terrestrial interference path propagation 

statistics, 

  ITU-R Rec. 618 (Propagation Data and Prediction Methods Required for the 

Design of Earth-Space Telecommunication Systems) used for deriving Earth-to- 

space and space-to-Earth wanted path propagation statistics, 

a ITU-R Rec. 619 (Propagation Data Required for the Evaluation of Interference 

Between Stations in Space and Those on the Surface of the Earth) used for 

deriving Earth-to-space and space-to-Earth interference path propagation 

statistics, 
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The propagation statistics are calculated from empirical models based on long term 

measurements and are usually given in the form of cumulative distribution functions. 

Common problems in the use of prediction algorithms defined in the 

recommendations are their limited validity range in terms of frequency, path length 

and time percentages. 

From the NGSO/GSO FSS and NGSO FSS / FS spectrum sharing point of view, the 

implications of the use of propagation models defined in each recommendation are 

reviewed in the following sections. 

2.1 Atmospheric Gaseous Attenuation 

Across the electromagnetic spectrum, absorption mechanisms by certain atmospheric 

gases take place due to molecular resonances. The absorption coefficient is 

dependent on the nature of the gas, its concentration, and its temperature [91]. 

Attenuation due to absorption mechanisms on terrestrial paths (between terrestrial 

stations) and slant paths (between space and terrestrial stations) can be calculated 

using estimation procedures defined in ITU-R Recommendation 676 (i. e. Rec. 676). 

The recommendation was recently modified and the new version (Rec. 676-4) was 

released. From spectrum sharing point of view, the implications of the use of 

attenuation estimation procedures defined in previous and current versions are 

examined in this section. 

In addition, a new ITU-R Recommendation (Rec. 1395) has been developed within 

the ITU-R study group 4-9S. This recommendation describes a simplified approach 
for atmospheric attenuation calculations to be used in sharing studies concerning 

with slant paths (i. e. Space-to-Earth or Earth-to-space paths) [92]. In this section, 

the estimation methods defined in the new recommendation are also investigated. 

2.1.1 ITU-R Rec. 676 

Two methods are described for the estimation of total terrestrial and slant path 
atmospheric attenuation. The first method is based on the calculation of specific 
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attenuation (dB/km) due to dry air and water vapour by applying line-by-line 

summation of the individual resonance lines mainly from oxygen and water vapour, 

at given values of pressure, temperature and humidity, up to 1000 GHz. The specific 

attenuation is then directly multiplied by the path length in order to obtain total 

attenuation on the terrestrial path. For the slant path, the specific attenuation is 

integrated through the layers of atmosphere at different pressures, temperatures and 

humidities. 

The second method defines simplified algorithms to estimate terrestrial and slant 

path atmospheric attenuation up to 350 GHz. The specific attenuation calculation 

due to dry air and water vapour is formulated using a curve-fitting approach on the 

results of the line-by-line summation method. Figure 2.1 shows the specific 

attenuation at sea level for dry air and water vapour [86]. 

S ,o 

la 

r 

10- 

Tobl 
Dry " Dry. i 

10'S 

S 

H, O 
In-t 

3sxs=>s 
Ip (pS 

F,. go. noy, /(oH: ) 0676.03 

Pr r. un. 1 013 hP. 
T.. p. ruure: 15 C 
W stir vapour: 7.3 g/ms 

Figure 2.1: Specific Attenuation 
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The curves illustrate that specific attenuation has strong peaks at around 20,60,120, 

180 and 320 GHz. These frequencies include oxygen and water vapour molecular 

rotational resonance lines at which the attenuation increases sharply. 

In the application of the simplified method, the attenuation on a terrestrial path is 

calculated by multiplying the specific attenuation with a path length. For the slant 

path attenuation, a concept of "equivalent height" is introduced for dry air and water 

vapour. The specific attenuation is multiplied by the equivalent height to derive 

zenith path attenuation. Slant path attenuation at elevation angles other than zenith 

is then determined using set of formulae given in the recommendation. 

Comparison of Rec. 676-3 (previous version) and Rec. 676-4 (current version) 

suggests that the simplified estimation methods are modified while the line 

summation method remains unchanged. Algorithms defined in both versions 

indicate that attenuation varies with operating frequency, path elevation angle, 

antenna altitude, humidity, pressure and temperature. In the absence of local 

meteorological parameters (humidity, pressure and temperature), it is recommended 

that values given in Rec. 835 [93] should be used. 

2.1.1.1 Slant Path Attenuation 

A simulation model employing the line summation method is developed for slant 

path attenuation modelling. The simulation modelling is carried out using ¬gis 

Systems Spectrum Engineering Tool (ASSET) software. 

ASSET is developed at Aegis Systems Limited and capable of modelling a range of 

sharing scenarios involving both space and terrestrial systems. The software is well 

known internationally and has been used as a key element in spectrum sharing 

studies for many years. The line summation method is built into the software to 

evaluate the implications of atmospheric attenuation in examining sharing scenarios. 

Assuming that a ground terminal receiver is located at a sea level, atmospheric 

attenuation values are obtained at every 5 degrees elevation in the frequency bands 

14/12 GHz (Ku-band) and 30/20 GHz (Ka-band). 
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Slant Path Atmospheric Attenuation 
[ Rec. 676-3 & Rec. 676 4, Une Summation, Pressure-1013 hPa, Temperature-15 deg, Water-Vapour- 7.5 plm^3 ] 
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Figure 2.2: Total Slant Path Atmospheric Attenuation (Line Summation) 

As expected, the slant path attenuation is higher at low elevation angles as the length 

of the path travelling through the atmosphere is much longer. In particular, the 

horizon paths are faded by some 7 dB in the Ka band. On the other hand, the results 

suggest that the atmospheric attenuation is insignificant (<_ 2 dB) for elevation angles 

greater than 10 degrees. 

The same simulation scenario is repeated using an elevation interval of 1 degree to 

illustrate the atmospheric attenuation for elevation angles less than 10 degrees. The 

results are shown in Figure 2.3. 
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Slant Path Atmospheric Attenuation -Low Elevation Angles 
[ Roe. 676-3 & Rec. 676-4, Line Summation, Passurn-1013 hPa, Temperature-15 dop, Wahr-Vapours 7.5 plm"3 ] 
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Figure 2.3: Total Slant Path Atmospheric Attenuation (Line Summation, Low 

Elevation Angles) 

It is interesting to note that the total attenuation at 20 GHz is slightly higher that of at 

30 GHz. This is the result of the peak due to water vapour resonance lines located at 

22.235 GHz (see Figure 2.1). 

For the purposes of comparison, the simplified prediction algorithms defined in both 

versions of Rec. 676 are implemented using Mathcad software package. The 

following figure illustrates corresponding attenuation curves for elevation angles less 

than 10 degrees. 
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Slant Path Atmospheric Attenuation 
[ Rac. 676-3 & Rsc. 678-4, Simplified Method, Pressurn-1013 hPa, Tampanturs-15 dap, Wahr-Vapours 7.5 g1m"3 j 
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Figure 2.4: Total Slant Path Atmospheric Attenuation (Simplified Model, Low 

Elevation Angles) 

The plots indicate that, as far as Ku and Ka band sharing analysis is concerned, the 

use of both models would not make a significant difference as the attenuation values 

are very close to each other for the same frequency. Figure 2.5 compares the line 

summation and simplified methods defined in Rec. 676-4 for low elevation angles. 
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Comparison of Slant Path Atmospheric Attenuation (Rec. 678J) 
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Figure 2.5: Comparison of Total Slant Path Atmospheric Attenuation (Line 

Summation and Simplified Model, Low Elevation Angles) 

The line summation and simplified model results are in close agreement for 

elevation angles greater than 3 degrees. The simplified model results in greater 

attenuation than the line summation method for very low elevations. As can be seen, 

the difference is significant at Ka band. 

2.1.1.2 Terrestrial Path Attenuation 

Atmospheric attenuation on terrestrial radio paths could be significant under certain 

atmospheric conditions. Table 2.1 presents terrestrial path attenuation values 

obtained from the line summation and simplified models defined in Rec. 676-4. The 

meteorological parameters are assumed to be: Pressure=1013 hPa, Temperature=15 

C°, Water Vapour=7.5 g/m3. 
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Frequency (GHz) Terrestrial Path Atmospheric Attenuation (dB/km) 

Line Summation Model Simplified Empirical Model 

12 0.015 0.018 

14 0,019 0.024 

20 0.083 0.107 

30 0.069 0.093 

Table 2.1: Terrestrial Path Atmospheric Attenuation 

It appears that the difference between the attenuation values obtained from line 

summation and simplified model increases in the higher frequency bands. 

2.1.2 ITU-R Rec. 1395 

Rec. 1395 provides a set of formulae for the estimation of slant path atmospheric 

attenuation [92]. Three regions are defined as a function of latitude for each 
frequency band. 

-low latitudes within 22.5° of the Equator, 

-mid-latitudes greater than 22.5° and less than 45° from the Equator 

-high-latitudes greater than 450 from the Equator 

For a given frequency band, each region is associated with a formula that is based on 

the line summation method described in Rec. 676 together with the driest month 

meteorological parameters specified in Rec. 835. The calculation method requires an 

antenna altitude and a path elevation angle as input parameters. 

Figure 2.6 compares the slant path attenuation calculated from Rec. 1395, 

implemented in Mathcad, against those derived from the line summation method. It 

is assumed that the ground terminal is located at a sea level in the high latitude 

region. 
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Comparison of Slant Path Atmospheric Attenuation 
[tin. Summation Method (Re 678-4) vs. Simplified Method (R. c. 1395)] 
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Figure 2.6: Comparison of Total Slant Path Atmospheric Attenuation (Line 

Summation (Rec. 676-4) and Simplified Model (Rec. 1395), Low Elevation 

Angles) 

The plots indicate that the simplified model does not consider the impact of water 

absorption peak at 22.235 GHz as the attenuation levels at 30 GHz are greater than 

those calculated for 20 GHz. Therefore, the differences are in order of few dBs in 

the Ka band results. The Ku-band attenuation values are in good agreement for the 

slant paths elevated at greater than 2 degrees. 

2.1.3 Discussion 

The attenuation due to atmospheric gas is primarily determined by meteorological 

parameters (pressure, temperature and humidity), operating frequency and path 

length. For slant path attenuation, the path elevation angle determines the length of 

the path travelling through the atmosphere. A small path elevation angle implies 

that the propagation path traverses a longer cross-section of the atmosphere, hence 

the attenuation due to atmospheric gases is higher. In general, an increasing 

frequency gives rise to a larger attenuation. However, the oxygen and water 

absorption lines cause attenuation peaks, which, in turn, results in relatively higher 
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attenuation at relatively lower frequencies. As shown earlier, the prediction models 

estimate higher attenuation at 20 GHz than 30 GHz due to the water absorption line 

located at 22.235 GHz. 

The line summation method given in Rec. 676 is widely assumed to be the accurate 

atmospheric attenuation calculation model. Simplified models employing formulae 

based on curve-fitting approach have been developed to calculate approximate 

attenuation values. All prediction models suggest that atmospheric attenuation on 

the slant paths with an elevation greater than 10° is not significant (< 1 dB in Ku 

band and <_ 2 dB in Ka band). For elevations less than 10°, the line summation 

method predicts atmospheric loss in the range 2-7 dB at Ka band and in the range 

1-5 dB in Ku-band. 

The analysis suggests that the attenuation values obtained from empirical models 

defined in Rec. 676-3 and Rec. 676-4 are very close to each other in the frequency 

bands of interest. The comparison of the line summation and the simplified model 

defined in the Rec. 676-4 shows that the latter predicts higher attenuation for 

elevation angles less than 3°. In addition, Rec. 1395 defines a simplified approach 

for determining the slant path attenuation. Comparison of Rec. 1395 results against 

the attenuation values obtained from Rec. 676-4 line summation model indicates that 

the difference is a few dBs, at Ka band. 

In the context of NGSO/GSO FSS and NGSO FSS / FS spectrum sharing, 
implications of atmospheric attenuation can be summarised by taking wanted (i. e. 

planned) and interfering paths into consideration as following: 

NGSO/GSO FSS Sharinf: 

From the wanted path perspective, the minimum operating elevation angles for 

NGSO FSS systems are typically > 10° while the Radio Regulations implies that the 

minimum elevation angle for GSO FSS links should be > 3° [94]. The line 

summation and simplified prediction models of Rec. 676-4 suggest that GSO and 
NGSO FSS wanted paths will be faded at most by some 4 dB in Ka-band and 1 dB in 

Ku-band. 
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From the interfering path point of view, paths exist down to the horizon for which 

considerable atmospheric attenuation may apply. For example, the Ka band horizon 

path attenuation is approximately 7 dB according to the line summation method. 

This additional isolation introduced by atmospheric attenuation could be beneficial 

in terms of protection from interference. 

NGSO FSS / FS Sharing: 

Atmospheric loss is not significant on the FS wanted paths as Ku and Ka band links 

are relatively short (5 to 15 km). According to the line summation method, for 

example, attenuation due to atmospheric gas remains below 1 dB in both frequency 

bands for a 10 km FS link (see Table 2-1). 

In the case of terrestrial interference paths, the attenuation could be considerable. 
For example, 100 km interfering path will be faded by some 8 dB at 20 GHz on the 

basis of the line summation method. Attenuation due to atmospheric gas might 

prove useful in that the NGSO FSS / FS spectrum utilisation might be enhanced. 

2.2 Terrestrial Path Propagation 

In terrestrial path propagation analysis, influences of atmosphere and terrain need to 

be taken into account. The degree to which these influences affect propagation 

depends primarily on the operating frequency. At the frequencies of interest, the 

atmospheric events occurring in the troposphere, which is the lowest region of the 

atmosphere, play a significant role [87,88,91]. 

The radio refractive index of the troposphere varies with height due to changes of 

temperature, pressure and humidity. The way these variations take place influences 

radiowave propagation. The refractive index generally decreases with height. This 

gives rise to a slight downward refraction of radiowaves which, in turn, allows 

propagation to distances slightly beyond the optical horizon. When the variation of 

refractive index is sufficiently large and extends over a sufficient height interval and 

horizontal extent, the atmospheric ducts, in which radiowaves are transmitted far 

beyond the normal horizon, may occur. In addition, partial reflection of radiowaves 
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may occur when there is an abrupt change in the refractive index over a large 

horizontal area. Both ducting and reflection mechanisms may lead to multipath 

events on line-of-sight terrestrial paths and interference events on beyond horizon 

paths [87,88,91,95]. 

Randomly distributed small scale spatial fluctuations of refractive index about local 

mean value result in weak signal levels being present at large distances beyond the 

horizon. This phenomenon is referred to as tropospheric scattering. These small 

refractive index irregularities may also cause rapid fading or scintillation on line-of- 

sight paths [87,88,91,95]. 

The implications of terrain structure and clutter (i. e. hills, buildings, vegetation etc. ) 

are frequency dependent and include reflection, scatter, diffraction and absorption 

of transmitted radiowaves. It is also important to note that absorption and scatter 

due to hydrometeors occurring in the troposphere also have significant effects on the 

terrestrial radiowave propagation in Ku and Ka bands [87,88,95,96]. 

In line with the above discussions, implications of wanted and interference path 

propagation mechanisms are investigated in the following sections. The terrestrial 

wanted path mechanisms are considered in the context of fixed service link planning 

while the interference path propagation effects are examined from an 

NGSO FSS / FS spectrum sharing point of view. 

2.2.1 Wanted Path Propagation Effects 

Fading due to multipath and rain mechanisms need to be considered in Ku and Ka 

band fixed service link planning. For a terrestrial line-of-sight link, there may often 

be a ground reflected radiowave in addition to the direct ray. There may also be 

reflected radiowaves due to abrupt change of tropospheric refractive index with 

height. Multipath fading is the result of the direct radiowaves combined with 

reflected radiowaves [87]. 

Water is present in the atmosphere in a variety of phases: as gas, liquid droplets and 

solid particles. These phases include particles of rain, snow, ice crystals, hail, fog 
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and clouds. Precipitation is generally recognised as rain, snow and hail. 

Precipitation molecules interact with radiowaves in different ways depending on the 

phase. These interactions cause radiowaves to be absorbed and scattered. As far as 

the fixed service wanted path is concerned, absorption due to rain is the most 

significant precipitation effect which needs to be taken into account at the 

frequencies of interest [87,91,95,96]. 

The prediction models for multipath and rain effects are defined in Rec. 530 

(currently at version 8) [87]. 

2.2.1.1 Multipath Fading 

The multipath fading prediction algorithm described in the recommendation is not 

path profile dependent and is widely used for terrestrial link design purposes. The 

prediction algorithm, initially, produces fading distribution for large fade depths in 

the average worst month in any part of the world. An interpolation procedure is then 

defined for small fade depths. In addition, a conversion method from average worst 

month to average annual statistics is also described. 

The multipath fading algorithm requires an estimate of "geoclimatic factor (K)" for 

the average worst month from the measurements for the path location in question. If 

measured data is not available, empirical expressions are defined for K for inland 

links and coastal links over/near large and medium sized bodies of water. 

Having determined the geoclimatic factor K, large fade depths (for example >25 dB) 

for the average worst month are calculated from the following expression: 

px, =K d3.6 jß. 89 (1 +I sp 
I)-1.4 1 O-A' (2-1 

where 

d is the path length, km 

f is the frequency, GHz 

ep is the path inclination, mrad, calculated from 

IEpI =I hr-heI /d 
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where 

h, is the receiver antenna height above sea level, m 

he is the transmitter antenna height above sea level, m 

A is the fade depth (dB) exceeded for the percentage time pw in the 

average worst month. 

On the basis of Equation 2-1, an interpolation method is defined for deriving a 

percentage of time for which any fade depth is exceeded. It is noted that the 

interpolation method has been modified in the latest version of the recommendation 

(Rec. 530-8). Both previous and current methods are summarised below. 

Previous Interpolation Method (Rec530-7): 

" Using Equation 2-1, calculate p,, for a fade depth of A=35 dB, 

" Calculate q, for A=35 dB and the corresponding p,, from 

2010 
100 -pw 9a =-g -1nl 100 

)] 
/A (2-2) 

" Calculate qt from 

q, =(q, - 2) /[r1 + 0.3 * 10-ýý 
110-o. 

ot ba 
]_4.3[1oo 

+A/ 800l (2-3) 
lJJ 

" If q1 >0, repeat preceding steps for A=25 to obtain the definitive value of q, 

9 If the definitive value of q, is obtained from A=35, calculate pw for A>35 using 

Equation 2-1. For A<35, calculate p,, from 

Pw =100E - exp( 1 O-aaa i 20)J (2-4) 

where 

gQ = 2+1+0.3*10- 0](10-0.016 )(qt+4.3(10-ý0+A/800)) (2-5) 

lJ 
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" If the definitive value of qt is obtained from A=25, calculate pW for A>25 using 

Equation 2-1. For A<25, calculate p,, from Equations 2-4 & 2-5. 

" Apply the following procedure for to convert the average worst month 

exceedence percentage (N) into the average year exceedence percentage (p): 

" Calculate the logarithmic geoclimatic conversion factor from 

AG = 10.5 - 5.61og(1.1 ± Icos(24 )I0 7 )_2.7 log d+1.71og(1 + Is 
p 

I) (2-6) 

where 

OG S 10.8 dB and positive sign in the equation is used for 4: 5 450, 
4 is the latitude, 
d is the path length, 

ep is the path inclination 

9 Calculate the average year exceedence percentage (p) from 

P=10 -ECHO Pw (2-7) 

Current Interpolation Method (Rec. 530-8): 

" Using Equation 2-1, calculate the multipath occurrence factor (po) from 

Pv =Kd3.6 f0.89 (1 +1 EP 
I) -1.4 (2-8) 

" Calculate the value of fade depth, At, at which the transition between the deep 

fading distribution and the shallow fading distribution occurs from 

At = 25 + 1.2log(P0) dB (2-9) 

" If the required fade depth A >_ A, , calculate the percentage of time for which A is 

exceeded in the average worst month from 

Pw = Po *10_ý0 (2-10) 

If the required fade depth A< At apply the following algorithm: 

" Calculate the percentage of time, pt, that At is exceeded in the average 
worst month from 
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_At Pt = Po *10 lo (2-11) 

9 Calculate qQ from 

log[- -pý 9a = -20 1n( 
100 

100 )l Aý (2-12) 

" Calculate q1 from 

_ 
[_Af/ 

qt=(q; -2)+0.3*10 
X20 

10-0.016At _4.3 0+A, /800 (2-13) 

" Calculate q from 

1a = 2+(1+0.3*10- 0)(10-0.0164)(q: +4.3I 10-ý/20 +A/800)) (2-14) 

" Calculate the percentage of time for which A is exceeded in the average 

worst month from 

Pw =100E1-exp( 1O 9oA/20)1 l2-15) 

" Apply the same conversion procedure as described in Rec. 530-7 for the 

conversion of the average worst month exceedence percentage (p,, ) into the 

average year exceedence percentage (p). 

Comparison: 

Ku and Ka band multipath fading statistics obtained from both methods are 

compared in Figure 2.8. Modelling is based on the following assumptions: 
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d : =5 path length, km 

C o: = 1.7 constant, assume lower antenna altitude in 0-400 metre above 
mean sea level 

C fat: =0 constant, assume latitude is <= 53 degrees 

C Ion :=3 constant, assume longitude is in Europe 

P L: =5 from Rec. 453-6 

h r: = 10 antenna height above sea level, m 

he: = 10 antenna height above sea level, m 

E : =52 link latitude, degrees 

Figure 2.7: Assumptions For Multipath Fading Modelling 

Terrestrial Wanted Path Multipath Fading (5 km Path) 
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-30 GHz, Rec. 530.7 

--- 30 GHz, Rec. 530.8 

05 10 15 20 25 30 35 40 45 50 

Fading (dB) 

Figure 2.8: Multipath Fading Statistics 

Fading distributions obtained from both models are the same at a given frequency 

and, therefore, both models could be used in multipath fading prediction in Ku and 

Ka bands. 

The plots indicate that fading due to multipath effects does not vary significantly 

with frequency for the assumed parameter values. For example, when the operating 
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frequency increases from 12 GHz to 30 GHz, the fading increase remains below 2 dB 

at an exceedence percentage of 0.01 %. 

2.2.1.2 Rain Fading 

The rain fading procedure is valid for frequencies up to 40 GHz and path lengths up 

to 60 km. In addition, fading statistics are defined for percentage times in the range 

0.001% to 1%. The long term terrestrial path rain fading statistics are dependent on 

rainfall rate, R (mm/h). Rainfall rate exceeded for 0.01% (Ro. oj (mm/h)), is used in 

the prediction algorithms. An estimate of R0.01 is obtained from Rec. 837 [97] in 

which rainfall rate distributions are specified in terms of longitude and latitude of the 

terrestrial link, if the local rainfall rate is not available. 

A specific attenuation, yR (dB/km), is calculated from 

YR= k Ro. ola dB/km (2-16) 

where k and a values are frequency dependent coefficients specified in Rec. 838 

[98]. 

Using yR, the rain fading exceeded for 0.01 % of the time is determined by: 

Ao. oi= yR dr dB (2-17) 

where d is the actual path length 

r is the distance factor defined as: 

I/ (1 + d/do) (2-18) 

where do is given by 

35 exp (-0.015 Ro. o1) (2-19) 

In Rec. 530-7, the expression for rain fading exceeded for other annual percentages 

of time (p) in the range 0.001% - 1ö is given as: 

AP 

= 0.12 p-(0.546+0.043108 P) `2-20) 
A0 

01 
l1 
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It is noted that the new version (Rec. 530-8) includes an additional expression to be 

used for latitudes less than 30°: 

Ap 
=0 12 P-(0.546 + 0.043 log p) if radio links located in latitudes >_ 30° (North or South) 

A0.01 (2-21) 
Ap 

=0 07 p-( 0.855+ 0.139 log p) f" radio links located in latitudes < 30° (North or South) 
A0.01 

The rain fading statistics derived from both versions are compared in Figure 2.9 for a 

5 km FS link located at Latitude = 20° and Longitude = 80°. 

Terrestrial Wanted Path Rain Attenuation (5 km Path, latitude = 20 degrees, Rainfall Rate = 60 mm/h) 
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Figure 2.9: Rain Fading Statistics 

X12 GHZ, Rec. 530-7 

--- 12 GHZ. R- 530-8 

-14 GHZ, Rec. 530-7 

--- 14 GH., Rec. 530-8 

X20 GHZ, Rec 530-7 

--- 20 GHz, Rec. 530-B 

-30 GH,. Rec. 530-7 

--- 30 GHZ. Rec. 530-8 

For exceedence percentages between 0.01% and 0.1%, the fading values obtained 

from both models are very close to each other. Outside this range, Rec. 530-8 

predicts lower rain fading for a given percentage time. Typically, FS links are 

required to operate reliably for 99.99% of the time averaged over a year. The results 

illustrate that the level of rain attenuation which is likely to be exceeded for 0.01% 

of the time varies in the range 10-45 dB depending on the operating frequency band. 

Depending on rain cell size, relatively longer links may be severely restricted by the 

rain attenuation and, therefore, radio relay systems comprising multiple short hop 

links need to be deployed for establishing long distance links. 
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2.2.1.3 Combined Effects of Multipatt: and Rain Fading 

Rec. 530 notes that the exceedence percentages for a given fading value 

corresponding to rain and multipath fading can be added to derive combined fading 

statistics. 

On the basis of the assumptions shown in Figure 2.7, the following rain and 

multipath fading distributions are produced from Rec. 530-8 for a5 km FS link 

located at 52 degrees latitude. 

Terrestrial Wanted Path Attenuation (5 km Link, Ku band) 
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Figure 2.10: Ku Band Rain and Multipath Fading Statistics 

The plots suggest that both rain and multipath fading need to be considered in Ku 

band FS link design as the fading statistics are close to each other. For example, at 

12 GHz, the rain fading value of 5 dB is exceeded for 0.01% of the time while the 

same amount of fading caused by multipath effects is exceeded for 0.02% of the 

time. Therefore, the link should have a fading margin of 5 dB to be used for 0.03% 

of the time to accommodate rain and multipath fading. 

It is important to note that if the FS link requires higher availability (i. e. 

unavailability < 0.03%) then the margin needs to be increased (for example, 10 dB 

margin ensures 0.002% unavailability at 12 GHz) providing that an adequate 

5 10 15 20 25 30 35 40 45 50 
Fading (dB) 
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transmitter power is available. If there is a restriction on the available power then 

the bit rate can be decreased so that the required power is lowered and the link 

margin is increased. 

Figure 2.11 illustrates Ka band fading statistics derived by using the same path 

parameter values. 

Terrestrial Wanted Path Attenuation (5 km Link, Ka Band) 
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Figure 2.11: Ka Band Rain and Multipath Fading Statistics 

From Figure 2.11, it appears that rain fading is more significant than multipath 

fading at Ka band frequencies. For example, at 30 GHz, rain fading is 25 dB 

exceeded for 0.01% of time. For the same fading value, multipath effects cause an 

unavailability of 0.00001%. It is, therefore, clear that the significant portion of the 

total unavailability of 0.01001 % is the result of fading due to rain. 

2.2.2 Interference Path Propagation Effects 

Propagation mechanisms may cause interference for short or long periods of time 

depending on frequency and path characteristics. Therefore, both long-term and 

short-term terrestrial path propagation mechanisms affecting NGSO FSS / FS 

spectrum sharing are detailed in this section. 
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Fading (dB) 
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The implications of each propagation mechanism are summarised together with 

prediction methods defined in Rec. 452 [88], which is used for examining the 

interference paths between radio stations located on the surface of the Earth 

operating at frequencies between 0.7 GHz and 30 GHz. This recommendation was 

developed during the European Co-operation in the Field of Scientific and Technical 

Research (COST) 210 project of 1984-1991 [99], and has been constantly reviewed 

(it is currently at version 9). 

2.2.2.1 Long-term Interference Propagation Mechanisms 

The long-term propagation effects include line-of-sight, diffraction, tropospheric 

scatter and clutter mechanisms [88]. 

2.2.2.1.1 Line-of-sight Propagation 

Line-of-sight interference propagation occurs when a direct line-of-sight path exists 

between an interfering station and a victim receiver. In addition to the direct 

interference path, there may be reflected paths (ground reflected paths and/or 

troposphere reflected paths) resulting in interfering signal enhancements for short 

periods of time. 

The line-of-sight loss prediction model defined in Rec. 452 combines the effects of 

direct and reflected interference paths. The basic transmission loss (Lbo(p)) not 

exceeded for the average annual percentage time p% due to line-of-sight propagation 

is given by: 

Lbo(p) = 92.5 + 20 log( + 20 log(d) + Ag + E5(p) (dB) (2-22) 

where f is the operating frequency in GHz, d is the line-of-sight interference path 

length in km and Ag is the atmospheric loss in dB. 

ES(p) accounts for the multipath correction and is defined as a function of the 
interference path length and percentage time: 

E, (p) = 2.6(1-e"°) log (p/50) (dB) (2-23) 
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2.2.2.1.2 Diffraction 

Where a line-of-sight interference path does not exist, diffraction over terrain or 

obstacles will limit the path loss. Therefore, under normal atmospheric conditions, 

diffraction mechanisms dominate the long-term interference beyond the line-of- 

sight. The diffraction loss is at a minimum for a single knife edge obstruction and at 

a maximum for a smooth spherical Earth [88,91,95]. 

Rec. 452 defines a diffraction loss calculation method applicable to average annual 

percentage times up to 50%. The basic transmission loss not exceeded for p% for a 

diffraction path is calculated from: 

Lbd(P) = 92.5 + 20 log(/) + 20 log(d) + Esd(p) + Li(p) + Ag (dB) (2-24) 

In above equation, Esd(p) represents the multipath correction and is defined by: 

Esd(P) = 2.6(1-e (dtr+aU)"°) log (p150) (dB) (2-25) 

where d1t & dl, are the distance in km from the interfering transmitter and the victim 

receiver antennas to their respective horizons. 

Ld(p) accounts for the excess diffraction loss and is calculated from: 

Ld(P) = Ld(50%) - F; (P) [Ld(50%) - Ld(Qo%)J ((113) (2-26) 

where 

Ld(5O%) and Ld(ßo%) are the excess diffraction loss values calculated from 

algorithms defined in Rec. 526 [100] for p =50% and p<_ ßo%. 

PO is a radio meteorological parameter representing the time percentage for 

which radio refractivity index lapse rates exceeding 100 N-units/km can be 

expected in the first 100 metres of the atmosphere. The recommendation 

includes a set of empirical expressions to calculate the appropriate Po value 

for a given interference path. 

F; (p) is the interpolation factor based on a log-normal distribution of 
diffraction loss over the range ßo%<p<50%. The recommendation includes 

an annex for the expressions to be used for calculating FF(p) values. 
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2.2.2.1.3 Tropospheric Scatter 

Small scale tropospheric refractive index irregularities cause tropospheric scattering 

which, in turn, result in a relatively low level of interference at a victim receiver for 

path lengths greater than 100 km where interference due to diffraction becomes very 

weak [88]. Rec. 452 employs a generalised empirical approach to predict basic 

transmission loss due to troposcatter over the range of average annual time 

percentages p from 0.001 % to 50%. The loss expression is given by: 

Lbs(p) =190 +Lf+20 log(d) + 0.5730- 0.1SN, +L. +Ag-10.1[-log(p/50)1' (dB) 

(2-27) 

where 0 is the interference path angular distance in miliradian and No is the 

interference path centre sea level surface refractivity. 

Lf represents frequency dependent loss and is defined as: 

Lf = 25 log (f) - 2.5 [1og(f/2)]2 (dB) (2-28) 

The procedure applies the following expression for aperture to medium coupling 

loss: 

L, = 0.051 eo. 055(G' + Gr) (dB) (2-29) 

where G, and Gr are the interfering transmitter and the victim receiver antenna gains 

in the direction of the interfering path (dBi). 

2.2.2.1.4 Additional Clutter Loss 

Local clutter including buildings and vegetation can provide additional diffraction 

losses [88,91,95]. The calculation methods are defined for both ends of the 

interference path where the local clutter scenario is known. Rec. 452 notes that if the 

clutter environment is not known the additional clutter loss should not be included 

into the calculations. In this research, generic NGSO FSS / FS spectrum sharing 

scenarios are considered and, therefore, the implications of local clutter effects are 

not taken into account. 
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2.2.2.2 Short-term (Anomalous) Interference Propagation Mechanisms 

The significant anomalous propagation effects include ducting and layer reflection 

and hydrometeor scatter [88]. 

2.2.2.2.1 Ducting and Layer Reflection 

The tropospheric refractivity N varies with height and has a median lapse rate of 

approximately 40. As explained earlier, this leads to the curvature of radio waves 

towards the Earth, allowing propagation to distances beyond the optical horizon. 

For values of lapse rate greater than 157 N/km, radio waves will be curved towards 

the Earth's surface to the extent that extremely long-range propagation is possible 

due to ducting effect. This mechanism occurs in well mixed atmospheres only for a 

small percentage time. The meteorological conditions giving rise to these 

phenomena are most often encountered over bodies of water or in flat, coastal, areas 

[88,91,95]. 

The layer reflection occurs when a radiowave is incident on a boundary between 

media with different electrical properties. The reflected energy is dependent on 

Fresnel coefficients relating to the media, the frequency and the geometry of the 

situation [91]. 

In Rec. 452, the following function is defined to predict the basic transmission loss 

occurring during short periods of time due to ducting and layer reflection: 

Lba(P) = Af + Ad(P) + Ag (dB) (2-30) 

Af represents fixed coupling losses between antennas and the anomalous 

tropospheric propagation structure while Ad(p) is time and angular-distance 

dependant losses within the anomalous tropospheric propagation structure. Ag is the 

atmospheric attenuation. 

Af is calculated from: 

Af = 102.45 + 20 log f+ 20 log (d! t - dir) + A51 + Asr + Act + Acr (dB) (2-31) 

where 
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d, & dlr are the distance in km from the interfering transmitter and the victim 

receiver antennas to their respective horizons, 

As1 & As, are site shielding diffraction losses in dB for the interfering 

transmitter and the victim receiver. 

A, 1 & Ac, are over-sea surface duct coupling corrections in dB for the 

interfering transmitter and the victim receiver. 

The recommendation includes empirical expressions for calculating Asp 
, 
ASr and A,,, 

Acr. It is noted that for radio stations with a horizon below the local horizontal, site 

shielding diffraction losses are equal to zero. Similarly, if the stations are located 

more than 5 km from the coast the over-sea surface duct coupling corrections will 

not apply. 

The time and angular-distance dependant losses are given by: 

Ad(P) = Yd e+ A(p) (dB) (2-32) 

where yd is the specific attenuation defined by (5 x 10"5 x effective Earth radius x 

f 113), 0' is the angular distance and A(p) is the cumulative distribution function 

accounting for the time variability. 

A(p) is defined in relation to ßo which is the radio meteorological parameter 

representing the time percentage for which the radio refractivity index lapse rate can 

be expected to exceed 100 N-units/km. flo is defined as a simple function of latitude 

and is corrected using empirical expressions for terrain roughness and path geometry 

to give P. The time variability is calculated from the following expression: 

A(p) = -12 + (1.2 + 3.710-3 d) log(p/ß) + 12 (p/ß)r(dB) (2-33) 

F is a function of ß and the interference path length d. It is noted that the expression 

used for I' is modified within the new version of Rec. 452 (version 9). 

The expression 

r- -1.079+1og(142-(1.2+3.7x10-3xd)x(2-log(g))) (2-34) 
2- log(ß ) 
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used in Rec. 452-8 replaced with the expression 

r- 
1.076 

xe-(9.51-4.8log(ß)+0.198(log(ß))2ýIO-6xd1.13 (2-35) 
[(2.0058- 

log(ß ))1.012 

in Rec. 452-9. 

In order to examine the implications of this modification with respect to Ku and Ka 

band propagation modelling, interference path loss statistics due to ducting and layer 

reflection are derived for 100 Ian interference path. Figure 2.12 shows the assumed 

parameter values. 

fi : =14 f2: =30 Frequency GHz 

v :=3.108 Light velocity. m/sec 

DistanceBetweenTxAndRx : =100 kilometre 

mt := 50.000 Latitude of transmitter antenna, degrees. 

r: =50-000 Latitude of receiver antenna, degrees. 

4' t : =0.000 Longitude of transmitter antenna, degrees. 

W r: = 0.000 Longitude of receiver antenna, degrees. 

h tg := 10 Transmitter antenna centre height above ground level, m 

h rg : =10 Receiver antenna centre height above ground level, m 

h to Transmitter antenna centre height above mean sea level, m 

h rs : =10 Receiver antenna centre height above mean sea level, m 

AN : =45 Average radio-refractive index lapse rate through the lowest 
1 km of the atmosphere, N-units/km. Taken from a world 
map given in Rec. 452 for 50 degrees latitude 

Sea level surface refractivity. Taken from a world map given In Rec. 452 fc 
No: =325 50 degrees latitude 

db =0 Aggregate length of the separation path sections over water (km). 

e : =3.5 Coefficient 

htn: = 0 terrain roughness, m 

p 676: = 1013 pressure, hPa 

t 676'= 15 temperature, C 

Re : =6378.145 Earth Radius, kilometre 

h : =10 Effective transmitter antenna height above terrain, m 
h re : =10 Effective receiver antenna height above terrain, m 

Figure 2.12: Assumptions For Ducting and Layer Reflection Modelling 
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The results are compared in Figure 2.13. 
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Figure 2.13: Comparison of Ducting and Layer Reflection Interference Path 

Loss Statistics 

The plots indicate that the resultant loss statistics are the same and, therefore, both 

versions could be used in Ku and Ka band terrestrial path interference analysis 

without affecting sharing analysis conclusions. 

2.2.2.2.2 Hydrometeor Scatter 

At Ku and Ka band frequencies, hydrometeor scatter is dominated by rain scatter 

which is the result of interactions between rain molecules and radiowaves. The 

modelling of rain scatter requires evaluation of the reflectivity of an assumed form 

of rainfall distributions within the common volume defined by the intersection of 

interfering and victim terminal antenna beams [88,91,96]. 

It is important to note that the calculation procedure would be extremely complex if 

a generalised model, where antennas may have any gain, and be related arbitrarily 

with respect to each other, and rain may be distributed over any volume, were to be 

used [88]. 
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In Rec. 452 certain simplifying assumptions are made for the purposes of interference 

calculations. For example, it is assumed that the radio stations employ high gain 

antennas so that the common volume is relatively small. If the common volume is 

assumed smaller than a typical raincell, the rain distribution within it may be 

assumed to be uniform. In addition, if it is assumed that one antenna has a 

significantly higher gain than the other, a geometrical simplification may be made in 

which the three-dimensional geometry may be reduced to two dimensions [88]. 

The rain scatter modelling procedure defined in Rec. 452 incorporates the above 

simplifications and applies the following expression for transmission loss: 

L= 197-10log(ip) + 20log(dT)- 201og f -101og(z, ) + 101og S +Ag -10 log C (dB) 

(2-36) 

where dT is the distance between the interfering and victim terrestrial stations via the 

scattering volume, flE represents the antenna efficiency, S models the difference 

between Rayleigh and Mie scattering (negligible at frequencies less than 10 GHz), zR 

is the reflectivity for a given rainfall rate (calculated for the %-time of interest). Ag 

attenuation due to gasses and C is the `scatter transfer function', which captures the 

geometry of the situation, the antenna directivity and rain attenuation. The 

calculation of C involves integration over the heights of interest. 

Because of the modelling complexity, the rain scatter model is provided by the 

ITU-R in the form of a computer programme: Hydrometeor Scatter Prediction 

Model (SCAT) [1011. The software is able to model scattering effects for both short 

and long interference paths. The model output is the cumulative distribution 

function of transmission loss calculated by summing the individual probabilities of 

all rainfall rate/rain height combinations leading to the same transmission loss which 

gives the overall probability for that loss. 

Using the assumptions given in Table 2.2, rain scattering transmission loss statistics 

are obtained from SCAT simulations. It is important to note that the assumed 

transmitter characteristics are based on the NGSO FSS user terminal parameters 
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given in Ku and Ka band system filings while the assumed receiver characteristics 

are taken from Rec. 758 [102] where FS system parameters are defined. 

Rain Zone E 

Latitude 50 degrees 

Path Length 100 km 

Ku Band (14 GHz) Ka Band (30 GHz) 

Transmitter Gain 37 dBi 37.3 dBi 

Transmitter Antenna Radiation Pattern App. 29 Rec. 465 

Transmitter Elevation 10 degrees 40 degrees 

Receiver Gain 49 dBi 47.7 dBi 

Receiver Antenna Radiation Pattern Rec. 699 Rec. 699 

Receiver Elevation 0 degrees 0 degrees 

Table 2.2: Interference Path Assumptions 

Figure 2.14 illustrates the resultant distributions in Ku and Ka bands for the assumed 

interference path parameter values. 
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Figure 2.14: Rain Scattering Path Loss Statistics 

The plots suggest that an increasing frequency results in an increased loss for a given 

percentage time. For example, at Ka band, a loss value of 145 dB will not be 

exceeded for 0.01% of the annual time (i. e. path loss will exceed 145 dB for 99.99% 
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of the time) for the assumed parameters due to scattering effects. At Ku band, the 

statistics indicate that the assumed interference path will be subject to 127.5 dB loss 

not exceeded for the same percentage. 

2.2.2.3 Combined Effects of Individual Interference Propagation Mechanisms 

Rec. 452 defines a method for combining individual clear-air propagation 

mechanisms in order to derive an overall interference path loss statistics. This 

method is based on identifying the interference path type and associating appropriate 

propagation mechanisms with the path. Table 2-3 summarises the combination 

procedure [88]. 

Path Type Predicted Overall Loss Not Exceeded for p%, Lb(p) 

Clear line-of-sight Lb(p) = Lbo(p) + Ah, + At, 

Lbo(p) : line-of-sight loss not exceeded for p%, 

Abt , Ahr : loss due to transmitter/receiver local clutter. 

Line-of-sight with terrain Lb(p) = Lbo(p) + Ld, (p) + Ah, + A,,, 
incursion Lbo(p) : line-of-sight loss not exceeded for p%, 

Ld, (p) : sub-path diffraction loss not exceeded for p% (Rec. 526), 

Abt , Ah, : loss due to transmitter/receiver local clutter. 

Trans-horizon Lb(p) _ -51og(10-0'=Lb' + 10-0.2Lbd + 104 2th. ) + Abt + Ahr 

Lb, (p) : troposcatter loss not exceeded for p%, 

Lbd(p) : diffraction loss not exceeded for p%, 

Lb, (p) : ducting/layer reflection loss not exceeded for p%, 

Aa, , Ah, : loss due to transmitter/receiver local clutter. 

Table 2.3: Overall Clear-air Patb Loss Calculation 

For comparison purposes, clear-air propagation statistics are derived for 3 km and 

100 km interference paths in both Ku and Ka bands. For a3 km interference path, a 

clear line of sight path is assumed between an NGSO FSS transmitter and an FS 

receiver while the transhorizon model is used for obtaining 100 km interference path 

loss statistics. For both cases, terrain effects are not considered by assuming smooth 

Earth between the transmitter and receiver. Table 2.4 summarises assumed 

parameter values. 



Propagation Characteristics 80 

Transmitter/Receiver Antenna Latitude 50 degrees 

Transmitter/Receiver Antenna Longitude 0 degrees 

Transmitter/Receiver Antenna Centre 
Height Above Ground Level 

10 m 

Transmitter/Receiver Antenna Centre 
Height Above Mean Sea Level 

10 m 

Transmitter/Receiver Antenna Effective 
Height Above Terrain 

10 m 

Average radio-refractive index lapse rate 
through the lowest 1 km of the 
atmosphere (Taken from a world map 
given in Rec. 452) 

45 N-units/km 

Sea level surface refractivity (Taken from 
a world map given in Rec. 452) 

325 

Aggregate length of the separation path 
sections over water 

0 km 

Coefficient, e 3.5 

Terrain Roughness 0m 

Pressure 1013 hPa 

Temperature 15 C 

Ku Band (14 GHz) Ka Band (30 GHz) 

Transmitter Maximum Gain 37 dBi 37.3 dBi 

Transmitter Antenna Radiation Pattern App. 29 Rec. 465 

Transmitter Elevation 10 degrees 40 degrees 

Transmitter Antenna Gain Towards 
Receiver Antenna 

12.53 dBi -8.05 dBi 

Receiver Maximum Gain 49 dBi 47.7 dBi 

Receiver Antenna Radiation Pattern Rec. 699 Rec. 699 

Receiver Elevation 10 degrees 0 degrees 

Table 2.4: Interference Path Assumptions 

Figure 2.15 shows the line-of-sight statistics for an assumed 3 km interference path. 
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Total Interference Path Loss for 3km Clear Line of Sight Path 
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Figure 2.15: Line-of-sight Path Loss Statistics 

The plots indicate that, for the assumed parameter values, the line-of-sight prediction 

model (including short-term enhancements due to multipath effects) results in path 

loss variations less than 5 dB over percentages from 0.001% to 100%. The statistical 

behaviour of the total loss for an assumed 100 km transhorizon interference path is 

illustrated in Figure 2.16. 
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Figure 2.16: Trans-Horizon Path Loss Statistics 
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As explained earlier, the transhorizon interference path statistics comprise 

troposcatter, diffraction and ducting/layer reflection mechanisms and the combined 

prediction method is valid within the range 0.001% to 50%. 

2.2.3 Discussion 

Terrestrial path propagation modelling needs to take account of wanted path and 

interference path effects. For Ku and Ka band wanted transmission paths, the 

implications of multipath and rain fading should be examined. The above modelling 

has shown that, for a5 km FS link located at a latitude of 52 degrees, both multipath 

and rain fading effects play a significant role in the Ku band link design process. In 

the case of Ka band FS link planning, rain fading is noted to be more significant than 

multipath fading. 

In order to compensate for propagation fading, a fixed margin is included in link 

budget calculations when a link employs a fixed transmit power. This means that 

most of the time a transmitter power will be much higher than needed as the link will 

be attenuated by rain for only fraction of a time (i. e. the rain margin is not needed for 

clear sky conditions). From the spectrum sharing point of view, transmitting an 

unnecessarily higher power for most of the time, in turn, increases interference into 

other systems operating in the same band. In order to reduce the impact of 

interference, transmitters employ Automatic Transmitter Power Control (ATPC) 

where the nominal power of the transmitted signal is reduced when there is no rain 

and increased to overcome attenuation events i. e. when there is rain. This reduces 

the potential interference generated by the transmitter. 

The rain fading statistics of wanted paths derived from previous (Rec. 530-7) and 

revised prediction models (Rec. 530-8) indicate that, for links located below 30° 

latitude, predicted fading values are different within the range 0.001 % to 0.01 % and 

0.1 % to 1% in that the revised model gives lower fading estimates. Both models use 

the same empirical expressions for links located at latitudes greater than 30 degrees. 
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For terrestrial interference paths, propagation mechanisms causing short and long 

term interference are reviewed taking path loss prediction models defined in ITU-R 

Rec. 452 into account. It is noted that the free space path loss together with loss due 

to local clutter is applied for calculating total path loss when interference paths are 

line-of-sight. For transhorizon interference paths, the effects of troposcatter, 

diffraction, ducting/layer reflection and local clutter effects are combined to derive 

overall interference path loss statistics. It is further noted that interference caused by 

scattering which occurs when transmitter and receiver beams form a common 

volume within the part of atmosphere where a rain cell exists could be significant for 

short periods of time. 

2.3 Space Path Propagation 

Space path propagation involves Earth-to-space and space-to-Earth wanted and 

interference paths, for example, transmissions between satellites in geostationary and 

nongeostationary orbits and radio stations operating on the Earth surface. In space 

path propagation analysis, the implications of rain fading, atmospheric absorption 

and tropospheric effects need to be considered depending on the operating 

frequency, geographic location (i. e. longitude and latitude) and path elevation angle 

[89,90,103-105]. 

Space path fading introduced by atmospheric gases is the result of absorption and 

mainly depends of frequency, elevation angle, altitude above sea level and humidity. 

Its impact increases at low elevation angles as the path length travelling through the 

atmosphere increases [86,103-105]. The detailed examination of atmospheric 

attenuation on the space path is presented previously in § 2.1. 

The variations in tropospheric refractive index give rise to a number of propagation 

effects. The regular decrease of refractive index with height causes space paths to 

bend towards the Earth's surface which, in turn, results in a defocusing of an antenna 

beam. For low elevation space paths (for example, less than 50 ), the small scale 

variations in refractive index lead to scintillation effects. Irregularities in the 

refractive index structure also give rise to a decrease in effective antenna gain due to 
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phase decorrelation across the antenna aperture. In specific cases where the space 

path is over water or in coastal areas and the path elevation angle is very small (i. e. 

less than 3°), multipath effects may also be significant for very short periods of time 

[89]. 

In line with the above discussions, the implications of space path propagation 

mechanisms are examined in the following sections. 

2.3.1 Wanted Path Propagation Effects 

Wanted space paths are designed to be line-of-sight and, therefore, clear-air 

propagation is modelled by free space path loss and gas attenuation. The most 

important space path propagation mechanism is rain fading, particularly at Ka band 

[96,106-108]. In general, both GSO FSS and NGSO FSS systems operate at 

elevation angles greater than 10° to overcome the adverse rain effects. Therefore, in 

comparison to rain fading, atmospheric absorption and tropospheric effects are 

unlikely to introduce serious loss into space-to-Earth and Earth-to-space GSO FSS 

and NGSO FSS links operating in Ku and Ka band. 

The rain fading calculation methods are defined in Rec. 618 [89]. These methods are 

empirical and based on long term rain fading measurements stored in ITU-R data 

bank. 

2.3.1.1 Rain Fading 

The latest version of Rec. 618 (version 6) includes modified rain attenuation 

prediction methods. In the previous version, the rain model was valid for 

frequencies up to 30 GHz and statistical distributions were generated for percentage 

times ranging from 0.001% to M. Propagation studies carried out in ITU-R Study 

Group 3 for the purposes of revising Rec. 618 are incorporated into the new version 

which defines an empirical calculation method valid up to 55 GHz for percentage 

times in the range of 0.001 % to 5%. The revised recommendation proposes a new 

statistical model fit to the data in the ITU-R data bank. It is stated that the new 
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model performs particularly well when used with rain contour maps included in the 

revised Rec. 837 (version 2) [97]. 

Many steps used for the evaluation of rain effects on slant paths are similar to those 

used for terrestrial paths. The most significant difference is that the propagation 

paths are no longer horizontal. This requires calculation of "rain height", at which 

the phase of water changes from liquid to solid [89]. Figure 2.17 illustrates the 

parameters used for the slant path rain attenuation prediction model. 

Figure 2.17: Slant Path Geometry 

The rain height (hR) is dependent on the latitude (cp) of a ground terminal and is 

expressed as following: 

5-0.075 ((p - 23) for 

5 for 

hR =5 for 

5+0.1(cp+21) for 

0 for 

q> 230 

0°<_(p<_23° 

0°>_ (p >_ -21° 

-71° <_ (p < -21° 
4p<-71 

km (2-37) 

hR is then used in calculating the slant path length (Ls). For greater elevation angles, 

B>_ 5°: 
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LS 
(h 

sin 0 
hs) km (2-38) 

For small elevation angles, 0< 50: 

Ls =2 
(hR 

-- 

hs) 
1/2 km (2-39) 

R [sin2O + 
2(h 

R e 

hs)] 
+sin6 

where Re is the effective Earth radius (8500 km) and hs is the ground terminal height 

above mean sea level (km). 

The horizontal projection of the slant path length (LG) can be calculated from 

LG =Ls cos O km (2-40) 

The rest of the calculation method is modified in the revised version of Rec. 618. 

Both previous and revised methods are summarised below. 

Previous Calculation Method (Rea 618-5): 

Having calculated horizontal projection of the slant path length (LG), the rainfall rate 

exceeded for 0.01%, Ro. ol (mm/h) is obtained from Rec. 837-2 [97]. The parameter 

Lo is defined as 

Lo = 35 exp (-0.015 R0.01) (2-41) 

Taking the parameters LG and Lo into account, the reduction factor is determined 

from 

ro. 01 = // 
1 (2-42) 

1+NLO 

A specific attenuation, yR (dB/km), is then calculated from 

yR= k R0.0/ dB/km (2-43) 

where k and a values are frequency dependent coefficients defined in Rec. 838 [98]. 

The rain fading exceeded for 0.01 % of an average year is obtained from: 

Ao. oi= YR Ls ro. 0, dB (2-44) 
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An expression for rain fading exceeded for other annual percentages of time (p) in 

the range 0.001 % to I% is defined as: 

Aa 
= 0.12 p-(0.546+0.043Iogp) (2-45) 

A0 
01 

Revised Calculation Method (Rec. 618-6): 

Having calculated horizontal projection of the slant path length (LG), a specific 

attenuation, yR (dB/km), is obtained from the equation (2-43). The horizontal 

reduction (ro. ol) and vertical adjustment (vo. ol) factors are then calculated as: 

root = 
1+0.78 

LR1-0.38 (1 
-e -2LG 

) 
(2-46) 

and 

v0.01= 
1 (2-47) 

1+ sin(9) 31(1-e46ýl+x») 
LR 

f2R -0.45 

where 0 is the path elevation angle as seen from the ground terminal and x is a 

function of the latitude ((p) of the ground terminal and defined as 

X =36-191 if 191<36° 
(2-48) 

X=0 else 

LR (km) is calculated from: 

LR=LGrO. 01 if ý>6 
cos 0 (2-49) 

LR =hR 
ýS 

else 
sin 

where ro. oI is the horizontal reduction factor, hR is calculated from the equation. 2-37, 

hs is the ground terminal height above mean sea level in km and ý (degrees) is 

calculated from: 

c -1_1(h, - hs) 
(2-50) lLGr0.01) 
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The slant path attenuation exceeded for 0.01 % of the time is obtained from: 

A0.0, =YR LR v0.01 dB (2-51) 

The estimated long term statistics of the slant path attenuation to be exceeded for 

other percentages (p) of an average year in the range 0.001% to 5% is derived from 

the following formula: 

(0.655+0.0331n(p)-0.0451n(A0 01)-ß3(I-p) sin(©)) 
Ap = AO. OI 

p (0.01 dB (2-52) 

where 6 is determined from: 

Q=o 
,i= -0.005 (Icpl - 36) 

ß= -0.005 (I(pl - 36) + 1.8 - 4.25sin(O) 

Comparison: 

ifp>_1%or I(pl 
_ 36° 

ifp<1%and I(pl<36°andB>_25° 

otherwise 

Rain fading statistics obtained from both versions are compared in Figure 2.18 for an 

Earth station located at a sea level and a latitude of 50° (Rainfall rate = 25 mm/h). It 

is assumed that the station operates with an elevation of 10°. 
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The results indicate that estimated attenuation values obtained from the revised 

model are significantly lower than those derived from the previous model. At an 

exceedence percentage of 0.01%, the revised model predicts attenuation values in 

the range 2.5 to 12.5 dB for frequencies between 12 GHz and 30 GHz. For the same 

percentage and frequency range, the previous model estimates are in the range 10.5 

to 55 dB range. It should be borne in mind that the revised model is valid up to 5% 

while the previous model is used for estimating attenuations up to 1 %. 

Using the revised rain prediction model, the impact of increasing elevation angle is 

examined by comparing the results obtained for 10° elevation against those obtained 

for 20° elevation. 
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Figure 2.19: Implications of Elevation Angle 

It can be seen that an increasing elevation angle reduces the slant path attenuation, as 

the path lengths become shorter. Therefore, rain effects on highly elevated space 

paths will be relatively smaller than slightly elevated paths. 

2.3.2 Interference Path Propagation Effects 

Clear-air propagation and rain scatter are two principal impairment mechanisms 

giving rise to space path interference. Rec. 619 (currently at version 1) summarises 

10 
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important propagation effects applicable to interference paths between ground 

terminals and space stations [90]. 

Rec. 619 defines a basic transmission loss formula including free space path loss and 

atmospheric absorption. It notes that variations in the tropospheric refractivity index 

causes scintillation and diffraction effects (including ray bending, beam spreading 

and low angle fading) which may be significant at very low elevation angles 

(typically less than 4°). It refers to the loss prediction methods defined in 

Rec. 452 [88] for modelling these effects. 

The recommendation further notes that enhanced levels of unwanted signals may 

result when the main beams of interfering and victim systems intersect within the 

portion of atmosphere in which rain is present. Using diversity techniques, such 

geometries may be prevented from occurring. The rain scatter model defined in 

Rec. 452 is recommended for the loss predictions. 

2.3.3 Discussion 

Space path propagation at frequencies considered in this study is dominated by rain 

effects. Fading due to rain will constrain the performance (i. e. availability) of Earth- 

to-space and space-to-Earth links. The impact of path elevation angle needs to be 

taken into account when examining the impacts of rain fading. The fading statistics 

derived in the preceding section suggest that a lower path elevation angle increases 

the rain fading as the propagation paths become longer at low elevations. Therefore, 

for a given required availability, the minimum path elevation angle will be 

constrained by the rain attenuation. 

In the space path propagation analysis, empirical prediction methods defined in the 

previous (version 5) and revised (version 6) Rec. 618 are compared. Both models are 

generic and based on long term rain attenuation measurements stored in the ITU-R 

data bank. It is noted that the revised model is valid up to 55 GHz for percentages 

0.001% to 5% while the previous method is applicable up to 30 GHz in the range 

0.001 % to 1 %. The comparison of rain statistics derived from both models indicates 
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that, for the assumed parameter values, the revised method predicts lower 

attenuation for a given exceedence percentage. This, in turn, implies that when the 

revised method is employed in the link design process a link would require a 

relatively lower EIRP, as the rain margin is smaller, to achieve its performance 

objectives (i. e. availability targets). 

As far as interference paths are concerned, in a typical GSO/NGSO FSS sharing 

scenario, aggregate interference will be determined by line-of-sight paths. 

Therefore, free space propagation is applied to model fading on a given interfering 

path. It is also worth noting that additional loss may result from the atmospheric 

absorption when a path elevation angle is very small, as shown previously in 

Figure 2.3. 

2.4 Conclusions 

One of the key aspects that has to be considered in the examination of interference 

between systems operating at Ku and Ka band frequencies is that of propagation 

impairments. It is, therefore, important to establish the impact of these propagation 

mechanisms on the spectrum sharing. 

In this chapter, propagation mechanisms affecting GSOINGSO FSS and NGSO 

FSS/FS spectrum sharing are reviewed primarily taking prediction models defined in 

ITU-R recommendations into account. 

In line with the overall structure, the key conclusions that can be drawn from the 

modelling carried out in this chapter are summarised below. 

" Atmospheric absorption is dependent on frequency, path length and location. 

Atmospheric loss generally increases with increasing frequency and path length. 

At Ku band, space path loss is less than 2 dB for all elevation angles while a 10 

km terrestrial link is faded by some 1 dB. At Ka band, space path loss remains 

below 7 dB and a 10 km terrestrial path fading is approximately 1 dB. In 

comparison to other fading mechanisms, the atmospheric absorption is not a 
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dominant factor but does have a limited impact at the frequencies considered in 

this study. 

" Terrestrial path propagation is affected by tropospheric and terrain effects. Both 

give rise to refraction, reflection and scattering of radiowaves. In addition, 

absorption and scatter effects caused by rain play a significant role in terrestrial 

path propagation. At the frequencies of interest, it is noted that multipath and 

rain fading mechanisms need to be considered in the design of terrestrial links. 

At Ku band, a5 km link located at 52 degrees latitude is faded by some 5 dB for 

0.01% of an average year due to rain and 0.02% of an average year due to 

multipath effects, leading to total percentage time of 0.03% for which 5 dB 

fading is exceeded. At Ka band, the same link is subject to 25 dB rain fading for 

0.01% and multipath fading for 0.0001% of time indicating that a significant 

portion of total unavailability time is attributed to the rain fading. From an 

interference path point of view, the combined effects of individual propagation 

mechanisms need to be considered depending on the type of interference path. 

An overall loss for a clear line-of-sight path is determined by free space 

propagation, atmospheric loss and fading due to local clutter. An obstructed 

line-of-sight path will be subject to additional sub-path diffraction loss. The 

impacts of interference paths beyond the horizon are modelled by combining 

troposcatter, diffraction, ducting/layer reflection and local clutter effects. In 

addition, interference paths resulting from rain scatter may also be significant in 

some situations. 

" In designing Earth-to-space and space-to-Earth links, rain fading is the most 

significant effect to consider in Ku and Ka band. Rain fading determines the 

minimum path elevation angle below which links could not sustained due to 

excessive loss. During investigations carried out in this chapter, the implications 

of the use of previous and revised rain attenuation prediction methods defined in 

Rec. 618 are examined. It is noted that, for a given percentage time, the 

predictions from the revised method are lower than those obtained from the 

previous method. Furthermore, in the revised method, the maximum frequency 
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for which the prediction model is valid is noted to be improved from 30 GHz to 

55 GHz and the maximum percentage time from 1% to 5%. From an 

interference paths perspective, interfering space paths will be line-of-sight. 

Therefore, the analysis should take account of free space path loss, atmospheric 

absorption and, in some cases, clutter loss. 
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CHAPTER 3 

REVIEW OF ISSUES RELATED TO 

INTERFERENCE FROM NONGEOSTATIONARY 

FIXED SATELLITE SERVICE SYSTEMS INTO 

GEOSTATIONARY FIXED SATELLITE SERVICE 

SYSTEMS 

In this chapter, the key aspects of the Ku and Ka band interference paths from 

NGSO FSS systems into GSO FSS systems are reviewed. These interference paths 

are illustrated in Figure 3.1. 
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Figure 3.1: NGSO FSS Interference Paths into GSO FSS links in Ku and Ka 

Band 

Firstly, an overview of current regulatory requirements facilitating Ku and Ka band 

NGSO/GSO FSS frequency sharing is given. Then, on the basis of literature 

research carried out, the key sharing topics are identified together with critical 

revision of sharing methodologies applied. This is followed by the presentation of 
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representative system characteristics used during the course of this research. The 

final section outlines conclusions of the review. 

3.1 Current Regulations 

This section summarises historic development of GSO/NGSO FSS spectrum sharing 

regulations and examines the key documents defining the current sharing 

requirements. 

3.1.1 Brief History 

The World Radio Conference'95 (WRC '95) produced resolutions in order to 

address outstanding issues related to feasibility of spectrum sharing between GSO 

FSS and NGSO FSS systems. These resolutions were considered in the Conference 

Preparatory Meeting of WRC '97. As a result, the ITU-R questions 205-4,206-4 

and 231-4 were prepared in order to initiate sharing studies which were conducted 

by various ITU-R study groups and resulted in a new recommendation: ITU-R 

Rec. S. 1323 [109]. This recommendation is a key document defining maximum 

permissible interference levels into satellite networks operating below 30 GHz. 

At WRC '97 (Geneva), findings of ITU-R studies were examined and the key results 

were included in the Radio Regulations Article S22 [67] in the form of provisional 

power flux density limits specified for a single NGSO FSS system. The power flux 

density limits are used to limit NGSO FSS transmissions to provide adequate 

protection for GSO FSS receivers operating in Ku and Ka band. 

WRC '97 also produced Resolution 130 [110] for the revision of the provisional 

limits. In response, within the ITU-R, Joint Task Group 4-9-11 (JTG 4-9-11) was 

set-up to study the implications of NGSO FSS interference into GSO FSS links 

together with the other working group ITU-R Working Party 4A (WP-4A). 
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3.1.2 ITU-R Radio Regulations Article S. 22 (Based on Regulations 

Published in Geneva '98) 

Article S. 22 is concerned with the efficient use of the frequency spectrum allocated 

to space services. In order to control the interference to GSO satellite systems, it is 

stated that NGSO satellite systems shall not cause unacceptable interference to GSO 

satellite systems in the fixed satellite service operating in accordance with the Radio 

Regulations. 

In line with the above requirement, Article S. 22 [67] includes definitions of 

equivalent power flux density (epfd) to protect GSO FSS Earth stations and 

aggregate power flux density (apfd) to protect GSO FSS satellites from NGSO FSS 

interference. 

Equivalent Power Flux Density (epfd): The equivalent power flux-density is 

defined as the sum of the power flux-densities produced at a point on the Earth's 

surface by all space stations within an NGSO FSS system, taking into account the 

off-axis discrimination of a GSO FSS reference receiving antenna assumed to be 

pointing towards the geostationary-satellite orbit. The equivalent power flux density 

is calculated using the following formula: 

E 

epfd =10log 
C 1: 9 
Gmax 

where: 

Ns : number of NGSO FSS space stations visible from the point considered at 

the Earth's surface, within an elevation angle greater than or equal to 00; 

i: index of the NGSO FSS space station considered; 

pfd, : power flux density produced at the point considered on the Earth's 

surface in dB(W/m2) in the reference bandwidth; 

9;: off-axis angle between the direction considered towards the geostationary 

satellite orbit and the direction of the interfering space station in the NGSO 

FSS satellite system; 
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God: off-axis gain of the GSO FSS ground terminal receiver reference 

antenna 

G.,,, : maximum gain of the GSO FSS ground terminal receiver reference 

antenna; 

epfd: computed equivalent power flux-density in dB(W/m2) in the reference 
bandwidth. 

Aggregate power flux density (apfd): The aggregate power flux-density is defined 

as the sum of the power flux densities produced at a point in the geostationary- 

satellite orbit by all the earth stations of an NGSO FSS satellite system. The 

aggregate power flux density is computed by means of the following formula: 

N (8) /l 0 Gr i (3-2) apfd =101og 
f lop 
i=1 4 9[ dig 

where: 

Ne: number of earth stations in the NGSO FSS satellite system with an 

elevation angle greater than or equal to 0°, from which the point considered 

in the geostationary satellite orbit is visible; 

i: index of the earth station considered in the NGSO FSS satellite system; 

Pt: RF power at the input of the transmitting antenna of the earth station 

considered in the NGSO FSS satellite system in dBW in the reference 
bandwidth; 

O: off-axis angle between the boresight of the earth station considered in the 
NGSO FSS satellite system and the direction of the point considered in the 

geostationary satellite orbit; 

Gr(Od: transmit antenna gain of the earth station considered in the NGSO 

FSS satellite system in the direction of the point considered in the 

geostationary satellite orbit; 
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di: distance in metres between the earth station considered in the NGSO FSS 

satellite system and the point considered in the geostationary satellite orbit; 

apfd: aggregate power flux-density in dB(W/m2) in the reference bandwidth. 

The above definitions can be summarised as follows: 

" epfd is a constraint on the NGSO FSS downlink (i. e. at the GSO FSS Earth 

station) and takes account of the interference generated by all NGSO FSS 

satellites in a given system and also the antenna discrimination of the GSO FSS 

Earth station with respect to each of the interference entries from the satellites of 

the given NGSO FSS system. 

" apfd is a constraint on the NGSO FSS uplink (i. e. at the GSO FSS satellite) and 

takes account of the interference generated by all the Earth stations in a given 

NGSO FSS system. It is assessed at a point on the geostationary orbit and 

therefore no account is taken of any satellite receive antenna discrimination with 

respect to each of the interference entries from the Earth stations of the given 
NGSO FSS system 

On the basis of above definitions, provisional epfd and apfd limits have been 

incorporated into the Article S. 22. It is important to note that these limits are 

specified for interference from a single NGSO FSS system, i. e. single entry 

epfd/apfd limits. 

The Ku band epfd limits are defined for 60cm, 3m and 10m GSO FSS Earth station 

receivers. Two sets of epfd limits are defined for Ka band. The first set intends to 

provide protection for 30cm, 70cm, 90cm, 1.5m, 5m, 7.5m and 12m GSO FSS Earth 

stations operating in lower Ka band (17.8-18.6 GHz) while the second set is 

specified for 30cm, 90cm, 2m and 5m receivers operating in upper Ka band 

(19.7-20.2 GHz). 

The following plots illustrate these limits in terms of "a percentage time for which a 

given interference epfd level may be exceeded". 
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Article S. 22 provisonal epfd limits to protect 60cm, 3m and 10m GSO FSS ground 
terminal receivers In 10.7-12.75 GHz 
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3.2: Ku band epfd limits (Radio Regulations '98) 

Article S. 22 provisonal epfd limits to protect 60cm, 70cm, 90cm, 1.5m, Sm, 7.5m and 12m 
GSO FSS ground terminal receivers in 17.8-18.6 GHz 
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Figure 3.3: Lower Ka band epfd limits (Radio Regulations '98) 
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Article S. 22 provisonal epfd limits to protect 30cm, 90cm, 2m and 5m GSO FSS ground 
terminal receivers In 19.7-20.2 GHz 
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Figure 3.4: Upper Ka band epfd limits (Radio Regulations '98) 

As can be seen, the provisional epfd limits are specified in "staircase" form. In 

examining the impact of NGSO FSS interference on a given GSO FSS link, any 

calculated epfd value on the left side of the epfd limits indicates that the provisional 

limits would not provide adequate protection for the examined GSO FSS link. 

As far as apfd limits are concerned, two values are specified provisionally for three 

segments of Ku band while a single apfd value is applied for the protection in the Ka 

band. These limits are plotted in the following graphs. 

Article S. 22 provisonal apfd limits to protect GSO FSS satellite receivers In Ku band 
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Figure 3.5: Ku band apfd limits (Radio Regulations '98) 
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Article S. 22 provisonal apfd limits to protect GSO FSS satellite receivers in Ka band 
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Figure 3.6: Ka band apfd limits (Radio Regulations '98) 

The apfd plots show that the Article S. 22 limits are specified for 100% of a time. 

Once more, any calculated apfd value on the left side of these limits indicates that 

the provisional apfd limits would not protect the GSO FSS satellite receivers 

adequately from the NGSO FSS ground terminal interference. 

3.1.3 ITU-R Recommendation 1323 

Rec. 1323 defines minimum protection requirements for the GSO FSS systems 

sharing the same bands with NGSO FSS systems. In brief, these conditions state 

that [109]: 

" Short term NGSO FSS interference can take up, at most, 10% of the total 

unavailability target stated in the GSO FSS link performance objectives, 

9 Short term NGSO FSS interference should not lead to loss of 

synchronisation in GSO FSS systems, 

" Long term NGSO FSS interference should not exceed 6% of the total 

GSO FSS system noise power. 

The recommendation includes a number of methods to determine maximum 

tolerable power flux density (pfd) levels for a given GSO FSS link characteristics 

and performance objectives. Calculated pfd levels are then compared against pfd 



Review of Issues Related to Interference from NGSO FSS Systems into GSO FSS Systems 102 

limits stated in the Radio Regulations Article S. 22 [67] to determine whether these 

limits provide adequate protection for an examined GSO FSS link against NGSO 

FSS interference. 

In the recommendation, three methodologies are defined: Methodology A, A' and B. 

All three methods attempt to assess the impact of NGSO FSS interference by 

determining total degradation in GSO FSS link performance objectives defined in 

terms of a Carrier-to-Noise-plus-Interference ratio ( C/(N+I) ). 

Methodology A derives pfd levels by taking account of the possibility of NGSO FSS 

interference and rain fading on the GSO FSS wanted link happening simultaneously. 

The method is based on the assumption of statistically independent GSO FSS link 

fading and NGSO FSS interference probability density functions. These functions 

are convolved in order to determine the maximum allowed aggregate interference 

pfd levels. 

Methodology A' is an attempt to simplify the Methodology A. In this method, the 

probability distribution functions are simplified and parameterised in order to 

implement an analytical convolution which gives rise to two equations with two 

unknowns. 

Methodology B assumes that degradations in the GSO FSS link performance due to 

interference and fading do not occur simultaneously and, therefore, the impact of 

interference and fading should be considered separately. 

The method derives a link margin by subtracting the GSO FSS link C/(N+I), 

required to provide a threshold Bit Error Rate (BER) (which can only be exceeded 
for a particular percentage time, p), from the clear sky C/(N+I). Aggregate 

interference power flux density values are then derived by assuming that the 

available margin is used by aggregate NGSO FSS interference for 10% of time p. 

In sharing scenarios where multiple NGSO FSS systems occupy the same band with 

the victim GSO FSS link, this methodology suggests that maximum tolerable pfd 

level attributed to a single NGSO FSS system can be calculated by simply dividing 

the "10% of p" figure by the number of interfering NGSO FSS systems. This 
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simplified assumption implies that there will be no simultaneous NGSO FSS 

interference entry peaks from the different interfering systems and that their 
interference contributions are all at the same level. 

In addition to the above mentioned methodologies, Rec. 1323 includes a procedure 

(Procedure D) implementing verification of compliance with the minimum GSO 

FSS link protection requirements and refinement of pfd limits developed using any 

of three methodologies. This procedure aims to determine a suitable set of pfd limits 

from a set of proposed pfd statistics by applying a trial and error approach. 

Procedure D implementation involves convolution of the uplink and downlink rain 

fading statistics with the proposed pfd statistics, representing aggregate interference 

originating from NGSO FSS systems, and the comparison of the resultant C/(N+I) 

ratios with the performance objectives of the examined GSO FSS link. Using this 

procedure, a value of `relative availability reduction' due to NGSO FSS interference 

is calculated. In situations where the relative availability reduction is greater than 

the 10% criterion, the pfd limits are considered to provide insufficient protection, 

and are modified until the relative availability reduction is less than 10%. 

3.2 Previous Work 

This section briefly looks at studies concerning with Ku and Ka band NGSO/GSO 

FSS spectrum sharing with a view to identify key issues and to examine sharing 

analysis techniques employed. It is noted that investigations carried out within ITU- 

R Working Party 4A (WP-4A) and Joint Task Group 4-9-11 (JTG 4-9-11) are of 

particular interest. 

Literature review has indicated that there are a number of topics which may affect 
the feasibility of frequency sharing. These may be categorised into the following: 

9 Possible modification to the Article S. 22 epfd and apfd definitions, 

" Implications of NGSO FSS interference mitigation techniques, 

" Revision of the Article S. 22 provisional epfd/apfd limits, 
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" Refinement of GSO FSS reference antenna radiation patterns to be used 

in sharing analysis, 

" Examination of aggregate interference statistics from multiple NGSO 

FSS systems and identification of algorithms for converting aggregate 

epfd/apfd limits (originating from multiple NGSO FSS systems) into 

single entry limits (originating from a single NGSO FSS system), 

9 Provision of protection for GSO FSS links designed with very large 

ground terminal receiver antennas, 

" Investigation of short term NGSO FSS interference peaks. 

Brief discussions on each of the above topics together with analysis methodologies 

applied in earlier studies are provided in the following sections. 

3.2.1 Epfd and Apfd Definitions 

Prior to explaining the need for the use of epfd and apfd concepts, it is necessary to 

define power flux density (pfd). It can be shown that [15] a surface of effective area 

A situated at a distance R from the transmitting subtends to a solid angle A/R2 at the 

transmitting antenna, as illustrated below. 

A 

Transmitter Solid Angle = A/R^2 
Antenna 

Figure 3.7: Power Flux Density 

Assuming transmitter antenna radiates power of PT (watts) in a direction where the 

value of antenna gain is GT, it can be shown that the total power spread over A is 

equal to 
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PR = 
PTGT 

A Watts (3-3) 
4nR 2 

The magnitude of 
PT GT is called "power flux density" and expressed in watts/m2 
4xR 2 

(or in logarithmic terms pfd (dBW/m2)=10log(PT)+101og(GT)-101og(47rR2)) [15]. 

Traditionally, pfd limits are used to restrict GSO FSS satellite downlink 

transmissions in order to protect radio stations operating over the Earth's surface. 

These limits relate to the power flux density which would be obtained under 

assumed free space propagation conditions. They are specified as a function of 

downlink path elevation angle as seen from a point on the Earth's surface [94]. 

Typically, sharing methodologies applied for assessing implications of pfd limits are 

based on calculating interference at a given terrestrial radio station or satellite Earth 

station receiver location by employing analytic approach or static simulation analysis 

where GSO FSS satellite transmissions are represented by pfd masks. 

However, interference scenarios involving NGSO FSS and GSO FSS systems 

require a different approach because the sharing environment is no longer static. 

Therefore, the concept of epfd is introduced to reflect the dynamic nature of the 

sharing environment by taking account of both transmitter and receiver antenna 

pointings that are time varying parameters. 

As stated in § 3.1.3, WRC '97 apfd limits, set for the protection of GSO FSS 

satellite receivers, are in the form of single power limits to be met for 100% of the 

time and do not take account of a satellite receiver antenna discrimination. 

Interference studies, based on simulation analysis, have indicated that this approach 

results in relatively higher interference statistics [111-114]. Therefore, it is 

suggested that the apfd definition should include a GSO FSS satellite receiver 

antenna discrimination to obtain more realistic interference statistics. This 

modification, in turn, leads to a single equivalent power flux density "epfd" 

definition [115,116]: 
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Equivalent Power Flux Density (epfd): The equivalent power flux-density is 

defined as the sum of the power flux-densities produced at a GSO receive station on 

the Earth surface or in the geostationary orbit, as appropriate, by all the transmit 

stations within a NGSO satellite system, taking into account the off-axis 

discrimination of a reference receiving antenna assumed to be pointing in its 

nominal direction. The equivalent power flux density is calculated using the 

following formula: 

P 

epfd =10 * log 1010 * Gt (ei) * Gr (0j) (3-4) 
i=1 4* is *d, 2 Gr, 

maac 

where: 

Nq : the number of NGSO FSS transmitter stations that are visible from the 

GSO receiver station on the Earth's surface or in the geostationary orbit, as 

appropriate; 

i: the index of the NGSO FSS transmitter station; 

Pi. the RF power at the antenna input of the NGSO FSS transmitter station, 

dBW in the reference bandwidth; 

9j: the off-axis angle between the boresight of the NGSO FSS transmitter 

station and the direction of the GSO FSS receiver station; 

Gr(6j): the transmitter antenna gain (as a ratio) of the NGSO FSS station in 

the direction of the GSO FSS receiver station; 

01: the off-axis angle between the boresight of the GSO FSS receiver station 

and the direction of the id' transmitter station considered in the NGSO FSS 

system; 

G,. (O; ): the receiver antenna gain (as a ratio) of the GSO FSS receiver station 
in the direction of the id' transmit station considered in the NGSO FSS 

system; 
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d1: the distance between the NGSO FSS transmitter and the GSO FSS 

receiver stations, in metres; 

Gr, m, x : the maximum gain (as a ratio) of the GSO FSS station receiver 

antenna; 

epfd: the computed equivalent power flux-density in dB(W/m2 ) in the 

reference bandwidth. 

The terms epfdup and epfddo,, � are adopted to distinguish between the uplink and 

downlink epfd, respectively [115,116]. In line with these modifications, the new 

terminology is used in this research when referring to uplink and downlink power 

flux densities in assessing implications of NGSO FSS interference on GSO FSS 

links. 

3.2.2 NGSO/GSO Interference Mitigation Techniques 

The NGSO FSS system descriptions suggest that there are several mitigation 

techniques proposed for reducing potential interference into GSO FSS links [53-58]. 

It is worth noting that the choice of mitigation technique has a significant impact on 

the NGSO FSS system design complexity, cost and capacity. These factors will 

eventually determine the viability of incorporating proposed mitigation techniques 

into NGSO FSS system designs [117]. 

The use of satellite diversity is suggested as a possible mitigation technique to avoid 

main-beam-to-main beam interference coupling mechanism [118]. These situations 

are avoided by an NGSO FSS system either selecting another visible satellite in view 

or simply switching off transmission whenever such in-line coupling instances 

occur. In the former case, it is necessary that an NGSO FSS system is designed to 

provide a multiple satellite coverage when serving a given ground terminal location 

on the surface of the Earth. In the latter case, an NGSO FSS system design should 

be capable of accepting the loss of coverage and the interruption of links whenever 

in-line event occurs. 
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It is noted that NGSO FSS systems plan to implement satellite diversity by 

introducing geostationary arc avoidance angles. Both ground and satellite based 

avoidance angle, for which switching to another satellite or total cessation of 

transmission occurs, are proposed for use in mitigating NGSO FSS interference 

[119,120]. In addition, satellite selection procedures are described for 

implementing satellite diversity mitigation technique with satellite switching. For 

example, a new satellite to which traffic is switched may be selected either randomly 

or by applying a selection criterion, for example, highest elevation angle or largest 

separation angle away from GSO arc [117]. 

The use of high performance NGSO FSS satellite antennas is suggested to be an 

efficient mitigation technique to reduce the impact of downlink interference into 

GSO FSS Earth stations. Antennas with low side-lobe radiation pattern reduce the 

impact of long term interference on GSO FSS links. This, in turn, decreases the 

required avoidance angle and increases the NGSO FSS system capacity at the 

expense of increased antenna design cost [118]. 

It is worth noting that the development and application of sharing methodologies to 

examine the implications of the above mentioned mitigation techniques in 

improving Ku and Ka band NGSO/GSO FSS sharing environment are among the 

primary objectives of this research. 

3.2.3 Article S. 22 Limits 

As stated previously, epfd limits are defined in staircase (discontinuous) form which 

does not entirely represent actual statistical behaviour of the NGSO FSS interference 

as, in practice, interference statistics would be in the form of continuous curves. 

Therefore, it is suggested that the use of staircase limits in assessing the impact of 
NGSO FSS interference on GSO FSS links may not be appropriate and this, in turn, 

may affect NGSO FSS system operational characteristics, design and 

implementation cost. 
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In addition, Article S. 22 epfddo,,, n limits are defined for certain GSO FSS Earth 

station antenna diameters. It is pointed out that there is a need for operators to be 

able to check the degree of protection afforded by the limits for Earth station 

antennas with diameters other than those included in the current regulations. 

To address these issues, the development of continuous curves of equivalent power 

flux densities versus antenna diameter of the GSO FSS Earth station to be protected 

is considered [121,122]. Possible solutions suggested include: 

- the development of continuous curves of equivalent power flux densities 

through application of curve-fitting techniques to the provisional limits in 

Article S. 22 of the Radio Regulations. 

- setting of a constant value for the ratio of interference power spectral density 

to noise power spectral density as a long term interference criteria (assuming 

sidelobe gains of GSO FSS Earth station antennas are constant regardless of 

antenna size) and calculation of long term epfd limits as a function of 

antenna size based on maintaining this constant value. 

In addition, linear interpolation between points defined in epfd limits is suggested to 

obtain continuous curves for antenna diameters included in the Article S. 22 [123]. 

As far as the revision of Article S. 22 epfd values are concerned, as many sharing 

scenarios comprising wide range of system characteristics as possible need to be 

examined to provide satisfactory sharing conditions for both NGSO FSS and GSO 

FSS systems. This primarily suggests an investigation of all possible interference 

alignments together with propagation mechanisms affecting wanted and interference 

paths. 

For the purposes of revising Article S. 22 epfd values, the GSO FSS community was 

requested to provide link budgets to be used in sharing studies (Circular Letter CR- 

92). Responses were incorporated into an ITU-R GSO FSS link database that is now 

commonly used in sharing investigations. This database was extended by responses 

to a second circular letter (Circular Letter CR-116) requesting additional link 

budgets. GSO FSS links stored in the ITU-R database are called "CR-116 links". 
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Representative GSO FSS links characteristics used in this research are based on 

CR-116 links. 

It is noted that a number of information documents [124-132] has been produced by 

both NGSO FSS and GSO FSS system proponents proposing modifications to 

Article S. 22 epfd values to protect largely their commercial interests. In general, 

simulation analysis and analytical approach are employed for deriving epfd limits. 

In simulation analysis, epfd levels are obtained from interference statistics produced 

by simulation modelling. A common approach taken in implementing analytical 

method is the application of Methodology A' and Procedure D defined in Rec. 1323 

[109]. 

3.2.4 GSO FSS Antenna Reference Radiation Patterns 

The GSO FSS Earth station reference antenna pattern defined in ITU-R Rec. 1323 is 

based on Rec. 580 [133] and Rec. 465 [134]. These patterns represent an envelope of 

90% of the side lobe peaks and are developed to model worst case geometrical 

configurations used in determining peak interference levels between GSO FSS and 

terrestrial systems operating in the fixed service. 

It is argued that the interference events no longer correspond to static geometry in 

the case of NGSO/GSO FSS interference analysis and the use of peak envelope 

antenna reference pattern in modelling interference from dynamic multiple 

interference sources may result in pessimistic interference levels at GSO FSS Earth 

stations. Therefore, it is suggested that there is a need to characterise more 

accurately the Earth station antenna patterns to be used in frequency sharing studies 

for GSO FSS and NGSO FSS systems [135]. 

The issue of developing an appropriate reference antenna pattern is addressed by a 

number of ITU-R studies [136-139]. It is suggested that NGSO FSS interfering 

satellites move in and out of the peaks and troughs of the actual GSO FSS Earth 

station antenna radiation pattern. Therefore, measurements are carried out to derive 

a reference pattern describing an average gain envelope taking both peaks and 
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troughs into account. The use of theoretical Bessel function-based antenna radiation 

patterns is also considered and comparisons with measured data are performed to 

validate the theoretical models. 

The results of these studies are incorporated into a new recommendation (Rec. 1428) 

proposing a new Earth station reference antenna envelope to be used in interference 

assessment involving NGSO FSS systems operating in the 10.7-30 GHz band [140]. 

3.2.5 Co-existence of Multiple NGSO FSS Systems 

As well as avoiding interference into GSO FSS systems, NGSO FSS systems need to 

achieve a satisfactory sharing environment among themselves. Several techniques 

are studied for co-existence of multiple NGSO FSS systems in the same frequency 

band [141-147]. 

One of the proposed mitigation techniques is to employ NGSO FSS systems in 

homogenous orbits. Investigations suggest that the number of NGSO FSS systems 

sharing a given frequency band may be increased by using nearly identical orbital 

parameters including height and inclination (i. e. by employing plane or satellite 

interleaving). It is argued that plane or satellite interleaving using the same altitude 

and inclination remove the possibility of an in-line event where one NGSO satellite 

is directly between an Earth station and another NGSO satellite. It is, however, 

worth mentioning that this degree of similarity between different NGSO FSS 

operators would highly unlikely to occur. 

An avoidance of in-line events plays a significant role in facilitating sharing among 

inhomogeneous constellations. It is suggested that mainbeam-to-mainbeam events 

can be avoided by either switching to another satellite whenever a satellite becomes 

closer to an in-line event with a satellite operating in another NGSO FSS system or 

simply ceasing transmission and accepting the outage. 

The complexity of satellite avoidance increases if the number of NGSO FSS systems 

becomes larger. It is also argued that systems operating with satellite diversity 

require more satellites than those filed with the ITU-R (or operational) earlier as the 
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NGSO FSS co-ordination procedure defined in ITU radio regulations [148] places 

the obligation for implementing mitigation techniques on the systems filed later. 

The relatively larger constellation requirement, in turn, brings the economic viability 

into question. 

The use of various satellite selection strategies, satellite and ground terminal antenna 

sidelobe modifications, frequency channelisation and alternate polarisation are 

suggested as alternative mitigation techniques. 

It is noted that a new recommendation (Rec. 1431) is produced comprising key 

conclusions of the studies concerning with interference among NGSO FSS systems 

[149]. 

3.2.6 Cumulative Effect of Multiple NGSO FSS Systems 

Rec. 1323 states that "aggregate interference from all NGSO FSS systems should not 

account for more than 10% of the short term time allowance stated in the GSO FSS 

link performance requirements" [109]. The use of the 10% criterion, therefore, 

results in aggregate epfd levels accounting for cumulative interference from all in- 

band NGSO FSS systems. On the other hand, the approach used in Article S. 22 [67] 

is to specify single entry interference limits (i. e. epfd attributed to a single NGSO 

FSS system) as defining an aggregate limit in the Radio Regulations could lead to a 

situation where the first comer taking all of the acceptable allowance for itself would 

prevent other systems to access the frequency band [1501. Therefore, it is agreed 

that a method is needed to derive single entry epfd statistics from aggregate epfd 

statistics [110]. 

Studies suggest that, in order to convert aggregate epfd statistics into single entry 

epfd statistics, boundaries where: 

  interference from multiple NGSO FSS systems aggregates on a power 
basis, 

  interference from multiple NGSO FSS systems aggregates on a time 
basis, 
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  interference from multiple NGSO FSS systems approaches the 

interference from a single NGSO FSS system causing the worst case 

single entry 

have to be identified [151-153]. 

It is also suggested that the most important issue to be considered when relating 

single entry epfd to aggregate epfd is the number of NGSO FSS systems each 

causing similar single entry epfd levels into GSO FSS systems [154]. It is generally 

agreed that the aggregate interference from N actual NGSO FSS systems (Nphysical) 

will likely be different from the interference caused by one system multiplied by a 

factor of N since the impact of each NGSO FSS system will not be identical. 

Therefore, a concept of "equivalent NGSO FSS systems (Nýecnve)" is introduced 

[115]. 

On the basis of sharing studies concerning with interference between NGSO FSS 

and GSO FSS systems as well as among NGSO FSS systems, it is recommended that 

a value of Nefective should be assumed to be 3.5 in order to convert epfd statistics 

from aggregate to single entry or from single entry to aggregate [155]. Based on the 

use of number of equivalent NGSO FSS systems and the identification of power and 

time aggregation boundaries, a conversion method [156] is proposed to determine 

the final values of single entry epfd from an aggregate epfd. 

3.2.7 Interference into Large GSO FSS Earth Stations 

It is recognised that GSO FSS links with Earth stations using very large ground 

terminal antennas are more sensitive to NGSO FSS downlink interference (due to 

relatively higher antenna gain) and the epfdd,,,, � limits may not provide adequate 

protection in such situations [157]. Simulation analysis studies [158-161] conclude 

that coordination procedures may need to be developed to ensure satisfactory 

interference protection. In line with the findings of these studies, a threshold size of 

a diameter of 18 metre [162] is agreed to be a value at which the coordination 

procedure [163] is triggered. 
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On the basis of the link characteristics stored within the ITU-R GSO FSS database, 

it is argued that there will be few cases requiring coordination as the number of GSO 

FSS links having Earth station antennas greater than 18 metre is limited [162]. 

In addition to the antenna diameter, it is decided to include the condition of the 

epfddown radiated by the NGSO FSS satellites to trigger coordination for the 

protection of GSO FSS links using very large antennas [164,165]. Development of 

epfddow� coordination trigger is based on limiting interference peaks from NGSO 

FSS satellites which are dependent on the NGSO FSS system orbital characteristics. 

It is argued that these events are likely to occur over a small proportion of the 

Earth's surface. However, if multiple NGSO FSS systems having different orbital 

parameters share the same band, the locations of interference peaks from each 

system are likely be different. Therefore, the proportion of the Earth surface subject 

to NGSO FSS interference peaks increases which, in turn, may lead to an increasing 

number of cases requiring coordination. 

3.2.8 Synchronisation Loss 

It is argued that very short term NGSO FSS downlink interference peaks may cause 

loss of GSO FSS Earth station modem synchronisation. It is further argued that 

while the duration of interference events might be very small, the loss of 

synchronisation and consequently time taken to resynchronise effectively magnifies 

(in time) the interference event which, in turn, increases the link unavailability (166]. 

Most of the recent work [167-171] on this issue investigated the level of interference 

that would cause loss of synchronisation, amount of time required to resynchronise 

and frequency of synchronisation loss events. These studies report on measurements 

of actual modems operating in the presence of simulated interference peaks. The 

results show that the point at which GSO FSS ground terminal receiver 

synchronisation is lost largely depends on the type of modulation and coding used on 

the GSO FSS link examined. 
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On the basis of material presented to the ITU-R, it is argued that the NGSO FSS 

interference peaks result in two distinct modes of GSO FSS receiver modem 

behaviour. Less severe interference events cause loss of synchronisation. In such 

cases, the recovery time is of order of a few seconds. For more severe interference 

events, carrier is lost and is recovered by a search mechanism. In these instances, 

there appears to be a significant difference in reacquisition time. 

The following table illustrates the results obtained for various types of modulation 

and coding techniques and for links with data rates less than 34 Mbps to determine a 

generally valid level of GSO FSS link C/(N+I) below which synchronisation loss 

might be expected to occur. 

Modulation and Coding C/(N+I) (dB) 

QPSK rate 7/8 6.0 

QPSK rate 3/4 5.3 

QPSK rate 1/2 3.5 

8-PSK 8.1 

16-QAM 11.0 

Table 3.1: Synchronisation Loss Criterion for Various Modulation and Coding 

Techniques 

It is important to note that when C/(N+I) performance objective of a GSO FSS link 

is specified with values lower than those given above, the ITU-R agreed to assume 

that the synchronisation loss level is 1 dB less than the lowest GSO FSS link 

performance objective [172]. 

3.3 Representative GSOINGSO FSS System Characteristics 

This section presents representative system parameters used in applying NGSO/GSO 

FSS sharing analysis methods developed during the course of this research. These 

parameters are based on information gathering on the technical and service 
characteristics of both GSO FSS and NGSO FSS systems. Mainly, information is 

collected from public domain sources, including standards bodies such as the ITU-R 

and the US Federal Communications Commission (FCC). For NGSO FSS system 
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characteristics, the original NGSO FSS system filings together with amendments to 

the filings are obtained [53-58]. Specific technical and service information are then 

extracted from the filings. A number of relevant latest published technical 

documents are also used to obtain detailed and up to date information on technical 

and regulatory developments. For the GSO FSS system characteristics, the ITU-R 

GSO FSS link database is used as a primary information resource. Additionally, 

GSO FSS system operators web sites together with system filings are also 

considered to derive relevant modelling parameters [17-21,36,41,42,44]. 

3.3.1 GSO FSS System Characteristics 

The following tables illustrate Ku & Ka band GSO FSS link parameters. As 

mentioned earlier, the parameter values are derived from ITU-R CR-116 GSO FSS 

links database. It has been assumed that Earth station antenna radiation patterns 

follow ITU-R Rec. IS. 847 [173] while space station antenna radiation patterns 

follow ITU-R Rec. S. 672 [174] with -20 dB sidelobe envelope. 

It is worth noting that, from an interference point of view, GSO FSS systems are 
designed for provide compatibility with 2° orbit spacing from co-frequency and co- 

coverage adjacent GSO FSS satellites. This is achieved using high performance 

satellite and Earth station antennas and employing power control schemes to limit 

the effective isotropic radiated power (EIRP) levels. 
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GSO Ku-1 GSO Ku-2 

UPLINK 

Operating Frequency (GHz) 

Carrier Bandwidth (MHz) 

Earth Station Transmitter Antenna Maximum Gain (dBi) 

Earth Station Transmitter Maximum Power (dBW / Carrier) 

Earth Station Transmitter Antenna Radiation Pattern 

Space Station Receiver Antenna Maximum Gain (dBi) 

Space Station Receiver Noise Temperature (K) 

Space Station Receiver Antenna Radiation Pattern 

Earth Station Transmitter Antenna Pointing Loss (dB) 

Earth Station Transmitter Latitude (degrees) 

Earth Station Transmitter Elevation Angle (degrees) 

Earth Station Transmitter Intermodulation C/I (dB) 

Earth Station Transmitter Polarisation Isolation C/I (dB) 

Space Station Receiver Cross Polarisation Isolation C/I (dB) 

Space Station Receiver Frequency Re-use Isolation C/I (dB) 

Uplink Clear-sky C/I due to Other GSO FSS Networks (dB) 

Uplink Clear-sky C/I due to FS Networks (dB) 

DOWNLINK 

Transponder Type 

Operating Frequency (GHz) 

Carrier Bandwidth (MHz) 

Space Station Transmitter Antenna Maximum Gain (dBi) 

Space Station Transmitter Maximum Power (dBW / Carrier) 

Space Station Transmitter Antenna Radiation Pattern 

Earth Station Receiver Antenna Maximum Gain (dBi) 

Earth Station Receiver Noise Temperature (K) 

Earth Station Receiver Antenna Radiation Pattern 

Earth Station Receiver Antenna Pointing Loss (dB) 

Earth Station Receiver Latitude (degrees) 

Earth Station Receiver Elevation Angle (degrees) 

Space Station Transmitter Cross Polarisation Isolation C/I (dB) 

Space Station Transmitter Frequency Re-use Isolation C/I (dB) 

Space Station Adjacent Transponder Isolation C/I (dB) 

Space Station Transmitter Intermodulation C/I (dB) 

Earth Station Receiver Polarisation Isolation C/I (dB) 

Downlink Clear-sky C/I due to Other GSO FSS Networks (dB) 

Downlink Clear-sky C/I due to FS Networks (dB) 

14 

32.93 

37.02 (0.6m, 65%) 

36.58 

Rec. IS 847 

32.33 (0.35m, 65%) 

500 

Rec. 672 (Ls = -20 dB) 

0.5 

51.5 (Rain Zone E) 

29.8 

100 

100 

26.72 

24.5 

29.28 

100 

Transparent 

12 

32.93 

31 (0.35m, 65%) 

17.69 

Rec. 672 (Ls - -20 dB) 

35.68 (0.6m, 65%) 

153 

Rec. IS 847 

0.5 

38.72 (Rain Zone K) 

39.60 

21.5 

100 

100 

100 

100 

14.72 

100 

14 

0.77 

51 (3m, 65%) 

11.03 

Rec. IS 847 

23.73 (0.13,65%) 

470 

Rec. 672 (Is = -20 dB) 

0.5 

51.5 (Rain Zone E) 

10.14 

100 

35 

30 

100 

23.95 

100 

Transparent 

12 

0.77 

22.39 (0.13,65%) 

4.46 

Rec. 672 (Ls - -20 dB) 

49.66 (3m, 65%) 

150 

Rec. IS 847 

0.5 

43 (Rain Zone A) 

36.94 

30 

100 

100 

24.1 

35 

23.95 

100 

Table 3.2 GSO FSS Ku Band System Parameters 
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GSO Ka-1 GSO Ka-2 

UPLINK 

Operating Frequency (GHz) 

Carrier Bandwidth (MHz) 

Earth Station Transmitter Antenna Maximum Gain (dBi) 

Earth Station Transmitter Maximum Power (dBW / Carrier) 

Earth Station Transmitter Antenna Radiation Pattern 

Space Station Receiver Antenna Maximum Gain (dBi) 

Space Station Receiver Noise Temperature (K) 

Space Station Receiver Antenna Radiation Pattern 

Earth Station Transmitter Antenna Pointing Loss (dB) 

Earth Station Transmitter Latitude (degrees) 

Earth Station Transmitter Elevation Angle (degrees) 

Earth Station Transmitter Intermodulation C/I (dB) 

Earth Station Transmitter Polarisation Isolation C/I (dB) 

Space Station Receiver Cross Polarisation Isolation C/I (dB) 

Space Station Receiver Frequency Re-use Isolation C/I (dB) 

Uplink Clear-sky C/I due to Other GSO FSS Networks (dB) 

Uplink Clear-sky C/I due to FS Networks (dB) 

DOWNLINK 

Transponder Type 

Operating Frequency (GHz) 

Carrier Bandwidth (MHz) 

Space Station Transmitter Antenna Maximum Gain (dBi) 

Space Station Transmitter Maximum Power (dBW / Carrier) 

Space Station Transmitter Antenna Radiation Pattern 

Earth Station Receiver Antenna Maximum Gain (dBi) 

Earth Station Receiver Noise Temperature (K) 

Earth Station Receiver Antenna Radiation Pattern 

Earth Station Receiver Antenna Pointing Loss (dB) 

Earth Station Receiver Latitude (degrees) 

Earth Station Receiver Elevation Angle (degrees) 

Space Station Transmitter Cross Polarisation Isolation C/I (dB) 

Space Station Transmitter Frequency Re-use Isolation C/I (dB) 

Space Station Adjacent Transponder Isolation C/I (dB) 

Space Station Transmitter Intermodulation C/I (dB) 

Earth Station Receiver Polarisation Isolation C/I (dB) 

Downlink Clear-sky C/I due to Other GSO FSS Networks (dB) 

Downlink Clear-sky C/I due to FS Networks (dB) 

30 

0.375 

47.16 (0.9m, 65%) 

-6.39 
Rec. IS 847 

48.07 (1.0m, 65%) 

1100 

Rec. 672 (Ls = -20 dB) 

1.125 

50.73 (Rain Zone E) 

31.63 

100 

100 

20.43 

22.17 

24.52 

100 

Transparent 

20 

0.375 

44.55 (1.0m, 65%) 

-9.23 
Rec. 672 (Ls = -20 dB) 

43.64 (0.9m, 65%) 

205 

Rec. IS 847 

1.125 

50.9 (Rain Zone E) 

31.43 

23.64 

30 

100 

17.96 

100 

29.21 

100 

30 

1.69 

53.18 (1.8m, 65%) 

-13.73 
Rec. IS 847 

47.16 (0.9m, 65%) 

700 

Rec. 672 (Ls = -20 dB) 

0 

28 (Rain Zone A) 

55 

100 

20 

27 

17.2 

15 

18 

Regenerative 

20 

81.03 

43.64 (0.9m, 65%) 

1.51 

Rec. 672 (Ls = -20 dB) 

49.66 (1.8m, 65%) 

250 

Rec. IS 847 

0 

28 (Rain Zone A) 

57.31 

27 

23.5 

100 

100 

20 

13.84 

16.84 
1 nuic J. 1 t3ov r mob xa Band System Parameters 
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3.3.2 NGSO FSS System Characteristics 

As mentioned earlier, a significant number of NGSO satellite system applications 
have been filed to the regulatory bodies (ITU-R and FCC) for the provision 
broadband services using Ku & Ka band frequencies. Taking account of system 
filings and published studies, the following tables are generated to summarise the 

representative NGSO FSS system characteristics. 
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Both Ku and Ka band NGSO FSS system user terminal and satellite antenna 

radiation patterns are illustrated in the following figures. 

Ku Band NGSO System User Antenna Transmitter Radiation Patterns 
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Figure 3.8: Ku-band NGSO FSS User Terminal Transmitter Antenna 

Radiation Patterns 
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Figure 3.9: Ku-band NGSO FSS User Terminal Receiver Antenna Radiation 

Patterns 

5 10 t5 20 25 30 35 60 <5 50 55 60 

Off- . j. MgI. (dg-. ) 

5 10 15 20 25 30 35 40 45 50 55 60 

Off-1. M gI. (dg-. ) 



Review of Issues Related to Interference from NGSO FSS Systems into GSO FSS Systems 126 

50 

45 

40 

35 

30 

25 

20 

ý t5 ý\ 

10 

OI 

-10 

-15 

0 

N050 KM t 5. l... T. 

AM-Mr Goo (AB) 

-NGSO Kul S. l. HY. Tv 
AN*w Gin (EBI( 

Figure 3.10: Ku-band NGSO FSS Satellite Transmitter Antenna Radiation 

Patterns 
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Figure 3.11: Ku-band NGSO FSS Satellite Receiver Antenna Radiation 

Patterns 
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Figure 3.12: Ka-band NGSO FSS User Terminal Transmitter Antenna 

Radiation Patterns 
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Figure 3.13: Ka-band NGSO FSS User Terminal Receiver Antenna Radiation 

Patterns 
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Figure 3.14: Ka-band NGSO FSS Satellite Transmitter Antenna Radiation 

Patterns 
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Figure 3.15: Ka-band NGSO FSS Satellite Receiver Antenna Radiation 

Patterns 
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3.4 Conclusions 

In this chapter, the key regulatory documents and activities within ITU-R working 

groups concerning the co-existence of NGSO/GSO FSS systems in the Ku and Ka 

band are reviewed. It is noted that the ITU-R Recommendation 1323 and the ITU-R 

Radio Regulations Article S. 22 address NGSO/GSO sharing issues. The Rec. 1323 

defines sharing criteria and includes analytic methods to be used in verifying 

compliance with the criteria. The Article S. 22 describes equivalent power flux 

density (epfd) concept and includes epfd masks to limit the NGSO FSS space-to- 

Earth and Earth-to-space interference emissions into GSO FSS receivers, as shown 

in Figure 3.1. 

The regulatory review is followed by a literature search to explore the key sharing 

issues. The contributions to the ITU-R study groups Joint Task Group 4-9-11 & 

Working Party 4A proved to be valuable information sources. It is recognised that a 

number of issues need to be investigated include implications of the use of epfd 

limits, examination of interference mitigation techniques, impact of cumulative 

NGSO FSS interference, refinement of antenna reference patterns and implications 

of very short term interference peaks. 

In the following chapter, sharing analysis methods are developed and applied to 

examine the above identified research areas taking representative system 

characteristics presented in this chapter into account. 



Sharing Analysis Between GSO and NGSO FSS Systems 130 

CHAPTER 4 

SHARING ANALYSIS BETWEEN 

GEOSTATIONARY AND NONGEOSTATIONARY 

FIXED SATELLITE SERVICE SYSTEMS 

This chapter presents the author's work concerning with spectrum sharing 

methodologies used to examine the feasibility of GSO and NGSO FSS system 

co-existence at Ku and Ka band frequencies. Sharing methods are developed and 

applied to the representative systems (described in the preceding chapter) to evaluate 

the impact of both the downlink (from NGSO FSS satellite transmitters into 

GSO FSS Earth stations) and the uplink (from NGSO FSS Earth Station transmitters 

into GSO FSS satellites) interference paths. 

Initially, the implications of NGSO FSS mitigation techniques are examined by 

employing analytic and simulation analysis methods. Further modelling work 

related to the revision of Article S. 22 epfd limits [67] is then carried out. The work 
involves: 

" an application of an analytic conversion algorithm defined for deriving 

aggregate epfdd,,. / epfd p statistics from aggregate interference statistics, 

9 an examination of the use of continuous epfd limits, 

" an investigation of the validity of the conversion algorithm proposed for 

converting aggregate epfd statistics to single entry epfd statistics, 

" an implementation of Methodology A' [109] for assessing the aggregate 
NGSO FSS interference, 

" an identification of shortcomings of the Methodology A' and an 
investigation of possible modifications to overcome implementation 

difficulties. 
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Next, investigations are directed towards examining the implications of the revised 

GSO FSS Earth station reference antenna pattern [140]. For these purposes, a 

simulator employing a probabilistic interference analysis approach is developed. 

This is followed by a description of an analytical method applied for examining the 

impact of NGSO FSS interference peaks. The method is based on determining 

whether any proposed epfddow� limit could degrade a GSO FSS link C/(N+I) ratio to 

a point where a receiver synchronisation loss is likely to occur. In the final section, 

conclusions are presented with a view to evaluate if an acceptable sharing 

environment can be achieved among NGSO FSS and GSO FSS systems at Ku and 

Ka band frequencies. 

It is worth noting that, in order to apply interference analysis methods to 

NGSO/GSO FSS sharing scenarios, a number of analysis tools have been developed 

during the course of this research. These include mathematical models for an 

examination of the interference mitigation techniques, calculation of the worst case 

interference levels, implementation of the epfd methodologies, evaluation of the 

conversion algorithms, investigation of the power flux density interpolation 

algorithms for different antenna diameters and examination of the interference 

peaks. 

In addition, interference scenarios requiring detailed deterministic (i. e. time-based) 

simulations are primarily carried out by employing the Aegis Systems Spectrum 

Engineering Toolkit (ASSET). As mentioned previously, ASSET is capable of 

simulating a wide range of interference scenarios involving both space and terrestrial 

systems. It includes satellite diversity and satellite selection strategy features and 

allows antenna pattern modifications. Furthermore, a Monte Carlo approach is taken 

in order to implement probabilistic simulations where a random selection of system 

input parameter values from presumed statistical distributions are employed. 

4.1 Implications of NGSO FSS Mitigation Techniques 

In order to facilitate spectrum sharing with other services, NGSO FSS systems 

propose to employ a number of interference mitigation techniques. The implications 
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of these techniques are examined by sharing analysis methods developed during the 

course of this research. 

It is important to note that in the sharing scenarios where simulation analysis 

approach is employed, the resultant interference statistics are in the form of 

cumulative distribution functions illustrating percentage times for which given 

interference levels are exceeded. The following points should be considered when 

interpreting the results: 

" For a distribution corresponding to a very simple scenario where there is a single 

interference entry, one end of the distribution will represent a high level of 

interference occurring for a short period of time (caused by some form of main 

beam-to-main beam alignment) while the other end will show a continuous (long 

term) level of interference. 

  For a distribution corresponding to a complex scenario where there are multiple 

interference entries, the long term interference level will increase because of 

power aggregation from multiple interfering paths (represented by a horizontal 

movement in the resultant distribution) whereas the short term interference level 

will remain the same because simultaneous power aggregation through a 

boresight alignment is unlikely to happen. However, the short term interference 

is likely to happen more often as there are more interference entries. This will 

result in aggregation in time (represented by a vertical movement in the resultant 

distribution). 

  When there are a large number of interference entries at a particular level (for 

example through a sidelobe plateau in an antenna pattern) a near vertical jump 

will occur in the resultant statistics. 

" In some instances, an expected highest interference level may not be achieved 

during a simulation run. This is due to limited simulated time period which is 

often the result of an increasing computation time required to simulate complex 

sharing scenarios. 
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  In general, the distribution functions presented in this study use 1 dB wide bins 

centred on 0.5 dB values. Therefore, the highest interference level, for example 

-100.5 dBW, actually represents anything between -101 and -100 dB W. 

4.1.1 GSO Arc Avoidance 

The GSO Arc avoidance is a mitigation technique involving a non-operating 

exclusion zone which is defined to be a° on either side of the GSO arc as seen by a 

GSO FSS Earth station [53,57,58]. The deterministic simulation analysis is 

employed to examine the implications of the use of this technique. This method is 

based on determining the position of each satellite in a given NGSO FSS 

constellation at regular time intervals (typically one second) over a simulation period 

(typically long enough to cover the large portion of the NGSO FSS constellation 

orbit shell). From this data, interference calculations are implemented and the 

results are then analysed statistically to be presented in the form of cumulative 

distribution functions. 

The interference scenarios considered in this section comprise the NGSO Ku-I and 

GSO Ku-1 systems whose characteristics are presented in Chapter 3. The primary 

objective of the interference analysis is to derive the uplink and downlink 

interference statistics by modelling the NGSO Ku-1 constellation with and without 

the GSO arc avoidance technique. 

4.1.1.1 Simulation Model Description 

In this section, the key system parameters are outlined and the interference scenario 

modelling approach developed to examine the uplink and downlink sharing 

scenarios is explained. 

The NGSO Ku-1 constellation (see Table 3.4 in Chapter 3) consists of 80 LEO 

satellites orbiting at 1469 km in 8 circular planes inclined at 53°. The constellation 

is divided into two identical parts. The sub-constellations have offset of -18° in right 

ascension and 22.5° in mean anomaly. Each satellite employs steerable spot beams 
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and antenna gain varies with elevation to compensate for the increased path loss and 

to provide constant EIRP on the surface of the Earth. The number of co-frequency 

beams per satellite is 6. 

The NGSO Ku-1 system applies 10° GSO arc avoidance to mitigate interference into 

GSO FSS systems. When the path to an NGSO Ku-1 satellite from a user terminal 

lies within 10° of the GSO Arc, no circuit is established with the satellite and the 

traffic is being transferred to another satellite further from the GSO Ku-1 link. 

The NGSO Ku-1 system also employs a minimum operating elevation angle of 10° 

for all Earth stations. In the interference analysis scenarios, each NGSO Ku-1 Earth 

station seeks to establish a link with a satellite chosen randomly from those 

satisfying the elevation and arc avoidance constraints. Having allocated links to as 

many Earth station as the constellation supports, the simulation model sustains these 

links until they become untenable due to low elevation angles (<10°) or due to 

angular proximity to the GSO FSS link (<100). 

It is important to note that the simulation models include fully loaded NGSO Ku-1 

co-frequency beams operating simultaneously and the simulation runs are reasonably 

long to explore as many geometric alignments as possible. These aim to ensure that 

the resultant interference statistics contain likely worst case interference levels which 

might be significant in determining whether interference exceeds victim receiver 

antenna interference criteria. 

In line with above discussions, the number of NGSO Ku-1 Earth station receivers 

representing a fully loaded network is calculated to be approximately 500 using the 

total number of satellites (80) and the number of co-frequency beams (6) in 

modelling uplink interference into the GSO Ku-1 satellite receiver. The Earth 

station receivers are assumed to follow random uniform worldwide distribution. 

In downlink interference modelling, a cluster of service areas surrounding the victim 
GSO Ku-1 Earth station receiver antenna is modelled. It is noted that the NGSO 

Ku-I constellation ensures that there are maximum 4 satellites visible from a point 

on the surface of the Earth at any time. As the maximum number of co-frequency 
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terminal are modelled to load all visible beams pointing towards these service areas. 

Each service area is calculated to be an area of radius 350 km taking account of the 

NGSO Ku-1 satellite 3 dB beamwidth and altitude. The victim receiver is assumed 

to be co-located with an NGSO Ku-I Earth station receiver at the centre of the 

cluster of service areas at latitude of 50 degrees. 

4.1.1.2 Uplink Simulation Analysis 

The above explained uplink sharing scenario has been simulated using deterministic 

simulation analysis method. Interference power statistics corresponding to scenarios 

with and without GSO arc avoidance mitigation are illustrated in Figure 4.1. The 

results are based on a simulated time period of 100,000 seconds (approx. 28 hours) 

using 1 second time steps. For comparison, the figure also includes the receiver 

noise floor which is calculated as follows: 

Satellite Receiver Noise Floor= Boltzmann Constant + Receiver Noise Temperature + Receiver Bandwidth 

Satellite Receiver Noise Floor= (10* log (1.38* 10-23 )) +(10* log (500)) + (10* log (32.93 * 106 )) 

Satellite Receiver Noise Floor = -126.4 dB W/32.93 MHz 
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Figure 4.1: Comparison of Uplink Interference Statistics 
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The plots suggest that the use of the GSO arc avoidance technique for the NGSO 

FSS uplink paths reduces the level of interference into GSO FSS satellite receivers. 

This is examined in detail by employing analytical methods in the remaining of this 

section. 

The following figure illustrates the geometry of the worst case single interference 

entry with and without GSO arc avoidance. 
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Figure 4.2: Uplink Single Entry Worst Case Interference Geometry 

As can be seen, when the GSO arc avoidance is applied, the worst case interference 

path originates from a 10° off-axis at the NGSO Ku-I Earth station transmitter 

antenna while a mainbeam-to-mainbeam (i. e. boresight-to-boresight) antenna 

coupling is the worst case without the mitigation. Using Figure 4.2, the 

corresponding single entry interference levels can be calculated as follows: 

Without mitigation, the interference path length is calculated to be 38,377 km 

(z33° elevated path to the GSO orbit as NGSO Ku-1 Earth station is co-located with 
GSO Ku-1 Earth station at a latitude of 50 degrees) and the free space path loss 

(FSPL) is 207.1 dB. The slant path atmospheric loss at 14 GHz is approximately 
0.13 dB for the 33° elevated Earth-to-space path. The GSO Ku-I space station 
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receiver boresight gain is Gß O°) = 32.33 dBi. The NGSO Ku-1 Earth station 

transmitter antenna boresight gain is Gix(O°) = 37 M. The resulting worst case 

interference can then be calculated as: 

I,,,., = pTx +G (00) - Path Loss + GRx (0°) - Atm Loss 

IWF = 11.63 dBW / 32.93MHz + 37 dBi - 207.1 dB + 32.33 dBi - 0.13 dB 

Iwo� _ -126.3 dBW / 32.93 MHz 

which is the maximum interference level obtained from the deterministic simulation 

run (-126 dBW / 32.93MHz, Figure 4.1). As mentioned earlier, in general, the 

worst case interference level obtained from a simulation run corresponds to an 

aggregation of interference powers caused by simultaneous single worst case 

interference entry and other interference entries that are usually at much lower 

levels. Therefore, in the case of boresight-to-boresight coupling, the maximum 

interference level is largely driven by a single worst case entry as it is shown in the 

preceding calculations. 

With mitigation, the difference lies within the NGSO Ku-1 Earth station transmitter 

antenna gain which is, according to ITU-R Radio Regulations Appendix 28/29 [175] 

antenna radiation pattern, defined as GTx(10°) = 52-101og(diameter/wavelength)- 

251og(10°) = 12.44 dBi and the worst case interference is then calculated to be: 

IWOni = Pix + G�t (100) - Path Loss + G, (0°) - Atm Loss 

I, « = 11.63 dBW / 32.93MHz + 12.44 dBi - 207.1 dB + 32.33 dBi - 0.13 dB 

-150.8 dBW / 32.93 MHz 

which is approximately 3 dB lower than the value obtained from the simulation run 

(-147 dBW/32.93MHz). This suggest that the worst case simulation result shown in 

Figure 4.1 corresponds to an aggregation of multiple simultaneous interference 

entries two of which may be at the calculated single entry worst case interference 

level. 

A further analysis is applied to examine the implications of the use of GSO arc 

avoidance mitigation technique. The method is based on the determination of the 
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overall performance degradation within GSO Ku-1 clear-sky link budget due to 

NGSO Ku-1 uplink interference with and without GSO arc avoidance. Table 4.1 

illustrates the application of the method step by step. 

UPLINK 

GSO Ku-1 Earth Station EIRP (dBW/32.93MHz) 73.6 

Antenna Pointing Loss (dB) 0.5 

Free Space Path Loss Between GSO Ku-1 Earth Station Transmitter and GSO 
Ku-I Satellite Receiver (dB) 

207.1 (38,377 km at 14 GHz) 

Atmospheric Attenuation (dB) (Rec. 676, Simplified Model) 0.2 (Path Elevation = 33 degrees) 

GSO Ku-1 Satellite Receiver Antenna Gain (dBi) 32.33 

Received Carrier Power (dBW/32.93MHz) (C,, ) - 73.6 - 0.5 - 207.1 - 0.2 + 32.33 

-101.9 
GSO Ku-1 Satellite Receiver Noise Level (dBW/32.93 MHz) (N�1, )- k T.. IB - -126.4 
(C/N), (dB) -101.9 - (-126.4) - 24.5 

GSO Ku-1 Earth Station Transmitter Intermodulation (C/I)I (dB) 100 

GSO Ku-I Earth Station Transmitter Polarisation Isolation (C/I)Z (dB) 100 

GSO Ku-1 Satellite Receiver Cross Polarisation Isolation (C/I)3 (dB) 26.72 

GSO Ku-1 Satellite Receiver Frequency Re-use Isolation (C/I)4 (dB) 24.5 

GSO Ku-I Uplink Clear-sky C/I due to Other GSO FSS Networks (C/I)s (dB) 29.28 

GSO Ku-i Uplink Clear-sky C/I due to FS Networks (C/I)6 (dB) 100 

(without mitigation) (with mitigation) 
NGSO Ku-I Interference Exceeded for 0.3% (dBW/32.93 MHz) (Assuming 
GSO Ku-I Performance Requirement is given for 99.7%) (Simulation Results 
in Figure 4.1) 

-129 -148 

C/I due to NGSO Ku-i Interference (dB) (C�p/INGW) -101.9 - (-129) - 
27.1 

-101.9 - (-148)- 
46.1 

Calculation of ( C/( N+j) )UPLINK TOTAL: 

(without mitigation) (with mitigation) 
Degradation dB numeric II (numeric 

degradation) 
Degradation dB numeric 1 /(numeric 

degradation) 

(C/N)y, 24.5 281.84 0.0035 (C/N),, 24.5 281.84 0.0035 

(C/I) 1100 1010 10.10 (C/I)1 100 1010 10.10 
(C/02 100 1010 10-10 (C/I)2 100 100 10-10 

(C/I)3 26.72 469.89 0.0021 (C/I)3 26.72 469.89 0.0021 

(C/04 24.5 281.84 0.0035 (C/I4 24.5 281.84 0.0035 

(C/I)5 29.28 847.22 0.0012 (C/I)5 29.28 847.22 0.0012 

(C/1)6 100 1010 10.10 (C/I)6 100 1010 10-10 

(C, /INGSO) 27.1 512.86 0.0019 (C,, /INOso) 46.1 40738 0.000025 
(I / (C / (N+I))) UPLINK TOTAL (numeric) 0.0123 (1 / (C / (N+I) )) UPLINK TOTAL (numeric) 0.0104 

(C / (N+I) ) UPLINK TOTAL (numeric) 81.27 (C / (N+I) ) UPLINK TOTAL (numeric) 96.15 
(C / (N+I) )UPLINK TOTAL (dB) 19.09 (C / (N+1) )UPLINK TOTAL (dB) 19.83 

Table 4.1 (a) Implications of Uplink NGSO Ku-1 Aggregate Interference on 
End-to-end GSO Ku-1 Link Budget 
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DOWNLINK 

GSO Ku-I Satellite EIRP (dBW/32.93MHz) 48.69 

GSO Ku-1 Earth Station Receiver Antenna Pointing Loss (dB) 0.5 

Free Space Path Loss Between GSO Ku-I Satellite Transmitter and GSO Ku-I 
Earth Station Receiver (dB) 

205.7 (38,377 km at 12 GHz) 

Atmospheric Attenuation (dB) (Rec. 676, Simplified Model) 0.1 (Path Elevation = 33 degrees) 

GSO Ku-1 Earth Station Receiver Antenna Gain (dBi) 35.68 

Received Carrier Power (dBW/32.93MHz) (C&. YO) - 48.69 - 0.5 - 205.7 - 0.1 + 
35.68 - -121.93 

GSO Ku-1 Earth Station Receiver Noise Level (dBW/32.93 MHz) (Ndowa)- k TssB - -131.6 
(C/N)dowi, (dB) -121.93 - (-131.6) - 9.65 

GSO Ku-I Space Station Transmitter Cross Polarisation isolation (C/I)1 (dB) 21.5 

GSO Ku-I Space Station Transmitter Frequency Re-use Isolation (C/I)2 (dB) 100 

GSO Ku-I Space Station Adjacent Transponder Isolation (C/I)3 (dB) 100 

GSO Ku-I Space Station Transmitter Intermodulation (C/I)4 (dB) 100 

GSO Ku-I Earth Station Receiver Polarisation Isolation (C/I)s (dB) 100 

GSO Ku-I Downlink Clear-sky C/I due to Other GSO FSS Networks (C/I)6 (dB) 14.72 

GSO Ku-1 Downlink Clear-sky C/I due to FS Networks (Co (dB) 100 
Calculation of (C/(N+I) )DOWNWNK TOTAL 

Degradation dB numeric II (numeric 
degradation) 

(C/N)s 9.65 9.2257 0.1084 

(C/I)l 21.5 141.2538 0.0071 

(C/I)2 100 1010 10-10 

(C/I)3 100 1010 10-10 
(C/I)4 100 1010 10-10 

(C/I)s 100 1010 10.10 

(C/1)6 14.72 29.6483 0.0337 

(C/i)7 100 1010 10-10 

(I / (C / (N+I))) DOWNLINK TOTAL (numeric) 0.1492 

(C / (N+I) ) DOWNLINK TOTAL (numerIC) 6.7 

(C / (N+I) )nowmaNK TOTAL (dB) 8.26 
Calculation of END-TO-END LINK (C / (N+I) ) 

(I / (C / (N+l))) TOTAL (numeriC) (I/ (C / (N+l) )) UPLINK TOTAL (numeric) + (I / (C / (N+I))) DOWNLINK TOTAL 
(numeric) 

(without mitigation) (with mitigation) 
(I / (C / (N+I))) TOTAL (numeric) 0.0123 + 0.1492 = 0.1615 0.0104 + 0.1492 - 0.1596 

(C / (N+I)) TOT u (numeric) 6.19 6.26 

(C / (N+I)) TOTAL. (dB) 7.92 7.97 

Table 4.1 (b) Implications of Uplink NGSO Ku-1 Aggregate Interference on 
End-to-end GSO Ku-1 Link Budget 
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The use of the GSO arc avoidance mitigation technique reduces the impact of NGSO 

Ku-I uplink interference by increasing the GSO Ku-1 uplink C/N+1 from 19.1 dB to 

19.8 dB. The calculations show that the downlink C/N+l is 8.26 dB which, in turn, 

indicates that the overall link performance is largely determined by the downlink as 

the C/(N+I) ratio of 8.26 dB is much lower than 19.1 dB (or 19.8 dB). Therefore, the 

improvement in the end-to-end GSO Ku-1 C/(N+I) due to mitigation is an increase 

of 0.05 dB (from 7.92 dB to 7.97 dB). 

4.1.1.3 Downlink Simulation Analysis 

Similar to the uplink analysis, the downlink sharing scenario outlined in § 4.1.1.1 

has been simulated using deterministic simulation analysis method. Interference 

statistics corresponding to models with and without GSO arc avoidance mitigation 

are illustrated in Figure 4.3. The simulation runs are based on a simulated time 

period of 700,000 seconds (approx. 8 days) with 0. S second step size. As before, the 

results are also compared against the receiver noise floor which is calculated as 

follows: 

Ground Terminal Noise Floor = Boltzmann Constant + Receiver Noise Temperature + Receiver Bandwidth 

Ground Terminal Noise Floor = (10* 109( 1 -38* 10-23 )) + (10* log( 153))+ (10* log (32.93* 106 )) 

Ground Terminal Noise Floor= -131.6dBW/32.93 MHz 
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Figure 4.3: Comparison of Downlink Interference Statistics 
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The results indicate that the short term interference is reduced by some 10 dB by the 

use of GSO arc avoidance though the receiver noise level is still exceeded for both 

cases. Figure 4.4 illustrates the worst case single interference entry geometry 

without the use of mitigation. 
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Figure 4.4: Worst Case Single Entry Downlink Interference Without Mitigation 

The worst case geometry occurs when the NGSO Ku-I and GSO Ku-I Earth stations 

are co-located and NGSO Ku-I satellite is within the GSO Ku-1 receiver antenna 

boresight. In this figure, the interference path length is 1469 km giving rise to free 

space path loss (FSPL) of 177 dB and atmospheric loss of 0.06 dB at 12 GHz. The 

GSO Ku-1 Earth station receiver boresight gain is Gkr(0°) = 35.68 dBi. The NGSO 

Ku-1 satellite transmitter antenna boresight gain is Gr (0°) = 15 dBi. The resulting 

worst case interference at the GSO Ku-1 Earth station receiver antenna can be 

calculated as: 

'worst = PTX + GTX (00) - Path Loss + GRX (0°) - Atm Loss 

Iwo, = 3.03 dBW / 32.93MHz + 15 dBi - 177 dB + 35.68 dBi - 0.06 dB 

= -123.3 dBW / 32.93 MHz 
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which is in agreement with the maximum interference value obtained from the 

simulation run, shown in Figure 4.3. 

When the GSO arc avoidance is applied, if the worst case single entry geometry is 

assumed to be the case where GSO and NGSO FSS Earth stations are co-located as 

illustrated in Figure 4.5, the corresponding interference value can be determined as 

follows: 
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Figure 4.5: Assumed Worst Case Downlink Interference With GSO Are 

Avoidance 

In this case, the interference path is 1492 km (FSPL = 177.5 dB at 12 GHz) and the 

GSO Ku-I Earth station receiver off-beam gain is Gß(10°) =4 dBi. Using these 

figures, the interference level is calculated to be 

I= PTa t GTa (0°) - Path Loss + GRX (00) - Atm Loss 

I=3.03 dBW / 32.93MHz + 15 dBi - 177.5 dB +4 dBi - 0.06 

I= -155.5 dBW / 32.93 MHz 
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The worst case interference with GSO arc avoidance obtained from the simulation 

modelling (shown in Figure 4.3) is approximately -131 dBW/32.93 MHz (by some 

25 dB higher than the calculated worst case level of -155.5 dBW/32.93 MHz) 

suggesting that the GSO arc avoidance does not reduce the short term interference to 

the expected level. 

The detailed analysis of the simulation results has revealed that, with the GSO arc 

avoidance, the worst case geometry comprises an NGSO Ku-1 satellite located at the 

GSO Ku-I receiver antenna boresight and linking to an NGSO Ku-1 Earth station at 

some distance from the GSO Ku-1 Earth station, as illustrated in Figure 4.6. 
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Figure 4.6: Calculated Worst Case Downlink Interference With GSO Are 

Avoidance 

The GSO Ku-I end-to-end link performance degradation due to NGSO Ku-I 

downlink interference can be calculated with and without mitigation. Table 4.2 

shows the calculations. 
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UPLINK 

GSO Ku-1 Earth Station EIRP (dBW/32.93MHz) 73.6 

Antenna Pointing Loss (dB) 0.5 

Free Space Path Loss Between GSO Ku-1 Earth Station Transmitter and GSO 
Ku-i Satellite Receiver (dB) 

207.1 (38,377 km at 14 GHz) 

Atmospheric Attenuation (dB) (Rec. 676, Simplified model) 0.2 (Path Elevation = 33 degrees) 

GSO Ku-I Satellite Receiver Antenna Gain (dBi) 32.33 

Received Carrier Power (dBW/32.93MHz) (C,, ) - 73.6 - 0.5 - 207.1 - 0.2 + 
32.33 - -101.9 

GSO Ku-1 Satellite Receiver Noise Level (dBW/32.93 MHz) (N�, )- k TSATB - -126.4 
(C/N),, (dB) -101.9 - (-126.4) - 24.5 

GSO Ku-1 Earth Station Transmitter Intermodulation (C/I)1 (dB) 100 

GSO Ku-I Earth Station Transmitter Polarisation Isolation (C/I)2 (dB) 100 

GSO Ku-i Satellite Receiver Cross Polarisation Isolation (C/I)3 (dB) 26.72 

GSO Ku-1 Satellite Receiver Frequency Re-use Isolation (C/I)4 (dB) 24.5 

GSO Ku-1 Uplink Clear-sky C/I due to Other GSO FSS Networks (C/I)5 (dB) 29.28 

GSO Ku-I Uplink Clear-sky C/I due to FS Networks (C/I)6 (dB) 100 
Calculation of ( C/(N+n )UPLINK TorAL: 

Degradation dB numeric I /(numeric 
degradation) 

(C/N)s 24.5 281.84 0.0035 

(C/I)1 100 1010 10.10 

(C/02 100 l010 10-10 
(C/I)3 26.72 469.89 0.0021 

(C/04 24.5 281.84 0.0035 

(C/1)5 29.28 847.22 0.0012 

(C/I)6 100 1010 10.10 
(1 / (C / (N+I))) UPLINK TOTAL (numeric) 0.0103 

(C / (N+I)) UrLINK TOTAL (numeric) 97.08 
(C / (N+1) )UPLINK TOTAL (dB) 19.87 

Table 4.2 (a) Implications of Downlink NGSO Ku-1 Aggregate Interference on 
End-to-end GSO Ku-1 Link Budget 
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DOWNLINK 

GSO Ku-1 Satellite EIRP (dBW/32.93MHz) 48.69 

GSO Ku-I Earth Station Receiver Antenna Pointing Loss (dB) 0.5 

Free Space Path Loss Between GSO Ku-I Satellite Transmitter and 
GSO Ku-I Earth Station Receiver (dB) 

205.7 (38,377 km at 12 GHz) 

Atmospheric Attenuation (dB) (Rec. 676, Simplified Model) 0.1 (Path Elevation = 33 degrees) 

GSO Ku-I Earth Station Receiver Antenna Gain (dBi) 35.68 

Received Carrier Power (dBW/32.93MHz) (Ca, u) - 48.69 - 0.5 - 205.7 - 0.1 + 35.68 
-121.93 

GSO Ku-1 Earth Station Receiver Noise Level (dBW/32.93 MHz) (Ndo)- k TsB - -131.6 
(C/N). j (dB) -121.93 - (-131.6) - 9.65 

GSO Ku-I Space Station Transmitter Cross Polarisation Isolation (C/I)1 
(dB) 

21.5 

GSO Ku-1 Space Station Transmitter Frequency Re-use Isolation (C/I)2 
(dB) 

100 

GSO Ku-I Space Station Adjacent Transponder Isolation (C/I)3 (dB) 100 

GSO Ku-I Space Station Transmitter Intermodulation (C/I)4 (dB) 100 

GSO Ku-I Earth Station Receiver Polarisation Isolation (C/I)5 (dB) 100 

GSO Ku-I Downlink Clear-sky C/I due to Other GSO FSS Networks 
(C/1)6 (dB) 

14.72 

GSO Ku-I Downlink Clear-sky C/I due to FS Networks (C/1)7 (dB) 100 

(without mitigation) (with mitigation) 
NGSO Ku-1 Interference Exceeded for 0.3% (dBW/32.93 MHz) 
(Assuming GSO Ku-I Performance Requirement is given for 99.7%) 
(Simulation Results in Figure 4.3) 

-134 -150 

C/[ due to NGSO Ku-1 Interference (dB) (C.,.,. /INGSO) -121.93 - (-134) 
12.1 -121.93- (-150) 

28.1 

Table 4.2 (b) Implications of Downlink NGSO Ku-1 Aggregate Interference on 
End-to-end GSO Ku-i Link Budget 
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Calculation of ( C/(N+li) )DOWNLINK TOTAL: 
(without mitigation) (with mitigation) 

Degradation dB numeric 1 /(numeric 
degradation) 

Degradation dB numeric 1 /(numeric 
degradation) 

(C/N)d. wn 9.65 9.2257 0.1084 (C/N)0 ,,,, 9.65 9.2257 0.1084 

(C/I)1 21.5 141.2538 0.0071 (C/01 21.5 141.2538 0.0071 

(C/I)2 100 1010 10-40 (002 100 1010 10-40 

(C/03 100 1010 10-10 (C/03 100 1010 10.10 

(C/04 100 1010 10-10 (C/I)4 100 1010 10-10 

(C/I)5 100 1010 10.10 (C/I)5 100 1010 10-10 

(C/I)6 14.72 29.6483 0.0337 (C/1)6 14.72 29.6483 0.0337 

(C/1)7' 100 1010 10-40 (C/I)2 100 1010 10.10 

(C ,., JINCSO) 12.1 16.2181 0.0617 (C, /INOSO) 28.1 645.6542 0.0015 

(I / (C / (N+I))) DOWNLINK TOTAL 
(numeric) 

0.2109 (1 / (C / (N+1))) DOWNLINK TOTAL 
(numeric) 

0.1507 

(C / (N+1) ) DOWNLINK TOTAL (numeric) 4.74 (C / (N+I) ) DOWNLINK TOTAL (numeric) 6.64 

(C / (N+1)) DOWNLINK TOTAL (B) 6.76 (C / (N+I) ) DOWNLINK TOTAL (dB) 8.22 

Calculation of END-TO-END LINK (C / (N+I) ) 
(1 / (C / (N+I))) TOTAL (numeric) (I l (C / (N+I) )) UPLINK TOTAL (numeric) + (1 / (C / (N+I))) DOWNLINK TOTAL 
(numeric) 

(without mitigation) (with mitigation) 
(1 / (C / (N+I))) TOTAL (numeric) 0.0103 + 0.2109= 0.2212 0.0103 + 0.1507= 0.1610 

(C / (N+I) ) TOTAL (numeric) 4.52 6.21 

(C / (N+I) ) TOTAL (dB) 6.55 7.93 

Table 4.2 (c) Implications of Downlink NGSO Ku-1 Aggregate Interference on 
End-to-end GSO Ku-1 Link Budget 

As can be seen, with the use of the GSO arc avoidance mitigation technique, the 

Cdown/INGso is improved by 28.1-12.1=16 dB which is approximately 3 dB less than 

that of obtained in the uplink case (Cup/INGso is calculated to be 27.1 dB without 

mitigation and 46 1 dB with mitigation as shown in Table 4.1). This suggests that, 

for the assumed parameters, the use of the GSO arc avoidance technique improves 

the carrier-to-interference ratio for both the uplink and downlink directions. 

The calculated degradation figures also suggest that the end-to-end link performance 
improvement is 7.93 -6.55 = 1.38 dB which is higher than that of obtained from the 

uplink case (0.05 dB). As explained earlier, this is due to the dominance of the 

C/(N+I)ooWIvLuNK in the C/(N+I)mTAL calculations. 
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4.1.1.4 Discussion 

The key system parameters need to be taken into account when designing simulation 

scenarios for the deterministic simulation analysis include constellation parameters 

(number of satellites, altitude, inclination and satellite phasing), beam frequency re- 

use pattern, operational characteristics (mitigation techniques, power control and 

minimum elevation angle), transmitter and receiver power and antenna 

characteristics and beam coverage area size. 

To examine the implications of the GSO arc avoidance, the deterministic simulation 

method has been applied to the uplink and downlink sharing scenarios where, in 

each direction, the NGSO FSS constellation is modelled with and without the 

mitigation. The simulation results have been benchmarked against the worst case 

interference levels which are derived analytically. Further analysis method has been 

developed and applied to assess the impact of the use of the GSO arc avoidance. It 

is based on the calculation and comparison of the GSO FSS link overall performance 

degradation using the interference statistics derived from the simulation analysis 

with and without the GSO arc avoidance. 

The analysis carried out using representative system characteristics has shown that 

the use of GSO arc avoidance does not prevent near on-beam hits into the GSO FSS 

Earth station receiver antennas. It allows interference alignments where the NGSO 

FSS satellite is in the GSO FSS receive Earth station boresight and transmitting 

towards an NGSO FSS user terminal, satisfying the geostationary arc avoidance 

requirement, placed at some distance from the GSO FSS Earth station receiver. It is 

noted that this conclusion is in line with the results of studies carried out within 

ITU-R [176-178]. 

For the assumed availability target (99.7%), the GSO FSS link performance 
degradation analysis (based on the simulation results) has suggested that the GSO 

arc avoidance improves C/INGso ratio for both the uplink and downlink sharing 

scenarios. 
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4.1.2 Latitude Avoidance 

Latitude avoidance requires that neither the NGSO FSS satellites nor the associated 

NGSO FSS Earth stations transmit when the NGSO FSS satellites are within the 

volume defined by ±8 ° in latitude [55,58]. The implications of this technique have 

been investigated using both the deterministic simulation modelling and analytic 

approach. These methods have been implemented to examine the interference paths 

from the NGSO Ka-2 system into the GSO Ka-2 system. 

4.1.2.1 Simulation Model Description 

The NGSO Ka-2 system (see Table 3.5 in Chapter 3) consists of 16 satellites 

orbiting at 10,400 km in 4 circular planes inclined at 45°. The system employs fixed 

beam pattern comprising 61 beams to provide service to user terminals. Each 

satellite is capable of operating with 10 co-frequency beams within its fixed beam 

pattern. 

The system serves users having minimum elevation angles of 20°. When a service 

area satisfies the minimum elevation angle requirement the 61-beam pattern locks 

on to that area and the beams are steered as the satellite passes over. When the 

minimum elevation angle requirement is not satisfied the beam pattern is switched to 

cover another service area and the existing links are handed over to the next 

available satellite. 

The interference mitigation technique requires that when a satellite passes through 

the volume defined by ± 15° in latitude, all transmissions should be turned off. In 

such circumstances, the service area is served by a satellite satisfying the latitude 

avoidance requirement. 

For the uplink interference scenario, taking account of the orbital height and the 

beamwidth figures, an area covered by 61 beams is calculated to be approximately 

12 million km2 (corresponding to an area of radius of 2000 km). As any satellite 

within the constellation supports 10 co-frequency beams, it is assumed that the user 
density should be based on 10 users over an area of 2000 km radius. This gives rise 
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to total number of 93 user terminals uniformly randomly distributed worldwide to 

represent fully loaded NGSO Ka-2 network. The GSO Ka-2 Earth station 

transmitter is assumed to be co-located with an NGSO Ka-2 transmitter at 

50 degrees latitude. 

In the downlink simulation model, the number of user terminals is assumed to be 10 

since there are 10 co-frequency beams operating within the fixed 61-beam pattern. 

Each user terminal is modelled to have tracking antennas in order to represent the 

beam steering over the service area. These terminals are placed at pre-determined 

locations so that the beam pattern could be simulated. The victim GSO Ka-2 Earth 

station is assumed to be co-located with an NGSO Ka-2 Earth station receiver at the 

centre of the beam pattern at 40 degrees latitude. 

It is worth noting that in order to assess the implications of the GSO FSS Earth 

station location on the resultant interference statistics, the GSO Ka-2 Earth station is 

assumed to be co-located with an NGSO Ka-2 Earth station at 50° and 40° latitudes 

in the uplink and downlink scenarios, respectively. 

4.1.2.2 Uplink Simulation Analysis 

On the basis of the above explained scenario, the uplink simulation analysis has been 

implemented. The statistics plotted in Figure 4.7 are based on a simulated time of 

1,000,000 seconds (approx. 12 days) using 1 second simulation time steps. 
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Figure 4.7: Comparison of Uplink Interference Statistics 

As can be seen, the use of the latitude avoidance mitigation technique significantly 

reduces the aggregate uplink interference into the GSO FSS satellites. In order to 

validate the simulation results, the following analysis has been implemented. 

Figure 4.8 compares the worst case single entry interference geometry with and 

without the mitigation. 
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Figure 4.8: Uplink Single Entry Worst Case Interference Geometry 

Without mitigation, the worst case geometry comprises mainbeam-to-mainbeam 

coupling between the co-located NGSO Ka-2 and GSO Ka-2 Earth station 

transmitters and the satellite receivers. It can be shown that the interference path 

length is 38,377 km resulting in 213.67 dB path loss and 0.4 dB atmospheric gaseous 

attenuation at 30 GH:. The system characteristics (given in Tables 3.3 and 3.5 in 

Chapter 3) indicate that the NGSO Ka-2 Earth station maximum antenna gain is 41.9 

dBi while the GSO Ka-2 satellite receiver antenna gain is 47.16 dBi. Using these 

figures, the worst case single entry interference level can be calculated as: 

Loni = PTa + GTX (0 0) - Path Loss + GRX (0°) - Atm Loss 

lworsi=-3.2I dBW / 1.69 MHz + 41.9 dBi - 213.67 dB + 47.16 dBi - 0.4 dB 

IWOn, = -128.22 dBW / 1.69 MHz 

The comparison of this benchmark figure against the maximum aggregate 

interference level obtained from the simulation run (-128 dBW/1.69 MHz) suggest 
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that the worst case geometry has been achieved during the simulation run. As can be 

seen, for this geometry, the maximum value of aggregate interference is the same as 

the calculated level because the mainbeam-to-mainbeam hits do not occur 

simultaneously and, therefore, do not aggregate in power. 

Using the same approach, another benchmark value can be calculated by assuming 

that the interference coupling is through the rear lobes, i. e. the interference path 

originates from the NGSO Ka-2 satellite antenna through the rear lobes into the GSO 

Ka-2 satellite receiver antenna rear lobes: 

I= Prx + G1x (>48°) - Path Loss + Gpc (>77°) - Atm Loss 

I,,,; o = -3.21 dBW / 1.69 MHz + (-10) dBi - 213.67 dB +O dBi - 0.4 dB 

I,,,;. = -227.28 dBW / 1.69 MHz 

The minimum interference level obtained from the simulation run is expected to be 

higher than the single entry level because, at a given instant, multiple sidelobe 

entries aggregate at the GSO FSS receiver antenna. From Figure 4.7, the minimum 

interference level obtained from the simulation run is approximately 

-191 dBW/1.69MHz which is by some 36 dB higher than the calculated single rear 

lobe-to-rear lobe interference entry. 

With mitigation, the worst case geometry occurs when Earth stations and satellites 

are at the same longitude, and the NGSO FSS satellite is at the edge of the 15° 

latitude exclusion zone, as shown in Figure 4.8. For the assumed GSO Ka-2 Earth 

station latitude of 50°, the off-axis angle at the NGSO FSS Earth station transmitter 

antenna can be calculated to be 4.7° which gives rise to transmitter antenna gain of 

GTx(4.7°)=12.19 dBi. Using this figure, the expected worst case single entry 

interference level can be calculated as: 

IWo = PTX + G1 (5.2°) - Path Loss + Gg (0°) - Atm Loss 

IWO, ýý _ -3.21 dBW / 1.69 MHz + 12.19 dBi - 213.67 dB + 47.16 dBi - 0.4 dB 

IW F_-157.93 dBW/1.69MHz 
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which is the same as the maximum interference value of -158 dBW/I. 69MHz 

obtained from the deterministic simulation model (Figure 4.7). 

From the GSO Ka-2 link performance point of view, assuming that the link 

performance objective is defined for 99.7% of the time, the comparison of 

interference levels exceeded for 0.3% with (z -163 dBW/1.69MIl. ) and without 

(z -147 dBW/1.69MHz) mitigation suggests that the use of latitude avoidance would 

improve the uplink C/L\(soý degradation by some 16 dB. 

4.1.2.3 Downlink Simulation Analysis 

In the downlink direction, interference statistics shown in Figure 4.9 are obtained 

from the simulation scenario described in § 4.1.2.1. As in the uplink scenarios, the 

simulated time is 1,000,000 seconds (approx. 12 days) with step size of I second. 

Downlink Interference into GSO Ka-1 Ground Terminal Receiver 
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Figure 4.9: Comparison of Downlink Interference Statistics 

The plots suggest that the latitude avoidance technique results in 10-30 d/3 reduction 
in the short term aggregate interference level at the GSO Ka-2 Earth station receiver 

antenna for percentage times less than 1%. In order to verify the results, the worst 

case alignments shown in Figure 4.10 are considered. 
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Figure 4.10: Downlink Single Entry Worst Case Interference Geometry 

On the basis of the above geometry and the system radio characteristics, the 

minimum and maximum level of expected single entry interference entries have 

been calculated with and without latitude avoidance. These figures have been 

compared against the simulation statistics in Table 4.3. 

Minimum Single Entry Maximum Single Aggregate 
Interference Entry Interference 

(Rear lobe-to-Rear lobe) Interference Simulation Results 
(dBW/81.03MHz) (d BW/81.03MHz) (dBW/8I. 03M1iz) 

Without Latitude Avoidance 
1857 -106.2 (-167) - (-115) 

-. 
With Latitude Avoidance 146.8 (-167) (-147) 

Table 4.3 Single Entry Interference Benchmark Figures 

As can be seen, the simulation results fall within the calculated range. As expected, 

the sidelobe entries aggregate in power whereas the aggregate worst case 

interference is close to the calculated single entry level. 
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It is important to note that, for the assumed GSO Ka-2 Earth station location of 400 

latitude, the off-axis angle shown in Figure 4.10 has been calculated as 7.5°. In the 

uplink interference scenario, the Earth station location is assumed to be at 50° 

latitude and the off-axis angle has been calculated as 4.7°. These figures indicate 

that, for a given NGSO FSS orbit height and a latitude avoidance angle, the antenna 

discrimination between the wanted and the interference path increases with 

decreasing latitude of the GSO FSS Earth station location. 

The simulation results also suggest that the GSO Ka-2 (C/INGso) degradation in the 

downlink direction would be improved approximately 15 dB with the use of the 

mitigation technique (as the aggregate interference is reduced from 

-138 dB W/ 81.03MHz to -153 dBW / 81.03MHz) if the unavailability requirement is 

assumed to be 0.03%. 

4.1.2.4 Discussion 

The implications of the latitude avoidance technique have been investigated using 

the deterministic simulation method. The simulation scenarios have been designed 

on the basis of the representative system characteristics given in Chapter 3 and the 

results have been validated taking the mainbeam-to-mainbeam and rearlobe-to- 

rearlobe interference alignments into account. 

The results have indicated that the latitude avoidance technique prevents both the 

uplink and downlink mainbeam-to-mainbeam coupling. This conclusion agrees with 

the findings of the studies conducted by the ITU-R study groups [179,180]. 

It has been noted that the off-axis angle at the GSO FSS receiver antenna between 

the wanted and the interfering path is dependent on the NGSO FSS system orbit 
height, the latitude of the co-located Earth stations and the value of the latitude 

avoidance angle. A larger off-axis gives rise to an improved antenna discrimination 

and, therefore, an increased reduction in the aggregate interference level. 
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4.1.3 High Performance NGSO FSS Satellite Antennas 

In order to reduce the impact of the downlink interference into the GSO FSS Earth 

station receivers, NGSO FSS satellite antenna radiation patterns may be improved. 

In this section, the implications of this technique have been analysed by comparing 

the aggregate interference statistics obtained for each radiation pattern considered. 

For these purposes, the downlink interference from the NGSO Ku-2 constellation 

into the GSO Ku-2 receiver has been simulated for three different space station 

radiation patterns. 

The first pattern considered here [ 181 ] is proposed in the ITU-R Study Group 4A 

while the second pattern is defined in ITU-R Rec. 672 [174] for space stations 

operating in Fixed Satellite Service. The final pattern corresponds to that given in 

the NGSO Ku-2 system description document [57]. Figure 4.11 illustrates all three 

radiation patterns. 
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4.1.3.1 Simulation Model Description 

The NGSO Ku-2 network orbital constellation includes 91 satellites in circular orbits 

of 700 km in altitude and 82° in inclination. The satellites are placed into 7 orbital 

planes of 13 satellites each. The radio traffic is established through a steerable 

37-beam antenna which provides the tracking of geographically fixed cells at the 

Earth surface. Each satellite is capable of using 13 co-frequency beams within its 

fixed beam pattern. 

A minimum operating elevation angle for a service zone is defined as 10 degrees. 

When a service area satisfies the minimum elevation angle requirement the fixed 

beam pattern locks on to that area and the beams are steered as the satellite passes 

over. When the minimum elevation angle requirement is not satisfied the beam 

pattern is switched to cover another service area and the existing links are handed 

over to the next available satellite. The system also employs a 10° GSO arc 

avoidance technique to reduce the impact of interference into GSO FSS systems. 

The simulation scenario comprises 13 co-frequency NGSO Ku-2 Earth station 

receivers placed at pre-determined locations to create the downlink fixed beam 

pattern. The victim GSO Ku-2 receiver terminal is assumed to be co-located with 

the NGSO Ku-2 receiver at the centre of the 37-beam pattern at 50 degrees latitude. 

In the simulation runs, the NGSO Ku-2 satellite transmitter antenna radiation 

patterns are assumed to be represented by one of three patterns illustrated earlier and, 

for each run, aggregate interference statistics are then calculated at the GSO Ku-2 

receiver antenna. 

4.1.3.2 Simulation Results 

The interference statistics obtained for each NGSO Ku-2 satellite transmitter antenna 

radiation pattern are compared in Figure 4.12. Each scenario is simulated for 

1,000,000 seconds (approx. 12 days) with 1 second time step. 
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Figure 4.12: Comparison of Interference Statistics 

Although, for all patterns, the aggregate interference exceeds the receiver noise 

floor, the third pattern gives rise to the lowest interference. This is the result of this 

pattern's improved/suppressed near sidclobe and rearlobe envelopes for off-axis 

angles>5°. For the Rec. 672 pattern, the reduced sidelobes (for off-axis angles >20°) 

compared against the first radiation pattern also gives rise to improvement of in 

order of 4 dB in the resultant interference statistics. 

4.1.3.3 Discussion 

The results suggest that the NGSO FSS space station antennas with improved 

sidelobe performance reduce the amount of aggregate interference into the GSO FSS 

Earth station receivers and, therefore, increase the efficient use of the spectrum. It 

is, however, important to note that, in general, this achievement is at the expense of 

an increased antenna design cost. 

4.2 Revision of epfd Limits 

In this research, the implications of two methods have been examined. The first 

method is a simulation approach and requires the following steps to be implemented: 
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" Determine aggregate interference statistics from a simulation modelling, 

" Apply an analytical method to the interference values to derive epfd 

statistics 

" Compare the epfd statistics against the Article S. 22 limits [67] to 

determine whether the protection is adequate or any revision to the limits 

is required. 

The algorithm to be used in deriving continuous epfd statistics from interference 

distributions is described in the following section. This is followed by the 

implementation of the simulation approach to examine the aggregate interference 

from simultaneously operating multiple NGSO FSS systems. On the basis the 

aggregate interference statistics, the feasibility of the proposed aggregate-to-single 

entry epfd conversion algorithm [156] has been examined. Then, the epfd statistics 

have been used to assess the implications of comparing the continuous epfd curves 

against the discontinuous (staircase) epfd limits. Finally, the implications of the 

interpolation/extrapolation algorithm proposed for deriving epfd limits 

corresponding to antenna diameters not included in the current Article S. 22 epfd 
limits have been investigated. 

The second method is an analytical approach. It is based on the implementation of 

the Methodology A', which is defined in ITU-R Rec. 1323 [109], to verify 

compliance with the protection requirement stating that the interference from all 

NGSO FSS systems should not exceed 10% of total GSO FSS link unavailability 

target. As mentioned previously in §3.1.3, the methodology considers the 

probability of simultaneous rain fades and interference events. The implementation 

involves a convolution of simplified interference and fading probability density 

functions to derive the epfd levels which are then compared against the Article S. 22 

limits. 
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4.2.1 Conversion from interference to epfd 

The epfd is defined as the sum of the power flux densities produced at a GSO FSS 

receiver station by all NGSO FSS transmitters taking account of receiver antenna 

off-axis discrimination and formulated as [67]: 

P, " Gr (ei) 
* 

Gr (4i) 
* RefBandwidth 

epfd =10* tog 1010 * ý4-1) 
i=1 4* 7r* di 2 Gr, max TxBandwidth 

where: 

N. : the number of NGSO FSS transmitter stations that are visible from the GSO 

FSS receiver station on the Earth's surface or in the geostationary orbit, as 

appropriate; 

i: the index of the NGSO FSS transmitter station; 

Pi: the RF power at the antenna input of the NGSO FSS transmitter station, dBW in 

the transmitter bandwidth ( TxBandwidth); 

91: the off-axis angle between the boresight of the NGSO FSS transmitter station and 

the direction of the GSO FSS receiver station; 

Gß(9.: the transmitter antenna gain (as a ratio) of the NGSO FSS station in the 

direction of the GSO FSS receiver station; 

0;: the off-axis angle between the boresight of the GSO FSS receiver station and the 

direction of the i`h transmitter station considered in the NGSO FSS system; 

G, (4J: the receiver antenna gain (as a ratio) of the GSO FSS receiver station in the 

direction of the i`h transmit station considered in the NGSO FSS system; 

d,: the distance between the NGSO FSS transmitter and the GSO FSS receiver 

stations, in metres; 

G,, �x : the maximum gain (as a ratio) of the GSO FSS station receiver antenna; 

epfd: the equivalent power flux-density in dBW/m2 in the reference bandwidth 

(RefBandwidth). 
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Similarly, the aggregate interference produced at a GSO FSS receiver station by all 
NGSO FSS transmitters can be expressed as: 

N 
I =10 * log 1010 * 

Gt (8; ) G, ('; ) 
* 

RxBandwidth 

i=1 (4 *n* di 2 TxBandwidth 
Il 

(4-2) 

where I is the aggregate interference at the GSO FSS receiver, dBW in the receiver 
bandwidth (RxBandwidth). The epfd can be defined in terms of the aggregate I 

taking the above two equations into account as following: 

epfd =I+ 10 log 
47r 

- 10 RefBandwidth 
-2 log Grp +lO log( 

icBandwidthý 
(4-3) 

The formula 4-3 is used to translate the aggregate interference statistics obtained 
from the simulation analysis into the epfd statistics defined in dBW in the reference 
bandwidth. Using this formula, epfddo,, n statistics at the GSO Ku-1 Earth station 

receiver have been derived from the aggregate interference statistics illustrated in 

Figure 4.3 in § 4.1.1. Figure 4.13 shows the epfddo, v� statistics and compares them 

against the Article S. 22 single entry epfd limits to verify the compliance with the 

regulations. 
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Figure 4.13: epfdd0W� at GSO Ku-1 Earth station Receiver 

For this example, the comparison indicates that the current limits do not provide 

adequate protection for the GSO Ku-1 Earth station receiver from the NGSO Ku-1 

downlink interference. Without mitigation, the epfdjo�� statistics exceed the limits 

at the 1% level while the use of arc avoidance reduces the percentage time at which 

the limits are exceeded to 0.001 %. 

4.2.2 Multiple NGSO FSS System Interference 

This section outlines the investigations carried out in this study concerning with the 

mechanisms by which interference from multiple NGSO FSS systems aggregate. 

For these purposes, both the uplink and downlink interference paths are examined. 

4.2.2.1 Uplink epfd 

For the uplink epfd analysis, interference statistics from the NGSO Ka-l and NGSO 

Ka-2 Earth station transmitters into the GSO Ka-1 satellite receivers have been 

derived. 

The NGSO Ka-1 constellation has the largest number of satellites (288) operating in 

elliptical orbits at approximately 1,400km altitude (see Table 3.5 in Chapter 3). The 
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system uses an Earth-fixed supercell pattern. Each supercell occupies an area of 

160 * 160 km2 and comprises 7 cells. A cell is served by a satellite satisfying the 40° 

minimum elevation angle requirement. Each satellite supports 364 dual polarised 

fixed receive beams. The frequency re-use within a supercell is 7. Therefore, the 

number of co-frequency uplink beams is modelled to be 364 /7= 52. 

Assuming that a single Earth station per supercell operates at the GSO Ka-1 satellite 

receiver frequency, the total number of NGSO Ka-1 Earth stations to be used in the 

uplink model is calculated as 6293. These terminals are randomly distributed over 

the Earth's surface. In the simulations, it is assumed that each satellite beam tracks 

one of randomly located Earth stations using the 40° minimum elevation angle rule. 

The satellite handover process is simplified and involves in transferring the links, 

becoming unavailable due to low elevation angles, to a satellite meeting the 

minimum elevation criteria. In addition, the satellite spot beam antenna gain is 

modelled as varying with path elevation angle. 

The NGSO Ka-2 simulation model is identical to that used in the latitude avoidance 

mitigation analysis ( see § 4.1.2). The constellation comprises 16 satellites each 

supporting 10 co-frequency beams at an altitude of 10,400 km. 

In order to reduce the computational complexity due to the large number of Earth 

stations involved, the scenarios have been simulated for 20,400 seconds (approx. 6 

hours) which translates as a requirement of an approximately 10 days real simulation 

time on a 500 MHz PC. Figure 4.14 illustrates the interference statistics. For the 

comparison purposes, interference statistics from each constellation also have been 

obtained and shown in the same figure. 
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Uplink Interference Statistics at GSO Ka- 
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Figure 4.14: Aggregation of Uplink Interference Statistics 

Comparison of the NGSO Ka-l and NGSO Ka-2 system parameters indicate that 

these systems are inhomogeneous as both constellations are significantly different 

(see Table 3.5 in Chapter 3). Therefore, the aggregate interference statistics from 

NGSO Ka-1 and NGSO Ka-2 systems are entirely dominated by the NGSO Ka-1 

which is the larger constellation. 

Using the conversion method defined in the preceding section, the aggregate 

interference statistics have been translated to epfd�P statistics and compared against 

the Article S. 22 limits specified for GSO FSS space stations operating in the upper 

Ka-band (19.7-20.2 GHz) in Figure 4.15. 
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Uplink Interference epfdup Statistics at GSO Ks-1 Satellite Receiver 
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Figure 4.15: Interference epfd�p Statistics 

For the simulated time period, the epfd,, p statistics are dominated by the interference 

originating from the NGSO Ka-1 interference paths and remain below the epfcl�P 

limit. 

4.2.2.2 Downlink epfd 

For the downlink epfd analysis, multiple NGSO FSS aggregate interference has been 

investigated using NGSO Ku-1 and NGSO Ku-2 constellations. Simulation 

descriptions are the same as those used in the NGSO FSS mitigation technique 

analysis detailed in § 4.1. The interference statistics at the GSO Ku-2 Earth station 

receiver, obtained from the simulation runs of 2,000,000 seconds (approx. 23 days), 

are shown in figure 4.16. As before, for the comparison purposes, interference 

statistics from each constellation also are included in the figure. 
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Downlink Interference Statistics at GSO Ku-2 Ground Terminal ReaivSr 
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Figure 4.16: Aggregation of Downlink Interference Statistics 

Comparison of the NGSO Ku-1 and NGSO Ku-2 parameters suggests that the 

system characteristics do not differ significantly (see Table 3.4 in Chapter 3). 

Constellations comprise approximately 80 satellites and both systems employ 

10 degrees minimum elevation angle together with the GSO arc avoidance 

mitigation technique. 

Figure 4.16 indicates that the long term interference (left end of the curves) is 

increased in the scenario modelling interference from the NGSO Ku-1 and NGSO 

Ku-2 systems as the number of interference entries through the sidelobes of the GSO 

Ku-2 receiver antenna are higher than those obtained from the scenarios where 
interference from a single constellation is considered. This suggests that the long 

term interference aggregates in power when several homogeneous NGSO FSS 

interferes with a GSO FSS Earth station receiver. 

As far as the short term interference (right end of the curves) is concerned, the 

aggregate power level obtained from the NGSO Ku-I and NGSO Ku-2 interference 

scenario is the same as those obtained from the single constellation scenarios. On 

the other hand, in the NGSO Ku-I and NGSO Ku-2 interference scenario, the 
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percentage time associated with the maximum interference level is increased in 

comparison to the single constellation scenarios. This is in line with the expectation 

that the worst case interference alignments for both systems are unlikely to happen 

simultaneously and the short term interference does not aggregate in power but 

aggregates in time. 

Figure 4.17 compares the epfddo,,,,, statistics, based on the aggregate interference 

statistics shown in the preceding figure, against the single entry 3m epfd downlink 

limits given in the Article S. 22. 
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Figure 4.17: Interference epfddo,,.,, Statistics 

As can be seen, for the simulated time period and assumed system parameters, the 

3m epfd downlink limits are satisfied for the most but very short period of time 
(<0.0001%). 

4.2.3 Conversion from Aggregate-to-Single Entry epfd 

As shown in the preceding section, the compliance with the epfd limits is checked by 

comparing the continuous aggregate epfd statistics derived from interference 

scenarios where a single NGSO FSS system or multiple NGSO FSS systems 
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interfere with a GSO FSS Earth station receiver against the single entry 

discontinuous epfd limits stated in Article S. 22. This raises two questions: 

  Is it possible to convert the epfd statistics based on several NGSO FSS systems 

to the single entry epfd statistics based on a single NGSO FSS system so that the 

comparison against the Article S. 22 single entry limits is meaningful? 

  What are the implications of comparing the single entry continuous epfd 

statistics against the discontinuous Article S. 22 single entry limits? 

This section deals with the first question while the next section is concerned with the 

second question. Within the ITU-R, an algorithm has been developed to determine 

the single entry epfd limits from the aggregate epfd limits [156]. The algorithm is 

outlined in the following steps: 

  For antenna diameters greater than 10 metre in Ku band and 5 metre in Ka band: 

  draw aggregate statistics using linear abscissa scale for the power flux 

density in decibel units increasing to the right, and a logarithmic scale for 

percentage of time increasing upwards, 

  draw a second line 101og(Neff tjye) dB to the left of the first line (representing 

power division), (NeC1tve is the equivalent number of NGSO FSS systems 

defined in §3.2.6) 

  draw a third line by dividing the first line by a factor of Nefecttve (representing 

time division), 

  draw the single entry statistics by 

  taking the second line from 100% of time to the point where it crosses the 

third line, 

  taking the third line from that point and the point where the third line 

reaches 0.01% of time, 

  taking the first line for percentages of time below 0.001%, 
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  drawing a straight line between the 0.01% of time and the 0.001% of 
time, 

" For smaller antenna diameters: 

  apply the same procedure but take the third line for all percentages of time 

less than the point where it crosses the second line. 

In the cases where the second (power shifted) and the third (time shifted) curves do 

not intersect, the following procedure is recommended: 

  select a point (P) that is greater than or equal to the 1% of time on the aggregate 

curve, 

  connect the corresponding point (P) on the power shifted and the corresponding 
point (P) time shifted curves, 

  form the single entry statistics by using the power shifted portion for percentage 
times between 100% and P%, the segment created in the previous step for 

percentage times between P% and (P/NQfecgjve)% and the time shifted segment for 

times less than (P/Nefectivel 

Based on the results presented in the preceding section, the implementation of the 

above algorithm and the comparison with the resultant single entry statistics with 

those obtained from the single constellation simulation runs are shown in Figures 

4.18 (a), (b), (c) and (d). In the analysis, two values are assumed for the Nff,, Iite: 3.5 

(representing the agreed value in ITU-R) and 2 (representing the actual number of 

simultaneously operating NGSO FSS systems considered in this study). 
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Convention forth Aggregate to Single Entry . pfd Statistics 
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Figures 4.18 (a) & (b) show that the use of aggregate to single entry conversion 

algorithm with the assumption of NefeCLlVe=3. S when the actual number of NGSO 

FSS systems is Npiysical=2 results in an optimistic single entry epfddow� curve (i. e. 

epfddaw� statistics derived from the aggregate curve using the conversion algorithm 

are further away from the Article S. 22 epfddown limits than the simulated single entry 

epfddow� statistics). It is evident that when the total number of actual NGSO FSS 

systems is larger than 3.5, the algorithm would produce pessimistic single entry 

statistics (i. e. epfddoxn statistics derived from the aggregate curve using the 

conversion algorithm would indicate more stringent epfddo, v� requirement than the 

simulated single entry epfddow� statistics). 

In the case of Neffecgive=2, it is shown that the single entry epfddo, � statistics obtained 

from the application of the conversion algorithm are in good agreement with the 

epfddow� statistics obtained from single entry simulation runs as the difference 

remains below 2 dB for the most percentages. 

4.2.4 Continuous epfd versus Staircase epfd 

As mentioned previously, the implications of comparing the single entry continuous 

epfd statistics against the discontinuous Article S. 22 single entry limits need to be 

examined in the context of the feasibility of sharing between the NGSO FSS and 

GSO FSS systems. 

For these purposes, figure 4.18 shown in the preceding section is reproduced below 

with an additional curve obtained from the application of linear interpolation (linear 

in decibels for the epfd levels and logarithmic for the time percentages) to staircase 

epfddown limits. 
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Comparison Against Interpolated . pfd Limits 
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Figure 4.19: Comparison Against Linear Interpolated epfdd0W,, Limits 

The plots in Figure 4.19 illustrate that, for example, there is a margin of by some 

10 dB between the epfddo,,. n statistics and the staircase epfddo, vn limits for an 

exceedence percentage of 1%. It is further illustrated that the margin would be 

15 dB if the continuous epfd curves were employed in the analysis. 

It is, therefore, evident that the use of discontinuous ep1d masks to check the NGSO 

FSS interference compliance is a pessimistic approach. Additionally, the actual 

interference epfd statistics are in continuous form and comparison against 

continuous epfd masks is more realistic. 

4.2.5 Derivation of Limits for Antenna Diameters not Included in Radio 

Regulations 

As shown in §3.1.2, the epfddlimits are defined for certain Earth station receiver 

antenna diameters. For diameters other than those specified, the ITU-R adopted the 

following empirical expression to be used in estimating short-term epfd limits 

(0.001% to 1%) for downlinks operating in the Ku band [115,117]. 
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-P. %ddown = 64.23(2.19-IogD _ 4.12) + 7.747(3.37-IogD _ 1.78) log p 
100, 

(4-4) 

where epfddo,, � is the equivalent power flux-density in dBW/m2/4kHz, D is the 

diameter of the Earth station receiver in the range 0.6m to 20m and p is the 

percentage time associated with the epfddo,,,,, value. 

Figure 4.20 compares the 60cm, 3m and lOm epfddo, v� limits obtained from the 

application of the above expression against the Article S. 22 limits. 
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Figure 4.20: Comparison of epfddOW� limits 

From the NGSO/GSO FSS spectrum sharing point of view, the epfdd0,,.,, limits 

derived from the empirical formula are not less stringent than those specified in the 

Article S. 22. This indicates that the use of the above expression to derive epfdao,,.,, 

limits for different antenna diameters does not result in epfddo,,, f limits that will make 

the Ku-band GSO FSS links more vulnerable against the NGSO FSS interference. 

Comparison of Ku-band . pfd down limits 
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4.2.6 Discussion on Simulation Analysis 

In the preceding sections, the use of the simulation analysis approach to examine the 

issues related to the revision of the Article S. 22 epfd limits has been investigated. 

From the analysis presented, it is shown that: 

" The GSO FSS parameters comprising the operating frequency, the maximum 

receiver antenna gain and the bandwidth are used to translate the aggregate 
interference statistics obtained from the simulation analysis into the epfd 

statistics which are then compared against the Article S. 22 limits for verifying 

the compliance. 

9 When multiple inhomogeneous systems are interfering with the GSO FSS 

receiver simultaneously, the epfd statistics are determined by the dominant 

NGSO FSS constellation. In the case of several homogeneous NGSO FSS 

systems, the long term epfd aggregate in power while the short term epfd 

aggregate in time. 

" In order to achieve a realistic comparison with the Article S. 22 limits, the 

aggregate epfd statistics originating from multiple NGSO FSS systems should be 

converted to the single entry epfd statistics. The accuracy of the conversion 

algorithm defined by the ITU-R is dependent on the assumed value of the 

effective number of NGSO FSS systems. For example, when the actual number 

of NGSO FSS systems is less than the assumed value, the resultant single entry 

statistics are further away from the epfd limits than the actual single entry 

statistics. 

" The use of the discontinuous epfd limits to check the compliance with the Article 

S. 22 limits results in pessimistic conclusions as far as the NGSO FSS systems 

are concerned. The comparison against the continuous epfd limits based on the 

linear interpolation between the breakpoints is more realistic as, in practice, the 

NGSO FSS interference statistics are in the continuous form. 
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" The application of the empirical formula developed by the ITU-R to derive 

epfddown limits for the GSO FSS receiver antenna diameters not included in the 

Article S. 22 has indicated that the resultant epfddow� limits do not make the Ku- 

band GSO FSS links more vulnerable against the NGSO FSS interference than 

those specified in the Article S. 22. 

4.2.7 Implementation of Methodology A' 

In this section, the primary objectives are: 

" To present the use of an analytical approach to examine the feasibility of 

NGSO/GSO FSS spectrum sharing by implementing Methodology A', defined in 

Rec. 1323 [109], 

" To investigate the implications of the modifications to the rain fading prediction 

model, described in Rec. 618 [89]. 

For the analysis purposes, two versions of Methodology A' model have been 

implemented and applied to the GSO Ku-2 link (parameters given in Table 3.2 in 

Chapter 3) to calculate the epfddo,, � values at the Earth station receiver. The first 

version is based on the previous Rec. 618 rain model while the second version 

employs the revised model. It should be noted that both prediction models are 

detailed in Chapter 2. 

In order to apply Methodology A', it is necessary in the first instance to calculate the 

overall clear-sky GSO FSS link performance (C/(N+I)TOTAL) and compare that figure 

against the short term link performance objectives to determine the available link 

margins. The calculated margins are then attributed to degradations due to 

propagation and aggregate NGSO FSS interference. 

The GSO Ku-2 end-to-end link short term performance objectives are assumed to 

be: 13.5 dB to be exceeded for 98% and 13.0 dB to be exceeded for 99%. Table 4.4 

illustrates the calculation procedure for the GSO Ku-2 clear-sky C/(N+1)TOTAL. 
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UPLINK 

GSO Ku-2 Earth Station EIRP (dBW/0.77 MHz) 62.03 

Antenna Pointing Loss (dB) 0.5 

Free Space Path Loss Between GSO Ku-2 Earth Station Transmitter 
and GSO Ku-2 Satellite Receiver (dB) 

207.1 (38,518 km at 14 GHz, Lat=51.5) 

Atmospheric Attenuation (dB) (Rec. 676, Simplified Model) 0.12 (Path Elevation = 31 degrees) 

GSO Ku-2 Satellite Receiver Antenna Gain (dBi) 23.73 

Received Carrier Power (dBW/0.77 MHz) (C, 4) - 62.03 - 0.5 - 207.1 - 0.12 + 23.73 = 
-121.96 

GSO Ku-2 Satellite Receiver Noise Level (dBW/0.77 MHz) (Ne)- k TSATB = -143.01 
(C/N),, (dB) -121.96 - (-143.01) - 21.05 

GSO Ku-2 Earth Station Transmitter Intermodulation (C/I)1 (dB) 100 

GSO Ku-2 Earth Station Transmitter Polarisation Isolation (C/I)2 (dB) 35 

GSO Ku-2 Satellite Receiver Cross Polarisation Isolation (C/I)3 (dB) 30 

GSO Ku-2 Satellite Receiver Frequency Re-use Isolation (C/I)4 (dB) 100 

GSO Ku-2 Uplink Clear-sky C/I due to Other GSO FSS Networks 
(C/1)s (dB) 

23.95 

GSO Ku-2 Uplink Clear-sky C/I due to FS Networks (C/I)6 (dB) 100 

Calculation of ( C/(N+I) )UPLINK TOTAL: 
Degradation dB numeric II (numeric 

degradation) 

(C/N),, 21.05 127.35 0.0079 

(C/01 100 101° 10-1° 

(C/I)2 35 3162.28 0.0003 

(C/I)3 30 1000 0.0010 

(C/I)4 100 1010 10-40 

(C/I)s 23.95 248.31 0.0040 

(C/1)6 100 1010 10-10 
I/ (C / (N+i))) UPLINK TOTAL (numeric) 0.0132 

(C / (N+I) ) UPLINK TOTAL (Numeric) 75.78 

(C / (N+I) )UPLINK TOTAL (dB) 18.79 

Table 4.4 (a): Clear-sky C/(N+I)TomJ. 



Sharing Analysis Between GSO and NGSO FSS Systems 178 

DOWNLINK 

GSO Ku-2 Satellite EIRP (dBW/0.77 MHz) 26.85 

GSO Ku-2 Earth Station Receiver Antenna Pointing Loss (dB) 0.5 

Free Space Path Loss Between GSO Ku-2 Satellite Transmitter and 
GSO Ku-2 Earth Station Receiver (dB) 

205.6 (37,751 km at 12 GHz , Lat=43) 

Atmospheric Attenuation (dB) (Rec. 676, Simplified Model) 0.1 (Path Elevation = 40.4 degrees) 

GSO Ku-2 Earth Station Receiver Antenna Gain (dBi) 49.66 

Received Carrier Power (dBW/0.77 MHz) (Cdr = 26.85 - 0.5 - 205.6 - 0.1 + 49.66 - 
-129.69 

GSO Ku-2 Earth Station Receiver Noise Level (dBW/0.77 MHz) (Ndo, 'k TrsB - -147.97 
(C/N). (dB) -129.69 - (-147.97) - 18.28 

GSO Ku-2 Space Station Transmitter Cross Polarisation Isolation 
(C/I)i (dB) 

30 

GSO Ku-2 Space Station Transmitter Frequency Re-use Isolation 
(C/I)2 (dB) 

100 

GSO Ku-2 Space Station Adjacent Transponder Isolation (C/I)3 (dB) 100 

GSO Ku-2 Space Station Transmitter Intermodulation (C/I)4 (dB) 24.1 

GSO Ku-2 Earth Station Receiver Polarisation Isolation (C/I)5 (dB) 3511.5 

GSO Ku-2 Downlink Clear-sky C/I due to Other GSO FSS Networks 
(C/I)6 (dB) 

23.95 

GSO Ku-2 Downlink Clear-sky C/I due to FS Networks (C/I)7 (dB) 100 

Calculation of ( C/(N+I) )DOWNLINK TOTAL: 
Degradation dB numeric I /(numeric 

degradation) 

(C/N)d 
_ 

18.28 67.30 0.0149 

(C/I)1 30 1000 0.0010 

(C/I)2 100 1010 10.10 

(C/I)3 100 1010 10-I0 

(C/I)4 24.1 257.04 0.0039 

(C/I)s 35 3162.28 0.0003 

(C/46 23.95 248.31 0.0040 

(C/I)7 100 1010 10-10 
(I / (C / (N+I))) DOWNLINK TOTAL (numeric) 0.0241 
(C / (N+I) ) DOWNLINK TOTAL (numeric) 41.51 

(C / (N+I) ) DOWNLINK TOTAL (dB) 16.18 

Calculation of END-TO-END LINK (C / (N+I) ) 
(I / (C / (N+I))) TOTAL (numeric) _ (I / (C / (N+I) )) UPLINK TOTAL (numeric) +(Il (C / (N+I))) DOWNLINK TOTAL 
(numeric) 

(1 / (C / (N+I))) TOTAL (numeric) 0.0132+0.0241 = 0.0373 
(C / (N+I)) TOTAL. (numeric) 26.82 

cCI (N+I) )TOTAL (dB) 14.28 
Table 4.4 (b): Clear-sky C/(N+I)TOTAL 
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As the end-to-end link short term performance requirements suggest that the 

C/(N+I) TOTAL should remain above 13.5 dB for 98% of the time and 13.0 dB for 99% 

of the time, the available margins are calculated to be : 

" 14.28 dB - 13.5 dB z 0.78 dB not to be used by propagation and NGSO FSS 

interference for more than 100% - 98% = 2% of the time, 

9 14.28 dB - 13.0 dB 1.28 dB not to be used by propagation and NGSO FSS 
interference for more than 100% - 99% =1 % of the time. 

The rain fading is the most significant space-to-Earth propagation mechanism at the 

Ku band frequencies. The Methodology A' requires the percentage time for which 

the available margin associated with the second short term GSO FSS link 

performance requirement (13.0 dB for 99% of the time) is exceeded due to rain 
fading. 

As detailed in Chapter 2, the revised Rec. 618 rain attenuation prediction model is 

valid in the range 0.001% to 5% (1% in the previous version). The rain degradations 

experienced on the uplink and the downlink should be convolved (assuming that the 

uplink and the downlink rain statistics are uncorrelated) if the end-to-end rain 
degradation statistics are required. The convolution process requires two complete 

rain fading statistics (i. e. probability density functions defined over all time 

percentages). Since the rain models are only valid over a very small range of time 

percentages, the rain degradation values corresponding to time percentages outside 

this range would have to be assumed if the convolution were applied. 

In this research, it is assumed that the rain fading occurs on the uplink only or on the 
downlink only but not simultaneously. This approach removes the necessity of the 

convolution process and the ambiguity that would be introduced to the results 
because of the assumptions that would have to be made in deriving complete uplink 

and downlink rain fading statistics in the absence of rain models valid for all time 

percentages. 

Table 4.5 illustrates parameter values calculated from the application of the previous 
and revised Rec. 618 rain models. 
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Previous Rec. 618 Revised Rec. 618 
Parameter Uplink Downlink Uplink Downlink 

Rain Zone E A E A 
Ro. oi (mm/h) 22 8 22 8 
hR (km) 2.8625 3.5 2.8625 3.5 

Es (km) 16.28 5.82 16.28 5.82 
1-o (km) 16.02 4.65 16.02 4.65 

14o 25.16 31.04 - - 
ro. 01 0.61 0.87 0.697 0.172 

1-x - - 11.36 5.82 

110.01 - - 0.26 0.34 
k 0.027 0.018 0.027 0.018 

a 1.15 1.21 1.15 1.21 

YR (dB/km) 0.95 0.23 0.95 0.23 
A5 (dB) - - 0.0457 0.0044 

Ai (dB) 1.1336 0.1399 0.1693 0.0188 

Ao., (dB) 3.6096 0.4456 0.8192 0.1096 

A0.05 (dB) 9.4466 1.1663 2.7938 0.4515 
Ao. ooi (dB) 20.2049 2.4945 6.7144 1.3106 
Percentage time "p" for 
which Ap = 1.28 dB is 
exceeded 

0.7920% 0.0076% 0.0463% 0.0011% 

Table 4.5: Rain Attenuation 

In addition to the rain fading, the overall link thermal noise temperature and the 

effective overall link noise temperature figures can be calculated on the basis of the 

information provided in the link budget: 

" the transmission gain from the satellite receiver to the Earth station receiver is 

calculated from Cdow�- C�p = (-129.69) - (-121.96) = -7.73 dB, which is 0.169 

numerically, 

" the overall link thermal noise temperature is then calculated from (Satellite 
Receiver Noise Temperature * Transmission Gain) + Earth Station Receiver 
Noise Temperature = (470 * 0.169) + 150 = 230 K. 

" the effective noise power in the receiver bandwidth is calculated from Cdo�,,, - 
(C/(N+I)TOTAL clear-sky) = (129.69) - 14.28 = -143.97 d$W/O. 77MHz, 

" the effective overall link noise temperature is then calculated from Effective 

Noise Power (dBW/O. 77MHz) - Boltzmann's Constant(dBW/KHz) - 
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10*log(Receiver Bandwidth (Hz)) = -143.97 - (-228.6) - (10*log(0.77*106)) _ 

25.77 dBK which is 378 K numerically. 

It is important to note that the effective overall link noise temperature takes account 

of all degradations used in C/(N+I)TOTAL calculation and, therefore, should be used 

as a system noise temperature when translating maximum tolerable degradations 

(due to NGSO FSS interference) to equivalent power flux densities. 

As mentioned previously, the Methodology A' uses simplified probability 

distribution functions (pdfs) to represent degradations due to the propagation effects 

and the NGSO FSS interference. 

pdf IA 

......................................... i.................................................... " 

O dB 0.78 dB 1.28 dB Degradadon (dB) 

Figure 4.21: Rain Degradation pdf 

The rain degradation pfd is represented by two arrows and a rectangle. It is 

important to note that: 

  the distribution has to be defined across the range 0 to 1.28 dB as the largest 

margin available is 1.28 dB. 

  the right hand side arrow represents the sum of any fades greater than 1.28 dB. 

According to rain fading calculations presented in Table 4.5, the previous 

Rec. 618 rain model indicates that fades greater than 1.28 dB occur for 0.792% 

(i. e. ß1= 0.00792) on the uplink or 0.0076% (i. e. ß, = 0.000076) on the downlink. 

For the revised Rec. 618 rain model, the associated percentages are calculated to 
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be 0.0463% (i. e. ß1= 0.000463) on the uplink or 0.0011% (i. e. ßi = 0.000011) on 

the downlink. 

  the left hand side arrow represents the amount of time that there is no rain 

attenuation. It is important to note that the assumption for the value of 

percentage time for which no rain fading occurs (ßo) should be based on two 

criteria: 

" ßo <= 100 - unavailability percentage time (]Yo) associated with the 

second criterion (13 dB for 99% of the time) 

and 

" l30 >= 99% in the previous Rec. 618 model and 130 >= 95% in the revised 

Rec. 618 model 

" the probabilities between two arrows are represented by a rectangle where ß2 

represents the average time percentage for the range of attenuation values 0 dB to 

1.28 dB. The integral of the probability density function must equal unity, 
therefore, ß2 can be calculated from: 

ß2 = ((1-/3o) - ß) / 1.28 (4-5) 

" Using the above equation, it can be shown that: 

P2 = ((1-0.99) - 0.00792) / 1.28 = 0.001625 (previous Rec. 618, rain on the uplink) 

(32 = ((1-0.99) - 0.000076) / 1.28 = 0.007753 (previous Rec. 618, rain on the downlink) 

(32 = ((1-0.98) - 0.000463) / 1.28 = 0.015214 (revised Rec. 618, rain on the uplink) 

132 = ((1-0.98) - 0.000011) / 1.28 = 0.015566 (revised Rec. 618, rain on the downlink) 

Using the similar approach, degradations in the GSO Ku-2 link performance due to 

the aggregate NGSO FSS interference are calculated. 
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pdf 

ao a, 
as 

.............. 4......................... .............................. )I,. 
O dB 0.78 dB 1.28 dB Degradation (dB) 

Figure 4.22: NGSO FSS Interference Degradation pdf 

As before, the arrow on the right hand side indicates that interference degradation 

values greater than 1.28 dB occur for 100a1 % of the time. The left arrow represents 

the amount of time (100ao %) that there is no degradation due to short term 

interference. The value a2 represents the average percentage for degradation values 

in the range of 0 dB to 1.28 dB and can be calculated from: 

ao =I - a, -1.28a2 (4-6) 

In order to assess the joint effects of the rain and the NGSO FSS interference, two 

pfds need to be convolved. The resultant overall degradation pdf is illustrated 

below. 

Figure 4.23: Overall Degradation pdf 
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On the basis of the second short term GSO Ku-2 performance criterion (13.0 dB for 

99%), the integration of the overall degradation pdf from 1.28 dB upwards must be 

equal to or less than 100% - 99% = 1% (i. e. 0.01) if the total degradation is to 

remain below 1.28 dB for 99% of the time. This can be represented by the following 

expression: 

1.28 a2 02 (2.56-1.28)/2 + ao(3, + ad3o + (a1ß2 + a2ß1) (2.56-1.28) + al(31= 0.01 (4-7) 

Similarly, on the basis of the first short term link performance criterion (13.5 dB for 

98%), the integration of the convolution pdf between 0.78 dB and 1.28 dB must be 

equal to or less than 0.02-0.01 if total degradation is to remain below 0.78 dB for 

98% of the time. This can be represented by the following expression: 

1.28 a2 ß2 (1.28-0)/2 -0.78 a2 P2 (0.78-0)/2 +(1.28-0.78) (aop2 + u2 o) = 0.02-0.01 (4-8) 

Substituting ao with (1- al - 1.28 a2) and using appropriate values for /30, ß, and /32 it 

is possible to solve the equations for a, and a2. Table 4.6 illustrates ao , a, and a2 
values calculated for the previous and revised Rec. 618 rain models: 

no al a: 
Previous Rec. 618, Uplink Rain 0.974072 0.002071 0.018577 

Previous Rec. 618, Downlink Rain 0.974106 0.009845 0.012498 

Revised Rec. 618, Uplink Rain 0.984035 0.009478 0.005051 

Revised Rec. 618, Downlink Rain 0.984034 0.009929 0.004701 

Table 4.6: Calculated Parameters for NGSO FSS Degradation 

Taking these values into account, Table 4.7 can be constructed: 

Maximum percentage time Maximum percentage time Percentage time for which 
for which NGSO FSS short for which NGSO FSS short there should be no 
term interference can cause term interference can cause degradation due to NGSO 

a degradation > 1.28 dB a degradation > 0.78 dB FSS short term Interference 

(100a1%) (100{al+[1.. 28-0.781 a2)) (100ao) 

Previous Rec. 618, 0.21% 1.14% 97.41% 
Uplink Rain 

Previous Rec. 618, 0.98% 1.61% 97.41% 
Downlink Rain 

Revised Rec. 618, 0.95% 1.20% 98.40% 
Uplink Rain 

Revised Rec. 618, 0.99% 1.23% 98.40% 
Downlink Rain 

au. C '+. 1; Interpretanon of Calculated Parameters for NGSO FSS Degradation 
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As can be seen, the percentage times are associated with the degradations due to the 

NGSO FSS interference. Therefore, a conversion algorithm needs to be defined for 

obtaining epfddow� values from the GSO FSS link degradations. The algorithm used 

in this study, initially, relates the interference degradations to the GSO FSS link UN 

ratio and, then, defines the epfd as a function of IN. The following steps summarise 

the algorithm: 

" Assume that the degradation in GSO FSS link's C/N due to NGSO FSS 

interference (I) is X dB, 

  This can be expressed as: 

l0log NJ 
-10logt N+I, 

X dB (4-9) 

  It is then possible to determine I/N (dB) ratio in terms of X (dB) as following: 

dB 101ogiN1-101og(N+c 
I)=x JC 

10108 NC 
=XdB 

N+I 

101ogý1+ý)=XdB 

-= 10\X( 
I 10 lo 
N 

X(dB) 
I 

(dB) = 1010 10 10 
-1 N 

  In § 4.2.1, it is shown that 

(4-10) 

epfd =I+10 log 47r 
- 10 log G,,,,,, + 101og(RetBandwidth) (4-11) 

2 RxBandwidth 

where epfd is the equivalent power flux-density in (dBW/m1 in the reference 
bandwidth (ReJBandwidth)), I is the aggregate interference at the GSO FSS 

receiver (in dBW in the receiver bandwidth (RxBandwidth)), G,, m is the 
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maximum gain (as a ratio) of the GSO FSS station receiver antenna and A is 

the wavelength (in metres). 

  The above equation can be re-written as: 

4ý RefBandwidth I= epfd -101og ýr+ 10 log G,.,,. -lO log( ) (4-12) 
RxBandwidth 

  The epfd can be expressed as a function of TIN ratio as following: 

I1 47r RefBandwidth 
NI+N= epfd -1 O log +1O log G,, -lO log( 

bandwidth Jl 

N I+ 10 log(kTB) = epfd - 10 log 4n 
2+ 10 log G,,, x- 10 log( RefBandwidth 

dwidth J 

(4-13) 

  Hence, 

CI1 41r RefBandwidth 
pfd =NJ+ 101og(kTB) + 10 1og 

x2 -101og G,, nm + 10 log( 
RxBandwidth 

) 

(4-14) 

where epfd is the equivalent power flux-density (dBW/m2 in the reference 

bandwidth), I is the aggregate interference at the GSO FSS receiver (dB Win 

the receiver bandwidth), Nis the noise power at the GSO FSS receiver (dBW 

in the receiver bandwidth), k is the Boltzmann constant 

(1.379 * 10 23 W/KHz), T is the effective overall link noise temperature (in 

Kelvin), B is the receiver bandwidth (Hz), G,, max is the maximum gain (as a 

ratio) of the GSO FSS station receiver antenna, A is the wavelength (in 

metres). 

Taking the results given in Table 4.7 and the above described conversion algorithm 
into account, the epfdd0H,,, values at the GSO Ku-2 Earth station receiver are 

calculated and illustrated in Table 4.8. 
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Degradation 1/N epfddo.,, % time for which epfddow� may be exceeded 

(dB) (dB) (dBW m2 /4 kHz) Previous Previous Revised Revised 
Rec. 618, Rec. 618, Rec. 618, Rec. 618, 

Uplink Rain Downlink Uplink Rain Downlink 
Rain Rain 

1.28 -4.63 -178.04 0.21 0.98 0.95 0.99 

0.78 -7.04 -180.44 1.14 1.61 1.20 1.23 

Table 4.8: epfdd�w� Values 

As the GSO Ku-2 Earth station antenna size is 3 metre, the calculated epfddo,,.,, 

values can directly be compared against the Ku-band limits defined for 3m antennas 

in the Article S. 22 [671. 
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Figure 4.24: Comparison of Calculated epfdd0fl Values Against Article S. 22 

Limits 

The figure includes eight epfddo, t,,, results corresponding to different combinations of 

the assumptions related to the rain fading model and whether the fading occurs on 

the downlink or the uplink only. It important to note that the points representing 

epfddo�, � values correspond to the level of maximum interference acceptable to the 

GSO Ku-2 link. Therefore, any calculated epfddo,,,, level on the right-hand side of 

the limits indicates that the link will be protected sufficiently. The results suggest 
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that, for the GSO Ku-2 link, the epfddow� limits given in the Article S. 22 provide 

adequate protection from the aggregate NGSO FSS interference. 

4.2.8 Discussion on Analytic Approach 

In the preceding section, the use of the analytical approach to investigate the Article 

S. 22 epfd limits has been presented by implementing the Methodology A'. It has 

been shown that the methodology is based on the calculation of the maximum 

tolerable interference epfd levels on the basis of the GSO FSS link performance 

requirements. The calculated values are compared against the regulatory limits to 

determine whether the GSO FSS link examined will be sufficiently protected from 

the NGSO FSS interference. From the implementation of the Methodology A', the 

following points have been noted: 

" The implications of the rain fading on the space-to-Earth links need to be 

considered in the application of the methodology. The uplink and downlink rain 

fading statistics should be convolved in order to derive end-to-end rain fading 

distribution. The convolution process requires two probability density functions. 

Rec. 618 defines empirical algorithms to derive partial rain statistics. Therefore, 

the complete rain distribution (defined up to 100% of the time) will be dependent 

on the extrapolation algorithm employed. The convolution of two extrapolated 

distributions could result in inaccurate total fading statistics. Therefore, the epfd 

values derived from the application of the Methodology A' may not be 

representative. One way of getting around this problem is the assumption of the 

rain fading occurring on the uplink and downlink separately, but not 

simultaneously. This assumption eliminates the ambiguity that would be 

introduced when deriving complete rain fading statistics. 

  The rain fading prediction model defined in the revised Rec. 618 employs the 

following formulae to calculate the rain fading for a given percentage time: 
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3(p) :_ (-0.005( 14I 
- 36)) if (p<1)"(IýI <36)"(O? 25) 

0 if (p? 1)+(I4I? 36) 

((-0.005(I4I - 36)) - 1.8- (4.25sin(9 rad))) otherwise 

A(p) =A 

[0.655t(0.033"In(p))-(0.045. ln(A0. o 
))-(ß(P)'(1-p)-sin(e nad))] 

0.01' 
p 

0.01 

(4-15) 

where 0 is the latitude of GSO FSS Earth station (in degrees), 0 is the GSO 

FSS Earth station elevation angle (in degrees), p is the percentage time for 

which rain fading exceeds the value of A(p), AQO1 is the fading exceeded for 

0.01%. 

  The revised model does not specify any algorithm to be used to derive a 

percentage time for which a given rain fading value is exceeded. Therefore, a 

bisection method, in which an exceedence percentage is obtained iteratively by 

bisecting the rain fading function, has been implemented. 

  In the analysis, in order to ensure protection against the worst case NGSO FSS 

interference levels, it is assumed that rain fading occurs on the wanted path but 

not on the interfering paths. 

  Rec. 1323 allows, at most, an unavailability due to NGSO FSS interference to be 

10% of the total stated GSO FSS link unavailability objectives. Therefore, for 

example, the GSO Ku-2 link would tolerate 1.28 dB degradation due to the 

NGSO FSS interference at most 0.1% of the time as the total stated 

unavailability time associated with the link performance criterion is 1 %. 

However, the analysis has shown that the rain fades occur very short periods of 

time (e. g. 0.0011% for the revised Rec. 618 downlink rain (see Table 4.5)) and 

the total stated unavailability time attributed to the rain fading (e. g. 0.9%) is not 

entirely taken up by rain. Therefore, unavailability due to the NGSO FSS 

interference takes up the greatest share of the total stated unavailability (e. g. 
0.99% for the revised Rec. 618 downlink rain case (see Table 4.7)). In order to 
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comply with the 10% criterion, the total unavailability target should be equal to 

the sum of the "total achieved unavailability" (derived from the Rec. 618 rain 

models) and 10% of the "total stated unavailability ". 

  In some cases, the GSO FSS link margin may be greater than the maximum rain 

fading obtained for 0.001%. In those circumstances, it is reasonable to assume 

that the rain fading function is uniform for exceedence percentages less than 

0.001%. 

  The methodology does not include any statement with regard to the value of 

percentage time for which no rain fading occurs (pia). Two criteria should be 

taking into account for the assumption ofßo value: 

1) Qa <= 100 - unavailability percentage time associated with the second 

short term performance criteria, 

2) ßo >= 99% in the previous Rec. 618 model and ßo >= 95% in the revised 

Rec. 618 model. 

  The translation from the GSO FSS link degradation to the epfd should take 

account of all degradations in the GSO FSS link budget. Therefore, the effective 

overall link noise temperature should be used as the system noise temperature. 

  The Article S. 22 limits are defined for limiting interference from a single NGSO 

FSS system while Methodology A' considers the implications of aggregate 

NGSO FSS interference. 

4.3 Impact of GSO FSS Earth Station Reference Antenna Patterns 

The GSO FSS Earth station reference radiation pattern defined in Rec. 1323 [109] 

represents an envelope of the side-lobe peaks. Peak envelope reference patterns are 

required for interference analysis involving a single fixed transmitter and receiver to 

ensure that the worst case interference scenario is covered. With the introduction of 

the NGSO FSS systems, it is argued that sharing studies should be based on 

reference patterns taking account of troughs and peaks in the gain pattern as the level 



Sharing Analysis Between GSO and NGSO FSS Systems 191 

of interference will vary substantially with the time due to dynamic nature of the 

sharing environment. 

In line with this requirement, Rec. 1428 [140] defining a new Earth station reference 

antenna pattern based on the average gain envelope has been developed for use in 

the interference analysis involving NGSO FSS systems operating in 

the 10.7-30 GHz band. 

In this research, a Monte Carlo simulator has been designed to simulate the 

interference models aiming to examine the implications of the use of both patterns in 

a typical NGSO/GSO FSS sharing scenario. 

4.3.1 Reference Radiation Patterns 

The GSO FSS Earth station reference antenna pattern defined in Rec. 1323 is 

formulated as following: 

1323ReferencePattern(o) Gmax- 2.5.1Ö 3. (D. 
$) if 050 <0 

G1 if Omi <o r 

29- (25"log($ )) if 0 r5+ <36.3 

-10 if 36.3: 50: 5180 

where 

antenna diameter 

wavelength 

1) + 
(15. 

IoF_DIý 

Om: = 
(2G-).. Tcmax_ 

GI 

o. 6 
Or: = 15.85 MD 

(4-17) 

(4-16) 

It is noted that the Rec. 1323 reference pattern, as it stands, does not "work" for the 

situations where D/A < 100 because the angle breakpoints become discontinuous. 
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The Rec. 1323 reference pattern originates from the APS8 Annex III pattern and it is 

obtained by suppressing sidelobe envelopes, defined for DA > 100, by 3 dB. In order 

to have a complete antenna pattern, i. e. to include the cases where D/X < 100, the 

APS8 Annex III pattern (defined for D/A < 100) is modified by applying the same 

3 dB reduction approach. The formulae representing the complete Rec. 1323 antenna 

pattern are shown below. 

I323CompleteReferencePattern(d) := if D< 100 

Gmax- 
ý2.5.1Ö 

3. I2. 
m 

ý21 
if 0ý <O M 

1x 

GI if 0 mS+ < 100! 

49- 
(1O1o())_ 

(251og()) if <36.3 

10- 
(io. 

io(2)) if 36.354 5180 

if 2100 
1 

Gmax- 
[2.5.13. 

R. + 
ý21 

if 01-54 <4 m 

GI if 4 m5+ <G r1 
29- (25"log(b )) if +r5$ <36.3 

-10 if 36.35$ 5180 

(4-18) 

The Rec. 1428 pattern is described as following: 



Sharing Analysis Between GSO and NGSO FSS Systems 193 

(ý , D) if 20525 

Gmax_I(D) - 2.5-16"3. 
D"0 ý21 

if 0: 50 <0m_F(D) 
1x 

G1_1 D) if 0m_F(D)5+ <95. 
D 

29- 25-log(4) if 95.1 $ <33.1 

(- 9) if 33.15+ < 80 

(-5) if 80<-o 5180 

if 25<D<_100 
x 

ý2] 
Gm ax_RD)- 2.5.1c$3. 

D"0 
if 0<_0 <$m_F(D) 

G1_F(D) if f m_F(D)S0 <95 

29- 25-log(o) if 95. <-o <33.1 
D 

(-9) if 33.1 <80 

(-4) if 8054 < 120 

(-9) if 120 : 
5180 

if 
D> 

100 
x 

Gmax_gD)- 
[2.5. 

ui3. 
(a. 

41zif 05 0 <$m_S(D) 

GI_S(D) if 0m_S(D)5$ <¢r_S(D) 
29- 25 log(y) if r S(D)< _5 10 

34- 30.1og($) if 1050<34.1 
(-12) if 34.1 < 80 

(- 7) if 8054 < 120 

-12) if 120 <_180 

(4-19) 
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where 

G1_F 29 25-log 95" 
x 

D 

Gmax_F 20" log 
D 

7.7 

x 

4m_F 20" 
k 

., Gmax_F GI 

DI 

GIS 1 15. log 
I) 

x 

Gmax_S 20" log 
D 

8.4 
x 

m_S 20" 
k 

Gmax S GIS 
D 

ue 
ýr_S 15.85 

D 

(4-20) 

Figures 4.25 and 4.26 illustrate both patterns for the small and large antennas where 

D/2. < 100 and D/.. >_100. 
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Figure 4.25: Comparison of Reference Patterns (Diameter = 0.6 metre, 

Frequency = 12 GHz, D/A =24) 
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For the small Earth station receiver antenna (0.6m), the comparison of two patterns 

indicates that the Rec. 1428 reference pattern sidelobes are reduced by some 5 dB. 

The far side lobe envelope has a peak between 80-180 degrees off-axis angles, 

which is attributed to the "spillover effect". This effect decreases the amount of far 

side lobe suppression to I dB. 
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Figure 4.26: Comparison of Reference Patterns (Diameter =3 metre, Frequency 

=12GHz, D/A=120) 

For the large Earth station receiver antenna (3m), the Rec. 1428 reference radiation 

pattern reduces the far side lobe envelope by 2 dB with an exception between 80 and 

120 degrees where the spillover lobe causes 3 dB higher gain than that of the 

Rec. 1323 reference pattern. 

4.3.2 Monte Carlo Simulator Design 

The primary objective of the methodology developed for the Monte Carlo simulation 

analysis is to derive interference statistics (originating from NGSO FSS satellite 

transmitters) at Earth station receivers operating with GSO FSS satellites. The 

analysis algorithm requires input parameters including an NGSO FSS system orbit 
height, a GSO FSS Earth station receiver elevation angle and a number of NGSO 

FSS interference paths to be considered in each simulation trial. The procedure 
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illustrated in Figure 4.27 is then applied to produce both interference probability 

density and cumulative distribution functions. 

specify "total 
number of trials" (> C 

Initiate "trial number" to 

No 
trial number < total number 

Yes 
Convert interference probability 

density function of percentage tim 
versus total relative interference 

to interference cumulative 
distribution function of percentage 

time for which a given level of 
relative interference is exceeded 

Plot interference probability 
density and cumulative 
distribution functions 

End 

Assign random pointing to 
each interference oath 

Calculate receiver off-axis gain 
for each interference path 

Obtain total relative 
interference by summing all 

off-axis gains in numeric forn 

Convert numeric total relative 
interference to dBs 

Store total relative 
interference in dB bins to 

obtain interference probability 
density function 

Increase trial number by one 

Figure 4.27: Simulation Algorithm 

The key step in the simulation algorithm is the assignment of a random pointing to 

each NGSO FSS interference path in simulation trials. This algorithm needs to take 

account of the higher probability of an interference entry originating from an NGSO 

FSS satellite at a lower elevation angle as seen from a GSO Earth station receiver. 
The principles of the algorithm can be explained using the geometry shown in Figure 

4-28.. 



Sharing Analysis Between GSO and NGSO FSS Systems 197 

Figure 4.28: Random Off-axis Angle Assignment 

Assuming that the NGSO satellite is in the same plane as the GSO Earth station 

receiver and positioned at `r': 

- Interference path off-axis angle at the GSO Earth station receiver is 

(90-ai-x(y)), if the GSO Earth station receiver elevation angle is al. 

- Interference path off-axis angle at the GSO Earth station receiver is 

(a2-90+x(yr)), if the GSO Earth station receiver elevation angle is a2. 

- Interference path off-axis angle at the GSO Earth station receiver is 

(X(W)+90-a3), if the GSO Earth station receiver elevation angle is a3. 

In order to accommodate all three cases, the random off-axis assignment algorithm 

uses the NGSO FSS satellite and the GSO FSS Earth station position vectors. The 

algorithm is based on the vector analysis and explained below: 

- Using the NGSO FSS satellite altitude, calculate VJ/i,;, corresponding to the 

maximum angle, as seen from the Earth centre, between the GSO Earth 

station receiver location and a point on the orbit shell for which the Earth 

station elevation angle is 0 degrees. 

- From calculate Rm corresponding to the radius of an area over the 

surface of the part of the orbit shell visible from the GSO Earth station. 
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- Obtain an instant value from a uniformly distributed real random number 

between 0 and 1, representing an integral of a probability density function 

(defining probability of having a satellite in a given area) between 0 and r 

(probability of having a satellite between r and r+dr is the ratio of the area of 

the strip at r to the area of rotation of the chord from 0 to R, nax. Probability of 

there being a satellite between 0 and r is, therefore, simply the ratio of the 

area at r to the area at R, �,, ). 

- Using the random number (Rand Value), calculate r value from 

r= (Re+ h) Cos 1- RandValuef 1- Cos R max 
L Re+ h ))) 

where Re is the Earth radius and h is the orbital height. 

- From r, calculate yi(r) corresponding to the angle, as seen from the Earth 

centre, between the GSO Earth station receiver location and a point on the 

orbit shell where an NGSO satellite is randomly located. 

- Introduce a uniform random variable (Long) varying between 0 and 2n to 

represent the longitude of the NGSO satellite. 

- Calculate the satellite position vector S from 

SX = (Re+ h) Cos(Lat) Cos(Long) 
Sy= (Re+ h) Cos(Lat) Sin(Long) 

(4-22) 
SZ = (Re+ h) Sin(Lat) 

where Lat = 90 - y(r) 

on the basis of Figure 4-29 shown below. 
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Figure 4-29: NGSO Interference Path Random Pointing 

- Calculate the range vector p from 

Ex=0, Ey=0, EZ=Re 

p=S-E 

Therefore : 

px = (Re+ h) Cos(Lat) Cos(Long) 

py = (Re+ h) Cos(Lat) Sin(Long) 

pX = (Re+ h) Sin(Lat) - Re 

on the basis of Figure 4-30. 

Figure 4-30: Range Vector 

(4-23) 

- Assuming the Earth station receiver is in the YZ plane (i. e. the longitude is 

90 degrees), calculate the elevation vector 6 from 

eX =0 
ey = Cos(ß) 

eZ = Sin(j3) 

where ß is the GSO Earth station 
receiver antenna elevation angle 

(4-24) 
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It is worth noting that this assumption does not affect interference statistics 

as the parameter representing the GSO longitude will be assigned a value at 

once in the beginning of the simulation modelling and the relative NGSO 

FSS satellite positions will then be randomly generated in each trial. 

- Calculate the random interference path off-axis angle at the GSO Earth 

station receiver from the scalar product of 6 and 5 

e= IpH lei Cos(x) 

where x is interference path off axis angle at the GSO receiver antenna 

X= Cos-I 
ý 

IPI lei 

as p. e = pxex +pyey +pzez 
lei =I then 

X= Cos- Iý pxe, i + pyey + pzez 

Ipl 

as illustrated below 

«O0 

ht 

�h ,, dike 

Figure 4-31: Interference Path Off-axis Angle 

4.3.3 Monte Carlo Simulation Analysis 

(4-25) 

The above described Monte Carlo simulator has been configured to demonstrate the 

differences in the interference statistics obtained at the reference radiation patterns 

for the 0.6m and 3m antenna diameters. 

The parameters of the NGSO FSS system is taken from the NGSO FSS Ku-2 

characteristics given in Chapter 3. It is assumed that satellites are at an altitude of 
700 km and there are 13 co-frequency NGSO FSS interference entries at the GSO 
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FSS receiver antenna input. All simulation runs are based on 3,000,000 Monte 

Carlo trials. It is worth noting that the derivation of the interference distribution 

functions has involved the replacement of "O"s with "minimum y axis value" in 

order to avoid "log 0". 

Figure 4.32 compares the cumulative distribution function of the relative 

interference at the 10 degrees elevated, 0.6m GSO FSS receiver antenna. 
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Figure 4.32: Comparison of Relative Interference at 0.6m, 10° Elevated GSO 

FSS Receiver Antenna 

The plots show that the long term relative interference is reduced at the Rec. 1428 

pattern while the short term interference remains the same. This behaviour can be 

explained by considering the antenna radiation patterns illustrated in Figure 4.25. 

The long term interference is reduced due to decreased sidelobe and far lobe 

envelopes of the Rec. 1428 pattern. The short term interference remains unchanged 

as both patterns have the same main lobe radiation pattern. 

For the same scenario, a second simulation run is carried out assuming the receiver 
is elevated at 90° in order to examine the variations in interference statistics with the 

receiver elevation angle. The results are illustrated in Figure 4.33. 
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Figure 4.33: Comparison of Relative Interference at 0.6m, 90° Elevated GSO 

FSS Receiver Antenna 

The figure indicates that the statistics are not significantly different from those 

obtained from the simulation run with the 10° elevated antenna. The differences can 

be attributed to the fact that the interference entries coming through the off-axis 

angles greater than 90° do not appear at the 90° elevated receiver antenna. 

Using similar approach, the interference statistics at the 3m receiver antenna are 

examined. The following figure illustrates the interference statistics at the receiver 

antenna with an elevation angle of 10°. 

100 

plot cd(mi_cdf at Current panerrý. mmtmum_percemagt 01 

0 plot cd(mt_cdf_at proposed_patterry. mtmmum percentagq 
001 

110 j 

10 4 

t . in 
S 

10 

-40 -10 -20 -10 0 10 20 30 40 50 60 70 80 90 100 

Y 
Relative Interference Power (dBW) 

Figure 4.34: Comparison of Relative Interference at 3m, 10° Elevated GSO FSS 

Receiver Antenna 
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In this case, the behaviour of the curves can be explained by considering the 

reference radiation patterns illustrated in Figure 4.26. As can be seen, while the 

Rec. 1428 radiation pattern sidelobe is decreased slightly, the spillover lobe, between 

80-120 degrees, increases the gain by some 3 dB compared to the Rec. 1323 radiation 

pattern. It can, therefore, be expected that the effect of the reduction in the sidelobe 

will be compensated by the increment caused by the spillover lobe and the 

interference statistics will be close to each other. 

4.3.4 Discussion 

In the preceding sections, the Monte Carlo simulator has been defined and applied 

for the examination of the interference at the GSO FSS Earth station receiver 

antennas. The use of the probabilistic approach in the preliminary analysis of the 

modifications to the GSO FSS receiver reference antenna radiation patterns reduces 

the computational complexity encountered in the deterministic modelling of large 

constellations. 

From the application of the probabilistic simulation analysis, it has been noted that: 

" Bearing in mind the assumptions made for the Rec. 1323 reference antenna in 

order to have a complete antenna pattern in particular with regard to DA < 100, 

the simulation results, obtained for the GSO FSS receiver antenna with 10° 

elevation, indicate that the use of the Rec. 1428 radiation pattern (which 

considers the average gain envelope) reduces the long term interference at the 

small receiver antennas. This results from the reductions introduced in the 

Rec. 1428 pattern's sidelobe and far lobe envelopes. 

" When the receiver antenna is elevated at 900, the resultant curves no longer 

include interference entries coming through the modified far sidelobes. 

9 In the case of large receiver antennas, although the Rec. 1428 pattern's sidelobe 

and far lobe envelopes are decreased, the inclusion of spillover lobe reduces the 
impact of this modification on the mid-term and long term interference. 

Therefore, very similar interference statistics are obtained at both antennas. 
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9 From the NGSO/GSO FSS sharing point of view, it can be concluded that the 

impact of the replacement of the Rec. 1323 GSO FSS reference receiver antenna 

pattern with the Rec. 1428 radiation pattern is not significant with regard to the 

calculation of epfddo,,,, limits as the short term interference statistics obtained 

from the Monte Carlo analysis for both patterns are very close to each other. 

4.4 Impact of NGSO FSS Interference Peaks 

In order to evaluate the sensitivity of a particular GSO FSS Earth station receiver 

modem to NGSO FSS interference peaks, it is necessary to carry out measurements. 
As mentioned previously in § 3.2.8, the results of measurements on a variety of 

modems with different coding and modulation types have been presented to the 

ITU-R study groups and the typical C/(N+I) threshold values at which the 

synchronisation loss is expected to occur have been produced. 

In this research, an analytic method relating the synchronisation loss to the epfddow� 

limits has been presented. This method is then applied to examine the impact of 

NGSO FSS interference peaks on the representative GSO Ka-2 system whose 

characteristics are given in Chapter 3. 

4.4.1 Calculation Method 

The method is based on determining the C/(N+I) ratio of the GSO FSS link taking 

account of the maximum tolerable interference level derived from the epfddow� 
limits. The following steps summarise the calculation procedure: 

" Calculate the carrier level (C) at the GSO FSS Earth station from: 

C (dBW / Receiver bandwidth) = Satellite EIRP (dBW / Transmitter bandwidth) -Free Space 

Path Loss (dB) - Atmospheric Attenuation (dB) - Receiver Antenna Pointing Loss (dB) - 
Receiver Feeder Loss (dB) + Receiver Antenna Gain (dBi) + IOlog( Receiver Bandwidth (Hz) / 

Transmitter Bandwidth (Hz) ) 

" Calculate the maximum tolerable NGSO FSS interference (1) in terms of the 

epfddown as following 
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I (dBWI Reference bandwidth) = epfddo, N, (dBW / Reference Bandwidth) -101og(4mr/21) + 

Maximum Receiver Antenna Gain (dBi) 

where % is the wavelength 

9 Calculate the carrier-to-maximum tolerable NGSO FSS interference ratio (CID 

from: 

C11 (dB) =C (dBW / Reference bandwidth) /I (dBW I Reference bandwidth) 

" Determine the GSO FSS link C/(N+I) taking account of all degradations 

(thermal noise, intermodulation, interference from other networks, cross 

polarisation etc. ) but the NGSO FSS interference, 

9 Combine C/(N+I) and C/I to derive the GSO FSS link C/(N+1) in the presence of 

the maximum allowed NGSO FSS interference (obtained from epfddoy�), 

" Compare the calculated C/(N+I) against the C/(N+I) threshold at which the GSO 

FSS link synchronisation is lost. 

4.4.2 Implementation of the Calculation Method 

Article S. 22 epfddow� limits applicable to upper Ka-band (19.7-20.2 GHz) indicate 

that the maximum allowed epfddo,, � is -154 dBW/m2/4OkHz (see Figure 3.4 in 

Chapter 3). Taking the GSO Ka-2 link characteristics (given in Table 3.3 in Chapter 

3) into account, the implications of the NGSO FSS interference peaks corresponding 

to the epfd level of -154 dBW/m2/4OkHz are examined here. It should be noted that 

the GSO Ka-2 link employs a regenerative transponder. Table 4.9 illustrates the 

calculation procedure. 
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DOWNLINK 

GSO Ka-2 Satellite EIRP (dBW/81.03 MHz) 45.15 

GSO Ka-2 Earth Station Receiver Antenna Pointing Loss (dB) 0 

Free Space Path Loss Between GSO Ka-2 Satellite Transmitter and 
GSO Ka-2 Earth Station Receiver (dB) 

209.75 (36,655 km at 20 GHz , Lat=28) 

Atmospheric Attenuation (dB) (Rec. 676, Simplified Model) 0.3 (Path Elevation = 57.31 degrees) 

Feeder Loss Between GSO Ka-2 Earth Station Receiver Antenna and 
Front-end Amplifier (dB) 

0.5 

GSO Ka-2 Earth Station Receiver Antenna Gain (dBi) 49.66 (1.8m) 

Received Carrier Power (dBW/81.03 MHz) (C) - 45.15 -0- 209.75 - 0.3 - 0.5 + 49.66 

-115.74 
GSO Ka-2 Earth Station Receiver Noise Level (dBW/81.03 MHz) (N)- k TasB - -125.53 
(C/N) (dB) -115.74 - (-125.53) - 9.79 

GSO Ka-2 Space Station Transmitter Cross Polarisation Isolation (C/I)1 
(dB) 

27 

GSO Ka-2 Space Station Transmitter Frequency Re-use Isolation (C/I)2 
(dB) 

23.5 

GSO Ka-2 Space Station Adjacent Transponder Isolation (C/I)3 (dB) 100 

GSO Ka-2 Space Station Transmitter Intermodulation (C/I)4 (dB) 100 

GSO Ka-2 Earth Station Receiver Polarisation Isolation (C/I)s (dB) 20 

GSO Ka-2 Downlink Clear-sky C/I due to Other GSO FSS Networks 
(C/I)6 (dB) 

13.84 

GSO Ka-2 Downlink Clear-sky C/I due to FS Networks (C/1)7 (dB) 16.84 

Calculation of (C/(N+I)) without NGSO FSS Interference: 

Degradation dB numeric I /(numeric 
degradation) 

(C/N) 9.79 9.528 0.1050 

(C/I)1 27 501.187 0.0020 

(C/1)2 23.5 223.872 0.0045 

(C/I)3 100 1010 10-10 

(C/I)4 100 1010 10-10 

(C/I)5 20 100 0.01 

(C/I)6 13.84 24.21 0.0413 

(C/1)7 16.84 48.306 0.0207 

1/ (C / (N+I)) (numeric) 0.1835 

C/ (N+I) (numeric) 5.45 

C/ (N+I) (dB) 7.36 

Table 4.9 (a): Synchronisation Loss Analysis 
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Calculation of Degradation due to NGSO FSS Interference 

epfddn (dBW/ m2/ 40 kHz) -154 
? (metre) 0.015 

10log(4a/A. 2) 47.47 

GSO Ka-2 Earth Station Receiver Antenna Gain (dBi) 49.66 (1.8m) 

I (dBW / Reference bandwidth) = epfddý,,,, (dBW / Reference Bandwidth) - 10log(4n/X2) + Maximum Receiver Antenna 
Gain (dBi) 

1(dBW/ 40 kHz) -151.81 
C(dBW/ 81.03 MHz) -115.74 
C(dBW/ 40 kHz) -148.81 
C/I (dB) 3 

Calculation of C/(N+I) in the Presence of Maximum Allowed NGSO FSS Interference 

dD numeric I /(numeric 
degradation) 

C/ (N+1) (dB) (without 
NGSO FSS Interference) 

7.36 5.445 0.1835 

C/I (dB) 3 1.995 0.5012 

I/ (C / (N+I)) (numeric) 0.6847 

C/ (N+I) (numeric) 1.4605 

C/ (N+I) (dB) 1.65 

Table 4.9 (b): Synchronisation Loss Analysis 

The results suggests that the NGSO FSS interference peaks reduces the C/(N+I) 

from 7.36 dB to 1.65 dB. The C/(N+I) threshold values agreed by the ITU-R for 

different modulation and coding schemes are re-produced in the following table for 

the purposes of comparison. 

Modulation and Coding CI(N+I) (dB) 

QPSK rate 7/8 6.0 

QPSK rate 3/4 5.3 

QPSK rate '/z 3.5 

8-PSK 8.1 

16-QAM 11.0 

Table 4.10: Synchronisation Loss Criterion 

It is clear that the GSO Ka-2 link would suffer from the synchronisation loss due to 
NGSO FSS interference peaks for the modulation and coding techniques included in 

Table 4.10. 
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4.4.3 Discussion 

For the purposes of this research, an analytical method has been implemented to 

relate the epfddo, y,, limits to the C/(N+I) ratio (at the GSO FSS Earth station receiver) 

for which the NGSO FSS interference peaks resulting from the alignments where 

interference entries come through the receiver antenna near boresight cause the 

synchronisation loss. 

The application of the method to the representative GSO Ka-2 system has shown 

that the NGSO FSS interference peaks can reduce the GSO FSS link C/(N+I) 

significantly. This is in line with the findings of various ITU-R studies [167-171]. 

Depending on the type of modulation and coding, the reduction could be so severe 

that the Earth station modem might loose synchronisation. It is possible to prevent 

these events by tightening the epfddo, y� limits. 

In the case of large GSO FSS receiver antennas, the situation may get worse and a 

significant reduction in the level of epfddo, v� limits may be needed to prevent the 

synchronisation loss events. This, in turn, could put excessive burden on the NGSO 

FSS systems. In such cases, the NGSO FSS operators may choose to apply the co- 

ordination procedure [ 163 ]. 

4.5 Conclusions 

In this chapter, the implications of interference from the NGSO FSS systems into the 

GSO FSS links operating or planned for operation at Ku and Ka band frequencies 

have been examined. For these purposes, deterministic and probabilistic simulation 

analysis and analytical methodologies have been developed. The methods have been 

applied for the investigation of a number of topics affecting the feasibility of the 

NGSO/GSO FSS system co-existence. The analysis has been based on the 

representative system characteristics given in Chapter 3. The work provided in this 

chapter together with the key conclusions can be summarised as following: 

" Implications of NGSO FSS mitigation techniques: To examine the implications 

of the mitigation techniques, deterministic simulation analysis models have been 
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implemented. This has been supported by the analytical models developed for 

the verification of the simulation results. These have included the analysis of the 

worst case interference levels and the calculation and comparison of the GSO 

FSS link overall performance degradation due to the interference derived from 

the simulation analysis. It has been shown that the GSO arc avoidance 

mitigation technique does not prevent near on-beam interference couplings 

which increases the short term interference level significantly at the GSO FSS 

Earth station receivers. The latitude avoidance mitigation technique, on the 

other hand, prevents the main beam-to-main beam interference alignment which, 

in turn, improves the C/(N+I) ratio of the GSO FSS link. It has also been shown 

that the use of the NGSO FSS transmitter antennas with improved sidelobes 

reduces the impact of long term interference. However, the trade-off between 

the improved radiation pattern and the antenna design cost needs to be 

considered carefully. 

" Revision of epfd limits: Two methods have been considered. The simulation 

method has been based on determining the aggregate interference statistics from 

a simulation modelling and applying the analytical method to the interference 

statistics to derive the epfd statistics which are then compared against the Article 

S. 22 limits to determine whether the protection is adequate or any revision to the 

limits is necessary. This approach has been employed to examine the 

implications of the aggregate interference from simultaneously operating 

multiple NGSO FSS systems, the feasibility of the proposed aggregate-to-single 

entry epfd conversion algorithm, the implications of comparing the continuous 

epfd curves against the discontinuous (staircase) epfd limits and the 

interpolation/extrapolation algorithm proposed for deriving epfd limits 

corresponding to antenna diameters not included in the current Article S. 22 epfd 
limits. The revision of the epfd limits using analytical approach has been based 

on the implementation of the Methodology A'. It has been shown that the 

methodology is based on the calculation of the maximum tolerable interference 

epfd levels on the basis of the GSO FSS link performance requirements. The 
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calculated values are compared against the Article S. 22 limits to determine the 

adequacy of these limits. In the application of the methodology, issues related to 

the convolution of the uplink and downlink rain fading statistics, the 

modifications to the rain fading prediction model, the relation between the GSO 

FSS link "achieved" and "stated" unavailability targets, the percentage time 

limitations of the rain fading model, the use of percentage representing no rain 

fading, the effective overall link noise temperature and the single and aggregate 

interference limits have been addressed. 

" Impact of GSO FSS Earth station reference antenna patterns: A Monte Carlo 

simulation technique has been developed for the examination of the interference 

at the GSO FSS Earth station receiver antennas. It has been shown that the 

application of the probabilistic simulation approach to evaluate the modifications 

to the GSO FSS receiver reference antenna radiation patterns is feasible and 

involves less computation than that required by the deterministic simulation 

modelling. The probabilistic analysis has suggested that the use of the reference 

radiation envelopes based on the antenna sidelobe peaks and the average of the 

sidelobe troughs and peaks would not have a significant impact on the 

calculation of the epfddox,,, limits as the resultant short term interference statistics 

would be very close to each other. The analysis has also suggested that the 

differences at the aggregate interference statistics are dependent on the antenna 

diameter and the elevation angle of the GSO FSS receiver. 

" Impact of NGSO FSS interference peaks: An analytical approach with the 

objectives of determining the reduction in the GSO FSS link C/(N+I) due to the 

NGSO FSS interference peaks and relating this to the epfdd. W� limits has been 

implemented. In the application of the method, the GSO FSS C/(N+I) is 

calculated when the NGSO FSS interference corresponds to the maximum 

allowed epfd. The results are compared against the synchronisation loss criterion 
defined for the modulation and coding used in the GSO FSS link. It has been 

shown that the near on-beam entries at the receiver antennas may reduce the 
C/(N+I) to a level where the modem may loose synchronisation. The degree of 



Sharing Analysis Between GSO and NGSO FSS Systems 211 

severity is largely determined by the type of modulation and coding employed in 

the GSO FSS link. It is worth noting that the protection of the large GSO FSS 

receiver antennas with the use of epfd limits may not be feasible without 

imposing excessive restrictions on the NGSO FSS systems. Therefore, the co- 

ordination procedure may be required to ensure adequate protection from the 

interference peaks in these situations. 
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CHAPTER 5 

REVIEW OF ISSUES RELATED TO 

INTERFERENCE FROM NONGEOSTATIONARY 

FIXED SATELLITE SERVICE SYSTEMS INTO 

FIXED SERVICE SYSTEMS 

This section provides a review of key issues concerned with the spectrum sharing 

between nongeostationary fixed satellite service (NGSO FSS) systems and terrestrial 

radio stations operating in the fixed service (FS) within the 12-30 GHz band (i. e. Ku 

and Ka band). The technical characteristics of the systems operating in both services 

are outlined in Chapter 1. 

In the sharing scenarios where NGSO FSS transmitter stations operate, FS systems 

are potentially exposed to high levels of time varying aggregate interference which 

could affect their performance and availability. For the space path interference 

analysis, where interference from NGSO FSS satellites into FS receivers is 

investigated, the spectrum sharing is primarily facilitated by limiting an NGSO FSS 

satellite transmitter power. For the terrestrial path interference analysis, where 

interference from NGSO FSS Earth stations into FS receivers is examined, possible 

means for reducing interference to permissible levels are an introduction of a 

minimum separation distance between an NGSO FSS transmitter and an FS receiver 

and a limitation of an NGSO FSS Earth station maximum power radiated at low 

angles of elevation. 

Figure 5.1 illustrates NGSO FSS interference paths into FS links operating at Ku and 
Ka band frequencies. It is important to note that, for the purposes of this study, 

sharing situations involving both point-to-point (PP) and point-to-multipoint (PMP) 

FS systems have been investigated. 

After this brief introduction, the current regulatory requirements together with the 

relevant ITU-R recommendations are summarised in the following section. This is 
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followed by a brief outline on the findings of a literature review carried out to 

examine the studies concerning with the NGSO FSS / FS spectrum sharing issues. 

A critical revision of the methodologies employed in these studies is presented in the 

discussion section. Finally, the key conclusions are provided in the last section. 
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Figure 5.1: Ku and Ka Band NGSO FSS Interference Paths into FS links 

5.1 Current Regulations 

This section summarises the current regulations facilitating the spectrum sharing 

between NGSO FSS and FS systems. 

5.1.1 Brief History 

Traditionally, frequency bands allocated to FS systems are shared with GSO FSS 

systems. Therefore, most of the existing regulations and recommendations are 

derived from the studies involving GSO FSS and FS systems. In order to open a 

way for an NGSO FSS system development, World Radio Conference'95 (WRC'95) 
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revisited the Radio Regulations and decided to allocate on a primary basis certain FS 

bands to FSS systems operating with NGSO satellites. The Resolution 118 [182] 

produced by the conference was considered in Conference Preparatory Meeting of 

WRC'97 and the ITU-R studies were initiated. 

At WRC'97, Article S. 21 [94] was adopted to facilitate spectrum sharing between 

terrestrial and space services operating above 1 GHz. This Article defines 

provisional power flux density limits applicable to a single NGSO FSS satellite for 

limiting downlink interference. In addition, a maximum EIRP and minimum 

elevation angle limits are specified for NGSO FSS Earth station transmitters to 

provide adequate protection for the radio stations operating in the fixed service from 

the terrestrial path interference. WRC'97 produced Resolution 131 [183] for the 

revision of Article S. 21. In response to the Resolution 131, Joint Working Party 4- 

9S (JWP 4-9S) was established within the ITU-R to address the NGSO FSS / FS 

sharing issues. 

There are a number of ITU-R recommendations adopted for use in sharing scenarios 

involving FS systems. These recommendations define performance objectives for 

digital and analogue FS links as well as the principles to be followed when 

developing a sharing criteria between the FS links and other services sharing the 

same band. 

The following sections summarise the regulations and recommendations concerned 

with the NGSO FSS / FS spectrum sharing issues. 

5.1.2 ITU-R Radio Regulations Article S. 21 (Based on Regulations 
Published in Geneva '98) 

Article S. 21 [94] defines regulatory requirements for terrestrial and space services 

sharing frequency bands above 1 GHz. It includes the maximum EIRP and 

minimum elevation angle limits applicable to the FSS Earth station transmitters in 

order to protect FS links from the terrestrial interference paths. In the frequency 

bands of interest, the maximum values of the EIRP transmitted in any direction 
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towards the horizon by an FSS Earth station transmitter are given as: 64 dBW/IMHz 

for an elevation angle (0) less than 01 and 64+30 dBW/I MHz for 0 values up to 5°. 

No limit is defined for the elevation angles greater than 5°. For the minimum 

elevation angle, it is stated that the Earth station antenna should not be employed for 

a transmission at elevation angles of less than 3° measured from the horizontal plane 

to the direction of maximum radiation. 

From the space-to-Earth transmissions point of view, the provisional power flux 

density (pfd) limits are specified to limit the interference. The pfd limits are defined 

for a single satellite as a function of an interference path elevation angle as seen 

from a point on the surface of the Earth. Figure 5.2 illustrates the pfd limits 

corresponding to the Ku and Ka band frequencies. 

WRC' 97 pfd Limits to Protect 
FS ReceNem from NGSO FSS Downlink Interference in Ku and Ka Band 
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Figure 5.2: Ku and Ka band pfd limits 

It is interesting to note that two sets of provisional limits are defined for Ka band 

depending on the number of satellites forming the NGSO FSS constellations. 
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5.1.3 ITU-R Recommendations for Analogue/Digital FS System 

Performance and Availability Objectives 

The maximum level of tolerable interference is primarily determined by the 

permissible degradations in the FS link performance and availability objectives. 

For digital systems, link objectives are defined for hypothetical reference digital 

paths (HRDPs) and real links. A hypothetical reference digital path at a bit rate 

below the primary rate has been described in ITU-T Rec. G. 821 [184]. The primary 

rate is the European El rate of 2.048 Mbps or the American Ti rate of 1.544 Mbps 

(i. e. the lowest bit rate of a hierarchical system). The reference path is sub-divided 

into portions of different circuit quality, termed "high grade", "medium grade" and 

"local grade". It is noted that the high grade portion is used in ITU-R 

Recommendations F. 557 [185] and F. 594 [186] to define the error performance and 

availability objectives for a 2,500 Ian long HDRP. 

For digital paths employing constant bit rate above the primary rate, a 27,500-km 

hypothetical reference path is used to define the link objectives given in ITU-R 

Recommendations F. 1092 [187] and F. 1189 [188]. The description of the reference 

path is given in ITU-T Rec. G. 826 [189]. 

In real applications, the digital link characteristics differ both in length and 

composition from the HRDP. Therefore, it is necessary to provide error 

performance and availability objectives for actual link planning purpose. A number 

of recommendations are used for these purposes. The link objectives are described 

for different portions of an integrated services digital network (ISDN) connection 

employing bit rates below the primary rate. 

For analogue FS links, the link objectives are noise and availability. It is argued that 

the total noise power in the analogue links is dependent on both equipment design 

and path propagation characteristics which, in turn, are determined by the 

atmospheric conditions and terrain irregularities. As for the digital links, the 

analogue link objectives are defined for hypothetical reference circuits (HRCs) and 
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real links. The definitions of HRCs for telephony, television and trans-horizon radio 

relay systems are provided in the following recommendations: 

9 ITU-T Rec. G. 212 [190] 

9 ITU-R Rec. F. 391,392 [191,192] 

" ITU-R Rec. S. 352 [193] 

" ITU-R Rec. F. 396 [194] 

General definition 

Telephony 

Television 

Trans-horizon telephony. 

It is noted that the hypothetical reference circuits are 2,500 km long and built from 

homogeneous sections of equal length each comprising interconnected channels, 

groups, supergroups and mastergroups. As in the case of digital links, the analogue 

link noise and availability requirements are also defined in a number of 

recommendations by taking account of real link compositions and lengths. 

In line with the above discussions, Table 5.1 is constructed to show the 

recommendations to be used in defining the performance and availability objectives 

of digital and analogue fixed service links. 
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PERFORMANCE AND AVAILABILITY OBJECTIVES OF DIGITAL LINKS 

Objective Integrated Serv ices Digital Network (ISDN) Connection Digital Path Above Primary 
Below Primary Rate Rate 

Hypothetical Real Links Hypothetical Reference 
Reference Digital Path (HRDP) 

Digital Path (Defined in ITU-T Rec. 
(HRDP) G. 826) (27,500km) 

(Defined in 
ITU-R Rec. High Medium Local International National 

F. 556 and 
Grade Grade Grade 

ITU-T Rec. 
G. 821) 

(High Grade, 
2,500 km) 

Error Rec. F. 594 Rec. F. 634 Rec. F. 696 Rec. F. 697 Rec. F. 1092 Rec. F. 1189 
Performance 

Availability Rec. F. 557 Rec. F. 695 Rec. F. 696 Rec. F. 697 Rec. G. 826 Rec. G. 826 

PERFORMANCE AND AVAILABILITY OBJECTIVES OF ANALOGUE LINKS 

Objective Telephony Television Trans-Horizon 

Noise Hypothetical Rec. F. 393 Rec. F. 555 Rec. F. 397 
Reference 
Circuit (HRC) 

Real Links Rec. F. 395 - Rec. F. 593 

Availability Rec. F. 557 - - 

Table 5.1: Recommendations Defining Performance and Availability Objectives 

of Digital and Analogue Fixed Service Links 

A review of the above recommendations suggests that: 

9 For the digital links, error performance is assessed in terms of the events errored 

seconds (ES) and severely errored seconds (SES) and the parameters errored 

second ratio (ESR) and severely errored second ratio (SESR). ES is defined as 

1-second period in which one or more bits are in error while SES is described as 
1-second period which has a bit error rate greater than 1 *10-3. ESR and SESR 

are then defined as ratio of ES and SES to total seconds in the measurement 
interval (ITU-T Rec. G. 821 [184]). In line with the above descriptions, ITU-R 

Rec. F. 697 [195], for example, states that the ESR should not exceed 0.012 and 

SESR should remain below 0.00015 in any month for local grade portion of a 

real ISDN connection at bit rate below the primary rate. 
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" For the analogue links, allowable noise power is defined in terms of 

psophometrically weighted mean power not to be exceeded for a given 

percentage in any month. For example, ITU-R Rec. 593 [196] states that 

psophometric mean noise power at a point of zero relative level in real circuits of 

multi-channel trans-horizon FM systems of less than 2,500 km should remain 

10*path length (picowatts) for 80% of the time. 

" For both digital and analogue links, availability is primarily dependent on the 

equipment reliability and the propagation conditions. The concept of 

unavailability for a hypothetical reference digital path is defined as "the period of 

time beginning at the onset of ten consecutive SES events in at least one 

direction of transmission". For the analogue links, it is stated that the link is 

unavailable "if the level of the baseband frequencies falls by 10 dB or more from 

reference level for at least 10 consecutive seconds and/or if any telephone 

channel the unweighted noise power with an integrating time of 5 ms is greater 

than 106 pWO within at least 10 consecutive seconds". Taking the above 

definitions into account, Rec. F. 557 [185], for example, recommends that the 

availability objective for 2,500 Ian HRDP and HRC should be 99.7% of the time. 

The recommendation notes that the objective is provisional and, depending on 

applications, the availability may be within the range 99.5%-99.9%. 

It is important to note that the total allowable degradation of any system must be 

shared among the thermal noise, interference within the system and interference 

from other systems sharing the same frequency band. The above recommendations 

provide performance, noise and availability requirements to overcome combined 

effects of all causes. It is, therefore, necessary that the allowable degradations in the 

performance and availability of an FS system due to interference from NGSO FSS 

systems are expressed in terms of a permissible fraction of the total allowable 

degradation in performance and availability. This is examined in the following 

section. 
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5.1.4 ITU-R Recommendations for Fixed Service System Protection 

This section summarises reference ITU-R recommendations concerning with the 

protection of FS systems from NGSO FSS interference. 

5.1.4.1 ITU-R Rec. F. 758 

Rec. F. 758 [102] provides basic sharing criteria between the fixed service and other 

services sharing the same bands. It includes a set of representative FS system 

parameters to be employed in sharing studies. System characteristics have been 

under constant review to include new FS systems and to amend the existing ones. 

The last draft revision document (Doc. 9/1022 dated 3. Feb. 2000) provides new 

information on representative point-to-multipoint FS links and also includes 

amendments to the existing systems in the 10-30 GHz range. 

FS link characteristics comprise basic transmitter and receiver parameters. Carrier 

frequency, EIRP, bandwidth, modulation, capacity, antenna radiation patterns, noise 

figure and nominal receiver input level values corresponding to a range of links in 

different bands are specified. It is important to note that, for the point-to-point links, 

indicated EIRP values are at maximum. These values are not associated with any 

path length, which given that they are maximum values might be expected to be 

large. For shorter links requiring a smaller fade margin, it is reasonable to assume 

that relatively lower gain antennas and lower levels of EIRP are used. The use of 

generic antenna radiation pattern defined in Rec. F. 699 [75] is recommended in 

cases where the measured patterns are not available. 

The recommendation notes that the spectrum sharing principle should be based on 

determining the maximum allowable values of performance and availability 

degradations of the FS links due to interference from other services sharing the same 

band. It is further noted that the time varying nature of the interference makes it 

necessary to define a long term and short term interference criteria. The short-term 
interference is due to the existence of anomalous propagation conditions, and 

typically consists of very large levels of interference which occur rarely, and exist for 

short periods of time. The long-term interference arises from sources within 
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line-of-sight of the victim receiver, and is typically low in level and constant in 

value. 

As guidance for sharing studies, a long-term interference criterion is defined for 20% 

of a time while a short-term criterion is specified for < 1%. The derivation of a 

maximum level of tolerable interference associated with a long term time percentage 

is simplified by considering the degradation in the FS link fade margin due to 

interference. Two degradation values are specified for the FS links included in the 

recommendation: 0.5 dB and 1 dB. Taking these figures into account, a maximum 

allowed interference is defined relative to the receiver noise level. A 0.5 dB 

degradation corresponds to an interference-to-receiver noise ratio of -10 dB 

(I/N = -10dB) while a1 dB degradation leads to an I/N of -6dB. 

It is important to note that, for the detailed sharing analysis, the use of performance 

objectives of an FS link under consideration is recommended for deriving a long 

term interference criterion. It is also recognised that the derivation of the maximum 

allowed short term interference level and the exact time percentage associated with it 

requires the FS link performance objectives. 

5.1.4.2 ITU-R Recs. SF. 357 & SF. 61 S 

Rec. SF. 357 and 615 [197,198] define the maximum permissible values of 

interference from systems operating in the FSS into 2,500 Ian long analogue and 
digital HRC / HRDP, respectively. 

Rec. SF. 357 notes that the interference noise power at a point of zero relative level 

caused by the aggregate emissions from Earth stations and satellites of the FSS 

systems should not exceed 1,000 pWOp psophometrically-weighted 1 minute mean 

power for more than 20% of any month and 50,000 p WOp psophometrically- 

-weighted 1 minute mean power for 0.01 % of any month. 

Rec. SF. 615 states that the allowable degradation in performance and availability of 

2,500-km HRDP resulting from the aggregate interference from the FSS systems 

should comply with the following limits: 
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" The period of time in any month during which the BER exceeds 10"3 not to be 

increased by more than 0.0054%, 

" The period of unavailability not to be increased by more than 0.03% of any year, 

9 The number of ES measured at 64 kbps interface not to be increased by more 

than 0.032% in any month. 

5.1.4.3 ITU-R Recs. F. 1241 & F. 1398 

Rec. F. 1241 and 1398 [199,200] define maximum allowed performance 

degradations due to interference in the digital FS systems forming part of the 

international and national portion of the 27,500 km hypothetical reference path, 

respectively, with a constant bit rate at or above the primary rate. 

Rec. SF. 1241 argues that the maximum allowable performance degradation 

represents more stringent requirement than the allowable degradation in availability. 

It states that the performance degradation in the international portion of a reference 

path due to interference from other services should be expressed as a permissible 

fraction of the error performance objectives given in Rec. F. 1092 [187]. The 

objectives for the degradation of performance due to interference are then defined in 

terms of the ESR and SESR for various constant bit rates. 

For example, the recommendation suggests that, for an FS link of L km in the 

international portion of a path with a constant bit rate up to 5 Mbps, the ESR and 

SESR due to interference should not exceed the following limits: 

" ESR < 0.004 * (FL + BI), (5-1) 

" SESR < 0.0002 * (FL + B1) (5-2) 

where FL and BL are distance and block allowance factors varying with path 
length L. 

Similarly, Rec. SF 1398 states that the performance degradation in the national 

portion of a reference path due to interference from other services should be 

expressed as a permissible fraction of the error performance objectives given in Rec. 
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F. 1189 [188]. The objectives for the degradation of performance are then defined 

for the long-haul, short haul and access network sections of the national portion of 

the reference path operating at or above the primary rate. 

For example, it is recommended that, the performance degradation in a digital path 

of L km with a 15 Mbps constant rate should not exceed the limits shown in Table 

5.2. 

Long-haul Short-haul Access 

ESR 0.005 *A 0.005 *B 0.005 *C 

SESR 0.0002 *A 0.0002 *B 0.0002 *C 

Notes A is block allowance for B is block allowance for C is block allowance for 
long haul section and short haul section and access section and 
formulated as: 0.075<B<0.085. 0.075<B<0.085. 

(A1 + 0.01 *L, J500) 

where 0.01 < Al<0.02 & L, 
is the actual path length 
rounded up to the next 
multiple of 500 km. 

Table 5.2: Maximum Allowable Performance Degradations at 15 Mbps 

5.1.4.4 ITU-R Recs. IS. 847, IS. 849 & P. 620 

These recommendations are relevant to the analysis of terrestrial interference paths 

between NGSO FSS Earth stations and FS links. Rec. IS. 847 [173] is used for 

determining the co-ordination area of a GSO FSS Earth station and defines a 

methodology together with simplified propagation models for the co-ordination 
distance calculations. The method assumes a constant Earth station antenna gain in 

the direction of horizon. In the case of Earth stations operating with NGSO space 

stations, the gain of their antenna towards the horizon varies with time in a manner 

determined by the orbital parameters of the operational space station and the 

geographic location of the Earth station antenna. These issues are addressed in Rec. 

IS. 849 [201 ] which describes methods for calculating co-ordination distances for 

NGSO FSS Earth stations. Rec. P. 620 [202] provides propagation data required for 

the evaluation of co-ordination distances. 
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Rec. IS 849 points out that the frequencies shared by NGSO FSS and FS services 

need to be co-ordinated in order to avoid interference. The co-ordination takes place 

within an area surrounding the NGSO FSS Earth station and extending to distances 

beyond which the possibility of interference is assumed to be negligible. The co- 

ordination area calculations are based on the evaluation, for each azimuth from the 

Earth station, of the distance that would be required to afford adequate protection to 

a receiving FS site. The calculated distances are joined to form the required co- 

ordination contour [201]. 

The co-ordination area calculations consider the transmitter power, antenna gain, 

receiver interference threshold, path propagation mechanisms, distance and terrain 

profile. From the propagation modelling point of view, clear-air and hydrometeor 

scatter mechanisms need to be taken into account. The key recommendation 

defining both mechanisms is Rec. P. 452 [88] which is detailed in Chapter 2. It is, 

however, important to note that the method defined in Rec. P. 452 is intended for use 

in detailed (e. g. bi-literal) interference calculations, where site and path specific 

details are available. Therefore, Rec. P. 452 is not directly suitable for the 

calculation of co-ordination contour where site, terminal and path specific data is, by 

definition, not known. 

Rec. IS. 849 notes that the propagation elements required for co-ordination are 

embodied in Rec. IS. 847 which includes simple, largely empirical, models for both 

clear-sky and hydrometeor scatter modes of propagation. The co-ordination distance 

calculation requires a value of transmission loss to be exceeded for all but p% of the 

time which is given as: 

Lb (P) = Pt + Gt + Or - Pr(P) (5-3) 

where Pt is the transmitter power level, GG and Gr are the transmitter and receiver 

antenna gains respectively and P, (p) is the interference threshold power level not to 
be exceeded for more than p% of the time [173]. 

For the clear-air and hydrometeor scatter mechanisms, the co-ordination distances 

which will result in a value of transmission loss equal to Lb(p) are calculated. In the 
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case of clear-air propagation, the terrain is categorised as coastal land/inland, warm 

sea/cold sea and simplified propagation model is applied iteratively for calculating 

the distance at which Lb(p) is achieved. The model is valid within the range 0.001 % 

to 10% of the time. For the hydrometeor scatter case, Rec. IS. 847 includes empirical 

transmission loss formulae defined for determining, iteratively, the distance between 

the region of scattering and the location of an FS station on the co-ordination 

contour. 

It is noted that ITU-R Rec. P. 620 (currently at version 4) also provides propagation 

methods for the evaluation of co-ordination distance and is constantly updated by 

ITU-R Study Group 3. The revised propagation models defined in Rec. P. 452 and 

P. 620 are intended for use in detailed interference and the co-ordination area 

calculations, respectively. 

The current version of Rec. P. 620 includes clear-air propagation loss prediction 

model for three ranges of frequency. For the purposes of this research, the range 

850 MHz to 60 GHz is of interest and the model is valid for 0.001 % to 50%. As for 

Rec. P. 452 (see Chapter 2), a radio meteorological parameter, ß, is used to reflect the 

relative incidence of anomalous propagation and is derived in a similar way, as a 

simple function of latitude. As Rec. P. 620 is not a path specific method, the terrain 

details are captured by a simple categorisation as coastal land/inland/ warm sea/cold 

sea. In addition, factors for site shielding and coupling to over-sea ducts are 

modelled as in Rec. P. 452, but in a simplified manner. The calculation for the time 

and distance dependent losses uses the same model as that in Rec. P. 452 in which a 

cumulative distribution function relating transmission loss and %-time is translated 

to reflect path and radiometeorological parameters [202]. 

For the hydrometeor scatter mode, in the method of Rec. P. 620, a coordination 

contour is determined by the iterative application of an expression for basic path 

loss, L: 

L =168-20log(d)-20log(f)-Gt-13.2"R+S+Ag -C+I' (5-4) 
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where d is the distance from the terrestrial station to the scattering volume, Ag 

attenuation due to gasses, G1 represents the FS station antenna gain, R is the rainfall 

rate, S models the difference between Rayleigh and Mie scattering (0 at 510 GHz) 

in a simpler expression than that in Rec. P. 452. The scatter transfer function, C, is a 

simplified version of that in Rec. P. 452, in which an Earth station elevation of 20° is 

assumed. C and F allow for rain attenuation inside and outside the rain cell, 

respectively. It is important to note that the basic path loss expression is similar to 

that of Rec. P. 452. 

Rec. IS. 849 provides three methods for deriving a co-ordination contour around the 

co-ordinating NGSO FSS Earth station. It is stated that the co-ordination distances 

obtained for hydrometeor scatter are found to be smaller than the clear-air distances 

and, therefore, these methods take account of the clear-air propagation mechanisms. 

The recommendation also refers to Rec. IS. 847 for the reference characteristics to be 

used in representing the (by definition) unknown receiving FS. The summary of all 

three methods [201 ] is given below: 

Composite Method: 

The method is based on deriving the joint statistics of path loss and Earth station 

horizon antenna gain for each azimuth around the NGSO FSS Earth station. These 

statistics are determined by performing a convolution of the gain statistics with the 

fading characteristics predicted for a specific path length. The path length is 

iteratively increased, and the convolution repeated, until the joint statistics offer 

sufficient overall loss for a sufficient percentage time to meet the limit. It is 

important to note that although the method is conceptually simple it is the most 

complex in implementation owing to the need for convolution of two probability 
density functions. 

"3%" Method: 

This method also makes use of antenna horizon gain statistics for the NGSO Earth 

station. Rather than developing joint statistics, however, the value of horizon gain 
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exceeded for 3% of the time is determined (for each azimuth) and this figure is then 

used in the iteration procedure determining the co-ordination distance. 

Time Invariant Gain Method: 

In this option, the difference between the maximum and minimum gains of the 

NGSO FSS Earth station antenna towards the horizon (on each azimuth) is 

determined. For a difference of 20 dB or less, the maximum horizon gain is 

assumed, between 20 dB and 30 dB difference the minimum value plus 20 dB is 

assumed, and for 30 dB or greater difference, the maximum value minus 10 dB is 

used. As for the 3% method, these values are then applied in the iteration procedure. 

5.1.4.5 ITU-R Recs. F. 1494 and F. 1495 

These recommendations have been recently produced by the Joint Working Party 

4-9S (JWP 4-9S) for the development of interference criteria to protect FS links 

from NGSO FSS satellites operating at Ku and Ka band [203,204]. 

Rec. 1494 defines a method for deriving protection criteria at 11/12 GHz band 

(i. e. Ku band). It is proposed that the short term interference criterion of 

"1/N=20 dB to be exceeded for not more than 0.001 % of the time" provides an 

adequate protection for the majority of the FS links operating in Ku band from the 

NGSO FSS space-to-Earth interference paths. 

In order to check the validity of this assumption the probabilities of the simultaneous 

effect of short term interference and propagation fading (assumed to be dominated 

by multipath fading) are calculated for a number of FS links assuming both are not 

correlated. These probabilities are then compared against the allowable degradations 

in the performance of FS links due to interference. The allowable degradation is 

defined as "10% of the total Error Performance Objectives (ES & SES) stated in the 

ITU-R Recommendations F. 1241 and F. 1398". FS links, for which degradation 

probabilities are calculated to be less than the allowable degradations, are assumed 

to be adequately protected from the NGSO FSS interference. 
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For long term interference, it is recommended that Fractional Degradation in 

Performance (FDP) should be used. The FDP is defined in 

ITU-R Rec. F. 1108 [205] as following: 

FDP=Y4'i 
'J (5-5) 

where I, is the interference power at ih event, 

f is the fraction of time that the interference had a power I; , 

NT is the receiver noise power 

It is stated that the FDP due to long term interference from NGSO FSS satellites 

should remain below 10% in order to protect FS links operating in the Ku band 

[203]. 

Rec. 1495 derives protection criteria for FS links operating at 17.7-19.3 GHz band 

(i. e. Ka band). It is assumed that the FS link fading due to propagation effects 

(dominated by rain fading) and NGSO FSS downlink interference do not occur 

simultaneously. Therefore, an outage of the FS link is assumed to occur when the 

interference level is greater than the link fade margin (defined in dBs for a given bit- 

error-rate (BER)). 

In line with the above assumptions, the interference criteria are calculated by 

apportioning the effect of interference on the total allowable FS link degradations, 

defined as 10% of the total Error Performance Objectives. For these purposes, it is 

assumed that 20% of the link degradation is attributed to the long term interference 

while the remaining 80% are allocated to the short term interference. 

The short-term interference criteria are then derived by linking the FS link fade 

margin to performance degradations (i. e. ES and SES). In this process, it is assumed 

that fade margins for ES and SES are respectively 5 dB and I dB lower than the FS 

link fade margin referenced to the BER at 10"3 level. 

In the recommendation, it is argued that a 19 dB fade margin (defined for 

BER of 10-3) can be taken as a representative value since more than 80% of FS links 
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operating in Ka band in the UK and France are with fade margins greater than 19 dB 

[204]. It is further argued that a short haul inter-exchange network section 

composed of 5 hops of 8 kilometres with data rates from 15 to 55 Mbps is assumed 

to be a representative link associated with the above fade margin. The allowable ES 

and SES degradations due to short term NGSO FSS interference are then calculated 

to be: 

ES allowable to short term interference 9.6 * 10"3 

SES allowable to short term interference 2.6 * 10-4 % 

Two short term criteria are defined by associating the ES and SES and the 

corresponding fade margins: 

Criterion 1: I/N=14 dB not to be exceeded for 0.0096% 

Criterion 2: I/N=18 dB not to be exceeded for 0.00026% 

For the long term interference, it is recommended that the criterion based on 0.5 dB 

degradation of the fade margin (defined in Rec. 758 [102]) should be used. 

Table 5.3 summarises the proposed Ku and Ka band interference criteria for the 

assumptions made in the new recommendations [203,204]. 

Short term Long term 

Ku Band I/N should not exceed 20 dB for more Fractional Degradation Performance 
than 0.001 % (FDP) should be less than 10% 

Ka Band IN should not exceed 14 dB for more I/N should not exceed -10 dB for more 
than 0.01 % of the time, than 20% of the time 

I/N should not exceed 18dB for more 
than 0.0003% of the time 

Table 5.3: Proposed Ku and Ka Band FS Interference Criteria for NGSO FSS 

Downlink Interference 

5.2 Previous Work 

This section briefly looks at the studies concerning with the NGSO FSS / FS sharing 
in the 12-30 GHz band. It has been noted that the investigations carried out within 

the ITU-R Working Party 4-9S are of particular interest. 
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5.2.1 Space-to-Earth Interference Paths 

A review of documents examining the NGSO FSS Earth-to-space interference paths 

has shown that most studies employ simulation analysis approach. The following is 

a summary of these studies [206-214]. 

" The primary objective of the simulation analysis approach is to address the 

suitability of the Article S. 21 limits or other power flux density (pfd) masks 

proposed for the protection of the FS links. Interference scenarios are based on 

the assumption that the NGSO FSS satellites transmit continuously 100% of the 

simulated time and each satellite transmission is represented by a pfd mask. 

Interference at an FS receiver from a single satellite is then calculated from: 

I= PFD + 10 log (A2/47r) + Rx Antenna Gain - Atmospheric Loss - Rx Feeder Loss 

(5-6) 

" At a given instant, the aggregate interference power is determined by adding 

interference entries (defined in the equation 5-6) from all satellites visible to an 

FS receiver. Interference statistics are presented in the form of cumulative 

distribution of received interference power level with time. 

" Interference statistics are dependent on the radio characteristics of both the 

transmitter and receiver as well as the latitude, longitude and a pointing 

direction of the FS receiver. In particular, the pointing azimuth of an FS 

receiver antenna plays a significant role in deriving a maximum likely 

interference level. The FS pointing azimuth value resulting in the highest 

interference statistics (i. e. the worst case interference) is determined by the 

NGSO FSS system orbital parameters and the FS receiver latitude and the 

pointing elevation. 

" An analytical method has been developed to estimate the worst case azimuths 

for a given NGSO FSS constellation and FS receiver characteristics. The 

methodology is incorporated into Rec. S. 1257 [215]. It is noted that the method 
is based on calculating the probability (i. e. percentage of time) of finding a 

satellite of a constellation in an area in an orbit shell. In the NGSO FSS/FS 
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spectrum sharing context, this area may be thought of as part of the NGSO FSS 

orbit shell illuminated by the FS receiver antenna beam. Having determined the 

area on the orbit shell for a given antenna beam, the probability of a satellite 

being is in this area is calculated taking the orbital characteristics into account. 

This probability is expressed as: 

P_A11 (5-7) T7r 2 Sina CosL 

where A is the area on the NGSO FSS orbit shell (steradian), a is the angle 

between ground track and latitude line (radian) and L is the latitude of a centre 

of the area on the orbit shell projected to the Earth surface (radian). At a given 

FS receiver elevation, the worst case azimuths are those corresponding to the 

highest probability and defined as following: 

9E = ArcCos(cos(elevFS) 
RRhJ- 

eleVFS 

A, = ArcCos sin i- cos 0. sin Lo 

sin 9e cos Lo 
A2 = 2ic -A, (5-8) 

03 = ArcCos - sin i- cos9E sin Lo 

sin 6E cos Lo 
A4 =27G -A3 

where elevFs is the pointing elevation of the FS antenna (radian), R is the Earth 

radius (km), h is the NGSO FSS constellation altitude (km), i is the NGSO FSS 

orbit inclination (radians) and Lo is the latitude of the FS station (radian). d1, 

dz and d3, d4 are symmetrical with respect to the North (d =0) and the South 

(d=180). The worst case azimuths exist if ArcCos(x) function exists which 

requires that IxI: 51. If this condition is not met then corresponding equations do 

not apply and give no worst case azimuth. 

" The studies employ FS link parameters based on either representative values 

specified in Rec. 758 [102] or real system values provided by the FS link 
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operators. Generic FS receiver antenna radiation patterns defined in Rec. F. 699 

[75] and Rec. F. 1245 [76] are used in the most of the reviewed documents. 

" It is generally assumed that a long term interference (corresponding to 20% of 

the time) should not degrade an FS link C/N ratio more than 0.5 dB at Ku band 

and 1 dB at Ka band. This is based on information given in Rec. F. 758. In 

order to establish a short term interference criteria, a number of 

recommendations are taken as references. These include recommendations 

F. 758 [102], F. 1190 [216] and IS. 847 [173]. The most commonly assumed 

short-term criteria is I/N=20 dB to be exceeded for no more than 0.001 % time. 

FS links are assumed to be adequately protected if both short term and long 

term criteria are met. The implications of NGSO FSS interference on digital FS 

receivers have also been considered by calculating the Fractional Degradation 

in Performance (FDP). On the basis of Rec. F. 1108 [205], it is generally 

accepted that the digital FS receivers are adequately protected if the FDP 

produced by a NGSO FSS constellation is less than 10%. 

5.2.2 Terrestrial Interference Paths 

The following key points are derived from the review of documents describing 

studies concerning with the Ku and Ka band terrestrial interference paths from the 

NGSO FSS Earth stations into the terrestrial radio stations operating in the fixed 

service [217-222]. 

e Separation distances are required to avoid harmful interference between NGSO 

FSS transmitters and FS receivers. Using the transmitter and receiver 

characteristics, minimum required distance calculations are carried out assuming 

clear line-of-sight propagation conditions. This represents the worst-case as far 

as interference paths are concerned, as the propagation effects that would be 

introduced by man-made and natural terrain are not taken into account. By 

repeating the separation distance calculations for the FS receiver azimuth angles 

from 0° to 360°, a two dimensional "exclusion zone" is calculated. An exclusion 

zone represents a region around an FS receiver where an operation of NGSO 
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FSS Earth station is not possible without risk of causing unacceptable 

interference. 

"A number of potential interference mitigation techniques is suggested to ease the 

NGSO FSS/ FS sharing situation as far as terrestrial path interference is 

concerned: 

  Use of higher performance antennas to improve the antenna sidelobe 

performance and, hence, to reduce the off-axis transmitted or received 

interference power, 

" Operation with increased antenna gain to reduce the power into the 

antenna required to achieve the same performance and consequently 

reducing off-axis interference power from the antenna, 

  Use of Automatic Transmit Power Control (ATPC) to reduce the nominal 

power of a transmitted signal and only transmit an increased power level 

to overcome fading events when they occur, 

  Careful siting of terminals to take advantage of the high levels of 

additional isolation that can be achieved by siting terminals such that 

natural and/or man-made obstacles are located on the interfering path, 

" Operation with minimum elevation angle to prevent the higher levels of 

off-axis EIRP from the near sidelobes being transmitted along the 

interfering terrestrial path, 

  Use of dynamic channel assignment (DCA) to avoid unacceptable 

interference by detecting its presence and moving to another available 
frequency, 

  Operation with increased interference margin to increase the transmitted 

power on a link in order to provide a higher tolerable degradation. 

" Studies have been conducted to examine the technical feasibility and to quantify 

the costs and benefits offered by possible mitigation techniques. For example, it 

is argued that while a reasonable advantage can be obtained by introducing 
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relatively higher minimum operational elevation angles the amount of visible 

orbit shell from NGSO FSS Earth station will be decreased. This implies that 

the number of satellites in the NGSO FSS constellation needs to be increased. 

Similar arguments also apply for the use of high performance antennas, ATPC 

and DCA, all of which have technical and economical implications. 

As mentioned previously, in the 30 GHz band where NGSO FSS Earth station 

transmitters are planned for operation, FS systems are proposed for the broadband 

fixed wireless access (BFWA) applications for the provision of multimedia type of 

services, requiring large bandwidths. This brings about potential sharing situations 

where a large number of FS radio stations operate in the same band and geographical 

area as the NGSO FSS Earth stations. It has been noted that a number of studies 
have been carried out concerning with the implications of terrestrial path 
interference between the BFWA systems and the NGSO FSS Earth 

stations [223-226]. 

It is observed from the reviewed studies that investigations are mainly concerned 

with interference paths into point-to-multipoint (PMP) FS base station and 

subscriber receivers. Propagation characteristics associated with this band enable 
both PMP FS and NGSO FSS systems to employ smaller antennas which, in turn, 

increases the possibility of widespread system deployment. From the spectrum 

sharing point of view, the large terminal numbers imply that the dominant interfering 

paths will generally be line-of-sight. It is, therefore, noted that the propagation 

effects are modelled taking account of free-space path loss, atmospheric loss and, in 

some cases, clutter loss. 

The PMP system parameters and long term interference criteria (I/N=-10 dB for 

20%) defined in Rec. F. 758 are widely used in the sharing studies. It is generally 

agreed that both the base stations and user terminals are likely to experience 

significant long-term interference from the NGSO FSS Earth stations, in particular, 
in urban deployment scenarios. The degree of interference is a function of the 



Review of Issues Related to Interference from NGSO FSS Systems into FS Systems 235 

terminal separation, antenna discrimination, NGSO FSS Earth station output power 

and interference allowance associated with the base station or user terminal receiver. 

It is argued that the protection of PMP FS systems from NGSO FSS terrestrial 

interference will not be possible if both systems operate in the same geographical 

area [225]. On this basis, it is suggested that the band segmentation may be a 

suitable solution to facilitate effective use of the spectrum. In order to improve the 

sharing conditions and avoid a strict segmentation of the 30 GHz band, the use of 
Geographical Band Segmentation (GBS) has been proposed. 

Total Bandwidth =B= B1+B2+B3 

B1 B2 B3 

Figure 5.3: Geographical Band Segmentation 

In Figure 5.3, the total bandwidth of B is apportioned over an area A using the GBS 

which results in: 

" NGSO FSS system being exclusive in band BI in area Al +A2, 

" BFWA system being exclusive in band B3 in area AI +A2, 

" NGSO FSS system being able to use band B2 in area Al, 

" BFWA system being able to use band B2 in area A2. 

In the above scenario, BI and B3 are respectively NGSO FSS and FS exclusive 
bands and B2 is the conditional band. In the band B2, the exclusion of NGSO FSS 

transmitters from the area A2 decreases the aggregate interference into BFWA base 

stations and user terminals, ideally, to an acceptable level. 

Total Area =A= Al+A2 
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In addition to the GBS, it is also argued that the use of ATPC, improved antenna 

radiation patterns, high minimum operational elevation angle and careful positioning 

of the NGSO FSS Earth stations should be considered as further mitigation 

techniques to improve the sharing environment in the conditional bands [226]. 

5.3 Discussion 

This section provides a brief discussion on the downlink and terrestrial path 

spectrum sharing analysis methods applied in the above discussed studies. 

5.3.1 Space-to-Earth Interference Paths 

As far as space-to-Earth interference paths are concerned, Article S. 21 limits relate 
to the power flux density which would be obtained under assumed clear-sky free 

space propagation conditions. By applying these limits to known NGSO FSS 

systems it is possible to assess the worst case interference into FS receivers if each 

satellite were to meet the limits. Therefore, the use of pfd masks to calculate 

aggregate interference is a conservative approach as all visible satellites are assumed 
to be transmitting at the maximum pfd limit towards the same point where an FS 

receiver is assumed to be located. 

In order to derive likely actual levels of downlink interference, it is necessary to 

model NGSO FSS constellations fully, accounting for individual beam patterns and 
EIRP. In this case, the worst case interference level will be determined by an 
interference entry either originating from an NGSO FSS satellite antenna sidelobe 
located very close to an FS receiver antenna boresight or originating from an NGSO 

FSS satellite antenna boresight located very close to an FS receiver antenna rearlobe, 

as shown in Figure 5.4. 
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Space-to-Earth 
Interference Path 
12 GHz & 20 GHz 

NGSO FSS 
Downlink Wanted Path 

FS Wanted Path Minimum 12 GVIz & 20 GHz 

Elevation Angle 

NGSO FSS 
Downlink Wanted Path Space-to-Earth 

12 GHz & 20 GHz Interference Path 
12 GHz & 20 GHz 

T 

FS Wanted Path 

- -- --------------- ------ ----- 

Figure 5.4: Worst Case Interference Scenarios 

Although the use of worst case azimuth approach aims to provide a maximum 

protection for the FS receivers operating in the same band as the NGSO FSS satellite 

transmitters, it is important to note that the worst case azimuth for the FS receivers 

will be different for each of the NGSO FSS constellations as the projected 

development of NGSO FSS usage at Ku and Ka bands indicates that systems will 

not be homogenous, i. e. the constellation and radio characteristics will not be 

similar. Therefore, the simulation approach used in the pfd analysis needs to 

consider the worst case azimuth corresponding to each given constellation. 

Recently approved radio regulations suggest that, for the sharing studies involving 

NGSO FSS systems, the number of non-homogenous systems operating within the 

same frequency band should be assumed to be in the range 3 to 5 which is the result 

of the restrictions that the self-interference would impose on the NGSO FSS 

systems. Therefore, the pfd limits defined on a per satellite basis should be able to 

provide an adequate protection for the terrestrial radio stations operating within the 
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fixed service by considering an aggregate interference from all co-frequency 

NGSO FSS systems operating in the same band. 

From the reviewed studies, it has been noted that the assumptions for the FS link 

characteristics vary significantly. This, in turn, implies that sharing analysis carried 

out for an assumed set of link parameters may not be representative. Therefore, 

sensitivity analysis should be carried out for a number of link parameters including 

antenna diameter, radiation pattern and latitude to generalise the conclusions. 

It should be noted that the maximum permissible degradation in FS links due to 

interference is attributed to "interference from other systems". In the frequency 

bands of interest, FS systems are required to co-exist with both GSO FSS and NGSO 

FSS systems. Therefore, in order to evaluate the impact of aggregate interference 

from all FSS systems, interference statistics from NGSO FSS and GSO FSS systems 

need to be derived and compared against an FS receiver interference criteria which is 

based on a maximum permissible degradation of link performance objectives. 

5.3.2 Terrestrial Interference Paths 

From terrestrial interference paths point of view, compatibility studies suggest that 

the risk of interference between terrestrial radio stations of the fixed service and 

NGSO FSS Earth stations may not be significant in low populated areas. However, 

the risk increases in densely populated areas and, therefore, the sharing may be 

difficult in some hot spot areas where both systems are densely deployed. Under 

such circumstances, either one or both services may be excessively constrained or 

prevented from offering a viable service. Various mitigation techniques are 

proposed to improve the sharing situation by reducing the potential of interference. 

The implications of proposed mitigation techniques need to be examined in realistic 

deployment scenarios. The feasibility of potential mitigation techniques and their 

relative effectiveness are related to technical, economic and regulatory trade-offs. 

It is noted that the calculation methods defined in Rec. IS. 849 [201] are used to 

determine co-ordination areas around transmitting NGSO Earth stations for an 
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unknown receiving FS station. The co-ordination area calculations are based on 

conservative assumptions and the primary objective is to determine an area beyond 

which interference is negligible. Any FS station operating within a co-ordination 

area may experience interference. Under such circumstances, detailed 

(e. g. bi-literal) interference calculations need to be carried out taking site and path 

specific details into account and employing propagation models defined in 

Rec. P. 452 [88]. 

It is noted from the reviewed studies that the terrestrial path interference analysis 

involving NGSO FSS Earth stations and FS terminals is based on determining an 

"exclusion area" around an FS receiver where the operation of an NGSO FSS Earth 

station may cause interference. These studies assume clear-sky line-of-sight 

propagation in each direction. It is, however, important to note that the exclusion 

area calculations should take account of transhorizon path propagation mechanisms 

if initial calculations results in beyond line-of-sight exclusion distances. In addition, 
if surrounding clutter and shielding information is available it should be 

incorporated into an analysis and the Rec. P. 452 propagation loss prediction models 

should be used to obtain required separation distances. 

In addition to the exclusion area analysis, implications of interference aggregating 
from simultaneously operating multiple NGSO FSS Earth stations need to be 

considered. For these purposes, a statistical analysis approach where input 

parameters are defined by various probability distribution functions could be 

employed. 

5.4 Conclusions 

Interference from the NGSO FSS transmitters will degrade the FS link performance 

objectives. Therefore, the maximum level of tolerable interference is primarily 
determined by the permissible degradation levels associated with the FS link 

performance objectives, which are defined in a number of ITU-R recommendations. 
Allowable degradations attributable to the NGSO FSS interference are expressed as 

a permissible fraction of the total allowable degradation which is attributed to the 
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thermal noise, intra-system interference and interference from other systems sharing 

the same frequency band. 

The ITU-R recommendations addressing issues related to the protection of FS links 

from the NGSO FSS interference describe methodologies for deriving maximum 

permissible interference levels which are defined for both hypothetical paths and real 

links. In addition, the co-ordination area calculation methods based on simplified 

propagation models are described to determine the areas surrounding FS receivers 

where the operation of an NGSO FSS Earth station transmitter may cause 

interference. These methods take account of implications of the transmitter power, 

variation in NGSO FSS Earth station antenna gain towards the horizon, terrain 

profile, receiver interference threshold and path propagation mechanisms. In the 

interference situations where the FS receivers operate within a co-ordination area, 
detailed interference calculations need to be carried out using the site and path 

specific details. 

It is noted that the impact of the space-to-Earth NGSO FSS interference is limited by 

the pfd masks imposed on the satellite transmitters. Sharing studies are mainly 

concerned with deriving pfd masks that would provide adequate protection for the 

majority of operational FS links while not imposing excessive burden on planned 

NGSO FSS systems. For the terrestrial path interference, it is suggested that the 

NGSO FSS Earth station transmissions should be restricted by setting up minimum 

separation distances towards the FS receivers for each azimuth considered, which, in 

turn, implies establishing NGSO FSS Earth station maximum EIRP limits in the 

direction of the FS receivers. Furthermore, a number of interference mitigation 

techniques are identified to reduce the impact of terrestrial path interference. These 

include the use of higher performance antennas, automatic transmit power control 

and dynamic channel assignment techniques, careful siting of terminals and 

operation with higher minimum elevation angle. 

In the 30 GHz band, planned FS systems include PMP and Mesh type broadband 

fixed wireless access networks which are primarily designed for providing 
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broadband multimedia type services to the commercial and residential end users. 
The findings of the sharing studies indicate that the co-existence of NGSO FSS 

Earth stations and PMP access systems may not be feasible in the same geographical 

area due to potential for the high density deployment. Therefore, it is stated that the 

band segmentation may be a suitable solution to facilitate efficient use of the 

available spectrum. 

In line with the information gathered from the critical examination of the available 
literature, the author's work into the examination of NGSO FSS / FS spectrum 

sharing issues is presented in the following chapter. 
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CHAPTER 6 

SHARING ANALYSIS BETWEEN FIXED 

SERVICE AND NONGEOSTATIONARY FIXED 

SATELLITE SERVICE SYSTEMS 

This chapter presents the author's work concerned with spectrum sharing 

methodologies used to assess the feasibility of Fixed Service (FS) and 

Nongeostationary Fixed Satellite Service (NGSO FSS) system co-existence in the 

frequency range 12 to 30 GHz. During the course of this research, sharing methods 

have been developed and applied to the representative systems to examine the 

implications of both the downlink (from NGSO FSS satellite transmitters into 

terrestrial radio systems operating within FS) and uplink (from NGSO FSS Earth 

Station transmitters into terrestrial radio systems operating within FS) interference 

paths. 

In the following section, a downlink interference analysis method is described to 

derive an FS link Carrier-to-Noise Ratio (C/(N+I)) statistics which are then 

compared against a link performance objectives to determine if a performance 

degradation due to interference is within acceptable limits. The method considers 

the joint effects of aggregate NGSO FSS interference power and FS link fading 

statistics by applying a convolution procedure. The implications of the use of the 

method have been investigated by carrying out a sharing analysis using the 

representative system characteristics assumed to be operating in the Ku band. The 

downlink sharing analysis is followed by a discussion outlining issues related to the 

application of the analysis method. 

In the next section, single entry and aggregate interference analysis methods, 
developed for investigating the impact of NGSO FSS Earth station terrestrial 
interference paths into FS receivers, are presented. The single entry interference 

analysis method is based on integrating free space and diffraction propagation 
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effects. This is used to derive exclusion areas, where the co-existence of both an 
NGSO FSS Earth station transmitter and an FS receiver is not possible without 

causing a risk of unacceptable interference. The aggregate interference analysis 

method is a statistical approach, where a Monte Carlo simulation analysis technique 

is combined with a generic building blockage prediction method to calculate an 

aggregate interference statistics from a randomly positioned interferer population. 
Both analysis methods have been applied to examine the problem of NGSO FSS 

terrestrial path interference, using the representative systems assumed to be 

operating in the Ka band. As in the case of downlink analysis, a discussion section 
is presented to summarise the implications of the use of the analysis methods. 

Finally, the key conclusions at the end of the chapter bring out an overview of the 

sharing methodologies described in this phase of the research. 

6.1 Interference from NGSO FSS Satellites Into Terrestrial Radio 
Systems Operating within FS 

As stated in Chapter 5, ITU-R studies examining the NGSO FSS / FS downlink 

interference analysis are based on deriving aggregate interference statistics at a given 
FS receiver, when a receiver antenna is pointing at its worst-case azimuth. These 

studies assume that NGSO FSS satellites transmit at either pfd limits or power levels 

stated in the system filings. For both assumptions, the resultant interference 

statistics are compared against an FS interference criterion, which is a maximum 

allowable interference power level defined relative to a receiver noise power, to 

check if the adequate protection is achieved. In addition, interference statistics are 

compared against each other to address the implications of the use of the pfd 

approach as opposed to the full system characteristics approach [207-214]. 

It is important to note that when FS links are deployed, the transmitter power, at 

each end, is adjusted at an initial link set-up according to distance. In general, the 

carrier level at the receiving end is not constant, with the observed variations being 
determined by propagation mechanisms causing a transmitted/wanted signal fading. 
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Therefore, methods employed for the NGSO FSS / FS downlink sharing analysis 

should take account of fading statistics affecting an FS wanted path. 

6.1.1 Interference Analysis Approach 

The analysis method developed in this study for assessing the impact of NGSO FSS 

downlink interference into an FS link is based on calculating joint effects of 

aggregate NGSO FSS interference and FS link received power statistics. Aggregate 

interference statistics are derived from a deterministic simulation analysis, where an 
NGSO FSS constellation is modelled fully by taking individual beam patterns and 

transmission characteristics into account. 

In order to derive worst-case aggregate interference statistics, an FS receiver is 

assumed to be pointing at its worst-case azimuth, and interfering paths are assumed 

to be line-of-sight. Therefore, interference path propagation is modelled by 

assuming that free-space and atmospheric loss mechanisms are present. 

At an FS receiver, wanted power statistics are determined by link fading 

mechanisms. At the Ku and Ka band frequencies, fading due to multipath and rain 

mechanisms need to be considered. Prediction models for the multipath and rain 

effects are defined in Recommendation P. 530 [87]. Note that the derivation of 

multipath and rain fading statistics was detailed earlier in Chapter 2. 

The interference analysis method is completed by convolving the aggregate NGSO 

FSS downlink interference probability density function (pdf) and the FS link joint 

rain and multipath fading pdf, as illustrated in Figure 6.1. 
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Figure 6.1: Downlink Interference Analysis Method 

6.1.2 Interference Analysis 

In this section, a link design process has been applied for deriving representative FS 

link parameters. For the representative link, the author describes an interference 

criteria derivation method using the new definitions for FS link performance 

objectives defined by ITU-T. The NGSO FSS space-to-Earth transmission 

parameters given in Chapter 3 are also summarised for completeness. The 

interference analysis method, shown in Figure 6.1, has been applied to investigate 

the impact of downlink interference by taking representative system characteristics 

into account. 

6.1.2.1 Representative FS Link 

The FS link characteristics defined in Rec. F. 758 [102] are commonly used in 

FS Receiver Noise Power 
N=kTB (W'/Rx Bandwidth) 

where 
k= Boltzmann's Constant (W/K Hz) 

T= FS Rx Noise Temperature (Kelvin) 
B= FS Receiver Bandwidth (11z) 

(10*log(N+1)) 
(dBW/Receiver Bandwidth) 

(2) ý,. v 

sharing studies involving FS systems. It is important to note that EIRP values 



Sharing Analysis Between FS and NGSO FSS Systems 246 

indicated in Rec. 758 are maximum values and are not associated with any path 

length, and hence they might be expected to be large. For shorter links requiring a 

smaller fading margin, it is reasonable to assume that lower antenna gains and lower 

levels of EIRP are used. 

For the purposes of this study, the following link parameters (defined for the 12 GHz 

band) are taken as a reference from Rec. F. 758. 

Modulation 64-QAM 

Bit Rate 45 Mbps 

Bandwidth 10 MHz 

Max Tx Power 3 dBW 

Tx & Rx Feeder Loss 0 dB 

Input Power Level for 10'' BER -109 dBW 

Thermal Noise -130 dBW 

Tx & Rx Antenna Gain 51 dBi 
71 

Table 6.1: Reference Link Parameters (Rec. F. 758) 

On the basis of the above parameter values, the following steps are implemented to 

derive appropriate link parameter values for an assumed link length of IOkm. 

" It is assumed that : 

- The link is operating at 12 GHz, 

- The required link availability is 99.99%, 

- Tx & Rx Antenna Gains are 40 dBi corresponding to Im dish at each end, 

- Tx & Rx feeder loss is 1 dB, 

- The minimum C/N required for 10'3 BER is 23 dB (64-QAM) [227]. 

. Additional parameters required for the derivation of rain and multipath fading 

statistics are shown in Table 6.2 below: 
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Rainfall rate 25 mm/h 

Path elevation angle 0 degrees 

Polarisation tilt angle relative to horizontal 0 degrees 

Latitude 50 degrees 

Longitude 0 degrees 

Lower antenna altitude above mean sea level 0 metre 

Percentage time that the refractivity gradient in the lowest 100 m of the 
atmosphere is more negative than -100 N units/km 

5% 

Path type Inland 

Receiver antenna height above mean sea level 10 metre 

Transmitter antenna height above mean sea level 10 metre 

Atmospheric pressure 1013 hPa 

Temperature 15 C 

Water vapour density 10 g/m^3 

Table 6.2: Parameters for Rain and Multipath Fading Statistics 

" Using rain and multipath fading estimation methods defined in Rec. P. 530, it can 

be shown that for a 10 km link operating at 12 GHz with 99.99% availability: 

- Multipath Fading = 10.11 dB exceeded for 0.00696% of time 

- Rain Fading =10.11 dB exceeded for 0.00306% of time 

Therefore, the link fade margin is assumed to be -11 dB. 

" Assuming rain and multipath fading do not occur simultaneously, the 

unavailability caused by propagation fading is 0.00696% + 0.00306% = 0.01 %, 

which suggests that the multipath fading contributes more than the rain fading to 

the total unavailability for the link considered here. In practice, some links may 

operate with more margin to make allowance for other fading mechanisms. 

9 Atmospheric Loss is calculated to be 0.2 dB from the simplified atmospheric 

attenuation estimation model described in Rec. P. 676-4 [86]. 

9 Free Space Path Loss is given by 

/' 10 log(4 n Path Length )Z (6-1) 

where .% is the wavelength. 
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" Using the above formula, for a 10 km link operating at 12 GHz, Free Space Path 

Loss is calculated to be 134 dB. 

" The objective is to determine a required EIRP corresponding to parameter values 

given in Table 6.1 and 6.2. The following equation forms the basis for the 

calculations (all expressed in dBs): 

TxPower = C/N Required for 10-3 BER + Rx Noise Power + Tx Feeder Loss + 
Free Space Path Loss + Atmospheric Loss + Fade Margin + Rx Feeder Loss - 
Tx Gain - Rx Gain 

(6-2) 

" Taking the calculated parameter values into account, it can be shown that 

required transmitter power (Tx Power) is = -40 dBW/JOMHz and, therefore, 

required EIRP is 0 dBW/1OMHz. 

In line with the above calculations, parameter values shown in Table 6.3 are 

assumed to be the representative FS transmitter characteristics: 

Link Length (km) 10 km 

Tx and Rx Antenna Gain (dBi) 40 

Tx and Rx Antenna Radiation Pattern (on the basis of Rec. 758) Rec. 699 

Tx and Rx Feeder Loss (dB) 1 

Carrier Bandwidth (MHz) 10 

Transmitter Power (dBW/IOMHz) -40 
Maximum EIRP (dBW/IOMHz) 0 

Thermal Noise (dBW/IOMHz) -130 
Tx and Rx Mean Antenna Height (a. g. l. ) (m) 10 

Table 6.3: Representative FS Link Characteristics 

6.1.2.2 FS Link Interference Criteria 

As stated previously, point-to-point links operating within the fixed service are 

deployed in infrastructure of cellular networks, for example to link base station 

transceivers to base station controllers, in the 12 GHz band. Furthermore, the ITU-R 

Radio Relay Systems Handbook [70] states that the short haul inter-exchange section 

of national digital path includes connections used in cellular infrastructure networks. 
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Therefore, for the purposes of the present analysis, an FS link interference criteria is 

derived assuming that the representative link considered here is a real link, and 

forms a short haul section of national portion constant bit rate digital path, operating 

above the primary rate. Note that the representative FS link bit rate is 45 Mbps 

which is above the primary rate of 2.048 Mbps. 

It is noted that the performance objectives for short haul links operating above the 

primary rate are defined in the recent ITU-R Recommendation F. 1491 [228]. These 

performance objectives are derived from the new recommendation ITU-T G. 826 

[189]. A major change in the new recommendation is the subdivision of seconds 

into blocks, to allow straightforward in-service testing of links. A block is defined 

as "a set of consecutive bits associated with the transmission path" and each second 

of the transmission is subdivided into N blocks. In line with the block definition, the 

new recommendation replaces the previous ES and SES definitions (see Chapter 5) 

with the following: 

- Errored Block (EB) :a block with one or more bits in error, 

- Errored Second (ES) :a one second period with one or more errored blocks, 

- Severely Errored Seconds (SES) :a one second period with more than 30% 

errored blocks, 

- Background Block Error (BBE) : an errored block not within a SES. This 

parameter provides a limit for long-term interference effects. 

The corresponding error ratios are specified as ESR, SESR and BBER. It might seem 

that the ES criterion remains unchanged, as a single bit-error is sufficient to cause an 

errored block. However, the block concept makes the distribution of errors critical. 

A cluster of errors may have no more impact than a single error, if they fall in the 

same block, but a few errors falling in different blocks may lead to an unacceptable 

ES rate. In the case of the SES definition, the criterion is quite different in that the 

30% limit aims to capture random errors. It is important to note that the BBER 

corresponds to the old RBER defined in ITU-R Rec. F. 634 [229] as the BER in the 
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absence of short-term fading on a radio link. The BBER, however, no longer 

excludes events associated with short-term propagation [189]. 

On the basis of Rec. F. 1491, the error performance objectives for the real FS links 

which form the short haul network section of the national portion of the digital path 

operating at or above the primary rate are shown in Table 6.4: 

Bit Rate 
(Mbps) 

1.5 to 5 >5 to 15 >15 to 55 >55 to 160 >160 to 3,500 

ESR 0.04 B 0.05 B 0.075 B 0.16 B For further 
study 

SESR 0.002 B 0.002 B 0.002 B 0.002 B 0.002 B 

BBER 2*B*10-4 2*B*10' 2*B*10-4 2*B*10-4 1*B*104 

Table 6.4: Error Performance Objectives (from Rec. F. 1491) 

The value of B is agreed to be in the range of 0.075 and 0.085. For the assumed 

single hop representative FS link, the bit rate is given as 45 Mbps and, therefore, the 

parameters given for 15-55 Mbps need to be used. Assuming B is 0.08, the link 

performance objectives can be calculated as: 

ESR 0.006 

SESR 0.00016 

BBER 0.000016 

Table 6.5: Representative FS Link Performance Objectives 

The above objectives are defined to include the effects of interference and all other 

sources of performance degradations. The allowable degradation in the performance 

of FS systems due to interference from other services sharing the same frequency 

bands on a primary basis are expressed as a permissible fraction of the total error 

performance objectives. 

ITU-R Rec. SF. 615 [198] states that the allowable degradation due to interference 

should be 10% of the total error performance objectives. Furthermore, the ITU-R 

Radio Relay Systems Handbook [70] notes that in the frequency bands shared by 

services other than FS and FSS on a primary basis, the value of 10% should be 
further subdivided into these services. For the analysis purposes, it is assumed that 

the frequency band under consideration is shared among FS and FSS systems. The 
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allowable degradations in the representative FS link's performance objectives due to 

aggregate interference from FSS systems are then calculated to be the 10% of the 

values shown in Table 6.5 and illustrated in Table 6.6. 

ESR 0.0006 

SESR 0.000016 

BBER 0.0000016 

Table 6.6: Allowable Degradations in Representative FS Link Performance 

Objectives 

Using the new definitions of error performance objectives, it has been shown that the 

new SES corresponds to seconds where the BER is >1.7* 10"5. It is further shown 

that both the new ES and BBER requirements can be met if the BER is <10-12 [230]. 

In this study, these BER figures have been used to derive the FS link short-term and 
long-term interference criteria. As the representative link employs 64-QAM 

modulation technique, it can be shown from the corresponding 

modulation/demodulation performance curves derived in the presence of Additive 

White Gaussian Noise [227] that the BER of 1.7* 10-5 requires the (C/N+I)1 ratio of 
28 dB while the BER of 10-12 requires the minimum (C/N+I)2 ratio of 30 dB. 

Taking the (C/N+I) j value and the maximum allowed SESR degradation figure 

shown in Table 6.6 into account, the short term interference criterion for the 

representative FS link is calculated as : 

C/N+1= 28 dB (not to be exceeded for 0.0016% of the time) 

As stated earlier, the (C/N+I)2 value can be associated with the long-term 

interference effects. The conventional criterion for the long term interference 

percentage time is defined as 20% in ITU-R Rec. 758 [102]. Using the calculated 
(C/N+I)2 and the percentage time of 20%, the long term interference criterion for the 

representative FS link is calculated as: 

I C/N+I= 30 dB (not to be exceeded for 20% of the time) 



Sharing Analysis Between FS and NGSO FSS Systems 252 

6.1.2.3 NGSO FSS System Parameters 

Interference scenarios considered here employ individual beam patterns and 
transmitter powers to derive likely downlink interference levels. The system 

characteristics representing the NGSO Ku-1 system (given in Chapter 3) have been 

used as the representative system. For completeness, the downlink parameters are 

reproduced in Table 6.7. 

No of Planes 20 

No of Satellites per Plane 4 

Maximum Number of Co-frequency Co-polar 
Beams per Satellite 

6 

Orbit Height 1469 km 

Inclination 53 degrees 

Frequency 12 GHz 

Carrier Bandwidth 22.6 MHz 

Maximum Satellite Transmitter Antenna Gain 15 dBi 

Maximum Satellite Transmitter Power 1.4 dBW 

Satellite Transmit Antenna Pattern Based on contours given in the system 
filing (see Figure 3.10 in Chapter 3) 

Table 6.7: NGSO Ku-1 Downlink System Characteristics 

Using the representative FS and NGSO FSS system characteristics together with the 

FS interference criteria, single entry interference levels have been calculated to gain 

an initial insight of the sharing environment. Interference modelling has been 

carried out by employing a deterministic simulation approach. The FS link fading 

distributions have been derived using the prediction models defined in Rec. P. 530 

[87]. Simulation results and FS link fading statistics have been then used to apply 
the method described in Figure 6.1 for obtaining the representative link C/N+I 

statistics. These statistics have been compared against the interference criteria to 

assess the impact of interference. 

6.1.2.4 Single Entry Interference Levels 

This section is concerned with the calculation of maximum and minimum expected 

single entry interference levels from the NGSO Ku-1 satellite transmitter. For the 
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potential worst-case single interference entry, alignments shown in Figure 6.2 have 

been considered. 

NGSO FSS ýnýýcftn 
Wanted Path Pah 

FS Wanted 
Path 

(a) 

NQSO FSS 

Intcr(cmncc Path 
SxlcllucTx 

FS Wancd Path ß 
llr- 

w, eýi Y1 p'ýth 

Nlýtill 
1'' 

Mimm= NGSO FSS 
Rr Elevation Angle 

(b) 

Figure 6.2 (a) (b): Potential Worst-case Single Entry Interference Alignments 

Parameters shown in "Table 6.8 have been calculated from the above interference 

alignments. 

(a) (b) 

NGSO Earth station receiver elevation angle = 90 Minimum NGSO Earth station receiver elevation 
degrees angle = 10 degrees 

Off-axis angle from NGSO satellite transmitter to 011-axis angle from NGSO satellite transmitter to 
fixed terrestrial link receiver =0 degrees fixed terrestrial link receiver, (i = 1.2 degrees 

Off-axis gain at NGSO satellite transmitter = 15 dßi Oil-axis gain at NGSO satellite transmitter = 14.7 
dBi 

Interference path length = 1469 km 
Interference path length = 4570 km 

Interference path free space propagation loss = 177.3 
dB Interference path free space propagation loss = 187.2 

dB 
Wanted path length = 1469 km 

Wanted path length = 3596 km 
Wanted path free space propagation loss = 177.3 dB 

Wanted path free space propagation loss = 185.2 dB 
Atmospheric loss = 0.05 dß 

Wanted path atmospheric loss = 0.4 dB 
Fixed terrestrial link receiver antenna gain (rcarlobe) 

= -5.96 dBi Path loss compensation = (185.2 -177.3) + (0.4 - 
0.05) = 8.3 dB 

Single Entry Interference Power = -170.4 dBW/10 
MHz Interference path atmospheric loss = 1.4 dB 

Fixed terrestrial link receiver antenna gain 
(boresight) = 40 dBi 

Single Entry Interference Power = -127.7 dBW/10 
MHz 

Table 6.8: Potential Worst Case Single Entry Interference Power Levels 

It seems that the worst case single entry interference is the result of an alignment 

where the satellite transmitter is within the FS receiver antenna boresight and the 
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Earth station, located at some distance from the FS receiver, is receiving at its 

minimum allowed elevation, 10 degrees. It is important to note that the NGSO FSS 

Ku-I satellite antenna gain varies with elevation to compensate for the increased 

path loss and to provide constant EIRP on the surface of the Earth. This is included 

within the worst case single entry calculation by introducing the parameter "Path 

Loss Compensation" which is the difference between the wanted path losses (free 

space + atmospheric loss) from the satellite to the surface of the Earth at nadir and 

from the satellite to the surface of the Earth in the direction of the NGSO Earth 

station receiver. 

For the minimum single interference entry at the FS receiver, the interference 

alignment shown in Figure 6.3 has been considered. 

N(iS() FSS 
SalcllilcTx 

Imcrtercnce Path :' 

>20 
`caQ, 

s 

Figure 6.3: Lowest Single Entry Interference Alignment 

Satellite transmitter antenna radiation patterns (given in Figure 3.10 in Chapter 3) 

indicate that when interference path from the NGSO Ku-I satellite is at an off-axis 

angle of >200 the antenna gain is at its lowest level, -5 dBi. In addition, the FS 

receiver antenna pattern is represented by an envelope defined in Rec. F. 699 [75] 

which suggests that the rearlobe antenna gain is -5.96 dBi. Taking these figures into 

account, it can be shown that the minimum single interference entry level is 

-201.7 dBW/1OMHz. 
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6.1.2.5 Interference Scenario 

An interference scenario comprising the NGSO Ku-1 constellation and the 

representative FS receiver has been simulated in order to obtain aggregate 

interference statistics to be used in the analysis method shown in Figure 6.1. As 

stated earlier, the sharing scenarios involving NGSO FSS systems are dynamic. In 

the simulation run, the position of each satellite in a given NGSO FSS system is 

determined at regular time intervals over an extended time period and from this data 

a series of "interference events" are calculated. Time intervals are typically one 

second. The events are then analysed statistically and the results presented in the 

form of graphs showing interference level against the percentage of time over the 

simulated period for which that level was exceeded. 

The interference analysis uses the same principles employed in the NGSO/GSO FSS 

sharing investigations described in Chapter 4 (see sections 4.1 and 4.2). In 

Chapter 4, a cluster of NGSO Ku-1 service areas surrounding the victim GSO FSS 

receiver has been modelled. The NGSO Ku-1 system filing suggests that there are 

maximum 4 satellites visible from a point on the surface of the Earth at any time. As 

the maximum number of co-frequency beams per satellite is 6 then a total of 24 

areas each including an NGSO Ku-1 user terminal have been modelled to load all 

visible beams pointing towards these service areas. Each service area is calculated 

to be of a radius of 350 km on the basis of the NGSO Ku-1 satellite 3 dB beamwidth 

and the orbit height. The victim GSO FSS receiver has been assumed to be 

co-located with an NGSO Ku-l ground terminal receiver at the centre of the cluster 

of service areas at latitude of 50 degrees. 

It is, however, important to note that, in the NGSO/GSO FSS sharing scenario, the 

victim receiver points towards the geostationary orbit (i. e. the wanted link has been 

modelled as an elevated path). Therefore, NGSO FSS Earth stations distributed 

within a total area of 24 * 7c * 3502 (corresponding to a radius of approximately 

1700km) are sufficient to explore the worst-case interference alignments. Here, the 

victim FS receiver is at 00 elevation. This, in turn, implies that the number of 
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NGSO FSS Earth stations and the area over which they are distributed need to be 

increased to explore all likely interference alignments. It is noted that in order to 

increase the likelihood of achieving the worst case interference alignment shown in 

Figure 6.2 (b), the distance between the FS receiver and the NGSO Ku-1 Earth 

station operating at the minimum elevation needs to be approximately 4000 km. 

Therefore, in the simulation scenario, the number of NGSO Ku-1 Earth stations has 

been increased by approximately 4 times by increasing the area of radius to 4000 km. 

As in the NGSO/GSO FSS sharing scenarios, the victim FS receiver is assumed to 

be co-located with the NGSO Ku-1 Earth station receiver at the centre of the cluster 

of service areas at latitude of 50 degrees. It is worth noting that each NGSO FSS 

constellation will produce higher levels of cumulative interference over time at some 

azimuths than at others, for a given latitude and elevation. This is essentially due to 

the visibility statistics of the satellites, which in turn depend on the orbital 

characteristics. Therefore, interference statistics arising from multiple satellite 
interferers are dependent on the azimuth pointing angle of the FS receiver antenna 

and the worst case azimuth must be determined for the sharing scenario examined. 

An analytic method for the derivation of the worst case azimuth as seen from an FS 

receiver is presented previously in Chapter 5. By applying this method to the NGSO 

Ku-1 constellation, the worst case azimuths with respect to the North are calculated 

to be 62° and 298° assuming that the FS receiver is located at 50° latitude and 

elevated at 0°. 

6.1.2.6 Simulation Results 

Using the above defined simulation model, a run of 700,000 steps of 1 second each, 

corresponding to time required for travelling NGSO Ku-i orbit 100 times, has been 

implemented. The resultant aggregate interference statistics are illustrated in 

Figure 6.4. 
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Interference Power at the FS Receiver 
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Figure 6.4: Aggregate Interference Statistics 
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The interference statistics are plotted in the form of cumulative distribution function 

(cdf) and probability density function (pdf). The cdf indicates that, for example, 

interference power exceeds -127 dBW/IOMHz for 0.07% of the simulated time. The 

pdf plot suggests that, for example, the probability of interference power being 

between -127.5 dBW/IOMHz and -126.5 dBW/IOMHz is 0.06% as the statistics are 

based on interference values stored in 1 dB wide bins. 

The simulation results show that the aggregate interference power received at the 

receiver varies between -168 dBW/IOMHz and -126 dBW/IOMHz. Comparison of 

these figures against the corresponding single entry interference values which are 

calculated previously to be -201.7 dBW/IOMHz and -127.7 dBW/IOMHz, indicates 

that when multiple interference entries are considered: 

- the long term interference level (left end of the aggregate interference cdf shown 

in Figure 6.4) increases because of power aggregation from multiple interfering 

paths 

- the short term interference (right end of the aggregate interference cdf shown in 

Figure 6.4) remains at a similar level the same because simultaneous power 
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aggregation through the FS receiver boresight (shown in Figure 6.2 b) is unlikely 

to happen 

As shown in Figure 6.1, the downlink interference analysis method requires noise 

plus interference (N+I) probability density function. For the representative FS link, 

the receiver noise power is N= -130 dBW/1OMHz (see Table 6.1). Using this value 

and the aggregate interference pdf statistics, -(N+I) pdf is derived and shown in 

Figure 6.5. 
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Figure 6.5: -(N+1) Probability Density Function 

-v0F 

In deriving -(N+I) pdf, the aggregate interference and noise levels are converted into 

numeric terms and added before converting back to logarithmic terms. It can be 

noted that the resultant curve is largely dominated by the receiver noise power and 

varies within 125 dBW/IOMHz and 130 dBW/IOMHz. 

6.1.2.7 FS Fading Statistics 

Next step involves derivation of the FS link fading statistics. For these purposes, the 

rain and multipath fading prediction models of Rec. P. 530 [87] have been used. 
These prediction models are detailed in Chapter 2. Figure 6.6 illustrates the fading 

- (N+I) Probability Density Function 
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statistics obtained for the 10km representative link considered here. Assumed FS 

link parameter values are the same as those given in Table 6.2. 

10 km FS Link Fading Statistics at 12 GHz 
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Figure 6.6: FS Link Rain and Multipath Fading Statistics 

As can be seen, the plots are given in the form of cumulative distribution function 

(cdf) and the rain fading prediction model is valid within the range 0.001% - 1%. 

The FS link joint fading statistics illustrated in Figure 6.7 are then obtained by 

adding the percentage times corresponding to same fading level. 
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10 km FS Link Joint Fading Statistics at 12 GHz 
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Figure 6.7: FS Link Joint Fading Statistics 
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As expected, the addition of the rain and multipath fading statistics results in 

discontinuity at percentage times beyond which rain fading model is not valid. In 

addition, the analysis method requires that the joint fading statistics be convolved 

with the interference plus noise power (N+1) statistics shown in Figure 6.5. The 

convolution process requires complete (i. e. defined up to 100%) distribution 

functions. Therefore, linear interpolation is applied to the FS link joint statistics to 

remove the discontinuity and to obtain a complete cumulative distribution function. 

The interpolated statistics are illustrated in Figure 6.8 below. 
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10 km Fixed Terrestrial Link Interpolated Joint Fading Statistics at 12 GHz 
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Figure 6.8: Interpolated FS Link Joint Fading Statistics 

In line with the interference analysis method, shown in Figure 6.1, the interpolated 

joint fading statistics are further processed to obtain the carrier power statistics by 

using: 

- interpolated link fading statistics (illustrated in Figure 6.8), 

- FS link transmitter power of -40 dBW/IOMHz (given in Table 6.1), 

- Transmitter and receiver antenna gain of 40 dBi (given in Table 6.1), 

- Transmitter and receiver feeder loss of I dB (given in "Table 6.1), 

- Free space path loss of 134 dB (I0km link operating at 12GHz), 

- Atmospheric loss of 0.2 dB (10km link operating at 12GHz). 

in the following expression: 

Received carrier power = Transmitter power + Transmitter antenna gain - Joint rain and 

multipath fading- Free space loss - Atmospheric loss + Receiver antenna gain - 
Transmitter feeder loss - Receiver feeder loss 

Figure 6.9 illustrates the carrier power statistics at the terrestrial link receiver. 
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Figure 6.9: FS Link Received Carrier Power Statistics 

6.1.2.8 Convolution Results 

The next step in the interference analysis method is the convolution of the carrier 

power (C) pdf, illustrated in Figure 6.9, and the noise+interference (-(N+1)) pdf, 

shown in Figure 6.5. It is worth noting that the numeric convolution procedure 

requires both the carrier power and the noise+interference pdfs have the same 

bin/step size. The carrier power statistics are based on the fading distributions 

derived from the Rec. 530 using a bin/step size of 0.01 dB to obtain an accurate 

representation of the path fading. The noise+interference statistics are based on the 

interference distribution obtained from the simulation modelling where interference 

values are stored in I dB wide bins. Therefore, before the convolution, the 

noise+interference pdf is interpolated linearly to obtain a bin/step size of 0.01 dB. 

Both pdfs and the resultant carrier-to-noise+interference ratio (C. /N+1) pdf are 

illustrated in Figure 6.10. 
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Figure 6.10: Convolved Probability Density Functions 

The minimum and maximum values in each pdf are provided for validation 

purposes. The convolution procedure requires that the minimum level and 

corresponding percentage in the resultant C/N+I pdf be calculated by adding the 

minimum levels from the C and (-(N+I)) pdfs (which are in dBs) and by multiplying 

and normalising (i. e. by dividing 100) the corresponding percentages. The same 

approach is applicable for calculating the maximum level and its percentage in the 

C/N+I pdf. 

As a final step, the C/N+I cdf is calculated from the C/N+I pdf and compared 

against the fixed terrestrial link interference criteria derived in § 6.1.2.2. This is 

illustrated in Figure 6.11. 
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Comparison of Fixed Terrestrial Link C/(NN) Cumulative Distribution Function and Interference Criteria 
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Figure 6.11: Comparison of C/N+I Statistics Against FS Receiver Interference 

Criteria 

For the short term interference, the (%(N+1) is greater than 12.5 dB for (100- 

0.0016)%=99.9984 % of time whereas the minimum C%(N+l) requirement for the 

same percentage is 28 dB which is 15.5 dB higher than what is achieved. In the case 

of long term interference, the C/(N+1) cdf curve does not exceed 28.5 dB for 20% of 

the time, however, the minimum required C/(N+ 1) not to be exceeded for the same 

percentage is 30 dB. Therefore, it is reasonable to conclude that the performance 

degradation in the representative terrestrial link due to aggregate NGSO interference 

is not within the acceptable limits. 

6.1.3 Discussion 

The review of the literature has indicated that the analysis of interference originating 

from NGSO FSS satellites into terrestrial radio systems operating in the fixed 

service has involved calculating and comparing aggregate interference statistics 

against an FS link short-term and long-term interference criteria which are defined 

relative to an FS receiver noise power. This approach provides an initial insight into 

the NGSO FSS / FS downlink sharing environment. 

0 10 20 30 
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In the preceding sub-sections, a more precise interference analysis approach has been 

defined and applied for examining the NGSO FSS / FS sharing scenario involving 

representative system characteristics. The objective of the analysis method is to 

model the joint effects of NGSO FSS downlink interference and FS link fading 

statistics. NGSO FSS downlink interference statistics are obtained from a 

simulation modelling while FS link fading statistics are based on Rec. P. 530 

propagation models. Assuming no correlation, these statistics are convolved to 

derive FS link C/(N+I) statistics which are then compared against the interference 

criteria based on the FS link performance objectives. 

The analysis method assumes that the FS transmitter operates at a fixed power level 

which includes a fixed margin to compensate for the link fading and to achieve the 

link performance objectives (see § 6.1.2.1). Most equipment in the field operates at 

a fixed power level [208]. It is noted that recent studies examine the implications of 

introducing Automatic Transmitter Power Control (ATPC) into new FS links. When 

a link employs ATPC, the transmitter power is set at a level less than that used by 

the same link with a fixed margin. In the case of fading, the transmitter power is 

increased to achieve a minimum FS link received carrier power objective. In theory, 

under such situations, it is reasonable to assume that an FS link received carrier 

power is at a constant level. This, in turn, simplifies the analysis method in that the 

convolution is replaced by summation as the fixed carrier power, C (in dBW), and 

(_(N+I)) (in dBW) statistics can be added together to arrive at overall FS link C/N+I 

statistics. In practice, however, the ATPC range is limited (to the order of 15 to 

20 dB) and, therefore, an FS link still requires a fixed margin to compensate for deep 

fades. 

It is worth noting that there are significant implications when introducing new FS 

links using ATPC into an environment already populated by FS links operating with 

a fixed margin. In particular, potential interference from an FS transmitter 

employing a fixed margin (and therefore transmitting at a relatively high level) into 

an FS receiver associated with a link employing ATPC is likely to cause intra-system 

interference problems. 
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6.2 Interference from NGSO FSS Earth Stations Into Terrestrial Radio 

Systems Operating within FS 

Traditional use of the fixed satellite service has been based on a relatively small 

number of Earth stations. Frequency sharing between these terminals and terrestrial 

stations operating in the fixed service has not been difficult due to the relatively 

small numbers involved. As stated in early chapters, a number of Ka-band NGSO 

FSS satellite systems are proposed to provide cost effective data communications to 

individuals and businesses on a significantly large scale. This is likely to result in 

the high density deployment of NGSO FSS Earth station terminals. 

From the fixed service system deployment point of view, in addition to the point-to- 

point (PP) FS links, the point-to-multipoint (PMP) broadband fixed wireless access 

(BFWA) systems are planned for the Ka band operation. This also implies that the 

number of base stations and subscribers are likely to be significant. In these 

circumstances, the NGSO FSS / FS spectrum sharing issues become more complex 

than those involving small number of terminals. 

Sharing analysis methodologies described in this section are concerned with 

examining the implications of single entry and aggregate interference from NGSO 

FSS Earth station transmitters into FS receivers operating in the Ka band. For the 

single entry interference analysis, an exclusion area derivation approach has been 

employed while a statistical method has been used for examining the impact of 

interference aggregating from multiple NGSO FSS Earth station transmitters. 

6.2.1 Analysis Approach 

In this section, both single entry and aggregate interference analysis methods are 

described in detail. 

6.2.1.1 Single Entry Interference Analysis Method 

The common approach in the assessment of single entry interference from NGSO 

FSS Earth stations into both PP and PMP FS receivers is to derive exclusion areas in 
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which the NGSO FSS transmitters could not operate without risk of causing 

interference [217-226]. 

For the purposes this research, initial investigations have been directed towards 

determining exclusion distances for the worst case interference scenarios, i. e. where 

an NGSO FSS Earth station is transmitting at a minimum elevation in the same 

azimuth plane as an FS station is operating. For these scenarios, the worst case 

single interference entry corresponds to an alignment where the transmitter is within 

the receiver antenna mainlobe. 

Determination of an exclusion distance between an FS receiver and an NGSO FSS 

Earth station transmitter requires a comparison of a required transmission loss with a 

loss contributed by the propagation medium. This is an iterative process and the 

exclusion distance is the distance at which these two loss values become equal. 

Using the calculated exclusion distances, the exclusion areas around the 

representative FS receivers have been determined by summing the area of sector 

wedges each 5-degree wide with a radius equal to the exclusion distance at each 

5-degree azimuth. 

As already mentioned, the NGSO FSS Earth station terminals are expected to be 

deployed in high densities. The starting assumption for the interference analysis is 

therefore that the interfering paths will generally be line-of-sight. Because of this, it 

is largely only necessary to consider long-term interference and propagation effects. 

The interference analysis in the remainder of this chapter takes account of free-space 

path loss, atmospheric loss and, in some cases, diffraction loss. The FS receiver 

interference criterion is based on long term considerations (i. e. >_ 20% of time). 

It will be seen that some of the exclusion distances calculated on the basis of the 

line-of-sight assumption outlined earlier are in fact beyond the horizon. These 

situations are related to an NGSO FSS Earth station transmitter being located on or 

very near to an FS receiver main lobe. In these instances, the exclusion area 

calculations should take account of transhorizon propagation mechanisms (see 

Chapter 2). It can, however, be argued that if sharing considerations are having to 
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consider separation distances beyond the horizon the prospects for large numbers of 

FS and NGSO FSS terminals coexisting are not good. 

It general, PMP FS system base station antennas are mounted on a top of a high 

building roof or a pole to provide good line-of-sight paths for the subscriber stations. 

In some cases, this may lead to interference situations where a base station receiver 

is located on a highly elevated location (50-100 metres) very close to an NGSO FSS 

Earth station transmitter whose height is constrained by the rooftop height of the 

subscriber's premises which may be as little as 5 metres. For such alignments, there 

is an increased likelihood of an NGSO FSS boresight interference entry into a base 

station receiver. Therefore, the implications of the relative height difference 

between the transmitter and receiver making such alignments possible have been 

also briefly investigated within the single entry interference analysis. 

Figure 6.12 illustrates the worst case interference alignments considered in the single 

entry interference analysis. 
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Figure 6.12 : Worst Case Interference Alignments 

6.2.1.2 Aggregate Interference Analysis Method 

A Monte Carlo simulation approach used to assess the impact of multiple interfering 

sources has been applied for examining the implications of aggregate interference. 
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In the interference scenario simulations, for each of a large number of trials, a 

population of potentially interfering NGSO FSS Earth station transmitters are 

randomly located, at a specified geographic density, within an area of a specified 

radius. A single FS receiver is positioned at the centre of the simulation area. 

Interference from the randomly pointing transmitter population is then aggregated at 

the victim receiver taking account of propagation effects. The output of the 

simulation model is in the form of a cumulative distribution function (cdf), 

indicating the proportion of FS receiver locations that are likely to suffer a particular 

level of interference from multiple NGSO FSS Earth station in-band transmissions. 

As the sharing environment is expected to be dominated by line-of-sight interfering 

paths, the question of "how many of the NGSO FSS Earth stations within an area 

simulated are likely to have line-of-sight propagation path to the FS receiver ?" 

needs to be investigated. The review of relevant documents revealed that the results 

of the trials carried out in the Cellular Radio Access of Broadband Services 

(CRABS) project are of particular relevance. 

The CRABS project is a part of the Advanced Communication Technologies and 

Services (ACTS) programme funded by the European Commission. Within ACTS 

programme, there are a number of ongoing projects examining the development of 

wireless broadband access systems in Europe. The main objective of CRABS 

project is to develop representative demonstrator broadband fixed cellular systems. 

The project involves detailed studies of system architectures, propagation planning 

procedures and spectrum engineering [231]. 

It is noted that the CRABS Workpackage Group 3 (WG3) is responsible for carrying 

out propagation trials and studies to propose propagation planning procedures for the 

design of broadband wireless access systems. The findings of this group has led to a 

new ITU-R Recommendation P. 1410 [232]. In particular, the recommendation 

includes a statistical model for calculating building blockage probability based on 

very simple characterisation of buildings. The model is provided for use in planning 

purposes when building and terrain databases are not available. 
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The building blockage statistical model is based on calculating the probability that a 

line-of-sight path exists for given transmitter and receiver positions. The model 

takes account of the ratio of land covered by buildings to total land, the density of 

buildings (buildings/km2) and the distribution of building height. Using these 

parameters, the line-of-sight probability is calculated by combining the probabilities 

that each building lying in the propagation path is below the height of the 

propagation path joining the transmitter and receiver. The building height 

distribution is assumed to be Rayleigh and the terrain is assumed to be flat over the 

area of interest. 

The Monte Carlo simulator used in the analysis presented this research includes the 

above described model in order to take account of the line-of-sight path probability 

between an NGSO FSS Earth station transmitter and an FS receiver. By applying 

the free space propagation model to each line-of-sight interfering path, an aggregate 

interference level is determined at each Monte Carlo trial for the interference 

scenario simulated. 

6.2.2 System Characteristics 

Representative FS receiver and NGSO FSS transmitter parameter values required for 

the sharing analysis are presented in this section. 

6.2.2.1 Representative FS Receiver Characteristics 

The receiver characteristics shown in the following table are based on real PP and 

PMP fixed service links that are currently operating or planned for operation in the 

30 GHz band [80]. 
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PP Link Receiver PMP Base Station PMP Subscriber 
Station Receiver Receiver 

(Taken from 4-9S/UK (Based on Hughes (Based on Hughes 
2-E) AlReach BFWA AlReach BFWA 

System) System) 

Carrier Bandwidth (MHz) 21 12.5 12.5 

Maximum Antenna Gain (dBi) 45 16 (900 sector antenna) 35 

Receiver Noise Figure (dB) 11 7 7 

Antenna pattern Rec. 699 EN 301 215 EN 301 215 

Table 6.9: Ka-band Receiver Characteristics 

As can be seen, a relatively low gain base station sector antenna has been taken into 

account as this will have the widest beamwidth and hence will have the greatest 

probability of receiving on beam interference. The associated antenna pattern for 

each representative receiver is illustrated in Figure 6.13. 
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Figure 6.13: FS Receiver Antenna Patterns 

It is worth noting that EN 301 215 is a draft ETSI standard defining transmitter and 

receiver antenna characteristics for use in PMP digital radio relay systems operating 
in the 24 GHz to 30 GHz frequency band [85]. The document notes that the 
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subscriber antenna pattern is the same for both azimuth and elevation planes whereas 
the sectored base station antenna pattern is described for the azimuth plane. The 

standard does not define an elevation pattern for the base station receiver antenna. 
The elevation pattern is, therefore, assumed to confirm the UK Radicommunications 

Agency standard MPT 1560 [233] which is detailed in the single entry interference 

analysis in the following section. The PP FS link receiver antenna pattern is 

represented by Rec. 699 [75] which defines a circular radiation envelope. 

As explained in the preceding section, interference into the above FS receivers will 
be dominated by line-of-sight entries and, therefore, the long term interference 

criterion needs to be taken into account. In line with Rec. 758 [102], it has been 

assumed that maximum allowed interference should be 10% of the receiver noise 
level to be exceeded for not more than 20% of time. 

6.2.2.2 Representative NGSO FSS Earth Station Transmitter Characteristics 

Interference analysis carried out in this phase have been based on the NGSO Ka-1 

and NGSO Ka-2 Earth stations transmitter parameters given in Chapter 3. The 

parameters are summarised in Table 6.10 for completeness. 

NGSO Ka-1 NGSO Ka-2 
Carrier Bandwidth (MHz) 3.1 1.43 

Maximum Antenna Gain (dBi) 35.2 41.9 

Maximum Transmitter Power (dBW / 
Carrier) 

-0.6 -3.94 

Minimum Elevation Angle (degrees) 40 20 

Antenna Gain at Minimum Elevation (dBi) -8 -0.5 
Antenna pattern Rec. 465 

(See Figure 3.12 in Chapter 3) 

Based on Rec. 580 

(See Figure 3.12 in Chapter 3) 

Table 6.10: NGSO FSS Earth Station Transmitter Parameters 

6.2.3 Single Entry Interference Analysis 

Initially, the implications of an interference entry from the NGSO FSS Earth station 
operating within the same azimuth plane as the FS receiver have been examined by 
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calculating an exclusion area around the FS receiver. This has been followed by a 

worst case interference analysis corresponding to situations where the PMP FS 

system base station (BS) receiver positioned at a highly elevation location is within 

the NGSO FSS transmitter antenna boresight. 

6.2.3.1 NGSO FSS Earth Station Operating Within FS Receiver Azimuth Plane 

The exclusion distance calculations are based on the following assumptions: 

- The NGSO FSS Earth station is at a minimum elevation and transmitting a 

maximum power, 

- Propagation medium is clear-sky, 

- The FS receiver is operating at 0° elevation and the NGSO FSS Earth station 
is transmitting towards the azimuth of the FS receiver antenna, 

- The maximum allowed interference is 10% of the FS receiver noise power 
level. 

Using the above assumptions, the following interference scenarios have been 

considered for the analysis: 

1. NGSO Ka-1 Earth station at 40° elevation into PP FS link receiver 

2. NGSO Ka-1 Earth station at 40° elevation into PMP BS receiver 

3. NGSO Ka-1 Earth station at 40° elevation into PMP subscriber receiver 

4. NGSO Ka-2 Earth station at 20° elevation into PP FS link receiver 

5. NGSO Ka-1 Earth station at 20° elevation into PMP BS receiver 

6. NGSO Ka-1 Earth station at 20° elevation into PMP subscriber receiver 

For each scenario, the exclusion distance from the FS receiver has been calculated 
iteratively assuming a starting distance of 250 metre and a distance increment size of 
250 metre. At each distance, the required loss has been compared against the loss 

contributed by the propagation medium. The distance calculations are based on 
smooth Earth assumption; i. e. no terrain irregularities have been taken into account. 
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For the calculated distances, where there is a line-of-sight between the transmitter 

and receiver, the propagation loss has been modelled by the free space path loss, 

beyond this an additional spherical Earth diffraction loss has been taken into 

account. The required loss has been calculated using the following equation (where 

all parameters are numeric) by assuming the maximum allowed interference power 
is 10% of the receiver noise power: 

NGSOFSSTxPower FSRxGaindBi(OffAxi* NGSOFSSTxGaindBi 

RequiredLoss := 10-log 10 to 
. 10 10 

-10 
10 

-(NumericBandwidthCorrection) 
Maximum Mowedtnterferonce 

10 10 

(6-3) 

The iteration process has been carried out until the propagation loss is equal to or 

greater than the required loss. The exclusion distances have been calculated at each 
5-degrees azimuth. The total area has been then determined by summing the area of 

sector wedges. 

Although high density deployment implies an increased likelihood of free space 

propagation for the interfering paths, the impact of transhorizon propagation has 

been incorporated into the exclusion distance calculation model by taking diffraction 

over spherical Earth into account, for which empirical prediction methods are 
defined in the ITU-R Rec. P. 526-6 [100]. The Rec. 526 loss prediction methods have 

been used to calculate an additional path loss attributable to the diffraction over 

spherical Earth. This approach results in more realistic exclusion distances between 

the FS receiver and the NGSO FSS transmitter than those would be obtained by 

applying only the free space propagation loss model to the distances beyond the line- 

of-sight. 

It should be noted that, in practice, both the NGSO FSS and FS systems will mainly 
be deployed in urban areas where the clutter loss due to man-made and natural 

obstacles is significant. In sharing situations where deployment area details are 

available, the loss mechanisms that are dependent on a specific path profile should 
be considered. Under these circumstances, the exclusion distances will potentially 
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be less than those calculated using the diffraction model. Therefore, the use of 
Rec. 526 is still conservative but resultant distances are more generic than those 

representing particular cases. 

The parameter values listed in Figure 6.14 have been assumed for the diffraction 

model. 

a e_526::: 8500 Effective Earth radius, km 

E 526: =15 Effective relative permittivity 

a 526: =16-3 Effective conductivity, (S/m) 

h1526=10 FS receiver antenna height, metre 

h2 526: = 10 NGSO FSS transmitter antenna height, metre 

d min-526: =0.25 Assumed minimum separation, km 

d max-520 1000 Assumed maximum separation, km 

dh : =0.5 Horizon distance as viewed from FS transmitter antenna, km 
(if no information dh=0.5 km) 

0h : =0 Horizon angle, as viewed from FS transmitter antenna, 
between the horizontal plane and a ray that grazes the 
physical horizon in the direction concerned, degrees 

Figure 6.14: Assumed Parameters for Diffraction Model 

For the assumed 10 metre antenna heights, the maximum line-of-sight range is 

approximately 22 km on the basis of smooth Earth assumption, as shown in 

Figure 6.15. As stated earlier, in situations where the required exclusion distance is 

beyond 22 km, the additional spherical Earth diffraction loss has been included into 

the calculations. 
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Maximum Line-of-sight Range - 22 km 
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Figure 6.15: Maximum Line-of-sight Range 

Table 6.11 illustrates the exclusion distances and total exclusion areas calculated for 

each scenario. 

Off-axis at FS Exclusion Distance (km) 
Receiver in 

Azimuth Plane Scenario I Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 

0° 27(168) 13.25 25.75(117) 28.25 (272) 21.5 27.25 (189) 

5° 6 13.25 23 (44) 9.75 21.5 24.5 (71) 

100 2.5 13.25 15.75 4.25 21.5 22.25 (25) 

200 1.25 13.25 12.25 1.75 21.5 19.75 

300 0.75 13.25 9.5 1.25 21.5 15.25 

400 0.5 13.25 8 0.75 21.5 13 

50° 0.5 13.25 7 0.75 21.5 11.25 

60° 0.5 1.5 6 0.75 2.25 9.5 

700 0.5 1.25 5.25 0.75 2 8.25 

80° 0.5 1.25 4.5 0.75 2 7 

100° 0.5 1 2.25 0.75 1.75 3.5 

120° 0.5 0.75 2 0.75 I 3 

1400 0.5 0.25 1.75 0.75 0.5 2.75 

160° 0.5 0.25 1.5 0.75 0.5 2.25 

180° 0.5 0.25 1.25 0.75 0.5 2 

Total Exclusion 
Area (km2) 

68.46 171.79 219.01 82.17 451.90 399.02 

Table 6.11: Exclusion Distances 
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It is worth noting that, the symmetry of the FS receiver antenna pattern in the 

azimuth plane implies that the calculated exclusion distances would be the same Ibr 

the off-axis angles between 180° and 360°. Therefore, the total exclusion area is 

equal to twice the size of the area determined using the calculated exclusion for 

off-axis angles up to 180°. The figures shown in brackets correspond to the 

exclusion distances that would be obtained under free space propagation conditions 

only. 

For the purposes of illustration, the calculated exclusion areas are plotted in Figures 

6.16 and 6.17. 
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Figure 6.16: FS Exclusion Areas (from NGSO Ka-1 Earth Station Transmitter) 
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Figure 6.17 : FS Exclusion Areas (from NGSO Ka-2 Earth Station Transmitter) 

On the basis of the calculated exclusion distances, the following conclusions can be 

drawn: 

For all scenarios considered, when the NGSO FSS Earth station operates near the 

FS receiver antenna boresight (off-axis angle at FS receiver <50) the required 

exclusion to satisfy the FS receiver interference criterion is significantly large 

(>6km). This indicates that, in a typical urban deployment, co-frequency 

operation may not be possible. 

It is necessary to examine the likelihood of the above mentioned interference 

alignments occurring for a given sharing scenario. The significant sharing 

parameters that need to be considered include the NGSO FSS Earth station 

transmitter density, transmitter antenna height and pointing distributions, 

building density and height distributions. This is investigated in the aggregate 

interference analysis section by employing the Monte Carlo simulation technique 

explained previously. 

For the PMP FS link, the exclusion areas calculated for both BS and subscriber 

receiver are much greater than those calculated for the PP FS receiver. This is 

PP and PMP FS Receivers Exclusion Areas 
(NGSO Ka-2 Earth Station Transmitter) 
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primarily due to the difference in the antenna radiation patterns and the noise 
figure associated with each receiver. As the BS and subscriber antenna mainlobe 

and near sidelobes are both broader and at a much greater level than those 

corresponding to the PP link receiver antenna, the required exclusion distances 

hence resultant total exclusion areas are relatively larger. In addition, the noise 

figure is specified to be 7 dB for the PMP link receivers compared to 11 dB 

given for the PP FS receiver. The difference suggests that the maximum 

tolerable interference into the PMP BS and subscriber receivers 

(-137 dBW/12.5MHz) is smaller than that of the PP receiver (-130 dBW/21 MHz). 

This, in turn, implies that greater exclusion distances are required to satisfy the 

tighter interference criterion defined for the PMP receivers. 

- The use of free space propagation model for calculating the exclusion distance 

corresponding to the FS receiver antenna near boresight alignment is 

unrealistically pessimistic, leading to the distances in order of 100 kilometres. In 

these circumstances, the inclusion of the additional spherical diffraction loss 

results in more realistic figures. If the details of the deployment scenario are 

known in advance, the propagation loss that would be introduced by the irregular 

terrain and man-made obstructions is likely to give rise to even smaller distances. 

- The exclusion areas resulting from the NGSO Ka-2 interference are greater than 

those calculated for the NGSO Ka-1 interference. This is the result of relatively 

higher NGSO Ka-2 EIRP radiated towards the FS receiver. The NGSO FSS 

Earth station transmitter characteristics given in Table 6.10 indicates that the 

NGSO Ka-l EIRP is -8.6 dBW/3. IMHz while the NGSO Ka-2 EIRP is 

-4.4 dBW/1.43MHz. 

- It should be noted that as the exclusion distances are based on satisfying the FS 

receiver long term interference criterion, the effective Earth radius of 8,500km 

which corresponds to 50% propagation percentage time (i. e. the calculated loss 

caused by the propagation medium at a given distance is to be exceeded for 50% 

of time) has been assumed (see Figure 6.14) when applying the spherical 



Sharing Analysis Between FS and NGSO FSS Systems 280 

diffraction model. For the higher percentages (e. g. >99.99%), the FS receiver 

short term criterion (defined in Rec. IS. 847 [173]) would tolerate more 

interference which would give rise to closer exclusion distances. However, the 

higher propagation percentage time would dictate much greater distances for 

which the Rec. P. 452 [88] transhorizon model including troposcattcr, diffraction 

and ducting/layer reflection would be applicable. 

6.2.3.2 FS Base Station Receiver Operating Within NGSO FSS Antenna 

Boresight 

Propagation conditions in the 30GHz band necessitate line-of-sight wanted links. 

The PMP base stations are, therefore, placed at elevated locations to provide good 

line-of-sight visibility to the maximum number of subscriber antennas within a 

sector coverage area. This may, potentially, give rise to the interference alignment 

illustrated in Figure 6.18. 
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Figure 6.18: Interference Geometry 

As can be seen, the interference geometry comprises an NGSO FSS Earth station, 

constrained by the height of a subscriber premise, is located very close to the base 

station receiver, positioned at a top of a high building. As before, the base station 
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receiver antenna is assumed to be operating at 0° elevation. In some specific cases, 

the base station antennas may be down-tilted to reduce the impact of intra-system 

interference into neighbouring cell sites. In these situations, the NGSO FSS 

interference is likely to increase as the antenna discrimination at the base station 

receiver (y) will be smaller. 

It should be noted that the interference level is maximum when the transmitter off- 

axis angle (a) is 0° and the receiver antenna discrimination (y) is minimum. As y is 

equal to ß, the worst case interference is obtained when the transmitter is operating 

at a minimum elevation allowed which is y=40° for the NGSO Ka-1 and y=20° for 

the NGSO Ka-2 systems. 

As mentioned earlier, the base station receiver antenna pattern (given in Figure 6.13) 

is defined for the azimuth plane. However, Figure 6.18 indicates that the base 

station receiver antenna elevation radiation pattern also needs to be considered. The 

ETSI standard, EN 301 215 [85], does not define a base station elevation radiation 

pattern. It is noted that the PMP broadband fixed wireless access systems are 

architecturally similar to Multipoint Video Distribution Systems (MVDS), but 

include a return path to provide two way connectivity. Therefore, antennas and 

receivers will be typically similar to those used for the MVDS, i. e. wide beam sector 

antennas at the base stations and directional antennas at the subscriber stations. The 

UK Radiocommunications Agency's specification MPT 1560 [233] defines a base 

station elevation radiation pattern for digital MVDS systems operating at 40 GHz 

band. The pattern illustrated in Figure 6.19 is based on MPT 1560 and, for the 

analysis purposes, it has been assumed to represent the base station receiver 

elevation antenna pattern. 
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Figure 6.19: Base Station Receiver Elevation Antenna Pattern 

The aim of the analysis presented here is to evaluate the possibility of co-frequency 

operation within the same area by calculating and comparing the received 

interference power against the long term criteria for a number of relative height 

differences between the NGSO FSS Earth station and PMP base station receiver. 

Two worst case alignments have been considered: 

1. NGSO Ka-1 Earth station antenna (at 40° elevation) boresight into PMP BS 

receiver, 

2. NGSO Ka-2 Earth station antenna (at 20° elevation) boresight into PMP BS 

receiver. 

For the geometry shown in Figure 6.18, it is reasonable to assume that the base 

station receiver antenna gain values for interference entries at 20° and 400 elevation 

are calculated by adding the corresponding horizon and elevation gain values 

(relative to the maximum gain). Therefore, for the 10° interference entry, the 

receiver gain is 

G1 «40)=0 dBi (relative horizon gain at 0() + -16 dBi (relative elevation gain at 40) + 16 dBi 

(maximum gain) =0 dBi 

-20 
0 10 20 30 40 50 60 70 80 80 100 110 120 130 140 150 160 170 110 
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while, for the 20° interference entry, the receiver gain is 

GRX(20)=0 dBi (relative horizon gain at 0) + -10 dBi (relative elevation gain at 20°) + 16 dBi 

(maximum gain) =6 dBi 

Using Table 6.10 and the above gain values, for the first alignment, the transmitter 

antenna gain is GTX(0) = 35.2 dBi and the maximum power is -0.6 dBW/3.1MHz 

while the receiver antenna gain is G, x(40) =0 dBi. For the second alignment, the 

transmitter antenna gain is GTX(0) = 41.9 dBi and the maximum power is 

-3.94 dBW/1.43MHz while the receiver antenna gain is Gß(20) =6 dBi. 

On the basis of these values, Table 6.12 illustrates the worst case interference levels 

that have been calculated for the initial transmitter and receiver separation distances 

up to 300 metres: 

First Worst Case Alignment (NGSO Ka-1) Second Worst Case Alignment (NGSO Ka-2) 

Distance Relative Height Interference Relative Height Interference 
(d) Difference (dBW/12.5 MHz) Difference (dBW/12.5 MHz) 
(m) (h = hFS - hnGSO Fss) (h - hFs - hNGSO Kse) 

(h =d tan(g) (h =d tan(g) 
(m) (m) 

100 84 -67.4 36 -58 

200 168 -73.4 72 -64 

300 252 -76.9 108 -67.5 

Table 6.12 : Worst Case Interference Power 

Comparison of the above calculated interference figures against the base station long 

term interference criterion of -137 dBW/12.5 MHz (based on 10% of the receiver 

noise power) suggests that the spectrum sharing would not be possible for the worst 

case alignments considered. 

As an example, the required exclusion distance has been calculated in order to 

satisfy the base station long term interference criterion. It has been assumed that the 

interference scenario comprises the base station positioned at 84 metres higher than 

the NGSO FSS Earth station transmitter which is operating at 40° elevation (i. e. the 

first worst case alignment with a 100 metre initial separation shown in Table 6.12). 

Calculation is iterative and takes account of the joint effects of the transmitter and 
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receiver distance, the transmitter off-axis angle and the receiver antenna 

discrimination. 

It can be shown that, for the 84 metre relative height difference, an exclusion 

distance of 14 km results in: free space path loss = 144.9 dB, GTX(39.6°) = -7.8 dBi, 

GRX(0.4°) = 15.6 dBi ( (GRxHorizonRelative(O°) =0 dBi) +( GpElevatronRlative(0.4°) = -0.4) 

+ (GjMa =16 dBi) = 15.6 dBi). Using these figures together with the maximum 

transmitter power of -0.6 dBW/3.1 MHz, the interference level has been calculated 

as -137.7 dBW/12.5MHz which is just below the base station long term interference 

criterion. 

On the basis of the above analysis, it has been recognised that the worst case single 

entry interference situation corresponding to an alignment where the FS base station 

receiver, located at a highly elevated position, operating within the NGSO FSS Earth 

station boresight gives rise to an interference power level exceeding the FS receiver 

criterion with a significant margin. Under such circumstances, the required 

exclusion distances are also large (>10 km) implying that the co-frequency operation 

within the same area may not be possible. As mentioned in the preceding section, it 

is necessary to examine the probability of the above mentioned interference 

alignments occurring in a typical urban deployment scenario. This is considered in 

the following section. 

6.2.4 Aggregate Interference Analysis 

The Monte Carlo simulation module, part of the Aegis Systems Spectrum 

Engineering Toolkit, has been used for assessing the impact of multiple interfering 

sources. Simulations of a variety of NGSO FSS Earth station interferer / FS victim 

receiver scenarios have been carried out for different interferer/victim combinations. 

As stated earlier, the analysis considers line-of-sight interference paths. Therefore, 

In order to determine the size of the area over which simulations will be run, a 

maximum NGSO FSS Earth station transmitter height and an FS receiver antenna 

height have been used together with a smooth Earth approximation 
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(see Figure 6.15). Table 6.13 illustrates the calculated radius of the simulation area 

for a number of antenna height combinations. 

FS Receiver 
NGSO FSS Earth Station Transmitter Maximum Height 

(m) 
Height 

(m) 10 20 30 40 50 60 

10 22 27 31 34 37 39 

20 27 32 36 39 41 44 

30 31 36 39 42 45 47 

40 34 39 42 45 48 50 

50 37 41 45 48 51 53 

60 39 44 47 50 53 55 

Table 6.13: Radius of Simulation Area For Different Transmitter and Receiver 

Antenna Combinations 

For the building blockage, Rec. P. 1410 [232] specifies the following parameter 

values obtained from averaging over the main town region of a typical sub-urban 

location in the UK: 

a (the ratio of land covered by buildings to total land area) = 0.11 

Q (the mean number of buildings per unit area) = 750 buildings/km2 

y (the most probable building height for Rayleigh distribution) = 7.63 metre 

For the purposes of building blockage modelling, these parameter values have been 

assumed in the analysis. 

In order to prevent situations where co-located transmitter and receiver antennas 

operate simultaneously at the same frequency, an artificial exclusion area of a radius 

of 50 metres has been introduced around an FS receiver when locating NGSO FSS 

Earth station transmitters randomly in each Monte Carlo trial. 

Initially, two scenarios have been simulated. In the first scenario, interference into 

the PP FS has been investigated while the second scenario has examined interference 

into the PMP subscriber receiver terminal. For both cases, it has been assumed that 

the receiver is located at a 10 metre height at the centre of the simulation area. This 

area has been randomly populated by the NGSO Ka-1 Earth station transmitters 
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whose heights are assumed to be uniformly distributed between 10 and 30 metre. 

On the basis of figures given in Table 6.13, these assumptions imply that the 

maximum, smooth Earth, line-of-sight interference path length will be 31 Inn which 

has been assumed to be the radius of the simulation area. 

The geographical density of the transmitters has been calculated taking the NGSO 

Ka-1 system filing data into account. The NGSO Ka-1 system filing states that the 

500 MHz spectrum allocated to uplink is divided among 7 cells forming a supercell 

of 160*160 k 2. Each cell is assigned an uplink beam satisfying the minimum 

elevation angle requirement of 40°. Within a cell, an available spectrum 

(500 =7z 72 MHz) is subdivided into carriers each of which has an approximate 

bandwidth of 3.1 MHz, and is shared among multiple users by employing Time 

Division Multiple Access (TDMA). FS receiver characteristics given in Table 6.9 

suggest that the receiver carrier bandwidth is 21 MHz for the PP FS receiver and 

12.5 MHz for the PMP subscriber receiver. It is, therefore, reasonable to assume 

that, at a given instant, there may be 21=3.1 7 NGSO Ka-1 Earth station 

transmitters within the PP FS receiver carrier bandwidth in a given NGSO Ka-1 cell 

area of (160*160) /7= 3657 kM2. Similarly, 12.5 . 3.1 =4 NGSO Ka-1 Earth 

station transmitters may be sharing the same band as the PMP subscriber receiver in 

an area of 3657 km2. 

Using the above calculated figures, the average geographical density of NGSO Ka-1 

interferers has been calculated, assuming a uniform distribution of cells, to be 

0.002 /km2 for the PP FS receiver and 0.001 /km2 for the PMP subscriber receiver. 

On the basis of the simulation area radius of 31 km and the calculated density figures 

of 0.0021km2 and 0.001 /km2, it can be shown that there are 6 and 3 NGSO Ka-1 

Earth stations operating within the simulated areas of the PP FS and PMP subscriber 

models, respectively. Figure 6.20 shows the interference statistics for both models 

obtained from 1,000,000 Monte Carlo trials. 
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Figure 6.20 : Interference Statistics 

For the assumed building blockage parameters, the results suggest that the PP FS 

link receiver interference criterion would be exceeded for 0.003% of the potential 

receiver locations for an NGSO Ka-1 transmitter density of 0.002 transmitters/king. 

The percentage of PMP subscriber locations likely to suffer interference from NGSO 

2 Ka-1 transmitters is 0.01% for a transmitter density of 0.001 transmitters/km. 

It is worth noting that although the density of interferers is relatively lower in the 

PMP subscriber model, the expected interference level is relatively higher for a 

given percentage of locations, when interference is > -200 dBW/JMHz. This is the 

result of the PMP subscriber receiver antenna sidelobe levels being significantly 

greater than those of the PP FS link receiver (for example, there is a 20 dB difference 

at 50 degrees off-axis as shown in Figure 6.13). 

For the interference values <-200 dBW/1 MHz (representing rearlobe interference 

entries), the plots indicate that there is no line-of-sight interference path to the victim 

PP FS link receiver for 98.5% of the simulated locations. In the case of interference 

into the PMP subscriber receiver, the percentage is 99.4%. It should be noted that 

the difference between these two percentages is mainly due to the difference in the 
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interferer densities used in both models. In the PP FS interference scenario, the 

interferer density is twice as much as that of the PMP subscriber interference model. 

This, in turn, implies that, for a given long term interference level corresponding to 

rearlobe interference entries (i. e. when both curves are at a plateau), the potential PP 

FS locations for which the interference level is expected to be exceeded will be 

relatively higher. 

Taking the above discussions into account, the simulation results suggest that, for 

the assumed parameter values, sharing may be possible as the percentage of 

locations suffering from line-of-sight interference exceeding the receiver 

interference criterion is <0.01% for both scenarios. 

The implications of an increased interferer density has been examined for an 

assumed NGSO Ka-1 transmitter density of 0.02 /km2 and 0.2 /km2 by re-calculating 

the aggregate interference statistics at the PP FS receiver. The resultant cumulative 

distribution functions corresponding to 1,000,000 trials are illustrated in the 

following figure. 

Interference From NGSO Ka-1 Earth Station Transmitters into 
PP FS Receiver (Interferer Density - 0.002.0.02,0.2) 
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Figure 6.21 : Interference Statistics vs. NGSO FSS Earth Station Density 
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The results show that the percentage of locations, for which the aggregate 

interference is likely to exceed the receiver interference criterion, increases with an 

increasing interferer density. For a given set of transmitter and receiver antenna 

heights and building blockage parameters, the probability of having line-of-sight 

paths between the interferers and the receiver increases with an increasing interferer 

density. This, in turn, implies that the percentage of receiver locations likely to 

exceed a given interference level increases. 

Figure 6.21 illustrates that the aggregate interference from NGSO Ka-1 Earth 

stations is likely to exceed the receiver interference threshold at 0.003% to 0.25% of 

the receiver locations when the interferer density is increased from 0.002 / Ian2 to 

0.2/km2. 

The variation of the aggregate interference statistics with an interferer and receiver 

antenna height has been examined by considering the NGSO Ka-2 Earth station 

transmitter and PMP base station receiver characteristics (given in Table 6.9 and 

Table 6.10 in the preceding sections). The simulation models are similar to those 

used for investigating interference from the NGSO Ka-1 Earth station transmitters. 

The results of simulation runs of 1,000,000 trials with an assumed NGSO Ka-2 

transmitter density of 0.011km2 are illustrated in Figure 6.22. 
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Figure 6.22 : Interference Statistics vs. Interferer and Receiver Antenna Height 

Interference statistics suggest that, for the assumed building blockage parameters and 

the interferer density, the number of line-of-sight paths (therefore, percentage of 

locations at which interference is likely to exceed interference threshold) become 

significant when the NGSO Ka-2 Earth station and PMP base station receiver 

heights are above the local clutter. When the average NGSO Ka-2 transmitter 

antenna and the BS receiver antenna heights are greater than 20 metres, all possible 

FS receiver locations are likely to receive interference power greater than 

-190 dBW/1 MHz. For the same range of antenna heights, the aggregate interference 

exceeds the criterion at 2% of the likely receiver locations. 

The comparison of the curves shown in Figure 6.22 illustrates the implications of 

relative height difference between the local buildings and the transmitter/receiver 

antennas. For the interference scenario where the average interferer antenna height 

is lOm and the receiver is located at a 20m height, the aggregate interference exceeds 

the criterion at 0.35% of the likely receiver locations. For the same building 

blockage model parameters and the interferer density, an increment of IOm in the 

transmitter and receiver antenna heights increases the percentage of locations 
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exceeding the interference criterion to 2% indicating that the number of line-of-sight 

interference paths above the local clutter are increased with an increasing antenna 

height. A further 10m increment in the antenna heights does not lead to a significant 

increase as the local building effect has already become insignificant when the 

antenna heights have been increased in the previous scenario. 

6.2.5 Discussion 

From the review of the literature, it is observed that the terrestrial interference path 

analysis between NGSO FSS Earth station transmitters and FS receivers is based on 

deriving a separation distance which would achieve a required propagation loss to 

reduce the interference and, therefore, to satisfy the receiver interference threshold. 

In most cases, in line with the assumption of a high density urban deployment, the 

free space model has been employed for calculating the propagation loss values. 

In this research, the implications of the NGSO FSS terrestrial interference paths have 

been examined by considering both the single entry and aggregate interference 

effects. The single entry and aggregate interference analysis methods have been 

developed and applied for investigating the sharing feasibility between the 

representative NGSO FSS and FS systems, including both point-to-point and 

point-to-multipoint radio stations. 

For the purposes of single entry interference analysis, the propagation model 

combining the free space and diffraction over spherical Earth mechanisms has been 

developed. The model employs an iterative process in deriving the required 

exclusion distance at which the required transmission loss (based on satisfying the 

receiver long term interference criterion) becomes equal to the loss contributed by 

the propagation medium. Using the relative transmitter and the receiver antenna 

heights, in the iterative calculations, the model employs free space propagation to 

calculate distances where there is a line-of-sight path between the transmitter and 

receiver (assuming a smooth Earth surface), and takes account of the additional 

spherical Earth diffraction loss for distances beyond the line-of-sight. The exclusion 

distances are derived for each receiver azimuth interval. The area of sector wedges 
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are summed to arrive at an exclusion area in which an NGSO FSS transmitter can 

not operate without risk of causing interference into an FS receiver. 

In practice, the implications of the terrain irregularities should also be taken into 

account in calculating the exclusion areas when the deployment area is known in 

advance. The clutter loss due to terrain structure is likely to reduce the required 

exclusion distances. However, it is worth noting that although the use of a smooth 

Earth assumption is a conservative approach, it provides a good initial insight into 

the feasibility of co-existence, in that satisfactory protection requirements are 

derived for the existing FS systems in generic co-frequency sharing scenarios. 

The use of the single entry interference analysis model for examining the sharing 

possibilities among the representative systems has shown that large exclusion 

distances are required when the NGSO FSS Earth station is operating within/near the 

FS receiver antenna boresight or when the FS receiver (typically PMP base station) 

is located at a sufficiently elevated position is operating within/near the NGSO FSS 

Earth station transmitter antenna boresight. 

In this study, a statistical analysis approach has been applied in order to evaluate the 

likelihood of these alignments occurring in a given sharing scenario and to assess the 

implications of aggregating interference paths. The approach taken combines the 

Monte Carlo simulation analysis technique with the generic building blockage 

prediction method which is based on the findings of EC funded CRABS project 

[231]. The building blockage prediction method is used to determine if a 

line-of-sight path exists between a transmitter and receiver for an assumed set of 

parameters characterising the simulation area. 

The Monte Carlo simulator distributes the NGSO FSS Earth station interferers 

randomly, assigns a random antenna height for each interferer using an antenna 

height distribution specified by the user, points each interferer randomly and 

determines line-of-sight paths to the receiver by applying the building blockage 

model. Interference is then aggregated at each Monte Carlo trial by applying the free 

space propagation model to each line-of-sight path. 
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As, in each trial, the aggregate interference power is determined by the relative 

positions of interferers and the victim receiver, the simulation results are reported in 

the form of a cumulative distribution function where "the percentage of receiver 

locations for which a given aggregate interference level is exceeded" is specified. 

The use of the aggregate interference analysis model for examining the feasibility of 

spectrum sharing for the representative systems has shown that the percentage of 

locations for which the receiver interference criterion is not satisfied increases when 

" the NGSO FSS transmitter density is increased for a given set of 

blockage model parameters and transmitter/receiver characteristics, 

" the FS receiver and NGSO FSS transmitter antenna heights are increased 

for a given set of blockage model parameters and a transmitter density. 

It is reasonable to assume that the aggregate interference statistics obtained from the 

Monte Carlo simulator is not pessimistic as the analysis considers the impact of line- 

of-sight interfering paths only and does not take into account likely interference 

arising from scattering and diffraction mechanisms. 

6.3 Conclusions 

One of the key areas that needs to be examined when considering the implications of 

NGSO FSS systems is the analysis of interference into the existing and planned 

terrestrial radio stations operating in the fixed service. Therefore, in this chapter, 

interference analysis methods have been developed and applied for examining the 

possibility of spectrum sharing at the Ku and Ka band between the representative 

NGSO FSS and FS systems. 

Initially, the analysis approach has been defined to investigate the downlink 

interference originating from the NGSO FSS satellite transmitters into the terrestrial 

radio links. This approach primarily considers the joint effects of the NGSO FSS 

interference statistics and the FS link fading mechanisms. The NGSO FSS downlink 

interference statistics are derived from the dynamic simulation analysis where the 

NGSO FSS and FS systems are modelled fully taking account of actual system 
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parameters. The FS link fading statistics are obtained from the propagation 

estimation models described for designing terrestrial line-of-sight links. Assuming 

that the interference and fading statistics are uncorrelated, the convolution process is 

applied to derive the FS link carrier-to-noise ratio statistics which are then compared 

against the FS link performance criteria to determine if performance degradation due 

to interference is within the tolerable limits. 

For the analysis of interference paths originating from the NGSO FSS Earth station 

transmitters into the FS receivers, the single entry and aggregate interference 

analysis methods have been described. 

The single entry interference analysis approach employs the propagation model 

combining the free space and spherical diffraction mechanisms. The propagation 

model is used in the iterative exclusion distance calculation process for the 

interference alignments where the NGSO FSS Earth station is assumed to be 

transmitting towards the FS station at each receiver azimuth considered. The 

calculated exclusion distances are then used to determine the exclusion area where 

the NGSO FSS transmitter could not operate without causing an unacceptable 

interference into the FS receiver. 

The aggregate interference analysis is based on a statistical approach combining the 

Monte Carlo simulation technique with the generic building blockage prediction 

method defined in ITU-R Recommendation P. 1410. In the application of the 

analysis method, the aggregate interference is calculated, at each Monte Carlo trial, 

using the relative random position and pointing of the interferer antenna together 

with the probability of having a line-of-sight path to the victim FS receiver which is 

mainly determined by the parameter values assumed for the building blockage 

prediction method. The resultant statistics are expressed in the form of a cumulative 

distribution function indicating the proportion of the FS victim receiver locations 

that are likely to suffer a given level of interference from multiple NGSO FSS Earth 

station transmitters operating at the same frequency band. 
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CHAPTER 7 

CONCLUSIONS 

In the preceding chapters, research into the development and application of radio 

frequency spectrum sharing methodologies has been presented. These methods are 

proposed for the investigation of interference from NGSO FSS systems into GSO 

FSS systems and FS terrestrial radio systems operating (or planned for operation) at 

Ku and Ka band frequencies. This chapter provides a summary of the work 

provided in each chapter and identifies the key conclusions. 

7.1 Chapter 1 

Chapter 1 introduced the concept of radio spectrum management and investigated 

technical characteristics of fixed satellite and terrestrial service networks, with a 

view to obtaining an initial insight into the system design parameters related to use 

of the radio frequency spectrum. 

In this chapter, the need for spectrum management was described together with an 
introduction to international organisations responsible for regulations concerning use 

of the radio spectrum. The requirement for spectrum sharing among different radio 

communication services was then explained and the implications of sharing 

constraints were outlined. This was followed by a review of fixed satellite and 

terrestrial service system characteristics from the frequency management point of 

view. 

For the fixed satellite service systems, a general description of technologies used in 

designing transponders, power amplifiers, Earth stations and satellite orbits was 

provided. Based on the literature review, the Ku and Ka band GSO FSS and NGSO 

FSS system characteristics were summarised, taking account of constellation 

parameters, beam characteristics and Earth station design parameters. Typical 

network configurations were also described together with potential system 

applications. 



Conclusions 296 

For the fixed service systems, the benefits of the use of wireless technology for 

terrestrial communication networks were outlined. A brief consideration was given 

to the technical characteristics of the fixed point-to-point links and the fixed wireless 

access networks designed for the Ku and Ka band applications. Parameters used in 

the fixed point-to-point link design were identified and typical values were provided. 

The need for an effective local access network was explained. Different fixed 

wireless access network technologies and architectures were summarised. In this 

context, a review of point-to-multipoint and mesh network topologies was carried 

out taking typical system deployment scenarios into account. Issues related to 

standardisation and system applications were also briefly considered. 

From these investigations, it was noted that spectrum sharing is a powerful 

mechanism allowing major frequency allocations to be made to new services whiel 

maintaining the existing allocations in the same part of the radio spectrum. It was 

further noted that spectrum sharing analysis methodologies need to be developed to 

examine technical and operational compatibility among networks operating in the 

fixed satellite and terrestrial service at Ku and Ka band frequencies. 

The investigations also suggested that propagation characteristics together with 

location and terrain conditions play a significant role in determining the feasibility of 

sharing. A range of system parameters are required to be considered to investigate 

the possibility of frequency sharing. From the fixed satellite service point of view, 

these include antenna characteristics, coverage, power and bandwidth requirements, 

beam characteristics (i. e. single/multiple, spot/global and fixed/dynamic), resource 

sharing mechanisms (i. e. multiple access and duplexing techniques) and 

constellation parameters (i. e. number of satellites, orbital height, satellite spacing 

etc. ). In fixed terrestrial service applications, the implications of link length, power, 

bandwidth and antenna requirements, availability objectives, modulation techniques 

and network topologies should primarily be taken into account. 
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Chapter 2 investigated the key propagation impairments that would be experienced 

by radio transmissions operating at the frequencies of interest to this research. For 

these purposes, the implications of the use of ITU-R Recommendations developed 

for modelling terrestrial and space path propagation effects were examined in detail 

taking both wanted and interference paths into consideration. 

In general, it was noted that the prediction of the propagation behaviour at Ku and 

Ka band frequencies with reasonable accuracy is one of the key issues in the 

investigation of frequency sharing. Propagation statistics are derived from empirical 

models based on the results of long term measurements, and these models have 

limited validity range in terms of frequency, path length and time percentages. 

Atmospheric gas attenuation is primarily determined by frequency, path length and 

meteorological parameters including pressure, temperature and humidity. ITU-R 

Rec. 676 describes line summation and simplified prediction methods for the 

calculation of total terrestrial and space (i. e slant) path atmospheric attenuation. 

In this study, both methods were implemented to assess the impact of atmospheric 

gas attenuation at Ku and Ka band frequencies. It was noted that the simplified 

method was recently modified in the new version of the recommendation and, 

therefore, both simplified prediction methods were also used to examine the 

implications of the modifications in the context of NGSO / GSO FSS and NGSO 

FSS / FS spectrum sharing. The modelling results showed that the attenuation 

values obtained from simplified methods are very close to each other at Ku and Ka 

band frequencies while the comparison of line summation and simplified model 

indicated that the latter estimates higher attenuation for elevation angles less than 3°. 

From the Ku and Ka band spectrum sharing point of view, the results obtained from 

the line summation method indicated that, at Ku band, space paths are subject to 

atmospheric loss of less than 2 dB for all elevation angles while a terrestrial link loss 

for a 10 km path length is about 1 dB. At Ka band, space path loss remains below 

7 dB and a 10 Ian terrestrial path loss is approximately 1 dB. These figures suggest 
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that atmospheric absorption is not a dominant factor but does have a limited impact 

at these frequencies when it is compared against other fading mechanisms including 

rain and multipath fading. 

Terrestrial path propagation is influenced by troposphere and terrain effects which 

result in refraction, reflection and scattering of radiowaves. The impact of 

absorption and scattering caused by rain also play a significant role at Ku and, in 

particular, Ka band frequencies. In this study, the implications of terrestrial wanted 

and interference path propagation mechanisms were considered. The wanted path 

mechanisms were examined from a fixed terrestrial link planning point of view 

while the interference path propagation effects were investigated from an NGSO 

FSS / FS spectrum sharing point of view (i. e. when considering interference paths 

from NGSO FSS Earth stations into FS radio links). 

At the frequencies considered here, wanted path fading due to multipath and rain 

mechanisms needs to be taken into account in sharing studies. The prediction 

models for both mechanisms are defined in ITU-R Rec. 530 which was also modified 

recently. 

As far as Ku and Ka band FS link planning is concerned, the results obtained from 

the implementation of the multipath and rain fading prediction methods defined in 

the previous and modified Rec. 530 suggested that the modification to the 

interpolation algorithm defined for the small multipath fades does not have a 

significant impact on the overall multipath fading statistics at Ku and Ka band 

frequencies. However, it was noted that the additional expression introduced to the 

new rain fading prediction model for use at locations less than 30° in latitude does 

have not an impact on the overall rain statistics for percentages between 0.01% and 

0.1%. The modification implies that according to the new model, the FS links 

located at latitudes less than 30°and designed for availability objectives greater than 

99.99% and less than 99.9% will require a relatively smaller fade margin. 

Finally, the exceedence percentages for a given fading value corresponding to 

multipath and rain fading are added together to derive combined fading statistics. 
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From the modelling, it was observed that, at Ku band, combined fading statistics are 

influenced by both multipath and rain fading effects. At Ka band, on the other hand, 

rain fading dominates combined fading statistics. 

Propagation effects causing short and long term interference should be taken into 

account when addressing terrestrial interference paths from NGSO FSS ground 

terminals into FS radio links. The long term mechanisms include line-of-sight 

propagation, diffraction, tropospheric scatter and clutter loss. The short term 

interference is primarily due to ducting and layer reflection, and hydrometeor scatter. 

In sharing studies, the empirical methods defined in ITU-R Rec. 452 are employed 

for the prediction of these effects. 

The modelling carried out using the interference propagation methods suggested that 

the recent modification in the ducting and layer reflection method does not give rise 

to a significant difference in interference path loss statistics at Ku and Ka band 

frequencies. It was noted that the combined effects of individual propagation 

mechanisms need to be considered depending on the type of interference path. 

When interference paths are line-of-sight, the free space path loss together with the 

local clutter loss is applied for the calculation of total path loss. In the case of 

transhorizon interference paths, the effects of troposcatter, diffraction, ducting and 

layer reflection and local clutter are combined to derive overall loss statistics. 

Furthermore, it was also noted that the scattering of radiowaves occurring when 

transmitter and receiver beams form a common volume within the part of 

atmosphere where a rain cell exist may also be significant for short periods of time. 

Space path propagation is influenced by rain, atmospheric absorption and 

tropospheric effects. The operating frequency, geographic location and path 

elevation angle determine the degree to which these mechanisms are effective. In 

this study, the implications of space wanted and interference path propagation 

mechanisms were taken into consideration. 

Wanted space paths are designed to be line-of-sight. This implies that clear-air 

propagation should be modelled by free space path loss and atmospheric gas 
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attenuation. The most significant Ku and Ka band space path propagation 
impairment is rain fading. To reduce the impact of rain fading, the links are 

generally designed to operate at elevation angles greater than 10°. The space path 

rain fading estimation method is defined in ITU-R Rec. 618 which was modified to 

extend its validity range in terms of frequency and percentage time. 

From the results obtained from the modelling, it was recognised that the fading 

values obtained from the modified method are significantly lower than those derived 

from the previous method which, in turn, implies relatively lower margin to 

compensate for rain fading and, therefore, a relatively lower EIRP requirement to 

achieve given link performance objectives. In addition, the modelling confirms that 

a decreasing path elevation angle increases the slant path rain fading as the path 

length becomes longer. Therefore, for a given required link availability, the 

minimum path elevation angle will be constrained by the rain attenuation and the 

power available. 

It is generally true to say that, space interference paths are line-of-sight. Therefore, 

free space propagation is used to calculate interference at victim receivers. It was 

noted that additional loss may also result from the atmospheric absorption when a 

path elevation angle is very small. 

7.3 Chapter 3 

Chapter 3 reviewed the key aspects of Ku and Ka band interference paths originating 

from NGSO FSS transmitters into GSO FSS receivers. In this chapter, an overview 

of the current regulations was followed by identification of key sharing topics. A 

revision of sharing methodologies applied to address these topics was then 

presented. The chapter also provides representative system characteristics to be used 

in sharing analysis applications carried out in the succeeding chapters. 

From the literature review presented in Chapter 3, it was observed that the TTU-R 

Radio Regulations Article S. 22 defines power flux density limits for a number of 

receiver antenna diameters to protect GSO FSS Earth stations and satellites from 
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NGSO FSS interference. These limits are applicable to a single NGSO FSS system. 

In addition, ITU-R Rec. 1323 provides minimum protection requirements for the 

GSO FSS systems sharing the same bands with NGSO FSS systems. The key 

requirement is an allocation of at most 10% of the total GSO FSS link unavailability 

objective to NGSO FSS interference. The recommendation also defines a number of 

methodologies to be used in deriving maximum tolerable power flux density levels 

for given GSO FSS link characteristics. 

It was noted that the key issues considered to be significant in determining co- 

existence of NGSO FSS and GSO FSS include implications of interference 

mitigation techniques, modification to power flux density definitions, revision of 

power flux density limits, refinement of reference antenna patterns, examination of 

aggregate interference from multiple NGSO FSS systems, development of 

conversion algorithms from the aggregate to single entry power flux density limits, 

protection of large GSO FSS Earth station antennas and implications of short term 

NGSO FSS interference peaks. 

Finally, the literature review suggested that the common approach used to examine 

the feasibility of NGSO/GSO FSS spectrum sharing is to develop simulation 

methodologies. In addition, analytic methods defined in Rec. 1323 are implemented 

to investigate whether Article S. 22 limits provide adequate protection for the GSO 

FSS links. 

7.4 Chapter 4 

Chapter 4 described the author's work concerning spectrum sharing methodologies 

employed to investigate the NGSO FSS and GSO FSS system co-existence at Ku 

and Ka band frequencies. Investigations were primarily directed towards the 

development of analytic and simulation methods to address different topics that are 

significant in determining the feasibility of NGSO/GSO FSS spectrum sharing. 

Firstly, analysis methods for examining the NGSO FSS interference mitigation 

techniques were described, including GSO arc avoidance, latitude avoidance and 
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improved NGSO FSS satellite antenna patterns. The analysis method required that 

simulation scenarios be designed by identifying key system parameters which 
include constellation parameters (number of satellites, altitude, inclination and 

satellite phasing), beam frequency re-use pattern, operational characteristics 
(mitigation techniques, power control and minimum elevation angle), transmitter 

and receiver power and antenna characteristics and beam coverage area size. 

The simulation approach taken to examine the implications of the mitigation 

techniques was based on the comparison of the resultant statistics obtained from the 

scenarios where NGSO FSS systems were modelled with and without the mitigation 

techniques. For these purposes, deterministic simulation analysis was applied to the 

scenarios. In the analysis, the satellite positions in a given NGSO FSS system are 

calculated at regular time intervals over the simulated time period and from this data 

interference alignments are determined. The calculated interference levels are then 

analysed statistically and the results are presented in the form of graphs showing 

interference level against the percentage of time over the simulated period for which 

that level was exceeded. In addition, the significant points that need to be 

considered when interpreting the resultant statistics were outlined in this chapter. 

Mathematical models for the investigation of the single entry interference entries 

corresponding to mainbeam-to-mainbeam and rearlobe-to-rearlobe interference 

alignments were developed. These models were used to verify the simulation 

results. Additionally, the analysis method was developed to calculate and compare 

the GSO FSS link overall performance degradation in the presence of interference 

from the NGSO FSS system modelled with and without GSO are and latitude 

avoidance mitigation techniques. 

It was observed from the sharing analysis carried out using the representative system 

characteristics that the near on-beam interference entries leading to relatively higher 

interference power at GSO FSS Earth stations are not prevented when the GSO arc 

avoidance is applied. This technique allows interference alignments where the 

NGSO FSS satellite is in the GSO FSS receive Earth station antenna boresight and 
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transmitting towards the NGSO FSS user terminal, satisfying the geostationary arc 

avoidance requirement, placed at some distance from the GSO FSS Earth station 

receiver. 

On the other hand, the latitude avoidance technique where all transmissions are 

suppressed when the NGSO FSS satellites are within the volume defined by ±0° in 

latitude proved to be more efficient in that near on-beam interference coupling is 

prevented. It was noted that the off-axis angle at the GSO FSS receiver antenna 
between the wanted and the interfering path is dependent on the NGSO FSS system 

orbit height, the latitude of the co-located Earth stations and the value of the latitude 

avoidance angle. A larger off-axis gives rise to an improved antenna discrimination 

and avoids single entry boresight hits. 

Finally, the analysis indicated that the use of the NGSO FSS space station antennas 

with improved sidelobe performance reduces the amount of aggregate interference 

into the GSO FSS Earth station receivers which, in turn, increases the efficient use 

of the spectrum. 

The development and application of methods for the revision of the epfd limits 

constituted the next step in the NGSO /GSO FSS sharing analysis. The implications 

of two methods were examined. The first method, simulation approach, is based on 
determining aggregate interference statistics from the simulation modelling, 

application of the analytical method to the interference distributions to derive epfd 

statistics and comparison of the epfd statistics against the Article S. 22 limits to 

determine whether the protection is adequate or any revision to the limits is required. 
The second method, analytic approach, comprised the implementation of the 

Methodology A', defined in Rec. 1323. This methodology takes account of the joint 

effects of the rain fades and interference events. The implementation includes a 

convolution process, involving simplified interference and fading probability density 

functions, to derive the epfd levels which are then compared against the Article S. 22 

limits. 
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In the application of the simulation approach, initially, the expression to be used in 

translating interference statistics into epfd statistics was derived. It was noted that 

the operating frequency, the GSO FSS receiver antenna maximum gain and the 

bandwidth are required to convert the aggregate interference statistics obtained from 

the simulation analysis into the epfd statistics which are then compared against the 

Article S. 22 limits for verifying the compliance. 

The mechanisms by which interference from multiple NGSO FSS systems aggregate 

were then examined. It was shown that, in the interference scenarios including 

multiple inhomogeneous NGSO FSS systems, the epfd statistics are largely driven 

by the dominant NGSO FSS constellation. In the case of several homogeneous 

NGSO FSS systems, it was noted that the long term epfd aggregates in power while 

the short term epfd aggregates in time. 

The implications of conversion from the aggregate epfd statistics based on several 
NGSO FSS systems to the single entry epfd statistics based on a single NGSO FSS 

system formed the next step in the analysis. It was recognised that the conversion is 

required in order to achieve a meaningful comparison against the Article S. 22 limits 

which are defined for a single NGSO FSS system. The accuracy of the conversion 

algorithm defined by the ITU-R is determined by the assumption related to the 

effective number of NGSO FSS systems. The results suggested that when the actual 

number of NGSO FSS systems is less than the assumed value, the single entry 

statistics obtained from the conversion method are further away from the 
Article S. 22 epfd limits than the actual single entry statistics obtained from the 

simulation analysis. 

The use of the discontinuous epfd limits to check the compliance with the 
Article S. 22 limits was also analysed. It was shown that this approach gives rise to 

pessimistic conclusions for the NGSO FSS systems. The comparison against the 

continuous epfd limits based on the linear interpolation between the breakpoints was 
implemented and noted to be more appropriate as, in practice, the NGSO FSS 
interference statistics would be in the continuous form. 
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Finally, the empirical approach defined by the ITU-R for the use of deriving epfdd0. 

limits for the GSO FSS receiver antenna diameters not included in the Article S. 22 

was taken into consideration. It was observed from the analysis that the epfddo. 

limits derived from the empirical method are stringent than those specified in 

Article S. 22 which, in turn, suggests that the GSO FSS protection provided by 

Article S. 22 is preserved. 

The application of the simulation approach was followed by the implementation of 

Methodology A'. It was shown that the method is based on the calculation of the 

maximum tolerable interference epfd levels on the basis of the stated GSO FSS link 

performance requirements. The calculated values are compared against the Article 

S. 22 limits to determine whether the GSO FSS link examined will be sufficiently 

protected from the NGSO FSS interference. It was pointed out that Article S. 22 

limits are defined for limiting interference from a single NGSO FSS system while 

the epfd limits derived from the application of Methodology A' are attributed to the 

aggregate NGSO FSS interference. 

In this phase of the analysis, investigations were primarily directed towards 

determining the implications of the modification to the rain fading prediction model 
defined in Rec. 618. The analytical models including both versions of this 

recommendations were implemented and applied to the representative GSO FSS link 

to calculate the epfddow,, values. In addition, Methodology A' was improved by 

taking novel approaches related to convolution of uplink and downlink rain 

statistics, assumption on rain fading on interference paths, use of the bisection 

method, implications of stated and achieved unavailability, assumption on 

percentage time representing no rain fading and use of overall effective noise 

temperature. 

It was recognised that the end-to-end GSO FSS link rain fading distribution needs to 

be obtained by convolving the uplink and downlink rain fading statistics assuming 
they are uncorrelated. The convolution process requires two complete (defined up to 

100% of the time) probability density functions but the Rec. 618 prediction model 
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defines empirical algorithms to derive partial rain statistics which, in turn, suggests 

that the rain statistics have to be extrapolated. It was noted that the convolution of 

two extrapolated distributions may introduce inaccuracies to the total fading 

statistics and the epfd values derived from the application of the Methodology A' 

may not be representative. 

The analysis presented in this research was, therefore, based on the assumption that 

the rain fading occurs on the uplink and downlink separately, but not simultaneously. 

This assumption eliminated the ambiguity that would be introduced when deriving 

complete rain fading statistics. In addition, in this study, it was assumed in the 

derivation of epfd limits that the rain fading occurs on the wanted path but not on the 

interfering paths which provides interference protection for such interference 

situations. 

The complexity of the empirical formula defined for calculating the rain fading for a 

given percentage time meant that the bisection method had to be applied to derive 

percentage times for which given rain fading values are exceeded. This method is 
based on the iterative bisection of the rain fading distribution. 

It was shown that when the rain fades occur very short periods of time, the total 

stated GSO FSS link unavailability time attributed to the rain fading is not entirely 
taken up by rain. Therefore, the unavailability due to the NGSO FSS interference 

takes up the greatest share of the total stated unavailability which is generally greater 
than the 10% limit stated in Rec. 1323. In this study, findings indicated that in order 
to comply with the 10% criterion, the total unavailability target should be equal to 
the sum of the "total achieved unavailability" (derived from the Rec. 618 rain 

models) and 10% of the "total stated unavailability". 

It was noted that the methodology does not specify any value with regard to the 

parameter representing the percentage time for which no rain fading occurs (ßo). 

Therefore, during the analysis, two criteria were considered in assigning a value to 

this parameter: 
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1) Qo <= 100 - unavailability percentage time associated with the second 

GSO FSS link short term performance criteria, 

2) ßo >= 99% in the previous Rec. 618 model and ßo >= 95% in the revised 

Rec. 618 model. 

Finally, with regard to the application of the Methodology A', it was proposed in this 

research that the use of the effective overall link noise temperature as the system 

noise temperature is required in the process of translating the GSO FSS link 

degradation to the epfd statistics since all degradations in the GSO FSS link budget 

need to be taken into consideration. 

The application of the methodologies used in the revision of the epfd limits was 

followed by an examination of the modifications to the GSO FSS Earth station 

reference antenna radiation patterns. Within ITU-R, it has been argued that the 

reference radiation pattern defined in Rec. 1323 represents an envelope of the side- 

lobe peaks which is required for interference analysis involving a single fixed 

transmitter and receiver to ensure that the worst case scenario is accommodated. 

With the introduction of the NGSO FSS systems, sharing scenarios will no longer be 

static. Therefore, the new reference pattern (defined in Rec. 1428) based on 

averaging the troughs and peaks in the gain pattern has been developed to model 

more closely interference variations with time due to the dynamic nature of the 

sharing environment. 

For the analysis implemented in this research, a Monte Carlo simulator was designed 

to simulate the interference scenarios developed for the preliminary analysis of the 

use of both antenna patterns in a typical NGSO/GSO FSS sharing scenario. It was 

observed that use of the probabilistic approach developed in this study reduces the 

computational complexity encountered in the deterministic simulation modelling of 

large constellations. 

The Monte Carlo simulator design is based on the calculation of aggregate 

interference from a number of interference entries each of which originates from 

satellites randomly positioned at the NGSO FSS orbit. The total interference levels 
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obtained at each Monte Carlo trial are stored in 1 dB wide bins. After the simulation 

run of a given number of trials, the simulator analyses the interference levels to 

derive the interference probability density function which is then converted to the 

cumulative distribution function of the percentage time for which a particular level 

of interference is exceeded vs. the total interference level (dB). 

The simulation model employs a novel random pointing algorithm together with 

vector analysis. The random pointing algorithm is based on mapping a uniform 

random variable to a random variable representing probability density function of an 

NGSO satellite orbital location. This approach ensures that a higher probability of 

an interference entry originating from an NGSO FSS satellite at a lower elevation 

angle as seen from a GSO FSS receiver is taken into account in simulation analyses. 

In the application of the probabilistic analysis, it was noted that the Rec. 1323 pattern 

is partial and this results in discontinuity at the angle breakpoints when D/A < 100. 

It was found out that this pattern originated from the APS8 Annex III pattern and it 

was obtained by suppressing the sidelobe envelopes, defined for D/X a 100 by 3 dB. 

Therefore, by applying the same 3 dB reduction approach, the Rec. 1323 pattern was 

modified to obtain continuous envelope for the smaller antenna diameters used in the 

analysis. 

The Monte Carlo analysis based on the representative system characteristics 

suggested that the relative interference statistics are dependent on the receiver 

antenna diameter and elevation. At 10° elevation, the reductions introduced in the 

new radiation pattern's sidelobe and far lobe envelopes give rise to a decreased long 

term interference at the small receive antennas (D/X < 100). In the case of large 

receive antennas (D/, t z 100), although the new pattern sidelobe and far lobe 

envelopes are decreased, the inclusion of a spillover lobe reduces the impact of this 

modification on the mid-term and long term interference. Therefore, very similar 

interference statistics were calculated for both antennas. It was noted that when the 

elevation angle is 90°, the resultant statistics no longer include interference entries 

coming through the modified far sidelobes. 
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From the analysis, it is reasonable to conclude that the use of the Rec. 1428 radiation 

pattern instead of the Rec. 1323 radiation pattern does not have a significant impact 

on the feasibility of the spectrum sharing with regard to the calculation of epfdao�, � 
limits as the short term interference statistics for both patterns do not differ 

significantly. 

In Chapter 4, final consideration was given to the analysis of the NGSO FSS 

interference peaks. For this purpose, the analytical approach aiming to determine the 

degradation at the GSO FSS link C/(N+I) ratio resulting from the NGSO FSS 

interference peaks, and to relate this to the calculation of the epfddow� limits was 
implemented. In the application of the method, the GSO FSS C/(N+I) was 

calculated assuming that the NGSO FSS interference corresponds to the maximum 

tolerable epfd level. The results were compared against the synchronisation loss 

criterion which is dependent on the modulation and coding used in the GSO FSS 

link. 

The analysis showed that the near on-beam interference entries at the GSO FSS 

receive antennas may reduce the C/(N+I) ratio to a level where the modem may 
loose synchronisation. The degree of severity is largely determined by the type of 

modulation and coding employed in the GSO FSS link. In particular, it was noted 

that the protection of the large GSO FSS receive antennas with the use of epfd limits 

may not be feasible without an excessive burden on the NGSO FSS systems. 

7.5 Chapter 5 

Chapter 5 provided a review of key issues related to NGSO FSS and FS spectrum 

sharing. Initially, a summary of the regulatory requirements and the relevant ITU_R 

recommendations was presented. This was followed by a brief outline of sharing 

methodologies employed in the previous studies. 

The findings of the literature review suggested that ITU-R Radio Regulations Article 

S. 21 defines maximum EIRP and minimum elevation angle limits applicable to 
Earth stations of fixed satellite service to protect FS links from ground path 
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interference. In addition, power flux density limits are specified to limit interference 

from satellites. These limits are defined for a single satellite as a function of an 
interference path angle of arrival at the Earth's surface. 

It was noted that a number of recommendations are in use defining performance and 

availability objectives of FS links. These objectives specify the total allowable 
degradation of the FS links attributable to the combined effects of thermal noise, 
interference within the system and interference from other systems. In order to 

determine the allowable degradation levels due to interference from other systems as 

a permissible fraction of the total allowable degradation in performance and 

availability of the FS links, further recommendations have been developed. One of 

the key issues is how to partition the allowable degradation due to interference from 

all other systems into the allowance attributable a single NGSO FSS system. 

It was observed from previous studies concerned with interference from NGSO FSS 

satellites into FS links that investigations primarily addressed the suitability of 
Article S. 21 power flux density limits. In general, simulation methodologies were 

applied to derive interference statistics at FS receivers pointing at an azimuth 

resulting worst case interference levels. The worst case approach was used to ensure 

protection for all possible interference alignments. In addition, FS link parameters 

were either based on representative characteristics taken from ITU-R 

Recommendations or real system values provided by the operators. Various 

methodologies were proposed to derive interference criteria for the protection of FS 

receivers. 

The review of previous studies investigating terrestrial interference paths from 
NGSO FSS Earth station transmitters into FS receivers suggested that a minimum 

required separation distance approach was employed to avoid harmful interference. 

In these studies, using transmitter and receiver characteristics, minimum required 
distance calculations were carried out assuming clear line-of-sight propagation 

conditions which represents the worst case conditions. By repeating separation 
distance calculations for all azimuths, a two dimensional exclusion zone was 
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calculated which represented a region around FS receiver where the operation of an 

NGSO FSS Earth station transmitter would not be possible without a risk of causing 

unacceptable interference. Interference mitigation techniques including high 

performance antennas, power control, dynamic channel assignment and relatively 

higher minimum elevation angle were proposed to improve the sharing conditions. 

It was noted that, at Ka band frequencies, point-to-multipoint and mesh fixed 

wireless access networks are planned for operation. Previous studies argued that the 

co-existence of NGSO FSS Earth stations and fixed wireless access networks in the 

same geographical area may not be feasible due to the potential for the high density 

deployment. Therefore, various interference mitigation techniques and a band 

segmentation scheme were proposed to accommodate both systems. 

7.6 Chapter 6 

Chapter 6 presented the author's work into the development of spectrum sharing 

methodologies to assess the feasibility of NGSO FSS and FS system co-existence at 
Ku and Ka band frequencies. 

It was observed from the literature that the analysis of interference from NGSO FSS 

satellites into FS links (i. e. downlink interference) is generally based on calculating 

and comparing aggregate interference statistics (primarily derived from simulation 

analysis) against the FS link interference criteria which are defined relative to the FS 

receiver noise power. This approach gives an initial insight into the NGSO FSS / FS 

downlink sharing environment. 

In Chapter 6, a more precise analysis method combining analytic worst case 

interference modelling, dynamic deterministic simulation analysis and terrestrial link 

propagation fading statistics was developed for examining the impact of interference 

from NGSO FSS satellites into FS links. The method is based on modelling joint 

effects of aggregate NGSO FSS interference and FS link received power statistics. 

Aggregate interference statistics are derived from simulation modelling comprising 

an NGSO FSS constellation (modelled fully by taking individual beam patterns and 
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transmission characteristics into account) and an FS receiver (pointing at its worst- 

case azimuth). In the simulation analysis, propagation effects are modelled using 
free space and atmospheric loss mechanisms as the interference paths are assumed to 

be line-of-sight. The FS link received power statistics are calculated from multipath 

and rain fading prediction methods defined in Rec. 530. The analysis method is 

completed by convolving the aggregate interference and the FS link received power 

probability density functions. The result of the convolution is the FS receiver C/N+I 

probability density function which is then converted to a cumulative distribution 

function and compared against the FS link C/N+I objectives to determine if the 

degradation due to joint effects of interference and wanted path fading is at an 

acceptable level. 

The application of the analysis method was demonstrated using the representative 

systems. In this process, initially, the simplified FS link design procedure was 
developed to derive representative link parameters. The FS link interference criteria 

derivation method was then described. This method takes account of new 

definitions of error performance objectives and relates them to conventional bit error 

rate performance requirements which are then used to derive the interference criteria. 

The analytic approach was applied for the calculation of potential single entry 
interference values to be used to validate the aggregate interference statistics 

obtained from the simulation modelling. The simulation scenario was developed to 

derive aggregate interference statistics. The key simulation design parameters were 
identified (including the maximum number of visible satellites, the service area 

covered by each beam, the maximum number of co-frequency beams per satellite 

and receiver elevation angle and azimuth pointing) and incorporated into the model. 

Linear interpolation was applied to remove the discontinuity resulting from the 

addition of rain and multipath fading statistics of the FS link and to obtain a 

complete distribution (i. e. up to 100%) which is required by the convolution process. 

In addition, a similar approach was taken to make the interference and FS link fading 

probability density function bin size equal which is also required by the convolution 
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process. After convolution, the resultant probability density function was 

normalised and validated. 

In addition to the above defined downlink interference analysis procedure, sharing 

analysis methods were developed in order to investigate the implications of single 

entry and aggregate interference from NGSO FSS Earth station transmitters into 

FS receivers (i. e. terrestrial interference paths). 

The review of the previous studies suggested that the terrestrial interference path 
analysis primarily considered the single entry interference path and was based on 
deriving a separation distance which would achieve a required propagation loss to 

reduce interference and, therefore, to satisfy a receiver interference limit. In most 
cases, in line with the assumption of a high density urban deployment, the free space 

model was employed for calculating propagation loss values. 

In this study, the implications of both single entry and aggregate interference were 

examined. For the purposes of single entry interference analysis, the combined 

effects of the free space and diffraction over spherical Earth mechanisms were 
incorporated into the propagation model developed during the course of this 

research. 

The model is based on an iterative process where a calculation of a required 

exclusion distance at which a required transmission loss (based on satisfying a 
receiver long term interference criterion) becomes equal to a loss contributed by the 

propagation medium is implemented. In the iterative calculations, the model applies 
free space propagation for line-of-sight distances (assuming a smooth Earth surface) 
and introduces the additional spherical Earth diffraction loss for distances beyond 

the line-of-sight. This approach results in more realistic exclusion distances between 

an FS receiver and an NGSO FSS transmitter than those would be obtained by 

applying only the free space propagation loss model to the distances beyond the line- 

of-sight which are related to an NGSO FSS Earth station transmitter being located 

on or very near to an FS receiver main lobe. The calculation of exclusion distances 

are implemented for each receiver azimuth interval and the area of sector wedges are 
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summed to arrive at an exclusion area in which an NGSO FSS transmitter can not 

operate without risk of causing interference into an FS receiver. 

Although the use of the smooth Earth assumption is still a pessimistic approach as 

the additional loss due to local clutter is not taken into account, this method provides 

a good initial insight into the feasibility of spectrum sharing in that the calculated 

exclusion areas ensure satisfactory protection generic co-existence scenarios. 

The use of the single entry interference analysis method was demonstrated by 

investigating interference between representative systems comprising NGSO FSS 

Earth station transmitters (operating at 20° and 40° elevation), point-to-point FS 

receiver and fixed wireless access point-to-multipoint base station and subscriber 

receivers. The analysis involved 

9 Development of the worst case interference alignments where the FS receivers 

were assumed to be operating at the same azimuth plane as the NGSO FSS 

transmitters. 

" Determination of the maximum line-of-sight range (using a smooth Earth 

assumption) as a function of the transmitter and the receiver antenna heights. 

Examination of the implications of the FS receiver antenna radiation patterns and 

noise figures as well as the NGSO FSS transmitter elevation angles on the 

required exclusion areas. 

Evaluation of the introduction of the additional spherical diffraction loss for 

beyond line-of-sight distances. 

" Investigation of the interference alignments where an NGSO FSS Earth station 

transmitter was located very close to a point-to-multipoint base station receiver 

which was positioned at a top of a high building and operating within the NGSO 

FSS transmitter boresight. 

Incorporation of the point-to-multipoint base station receiver antenna azimuth 

and elevation radiation patterns into the separation distance calculations. 
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The single entry interference analysis indicated that when the NGSO FSS Earth 

station transmitter operates near the FS receiver antenna boresight or the highly 

elevated FS base station receiver is within the NGSO FSS transmitter boresight, co- 
frequency operation within the same urban area may not be possible. The likelihood 

of these interference alignments occurring within a given sharing environment was 
investigated by developing a novel aggregate interference analysis methodology 

employing a Monte Carlo simulation technique combined with a generic building 

blockage prediction procedure. 

The Monte Carlo simulation approach employed in this study takes the implications 

of multiple interfering sources into consideration. The simulations comprise a large 

number of trials and, at each trial, a population of potential interferers is randomly 
located, at a specified geographic density, within an area of a specified radius. 
Interference is then aggregated at a victim receiver (positioned at the centre of the 

simulation area. ) considering the significant propagation mechanisms. The 

simulation results are in the form of a cumulative distribution function, indicating 

the proportion of the receiver locations that are likely to suffer a particular level of 
interference from multiple interferers. 

In order to take account of the probability of line-of-sight interference path between 

potential interferers and a victim receiver in a generic urban sharing scenario, the 
Monte Carlo simulator was combined with a building blockage statistical model 
defined in ITU-R Rec. 1410. The model considers the ratio of land covered by 
buildings to total land, the density of buildings (buildings/km2) and the distribution 

of building height in calculating the line-of-sight probability which is determined 

from the combination of the probabilities that each building lying in the propagation 

path is below the height of the propagation path joining the transmitter and receiver. 

The Monte Carlo simulator combined with the building blockage statistical model 
was used to calculate the aggregate interference at each trial by applying the free 

space propagation model to each line-of-sight interfering path. 
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In the application of the above described model to examine interference between 

representative systems, the size of the areas over which the trials are implemented 

was calculated as a function of the antenna heights using a smooth Earth 

approximation. The transmitter antenna heights were assumed to be uniformly 

distributed between the two values specified. 

The method taking account of the interfering system carrier bandwidth, frequency re- 

use pattern, multiple access technique and the receiver bandwidth was described to 

calculate the geographical density of the NGSO FSS Earth station transmitters. An 

artificial exclusion area of a radius of 50 metres was introduced around an FS 

receiver when locating NGSO FSS Earth station transmitters randomly at each 

Monte Carlo trial to prevent situations where the co-located transmitter and receiver 

antennas operate simultaneously at the same frequency. Finally, sensitivity analysis 

was carried out to examine the implications of the use of different interferer density 

and the transmitter and receiver antenna heights. 

The use of the aggregate interference analysis model to examine the feasibility of 

spectrum sharing for the representative systems suggested that the percentage of 
locations likely to suffer from NGSO FSS interference increases when the NGSO 

FSS transmitter density is increased for a given set of blockage model parameters 

and transmitter/receiver characteristics and the FS receiver and NGSO FSS 

transmitter antenna heights are increased for a given set of blockage model 

parameters and a transmitter density. 

7.7 Further work 

Ever greater demand for bandwidth has led to a growing interest in the use of 

frequencies above Ka band. Known variously as V-band, the 37-52 GHz region is 

now being targeted for future systems operating in both FS and FSS allocations. The 

FSS systems have been primarily filed in the US are a mixture of GSO and NGSO 

systems. One of their main characteristics is the high level of frequency reuse they 

achieve through the use of very small spot beams. This will enable the various 

systems to offer cost effective broadband services to a relatively large number of 
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users equipped with transceiver terminals. FS systems to be deployed at these high 

frequencies are also able to operate with high levels of frequency re-use. 

Further study might usefully be directed towards an investigation of the FS and FSS 

co-existence at V-band frequencies. Perhaps the most important factor needs to be 

examined is the propagation impairment, in particular atmospheric gas absorption 

and degradations due to rain. In addition, a study of the implications of system 

design technologies employed at these frequencies might also be an interesting 

research activity. 

Another potential research area might be the development of measurement 

procedures to be applied for the identification of NGSO FSS systems causing 

harmful interference when they are operational. The measurement procedures might 

comprise computer controlled steerable antennas and spectrum analysers. The 

repeatability of the interference measurements might probably be the most important 

parameter. In addition, the capability of measuring level, time duration and 

frequency of interference together with the transmission characteristics (i. e. 

modulation and bit rate) might be required in identifying the interfering NGSO FSS 

system. 
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