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1  EX E C UT IV E SUM M A R Y 
The outcome of task 3.3 of WP3 entitled “technology adaption and design” is included in this 
deliverable. Based on the defined work plan and parameter/technique definitions in D3.1 and D3.2, this 
deliverable focuses on performance assessment and adaptation of database and interference modelling, 
spectrum sensing/SINR estimation, and carrier allocation and beamforming in the selected CoRaSat 
scenarios. Furthermore, this deliverable addresses developing new technologies in order to address 
specific requirements of the cognitive satellite communications. In evaluating the performance results, 
specific attention is given to the key performance indicators including the system throughput, and 
geographical availability. Based on the main conclusions of this deliverable, system integration as 
planned in Task 3.4 will be made which will be the foundation of system demonstration in WP4. 

 

Following system description and methodology, we begin the technique description and analyses by 
evaluation of database and interference modelling to obtain the cognitive zones. Cognitive zones are 
defined as geographical areas beyond which the cognitive terminals can freely access the cognitive 
careers without extra efforts. Several databases are presented for BSS feeder links in Scenario A, and 
FS links in Scenario B, e.g. UK OFCOM database for BSS feeder links, Luxembourg SES database for 
BSS feeder links, ITU-R BRIFIC database for the global terrestrial networks, etc. By applying ITU-R 
recommended interference evaluation, it is shown that for example a vast geographical areas is available 
for downlink communication in the bands 17.3-17.7 GHz and 17.7-19.7 GHz without needing extra 
cognitive efforts.  

 

Additionally, spectrum sensing and SINR estimation techniques are presented and evaluated for cases 
where no or incomplete database is available. While the spectrum sensing techniques (e.g., energy 
detection and cyclostationary feature detection) allows to sense the presence of the incumbent system 
without discerning from the thermal noise, the SINR based estimation technique allows to discover and 
estimate the incumbent system power level, thus allowing a finer exploitation of the spectrum utilization 
techniques discussed in the following. The efficiency of the proposed techniques particularly in the 
presence of FSS beam is shown to be promising. 

Following spectrum awareness techniques, spectrum utilization techniques are dealt with by focusing 
on carrier allocation and beamforming. SINR estimation obtained through the considered spectrum 
awareness techniques are used to drive carrier allocation and beamforming. Carrier allocation optimally 
assign carriers to users   to maximize the total throughput. Beamforming using multiple-LNB antennas 
is adopted to cancel out strong interferences when the estimated terminal SINR results below a specific 
value. Performance assessment show that by applying carrier allocation and beamforming huge gains 
can be achieved in Scenario A and B. 
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2  SC OP E A ND  ST R U CT U RE  O F  T H E DO CU M E N T 
The present document summarizes the activities which were carried out and the analysis and simulations 
results which were produced in the context of Task 3.3 “Technology Adaptation and Design”.  The 
objective of this deliverable is to present the CoRaSat enabling techniques described preliminary in D3.2 
for each scenario, propose improvement, and analyze their performance. More specifically, the cognitive 
technologies are adapted in order to meet the specific challenges related to the scenarios of interest and 
are integrated so that they can be used for performance evaluation and comparison.  

The remainder of this document is structured as follows:  

Chapter 3 describes in detail the WP3 methodology and specifies the functional blocks of cognitive 
technologies. 

Chapter 4 describes in detail the database assisted cognitive zone technique with the underlying 
interference modelling to determine the integrated interference at specific geographical locations. 

Chapter 5 analyze spectrum sensing in the context of CoRaSat scenarios. 

Chapter 6 focus on carrier allocation in scenario A, B, and C as well as power control in Scenario C. 
Furthermore, beamforming at the terminal side is analyzed in order to improve the performance. 

Finally, Chapter 7 concludes the document by summarizing the main results and findings. 
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3  ME T H OD O LO G Y 
In this section, we intend to describe the system design and methodology which is followed in the 
subsequent sections in order to adapt and design the underlying technologies. First, we introduce the 
under studied satellite system, as well as the considered scenarios. This is followed by description of the 
technical methodology including spectrum awareness and spectrum utilization modules.  

 System Description Summary 
The system analysed in CoRaSat refers to a satellite network operating in the Ka band and providing 
broadband access to user terminals. It supports a wide range of services among which Internet services 
(email, file sharing, P2P, P2M, voice and video-conferencing, video download or streaming in SD, HD 
or 3D format), backhaul services as well as e-health, e-learning and e-commerce and remote monitoring 
services.  
The satellite network provides connectivity between the user terminals and anchor gateways, which are 
also connected to the Public Internet. An anchor gateway can typically serve up to ten thousands of user 
terminals (professional market) or up to hundred thousands of terminals (consumer market) in a star 
topology. The system's geostationary satellite also named "high throughput satellite" typically generates 
between several tens and several hundred beams to achieve high transmission and reception gains 
towards the user terminals distributed across its service area. Multi beam coverage allows to implement 
a frequency re-use scheme which allocates a given frequency band and polarisation to a "group" of non-
adjacent beams. Typically a frequency re-use factor of 4 is adopted in such multibeam satellite network. 

 

Fig. 3.1. Illustration of a frequency re-use pattern in a multi beam satellite (reuse factor 4) 

In order to accommodate the ever increasing demand for bandwidth and cost per Mbps reduction, the 
satellite throughput has to be maximised. This can be achieved by 

 

x Reducing the beam width, typically well below 0.3°. 

x Increasing the number of frequency bands allocated per beam, by using for example non-
exclusive FSS frequency bands that are shared between FSS and other services (e.g, FS or 
BSS in this system scenario). 

x Efficient waveforms robust towards signal degradation thanks to interference mitigation 
techniques including ground-based signal processing. 

In the document, we assume that the satellite network is based on state of the art radio interfaces, such 
as: 

x Forward link: TDM based DVB-S2 and its upcoming evolution DVB-Sx. 

x Return link: MF-TDMA based DVB-RCS2. 
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[or similar radio interfaces, which operate in a comparable manner and have similar functionality but 
could use proprietary air interface technologies.] 
 

 

Fig. 3.2. Overall satellite network architecture 

As depicted above, the system encompasses: 
x A space segment composed by at least one geostationary satellite. Each satellite allows to 

establish bi-directional links between a set of gateways (GW) and the user terminals, thanks to 
a set of feeder and user beams. 

x A ground segment which includes: 

- A set of anchor gateways which are in charge of transmitting and receiving data, control 
and management traffic to or from the user terminals. 

- A Telemetry Tracking and Control (TTC) station to transmit and receive information to or 
from the space segment. 

- A Satellite Control Center (SCC) which aims at monitoring and controlling the space 
segment. 

- A Network Control Center (NCC) in charge of managing the set of gateways. 

x A user segment which is composed of a set of user terminals. The user terminal is connected to 
a local area network in order to deliver the useful traffic to the end user. Each terminal includes 
a reception and a transmission RF chains. The size of the terminal dish is typically 75 cm, while 
its power ranges between 2 and 4 W. 
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The network connecting the anchor GWs and the user terminals follows a star topology. A backbone 
network, which is not part of the access network, is in charge of interconnecting the SCC, the NCC, the 
GWs, the TTC and the Internet Service Providers (ISPs), namely to convey management and control 
traffics. 
 
A forward (respectively return) link is divided into a feeder (respectively a user) uplink and a user 
(respectively a feeder) downlink. 
We consider 2 possible frequency plans based on a 4 color scheme. 
A nominal frequency plan is illustrated in Fig. 3-3: 

x The user downlink is assigned the exclusive FSS band (namely [19.7 - 20.2] GHz) and a portion 
of the Ka-band spectrum primarily shared with BSS (namely [17.3 – 17.7] GHz) and FS (namely 
[17.7 - 19.7] GHz). Thus the frequency plan assigned to the user downlink features 2,9 GHz of 
spectrum on two orthogonal circular polarisation. This corresponds to a 1.4 GHz spectrum 
allocation per beam, according to a regular four-color scheme (including a frequency guard 
band between 18.7 and 18.8 GHz). This enables an "increase" of the useful spectrum by 5.6 (= 
1,4/0,25 GHz) with respect to systems operating in the exclusive FSS band only. 

x Regarding the user uplink, the system uses the exclusive FSS band (namely [29.5 - 30] GHz) 
as well as the band [27.5 - 29.5] GHz shared with FS. Thus the frequency plan assigned to the 
user downlink features 2.5 GHz of spectrum on two orthogonal circular polarisation. This 
corresponds to a 1.25 GHz spectrum allocation per beam, according to a regular four-color 
scheme. This enables an "increase" of the useful spectrum by 5 (= 1.25/0.25 GHz) with respect 
to systems operating in the exclusive FSS band only. 

 

Fig. 3.3. Nominal frequency plan for the FSS satellite system 

An alternative frequency plan illustrated in Fig. 3-4: 
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x The user downlink is assigned the exclusive FSS band (namely [19.7 - 20.2] GHz) but also a 
portion of the Ka-band spectrum primarily shared with BSS (namely [17.3 – 17.7] GHz) and 
FS (namely [17.7 - 19.7] GHz). Thus the frequency plan assigned to the user downlink features 
2.9 GHz of spectrum on two orthogonal circular polarisation. This corresponds to a 1.4 GHz 
spectrum allocation per beam, according to a regular four-color scheme (including a frequency 
guard band between 18.7 GHz and 18.8 GHz). This enables an "increase" of the useful spectrum 
by 5.6 (= 1.4/0.25 GHz) with respect to systems operating in the exclusive FSS band only. 

x Regarding the user uplink, the system uses the exclusive FSS band (namely [29.5 - 30] GHz) 
as well as the band [28,4465 - 28,9465] GHz shared with FS. Thus the frequency plan assigned 
to the user downlink features 1 GHz of spectrum on two orthogonal circular polarisation. This 
corresponds to a 500 MHz spectrum allocation per beam, according to a regular four-color 
scheme. This enables an "increase" of the useful spectrum by 2 (= 1/0.5 GHz) with respect to 
systems operating in the exclusive FSS band only. 

 

 

Fig. 3.4. Alternative frequency plan for the FSS satellite system 

In both cases, we assume that the feeder link uses spectrum at Q (downlink) and V (uplink) bands. 
Portions of Ka-band that are not used on the user uplink, could also be used so as to maximise the 
forward capacity per gateway, and thus reduce the number of gateways. 
The use of cognitive radio techniques in the network is expected to allow the use of frequency bands 
shared with FS and BSS in order to increase the overall system throughput at comparable QoS than a 
satellite network operating in exclusive FSS bands only. This is the objective of CoRaSat 
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 Scenario Description Summary 
The three Ka band scenario’s being addressed have been defined in previous deliverables. Scenario A 
and B are down link scenario’s where the incumbent user is BSS and FS (in the 17.3-19.7 GHz bands) 
respectively. As such, the cognitive FSS terminal does not impose interference to the incumbent users 
but may experience the interference, and thus there is no need for any regulatory change. The issue here 
is to provide sufficient information to prospective users in order to give confidence that their installed 
terminals will operate and that the available techniques will work. Scenario C on the other hand entails 
the FSS terminal operating in uplink and thus is a potential interferer to the incumbent FS links operating 
in the 28GHz region. In this scenario, there has to be demonstration that the FSS will not interfere with 
the incumbent FS links. This could require some regulatory changes if we can demonstrate that in some 
geographical regions it is possible to operate with a power level that would not interfere the incumbent 
users. Currently, in Europe due to the CEPT fragmentation of the 28 GHz bands, as mentioned in the 
previous subsection, it is only possible to operate in the satellite exclusive parts which are insufficient 
to meet future demands, as the traffic demand for the uplink is not high.  

Given that the FSS user terminals have to transmit as well as receive, Scenario C is linked to Scenario 
B. However, as the current ratio of down to upstream for satellite internet is around 6:1 and increasing, 
there is less demand for the upstream than downstream bandwidth. Below is the more detailed 
description of each scenario.   
x Scenario A considers a case where a downlink FSS terminal coexist with the incumbent BSS 

feeder links in the 17.3-17.7 GHz band. Since the BSS feeder links work in the uplink, the 
interference is from BSS uplinks into FSS downlinks.  There are relatively few BSS uplinks in 
Europe (see D 2.2 Table 11) and it should therefore be possible to operate FSS terminals in most 
of Europe. Thus the approach here will be to obtain a data base of BSS links and to produce 
cognitive zones for defined interference thresholds, for each country outside of which FSS will be 
able to operate. Only if it were required to place an FSS inside such a zone would other cognitive 
schemes be necessary. If we can demonstrate that such zones are small there may be no need to 
address such cognitive techniques and the zones themselves will be sufficient for FSS planning in 
this band. Representative BSS data bases will be used in such an evaluation. Other BSS data bases 
will be sought. 

x Scenario B works in the downlink in 17.7-19.7 GHz band. The incumbent users in this scenario 
are terrestrial FS microwave links.  The interference is from the FS links to the FSS Rx terminal. 
Here, there will be many interference paths as the number of FS links is large, e.g. 13,000 in the 
UK. However, not all will cause interference at a particular site. Thus a data base will be used in 
conjunction with the interference modelling to evaluate cognitive contours as in scenario B. The 
results of this can then be used as a first indication for appropriate FSS siting. Positions falling 
inside cognitive zones would then need to consider one or more cognitive schemes to allow them 
to operate. The zones will also form an input to the evaluation of an overall system gain evaluation 
for different levels of cognitive improvement. If there is no data base available in time from a 
regulator, we will investigate the use of the ITU Terrestrial BRIFIC data base in selected countries.   

x Scenario C includes a FSS terminal which works in the uplink band 27.5-29.5 GHz where the 
incumbent users are FS microwave links. Here, the interference is from the FSS to the incumbent 
FS. Only 500MHz is available exclusively for FSS terminal uplink in this band, but for the ITU 
recommendation the remainder is shared, and for the current CEPT recommendation, the band is 
segmented to FS and FSS portions. This is shown in Fig. 3-5. 
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Fig. 3.5. Scenario C: band segment. 

 
Existing gateways use the FS portions on a coordination basis, but uncoordinated terminals 
(VSAT) are only allowed in the exclusive 500 MHz portion of the band. Here we can investigate 
sharing on the basis of a rapid coordination scheme only for FSS terminals, which would then 
be licensed on a network basis. The use of cognitive zones could be a useful guideline for 
potential users especially if we use power limitation as a parameter. An FS data base would be 
needed on a country by country basis.(n.b. such a database will not be available in some 
countries, e.g. the UK, as the frequency bands have been sold off and the regulatory bodies does 
not hold a detailed database of the deployed services). We will also look at the possibility of 
geographic areas where FSS could operate on a shared basis with a cap on the power output. 

 WP3 Methodology Summary 
In order to assess the feasibility of sharing the same frequency bands between incumbent and cognitive 
FSS terminals, a proper methodology should be defined, aiming to evaluate this possibility. 

The methodology that will be used in the WP3 is represented in the Fig. 3.6, where the scheme is 
composed by three main blocks. 
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Fig. 3.6. The WP3 Methodology 

The first block takes into account the Scenario-level analysis; in this block each selected scenario is 
analysed by focusing on those input parameters that should be taken into account for the operation of 
the incumbent/cognitive systems, and on the QoS targets, that represent the minimum constraints per 
scenario to be respected during the incumbent/cognitive coexistence. The QoS targets include both the 
power levels and emission limits to be respected in order to avoid interference among incumbent and 
cognitive systems, and the QoS levels to be respected in order allow the use of some selected 
applications. 

The system input parameters and QoS targets are populated by considering the Satellite Manufacturers 
and Operators, while ITU-T Recommendations are considered when populating the ITU-R power levels 
of the QoS Targets. 

Both the system input parameters and QoS targets act as input with respect to the spectrum awareness 
and interference modelling block, which is based on some selected CR techniques configured through 
the Cognitive Operational Parameters. These technique-specific parameters will be optimized during 
simulations to meet the QoS targets given the input parameters. The output of the scenario-level analysis 
is a cognitive zone for each available FSS carrier in the shared spectrum, which is defined as the 
geographical area in which the carrier can only be used by employing cognitive techniques. Its boundary 
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will be defined by a given interference threshold. This means that outside of the ‘Cognitive zone’ the 
interference will be acceptable. 

The second block operates on a network management level and aims at optimizing the allocation of 
available resources, while employing interference management techniques. At a first level, carrier 
allocation techniques will be exploited in order to allocate the resources including the shared and 
exclusive spectrum to FSS terminals within the beam. As shall be shown later, in this deliverable we 
employ a SINR based carrier assignment scheme. However, depending on different conditions and the 
underlying shortcomings of the SINR only based carrier allocation, more intelligent carrier allocation 
schemes can be designed. In order to enlarge the cognitive zones, interference management techniques 
will be considered as well, such as power control (scenario C) and beamforming.  

The third block refers to the system level integration, where the analysis carried out in the different 
scenarios is compared in order to have a system level view. Within this block proper Key Performance 
Indicators (KPIs) will be used for comparing the performance of the different techniques and scenarios, 
as described in the following section. These KPIs are defined in the following subsection. 
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4  CO GN I TI VE ZO N E  A ND DA TA B AS E  
This section gives information on database modeling and provides some analytical results of database 
statistics. Applications of cognitive zones are investigated to provide typical zone plots of the selected 
scenarios. The shortcomings of proposed database mechanism adapted to CoRaSat scenarios are 
discussed and the potential mitigations proposed. 

 Database Modelling 
The database modeling approach adopted has already been described in D 3.2 and herein we add to this 
only in areas of detail that are needed for the evaluations.   We discuss how the interference evaluation 
results are reflected as cognitive zones and present examples of these for scenario A and B. We further 
determine the areas where further action needs to be performed to mitigate interference and thus to bring 
system gain. 

4.1.1 Database Summary 
In order to simulate the interference level received at an FSS location for the scenarios, the statistical 
analysis of BSS/FS databases in terms of transceiver locations and carrier frequency/bandwidth will be 
made. As reviewed in D3.2 [16], these data bases are held almost exclusively by national regulators but 
we have secured a BSS and an 18GHz FS data base for the UK from OFCOM. In addition we have 
available a partial 18GHz data base from ANFR [17] for France and the ITU based BR IFIC [18] data 
base for the same country. Other data bases have been sourced from the BR IFIC. These allow us to 
make some comparisons especially on the spectrum actually used in the countries. We also investigate 
how we can produce generic data bases in cases where we do not have actual data bases available. A 
database typically consists of a full list of sites and locations, power levels, carrier information as well 
as antenna details. 
The UK BSS data base that was used for Scenario A shows that there are 442 carriers from a total of 31 
BSS uplink earth stations at 8 sites, to 12 different satellites. The number of carriers of each BSS earth 
station ranges from 1 to 42. The carriers span the range 17.3195 GHz to 18.349375 GHz. The 
bandwidths of the carriers that belong to the same BSS earth station are the same while those that belong 
to different earth stations might be different and range from 26MHz, 33MHz, 36MHz to 66MHz. The 
equivalent isotropically radiated power (EIRP) of these earth station antennas ranges from 69dBW-
84dBW and all antenna radiation patterns are defined in ITU Recommendation S.465 [19] or S.580 [20]. 

FS data bases at 18 and 28GHz are required to evaluate scenarios B and C respectively.  The UK data 
base (17.7 to 19.7GHz) is much larger that the BSS with some 15,000 entries for the UK. The French 
data base at 18GHz dates from 2012 and contains 10,212 FS entries. However this is only partially 
complete as the power and carrier designations are not included.  At the moment we do not have access 
to an actual 28GHz data base, and for the UK this will not be forthcoming as the regulator has sold off 
parts of this band and does not have a record of its use. We understand from an FM 44 document that 
the 28GHz band is not used for FS in France. We analyse in this document one data base in this band 
from Slovenia. 

In addition we have obtained the latest ITU-R terrestrial services BR IFIC data base, which includes 
information on the frequency assignments/allotments submitted by administrations to the 
Radiocommunication Bureau for recording in the Master International Frequency Register and in the 
various regional or worldwide Plans. It contains the International Frequency List (IFL), including all the 
frequencies prescribed for common use; the frequency assignment/allotment Plans for Terrestrial 
services; and notices under treatment in accordance with Article 11 for updating of the Master Register. 

http://en.wikipedia.org/wiki/Equivalent_isotropically_radiated_power
http://www.itu.int/ITU-R/terrestrial/docs/brific/files/preface/PREFACE_EN.PDF#page=8
http://www.itu.int/ITU-R/terrestrial/docs/brific/files/preface/PREFACE_EN.PDF#page=8
http://www.itu.int/ITU-R/terrestrial/docs/brific/files/preface/PREFACE_EN.PDF#page=9
http://www.itu.int/ITU-R/terrestrial/docs/brific/files/preface/PREFACE_EN.PDF#page=9
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It is noted that not all links have been recorded in this data base as the parameters for the UK and French 
18GHz FS links differ considerably from those that we have available from the regulators direct.  
 Using the BR-IFIC and statistical information from the available data bases may allow us to extrapolate 
to other countries.  

4.1.2 Interference Modelling 
Interference may arise through a range of propagation mechanisms whose individual dominance 
depends on climate, radio frequency, time percentage of interest, distance and path topography. An 
interference model using ITU R Recommendation P.452-15 [21] will be used for modelling the 
interference path losses. ITU R P.452-15 is the latest version of this ITU Recommendation that contains 
a prediction method for the evaluation of paths loss between stations on the surface of the Earth at 
frequencies from about 0.1 GHz to 50 GHz. Thus all the relevant interference path loss calculation for 
all three scenarios can be derived by using this model in appropriate software. This model has been 
reviewed in D3.2 [16] briefly considering long and short-term interference, which can be expected to be 
present for at least 20% and 0.01% of the average year. Propagation effects include line of sight, 
diffraction, tropospheric scatter, surface ducting and anomalous propagation (ducting and layer 
reflection/refraction). For the purposes of the terrestrial propagation modelling hydrometeor scattering 
will be neglected at it has a very low probability of occurrence (see D3.2 for more details). 

The interference signal is treated as a noise like signal within its stated bandwidth. To ease the 
calculations of the I/N in the victims bandwidth, D3.2 [16] indicates that the interfering power spectral 
density of the interfering signal will firstly be based on 1 MHz of bandwidth. This interfering power 
spectrum is stored for various geometries along with the bandwidths involved. A second process takes 
these data and translates it to I/N at the victim receiver. Further translation to other KPIs is also possible 
as a third process. A typical interference threshold for FSS reception (as a spectral power density in 
dBW/MHz) was also determined in D3.2 [16], which are -153.4dBW/MHz and -145.8 dBW/MHz for 
the long term and short term interference spectral power density, respectively. 

4.1.2.1.1 Modeling parameters 
The source and modeling approach used for a number of physical and radio-metrological parameters 
used in the modeling tool has also been outlined in D 3.2 [16] but extra data is required as follows. 

 
1. Surface level N0 average value and 'N average value 

ITU-R P.452 path propagation model requires two climatological parameters, which are required for 
the diffraction and troposcatter sub-models respectively. The “average” annual value of 'N (N-
units/km) represents the difference in the values of the refractivity at the surface and 1000m above 
the surface and N0 (N-units) represents the “average” sea level value of surface refractivity. 
“Average” is normally interpreted as “median”. In P.452 these maps are given in paper form 
(originally drawn by Bean et al in 1966 based on 112 radiosonde stations from 4 months of each of 
5 years).  
 
2. Radio Climate Zone Type 

Some of the propagation elements of the model in P.452 require knowledge of the Radio Climatic 
Zones as detailed in Table 3 in D3.2 [16]. The chosen source for obtaining the Radio Climatic Zone 
for a given latitude and longitude is the ITU Digitised World Map (IDWM) [22] Subroutine Library 
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(32-bit). This package was purchased from the ITU. To facilitate fast access to the data for a chosen 
location whilst minimizing memory utilization the IDWM data has been translated to a smaller binary 
file for the specific region of interest. The C# file handing of binary data permits the direct access to 
the byte of interest using the seek feature. 

3. Terrain Height Data 

Use is made of the modified SRTM ‘90m’ data available from the CGIAR-CSI GeoPortal [23]. The 
NASA Shuttle Radar Topographic Mission (SRTM) has provided digital elevation data (DEMs) for 
over 80% of the globe. The SRTM digital elevation data, produced by NASA originally provided 
accurate digital mapping of the world. The SRTM digital elevation data provided by the CGIAR-
CSI GeoPortal has been processed to fill data voids, and to facilitate ease of use by a wide group of 
potential users for the entire world. The data files obtained online were translated to binary format 
with the data being stored as 4 byte integer format. This facilitates fast access to the specific data in 
the file using the C# seek method. 

 
     4. Coastline Data Base 

For determination of the coastline in the modelling use is made of the Global Self-consistent, 
Hierarchical, High resolution Geography Database (GSHHG) [24] from the US NOAA National 
Geophysical Data Center. 

In addition bandwidth mapping is needed to match the transmitter and receiver signals. In general two 
cases exist, firstly when a wideband signal interferes with a narrow band signal which is shown as Fig. 
4.1 and secondly the inverse situation shown as Fig. 4.2. For the first case it is clear that the interference 
within the victims bandwidth is the product of the interferer power spectrum density and receiver 
bandwidth if the two spectra overlap completely. However, for the second case, there are no known 
theoretical models to apply. But a simplistic empirical model is often employed where the interfering 
power is spread over the wider victims receiver bandwidth. If there exists more than one interfering 
carriers in the victims receiving bandwidth they all need to be spread and the interfering powers 
summed. We have conducted experiments in the laboratory to verify this approach and the details can 
be found in D3.2 [16]. 

 
Fig. 4.1 Interference case when the interfering BW is wider than the victim bandwidth 
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Fig. 4.2 Interference case when the interfering BW is narrower than the victim bandwidth 

 

4.1.3 Cognitive Zones 
The Cognitive Zone is defined in D3.2 [16] as the geographical area around an incumbent user station 
where cognitive radio technique should be employed to mitigate the interference to an acceptable level. 
In other words, the interference outside of this area is below the acceptable interference threshold thus 
cognitive radio techniques are not necessary. In the case of Scenario A&B the zones will be calculated 
around the FSS cognitive receiver using the data bases for BSS and FS respectively. In the case of 
scenario C they will be calculated in respect of the FS links as the incumbent being potentially interfered 
with by the FSS uplink. In both cases the interference levels will be calculated, contours produced and 
using system parameters the I/N values. 

Generally, the determination of the cognitive zone depends on the acceptable interference threshold and 
interference modeling. The cognitive zones will be expressed by the selection of noise floor contours so 
that the area inside the contour is where cognitive approaches will be required to reduce the impact of 
the interference. Outside of the contour no action is required.  

In taking this concept further the interference calculation at different locations should be based on a 
carrier by carrier basis according to different scenario assumptions using more detailed path modelling. 
In other words, for the incumbent BSS/FS stations operating multiple carriers, multiple cognitive zones 
would be produced mapping to different carriers.   

It should also be noted that Cognitive Zone definition applies to Scenarios A, B and C but can be 
implemented differently. In particular, in scenario A&B, cognitive zones should be around each BSS/FS 
stations and produced for each carrier. It is possible that for a particular location there are more than one 
incumbent interference sources in dense BSS/FS areas for the same carrier frequency.  This means that 
at this location and for this particular carrier, the individual cognitive zones for the two or more BSS/FS 
stations overlap and thus the interference needs to be summed.  While in scenario C, the cognitive zones 
also depend on the number of FSS stations in the vicinity of the FS and hence the cognitive zone will 
be a function of the FSS density.  

The output files of I and I/N will be extensive due to the number of carriers involved and the bandwidth 
and thus we will examine ways in which we can compress and present this data. 
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  Data Base Statistics  
This section provides details and statistical analysis results of UK and France FS databases of 17.7-19.7 
GHz fixed links for use in modeling. The UK and French databases are supplied by UK regulator 
(OFCOM) and from the ITU-R Terrestrial Services BRIFIC, respectively. The UK FS database was 
provided to the University of Surrey by OFCOM UK in May 2014 following a request by the University 
under the UK Freedom of Information Act and is bound by its terms and conditions. The ITU BRIFIC 
for Terrestrial Services was purchased by the University from the ITU and again terms and conditions 
apply.  Other data bases have been obtained from the ITU BR IFIC. 

 

4.2.1 18 GHz FS UK Database  
Here we outline the information of the FS database supplied by OFCOM UK (under the UK Freedom 
Of Information act) and provide the basis for a comprehensive analysis with the aim of better 
understanding the interference modeling in CoRaSat. The carrier data from OFCOM shows that there 
are 15970 carrier records and information of each carrier record can be found in D 3.2. The statistic 
analytical results of such information are provided with comprehensive explanation in following 
subsections. 

4.2.1.1 Carriers and Links  

We define link as the path from a transmit site in the direction of a specific receive site. In other words, 
the number of links is the total number of carrier records with unique transmitter and receiver. There are 
a total of 12712 links and 15970 carrier records registered in OFCOM, which are shown in Fig. 4.3. To 
further explore the situation of link distribution, the band of interest 17.7-19.7 GHz is split into 20 x 
100MHz sub bands and the link plots for each sub band between 17.7 and 18.7 GHz are also illustrated 
in this figure. It is noted that in some sub bands the links are quite sparse. It is to be noted that the link 
plots for each sub band between 18.7 and 19.7 GHz are the same as that between 17.7 and 18.7 GHz 
because the latter are the return links of the former. 

The single carrier bandwidths range from 3.5 to 110 MHz with typical values such as 7, 13.5, 27.5 and 
55 MHz, etc. Each specific link contains 1 to 16 carriers (channels) with variable bandwidth from 3.5 
to 440 MHz, which is listed as Table 4.1. The bandwidth of links with a single carrier and bandwidth of 
all carrier records are also illustrated as histograms in Fig. 4.4 and Fig. 4.5. 
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Fig. 4.3  FS Links registered by OFCOM and links for each sub band from 17.7-18.7 GHz 
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Table 4.1 Number of Carrier per link and the link bandwidth 

Number of carriers per 
link 

Number of links with the specific 
carrier number 

Bandwidth range of each 
link (MHz) 

1 10226 (80.44%) 3.5, 7, 10, 13.75, 20,  
27.5, 55, 110 

2 2040 (16.05%) 7, 10.5,14,17.25, 20.75, 
27, 27.5, 31, 33.75, 34.5, 
37.5, 40, 41.25, 55, 58.5, 
62, 68.75, 82.5, 110, 220 

3 236 (1.86%) 17.5, 21, 24, 24.25, 27.75, 
34, 34.5, 38, 41.5, 48.25, 
55, 62, 68.75, 69, 75.75, 
82.5, 89.5, 110, 137.5, 

165 
4 172 (1.35%) 21, 28, 41.5, 48.5, 55, 

55.25, 61.5, 64.5, 69, 82, 
82.5, 89.5, 95, 96.5, 110, 
124, 137.5, 151.25, 165, 

220 
5 14 (0.11%) 55.25, 96.5,103.25, 137.5, 

192.5, 206.25 
6 6 (<0.1%) 83, 138, 165  
8 14 (0.11%) 97, 193, 220 
9 2 (<0.1%) 247.5 

16 2 (<0.1%) 440 
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Fig. 4.4 Histogram of the link bandwidths (single carrier case) in percentage 

   
 
 

 
 

Fig. 4.5 Histogram of channel bandwidths of full records in percentage 
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Link distance 

The link lengths deduced from the OFCOM UK data ranges from 94.6 m to 60.468 km and histogram 
is shown as Fig. 4.6 with the link percentage illustrated. 
 

 

 
Fig. 4.6 Histogram of link distance in percentage 

Link density 
To show the FS link density over the UK, the number of transmitter with the corresponding percentage 
of total transmitter numbers are indicated from longitude -8 to 2 and latitude 50 to 59 in 0.125 by 0.125 
degree boxes. Fig. 4.7 compares the link density with population density in UK and it can be seen that 
there is a correlation between the two densities. We have so far not been able to find a mathematical 
expression to link the parameters. We had considered that if this were available we could use population 
density statistics to generate link densities for further evaluations.  

 
                   

Fig. 4.7 Population density in the UK (left) compared to the FS Link density (right) 
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4.2.1.2 Antennas  

The OFCOM FS data contains transmitter and receiver antenna information for each carrier records. 
Note that the transmitter of one link is always the receiver of the return link so the histogram of 
transmitter is the same as that of the receiver. 

Histograms of antenna heights above ground level, antenna gain, beam width and a pie chart of antenna 
size are shown as follows: 

 

 
 

Fig. 4.8  Histogram of antenna height in percentage 

 
 

Fig. 4.9 Histogram of antenna gain in percentage 
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Fig. 4.10 Pie chart of antenna size in percentage 

 
 

 

 
Fig. 4.11 Histogram of antenna beam width in percentage 

4.2.1.3 Transmission power and EIRP 

 

Histograms of transmission power, EIRP, EIRP per MHz are provided as following: 
 
 
 



ICT−316779 CoRaSat Deliverable D3.3 

Release 1.0 pag. 26 of 154 

 

 
Fig. 4.12 Histogram of transmission power in percentage 

 

 

 
Fig. 4.13  Histogram of EIRP in percentage 
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Fig. 4.14  Histogram of EIRP in percentage 

 

 

4.2.1.4 Spectrum Occupancy  
 
The OFCOM FS database indicates that the whole spectrum band of interest (17.7 to 19.7GHz) is 
occupied in the UK except for a few tiny segments (up to 34 MHz).  
Moreover, it is shown that in this database carrier reuse is quite normal. There are always multiple 
records for a specific carrier frequency with different transmitter and receiver locations, which means 
the carrier is reused spatially. 
To further explore the carrier distribution over the band of interest, the whole band was split into 200 
segments with 10 MHz bandwidth each. Numbers of carrier on each segment (both completely and 
partially) are illustrated as Fig. 4.15. It can be seen that there is a gap in the middle of the whole band 
and this is because the distribution of forward links on one side and return links on the other one. Some 
similarity is also shown in this carrier distribution pattern between forward links and return links. 
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Fig. 4.15 Carrier distribution over the whole band of interest 

 

 

4.2.2 18 GHz FS France Database 
This section outlines the information contained in the ITU BRIFIC FS database for France and provides 
data needed for the comprehensive analysis for the interference modeling. 

The BRIFIC FS database for France shows that there are 11548 links and 17384 carriers recorded in the 
band of interest and each record contains the same information categories as OFCOM UK but without 
receiver antenna height above ground level. 

 
The statistic-analytical results of such information are provided with comprehensive explanation in 
following subsections. 

 

4.2.2.1 Carriers and Links  

There are total 11648 links registered in this database, which are shown as Fig. 4.16. The single carrier 
bandwidths range from 3.5 to 140 MHz with typical values such as 7.5, 13.7, 27.5, and 55 MHz, etc. 
Each specific link has 1 to 12 carriers (channels) with bandwidth from 3.5 to 550 MHz, which is listed 
as Table 4.2.  The bandwidths of all carriers are also illustrated as histogram Fig. 4.17. 
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Fig. 4.16 BRIFIC FRANCE FS links 

Table 4.2 Number of carrier per link and bandwidth 

Number of carriers 
for each link 

Number of links with the 
specific carrier number 

Bandwidth range of each link (MHz) 

1 7263 (62.4%) 3.5, 7.5, 13.7, 13.8, 23.9, 27,27.5,32, 
47, 55, 140 

2 3686 (31.6%) 15, 27.4, 35, 41.2, 55, 68.7, 82.5, 110 
3 279 (2.40%) 41.1, 42.5, 54.9, 68.7, 82.4, 82.5, 

110, 123.7, 137.5, 165 
4 318 (2.73%) 54.8, 82.4, 96.2, 110, 137.4, 165, 220 
5 24  (0.21%) 109.9, 137.4, 137.5, 192.5, 247.5, 

275 
6 53 (0.46%) 165, 220, 275 
7 4 (0.03%) 192.5, 302.5 
8 18 (0.15%) 220, 330, 385, 440 
9 2 (0.02%) 247.5 

12 1(<0.01%) 550 
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Fig. 4.17 Histogram of channel bandwidths of full BRIFIC FRANCE FS carrier records 

 

Link distance 

The link lengths deduced from the BRIFIC France FS data range from 110.53 m to 44.17 km and 
histogram of link number against link distance is shown as Fig. 4.18. 
 
 

 

 
Fig. 4.18 Histogram of link distances 
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Link density 
To show the FS link density over the France, number of transmitter with the corresponding percentage 
out of total transmitter number are indicated from longitude -6 to 10 and latitude 41 to 52 in 0.125 by 
0.125 degree boxes. Fig. 4.19 compares the link density with population density in the France. It can be 
seen that there is not so much visible correlation between the two densities as for the UK and again we 
have not been able to find a mathematical relationship between them..  
 
 

    

Fig. 4.19 Population density in the France (left) compared to the FS Link density (right) 

4.2.2.2 Antennas  

Similar to the OFCOM UK data, BRIFIC France FS data also contains some antenna information. Note 
that there is no Rx antenna height information recorded in this database and no other antenna information 
such as the antenna type, size and beam width.  However, as most links are bidirectional the transmitter 
height data can be considered as representative of the receiver antenna height data. Histograms of 
antenna height above ground level, antenna gain and a pie chart of antenna size are provided as 
following: 
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Fig. 4.20 Histogram of antenna heights 

 

 

 

Fig. 4.21 Histogram of antenna gain in percentage 
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Fig. 4.22 Pie chart of antenna size 

 

4.2.2.3 Transmission power and EIRP 

 

Histograms of transmission power, EIRP, EIRP per MHz are provided as following: 

 

 

 
Fig. 4.23 Histogram of transmission power 
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Fig. 4.24 Histogram of EIRP in percentage 

 

 

 
Fig. 4.25 Histogram of as EIRP per MHz in percentage 
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4.2.2.4 Spectrum Occupancy  

 
BRIFIC FS database shows that 87.1% of the whole spectrum band of interest is occupied in France 
except for few tiny segments with maximum bandwidth 71 MHz. 

 
The FS carrier reuse is quite normal in France and similar to the OFCOM UK FS database, numbers of 
carriers on every 10 MHz spectrum segment (both completely and partially) over the whole band are 
also illustrated as Fig. 4.26 and carrier distribution patterns of forward links and return links also show 
very high similarity. 

 

 
Fig. 4.26 Carrier distribution over the whole band of interest 

 

4.2.3 18 GHz FS Hungary Database 
This section outlines the information of the ITU BRIFIC FS database for Hungary. The BRIFIC FS 
database for Hungary shows that there are 1977 links and 2401 carriers recorded in the band of interest 
and each record contains the same information categories as for the BRIFIC France data. 

 
The statistic-analytical results of such information are provided with comprehensive explanations in 
following subsections. 
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4.2.3.1 Carriers and Links  
There are total 1977 links registered in this database, which are shown as Fig. 4.27. The single carrier 
bandwidths range from 14 to 55 MHz with typical values such as 27.5 and 55 MHz, etc. Each specific 
link contains 1 to 7 carriers (channels) with variable bandwidth from 14 to 385 MHz, which is listed as 
Table 4.3. The bandwidth of all carrier records is also illustrated as histograms in Fig. 4.28. 

 

 

 
 

Fig. 4.27  FS Links registered in BRIFIC 

 
Table 4.3 Number of carrier per link and bandwidth 

Number of carriers per 
link 

Number of links with the specific 
carrier number 

Bandwidth range of each 
link (MHz) 

1 1661 (84.02%) 14, 27.5, 28, 34, 36.5, 55 
2 252 (12.75%) 55, 55.5, 56, 73, 82.5, 83, 

91.5, 110 
3 34 (1.72%) 83, 110, 128, 137.5, 138, 

146.5, 165 
4 20 (1.01%) 183, 192.5, 220 
5 8 (0.40%) 275 
7 2 (0.10%) 385 
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Fig. 4.28 Histogram of channel bandwidths of full records in percentage 

 

Link distance 

The link lengths deduced from the BRIFIC Hungary FS data ranges from 69.81 m to 37.02 km and 
histogram is shown as Fig. 4.29 with the link percentage illustrated. 
 
 

 
Fig. 4.29 Histogram of link distance in percentage 
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4.2.3.2 Antennas  

Similar to the BRIFIC France FS data, Hungary FS data also contains antenna information. Note that 
there is no Rx antenna height information recorded in this database and no other antenna information 
such as the antenna type, size and beam width.  However, as most links are bidirectional the transmitter 
height data can be considered as representative of the receiver antenna height data. 

Histograms of antenna height above ground level, antenna gain and a pie chart of antenna size are 
provided as following: 

 
Fig. 4.30  Histogram of antenna height in percentage 

 
Fig. 4.31 Histogram of antenna gain in percentage 
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Fig. 4.32 Pie chart of antenna size in percentage 

4.2.3.3 Transmission power and EIRP 

Histograms of transmission power, EIRP, EIRP per MHz are provided as following: 

 

Fig. 4.33 Histogram of transmission power in percentage 
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Fig. 4.34 Histogram of EIRP in percentage 

 
 

Fig. 4.35  Histogram of EIRP in percentage 

4.2.3.4 Spectrum Occupancy  
The Hungary FS database indicates that the 97.64% of the spectrum band (17.7 to 19.7GHz) is occupied 
in the Hungary. The only unoccupied segment is from 18.6765 to 18.7238 GHz. 
As we did in our previous analysis, the whole band is split into 200 segments with 10 MHz bandwidth 
each. Numbers of carrier on each segment (both completely and partially) are illustrated as Fig. 4.36. 
The unoccupied segment in the middle of the whole band can be found in the Figure. This is because 
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the distribution of forward links is on one side and return links is on the other. Some similarity is also 
shown in this carrier distribution pattern between forward links and return links. 

 
Fig. 4.36 Carrier distribution over the whole band of interest 

4.2.4 18 GHz FS Slovenia Database 
This section outlines the information of the ITU BRIFIC FS database for Slovenia.   

The BRIFIC FS database for Slovenia shows that there are 1192 links and 1242 carriers recorded in the 
band of interest and each record contain same information categories as BRIFIC France data. 
The statistic analytical results of such information are provided with comprehensive explanation in the 
following subsections. 

4.2.4.1 Carriers and Links  
There are a total 1192 links registered in this database, which are shown as Fig. 4.37. The single carrier 
bandwidths range from 1.75 to 55 MHz with typical values such as 7.5, 13.7, 27.5, and 55 MHz, etc. 
Each specific link contains 1 to 3 carriers (channels) with variable bandwidth from 1.75 to 137.5 MHz, 
which is listed as.  The bandwidth of all carrier records is also illustrated as histograms in Fig. 4.38. 
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Fig. 4.37  BRIFIC Slovenia FS links 

 

Table 4.4 Number of carrier per link and bandwidth 

Number of carriers 
for each link 

Number of links with the 
specific carrier number 

Bandwidth range of each link (MHz) 

1 1146 (96.14%) 1.75, 3.5, 7, 7.5, 13.7, 13.8, 14, 17, 2
7, 27.5, 28, 35, 55 

2 42 (3.52%) 20.7, 27.4, 34.5, 41.2, 55, 62, 110 
3 4 (0.34%) 82.5, 137.5 

 
 

 

Fig. 4.38 Histogram of channel bandwidths of full BRIFIC Slovenia FS carrier records 
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Link distance 

The link lengths deduced from the BRIFIC Slovenia FS data ranges from 234 m to 49.94 km and 
histogram is shown as Fig. 4.39 with the link percentage illustrated. 

 
Fig. 4.39 Histogram of link distance in percentage 

4.2.4.2 Antennas  

Similar to the BRIFIC France FS data, Slovenia FS data also contains some antenna information. Note 
that there is no Rx antenna height information recorded in this database and no other antenna information 
such as the antenna type, size and beam width.  However, as most links are bidirectional the transmitter 
height data can be considered as representative of the receiver antenna height data. 

Histograms of antenna height above ground level, antenna gain and a pie chart of antenna size are 
provided as following: 
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Fig. 4.40  Histogram of antenna height in percentage 

 

 
 

Fig. 4.41 Histogram of antenna gain in percentage 
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Fig. 4.42 Pie chart of antenna size in percentage 

 

4.2.4.3 Transmission power and EIRP 

 

Histograms of transmission power, EIRP, EIRP per MHz are provided as following: 

 

Fig. 4.43 Histogram of transmission power in percentage 
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Fig. 4.44 Histogram of EIRP in percentage 

 
 

Fig. 4.45  Histogram of EIRP in percentage 

4.2.4.4 Spectrum Occupancy  
BRIFIC FS database shows that 82.84% of the spectrum band (17.7 to 19.7GHz) is occupied in the 
Slovenia. As we did in our previous analysis, the whole band is split into 200 segments with 10 MHz 
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bandwidth each. Numbers of carrier on each segment (both completely and partially) are illustrated as 
Fig. 4.46. The unoccupied segment in the middle of the whole band can be found in the Figure. This is 
because the distribution of forward links on one side and return links on the other one. Some similarity 
is also shown in this carrier distribution pattern between forward links and return links. 

 
Fig. 4.46 Carrier distribution over the whole band of interest 

4.2.5 28 GHz FS Slovenia Database 
There are 3,336 records in the ITU-BRIFIC (Terrestrial) indicating 28 GHz links in Slovenia. 

The data indicates a potential mix of point to point and point to multipoint services. This complicates 
the analysis of these data which is still ongoing and the results will be considered further in D3.4 relating 
to scenario C. 

4.2.6 Artificial FS link modelling and creation 
Although some FS databases for the UK and the France have been obtained, availability of FS database 
across the whole of Europe is still an issue. As a consequence, artificial FS database modeling could be 
necessary for the countries where no such relevant data can be obtained.  We have analyzed the known 
data in terms of probability distributions where appropriate. Use has been made of the MATLAB 
Dfittool to find appropriate distribution of the existing FS data, such as antenna heights, EIRP, link 
distance and so on. The results could then be used to potentially create artificial FS links accordingly 
for those countries with no FS data available. Two examples are provided as Fig. 4.47 and Fig. 4.48 to 
show how the artificial variables fit actual data.  
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Fig. 4.47 OFCOM UK FS antenna height distribution fitting: Lognormal distribution 
                        with mean 2.855 and standard deviation 0.637. 

 

 
 
Fig. 4.48 BRIFIC FRANCE FS antenna height distribution fitting: T-location scale 

distribution with location parameter 28.819,  scale parameter 11.563 and shape parameter 4.176. 

 

Work on the artificial generation of data bases has not gone beyond the initial modelling stage of 
parameters at the moment. It can be developed further for use in simulation evaluations or statistical 
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modelling but is not seen as a primary element in interference modelling or data base use which needs 
current and reliable data base information. 

4.2.7 Conclusion 
This section provides some observations of previous analyzed FS databases on bandwidth, occupancy, 
antennas, EIRPs and path lengths. A comparison is given in Table 4.5 for the 18GHz FS data bases 
analysed. It is to be noted that some of the results in the table are representative figures selected from 
previous detailed results for comparison. The density of links varies between countries with the UK 
being very high. The use of the links also varies with the UK mostly using them for mobile backhaul in 
comparison with France using them more for long haul infrastructure. In the smaller countries of 
Hungary and Slovenia there seems to be more star networks which could indicate mobile backhaul. In 
general the ranges of bandwidth per carrier, link lengths antenna sizes and eirp’s are very similar. The 
use dictates the latter and we note that France has higher antenna towers and larger antenna gains for 
slightly longer links than the others. The range of transmitted eirp is very similar peaking around 25-
30dBW which is well below the maximum allowed level of 55dBW. This is reflected in the smaller 
numbers of carriers used on individual links which is the most striking feature. On average across all of 
the countries analysed over 95% of the links have less than or equal to 2 carriers present and use less 
than 5% of the overall 2GHz bandwidth. This is despite over 80% of the total spectrum being shown as 
occupied in total. The point is that it is not all being occupied at the same point. This is a very 
encouraging result for the proposed cognitive system as a very large portion of the spectrum can be used 
for FSS without overlapping FS usage. Of course it is not the same spectrum at each location but this is 
where the cognitive system can play a role in freeing up over 90% of the 2GHz overall.   

 
Table 4.5 18 GHz database comparison 

Country No.of links Bandwidth(MHz) Length(km) Antenna height(m) 
Antenna 
Gain(dB) 

UK 12712 3.5 to 110 2 to 10 15 to 20 32 to 34 

France 11548 3.5 to 140 2 to 10 25 to 30 38 to 39 

Hungary 1977 14 to 55 2 to 11 35 to 40 37 to 42 

Slovenia 1192 1.75 to 55 2 to 11 10 to 20 38 to 39 

Country Tx power (dBW) EIRP (dBW) single carrier links 2 carrier links 1/2 carrier links 

UK -14 to -8 20 to 26 80.44% 16.05% 96.49% 

France -14 to -7 25 to 31 62.40% 31.60% 94.00% 

Hungary -14 to -11 18 to 22 84.02% 12.75% 96.77% 

Slovenia -26 to -21 23 to 29 96.14% 3.52% 99.66% 

 

We have attempted to investigate the use of the statistics to model parameters and to use these to generate 
artificial data bases. We have seen that this is possible for densities and power levels for examples and 
have shown some examples. However attempts to model link density with population density was not 
successful and thus the use of this method for artificially generating data bases has not progressed. 

 Application of Cognitive zone to Scenarios 
Application of cognitive zone presentation is mainly to indicate the area where the interference to FSS 
or to FS exceeds the assumed threshold so that the cognitive techniques need to be performed herein. In 
this section, typical examples of cognitive zone for three scenarios in CoRaSat are provided with 
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comprehensive description. The plots are based on the full ITU-R P452-15 propagation model 
employing the terrain and climatic zones as detailed in an earlier deliverable. The results are for long 
term (20%) interference with 100m terrain resolution. In addition, accumulated interference at each 
particular location of UK is also calculated. For scenario A this is also used to plot cognitive zones as 
area analysis in the same sub-band of interest across the UK. The results of area analysis in scenario A 
are included in the Appendix. For scenario B interference power spectrum density against frequency at 
some selected locations are provided as examples for spectrum availability analysis. 

4.3.1 Scenario A 
We have evaluated two cases. The first is for the UK where we had the OFCOM BSS data base and the 
second was for Luxembourg where we had data provided by SES. 
In the UK cognitive zones in scenario A are around 31 BSS earth stations in the UK and interference is 
from BSS stations to FSS terminals. In accord with table 19 of CoRaSat deliverable D3.1, three sets of 
FSS data are used.  
 
Set FSS1 has a satellite located at 53 degrees E longitude. 
Set FSS2 has a satellite located at 0 degrees E longitude. 
Set FSS3 has a satellite located at 34 degrees W longitude. 
 
 
The records used for the 87 computer runs are indicated in the table below. 

 
Table 4.6 UK cases in Scenario A  

 

 

 

Assignment NumberFREQUENCYCHANNEL SPACINGNAME STATIONLONG LAT EIRP NTENNA RAD PATELEVATIONAZIMUTH POLARN EMISSION ANTENNA GAINSAT_NAMESAT_LONG
GHz MHz WGS84 WGS84 dBW degs degs class dBi deg

1 17.339 36 BSS1 -1.39856 51.11095 80.6 REC-580 28.34 154.23 H 33M0G7W 58.6 SAT1 19.2
41 17.339 36 BSS2 -1.39856 51.11095 82 REC-580 28.35 154.22 H 33M0G7W 60 SAT1 19.2
81 17.339 36 BSS3 -1.39856 51.11095 80 REC-580 25.2 143.8 L 33M0G7W 60 SAT2 28.2

121 17.32748 33 BSS4 -1.39856 51.11095 75.1 REC-580 31.19 172.05 D 33M0G7W 58 SAT3 4.8
201 17.6515 36 BSS6 -1.39856 51.11095 78 REC-580 25.2 143.8 L 33M0G7W 55 SAT2 28.2
203 17.596 36 BSS7 -0.17595 51.73057 75.36 REC-580 30.19 168.37 H 36M0G7WWN 61.8 SAT4 9
204 17.339 33 BSS8 -0.17657 51.7299 75.1 REC-580 28.09 155.86 V 33M0G7WWW 57.9 SAT1 19.2
206 17.63436 33 BSS9 -0.17645 51.73004 75 REC-580 13.61 120.9 L 33M0G7WWW 60.2 SAT5 52.5
208 17.82616 33 BSS10 -0.17652 51.73053 72.89 REC-580 30.62 173.67 L 33M0G7WWW 59.7 SAT3 4.8
209 17.864 33 BSS10 -0.1764 51.73055 75.06 REC-580 29.52 163.4 L 33M0G7WWN 59.7 SAT6 13
211 17.711 36 BSS10 -0.57552 51.61524 76.2 REC-580 31 175.3 V 27M5G1WDN 60.2 SAT7 3.1
215 17.71108 66 BSS12 -0.57593 51.61576 76.7 REC-580 26.3 147.2 V 33M0G1WDN 56 SAT2 28.2
216 17.845 66 BSS12 -0.57593 51.61576 76.7 REC-580 26.3 147.2 V 33M0G1WDN 56 SAT2 28.2
218 17.339 33 BSS13 -1.4266 50.9606 78.99 REC-580 25.39 143.6 L 33M0G7FDX 61.1 SAT2 28.2
298 17.339 33 BSS15 -1.42769 50.9609 78.59 REC-580 25.29 143.6 D 33M0G7FDT 61 SAT2 28.2
337 17.749 36 BSS16 -0.67945 52.03584 76 REC-465 30.26 173.06 V 36M0G7WWC 55 SAT3 4.8
341 17.339 26 BSS17 1.288092 52.06016 71.25 REC-580 25.4 147.23 D 35M0G7W 61 SAT2 28.2
351 17.339 33 BSS18 -1.2825 50.96417 78.99 REC-580 25.39 143.95 L 33M0G7FDX 61.1 SAT2 28.2
406 17.90288 33 BSS20 -1.2825 50.96417 74.4 REC-580 25.2 143.8 L 33M0G7W 55 SAT2 28.2
408 17.32748 36 BSS21 -0.57545 51.61513 69.1 REC-580 30.1 168.1 H 36M0G1WDN 59.1 SAT4 9
410 17.55764 33 BSS22 -0.17601 51.73002 75.91 REC-580 13.61 120.9 H 33M0G7WWW 59.1 SAT8 52.5
417 17.495 36 BSS23 -0.17611 51.73056 74.7 REC-580 25.16 145.47 H 36M0G7WWN 61.8 SAT2 28.2
424 17.903 33 BSS24 -0.48348 52.23798 75.1 REC-580 30.26 180.65 H 33M0G1WDN 59.1 SAT10 -1
425 17.749 36 BSS25 -2.30615 53.47191 84 REC-580 28.58 171.18 V 36M0G7WWC 61.3 SAT3 4.8
429 17.67272 33 BSS26 -0.17595 51.73057 79 REC-580 30.45 188.67 L 27M5G7WWW 61.3 SAT11 -7
430 17.596 36 BSS27 -0.17653 51.73048 75.2 REC-580 30.18 168.38 L 36M0G7WWW 59.7 SAT4 9
432 17.495 33 BSS28 -0.11458 51.52355 74 REC-580 25.15 145.47 L 33M0G7WWW 50.7 SAT2 28.2
433 17.378 33 BSS29 -1.39979 51.11231 78 REC-580 25.23 143.87 H 33M0G1F- 62.5 SAT2 28.2
442 17.74944 33 BSS30 -5.18602 50.05004 81.3 REC-580 26.67 215.09 H 33M0G1F-T 61.3 SAT12 -33.5
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In the Luxembourg using data supplied by SES some results of analysis BSS earth station at Betzdorf  
are also provided. The cases presented are  

 

Table 4.2 Number of carrier per link and bandwidth 

 

 
Two examples of cognitive zone are provided as Fig. 4.49 and Fig. 4.50. The purple line indicates the 
direction of BSS beam to the satellite while the green line indicates the direction of FSS beam to the 
satellite. It can be seen that the cognitive zones from the full model are much smaller and differently 
shaped compared with the ones under free space model. This is because the diffraction effect based on 
the terrain data is considered in the full model while the free space loss model only includes line of sight 
propagation loss, which reflects the fact that the terrain height data based diffraction effect is extremely 
significant in cognitive zone accuracy. 
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Fig. 4.49 Example of Cognitive zone in the UK with free space propagation model (upper) and 

full ITU model (lower)  
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Fig. 4.50 Example of Cognitive zone in the Luxembourg with free space propagation model 

(upper) and full ITU model (lower) 

 

In both of the above cases the importance of using the full model is evident and the importance of 
diffraction to be included in the model. BSS stations are usually carefully selected to make use of local 
shielding and a LoS model does not pick this up. 

 

Application of Cognitive zone: Area analysis  
Based on the available individual cognitive zone, area analysis is provided for the UK by adding all the 
individual interference from different BSS antennas in the same sub-band of interest and then plotting 
as cognitive zones.  As the cognitive zones do not appear to change much with different FSS pointing 
only the FSS1 case is presented. 
The band of interested in scenario A, 17.3-17.7GHz is split into 10 x 40 MHz sub bands. These mirror 
the usual 40 MHz channel spacing adopted for BSS satellites. 
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Table 4.8. 17.3-17.7 GHz sub-bands 

Assignment 

Number 

 

NAME 

STATION 

 

LONG 

Degs 

 

LAT 

Degs 

 

17.3 – 17.7 sub-bands 

--- --- WGS84 WGS84 SB1 SB2 SB3 SB4 5SB SB6 SB7 SB8 SB9 SB10 

1 BSS1 -1.39856 51.11095 1 1 1 1 1 1 1 1 1 1 

41 BSS2 -1.39856 51.11095 1 1 1 1 1 1 1 1 1 1 

81 BSS3 -1.39856 51.11095 1 1 1 1 1 1 1 1 1 1 

121 BSS4 -1.39856 51.11095 2 2 2 2 2 2 2 2 2 2 

201 BSS6 -1.39856 51.11095 0 0 0 0 0 0 0 0 1 0 

203 BSS7 -0.17595 51.73057 0 0 0 0 0 0 0 1 0 0 

204 BSS8 -0.17657 51.7299 1 0 0 0 0 0 1 0 0 0 

206 BSS9 -0.17645 51.73004 0 0 0 0 0 0 0 0 1 1 

208 BSS10 -0.17652 51.73053 0 0 0 0 0 0 0 0 0 0 

209 BSS10 -0.1764 51.73055 0 0 0 0 0 0 0 0 0 0 

211 BSS10 -0.57552 51.61524 0 0 0 0 0 0 0 0 0 0 

215 BSS12 -0.57593 51.61576 0 0 0 0 0 0 0 0 0 1 

216 BSS12 -0.57593 51.61576 1 0 0 0 0 0 0 0 0 0 

218 BSS13 -1.4266 50.9606 2 2 2 2 2 2 2 2 2 2 

298 BSS15 -1.42769 50.9609 2 2 2 2 2 2 2 2 2 2 

337 BSS16 -0.67945 52.03584 0 0 0 0 0 0 0 0 0 0 

341 BSS17 1.288092 52.06016 1 1 1 1 1 1 1 1 1 1 

351 BSS18 -1.2825 50.96417 1 1 1 1 1 1 1 1 1 1 

406 BSS20 -1.2825 50.96417 0 0 0 0 0 0 0 0 0 0 

408 BSS21 -0.57545 51.61513 1 0 0 0 0 0 0 0 0 0 

410 BSS22 -0.17601 51.73002 0 0 0 0 0 0 1 1 1 1 

417 BSS23 -0.17611 51.73056 0 0 0 0 1 0 0 1 0 0 

424 BSS24 -0.48348 52.23798 0 0 0 0 0 0 0 0 0 0 

425 BSS25 -2.30615 53.47191 0 0 0 0 0 0 0 0 0 0 

429 BSS26 -0.17595 51.73057 0 0 0 0 0 0 0 0 0 1 

430 BSS27 -0.17653 51.73048 0 0 0 0 0 0 0 1 0 1 

432 BSS28 -0.11458 51.52355 0 0 0 0 1 0 0 0 0 0 

433 BSS29 -1.39979 51.11231 0 1 1 0 0 0 1 1 0 0 

442 BSS30 -5.18602 50.05004 0 0 0 0 0 0 0 0 0 0 

 
In scenario A, the two values of key interest are those of -155 dBW/MHz (maximum tolerable 
interference threshold) and -145 dBW/MHz (noise floor). Area analysis in term of area percentage of 
the UK with these values are listed in Table 4.9. It can be seen that for the full ITU model the worst case 
at the threshold level is 1.56% of the UK needing special attention and if 10 dB of mitigation is achieved 
(-145 dBW/MHz) then the worst case of 0.4% of the UK needs special attention.  
An example of the cognitive zones for the whole UK is provided as Fig. 4.51, which represents 
interference levels of the sub-band 5, 17.46-17.5 GHz.  It is clear that the terrain limited cases are much 
smaller in area than the LOS as would be expected. On the average the areas are 9 times smaller at the 
-155 dBW/MHz and 3.5 times smaller at the -145 dBW/MHz thresholds. The plots of the other sub-
bands and full data of area analysis can be found in the Appendix. Looking at the results further it can 
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be seen that in general across the sub-bands at a -155 dBW/MHz threshold 98% of the area of the UK 
can be served by an FSS terminal without the need for any further action. Thus, for 2% of the area of 
the UK some mitigation of excess interference may be required. Such mitigation could be achieved by 
suitable site shielding, beam-forming or reallocation to another frequency that is not a problem at this 
specific area. 
If such mitigation measures could result in 12 dB suppression (a very conservative figure) then the 
remaining affected area would be of the order of 0.3% of the area of the UK. Re-farming the spectrum 
of such a small amount of traffic should not represent much of a challenge. 
This is very promising for future FSS deployment as the additional 400 MHz identified in scenario A 
represents an 80% increase over the current exclusive band allocation. 

 
Table 4.9 Area analysis of the UK in Scenario A  

 
17.3-

17.7GHz SB1 SB2 SB3 SB4 SB5 SB6 SB7 SB8 SB9 SB10 
dBW/MHz % UK % UK % UK % UK % UK % UK % UK % UK % UK % UK 

-155 1.06 0.74 0.74 0.73 1.56 0.73 1.05 1.11 1.03 1.28 
-145 0.30 0.24 0.24 0.24 0.40 0.24 0.32 0.34 0.30 0.40 
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Fig. 4.51 Example of accumulated interference based cognitive zone across the UK for the sub-

band 5 (17.46-17.5 GHz)  

 

It is worthy of note that the BSS database supplied by OFCOM also contains the information of the band 
from 17.7 to 18.1 GHz. Consequently, area analysis of this band is also available. 
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Area analysis of the Luxembourg 

Some preliminary assessment of the interference from the BSS uplinks in Luxembourg have been 
performed using confidential data supplied to Corasat. A number of cases (A to B) were analysed. 

 
The cases considered are: 
 

CASE Azimuth Elevation BSS Sat FSS Sat  
A 157.94 30.7 23.5 E 53.0 E 
B 124.17 17.16 54.6 E 53.0 E 
C 157.94 30.7 23.5 E 20.0 W 
D 124.17 17.16 54.6 E 20.0 W 

 

A BSS uplink EIRP of 77 dBW was adopted for 36 MHz wide signals. 

Example results (Case A) are presented in the following three figures 

 
 

 
Case A: LOS results 
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Case A: Full P.452-15 results 

 

 

 

 

 
Case A: Full P.452-15 results, expanded plot 

 

For calculating the area of Luxembourg, it is assumed that the area of Luxemburg is 2,586 square km.  
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Contour areas in square km for a threshold of -155 dBW/MHz and associated percentage area of 
Luxemburg are presented in the table below. 

 
Table 4.10 Area analysis of the Luxembourg at -155 dBW/MHz 

 

 

Contour areas in square km for a threshold of -145 dBW/MHz and associated percentage area of 
Luxemburg are presented in the table below. 

 

Table 4.11 Area analysis of the Luxembourg at -145 dBW/MHz 

 

 

 

It can be seen that compared with results for the UK a very similar conclusion can be reached. Future 
FSS deployment can make use of the additional 400 MHz, from 17.3-17.7GHz except in very small 
areas close to (10-20km max) the BSS. Thus this additional spectrum is available for over 99% of the 
land mass. For those cases where it is essential to locate an FSS within the cognitive zone special 
considerations of site shielding or beamforming could be used.  

 

4.3.2 Scenario B 
 
Cognitive zones in scenario B are around FS stations and interference is from FS microwave stations to 
FSS terminals. An example of cognitive zone in scenario B is provided as Fig. 4.52. The FSS terminal 
is pointing to a satellite at 20 degrees E longitude and the FS transmitting terminal is pointing at a receive 
terminal on a bearing of 110 degrees (ETN) and is located in the East Anglia region of the UK which is 
quite flat in general. As mentioned in previous deliverable, the typical cognitive zone shape in scenario 
B is like a key hole due to more directional antenna pattern of FS microwave links. The same conclusion 
can be reached that the cognitive zone under full model is much smaller than the one under free path 
loss model because of terrain diffraction effect.  
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Fig. 4.52 Example of Cognitive zone with free space propagation model (upper) and full ITU 

model (lower) in Scenario B 

 

Application of Cognitive zone: Spectrum analysis  
Different from the situation in Scenario A, the UK 18GHz FS database comprises much more carrier 
records (15,036 records) over the 2 GHz from 17.7GHz to 19.7GHz. Area analysis across the whole of 
the UK by accumulating interference from such a large number of interferers would cost very long time 
for calculation. Consequently, for scenario B we perform spectrum analysis for a particular location in 
the UK instead of geographical area analysis across the whole of the UK to investigate which carrier(s) 
can be used by FSS at this location. It is to be noted that executed area analysis of scenario A shows the 
area availability for a particular sub-band but this is also to provide the spectrum availability analysis 
for the band of interest in a particular location, which is agreed as required input to the further 
interference mitigation action (e.g. resource allocation or beamforming) in  CoRaSat.  
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This section presents spectrum analysis results of the impact of the UK FS links at 18GHz for a particular 
location in the UK.  Four FSS VSAT terminal sites’ locations are chosen as examples, which are location 
A with lat. of 52.5 degrees, long. of -0.1 degrees; location B with lat. of 51.5 degrees, long. of -0.1 
degrees; location C with lat. of 53.5 degrees, long. of -0.1 degrees and location D with lat. of 53.5 
degrees, long. of -2.5 degrees. For each location impact analysis of interfering FS links is under both 
assumptions of employing LOS propagation model and of employing the full terrain based P.452-15 
model. The analysis results of the four locations with both LOS and full models are shown as eight 
figures totally, which are from Fig. 4.53 to Fig. 4.60. 
 
Software was used to determine interference from each record to a chosen FSS VSAT terminal site. The 
FSS terminal receiver parameters are those agreed in Deliverable D3.2 and presented in previous internal 
reports (known as FSS 1). In each figure, a map of the links that exceed an interference level (PSD) of 
-160 dBW/MHz is presented along with spectrum analysis as a plot of the interference power spectral 
density (PSD) against frequency. Interference PSD is calculated per MHz and presented from 17.7-19.7 
GHz. 
 
At the location A, it can be seen that under LOS model the interference can be from FS links much far 
from the location of interest and all these links are visually pointing at the location A. Only a few of 
them point with some bias but they are located very close so interference is from their side lobes.  
Looking at the interference PSD in Fig. 4.53, more than half of spectrum resource from 17.7 to 19.7GHz 
are available (with interference below the threshold) at the location A under LOS model. However, if 
the full terrain model is considered as in Fig. 4.54, the number of interfering FS links dramatically 
decreases to less than ten, which means less than 0.1% of total FS links would cause problem at location 
A. Therefore the whole of 2 GHz band except for the carriers interfered by these less than 0.1% of total 
FS links can be used by a uncoordinated FSS VSAT terminal site, which is shown as interference PSD 
in Fig. 4.54 with no surprise. 

 

The location B case shows very similar results but more interfering FS links under LOS model. As a 
consequence the available spectrum is less than the case of location A according to the interference PSD 
shown in Fig. 4.55. However, same as the case of location A, under full terrain model the number of 
interfering FS links also dramatically decrease as expected. Thus as the interference PSD shown in 
Fig. 4.56, much more spectrum carriers are available for uncoordinated FSS terminal use compared with 
LOS model, which is consistent with result of location A case. 

 

Similar conclusion can also be reached according to the results shown in Fig. 4.57, Fig. 4.58 for location 
C case and Fig. 4.59, Fig. 4.60 for location D case.  This reflects the fact that in scenario B, although 
the number of FS links are very large but at a particular location, the actual interfering FS links are 
limited due to terrain diffraction effect. Therefore with accurate FS databases, spectrum resource 
allocation is applicable as a further action in scenario B to mitigate the interference by avoiding using 
the interfered carriers.  
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Fig. 4.53 LOS result of all UK FS links, interfering to FSS terminal at location A (lat of 52.5 

degs, long of -0.1 degs) 
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Fig. 4.54 Full terrain model Results result of all UK FS links, interfering to FSS terminal at 
location A(lat of 52.5 degs, long of -0.1 degs) 
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Fig. 4.55 LOS result of all UK FS links, interfering to FSS terminal at location B (lat. of 51.5 

degs, long. of -0.1 degs) 
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Fig. 4.56 Full terrain model results of all UK FS links, interfering to FSS terminal at location B 

(lat. of 51.5 degs, long. of -0.1 degs) 
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Fig. 4.57 LOS result of all UK FS links, interfering to FSS terminal at location C (lat. of 53.5 
degs, long. of -0.1 degs) 
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Fig. 4.58 Full terrain model results of all UK FS links, interfering to FSS terminal at location C 

(lat. of 53.5 degs, long. of -0.1 degs) 
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Fig. 4.59 LOS result of all UK FS links, interfering to FSS terminal at location D (lat. of 53.5 

degs, long. of -2.5 degs) 
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Fig. 4.60 Full terrain model result of all UK FS links, interfering to FSS terminal at location D 

(lat. of 53.5 degs, long. of -2.5 degs) 

 

Extensive and time consuming computations based on the above approach have been conducted for the 
grid of points covering the UK. The grid points cover the latitude range of 50 to 60 degrees in 0.1 degree 
steps and longitude range of -8 to +2 degrees also in 0.1 degree steps. 

These 10,000 datasets will be augmented as further extensive computer runs are completed. 

The interference matrix produced by the above computations is available for use in determining the 
impact of the presence of FS links and the associated KPIs. 



ICT−316779 CoRaSat Deliverable D3.3 

Release 1.0 pag. 70 of 154 

The test points for which data is currently available are indicated in the figure below. 

 

 

 
At each point the interference psd level (dBW/MHz), interference frequency and bandwidth of all 
interferes exceeding the threshold of -160.0 dBW/MHz are stored for further analysis.  

4.3.3 Scenario C 
Cognitive zones in scenario C are around FS stations and interference is from FSS terminals to FS 
microwave station. As discussed earlier this is a much more difficult case to address if we plan to use 
the whole of the shared band. However the HDFSS uplink band has been agreed for uncoordinated earth 
stations in all except for 5 of the EU countries. Thus without any additional work the uplink band could 
be doubled. As the asymmetry in satellite broadband is 4:1 or better there should be sufficient up link 
bandwidth available for the early HTS satellite systems [25]. For those countries not acceding to the 
HDFSS band usage they can be placed in the exclusive band with priority. 

At this point in time we do not have access to an adequate 28GHz data base on which to operate. The 
techniques and software developed for scenario A and B can be used in a similar manner for scenario C 
if we have access to such a data base. The results would be presented in a slightly different format as 
they would give the maximum allowable eirp for the FSS to produce at a given point. In the absence of 
a full data base we have already addressed the case in D 3.1 where we presented results for a single FSS 
location using an approximated propagation model. This demonstrated that the FSS would only affect 
FS locations within circa 10km and the reductions of eirp were given within this zone. In this preliminary 
work (also published in a 2014 Ka band Conference Paper [33]) we also addressed the density of FSS’s 
that could be tolerated to remain within the allowable interference threshold. If we have access to a 
28GHz data base we can now apply the full propagation models for a real distribution of FS links and 
achieve a more realistic result. This will be done in WP 3.4. 
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 Shortcomings and proposed improvements 
A total of 9 databases have been obtained by CoRaSat with analytical statistics, which are BSS database 
for UK (OFCOM), BSS database for Luxembourg, 18GHz FS database for UK (OFCOM and BRIFIC), 
18GHz FS database for France (BRIFIC and TAS), 18GHz FS databases for Hungary (BRIFIC), 18GHz 
FS databases for Slovenia (BRIFIC). However, only one 28GHz FS database obtained is for Slovenia 
(BRIFIC) and a partial one for Belgium. Availability of the databases across the whole of Europe is a 
main issue of the database approach.  

Accuracy and completeness of available databases determine the performance of the database approach. 
Maintaining and updating of databases in time is significant for the operator. Because in CoRaSat the 
incumbent channel is not dynamic as in a mobile system, it is not necessary to update the database so 
frequently. Adding new carriers or links takes time and operators will be required to seek permission 
from regulators in good time for data bases to be updated.   Compared with the accuracy the 
completeness of the database is more serious because the available databases may not include complete 
information. As a consequence, verification of available database via measurements should be 
considered.  

Regulators, satellite operators or trusted third parties can play a role as database operators provided they 
are validated by the regulators. The satellite operators will need to access the data bases or the 
interference levels calculated from them if they are to build them into their resource allocation systems. 
This will need to be resolved at EU level and possibly via the CEPT committees.   

In the proposed database approach, interference modeling is based on ITU-R P.452-15, which includes 
diffraction due to various terrain heights. However, clutter and rain scatter in ITU-R P.452-15 are not 
considered so the interference modeling can also be further improved including clutter and rain scatter 
effects if they are sufficient in some specific cases. However the current use of the diffraction model is 
considered reliable for the 20% availability figures currently used. Updates in the modelling if the ITU 
issue new versions of the models will need to be incorporated into the software. It would be advisable 
to have one agreed version of the software available via the CEPT. 

Regarding each scenario, it can be concluded that there is no real issues in scenario A which can be done 
EU wide and does not need significant change while the situation of Scenario B will be an issue of 
calculation as there are large numbers of FS links. However, it can be seen that the number of interfering 
FS links at a particular location may dramatically decrease due to effect of terrain diffraction. Scenario 
C is also an issue in countries that do not have a single national operator controlled database because 
the availability of an accurate database in such countries would be very difficult. As explained earlier, 
at least in the first phase, the full use of the shared uplink band should be avoided and the HDFSS band 
used in those majority of EU countries that have signed up for uncoordinated earth stations is targeted 
in this band. As a second stage the full cognitive use of the uplink band can be considered but this needs 
more evaluation. 

Based on much of the above, CoRaSat looks at an EU wide coverage and the work is needed to be 
coordinated by an EU organization such as the CEPT. Already the FM 44 group has started to pick up 
the issue of using databases and the software needed for their operation. The work in CoRaSat can act 
as an important input to this group who should take the implementation forward. 

The complete ITU-R P.452-15 methodology (including terrain effects) and calculation facilities used in 
the modeling are now considered to be validated and proven as a suitable means to provided interference 
results for further work in D3.4. 
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5  SP E CT R UM  SE NS IN G  
This section deals with the study of the applicability of the selected spectrum sensing techniques to the 
CoRaSat Scenarios. In particular after a careful review of the considered scenarios in terms of 
applicability of generic spectrum sensing techniques, and in particular by focusing on a proposal of 
spectrum sensing protocol approach to be used, the focus has been on the selected techniques. We have 
firstly reviewed the Energy Detector and Cyclostationary based detector, already introduced in D3.2, by 
showing their main shortcomings. In particular, as it will be evident in the successive subsection where 
the Energy Detector has been applied, in this case it is possible to have a simple detection of the presence 
of the incumbent signal. Due to the fact that in the CoRaSat selected scenarios, the aim is to allow a 
reliable communication of the cognitive users, a simple detection could be a simplistic approach, not 
allowing to exploit completely the shared spectrum environment. This motivates the introduction of an 
interference estimation based sensing, that allows also to estimate the interference level of the incumbent 
signal, thus allowing to better allocate its resources in terms of subcarriers. 

5.1 Spectrum sensing applicability to the selected Scenarios 
This subsection deals with the applicability analysis of spectrum sensing techniques to the selected 
scenarios, by taking into account a general approach, independent from the considered technique. The 
aim is to analyze how a generic spectrum sensing technique could work in the selected scenario rather 
than analyze the performance of a specific spectrum sensing techniques. This analysis is instead 
performed in the following subsection where after a short resume of the techniques already introduced 
in the D3.2, their shortcomings are highlighted for the application on the selected scenarios. To this aim 
a proposal for an alternative spectrum sensing technique is discussed where the interference is also 
estimated instead of a simpler detection as in the energy detection and cyclostationary based detection.  

Operative characteristics, such as the cognitive parameters identified in the D3.1 (sensing periodicity, 
detection technique and complexity, probability of false alarm and detection, bandwidth), are taken into 
account, as well as peculiar characteristics of each specific scenario.  

5.1.1 Scenario A 
As introduced in the previous Sections, in the Scenario A, the FSS terminal downlink might be interfered 
by incumbent BSS feeder links in the 17.3-17.7 GHz band. This condition occurs if the FSS terminal 
partially/fully shares the same bandwidth with a BSS. Since there are relatively few BSS uplinks, as 
previously stated, it should be possible to exploit the geographical reuse in order to achieve a better 
spectrum utilization. To this aim, the FSS terminal can be equipped with a receiving chain able to scan 
all the frequencies of interest and for each of such bands define whether BSS activities are present or 
not.  

As already stated in D3.2, in the Scenario A the spectrum sensing has to cope with the detection of a 
frequency band in which the maximum interference that the BSS may cause against the FSS terminal 
does not exceed a specific limit defined by ITU Recommendation S 1432-1 [26]. Thus, we have 
identified spectrum sensing techniques as potential enabling techniques aiming at providing information 
on incumbent users presence or absence. However, since in this scenario the main problem is not due to 
the interference from the cognitive to the incumbent, but the interference generated by the incumbent 
towards the cognitive system, it would be sufficient to detect/estimate such interference in each band, 
and identify those bands in which the interference level is more tolerable. Then, one of the possible 
bands should be chosen providing the best performance at the FSS terminal, even in the presence of the 
BSS, since the latter will not be interfered. These frequencies are defined as non exclusive since they are 
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assigned to both services with a primary use for feeder uplinks. Therefore, FSS terminals that usually 
operate in the exclusive frequency bands, can additionally use the non exclusive if room is found in order 
to get additional capacity.  

Since spectrum utilization by BSS uplinks is almost constant in time due to its main use for broadcasting 
services, we can assume that very few variations will occur in a certain amount of time. Hence, the scan 
operation can be performed periodically with a very low duty cycle, or when necessary, in order to 
guarantee the desired capacity and satisfy QoS requirements. More specifically, a first more accurate 
evaluation of the presence of BSSs’ interference can be performed along all the frequency range when 
no data transmission is required. In particular, all the terminals of the system may be activated to perform 
a synchronized sensing by means of a broadcast channel.  

After this, such terminals can send back to the Network Control Center (NCC) the information on the 
spectrum utilization and the NCC could allocate, for each user, the most reliable band according to the 
selected resource allocation algorithm. This operation may be identified as the initial sensing phase. 
However, if a transmission is established in a non exclusive band, the potential interference caused by a 
BSS should be periodically detected/estimated. We could refer to this operation as a fast in-band sensing. 
Consequently, if during this phase an interference level higher than expected is detected, another band 
should be selected for the downlink transmission. To this aim, it is possible to perform a second initial 
sensing phase, in order to scan the entire spectrum again or to rely on the decision made during the 
former one choosing another frequency band.  

It is worthwhile highlighting that while the terminal performs the spectrum scan phase, it is the NCC 
that decides when and how to perform it, and which frequencies are the most suitable for transmission. 
Hence, terminals should provide all the values of the detected/estimated interference to the NCC by 
means of the signaling channel. The NCC then collects them and decides the frequency assignment to 
be used.  

The initial and in-band fast sensing operations above described are shown in Fig. 5.1, where a general 
description of the application of spectrum sensing can be applied to satellite communication and no 
specific spectrum sensing algorithm is considered. The flow diagram shows the sequential operations 
performed by the NCC and the earth terminal. Moreover, the exchanged messages, represented by 
dashed lines, between the NCC and the earth terminals are highlighted and we suppose that these 
information messages can be exchanged by means of the signaling channel. On the other hand, the 
diamonds represent different alternatives according to the changes in the environment and the boxes 
represent the operations of the sensing technique and data transmission. 

From the terminal point of view, it is important to define the bandwidth to be scanned and the sensing 
time in order to compute a reliable estimation of the BSS interference. In this case, typical bandwidths 
occupied by BSSs’ uplinks range from 26 to 66 MHz. Hence, if we consider a typical 36 MHz channel 
bandwidth for downlink transmissions, the same value could be as the sensing bandwidth, as well. 
Accordingly, in the 400 MHz bandwidth related to Scenario A we have to scan about 11 carriers.  

 



ICT−316779 CoRaSat Deliverable D3.3 

Release 1.0 pag. 74 of 154 

 

Fig. 5.1. Flow Diagram operation 
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5.1.2 Scenario B 
In the Scenario B, the FSS terminals might be interfered by incumbent FS links in the 17.7-19.7 GHz 
band when receiving in downlink. This situation occurs if the FSS terminal partially/fully shares the 
same bandwidth with one FS. Since FSs are characterized by very narrow and directive transmissions 
deployed generally for backhauling or point-to-point transmissions, it should be possible to exploit 
geographical reuse in order to achieve better spectrum utilization, similarly to the Scenario A. From the 
requirements point of view, Scenario B is similar to Scenario A, and thus similar assumptions can be 
performed. 

Differently from Scenario A, in Scenario B spectrum utilization by FS links is manifold. This is due to 
a lack in standardization and to the presence of various services provided by FSs, rather than a much 
wider deployment of these services. However, as for the requirements the mechanism described for 
Scenario A, i.e., a first sensing scan in order to scan all the frequencies of interests and a second one 
performed during the satellite transmission for assessing if the interference is tolerable or not in the 
chosen bandwidth, can be nonetheless applied. 

In the Scenario B, the band of interest ranges from 17.7 GHz to 19.7 GHz. Services in this portion of 
spectrum are manifold and occupy bandwidth ranging from 2.5 MHz to 220 MHz. In order to have a 
reliable estimation of the presence of all possible incumbent users, the sensing bandwidth should be very 
narrow. However, this requires a long sensing period as a very large number of bands need to be scanned: 

𝑇𝑜𝑡𝑎𝑙 𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ
𝑆𝑒𝑛𝑠𝑖𝑛𝑔 𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ

=
2 𝐺𝐻𝑧

2.5 𝑀𝐻𝑧
= 800 𝐵𝑎𝑛𝑑𝑠 

However, due to the manifold incumbent user bandwidths, an interference averaging issue needs to be 
considered in presence of a narrower incumbent user. In this case, the assessment of the proposed 
techniques and the evaluation of their performance shall be carried out considering a proper interference 
model. Moreover, we are interested in the interference that the cognitive terminal will experience and 
in reducing the number of bandwidths to be scanned. Thus, also in this case a sensing bandwidth equal 
to 36 MHz might be a practical choice reducing the bands to be scanned to about 55. 

5.1.3 Scenario C 
In the Section 5.3.3.4 of D3.2 some motivations have been provided justifying the inapplicability of the 
spectrum sensing in this scenario. This is due to the high potential interference that the FSS terminal can 
cause against FS incumbent users and to the inadequacy of spectrum sensing in providing information 
on the incumbent receivers’ presence and spectrum occupancy, i.e., the hidden node problem. Even with 
partial knowledge from databases, this task is very challenging due to the high directivity of FS links. 
On the one hand, the terminal is able to detect and avoid the FS users only when it is in the same direction 
of the incumbent link. However, this assumption may not reflect a real scenario deployment. On the 
other hand, when the terminal is not in the same direction of the incumbent link, it might seem that the 
two links will not interfere each other due to the different geometry, while it depends on the pointing 
angle of the terminal with respect to the direction of the FS link. Hence, without the knowledge of the 
FS receiver position it is not possible to avoid interfering it with the desired assurance. 

5.2  Identified Shortcomings & Proposed Improvements 
In this section is described the application to the CoRaSat scenarios of the techniques considered so far, 
i.e., energy detection and cyclostationary feature detection, and are identified their main shortcomings. 
In addition it is introduced a feasible solution based on SINR estimation that fits scenarios’ requirements 
and can effective provide spectrum awareness and enable its exploitation maintaining low complexity 
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and high reliability. Starting from the spectrum sensing technique assessments done in D3.2 and 
previous evaluations for each scenario, the technique requirements and shortcomings are here addressed. 

Based on the considerations in section 5.1, for Scenarios A and B spectrum sensing seems to be an 
affordable approach for spectrum awareness. Although different topological and incumbent features 
constitute Scenarios A and B, a similar approach can be considered. Hence, since frequencies in 
Scenarios A and B are adjacent as shown in Fig. 5.2, the spectrum sensing technique described below 
can be applied to a wider spectrum ranging from 17.3 GHz to 19.7 GHz without having to refer to one 
specific scenario at a time. 

 
Fig. 5.2. Extended frequency plan 

 

5.2.1 Energy Detector 
Energy Detection is a promising technique due to its general applicability and low complexity. Initial 
results have shown that, despite its main drawbacks (i.e., noise uncertainty, no discerning between 
incumbent and cognitive transmissions), it would be an effective technique to be implemented. 
Moreover, it has been proposed to use one or two RF chains and an additional omnidirectional antenna 
in order to provide sensing without being constrained by the high directivity of the terminal antenna and 
by alternating the sensing period with the receiving phase. For an energy detector, the main issue is the 
selection of the threshold providing a tradeoff between the interference introduced by cognitive users 
and the exploitation of available resources in line with the system requirements. 

Concerning the application in CoRaSat scenarios and due to low implementation complexity, Energy 
Detection may be implemented. It is possible to perform the scan along the spectrum of interest 
considering sub bands width equal to the one necessary for transmission (in this case 36 MHz) and 
deliver to the NCC information about presence or absence of harmful incumbent users in each of these 
bands. Frequency and geographic spectrum reuse can be achieved when harmful incumbent users are 
not present. Therefore, we firstly need to ensure with a certain probability the detection of the 
interference and secondly to avoid false alarms. In fact, even though the occurring of false alarms not 
allow the cognitive system reusing potential spectrum, it is more important to prevent miss detections 
which cause the establishment of the cognitive transmission in a disadvantageous band. Hence, a proper 
threshold that guarantees certain probability of detection has to be set. The threshold can be therefore 
set by means of the Constant Detection Rate (CDR) paradigm. As a remainder we highlight here the 
equation for the CDR paradigm (D3.2). 

𝛾 = (𝑆𝑁𝑅𝑡ℎ + 1) (√
2

𝑁𝑂𝑆𝑆
𝑄−1(𝑃𝑑

𝑡) + 1) 
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𝑇 =
𝑃𝑟

𝜎0
2 =

1
𝑁𝑂𝑆𝑆𝜎0

2 ∑ |𝑦𝑛|2

𝑁𝑂𝑆𝑆

𝑛=1

 

𝑇 ≷
 𝐻1

      𝐻0
𝛾 

It is needed to set the SNR threshold 𝑆𝑁𝑅𝑡ℎ that fixes the minimum SNR for which the target probability 
of detection 𝑃𝑑

𝑡  is guaranteed, and the sensing time, related to the number of observed samples 𝑁𝑂𝑆𝑆, 
that achieves a proper false alarm probability. On the opposite, it is possible to fix a target probability 
of false alarm by means of the Constant False Alarm Rate (CFAR) paradigm as: 

𝛾 = (√
2

𝑁𝑂𝑆𝑆
𝑄−1(𝑃𝑓𝑎

𝑡 ) + 1) 

𝑇 =
𝑃𝑟

𝜎0
2 =

1
𝑁𝑂𝑆𝑆𝜎0

2 ∑ |𝑦𝑛|2

𝑁𝑂𝑆𝑆

𝑛=1

 

𝑇 ≷
 𝐻1

      𝐻0
𝛾 

However, CFAR guarantees target probability of false alarm but not probability of detection, which 
depends on SNRs. In both cases longer sensing periods will lead to better performance of the probability 
not fixed by the threshold. 

Noise power level uncertainty that affects the estimation of 𝜎0
2  might prevent the algorithm from 

guaranteeing target probabilities. A proper calibration of the terminal and techniques in order to avoid 
such problem has to be considered. Limiting errors in noise power level estimation can avoid the SNR 
wall phenomenon. Hence, observing the received signal for a period equal to the sensing time in each 
band a reliable decision can be given.  

Since the incumbent user to be detected cause interference against the antenna terminal that points at 
the satellite, secondary lobes of the earth terminal might be affected. Although performing spectrum 
sensing with the terminal antenna gives the proper level of interference against the cognitive user, this 
approach limits transmission and reception since the same RF chain has to be used. Spectrum sensing 
with the terminal antenna can be performed when no data transmission are needed, i.e., during the 
commissioning or the setup of the terminal. The choice to perform spectrum sensing with a separate 
sensor and an alternative RF chain gives the possibility to perform sensing independently from satellite 
reception and transmission. However, this kind of flexibility may introduce an increasing complexity 
due to the need of two RF chains and antennas.  

Moreover, when sensing is performed, it is important to highlight that signals that the sensing antenna 
receives will be not only those from incumbent users, but also the satellite signal may be present. In fact, 
during the sensing phase the sensor will sense bands along the entire spectrum of interest and some 
frequency bands already deployed for cognitive transmission with respect to other users may occur. 
Since energy detection measure the power level of the received signal without being able to discern 
between the two signals, an erroneous detection can be done due to cognitive signal presence. To cope 
with this problem, the NCC can provide a set of frequencies where transmission is already established 
preventing the terminal from sensing these bands or nevertheless sense the band and take into account 
the cognitive signal presence. 
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In the assessments section will then be provided analysis of the energy detection that takes into account 
the selection threshold and the noise uncertainty problems with respect to its application to a specific 
study case scenario. Frequency and geographical reuse will then be evaluated. 

5.2.2 Cyclostationary Feature Detector 
Concerning the Cyclostationary Feature Detector, the main advantage is its reliability in low SNR 
environments, counterbalanced by the request for longer sensing periods and higher complexity, which 
might not be affordable in the satellite context. Besides the long sensing period that would characterize 
this technique in order to scan all the bands of interest, cyclostationary feature detectors provide a 
reliable knowledge of the incumbent signal presence and its signal characteristics, but do not allow the 
computation of the signal level. In the depicted scenarios, the main aim of the considered spectrum 
sensing techniques is the detection/estimation of harmful interferers rather than their recognition. 
Cyclostationary detectors are mainly related to the classification of incumbent users issues, which has 
not relevant consequences in these scenarios. In addition, complexity of cyclostationary techniques can 
be reduced thanks to partial knowledge of incumbent users but, due to the presence of manifold different 
types of users as in Scenario B, its applicability may be not so effective. 

5.2.3 SINR estimation based sensing 
As discussed above, the energy detector is able to detect the presence of incumbent users by measuring 
the received power level and comparing it with a threshold, but does not provide estimates of the power 
level. Cyclostationary detector may be much more effective in low SNR environments rather than 
energy detector but its main disadvantages, as longer sensing periods and complexity due to unknown 
incumbents, may in the satellite contest be more pronounced.  

Since in the scenarios it is useful have knowledge of how much interference the incumbent produces, 
apart from the detection of its presence, we extend the concept of spectrum sensing through energy 
detection with that of energy detection and estimation. 

In particular, the estimation process will lead to a description of the overall interference in the scanned 
bands. After this process, the cognitive system is able to identify the best bandwidth even in the presence 
of an interferer. Therefore, we can consider this approach as a spectrum awareness technique not only 
able to distinguish between incumbent presence and absence but also able to provide different degrees 
of awareness. Hence, the cognitive system can, not only exploit those bands in which a spectrum hole 
is identified, but also bands in which the incumbent is present selecting properly transmission parameters 
as the MODCOD that provides a reliable transmission and guarantee QoS performance. Moreover, the 
interference may also overcome the limits of the recommendation since the system is responsible to 
identify the possibility to transmit in the specified band or not. 

The estimation process is performed through the SNORE algorithm [27] and [28]. It is an estimation 
algorithm that can be performed in a DA (Data Aided) operating mode (DA-SNORE). The choice is 
based on the fact that it is equivalent to the Maximum Likelihood (ML) estimator in achieving the 
Cramer-Rao bound and has good performance also in low SNR regimes (approximately -20dB). 

The block diagram of the SNORE algorithm is reported in Fig. 5.3. 
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Fig. 5.3. SNORE block diagram [28] 

Since the Data Aided operating mode needs to receive data from the cognitive system in order to estimate 
SINR, we assume that the earth terminal antenna pointing at the satellite performs the estimation. Hence, 
the sensing receiver chain is identical to the satellite terminal receiver chain for which the parameters 
are the same considered in Section 4.4 of D3.2 evaluations. Moreover, the choice to estimate by means 
of the terminal’s antenna is also more favorable since the estimated interference without increasing 
complexity is exactly the one that affects data reception. 

In both Scenarios the incumbent signal occupies bandwidths with different widths but, since we are 
interested in finding just one bandwidth in which establish the cognitive transmission, we can consider 
a sensing bandwidth equal to 36 MHz and perform estimation in each carrier sequentially. Hence, after 
the reception of the signal needed to perform estimation and the estimation as well, the terminal could 
shift in the adjacent bandwidth, repeat the estimation steps and so on. 

It is assumed that the cognitive system uses either DVB-S2 [29] or DVB-S2X [32] standard and that 
perfect synchronization in phase and frequency is performed at the receiver, by means of presence of 
pilots. In particular, the Data Aided estimation algorithm can be performed by means of a stream of 
known symbols that in case of DVB-S2 or DVB-S2X can be either pilot blocks included in the physical 
frame or dummy frames sent to the earth terminal here used for the specific purpose of estimation. DVB-
S2 standard frame is here briefly described. In Fig. 5.4 is depicted the general structure of the DVB-S2 
physical frame.  

 

 
Fig. 5.4. DVB-S2 Physical layer framing structure 

In the physical frame structure are present: 

x Start Of Frame (SOF) composed by 26 symbols that identify the start of frame. 

x Physical Layer Signalling (PLS) composed by 64 symbols that specify the MODCOD and the 
TYPE. The SOF and the PLS represents the PLHEADER. 
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x Data slots (derived from the XFECFRAME input), each composed by 90 symbols. Within one 
physical frame there are N slots where N is variable according to the MODCOD, as shown in 
Table 5.1. 

x Pilot blocks, each composed by 36 un-modulated symbols. Pilots are inserted optionally 
between 16 data slots (any 1440 XFECFRAME symbols). After Physical layer scrambling the 
un-modulated symbols will belong to a QPSK modulation. 

x Dummy frames, each composed by one PLHEADER and 36 Slots of 90 symbols of un-
modulated carriers. 

 
Table 5.1- Number of slots per XFECFRAME 

Bit/s/Hz N (frame length 64800 bits) N (frame length 16200 bits) 

2 360 90 

3 240 60 

4 180 45 

5 144 36 

 

For the purpose of SINR estimation either in the initial sensing phase or in the fast in-band sensing 
phase, we can rely on pilots. Since dummy frames are introduced when XFECFRAME data are not 
ready to be processed and transmitted, in order to consider a common transmission we might estimate 
SINR from pilots. However, in DVB-S2 standard pilots are optionally introduce. For this reason we can 
rely on DVB-S2X where the frame structure comprises always present pilots. 

Therefore considering the DVB-S2X, pilots can be nevertheless exploited for SINR estimation. In this 
case, superframing structure can also be used to avoid synchronization mismatches at the receiver also 
in VL-SNR (Very Low Signal to Noise Ratio) channel conditions. The frame structure of one of those 
presented in the standard is shown if Fig. 5.5. The super frame structure have constant length and 
comprises at its beginning a Start of Super Frame (SOSF) and a Super Frame Format Indicator (SFFI). 
Each Super Frame is then composed by Bundled PLFRAMEs that comprise besides multiple 
XFECFRAMES, Super Frames pilots also a PLH field constituted by six PLS code replica and a P2 
field of 180 modulated pilot symbols. 

 
Fig. 5.5. DVB-S2X Super Frame Structure 
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The baseband equivalent form of the signal constituted by pilots can be represented as 

𝑠(𝑡) = ∑ ∑ 𝑑𝑃(|𝑚|𝑁𝑠𝑙𝑜𝑡)
𝑁𝑆−𝑙𝑁𝑠𝑙𝑜𝑡

𝑚=1−𝑙𝑁𝑠𝑙𝑜𝑡

𝑊

𝑙=1

 

where: i) W represents the number of pilot fields; ii) 𝑁𝑆 is the number of pilots in each pilot block; iii) 

𝑁𝑠𝑙𝑜𝑡  denotes the slot block length (also equal to the distance between two pilot blocks); and iv) 
𝑠𝑃(|𝑚|𝑁𝑠𝑙𝑜𝑡) represents the m-th complex QPSK symbol belonging to the l-th pilot field. The operator 
|. |𝑁𝑠𝑙𝑜𝑡  is the modulo N operator with length 𝑁𝑆. For sake of clarity, in the following equations we 
denote 𝑁 = 𝑊𝑁𝑆. At the receiver, the signal at the antenna input is 

𝑟(𝑡) =  𝑠(𝑡) + 𝑖(𝑡) + 𝑛(𝑡) 

where i(t) represents a generic interference against the cognitive terminal and n(t) the AWGN term. 
Hence, the noise plus interference power level can be estimated as follows: 

�̂�𝐼+𝑁 = �̂�𝑅 − �̂�𝑆 

where �̂�𝑅 = 1
𝑁

∑ |𝑟𝑘|2𝑁
𝑘=1  and �̂�𝑆 = (1

𝑁
∑ 𝑅𝑒{𝑟𝑘𝑑𝑘

∗ }𝑁
𝑘=1 )

2
. 𝑟𝑘 denotes the k-th received symbol, and 𝑑𝑘 

the respective k-th symbol that belongs to a known stream 𝒅 ̅ of symbols, i.e., the pilot blocks. 

Then, the SINR can be estimated as 

𝑆𝐼𝑁�̂� =
�̂�𝑆

�̂�𝐼+𝑁
 

In [28], the following analytical equations of the Cramer-Rao bound and the variance of the estimation 
error are provided: 

𝐶𝑅𝐵 =
4𝑁 𝑆𝐼𝑁𝑅

(2𝑁 − 3)2 (2 + 𝑆𝐼𝑁𝑅) 

𝜎𝜀
2 =  

𝑁2(8𝑆𝐼𝑁𝑅2 + 16𝑆𝐼𝑁𝑅) + 𝑁(4 − 16𝑆𝐼𝑁𝑅) − 4
(2𝑁 − 5)(2𝑁 − 3)2  

𝐶𝑅𝐵 ≤ 𝜎𝜀
2  

However, it is possible to simplify the two equations normalizing them with respect to 𝑆𝐼𝑁𝑅2 in order 
to highlight its behavior for increasing SINR values: 

𝐶𝑅𝐵
𝑆𝐼𝑁𝑅2 =

4𝑁
(2𝑁 − 3)2 (

2
𝑆𝐼𝑁𝑅

+ 1) 

𝜎𝜀
2

𝑆𝐼𝑁𝑅2 =  
8𝑁2 + 4

𝑆𝐼𝑁𝑅 (𝑁 − 1) (4𝑁 + 1
𝑆𝐼𝑁𝑅)

(2𝑁 − 5)(2𝑁 − 3)2  

In the scenario we are interested in, the SNORE algorithm provides estimates of the interference level 
in the sensed bandwidth related to a target maximum error. With respect to this issue, it is possible to 
fix the desired error variance to obtain the minimum number of symbols that will provide a correct 
estimation as a function of the SINR. Then, we are able to define how many pilots or dummy frames are 
needed to estimate correctly the noise plus interference power level for values of SINR higher than the 
desired one. In order to estimate the noise plus interference power level, the DA-SNORE algorithm 
needs a known stream of symbols at the receiver. 

Considering the Cramer-Rao bound and the desired error variance 𝜎𝜀
2|𝑑𝑒𝑠 we can derive the analytical 

equation of N as function of the SINR: 



ICT−316779 CoRaSat Deliverable D3.3 

Release 1.0 pag. 82 of 154 

𝑁 =  
3
2

+
𝑆𝐼𝑁𝑅2

𝐶𝑅𝐵
(

2
𝑆𝐼𝑁𝑅

+ 1) (
1
2

+ √1 +
6𝐶𝑅𝐵

𝑆𝐼𝑁𝑅(2 + 𝑆𝐼𝑁𝑅)) 

𝑁3 −
𝑆𝐼𝑁𝑅
𝜎𝜀

2|𝑑𝑒𝑠
(𝑆𝐼𝑁𝑅 + 2)𝑁2 +

39𝜎𝜀
2|𝑑𝑒𝑠 + 8𝑆𝐼𝑁𝑅 − 2

4𝜎𝜀
2|𝑑𝑒𝑠

𝑁 − 41 = 0 

 
In the second equation, we have decided not to explicit the solution of the equation due to its 
complexity. 

Fig. 5.5 and Fig. 5.6 below show the normalized error variance and the minimum number of pilots 
required for achieving the desired estimation error, respectively. Simulations are performed considering 
a stream of DVB-S2 pilot blocks constituted by 36 QPSK symbols each. In particular, Fig. 5.5 represents 
the error variance obtained performing the SNORE algorithm on 1, 5, and 10 pilot blocks of 36 symbols. 
Fig. 5.6 shows the minimum number of pilots to perform the SNORE algorithm in order to achieve an 
estimation error variance normalized with respect to SINR2 equal or less than 0.1, 0.05 and 0.01. In both 
figures the continuous black line presents the theoretical curve that relates N, SINR, and the Cramer-
Rao bound, whereas the dashed red line relates N, SINR, and 𝜎𝜖

2. The simulated results show that the 
simulated points are near the Cramer-Rao bound as expected and perfectly fit the analytical results. In 
accordance with the figures, the number of required pilot blocks decreases for decreasing values of the 
error variance. Based on this algorithm, the estimation can be performed with the number of pilots equal 
to the nearest integer number with respect to the value obtained from the obtained equation for the 
desired variance and, as we expected, in order to obtain a better variance a higher N is required. 

 

 
Fig. 5.6. Error variance for different N 
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Fig. 5.7. Minimum number of pilot for error estimation equal to 0.1 

Besides the applicability in both Scenarios of the proposed technique, we can make some distinction on 
its operating point. Differences are due to the different topologies and systems, which the cognitive 
system has to cope with. In Scenario A where the incumbent feeder station points to the satellite, the 
interference against the cognitive earth terminal might come from a secondary lobe that generates a 
lower interference than the interference that might be present in Scenario B. In fact, in this latter Scenario 
due to the high directivity of the FS incumbent link, the main beam would affect the cognitive earth 
terminal with a higher interference. Hence, we can conclude that the SINR the earth terminal would 
experience in Scenario A would be in general higher than in Scenario B where severe interference 
environments might incur. In conclusion, the number of pilot blocks for estimation can be also designed 
according the interference levels that the cognitive terminal will experience. Moreover, the knowledge 
of partial database information can benefit the technique design reducing number of required pilot blocks 
thanks to knowledge of information such as incumbent activities or locations. 

As a final remark it is important to stress on the fact that such an approach allowing to have an estimation 
of the interference of the incumbent system, and not only a simple detection. This allows to exploit 
better the following carrier allocation techniques for maximizing the cognitive users performance, or, 
on the other side, allows to respect the QoS requirements. 

 

5.3  Performance Evaluation & Comparison 
Besides a description of the applicability of the proposed sensing techniques, also a description of the 
performance of their application to the considered Scenario is needed in order to validate their 
advantage. Performance evaluations have been performed through MATLAB simulation and, in the 
following sections, some examples are provided as application of the algorithm with regard to Scenario 
A. The methodology used to perform the analysis is shown in Fig. 5.8. 

In particular, simulations are based on UniS’ databases as a starting point. The results shown in Section 
4 are considered as the real interference values that will affect the antenna of the earth cognitive terminal. 
This is justified by the need to firstly compare the proposed spectrum sensing technique with the most 
realistic scenario. Therefore, we consider the interference power levels provided by databases as the 
interference to be estimated in a particular point and frequency. 
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These results provide the performance in the frequency domain, i.e., how a terminal in a specific 
geographical area can detect and estimate a proper frequency band in which transmission would be 
possible, and in the geographic domain, i.e., how many and which terminals deployed in the area around 
the incumbent user and fixing a specific frequency band are able to detect and estimate correctly the 
incumbent’s presence. With these approaches it is possible to evaluate the spectrum sensing technique 
on a scenario level, highlighting both their frequency and geographical reliability and effectiveness. 
Moreover, it is worthwhile stating that the performance indicators slightly differ from the classical 
performance indicators related to spectrum sensing techniques, since those are more appropriate to 
assess the design of the technique and not their applicability to specific scenarios.  

 
Fig. 5.8. Simulation methodology and workflow. 

5.3.1 Simulator outline 
In Fig. 5.9 we describe the MATLAB simulator outline. Input parameters to be initialized are related to 
the terminal antenna that performs the sensing. It is possible to set as inputs i) the terminal coordinates 
(latitude, longitude), ii) the longitude of the satellite, 𝐿𝑆𝐴𝑇 , that the terminal is pointing, iii) the 
parameters related to the specific technique to be assessed. For example, for energy detection can be set 
i) the paradigm used between CFAR and CDR, ii) the target values probabilities, and iii) the observation 
time, whereas for the SINR estimation based technique i) the SNR defined as signal to noise ratio 𝑃 𝑁⁄ , 
and ii) the number of pilot blocks W. Having defined the required parameters, the simulator extracts 
from a database values of the interference power level at the LNA input of the terminal antenna for the 
scenario of interest. The simulator generates the received signal r(t) including the useful signal if present, 
the interference and the noise. The evaluation block provides a comparison between the values from the 
database and those estimated by means of the desired spectrum sensing technique. In order to give a 
reliable result each simulation is performed 𝑁𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 times and the results averaged. 
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In conclusion, the simulator outputs both real and simulated values as function of the frequency, the 
geographic location and other parameters. The concluding remarks on sensing time, estimation errors 
and geographical reuse are assessed by the output parameter block as showed in the next section. 

 

 
Fig. 5.9. Simulator block diagram 

5.3.2 Application to Scenario A 

5.3.2.1 Energy Detection 

In this section the behavior of energy detector applied to Scenario A is assessed. We consider that the 
earth terminal antenna is able to scan the entire spectrum from 17.3 to 17.7 GHz using sub-bands width 
36 MHz and performing detection sequentially through the adjacent bands. 

Both CFAR and CDR approaches are firstly analyzed for threshold selection. The antenna terminal 
parameters are described in Table 5.1. Besides the spectrum range to be evaluated, are set the location 
of the FSS terminal, the longitude of the satellite at which the terminal points, and the sensing bandwidth. 
Related to the energy detector are instead set the paradigm, the target probability from which is 
calculated the threshold, the sensing time and the noise uncertainty. The number of runs for the 
simulations is set and the results averaged. 

The results give a representation of the percentage of false alarms or detections in each sensed bandwidth 
according with the parameters described above. The band is considered occupied if interference is higher 
than the interference limit provided by the regulation or by QoS requirements. In the simulations below 
the energy detector takes into account as interference limit the interference over noise ratio I/N equal to 
-10 dB. 
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Table 5.2. Frequency assessments for Energy detection 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values Fig. 5.9 Fig. 5.10 Fig. 5.11 Fig. 5.12 Fig. 5.13 Fig. 5.14 Fig. 5.15 

Frequency 
[GHz] 

From 17.3 to 17.7 

Bandwidth 
[MHz] 

36 

FSS 
Terminal 
Latitude 

51.73N 

FSS 
Terminal 
Longitude 

0.17W 

FSS 
Satellite 

Longitude 

53E 

Paradigm CFAR CFAR CFAR CFAR CDR CDR CDR 

Probability Pfa = 0.1 and 0.01 Pd = 0.9 and 0.99 

Sensing 
time [us] 

0.1, 0.2, 0.5, 1, 2, 3, 4, 5, 10, 20 

Noise 
uncertainty 

[dB] 

0 0.1 0.5 1 0 0.1 0.5 

Number of 
simulation 

1000 
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Fig. 5.10. Frequency assessments, CFAR, Noise uncertainty = 0 dB 

 
Fig. 5.11. Frequency assessments, CFAR, Noise uncertainty = 0.1 dB 
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Fig. 5.12. Frequency assessments, CFAR, Noise uncertainty = 0.5 dB 

 
Fig. 5.13. Frequency assessments, CFAR, Noise uncertainty = 1 dB 
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Fig. 5.14. Frequency assessments, CDR, Noise uncertainty = 0 dB 
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Fig. 5.15. Frequency assessments, CDR, Noise uncertainty = 0.1 dB 

 

Fig. 5.16. Frequency assessments, CDR, Noise uncertainty = 0.5 dB 
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In figures from Fig. 5.10 to Fig. 5.16 the same scenario is compared noticing that the third and the fourth 
bands are vacant. The reference frequency occupation taken into consideration is represented below 
each figure. In each figure moreover different values of target probabilities has been considered. For the 
CFAR Pfa=0.01 and Pfa =0.1 are respectively the first image and the second one. For the CDR approach 
instead Pd = 0.99 and Pd=0.9 are respectively the first and the second image. First, it is possible to 
identify the difference between the CFAR and the CDR approach. The former guarantees that the vacant 
bands (white boxes) will be not identified as occupied (black boxes), i.e., the energy detector chooses 
for the presence of the incumbent user when the band in vacant with a percentage lower than the target 
probability of false alarm. However, to guarantee with a certain probability that occupied bands will not 
be identified as vacant, it is necessary to sense for a longer time as shown in the fifth band in which a 
transition between false alarm and detection can be highlighted. On the contrary, CDR approach 
guarantees that occupied band (black boxes) are detected with a probability higher than the target 
probability of detection but, in order to identify the vacant bands (white boxes), it will be necessary to 
sense for a longer period. Hence, also in this case false alarms in band three and four can be avoided. In 
addition, simulations that take into account noise uncertainty give a description of the performance 
lowering. 

Furthermore, also geographic evaluations in order to verify, according with the relative location between 
interferer sources and the interfered terminal, the potential geographic reuse factor of a specific carrier 
frequency have been done.  

In Table 5.3 the parameters set for simulations is listed. In the following figures we evaluate the 
capability of an earth terminal to detect the interferer at a specific frequency according with its position. 
The reference interference map is shown in Fig. 5.17 where the black region represents the area where 
incumbent users generate interference higher than the chosen threshold and that would be correctly 
avoided. 

 

Table 5.3 – Geographic assessments parameters for Energy detector 

 Fig. 5.18 Fig. 5.19 Fig. 5.20 Fig. 5.21 Fig. 5.22 Fig. 5.23 

Frequency [GHz] 17.634 

Bandwidth [MHz] 36 

FSS Terminal Latitude From 51.4N to 52.4N 

FSS Terminal 
Longitude 

From 1.0W to 0.2E 

FSS Satellite Longitude 53E 

Paradigm CFAR CDR CFAR CDR CFAR CDR 

Probability Pfa = 0.1 Pd = 0.9 Pfa = 0.1 Pd = 0.9 Pfa = 0.1 Pd = 0.9 

Sensing Time [us] 5 5 20 20 20 20 

Noise uncertainty [dB] 0 0 0 0 0.1 0.1 

Number of simulation 10000 
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From geographic simulation results we can highlight the percentage of area that is correctly identified 
and point out the geographic reuse factor that can be provided by the energy detector. The results are 
presented in Table 5.4 and in Fig. 5.18 - Fig. 5.23. These results figure out how the threshold selection 
problem can influence spectrum exploitation in the geographic domain. Each terminal is located in a 
different geographic area and therefore the interference due to the propagation effects would be 
different. Due to this, the behavior of the energy detector may differ and provide distinct probabilities 
detection and false alarm with respect to the position and consequently with the interference that the 
cognitive terminal experience. 

In each figure the simulation gives a representation of the area in which probability of detection and 
false alarm are correctly achieved or not with different shades of gray. In each point of the grid the shade 
represents the probability that the terminal in that point has detected the incumbent user. If the respective 
point in the reference map (Fig. 5.17) is a white pixel, then the incumbent is not present; the event of 
having detected the incumbent (i.e., false alarm) is then represented as a gray pixel in the Fig. 5.18 - 
Fig. 5.23. On the contrary, if in the reference map the pixel is black the incumbent is present; the event 
of not detecting the presence of an incumbent (i.e., miss detection) is identified through a gray pixel in 
the geographic assessment figures. The percentage of the area having wrong decisions is shown in Table 
5.4. 

 

 
Fig. 5.17. Reference interference map 
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Fig. 5.18. Geographic assessment, CFAR, Toss = 5us, Uncertainty = 0 dB 

 
Fig. 5.19. Geographic assessment, CDR, Toss = 5us, Uncertainty = 0 dB 

 
Fig. 5.20. Geographic assessment, CFAR, Toss = 20us, Uncertainty = 0 dB 
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Fig. 5.21. Geographic assessment, CDR, Toss = 20us, Uncertainty = 0 dB 

 
Fig. 5.22. Geographic assessment, CFAR, Toss = 20us, Uncertainty = 0.1 dB 

 
Fig. 5.23. Geographic assessment, CDR, Toss = 20us, Uncertainty = 0.1 dB 
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As expected, the longer the sensing period, the better would be the performance. As an example, 
applying the CFAR approach and under ideal condition of noise power level estimation, the number of 
terminals that not achieve the desired probability of detection decreases through 0.0598 in Fig. 5.18 to 
0 in Fig. 5.20. Similarly, thanks to longer sensing period and a threshold selected by the means of the 
CDR approach, probability of false alarm decreases through 0.7036 in Fig. 5.19 to 0.1427 in Fig. 5.21 

Introducing errors in noise power level estimation in Fig. 5.22 and Fig. 5.23, the number of terminals 
that make a wrong decision slightly differs in case of the CFAR approach, whereas a higher percentage 
has been obtained with the CDR approach. 

 
Table 5.4 – Geographic results for Energy detector 

 Fig. 5.18 Fig. 5.19 Fig. 5.20 Fig. 5.21 Fig. 5.22 Fig. 5.23 

Percentage 
of area in 
which the 

target False 
Alarm is not 

satisfied  

9.61% 70.36% 14.14% 14.27% 16.94% 70.36% 

Percentage 
of area in 
which the 

target 
Detection is 
not satisfied 

5.98% 0 0 0 0 0 

 

5.3.2.2 Detection based on SINR estimation 
Here we evaluate by means of simulations the proposed algorithm based on SINR estimation 
applicability to the scenario. The estimation capabilities of the terminal antenna under condition listed 
in Table 5.5 are assessed. These simulations aimed at describing how accurate would be the estimation 
process for a fixed terminal antenna along the frequency range and which bands would be primary 
activities-free. 

Fig. 5.24 compares estimated and real values of SINR for different values of SNR. Dotted lines represent 
the estimated values and continuous the real ones. The estimation is performed accumulating 10 pilot 
fields in each band width 36 MHz and results confirm that for lower SNR values, the error will be higher 
in presence of stronger interferers, i.e., in lower SINRs. As an example, from equations analytically 
derived above can be calculated that performing estimation with 10 pilot fields, the desired normalized 
error variance equal to 0.1 is guaranteed up to SINR = -12.4 dB. The simulation showed in Fig. 5.6 also 
confirms this result. 
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Table 5.5 – Frequency assessments parameters 

 Fig. 5.24 Fig. 5.25 

Frequency [GHz] From 17.3 to 17.7 

Bandwidth [MHz] 36 

SNR [dB] 4 -2 -8 -8 

FSS Terminal Latitude 51.73N 

FSS Terminal Longitude 0.17W 

FSS Satellite Longitude 53E 34W 

W – number of pilot fields 10 1 5 10 

Number of simulation 100 

 

 
Fig. 5.24. Assessments on the frequency spectrum for different values of SNR. 

 

On the contrary, by increasing W, for a fixed value of SNR, in Fig. 5.25, it is showed that, as it expected, 
the estimated power level values, represented by dotted lines, improves reaching the real value, the 
continuous one, especially in low SINR environments where an higher number of pilot fields is required 
as demonstrated in Fig. 5.7. 
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Fig. 5.25. Assessments on the frequency spectrum for different values of W. 

In addition, some considerations on the time required estimating the SINR in each band and along all 
the frequency range can be done. Since the pilot fields are inserted in the physical layer framing of the 
DVB-S2 between data slots a high W can lead to a very long sensing time. Considering the Start of 
Frame as the starting point of the calculation of the elapsed time for estimation, the first pilot field will 
occur after the PLHEADER and 16 slots each constituted by 90 symbols of data symbols, whereas the 
other pilot fields occurs after 32 slots and so on. Moreover, since the DVB-S2 frame has different lengths 
according to the MODCOD, we suppose that is used a normal frame length of 64800 bits and a QPSK 
modulation. Hence, in the considered frame there are inserted 21 pilot fields that are sufficient to perform 
the accumulation of 10 pilot fields and SINR estimation in each band. If we assume that the more critical 
contribution is due to the frame reception in each band whereas both SNORE estimation and the shift in 
the adjacent frequency band can be neglected, the total time elapsed in order to perform the estimation 
in each band would be equal to the duration of the frame times the number of scanned bands. 
Besides assessments in the frequency domain, also geographic evaluations in order to verify, according 
with the relative location between interferer sources and the interfered terminal, the potential geographic 
reuse factor of a specific carrier frequency have been done. Table 5.6 and Table 5.7 list parameters used 
for simulation. In the Fig. 5.26 - Fig. 5.31 comparisons between the maps describing reference SINR 
values  calculated starting from the interference values provided by the UniS’ database and those 
estimated by a terminal in each point of the area for different pointing antenna angles is shown. 
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Table 5.6 - Geographic assessments parameters for SNR = 4 dB 

 Fig. 5.26 Fig. 5.27 Fig. 5.28 

Frequency [GHz] 17.634 

Bandwidth [MHz] 36 

SNR [dB] 4 

Terminal Latitude From 51.4N to 52.4N 

Terminal Longitude From 1.0W to 0.2E 

Satellite Longitude 53E 0E 34W 

W – number of pilot fields 10 

Number of simulation 1000 

 

 

 
Fig. 5.26. Comparison between real and estimated SINR values on the selected geographic 

region. 

 

 
Fig. 5.27. Comparison between real and estimated SINR values on the selected geographic 

region. 
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Fig. 5.28. Comparison between real and estimated SINR values on the selected geographic 

region. 

The results confirms that different pointing angles will generate different interference patterns as 
aspected. Moreover, the large area correctly estimated leads in the cognitive radio context to a higher 
reuse factor of the spectrum. The percentages of terminals that have estimated with an error higher than 
the desired one, 𝜎𝜖

2|𝑑𝑒𝑠
𝑆𝐼𝑁𝑅2 = 0.1, the interference is 0.57% in Fig. 5.26, 0.34% in Fig. 5.27 and 0.39% in 

Fig. 5.28. Although these very low percentages have been achieved in an advantageous scenario, these 
results aim at describing how good the performance could be. Hence, thanks to the proper estimation of 
the SINR, the FSS system would be able to avoid high interferences and effectively reuse geographically 
the spectrum. In fact in Fig. 5.29, Fig. 5.30 and Fig. 5.31 are showed simulations for parameters listed 
in Table 5.7. The simulations lead to worse results due to lower SNR and W values. In this case, 
percentages of area in which an error higher than the desired are 49% in Fig. 5.29, 48 % in Fig. 5.30, 
and 48% in Fig. 5.31. 

 
 

Table 5.7 – Geographic assessments parameters for SNR = -2 dB 

 Fig. 5.29 Fig. 5.30 Fig. 5.31 

Frequency [GHz] 17.634 

Bandwidth [MHz] 36 

SNR [dB] -2 

Terminal Latitude From 51.4N to 52.4N 

Terminal Longitude From 1.0W to 0.2E 

Satellite Longitude 53E 0E 34W 

W – number of pilot fields 1 

Number of simulation 100 
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Fig. 5.29. Comparison between real and estimated SINR values on the selected geographic 

region. 

 

 
Fig. 5.30. Comparison between real and estimated SINR values on the selected geographic 

region. 

 

 
Fig. 5.31. Comparison between real and estimated SINR values on the selected geographic 

region. 
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6  CAR R IE R AL L O CA T I ON  AN D B EA M F O R M I N G  
After obtaining the spectrum awareness, the available resources needs to be allocated among the 
cognitive terminals. This is the responsibility of spectrum utilization unit. Spectrum utilization 
techniques including carrier allocation and beamforming are considered in this section. We shall 
describe each technique in detail, and how we derive specific parameters in Scenarios A, B, and C. This 
is followed by performance evaluation of Scenarios A and B employing realistic databases from 
regulatory bodies and industrial partners. The initial results based on per beam achievable throughput 
and availability show significant improvement attained by applying cognitive utilization mechanisms, 
i.e. carrier allocation and beamforming, in Scenarios A and B. Since at the moment, the CoRaSat team 
does not hold a database for Scenario C, the performance evaluation for this scenario will be considered 
as soon as such a database become available. We elaborate on the shortcomings of the available 
techniques at the end of this section. Furthermore, the spectrum utilization unit described in this section 
is designed to be as self-standing in spectrum awareness, in case the required database is available. 
However, the output of a separate spectrum awareness unit as described in Sections 4 and 5 by providing 
the interference levels, or SINR estimations, can be used as the input for the carrier allocation and 
beamforming modules described below.  

6.1 Carrier Allocation 
Input 

SINR Matrix (detail below) 

Minimum Required SINR (in case of maximizing the availability) 

Function 

Max Sum-Rate 

Hungarian Algorithm 

Output 

Carrier Assignment Matrix (detail below) 

 

6.1.1 Scenarios A & B (Downlink Channels) 
 
For the downlink channel, the carrier allocation module assigns the carriers to the users based on two 
main approaches: a) maximizing the overall throughput, and b) maximizing the availability. Here, we 
describe the required modules for each of these goals. 
 
Maximizing the overall throughput 

 
As shown in Fig. 6.1, the carrier allocation module receives the SINR for each user over each available 
carrier as the input. The achievable rate of each user over each carrier is then calculated and stacked in 
an N by M matrix indicating N carriers and M users where M>>N. The carrier allocation module 
employs the Hungarian algorithm in order to assign each user to a carrier so as to maximize the overall 
throughput or sum-rate of the system.  Below, we outline the detail of carrier allocation as shown in 
Fig. 6.2, mathematically. 
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Assuming αij={0,1} as the parameter indicating if user i is assigned to carrier j, we obtain the 
following matrix as the carrier assignment matrix A, 

𝑨 = [
𝛼11 ⋯ 𝛼1𝑁

⋮ ⋱ ⋮
𝛼𝑀1 ⋯ 𝛼𝑀𝑁

].                                             

Since we assumed that at each time only one user can use a carrier, thus for each carrier j, we have 
∀𝑗: ∑ 𝛼𝑖𝑗

𝑀
𝑖=1 =1. A direct consequence of this constraint is that ∑ ∑ 𝛼𝑖𝑗

𝑀
𝑖=1

𝑁
𝑗=1 = 𝑁. This summation 

which determines the number of non-zero elements or density of matrix A, is denoted by D(A).  
As mentioned earlier, the information regarding the SINR at each carrier and user is available in the 
network manager. We stack this information into a matrix of dimension M by N where the rows 
indicate the carrier and the columns indicate the users. This way, we obtain the SINR matrix as,  

𝑺𝑰𝑵𝑹 = [
𝑆𝐼𝑁𝑅11 ⋯ 𝑆𝐼𝑁𝑅1𝑁

⋮ ⋱ ⋮
𝑆𝐼𝑁𝑅𝑀1 ⋯ 𝑆𝐼𝑁𝑅𝑀𝑁

].                                          

Our goal is determine the value of 𝛼𝑖𝑗 to be zero or one by maximizing the overall throughput of the 
system. This way, we have, 
max

𝑨
‖𝐀⨀log2(𝑰 + 𝑺𝑰𝑵𝑹)‖1

𝑠. 𝑡. ∥ 𝐀𝑗 ∥1= 1,
                                                    

where ⊙ is the element-wise product, ∥∙∥1 is norm 1 operator, and I is an all one matrix. This problem 
can be solved in polynomial time by employing the Hungarian algorithm over the cost matrix 
− log2(𝑰 + 𝑺𝑰𝑵𝑹). The Hungarian algorithm to solve this problem is outlined as follows. 
 
Step 1:  For each row of the matrix, find the smallest element and subtract it from every element in its 
row.  Go to Step 2.  
Step 2:  Find a zero (Z) in the resulting matrix.  If there is no starred zero in its row or column, star Z. 
Repeat for each element in the matrix. Go to Step 3.  
Step 3:  Cover each column containing a starred zero.  If N columns are covered, the starred zeros 
describe a complete set of unique assignments.  In this case, Go to DONE, otherwise, Go to Step 4.  
Step 4:  Find a noncovered zero and prime it.  If there is no starred zero in the row containing this 
primed zero, Go to Step 5.  Otherwise, cover this row and uncover the column containing the starred 
zero. Continue in this manner until there are no uncovered zeros left. Save the smallest uncovered 
value and Go to Step 6.  
Step 5:  Construct a series of alternating primed and starred zeros as follows.  Let Z0 represent the 
uncovered primed zero found in Step 4.  Let Z1 denote the starred zero in the column of Z0 (if any). Let 
Z2 denote the primed zero in the row of Z1 (there will always be one).  Continue until the series 
terminates at a primed zero that has no starred zero in its column.  Unstar each starred zero of the 
series, star each primed zero of the series, erase all primes and uncover every line in the 
matrix.  Return to Step 3.  
Step 6:  Add the value found in Step 4 to every element of each covered row, and subtract it from every 
element of each uncovered column.  Return to Step 4 without altering any stars, primes, or covered 
lines.  
DONE:  Assignment pairs are indicated by the positions of the starred zeros in the cost matrix.  If 
a(i,j) is a starred zero, then the element associated with row i is assigned to the element associated 
with column j. 
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Maximizing the Availability 
 
In the previous subsection, we performed the carrier assignment without taking the minimum SINR 
demand into account. Here, we would like to consider the minimum SINR demand into account. 
Therefore, the underlying problem becomes 

max
𝑨

‖𝐀⨀log2(𝑰 + 𝑺𝑰𝑵𝑹)‖1

𝑠. 𝑡. ∥ 𝐀𝑗 ∥1= 1, 
𝑨 ⊙ 𝑺𝑰𝑵𝑹 ≽ 𝐀 ⊙ 𝑺𝑰𝑵𝑹𝒎𝒊𝒏.

 

where SINRmin is a diagonal matrix with its element i indicating the minimum SINR requested by user 
i.  
Note that in this section, we consider maximizing the channel availability by considering per user 
SINR demand. Therefore, it is necessary to analyze if the proposed problem is appropriate for this 
goal. Since we assume M>>N, the maximum channel availability is achieved when D(A)= N. We note 
that, we can already opt out the specific carriers for which the user i’s SINR demand is not satisfied 
(by putting them equal to zero). Therefore, unlike the previous case, we may end up to a case where no 
carrier can be assigned to a specific user. In this case, we can eliminate this user from the SINR 
matrix. Let’s denote the number of users for which at least one carrier can be assigned in order to 
satisfy the SINR demand by Mc. In practice, it may happen that Mc<N. In this case the channel 
availability is inevitably less than N. However, still the Hungarian algorithm can be employed in order 
to make sure the maximum number of carriers are assigned to the users. Looking at the problem, we 
can see that the mentioned discussion about the channel availability holds. The constraint on the SINR 
demand already takes care of eliminating the SINR elements, and the Hungarian algorithm to 
maximize the sum-rate over the remaining Mc users takes care of allocating the maximum number of 
carriers to the users. This way, our goal to maximize the availability is attained, and further we make 
sure that the network throughput is also maximized. The algorithm to solve the problem is summarized 
below, and the associated module is depicted in Fig. 6.2.  
 
Step 1: Put all the elements of the SINR matrix which does not satisfy the minimum demanded SINR 
equal to zero. 
Step 2: Produce an economy-sized SINR matrix with Mc rows indicating the number of users to which 
at least one carriers can be assigned.  
Step 3: Rotate the SINR if Mc<N, else keep the matrix as it is. 
Step 4: Perform Hungarian algorithm as in the previous case (note that if Mc<N, the Hungarian 
algorithm stops when the minimum number of covered columns are Mc). 
Step 5: Determine the channel assignment matrix. 
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Fig. 6.1. Carrier Allocation Module with Maximizing the Sum-rate 

 

Fig. 6.2. Carrier Allocation Module with Maximizing the Availability Considering the Minimum 
SINR Demand 

 

6.1.2 Scenario C 
This section refers to the power control algorithm which has to be employed by the NEM in a centralized 
manner for all FSS terminal transmissions. The objective is to guarantee the interference thresholds as 
defined for the FS receivers. As a result, this applies only to scenario C and scenarios A&B can be 
ignored for the purposes of this section. 

 

SINR Matrix Rate (log[I+SINR]) Matrix A*= Optimal Carrier Assignment Matrix

Max Sum-Rate 
(Hungarian Algorithm)

Carrier Allocation

SINR Matrix

Rate (log[I+SINR]) Matrix A*= Optimal Carrier Assignment MatrixEconomy-Sized SINR Matrix

Max Sum-Rate 
(Hungarian Algorithm)

Carrier Allocation
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Assumptions 

1. As a first step, we consider only FDMA transmissions and not MF-TDMA in order to avoid the 
time dimension while calculating interference. This might be considered at a late stage.  

2. All FS carriers have the same bandwidth.  

3. All FSS carriers have the same bandwidth, SBW. 

4. The FSS carrier bandwidth is considered narrower that the FS carrier. 

5. The given channel gains between the FSS users and FS receivers are the same for all carriers. 

6. The transmitting power of each FSS terminal may take continuous values. 

Input 

M: Number of FSS users 

K: Number of FS receivers in the beam 

N: Number of FSS carriers 

H: MxK matrix that includes the channel gain magnitudes, between the mth FSS user and the kth FS 
receiver, squared 

f: 1xM vector including the carrier allocation plan for the FSS users (It should be noted that joint 
optimization will have to considered between the power control and the carrier allocation functions) 

c: 1xM vector that includes the channel gain magnitudes, between the mth FSS terminal and the kth FSS 
receiver, squared 

n: 1xM vector including the noise power of the mth FSS receiver 

pmax: 1xM vector including the maximum transmit power for the mth FSS user 

 

Function 

Based on assumption 4 and depending on the carrier allocation plan, multiple FSS terminals can be 
contributing to the aggregate interference received by a single FS receiver. In this direction, a centralized 
power control algorithm is needed to guarantee the interference thresholds. As mentioned before, in this 
module only scenario C is examined and thus interference among FSS receivers does not exist due to 
FDMA use. Following the logic of the carrier allocation plan, we formulate the power control problem 
in order to achieve a) maximum overall throughput or b) maximum overall throughput considering 
minimum SNR demand in the FSS receivers. 

Output 

p: 1xM vector including the allowed transmit power for the mth FSS user 

 
 
Function description 

 

Considering the uplink channel of the scenario C, our two approaches to the problem are: 
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Maximizing the overall throughput 

The underlying optimization problem that we want to solve is: 

 

max
𝒑

∑ log2 (1 +
𝑐𝑖𝑝𝑖𝑓𝑖

𝑛𝑖
)

𝑀

𝑖=1

 

𝑠. 𝑡.  𝑰 ≤ 𝑰th 

𝒑 ≤ 𝒑max 

 

where I is the induced aggregated interference vector of the M FSS terminals to each of the K FS 
receivers and Ith is the maximum interference vector each of the K FS receivers can tolerate. The induced 
aggregated interference vector I is calculated as: 

 

𝑰 = (𝐟 ⊙ 𝐩) ∙ 𝐇 

 
1. Maximizing the overall throughput considering minimum SNR demand in the 

FSS receivers 

In this optimization problem, the maximizing function remains the same but the inequality constraints 
change. So, the underlying optimization problem becomes: 

 

max
𝒑

∑ log2 (1 +
𝑐𝑖𝑝𝑖𝑓𝑖

𝑛𝑖
)

𝑀

𝑖=1

 

𝑠. 𝑡.  𝑰 ≤ 𝑰th 

𝑺𝑵𝑹 ≥ 𝑺𝑵𝑹min 

𝒑 ≤ 𝒑max 

 

where SNR is the SNR vector of the M FSS receivers and SNRmin is the minimum SNR each of the M 
FSS receivers requires to operate. The ith element of the SNR vector is expressed as: 

 

𝑆𝑁𝑅𝑖 = 10𝑙𝑜𝑔10 (
𝑐𝑖𝑝𝑖

𝑛𝑖
) 

 

Both approaches of this power control problem can be tackled by using optimization tools providing 
direct solutions. A classical means of solving nonlinear optimization problems with inequality 
constraints is a generalization of the Lagrange multiplier method.  In a problem like this, for a solution 
to be optimal, the necessary conditions to be satisfied are called Karush-Kuhn-Tucker (KKT) conditions. 
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Additionally, the problem should satisfy some regularity conditions. Since, the constraint functions are 
affine, these regularity conditions are met. 

The derived system of equations is a nonlinear one and it can be solved using well known iterative 
methods with high accuracy and small calculation time. 

6.2 Beamforming 

6.2.1 Scenario A 
Input Parameters 

1. Number of antennas or LNBs at the FSS terminal (M) 
2. Number of interfering BSS stations within the considered region  (K-1) 
3. Angular locations of interfering BSS stations (θi) 
4. Antenna spacing in the FSS terminal (d) 
5. Angular location of the FSS satellite (θd): this can be obtained by having the positions of the 

FSS terminal and FSS satellite from the database 
6. Weight update rate (r) 
7. FSS received signal level from system simulator (P) 
8. Noise level of the receiver chain (𝜎2) 
9. N Received Samples (N number of Measurements) across M antennas (Y) 

 

Function 
The function to be implemented depends on the employed beamforming technique. As an example, we 
present the function for the case of Minimum Variance Distorionless Beamformer (MVDR) and 
Linearly Constrained Minimum Variance (LCMV) beamformers. 
Function w = f (a(θ), 𝑹𝒀, f), 
where 𝒂(θ) = [1, 𝑒−𝑗2𝜋𝑑 sin(θ), … , 𝑒−𝑗2𝜋𝑑 (M−1)sin (θ)], 𝛉 = [θ𝑑, θ1, … … θ𝐾−1], 
 𝑹𝑦 = 1

𝑁
∑ 𝒚(𝑛)𝑁

𝑖=1 𝒚(𝑛), f is the response vector which is a scalar 1 for MVDR and [1 0…0] for the 

LCMV. 
MVDR optimization problem and solution 

 

 
LCMV optimization problem and solution 

                                   

  
Output Parameters 

1. Beamforming weight vector w 
2. Signal to Interference plus Noise ratio (SINR): SINR f or kth user (let k is index for desired 

FSS satellite and there are (K-1) interfering BSS stations) can be written as 

𝑆𝐼𝑁𝑅𝑘 =
𝛾|𝒘𝐻𝒂(𝜃𝑑)|2

𝒘𝐻(∑ 𝑹𝑖
𝐾
𝑖=1 𝑖≠𝑘 + 𝜎2)

=
𝛾|𝒘𝐻𝒂(𝜃𝑑)|2

𝒘𝐻𝑹𝑖+𝑛𝒘
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 where γ is the SNR of the desired incoming signal i.e., γ = 𝑃
𝜎2 and 𝑹𝑖+𝑛 is the covariance 

matrix if the interference plus noise.  

 

6.2.2 Scenario B 
Input Parameters 

1. Number of antennas or LNBs at the FSS terminal (M) 
2. Number of interfering FS transmitters within the considered region (K-1) 
3. Angular locations of interfering FSS transmitters (θi) 
4. Antenna spacing in the FSS terminal (d) 
5. Angular location of the FSS satellite (θd): this can be obtained by having the positions of the 

FSS terminal and FSS satellite from the database 
6. Weight update rate (r) 
7. FSS received signal level from system simulator (P) 
8. Noise level of the receiver chain (𝜎2) 
10. N Received Samples (N number of Measurements) across M antennas (Y) 

 

Function 
     The function description for MVDR and LCMV case as in Scenario A. 
Output Parameters 

1. Beamforming weight vector w 
2. Signal to Interference Noise Ratio (SINR) 

6.2.3 Scenario C 
Input parameters 

1. Number of antennas or LNBs at the FSS terminal (M) 
2. Number of victim FS receivers within the considered region (K-1) 
3. Angular locations of victim FS receivers (θi) 
4. Antenna spacing in the FSS terminal (d) 
5. Angular location of the FSS satellite (θd): this can be obtained by having the positions of the 

FSS terminal and FSS satellite from the database 
6. Weight update rate (r) 
7. Interference threshold of the victim FS receiver (Ith) 
8. Channel gains towards the victim FS receivers (αi) or distance (di) and path loss exponent (ni) 
9. FSS terminal  power per antenna (p) or total power (ptot) depending on the constraints of the 

optimization 
10. FSS channel gain (path loss) from system simulator (αd) or distance (dd) and path loss 

exponent (nd) 

Function 
 For this scenario, we present the function based on SINR maximization based beamformer [4], which 
is more flexible in terms of handling constraints than MVDR and LCMV-based beamformers. 
 Function [w]=f(θd,p,dd,nd,ptot,θi,di,ni) 
The SINR maximization based beamforming can be written as 
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where = √𝑝 𝒗 , 𝐼𝑖 denotes the interference towards the i-th victim FS receiver. 

 
Output Parameters 

1. Weight vector w 
 

2. Signal to Interference plus Noise Ratio (SINR) 

 

 
Fig. 6-3 Generalized pictorial representation of Beamforming module for network management 

in Scenarios A, B and C. 

Fig. 6.3 depicts the generalized block diagram of the beamformer module with input parameters, 
functions in the form of different techniques and output parameters. To design an adaptive beamforming 
at the satellite terminal, the knowledge of Direction of Arrival (DoA) of the interfering Fixed Service 
(FS) microwave transmitters and the FS receivers play an important role. In the forward link coexistence 
with the microwave links, a receive beamformer can be designed at the terminal in order to mitigate the 
interference coming from the FS transmitter and to maximize the SINR of the desired link. Further, in 
the return link coexistence scenario, a transmit beamformer can be implemented at the satellite terminal 
in order to mitigate interference towards the FS receivers and to maximize the SINR of the desired link. 
In the considered receive beamforming problem in Scenarios A and B, the main issue is the extraction 
of desired FSS signal from the received samples (measurements) using an array of antennas in addition 
to the existing satellite dish or Low Noise Block Converters (LNBs). These received samples are 
corrupted with the receiver noise as well as with the BSS interference in Scenario A and FS interference 
in Scenario B. In the satellite receiver, either individual or joint processing techniques can be applied in 
order to extract the desired information. We include the brief description of these approaches below. 
Individual Signal Processing 
In this approach, signal processing is applied at each receive chain separately. One way of looking into 
this approach is to use an additional Radio Frequency (RF) chain as in [1] in order to detect the harmful 
FS/BSS signal and to avoid the use of harmful carriers by the cognitive FSS system. Another approach 
could be the design of beamformer using an array antenna or LNBs in the satellite receiver. For the 
second approach, we can apply different beamforming techniques at each receive chain. In the following 
paragraph, we describe the general process of beamforming which is applicable for all types of 
techniques described in the subsequent paragraphs. 

Individual Signal Processing

LCMV, MVDR

TRB or MMSE

Hybrid  

Joint Signal Processing

Side lobe suppression

Filtering

P, θd, dd, nd from system 
simulator module

θi,di,ni , K-1, Ith from REM 
module

Beamforming weights w

SINR

Received N samples  across 
M antennas Y

p, ptot, Noise variance 
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At the front end of a receiver, the incident signals to the antenna elements are amplified and down 
converted to baseband or to an intermediate frequency. All these operations are carried out in the analog 
domain at the front ends and these operations are identical to all the elements, maintaining the same 
phase reference. The output signal of each front end is then digitized by an analog to digital (A/D) 
converter. Subsequently, the digital beamforming is performed by a set of complex weights which are 
computed according to some criteria depending on the chosen technique. The output of the beamformer 
is then despread (if spread spectrum has been used at the transmission) and data are recovered after 
demodulation [2]. The weight vector can be updated using the signals from the array elements and some 
side information which depends on the employed beamforming technique. We briefly describe some of 
the applicable beamformers below. 
 
Minimum Variance Distortionless Response (MVDR): This beamformer uses spatial information and 
computes weights by minimizing the variance subject to constraint in the desired direction [2]. The side 
information required for this beamformer implementation is array steering vector which depends on the 
DoA of the desired signal. 
 
Linealy Constrianed Minimum Variance (LCMV): This beamformer also uses the spatial 
information and computes weights by minimizing the variance subject to constraints in the desired and 
interfering directions. The side information required for this beamformer implementation is array 
steering beamformer which depends on the DOAs of the desired signal and interfering signals. In the 
LCMV approach, several nulls can be created at specific positions by using the constraints in these 
directions while maximizing the array response in the desired direction [3,4] whereas, in the MVDR 
approach, the beamformer maximizes the response towards the desired direction and minimizes the total 
interference plus noise independent of the interfering users’ directions. 
Temporal Reference Beamforming (TRB), also known as MMSE (Minimum Mean Square Error) 
beamformer: This beamformer uses temporal structure of the desired signal and computes weights by 
minimizing the mean square error between the array output and a reference signal highly correlated with 
the desired signal [2]. The side information required for this beamformer implementation is the reference 
signal which is highly correlated with the desired signal but uncorrelated with the interfering signals.  In 
many cases, the pilot signal is perfectly known to the receiver and it can be used as a temporal reference 
signal after recovering frame synchronization information.  
 
Hybrid beamforming: is a combination of both spatial reference and temporal reference [2]. The side 
information required for this approach are both the spatial information i.e., DoA knowledge and the 
reference signal. This approach basically retains the some properties of both approaches and provides 
better performance than the individual ones. 
 
In ideal conditions, all the above techniques can provide optimal solutions for the beamforming weights. 
However, in practice, the direction of arrivals of desired signal and interfering signals are not perfectly 
known and we have to use some DoA estimation algorithm. If the databases of the both desired and 
interfering systems are available and the channel is fixed as in FSS links, the DoA values can be 
calculated from the available database information. Further, in practice, multipath signals may be present 
and there may be antenna array imperfections. In these non-ideal situations, different beamformers have 
different levels of performance and they are different in terms of their hardware implementation as well. 
Thus, the choice of a particular beamformer actually depends on the desired level of performance, the 
environment we are working on and the complexity of implementation.  
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Wideband array signal processing techniques: can be broadly categorized into the following [5] : (i) 
Spatial Filtering or Fully Spatial Signal Processing: In this approach, the array acts as a spatial filter in 
which the signals received are processed with  only weighting schemes, with no delays or filters. (ii) 
Space-Time Porcessing: A space-time processor combines spatial filtering with temporal filtering. For 
spatial filtering, the signals received by each antenna element are multiplied by weights and for time 
processing, a tapped-delay-line (TDL) is used on each branch of the array, which allows each element 
to have a phase response that varies with frequency. (iii) Space-Frequency Processing: In this approach, 
the wideband signal is converted to an intermediate frequency and decomposed into non-overlapping 
narrowband signals using band-pass filters. Subsequently, the decomposed signals are weighted with a 
conventional narrowband weighting scheme, and then summed to form the output.   

MultiLNB based Beamforming: A multi-antenna satellite receiver dish consists of multiple feeds, with 
several low noise block convertors (LNBs). The Multi-LNB based beamforming can be implemented as 
a receive beamformer or as transmit beamformer depending on the scenarios. In the forward link, the 
satellite terminal equipped with multiple LNBs can be used whose objectives are to maximize the SINR 
of the desired satellite signal and to mitigate the effect of harmful FS signals. On the other hand, in the 
return link, the satellite terminal equipped with multiple LNBs can be used to design a transmit 
beamformer in order to maximize the SINR of the desired satellite link and to minimize interference 
towards the FS terminals. It can be noted that in the presence of multiple harmful FS links, the considered 
scenario becomes overloaded since the satellite receiver usually has fewer LNBs than the received co-
channel FS signals. In this context, a receiver structure with M number of LNBs has been proposed in 
[6] for broadcast reception under interference environment generated by adjacent satellites. The main 
difference in the considered scenario from the overloaded scenario considered in [6] is that the harmful 
FS interference can enter to the satellite terminal from any direction instead of the main lobe.  
 
Joint Signal Processing 
Joint processing of the signals received from the main antenna as well as auxiliary antennas in different 
ways can be a promising approach for adaptive nulling and side-lobe suppression of transmit/receive 
radiation pattern. Further, by investigating a suitable spatial filter which can filter the signals picked up 
by the sidelobes from the total received signal, the desired signal received through the main lobe can be 
extracted.  In this context, the joint processing approach can be used in the following two ways. 
 
Side-lobe suppression: The side lobes of an antenna may cause harmful interference to the unwanted 
receivers or incumbent receivers in the context of spectral coexistence scenarios. Further, the upper 
sidelobes are the main source of interference, and reducing their effect using advanced signal processing 
techniques is the main aspect to be investigated. The effect of side lobes in the spectral coexistence 
scenarios can be mitigated either by investigating a suitable antenna structure which produces smaller 
side-lobes in its radiation pattern or by using signal processing techniques which can mitigate the effect 
of the interference caused by the side-lobes of  transmit/receive antennas. Moreover, the interference 
rejection at the satellite receiver can be accomplished by designing its antenna pattern in such a way that 
pattern minima or nulls are placed in the directions of the interfering sources. If the locations of 
interferers are known beforehand, then the receive antenna pattern can be designed by placing nulls in 
the corresponding interfering directions. However, the interference environment is varying and the 
antenna should be capable of adapting its pattern accordingly. In this context, the main principle of 
adaptive nulling lies in estimating the presence of interfering signals autonomously, and then 
reconfiguring the antenna pattern in order to achieve the desired interference rejection ratio [7]. 
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Several techniques have been used in the past for nulling or suppressing selected sidelobes in directional 
antenna systems for different applications [8-15]. The initial concept behind the sidelobe suppression is 
combining the signal from the main antenna with a signal derived from an auxiliary antenna, suitably 
adjusted in amplitude and phase, in such a way that the signals outside the main lobe are suppressed.  
 
 
Filtering: Filtering can be one of the promising joint processing techniques which can be applied on the 
signals received by the additional RF chain of the receiver and the satellite dish. A suitable filter can be 
investigated in such a way that the desired signal is extracted by removing the interfering signals and 
noise from the combined received signal.  
 
Let 𝑦1 = ℎ11𝑥1 + ℎ12𝑥2 + 𝑧1 be the received signal at the front end of the additional RF chain and 𝑦2 =
ℎ21𝑥1 + ℎ22𝑥2 be the received signal at the dish antenna, where  denotes the channel gain from the 

FS transmitter towards the additional antenna (can be dipole or some other suitable antenna structure), 
is the channel gain from the FS transmitter towards the dish antenna, is the channel gain from the 

FSS satellite towards the additional antenna, the  is the channel gain from the FSS satellite towards 

the dish antenna. Further, 𝑥2 is the signal transmitted by the FSS satellite at a certain time instant (we 
drop the time index for the sake of brevity) and 𝑥1 is the transmitted by the FS transmitter, which is 
interfering signal for the FSS terminal. The received signal can be jointly written as 
 

[
𝑦1
𝑦2

] = [ℎ11 ℎ12
ℎ21 ℎ22

] [
𝑥1
𝑥2

] + [
𝑧1
𝑧2

] 

The above equation can also be written as 
𝒚 = 𝑯𝒙 + 𝒛 

The objectives of the receiving filter are to maximize the contribution of desired FSS signal i.e., 𝑥2 and 
to minimize the contribution of the interfering FS signal i.e., 𝑥1 in the total received signal. In this 
context, the research problem is the design of a suitable receive filter W. The output of this filter can be 
written as  

𝒚𝑓 = 𝑾𝒚 = 𝑾(𝑯𝒙 + 𝒛) 
Practical Issues 

i. DoA estimation 
ii. Array calibration 
iii. Synchronization 
iv. Power imbalance at the different RF chains 
v. FS channel and interference threshold knowledge in Scenario C 

 

6.3 SINR Calculations 
Input  

M: Number of users 

N: Number of carriers 

ΓS: MxN matrix which includes the intra-system SINR for each user-carrier combination  

𝛾𝑆 =
𝑆

𝑁 + 𝐼𝑆
 

11h

21h 12h

22h
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where S is the carrier level, N is the noise level  and IS is the inter-beam interference. These values are 
provided by the SSS module, but they might be updated by the NM module in case terminal 
beamforming is applied. 

T: MxN matrix which includes the terrestrial interference (BSS for scenario A, FS for scenario B) IT for 
each user-carrier combination. This matrix is generated by the REM module. It should be noted that this 
will be a zero matrix for scenario C, since the FSS terminal is transmitting.  

P:  MxN matrix which includes the FSS transmit power backoff P for each user-carrier combination, so 
that the interference threshold is respected for each adjacent active FS receiver. This matrix is generated 
by the power control function in the Network Management module.  

Output 

Γ: MxN matrix which includes the final SINR for each user-carrier combination 

For scenarios A&B,  

𝛾𝑆 =
𝑆

𝑁 + 𝐼𝑆 + 𝐼𝑇
 

For scenario C,  

𝛾𝑆 =
𝑆/𝑃

𝑁 + 𝐼𝑆
 

 

6.4  Performance Evaluation & Comparison 
This section describes the throughput and availability functions of the PE module for a single beam and 
subsequently the performance evaluation for Scenario A and B based on the described SINR calculation 
in this section. System integration of the developed resource allocation algorithms in this section with 
the interference calculation, or SINR estimation developed in Sections 4 and 5 will be considered in 
D3.4.  

6.4.1 Throughput  
Input  

M: Number of users 

N: Number of carriers 

A: MxN binary matrix which includes the carrier allocation plan. The ones in this matrix denote the 
assigned user-carrier pairs as described in section 6.1.1. This is the output of the Carrier Allocation 
function in the NM module. 

Γ: MxN matrix which includes the final SINR for each user-carrier combination. 

Output 

R: the throughput of a representative beam defined as 

𝑅 = ‖𝐀⨀log2(𝑰 + 𝜞)‖
1
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6.4.2 Availability 
Input  

M, N, A, Γ. 

Rt: This is the minimum target rate which has to be achieved so that the user is considered to be receiving 
good service 

Output 

V: This is the availability of a representative beam defined as the number of carriers that can achieve a 
rate larger than Rt:  

𝑉 =
1{𝐀⨀log2(𝑰 + 𝜞) > 𝑅𝑡}

𝑁  

Where 1{} is the indicator function. In case we consider M>>N and over a t-slot TDMA scheme, this 
could be extended to 

𝑉 = 𝐸𝑡 [
1{𝐀⨀log2(𝑰 + 𝜞) > 𝑅𝑡}

𝑁 ] 

where Et denotes expectation over the TDMA slots. 

 

6.4.3 Performance Evaluation for Scenario A 
In this subsection, we provide the performance evaluation results for Scenario A within one beam. The 
goal is to obtain preliminary results about the performance of the carrier allocation and beamforming 
modules. 
For illustrating Scenario A, we consider a representative beam of 150 Km radius with its center located 
in Betzdorf, Luxembourg (49.6833° N and 6.35° E).  All the BSS feeder stations located in the Betzdorf 
are considered for this analysis. The BSS satellite locations, carriers as well as their elevation angles and 
azimuth angles are provided in Table 6.1. Table 6.2 presents the link budget and simulation parameters 
for the FSS system (Cognitive) and Table 6.3 presents simulation parameters used for BSS systems 
(Incumbent). 
 
Note: The FSS/BSS parameters are indicative and will be updated once a reference system has 
been formally defined. 
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Table 6.1: Parameters for BSS feeder stations located in Betzdorf, Luxembourg 
 

Orbital 
position 

Frequency 
(MHz) 

Elevation angle 
(degree) 

Azimuth angle 
(degree) 

4.8°E 17883.70 33.0441° 182.0338° 
23.5°E 17904.50 30.7463° 157.9518° 
23.5°E 17943.50 30.7463° 157.9518° 
23.5°E 17982.50 30.7463° 157.9518° 
23.5°E 18002.00 30.7463° 157.9518° 
23.5°E 17378.00 30.7463° 157.9518° 
23.5°E 17319.50 30.7463° 157.9518° 
23.5°E 17768.00 30.7463° 157.9518° 
23.5°E 17748.50 30.7463° 157.9518° 
23.5°E 17358.50 30.7463° 157.9518° 
28.2°E 18041.00 29.3594° 152.2437° 
28.2°E 17729.00 29.3594° 152.2437° 
31.5°E 17417.00 28.2174° 148.3587° 
31.5°E 17612.00 28.2174° 148.3587° 
31.5°E 17690.00 28.2174° 148.3587° 
31.5°E 17768.00 28.2174° 148.3587° 
31.5°E 17846.00 28.2174° 148.3587° 
31.5°E 17924.00 28.2174° 148.3587° 
31.5°E 18002.00 28.2174° 148.3587° 
31.5°E 18080.00 28.2174° 148.3587° 
54.65°E 18080.00 17.2066° 124.1637° 
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Table 6.2: Link budget and simulation parameters for FSS system (cognitive) 
 

Parameter Value 
Distance between terminal and satellite 35786 Km 
EIRP of FSS satellite 61 dBW 
Height of FSS terminal antenna 5 m 
Gain of FSS terminal antenna 42.1 dBi 
Carrier frequency range 17.3 GHz to 18.1 GHz 
Radius of representative beam 150 Km 

Channel  
LoS channel based on path loss and beamgain 
matrix 

Path loss 208.27 dB to 208.6658 dB 
Number of shared carriers 23 
User types Uniformly generated random users 
Carrier bandwidth 36 MHz 
Noise Power (dBW/36MHz) -128.8552 
Co-channel margin (dBW) -13.00 
Reuse pattern 4 color (frequency/polarization) 
Received SNR range at the terminal 8.9053 to 10.7076 dB 
Antenna pattern of FSS rx terminal ITU-R S.465 

 
Table 6.3: Parameters for BSS system (Incumbent) 

Parameters for BSS Value 
Antenna diameter 9 m 
Antenna efficiency 60% 
Antenna gain 62 dBi @17.7 GHz 
Tx power 19 dBW 
Antenna Pattern SR doc or ITU RR Appendix 7 
BSS feeder station antenna height 10 m 
Location of BSS feeder stations 49.6833° N, 6.35° E 

 
 
The considered scenario is further illustrated in Fig. 6.4.  In this figure, the black lines correspond to the 
azimuthal direction of the FSS terminals with respect to the GEO FSS satellite located at 25 ° E and the 
red lines correspond to the azimuthal direction of the BSS feeder stations located in Betzdorf, 
Luxembourg (49.6833° N and 6.35° E) towards five different satellites depicted in Table 6.1. 
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Fig. 6.4. Representative beam used for the simulating scenario A (The center coordinate 

corresponds to Betzdorf, Luxembourg (49.6833° N and 6.35° E)). The cross point (with red 
color) denotes the position of BSS feeder stations and the small circles (with blue colour) denote 

the positions of FSS terminals under the considered scenario. 
Note: Inline interference does not occur in the considered scenario due to the involved topology.  

 
 

6.4.3.1 Carrier Assignment Performance Evaluation 

 
Note: the carrier bandwidth is indicative and will be updated once a reference system is provided. 
 
In the current simulation setup, the FSS shared band (17.3-18.1 GHz) is divided into 23 subbands in the 
interval of 36 MHz and the FSS exclusive band is divided into 14 subbands in the interval of 36 MHz. 
For each time frame, 37 randomly placed FSS terminals are considered within the circular area of radius 
150 Km and the corresponding Signal to Noise Ratio (SNR) matrices are obtained considering all the 
carrier-user combinations for both shared and exclusive carriers. In the shared band, the Signal to 
Interference plus Noise Ratio (SINR) matrix is constructed by considering interference from the BSS 
carriers. In order to calculate the interference from the BSS carriers, interfering BSS carriers for a certain 
FSS carrier were found by checking whether a BSS carrier falls within 36 MHz of the considered FSS 
carrier or not. If the BSS carrier falls within this range, then it is treated as an interfering carrier and is 
taken into account for aggregate interference calculation for the considered FSS carrier. In the current 
set up, the bandwidths of interfering and victim carriers are considered to be same. If the interferer uses 
less carrier bandwidth than the victim receiver, the total interference can be scaled linearly as a simplistic 
solution. However, other suitable approaches can be investigated and this will be further detailed while 
studying Scenario B. This SINR matrix is then fed to the carrier assignment block which provides the 
assignment matrix and the beam throughput obtained after CA. The Hungarian algorithm (as described 
in Section 6.1.1) is used for implementing CA in the considered scenario. For the throughput calculation, 
DVB-S2X function is used instead of the Shannon formula. We consider 4 color reuse pattern of FSS 
satellite and scale the total throughput for the representative beam based on the fact that only half of the 
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carriers are available in each beam for a certain polarization. In the considered set up, the total 37 number 
of carriers i.e., 23 carriers for the shared band and 14 carriers for the exclusive carriers are assigned 
jointly to the uniformly generated random users over the considered geographical region. For our 
analysis, we consider the following cases with CA. 
 
Case 1: Exclusive band only: In this case, the SINRs and user rates are calculated using only exclusive 
carriers. More specifically, 14 carriers of the exclusive band are taken into account averaging over 1000 
time frames of 37 random users over the representative beam. In each realization, a randomly chosen 
(14 X 14) SINR matrix is fed to the carrier assignment block and averaging is carried out over the 
considered number of random realizations for producing the final results.  
This case represents the conventional system.   
 
Case 2: Shared plus exclusive band w/o BSS interference: In this case, the SNRs and user rates were 
calculated considering both shared and exclusive carriers, but without considering the BSS interference. 
More specifically, 23 carriers from the shared band and 14 carriers from the exclusive band are taken 
into account averaging over 1000 time frames of 37 random users over the representative beam as in the 
above case. In each realization, (37 X 37) SNR matrix is fed to the carrier assignment block and 
averaging is carried out over the considered number of realizations for producing the final results. 
This case indicates the scenario where the additional spectrum is allocated to the FSS system. This 
case does not exist in practice but is considered for the comparison purpose. 
 
Case 3: Shared plus exclusive bands w/ BSS interference: In this case, the SINRs and user rates were 
calculated considering both shared and exclusive carriers, and considering the BSS interference. More 
specifically, 23 carriers from the shared band and 14 carriers from the exclusive band are taken into 
account averaging over 1000 time frames of 37 random users over the representative beam as in the 
above case. In each realization, (37 X 37) SINR matrix is fed to the carrier assignment block and 
averaging is carried out over the considered number of realizations for producing the final results.    
This case denotes the scenario where BSS and FSS systems share the band 17.3-18.1 GHz primarily 
allocated to the BSS system. 
 
Table 6.4 presents the comparison of the above cases in terms of throughput per beam. From the results, 
it can be noted that by employing CA in the considered scenario, we provide the flexibility of using 
shared band in addition to the exclusive band for the FSS system. This flexibility enhances the total per 
beam throughput by 162.6 % in comparison to the per beam throughput achieved while using exclusive 
only band.  
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Table 6.4: Throughput per beam comparison of different case (all with CA) 
 

Cases Value (Gbps) 
Exclusive only (Case 1) 0.761 
Shared+Exclusive w/o BSS interference (Case 2) 2.0006 
Shared+Exclusive w/ BSS interference  (Case3) 1.9916 
Improvement of Case 3 over Case 1 161.7 % 

 
In order to analyze the beam availability in the presence of BSS interfering links, we consider 1000 
random realizations of FSS terminals over the considered representative beam and generate SINR as 
well as rate vectors over all the possible 23 shared and 14 exclusive sub-bands considering random CA. 
Fig. 6.5 provides the comparison of SINR distribution in the considered scenario in the form of CDF 
plots. From the results, almost 10 % users have SINR value less than 4 and more than 7 % users have 
SINR value less than 2 in the considered FSS-BSS coexistence scenario. 
 

 
Fig. 6.5. CDF plots of SINR distribution with and without BSS interference 

Main observation: The SINR distribution degrades in the presence of BSS interference. 
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Similarly, Fig. 6.6 presents the comparison of rate distribution in the considered scenario. From the 
figure, it can be noted that the beam availability in the presence of the incumbent BSS system is less 
than the beam availability in the absence of the incumbent system. Further, it can be depicted that the 
by employing the CA, the beam availability in the presence of the BSS interference can be made closer 
to the availability that would be obtained in the absence of the BSS interference. 
 
From the CDF of the rates plotted in Fig. 6.6, it can be noted that minimum rate increases from the value 
of 0.567 bps/Hz to the value of 2.37 bps/Hz while using the CA scheme, which is a huge improvement 
in the fairness. As depicted in Table 5, this turns out to be 317.9 % improvement in fairness (measured 
in terms of the minimum user rate). 
 

 
 
Fig. 6.6. Distribution of per user rate (bps/Hz) for various approaches with CA (With DVB-S2X 

function) 
Main observation: The minimum user rate increases from 0.567 bps/Hz to 2.37 bps/Hz while 

applying the CA technique. 
 

In order to analyse the performance gains achieved by employing CA in the considered scenario, we 
present the comparison of different cases in Table 6.5 (also in the following bar plot). From Table 6.5, 
it can be observed that by employing CA in exclusive only case (Case 1) does not provide much benefit 
due to the presence of similar SINR values in the SNR matrix whereas in the shared plus exclusive plus 
case w/ BSS interference (Case 3) provides the improvement of 8.49 % in the per beam throughput. 
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Table 6.5: Throughput per beam comparison of different cases (with and without CA) 

 
Cases Value (Gbps) 
Exclusive band (w/o CA) 0.744 
Exclusive band (w/ CA) 0.761 
Percentage of improvement with CA method in 
the shared+exclusive band 

2.28 % 

Shared+Exclusive (w/o CA)  1.8357 
Shared+Exclusive (w/ CA) 1.9916 
Percentage of improvement with CA method in 
the shared+exclusive band 

8.49 % 

Improvement in fairness (in terms of the 
minimum rate) from Fig. 6.6 

1.803 bps/Hz  (317.9 %) 

 
 

6.4.3.2 Beamforming: Description and Performance Evaluation 

Here, our goal is to evaluate the performance improvement by applying beamforming to the interfered 
terminals in Scenario A. Before going through the simulations results, first we outline the beamforming 
techniques which are used for simulations with more specification than in Section 6.2.1.  

 
As mentioned before, the following three criteria are commonly used while designing an optimum  
beamformer[30]: (i) Minimum Mean Square Error (MMSE) criteria, (ii) Minimization of Output Energy 
(MOE), (iii) Maximization of SINR.  The MMSE algorithm tries to minimize the mean square error 
with respect to a reference signal and the desired user is assumed to transmit a reference signal.  This 
technique can be applied for the scenarios where training data are available. The training sequence can 
be considered as a reference in designing MMSE beamformer.  In the CR scenario, the reference signal 
is usually unknown. Although in the considered scenarios, the pilot signal can be considered as the 
reference signal, in this exercise, we are interested in exploiting techniques which are independent of 
the reference signal.  The Max. SINR algorithm calculates the beamforming weights in such a way that 
the SINR of the desired link is maximized. Further, MOE beamformer tries to minimize the total output 
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energy while simultaneously maintaining the fixed gain towards the desired direction.  Although the 
above techniques can be shown to be equivalent theoretically, they can be quite different in practice 
[30]. In this work, we focus on the 2nd approach. For realizing this approach, two widely considered 
techniques discussed are Linearly Constrained Minimum Variance (LCMV) and Minimum Variance 
Distortionless Response Beamformer (MVDR) approaches [31]. The basic algorithmic functions 
required input parameters and output parameters are included in Section 6.2.1. 
  
Further, based on the availability of DoA information of the desired and interfering users, the following 
two approaches can be followed while designing a beamformer at the FSS terminal: (i) DoA-based 
adaptive beamformer, and (ii) Range aware adaptive beamforming. In both the above approaches, the 
FSS terminal can be assumed to be equipped with a suitable array antenna or array fed reflector. Due to 
the simplicity of implementation, we consider an array fed reflector throughout this work. Further, out 
of several possible configurations of array fed reflector, multi-LNB based configuration is considered 
for initial step of evaluation from practical perspectives. Recent advances in Silicium Germanium (SiGe) 
BiCMOS technology have made the implementation of a low cost a Multiple-Input Low Noise Block 
Downconverter (MLNB) structure possible. Since this configuration is already available in market, there 
occurs little overhead from the point of antenna structure while implementing a beamforming technique 
at the FSS terminal. The extra hardware needed is the beamformer circuitry which calculates necessary 
weights in order to adapt the antenna pattern in order to maximize the SINR of the desired link and 
mitigate interference towards/from the victim/interfering terminals. The main drawback of this 
configuration is that only few nulls can be created towards the interfering/victim terminals due to the 
limited number of LNBs in the available configuration. In practice, the number of LNBs should be kept 
low e.g., 2-3 LNBs, due to cost, mechanical support and electromagnetic blockage issues.  However, 
this shouldn’t be a problem since the bulk of interference is related to only a new angles due to the high 
directivity of incumbent and cognitive links. In a DoA-based adaptive beamformer, the beamforming 
weights are designed based on the knowledge of DoA information of the desired/interfering terminals. 
This knowledge is assumed to be available from the available database (from operator/regulators). 
Alternatively, well-studied DOA estimation techniques could be employed but this is out of the scope 
of this contribution.  
 
If DoA information of the desired and interfering terminals is not available to the beamformer, range 
aware adaptive beamforming approaches can be exploited [3], [4]. FS transmissions are highly directive 
in the Earth’s horizontal plane and the GEO FSS transmissions are also directive but in different 
directions which depend on the elevation angle of the terminal with respect to the satellite. Range aware 
adaptive beamforming based on the above difference in the transmission characteristic of GEO FSS 
transmissions. The terminal does not need to know the exact locations of the interfering/victim FS 
stations. If the FS stations are close to each other, we can group them into a cluster and design a 
beamformer in order to mitigate interference towards/from a specified cluster.  
 
Beamforming weights can be further adapted by putting the constraint on the elevation angle of the 
terminal: the terminal knows its position (e.g., GPS equipped) and adapts its beamforming weights in 
order to (i) mitigate interference from/towards a certain angular sector where FS transmission is 
concentrated, and (ii) maximize the SINR of its own transmission/reception. In Scenarios B and C where 
the FS provides/receives interference in the earth’s horizontal plane, three dimensional beamforming 
can be designed in order to mitigate interference from/towards the Earth’s horizontal plane where FS 
transmissions are concentrated. 
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The design of antenna arrays to achieve certain performance criteria involves tradeoffs among the array 
geometry, the number of sensors, SNR, and Signal to Interference Ratio (SIR), as well as a number of 
other factors. The following two aspects of array design that determine its performance as a spatial filter: 
(i) Array geometry, and (ii) Design of weights. The first aspect array geometry establishes basic 
constraints upon its operation and a designer may have limited freedom to specify it due to the involved 
physical constraints. Regarding the second aspect, the selection of beamforming weights determines the 
spatial filtering characteristics of the array for the provided array geometry. 
 
In CoRaSat Scenarios A and B, receive beamformer can be designed at the FSS terminal in order to 
mitigate interference coming from BSS station/FS transmitter and in Scenario C, transmit beamformer 
can be designed at the FSS terminal in order to mitigate interference towards the victim FS receivers.  
In this initial assessment, we assume the knowledge of the location information of the desired and 
interfering users from the database and work on DoA-based adaptive beamformers. 
 
The beamforming weights in the considered techniques are the functions of the covariance matrices 
which are eventually the functions of the steering vectors in Line of Sight (LoS) channels. The LoS 
channel can be considered as the average value of the fading channel.  From the practical implementation 
perspectives, optimal beamforming techniques such as MMSE beamformer, Max. SINR and MOE 
techniques may be difficult to implement in practice in general context due to the absence of knowledge 
of the covariance matrix. However, in the considered scenarios, due the availability of knowledge about 
the covariance matrix and its lower dimension, these techniques seem to be feasible in practice and 
hence are investigated in the context of this work. As mentioned earlier, out of these approaches, initially 
we focus on the MOE based approaches. In case the DoA knowledge is not available, one can investigate 
several iterative and non-iterative approaches such as direct matrix inversion, steepest descent, Least 
Mean Square Algorithm, Recursive least square, Constant Modulus Algorithm, etc. [31]. 
 
 
Applications in Scenario A and other CoRaSat Scenarios 

 
The basis of the terminal antenna system design is a consumer grade terminal antenna system with 
mechanical and environmental requirements compatible with consumer products in the EU and US and 
compatible with a “do-it-yourself” installation procedure. Terminal reflector based feed array system 
with 60cm to 75cm reflector is considered. The antenna f/D (focal length/aperture diameter) factor is 
considered between 0.5 and 0.6, which is typical for a consumer reflector antenna. Feed requirements 
are defined depending on the sidelobe requirements to be respected. 
 
We assume that beamforming can be applied as a reconfigurable tool at installation and at certain 
reconfiguration events during system operation. The beamforming is based on a feedback mechanism 
using reception quality indicators in a feedback loop to the beamforming mechanism.  
  
 
Beamforming Evaluation for Scenario A 

 
We consider the same simulation environment as considered in the context of carrier allocation. To 
summarize, all the BSS stations are located at a single geographical location in Bertzdorf, Luxembourg 
and random FSS stations are uniformly distributed in a circle of 150 km around the location of the BSS 
stations (with the parameters included in Tables 6.1, 6.2 and 6.3).   
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The important input parameter required for beamforming design is the array response vector. The array 
response vector depends on the angle of arrivals of interfering and desired terminals.  In most of the 
literature, this is calculated based on the assumption of Uniform Linear Array (ULA) antenna due to the 
availability of well-established simpler analytical expression. However, in practice, the antenna 
structure might be different and hence the response pattern also becomes different. In the considered 
scenario, we consider a multiLNB configuration based array fed reflector with 3 LNBs. The response 
pattern of the parabolic reflector with 3 feeds is calculated based on the software GRASP, which is a 
software tool used for the precise modelling of the reflector antennas.  The feed assumptions used in the 
current analysis are (i) Gaussian radiation patterns, (ii) 10 dB tapering in all directions i.e., 10 dB less 
power at the antenna edge compared to the centre. The antenna patterns in both Az and El plane are 
available from the used tool and for the simplicity purpose, we currently use AZ pattern.  
As an example, Fig. 6.7 presents the azimuth pattern of the MLNB-based FAR at 17.3 GHz with the 
reflector’s aperture diameter of 75 cm. In our future work, we plan to extend this utilizing both AZ and 
EL patterns as well as extending this to the 3D beamforming considering suitable 2D planar 
configurations of antenna feeds. 
 
In the current analysis, the amplitude and phase characteristics of the FSS terminal’s front end for a 
range of offset angles are obtained with the help of GRASP tool and are subsequently used for the 
calculation of complex response vector of the multi-LNB configuration-based array fed reflector. This 
complex response vector is further used for calculating beamforming weights. For the calculation of 
beamforming weights, MOE based approach is followed. In the following, we provide algorithmic steps 
followed while applying beamforming in the considered scenario. 
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                                   (a) 
     

 
(b) 

 
Fig. 6.7 Amplitude and phase response patterns of the considered MLNB-based FAR at 17.3 

GHz with a parabolic reflector of 75 cm diameter 
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Algorithmic steps followed while applying beamforming  
 

1. Take SINR input from FSS+BSS system analysis under the shared band. This SINR is the 
output of the SINR calculator in the considered simulation framework. 
  

2. Find the entries in the SINR matrix which are below a certain threshold value. This threshold 
should be specified in a way to filter the SINR values affected by the BSS interference (not by 
the rain fading/atmospheric impairments). This threshold can be chosen on the basis of 
modcod adaptation of the terminal. In this contribution, the threshold is set in such a way that 
the modocod used by the FSS terminal does not degrade below 8PSK 8/15. This corresponds 
to the ideal Es/N0 value of 4.71 dB (with short XFECFRAMES at Quasi Error Free FER=10-5) 
based on the DVB-S2x specifications [32].   
 

3. Create a Radio Environment Map of the corresponding terminal positions and frequencies 
based on the entries from Step (2). 
 

4. Calculate offset angles of the FS terminals towards the BSS station. This can be calculated 
based on the location information (azimuth and elevation ) of the FSS terminals and the BSS 
station, available from the Database. In the considered set up, the location of BSS station is 
known and the location of FSS terminals are randomly generated in each realization of the 
sum rate calculation. 

 
5. For each user terminal and the corresponding frequency identified in Step (3), apply MOE 

beamforming approach and find the corresponding SINR values for these entries. 
 

6. Replace original entries in Step (2) with the calculated ones in Step (5). 
 

7. Calculate throughput considering the serial implementation of CA and BF module i.e., CA 
after BF.The CA algorithm is described in Section 6.1.  

 
The throughput obtained after the application of the above algorithm is provided in Table 6.6. The main 
cases i.e., Cases 1, 2 and 3, included in this table are same as the ones described under the CA section 
and the subcases 31 and 32 are based on the employed CA and BF techniques for the shared plus 
exclusive band case in the presence of BSS interference. From the table, it can be observed that the 
exploitation of the shared band with the considered approach provides significant gain in terms of the 
per beam throughput. The beamforming approach provides additional 7.39 % gain in the per beam 
throughput over the case without BF consideration, which is a considerable gain. It should be highlighted 
here again that not all the FSS terminals have to employ the beamforming approach i.e., only a few 
terminals which receive low SNRs (<4.71 dB) implement the beamforming technique. Further, it should 
be noted that the gain achieved by beamforming is expected to further increase in the scenarios with 
denser interferers, e.g. BSS in SE England or FS interferers in urban areas.  
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                 Table 6.6: Throughput per beam comparison of different cases 
 
Cases Techniques Value (Gbps) 
Exclusive only (Case 1)  0.761 
Shared+Exclusive  
w/o BSS interference (Case 2) 

 2.0006 

Shared+Exclusive  
w/ BSS interference (Case 3) 

w/ CA (subcase 31) 1.9916 
w/ CA+BF (subcase 32) 2.1388 

 
            Fig. 6.8 Distribution of per user rate (bps/Hz) (With DVB-S2X function) 

      
Main observation: Beamforming technique improves the beam availability in the considered 

scenario 
 
Fig. 6.8 provides the Cumulative Distribution Function (CDF) plots of the per user rate for the 
considered scenarios in bps/Hz. From the figure, it can be noted the applied beamforming improves the 
beam availability over the case without BF implementation. For illustrating some intermediate steps, we 
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also provide the comparison of response patterns with the considered beamforming approach taking into 
account of the following two patterns: (i) ULA response pattern, (ii) Multi-LNB-based Array Fed 
Reflector (MLNB-FAR) pattern. Although ULA pattern may not be feasible to implement in practice, 
it is used here just for the comparison purpose. Fig. 6.9 provides the comparison of the response patterns 
of MVDR and LCMV beamformers with the aforementioned patterns for the considered set of 
parameters. From the figure, it can be noted that all the approaches can provide unity response in the 
desired direction and produce nulls in the interfering directions except slight deviation in the null 
placement in case of MVDR with ULA case (this deviation is observed to be reduced with the increase 
in the number of feeds). The main difference that has been observed with these patterns is in terms of 
SINR. It has been noted that the SINR values for MVDR and LCMV approaches with the ULA pattern 
were found to be 15.9095 dB and 15.8115 dB respectively whereas the SINR values for MVDR and 
LCMV beamformers with the (MLNB-FAR) pattern were found to be 43.3405 dB and 43.3386 dB 
respectively for the considered set of parameters. Although both patterns provide similar response in the 
desired direction as set by the unity response constraint in the desired direction, this significant 
difference in the SINR values with two patterns is obtained due to the creation of very deep null in case 
of the MLNB-FAR pattern. 

 
Fig. 6.9 Response patterns of MVDR and LCMV beamformers with ULA and MLNB-FAR 
patterns (desired direction=0.0602°, interfering direction=8.253°, Number of LNBs=3, SNR=20 
dB, INR=20 dB) 
 
Main observation: The depth of the null towards the interfering direction increases while using 

MLNB-FAR pattern in comparison to ULA pattern. 
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Fig.6.10 CDF plots of SINR distribution 

Main observation: Beam availability significantly improves with the BF approach. 
  
Furthermore, Fig. 6.10 depicts the CDF plots of SINR distribution with and without beamforming 
considering the presence and the absence of BSS interference. From the figure, it can be noted that the 
beam availability decreases due to the presence of the FSS interference. By applying the beamforming 
approach at the selected terminals, the beam availability can be significantly improved as noted in Fig. 
6.10. 
 
Discussion and Conclusion: In the considered BSS-FSS coexistence scenario, the interference is sparse 
over the considered region and over the considered set of frequencies. In this scenario, CA only approach 
improves the per beam throughput by 161.7 % over the exclusive only case. Although CA+beamforming 
approach shows a significant improvement of 181.05 % over the exclusive only case in terms of the per 
beam throughput, CA only approach might be sufficient from the implementation point of view if we 
want to avoid the complexity associated with the beamforming implementation. Further, the gain 
provided by the beamforming approach is expected to improve further in the scenario B where the 
interference situation is worse i.e., more incumbent links are present in comparison to the BSS feeder 
links present in considered scenario (Scenario A).  
 
The link budget parameters for the FSS system are preliminary and the results will be adapted after an 
agreement is made on the reference system.  
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6.4.4 Performance evaluation for Scenario B 
In this subsection, we provide the performance evaluation results for Scenario B within one beam. The 
goal is to obtain preliminary results about the performance of the carrier allocation and beamforming 
modules. The considered parameters for simulation results are outlined below. To distinguish between 
the case where the density of the FSS users are higher, we consider the simulation results for a high 
density beam, and a low density beam as shall be described later. 

 

6.4.4.1 System parameters 

6.4.4.1.1 The required FS parameters 
In order to evaluate the system performance in Scenario B employing carrier allocation and 
beamforming, the following databases are considered to obtain a realistic simulation setup. 

6.4.4.1.2 ITU-R BRIFIC 
The parameters related to FS terminals are obtained from ITU-R BRIFIC database which is recently 
purchased by University of Luxembourg. In this database the information about the FS terminals is 
available with good details. Among others, this information includes the location of the antenna, the 
height from the ground, the altitude of the location, maximum antenna gain azimuth (direction of 
transmission), maximum antenna gain, transmit power, bandwidth, the minimum and maximum 
frequency, polarization, and maximum coverage distance. In our initial simulations results we use the 
database related to France with more than 12000 entries. The distribution map of FS is illustrated in Fig. 
6.11. 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.6.11. FS distribution map for France. The blue dots represent vertically polarized and the 

pink ones denote horizontally polarized FS terminals. 
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6.4.4.1.3 Terrain data 
To obtain an accurate estimate of received interference at a specific FSS, we need to obtain the altitude 
of the FSS location from the mean sea level. This information is obtained from the terrain data available 
online based on latitude and longitude grids. An example of terrain data used in our simulations is 
depicted in Figure 6.12. 

 
 

Fig. 6.12. An example of the terrain map in South East France (including Marseille) 

6.4.4.1.4 Population data (if we don’t use it at this stage, we can delete this section) 

In order to obtain a more realistic randomization of FSS locations over a specific beam, it would make 
sense to put more FSS in the areas with higher population than those with less. To do this, we use the 
population density database produced by NASA Socioeconomic Data and Applications Center 
(SEDAC), in order to predict the population density in 2015 in France. A representative figure of 
population density in France is shown in Fig. 6.13. 
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Fig. 6.13. Population density map for France (the levels are in logarithmic scale). 

 
 

6.4.4.2  Required FSS parameters  
 
The signal levels of the cognitive FSS system are realized using the multibeam pattern obtained from 
Thales Alenia Space. Table 6.7 presents the link budget and simulation parameters for the FSS system 
(Cognitive) and Fig. 6.14 depicts the considered multibeam pattern of a FSS satellite over France.  
 
Note: The FSS parameters (except the beampattern and C/I levels) are indicative and will be 
updated once a reference system has been formally defined.    
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Table 6.7: Simulation and link budget parameters for FSS system (cognitive) 

 
Parameter Value 

Satellite Altitude 35786 Km 
Transmit power of FSS satellite 10 W 
OBO margin 3 dB 

Height of FSS terminal antenna 

Terrain data from 
http://geoengine.nga.mil/muse-cgi-
bin/rast_roam.cgi (e.g., Fig. 2)  

Gain of FSS terminal antenna 42.1 dBi 
Range for FSS satellite gain over high 
density beam 50.5 dBi to 54.5 dBi 
Range for FSS satellite gain over low density 
beam 51.5 dBi to 55.5 dBi 
Range for downlink C/I 16.2366 dBi to 5.2020 dBi 
Carrier frequency range 17.7 GHz to 19.7 GHz 
Channel  LoS channel based on path loss and beamgain 
Number of shared carriers 55 
Number of exclusive carriers 14 
User types Uniformly generated random users 
Carrier bandwidth 36 MHz 
FSS receiver noise temperature 262 K 
Noise Power (dBW/36MHz) -128.8552 
Reuse pattern 4 color (frequency/polarization) 
Antenna pattern of FSS Rx terminal ITU-R S.465 

 

http://geoengine.nga.mil/muse-cgi-bin/rast_roam.cgi
http://geoengine.nga.mil/muse-cgi-bin/rast_roam.cgi
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 Fig.6.14. Multibeam pattern of the FSS satellite over France 
 
 

6.4.4.3  Interference modelling with ITU-R P.452-15 
In order to model the received interference at the FSS terminal from the FS terminals, we use ITU-R 
P.452-15 which predicts the interference among stations on the surface of the earth above 0.1 GHz. The 
detail can be found in D3.2. In our system, we consider the worst-case scenario, and thus we only employ 
the free space path loss between the terminals. We believe this modelling provides a robust approach in 
database assisted cognitive downlink communication in the band 17.7-19.7 GHz. However, in case the 
accurate data regarding the terrain, buildings, and so on is available, more attenuation can be calculated 
by considering the diffraction and clutter loss. Denoting IFSSi as the received interference at the FSS 
from the i-th FS terminal, xFSS as the off-axis boresight angle of FSS towards FS, and xFS as the off-
axis boresight angle of FS towards FSS, we have 
IFSSi= PtFS+GFS(xFSi)-PL(di)+GFSS(xFSSi) 
where PtFS is the transmit power of the FS terminal, GFS is the FS antenna gain obtained from ITU-R 
F.1245-2. PL(d) is the path loss with d as the distance between the FSS and FS, and GFSS is the FSS 
antenna gain defined in D3.2.  
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6.4.5 Carrier Assignment (CA) plus Beamforming 
Note: the carrier bandwidth is indicative and will be updated once a reference system is provided. 
 
In the current simulation set up, the FSS shared band (17.7-19.7 GHz) is divided into 55 subbands in 
the interval of 36 MHz and the FSS exclusive band is divided into 14 subbands in the interval of 36 
MHz. For each time frame, 69 randomly placed FSS terminals are considered within the considered 
beam coverage and the corresponding Signal to Noise Ratio (SNR) matrices are obtained considering 
all the carrier-user combinations for both shared and exclusive carriers. In the shared band, the Signal 
to Interference plus Noise Ratio (SINR) matrix is constructed by considering interference from the FS 
carriers. In the current set up, the bandwidths of interfering and victim carriers are different and the 
interference is scaled linearly as a simplistic approach. This SINR matrix is then fed to the carrier 
assignment block which provides the assignment matrix and the beam throughput obtained after CA. 
The Hungarian algorithm (as described in Section 6.1.1 of  Deliverable D3.3) is used for implementing 
CA in the considered scenario. For the throughput calculation, DVB-S2X function is used instead of the 
Shannon formula. We consider 4 color reuse pattern of FSS satellite and scale the total throughput for 
the representative beam based on the fact that only half of the carriers are available in each beam for a 
certain polarization. In the considered set up, the total 69 number of carriers i.e., 55 carriers for the 
shared band and 14 carriers for the exclusive carriers are assigned jointly to the uniformly generated 
random users over the considered geographical region. For our analysis, we consider the following cases 
as in Scenario A.  
 
Case 1: Exclusive band only: In this case, the SINRs and user rates are calculated using only exclusive 
carriers. More specifically, 14 carriers of the exclusive band are taken into account averaging over 1000 
time frames of 69 random users over the representative beam. In each realization, a randomly chosen 
(14 X 14) SINR matrix is fed to the carrier assignment block and averaging is carried out over the 
considered number of random realizations for producing the final results.  
This case represents the conventional system.   
 
Case 2: Shared plus exclusive band w/o FS interference: In this case, the SNRs and user rates were 
calculated considering both shared and exclusive carriers, but without considering the FS interference. 
More specifically, 55 carriers from the shared band and 14 carriers from the exclusive band are taken 
into account averaging over 1000 time frames of 69 random users over the representative beam as in the 
above case. In each realization, (69 X 69) SNR matrix is fed to the carrier assignment block and 
averaging is carried out over the considered number of realizations for producing the final results. 
This case indicates the scenario where the additional spectrum is allocated to the FSS system. This 
case does not exist in practice but is considered for the comparison purpose. 
 
Case 3: Shared plus exclusive bands w/ FS interference: In this case, the SINRs and user rates were 
calculated considering both shared and exclusive carriers, and considering the FS interference. More 
specifically, 55 carriers from the shared band and 14 carriers from the exclusive band are taken into 
account averaging over 1000 time frames of 69 random users over the representative beam as in the 
above case. In each realization, (69 X 69) SINR matrix is fed to the carrier assignment block and 
averaging is carried out over the considered number of realizations for producing the final results.    
This case denotes the scenario where FS and FSS systems share the band 17.7-19.7 GHz primarily 
allocated to the FS system. 
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6.4.5.1 High Density Scenario 
 

For the high density beam, we consider a representative beam of 76 km radius serving the Marseilles, 
France (with the beam center at 43.771° N, 5.354° E). The considered beam is shown in Fig. 6.15. 
 

 
   Fig. 6.15. Beam with the centre at (43.771° N, 5.354° E) considered for high FS density scenario.  
 
In order to analyze the beam availability in the presence of FS interfering links, we consider 1000 
random realizations of FSS terminals over the considered representative beam and generate SINR as 
well as rate vectors over all the possible 55 shared and 14 exclusive sub-bands considering random CA. 
Fig. 6.16 provides the comparison of SINR distribution in the considered scenario in the form of CDF 
plots. From the results, almost 1.5 % users have SINR less than 0 dB and more than 3 % users have 
SINR less than 5 dB in the considered FSS-FS coexistence scenario. 
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       Fig. 6.16. CDF plots of SINR distribution with and without FS interference 

Main observation: The SINR distribution degrades in the presence of FS interference. 
 

 
Fig. 6.17. Distribution of per user rate (bps/Hz) for various approaches (With DVB-S2X 

function) 
Main observation: The minimum user rate increases from 0.5678 bps/Hz to 2.6352 bps/Hz while 

applying the CA technique. 
 

 
Similarly, Fig. 6.17 presents the comparison of rate distribution in the considered scenario. From the 
figure, it can be noted that the beam availability in the presence of the incumbent FS systems is less than 
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the beam availability in the absence of the incumbent system. Further, it can be depicted that by 
employing the CA, the beam availability in the presence of the FS interference can be made closer to 
the availability that would be obtained in the absence of the FS interference. From the CDF of the rates 
plotted in Fig. 6.17, it can be noted that minimum rate increases from the value of 0.5678 bps/Hz to the 
value of 2.6352 bps/Hz while using the CA scheme, which is a huge improvement in the fairness. As 
depicted in Table 6.8, this turns out to be 364.10 % improvement in fairness (measured in terms of the 
minimum user rate). 
 

 
Fig. 6.18. CDF plots of SINR distribution with and without beamforming 

 
Main observation: The Beam availability significantly increases by employing the BF approach. 
 
Fig. 6.18 depicts the CDF plots of SINR distribution by employing the BF approach. As in Scenario A, 
the BF is employed only in the FSS terminals whose SINR is less than the predefined SINR threshold. 
For the analysis in Scenario B, the SINR threshold is considered to be 9.71 dB which corresponds 
to the 16APSK 13/18 ModCod based on the DVB-S2X specifications (for normal FECFRAMES with 
Quasi Error Free FER of 10-5). From Fig. 6.18, it can be noted that the beam availability significantly 
increases with the BF approach. Furthermore, Fig. 6.19 presents the distribution of the per user rate with 
CA and BF approaches considering DVB-S2X function for rate calculation. From the figure, it is evident 
that the rate distribution improved with CA+BF approaches as noted earlier for Scenario A.   
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Fig. 6.19. CDF plots of user rate distribution for different cases (With DVB-S2X function) 
 
Table 6.8 presents the comparison of the above cases in terms of throughput per beam. From the results, 
it can be noted that by employing CA in the considered scenario, we provide the flexibility of using 
shared band in addition to the exclusive band for the FSS system. This flexibility enhances the total per 
beam throughput by 472.97 % in comparison to the per beam throughput achieved while using exclusive 
only band.  
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Table 6.8: Throughput per beam comparison of different cases  
 

Cases Technique Value (Gbps) 
 Exclusive only (Case 1) w/ CA (Subcase 11) 0.922 

w/o CA (Subcase 12) 0.885 
Shared+Exclusive w/o FS 
interference (Case 2) 

w/ CA (Subcase 21) 5.2865 
w/o CA (Subcase 22) 4.3678 

 
Shared+Exclusive w/ FS 
interference  (Case3) 

w/ CA (Subcase 31) 5.2828 
w/o CA (Subcase 32) 4.0735 

w/ CA+BF (Subcase 33) 5.4830 
Improvement of Subcase 11 over Subcase 12  4.18 % 
Improvement of Subcase 31 over Subcase 32 29.68 % 
Improvement of Subcase 31 over Subcase 11 472.97 % 
Improvement of Subcase 33 over Subcase 11 494.68 % 
Improvement due to BF w.r.t. exclusive only case 21.71 % 
Improvement in fairness (in terms of the minimum rate)  2.0674 bps/Hz 

(364.10 %) 
 
 
 

In order to analyze the performance gains achieved by employing CA in the considered scenario, we 
also present the throughput values without CA for the considered cases in Table 6.8 (also in the bar 
plot). It can be observed that by employing CA in exclusive only case (Subcase 11) does not provide 
much benefit due to the presence of similar SINR values in the SNR matrix whereas in the shared plus 
exclusive plus case w/ FS interference (Subcase 31) provides the improvement of 29.68 % in the 
per beam throughput. 
 
 
Note: While comparing the interference analysis and per beam throughput performance in Scenarios A 
and B, we can make the following points. 
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1. In Scenario A, a fictitious FSS beam of 150 km was considered around the Betzdorf, 
Luxembourg for the illustrative purpose due to the unavailability of the beam pattern while in 
Scenario B, the actual beam of the FSS satellite over the Merseilles (for high density scenario) 
provided from Thales Alenia Space is considered. 
 

2. Although some of the FS users in Scenario B are in deep fade (SINR values going below -20 
dB), the overall beam availability is higher than in Scenario A. The intuitive explanation 
behind this is that in Scenario B, despite being a large number of FS users in the considered 
coverage area, the number of carriers per station is very low (1 or 2). 
  

6.4.5.2 Low density scenario 
 

For the low density beam, we consider a representative beam of 80 km radius serving the area closer 
to Thiezac, France (with the beam center at 45.02° N, 2.646° E). The considered low density beam is 
shown in Fig. 6.20. As in the high density scenario, we provide SINR distribution, rate distributions 
and per beam throughput calculation below.  
 

 
 
Fig. 6.20. Beam with the centre at (45.02° N, 2.646° E) considered for low FS density scenario.  
 
Fig. 6.21 depicts the CDF plots of the SINR distribution of FSS users in the presence and the absence 
of the FS interference. It can be noted that the beam availability slightly reduces in the presence of the 
FS interference. While comparing these results with the results in high density beam scenario, it can be 
noted that the reduction in the beam availability due to FS interference is less in this scenario than in the 
Scenario A. 
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Fig. 6.21. CDF plots of SINR distribution with and without FS interference 

 
Main observations: 

The SINR distribution slightly degrades in the presence of FS interference in comparison to high 
density scenario. 

Beam Availability is higher than in high density scenario. 
 

Fig. 6.22 provides the CDF plots of per user rate distribution of FSS users for different cases. From the 
results, it can be noted that the beam availability increases while emloying the CA tehcnique. More 
specifically, the minimum user rate increases from 0.8891 bps/Hz to 3.2895 bps/Hz due to the employed 
CA technique. As highlighted later in Table 6.9, we can note that this improvement translates into 269.98 
% of the fairness (measured in terms of the minimum user rate) improvement.   
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Fig. 6.22. Distribution of per user rate (bps/Hz) for various approaches (With DVB-S2X 

function) 
Main observation:  

The minimum user rate increases from 0.8891 bps/Hz to 3.2895 bps/Hz while applying the CA 
technique. 

 
 

In the considered low density scenario, we plot the SINR distribution after employing the BF approach 
in Fig. 6.23. Similar to the high density scenario, a predefined SINR threshold of 9.71 dB is considered 
for the BF realization. From the results in Fig. 6.23, it can be noted that the BF slightly improves the 
availability in the presence of the FS interference. This improvement is quite less in comparison to the 
case in high density scenario. This is due to the fact that the FS interference effect is quite low in this 
scenario due to less number of FS terminals. Further, Fig. 6.24 depicts the CDF plots of the rate plots 
considering the BF case on the top of the other cases considered in Fig. 6.22 and a similar conclusion 
can be drawn as in the high density scenario. 
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Fig. 6.23. CDF plots of SINR distribution with and without BF 

 
Main observation:  

BF slightly improves the beam availability. 
 

 
 

Fig. 6.24. Distribution of per user rate (bps/Hz) for various cases (With DVB-S2X function)  
 
 

In Table 6.9, we provide per beam throughput comparison of different cases and subcases. From the 
results, it can be noted that by the flexibility of using shared band in addition to the exclusive band 
enhances the total per beam throughput by 467.39 % in comparison to the per beam throughput achieved 
while using exclusive only band. While comparing this improvement with that of the one in high density 
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scenario, there is less improvement in per beam in the low density scenario. The intuitive reason behind 
this is that the interference effect in this scenario is less than that of the high density scenario and hence 
less room for improvement.  
 
 

 
 

Table 6.9: Throughput per beam comparison of different cases  
 

Cases Technique Value (Gbps) 
 Exclusive only (Case 1) w/ CA (Subcase 11) 1.1591 

w/o CA (Subcase 12) 1.1004 
Shared+Exclusive w/o FS 
interference (Case 2) 

w/ CA (Subcase 21) 6.5759 
w/o CA (Subcase 22)      5.4314 

 
Shared+Exclusive w/ FS 
interference  (Case3) 

w/ CA (Subcase 31) 6.5767 
w/o CA (Subcase 32)      5.3955 

w/ CA+BF (Subcase 33)       6.5866 
Improvement of Subcase 11 over Subcase 12  5.3 % 
Improvement of Subcase 31 over Subcase 32 21.89 % 
Improvement of Subcase 31 over Subcase 11 467.39% 
Improvement of Subcase 31 over Subcase 11        468.25 % 
Improvement in fairness (in terms of the minimum rate)  2.4004 bps/Hz 

(269.98 %) 
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7  CON C L U S I O NS  
In this deliverable, we have adapted the existing cognitive techniques so as to be applied in the 
considered scenarios for CoRaSat. Each technique is verified in several different setups considering 
realistic and modeled parameters. Below, we shall draw the conclusions of each technique in detail and 
provide some future lines for D 3.4.  

7.1 Database and interference modeling  
Currently the databases available to the use in CoRaSat are for BSS feeder links in scenario A and for 
18GHz FS microwave in scenario B. The BSS database analysis has been presented in previous 
deliverable. In this deliverable, the statistics of available FS databases in 18 GHz are provided and the 
progress of database approach in each scenario are presented with comprehensive results. We have 
shown that the scenario A is not an issue because the number of BSS is limited across the whole Europe. 
Based on the UK and Luxembourg databases, some typical cognitive zones around a single BSS station 
are plotted with LOS propagation model and full ITU Recommendations P452-15 model, respectively. 
The comparison of the results of these two models reflects the fact that the terrain data based diffraction 
effect is extremely important in the interference modeling. To further explore the affected area by BSS 
feeder links, area analysis both in the UK and Luxembourg are provided by adding all the individual 
interference from different BSS antennas in the same sub-band of interest and then plotting as cognitive 
zones. It can be seen that in general across the sub-bands at a -155 dBW/MHz threshold less than for 
2% of the area of the UK is affected by BSS feeder links and thus more than 98% of the area of the UK 
can be served by an FSS terminal without the need for any further action. In Luxembourg the situation 
is even better, with only less 1% affected area and more than 99% free area available for FSS terminal 
operation. 

Compared with scenario A, in scenario B the situation is more complicated. The UK 18GHz FS database 
comprises much more carrier records (15,036 records) over the 2 GHz from 17.7GHz to 19.7GHz. So 
for scenario B we perform PSD based spectrum analysis for a particular location in the UK instead of 
geographical area analysis across the whole of the UK to investigate which carrier(s) can be used by 
FSS at this location. Again, for each location impact analysis of interfering FS links is under both 
assumptions of employing LOS propagation model and of employing the full terrain based P.452-15 
model. Four particular locations are selected to demonstrate the spectrum availability across the whole 
2 GHz band. The results have shown that in scenario B, although the number of FS links is very large 
but at a particular location, the actual interfering FS links are limited due to terrain diffraction effect and 
thus majority of spectrum resource can be used by FSS terminals. Extensive and time consuming 
computations based on the above approach for the grid of points covering the UK have been conducted 
for further analysis in D3.4. 

There is no appropriate and complete database available for this Scenario C only except for the Slovenia 
BRIFIC database of which the analysis is still ongoing. This is a much more difficult case to address if 
we plan to use the whole of the shared band. However, as discussed, the HDFSS uplink band has been 
agreed for uncoordinated earth stations in all except for 5 of the EU countries. Thus without any 
additional work the uplink band could be doubled. Specific cases of uplink use of the complete shared 
band are still in plan and will be done in D 3.4. 

It is considered that the complete ITU-R P.452-15 methodology (including terrain effects) and 
calculation facilities used in the modeling is now validated and proven as a suitable means to provided 
interference results for further work in D3.4. 
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7.2 Spectrum sensing 
In this deliverable spectrum sensing has been adapted and designed taking into account satellite 
communication requirements and CoRaSat scenarios characteristics. The shortcomings of previously 
analyzed techniques, energy detector and cyclostationary detector, have been addressed. Taking into 
account the satellite communication characteristics, an adapted spectrum awareness technique has been 
proposed. This technique relies on SINR estimation and improves the concept of detecting by means of 
power measurements the presence of the incumbent user, taking into account its estimation. Thus, 
different levels of awareness can be achieved by the cognitive system, which would be able also to 
exploit spectrum already in use setting properly transmission parameters as the frequency carrier, 
MODCODs, transmission power and so on. 

Simulation for energy detector and the proposed SINR based technique has been performed in order to 
assess their capability on detecting/estimating the presence of the incumbent user both in frequency and 
geographic domain. For the energy detector, the threshold selection and the noise uncertainty estimation 
problems have been taken into account. For the proposed technique the estimation error and the 
parameters that influence the design of the algorithm have been considered. In this latter case, design 
equations have also analytically derived. 

To assess the techniques under a scenario point of view the results provided by UniS for Scenario A 
have been considered as starting point for spectrum sensing evaluations. Evaluations on how a terminal 
user in a specific location is able to sense the non-exclusive spectrum has been performed to show the 
effectiveness of the technique in providing information on spectrum holes to be used. Geographic 
assessments give a representation on the percentage of area in which terminals detect/estimate correctly 
incumbent users activities. These results are the inputs with which can be evaluated the system level 
gain that application of cognitive techniques can achieve in the satellite constest. 

7.3  Carrier allocation and beamforming 
In this deliverable we presented the required algorithms for carrier allocation and beamforming for the 
downlink scenarios including Scenario A and B. The carrier allocation algorithm was boiled down to a 
assignment problem solved by Hungarian algorithm. With beamforming, we managed to cancel out the 
strongest received interference at the FSS terminals significantly. 

The obtained results per beam basis have shown significant improvement in terms of the throughput 
over the case where only exclusive bands are used by the FSS terminal. In case of Scenario A, it was 
shown that more than 160% improvement with carrier allocation, and 180% with beamforming can be 
achieved. 

For Scenario B, we considered carrier allocation and beamforming for low and high density beams. In 
both cases more than 400% improvement in throughput is achieved by applying cognitive carrier 
allocation mechanism. In this scenario and for the studied database, the beamforming did not show a 
huge improvement. This is due to the fact that the vast majority of FS links in Scenario B, only use one 
or two carriers with low bandwidth, and thus a FSS terminal in rare cases experience low SINR in one 
or two carriers out of 69 carriers, and thus the effect of beamforming is not as significant as in Scenario 
A. However, the situation in Scenario C is different as we need to take special care of incumbent user, 
and there beamforming can play a significant role.  

By this, we come to the recommendations for future work and particularly for D3.4 and system 
integration. The analysis in this deliverable is based on per beam throughput, extrapolation of the 
obtained result at the country and European level is the idea of future work. Scenario C needs to be 
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studied in detail. Further, smart carrier allocation mechanisms considering framing and scheduling our 
more ideas for further investigation.  

 

 



ICT−316779 CoRaSat Deliverable D3.3 

Release 1.0 pag. 150 of 154 

8  RE F E R E NC ES 
[1] S. K. Sharma, S. Maleki, S. Chatzintoas, J. Grotz, and B. ottersten, “Implementation aspects of 

cognitive techniques for Ka band (17.7-19.7 Ghz) satcoms,”  7th ASMS/13th SPSC, 2014 

[2] David Bernal Casas, “Digital Beamforming Implementation on an FPGA Platform’’,  Universitat 
Politecnica de Catalunya (UPC), July 2007. Available online 
http://upcommons.upc.edu/pfc/bitstream/2099.1/19067/1/david_pfc_v7.pdf 

[3] S. K. Sharma, S. Chatzinotas, and B. Ottersten, “Spatial filtering for underlay cognitive SatComs,” 
in 5th Int. Conf. PSATS, June 2013. 

[4] S. K. Sharma, S. Chatzinotas, and B. Ottersten, “Transmit Beamforming for spectral coexistence 
of satellite and terrestrial networks,” in Proc. COWNCOM, July 2013. 

[5] Rivas, M.; Shuguo Xie; Donglin Su, “A Review of Adaptive Beamforming Techniques for 
Wideband Smart Antennas,” 6th International Conference on Wireless Communications 
Networking and Mobile Computing (WiCOM), 2010  vol., no., pp.1,5, 23-25 Sept. 2010. 

[6] J. Grotz, B. Ottersten, and J. Krause, “Signal detection and synchronization for interference 
overloaded satellite broadcast reception,” IEEE Trans. Wireless Commun., vol. 9, no. 10, pp. 3052 
–3063, Oct. 2010. 

[7] P. Angeletti, N. Alagha, and S. D'Addio, S., “Space/ground beamforming techniques for satellite 
communications,” IEEE Antennas and Propagation Society International Symp., pp.1-4, July 2010. 

[8] H. Miedema, United States Patent 4,376,940, “Antenna arrangements for suppressing selected 
sidelobes”, March 15, 1983.  

[9] Randy L. Haupt, United States Patent 4,571,594, “Directional antenna system having sidelobe 
suppression, February 18, 1986.  

[10] Daniel Jacavanco, United States Patent, 4,631,547, “Reflector antenna having sidelobe suppression 
elements”, December 23, 1986.  

[11] J. Leon Poirier, United States Patent 4,725,847, “Reflector antenna having sidelobe nulling 
assembly with metallic gratings”, February 16, 1988.  

[12] Randy L. Haupt, “Adaptive nulling with a reflector antenna using movable scattering elements”, 
IEEE Transactions on Antennas and Propagation, Volume: 53, Issue: 2, 2005 , Page(s): 887 – 890.  

[13] Pogorzelski, R.J., "On a simple method of obtaining sidelobe reduction over a wide angular range 
in one and two dimensions," IEEE Transactions on Antennas and Propagation, vol.49, no.3, 
pp.475,482, Mar 2001. 

[14] M. A. Kott, “Phased array antenna with wide null,” U.S. patent 5 343 211, Aug. 30, 1994. 

[15] K. Falk, United States Patent 8,115,679 B2, “Side Lobe Suppression”, February 14, 2012. 

[16] EU FP7 Project CoRaSat,  deliverable D3.2 

[17] Agence nationale des frequencies (French Radio Spectrum Assignment Authorities): 
http://www.anfr.fr/fr/anfr.html 

[18] ITU-R Terrestrial BR IFIC available at:  
 http://www.itu.int/ITU-R/index.asp?category=terrestrial&rlink=terrestrial-brific&lang=en    as at 
March 2014. 

[19] International Telecommunication Union, “Recommendation ITU-R S.465: Reference radiation 
pattern for earth station antennas in the fixed- satellite service for use in coordination and 
interference assessment in the frequency range from 2 to 31 GHz,” ITU, 2010.  

http://upcommons.upc.edu/pfc/bitstream/2099.1/19067/1/david_pfc_v7.pdf


ICT−316779 CoRaSat Deliverable D3.3 

Release 1.0 pag. 151 of 154 

[20] International Telecommunication Union, “Recommendation ITU-R S.580: Radiation diagrams for 
use as design objectives for antennas of earth stations operating with geostationary satellites,” ITU, 
2004. 

[21] ITU-R Recommendation P.452-15, “Prediction procedure for the evaluation of interference 
between stations on the surface of the Earth at frequencies above about 0.1 GHz”, September 2013, 
http://www.itu.int/rec/R-REC-P.452-15-201309-I/en  

[22] IDWM package version 2010, http://www.itu.int/pub/R-SOFT-IDWM as of Feb 2014,    

[23] SRTM 90m Digital Elevation Data available from http://srtm.csi.cgiar.org/ as of Feb 2014; Jarvis 
A., H.I. Reuter, A.  Nelson, E. Guevara, 2008, Hole-filled seamless SRTM data V4, International 
Centre for Tropical  Agriculture (CIAT), available from http://srtm.csi.cgiar.org. 

[24] http://www.ngdc.noaa.gov/mgg/shorelines/ 

[25] HTS satellite: KA-SAT: Hector Fenech, Emmanuel Lance, Maria Kalama, “KA-SAT And The 
Way Forward”, Ka-Band Conference, 2011, Palermo, Italy.     VIASAT: “Highest-capacity 
communications satellite” http://www.guinnessworldrecords.com/records-1/highest-capacity-
communications-satellite/. 

[26] ITU-R Recommendation S.1432-1Apportionment of the allowable error performance degradations 
to fixed-satellite service (FSS) hypothetical reference digital paths arising from time invariant 
interference for systems operating below 30 GHz, ITU, 2006 

[27] Cioni, S., De Gaudenzi, R. and Rinaldo, R. (2008), Channel estimation and physical layer 
adaptation techniques for satellite networks exploiting adaptive coding and modulation. Int. J. 
Satell. Commun. Network., 26: 157–188. doi: 10.1002/sat.901 

[28] Cioni, S.; Corazza, G.E.; Bousquet, M., "An Analytical Characterization of Maximum Likelihood 
Signal-to-Noise Ratio Estimation," 2nd International Symposium on Wireless Communication 
Systems, 2005.  vol., no., pp.827,830, 7-7 Sept. 2005 

[29] Digital Video Broadcasting (DVB): Second Generation Framing Structure, Channel Coding and 
Modulation Systems for Broadcasting, Inter- active Services, News Gathering and Other 
Broadband Satellite Applications, March 2013. 

[30] Adve, R. “Optimal Beamforming”. 

[31] Krim, H.; Viberg, M., "Two decades of array signal processing research: the parametric approach," 
IEEE Signal Processing Magazine, vol.13, no.4, pp.67,94, Jul 1996 

[32] DigitalVideoBroadcasting(DVB);Secondgenerationframingstructure, channel coding and 
modulation systems for Broadcasting, Interactive Services, News Gathering and other broadband 
satellite applications Part II: S2-Extensions (DVB-S2X), ETSI European Standard EN 302 307 - 2, 
Mar. 2014. 

[33] A. Mohamed, M. Lopez-Benitez, and B. Evans, "Ka band satellite terrestrial co-existence: A 
statistical modelling approach," 20th Ka and Broadband Communications, Navigation and Earth 
Observation Conference, 1-3 October 2014, Vietri/Salerno, Italy 

 

http://www.itu.int/pub/R-SOFT-IDWM%20as%20of%20Feb%202014
http://srtm.csi.cgiar.org/
http://www.ngdc.noaa.gov/mgg/shorelines/
http://www.guinnessworldrecords.com/records-1/highest-capacity-communications-satellite/
http://www.guinnessworldrecords.com/records-1/highest-capacity-communications-satellite/


ICT−316779 CoRaSat Deliverable D3.3 

Release 1.0 pag. 152 of 154 

9  DE F I N IT I ON,  SY M B O LS  A ND  AB BR EV I AT I O NS  
2G  Second Generation Mobile Communication 
3G Third Generation Mobile Communication 
3GPP Third Generation Partnership Project 
4G Fourth Generation Mobile Communication 
 
BSM Broadband Satellite Multimedia 
BSS Broadcasting Satellite Service 
 
CQI Channel Quality Information 
CR Cognitive Radio 
CS Compressive Sensing 
CSI Channel State Information 
CENELEC Centre for Electro Technical Standards 
 
DoA Direction of Arrival 
DVB Digital Video Broadcasting 
DVB-H Digital Video Broadcasting - Handheld 
DVB-RCS Digital Video Broadcasting with Return Channel via Satellite 
DVB-RCS2 DVB-RCS version 2 
DVB-S Digital Video Broadcasting via Satellite 
DVB-S2 DVB via Satellite version 2 
DVB-Sx DVB via Satellite version x 
DVB-T2 DVB Terrestrial version 2  
 
EBU European Broadcasting Union 
ETSI European Telecommunications Standards Institute 
E-UTRAN Evolved UMTS Terrestrial Radio Access Network (a.k.a LTE) 
 
FC  Fusion Center 
FS Fixed-Service 
FSS Fixed-Satellite-Service 
 
GPRS General Packet Radio Service 
 
HD High Definition 
 
IA Interference Alignment 
IC Interference Cartography 
IDW Inverse Distance Weighted 
 
LRT Likelihood-Ratio Test 
LTE Long Term Evolution 
LTE-A LTE Advanced 
 
MAC Medium Access Control 
MF-TDMA Multi Frequency-Time Division Multiple Access 
MIMO Multiple Input Multiple Output 
 
NCC Network Control Centre 
 
P2M Point to Multi-Points 
P2P Point 2 Point 
 
REM Radio Environment Map 
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RCST RCS Terminal 
RF Radio Frequency 
RLC Radio Link Control 
RSS Received Signal Strength 
 
SD Standard Definition 
SIN Satellite Interactive Network 
 
TDM Time Division Multiple Access 
ToA Time of Arrival 
 
UMTS Universal Mobile Telecommunication System 
UTRAN UMTS Terrestrial Radio Access Network 
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