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Abstract
This document explains the expected spectrum scenarios, the resulting spectrum needs,
methodology for evaluating this, suitable spectrum bands to address the needs, principles for
using them and KPIs to evaluate potential technical solutions, and the technology
components.
The deliverable further contains the techno economic analysis of expected spectrum usage for
future 5G systems. The foreseen functional architecture of spectrum usage for 5G systems is
described, and the related Technical Components are linked with the KPIs that will enable
their evaluation.
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From the actual spectrum usage perspective, the evaluation of needed bandwidth is included
for all Test Cases as well as the refinement in the findings from spectrum band assessments.
The final decision on best matching spectrum band(s) depend on regulatory developments,
which in turn is influenced by the needed bandwidth versus network cost of deployment. The
impact of new spectrum availability on wireless access actor’s business has been analysed.

Keywords
Radio frequency spectrum; Spectrum sharing enablers; Spectrum manager; Shared spectrum
access; Spectrum implementation concepts; Spectrum sharing tool box; Licensed Shared
Access (LSA); Higher frequencies; Millimetre Wave (mmW) bands; Spectrum usage;
Spectrum business models; Bandwidth requirements.
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Executive summary
The radio communication research community is currently focusing on 5G as the main topic
for the next years to come. In the current stage of research, most of the technical aspects that
5G will include are still under discussion, and extended research work will be needed.
Spectrum availability and usage, is one specific topic that, for its nature as provider of the
basic access to the PHY channel, needs to be addressed from the very beginning along with
the technical components, since its availability and usage mechanisms will shape the future
developments.
Regarding to spectrum utilisation, it is envisioned that future wireless systems will have the
capability to use a heterogeneous spectrum environment, both from frequency band usage
point of view as well as from regulatory point of view.
In order to cope with this heterogeneity, the development of innovative solutions is needed,
not only as stand-alone options, but also as combinations of different components in a toolbox
approach such as the one presented in MET13-D52.
Availability of frequency bands with sufficient contiguous bandwidths for future 5G systems will
also be one of the main topics with impact on the systems Total Cost of Ownership (TCO),
and therefore lately on their commercial and economic viability. Spectrum demand is strongly
related to network deployment (TCO) and foreseen scenarios in terms of traffic demand.
In addition to the afore mentioned aspects of spectrum usage and technology innovation, a
methodology for bandwidth requirement evaluation is presented, including results for different
network deployment scenarios based on the traffic demand characteristics as defined for the
METIS Test Cases in [MET13-D11].
The availability of additional spectrum resources and lowering the spectrum cost entrance
barrier will influence the role of different actors in the wireless communications arena. A first
analysis of the main actors, and the impact of new spectrum availability on their business
approach is also included in this deliverable.
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1 Introduction
Mobile broadband all over the world is currently facing a tremendous increase of
wireless traffic. If no additional spectrum becomes available, it is expected that
spectrum shortage for mobile broadband will arise soon [ITU-2290]. Furthermore, with
the ambition to deliver 1000 times higher traffic capacity and 10 to 100 times higher
typical user data rate [MET13-D11], it is obvious that 5G will require significantly wider
contiguous bandwidths than currently available for mobile and wireless communication
systems.
Today cellular mobile network operation is based on the paradigm of using dedicated
and exclusive spectrum. At the same time, there are significant amounts of radio
spectrum available under other authorization modes, unlicensed being (i.e. general
authorization) the most well-known example. Also new regulatory approaches and
tools such as Licensed Shared Access (LSA) are under consideration (as indicated in
[ECC205_1] and [RSPG-LSA]). It is envisaged that the mainstream of using
dedicated licensed spectrum identified for IMT in the ITU-R Radio Regulations will
remain, and that innovative ways of spectrum sharing and new regulatory approaches
such as LSA will take a complementary role.
Supporting these complementary spectrum opportunities requires additional technical
challenges for future wireless technologies. To unlock as many new spectrum
opportunities as possible, a 5G system has to be capable of operating under different
authorization modes in various frequency bands.
Key technical trends in mobile broadband technology design and mobile network
deployment practices, facilitate complementary use of shared spectrum. For example,
the move towards heterogeneous network structures, e.g. by adding additional layers
of small cells, makes cellular network coverage generally more robust, and partly
opportunistically accessed shared spectrum resources can be afforded. Thus, cellular
mobile service needs to continue to rely on dedicated spectrum in order to ensure
reliability and consistent user experience that customers are expecting today, and
even more in the future.
1.1 Objective and structure of the document
This document explains the expected spectrum usage scenarios, the resulting
bandwidth requirements, a methodology for evaluating this requirements, suitable
spectrum bands to address the needs, principles for using them and KPIs to evaluate
potential technical solutions.
The topics addressed in the different sections of the document are:
1. Development of a spectrum usage architecture and findings from spectrum band
assessments (section 2)
2. Evaluation of spectrum usage TeC with corresponding KPIs (section 3)
3. Spectrum requirements for TCs and evaluation methodology (sections 4 & 5)
4. Impact of Flexible Spectrum Authorization Options on Mobile Ecosystem (section 6)
5. Conclusions on suitable spectrum bands and spectrum usage scenarios (section 7)
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2 Spectrum Usage in METIS
There is a myriad of ideas being discussed in many different fora on how to manage
and handle shared spectrum usage, representing a significant challenge for the 5G
community when setting system requirements and defining 5G system concepts. This
challenge is addressed by identifying a set of relevant future spectrum authorization
modes and spectrum usage/sharing scenarios, and further by analysing them with
regard to the resulting technical requirements for 5G system design. Based on this,
development of detailed technical solutions to enable the desired spectrum usage
scenarios for 5G becomes possible.
The further development of the spectrum toolbox previously exposed in [MET13-D5.2]
is described, and example implementations for specific adaptations to UDN are
described and fully analysed in this section.
Finally, the latest findings concerning the spectrum band survey work in order to
indicate suitable spectrum ranges for future 5G systems are presented.
2.1 Spectrum access modes and sharing scenarios
The future development of regulation and technology will create a complex landscape
of spectrum availability and access as illustrated in Figure 2.1. Multiple frequency
bands, subject to different regulation including various forms of shared spectrum, are
expected to be available to wireless communication systems. To leverage on these
opportunities, technology needs to be designed in a flexible way to be capable of
operating under different regulatory models and sharing modes. For that, it is crucial to
clearly identify and understand the relevant scenarios under which 5G systems are
expected to operate.

Figure 2.1: The future spectrum landscape consists of different bands made available under
different regulatory approaches

In the following the different authorization modes, which have been identified as
relevant by the METIS project [MET13-D51], are introduced, see Figure 2.2. From the
foreseen regulatory scenarios, a set of spectrum usage scenarios can be derived.
These can be used to determine the respective technical requirements in a next step.
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Figure 2.2: Spectrum usage/sharing scenarios

In general, use of radio spectrum can be authorized in two ways: Individual
Authorization (Licensed) and General Authorization (Licence Exempt / Unlicensed).
A full review of authorization regimes for spectrum usage is included in [MET13-D5.2],
in which “primary user mode”, “Licensed Shared Access” (LSA) mode and relevant coprimary shared spectrum usage scenarios are described.
As shown in Figure 2.2, four main spectrum usage/sharing scenarios can be identified
for these authorization modes: limited spectrum pool, mutual renting, vertical sharing
and unlicensed horizontal sharing. These represent distinctive spectrum sharing
scenarios that a 5G technology should support to maximize flexibility to cope with any
relevant form of future spectrum regulation. Note that in some cases multiple of these
scenarios may occur simultaneously: Horizontal sharing in the form of a limited
spectrum pool, a mutual renting scheme or as unlicensed coexistence may occur at
the same time as vertical sharing, where the 5G system would operate with lower
spectrum access priority than primary users.
A number of technical enablers (based on different technology components) have
been identified that, sometimes in combination, will address the expected technical
requirements derived from the scenarios. These technical enablers together constitute
a Spectrum Toolbox.
2.2 Spectrum toolbox
For a 5G system to work under all authorization modes and spectrum usage/sharing
scenarios described in the previous section, a set of enablers or “tools” may be
defined that need to be added to the typical portfolio of technical capabilities of today’s
cellular systems; see Figure 2.3. These enablers either directly relate to spectrum
sharing the operation in a specific frequency range, or generally aim at providing a
frequency agile and coexistence/sharing friendly radio interface design. In a particular
real situation, a specific technology may not have to support all the identified
scenarios and hence only needs to implement the required subset of technical
enablers.
METIS
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Besides enablers for spectrum sharing in order to cope with developments in
spectrum regulation, expansion into higher frequency ranges is an additional novelty
that is expected for 5G. It is obvious that system design and network building practices
have to change due to the significantly different radio propagation conditions at higher
frequencies. Hence, frequency-specific enablers for access to frequencies above
6 GHz are expected to be needed.

Figure 2.3: Spectrum toolbox, enablers

Figure 2.4 shows the different required tools to enable spectrum sharing, and how
they relate to the scenarios described above. To enable operation in some sharing
scenarios only one enabler is needed, but for others a set of multiple enablers is
needed. Note also, that some of the enablers and relations are optional (indicated by a
dashed line connecting them to the respective scenario) meaning that they are not
strictly required but may be helpful or desirable, or subject to design choices.

Figure 2.4: Technical enablers match to spectrum sharing scenarios

In the annex A “Spectrum toolbox technical enablers”, a full description of the seven types of
technical enablers developed in [MET13-D5.2], with its current updates, are included. The
basic aims of each type are:




METIS

Peer-to-peer Coordination Enablers
Enable spectrum utilization negotiations between operators, to enable spectrum
sharing between resource-compatible networks that implement the same coordination
protocol.
Horizontal Spectrum Manager Enablers
Enable the spectrum sharing by means of a centralized Horizontal Spectrum Manager
(HSM), responsible for resources usage between equal priority networks.
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Sensing and DFS Enablers
Enable a distributed way of sharing spectrum, through measurements of signal
strength present in the targeted spectrum.
GLDB Support Enablers
Enable use of spectrum resources in a centralized way, for vertical sharing between
networks with different regulatory priority.
Wi-Fi Sharing Mode Enablers
Enable specifically procedures for operators using ISM bands, while maintaining
appropriate spectrum access opportunity for Wi-Fi systems.
Frequency Specific Enablers above 6GHz
Enable spectrum usage optimization taking advantage of the specific physical
properties of these higher frequencies.
Flexible spectrum usage with advanced air-interface Enablers
Enable the flexible usage of fragmented and dynamically changing spectrum
opportunities.

2.3

Spectrum toolbox in the particular case of Massive Machine
Communications (MMC)
The spectrum toolbox contains a set of tools to address future relevant spectrum
scenarios. This is a rather large scope and it may be useful to detail example
applications of it. In this section, MMC (ultra-dense networks) specific adaptations are
described.
In brief, one usage of the toolbox is the following: 1) Identify required enablers out of
the scenario using the toolbox, 2) Implement the corresponding required functionalities
and do not include the functionalities that are not required in the system design. Figure
2.5 illustrates this usage.
By following this approach, the toolbox provides a good insight and basis for
decisions. In particular, the toolbox provides insight into which sharing situations will
and will not be supported if a given set of functionalities is chosen for a particular
system design.

Figure 2.5: Spectrum Toolbox Usage

The scenario considered here is the horizontal topic MMC, either with a capillary
network setup, i.e., where some nodes act as gateways to the overlay wide area
system, or for the case where the MMC nodes are directly communicating with the
overlay system. This is illustrated in Figure 2.6.
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Figure 2.6: MMC use case, with sensor nodes, capillary network gateway node and the overlying
wide area system

The links A, B and C are illustrating the relevant possible links in a MMC scenario
implying various requirements and different toolbox restrictions.
Link A represents the link between a capillary network node and the infrastructure
node that provides the service, e.g., access to central servers required by the
particular MMC service. It is assumed that the capillary network node is not battery
powered, and hence that any sharing option would be available for this link, i.e., the
entire unrestricted spectrum toolbox is a possible design option.
For the link B, i.e., the link between the infrastructure and the MMC node, there is a
constraint on energy performance, and hence additional retransmissions due to use of
unlicensed bands may not be acceptable. Figure 2.7 illustrates the resulting restriction
on the spectrum toolbox. Note also that, since good propagation conditions are
essential to reach the potentially long distance between the MMC node and the
infrastructure node, hence the toolbox is also restricted to only allow functionality to
operate on lower frequency bands.
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Figure 2.7: Reduced spectrum toolbox applicable to links between MMC sensor nodes and
infrastructure (link type B in Figure 2.6)

For the link C, between the MMC sensor node and the capillary gateway node, there
are two options regarding which spectrum band to support. One option is to operate
on licence exempt bands and the other is to reuse the IMT bands that are also used
by the link between the capillary network node and the infrastructure. For the first
option, the resulting spectrum toolbox is illustrated in Figure 2.8.
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Figure 2.8: Reduced spectrum toolbox applicable to links between a capillary network gateway
node and MMC sensor nodes in unlicensed bands (link type C in Figure 2.6)

Reusing IMT bands implies a similar reduction of the toolbox as was found for the
direct link between a MMC sensor node and the infrastructure. The only difference is
that long hops are not required and as such even higher frequency bands may be
suitable to use. The resulting toolbox is illustrated in Figure 2.9.
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Figure 2.9: Reduced spectrum toolbox applicable to links between a capillary network gateway
node and MMC sensor nodes in dedicated licensed bands (link type C in Figure 2.6)

2.4

Spectrum Sharing Architecture

The spectrum sharing architecture includes the functionality to handle all types of
spectrum authorizations. This includes support for the classical licensing methods like
dedicated spectrum as well as the new licensing methods like Licensed Shared
Access LSA or co-primary sharing. Additionally, license exempt sharing and new
sharing models using spectrum pools or mutual renting are covered. The spectrum
sharing architecture consists of two layers, which covers technical (network view) as
well as regulatory aspects (Administration view). While the technical layer provides all
functions to use spectrum resources in a network, the administration layer deals
mainly with functions to plan the spectrum use, allocate and assign spectrum licenses
and to enforce license conditions [ICT-R]. Figure 2.10 shows the basic functions for
METIS spectrum management on administration level.

METIS

Public

9

Document:
Date:
Status:

FP7-ICT-317669-METIS/D5.3
Security:
29/08/2014
Final

Version:

Public
1

Figure 2.10: Functional Architecture for regulatory aspects of spectrum in METIS

The regulatory framework, in sharing scenarios also called sharing framework, and the
individual right of use (license) granted by the Administration/NRA provide the
necessary legal certainty for spectrum usage for the involved parties. Additionally a
sharing arrangement between the spectrum owner and the spectrum user may be
established to negotiate technical details of the sharing process. Such details include
for example the definition of lead times for a spectrum resource evacuation or the
spectrum resource availability behaviour in case of system unavailability.
Framework, license and sharing arrangements provide input for the spectrum
resource database and the policy database. Based on the definitions in [ECC205_1] it
is quite obvious that the spectrum resource definitions and the policy/sharing rules in
the respective databases follow a prioritisation scheme, which ensures that a lower
priority input is consistent to and doesn’t conflict with a higher priority input. According
to [ECC205_1] the highest priority is always set to the regulatory framework followed
by the individual right to use (license). Sharing arrangements have always lower
priority.
A spectrum resource is a resource or a set of resources defined in time, space and
frequency domains. Each spectrum resource is stored in the spectrum resource
database together with definitions for restriction zones, protection zones, and
exclusion zones. This database also stores the information whether a spectrum
resource is dedicated or belongs to a specific spectrum pool. The policy database
contains then further information like spectrum usage rules (e.g. terms and
conditions), additional spectrum pool rules, and relations of a spectrum resource to
restriction protection and/or exclusion zones.
Some spectrum usage scenarios require specific functions for License/Registration or
external spectrum resource control. While the license function is used to check
METIS
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whether a licensee is allowed to access or request a licensed spectrum resource, the
registration part is optional to support the user identification in license exempt sharing
scenarios. There are two options available, either the registration is not required,
which is comparable to existing WLAN usage in the 2.4 GHz band or a user has to
register before using a license exempt spectrum resource. The latter case allows for
example to control the spectrum usage in an area. The registration process is quite
simple compared to the licensing process and may be automated as well. Spectrum
sharing under LSA requires functions (e.g. emergency evacuation for LSA) which
allows that the spectrum owner (incumbent) is able to reserve the spectrum resource
for own usage. This function is provided with the spectrum owner control function.
The spectrum coordination is the central function that interacts with the regulator
functions and communicates with the external spectrum controllers. Based on
received requests, the spectrum coordination gets relevant information from the
spectrum resource database, the policy database and the results from the
license/registration function to determine responses to the requesting partner. Such
responses include actions to evacuate spectrum initiated by the spectrum owner
control or to provide a spectrum resource to a spectrum controller.
Not included in Figure 2.10 are higher layer components for spectrum trading and
spectrum license monitoring. Both functions belong to the regulator domain, but can
be seen as add-ons, which provide input to the spectrum resource database and the
policy database. Adding, removing, or modifying fairness rules, sharing rules,
constraints or even spectrum resource definitions are already identified as “must have”
functionality for spectrum sharing scenarios. Therefore, it is possible to decouple the
trading process and spectrum license monitoring from the shown administration view,
i.e. there is no specific influence of the spectrum trading and spectrum license
monitoring on the technical spectrum usage at network level.
Figure 2.11 illustrates the network level architecture proposed to support any
spectrum usage functionality, including spectrum sharing scenario support.

Figure 2.11: Functional Architecture for network aspects of spectrum in METIS
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Spectrum flexibility is most conveniently implemented using a layered Radio Resource
Management (RRM) and Measurement Function (MF) approach. From an
architectural point of view, coordinating spectrum usage functionalities are
implemented above the standard RRM functionalities, as own functional unit called
Spectrum Controller.
The Spectrum Controller is the central unit and communicates with the external
Spectrum coordination, internal network functions like network management, the
RRM, and the MF. The main tasks of the spectrum controller are already described in
[MET13-D52]. It should be mentioned that the spectrum controller might integrate or
trigger other network functions (e.g. Network Management and Network Planning
tools), to transform and mediate spectrum resource information for the network. This
includes spectrum resource definitions as well as spectrum resource control
information.
As mentioned above, the spectrum coordination is the communication partner of the
spectrum controller. The interface between these components provides functions for
authentication and authorization and exchange of spectrum resource information via a
request-response mechanism.
2.5 Findings from spectrum band assessments
In [MET13-D51] assessments of the spectrum range 380 MHz – 275 GHz were
performed. In particular, the range 5.925 – 95 GHz of higher frequency bands was
assessed in detail and with respect to the possibility of operating a METIS system in
the band. The assessment took into consideration the current regulation applied in the
band, with emphasis on the European situation, as well as the physical propagation
properties of the bands. The applied methodology and assessment emphasized short
range usage, which is in particular applicable to ultra-densely deployed MBB
networks.
The outcome was a prioritization of the bands, indicating the most relevant bands
(based on a set of search criteria, see below), for initial consideration in regulation
when starting the procedure to find additional bands for 5G systems. The summary of
this band assessment is reproduced in Figure 2.12 and Figure 2.13, in which high
priority bands are those that are more favourable from regulation and technical point
of view.
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Figure 2.12: Overview of spectrum opportunities for UDN, 5.925 - 40.5 GHz
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Figure 2.13: Overview of spectrum opportunities for UDN, 40.5 – 100 GHz

From these results, it should be apparent that more opportunities exist in higher
frequencies than in lower. This is partly due to the increased isolation between coexisting systems that follows from the propagation properties in higher bands. It is also
a consequence of the applied search criteria, in particular the assessment focused on
finding very wide bands of contiguous spectrum (1 GHz was preferable). Such bands
are difficult to find in lower frequencies due to current regulation and usage.
To further shed light on the opportunities in the 5.925 – 31 GHz range, an additional
band assessment with modified assessment criteria has been performed. In this
assessment, a reduced target minimal contiguous bandwidth of 60 MHz was used,
and a larger focus was given to outdoor deployments. The used criteria represent a
situation where a wide area covering IMT system is to co-exist with the currently
deployed systems in the band. The decreased target bandwidth increases the
opportunities significantly, but outdoor deployments and wider coverage implies more
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difficult co-existence. The resulting assessment summary is given in Figure 2.14.
Details are found in Annex B.

Figure 2.14: Refined spectrum opportunities for 5.925 - 40.5 GHz

It is apparent that the current regulatory framework does impose a difficult situation for
introduction of wide area covering systems in this band range. However, there may be
some possibilities.
The above set of assessments provide indications on which bands should be included
in initial considerations when starting the regulatory process of finding spectrum for
future 5G systems.
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3 Spectrum Usage Technology Components evaluation
Within the METIS project a Technology Component (TeC) is understood as a methodology,
algorithm, module or protocol that enables features of the system and contributes to a
technical solution. As such, TeCs form the building blocks for the functional architecture,
which is an architectural model that identifies building blocks, functional elements and
interactions (interfaces) among each other.
The spectrum related TeCs are divided into two clusters, “Spectrum management concept”
and “Coordinated spectrum sharing” as shown in Table 3.1. A third cluster “Research studies”
refers to work on models, tools and scenarios not directly resulting in architectural
components. The spectrum related TeCs are described briefly in section 3.1.
Table 3.1: Spectrum related TeC Clustering

No.
TeC02
TeC12
TeC16
TeC17
TeC01
TeC04
TeC05
TeC06
TeC09
TeC14
TeC18
TeC19
TeC20
TeC21
TeC03
TeC07
TeC08
TeC15

3.1

Technology Component (TeC)
TeC cluster “Spectrum management concept”
Flexible spectrum use for moving networks
Spectrum opportunity detection and assessment
Spectrum management implementation and integration
Ontologies as tool for spectrum decision making
TeC cluster “Coordinated spectrum sharing”
Algorithms enabling sharing in unlicensed bands
Coordinated multi-carrier waveform based sharing technique
Co-ordination protocol for interaction between operators supporting the use of
limited spectrum pool and mutual renting
Geo-location based interference management in environments with non-uniform
user density and terrain-based propagation
Inter-UDN coordinated spectrum sharing
Spectrum sharing & mode selection for overlay D2D communication
Reinforcement learning scheme for adaptive spectrum sharing
Base Station clustering for inter-operator spectrum sharing under realistic network
deployment
Prepared and database assisted URC communication for V2V
Physical cell ID allocation in inter-operator spectrum sharing HetNets
TeC cluster “Research studies”
Inter-operator separation rule for non-cooperative spectrum sharing
Coexistence-aware resource allocation for extremely close nodes
Modelling aggregate interference from in-car BS to indoor femto-cells
Generic models and tools for coexistence evaluation

Description of spectrum usage TeCs

3.1.1

TeC cluster “Spectrum management concept”

TeC02: Flexible spectrum use for moving networks
This TeC allows a moving node to change its mode from relay to base station mode
depending on its location, on whether the vehicle is stationary or moving or on user
needs (in-vehicle coverage vs. coverage/capacity extension outside of the vehicle).
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The mode might need to be changed also due to other reasons, as for example when
crossing a country/regulatory border.
TeC12: Spectrum opportunity detection and assessment
Based on the need for spectrum, this TeC will help to obtain spectrum by negotiating
access to it with other entities, and also assessing the use of spectrum (in terms of
sharing).
The spectrum assessment functionality is performed by the Spectrum Controller (SC)
entity within spectrum sharing architecture. The detection mechanisms provide input
to the SC and the results of the mechanisms serve as the decision basis for the
spectrum assessment. The output from the spectrum assessment functionality is a set
of prioritized spectrum opportunities that is passed on to the RRM functionality.
TeC16: Spectrum management implementation and integration
This TeC deals with the development of a spectrum management implementation and
integration concept including LSA and other sharing concepts. This includes the
identification of the minimum requirements for the implementation of known and new
spectrum management concepts, so as to build an overall landscape and verify that all
potential responsibilities that involved parties want to cover can be represented.
TeC17: Ontologies as tool for spectrum decision making
The purpose of this TeC is to provide an effective solution that covers MNO diverse
needs in spectrum allocation. Towards this direction, an ontology based decision
making scheme is proposed for evaluating both co-primary and LSA spectrum offers.
Spectrum ontology models concepts and terms to represent real world information in a
machine processable manner. Among others, concepts regarding MNO profile, UE
profile as it is reported to MNO, Incumbent User information, spectrum offer
characteristics, etc., are encountered in Spectrum ontology model.
The MNO spectrum controller will incorporate a MNO spectrum selection strategy, as
the latter is expressed in the form of SWRL (Semantic Web Rule Language) rules.
Specifically, MNO poses certain constraints in order to evaluate spectrum offers,
including payment characteristics, time and location (geolocation) boundaries. The
outcome of evaluation is either positive or negative perception to a candidate offer. In
addition, spectrum ontology models the situations that trigger MNO to evaluate
spectrum offers and produce an action outcome.
Figure 3.1 represents the considered spectrum ontology. Spectrum offers are
modelled as an entity associated with several other classes, which represent features
of spectrum offers. Specifically, the features considered to characterize a spectrum
offer in the proposed scheme are:


Frequency band



Emission model
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Regarding the entities that provide spectrum offers, both Incumbent Users and MNO
Network Operators are encountered in spectrum ontology. Last but not least, MNO
preferences in spectrum needs are expressed in the form of MNO Rules, expressed in
the form of <condition, action>. The condition part of MNO rules poses price, location,
duration constraints. The action part is the outcome produces from spectrum ontology
inference process, which either accepts or rejects a considered offer.

Figure 3.1: Spectrum Ontology

3.1.2

TeC cluster “Coordinated spectrum sharing”

TeC01: Algorithms enabling sharing in unlicensed bands
This TeC enables the METIS system to use the same frequencies as Wi-Fi, while
maintaining appropriate spectrum access opportunity for Wi-Fi as well. A Wi-Fi sharing
mode utilizes available knowledge on Wi-Fi system behaviour to design the behaviour
of the METIS system according to these objectives.
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An example for a Wi-Fi sharing mode is to leave optional silent periods during which
Wi-Fi systems are able to operate without co-channel interference from METIS system
transmissions. The amount of muting can be dynamically varied depending on the
estimated congestion level of the spectrum.
An alternative is to use a listen-before-talk approach that allows Wi-Fi systems to gain
channel access. Such listen-before-talk could be similar but not be exactly as in Wi-Fi.
TeC04: Coordinated multi-carrier waveform based sharing technique
This TeC covers a two stage spectrum partition and allocation. First, a long- to
medium-term partition and allocation of shared spectrum by a Central Spectrum
Manager and second a short-term resource allocation to each operator. Such a
partition and allocation is supported by using a multi-carrier waveform based airinterface like FBMC or OFDM. A common subcarrier grid is defined for all operators
for a shared band, and each operator activates parts of subcarriers in this grid
according to the partition decision of the spectrum manager, and has the freedom to
adapt actual subcarrier spacing, waveform/pulse shape and signal frame structure.

Figure 3.2: Co-ordinated multi-carrier waveform sharing

An “out-of-fragment radiation mask” is used to manage inter-operator interference
each operator has to adapt waveform and guard-band size to meet this mask.
However, if a subset of operators share the RAN or have perfect mutual
synchronization, they do not generate mutual interference and thus, do not have to
consider such mask. In summary, this concept supports operators both with and
without RAN sharing. Figure 3.2 illustrates the concept of this TeC. More details on
this sharing technique can be found in [LUO14].
TeC05: Co-ordination protocol for interaction between operators supporting the
use of limited spectrum pool and mutual renting
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This TeC requires a connection (over the air or over the internet) between the peer
radio access networks. The participating operators are black boxes to each other, i.e.
they do not reveal operator-specific performance parameters to each other. Operators
are free to decide whether they negotiate with other operators or not.
Spectrum sharing can be realized by book keeping of spectrum usage favours given
and received by the operators. A favour is a permission given by an operator to a
different operator to use a carrier assigned to the former, for a specific number of time
units and in a defined location. It should be noted that different approach might exist,
for instance the permission could be for shared use of the carrier (small favour) or
exclusive use of the carrier (big favour).
Properly defining the types of spectrum usage favours will shape the performance of
the limited spectrum pool and mutual renting type of coordination protocols.
TeC06: Geo-location based interference management in environments with nonuniform user density and terrain-based propagation
In order to reduce the computational complexity of aggregate interference
computation, a model is proposed that groups transmitters with similar propagation
characteristics and utilizes a common propagation path loss model with appropriately
selected parameters to describe their transmissions. In addition, areas with about
similar density of transmitters are grouped together, and the interference from each
group is described by simplified Poisson point process model.
The proposed model can be used to describe the interference e.g. generated from
densely deployed femto-cells to radars and TV white spaces. The model simplifies the
interference computation process. Due to its low complexity, the model can be part of
a geo-location database operation that allocates resources, e.g. frequency channels,
transmit power levels, etc. to spectrum licensees under the constraint to protect the
incumbent.
TeC09: Inter-UDN coordinated spectrum sharing
Two links belonging to different UDNs are assumed, at least one (victim link) severely
interfered by the other one (interfering link).
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Figure 3.3: Inter-UDN interference

For each interfering link pair Coordination Context (CC) has to be established and
maintained. Only one network-wide Blanking Pattern (BP) is coordinated between
interfering UDNs, the resource pool is subdivided into “blanking part” and “available
part”.
The decision to apply BP is independent and can be taken on different levels
(network, node or link). UDNs know BPs of other UDNs and can prefer less interfered
resources for victim links (similar to ABS in LTE heterogeneous networks).

Figure 3.4: Coordinated Blanking

TeC14: Spectrum sharing & mode selection for overlay D2D communication
In-band overlay spectrum sharing where a part of cellular uplink spectrum is allocated
exclusively to D2D communication is assumed. According to the densities of D2D
users, base stations and cellular users, a network management entity is able to divide
the spectrum between D2D and cellular communication.
A potential D2D user measures the activity in D2D spectrum and uses a thresholdbased test (e.g. energy detection) to decide whether it transmits in D2D mode or in
infrastructure mode. Measured energy below the threshold indicates a low level of
ongoing D2D communication and thus D2D mode is selected. Otherwise, the D2D
users select infrastructure-based mode. Essentially, D2D users employ a CSMA type
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of contention control to transmit in D2D mode. In case the mobile operator requires a
centralized control of mode selection, the D2D users may just convey their
measurements to the base station that is responsible for implementing the thresholdbased test and allocating the mode to the D2D users. The spectrum division between
cellular and D2D communication and the carrier sensing threshold can, for instance,
be selected to maximize D2D rate under outage constraint in the cellular uplink. In
addition to the single operator case, a method to identify how much spectrum each
operator should contribute for exclusive cross-operator D2D communication is
proposed. The selection of the mode is again based on the carrier sensing threshold.
Note that intra-operator D2D users and cross-operator D2D users should be allocated
at different parts of the cellular spectrum. Depending on the spectrum sharing
architecture, centralized or distributed spectrum allocation schemes for cross-operator
D2D communication can be implemented. In both cases, the operators are willing to
share spectrum for cross-operator D2D communication if they achieve some gain in
comparison with no-sharing schemes.
Multi-operator D2D aspects may also be considered.
TeC18: Reinforcement learning scheme for adaptive spectrum sharing
This TeC is a reasoning scheme, based on fuzzy logic, for identifying which is the
most suitable spectrum for covering an MNO’s needs in a specific location, time, and
date. The fuzzy logic controllers will incorporate the operator’s renting strategy to
maximize his revenues while covering the users’ needs. The proposed algorithm could
be easily extended to other sharing schemes (e.g., general authorization schemes).
As the expenses of buying (or renting) additional spectrum is related to the market
demands the spectrum sharing scheme is adapted based on reinforcement learning
techniques that tune the decision making process. The proposed scheme might also
be suitable for network assisted D2D communication, by extending the decision
making process.
In the proposed spectrum sharing scheme, an algorithm consisting of two Fuzzy
Reasoners, one for co-primary and one for LSA spectrum sharing authorization
options, is introduced. The algorithm resides in the Spectrum Controller block of each
MNO. Each Fuzzy Reasoner captures the corresponding suitability of each sharing
scheme to fulfil future network demands. Each Fuzzy Reasoner takes into
consideration four inputs. Three of them are related to network conditions and are the
same for both Fuzzy Reasoners, namely load trend, interference levels and average
user mobility. The fourth one captures the spectrum efficiency of each sharing
scheme. More specifically, the considered Fuzzy Reasoner inputs are the following:


Load Trend: This input captures the (overall) user bandwidth demands over a
time window. High Load trend is an indicator showing that the network capacity
may be insufficient to serve user demands in the near future thus, showing the
increasing need for buying spectrum to fulfil user needs.



Interference Level: Interference is being captured by the channel state
information reported in a specific geographical area.
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Average user mobility: captures the dynamic nature of the way the users affect
the traffic load in a specific location due to their mobility behaviour. The users’
mobility is defined as static for users moving from 0 to 3 km/h, semi-static for
users moving from 3 to 10 km/h or high moving users (for speeds above
10 km/h).



(LSA or Co primary) Spectrum Efficiency: This factor relates the past
transactions with future spectrum requests. More specifically, if an operator has
not exploited the previously acquired spectrum, future transactions for buying
new spectrum become unattractive.

Then the inference engine of each of these Fuzzy Reasoners produces a suitability
factor indicating whether LSA or Co-primary spectrum resources should be obtained.
Each fuzzy logic controller evaluates the inputs in a different manner, given the fact
that each spectrum authorization option has its own key characteristics. More
specifically, the LSA sharing scheme is not interference free compared to the coprimary sharing scheme. Furthermore, spectrum provided under LSA sharing scheme
is time/location/frequency specific, while in case of co-primary such limitations lie on
the mutual agreements among the MNOs.
Each fuzzy logic controller incorporates a set of rules for combining the inputs to the
suitability output. The rules are capturing the strategy of the operator, which is
developed based on the characteristics of each sharing scheme. LSA is
time/geographic area specific whereas the co-primary spectrum sharing is
time/geographic area agnostic thus, making it more suitable for highly moving users.
Furthermore, given the fact that the LSA licensees are not necessarily coordinated,
interference may occur among them which will increase the packet error rate and thus
it is less preferable compared to the interference free co-primary spectrum sharing in
highly interfered areas. Finally, it is assumed that the operator wishes to consume the
already acquired spectrum before proceeding in spectrum requests.
Based on the nature of each input, several types of input membership functions could
be used for capturing the special characteristics of each input. More specifically, for
the average user mobility and the load trend triangular membership functions have
been used, because at certain values we are certain about the state that they are
capturing (e.g., low/high mobile user, low/high load trend). On the other hand, for the
interference and the spectrum efficiency Gaussian membership functions have been
used for exploiting the non-zero nature of this membership function at the definition
domain.
Regarding the output, Gaussian membership functions are being used for their
smoothness in the decision making process. Since the LSA sharing scheme imposes
constraints over time/frequency/location domains and enables the spectrum usage
from multiple licensees it is assumed in the model that acquiring LSA spectrum
resources will be less expensive compared to co-primary sharing.
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TeC19: Base Station clustering for inter-operator spectrum sharing under
realistic network deployment
This TeC proposes a clustering scheme that allows flexible inter-operator spectrum
sharing to be applied under realistic network deployment of different operators. First,
the centralized spectrum manager collects spectrum demand information from the
base stations (BS) of different operators in a certain geographical area. Based on this
information, the spectrum manager groups the BSs into clusters, where each cluster
includes neighbouring BSs of all involved operators. Afterwards, the BSs in each
cluster are divided into inner BSs and edge BSs. For each cluster, a spectrum partition
pattern is determined based on the spectrum demand of the inner BSs of different
operators. Each inner BS uses the resource of the shared spectrum according to the
corresponding spectrum partition pattern. For edge BSs, the spectrum fragments are
divided into three types:
1. Fragments that can be used without affected by co-channel interference.
2. Fragments where co-channel interference can occur.
3. Fragments not allocated to the corresponding operator.
For the second type, co-channel interference management has to be performed. Both
coordinated and un-coordinated approaches can be applied for such co-channel
interference management.

Figure 3.5: Base Station clustering for inter-operator spectrum sharing

TeC20: Prepared and database assisted URC communication for V2V
This TeC presents ideas on how to improve the availability and reliability of URC
communication between nodes with restricted mobility trajectories (e.g. V2V
communication for traffic safety between cars). The focus is on URC-S (Short-term
URC) with new kind of higher layer service composition.
Solution to both improve the reliability. Reliability estimation consists of two parts:
1. Since there are more or less fixed and bounded mobility trajectories, one can
know in advance that URC link might be needed, i.e. one can prepare the link
in advance (time domain solution).
2. Similarly, since often the locations where URC is needed are known and very
probably also the locations of the participating nodes, one can assist the URC
by consulting the geo-location database beforehand to select the best URC
mode based on historical knowledge (spatial domain solution).
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TeC21: Physical cell ID allocation in inter-operator spectrum sharing HetNets
This TeC proposes a method to allocate the physical cell ID (PCI) in multi-operator
scenarios e.g. multi-operator UDN in TC2. While for allocating PCIs in a single
network each base station must avoid conflicts (same PCI with one-hop neighbours)
and confusions (same PCI with two-hop neighbours), as in the presence of conflicts
and confusions the handover operation may fail. In a multi-operator scenario, each
base station must avoid conflicts and confusion not only in its own network, but also
with base stations of another network. PCIs of one operator should not mix with
handover measurements of another operator. This should take place with limited
interaction between the operators. The TeC proposes to resolve PCI allocation in
multi-operator HetNets by distributed algorithms for colouring the underlying conflict
and confusion graphs. The aim is to minimize the number of PCIs required for conflict
and confusion-freeness for a given network, or to minimize the number of violation of
conflict and confusion constraints for a given number of PCIs.
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TeC cluster “Research studies”

TeC03: Inter-operator separation rule for non-cooperative spectrum sharing
The purpose of this analysis work is to quantify where the cooperative coordination
between in-building wireless networks gives an economic benefit, and to propose an
inter-operator separation rule making a non-cooperative coordination cheaper than the
cooperative schemes.
Two extreme inter-network coordination schemes in terms of a total deployment cost
are compared, one with an ideal external interference-cancelled system and the other
one with the worst full external aggregate interference.
As an inter-operator separation rule, an economic spectrum reuse distance which
works as a break-even distance to switch an operator’s decision is coined. This is
defined with respect to two-dimensional service areas and a total deployment cost.
TeC07: Coexistence-aware resource allocation for extremely close nodes
A receiver can be saturated if it receives too strong signal from neighbours (even with
orthogonal frequency separation). Similar impact happens for adjacent channels
scenario due to imperfect spectrum mask and selection filter.
Location Aware Resource Allocation for close nodes enables fractional frequency reuse by geographical clustering.
TeC08: Modelling aggregate interference from in-car BS to indoor femto-cells
By assuming a cell inside each vehicle and rooftop antenna for backhaul to overcome
vehicular penetration loss, spectrum sharing between in-vehicle communication &
indoor femto-cells is considered.
The TeC proposes a model for the distribution of aggregate interference at the femtocells. The model takes as input the density of vehicles and approximates the outage
probability at the femto-cells. The TeC becomes relevant while allocating spectrum for
in-vehicle communication.
TeC15: Generic models and tools for coexistence evaluation
This research comprises the development of concepts for avoiding coexistence
problems and for predicting its impact, based on adjacent channel interference
evaluations and resulting limitations for spectrum engineering.
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3.2 KPIs for Spectrum Usage
In this section, the key performance indicators 1 for spectrum usage (KPI-SU) are
defined. The will be used for the evaluation of the spectrum usage TeCs.
3.2.1

KPIs to evaluate spectrum solution spaces

KPI-SU1: Increase of available spectrum per operator
Indicates how much the available spectrum per operator can be increased due to the
new bands indicated in METIS. This KPI can be given in “Hz” or in “%“.
KPI-SU2: Increase of network capacity per operator
The increased spectrum availability will lead to increased network capacity (Gb/s/m 2)
per operator.
KPI-SU3: Average user throughput
The efficient use of spectrum will have an impact on the availability of spectrum for
individual radio links. Therefore, increased spectrum availability will lead to statistical
improvements in users throughputs (Mbps).
KPI-SU4: Latency reduction
Indicates to what extent the latency (ms) can be reduced in average, compared to
current solutions.
KPI-SU5: Overall system CapEx reduction
By assuming a certain target network capacity, the CapEx reduction (€) can be
evaluated compared to the case without the increase in shared spectrum amount or to
the case with only increased individual licensed spectrum.

KPI-SU6: Overall system OpEx reduction
In the case the infrastructure investment (€) is reduced due to increased spectrum
availability, i.e. a lower number of base stations is necessary, the cost for site rent is
reduced, too. The lower energy consumption by transmission at lower frequencies
may also be taken into account.

1

As described in IR5.2 sections 3.3 & 3.4 (with shortened definition text)
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KPI-SU7: Mobility support
The capability to support mobility depends on the carrier frequency. Generally, the
higher the carrier frequency, the larger the Doppler effect. This results in less reliability
of the wireless link.

3.2.2

KPIs to evaluate spectrum access schemes

KPI-SU8: Edge user spectral efficiency
The (normalized) user throughput is defined as the average user throughput (the
number of correctly received bits by users over a certain period, divided by the
channel bandwidth) and is measured in bit/s/Hz. The edge user spectral efficiency is
defined as 5% point of the cumulative distribution function (CDF) of the normalized
user throughput. It is measured in bits/s/Hz. In cellular systems, this would refer to the
cell edge.

KPI-SU9: Relative spectrum occupation rate
This KPI can be used to evaluate the benefit of inter-operator spectrum sharing. The
relative spectrum occupation rate can be defined as the ratio between the spectrum
occupation rate and the spectrum demand (or traffic demand), where the spectrum
occupation rate can be defined as:
(used bandwidth x used time) / (total bandwidth x total observation time) in %

which is observed across different operators.
For comparison of different spectrum usage schemes, a certain spectral efficiency
should be assumed. Otherwise, techniques with low spectral efficiency can occupy a
large amount of spectrum, which leads to waste of this scarce resource.

KPI-SU10: Area spectral efficiency
Another means to evaluate the spectrum usage efficiency is the traffic volume per
area per bandwidth unit. For estimating the anticipated spatial density of users in a
given area, the average bit rate per user and the available cell bandwidth, one can
define area spectral efficiency as the aggregate throughput of all users normalised by
the available cell bandwidth per square meter. It is measured in b/s/Hz/m2.
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3.3 TeC evaluation on the basis of spectrum usage KPIs
In this section, the TeCs are assessed against the spectrum usage KPIs.
Table 3.2: Spectrum related TeC KPIs

TeC01
TeC02
TeC03
TeC04
TeC05
TeC06
TeC07
TeC08
TeC09
TeC12
TeC14
TeC15
TeC16
TeC17
TeC18
TeC19
TeC20
TeC21

METIS
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X
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X
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X
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X

KPISU7
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X

X
X

X
X
X

X
X
X

X

X
X
X

X
X

X
X
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X
X

X

X
X

X
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X
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4 Methodology for bandwidth requirement evaluation
Evaluations have been carried out of the actual needs of spectrum in different Test
Cases (TCs) as defined in previous METIS deliverables [MET13-D6.1]. Accordingly,
with the evaluation procedure already described in [MET13-D5.2], there are several
different characteristics of BSs and UEs, as well as their deployment in the scenario,
which will influence the full system performance, and therefore the bandwidth
requirements.
One major key point is which SINR values are the MNOs able to provide to the UEs in
the scenario. This value is directly related with the network deployment density (and
therefore with MNO CapEx and OpEx), and with the Technology Components (TeC)
available (usually also related with CapEx). In fact, the evaluation of TeCs are
provided in terms of the enhancement of the SINR distribution in a given scenario, in
the same way that it is do in the 3GPPP [3GPP-R1092742].
However, TeCs are usually evaluated individually against a “canonical scenario”; in
order to bench mark their actual performance. Future 5G systems would include a
cluster of different TeCs, depending on their cost/benefit analysis for any specific
scenario requirements. Therefore, several consecutive enhancements could be
concurrent in a single scenario, as high order modulation and coding schemes, CoMP,
beam-forming, etc.
The final values of SINR remains therefore somehow
unpredictable, since it will strongly depend on the MNOs planed network TCO (CapEx
and OpEx), and on the achievable performance of the combined TeCs selected.
It has to be noted as well, that final values of SINR will be degraded depending on the
actual level of frequency band usage. Since extensive usage of the bandwidth will
lead to situations with high level of interference, and therefore a degradation from
initial values of available SINR.
For these reasons, the evaluations carried out have been focused in the sensibility
analysis of the spectrum needs with respect with actual achieved values of SINR
distribution. These distributions have been in all cases considered Gaussian with
3 dBs of variance (in accordance with [3GPP-R1092742] outcomes), and different
medium values ranging from 5 to 20 dBs, since in some well controlled scenarios a
high value of SINR could be achieved if adequate TeCs are used.
All the analysis, which results are included in the Annex C, have been based on
simulations of at least 10 (in most cases 15 to 20) different Monte-Carlo distribution of
the UEs SINR. For each of the Monte-Carlo distribution, at least 10 (in most cases 15
to 20) time steps have been analysed. In each of the time steps, the UEs throughput
demand evolves depending on the traffic pattern defined for each of eh UEs in the
TCs, accordingly with the descriptions on [MET13-D6.1].
For the scenario evaluation, the scheduler of frequency band has been optimized,
from overall throughput optimization, assigning frequency bands to UEs with the best
spectral efficiency. However, several fair sharing rules have been included accordingly
with the expected behaviour of real networks.
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Only UEs with SINR and RF performance (different for different UE classes:
sensors, smartphones, professional video devices, etc.), providing a spectral
efficiency beyond certain trigger level, will be taken into consideration by the
scheduler.



In each TCs, and for each UEs, three Service Level of the provided connectivity
have been defined:
o Level 1 Basic connectivity, defined as an absolute value in kbps
needed for the UE to keep alive the tracking of the UE to BS radio link
o Level 2 Degraded Performance, defined as a percentage of the UE
service throughput demand that will enable the user to keep the service
working, with some degraded performance, as could be the need to
increase video compression rate. For most UEs traffic, this degraded
performance is considered to be achieved with 50% of the demanded
throughput, but for some specific UEs as sensor nodes values of 15%
are considered.
o Level 3 Full Service, this level is achieved if the deployed network is
capable to provide the UEs with the full throughput demanded by its
service, accordingly with the traffic model of each UE.



The scheduler will provide the needed bandwidth to cope with the mentioned
three service levels in order, i.e. it will first address UEs with the BW required to
hold connectivity, then with the BW need to hold the service (degraded
performance level) and finally with the BW needed for the full service.



In each of these three steps of the scheduler, also different Quality Class
Indictors (QCI), are considered for preferences in scheduling BW to UES. The
UEs with QCI 1 are the first BW demands to be attended, and successively the
rest of QCI traffic. Any specific UE have a possibility of being generating
different QCI as part of the scenario definition. For instance, a sensor could be
generating a low priority traffic in standard situations, but in case of alarm, it will
change to high priority QCI.

Economic aspects should be taken into account for the balance between needed
bandwidth and radio network TCO, in terms of number of BS deployed and cost of
associated with the use of some TeCs. However the scenarios provided in METIS
[MET13-D6.1], represent a balanced situation for which the BW requirement analysis
has been performed. In Annex C, the reusability factor indicated in each test case is
directly relates with the number of BS provided. The number of different types of UEs
is provided, basically characterized by their spectral efficiency at different frequency
carriers considered to be deployed in the test case.
It is worth to note that, a UE class with a spectral efficiency of zero in one specific
frequency carrier will indicate that these type of UEs do not operate in this specific
carrier.
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5 Bandwidth requirement analysis
Accordingly, with the methodology explained in section 5 and in [MET13-D5.2], the
requirements of different TCs have been evaluated, and results can be consulted in
Annex C. The evaluation have been carried out for different central values of SINR
distribution of the main carrier (carrier 2), in order to evaluate the sensibility to this
parameter. However, in the first subsection of each TC analysis, a graphic have been
included of the SINR distribution for only one value (different graphics for different
carriers present in the TC) in order to facilitate the readability of the results.
In this first “set-up” section, apart from the BW available at different carrier, the
number of UEs of different classes presents in the TCs and their characteristics are
indicated. In addition, a graphic showing the distribution of the required throughput for
all UEs considered is included. It should be taken into account that the amount of UEs
in the throughput demand graphics is the sum of all active users in each of the Monte
Carlo and time step analysed.
As results of the evaluation two main graphics are included in each TCs, representing
the sensibility to the SINR distribution of the main frequency carrier:


The percentage of UEs that granted the different service level (connectivity,
degraded performance and full service), which is the basic outcomes of the
scenario.



The percentage of bandwidth usage needed to achieve the indicated service
levels, which represents the margin still remaining for traffic demands increase
beyond considered TCs

It has to be noted that the first graphic of percentage of service levels have been
calculated without any QCI consideration. That means that in TCs with a high number
of sensor nodes, representing UEs with a low QCI, if there is even a small shortage of
BW available, a huge number of UEs could be unattended (that is without achieving
full service level), since priority QCI UEs will be attended.
For each TC, at least two evaluations have been carried out: one that is considered to
be below expectations, and therefore indicating that the main carrier (in all analysis
considered to be the carrier 2), do not have adequate BW to cope with TC
requirements. The other evaluation is in which the achieved number of UEs service
level is considered adequate. It is worth to note that even in this case the indication of
percentage of BW usage indicate the margin with which this BW could cope with the
requirements.
The results are grouped in three clusters, depending on the BW needs detected,
which should be considered as a rough indication, since as mentioned before there
are several parameters impacting this results being the most important the number of
BS deployment, which is to say the TCO assumed by the MNO.
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For 4500 MHz BW available, a network providing SINR distributions
with mean values between 5 to 10 dBs will satisfy expectations
For 3000 MHz BW available, a network providing SINR distributions
with mean values between 10 to 15 dBs will satisfy expectations
For 1500 MHz BW available, the network need to provide SINR
distributions with mean values in excess of 20 dB

For 1500 MHz BW available, a network providing SINR distributions
with mean values between 10 to 15 dBs will satisfy expectations
For 1000 MHz BW available, the network need to provide SINR
distributions with mean values in excess of 20 dB

For 2280 MHz BW available, a network providing SINR distributions
with mean values between 10 to 15 dBs will satisfy expectations
For 1280 MHz BW available, the network need to provide SINR
distributions with mean values in excess of 20 dB

For 1130 MHz BW available, a network providing SINR distributions
with mean values between 10 to 15 dBs will satisfy expectations
For 630 MHz BW available, the network need to provide SINR
distributions with mean values in excess of 20 dB

TC9 Open air festivals
In this specific case, due to the high amount of UEs with very low throughput
and low QCI (namely sensor nodes) the value of the percentage of UEs
achieving the full service level is not so significant, as the percentage achieving
degraded service or of BW usage.




1

TC8 Real-time remote computing for mobile terminals


o

Public

TC6 Traffic jam


o

Version:

TC2 Dense urban information society


o

Final

TC1 Virtual Reality Office


o
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For 3250 MHz BW available, a network providing SINR distributions
with mean values between 10 to 15 dBs will satisfy expectations
For 2250 MHz BW available, the network need to provide SINR
distributions with mean values in excess of 20 dB

Medium demanding Test Cases (BW required between 200 MHz and
1 GHz)
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For 700 MHz BW available, a network providing SINR distributions
with mean values between 5 to 10 dBs will satisfy expectations
For 400 MHz BW available, the network need to provide SINR
distributions with mean values in excess of 20 dB

TC4 Stadium




Final

TC3 Shopping mall


o
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For 900 MHz BW available, a network providing SINR distributions
with mean values between 5 to 10 dBs will satisfy expectations

Low demanding Test Cases (BW required below 200 MHz )
o

TC10 Emergency communications
In this TC, expectations are fulfilled with less than 100 MHz and 5 dB SINR
network deployment

o

TC11 Massive deployment of sensors and actuators
In this TC, expectations are fulfilled with less than 4 MHz and 5dB SINR
network deployment

o

TC12 Traffic efficiency and safety
In this TC, if 10 MHz BW are available, more than 99.99 % of users have the
full service provided with a SINR of 5dBs. Furthermore, the bandwidth
occupancy to achieve this level is less than 80 %.
Therefore, if 10 MHz bandwidth is used the SINR target could be not much
higher than 5 dB, being an optimal solution due to the high degree of guarantee
needed in Traffic efficiency and safety scenarios.
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6 Impact of Flexible Spectrum Authorization Options on the Mobile
Ecosystem
Traditionally, the mobile business has been characterized by two major interrelated
market entry and investment barriers: costly network infrastructure and high spectrum
licensing fee. The high spectrum fees paid by cellular operators for spectrum
bandwidth are normally justified due the expected limited number licences and the
long duration of the granted license. However, the regulatory landscape is changing
towards more flexible spectrum management scheme, which are expected to make
additional spectrum resources available and lower the spectrum access barriers.
Moreover, the vertically integrated mobile service value chain, in which almost all
business roles are handled by the Mobile Network Operators (MNO), is changing
toward horizontal unbundling approach where mobile network operators started
outsourcing network deployment and operation to other actors, such as the network
equipment vendors.
In view of the perceived flexible spectrum access options and the ongoing changes in
the mobile value chain, new business opportunities can be envisioned in the mobile
industry ecosystem, especially in the market of indoor mobile communications. This
section highlights the differences between indoor deployment and outdoor deployment
in the light of the available spectrum bands to be used and the possible business
models for different actors in the mobile ecosystem.
6.1 Economic and Business Drivers for Spectrum Sharing Scenarios
The continuing growth in the mobile data traffic magnifies the challenges to design
and deploy a scalable high-capacity mobile network to meet the future demand at
reasonable cost compared to today networks. The adoption of high efficient radio
access technologies and the use of more spectrum resources are considered as the
key elements to increase the capacity of a radio base station (BS). That is why access
to frequency bands with favourable propagation characteristics play a key role in
reducing the deployment cost of a mobile network Operator, which known as
engineering value [ACMA-09] [MJ-11]. In this respect, the radio spectrum resources
are considered a key element in the mobile telecommunication services production.
Moreover, the exclusive access right to frequency bands with favourable propagation
characteristics enable a mobile network operator (MNO) to provide good quality of
service (QoS) and enhanced competitive advantage in the market. Yet, securing
enough spectrum resources for future mobile network deployment remains a key task.
Considering the limitations in cost, energy and radio spectrum, the deployment of
heterogeneous layers of macro-cells and small-cells has been perceived as an
efficient topology to meet the future traffic demand where it is really needed. The
important enabler for this trend is the fact that around 70 % to 80 % of the traffic in
mobile communication networks stems from the indoor or spotty locations, which
justifies focusing on network coverage and capacity where it is really needed [CISCO13] [HUAWEI-14]. The use of confined coverage and low-power radio base stations
also aligns with the objectives of energy-efficient “green network operation” and costeffective deployment targeted by the mobile operators. However, the engineering
value of the spectrum resources, in terms of frequency bands of interest and the value
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of using more spectrum bandwidth per radio site, differs in wide area deployment
compared to the hotspot and local area network deployments scenarios [AJG13-1]
[AJG13-2].
In wide-area deployment scenarios, long term exclusive access to spectrum resources
with good coverage and propagation properties (e.g. "low frequency bands") are
important for a mobile operator’s strategic position in the market. The compelling
economic argument to pay for more spectrum resources for outdoor mobile network
deployment is driven by the need to minimize the total cost of ownership (TCO). By
using more spectrum resources in the existing macro-cell base stations, MNOs can
deploy less number of new sites and exploit previous infrastructure investments. In
essence, more system bandwidth in outdoor wide area deployment means less
number of base stations will be required to satisfy a given demand, which means
considerable cost savings as shown in Figure 6.1. Furthermore, with network sharing
and spectrum pooling, cooperating operators can have access to even more
resources. These benefits are evident when compared to the benefit of operators with
less amount of bandwidth as can be extracted from Figure 6.1. Moreover, in outdoor
deployments, spectrum authorization options such as LSA is beneficial as it gives
operators extra exclusive usage rights and can be added to their licensed spectrum
which move their deployment cost to the right in Figure 6.1.

Figure 6.1: Network deployment cost (outdoor vs. indoor)

In contrast, the local area network deployments scenarios are characterized by shortrange communication that can be accommodated in spectrum with short range
propagation characteristics ("high frequency bands"). Moreover, indoor small-cells are
coverage limited, which has two consequences: first, the frequencies can be re-used
in a more efficient manner and, second, the use of more frequency bandwidth per
small-cells results in overprovisioning of network capacity without significant cost
reduction. In this regard, the use of more spectrum bandwidth in indoor deployment
scenarios does not necessarily lead to less number of radio base stations. This is due
to the coverage bottleneck where specific number of indoor small-cells will anyway be
required to cover each floor as shown in Figure 6.1 [AJG13-1].
METIS

Public

36

Document:
Date:
Status:

FP7-ICT-317669-METIS/D5.3
Security:
29/08/2014
Final

Version:

Public
1

6.2 Actors in Indoor Mobile Ecosystem
In contrast to outdoor deployment scenarios, the situation in indoor deployment
scenarios are less demanding for new entrant with respect to the level of the required
investment in underline network infrastructure [MGM12]. In this regard, flexible
spectrum authorization schemes such as secondary access (e.g. TV White Space)
and Licensed Shared Access (LSA) could allow actors such as Facility Owners (FO),
Mobile Virtual Network Operators (MVNO) and Internet Service Providers (ISP) to
invest in indoor mobile network infrastructure. These actors can act as Local Network
Operators (LNO) and build their business models around the provision of mobile
services in locations where there seems to be a “hole” or lack of coverage or capacity
in a particular area within the MNOs service footprint [AJG13-1] [AJG13-2] [AJG13-3].
In forthcoming subsections, four types of actors will be introduced along with their
roles in the mobile ecosystem, namely the mobile network operators (i.e. MNOs and
MVNOs), equipment vendors, internet service providers (ISPs) and facility owners as
shown in Figure 6.2 [AJG13-1, AJG13-2].

Figure 6.2: Actors in Mobile Ecosystem

6.2.1 Mobile Network Operators (MNOs)
Mobile Network Operators (MNOs) are the actors who provision the mobile
telecommunication services to end-subscribers using as base line licensed spectrum
resources. Typically, MNOs own and manage all the necessary elements to provision
its own mobile telecommunication services including network infrastructure, billing and
customer care. In addition to provide their own services, MNOs may offer retail
services under its own brand, or give access to network services at wholesale rates to
mobile virtual network operators.
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Moreover, the MNOs may enter to different sharing and outscoring agreement to
optimize their capital expenditures (CapEx) and Operation Expenditures (OpEx)
depend on the surrounding regulation environments. In this regard, the joint ventures
to deploy a denser 3G and 4G networks in Sweden can be a good example of
cooperation strategies between MNOs. In this regard, the aforementioned network
sharing strategies have driven by strong economic incentives (in terms of CapEx and
OpEx) that overcame the drawbacks of being less independent [AJG13-1] [AJG13-2].
Nowadays, MNOs tend to deploy dense outdoor cellular networks (i.e. macro, micro
and pico base stations) in order to the targeted level of services, i.e. Quality of
Services (QoS), in outdoor locations. While the mobile services extension in indoor
locations is usually provided by using WLAN hot-spots or deploying small cells.
However, deploying an indoor mobile network brings extra activities and overhead to
MNOs, which may not be within the scope of the MNO core business. That is why
solutions such as outsourcing and offloading MNO’s data traffic from its wide area
networks to wireless local area networks become attractive and lucrative approaches
for MNOs.
6.2.2 Mobile Virtual Network Operators (MVNO)
According to the International Telecommunications Union (ITU), MVNOs are
“operators who provide mobile communication services to users without own licensed
spectrum resources”. MVNOs normally depend on the infrastructure of the MNOs to
provide their services without having mobile networks of their own. This dependency
may vary from leasing the radio transmission capacity (where the MVNO is known as
a full MVNO) to extreme form in which the MVNO provides its contents or services on
top of the MNO network (where the MVNO is called a service provider (SP) or a thin
MVNO).
Subject to developments in the existing regulation frameworks, the MVNO may own
spectrum resource to deploy an independent network infrastructure in hotspot and
local areas such as company premises, airports, etc. Accordingly, the MVNO may
enter into different roaming agreements with the existing MNOs [AJG 13-1, AJG 13-2].
6.2.3 Internet Service Provider (ISP)
The Internet Service Provider (ISP) is an actor that provides Internet connectivity
based on long-term or short-term contract with each of its end customers, whether
residential or enterprise. The ISP provision the required internet access through
different connection means such as copper wires, fibber optic or fixed wireless access
network. ISPs can also provide Wi-Fi hotspots in public places for their nomadic
broadband customers. In this case, ISPs are referred to as Wireless Internet Service
Providers (WISPs). The WISPs have been established in the mobile market as
providers of local area broadband access using the unlicensed band of the Wi-Fi
technology.
WISPs enjoy competitive advantages as they have their own backhaul solutions.
Locations targeted by WISPs are the highly crowded public venues such as airports,
hotels, restaurants, pubs, touristic places, etc. WISPs reap or obtain their income
according to the venue served and the business model adopted. For instance, in open
public places like airports or railway stations, the end user might pay a monthly or
single-time access fee to the WISP network. However, in places like hotels or pubs,
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the venue owner might offer free internet access to its residents as an added service
for differentiation and improved customer satisfaction as per an agreement or a
contract signed between the venue owner and the WISP [AJG13-1, AJG13-2].
6.2.4 Facility Owner (FO)
Facility Owners (FOs) who have direct interaction with customers find themselves
gradually involved in the mobile business. Facility Owners are always keen to provide
high quality mobile broadband in their premises to enhance their customer
satisfaction. The end-users in the FO`s indoor mobile network could be customers of
the FOs core business (e.g. hotel) or passers-by the site location (e.g. mall). FOs can
deploy and operate their own indoor mobile network infrastructure or authorize a third
party to deploy indoor network infrastructure within their premises. Due to their major
assets, i.e. site operation and their customer base, FOs have strong bargaining
position with actors willing to enter the indoor mobile broadband business [AJG13-1,
AJG13-2].
6.2.5 Network vendors
Manufacturers and network vendors are the actors who manufacture network
equipment and/or end-end-user devices. Such actors develop and integrate all the
necessary hardware and software components in the production, the transmission and
the reception sides in the mobile value chain. Nowadays, network vendors can play an
additional role in the mobile ecosystem by offering fully outsourced network
management services to their clients (i.e. MNO); vendors playing such a role are
known as managed service providers (MSPs).
6.3 Spectrum Options and Business Model for Local Network Operator (LNO)
The LNOs business models concentrates on the provision of mobile broadband
services within local indoor locations characterized by high subscribers demand such
as office buildings and shopping malls. In this respect, the LNO could either act on
behalf of the MNOs or build independent indoor/local mobile network infrastructure as
described in the forthcoming sections.
6.3.1 LNO as Managed Service Providers
The LNO can act on behalf of the MNOs and negotiate with other actors (such as
facility owners) all matters relating to the deployment, management and operation of
the indoor mobile network. In this case, the LNO could utilize the available spectrum
resources of the MNOs to rollout the required indoor mobile network. To achieve
better QoS in indoor mobile network, a dedicated spectrum from MNO`s license bands
can be allocated to the LNO depending on its availability. In this regard, LNO business
model become similar to role of managed service providers (MSP). Traditionally, the
MSP Business model is adopted by the network vendors to manage and operate the
outdoor cellular infrastructure for their client (i.e. MNO). However, the MSP role is not
restricted to network vendors or to outdoor cellular infrastructure and any other actor
could play such role especially in local area network deployment scenarios. In this
regard, a small company can build their business model around offering a new type of
service called SCaaS (i.e. Small Cells as a Service) by deploying and operating smallcell networks on behalf of the mobile network operator (MNO). The motivation behind
the SCaaS business model is the ability to provide mobile coverage and capacity
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where it is needed by the customers; especially in places hard to be covered by the
outdoor cellular networks [AJG13-1, AJG13-2].
6.3.2 Independent LNO
Actors such as WISPs, FO, Network vendors and MVNO may opt for an independent
business strategy where they invest, deploy and operate local mobile network
infrastructure and act as independent local network operators (LNOs).
For
independent LNO, spectrum resources could be secured via different spectrum
access options as shown in Figure 6.3. The first option is to use licensed spectrum,
which is costly and hard to secure (i.e. subject to the spectrum availability and
surrounding regulations). Hence, actors such as WISPs may prefer to act as virtual
operators rather than LNO and use other actor infrastructure, namely MNOs. The
second option is to use more unlicensed spectrum bands, which are cost-effective
solution compared to the licensed spectrum. The problem facing the use of the
unlicensed spectrum band is the fact that Wi-Fi network has not been designed as a
mobile technology; i.e. the mobile subscribers should seamlessly move between Wi-Fi
networks and outdoor cellular network sites. Recent advances in Wi-Fi and 3GPP
standards, as well as new trends in manufacturing and deploying an Integrated
Femto-Wi-Fi (IFW) access point have provided solutions for such shortcomings. Even
though, the IFW access points still need to use the licensed bands. The third option is
to exploit spectrum bands allocated for other non-communication systems using the
Horizontal Shared Secondary Access authorization scheme (e.g. Broadcasting
(TVWS) and aeronautical bands as shown in Figure 6.3). The key obstacles for
cognitive radio and Horizontal Shared Secondary Access authorization scheme are
the availability of spectrum, network cost and end-user equipment. In this connection,
the use of Licensed shared access LSA scheme could provide long-term and stable
conditions that may prompt or induce manufacture support for investing in user and
network equipment. Furthermore, possibility to extend the operation of future mobile
system to unlicensed spectrum resources in indoor deployments may open new
business for the LNO.
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Figure 6.3: Actors investment strategy and spectrum access Options
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7 Conclusion and future work
A new generation of cellular standards, commonly understood as a new air interface
and new network architecture, has appeared approximately every ten years since the
first commercial appearance of cellular mobile in the 1980´s. Currently LTE-A
represents the fourth generation (4G) systems. Already for some time the research
community has been heading towards 5G systems. Within this arena the METIS
project is one of the leading initiatives.
Envisioned 5G scenarios [D1.1] roughly require 1000 times higher capacity per area,
leading inevitably to an increase in radio spectrum demand.
To increase the spectrum availability, and to allow 5G technology to cope with an
increasingly complex spectrum regulatory landscape, support of different spectrum
authorization modes is foreseen for 5G systems. Relevant future spectrum
authorization modes and corresponding spectrum usage/sharing scenarios have been
identified. A toolbox of spectrum-related enablers has been put together, which will
allow 5G technology to support a broad range of different spectrum authorization
modes.
Innovative spectrum usage scenarios and the development of new spectrum sharing
and radio coexistence enablers will further increase the availability of spectrum, but in
order to fulfil the 1000 times higher capacity per area requirement, the use of
additional frequency bands above 6 GHz will be essential. Several spectrum ranges
[MET13-D51] with different available bandwidths and specific characteristics have
been identified. Usage of these bands for mobile communications requires specific
enablers, taking into account the propagation characteristics and applied regulatory
and sharing scenarios.
A progressive increase of additional frequency bands – usable by means of innovative
co-existence enablers and new spectrum authorization schemes – that will be used for
MBB simultaneously with existing and new exclusive bands is expected in the coming
years.
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A. Spectrum toolbox technical enablers

A.1 Peer-to-peer Coordination
Under frequent network load variations, load asymmetry between operators or in
situations where networks are well isolated from each other, a static spectrum
partitioning agreement may result in low spectrum utilization efficiency. Peer-to-peer
coordination protocols aim to take advantage of these situations to increase efficiency
of the spectrum usage. Such protocols are methods to enable spectrum sharing
between resource-compatible networks that implement the same coordination
protocol. It requires a logical connection between the different networks to enable
spectrum utilization negotiations. This logical connection can have different physical
realizations, e.g. over-the-air, via the core network, etc. Coordination protocols are
expected to be used not only between networks having equal access rights on a
particular piece of spectrum, e.g. for a limited spectrum pool under primary user and
LSA modes as well as for unlicensed horizontal coexistence, but also between
networks with unequal access rights; e.g. in a mutual renting scenario. In coordination
protocols, the amount of information exchanged between the sharing networks may
have to be very limited, since network operators may be reluctant to reveal businessrelated information to competitors. It is thus desirable for a spectrum sharing
mechanism to reveal as little information about the network state to another network
as possible. Unless one entity has higher spectrum access rights than others (e.g.
possibility of pre-emption in mutual renting scenario), the entities should be free to
decide whether they negotiate spectrum or not.
One way to realize such a peer-to-peer coordination protocol with limited information
exchange is to introduce a rudimentary currency in terms of spectrum usage favours,
asked and received by the network entities. Network entities with low load fulfil
spectrum usage favours to heavily-loaded entities of other networks. To maintain
reciprocity, entities granted favours in the past will return these favours in future. In
this way, networks can offer better QoS than that achieved with static spectrum
allocation without network-specific information exchange. Such a coordination protocol
is applicable for mutual renting in primary user mode, and can be used, after slight
modification, for limited spectrum pool as well as LSA and unlicensed sharing modes.
In higher frequencies, it is expected that antenna directivity alleviates inter-network
interference, and this enables aggressive spatial resource reuse between different
networks. This can be used to further decrease the interference between co-frequency
networks. A ‘coordination context’ may be introduced for interfering links that require
coordination for optimized performance, see Figure A.1. The shared resources may
vary significantly over a single network deployment area, and by restricting the
coordination to the links in coordination contexts, it can be shown that the scheme
significantly reduces inter-network interference and increases system performance
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[LTS14]. The final partitioning of resources between the networks for each
coordination context may be reached by a negotiation process.

Figure A.1: Two partially overlapping ultra-dense networks. The links A1 in the blue network and
B1 in the red network constitute one coordination context and the links A2 (blue) and B2 (red)
constitute another coordination context

A.2 Horizontal Spectrum Manager
An alternative for horizontal sharing is the use of a centralized Horizontal Spectrum
Manager (HSM), which is responsible for deciding how resources should be shared
between systems of the same regulatory priority. In one particular location, spectrum
availability information provided by the HSM is exclusive, i.e. particular resources are
assigned to one network only. It is the HSM’s responsibility to decide on spatial
spectrum re-use, i.e. at which distance the same resource can be assigned to another
spectrum user. The process of deciding about resource allocation is based on a
certain policy, which may include negotiation or bidding processes [MMR11, KSY05].
However, there is no limitation to a certain policy by definition.
If the resources managed by a HSM are subject to primary user protection
requirements, the HSM may be coupled with a Geo Location Data Base (GLDB). A
GLDB is used to gather information related to primary user spectrum use in order to
address cases where both horizontal and vertical sharing are required. The HSM
would only consider the resources that are available for secondary use and distribute
these between secondary users.
The role of HSM may be assumed by a regulatory body, by an independent trusted
third party, or even by one of the owners of a license for the radio spectrum. Mobile
network operators could reach a mutual agreement through a HSM entity to have a
common spectrum pool filled with spectrum resources and accessible by all the
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contracting operators. Licensed Shared Access in particular, is expected to offer extra
opportunities for spectrum sharing in the future, and HSM could benefit the sharing of
the spectrum resources in such schemes, i.e. in limited spectrum pool or mutual
renting settings.
A.3 GLDB Support
A Geo-Location Data Base (GLDB) is a centralized solution for vertical sharing. It
enables use of spectrum resources while ensuring that users of higher regulatory
priority remain unaffected. This applies both in unlicensed and LSA modes.
Spectrum availability information provided by the GLDB does not take horizontal
sharing into account, i.e., the same spectrum resources are marked available for all
secondary users. Hence, GLDB needs to be complemented with an additional
mechanism for horizontal resource distribution. This includes the possibility to apply a
dynamic horizontal sharing mechanism, but also much simpler mechanisms like
assigning fixed sub-bands are conceivable. For the dynamic sharing case, there might
be a preference for a Horizontal Spectrum Manager (HSM) solution since the HSM
could be implemented in the same physical node as the GLDB [LGH12].
The secondary systems are obliged to communicate with the GLDB before using the
spectrum resources. Secondary systems should measure and report their location
information and consult the database so as to discover which frequencies they can
use at their location. The viability of such a solution depends on several parameters
such as location accuracy, frequency of database enquiry, and quality of the database
[ECC159]. Secondary systems will not be allowed to transmit until they have
successfully determined from the database which channels, if any, are available in
their location.
Some regulatory authorization organizations have adopted GLDBs to offer additional
spectrum resources for mobile usage, like Ofcom in the UK and FCC in the USA.
A.4 Sensing and DFS
Spectrum sensing is an enabler for a distributed way of sharing spectrum, where each
individual device detects the presence of others, e.g. through measurements of
received signal strength. This enables systems to avoid using the same radio
resources by either waiting until the medium is vacated or jumping to another
frequency channel. Hence, it can be a useful tool for devices accessing spectrum with
the same or lower priority. A practical example is dynamic frequency selection (DFS)
operation specified in the IEEE 802.11h standard [IEE802h]: WLAN networks have
secondary access to parts of the 5 GHz frequency band primarily allocated to
meteorological radars. WLAN devices are required to perform spectrum sensing
before accessing a channel in the band to avoid interfering with the meteorological
service.
Although spectrum sensing is a simple and low-cost sharing enabler, there is a risk of
missed detection, and potentially causing harmful interference to a primary service as
a consequence. Furthermore, with a distributed operation it is difficult to control the
aggregate interference caused to primary systems [ZRS13]. Therefore, spectrum
sensing, on its own, may not be adequate for large-scale spectrum sharing. The
benefit of spectrum sensing can be maximized when it is utilized as an auxiliary
means of spectrum sharing. Particularly, a combination with GLDB is a promising
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solution for secondary users in vertical coexistence. This concept is demonstrated in
[OSZ14] with an example of secondary sharing with radars. Spectrum sensing can
also help the operation of peer-to-peer coordination, since it can provide preliminary
information of spectrum usage by other systems. Based on the sensing results,
coordination peers can be identified and hence coordination protocols will be able to
resolve, or at least reduce mutual interference.
A.5 Wi-Fi Sharing Mode
By ‘Wi-Fi sharing mode’ we mean a set of enablers making it possible to use the same
frequencies as Wi-Fi, while maintaining appropriate spectrum access opportunity for
Wi-Fi as well. A Wi-Fi sharing mode utilizes available knowledge on Wi-Fi system
behaviour to design the behaviour of the 5G system.
The current main cellular technology is LTE. There are some studies looking at Wi-Fi
sharing modes suitable to LTE, like [NTA13], which can serve as example on how a
Wi-Fi sharing mode can be implemented in an LTE-like system. One basic difference
between Wi-Fi and LTE is that in case of channel interference Wi-Fi holds its
transmission, while LTE typically only reduces its transmission data rate by increasing
the transmission robustness.
A simple example of a Wi-Fi sharing mode is to leave optional silent periods in LTE,
during which Wi-Fi systems may operate without co-channel interference from LTE
transmissions. The fraction of time used for silent periods can dynamically be adjusted
depending on the estimated congestion level of the spectrum. Such muting would be
straightforward to implement. An alternative is to use a listen-before-talk approach that
allows Wi-Fi systems to gain channel access.
A.6 Frequency Specific Enablers above 6GHz
There is no sensible solution visible that could provide the expected 1000 times
increase in mobile traffic capacity for beyond 2020 via using only spectrum below 6
GHz, the spectrum where most of today’s spectrum usage for mobile broadband takes
place. Therefore, there is an increasing interest towards understanding how to make
the best use of spectrum at frequencies higher than 6 GHz. Due to the physical
properties of these higher frequencies, optimal technical enablers will be somewhat
different. Initially it is therefore meaningful to differentiate the needed enablers for
frequencies above or below 6 GHz, as in Figure A.2. Later such a differentiation will
likely disappear and a more continuous technical approach over the different
frequencies used will be seen.
One example of such a frequency-specific enabler is a technique to determine if a
base station is within line-of-sight of a particular mobile terminal. Propagation
characteristics of frequencies above 6 GHz bring additional challenges, most notably
stronger signal attenuation over distance and obstructed environments. This implies
shorter communication range and increased importance of Line-Of-Sight conditions
(LOS). It can be shown that results from channel measurements in a lower frequency
band may be used to infer information on the LOS conditions in a higher frequency
band. Figure A.2 illustrates the relation between the probability of LOS conditions in
an mmW band and the measured propagation loss in a sub-6 GHz band. Such
measurements are routinely performed in today’s cellular systems so that the required
information to employ such an approach is either readily available or can easily be
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obtained. This information may be exploited for deciding on handover from the lower
to the higher frequency band for the case where both are supported in a wireless
system.

Figure A.2: Probability of LOS and non-LOS conditions vs. propagation loss (PL) at below-6GHz
frequencies

A.7 Flexible spectrum usage with advanced air-interface
One key requirement for the 5G air-interface design is to enable very flexible spectrum
usage. Together with advanced RF architecture and RF-related signal processing, the
5G air-interface should support the following flexible spectrum usage operations:
1. Flexible switching between different frequency bands, including high frequency
bands
2. Flexible fragmented spectrum usage, including aggregation of different
spectrum fragments with different sizes
3. Dynamic spectrum sharing between different operators or different services
Requirements for these capabilities can occur in all spectrum access modes. In
particular when switching operating frequency band, the spectrum access mode may
also be switched, e.g. from primary mode to LSA mode. Corresponding key enabling
features of the 5G air-interface are:


Adaptive configuration of the air-interface parameters



Ultra low out-of-band (OOB) emission
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Parameters that should be considered for adaptive configuration are, e.g. the
subcarrier spacing in the case of multi-carrier waveforms, or the DFT size. Flexible
operation in fragmented spectrum may be enabled by dynamic activation and deactivation of subcarrier groups.
By requiring ultra-low OOB emission properties the required guard band between
spectrum fragments can strongly be reduced. This allows high spectrum usage
efficiency and opens up for the possibility to effectively exploit small spectrum
fragments. Waveforms like the filter bank based multi-carrier (FBMC) waveform
[BEL10] are examples that provide such ultra-low OOB emissions.
By fulfilling these requirements, dynamic spectrum sharing between operators or
services may be realized: Shared spectrum may dynamically be partitioned into
fragments with various sizes, which may be allocated to different operators or
services. An operator or service may use multiple fragments in parallel. Within each
allocated spectrum fragment, a transmitter will be able to adjust the waveform as well
as the frame structure according to the conditions in the band, e.g., the traffic type and
propagation environment.
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B. Investigation of the frequency range 5.925 – 31 GHz
This annex presents the details of a band assessment survey of the range 5.925 – 31
GHZ. The summary conclusion is given in the main body of the text in Figure 2.14,
and is as such not repeated here.
Determining if a band is suitable for use by a certain new service is complex and not
an exact science. For determining the suitability of a band, a number of criteria have
been used to help in the discussions of the rating of the band. We define a rating of a
band as a necessarily subjective assessment of the suitability of the band for a
particular service.
The service considered to be added in a given band in the present assessment is the
wide area IMT cellular system.
It should be noted that an ultra-dense network (UDN) in general has a smaller
radiation footprint than a wide area covering MBB system. This implies that most of
the arguments put forward here are directly applicable also for UDNs, although this
study generally considers lower bandwidths than what is considered for UDN.
Criteria related to current allocation and use of a band
When getting access to a band there are two basic ways to access the band. One
option is to move the current service to some other band or to cease operation for the
other service. This is generally easier if the current use of the band is declining, if the
band is lightly used, or if the services currently provided in the band can be provided in
some other way, e.g. by 5G networks. In addition if the current service can be made
more efficient and free up parts of the band. The other option is to use the band while
co-existing with other services in the band. The feasibility for accessing the band in
this way depends on the characteristics of the current service as well as how widely
used the band is.
Positive indicators
By positive indicator we mean a characteristic of a band that speaks in favour of using
the band for wide area IMT systems, i.e., that would increase the rating of the band.
Mobile allocation

Bands that are allocated for the mobile service are
seen as good candidates since there is no need for
reallocation to use the band for IMT. In addition, there
may be the current spectrum holders that are
interested in opening the band up for 5G.

Fixed allocation

Light use only. For a band allocated to the fixed
service and lightly used there may be an opportunity to
use the band for IMT without reallocation since fixed
services may (possibly) be provided using 5G
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technologies. This is the case if the terminal is
stationary, and the link could be argued to be a fixed
backhaul link. In addition, this may be a band that is
already owned by operators, but not extensively used,
and it may be possible for them to clear out the
spectrum for other uses. In many cases, fixed links are
licensed per link, indicating that the location of the link
is known and as such information for a geo-location
database sharing approach or a LSA licensing
approach is possible. For Europe, a comprehensive
study on the use of and trends for fixed links is
available in [ECC173].
Global harmonization

Global harmonization is important for driving
economies of scale and promoting global roaming and
circulation of terminals.

Neutral indicators
A Neutral factor is a characteristic that does not (to a large degree) impact the
possibilities to use IMT in a particular band. We list the factors and argue that these do
not significantly impact the assessment.

PMSE allocation

Bands allocated to PMSE (Programme Making and
Special Events) services are considered as good
candidates since many PMSE applications are
temporary in nature and there may be a possibility to
share the band with PMSE under some kind of LSA
scheme. CEPT report 30 [CEPT30] and ECC report
191 [ECC191], study the minimum requirements for
coexistence with PMSE. On the other hand, PMSE is
often allocated on secondary or sharing basis and
since 5G systems can be expected to be ubiquitous,
and would cause much more interference a PMSE
allocation is not an indication that the band can be
used for 5G.

Satellite downlink (s/e)

Here we consider point-to-point services, i.e., downlink
to a specified earth satellite receiver station. The
coexistence may in this case be handled via a
specified exclusion zone around the receiver station,
although the exclusion zone may be very large in
some cases. LSA licensing of the band may be a
feasible option for this case.
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Services in neighboring
bands

The type of 5G carrier we are considering here is
relatively narrow and thus the width of the unwanted
emissions tend to be relatively narrow. There may be a
few (5-10) MHz required as guard band or extra
filtering to reach the required emission levels, but this
does not significantly impact the assessment of the
band and it is left out of the considerations.

Radio astronomy
allocation

Radio astronomy depends on weak signals that are
easy to interfere with. In addition, laws of physics
determine which frequencies that are of interest. On
the positive side is that the number of radio astronomy
stations is small and located on earth. These may be
avoided using some kind of geographical separation.

Negative indicators
A negative indicator is here defined as a characteristic of a band that speaks against
introducing a wide area IMT system into it.
Fixed allocation (heavy
use)

Fixed allocation (block
licensing)

Bands allocated to the fixed service and that are
heavily used can be difficult to use for a 5G system.
Since we here consider relatively high power
transmitters and long distances there may be
interference to the fixed links. If the band is heavily
used it will be difficult to reallocate the current users.
In some countries, a license is given to fixed services
without having to specify the exact location of the links,
so called block licensing. For fixed services that use
block licensing it is difficult to take into account the
location of the fixed links and thus it is difficult to share
with the fixed service. For some cases the current
owner of the block (operator) may decide to transition
to 5G. In that case, this is a positive indicator.

Military

Military bands are generally difficult to enter. It is
difficult to obtain data about other systems in the band
for performing co-existence studies and military
applications are usually considered quite important.
Some of the bands currently used by the military may
be made available under LSA regimes. Sharing with
costal radars on 3.5 GHz is an example of this.

Inter satellite allocation

Inter-satellite links may be affected by aggregate 5G
interference. The antennas may have limited
suppression in the direction of earth and there may be
quite a few interferers that add up.
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Aeronautical mobile

Generally this is similar to the inter satellite links. Cochannel co-existence may be very difficult. Planes are
not at such a high altitude, the propagation is freespace, and take-off/landing may present even bigger
problems. See [CEPT42].

EESS (earth
exploration both
passive and active)

These services are characterized by receiving signals
for a relatively large geographic area and may be
subject to a large composite interference from the 5G
system. In addition, the signals are weak which makes
the tolerance to interference low. Finally it is difficult to
move these services to other bands since the radios
are not easy to service (up in space) and the EESS
services may depend on certain frequencies due to the
laws of physics.

Satellite uplink (e/s)

The satellite is pointing its receive antenna towards
earth and as such potentially receives interference
from a large number of IMT base stations and UEs.
The path loss to the satellite is rather large and base
station antennas do not in general radiate large
amount of energy upwards. On the other hand the UEs
are in radiating in all directions and there are many
UEs. The difficult part is to be able to control or
assess 2 the aggregate interference from a large
number of UEs. A number of studies are on-going in
ITU-R JTG 4-5-6-7 for assessing interference between
EESS and WLAN at 5GHz but the results are not
consistent.

Satellite broadcasting
(s/e)

Broadcasting satellite service (BSS) is one main
service for this band characteristic. The coexistence
situation is difficult since there is no data available on
where the receivers are located. A receiver may be an
end user satellite dish receiver located on a house.

ISM allocation

The main benefit of this type of license exempt bands
is ease of access to the band. There is a drawback
with reliability and unpredictable interference levels.
Co-existence is difficult and there are many systems to
consider. Existing allowed power levels may also be
too low. Uncontrolled spectrum usually requires
controlled space, e.g. at home or indoor setting. Here
we consider area covering systems and thus the
variability of interference is a complicating factor.

WLAN/unlicensed use

The arguments here are similar to the ones for ISM

Co-existence studies for this kind of scenario has been made for other bands and needs to be found
and reviewed to come with a final assessment of the feasibility for coexistence between an IMT
system and satellite uplink.
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bands. It should be noted that the possibility of using
the 5GHz unlicensed band for LTE as a complement
to existing frequency bands.

Criteria related to size and frequency
In general, the wider contiguous band that is available the better. The selection here is
a somewhat arbitrary selection of available bandwidth. We would like a band to
accommodate 2-3 systems of mobile broadband type. The following criteria have been
used:



<3x20 MHz

Allocations below 20 MHz per network are not considered
interesting. Current successful 3GPP bands are from roughly
10 MHz and up. Adding some expansion margin brings us to
20 MHz. This is also the bandwidth required for a single full LTE
carrier.



>3x20MHz

Band interesting

We note that most of the identified bands are 100 MHz and wider, so most candidates
will be able meet this criterion.
Any specific pairings have not been considered. The assumption is that it should be
possible to pair two candidate bands or arrange the pairing within one band. Thus, the
numbers stated above should be doubled for FDD.
In addition, the actual frequency also influences the rating of the band. We are looking
for bands that can provide good coverage characteristics and thus bands towards the
lower end of the investigated spectrum are preferred. The exact difference in
propagation characteristics between the high and low end have not been studied.
However, given the uncertainty in the other aspects this may not have a large
influence.
Information sources
There are a number of sources that have been used to gather the information in this
assessment study.
One of the main sources of information is the ITU radio regulations [ITURR]. This
contains a list of all the allocations in all three regions in the frequency range from 8.3
kHz to 3000 GHz. Different geographical regions have their own allocation, mostly this
is aligned with ITU, but may differ. For Europe, a CEPT report that describes the
allocation has been used as the main source [ERC025]. USA does not have one
overall report that describes the US allocations, but instead there are a number of
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FCC databases to look in. Obtaining information about the situation in China is also a
bit difficult, but for the most important bands, even this information has been
considered.
The allocation tables only provide information about the intended use of a band and
not the actual use. This information is harder to obtain, but the regulatory bodies have
released reports on usage for specific services, one good example is [ECC173] which
is a report periodically issued by CEPT that looks at the usage of fixed services in
Europe.
There are also a number of other sources for information about how bands are used.
We have used reports issued by industry organizations about the use of for example
satellite services.

Things omitted
By necessity, there are a lot of sources that could have been included but were not.
Overall, the search is slightly Europe centric. USA and China regulations have mainly
been studied for the bands that we from the initial assessment found to be interesting
from a European perspective.
There are other large markets that have not been studied, for example regulations in
India and Japan has not been included.
Band assessment details

Band

Assessment

5.925 - 7.75 GHz (1.825GHz)

Low

7.75 - 7.9 GHz (0.15GHz)

Medium

7.9 - 8.5 GHz (0.6GHz)

Low

8.5 - 8.75 GHz (0.25GHz)

Medium

8.75 - 8.85 GHz (0.1GHz)

Low

METIS

Public

Summary motivation
Highly utilized by e.g., fixed links in
CEPT
Used for fixed point to point link and
meteorological-satellite. Global FIXED
and MOBILE allocation. Easy coexistence. Historical band for point-topoint links. Possible to reallocate old
systems?
Highly utilized by e.g. fixed links in
CEPT
A harmonized NATO band used for e.g.
military radars. Allocated to Fixed and
Mobile in other parts of the world.
Rating assumes that military is willing
to share their band.
Difficult coexistence with Airborne
Doppler radar, identified for major
military utilization in CEPT
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8.85 - 9 GHz (0.15GHz)

Medium

9 - 9.2 GHz (0.2GHz)

Low

9.2 - 9.3 GHz (0.1GHz)

Medium

9.3 - 9.9 GHz (0.6GHz)

Low

9.9 - 10 GHz (0.1GHz)

Low

10 - 10.5 GHz (0.5GHz)

Medium

10.5 - 10.6 GHz (0.1GHz)

High

10.6 - 10.7 GHz (0.1GHz)

Low

10.7 - 11.7 GHz (1GHz)
11.7 - 12.5 GHz (0.8GHz)

Low
Low

12.5 - 12.75 GHz (0.25GHz)

Low

12.75 - 13.25 GHz (0.5GHz)

Low

13.25 - 14 GHz (0.75GHz)

Low

14 - 14.5 GHz (0.5GHz)

Medium

14.5 - 15.35 GHz (0.85GHz)

Medium

METIS

Public

FP7-ICT-317669-METIS/D5.3
Security:
29/08/2014
Final

Version:

Public
1

No fixed or mobile allocation.
Harmonized NATO band. Used for
maritime navigation limited to shore
based radars. The medium assessment
assumes that the military is willing to
share the band.
Difficult coexistence with Airborne
Doppler radar, identified for major
military utilization in CEPT
No fixed or mobile allocation.
Harmonized NATO band. Used for
maritime navigation limited to shore
based radars. Medium assuming that
the military is willing to share the band.
Difficult coexistence with EESS, and
airborne radio navigation. Identified for
major military utilization in CEPT
Difficult coexistence with radiolocation
(radar)
FIXED and MOBILE allocations.
Radiolocation almost only used in
police radars that are being phased
out. Light usage of Fixed link in CEPT
countries. Need to share the band with
the military.
FIXED and MOBILE allocations.
Radiolocation almost only used in
police radars that are being phased
out. Light usage of Fixed link in CEPT
countries. Mainly used by Fixed and
PMSE.
Coexistence with EESS and radio
astronomy difficult
Heavily used by FSS, BSS
Heavily used by BSS
A lot of satellites deployed using this
band
Heavily used by fixed links at least in
CEPT => no mobile allocation in CEPT
Band seems to be used by military
radar, Doppler radar and space
research. Difficult coexistence with
radars.
FIXED and MOBILE allocation. Used
for fixed-satellite space to earth
communication, as well as for space
research and radio astronomy. Coexistence expected to be solved via
exclusion zones.
Global FIXED and MOBILE allocation.
Harmonized military band. High usage
60
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15.35 - 15.7 GHz (0.35GHz)

Low

15.7 - 17.1 GHz (1.4GHz)

Medium

17.1 - 17.3 GHz (0.2GHz)

Medium

17.3 - 17.7 GHz (0.4GHz)

Low

17.7 - 19.7 GHz (2GHz)

Low

19.7 - 21.2 GHz (1.5GHz)

Low

21.2 - 21.4 GHz (0.2GHz)

Medium

21.4 - 22 GHz (0.6GHz)

Low

22 - 23.6 GHz (1.6GHz)
23.6 - 24.25 GHz (0.65GHz)

Low
Low

24.25 - 24.5 GHz (0.25GHz)

Medium

24.5 - 27.5 GHz (3GHz)

Low

27.5 - 30 GHz (2.5GHz)
30 - 31 GHz (1GHz)

Low
Low
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for low-medium capacity (old) fixed
links in Europe, possibility for
reallocation? Assuming that military is
willing to share.
In 15.35-15.4 GHz all transmissions are
prohibited, difficult coexistence with
EESS & aeronautical radionavigation.
Non-global FIXED and MOBILE
allocations. Harmonized military band
for radiolocation radars. Assuming that
military is willing to share the band.
Also used for deep space research with
no envisioned coexistence issues
foreseen.
Non-global FIXED and MOBILE
allocations. Partially military band for
radiolocation radars shared with
scientific observations of snow and ice.
Lightly used band or at least a band
with use limited in time and space.
Assuming that military is willing to
share the band.
Difficult coexistence with military radar,
FSS & BSS.
Heavily used for fixed services
Heavily used. Difficult co-existence
scenarios.
Scientific band with MOBILE and
FIXED allocation. Used for passive
EESS and radio astronomy, as well as
for PMSE. Lightly used band.
Coexistence with EESS and Radio
Astronomy should be “easy” since
PMSE is allowed, e.g. by using
exclusion zones.
Usage by fixed links expected to
increase. Relatively high frequency.
Heavily used by fixed links
Emissions not allowed and ISM band
Non-global MOBILE allocation and
FIXED allocation. Used for a few fixed
links, tank probing radars, car mounted
radars and PMSE. Lightly used band.
Just one of many PMSE band, move
them away. Easy coexistence with
radar applications.
Highly used and use by fixed links
reported to be increasing
Heavily used band
Heavily used and military band
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C. BW Requirement analysis
For all scenarios the simulations were carried out and averaged over 15 iterations and
15 time slots

C.1 TC1: Virtual Reality Office

C.1.1 TC1: Setup
Number of Users:
 Class 1: 50 (Probability of being active 0.3) Max spectral efficiency (4,3,3)
 Class 2: 80 (Probability of being active 0.4) Max spectral efficiency (8,8,8)
 Class 3: 70 (Probability of being active 0.4) Max spectral efficiency (2,2,2)

Figure C.3: TC1 SINR (Carrier 2 medium value 5dB)
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Figure C.4: TC1: Throughput demand distribution

C.1.2 TC1: Results for Carrier 2 with 4500 MHz BW
Available BWs:
 Carrier 1: 40 MHz

(Reuse Factor 2)

 Carrier 2: 4500 MHz

(Reuse Factor 25)

 Carrier 3: 800 MHz (Reuse Factor 4)

Figure C.5: TC1 Percentage of bandwidth usage for: 40, 4500, 800 MHz BW
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Figure C.6: TC1 Percentage of service level achieved for: 40, 4500, 800 MHz BW

C.1.3 TC1: Results for Carrier 2 with 3000 MHz BW
Available BWs:
 Carrier 1: 40 MHz

(Reuse Factor 2)

 Carrier 2: 3000 MHz

(Reuse Factor 25)

 Carrier 3: 800 MHz (Reuse Factor 4)

Figure C.7: TC1 Percentage of bandwidth usage for: 40, 3000, 800 MHz BW
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Figure C.8: TC1 Percentage of service level achieved for: 40, 3000, 800 MHz BW

C.1.4 TC1: Results for Carrier 2 with 1500 MHz BW
Available BWs:
 Carrier 1: 40 MHz

(Reuse Factor 2)

 Carrier 2: 1500 MHz

(Reuse Factor 25)

 Carrier 3: 800 MHz (Reuse Factor 4)
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Figure C.9: TC1 Percentage of bandwidth usage for: 40, 1500, 800 MHz BW

Figure C.10: TC1 Percentage of service level achieved for: 40, 1500, 800 MHz BW

C.2 TC2: Dense urban information society

C.2.1 TC2: Setup
Number of users
METIS

Public
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 Class 1: 2500 (Probability of being active 0.1) Max spectral efficiency (4,3)
 Class 2: 25000 (Probability of being active 0.03) Max spectral efficiency (1,1)

Figure C.11: TC2 SINR (Carrier 2 medium value 5dB)

Figure C.12: TC2: Throughput demand distribution

C.2.2 TC2: Results for Carrier 2 with 1500 MHz BW
Available BWs:
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(Reuse Factor 2.8)

 Carrier 2: 1500 MHz

(Reuse factor 11.5)

Figure C.13: TC2 Percentage of bandwidth usage for: 20, 1500 MHz BW

Figure C.14: TC2 Percentage of service level achieved for: 20, 1500 MHz BW
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C.2.3 TC2: Results for Carrier 2 with 1000 MHz BW
Available BWs:
 Carrier 1: 20 MHz

(Reuse Factor 2.8)

 Carrier 2: 1000 MHz

(Reuse factor 11.5)

Figure C.15: TC2 Percentage of bandwidth usage for: 20, 1000 MHz BW

Figure C.16: TC2 Percentage of service level achieved for: 20, 1000 MHz BW
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C.3 TC3: Shopping mall

C.3.1 TC3: Setup
Number of Users:
 Class 1: 100
(4,3,3)

(Probability of being active

0.4) Max spectral efficiency

 Class 2: 100
(2,3,3)

(Probability of being active

0.3) Max spectral efficiency

 Class 3: 100
(2,2,2)

(Probability of being active

0.3) Max spectral efficiency

 Class 4: 100
(2,2,2)

(Probability of being active

0.2) Max spectral efficiency

Figure C.17: TC3 SINR (Carrier 2 medium value 5dB)
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Figure C.18: TC3 Throughput demand distribution

C.3.2 TC3 Results for Carrier 2 with 600 MHz BW
Available BWs:
 Carrier 1: 80 MHz

(Reuse Factor 12)

 Carrier 2: 600 MHz (Reuse Factor 12)
 Carrier 3: 20 MHz
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Figure C.19: TC3 Percentage of bandwidth usage for: 80, 600, 20 MHz BW

Figure C.20: TC3 Percentage of service level achieved for: 80, 600, 20 MHz BW

C.3.3 TC3: Results for Carrier 2 with 300 MHz BW
Available BWs:
 Carrier 1: 80 MHz

(Reuse Factor 12)

 Carrier 2: 300 MHz (Reuse Factor 12)
 Carrier 3: 20 MHz
METIS

(Reuse Factor 12)
Public
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Figure C.21: TC3 Percentage of bandwidth usage for: 80, 300, 20 MHz BW

Figure C.22: TC3 Percentage of service level achieved for: 80, 300, 20 MHz BW
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C.4 TC4: Stadium

C.4.1 TC4: Setup
Number of Users:
 Class 1: 5000 (Probability of being active 0.3) Max spectral efficiency (4,3,3)
 Class 2: 5000 (Probability of being active 0.4) Max spectral efficiency (2,3,3)
 Class 3: 500
(2,2,2)

(Probability of being active

0.4) Max spectral efficiency

 Class 4: 1000 (Probability of being active 0.24) Max spectral efficiency (2,2,2)
 Class 5: 1000 (Probability of being active 0.3) Max spectral efficiency (2,2,4)

Figure C.23: TC4 SINR (Carrier 2 medium value 5dB)
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Figure C.24: TC4: Throughput demand distribution

C.4.2 TC4: Results for Carrier 2 with 1500 MHz BW
Available BWs:
 Carrier 1: 100 MHz (Reuse Factor 5)
 Carrier 2: 1500 MHz

(Reuse Factor 5)

 Carrier 3: 300 MHz (Reuse Factor 10)

Figure C.25: TC4 Percentage of bandwidth usage for: 100, 1500, 300 MHz BW
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Figure C.26: TC4 Percentage of service level achieved for: 100, 1500, 300 MHz BW

C.4.3 TC4 Results for Carrier 2 with 500 MHz BW
Available BWs:
 Carrier 1: 100 MHz (Reuse Factor 5)
 Carrier 2: 500 MHz (Reuse Factor 5)
 Carrier 3: 300 MHz (Reuse Factor 10)
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Figure C.27: TC4 Percentage of bandwidth usage for: 100, 500, 100 MHz BW

Figure C.28: TC4 Percentage of service level achieved for: 100, 500,100 MHz BW

C.5 TC6: Traffic jam

C.5.1 TC6: Setup
Number of Users:
 Class 1: 300 (Probability of being active 0.5) Max spectral efficiency (7,7,7)
 Class 2: 300 (Probability of being active 0.5) Max spectral efficiency (7,7,7)
 Class 3: 200
(6,5,6)

METIS

(Probability of being active

Public

0.5) Max spectral efficiency
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Figure C.29: TC6 SINR

Figure C.30: TC6 Throughput demand distribution

C.5.2 TC6: Results for Carrier 2 with 2000 MHz BW
Available BWs:
 Carrier 1: 80 MHz

(Reuse Factor 2)

 Carrier 2: 2000 MHz

(Reuse Factor 3)

 Carrier 3: 200 MHz (Reuse Factor 5)
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Figure C.31: TC6 Percentage of bandwidth usage for: 80, 2000, 200 MHz BW

Figure C.32: TC6 Percentage of service level achieved for: 80, 2000, 200 MHz BW
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C.5.3 TC6: Results for Carrier 2 with 1000 MHz BW
Available BWs:
 Carrier 1: 80 MHz

(Reuse Factor 2)

 Carrier 2: 1000 MHz

(Reuse Factor 3)

 Carrier 3: 200 MHz (Reuse Factor 5)

Figure C.33: TC6 Percentage of bandwidth usage for: 80, 1000, 200 MHz BW

Figure C.34: Percentage of service level achieved for: 80, 2000, 200 MHz BW MHz BW
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C.6 TC8: Real-time remote computing for mobile terminals

C.6.1 TC8: Setup
Number of Users:
 Class 1: 500 (Probability of being active 0.5 ) Max spectral efficiency (4,2,2)
 Class 2: 50 (Probability of being active 0.5 ) Max spectral efficiency (3,3,2)
 Class 3: 50 (Probability of being active 0.5 ) Max spectral efficiency (3,3,2)

Figure C.35: TC8 SINR
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Figure C.36: TC8 Throughput demand distribution

C.6.2 TC8: Results for Carrier 2 with 1000 MHz BW
Available BWs:
 Carrier 1:

30 MHz

(Reuse Factor 7)

 Carrier 2: 1000 MHz

(Reuse Factor 3)

 Carrier 3: 100 MHz

(Reuse Factor 3)

Figure C.37: TC8 Percentage of bandwidth usage for: 30, 1000, 100 MHz BW
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Figure C.38: TC8 Percentage of service level achieved for: 30, 1000, 100 MHz BW

C.6.3 TC8: Results for Carrier 2 with 500 MHz BW
Available BWs:
 Carrier 1: 30 MHz (Reuse Factor 7)
 Carrier 2: 500 MHz (Reuse Factor 3)
 Carrier 3: 100 MHz (Reuse Factor 3)
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Figure C.39: TC8 Percentage of bandwidth usage for: 30, 500, 100 MHz BW

Figure C.40: TC8 Percentage of service level achieved for: 30, 500, 100 MHz BW

C.7 TC9: Open air festivals

C.7.1 TC9: Setup
Number of Users:
 Class 1:

100 (Probability of being active 0.2 ) Max spectral efficiency (4,3,3)

 Class 2:

100 (Probability of being active 0.2) Max spectral efficiency (2,3,3)

 Class 3: 50 000 (Probability of being active
(2,2,2)

0.03) Max spectral efficiency

 Class 4: 10 000 (Probability of being active
(2,2,2)

0.02) Max spectral efficiency
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Figure C.41: TC9 SINR

Figure C.42: TC9 Throughput demand distribution

C.7.2 TC9: Results for Carrier 2 with MHz 3000BW
Available BWs:
 Carrier 1: 50 MHz (Reuse Factor 2)
 Carrier 2: 3000 MHz

(Reuse Factor 100)

 Carrier 3: 200 MHz

(Reuse Factor 10)
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Figure C.43: TC9 Percentage of bandwidth usage for: 50, 3000, 200 MHz BW

Figure C.44: TC9 Percentage of service level achieved for: 50, 3000, 200 MHz BW

C.7.3 TC9: Results for Carrier 2 with 2000 MHz BW
Available BWs:
 Carrier 1:

50 MHz

(Reuse Factor 2)

 Carrier 2: 2000 MHz

(Reuse Factor 100)

 Carrier 3: 200 MHz

(Reuse Factor 10)

METIS

Public

87

Document:
Date:
Status:

FP7-ICT-317669-METIS/D5.3
Security:
29/08/2014
Final

Version:

Public
1

Figure C.45: TC9 Percentage of bandwidth usage for: 50, 2000, 200 MHz BW

Figure C.46: TC9 Percentage of service level achieved for: 50, 2000, 200 MHz BW
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C.8 TC10: Emergency communications
In this TC, the set up evaluated have been defined with the following parameters
Number of Users:
 Class 1: 300 (Probability of being active 0.3 ) Max spectral efficiency (4,3)
 Class 2: 100 (Probability of being active 0.4) Max spectral efficiency (2,3)
 Class 3: 100 (Probability of being active 0.4) Max spectral efficiency (2,2)
Since the BW requirement for this TCs is low only a case with two available bandwidth
have been analysed, being
 Carrier 1: 20 MHz (Reuse Factor 8)
 Carrier 2: 100 MHz (Reuse Factor 3)
Being the SINR distribution of each carrier the ones shown in Figure C.47Figure C.47:
TC10 SINR, and the users Throughput demand as shown in Figure C.48.

Figure C.47: TC10 SINR
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Figure C.48: TC10 Throughput demand distribution

With these parameters, the percentage of bandwidth usage for more than 99.9% of users
provided with full service is less that 50% of the second carrier (100 MHz), as show in Figure
C.49. Therefore, this TC will not require especially high BW available to fulfil the requirements.

Figure C.49: TC10 Percentage of bandwidth usage for: 20,100 MHz BW and 5dB SINR medium
value
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C.9 TC11: Massive deployment of sensors and actuators
In this TC, the set up evaluated have been defined with the following parameters
Number of Users:
 Class 1: 100000 (Probability of being active 0.005 ) Max spectral efficiency
(1,1)
 Class 2: 100000 (Probability of being active 0.002) Max spectral efficiency
(1,1)
 Class 3: 100000 (Probability of being active 0.0005) Max spectral efficiency
(1,1)
Since the BW requirement for this TCs is very low, only a case with two available
bandwidth have been analysed, being
 Carrier 1: 1 MHz

(Reuse Factor 1)

 Carrier 2: 3 MHz

(Reuse Factor 1)

Being the SINR distribution of each carrier, the ones shown in Figure C.57Figure
C.47: TC10 SINR, and the users Throughput demand as shown in Figure C.58

Figure C.50: TC11 SINR
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Figure C.51: TC11 Throughput demand distribution

With these parameters, the percentage of bandwidth usage for more than 99.9% of users
provided with full service is less that 45% of both carriers, as show in Figure C.52Figure C.49.
Therefore, this TC BW requirement is quite small.

Figure C.52: TC11 TC10 Percentage of bandwidth usage for: 1, 3 MHz BW and 5dB SINR
medium value

C.10 TC12: Traffic efficiency and safety

C.10.1 TC12: Setup
METIS

Public

92

Document:
Date:
Status:

FP7-ICT-317669-METIS/D5.3
Security:
29/08/2014
Final

Version:

Public
1

Number of Users:
 Class 1: 250 (Probability of being active 1 ) Max spectral efficiency (2)
 Class 2: 1250 (Probability of being active 1 ) Max spectral efficiency (2)

Figure C.53: TC12 SINR

Figure C.54: TC12 Throughput demand distribution

METIS

Public

93

Document:
Date:
Status:

FP7-ICT-317669-METIS/D5.3
Security:
29/08/2014
Final

Version:

Public
1

C.10.2 TC12: Results for 5 MHz BW
Available BWs:
 Carrier 1: 5 MHz

(Reuse Factor 10 )

Figure C.55: TC12 Percentage of bandwidth usage for 5 MHz BW

Figure C.56: TC12 Percentage of service level achieved for 5 MHz BW

C.10.3 TC12: Results for 8 MHz BW
Available BWs:
 Carrier 1: 8 MHz
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Figure C.57: TC12 Percentage of bandwidth usage for 8 MHz BW

Figure C.58: TC12 Percentage of service level achieved for 8 MHz BW

C.10.4 TC12: Results for 10 MHz BW
For 10 MHz available bandwidth, the analysis results point out that more than 99.99 %
of users have the full service provided with a SINR of 5 dBs. Furthermore, the
bandwidth occupancy to achieve this level is less than 80%.
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Therefore, if 10 MHz bandwidth is used the SINR target could be not much higher
than 5 dB, being an optimal solution due to the high degree of guarantee needed in
Traffic efficiency and safety scenarios.
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