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Abstract

This deliverable presents the technical enablers for spectrum sharing and joint radio resource
management (RRM). It discusses related research projects, and gives an overview of spectrum
sharing and joint RRM technologies. It presents currently standardized solutions for spectrum
sharing and joint RRM, and discusses their integration into the EuWireless architecture. It also
presents enablers for radio access network (RAN) slicing for EuWireless and discusses the
research and development directions that can be taken related to these topics in the future.
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Executive Summary

The work within EuWireless WP2 focuses on the architectural solutions for the first pan-European
infrastructure to support research in mobile communication networks using regulated spectrum.
Within WP2, Task 2.2 focuses on the spectrum sharing, and investigates flexible solutions to
share radio access between the research networks and the mobile network operators. In this
deliverable, the results of these studies are reported.

Section 2 summarizes the recent development in the related, recent or still ongoing, EU projects.
The projects under review are ADEL, SPEED-5G, METIS and METIS-II, COHERENT, 5G-
NORMA and 5G-MoNArch, SESAME and 5G-ESSENCE, and ONE5G. The key findings from
the study are that the spectrum management should support various levels of abstraction, and as
the level of detail of the information of the spectrum availability varies depending on the location
of the Point of Presence (PoP) and on the national regulations and agreements with the Maobile
Network Operators (MNOs), spectrum management should be constructed in a hierarchical
fashion. For joint Radio Resource Management (RRM) functionalities, the reviewed projects
offer solutions for dynamic resource allocation in 5G networks. For Radio Access Network
(RAN) virtualization and slicing in general, the reviewed projects offer additional architecture,
implementation and functionality references in addition to the currently ongoing work in different
standardization bodies and industry associations.

In Section 3, dynamic spectrum management and joint Radio Resource Management (RRM) are
described in detail. The proposal for dynamic spectrum management in EuWireless is described
in Section 3.1. First, the status of dynamic spectrum management in the 3rd Generation
Partnership Project (3GPP) and the Wireless Innovation Forum (WINNF), in the form of Licensed
Shared Access (LSA) and Authorized Shared Access (ASA) specifications, is studied. In addition,
a summary of the recent conference and magazine publications of different spectrum manager
implementations is given. Based on the requirements set for EuWireless spectrum management,
recent development on the regulations in Europe and the US, and the state of the art in both
standardization and academia, a novel Spectrum Manager (SM) is proposed for EuWireless. The
SM entity is divided into SM, Spectrum Database (SD), and local instances of the SM. The
EuWireless (EuW) SM communicates with the Orchestrator, providing the EuW SM with
information on the user spectrum needs. It also maintains the Spectrum Database, containing
timely information of the spectrum availability in the member countries and different PoPs, and
communicates with the Spectrum Repository that takes care of the spectrum management process
with the MNOs according to e.g. LSA or CBRS standards and national regulation. With this
arrangement, the SM can offer the EuW users timely information of the available spectrum bands
in different PoPs, while simultaneously operating in the heterogeneous environment of varying
spectrum policies and agreements in different member countries. The joint RRM techniques that
are proposed to be used in the EuWireless infrastructure in Sections 3.2 and 3.3 are based on the
current state-of-the-art and its further evolution in the upcoming 3GPP releases. The proposed
joint RRM features that are integrated into the current RAN equipment (available in commercial
networks during next 5 years) in mobile networks include admission control, inter-cell
interference coordination, carrier aggregation and coordinated multi-point transmission
functionalities. In addition, the proposed joint RRM features coming into RAN equipment during
near future (during next 5-10 years) are slice admission control as well as load monitoring and
congestion control functionalities. A high-level proposal for the control and management of the
variety of joint RRM features in the EuWireless infrastructure is also presented.

The EuWireless architecture is studied in Task 2.1, and the results are reported in detail in
Deliverable D2.2 [62]. In this document, in section 4, the focus is on the brief review of the key
requirements related to RAN resource sharing and description of the Resource Agents (RAS)
related to spectrum management and joint RRM functionalities. Their placement in the overall

EuWireless PU iii



H2020-INFRADEV-777517 " .
J‘ﬂEqurelesus

architecture as well as more detailed discussion on the roles and functionalities of the RASs in
general are given in EuWireless D2.2 [62] and D2.4 [63].

Future RAN sharing enablers are studied in Section 5. Technologies enabling more flexible
sharing and combination of RAN resources as well as the potential enhancements to the currently
standardized spectrum management technologies are discussed. The presented solutions relying
on virtualized RAN architectures, advanced spectrum sharing techniques and multi-RAT
scheduling are not yet fully standardized or even specified in detail. Hence, the timeline for their
widespread introduction and availability in commercial networks is difficult to define.
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1 Introduction

Considering an EU-wide wireless research network, flexible and dynamic management of
spectrum resources is an important aspect that needs to be considered while designing the
architecture of the system. As the spectrum is regulated on national basis rather than at EU level,
accessing spectrum resources is not a trivial task if the research network spans across several
countries. This document proposes a solution to this problem in a form of hierarchical spectrum
manager that collects and maintains a European-level database of available spectrum resources,
and communicates with the local spectrum managers and Mobile Network Operators (MNO)
operating on-site following the national regulations and standardized procedures.

In addition to spectrum resources, EuWireless aims in providing tools for the realization of Radio
Access Network (RAN) slices in virtualized network infrastructures. One of the key enablers is
the Radio Resource Management (RRM) between the EuWireless and commercial MNO
infrastructures. This document discusses the design principles and architectural options for joint
RRM between EuWireless and MNOs in short and long term.

1.1 Relation to other Deliverables in EuWireless

This document, D2.3 Technical Enablers for Spectrum Sharing, builds on top of other deliverables
published in EuWireless. The technical and operational requirements for EuWireless are
presented in Deliverable D1.1 [53]. The requirements provide the framework on top of which the
technologies presented in this deliverable are based on. Deliverable D1.2 [78] presents the legal
frameworks in the EU member states regarding access to regulated spectrum and sharing
infrastructures with commercial MNOs. These frameworks need to be taken into account while
developing the technologies related to spectrum and RAN sharing. Deliverable D1.3 [23] reports
standards in mobile communications and novel technologies that could be used to allow sharing
spectrum and other mobile network operator resources with researchers, and provides a starting
point for development of novel technologies described in this deliverable.

Deliverable D2.3 relates also to the other deliverables generated in EuWireless WP2. Deliverable
D2.2 [62] presents the description of the EuWireless architecture, including the main elements to
be deployed, the interfaces with researchers, MNOs and other parties connected to the
infrastructure. Therein, the results presented in Deliverable D2.3 are presented as a part of the
EuWireless architecture. Deliverable D2.4 [63], on the other hand, presents the different solutions
for network sharing, and provides a more high-level view on the problem of resource sharing in
virtualized networks.

1.2 Document structure

The document is structured as follows: Section 2, “Related EU projects”, discusses how the recent
EU projects ADEL, SPEED-5G, METIS and METIS-1I, COHERENT, 5G-NORMA and 5G-
MoNArch, SESAME and 5G-ESSENCE, and ONE5G address spectrum and RAN sharing.
Section 3, “Spectrum management and joint RRM technologies”, presents the state-of-the-art
related to the spectrum management and joint RRM from the perspective of research and
standardization. It also presents the assumptions on which the presented technologies are based
on. Finally, in this section, the proposed spectrum management and joint RRM technologies are
described in detail. Section 4, “Integration with EuWireless architecture”, briefly reviews the
EuWireless use cases and requirements related to spectrum and RAN sharing. In addition, this
section describes the Resource Agents (RAS) related to spectrum management and join RRM
functionalities. The EuWireless architecture is defined in detail in the Deliverable D2.2.

Sections 5 provides more in-depth view on the future enabling technologies on RAN slicing.
These technologies are still immature and in early stages of standardization, so it is difficult to
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say which enablers will be available in commercial mobile networks and when. It discusses the
centralized management of RAN resources, enhancements to the current spectrum management

approaches as well as multi-RAT and traffic steering solutions that can be utilized to manage the
load in the network.
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2 Related EU projects

The following subsections describe the work done in recent EU funded projects related to
spectrum and RAN sharing. The projects under review here are ADEL, SPEED-5G, METIS and
METIS-1I, COHERENT, 5G-NORMA and 5G-MoNArch, SESAME and 5G-ESSENCE, and
ONE5G.

21 ADEL

2.1.1 Main contributions

ADEL project [1] aims at improving the standard LSA system by introducing enhancement in
form of opportunistic spectrum access. This helps to improve the spectrum usage capacity by
better utilizing the spectrum. Moreover, the project explores additional business cases out of the
scope of the standard LSA, e.g. scenarios where both the incumbent and the LSA licensee are
mobile network operators (MNOS).

The ADEL system architecture, defined in WP3, is depicted in Figure 1, and consists of the
following modules [2]. The main module is the LSA Controller that implements the resource
allocation procedures and is divided into two submodules: the LSA Request Manager and the
LSA RRM module. The LSA Request Manager requests the authentication of the LSA licensee
from the Authentication Server and performs priority management according to the LSA
Spectrum Usage Rules. The LSA RRM computes available resources to assign to the LSA
licensee based on the information from LSA Request Manager and Radio Coverage Map (RCM),
and implements admission control of the LSA licensee spectrum requests. Then, the LSA RRM
assigns the most appropriate resources to the licensee and updates the Radio Coverage Map. It
also performs periodic analysis of RCM to detect policy violations. The LSA authentication server
is under the authority of National Regulatory Authority (NRA) and it stores information and
performs tasks related to the authentication of all the functional modules. The other module under
the responsibility of NRA is LSA spectrum usage rules, which is a database that stores the rules
defining the sharing agreement. The Radio Coverage Module is under control of LSA Controller
and represents the actual state of the radio environment. The information in RCM originates from
either propagation calculations performed using terrain databases and inputs from the incumbents
(via LSA Repository), LSA licensees, measurements performed, or decision taken by the
collaborative spectrum Sensing Networks via Sensing Reasoning. The LSA Repository is a
database that stores the information about incumbent’s carrier frequency and bandwidth, location
and coverage area as well as hardware characteristics of the transmitter. The spectrum Sensing
Reasoning module defines the requirements for each sensing network and computes and updates
the sensing map based on the information from sensing networks. Finally, the LSA Billing is
responsible for the financial accounting tasks.

EuWireless PU 3
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Figure 1. ADEL architecture[5].

The extensions to the LSA architecture include the following additions: dynamic sharing where
both incumbents and licensee can change their spectrum usage over time, cognitive radio
capabilities such as database assisted sensing and collaborative spectrum sensing. Moreover,
ADEL envisions the inclusion of non-MNO licensees and even unlicensed users, which is not
foreseen in current LSA standardization. It also extends the frequency bands to other than 2.3-
2.4GHz as defined in the LSA standard. Additionally, it allows for other sharing scenarios than
one-to-one sharing, introducing One-to-many/many-to-one sharing and even considering many-
to-many sharing scenarios. Finally, ADEL proposes more dynamic license assignments,
introducing besides the standard long-term agreements also the short- and medium-term contracts.
This would be enabled by using auctions.

The algorithms supporting the above enhancements were developed in WP4, “Licensed Shared
Access Resource Allocation Techniques”, and WP5, “Dynamic Spectrum Access” [1]. In WP4,
centralized and distributed resource allocation algorithms for LSA were proposed [3]. They
optimized dynamic allocation of multidimensional resources (e.g. power, time, frequency etc.)
considering collaborative sensing and cooperative communication strategies developed in WP5.
Namely, the algorithms developed were the following: Spectrum auction resource allocation in
small cell/Cloud RAN, Frequency agile centralized resource allocation algorithm, Opportunistic
beamforming for secondary users in Licensed Shared Access networks, LSA Distributed Medium
Access Control (MAC) Protocol, and Spectrum sharing policy reinforcement algorithms. In WP5,
ADEL’s collaborative sensing and cooperative communication techniques have been developed
[4]. Both centralized and decentralized sensing have been proposed as well as database assisted
sensing. WP5 also deals with signal modelling and channel characterization as well as data
representation schemes. The algorithms proposed in WP5 include Spectral Coexistence of
Collocated MIMO Radars and Wireless Communications Systems, Full-duplex spectrum sensing
system, Robust Transceiver Design in Full-Duplex MIMO Cognitive Radios, and Robust MIMO
Beamforming for Cellular and Radar Coexistence. To support the exchange of information
between the elements such wireless nodes, centralized controllers and geolocation databases, the
MAC and control plane protocols have also been developed in WP5 [5].

2.1.2 Takeaways for EuWireless

The ADEL approach to extend the standard LSA architecture to allow more dynamic spectrum
sharing is very useful for EuWireless, since in the research network with many experimenters
with various resource needs, it may be difficult to plan long-term agreements for spectrum
sharing. EuWireless case will fit the many-to-one sharing scenario introduced by ADEL, with
many incumbents in different countries offering the spare spectrum to one licensee, i.e.
EuWireless. Because of this, the extended LSA architecture proposed by ADEL can be used by
EuWireless as a base for further development, especially considering the introduction of Radio
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Coverage Map and Sensing Reasoning modules. Thus, the algorithms developed by ADEL to
enable operation of such architecture, i.e. the Licensed Shared Access Resource Allocation
Techniques as well as Dynamic Spectrum Access algorithms, can be beneficial to EuWireless.
Moreover, same as ADEL, EuWireless is not limiting its operation to 2.3-2.4GHz spectrum.

2.2 SPEED-5G

2.2.1 Main contributions

SPEEDS5G develops an enhanced Dynamic Spectrum Access (eDSA) system, which focuses on:
a) ultra-densification through small cells b) additional spectrum and better load balancing across
available spectrum and c) exploitation of resource across heterogeneous wireless technologies
[6]. To achieve these goals, the SPEED5G approach heavily relies on network function
virtualization and software defined networking. Especially, it employs virtual small cell
deployment, and virtualization of fronthaul/backhaul. The project also evaluates the virtualization
effect on RRM/MAC, defines Key Performance Indicators (KPIs) to measure virtualization, and
discusses the standardization of the virtualization [7].

SPEEDS5G architecture is described in WP3. It focuses heavily on the small cell use case, which
is one of the most significant LSA use cases due to potential capacity improvements enabled by
the spectrum sharing. In this use case, the operators share the network infrastructure through
MOCN* RAN sharing scheme. Both operators are LSA licensees, which means they have
exclusivity rights over LSA sub-band. The operators outsource the Edge cloud management to a
third party, which implements the sharing policy and ensures they get the fair Quality of
Experience (QOE) over the LSA band.

In this use case, the project proposes an evolved LSA architecture and integrates it with the Edge
Cloud and cloud Radio resource management. The architecture for the small cell use case is
depicted in Figure 2. The blocks related to the LSA architecture itself are similar to those
implemented by ADEL, i.e. it consists of standard LSA blocks extended with Sensing Reasoning
and Radio Coverage Map. The SPEED-5G also introduces a Spectrum Manager, which is used
for configuring the required spectrum measurements on the RRM [6]. It bases its decisions on the
information from the LSA Controller and the cooperative sensing gateway that collects sensing
information from small cells, which act as main sensing entities, creating almost real time Signal
to Interference and Noise Ratio (SINR) maps.

! Multi-Operator Core Network allows an operator to provide access to single RAN by other operators.
Each operator uses its own core network and can communicate with each other as peers through software.
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Figure 2. SPEED-5G's Edge Cloud architecture integrated with an evolved LSA system for the
LSA small cell use case [6].

In this use case, the centralized RRM (cRRM) is the key element to enable dynamic LSA
framework. The cRRM implements strategies and algorithms for mobility and link management.
It controls parameters such as available operating bands and Radio Access Technology (RAT),
allowed resource allocation techniques, transmit power, data rates and modulation schemes for
different services depending on their Quality of Service (QoS) [6]. The SPEED-5G protocol stack,
with a centralized RRM entity deployed in the edge cloud and a cluster of small cells under control
is depicted in Figure 3. The detail description of SPEED-5G RRM procedures is presented in [8].
The RRM Protocols were developed in WP4 and include the following: a) Efficient Licensed-
Assisted Access (LAA) operation in same cell based on reinforcement learning, b) RAT,
spectrum, and channel selection based on machine learning, c) Resource allocation and
aggregation for mixed traffic in Wi-Fi coexisted heterogeneous network, d) Fuzzy multiple
attribute decision making (MADM) strategy for spectrum management in multi-RAT
environments, e) Co-primary spectrum sharing in uplink single carrier FDMA networks and f)
Dynamic resource allocation algorithms for coexistence of Long Term Evolution Unlicensed
(LTE-U) and Wi-Fi [9].
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Figure 3. SPEED-5G protocol stack [7].

SPEED-5G also developed multi-RAT MAC framework to perform eDSA and two MAC
protocols that fit with the framework. The multi-RAT MAC framework supports aggregation and
RAN split at the MAC layer, capable of supporting Legacy Long Term Evolution Advanced
(LTE-A), Wi-Fi and novel 5G air interfaces within a single communication system. The two MAC
algorithms include: a) Dynamic Channel Selection (DCS) MAC and b) Filter-Bank Multi-carrier
(FBMC) MAC [10].

To provide automated arrangement, coordination and management of Software-Defined
Networks (SDN) and Network Function Virtualization (NFV) systems of the SPEED-5G, the
project introduces the Edge Orchestrator (Figure 2), which supports flexibility, scalability, and
service-oriented management coordinating between slices and between logical entities inside each
slice. Based on NFV, the edge orchestrator refers to the software configuration selection and
allocation of network functions in the configurable protocol stack. Based on SDN, the Edge
Orchestrator provides the Application Programming Interfaces (APIs) between all the network
elements inside the slice and among the external slices [6].

The SPEED-5G implements the protocol stack using OpenStack. In [7] two examples showing
protocol stack instantiation and configuration are shown. The differences between both examples
are caused by different virtualization splits according to 3GPP [11]. The first example describes
the SPEED-5G proposal where the RRM is centralized and the protocol stack is deployed into the
small cell. This solution is aligned with split 2. In the first example, the centralized functionalities
are virtualized while the functionalities at the small cell are not. The second example assumes that
there are no technological restrictions on the fronthaul, and everything may be virtualized,
similarly to split 6. The SPEED-5G performed a study about the requirements of fronthaul with
different split options. The split choice depends on the fronthaul constraints regarding bandwidth
and latency. The SPEED-5G also present the pros and cons of splitting the cell, i.e. the different
split options on the lowest layers. These results may be informative for EuWireless when deciding
which split option to use while virtualizing the RAN.

2.2.2 Takeaways for EuWireless

SPEED-5G develops many useful solutions that can benefit the design of EuWireless spectrum
sharing framework. First, similar to ADEL, it employs the idea of extended LSA architecture,
with cooperative sensing networks, enhancing the information about available spectrum in real-
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time or near-real time. Next, the small cell use case scenario and the architecture introduces multi-
RAT and centralized/cloud RRM in a virtualized environment. EuWireless will use a similar
approach, where the RAN network will have to be virtualized and interfaced with the rest of the
EuWireless architecture [62]. Thus, the RRM and MAC algorithms developed by SPEED-5G can
be potentially adapted by EuWireless. Especially the cRRM framework and algorithms could be
used to some extent by EuWireless, where the joint RRM will require at least a partial
implementation of RRM algorithms on a centralized level.

2.3 METIS & METIS-II

2.3.1 METIS main contributions

The spectrum management topic was thoroughly studied in the METIS and METIS-1I projects.
The main results of METIS project for spectrum management were presented in deliverables D5.3
[14] and D5.4 [15]. The METIS project identified two spectrum sharing domains, a regulatory
framework and different spectrum usage scenario domains. In the regulatory framework domain,
three primary classes were identified, namely primary user modes, LSA mode and unlicensed
mode. Also, the terms horizontal and vertical sharing were introduced. Horizontal sharing refers
to spectrum sharing between stakeholders of equal rights, in contrast, vertical sharing refers to the
case where some kind of hierarchy between the stakeholders is applied (such as LSA). In general,
METIS divides the spectrum into two parts, below and above 6 GHz. In the former case, attention
is given to new spectrum management frameworks, and in the latter, new spectrum bands can be
assigned to specific use cases. Both regulatory and operational aspects have been presented in the
concise form in Figure 4, which is based on the more generic concept of more advanced spectrum
management systems developed in the field of cognitive radio. These concepts are rely on the
policy-based spectrum management and Radio Environment Maps (REMs).

Regulator

—
1
i
I
I
I
K

Spectrum Operators

Management Spectrum Usage

Spectrum Rules

Resource
Storage

Spectrum Spectrum

Controller (SC)

Controller (SC)

Peer-to-Peer
Coordination
Functions

Central Management Entities

Long-term RRM Short-term RRM Air Interface Management

D2D Device Detection & Mode Selection

Interference Identification & Prediction Measurement

Functions (MF)
Nomadic Nodes Management

Radio Node Management Air Interface

Figure 4. Generic METIS view on the spectrum management system [15].
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2.3.2 METIS Il main contributions

The Metis-11 project continued the development of the 5G architecture introduced in METIS. In
particular, the METIS-I1 project enhanced the concept for spectrum management and spectrum to
also cover radio spectrum already designated for potential new 5G user groups, e.g. for vertical
industry applications such as Intelligent Transport Systems (ITSs) or Public Protection and
Disaster Relief (PPDR). The technology components for flexible spectrum usage developed in
METIS were complemented by additional technical enablers, e.g. covering application context
awareness and QoS driven scheduling [16].

To enable the spectrum management concept a holistic architecture is introduced, embracing the
regulator domain as well as the operator domain. In the regulator domain, a Spectrum
Management System (SMS) processes the spectrum resource request and perform protection
evaluations and decisions based on regulatory terms and rules. The SMS developed in METIS-II
is based on the LSA approach and supports additional sharing methods, e.g. limited spectrum
pool. The operator domain comprises a central Spectrum Assignment Coordination (SAC) entity,
which takes the final assignment decision. The SAC functionality may be implemented into the
network management & orchestration (MANO) framework of the 5G system [17].

As illustrated in Figure 5, METIS-1I defines four different user modes under which 5G radio
access systems are expected to operate, namely service dedicated user mode, exclusive user mode,
LSA user mode, and unlicensed user mode. The use of radio spectrum can be authorized in two
ways, first by individual authorization in the form of awarding licenses, and second by general
authorization also referred to as license-exempt or unlicensed. The relationship between the user
modes and the authorization schemes is visible in the upper part of Figure 5, named regulatory
framework domain [17].

—p Basic relation . " .
Individual authorization General authorization

= = =p Further possible relation(s)

Service dedicated
(ITS, PPDR, ...)

Exclusive Unlicensed

user mode user mode
user mode

Regulatory
framework domain

Spectrum usage
scenario domain

Dedicated ] Unlicensed
licensed { horizontal
spectrum sharing

Exclusive use Exclusive or shared use Shared use

Figure 5. METIS-1I: Enhanced concept for spectrum management and spectrum sharing for 5G
mobile networks [17].

In METIS-II, spectrum usage rights awarded by individual authorization are exclusive at a given
location and/or time. The service dedicated user mode refers to spectrum designated to services
other than mobile or fixed communications networks (MFCN), which are intended to be
integrated into the 5G ecosystem. This spectrum is used only for the dedicated services and
applications. Spectrum designated to MFCN falls into the exclusive user mode. In the LSA user
mode a non-MFCN license holder (incumbent) would share spectrum access rights with one (or
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more) MNOs (LSA licensee) that can use the spectrum under defined conditions, subject to an
individual agreement and permission by the relevant regulatory authority.

These three user modes can occur in their basic form (continuous lines), or as evolution of current
approaches in the form of limited spectrum pool or mutual renting (dashed lines), see Figure 5.

9 Limited spectrum pool is used in spectrum usage scenarios where a limited number of
known operators obtain authorizations to access a spectrum band dynamically. It is
envisioned that mutual agreements between licensees are such that the long-term share
of an individual operator has a predictable minimum value.

1 Mutual renting allows an operator to rent at least part of its licensed spectrum resources
to another operator, based on a mutually agreed rules. While the spectrum ownership
stays unchanged, the rules may define spectrum usage restrictions and spectrum owner
protections. Mutual renting is able to provide both static (i.e. like exclusive use), and/or
dynamic shared spectrum.

Depending on the duration of the spectrum access, the spectrum usage scenarios such as limited
spectrum pool, mutual renting and vertical sharing may be considered as exclusive use or shared
use. In the unlicensed user mode, spectrum access and the usage rights are granted by general
authorization, i.e. without an individual license but subject to certain technical restrictions or
conditions like limited transmit power or functional features like duty cycle or listen before talk.
In this mode, users cannot claim protection and may be interfered by other users.

Spectrum sharing between systems of different priority, e.g. if incumbent users have to be
protected in the LSA user mode, is referred to as vertical sharing, and sharing between systems
of equal priority is called horizontal sharing. For example, 5 GHz WLAN systems need to ensure
protection of the incumbent radar systems (vertical sharing), and also to coexist with other WLAN
systems (horizontal sharing). In order to achieve high spectrum usage efficiency, 5G systems may
preferably support all spectrum usage scenarios shown in Figure 5, noting that several scenarios
may occur simultaneously [17].

2.3.3 Takeaways for EuWireless

Both METIS and METIS-II can be seen as a development platform for 5G systems. In METIS,
two spectrum sharing domains were identified, a regulatory framework domain and a spectrum
usage scenario domain. In the regulatory framework domain, three primary classes were
identified, namely primary user modes, LSA mode and unlicensed mode. In EuWireless, we will
focus on the two first classes. The METIS-1I project defines four different user modes under
which 5G radio access systems are expected to operate, namely service dedicated user mode,
exclusive user mode, LSA user mode, and unlicensed user mode. Similarly to METIS-II,
EuWireless will focus on the service dedicated user mode, exclusive user mode, and LSA user
mode.

24 COHERENT

2.4.1 Main contributions

The topic of flexible spectrum management is discussed in EC H2020 5G PPP project
COHERENT, and the main results are presented in two deliverables [12][13]. In COHERENT,
several spectrum management techniques were studied, including individual licensing, unlicensed
access, Licensed Shared Access (LSA) and Authorized Shared Access (ASA), Citizen Broadband
Radio Service (CBRS), pluralistic licensing, Licensed Authorized Access (LAA), TV White
Space (TVWS), and co-primary shared access. Also, the use cases and scenarios for spectrum
sharing vary from micro-operator sharing, which is close to EuWireless operating environment,
to Wi-Fi management and military and public safety scenarios that are further away from our
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focus. Herein, we focus on the spectrum management techniques based on either individual
licensing or LSA from the viewpoint relevant to EuWireless architecture.

2.4.2 COHERENT Spectrum management architecture

The spectrum management structure in COHERENT is divided into three planes: spectrum
management system plane (spectrum manager application), spectrum control and coordination
plane (realized by the COHERENT central controller) and infrastructure plane (consisting of
network graph and including such physical resources as spectrum). The central control entity in
the whole system is the Central Controller and Coordinator (C3), which is responsible for
continuous coordination and control of the spectrum assignment and practical realization of high-
level directives obtained from the spectrum manager application. The interface between the
Spectrum Manager Application (SMA) and the coordination functions is called Northbound
Interface (NBI). Correspondingly, the interface between the real network and the C3 entity is
called Southbound Interface (SBI).

The COHERENT architecture and the role of the SMA are presented in Figure 6. As mentioned
in [12], although the SMA sits on the top of the hierarchy in the COHERENT architecture, it is
interfaced with the local RRM function in order to ensure that relevant spectrum management and
sharing decisions can be done in small geographical areas. In such cases, the spectrum manager
application can make decisions to which the RRM and the Radio Transmission Control (RTC)
comply in a particular segment of the wireless network. Regarding the Spectrum Manager itself,
COHERENT considers centralized, distributed and even cloud-based realizations. In [13], the
SMA can exploit various abstraction models representing the underlying network. One example
is the interference map, which utilizes SINR measurement maps. On the other hand, SMA will
also rely on different databases, such as REM and repositories where national and international
regulations are stored. Thus, the abstraction models are used for short-term management whereas
the REM and the repositories of regulations are used for long-term management.
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Figure 6. Identification of the SMA role in COHERENT architecture [13].
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Regarding the COHERENT architecture, the SMA is part of the service layer, so it is not part of
any individual slice or other application. The fundamental goal of the SMA is to analyse the
transmission opportunities, select the best ones, and deliver this information to the C3 entity. The
SMA is also able to monitor, collect and process information about the utilization of the assigned
resources, and update the decisions on the transmission opportunities if necessary. However, the
question which entity, SMA or C3, should determine which particular radio transmitters should
be reconfigured is raised. In order to answer this, a hierarchical approach to the spectrum
management functionality is proposed, as presented in Figure 7. For example, high-level decision
of a spectrum band allocation can be done by the SMA. Then, an aggregate constraint might apply
to a cluster of small cells in a region, and C3 can decide on the individual radio transmitter
configurations. Finally, the fine-grained sub-carrier assignments can be performed locally by the
RRM. Another view on the hierarchy is presented in Figure 8.

- spectrum band allocations with usage constraints
- specrtum resource usage optimization objectives

SMA: spectrum
management

- sub-band allocations

- spectrum resource
requests

- network configuration

and spectrum usage
statistics

C3: spectrum control

-network configuration and
status information

- cell configuretion
- monitoring configuration

bcarrier allocations

Radio transmitters in
RAN infrastructure

Figure 7. High-level view to COHERENT spectrum management operations [13].
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Figure 8. COHERENT Spectrum Management and Coordination & Control System [12].

Regarding the RAN infrastructure sharing, the COHERENT network slicing/virtualization
framework takes care of the isolation between the operators such that they can apply distinct
spectrum sharing and management policies and strategies. However, in some cases some sharing
rules might impose network configuration constraints that have impact across the operators.

2.4.3 Takeaways for EuWireless

From the EuWireless point of view, the spectrum management solutions proposed in the
COHERENT project are too coupled to its overall architecture in order to be directly applied in
EuWireless. However, we have identified some ideas from the COHERENT proposal that could
be relevant for pan-European research network:

1) The SMA needs to exploit various abstraction models representing the underlying network
for short-term management. It also interfaces spectrum databases and repositories for long-
term management.

2) The management of the spectrum is handled in a hierarchical fashion. The allocation of
spectrum bands might be performed by SMA, while the C3 could handle the configuration
of the individual transmitters, and the RRM would take care of the subcarrier-level
assignments.

2.5 5G NORMA & 5G-MoNArch

2.5.1 5G NORMA main contributions

The 5G PPP Phase 1 project 5G NORMA (i.e. a Novel Radio Multiservice adaptive network
Architecture for the 5G era) studied enablers for mobile network flexibility in order to better adapt
to temporal changes in traffic demand and rapid load variations in the system. In addition, the
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added flexibility would also allow quick introduction of new services and business models into
the mobile networks. The project proposed five key innovations to guide the R&D work:

91 Adaptive (de)composition and allocation of mobile network functions.
1 Software-Defined Mobile Network Control (SDMC).

9 Joint optimization of mobile access and core network functions.

9 Multi-service- and context-aware adaptation of network functions.

1 Mobile network multi-tenancy.

The main contributions of the 5G NORMA project, which are based on these key innovations,
are in the area of 5G flexible RAN. RAN slicing in 5G NORMA requires the coordination of
resources between different slices, which leads to the introduction of a new compound SDMC
architecture, that, by extending the legacy SDN capabilities, allows controlling the mobile
network functions dedicated to each slice as well as those shared among multiple slices. In the
proposed architecture, network functions can be either Virtual Network Functions (VNF) or, in
some cases, Physical Network Functions (PNF). The underlying assumption is that all functions
within a slice can not only be reconfigured, but also relocated and replaced with different
functions, if required. The Software-Defined Mobile Network Controller (SMD-C) and the
Software-Defined Maobile Network Coordinator (SMD-X) entities expose APIs that enable
customization through network programmability, especially of those network functions shared by
multiple slices. The programmability is achieved by defining control applications, a.k.a. logic
(e.g. mobility management, interference control, pre-scheduling, routing, service quality
management, etc.), that use NBI of the controller, and controlled functions, a.k.a. agents (e.g.
protocols, gateways, etc.), that use SBI of the controller.

By replacing the traditional “network of entities” with more flexible and programmable “network
of functions”, the project defined three (3) RAN slicing options for the 5G NORMA architecture.
These options are depicted Figure 9. Option 1 “Slice-specific RAN” provides maximum
customization as each slice has a dedicated RAN all the way down to the physical layer and only
the radio transmission functionality is shared. Option 1 can be used e.g. to deploy different RAT
to the same shared spectrum. However, as only the radio transmission functionality is shared, the
implementation complexity is high and the achieved gains from centralized control for multiple
slices through SDM-X are limited. Option 2 “Slice-specific radio bearer” provides shared
physical and MAC layer (and Radio Resource Control (RRC) in the control plane) functionalities
for all RAN slices and, hence, offers a good compromise between Options 1 and 3 by reducing
the implementation complexity and by enabling more efficient centralized control for the RAN.
Different slices can still be customized at the higher protocol layers. Option 3 “Slice-aware shared
RAN?” offers a fully shared RAN for all slices. Possibilities for slice-by-slice customization are
limited, but the implementation complexity is low and the potential for centralized control over
multiple slices is maximized through SDM-X. Option 3 also enables one user terminal to easily
connect to multiple network slices simultaneously. Different RAN slicing options can also co-
exist in the same infrastructure so that the best option can be selected for each slice based on its
needs.
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Figure 9. 5G NORMA RAN slicing options [42].

The 5G NORMA architecture includes centralized and distributed control layers and a separate
data layer. The centralized control layer consists of the SMD-C and SMD-X entities, and the
control applications. The SMD-C and the connected control applications are used to control
network functions dedicated to a single slice, whereas the SMD-X does the same for the network
functions shared by multiple slices. The SMD-C(s) and the SMD-X interface with each other in
order for the SDM-C to control (to a certain extent) the shared network functions in its slices and
for the SDM-X to coordinate the configuration request coming from different slices for the shared
network functions. The centralized control layer interfaces with the distributed control and the
data layer, as well as with the MANO entity. The distributed control and data layer contains time
critical control logic and network functionalities that, for the performance purposes, cannot be
centralized for the RAN. Examples of such time critical functionalities are MAC scheduling and
data forwarding tasks at the control and user planes, respectively. Further details on RAN slicing
in 5G NORMA can be found in [42].

In addition to RAN slicing, 5G NORMA also contributed in the area of End-to-End (E2E)
orchestration in single and multi-domain 5G virtualized networks. The project studied service and
domain aware orchestration, which is responsible, among other functions, for placing virtualized
functions in the most appropriate location in the infrastructure. Herein, it takes into account the
requirements of the corresponding service that needs to be satisfied, the constraints on the
placement of functions that interact with each other and the features of the underlying
infrastructure. Moreover, orchestration takes place end-to-end, spanning the complete mobile
network from the user to the packet data network respectively to the service provided for the user.
Accordingly, end-to-end orchestration typically involves multiple stakeholders spanning
infrastructure provider, mobile service provider and tenant, allowing different network slices to
have their own MANO stack implementation. Further details on orchestration in 5G NORMA can
be found in [43] and [44].

2.5.2 5G-MoNArch main contributions

The 5GPPP Phase 2 project 5G-MoNArch (i.e. 5G Mobile Network Architecture) aims to take
the conceptual architecture designs from Phase 1 projects, such as 5G NORMA and METIS I,

EuWireless PU 15








































































































































































	1 Introduction
	1.1 Relation to other Deliverables in EuWireless
	1.2 Document structure

	2 Related EU projects

