H20201CT-20162 .k
% PPP 5G-MoNArch

Project No. 761445 e

* % %
* 5 *

5a&-MON ARCH

5G Mobile Network Architecture

for diverse services, use cases, and applications in 5G and beyond

Deliverable D2.3
Final overall architecture

Contractual Date of Delivery 201904-30

Actual Date of Delivery 201904-30
Work Package WP21 Flexible and adaptive architecture design
Editor(s) OmerBulakci (HWDU), Qing Wei(HWDU)
Reviewers Peng Chenghui (HWDU),

Muhammad Naseddl-Islam (NOK-DE)
Dissemination Level Public
Type Report
Version 1.0
Total number of pages 165

Abstract: This deliverablepresentghe final 5G-MoNArch fiOverallAr ¢ h i t asantewlut®on
from D2.2filnitial Ar ¢ h i t epreasantshefihal results of the projeétenabling innovationand
elaborates on the concepts for architectural extensibility and customisaipialsing on the
functional innovationdo enable the reslion oftheSmart Sea Port and the Touristic Gige cases

Taking into consideratiothe result®nelastic slice management from W4 enablers for resilier
and secure slices from WP8nd the 5G systertbGS) gap analysiglerived in WP2the initial
architecturehas been refinedlased on three desigpillars: (i) split of control and user plane, (i
unifiedservicebased architectuigcross all layers and domains of the 5&8l (iii)endto-end E2E)
slicing support.The E2E slicing support is provided by the enablers pertaining tesiintercontrol
and maagement The experimentlriven optimsation is highlighted, which paves the way 1
realistic virtual network function design and novel orchestration algorithnetelco-cloud-enabled
protocol stackocuseson the paradigm shift of flexible RANetworkfunction (NF)implementation,
where the inteNF dependencies are relaxed. The final overall architecture is further detailed,
the functional architecture descriptions for each layer are presented in detail along with the in
and specific protocols need@at the 5GS readation.Finally, the impact of theeinnovations orthe
ongoingstandardsindtheir benefitsfor the 5G ecosystem requiremeats presented

Keywords: 5G Architecture, E2E Network Slicingnabling hnovationsArchitectural Extensibilty
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Executive Summary

This deliverablepresents théinal results on the design of tl&-MoNArch architecture Specifically,

the initial architecture presented in deliverable D2.2 [5BR12] has been refined owar ds t he
ar c hi t Bhis updated architecture, indicdt@ s Findl 5GMoNArchOv er al | Arisc hi t
describé in detail, thereby structureéthto four layers: (i) Service layer, (i) Management &
Orchestration (M&O) layer,i{) Controller layer, and (ivNetwork layer.

The overall 5@GMoNArch architecture is built upotie novel specific design aspectse., eneto-end
(E2E) slicing supporticross four network layers, specification of skpecific and sliceommon
functions multi-tenancy capable M&O, inteslice resource management, and optional integration of
radio access network (RAN) control applicatioimsaddition to these design &sps, in this deliverable,
further novel featureluilt upon the initial architecturare highlighted(i) Servicebased characteristics
spanning all layers with unified servibased interface (SBI) desig(ii) the ability to collect and
analyse peslice aggregated data, and to aid network optimisation vianthel endto-end (E2E)
integrateddata analytics framework comprising domajecific data analytics functions, i.aetwork
data analytics function (NWDAF) management data analytics function (MB), and radio access
network (RAN) data analytics function (RANAF); (iii) the interworkingoetween the aforementioned
functions In particular considering the 5@1oNArch Itf-X interfacedefinedin D2.2 [5GM-D2.2] as
the basis, the notion dhter-domain and intr@lomain interfaces capitaling on the servicbased
architecture (SBA) principlehas been extended his unified interface descriptioenables the
interactions betweeminctions on the M&O layer and functions on the Network laiyesrder to achieve
enhanced flexibility and orchestration capabilities.

Furthermore provided iheimpact of5G-MoNArch contributionstowardsstandardsation, such as the
concept of data duplication for both the data plane and the control papevide resilient RAN
operationsas well aglataanalyticsboth in 5G core network (CN) and management plBesides the

3rd Generation Partnership Project (3GB®)tributions, thigleliverablehighlightsthe 5G-MoNArch
collaboration with the Next GenerationMobile Networks (NGMN) Alliance,GSM Association
(GSMA), European Telecommunications Standards Institute (ETSI) Zero touch network and Service
Management (ZSM) Industry Specification Group (IS4 ETSI Experiential Networked Intelligence
(ENI) I1ISG. 5G-MoNArch has beercollaborating with GSMA to define the conceptsi-MoNArch

slice blueprint and provide an efficient tool for designing and deploying network slices. Moreover, in
the framework of the ETSI ENI, a use casal a proobf-concept(PoC)related to crosslice elastic
resource management and orchestration based &GtiNArch innovationshave been proposed

To realise the individuabG-MoNArch features a set ofnovel enablersand innovation elementsas
been developethat maponto three enabling innovations(i) telco-cloudenabled protocol stackij)
inter-slice control and management, &fij experimendriven optimisationHerein,final evaluation
resuls are provided in this deliverabbdongwith their impact on thé&G-MoNArch architecture and
protocol stackAs the final overall architecture of 58oNArch includes the components emerging
from WP3 [5GMD3.2] and WP4 [SGMD4.2] functional innovationsthese are briefly presented in this
deliverable as wellThe implicationsof the enabling and functional innovatioms the 5GMoNArch

final overall architecture are captured via the-MGNArch novel components that are explicitly
highlighted including the functional architecture descriptions of different domains. The specific
protocols are described via message sequence charts (MSCs) that are needed for thes&®8.reali
Finally, the deliverable focusesn the specificinstantiationsof the 5G-MoNArch architecture with
respect to théunctional innovationsievelopedn WP3[5GM-D3.2] and WP4[5GM-D4.2], and the
associated testbetse casesn orderto demonstrate network slicing elasticitgsilienceand security.

To achieve this goalthe innovatiors related to the network slice design, deployment, and lifecycle
managemendre presented’he5G-MoNArch Network Slice Blueprint concept iee universal means
for such servicespecific design and operat®of network slicesTo demonstratehe concept, this
deliverable elaborates drow these innovationsan beused to creatand manage use casgecific
network slices in the twdG-MoNArch testbeds, namelyhe Hamburg Smart Sea Port and the Turin
Touristic City andprovides an analysis dheir impact on the evolution of the 5G ecosystem from a
business perspective.
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1 Introduction

Since the early research phase of the fifth generation ¢b@)obile and wireless communications
networksstarting in 2012, the development of the 5G system (5GS) has progressed at a rapid pace.
Within the 5GS, endo-end (E2E) network slicingservicebased architecture, Software Defined
Networking (SDN),and Network Function(NF) Virtualisation (NFV)are sen as the fundamental
pillars of the architectural desigo support in a cosfficient way the heterogeneousykgerformance
indicators (KPIs)f the new use casesemerging in 5GThe 5GS, powered by network virtuaktion

and network slicinggives mobie network operators unique opportunities to offer remmwicesto
consumers, enterprises, verticals, and tpady tenants antb address sth heterogeneous KPI®n

this basispreviousS5GPPP Rase | collaborative research projects like SGRMA andMETIS-II as

well as standarésdion bodies have identified the main elements and characteristics of the 5G
architecture

Although all these aforementioned efforts have provided a solid baseline architecture, in ptimereew

has beerstill room for 5GSenhancements to better fulfil the 5G vision of supporting diverse service
requirements while enabling new business sectors often referred to as vertical indinghegsevious

deliverables D2.1 [5GM-D2.1] and D2.25GM-D2.2], we haveprovided a gap adysis with respect to

ongoing 5GS architecture design effty in the industry and academi@he objectives andesign

principles o6G-MoNArch architecture address these gapssdeliverableextendghefi | ni t i al Over
Ar c hi t &f 5GMoNArch from deliverable D2 towards thefiFinal Overall Architecture. The

rest of the deliverable is orgaad as follows.

Chapter2 preserd in detailthefinal overall architecture desigrits components, and the impact on the
specifications of the targ&tandards Developing Organisations (SDG§:MoNArch has applied a
structured approach in building the final overall architecture and dealing withctheotegical gaps
identified in the previous deliverables. Specifically;BIBNArch contributions are based on innovation
elements, each one composed of one or more enalfergrouped into three fundamental enabling
innovations (se€&igure1-1): telco-cloud enabled protocol stack, intslice control and management,

and experimentiriven optimisatioras well as two functional innovationgsilience & securitys5GM-
D3.2]andresource elasticitfsGM-D4.2]. By applying a functional decompaosition to the-MeNArch
enablers, we analyse their impact on the overall architecture in terms of functional extensions and
interfaces as well as on protocol implicatioAs elaboratedn D2.2 [5GMD2.2], these functional
extensions are built upon the baseline architecture, which is described in D2.108GMAs also
emphased in Figure 1-1, the final overall architecture is built not only upon enabling innovations
provided in this deliverable but also upon the functional innovations provided in(i23ikence &
security)[5GM-D3.2] and D4.Zresource elasticitfpGM-D4.2] to attain a comprehensive design

In Chapter3, this deliverabledescribs the aforementionedbG-MoNArch enabling innovationand
provides final results to evaluate their benefits in theerallarchitectureAlthough the main focus has

been placed on the higher layer protocol and architecture implications, specific physical layer (PHY)
requirements and interactions have been shown wherever appligiover, the aforementioned
protocol implications and anitectural extensions are illustrated via message sequence charts (MSCs),
which present the needed signalling mechanisms between the architectural modules of the innovation
elements/enablerfor the system remation. It is worth noting that these signal mechanisms
constitute standartklevant aspects and are already captured in various approvédoN&rch
technical contributions to target SDOs.

1 An enabler is a technology component that addresses a specific research problem, aliceinteio resource
management (RRM) for dynamic time division duplex (TDD) in Section 3.2.1, solves the resource allocation
problem onsidering slice requirements and dynamicity of subframe configurations. Similar enablers are grouped
under an innovation element, e.g., enablers dealing with resource allocation and slicing are grouped under inter
slice resource management (RM) in Sec8dh Subsequently, similar innovation elements form aV&BIArch

enabling innovation, e.g., intstice RM falls under the inteslice control & management enabling innovation.

This mapping is shown in Chapter 3 in Tabi&.3
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In Chapter4, we furtherelaborateon the concepts farchitectural extensibility and customisatitor
the5G-MoNArch testbeduse cases. First, vipgesent th&G-MoNArch network slice blueprint concept

and design, then we describe how sliee blueprintis used to deploy and orchestrate a network slice
starting from theGenericSlice Template (GST) Second we detail how the flexibl&G-MoNArch
architecture can be exteruland custornsed for specific use cases and requirements as those related to
the Hamburg Smart Sea Port and the Turin Touristic City testbeds. Finallgh#pteranalyses the
impact of thesG-MoNArch architecture and innovations on the evolution of the 5G ecosystam af
business perspective.

Chapter5 provides the concluding remarks and highlights how the identified 5GS gaps are addressed
by the 5GMoNArch enablers and ardbctural extensions.

There arehreeappendices provided at the end of the deliverable, whgpendix Apresents the 5GS
gaps briefly Appendix Bprovides standard relevance of the 8%0NArch innovations and components

and finally, Appendix Cincludes further analyses and evaluations on thé/®@Arch enablers.

Resilience & Security

" Approach |

“*Functional Decomposition of Enablers

“*Identification of Architectural Modules >
Functional Extensions to Baseline Arch

l « |dentification & Description of Interfaces J

“ Description of Protocols (MSCs)

Resource Elasticity
(a)
Enabling Innovations

Inter-slice control and Experiment-driven optimisation

Cloud enabled protocol stack

management

ol ° Telco cloud-aware protocol | * Inter-slice Context-aware o | * ML-based optimisation using an
5 design 5 Optimisation S extended FlexRAN implementation
S * Telco cloud-aware interface E e Inter-slice resource g ¢ Computational Analysis of Open
w design and Requirements - management w Source Mobile Network stack
. c . .
é Analysis é + Inter-slice Management & S implementations
©| e Terminal-aware protocol design [ Orchestration framework g * Measurement campaigns on the
g g = performance of higher layers of the
= \_ = - protocol stack

(b)

Figure 1-1: (a) The approach of 5@ oNArch in building the overall arclitecture based on
enabling and functional innovations; (b) HigHevel 5GMoNArch enabling innovations

2 GST has been specified f§lobal System for Mobile Communicatiorf&SM) association (GSMA). 5G
MoNArch has collaborated with GSMA during the GST specification, wherdMB®NArch has provided slice
realisation vision as well as inputs on-B®NArch testbed use cases and their requineis
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2 5G-MoNArch Final Overall Architecture

This chapter details the 5KoNArch final architecture reference model and describew the
following fundamental desigobjectives are met (i) E2E slicing support across different technological,
network, and administrative domains, §plit of control and user planand (iii) flexible, perusecase
architecture custoigetion. For each of the three @gtives, a set of design solutions has been developed,
which will be shown in the remainder of this chap&arting with the overall architecture design which
elaborates on the fundamental structuring into network layers and domains, the chapteddpitier
where the architecture relies on existing architecture components, e.g., from 3GPP or ETSI NFV.
Further, novelNFs for core network(CN) and (R)ANas well as innovative management and
orchestration functions introduced by B@®NArch are mapped intthe architecture, thus completing

the overall picture of the 5GloNArch architecture.

2.1 Overall architecture desigii network layers and domains

The design of the 5&oNArch overall functional architecture considers the requirements from the

pr oj e acdasésanduesubs from 3P Phase 1 projects (including the White Paper of tHeP¥

Architecture WG (v2) [5GARCHIIWPV2]), as well as the 5G requirements initially defined in
[NGMN15]. Figure2-1 depicts the fundamental structure of the architecture. It consists of four layers:

(1) Service layer, (2Management & Orchestration (M&O) layer, @dntroller layer, and (d)letwork

layer. For each of thes | ayer s, there are a set of architec
functionality, including the key functional elements, their responsibilities, the interfaces exposed, and

the interactions between them.

Service
layer

Management &
layer Orchestration
layer

Controller

Network
layer

Cross-Slice NFs (XNFs) Intra-Slice NFs (INFs)

Figure 2-1: 5G-MoNArch high-level structure of the overall functional architecture

The Service layer comprises Business Support Systems (BSS), bdsimtd30licy and Decision
functions, and further applications and services operated by a teraher external entities.

The M&O layer is divided into aknd-to-End (E2E) service M&O sublayer and an additional sublayer
containingdomainspecificmanagemenfunctions In [5GM-D2.1] (Section2.1.2, we have motivated

the necessity of an E2E view of a network slice to ensure the satisfaction of service requirements from
the customers. The E2E network slice is composétktfork Slice Subet InstancedNSSI9, typically
eachfrom a different networklomain, includingsubnetsrom radio accesgransport andcorenetwork
domains, or private (e.g., enterprise) networks.

The Controller layer includes both the crefise and the intralice controllers (XSC and ISC,
respectively). Together with the respective Control Applications, theiseghk enhanced network
programmability paradigmwhich is further elaborated iBection2.1.2 Typically, each network
domain has a dedicated controller that is aware of the technology and implementation characteristics
utilised in the domain. Crosgomain coordination would be executed in the M&O layer.
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The Network layer hosts Network Slice Subnet Instances (NSSIs). Typically, an NSSI comprises the
NFs of a specific network domain, e.g., RAN or CN. An NSSI can be either shared by multiple Network
Slice Instances (NSIs) or dedicated to a single NSI. Afiagly, an NSSI consists of croskce NFs
(XNFs) or intraslice NFs (INFs), respectively.

Similar to the approach taken by 3GPP for the 5G system architegpuesentatiofBGPP TS23.501],

this deliverable alsshowsthe overall architecture in a clasa referencepoint representatiomas well

as aservicebased representatioWhile both representatiorse equivalentin terms of the offered
network functionality, the servicebased representation shows flexible and extensible interactions
among NFs, i.e.ServiceBasedInterfaces (SBI) are provided by servjm®visioning functions to
serviceconsuming functionsThis is elaborated in more detail in Sectibfh.3

2.1.1 Key design paradigms of the 5&@oNArch system architecture

The architecture design of 5KoNArch brings several novelties and enhancements compapgibito

art network architecture. Theectionhighlights the most crucial aspedtsgure2-1 throughFigure2-3

implicitly illustrate three fundamental design aspectthat the 5GoNArch architecture design has

followed:

(1) Support for E2E network slicing: The architecture allows for combining different options

of slicing support across M&O and Network layers for each slice instance. The first supported
option includes slicspecific functions, i.e., each slice may incorporate dedicated and possibly
customsed functions that are not shared with others. The second option includes the possibility
to operate functions (or function instances) that are shared by multiple slices and have the
capability to address requirements from multiple slices in pargitglre2-1 depicts this split
into common or s&alledcrossslice functions and dedicated (inghce) functions. This split
is maintained in the M&O Iger, the Network layer, as well as the Controller layer, i.e.,
dedi cated NFs may be controlled and managed
layer functions. Shared functions are usually operated by the Mobile Network Operator
(MNO) or the MobileService Provider (MSP). The MNO (together with potential thady
infrastructure providers) is also in charge of managing the infrastructure. The policies
regarding the utilisation of shared functions, particularly the resource allocation to active
slices, are determined by the Crafise M&O function and communicated towards the
respectivdunctions of the Controller aridetwork layesfor further enforcement. Finally, the
third option is to not only have sligedicated NFs but to additionally assifpe associated
infrastructure hardware resources (HW), including spectrum, exclusively to a single slice. The
slice-specific functions and shared functions in one logical slice are bind together by the
network slice identifier at the Network layer. Moretails on how the Network layer performs
network slice selection is described in SectiBrigandAppendix B

(2) Split of control and user plane:5G-MoNArch applies a consistent split of control ptaand
user plane throughout all network domains, including RAN, CN, and TN. Among others, this
allows for hosting associated CP and UP NFs in different locations and also facilitates to
aggregate CP and UP NFs differently. The split further allows indepersgalability and
evolution of NFs.

(3) Flexible architecture customsation: The custonisaion of the architecture for a specific
network slice instance is triggered by NSMF, whiobdifies the architecture and functionality
used inexisting slics. For exanmple, this can includéurther deployment, management,
orchestration, and control instructions for specialised Nffance, these sliegpecific
modifications and custoisaions may affectdifferent layers of the architecture.

The following sections furtheslaborate how these paradigms have beeisedal

2.1.2 5G-MoNArch final overall architecture
Figure2-2 depicts the 58MoNArch final overall architecture, inatling the extensions for security and
resilience defined in WP3 and farsourceelasticity defined in WP4.

The Service layerfunctions interact with the M&O layer via the Communication Service Management
Function (CSMF), see below.
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TheManagement & Orchedration layer is composed of the M&O functions from different network,
technology, and administration domains, e.g., 3GPP public mobile network manafeGieRt TS
32.101] ETSI NF Virtualisation (NFV) Management and Orchestration (MANO) [ETSI NFV13], ETSI
Multi-access Edge Computing functions [ETSI MEC16], management functions of TNs aption
enterprise networks. Further, the M&O layer comprises the E2E M&O sublayer hosting the Network
Slice Management Function (NSMF) and CSMF that manage netwods sdind communications
services, respectively, across multiple management domains in a seamless mannéirtiratisation

MANO domain, the ETSI NFV MANO architecture fdifecycle managementLCM) of Virtual
Machines (VMs) is extended towards LCM of virtualisation containers (e.g., Docker). Therefore, it
comprises, besides the ETSI NFV components, corresponding functions for LCM of containers.
Therefore, the Virtualised NF Manager (VNFM) has actwydcomponents for virtual machine
infrastructure (VMI) and container infrastructure (CI). Similarly, the Virtualised Infrastructure Manager
(VIM) contains a VMI Management Function (VMIMF) and a Cl| Management Function (CIMF). NFV
Orchestrator (NFVO) prodesthe network service orchestration capabilities as weheaslispatching
functionalityfor selecting between VNelated or containarelated MANO functionsFurther, the layer
accommodates network slice subnet management domain, e.g., network lieé management
function (NSMF) or NF Management Function (NFMF) for 3GPP network management. Such functions
also implement ETSI NFV MANO reference points to the VNFM and the NFVO. The CSMF transforms
consumeifacing service descriptions into resoufaeing service descriptions (and vice versa) and
therefore works as an intermediary function between the Service layer and the NSMF. The NSMF splits
service requirements as received from CSMF and coordinates (negotiates) with multiple management
domains for EE network slice deployment and operation. As a majoitVEBIArch novelty, NSMF
further incorporates a Crosfice M&O function for interslice management (e.g., common context
between different slices/tenants, ingdice resource brokering for creskce resource allocation,
particularly in the case of shared NFs, etc.). In contrast, the -Gomsain M&O function works on
strictly intrasslice level, but across multiple network and technology domains. The M&O layer performs
the management tasks on NSis, evhare uniquely identified by an NSI identifier. An NSI may be
further associated with one or more Network Slice Subnet Instances (NSSI). The details are further
described in Sectiors2.3and4.1

The Controller layer realises the softwardefined networking concepts [ONF14], extends them to
mobile networks, and therefore accommodates two controller tgpdstheir respective control
applications

(2) The CrossSlice Controller (XSC), e.g., a RAN controller for the control of Gislige NFs

(XNFs) shared by multiple network slice®ne or multite applications on top of the
controller host the control logic that shall be applied to the controlled NFs.

(2) The IntraSlice Controller (ISC), e.g., a CN controller for In8ice NF (INFs) within a
dedicated CNNSSI. One or more slicepecific applicatios per slice (but no crosdice
applications) use the northbound interface to communicate with the controllers in order to
convey the control logic residing in each of the independent applications. In principal, these
applications could even be sourceahfrdifferent vendors.

These controllers expose a northbound interface (NBI) towards control applications and a southbound
interface (SoBl) towardsirtualised network functions\(NFs) andphysical network function®P(NF9

in the Network layer. Interfaceswards the M&O layer are provided via tbecalledManagement &
Orchestration Layer Interfac®QLI) reference point, see Secti@ri.3for more details.

The Controler layer facilitates the conceptmbbile network programmability. Generally, software

defined networking (SDN) splits betweérgic and agentfor any functionality in the network. This
means that the NFs are split into the decision logic hosted in a control application and the actual NF in
the Network layer (usually a uPNF or uVNF) that executes the decision. In other words, for the given
uVNF or uPNF, the correspondiny BIF or cPNF disappearsince the functionality is provided by the
Controller layer functons The control |l er resides fibet weeno
specific technologies and implementations realised by the NE,dicoupling the control application

from the controlled NF, cFigure2-1. 5G-MoNArch has investigated the applicability of this paradigm,
focusingon the concepts for elasticity (WP4) and resiliency (WP3). If no such split between control
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logic and agent is applied, i.egnventional control plane functions (cCPNF or cVNF) aresetl| the
Controller layer disappears. In this sense, it is an ogitiager of the 5@GVoNArch architecture.

Service
layer

Cross-domain Cross-slice
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Cl Container Infrastructure PLC Programmable Logic Controller
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cPNF Control plane Physical Network Function SCADA Supervisory Control and Data Acquisition

CSMF Communication Service Management Function SoBlI South-Bound Interface

E2E End-to-End STZ(m) Security Trust Zone (management)

INF Intra-slice Network Function S&R Security and Reliability

ISC Intra-Slice Controller uVNF User plane Virtualised Network Function

Itf-X Interface X VIM Virtualised Infrastructure Manager

Mgmt Management VMI Virtual Machine Infrastructure

M&O Management & Orchestration VMIMF VMI Management Function

NBI North-Bound Interface XNF Cross-slice Network Functions

NFMF Network Function Management Function XSC Cross-Slice Controller

NFVO Network Function Virtualisation Orchestrator

Figure 2-2: 5G-MoNArch final overall architecture

The Network layer comprises the VNFs and PNFs of both control plane (i.e., cVNF and cPNF) and
user plane (i.e., uVNF and uPNF). NFs can include, for example, 3GPP CP functions (AMF, SMF,
AUSF, RRC, etc.) and user plane (UP) functions (e.g., UPF, PDCP, etc.) or novehVElEpee in the
project, e.g. for resource elasticity, resilience, and security. Generally, {NoB@&rch Network layer

can comprise different CP/UP architectures. For example, also a 4G mobile network with EUTRAN and
EPC functions could constitute an gaste of the Network layer, nonetheless exhibiting the associated
limitations in supporting 5@/1oNArch features (e.g., no support for network slicing in 4G). In the
reference point representation, interfaces towards the M&O layer are provided kfaxtmeference

point. It is an evolution of the 3GPE-S interface for facilitating fault, configuration, accounting,
performance, and security (FCAPS) management as well as dagrastic LCM procedures. For
associating a UE to the correct NSI, the Netwtaker uses the Single Network Slice Selection
Assistance Information (§ISSAI), which is provided by the UE. Moreover, the CN part of the CP in
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the network layer is realised as a serdyesed architecture (SBA) [3GPP TS 23.501]. Further details
of CN fundionality, slice identification, and SBA are explained in Sect@®a2 and Appendix B
details on the 5@10NArch RAN architecture are shown in Secti@?2.1andAppendix B

Moreover,Figure2-2 also shows NFs that specifically implement the solutions devefopediability

and security (WP3andfor resource elasticity{/P4). They can be found in all layers. On the Service
layer, Scurity Dashboard enables efficient security management by human operators or via APIs as
well as intuitive security status monitoring.

On the M&O layer, Crosslice M&0O may incorporate WPgrossslice Security and Resilience
(S&R) Managementfunctions foraddressing jointly increased security and resilience requirements.
Furthermore, to enable flexible orchestration across elastic slices;<lloes8&0O can integrate WP4
Sliceaware and Orchestratiairiven Crossslice Elasticity Management functions. Crosslomain

M&O can include WPZrossdomain S&R Managementthat manages security and resilience issues
within a single slice, but between different management domains. In addition,doroas M&O can
integrate WP4 Computational and Orchastm-driven Crossdomain Elasticity Management
functions if intraslice flexible resource management is required. The M&O layer also hosts the Big
Data Analyticamodule defined in WP4 (as part of tikegrated Data Analytics Framework), which

can supporthe elasticity functions located in the Cratise M&O and Crosslomain M&O. Further,

the WP35G Fault Management (FM) and 5G Security Managementand the WP4Elasticity
Management functions addressnetwork alarms security procedures, and elasticity penfnance,
respectivelypn the granularity level of NSSIEdge Cloud infrastructure nodes can hostatedfi5G
Island®, i.e., mobile networks with minimal functionality that can operate autonomously and do not
require connectivity to central data cestre

The Network layer can be enhanced with WARSiability sub-plane functions for multiconnectivity

(data duplications) and network coding for improved RAN resilieRoe.further customisatiqrthe
Network layer may host WPSecurity Trust Zone (STZ) VNFs, which enable to guarantee a required
level of security and trust in a dedicated area ofrtfiastructure, and VNFs with enhanced robustness
and elasticity characteristics in case of unforeseen fluctuations of resource availability.

The Controller layecan host the WPScalable Control Framework for Security, Resilience, and
Elasticity, which automatically scales the controller nodes with respect to the underlying traffic in the
network in order to enhance network scalability but to ensure high dligilabcontrollers. For slicing
elasticity, dedicatedntra-slice Controller (ISC) and Crossslice Controller (XSC) have been
developed in WP4 (see Sectid3.2 . These controllleosp@&acoptroel def
enforce elasticity at fast time scalexemplary controller applications include Reliability Control and
Security Monitoring manager (SMm) from WP3 or Elastic resource control from WithieFdetails

on specific WP3 and WP4 functionality and their impact on the cusdbom of the architecture can be
found in Sectiort.3

Finally, in 5GMoNArch anintegrated Data Analytics Framework has been developed to allow the
exchange of data and analytical services across all layers of th®B@&rch architecture. The details
can be found in Sectidh2.4

2.1.3 Referencepoint and servicebased system architecture representations

Figure 2-2 depicts the reference point represantabf the 5GMoNArch overall system architecture.

With the exception of the servidmsed interfaces between control plane functions in the Network layer,

it shows dedicated reference points between NFs and between NFs and functions from the M&O layer.
Besides dedicated intdayer reference points between NFs, the reference point architecture
representation incorporates the idtyerItf-X, MOLI, andSoBIreference points.

The5G-MoNArch Itf-X reference pointsubsumes all interfaces between functiontherM&O layer

and functions on the Network layer. Each interface depends on (1) the management domain in charge
of managing the NF and (2) the implementation details of the NF, e.g., whether it is a PNF or VNF or
which features of the NF are exposed ® M&O system. For exampléf-X subsumedtf-Sinterface

as defined for pr&el.15 3GPP network management systdB6GPP TS 32.101pr Vevnfmvnf
reference point between the VNF Manager and the VNF as specified in [ETSI NFV SOL002]. Another
example compses NETCONFor SNMRbased interfaces for managing transport NFs, such as Time
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Sensitive Networking (TSN) bridges. In a fully servlz@sed architecture representation, a dedicated

Itf-X reference point becomes obsolete.

The interaction between M&O and@troller layer is supported Bylanagement and Orchestration

Layer Interface (MOLI) . In general, MOLI supports two functionalities 1) Configuration of various
parameters in NFs (e.g. MAC & PHY layer configuration, Computation resource allocation) dgcides b

the Orchestrator for the slice under deployment, 2pfRBestration request to M&O layer triggered by

the controller upon monitoring of VNFs (e.g. due to scarcity of computational resources, security
vulnerability detection in the platform, failure oratfunction of deployed VNFs) [5GAND4.2][5GM-

D3.2]. For the interaction with the NFs of the Network layer, i.e., for executing control actions, the
controllers implement th8outhbound Interface (SoBlI)

Figure2-3 depicts the serviebased representation of 8% NArch overall architecture. The service

based interaction between NFs provides a set of features and associated advantages. Among others, NFs
can be realised in a stateless manner since suchrstated data (e.g., session data) are shared via an
SBA bus, sometimes referred to as data bus. Moreover, SBA brings along several characteristics such
as agility, flexibility in deployment, testabilitgcalability, performance, and simplicity [SGPPPW2C].

SBA also facilitates the design of modularised NFs, uniform interaction procedures between NFs (e.g.,
NFs can offer their functionality as a service to other NFs), unified authentication frameworkrbetwe
NFs, and concurrent access to services. Besides the Network layer, the SBA approach is also adopted in
the M&O layer.

Service
layer

| I | T
Intra-layer T T
SBA bus l T N

3 v
I MoOLI
Inter-dnmﬂ & inter-layer i ||

SBA bus

Management & Orchestration
layer

| NBI [ NBI

Controller
layer

SoBl “~.

i | ——— _
B0 gn o g || G o Em e
I:l\ //l__—l\ External Data

Cross-Slice NFs (XNFs) Intra-Slice NFs (INFs) Network

Baseline Architecture W

Figure 2-3: Servicebased representation of 5@loNArch overall architecture

;
! SoBI

Network
layer

In orde to achieve serviebased interaction across layers, across management domains, and across
network domains (RAN, CN, etc.), the architecture incorporat@g@ndomain & interlayer SBA bus

which interconnects the individual intlayer and intradomainSBA buses. For example, the Network
layer contains severaitra-domain SBA busescluding the one for the external Data Network (DN)
domain. Thentra-layer SBA busn the M&O layer connects services of different management domains
and exposes (a sulhsd) them to the intedomain an intetayer SBA bus. In order to fully support such
servicebased operation, each SBA bus incorpor&gsosure & Discovery Functionsshich include

but are not limited to:
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I Service repository: a database that cataloguasurnable services and includes fundamental
information about the service, e.g., provisioning layer/domain or where and how to consume it;

1 Service (de)registration: functionality providing the capability to service providers to announce
their service(s) irorder to add it to the service repository. Similarly, service providers can
deregister services;

1 Service discovery: functionality to match service requests from consumers with available
services of the repository;

1 Enablers for efficient service consumption

o Routing, forwarding, and load balancing of service requests and data streams related to
actual service provisioning;

o Functionality for service consumers to subscribe to available services;

0 Support of evenbased or periodic service provisioning;

o Data pesistence, processing and delivery enablers (e.g., means for data storage, data
streaming, or batch data processing);

T Service exposure governance and access control: functionality to configure and enforce rules
for authenticating and authising service consumers, including restrictions for service
availability across layers and domains.

One of the examples where B@®NArch further elaborates on the advantages of the SBA
representation comprises thategrated Data Analytics Framework. The framework enabs the
custonised composition of data analytics capabilities from the M&O layer, from the Network layer
(both RAN and CN network domains), frorf{ Barty domains (e.g., Application Function (AF), DN),

or from the UE. For instance, the Big Data Analyticgdmie in the M&O layer (cfFigure2-3) can host
Management Data analytics Services (MDAS) as defined in [3GPP TS 28.533], network-domain
specific services.e.g., RAN performance management data analytics, NWDAF, NFVI data analytics
services, etc.) for both creg®main and crosslice optinisaions. Details of the Integrated Data
Analytics Framework using SBI are described intde.2.4

2.1.4 Key technologyareas in SDOs impacted by 5@1oNArch architecture

Overall, 5GMoNArch novelties in network architecture design have also impacted theitstoand
work-items in seveal standaraion working groups, in particular in 3GRIAd ETSI Table2-1 lists
contributions to standards that ar e thfweskey on
TechnologyAreas (KTAS):

1 KTA 1: Servicebased Architecture Enhancements

1 KTA 2: Integrated Data Analytics Framework

1 KTA 3: RAN support of Network Slicing & RAN Enhancements
1 KTA 4: Network Slicing Enhancements

1 KTA5: 5G M&O Enhancements

Further details on the relationship with standards and standardisation roadmaps can be found in
Appendix B

Table2-1: 5G-MoNArch contributions to the standards

Standard | Title Reference 5G-MoNArch
Body KTA Mapping
gﬁgp New Key Issue: Network Slicing for eV2X | S2180147 KTA 1, KTA 4
3GPP 23.726: FS_ETSUN (Enhancing Topology g «.,

SA2 SMF and UPF) / 23.726 Scope S2181046 KTA1

3GPP Clarification on Key Issue: Network Slicing .

SA2 for eV2X S2-183735 KTA 4
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?S)igp NWDA-assisting E2E QoS Assurance S2183634 KTA 1, KTA2
3GPP Solution for AF Data Exposure to/from
SAD NWDAE S2-183637 KTA 1, KTA2
3GPP . . : S2-185816
SAD Use Case olJE-driven analytics sharing (S2185290) KTA 1, KTA2
3GPP Update to the general framework for 5G
SA2 network automation (TR 23.791) S2186271 KTA 1, KTA2
gigp TR 23.742: Solution for NF reliability S2186151 KTA 1
3GPP Updated SIDStudy on Enhancement of
SA2 Network Slicing S2186185 KTA 4
3GPP New SID on Enhanced support of Vertical &
SA2 LAN Services 52186182 KTA 1
NGMN , .
NWMO Crossslice user stories NA KTA S5
3GPP o ,
RAN? Support for SRB duplication with CA R2-1803233 KTA 3
3GPP Add Data Analytics Management Service fo S5183560 KTA 2, KTA 4,
SA5 Network Slice and Network Slice Subnet KTA 5
3GPP Add example of functional management
SA5 architecture S5183409 KTAS
ETSI Proposal on the overview and architecture
ZSM ZSM framevork ZSM(18)000236r2| KTA 1, KTA5
3GPP Key Issue: UEdriven analytics sharing S2-187264 (S2
SA2 mechanisms to 5GC 186919) KTA L KTA2
SOPF | Ls from FSeNA to SAS/IRANS 52186667 KTA 2, KTA 3
3GPP UC and KiI for KlI4 Interactions with OAM for S2.186668 KTA1L, KTA 2,
SA2 Analytics Exposure KTA S5
3GPP New Solution to Key Issue #3: Data
SA2 Collection by subscription to NFs/AFs 52186346 KTAL KTA2
E;\S/II Proposed ZSM Architecture Diagram Chang ZSM(18)000325r2| KTA 1, KTA 5
3GPP e . : S$2188512
SA2 Solution: LE-driven analytics sharing (S2187903) KTA 1, KTA2
gigp Discussion paper on V2X slicing K $2188307 KTA 4
3GPP Solution for Data Collection from OAM using $2.188263 KTA 1, KTA2,
SA2 Existing SA5 Services KTAS5
ETSI Automated discoverygf services offered by a
ZSM management domain ZSM(18)000364r2 KTAS
;;‘I\SAI Definition of integration fabric ZSM(18)000378r1{ KTA 5
3GPP Updates to Impacts and Evaluation of Solut S2.1810696 KTA2
SA2 12
3GPP Updates to Solution 1 for Network Data
SA2 Analytics Feedback S21860695 KTA?2
3GPP Solution for KI#2 on Analytics Exposure to $2.1810694 KTA 2
SA2 AF
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3GPP Solution to NWDAF assisting traffic routing

SA2 using MEC information 521810334 KTA2

ETSI Management service related to network

ZSM service orchestration ZSM(18)000445 | KTA 1, KTAS

ETSI Management service related to service

ZSM performance assurance ZSM(18)000446 | KTA 1, KTAS

5;\8/: Add domain performance report service ZSM(18)000450 | KTA 1, KTAS

E;\S/II Architecture Diagram Chaes ZSM(18)000501 | KTA1,KTAS

ETSI Clarify capability of domain orchestration an

ZSM some clarifications ZSM(18)000442 | KTA 1, KTAS

gﬁgp YANG definitions for network slicing NRM | S5185532 KTA 4, KTA 5

3GPP Integration of the 5G System in thi&N

SAD network S2-188459 KTA 1

3GPP Update to SID: Study of enablers for networn

SA2 automation for 5G S2189047 KTA 1

3GPP Update the UC and requirements for

SA5 performance data streaming S5186429 KTAS

gﬁgp Updates to Solution 19 S21812173 KTA 2

3GPP .

SA2 Overall Conclusion for Key Issue 4 S2-1812175 KTA 2

gigp Updates to Solution 12 $21812174 KTA 2

gigp Updates to Solution 24 S21812172 KTA 2

ETSI Use case on "Elastic resource management

ISG ENI | and orchestration” ENI(18)000162r1 | KTA 3, KTA S

ETSI Proof of concept on "Elastic network slice

ISG ENI | management” ENI(18)00017%4 | KTA 3, KTAS

?&ZZ Slice support of IAB nodes R3-186014 KTA 3, KTA 4

3GPP Update NRM IRP Solution Set to support sl

SA5 priority S5187439 KTA 4, KTAS

3GPP Update NRM root IOCs to support slice

SAS priority S5187370 KTA 4, KTA 5

gﬁgp Solution for performance data streaming S5187372 KTA 4, KTAS5

E;\S/II Add capabilities to Analytics Service ZSM(18)000596r2| KTA 2, KTA S

ga' Add E2E SLA Management ZSM(18)000601r2| KTA 4, KTA 5

3GPP Adding reference to new TS 23.288in TS

SAD 23 502 S$2-1901040 KTA 4, KTA 5

3GPP TS 23.288 skeleton for 5G analytics

SAD framework S2-1901041 KTA 2

3GPP CR for TS 23.501 based on conclusion of e

SA2 TR 23.791 S$2-1901042 KTA 2
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3GPP Adding Selected Solutions #12 from eNA to

SAD TS 23288 S2-1900949 KTA 2

3GPP Adding Selected Solutions #24 from eNA to

SAD TS 23288 S$2-1901024 KTA 2

E;\S/II Policy management service for E2E ZSM(19)00021 KTAS

3GPP TS 23.288: Update to Data Collection from

SAD OAM S2-1902400 KTA 2, KTAS

3GPP TS23.501 CR0987: CR for TS 23.501

SA2 Clarifications NWDAF Discovery and S21902521 KTA 1, KTA 2
Selection

3GPP TS23.288: Remove the FFS for AF

SA2 registration during Data Collection procedur| 521902398 KTAL KTA2

gigp TS23.288: Analytics exposure &F via NEF | $21902395 KTA 1, KTA 2

3GPP TS 23.502 CR1060: NEF service for NWDA

SAD analytics S$2-1902524 KTA 1, KTA 2

3GPP TS 23.501 CR0964: NEF service for NWDA

SAD analytics S2-1902397 KTA 1, KTA 2

E;\S/II Update of the analytics service ZSM(19)000121 | KTA 2, KTAS

ETSI Discussion on mapping the ZSM002 list of

ZSM services ZSM(19)000122 | KTA1,KTAS

gfﬂ' Update mapping ZSM002 to SA5 ZSM(19)000192 | KTA 5

3GPP 23.501 CR1258: Clarifications NWDAF

SA2 Discovery and Selection S21903964 KTA 1

30PF | 23.502 CR1298: Extensions to NRF Servicq $21903965 KTA 1, KTA 2

3GPP P-CRTS 23.288: Setup of Network Map for

SA2 Data Collection S21903814 KTA 2

3GPP P-CR TS 23.288: Clarification of FFS on

SA2 Analytics Exposure to AFs via NEF S21903966 KTAL KTA2

3GPP P-CRTS 23.288: Clarifying Flexible AF

SAD Registration S2-1904011 KTA 1, KTA 2

3GPP TS23.501 CR1299: Extending Exposure

SA2 Capability to support Analytics Framework S21903968 KTA 1, KTA2

3GPP TS23.502 CR1300: UpdatingEF and NRF

SA2 Services to Support AF Available Data S$2-1903999 KTA 1, KTA 2
Registration

gigp Update to NF Load Analytics Procedures S2-1903917 KTA 2, KTAS5

3GPP Update to Network Performance Analytics

SAD Procedures S2-1903939 KTA 2, KTAS

3GPP pCR 28.861 Add Multdimensional Resource

SAS Optimisation S5 19322]|KTA4,KTAS

3GPP Update NRM requirement to support SBA

SAB management S5193396 KTA 1, KTAS

E;\S/II ZSMO002 update of service feasibility check | ZSM(19)000195r2| KTA 4, KTA5
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ETSI ZSM002 Management communication servi

ZSM to solve pubsub debate ZSM(19)000032r3 KTA 5

ETSI Infor_matlve examples on ZSM deployment ZSM(19)000203r2] KTA 1, KTA5
ZSM architectures

2.2 Novelcomponentsand interfacesof the 5G-MoNArch architecture

This sectionmtroduces the nov&lFsand interfaces th&G-MoNArch has introduced beyond staié
the-art mobile network architecturda. Table2-2, a brief overview of the essential 80NArch novel
components is provided along with their key features within thévlBArch architecture. Also, a

mapping to 5&MoNArch D2.3 sections and othdeliverables is tabulated, where the details on these

components can be fouithe respective sections.

Table 2-2: Overview of 5GMIoNArch novelcomponents

Architecture | Name of the 5GMoNArc h Novel Componens and Mapping onto 5G-
Domain/ Key Features MoNArch WP sand
Layer Deliverables
RCA Main interface to the controller layer, RAN WP2 D2.3 Section
exposure function 221
RANDAF: Data analytics function in the RAN CU \2/\/;3, D2.3 Section
: . . WP2 D2.3 Section
MM: Slice-aware mobility function in the RAN RRC 22 1& Section 3.3.3
Dynamic RAN Control UnitControl unit handling WP2 D2.3 Section
dynamic small cell (DSC) operation as well as slice | 2.2.1& Section 3.3.2
aware functional operations
Inter-slice RRM RRM among network slices to ensur¢ WP2 D2.3 Section
slicerequirements including slice isolation in the RAN 2.2.1& Section 3.3
RAN CU
IM: Slice-aware interference management in the RAN WP2 D2.3 Section
CU 2.2.1& Section 3.3.1
o o WP2 D2.3 Section
_Packeﬂ)upll_cat_lqrt PDCRIevel packet duplication to 221 & WP3 D3.2
increase reliability [5GM-D3.2]
Unified SchedulerMAC-level resource allocation \ZNE i gwpzeégo;
factoring in slice requirements as well as reliabilggd | - ~ :
elasticity tailored improvements [SGM-D3.2] & WP4
¥ P D4.2 [5SGM-D4.2]
Group Coordination & Group Communicati@s part off WP2 D2.3 Section
D2D group mobility UE-centric mobility enhancement| 2.2.1& Section 3.1.3
in case of group mobility
Reliability Control and SMmApplications tailored for \zNgi gz\/.\:/%PS?,e[(;go;
the functional innovationesilience and security [5GM-D3.2]
Elasticity Control:Applications tailored for the Wp2 D2.3Section
Controller functional innovatiorresource elasticity 2.2.1 & WP4 D4.2
Layer [5GM-D4.2]
Slow interslice RRM Longterm resource allocation | WP2 D2.3 Section
optimisation and support for redime RRM 221
Sliceaware RAT selectiorsupport of MM in the RAN | WP2 D2.3 Section
via sliceawareness 2.2.1& Section 3.3.3
Versionl.0 Page25 of 165



5G-MoNArch (761445)

D2.3Final overall architecture

ISCFwith enhancements dPCF, NWDAF, NSSF:
Enabling multislice coordination to reigle new use
cases, such as muéiiice UE services

WP2 D2.3 Section
2.2.2 & Section 3.2.2

NWDAFenhancements: Data analytics function in CN
with novel enhancements on kEntric data analytics

WP2 D2.3 Section
2.2.2 & Section 3.2.1

network slices along with extensions by functional
innovationsresilience and securitgndresource
elasticity

CN and interslice context sharing & Section 3.2.3
Data analytics framewortNWDAFand AF/OAM WP2 D2.3 Section
interactionregarding dataollection and CN @alytics 2.2.2 & Section 2.2.4
exposure, which enables per slice cross domain & Section 3.2.1
optimisation
CSMFcomprisingRequirements Translation WP2 D2.3 Section
Requirements Updat&ervice AllocationService 2.2.3
Activation andService AnalyticsService allocation ang
management, and translation of service requirements
into network requirements along with view on the
service status and performance
NSMF Crossdomain M&OcomprisingSlice Blueprint, | WP2 D2.3 Section
NSSI decomposition, Cregemain S&R Management,| 2.2.3& Section 4.1 &
andCrossdomain Elasticity Managemeranagement| WP3 D3.2 [SGM
of a single network slice across the different D3.2] & WP4 D4.2
management domains along with extensions by [5GM-D4.2]
functional innovationsgesilience and securitgnd
resource elasticity
NSMF Crossslice M&O comprisingCrossslice WP2 D2.3 Section
Requirements Verification, Craessibnet Requirements| 2.2.3& WP3 D3.2
Verification, Crossslice Elasticity Managemerad [5GM-D3.2] & WP4
Crossslice S&R Managemen¥lanagement of the D4.2 [5GM-D4.2]

M&O interaction and resource sharing among the deployec

Big Data ModulecomprisingMDAS Data Analytics
function in the M&O layer

WP2 D2.3 Section
2.2.3& Section 2.24
& Section 3.3.5 &
WP4 D4.2 [5GM
D4.2]

NSSMFcomprisingNSD Creation, 5G Security
Management, 5G Fault ManagemeamdElasticity
ManagementManagement of the network slice subneg
that are constituents of a network slice along with
extensions by functional innovatioresilience and
security,andresource elasticity

WP2 D2.3 Section
2.2.3& Section 3.3.4,
WP3 D3.2 [5GM
D3.2] & WP4 D4.2
[5GM-D4.2]

Virtualisation MANQ ETSI NFV MANO architecture
with extensions towards LCM of virtualisation
containers (e.g., Docker).

WP2 D2.3 Section
2.1.2& WP3 D3.2
[5GM-D3.2] & WP4
D4.2 [5GMD4.2]

2.2.1 Radio accesmetwork components

The 5G-MoNArch RAN architecture takes the baseline architecpuesented if5GM-D2.1], where

the baseline architectummvers 5GPPP Phase 1 consensus and the 3GPP status from the publication

time,i.e.,the latest 3GPP Release specification orRMN [SGPP TS 38.300[3GPP TS 38.401k.90.,
addition of Service Data Adaptation Protocol (SDAP) layer and F1 interfac€WHDU split. On this
basis,the 5G-MoNArch RAN architecture enhances the baseline architecturiirogtional models
emerging from th&G-MoNArchinnovations as outlined i@hapter3 and Chapte4.
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The5G-MoNArch extensions not only include the new functional enhancements on taadCDU but
alsothe Flinterfaceimplications(seeChapter3) as well aghe novelControllerLayer described herein
for RAN. It is worth noting that, ircG-MoNArch, the Controller Layer is envisioned only for RAN
which provides means to introduce RAN control functions as specific application implementaitons
worth noting that such flexibility is already available for the CN thanks to the application fisictio
(AFs) as part of the SBAsee Sectior2.2.2and Sectior2.2.3. A high-level illustration of thesG-
MoNArch RAN architecture is given iRigure2-4. Therein, theControllerlayer is identified by XSC
and ISC along with the correspondiagplications APP9 running on theé\BI. The control comands
and interactions with the gNBs take place via$hé8l.

Building upon the highevel RAN architecture ifrigure2-4, a detailed illustration of the 5oNArch
RAN protocol architecture is given Figure2-5. The protocol architecture includes both the CP and
UP functions at the Controller layer, CU, DUs and UEs. The extensions introducedNigNd&ch
innovations are highlighted and the assa&tladescriptions are provided in the followipgragraphs
The interface implications are captured by Message Sequence Charts (MSCs) which are provided in
Chapterd in accordance with the 58oNArch innovations.

—

— Y > .
/" 5G Core Network (5GC)

e /<
S [ AMF } [ UPF J ~ _/I
\_ /r

—

™

Controller Layer

Xn

Figure 2-4: High-level5G-MoNArch RAN architecture

As shown inFigure2-5, the RAN Controller Agent (RCA), one of the novel componerdefined in
5G-MonArch is introduced in the CU to interface distributed and centralised VNFs to the logically
centralised controlle In generalRCA acts a middle ware between controller and network layer with a
local datastore capable to store most recent monitoring information from the network liaytbis
regard, RCA can be considered as one of the exposure and discovepnijragishown iRigure2-3.

The amount of the data that can be exposed to the controller layer can thus be controlled by the RCA.
The SoBl is the unified interface betwdRCA and controller layer for monitoring and-cenfiguration

of VNFs. Each VNFs in DU and CU followepplicatiorbased approach to interact with RCA for
control applicationsleployed in the controller. THRCA is interfacing the novel RAN data analytics
function (RAN-DAF), whichis responsible for collecting monitoring information related to both UEs
and RAN, such as Channel Quality Indicator (CQI), Power Level, Path Loss, Radio Link Quality, Radio
Resource Usage, Modulation and Coding Scheme (MCS), RadkoControl (RLC) buffer state
information, etc.The information obtained from RANAF can beseri by RCAto controllers in the

form of NBI applications (Slow Inteslice RRM, Slice Aware RAT Selection, Elastic Resource Control,
etc, as detailed in thollowing section$ for further optimisationTogether with RANDAF, RCA is

also responsible for routing-m®nfiguration information from controller to the respecting VNFs in the
CU and DU of RANFurther details on the RARAF are provided in Sectioh2.4
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Figure 2-5: 5G-MoNArch RAN protocol architecture the extensions from WP3 and WP4 are
marked by 5GVIoNArch deliverables D3.25GM-D3.2] and D4.2[5GM-D4.2], respectivelythe
interfaces impacted by the 5@oNArch novel components are highlighted with red colour
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2.2.1.1 Sliceaware RRM and RRC

The overall5G-MoNArch architecture supports the isolation of NSIs, including resource isolation,
OAM isolation, and security isolation. Resource isolation enables spedialistorisation and avoids

one slice affecting another slideor instanceRAN needs to provide and enforce differentiation, and
maintain isolation between slices where resources are constrained including RF resource, backhaul
transport resource and computing resource. Each slice may be assigned with either shared or dedicated
radio resourcélepending oiRRM implementation and SLA. The amount of allocated resources can be
scaled up or down for higher usition efficiency depending on the traffic load of each NiBis section
detailsinter-slice resource allocatioapproachks followed in 5G-MoNArch to efficiently share and
manage resoursdetween slicesNamely, first radio resource allocation schemes are described, which

is followed by the extension toward new types of resources introduced in 5G (i.e., extended notion of a
resource). Further extensions on the slisgare RAT selection and group mobility are provided next.

Inter-slice RRM

The network sliceawareness in 5G RAN will strongly affect the RAN design and patrticularly the CP
design, where multiple slices, with diffetarptimisation targets, will require tailored access functions
and functional placements to meet their target KPIs. To this end, RRM is one of the key aspects which
will be affected. Here to mention that the operation and placement of RRM will be staffieghed by

the aforementioned slice realisation variants which correspond to the slice isolation at RAN level. In
Slice-aware RAN, in order toffer the flexibility that multiple slices cameet diverse KPls (e,glata

rate, latencyandreliability), sane RRM functionalities will be required to be tailored for different slice
requirements.

On the other handhe RAN deployment mayrovide some limitations on the efficiency of RRM due

to the wireless channel, traffic load, and resource availability @nisf which may affect the overall
performance (assuming numerous slicessiag the same RAN deployment) particular, in dense
urban heterogeneous scenarios, the signalling and complexity of RRM will be higher due to more
signalling exchanges needddr passing RRM information to different entities. Moreover, the
distribution of RRM functions in different radio nodes will provide new dependencies between RRM
functions, which should be taken care of in order to optimise performance. In additicse oftdatNet

RAN deploymentsnonideal backhaul between access nodes (macro and small cells) will put some
limitations on the RRM decisions and placement options to meet certain KPIs.

In sliceaware RAN, the CP can be categorised in the following groufusctionalities based on the

RAN Configuration Modes (RCM) framewotkRAN Slice or RCM has been proposed in literature;
and is a composition of RANFs, specific function settings and associated resources (HW /SW, and
network resources). These RCMs witiultiplex the traffic to/from core network slices to ensure
optimisation across slices. To ensure meeting the E2E slice requirements, assuming limited RCMs,
which may be mapped to numerous slices, a CP functionality framework is introduced, whichiesirequi

to allow for slicetailored optimisation in RAN. In particular:

1 Intra-RCM RRM: For slice specific resource management and isolation among slices, utilising
the same RAN is an open topic which is curreitlyestigated. In literature [¥V16], the
conventional management of dedicated resources can be seen-slicetRRM, which can be
tailored and optimised based on slice specific KPIs.

1 Inter-RCM RRM/RRC : On top of IntraRCM RRM, InterRCM RRM/RRC (which includes
also Interslice RRM ad sliceaware Topology RRM for wireless sddaickhauling) can be
defined as the set of RRM policies that allow for sharing/isolation of radio resources among
slices or slice typesThis can be usetb optimise the resource efficiency and utilisation, by
flexibly orthogonalising them in coarse time scales. IR€M RRM can be defined as an
Aumbrell ado functional bl ock which dictates
prioritisation among network slices or slice types. In this direction, an-R@& RRM
mechanism is proposed iRIP17, where sliceaware RAN clustering, scheduler dimensioning
and adaptive placement ohtraslice RRM functions is discussed in order to optimise

3 Further details on RCMs have been captured ilVE®lArch Deliverable 2.J5GM-D2.1].
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performance in a dense heterogeneous RAN. Given the requirement of nesvfancéens

which can be tailored for different network slices, the distribution of RRM functionalities in
different nodes will be a key RAN design driver which can allow for ruldjective
optimisation in a multlayer dense RAN. The adaptive allocatioihsuch functions is also
envisioned as key feature to cope with the dynamic changes in traffic load, slice requirements
and the availability of backhaul/access resources.

1 Topology RRM: This can be seen as another category of -R@W RRM, mainly for
distributed RAN (DRAN), where the resource allocation of wireless -balfkhauling is
essential to allow for joint backhaul/access optimisation [LPL+17]. Thus, Topology RRM can
be tailored for different slice®BEW+17 in order to allocate backhaul resouremsong RCMs
in a slicetailored manner in order to avoid backhaul bottlenecks.

1 Unified scheduler. An overarching Medium Access Control (MAC) Scheduler, where different
slice types share the same resources and dynamic resource allocation and slice myligplexi
required on top of RCMpecific MAC.In addition it needs to enable computational elasticity,
which means in principle to consider available computational resources in the scheduling
decision. Therefore, the unified scheduler has been consideeedassible VNF with novel
elastic schemes for adapted MCS, PRI rank allocation have been proposed in [5B4M2].
Similarly, the unified scheduler can also allow supporting the network coding procedures, such
as enabling/disabling network coding anck tbhoice of the parameters for the presented
approaches in [SGAD3.2].

Based on this categorisation, an interesting aspect which may define the CP functionality requirements
and the interface / signalling requirements between the CP functions is therfahsplit which is
dependent on the CLUDU split options. It is to mention that CU and DU split commonly refers to the
split of the 5G base station (gINBg-eNB) protocol stack; however, it may also refer to functional splits
involving cloud entities (@. central cloud edge cloud split) when part of the RAN is virtualised.
Currently in 3GPR one splithasbeenspecified (from a set of introduced split optignsgmely Higher
Layer Split (HLS) which is the splitting beloRDCRIlevel. For the HLS spliFigure 2-6 presentghe
possible placement of Int&CM and IntraRCM RRM and RRC functionalities. Depending on the
placement the interface requirements might be different due to the time/resourdariyaviuthe CP
functionalities and their possible interconnectidrtse interfacing between upper layers (RRC, PDCP)
to lower layers for the configuration of the lower layer functionalities as well as the UP forwarding is
specified in 3GPP as part of Bfhd E1 interfaces.

[ Inter-RCMRRM/RRC ]

I | SDAP
[ RRC ] PDCP CU
= — —I- —_——— " - F1
-—[ Unified Scheduler ] DU
| /
1 Intra-RCM N
RRM PHY
cp uP

Figure 2-6: Exemplaryslice-aware split for CUDU (functional deployment and interactions

Slow interslice RRM based on th€ontroller layer
The advantages of SDN such as centralissdork abstraction and-programmability can be used as
an alternate solution to implement slice aware RRM. SDN continfenceslong with centralised
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RRM function (as\BI application)canbe deployed as serviceon demand managing radio resources
between slices. Slices in turonsistof chairedVNFsand PNFg$o implement th&E2Enetworkand can
bedeployed in the same or physicadlgparatedloud infrastructure. The major objective of using SDN
framework for irter slice RRM is to achieve cross layer optimisation by using various network
parameters such as radio resource status, currentad@atdouffer status, network latency, priority of
slices, etc.

Though theradio resotces usage can be better optieidyusing centraked and joint optimistion
techniques via SDN framework, there is an inherent latency added due to back and forth communication
between RAN functions and the controller. The ceisaibn of RRM i.e. to have a radio resource
allocation dedaion from the controller and send ittteeRAN, every scheduling period (~1ms) is almost
impossible due to various communication latencies,(Begween controller and NB application, NB
application and controller, controller and Schedul&o, in orderto better realis this centrased
approach5G-MoNArch introduced the twadevel approach basédterslice RRM i.e., slowInterslice

RRM from the controller (>1ms period) and natimterslice RRM from the CU (~1ms period)s
introduced inSedion 2.2.1, the RCA facilitates such approach by interacting with the native or fast
Inter-slice RRM in the network layer and the slow Irdice RRM in the controller layer.

Slice-aware unctional opeation

As introduced in D2.I5GM-D2.1][BRZ+15][BP19], sliceaware functional operation can comprise
multi-slice resource management on shared infrastructure resources as well@s/siaadnetwork
resources, namely, wireless access nodes. That isslittee support may not only include the
conventional radio resources like time and frequency resources, but it can also include the adaptation of
the network topology considering tBgnamic Small Cell§DSCs) available in a certain regigDSC

can compige access nodes that are not bound to a fixed top@bgsgaware functional operation thus
considersetwork topology and slice requirements to determine the functional operation (see Section
3.3.2.

The functional operation can be determined dyrsamic RAN control unit (seeFigure2-5andFigure

2-7). Depending on the functional operations of the DSCs and how freqtlenflynctional operations

are configured by the RAN control unit, the RAN control unit may reside at different NEs, as
exemplified inFigure2-7. Two example realisations are provided in the following, while more details
are given in Sectio.3.2

1 In case of L1 functional operation (e.g., plegsilayer, PHY), L2 functional operation (e.g.,
{PHY, MAC}, or {PHY, MAC, RLG, or {PHY, MAC, RLC, PDCP), andamplify-and
forwardmodesthe DSC cell is part of the surrounding macro cell and the UE may be connected
both to the DSC and macro cell. Thine configuration of the DSCs can be dynamically or
semidynamically changeldy aRAN control unitconnected to and possiliysidng attheRRC
of the macro cell Baset&ion (BSY, as depicted ifrigure 2-7 (a). This would necessitate
additional signalling on the sdiackhaul (e.g., Un*) interface between macro BS and DSC.
This signalling can configure the reception and transmission modes Bf38 based on the
network slice customer served by the DSC. The dynamicity of such configuration updates
depends on the backhaul link quality and slice requiremémtparticularfor DSCs like
vehicular nomadic nodes (VNNEHGM-D2.1][BRZ+15][BP19], thebackhaul link quality will
depend on the position and, thus, at each location change, a new configuration for the functional
operation can be needetihe frequency of .lch updates can range from minutes to hours.
Accordingly, having the RAN control unitt ghe macro cell BS enables more dynamic
functional operation updates in case of dynamic radio topologies.

1 Incase of L3 functional operation (e gP2HY, MAC, RLC, PDCP, SDAP and RRY, the DSC
may have its own cell, e.g., with a physical cell ID (P@hyd the configuration of the functional
operation may take place at a slow time scale. In this aasghown irFigure2-7 (b), in one
implementationthe RAN control unit may haveG@ross-slice M&O functionality that resides

4The setup of the BS may determine the interface that may be impdotedse of monolithic BS, the impacted
interface would the wireless backhaul interfagigile in case of disaggregated BS (i.e.,-OU split), the impacted
interface would be F1 [3GPP TS38.470].
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at the NSMF. In another implementation, RAN control unit may reside at the RAN, e.g., at
RRC, and may communicate with tBeossslice M&O functionality for configuring L3 DSC
functional operation, where part of the configuration parameters (such as traoai)t may

be obtained from thi€rossslice M&O functionality.

RAN Control Unit: NSMF
Cross-slice M&O -
Functionality M&O

RAN Control Unit:
RRC Functionality
RF AF: Amplify & Forward

L2 DF: Decode & Forward

v

-

DSC

Macro BS

(a) (b)

Figure 2-7: Exampleillustration of the sliceaware functonal operationwith three different modes
(RF-L1, L2, and L3), which are determined and configured by a RAN control yainplify-and-
forward anddecodeand-forward are maked as AF and DF, respectivel

Slice-aware RAT selection

As already mentioned, the efficient control of the available radio resources and technologies to satisfy
the heterogeneous requirements of different slices is currently an important 5G research challenge. In
the 5G RAN architecturethe 5G-MoNArch conceptforeses that in the central unit a Mobility
ManagementMM) module is in charge to optindghe access of the users to a specific RAT, provided

by a 5G distributed unit, according to the slice to which the user is associated. In contrast to classical
asseiation paradigms, this approach will enable to consider slice specific KPIs, like the reliability of
the access technologgee SectiorB.3.3for more details.

D2D group mobility

Device to Device (D2D) communications facilitates an enabling innovation for further support of service
continuity and smooth mobility (beyond the network edge). This can be realised via offloading some
signalling at the RAN level (from direstgnalling to the gNB to indirect signalling between anchor and
remote UEs)as shown inFigure 2-5. As will be detailed in &ction3.1.3 a novel group mobility
paradignis establisedwith floating mobility anchoas a Group Coordinator not necessar il
to single Relay UEs. The above solution can be confined to RAN domain where the mobility
management is handled by gNB. However, gNB needs to be aware of anchor assignassu@attd

remote UEgi.e., Group Membersper group as will be outlined later.

2.2.1.2 Elastic resourcecontrol

Current trends on big data and its pervasiveness open an opportunity to exploit data analytics to improve
the operation of different aspects of thelite networks by means of data analytics. Although also
previous generatian of mobile networks incorporated monitoring data fine basic network
management, thaossibleextersionsof the new available data and the heterogeneity of the management
decisbns that shall be taken (e.g., radio and cloud resource assignment, per slice) bring this aspect to
another level. Moreover, the increasing availability of machine learning / artificial intelligence
algorithms make the data analytizased network managenteeven more appealing. One of the
innovations of 5@oNArch, referred to aslastic resource controland illustrated irFigure2-5, is to
incorporate such data analytics into the architecture to improve the operation of certain functions, such
as radio resource optimisation and slice selection. Such data analytiod afthfehe data that can be
gathered from the network as a whole (i.e., VNFs and PNFs composing a certain network slice and the
attached UEs). Generally speaking, the nelevantthe data is, the more accurate are the features that
may be extracted frothis dataso their applicability to the overall opfisation.
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Indeed, data gathered from the RAN NFs is probably the most important kind of data that has to be
gathered from a resource assignment perspective. The selected MCS highly depends on #lte Signal
InterferenceandNoise Ratio (SINR) margin of a certain user and have a big impact on the
computational effort induced by the decoding / encoding functions of the RAN.

Data gathering in the RAN could be achieved by means of a monitoring applicatiorgrahtine XSC

that, e.g., gets from the gNB DU information about the used Physical Resource Blocks (PRBs) by each
tenant or the SINR of each usBlovel possible example information elements to enable big data also
for computational elasticity are definedSection3.1.2 Other probes can be placed directly on tenants
controlled VNFs (cVNFs) (e.g. AMF, to keep track of registered users) or directly in the Catibastr
Resource assignment to slices for radio purposes entails taking optimal decision on both the spectrum
assignment to slices, but also on the computational capabilities needed by each slice to encode / decode
data of UE using that spectrum. Therefdmggathering such data, a Big Data analytics component such

as the one defined by ETSI Experiential Networked Intelligence [ETSI ENI] could provide algorithms
for the following enablers defined by 8@oNArch (see more details in [5Gia4.1] and [5SGMDA4.2]):

1 Characterisation of network slices load, in terms of used bandwidth, both in the spatial and in
the temporal component. This can be leveraged for the correct dimensioning of the data centres,
the slice admission control algorithms and irdliae orchestation algorithms.

1 Composability of Network Slices: in order to exploit multiplexing gains of elastic resources
assignment, assessing the degree of complementarity on both the spatial and temporal
dimensions will be leveraged by proactive crosshestratin algorithms. That is, different
network slices may provide high gains in statistical multiplexing, allowing thus for a higher
efficiency in the resource assignment.

Possible examples of how this data can be leveraged for this purpose are availdbM-D4A] and
[5GM-D4.2]. In there, the complementarity of mobile network services is investigated, showing the
level of complementarity on both temporal and spatial dimensions.

While predominantly the data coming from the (core and access) VNFs has Heessad, UEs can
havea more prominent role for data preparation for the network based on past profile -aliveras.
crossslice information they have gathered. As outlined earlier, network analytics can play a focal role
in load balancing and radiesource optimisation at intsdice and crosslice levels. In order to
establish UHnterfacedo the analyticsengines new signalling procedurdgveto be devised between
some crosslice core associated network NFs related to MM and network sliagiseland the RAN

For instance, mobility management data can be communieajedia RRC messages at connection
establishment and / or mobility procedures.

2.2.1.3 Reliability control and security monitoring management

In order to achievéhe RAN reliability levelsneeded for URLLC services, SEoNArch extends the
architecture byareliability control and a security monitoring management (SMm) applicationin

the controller layer, as well as a reliability and a security trust zone VNplanb in the networlalyer,

as further detailed in Secti@n3.1herein and ingGM-D3.1] as well as in [5GMD3.2]. In this regard,

RAN reliability can be improved by eithelata duplication at the PDCP layeror network coding
functions as part of unified scheduley as shown irkigure 2-5. In addition to deploying standalone
implementéions of data duplication and network coding, a combination of such approaches is possible
by means of a hybrid data duplication and network coding scheme, as is detailed HDBEM

The reliability control and management procedure pertaining to tiaeddalication technique is as
follows. In order to support the duplication reliability function, the introduction of PDCP
acknowledgments is envisioned. The PDCP acknowledgments operation is a new approach that was not
included in LTE standards. In LTEastdards, the packet acknowledgment feedback (ACK) sent from
the receiver to the transmitter in order to indicate whether the transmission was correctly received is
carried out in two layers: At the MAC layer by means of hybrid automatic repeat requesDjHz#®RI

at the RLC layer by means of outer ARQ. Given that the RLC layers of the two links involdathin
duplication procedure do not process the exact same packet sequencedataticeiplication case
feedback should be sent with the PDCP packet nidmbeAs a result, duplicate packets can be
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coordinated via specially designed mechanisms at the PDCP layer, ensuring thus that lost packets are
recovered within a limited time interveiGM-D3.1][5GM-D3.2].

2.2.2 Core network components

This section focuss on the5G-MoNArch enhancemestfor the coreNFs in the network layerAs

outlined inAppendix B technical specificatiofBGPPTS 23.501] of the 3GPP Working Group &2

(as standaiidation body dealing with the 5G System Architectutefines theservicebased\Fs and
interfaces as illustrated Figure2-8. Here,alsothe NFs have bedrighlightedwhereenhancements to
theCN beyond arrent developmenia 3GPP based orbG-MoNArch studie$ are envisionethamely

Inter Slice Correlation Function (ISCF), and enhancemestn PCF, NSSF, andNWDAF . The figure

also shows an Application Function AF: it represents a general (unspecified) NF, possibly hosted and
managed by '3 parties, which can interact with other Néfisectly or vianetwork exposureuhction

(NEF) usingSBI and allows customisation of Network Slices as well as tighter interaction between 5GS
and 3 parties (e.g. Network Slice tenants, 5GS users).

(| Baseline NFs (3GPP) ] NSSF [ NEF J [ NRF J

PC
[ 5G-MoNArch NFs ] Tansf TNnef TNnrf TN
N

Baseline NFs with Naust‘ N,ms smf
— ISCF
[ AUSF }

F [ UDM J NWDAF
pcf

TNudm Tandaf

5G-MoNArch
extensions

N1

UE
Uu

Figure 2-8: 3GPP 5Garchitecture and tinctional enhancements in theore network

The crossslice optimisaion includes two aspects: one aspect is related to the interaction between
different layers or parts of the network, the other aspect is related to the interaction between different
sliceat the same layer or part of the network.

To fulfil targets orinterslice context aware optindton(see details in Sectidh?2.]) on the first aspect

the followingenhancements are envisioned

1 Enhancement of NWDAF to collect per slice/cross shiéermation and provide data analytics
to theNFs.
1 Optimisation for slicingandM&O layer based on context awareness

o0 Enable the Control Plane (CP) as walltheM&O layer to close the decisiemaking
loop between the CP and&O layer entities using contd awareness in order to
optimise theMobile Core Networks (CN) operation.

o0 Enhancement of NWDAF to collect information fraw&O layer and maybe also
providefeedback taM&O layer per slice/cross slice.

o Enhancement of NWDAF, NFs, amMiO layerto coordinate the execution of changes
in the 5G systerbased on the feedback provided by NWDAEase of the CPM&O
layerjoint optimisation cases

o0 Enhancement of NWDAF and/or NSSF to collect/ process tersdimagn analytics in
order to improve slice selection and control.

A keyNF here is the NWDAFSG-MoNArch envisions thathis NF should becapable otollecing the

data from theControllerlayer (include the 5GC NFs, AFs) via SBI. It should also be able to collect
information from ando provide analytics data to the management layer, RAN andhée eaclayer

may haveits own implementation of a data analytiesgine which should be ablto interact with
NWDAF at 5GCto support end to end per slice service assurance.
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For the second aspean Interslice coordination, the CP CN architecture solution needs the following
enhancementsee further elaborations Bectior3.2.2):

(1) Enhancement dflF to provide per service traffic flow binding.

(2) Enhancement dfiFs to distribute the service traffic flow binding

(3) Enhancement of PCF to treat per serdogelated QoS profile

(4) Enhancement of network performaresed capabilitiegxposure towards verticals

(5) Enhancement dflFs to perform cross slice optinaigon.
The introduction of enhancements (3) and (4), starting from 3GPP Release 15 as baseline, may be
achieved via alternative solutions. A simple option (quite straightforward to stésdarlvia the
extension of services exposed by PCF, as well as of the mechanisms for such services to be accessed by
NFs, in particular by AF (possibly from®®arties,i.e. Verticals). As far as concerning enhancement
(4), the services to be extended would of course depend on the requirements of the specific verticals
considered. The AF represents the contact point between 5GS and the Vertical, and the extended services
will be tailored to the specific vertical requirements.
The PCF service extensiorae conceived considering 3GPP Release 15 services as baseline,
summarised ifmable 2-3 below. Details can be found in TS23.58%GPP TS 23.502]Section 5.2.5.
The service exposuretép ar t i esd mechanisms is extended upon
as baseline, summarisedTiable 2-4. Details can be found in TS23.502 [3GPP TS 23.502], Section
5.2.6

Table 2-3: PCF Services (3GPP Rell5 baseline)

Service Name Service Operation Example
Operations Semantics Consumer (s)
Npcf_AMPolicyControl Create Request/Response AMF
Update Request/Response AMF
UpdateNotify Subscribe/Notify AMF
Delete Request/Response AMF
Npcf_Policy Authoisation Create Request/Response AF, NEF
Update Request/Response AF, NEF
Delete Request/Response AF, NEF
Notify Subscribe/Notify AF, NEF
Subscribe AF, NEF
Unsubscribe AF, NEF
Npcf_SMPolicyControl Create Request/Response SMF
UpdateNotify Subscribe/Notify SMF
Update Request/Response SMF
Delete Request/Response SMF
Npcf_BDTPolicyControl Create Request/Response NEF
Update Request/Response NEF
Npcf_UEPolicyControl Create Request/Response AMF, V-PCF
Update Request/Response AMF, V-PCF
UpdateNotify Subscribe/Notify V-PCF
Delete Request/Response AMF, V-PCF
Table2-4: NEF Services (3GPP Rell5 baseline)
Service Name Service Operation Example
Operations Semantics Consumer(s)
Nnef EventExposure Subscribe Subscribe/Notify AF
Unsubscribe AF
Notify AF
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Nnef PFDManagement Fetch Request/Response | SMF
Subscribe Subscribe/Notify SMF
Notify SMF
Unsubscribe SMF
Create Request/Response | AF
Update Request/Response | AF
Delete Request/Response | AF
Nnef_ParameterProvision Update Request/Response | AF
Nnef_Trigger Delivery Request/Response | AF
DeliveryNotify Subscribe/Notify AF
Nnef_BDTPNegotiation Create Request/Response | AF
Update Request/Response | AF
Nnef Trafficlnfluence Create Request/Response AF
B Update Request/Response | AF
Delete Request/Response | AF
Nnef_ChargeableParty Create Request/Response | AF
Update Request/Response | AF
Notify Request/Response | AF
Nnef AFsessionWithQoS Create Request/Response | AF
Notify Request/Response | AF

Furthemore [TR 23.786] has defined a set of key issues that are directly address&MyNArch

solutions (e.g., those detailed in Sectié®.1, 3.2.2 and3.2.3 , parti cssded3: QgS fiKey
Support for eV2XikKevyerl sUsuu e n#t7e:r f NMectewo r ka nQll ifAckienyg f
|l ssue #15: Enhancements to assist Application Ad
INnSA2#127bi s, a newdwmiseegasralAiWYEIi cs sIFGaMoNArchstudigsr o po s e
in 3GPP SA2 and agreed that may require enhancement of NWDAF and/or other NFs. In SA2#128,
some key issues proposed and agreed for this use case such as:

T How the NWDAF collects the UEOGs informati on;

1 How the NWDAF uses the data provided by thetdEo analytics and provides the analytics
information to other NFs.

We will detail somesolutions for the above withineStion3.2.3

2.2.3 Management and orchestration components

This sectiondescribes thaovelManagement and Orchestratii&O) components introduced by the
5G-MoNArch architecture. In particular a functional split of the CSM/NSMF/NSSMF M&O entities is
defined presenting several new components with respect to the Bee sectionfurther details the

internal architecture and functions of the management entities tihnapose the overall M&O
architecture.The proposedunctional split is an enhancement with respect of what is currently
standardsed in 3GPP SA5, adding new functions according@MoNArch requirements.

This functional decomposition is intended to hightige-MoNArch novelties that have been defined
working on theMANO relatedenablergsee Sectio.4). In an SBA approach each function offers its
functionality as a service to any autised consumer anyway, in the practical implementation, some
services are used locally and other are esgde other management domains &fure 2-9). It is
important to notice that the model adoptedkBMoNArch for its novelties, thanks to the adoption of

the SBA approach, leads to a very flexible management layer. The interaction among the management
function can be different according to the specific management needs. The orchestration process can be
tailoredand can use theG-MoNArch novel APIs not in a predefined and statiay, but it can compose

the modules as needed.
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Figure 2-9: M&O functional split principle

The E2E Service Management and Orchestraigiayer, detailed with internal functionis depicted

in Figure2-10. The black boxes represent the functions already defined in 3GPP SA5, while the red

boxes represent the novelty functions define&®@yMoNArch.
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Figure 2-10: Breakdown of the E2EService Management & Orchestration blayer

In the followingsectionsgachof the threemanagemenfunctions (CSMF, NSMFandNSSMF)will
be presented with its functional decompositidime Big Data Module is explaineth depthin
Section3.3.5

2.2.3.1 5G-MoNArch communication service management

The Communication Service Management Function (CSMF}akes care of service allocation and
management, also translating the service requirenm@otsmetwork requirements and offering a view
on the service status and performariiease note, that all the functions defined for the CSMF are new
with respect to & defined in 3GPP SAS he functions defined for the CSMF are described below:

1 Communication Service Allocation this function exposes a service to the tenant to request the
allocation of a communication service. This request from the customer triggers a request to the
NSMF for the allocation chnNSI. This function receives as an input gegvice requirement.
Before asking for an NSI the service requirement has to be translated to network requirements
that are the input for the request to the NSMF. The Service Allocation function also exposes a
service for the update of the requirementfiet/a communication service has been requested,
the tenant can modify it updating the service requirements. This function takes care of
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requirement management consuming the service exposed by the Service Requirement
Translation.

T Communication Service Requiements Translation this function translates service
requirements into network requirements. This function is consumed by the Service Allocation
function.

1 Communication ServiceActivation: the allocation of a service is intended to setup all the
requiredinfrastructure to build up the service without exposing it to the end users. This function
takes care of the actual service activation to have it exposed to the customers.

1 Communication Service Analytics: performs network data analytics in order to obtain
analytics at service level.

2.2.3.2 5G-MoNArch network slice management

With reference to theG-MoNArch M&QO layer, theNSMF is divided into thecrossdomain M&O
and thecrossslice M&O.

The crossdomain M&O takes care of the management of a single network sticssathe different
management domains. The function split for this management entity is as described below:

1 Slice Allocation: the slice allocation function takes as an input the network requirements
provided by the CSMF and, also consuming the servicpesexi by the crossice M&O
management entity, reuse an existing NSI or create a new NSI to satisfy the allocation request.
To create a new NSI the network requirements has to be used to create the actual structure of
the NSI in terms of NFs, topology, meectivity and configuration. Esedataare managed in
the Network Slice Blueprint.

1 Slice Blueprint: the function produces the slice constituents/attributes/configuration starting
from the network requirements maybe with the support of predefingalates for specific well
known or standardised slic8he5G-MoNArch Slice Blueprint, that defines the Network Slice
Instance in terms dfFs, their interconnection and configuration according to a specific service
request, will be presented 8ectior4.1

1 NSSI Decompositionithe functiondecomposes the network slice into slice subnets producing
the network slice subnet blueprint for each requNSSI

1 Crossdomain S&R Mgmt.: Slice life cycle optimisations as well as slice configuration and
performance enhancementsuch as (r@configuration and troubleshooting (sékaling),
enabling resilience/ security features in thandgement & Orchestrati layer, usingnter-
slice contextaware optimisationandinter -slice resource managemerenablers described in
Section3.2and Sectior8.3, respectively. In addition, it integrates WiR8a -slice security and
resilience managementunctions presented in SectidrB.1

1 Crossdomain Elasticity Mgmt.: Slice life cycle optimisations as well as slice configuration
and performance enhancements, such as ressealtieg and NF dynamic deployment, enabling
elasticity features in the Management & Orchestration layer, usieg-slice contextaware
optimisation and inter-slice resource managemengnablers described in Secti@® and
Section3.3 respectively. In addition, it integrates WBdmputational and orchestration
elasticity functions described in Sectidn3.2

9 Slice Configuration: once the NSI is deployed, this function takes care ofah&guration of
slice. As anexample, it configures (through the appropriate domains controllers) the
connectivity among the NSSis.

1 Slice Activation: the allocation of a network slice is intended to setup all the required resources
to build up the slice whout having it up and running. This function takes care of the actual slice
activation to have it exposed to the customers to support a communication service.

9 Slice Alarm: alarms management at slice level, filtering and aggregating the alarms coming
from the different slice subnets to provide alarm information and management for a specific
network slice.
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9 Slice Performance Monitoring : performance data management at slice level, filtering and
aggregating the performance data coming from the different sldmets to provide
performance data information and management for a specific network slice.

1 SliceMeasurementJob: measurement job management at slice level. This function transforms
a request of measurement job for a slice into the appropriate measuja@nsdior NSSls that
compose the NSI.
Thecrossslice M&O takes care of the interaction and resource sharing among the deployed NSI. The
function split for this management entity is as described below:

1 Cross slice requirements verification this functionsupports the allocation of a network slice
evaluating if an existing NSI can also support the new requested communication service in terms
of requirements.

1 Cross subnet requirements verificationithis function supports the creation of a new network
slice evaluating if existing NSSlIs can also support the requirement for the slice subnets that are
constituents of the new network slice.

1 Crossslice Elasticity Mgmt.: function dedicated to the CreStice algorithms hostinmter -
slice resource managemergndinter-slice Management & Orchestrationenablers described
in Section3.3 and SectiorB.4, respectively. In addition, it integrates WBHce-aware and
orchestration-elasticity functions described in Sectidn3.2

1 Crossslice S&R Mgmt.: function dedicated to the CreSdice algorithms hostinmter -slice
resource managemenandinter-slice Management & Orchestrationenablers described in
Section3.3 and SectiorB8.4, respectively. In addition, it integrates WB®ssslice security
and resilience managemenfunctions presented in SectidrB.1

The Slice Blueprint, the NSSI decomposition, @ressslice Elasticity/S&R Mgmandall the functions
defined inside the crosdice M&O represent new elements with respect to thé 8efined in 3GPP
SA5.

2.2.3.3 5G-MoNArch network dlice subnet management

The NSSMF manages the network slice subnets that are constituents of a networkGlMeNArch
architecture foresees multiple NSSMFs e.qg. for different domains or technologies. Each NSSMF takes
care of a groups of NFs collected into a management entitydsuenetwork slice that calsobe
sharedamong NSis for resource optiraifon.

Thefunctions defined for the network slice subnet are described below:

9 Slice Subnet Allocation:the slice subnet allocation function takes as an input the network slice
subnet requirements provided by the NSMF and, also consuming the services exposed by the
crossslice M&O management entity, reuse existing NSSls or create new NSSIs to satisfy the
allocation request.

1 Slice Subnet Configuration once the NSSI is deployed, this functiggerforms the
configuration of the NSSI. As an exampleactivates the comjuration of the application part
of the VNFs through the network management domain.

9 Slice Subnet Activation:the allocation of a network slice subnet is intended to setup all the
required resources to build up the slice subnet without having it up andgumhis function
takes care of the actual slice subnet activation to provide the requested network service.

1 NSD Creation: creates the Network Service Descrip{ttSD) for MANO. The NSD is a
template file, whose parameters are following the ETSI MANO specification, used by the NFV
Orchestrator (NFVO) for deploying network services (as combination of multiple VNFs). This
file carries e.g. the configuration parameters, from thialisaion prospective, of the VNFs
that compose a Network Service and the links, in terms of transport network (physical or
virtualised), among the VNFs.

1 5G Security Mgmt.: function dedicated to the Security Mgmt algorithms for slice subnets.

5G Fault Mgmt.: function dedicated to the Fault Mgmt algorithms for slice subnets.

9 Elasticity Mgmt.: function dedicated to the Elasticity Mgmt algorithms for slice subnets.

E|
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1 Slice Subnet alarm: alarms management at slice subnet level, filtering and aggregating the
alarms coming from the different NFs to provide alarm information and management for a
specific network slice subnet.

9 Slice Subnet Rrformance Monitoring : performance data management at slice subnet level,
filtering and aggregating the performance data cgnfiom the different NFs to provide
performance data information and management for a specific network slice.

1 Slice Subnet Measurement bb: measurement job management at slice subnet level. This
function transforms a request of measurement job for a slib@et into the appropriate
measurement jobs for the NFs that compose the NSSI.

The NSD Creation and thgasticity, Security, and Fault Mgnftinctions represent new elements with
respect to the $A defined in 3GPP SA5.

2.2.4 Integrated data analytics framework

5G-MoNArch architecture has an integrated data analytics frameasmkown ifrigure2-2 andFigure

2-3, respectively The framework considers the data analytics capability at the Management &
Orchestration layer, the network layer as well asapplication layer olJE. Each logical data analytic
module is implemented as multiple instances for different use case, and purposes. For instance, the Big
Data Analytic Module in the Management & Orchedioa layer could be implemented as multiple
instances per domains (e.g., RAN M&O data analytics, VNF data analytics, etc.) at different levels (e.g.,
cross/intra domain). Such framework allows for dedicated data analytic module design at different
layers, alsoenabling cros$ayeroptimisation. Details of the data analytics module in the NW layer (i.e.,
NWDAF) and M&O layer (i.e., MDAF) are describedAppendix B

These individual data analytics modules serve at differenspad layes of the architecture. While

each module may need to collect data from other layers for generating data analytics. The analytics
generated by each individual module could also be astgat&e to be collected by other data analytics
modules. Meanwhile, in some use cases, the data analytics generated by different modules also needs to
be coordinated to avoid conflict actions trigged at different part of the architectuzeen forjoint
optimisation. All these needs to have efficient way of communication between these data analytics
modules. Following 5éMoNArchdesign paradigms, we propose to interconniéfetrdnt data analytics
modules with SBI. Below is a list @xampleimplementation of interfacessshown inFigure2-11.

1 Interface 1INWDAF interact with AF (via NEF) using NW layer SBI

9 Interface 2: N1/N2 interface

1 Interface 3: O&M layerconfigure the NF profile in the NRF, and NWDAF collect the NF
capacity information from the NRF

1 Interface 4: MDAF interact with application/tenant using NBI

1 Interface 5: MDAF interact with RAN DAF using O&M layer SBI

1 Interface 6: NWDAF consumes the sees@rovided by MDAF using cross layer SBI

1 Interface 7: MDAF consumes the services provided by MWDAF using cross layer SBI

1 Interface 8: MDAF collects data from NW layer via trace file/monitoring services
Part of this integrated data analytics framework,(tlee interaction between the NW layer and M&O
layer for data collection and analytics sharing) has already been successful brought into 3GPP Rel. 16
[BGPP TS23.288]. Some parts (e.g., UE DAF) are postponed to the later release in 3GPP SA2. And
some partge.g., MDAF, RAN DAF) are recogsed to be important for 5G system in 3GPP. The
individual work has already been trigged in different 3GPP WGs (i.e., RAN2/3, SA5) and the interaction
between them will be defined with the progressing of the work in diff&héGs.
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Figure 2-11: Data analytics framework in 5@oNArch

2.2.4.1 Data Analytics Characterisation

Firstly, we decompose the analytics functionalities in different levels, basedmnoititered parameter
(in case of predictive analytics, this should be the expected paranidtisrgan involve a UE session,
or the resource load/situation in a particular domain, or the application/service operation.

I UE/Sessionrelated parameters These parameters may includes tprediction of the UE
context/behavior to enable the network to better provision the resources. One example can be
the mobility of the user or group of users, which can be used for handover management, or the
prediction of interference that the UE walliffer from/cause in a particular area. One further
example is the prediction of QoS for one or more UEs in a given area.

1 Network-related parameters: Here, these parameters can be grouped based on the domain
they applyto. In RAN, parameters can includestbnes regarding the radio resource conditions
and availability (e.g., average channel quality, load, and interference) as well as the traffic (e.g.,
user density) and other factors in rdale or nonreal time. Intransport / backhaul, the
parameters thacan be estimated concern resource conditions, backhaul/fronthaul (BH/FH)
type, topology, availability, dynamicity, etc. Finally, f@N, some parameters that can be
monitoredare based othe processing load and availability of CN functions.

1 Servicerelated parameters: This category includes the analytics which can be performed at
the application domain (e.g., at terminal or at the application function) and may be used by the
5G network to improve the service operation. One example which is specifi@¥osh¢ing
case, is the prediction of UE trajectory/route, traffic conditions, or expected Level of
Automation (LoA) for a particular area.

1 Managementrelated parameters: This category includes Performance Management (PM)
and Fault Management (FM) analgias introduced in 3GPP SA5. Thigt ofparametes may
considerthe current slice/subnet performance and statistics on, e.g., radio failures and will
provide analytics to MDAF.

1 Cloud-related parameters: This includes the cloud processing parameters, tegylpad and
availability of computational resources, which nadiectthe decision for virtuaaion of NFs
to cloud platformsln a distributed cloutbased architecture, the above categories of parameters
may be deployed on demand in edge or core cfdatforms. Given the tight latency and
reliability requirements of some virtuséd NFs (e.g., in RAN domain), performing analytics
on the estimated computational resource load/conditions is of key importance for performing
actions, like offloadinghe processing load to other cloud processing units.

Granularity of analytics

Realktime: The analytics can be performed in r8ale operations (e.g., channel prediction in ms time
scale); however, this is more challenging task due to the fact that addpimealssing might be
required,and the overhead may affabt performanceOne possible enabler for teéme analytics is
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the automation of RAN functionalities which correspond to user sessions, as well as resource
optimisation. Analytics on the perfornmae fluctuations in RAN (e.g. SINR distribution over a given
time window) can allow for practive scheduling which may be essential for URLLC type of traffic.
Table2-5 adds some example parameters that can be monitored/predictedraahtime.

Near-real time / Non-Real time: In this case, the analyticare performed in sec/min/hour time scale

and may appl to certain types of prediction (e.g., load distribution in a geographical areaRANO
[ORAN], nearreal time operations have been defined to capture operations like QoS management,
traffic steering, mobility management which may be sdymamic (e.g.100s of ms timescalejable

2-5 adds some example parameters tiagt be monitored/predicted in nozal time.

Type of analytics
There are differenttypes of analytichat can be useful for the networ
on stages of data analy§12]:

1 Descriptive Analytic§ Explaining what is happening now based on incoming data.

9 Diagnostic Analytic§ Examining past performance to determine whapkapd and why.
1 Predictive Analytic§ An analysis of likely scenarios of what might happen.

1 Prescriptive Analytic$ This type of analysis reveals what actions should be taken.

2.2.4.2 Integrated Analytics Architecture

In order to allow this overall concept t@ye some real impact in Mobile Networks, 5G Monarch
devoted efforts to promote this concept in 3GPP staisd#tioth. The process of pushing the overall
integrated analytics architecture concept into standard had to be broken down in steps. In a first momen
the focus of the contributions was to introduce in 5G networks (from Rel. 16) the capabilities of:

1 AFs and the NWDAF (a CN function) to interact for analytics exposure from NWDAF to AFs
and for data collection from AFs to NWDAF. This interaction is genfed via an intermediary
CN Function called NEF (Network Exposure Function) as AFs from external parties are not
allowed to directly interact with any CN Function except the NEF.

1 NWDAF and OAM to interact for allowing direct data collection from OAM by N¥AF.

A series of contributions to 3GPP SA @mablers for Network AutomatiorellA) Study Item
(documented in 3GPP TR 23.7RRGPP TR 23.79)]and most recently in the normative phase of eNA
(documented in 3GPP TS 23.28&PP TS 23.288have been succesllly delivered and accepted by
3GPP as listed iTable 2-1. This is the first step towards the architectural enhancements to allow
integrated analytics architecture among AF, CN/ANdOAM.

To this end,n this section, we investigate the novel pisgubintegrated Analytics Architecture in detalil

Apart from NWDAF and MDAF, the functionalities which can be defined as necessary parts of the E2E
analytics design framework, as showrFigure2-12, are the following:

AF-DAF and DN-DAF: Outside the 3GPP 5GS, there are two relevant domains where additional data
analytics functions can be deployed. In the DN, the network operator or the vertical can place functions
that pravide data related to service or performance of3GRP networks (e.g., metropolitan wide area
networks, WANS) to other DAFs within 5GS or OAM domain. AFs or dedicate®AFs can interact

with CN-domain NWDAF, either via 3GPP Network Exposure FunctionRN& via an intedomain
message bus as depictedFigure 2-12. AF-DAFs enable the operator to deploy on demand new
functionality custorised for AFdomain requirements, or the vertical to perform analytics that can
support the E2E service operation. Thas prove highly beneficial for vertical industries like 110T and
V2X, where the vertical requires exposure of selected data from 3GPP network operation, a higher level
of control of the network, as well as flexibility of deployment.

RAN-DAF: Realtime anajtics are required for improving RAN NFs, like radio resource management.
Since the RAN need to provide fast decisions, the analytics based on the processingiroé real
measurements may need to stay local for apiimg performance dynamically. Also, tieeare the
business aspects, which may involve different stakeholder among RAN, CN, and OAM. So, the storage
and analysis of radicelated measurement may not be available at CN or OAM. An example deployment
of such functionality is shown in [PMM+19], wheemore complex RAN deployments with €U

Versionl.0 Page42 of 165



5G-MoNArch (761445) D2.3Final overall architecture

splits, better motivate for such functionality. Here, different options for performing RAN analytics may
be examined. Either RAIWAF will be a Control functionality at RAN or it can be a management or for
some impémentations as a SON functionality. With the proposed SBA as envisioned for both control
and management functionalities, for both implementations of /RAR, the interface will be via the
inte-domain message bus interface.

[ omoaF | [ o-mpaF |

Inter-domain message bus

@]
Other domain message bus

()
AF-domain message bus

OAM-domain message bus

:
_FM

OAM System

AF

AF Domain

Data Network
[ve

L F1

NG-RAN

3GPP5G System

Figure 2-12: Integratedanalyticsarchitecture

Intra - and inter-domain message buseprovide the functionality for registration, discovery, and
consumption of services within a domain or across domains. Service registration andrdgoagis

allows a service catalogue function to maintain an updated list of services available for consumption.
Service discovery functionality allows to retrieve available services, refer requesting consumers to them
and provide the means to access theanvie consumption functionality allows consumers to invoke
services, e.g., by automatically routing requests and responses between service consumer and producers.
This may include platfordike functionality, such as, load balancing, failover, securitgssage

delivery rules, or protocol conversion / adaptation, and exposure of services to tleimndém message

bus and its service catalogue.

Given the types of analytics and the proposed architecture enhancements (which are further elaborated
in [PMM+19]), Table2-5 provides some exemplary functionalities which can be defined and configured
based on different slice requirements and network condiffmmsexample, for some refiine analytics
regarding pameters like UE mobility, wireless backhaul and access resource conditions/availability,
as well as parameters for certain critical service typas,(URLLC and V2X), the deployment of
analytics function in RAN domain could help providing more sophistecand servicéailored RAN
optimisaion mechanisms in very short tirseale granularities and with minimum signalling overhead.

Table 2-5: Analyticsfunctionality placement and classificatiofPMM+19]
Parameter Type Placement Time-scale

A. UE-related Mobility Prescriptive RAN-DAF Realttime
parameters Analytics
Descriptive AF-DAF
Analytics ,
Predictive Analytics
Interference level Predictive RAN-DAF Realtime
Analytics,
Prescriptive
Analytics
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UE QoS

Diagnostic
Analytics,
Predictive Analytics

NWDAF

Prescriptive
Analytics

AF-DAF

Realtime / non
real time

B. Network
related
parameters

Radio Resource
Situation (conditions,
usage, availability)

Diagnostic
Analytics,
Predictive
Analytics,
Prescriptive
Analytics

RAN-DAF

Realtime / non
real time

Traffic / Load
Situation

Diagnostic
Analytics,
Predictive Analytics

NWDAF

Prescriptive
Analytics

MDAF

Non-real time

Backhaul Conditions |
Avalilability (e.g. BS
neighbourhood

Descriptive
Analytics ,
Predictive Analytics

RAN-DAF

change)

Diagnostic
Analytics,

NWDAF

Prescriptive
Analytics

MDAF

Non-real time

Cell Density

Diagnostic
Analytics,
Predictive Analytics

NWDAF

Prescriptive
Analytics

MDAF

Non-real time

Network QoS

Diagnostic
Analytics,
Predictive Analytics

RAN-DAF,
NWDAF

Prescriptive
Analytics

AF-DAF

Realtime / non
real time

C. Service
related
Parameters

New / Modified Slice

Prescriptive
Analytics

UE, AF-DAF

Realtime / non
real time

NW assistance (for
V2X)

Predictive Analytics

RAN-DAF,
NWDAF

Prescriptive
Analytics

AF-DAF

Realtime / non
real time

UE Route / Trajectory
(for V2X)

Prescriptive
Analytics

AF-DAF

Realtime / non
real time

Level of Automation
Change (for V2X)

Prescriptive
Analytics

UE, AF-DAF

Realtime / non
real time

related
parameters

D. Management

PM

Descriptive
Analytics,
Diagnostic
Analytics

MDAF

Non-real time

FM

Descriptive
Analytics,
Diagnostic
Analytics

MDAF

Non-realtime
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3 5G-MoNArch Enabling Innovations

Deliverable D2.1 [5GMD2.1] and D2.2 [5GMD2.2] haveprovided a gap analys(sf., Appendx A)

with respect to ongoing 5G system architecture design efforts in the industry and academia, as perceived
from the5G-MoNArch. As presented i€hapterl, 5G-MoNArch contributions are based on innovation
elements, each one composed of one or more enablers and grouped into three fundamental enabling
innovations:itelco-cloud enabld protoool stack inter-slice control and managemgmndexperiment

driven optimisation

The pr ogalkedinndvationslementand enablefsas outlined in the following sections aim at
enhancing, extending, and modifying tB8etA 5G architecture concepts in order to close these. gaps
Each section wiltherefore detail thannovation elementighlight the novities of the concept, describe

the involvedNFs of the overall architecture (existing and novel NFs, cf. Cha)tand describ the

work flow (usingMSCsg to realise the innovation3.able 3-1 depicts an overview of the innovation
elementsand enablersas well agheir mapping to involved NFs and layer(s) of the overall architecture.

On this basisTable3-1 together withTable2-2in Chapter2 provide an overview the interrelations of

the 5GMoNArch enablers and imvation elements within the 5®oNArch overall architecturéable

3-1 presentglso thephysical layer interaction of 5GloNArch enablerSnnovation elementfor two

main purposes such as collection of measurement reports-andfiguration for variougparameters

(e.g, for performance improvement and satisfying slice requirements).

Table 3-1: Mapping of enabling innovation,innovation elementsenablersand their Physical Layer
Interaction to the5G-MoNArch overall architecture layers

Enabling Innovation Enablers Involved/affected Physical Layer
Innovation | elements novel 5GMoNArch | Interaction
components and
interfaces from the
5G-MoNArch
overall architecture
Telcocloud Telcocloud Controller layer Elastic VNFs
aware protocol | enabled protocol | functionsand requires adaptive
design design selected UP VNFs il Physical layer
Network layer processing based o
the available CPU
Cloud resources
enabled Telco-cloud Telco-cloud RAN-level UP (and | No explicit
protocol aware interface | aware interface | CP) VNFs, Xn and | interaction
stack design and design and F1 interfaces,
requirements requirements Network layer
analysis analysis
Terminatlaware | Terminataware | RAN-domainCP No explicit
protocol design | protocol design | VNFs and interfaceg interaction
incl. F1
Inter-slice context| CN-level UP and CH No explicit
sharing and NFS, M&O layer interaction
Inter-slice Inter-slice optimisation functions
Inter-slice CN-domain CP NFs| Requires flexible air
control and | Contextaware L X )
managemen| Optimisation coordination §erV|cebased mterface where
interfaces, Network | physical layer
layer parameters eMBB
and URLLC slice

5 As illustrated in Chaptet, a 5GMoNArch enabling innovation consists of one or more innovation elements,
where an innovation element can be carded by one or more enablers depending on the needed level of

granularity for designing the innovation element.
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can be tuned for
resource efficiency

Terminal
analytics driven
slice selection /
control

CN-domain CP NFs
(AMF, NSSF,
NWDAF), interfaces
to UE and ItfX to

No explicit
interaction

M&O layer
Slice-aware Inter-slice RRM | RAN (Inter-slice Requires physial
Functional for Dynamic TDD | RRM, IM, and layer parameters an
Operation in Scenarios Unified Scheduler) | measurements
RAN Contextaware RAN (Dynamic Requires frequent
relaying mode RAN Control Unit at| measurements from
selection RRC), M&O Layer | backhaul, access an
(Crossslice M&O) | direct links
Sliceaware RAT | RAN-domain CP Requires Physical
selection NFs, Network, layer measurements
Controller and M&O| related to the two
layer as well as RATs
associated interface
Inter-slice RRM RAN-domain NFs, | Requires
using the SDN XSC/ISC and measurements such
framework applications, as current radio
. Network layer, resource status and
Inter-slice Controller layer, channel feedbacks i
resource interfaces: NBI, the particular time
management SoBl, MOLI interval decides by
the InterSlice RRM
algorithm
Big data analytics| CN (NWDAF), Requires
for resource M&O layer (Cross | measurements such
assignment slice M&O) as PRB usage,
allocated MCS and
channel quality
reports
Framework for NSMF (Crossslice | No explicit
slice admission | M&O), NFVO, interaction
control M&O layer and
respective interfaces
(e.g., OsMa-Nfvo)
Framework for NSMF (Crossslice | No explicit
Inter-slice crossslice M&O), NFVO, interaction
Management & | congestion contro| M&O layer and
Orchestration respective interfaces
framework (e.g., OsMa-Nfvo)
Sliceadmission | NSMF (Crossslice | No explicit
control using M&O), NFVO, interaction
genetic optimisery M&O layer and
respective interfaces
(e.g., MOLI, OsMa-
Nfvo)
Experiment ML.-basepI ML_—bgseq ' RAN-domain VNFs | Requires various
driven op'tlmlsatlon optimisation using (CP and UP), parameters _such as
optimisation using an an extended Network layer MCS allocation and
extended
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FlexRAN
implementation

FlexRAN
implementation

channel quality
reports

Computational
analysis of open

Computational
analysis of open

RAN-domain VNFs
(CP and UP),

Requires MCS
allocation report for

source mobile | source mobile Network layer deciding
network stack | network stack computation
implementationg implementations resource
requirements
Measurement | Measurement Higherlayer RAN No explicit
campaigns on | campaigns on the| VNFs (CP and UP), | interaction

the performance
of higher layers

performance of
higher layers of

Network layer

of the protocol
stack

the protocol stack

The presentation of thennovation elementss structured usip the three enabling innovatiotelco
cloud-enabled protocol stackSection3.1), experimendriven optimisation(Section3.5), andinter-
slice control & managemenwhere the latter is split into three sglmupseach representing an
innovation elementnamely intesslice contextaware optinsation (SectiorB.2), interslice resource
management (Sectidh3), and interslice management & orchestration (Sectof).

Thetwo enabling innovationtelco-cloud-enabled protocol stk andexperimenddriven optimisation
have a specialole sincethey do not follow the classical approach of designingFafor a specific
purpose, e.g., optimisation of resource utilisatiRather, they propose a completely new approach to
system architeture design. While the former focuses on minimising efosstional dependenciés.g.,
telco-cloudready function and interface designs in the RAINE latter uses observations and results
from operational networks to enhance the architecturetenbehaviourindividual NFs(e.g., resource
orchestration algorithms used in the M&O layd@rherefore, these innovations do not always have an
immediate representation in the functional architecture.

3.1 Telcocloud-enabled potocol stack

The expected advantages brought by a clenabled protocol stack desigre backed byhe relative
maturity of current software initiatives (such @pen Air Interface]OAIl] or SRS LTHSRSLTH) and

the recent increase in the pace of their upddfeseover, thisalsoprovides themotivation and the
means for researels to investigate possible enhancements of technologies that drdyebeen
available in ratheproprietary manner in the past, such as, cellular radio protocol implementations

In future, wlly softwaised and cloudified mobile networks will necessarily build on clawgre
protocol stacks. Both network management and the resulting overall performance will benefit from
making VNFs aware of being executed on shared resources by meansalitaiitm environments

such as virtual machines or containers. In this section, the main challenges to achieve thagerision
discussedwhile and describing possible implementations of functionality that builds on this- cloud
awareness.

This approach enia two main challenges, namely (i) redefining the interactions between VNFs,
relaxing as much as possible their temporal and logical connections, and (ii) support an elastic operation,
to efficiently cope with changing input loads while running in arasthucture of resources that is not
overprovisioned.The functional requirements of these novel design stratemiesdetailedn what
follows, before discussing why they will also require the formal definition of nigiad$ cf. [SGM-

D6.1].

Given the higtlexibility provided by the NFV approach, the deployment of such ckwdre protocol

stack does not have a direetgativemplication on the provided telecommunication service per se. The
re-definition of the interactions among VNFs allows for a moggilile service orchestration, while the
re-design of VNF internals may be easily provided by a code refactoring in a much faster way than the
current tightly coupled HWSW PNF approach. While having a cleaware protocol stack will benefit

any kind of tebcommunication service, this may be particularly relevant for the extreme ones. For
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example, a mission critical VNF can be opsed to reduce its memory footprint, while low latency
services may exploit especially tailored orchestration patterns invadigg computing facilities.

In the following, we describe the teletoud enabled protocol stack in desaHirst, in Section3.1.],

we explain the 5/10NArch approach to the teledoud-aware protocol desigithen, in Sectior3.1.2

we discuss the architectural aspects of such new paradigm. In partieufacus on the orchestration
aspects and how the i) CPU consumption of the different modules shall be considered by the
orchestration and ii) how the maximum allowed delay betvwbem impose orchestration choices.
Finally, we discuss the teledoud-enabled extension from the UE mobility perspective, and how group
mobility can substantially improve the performance of the core network functions.

3.1.1 Telco-cloud-aware protocol design

Concept

The approactdescribed in above providesveral advantages, as it allows heterogeneous deployments
for different services (i.,emMTC andeMBB), which are tailored to their specific requirements. For
example, depending on the latency, bandwidth,arma/mputational requirements of the service, it may

be better to locate certain VNF towards the edge of the cloud rather than in a central location. How to
place VNF across the cloud is a network orchestration problem, which is constrained by thtosplit in
modules described above. However, this typical NF decomposition for the RAN protocol stack was not
designed for its cloudification, and therefore the potential gains are limitéslissueis discussedh

more detailin the following Also, the deploymnt of VNF in computational resources constrained
environments, such as edge clouds, takes advantage of this enabler.

One key assumption of network stack designs is that certain functions are implemented in the same
physical space, e.g., within the samé@dlmaybe on a different chip, but surely on the s&wé. So,
nonrideal links with nomegligible delays are a problem for physical network elements that need to be
decomposed into sevendFs. Interfaces among them, thus, were designed considering cicatiam

links spanning some microns of silicon, and not several milebrefas in the case of, e.g.;KRAN.

In this way, the possible intglependencies between these functions are overlooked, as the delivery of
information between them is practicalipmediate. However, as argued above, to fully benefit from a
networkwide orchestration of a cloudified stack, VNF should support their execution on different
nodes. But the design of traditional protocol staclkesdot support such flexible placement diiF, as

those with heavy intedependencies may introduce very high coordinatieerheads omay not be

even possible due to infeasible network requirements. These limitations severely constrain network
orchestration, which compromises the overall gains obtained from the flexible function allocation. This

is flagrant for e.g., the introduction céntraised RAN functions, where long delays in the information
exchange between radio access points and the central cloud result in serious performance deterioration.

Position in5G-MoNArch architecture & Protocol Implications

Because of the above, thdlfprotocol stack (and, in particular, the RAN) has to bdasigned with

the goal of leveraging the benefits of the flexible function decomposition and allocation, so as to cope
with nonideal communication (i.e., nexero and varying delay, limited tiughput) between the nodes

in the cloud. Specifically, a clouaware protocol stack should relax as much as possible, or even
completely remove, the logical and temporal dependencies between VNF, such as very tight timing
constraints for the HARQ, to enabtheir parallel execution and provide a higher flexibility in their
placement.

One of the most immediate and appealing advantages of a cloudified network is the possibility of
reducing costs, by adapting anedistributing resources following (and eventiaipating) temporal and

spatial traffic variations. However, it is also likely that in certain occasions the resource assignment
across the cloud cannot cope with the existing traffic due to some peaks of resource demands. This is
particularly true for @RAN deployments, whiclhave to deal with demand loads known to be highly
variable. In this scenario, allocating resources based on peak requirements would be highly inefficient,
as this design jeopdsts multiplexing gains in particular when cloud resesrmay be scarce (e.g., a
"flash crowd" at an edge cloud): here any temporal shortage might result in a heavy congestion or even
a system failure. VNF, instead, shall efficiently use the resources they are assigned with. Thus, they
have to become elastice., adapt their operation when temporal changes in the resources available
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occur, in the same way they have a l@stablished manner of dealing with outages such e.g. channel
errors. Therefore, to fully exploit the benefits of softsiag the networloperation, theNF design has
to take the potential scarcity into account and be prepared to react accordingly.

This enabler does not have a direct implication orbtB&10NArch architecture pese, but it provide
the fundamental building blocks (i.e., c¥8l and uVNFs) on the network layer, that used by the
controllers and M&O to achieve elasticity or resilience.

However, @abling Telcecloud aware protocol stack means to desigecific interfaces that gather the
resource utisaion of a given functio at any time. That is, thugh the controllers for RAN functions

the MANO shall be able tget precise information about the resourcasatibn of each VNFs running

in a specific container / VM. Information such as memorysatibn or CPU utilsaion, possibly broke

down into specific function utikation (i.e., encoding or decoding functions)lso, the amount of
available resources shall be communicated to the VNF itself, through system parameters that are
configured by the controllers or the Elamd&lanager of the VNFs.

Evaluation andanalyses

In the context of wireless communications, the concept of elasticity usually refers to a graceful
performance degradation when the spectrum becomes insufficient to serve all users. However, in the
frameworkof a cloudified operation of mobile networks that has to deal with elasticity under resource
shortagesalsoother kinds of resourcaseed to be considerddat are native to the cloud environment

such as computational, memory, and storage assets available to the containers the VNF are bound to.
This has hardly been a problem for traditidN&ls, that were designed to run over a givN substrate

with exclusive access to the resources and requires the definition of novel interfaces that will provide
the amount and type of available cloud resources at a given point in time, just like, e.g., the accessible
spectrum is a parameter for a RAN function.

Elasticity has also been considered by AGKF cloud operators, buhe presentedoncept deviates

very much from theirs: the time scales involved in RAN functions are significantly more stringent than
the ones required bg.g., a Big Data platform or a web serfiackend. Another key difference is that
resources are way more scatterethim presentedcenario (e.g. they are distributed across the "edge
clouds"), which reduces the possibility of damping peaks by aggregating resources.

To better illustrate the befies of elasticity in the cloudified mobile network operation context, firstly
the notion of fAcomputational outageo is consider
perform the expected operation. In a traditional -ael@stic operatiorthere is a 4o-1 mapping between

outages and performance loss Figure 3-1 illustrates: if the resources are not available 20% of the
time, theres a 20% performance degradation, as the function is unable to operate under any shortage.
In contrast, an elastic design supports what hereafter is referred to as graceful performance degradation,
which causes that the VNF would still work under a resmstwortage (with reduced performance,
though), this resulting in the "gains" qualitatively illustrated inRlgaire3-1. Making a protocol stack
cloud-aware through elastic VNF requires hence a paradigm shift in their design, moving away from the
tight HW-SW codesign as discussed before, to a flexible operation in which the amount of available
resources is an additional parameter.
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Figure 3-1: Telcocloud-aware (elastic) VNF operatiorillustrative)
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To fully take advantage of elastic VNF, a detailed analysis of their operation is required: first, a thorough
assessment of the resources consumed daxkegution, including statistics about temporal variations
over time; second, a charadsation of the correlations between VNF operations, to serve as input for
the orchestration algorithm, so it could e.g. dynamically assign resources to resilientndNfesckly
"rescue" them when outages happen. Indeed, the quest for cloudification will end up with novel
orchestration algorithms. Specific algorithms are defind8@M-D4.2], but the oerall operation can

be generalisd as depicted iRigure3-2.
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1 1
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SoBi | Controller MOLI | | vm/ciM NFVO !
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Elastic configuration parameters
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Re-orchestration request
(via MOLI inferface)

Re-orchestration grant
(via MOLI inferface)

F 3

New resources available

Figure 3-2: Telco-cloud-aware protocol stack operation for elasticity

3.1.2 Telco-cloud-aware interface designand requirements analysis

Concept

Besides the novel design of elastic VNFs, one of the most challenging tasks to introducecaaided

RAN protocol stackis to derive requirements regarding the interface among VNFs which include
separated RAN functionalities such as the MAC scheduler, or PHY layer procedures. Itis also for further
study to what extent the RAN protocol stack can be cloudified. Especiale iIMAC and PHY layer
delay requirements and interdependencies among functions are critical.

A first study related to these targets and challenges is presented inp8@W The basic architecture

to introduce a cloud enabled protocol stack is illusttanFigure3-3. On the one han@n extension to

3 GP P & snd K1 interfaces to provide much higher flexibility is required as well as extensions
regarding the transport protocol to interconnect multiple,, @mntainers among multiple physical
machines is needed. The yellow boxes represent the sedanvironment of theither CP or UP
functionality illustrated as blue boxes. One of the majocaming tasks is to derive subgroups of
functionalities dependent on the limitations defined by acceptable additional delay and
interdependencies of functionalities which then will be viiseal.

Position in5G-MoNArch architecture& Protocol Implications

Telco-cloudaware interface design affects th&-MoNArch RAN functions and interfaces. It mainly
analyses UP functions, but also potential interdependencies of @&rstilons are covered. Moreover,
the proposed concept affects the interfaces Xn anaskdefined by 3GPP for Release 15. InSf3e
MoNArch context, both interfaces reside in the Network layer.
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Figure 3-3: Cloud-enabled protocol stack architecture

Novel F1 information elements consideringbmputational resources
The F1 interface interconnects CU and DUs within a gNB, as specififg@iGRP TS 38.401 The
corresponding F1 application protocol (F1AP) is specifig@@®PP TS 38.4793

As stateof-the-art techniques in 5G NR, centisdd radioresource coordination or load balancing can

be performed based on information exchange between gNBs, CUs and DUs. This can be applied by
means of the X2 application protocol (X2AP), as specified3@PP TS 36.4733and the XnAP
respectively, specified iH3GPP TS 38.4J0and [SGPPTS 38.423. This requires an RRM
functionality/algorithm placed at a central entity which could be represented by either a master gNB or
Cu.

The first CU/DU split option that is specified by 3GPP introduce a split between PRIFLE layer,

as described in Option 2 in Section 11.1.136%PP TR 38.8(1 This means that PHY, MAC and RLC

will be located in the DU while PDCP and SDAP plus RRC will be located in the CU, SDAP for the
user plane protocol stack and RRC for the comtianhe protocol stack.

To support balancing or coordination under consideration of computational resource requirements
between CUs and DUs for gNBs, e.g. in a telco environment comprising sedteatd edge clouds,

the F1 interface as well as the-Xninterface need to carry additional information about computational
resource usage, such as for example CPU, memory, and network interfagéutil

An extension of the interfaces between DU and CU is essential for the consideration of computational
resouces in addition to traditionally considered radio resources as additional KPI. Tibationmil of

such status reporting regarding the computational resourgsgtigil of individual entities within the

DU (e.g. PHY, MAC, etc.) can yield significant perfaance if combined with corresponding parameter
adaptation algorithms within the CU.

An extension of additional information elements for both F1 andCXmterface regarding
computational resource usietion is described in the following

Based on the sp#ied structure iN3GPP TS 36.433ulxlause 9.2.117, a possible solution to extend
NG, F1 and XrC with additional information elements, regarding the consumption of computational
resources might be defined, Bable3-2 shows
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Table 3-2: Novel information elements for communicatioaddressingcomputational resource

utilisation
IE/Group Presence | IE Type & | Semantics Description
Name Reference
ID® M
CPU M BIT Each bit string combination represents a threshold
utilisation STRING related to the CPU utilisation used by the gNB, CU/D
information (4¢é) respectively.

The length of the bit string is an integiafined based
on the necessary number of thresholds defined.
The CPU utilisation information is
continuously/periodically reported.

Memory M BIT Each bit string combination represents a threshold
utilisation STRING related to the memorytilisation used by the gNB,
information (4¢é) CU/DU respectively.

The length of the bit string is an integer defined base
on the necessary number of thresholds defined.
The memory utilisation Information is continuously

reported.
Network M BIT Each bit string combination represents a threshold
interface STRING related to the network interface utilisation used by thq
utilisation (4¢é) gNB, CU/DU respectively.
information The length of the bit string is an integer defined base

on the necessary number of thresholds defined.
The network interface utilisation Information is
continuously reported.

Storage M BIT Each bit string combination represents a threshold
utilisation STRING related to the storage utilisation used by the gNB,
information (4¢é) CU/DU respectively.

The lengh of the bit string is an integer defined basec
on the necessary number of thresholds defined.
The storage utilisation Information is continuously

reported.
Measuremen| M BIT The bit string encodes a time window that has been {
Time STRING for the measurement of the computational resource
Window utilisation by the gNB, Cu/DU respectively.

The values range from one TTIto N_max TTIs
Time Stamp | M BIT The bit string encodes a time stamp that indicates thg

STRING start of the time window that has baesed for the
measurement of the computational resource utilisatid
by the gNB, CU/DU respectively.

The bit string could encode an absolute time value in
synchronised radio access network, or a TTI number
according to the e TTI numbering scheme applied fo
5G NR

51D may be either the NR Cell Global Identifier (NCGI), gNIRJ ID or gNB Identifier (gNB ID) dependent on
the unit to send/receive the nouaormation elements ([3GPP TS 38.300] subclause 8.1, 8.2, [3GPP TS 38.401]
subclause 6.2.1, 6.2.2)
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Estimated M BIT Each bit string combination represents an estimate o
first moment STRING first statistical moment of the processing time used b
of the (4¢é) the gNB, CU/DU respectively.

processing The length of the bit stng is an integer defined based
time on the necessary resolution. The moment estimation
distribution continuously reported.

Estimated M BIT Each bit string combination represents an estimate o
second STRING second statistical moment of the processing time use
moment of (4¢é) the gNB, CU/DU respectively.

the The length of the bit string is an integer defined base
processing on the necessary resolution. The moment estimation
time continuously reported.

distribution

The novel information elements introduced Trable 3-2 could additionally be used for the
communication with a data base as a virtual element for the computational resoisagontibf
individual functions within a gNB or eNB. This computatibrelasticity data base (CEDB) and the
corresponding interfaces to CU withengNB are shown irFigure 3-4. The interface (CEC) will
facilitate the spport of advanced control algorithms for computational elasticity by means of having a
common data base for all controlled entities (functions within CU and DU) and entities control the
computational resource usiftion of these controlled entities. Suatcontroller could for example be
located in a CU that controls the computational resourasaith of multiple DUs within the same
gNB. It would furthermore be possible to control the computational resourisetiatii of multiple CUs
and/DUs in diffeent gNB by a single computational resource master controller within the CU of a
master gNB.This could also be relevant in case of an edge cloud deployment with multiple gNBs
without having a master gNB.he CEDB can furthermore be extended with additiamarfaces that
provide access to it for processes running outside the gNB or eNB hosting the CEDB.

5GC

e

I
gNB Xn-C | gNB CE-C
t eNB-CU | CEDB

ING-RAN

Fl1 TF1

gNB-DU gNBDU

Figure 3-4: Overall NG-RAN architecture with CEDB extension

Entries in the CEDB could for example comsp:
1 gNB identifier (QNBID)

1 Location of that function within the N®AN (FN-LOC) (e.g.,CU or DU)
1 Function identifier (FNID) (e.g. downlink resource allocation)
I Time stamp
 Time window
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1 Current computational resource igi@tion of that function (FNCRU) (e.g, CPU andnemory)
The first three entries represent a unique identification of a specific CU or DU within the radio access
network. The time stamp indicates for each entry when it has been updated last time, and the time
window indicates the duratioover which the computational resourceistion was measured. The
third part indicates the computational resourcasation for the specific function with the indicated
time window.

Latency requirements analysis

An important factor regarding the CU/D4glit is the latency requirement for the interface between these
units. Specific requirements have already been discussed at 3GPP within the scope of a study item
[BGPP TR 38.801]. Together with contributioB&PPR3-161813] and3GPPR3-161784], the repo

provides estimations for the allowable latency between different functional split options.

The analysis in thisectionprovides a more detailed evaluation on how the latency between suggested
split options affects the UE throughput and the stabilify an exemplary virtuéded eNB
implementationAlthough, a virtuaked eNB instead of a gNB is used for the experimentation due to
the availability of opersource protocol stacks, the findings are relevant for the gNB as well, thanks to
the similar protoclbstack structureSpecifically, interface latency values that may lead to a system crash

or perceptible degradation in the throughput performance depending on different CU and DU split
options. Figure 3-5 shows the investigated splits options for CU and DU functions based on the
definition in [3GPP TR 38.801].

The processing time evaluation conducted during the performance study is based on the moment
estmation related information elements describe@able3-2.

—» RRC & Data } » PDCP } > RLC } > MAC } *  High-PHY } »  Low-PHY [—*

k.

3GPP Option 1 3GPP Option 2 3GPP Option 4 3GPP Option & 3GPP Option 7
Figure 3-5: Functional split options within thedownlink transmission chain

The corresponding functions have been identified in the testbed based on srsLTE [SRSLTE]. In order
to emulate the different functional splits, additional latency has been introduced before or after every
function call in orderto model the corresponding interface latency. The information in [3GPP TR
38.801] provides the maximum allowed latency for different functional splits as siseamiar Table
3-3.

Table 3-3: Mapping Split options to srsENB functions

3GPP split option | SrSENB function delay location Maximum allowed latency
according to 3GPP TR 38.801

1 before downlink PDCP functio 10 ms

2 after downlink PDCP function 1.5~10 ms

4 before downlink MAC scheduler approx. 100 us

6 before downlink PHY encoding 250 us

7 after downlink PHY encoding 250 us

Table 3-4 describes the system parameters which were used for this evaluation. Here it has to be
consideredhat these assumptions differ from the ones specified in [3GPP TR 38.801]. The latter consist
of 256 QAM, 8 MIMO layers and 32 antenna ports, which are currently not supported by the testbed.
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Table 3-4: System parameters for latency requirements evaluation

Parameter Value

Central frequency 2660 MHz

System bandwidth 5and 10 MHz

Modulation 64QAM

Number of antenna ports 1

Number of PHY threads 1

Traffic generator 1200 and 2500 bytes for 5 and 10 MHz bandwidthlpectively
with 1 ms mean time between two sent packets (exponential
distribution)

Every measurement duration| 10 seconds

eNB host machine CPU Intel Core i76700K with 4 GHz x 4

The flowchart inFigure3-6 shows the automated measuesnprocedure. The configuration for a test

run of the system comprises a specific latency for the modelled CU/DU split interface, a packet size for
the traffic generator. Every test iteration runs for a predefineaberof seconds.

The srsENB, srsUE anthe srsEPC processes are running on different hosts connected via a 1 Gb/s
Ethernet interface. After each system test run, the latency is increased until it either reaches a configured
maximum latency or the eNB stops working. The latter is most criticdh& lower layer split options

when the eNB is unable to process subframes (transmission time intervals) in one millisecond.

The evaluation shows that for the higher layer split options (3GPP Options 1 and Option 2), the increased
latency does not lead & crash of the eNB, even for high values of the additional latency (up to 100
ms). However, the throughput is exponentially decreasing as can be obsdtigpaes-7.

latency, max, step
size, T

start eNB
start UE

packet_size = size
start traffic generator

a5 Split Options 1 and 2

5 MHz System Bandwith

0 — 10 MHz System Bandwith

25

20

15

Throughput in Mbits/s

10

w

stop eNB
stop UE
latency += step

2 4 6 ] 10 12 14

Figure 3-6: Measurement procedure for Additional Latency fn ms
the latency evaluation for functional  Figure 3-7: Throughput depending on the additione
splits latency for 3GPP split Option 1 and Option 2

Additional latency for Option 4, Option 6 and Option 7 is notciig the throughput. Howevedrpm

certain points on it yields the eNB to crash due to late samples transmitted to the remote radio head
(RRH). Table3-5 shows the maximum allowed additional latency, for the corresponding split options
for a system running with 5 MHz bandwidth and the maximumutation and coding scheme, as
observed during test runs of the testbed.
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Table 3-5: Maximum latency values for Option 4, Option 6 and Option 7

3GPP split option Maximum latency
4 806 us
6 820 us
7 830 us

The results show that for Option 4, Option 6 and Option 7 the critical latency is around Bdfuces.

3-8 shows the estimated probability density funet{Gaussian) based on the mean and the standard
deviation estimations of the downlink encoding processing time for MCS 20 and 28. The figure shows
furthermore the defined threshold at 800 us. The histogram shows the actual observed frequencies of
processig time intervals based on samples collected every subframe (transmission time interval). The
results show that the assumption of a Gaussian distribution provides sufficiently accurate estimations

for the upper tails of the processing time distributions.
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Figure 3-8: Probability density function for 5 MHz bandwidth with 755 us additional latency

Based on the complementary cumulative distribution function the probability of exceeding a configured
threshold (eg. 800 ns) is calculate&igure3-9 shows the probability for different values of additional
interface latency introduced for the splits according toBGWBtion 6 and Option 7.
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Figure 3-9: Probability of exceeding the 800 us threshold for different valeésadditional latency
for 5 MHz (left), 10 MHz (right) system bandwidth

The processing time values depend on hardware configuration of the eNB and might differ for different

CPUs and availability of computational resources.
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The evaluation in thisectionshows that additional interface latency for lower layer splits based on
3GPP Option 4, Option 6 or Option 7 might have a more critical impact on the stability of the eNB when
it is unable to fulfil the transmission time interval requirement of one millisecond. The interface latency
for higher layer splits corresponding to 3GBPtion 1 and Option 2 yields graceful performance
degradations.

3.1.3 Terminal-aware protocol design

Conventionally,a user terminal or User Equipment (UE), as defined in 3GPP, plays important role in
measuring and reporting channel state information for a@sessnobility management. Gradualdy,

user terminal has transitioned into more prominent roles in line with new developments in standards,
e.g. on Device to Device (D2D) Communicatidd2D communications facilitates an enabling
innovation for further suppt of service continuity and smooth mobility (beyond the network edge).
This can be realised via Group Mobility, an area currently under study in standards (mainly for wearable
devices) where a Relay UE acts as the surrogate of handover signalling iméssRgenote UEs when

they move along together.

In practice, the linkage between a group of Remote UEs and a Relay UE may not be exclusive or
permanent due to, e.g. nraniform mobility patterns followed by them. Therefore, different mobility
scenarios aabe envisioned beyond those followed in current standard discussions. For example, in case
of stationary Internet of things (lIoT) devices, Remote UEs do not necessarily move along a Relay UE
through which they communicate. Hence, a new mechanism teaffichandle group mobility in such
scenarios is required.

Concept

Flexible Group Mobility via floating mobility anchors

A novel group mobility paradigns proposedvith floating mobility anchor as shown Figure 3-10,

not necessarily fApinnedo to a single Relay UE.
can be dynamically changed based on the mobility patterns, relative channelfugalintions and the

level of support needed.
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RelayEntity, A RemoteEntity, B New Relagntity,C

Figure 3-10: Concept of proposed floating mobility anchor

The above concept can enhance telco grade support in a group of Remote UEs (e.g. from scalability
perspective) in line withGap #4to facilitate offloading some signalling at the RAN level (from direct
signalling to the gNB to indirecignalling between anchor an@fRote UEs]cf. Appendix A).

Position in5G-MoNArch architecture & Protocol Implications

Mobility and handover can be seen as a cstise NF (as part of AMF) withirbG-MoNArch
architecture which should be commonly supported for all the sessions of a specifi©iéJBbove
solution can be confined to RAN domain where the mobility management is handled by a gNB.
However, the gNB needs to be aware of anchor assignment and asséatote UES per group.
Furthermore, coordination is needed if an anchor and / or part of the Remote UEs leave the group for
example due to changes in neighbourhood / mobility patiarthancements could be envisioned on
carried information over F1 intex€e (in CU/DU functional split) to update information as above
between gNBCU and anchor (e.gover an enhanced F1 termed as F1*) in case of group status change
or mobility at RANIevel.
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Evaluation and analyses
The detailed description of Flexible Grolobility is as follows:

1 Group anchor assignmehGroup formationa groupis definedas a set of UEs or other entities
(in either Remote or Relay modes) that can be bundled together based on proximity, good inter
entity channel quality, similarity and getation in supporting cell, mdlity pattern, service
profile or slicedriven characteristics. A group anchor is defined per gecougideringnultiple
criteria (good intragroup connectivity to maximum number of group members, good link
connectivity towads mobility management function/ entity, sufficient polirit or processing
capability). In presence of a Relay entity within a group, the Relay can be the natural group
anchor as it will satisfy the relevant critedaUE or any other entity may pasipate in multiple
groups assuming multipteervice/ slice profiles. As a result, a Remote entity in one group can
be a Relay entity in another group. The exclusivity or generality of the groups is subject to
net wor k operAgraup anshor dgggates individual group member signalling
messages related to mohjltnanagement (anchor changehandovertowards/ from a gNB
or relevant gNBCU based on the level of support needed.

I User Updateshould a group member leave the group glR8-CU andthe group anchor send
an updated list chssociatedRemote UEgo each other to coordinate time changes.

1 Anchor changelf the current group anchor leaves the group (e.g. due to changes in mobility
pattern, channel quality or service/slice profiledeassignment procedure is triggered so a new
group anchor is designated by the network (¢BIB) and the old anchor is released. Therefore,
the anchor role can dynamically float across candidate members.

1 Group handoveif a handover procedure is triggendd groyp anchor (e.g. due to the changes
of channel quality to the gNB}he gNB orrelevantgNB-CU decides on remote UEs to be
shifted to another anchdgvia anchor change procedyrer alternativelyRemote UEs to be
handed ove(along theold anchoj to another gNB. Tl anchor change or handoverefmote
UEs should precede any oldchor landover Afterwards, the old anchdrandovercan be
followed.

F1*

____________________________________________________________________________

\RemeieUE | PC5 A Uu bu  F1 e

Anchor assignment Group anchor assignment
Group formation

Group formation

Any user update?

Any user update?

User update
Associated remote UEs

update

Anchor status change

New Anchor assignment Anchor Change

Old Anchor release

Anchor HO request

Remote UE HO
Group HO
Anchor HO

Figure 3-11: Message sequence chart of the anchor clgan’ group handover concept

Figure 3-11 shows the Message Sequence Chart for the proposed concept for different stages, in
particular for anchor change and group handover as described above.
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3.2 Inter-slice ontex-awareoptimisation

This section describes the three solutions for isliee contextaware optimisation. The first solution
focuses on the inteslice context sharing and optimisation. The key aspect of this solution is to enable
the crossslice optinisaion based on diffemt parts of the system such as Network layer and M&O layer

to allow a coordination among distinct decisimaking loops in the system. The second solution
describes the intelice coordination focusing on intslice optimsaion within the same part &GS,

in this case in Control Plane of the network layer. This solution is associated with the components
described in Sectio®.2.2 ISCF (new NF proposed in thsolution), and enhancements on PCF, AMF,

and SMF. The third solution is related to slice selection for UEs based on analytics information. This
solution is associated with the components described in S&cfidh Enhancements on AMF, NSSF,

and NWDAF.

3.2.1 Inter-dlice context sharing and optimigtion

Concept

5G Systems Phase 1 (i.e., &el5) defines NWDA functionin the network layer tperform perslice
dataanalytics for srvice assuranc®Vhile cross slice context sharing aB8E crossslice optimisation

is not fully supported.This work focuses on defining entities in a mobile network that can operate with
context awareness to close the loop of decigigking between entities of thdetwork layerandM&O

layer in order to optinse intra and inter network slice operations. The work covers the following
aspects:

1 Enable information about status of entities of the system kept M&layerto be considered
in the decision making of control plag@P) functionsin the Network layerThis concept has
been successfully delivered to 3GPP standard, as listeabie2-1. We intoduced during the
eNA Study Item and most recently in the normative phase for 5G Networks for Release 16 in
3GPP, the capability of NWDAF, a CP function, to collect data from M&O Layer as defined in
Clause 6.2.3in TS 23.288 (V0.3[8GPP TS 23.288]

1 Redice the chances of unnecessary or multiple changdg.@t layer and CP for solving a
situation involving related entities, or entities in the same geographical régiomstance, if
PCF, SMF, O&M consume the same data analytics about predictimolzdbly reduction on
throughput in a certain area of the network slice, how to prevent that SMF triggers UPF
relocation, PCF triggers changes in policies to reduce traffic, and M&O layer triggers auto
scaling of NFs, when these actions are affecting t#meesarea of the network slicéhis
coordination problem has been acknowlaetge 3GGP study item on Enhanced Network
Automation (eNA SID Rel. 16) for Release 16 5G Specification as defined in TR 23.791
V16.0.0[3GPP TR 23.791]This is a direct result @ur contribution associated with Key Issue
#4 (Key Issue 4: Interactions with OAM for Data Collection and Data Analytics Exposure).
This contribution idisted inTable2-1.

1 Potential to reduce the need for long term capacity planning angr@risioning of
infrastructure resources in order to guarantee the expected performance of mobile network
servicesIn 4G, the QoS Class Identifier (QCHas a budget of delay thatégpected to be
provisioned at the infrastructure by thiO layer. This means that today it is first necessary
to understanthe characteristics of the mobile traffind then dimension and ppeovision the
network up front for such demand. This can leadver or underprovisioning of the network
and this will impact the service performantée presentednhancements tackle this problem
by using context awareness to assure E2E QoS and at the same time improve the usage of the
mobile network from thegint of view of the operators.

Position in5G-MoNArch architecture & Protocol Implications

5G-MoNArch reference architecturis updated to enhance the Network layer and M&O layer, and
provide enablers for inteslicing optimisation (e.g., inteslice context sharingnd optimisation by
enhanced NWDAF).

5G-MoNArch reference architecturs updated to enhance the coordination ofesland crosslice
optimisations andVi&O layer optimisations angbrovides enablers for coordination detwork layer
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and M&O layer optimisation (e.g., crosslice andM&O layer context sharingand optimisation by
enhanced NWDAF).

Evaluation andanalyses
Main analysis required towards the definition of mechanism for 5G Phase 2 (i.e., further 3GPP release
introducing significant changes beyoRedlease 15) for inteslice context sharing and optimisation are:

1 Analysis of requiredinterslice interfaces andrpcedure enhancements (i.e. Phase 1 gap
analysis), relating t€P, UP, andM&O layer, NWDAF function enhancements.

1 Interslice interfaces and procedure solutions design.

1 Analysis of required context information, information source, information formateto
collected and used for optimisation.

1 Analysis of the potential applications and optimisation for NWDAF.

1 Scenario and requirements analysis for hstere coordination of optirsationsas well as
coordination of optimisations across Network layer and M&O layer

9 Architecture analysis on tte@nflictsof parallel actions performed Imgtwork layerand M&O
layer.

1 Analysis on the related interface/procedure enhancement mapping to thm stamelards and
5G-MoNArch high level architecture.

Figure3-12illustratesexamples of enhancements to be included into NWDAF functionalities porsup
the mechanisms listed abov&he enhancements of NWDAF proposed to tackle the issues of
coordinaton of slice/crossslice optimistion andV&O layer optimisations is illustrated ifigure 3-13.
In this proposalNWDAF can generate feedback and coordination notifications. These coordination
notifications are messages sent by NWDAF in order to inform, NFs and OAM of situations in which a
generatedeedback consumed by a certain entity mightegate effects on another entifyhe entity
suffering the effects becomes aware that it might not trigger changes, before just triggering actions, the
entity suffering the effects might trigger sobek offtime to avoid unnecessary changes in the system.
In addition to NWDAF, the NFs anill&O layer functionsare enhancedn order to support such
coordination triggered by the NWDAF-.

_____________________________

!
AMF PCF | SMF AF NWDAF €-----—---- > M&O layer

Interaction with the management
plane (e.g., monitoring data)

AF influence/
feedback to
AF

Per slice of cross slice policjes/
feedback to PCF

SMF related data/
feedback to SMF

RAN/UE/AMF related data/
feedback to RAN/UE/AMF

Figure 3-12 5G-MoNArch enhancements of NWDAKRred-colouredparts)

The proposal defines a minimal set of types of contexts that can be generated by the NWDAF.
Furthermore, defined is a format for describing a context type as a tuple (<EntityElity#2>),
where the first entity indicates who enforces a certain chentiee operation of the system, and the
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second entity indicates which entity might be influenced by consequences of the enforced changes. For
instance, if CP changes the gateway from the users, M&O layer will see a reduction of traffic in a part
of the netvork and an increase in another part. This is represented ad/&OCRayer type of context.

The minimal set of types of contexts are described as follows:

1 CP only: related to changes to be enforced in CP with minimal or no efféd&@ layer,
trigger nonotification

1 CP-M&O layer: related to changes in CP that probably will affé&&O layer; trigger
notification message t@&O layer functions

T M&O layer -CP: related to changes iM&O layer that will probably affect CP; triggers
notification message to CPrfctions

Figure 3-13 shows the interactions among NWDAF, NFs, MO layer for coordination of actions
due to the generation tife proposed types obntexts.

1 Step 0: NFs and OAM register to receive feedback from NWDAF
T Step 1: NWDAF collects data from NFs and¥£0O layer in order to generate feedback

1 Step 3: NWDAF generates feedbacks and determine the type of context associated with each
feedback

NWDAF CP NFs M&O layer

| 0. Registration to Receive Feedback |

1a. Data Collection

1b. Data Collection

A A

3. Feedback generation and
determination of Type of Feedback

IF: CP Only type of feedback 4a. Feedback notification

[
P

5a. Trigger of changes (Optional) |

1P ST o eif femel ozl 4b. Feedback notification

Ll

5b. Trigger of changes (Optional) |

6b. Coordination notification

[
»

7b. Trigger backoff time for changes
(Optional)

IF: M&O-CP type of feedback 4c. Feedback notification

.
L

5c. Trigger of changes
(Optional)

6¢. Coordination notiﬂcatio_rl
»

7c. Trigger backoff time for changes
(Optional)

Figure 3-13: NWDAF enhancements for coordination of feedback usdmgtweemetwork layer
and M&O layer

1 1If CP Only type of feedback:
o0 Step 4a: NWDAF notifies NF with the feedback it registered to receive

0 Step5a: NF that received a feedback will decide if changes need to be triggered based
on the received feedback
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1 If CP-M&O layer type of feedback:
o0 Step 4b: NWDAF notifies NF with the feedback it registered to receive
0 Step 5b: NF that received a feedback détide if changes need to be triggered based
on the received feedback
o Step 6b: NWDAF will generate a coordination notification message to M&O layer
about the generated feedback that might affect M&O layer operation
o Step 7b: M&O layer upon receiving the edmation notification message decides
whether a backff timer for changes should be triggered (to avoid conflicting or
unnecessary changes) or not.
1 If M&O layer-CP type of feedback:
0 Step 4c: NWDAF notifies M&O layer with the feedback it registered ¢eive
0 Step 5c: M&O layer upon receiving a feedback will decide if changes need to be
triggered based on the received feedback
o0 Step 6¢: NWDAF will generate a coordination notification message to NFs about the
generated feedback that might affect their ofp@na
0 Step 7c: NFs upon receiving the coordination notification message decide whether a
backoff timer for changes should be triggered (to avoid conflicting or unnecessary
changes) or not.
The specific interfaces between NWDAF, NFs, M®&iO layer, are curently under discussion at the
SA2 studyitemon enhanced Network Aomation[3GPP TR 23.786]The discussion includes the type
of services offered and consumed by NWDAF, NifglOAM to enable both the data collection as well
as the consumption of feedbagknerated by NWDAF. In addition, the actual parameters to be
considered by these interfaces is included in this discussion.

Framework for Evaluation of Solutions

In order to evaluate the advantages of the enhancements proposed for NWDAF fdictemtext
sharing and optimisation, we propose an initial description of a framework for the compag&iPRof
Releasel6 capabilities with the capabilities of the proposed solutions.

The proposed framework is illustratedTiable 3-6 below.

Table 3-6: Initial Framework for evaluation of solutionsfor inter-slice context sharing and

optimisation
Gain Cost
System UE Level | Application | System UE Level | Application
Parameterg Signalling QoE QoE Signalling QoE QoE
Ratio QoS Ratio QoS
Resource Resource
Consumption Consumption

The comparison betwedGPP Release Mersus the proposed solution is based on the identification

of the tradeoff between the gains versus the costs for a given feature. For instance, a gain on the
reduction of the signalling for avoiding simultaneous and unnecessary changes, needs tobe put
relationship to the signalling cost to collect the data, and coordinate the entities of the system.

The direct comparisocanbe performed on use case basis. An example of use case is degtGtralen

3-14.
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Situation:
1 UE with video streaming
1 Streaming change becausetifh

Consequences
f Analytics in each level will detect problem
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Consequences
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1 Only the changes that improve qr
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NG§$ NGS;%

Figure 3-14: Usecase forcomparison of coordination of feedback usagetween network layer and
M&O layer

3.2.2 Inter-slice coordination

The previous section discusses mainly cross slice agdiion via the interaction between different
layers or parts of the network. This section focuses on thesiitercoordination at the same layer or
part of the network.

Concept

3GPP defines some basietwork slice types, e.g., eMBB, mMTandURLLC, where each network
slice type is designed for a group of services sharing similar service requirements. However, some
applications/services may require multiple service flows. Such multiple service ftawsbe
implemented by different QoS flows, different PDU sessions or even different network Blices.
instance, in remote driving cagef. Figure 3-15), the High Definition (HD) video requires high
throughput which is suppad by eMBB slice. While, the evehicle sensor data and vehicle control
signallingrequirelow latency and high relility which is supported by URLLC slice. Similarly, in
Touristic Cityscenario the VR/AR application may require an eMBB slice to transfer HD video contents
from the video server, meanwhile a URLLC slice maybe needed to exchangaptiberteraction
between the tourist and the guifegGM-D6.1].

' 5G Mobile

o = . 7
a \ Network

Figure 3-15: Remote driving use case

For services using multiple slices, different slices can be fully isolated, and their performance are
independent to eacbther. However, the actual performance of individual independent slice will be
affecting the same service. This results in the correlation between requirements of different network
slices for the same service/applications, more specifically:

1 Performance obne slice affects the required KPIs of another slice. For instance, in remote
driving/AR/VR, long latency of video control (direction of view) signal makes the transmission
of HD streamed video from the vehicle site useless.

1 The KPI (e.g., Latency) budgis actually shared between different slices. The user experience
is affected by the summary of the latency from multiple slices (i.e., the latency of the control
signalling to the vehicle and the latency of the video/sensor report from the vehicle).
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Obviously, exploring the service correlation of different service flows can help to increase network
efficiency and improve user experience.

Position in5G-MoNArch architecture & protocol implications

This work proposea CPNF ISCF in 5GC to bind the senes flows fronthe same application/service.
There are two options to implement this functisaeFigure 3-16: 1. At the AMF 2. At the PCF. In
option 1, ISCF binds theesvice flow of the applications by intercam the session establishment
requests from the UHn option 2, ISCF gets the service flow binding information from the AF, i.e., via
interactions with verticals/applications.

NSSF NEF NRE pcel | UDM AF
Nnssf Nnef Norf Npcf Nudm Naf
Nsmf

Nausf | Namf

AUSF AT
A? SMF
N\ N2 N4

UE / (R)AN N3 UPF NG DN

Figure 3-16. Two options of ISCF implementation in SBA

Evaluation andanalyses

Except for the binding of services flows, such binding information should be distributed to the NF, e.g.,
in RAN, or M&O layer where such information ised for network optimisation. When ISCF gets the
service flow binding information, it can provide it via SBI to other NFs for optimisation purpose (e.g.,
SMF and PCF), or perform data analytics (e.g., NWDAF), or RAN via N2 interface, or further to the
management layer (e.g., MDAF).

Meanwhile, network optimisation needs to be based on the correlated KPIs of the bound services flows.
This information can come from the CSMF in the management layer and stored at PCF as correlated
QoS profile of differentraffic flows. This information can also come from the AF via influencing the
QoS profile at PCF.

The followingFigure3-17 shows an example procedinecase the ISCF is located at AMF:

(1) Network Slice Selection Policy (NSSP) at the UE maps one service/application into multiple
network slices (i.e., with different-RBSSAIs). Triggered by an application, UE will send the
session establishment request withltiple PDU sessions each indicate the PDU session ID
and corresponding-8SSAI to the AMF via NAS message.
(2) AMF marks down related PDU session IDs aAdSSAIs for this request, and also the related
SMFs. It sends the binding information of the PDU sessions to the related SMFs.
(3) The related SMFs decides on the QoS flows of these bound PDU sessions and hattiner bi
QoS flows.
(4) SMFs indicate the PDU session/QoS flow binding to PCF (or other NFs where such
information is needed, or to other NFs to RAN, UE, management layer, etc.)
(5) PCF decides on per QoS flow/per PDU session policy and sends this decisionelatdte
NFs.
As indicated above, such correlated QoS information can be exploited by RAN to fulfil the target service
requirements as well as to increase the resource utilisation efficiency. In the following, two analyses are
provided where the correlatianformation is utilised by RAN.
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RAN cross slice policy

UE|cross slice policy
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Figure 3-17: Examplemessagesequencechart for inter-slice service correlatioftiSG-MoNArch
enhancemerg are indicated in redcolour)

Joint delay budget handling in casésame link (UL)

As shown inFigure3-18(a), e.g., in remote driving aka ted@erator driving (ToD) application, video

and haptic information from the vehicle needhéosynchroised on UL. In particular, scheduling period

the URLLC is mini slot (2, 4 or 7 OFDM symbols) while that of eMBB is 1ms TTI. In case of correlated
QoS configuration awareness at the scheduler, the latency constraint of haptic informations(asich i
URLLC service) can be relaxed to be syncliseshwith eMBB scheduling interval§hat is, the haptic
information needs to be jointly processed with the respective eMBB service information and the haptic
information can be transmitted within the delayydget of the eMBB packeWith relaxed latency
constraints known at the scheduler level, appropriate scheduling interval to meet the joint delay budget
can be chosen. This results in higher resourceésaitin efficiency. Namely, if the correlation
information is not available, the scheduler tries to allocate resources to the URLLC data as soon as
possible, although this is not needed due to the service characteristics.

Rescheduling URLLC to meet the
correlated latency constraints.

T iength)
o0 008
oowrave\

URLLG ;
Scheduing unit
—_

Senvice 1: URLLC
{e.9. haptic
information)

Service 2: eMBB (
video)

v v
Service 1 QoS: Service 2 QoS
URLL latency constraint €MBB latency constraint
(Mini slot length) (Tl length)

Correlated QoS: (TTI length)

(@) (b)

Figure 3-18: Utilisation of correlated QoS information in RAN(a) example scheduling for
correlated QoS treatment on UL for the case of remote driving aka ToD and (b) example scheduling
for correlated QoS treatment on UL and DL jointly for the case of AR/VR application
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E2E jointdelay budget handling in case of different links (DL and UL)

As shown inFigure3-18(a), e.g. in AR/VR application, QoS flows of DL and UL are correlated to meet
the QoSiIn particular, the scheduler with the knowledge of DL/UL correlation, allocates DL traffic (i.e.,
segmented video) according to the UL information (i.e., direction of view) such that it meets the E2E
latency constraints.

3.2.3 Terminal analytics driven slice séection and control

There are already established services within next generation deagied CNs (as outlined in 3GPP

SA) to access operatgpecific analytics (NWDAF). The current defined services are mainly envisioned
to share such information with@N between different NFs of the same slice.

UEs are natural data collection points to gather more localised analytics within the n&xeoriles

of data that the UE can provide are positioning information (e.g. collected from inertial sensors of the
UE, georeferenced radio data froWVi-Fi) or user profiling information (e.g. when a UE changes
environment from outdoor to indoor or from vehicular to pedestrian mode). Such information may help
the 5GS to make more intelligent decisions on slice selectignteswitch from a slice with more
flexible resources to a resilient one or vice versa).

Concept

As UEs can simultaneously connect to or switch across different slices (e.g. in case of mobility), they
can have more prominent role for data preparationtfier networkto provide relevant localised
contextual information and to identify earlier any changes in the network compared to the past intra
slice and/or crosslice information they have gather@ithe outcome processed information can also be
usedfor network slice selection for the UEEhis can be utilised to address@#6 (cf. D2.2 [5GM

D2.2)) to further optimise crosslice operations.

As an example,hie UE may cause the network to change the set of network slices it is using by
submitting the vale of a new NSSAI in a mobility management procedure. However, the final decision
is up to the network. This will result in termination of-going PDU sessions with the original set of
network slices. Change of set of slices used by a UE (whether UEvamrkenitiated), may lead to
common NFs change subject to operator policy.

Position in5G-MoNArch architecture & Protocol Implications

As captured above, there are irsiwe services (i.e., NWDAF) for sharing analytics between NFs
within 5GC PCF and NSSat crossslice level can be seen the consumer of such services.

It is assumed that procedures for collection of terminal analytics are installed on the UE and, if there are
multiple procedures, each can be identifisd, he NWDAF knows the identés of these procedures.
Collection of terminal analytics data by these procedures can be turned on by default, or the UE
Configuration Update procedure can be used to enable or disable these procedures. A new Terminal
Analytics Data(TAD) Settingis introduced for this purpose.

In order to share TAD generated with NWDAF, we propose to get the information from the UE via
established N1 signalling messages to the AMF as a new Information Element (IE) added to the
Registration Request of the UE.

Two options an be considered on how the NWDAF gets the information from the AMF. The
corresponding procedurbave been captured in ligure3-19.

Option 1: The NWDAF asks the AMF to be informed of all Registration Requests. Each time a
Registration Request is received by the AMF, it informs the NWDAF and the NWDAF uses a newly
proposed Namf TAD_GET Request message to retrieve the Terminal Analytics. Tiatimii
applies for all UEs so either the Namf_TAD_GET request would be for a single UE (uniquely identified
by a 5G Subscription Permanent Identii8UPI) or it would be a batch request. The NWDAF could
specify a particular SUPI when it subscribesrfotifications.

Option 2: A new Terminal Analytics DatdJpdate Event is defined for the AMF. The NWDAF
subscribes to be informed of this event. This subscription can be for an individual SUPI, or set of SUPIs,
or all. When a UE sends a Registration Reqtegtincludes Terminal Analytics Data, this triggers the
notification of the event towards the NWDAF together with the new Terminal Analytics Data.

Versionl.0 Page66 of 165



5G-MoNArch (761445) D2.3Final overall architecture

UE AMF NSSF NWD AF
Dption 1 o )
Namf_Communication_N1MessageSubscribe Request
¢ [NWDAF ID,
N1 message type = Registration Request
SUPI (optional)]
[

Namf_Communication_N1MessageSubscribe Re sponse————»

Registration Request

[Terminal Analytics Data]

Namf_Communication_N1MessageNotify
[AMF D,
N1 message = Registration Request, —————————
SUPI (optional),
MM Context (optional)]

F Y

Namf_TAD_Get Request
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Figure 3-19: Options of sharing TAD between UE and NWIPA

Evaluation and analyses

As the above proposed procedures to share Terminal Analytics with NWDAF might be required more
frequently than a single Registration Request or at specified times, we propose two typgesf fior

the above procedures.

Eventbased Events can be defined (e.g. mobility of the UE into a new area, periodic registration expiry)
which invoke a Registration Request by a UE. These may originate from changes in device QoE e.g.
due changes in network or slitevel loading status thatan be mesured by certain KPIs, such as
Average or median of packet latency, Packet error faterage or median of packet jitter.

Timerbased Trigges. Alternatively, time intervals can be defined as Triggers to invoke UE
Registration Request. The intals can be set for an individuaUPI orset of SUPIs or for all.

Figure3-20shows an example Message Sequence Charefaminal Analytics Sharmbased on option
2 with Timerbased triggers.
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Figure 3-20. Examplemessagesequencechart for Option 2 withtimer-based triggelnter-slice
resource nanagement

Inter-slice resource management is a key innovation enatB&MoNArch architecture for optinging
performance by allocating resources among slices which may share the same spectrum bands in access
networks. This section presents enabling resource ream&ayg solutions to accommodate various use
cases and with different dynamicity teégementsas previously discussed in Secti. 1 On this basis,

first, the ralio resource allocation mechanism is exemplified, which is followed by theasliaee

functional operation thatonsidersnot only the radio resources but the extended notion of a resource
including dynamic access nodes. Slieare mobility managementpsesented next. A controller layer
implementation of the slow RRM mechanism is discussed. Thereafter, the use of big data analytics for
slice resource allocation is detailed.

3.3.1 Inter-slice RRM for dynamic TDD scenarios

Concept

As bursty data services such as IoT, social media, etc., with asymmetric UL/DL demands are widely
adopted, TDD systems gain momentum for 5G networks considering dense or hot spot deployments.
This enabler introduces the notion of network slicing in 5G T@BRvorks, considering a multervice
environment with asymmetric traffic conditions. Network slices are formedeamand with the
allocated resources being dynamically adjusted with the objective to enhance the resource utilisation
efficiency. Each netwdrslice is customised to accommodate distinct service types by allowing each
tenant to adopt a different TDD frame enabling a distinct UL/DL ratio, which can-@enfigured
independently reducing the loss of multiplexing gain. Although such TDD oriewebrk slicing
framework is analysed in [SSS+16] considering an &fakked architecture that enables rassivice

and multitenancy support, the allocated slices have a fixed resource size for the entire duration of the
service request, occupying only sife isolated sulrarriers.

This enabler builds on top of this slicing framework considering more dynamic slice allocations for
dynamic radio topologies (addressing identifi€ap #6in D2.2 [SGM-D2.2] (E2E crossslice
optimisation not fully supported)jyhere slice resources can be adjusted during the timesedsion
request introducing the following planned contributions.
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Initially, the generic optimisation problem for medlice multruser and multcell UL and DL resource
optimisation is formula The problenis translated to two suproblems (P1 and P2) to allow for
solving it with lower complexity and enhanced modularity. P1 involves the link activation selection per
time instance, given the slice / traffic requirements and the TDD patteraa dignamic radio
topologies. In addition, P2 takes as input the link selection and perfslimaims to optimise
performance by allocating resource blocks to the active links, in a way that the KPI is optimised.

A graphbased solutions framewoigpropogd for both problems to optimise slice performance while
keeping the signalling overhead and complexity. For P1 a congtieset greedy algorithisiprovided
whereas for P2 the probleisisolvedby a novel bipartite grapkcolouring based solution, whiaims

to perform adaptive frequency partitioning per time slots in a way that interference due to resource
conflicts is avoided and at the same time resource utilisation efficiency remains in highrgiadly

a bipartite graph is translated toiad colouring graph, where each node is a combination of link and
transmission time interval (TTI) (edge of thedairtite graph). The edge between two nodes in the line
colouring graph appears only if a conflict exists at the receiving end of {tertie graph, which is
equivalent of having two or more links being assigned to the same TTI. Theagdaphing algorithm
assigns a different colour to a node only in case of a conflict, which means that differbandslwill

be scheduled to avoid interémce. Based on this algorithm, the output is a-tabée where each link

is assigned to different bands (e.g. F2, & , F6), within distinct TTIs to ensure interferertee
transmission/reception. In fact, this algorithm provides a flexible dynammtattan, where different
parameters like number of users, slice KPIs and resource availability can be altered accordingly.
Solution to P1Sliceaware TDD pattern Activatiari-or P1 a heuristic solution is provided as illustrated

in Algorithm 1 (Figure3-21) for activating the links in a time window based on the slice demand and
aforementioned constraints. Initially in Step 0, a list of permitted timeslots for UL and DL is introduced
per slice onsidering the TDD configuration pattern where a link can be activated only for a given
Transmission Time Interval (TTI). A weigF(e,9 is also defined based on the slice traffic demand and

a list of conflicting linksconsideringhe half duplex constiiat. In Stepl, a random link is chosen to be
included in a Candidate List (CL) for the first TTI and then the next link is identified with the minimum
demand, provided that it does not violate the above rules. Once selecting a link, in Step 3 it is added t
the CL and reduce its weight by 1. This is repeated in Step 4 and Step 5, till no more links exist for this
TTI and then this process is repeated till all TTIs are considered (Step 6).

Step 0} slice (s)

- Set Ist of allowable timeslots per slictor
DL:AM_DL(s, TTI) based ononfDL(spnd
for UL: AM_UL (s, TTI) based on confUL

- Set vectors oLinks (Eand TrafficDemand
per link fe,s

- Set list of conflicting links for each link
Conf(e, s)and CL={}

Step 1: Start from random linkOe, add to

CL={e0}

Step 2 Add the link e* with thdowestf(e*,s)
to CL list 1 G: e 80 00,60 ™ or

1'3:Ge 6é€"Q 60 A CL=CL+{e*}

Step 3: Rduce f(e*,s) by 1. If(e*,s) is O,
remove e* from Hist

Step4: Go toStep 2 il E={} or no link can b
added

Step 5 Store CL aBL(i) and reset CL={}. i=i-
and repeat Steps-4

Step6: Stop when=T

Figure 3-21: Algorithm 1: sliceaware TDD
pattern activation for interslice RRM

- Set FL as [#Links x #TTI] matrix from Algorith 1

- Seta color set Color anchaximum number of color:
Cmaxand Clist={}
for TTI=1:T
if FL(L:links, TTl)==y 06d& ¢
Setrandomlyw™ 6€céii different colors for the
links
connecting to TTI
end if
Store cdor indices for all links for TTl in a
matrix as:
Coloring(Link, Color Index, TTI)
end for
for color_index=1:Cmax
ClList(color_index) =Coloring
(L:links,color_index]:T)
end for
for bands=1:RB and color_index=1:Cmax
Map bands to Clst(color_index) that maximizes
weighted sunrrate
end for
end for

Figure 3-22: Algorithm 2: graph-based
resource allocation
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Solution to P2: Graptbased Resource AllocatioRor P2 a graph theoretic approach is considered. The
outcome of the solution to P1 gives an allocation of links to THtsvever,it is still unknown how
many and which resources can be assigned to these links in order to aveielirtexd cros$ink
interference assuring the desired slice performance. The proposed H@nsdutllustrated in
Algorithm 2 (Figure3-22).

Initially, a bi-partite grap is created including the set of links and the set of TTls. Based on+his bi
partite graph, the resource allocation probigmnanslatednto a timetabling problem, where a number

of activate links are required to occupy a number of different TTIsn®#l<ell Access Point (aka s
AP) has to create a tirable according to its availability in a way that no collision occurs in each slot.
A graphcolouringis adopted to assign different cots, so as to restrict the allocation of links to
conflicting TTIs in distinct sukchannels. As shown iRigure 3-23, a bipartite graph is translated to a
line colouringgraph, where each node is a combinationrdf éind TTI (edge of the lgartite graph).

[ Link1 [ vink2 [ Link3 | ... Link K Node ID: Link & TTI
Color: sub-band
\ Es L =
E® E
11 ® 33
conflict BP = .E
E32. (&} 23

E22

TTIL T2 T3 TTI4 TTIS ‘ TTI6 I m7 l TTI8 l TTI9 [ TT110 l
\ J & Line Graph Colouring

¥

frame

Time Periods

10h

st 2nd 3d X
1 F1 - F4 F3
Link 2 F2 - R F2
No.
F3 - F3
é
K F1 - F2 F1

Figure 3-23: Graph colouring algorithm overview

Position in5G-MoNArch architecture & Protocol Implications
1 A common RRC functionalitys required which configures TDD patterns in a shweare
manner and the link activations in long term.

1 Inter-slice RRM functionalityat MAC or Unified Schedulefwhich can be interpreted as an
overarching layer on top of MAC for intsftice dynamic scheding) is considered for dynamic
resource allocation among slices based on the configured TDD patterns. The placement of this
functionality depensl on the dynamic radio topology and on the functional
operation/capabilities/supported split of tBé&Js (which can be planned dnplanned small
cells).

Figure3-24 shows the message sequence chart for-ghiee RRM in a dynamic TDD scenario.

Evaluation and analyses

Monte Carlo gstem level simulations are provided for a 5G Ultra Dense Networks (UDNs) where
resources can be shared by multiple slices with diverse KPIs (example for throughput, reliability). The
evaluation study focuses on an outdoor small cell deployment-8P$sovering a hotspot areasing

the 3GPP as baseline for simulations (24 users uniformly distributed, 3GPP UMi channel, ideal
backhaul). In ach sAP the corresponding users (6 users per cell) are randomly distributed. MATLAB
Monte Carlo simulations and rdom user drops for 500 snapshots are run. Assumed are 4 slices,
whereas each slice has different TDD pattern as slice requirement (Slice 1: 80/20, Slice 2: 70/30, Slice
3: 60 /40, Slice 4: 50/50). At each snapshot, randomly 6 users are selected ollsdbdesconnected

to each slice, and a random traffic demand@Mbps per user for both UL and DL) is applied.
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|  F1* Itf-X_ | ONSME
UE ~ Uu 3 DU 3 cu (Cross-slice M&O) |
Context Info (e.g.location and DU
capability) Slice info (Slice_ID, QoS Trigger event, e.g
_paranjelers, Slwce < slice request
isolation requirement)

RRC: Slice-based TDD configuration

UE context, measurements

Inter-slice RRM
(P1)

Slice-aware
Link Activation patteri

Unified
Scheduler (P2)

Dynamic Resource Allocation
(ucl, bCry

Figure 3-24: Message sequence chadrfinter-slice RRM in ¢/namic TDD scenario

Forthesimulation comparisoareconsideed

T Benchmark 1is thecell specific dynamic frame +eonfiguration (CSDR)SKE+12] without
slicing where each-8P can adopt a different TDD pattern, while using the same spectrum
resources, with intecell and crosdink interference potentially deteriorating performance.

1 Benchmark 2 is the serviceriented TDD slicing [CSS+16], where slices are assigned a
constant amount of resources (¥ of resource blocklesimulations) and different TDD
patterns are used indepemndy for each slice. This solution provides a high spectral efficiency
due to the interference isolation, but at the cost of lower resourisatigih, whichcan limit the
peak throughput.

1 Algorithms 1 and 2 are used to select links and allocate resaumer the entire range of
resource blocks, while keeping interference at low levels.

Figure 3-25 shows the comparison of CDF curves of DL throughput per user as well as for UL
throughput respectively (averaging it over the allocated TTIs) for all snapshé&iguhe 3-25 (upper
part) it can beobserve that the proposed solution outperforms Benchmarks 1 and 2 since it better
addresses the tradéf between interference isolation vs resourcesatiion. Benchmark 1 shows the
worstcaseinterferencescenario, wheeas Benchmark 2, uses orthogomslources for different slices.
For Benchmark 2, the DL rate for all slidesaggregatedollectively and it is shown that for the median
and the 9th percentile of the CDF, the average throughput can lveased by more than 150%. The
proposed solution showssignificant gain even over the secoBdnchmark, due to the fact that it
achieves higher spectral efficiency with more resources being allocated to DL links based on the
corresponding demand (in Bemoark 2,some resources may be wasteéd)Figure 3-25-(lower part)
a similar trend is observed for the CDF of the UL throughphe proposed solutioshows similar
performance at the fi®percentile of the CDF (ceidge performance), whereas at median ard 90
percentile (celcentrg it outperforms both Benchmarks 1 and 2 respectively. This gain is mainly due to
the fact that a better UL spectralieiéncycan be achievednd at the same time allocate more resources
to links based on the actual demand, so as to nisitme total performance.
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Figure 3-25. CDF of averageuserthroughputillustration for DL (upper part)and UL (lower par)

3.3.2 Context-awarerelaying mode selection

Concept

As highlighted in [SGMD2.1][5GM-D2.2] and inAppendix B for the fulfilment of network slice SLAs,

an extended notion of a resource shall be taken into account, where the availability of wireless access
nodes and the network topology shall be jgimtbnsidered along with the network slice requirements.
This becomes particularly important when the network topology is changing as in case- of self
backhauled DSCs, e.g., VNNs. The dynamic network topology can be exploited to better adapt to
changing tréfic conditions over time and space in cefficient way.

The wireless backhaul link of the DSCs can be reached by employing a relaying functionality. A fixed
relay can be typically deployed as fixed radio frequency (RF) armtififorward /repeater or {eer 3

(L3) decodeandforward node [3GPP TS 36.300]. As opposed to fixed functional operationSothe
sliceeawareness and 5G tight KPIs can necessitatdeamand flexibleSC operation. Slicdased target

KPIs can comprise throughput / spectral efficie for eMBB communications, high reliability and low
latency for URLLC, and connection density for mMTC. Network slices may have different requirements
in terms of throughput and latency, which necessitate enabling different operations for different types
of traffic to meet certain KPIs. To this end, additional context can be utilised, such as, the position of
the DSCs at different parts of the cells and the associated channel link qualities. Furthermore, different
functional operations of DSCs can hav&atent E2E latencies (e.gamplify-andforward relaying
imposes less latency comparediarodeandforwardrelaying thanks to fewer processing steps of the
signals). On this basis, as illustratedFigure 3-26, the rational of this enabler is to analyse and
determine the appropriate relaying mode (i.e., functional operation) of DSCs, based on, e.g.,

9 Slice requirements, such as latency and requiatal mte;
1 Resultant performance of selected mode (e.g., throughput and latency);
1 Location of DSCs in the target service region (e.g., cell,etemiddle,and cell centre).
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Figure 3-26: Example factos that can influence theunctional operation of the DSCs

Different example functional splits among donor magite and DSCs are depictedrigure3-27. As
mentioned above, different possible modes can be identified given tisticeerequirements, the
backhaul channel (between macro and DSC) and the RAN conditions. In this contexdt tyifin is

the L3 DSC with full protocol stack, i.e., the L3 DSC can control the cell under its coverage, e.g., with
a physical cell ID (PCI). In case of L2 DSEPDCRIlevel split can be employed.

RRC RRG —
T —
——
we) | RS
PHY
RRC SDAP
[ RLC | | RLC |
[ MAC | [ MAC | psc
| PHY | | PHY |
[ RF J [ RF J RF \
L3 DSC L2 DF Relay — AF Relay
PDCP Split

Figure 3-27: lllustration of analysedfunctional operations/modes at DSCe., L2decodeand
forward relay andamplify-and-forward relay, and illustration of L3 DSC as referencamplify-
and-forward anddecodeand-forward are markedas AF and DF, respectively

The PDCP split could be more applicable in cases of frequent fast handovers (e.g. high mobility users)
between the macro and DSCs, since PDCGfaresmissions would be required more often, and PDCP
should be centralised for fasaffic forwarding. Decodeandforward relaying option typically applies
half-duplex operation to isolate backhaul and access links, and thanks to signal regeneration, there is no
noise or interference amplification. Another option is the DSC to actasfraquency (RF) amplify
andforward which functions as half duplex; however, ampéifdforward mode may especially suffer

from interference amplification, e.g., lotyack interference between backhaul and access links. These
modes may not be confingd protocol stack layers, i.e., some of the functionalities at each protocol
stack layer may also be split. For example, MAC functionality of HARQ may be at the DSC, while
another MAC functionality multiplexing/deultiplexing may reside at the maecell BS.

This enabler is part of theG-MoNArch enabling innovation Inteslice control and management. It
targets thedentified Gap #3 (The functional operation of small cell networks is fixed)Gaql#6 (E2E
crossslice optimisation not fully supported). Appendix A

Postion in 5G-MoNArch architectureand Protocol implications
The mode selection can be based alymamic RAN control unit which can be located #te donor
BS (e.g., CU)to which the wireless backhaul link connection is establishésiworth noting that the
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dynamic RAN control unit can take into account the information and/or commands providedloythe
Inter-slice RRM App in the controller layer (see Figure 2-4 and Figure 2-5). Such a control
functionality can be considered as an extension to RRC protoco] ¢esybighlighted irBection2.2.1

In addition, network slicing management functions (eQygssslice M&O function) can also be
considered, which are responsible from RAN configuratfamexample operation is depicted ap

MSC in Figure 3-28. Therein, sliceaware mode selection is performed by the dynamic RAN control

unit, where the needed slice information and QoS parameters can be obtaindoefs@¢, where
DSCrelated context information can be additionallyiséd to decide on the appropriate DSC mode

and the associated QoS parameters. The DSC mode thus can comprise radio bearer configurations. The
necessary information elements &ansmitted from the CU to the DSC in a configuration signalling
message. The DSC can thereafter acknowledge the reception and application of the configuration.

In terms of other protocol implications, the selection of the appropriate serving DSC tovh&edct

from the available set of candidates, more frequent link quality measuremeidsbeaequired from

the PHY. The link quality can pertain to the wireless backhaul link, where the backhaul link can be
impaired by both fast fading and shadowing. Efare, with frequent measurements on the backhaul

link event fast fading impacts can be elevated. This has thedftitereased overhead on the backhaul

link signalling In order to ensure slice requirements E2E, in addition to the backhaul link quality
measurements, measurements from access link (i.e., between UE and DSC) and direct link (i.e., between
UE and macro BS) can also be considered.

Dynamic RAN
--------------------- ] R §__Control Unit
' Dsc ; ' 5G
UE Uu . F1 § GNB i \p
(by) oy Core Network
'"r'Z':'_"_'L':'_"_'Z':'l T i IS — T IR .
[} . . .
: DSC Activation & Regular Operation
Context Info (e.g., location and DSC
capability) )
Slice info (Slice_ID, QoS |
parameters) Trigger event, e.g.,
Session Establishment
Slice-aware
DSC Mode
Selection
Configuration Signaling* (Slice ID,
HARQ Operating point, HARQ
scheme, QoS parameters)
ACK
| | | |

* Information Elements are based on the determined mode, e.g., QoS parameters are only sent when the mode is DF.

Figure 3-28: Message sequence chart fibre operation of tle contextaware relay mode selection

Evaluation andanalyses

The evaluation of this enabler compgsgoint optimigtion of the achievable data rate and the induced
protocol processing delays considering different relaying modes and the locatio®8iGhe a macro
cell. The simulation setip and further analyses are provided\ppendix B In order to decide on the
final DSC mode, the slice requirements shall alscdiesideredn addition to the performance of the
different modes. On this basis, figure 3-29, two network slices with different requirements on the
spectral efficiency and latency are depicted along with the performance comparaopliby-and
forward and decodeandforward modes at the cell middle. It is to be noted taiplify-andforward
mode induces lower E2E latency compareddgocodeandforwardmode, becausamplify-andforward
mode includes fewer amount of processing functions @¢rdy RF) and dognot include a decoding of
the signal (i.e., from RF up to RLC/PDCP). Additionally, #maplify-andforward mode is typically
full duplex, which implies no delay is introduced due to, e.g.-thalex timedivision multiplexing
(TDM). When the UE accedimk SNR is 18 dB, as marked Figure3-29, the slice 2 requirement on
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the spectral efficiency can already be fulfilled by &meplify-andforward mode. As theamplify-and
forwardmode induces shorter latency, and slice 2 has strict latency requirement, for sligarihltfye
andforward mode shall be configured. On the other hand, slice 1 spectral efficiency requirement can
only be fulfilled by thedecodeandforward mode and as the slice 1 has relaxed latency requirement,
for slice 1, thedecodeandforward mode shall be configured. Under the light of these analyses, it can
be concluded that the performance of different modes, e.g., in terms ajhipbudperformance, E2E
latency, and reliability, shall beonsideredand based on the slice requirements, the DSC mode can
accordingly be determined.

Cell Middle
1.8 - r - - - - - - -
AF Configure DF for
gl Slice 1 e B
< " [slice 1 Requirement . 9
8 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIPI1IIIIIII
L2 -
>14F i
2 Slice 2 Requirement
(3] EEEEEEER
G
E 12 -------------------------------- prasssssssssssssssssnss s snannnnnn g
w Direct Link
ol
-— e
S 1 PR Configure AF for
& . Slice 2
4
-]
Sosf P o
é Pie UE Access Link
= L’ SNR =18 dB
o6} ]
0.4 . \ : . \ \ . : !
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SNR on Access Link [dB]

Figure 3-29: Slice-aware DSC mode selectiamhich considerdink qualities and slice
requirements Slice 1 requires 1.5 bps/Hz with relaxed latency requirement while Slice 2 requires
1.3 bps/Hz with strict latency requiremeramplify-and-forward anddecodeand-forward are
marked as AF and DF, respectivel

3.3.3 Slice-aware RAT =election

Concept

Network slicing enables to tailor a network instance to the specific requirements of a future 5G service.
In this context, RRM will be a complex task, because the 5G network will integrate different RATS,
each one withts specific characteristics in terms of e.g. coverage and capacityigsee3-30). The
appropriate configuration of the RAT and the managemethteodssociated resources is a challenging
task, when considering the heterogeneous requirements of the diverse 5G services.

In LTE system, cell range expansion has been used as a way to offload traffic from macro cells to small
cells and boost the netwatkpacity [ONY+11]. The conceptoresesa similar scheme to balance traffic
across multiple RATs, where biased received powers related to different RATs are compared at the UEs
in order to select the most appropriated RAT to use.

In LTE, the same bias is used at different UEs to compare the received powers and associate to a nearby
small cell or the macro cell, accordingly. However, although some UEs may benefit of the improved
capacity offered by small cells, other UEs may ratkguire reliable coverage, offered by the macro

cell signal. In addition, when considering millimewave (mmW) small cells in future 5G networks it

is of paramount importance tmnsidertheir propagation characteristics, high path loss and sensibility

to blockages, which can be detrimental for the user performance. This is particularly true for URLLC
and Vehicle to Everything (V2X) communications. Therefohés study focusesn Gap#5 of D2.2
[5GM-D2.2].
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Figure 3-30: 5G multi-RAT deployment for h&rogeneous service provisioning

An exemplary pseudo code for the implementation of the proposed approach is siogures-31.

In this example, with consider a multi RAT network deploying, eMBB, URLLC, and mMTC slides,
each one charactsed by different constraints in terms of SINH:ZFQ and data rate”g) distribution, as

well as for blocking probability. Based on contextare related information (network deployment
density, user density, and vehicle traffic in the area), the CU computesingystiochastic geometry
[GDC18] tools, the value of the RAT seledtibiases that satisfy these constraints, and then selects the
appropriate sliceelated bias accordingly. The bias is the transferred to the end users attached to each
slice, and finally used to connect to the optimal RAT.

Algorithm 2 User-Side Pseudo-code

Algorithm 1 Network-Side Pseudo-code

1: Measure downlink sub-6GHz received powers, Pyyy, from all
BSs.

1: Obtain the data about expected vehicular density in the service

arca 2: if Parop1 2 Psyun then
2: for each slice of QoS triplet (B, Pc, Pr) € T do i Ll]gi\SSOCl‘d[E to the strongest MBS.
3: Identify the set of biases (0, Q) that satisfy B . . . e ) . .
4 Identify the set of biases (Qc1, Qo) that satisfy Pe. 5: O;L::c?rgls i:o(;jhf strc)m_s:,est SBS and measure the mm-wave
> [dent_ify the set of biases (Qr1, Qrz2) that S.amfy Pr. 6: ’ Obtain the RA"F LbTii Q“ for the associated slice.
6:  Obtin Q} € (1,Qp) N (Qo1,Qo2) N (QR1,Qre) for 1 &rn 777 0% Ps R hen
maximizing P if URLLC/mMTC slice or for maximizing Pg 8: Sf?art‘lt“:er_vicertt"rofr;\?és in sub-6GHz band
if eMBB slice, using random restart hill climbing. C}: else o ’ e I
7 Br?udcasl QF Within the slice. 10: Start service from SBS in mm-wave band.
8: end for . e
11:  end if
12: end if

Figure 3-31: Slice-aware RATselection pseudaodes

Position in5G-MoNArch architectureand Protocol implications

A shared NF located at CU is defined inside the mobility management (MM) module, which controls
the load balancing and the user association in the RAN, such that the slice requirencemsideecd

Such a control functionality can be considered as tanston to RRC protocol layer, as highlighted in
Section2.2.1 The slice related physical layer network requirements are signalled to the Clthérom t
M&O layer, through an interface that is currently under definitioBGiIMoNArch and denoted as #f

X. Accordingly, the MM module computes the RAT selection, which are transferred to the distributed
RAN units and the signalled to the end users. FindileyJJESs use this information jointly with the RAT
related measurements (e.g. the strength of the received signal in a specific band) to select the
appropriated RAT. The MSC of the proposed solution is showigure 3-32.

Evaluation and analyses
We summarise here the main contributions of this study, and then discuss some salient results. More
detail can be found in [GDC18]. The major contributiontheff work are enumerated below:
1 We use the Poisson line process to model the roads of an urban scenario on whiBAMmMulti
small cells, operating in both s#GsHz and mrrwave bands are deployed to serve pedestrian
UEs.

1 We propose an miwave interference odel for small cell deployment along roads.
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1 We consider the effect of the vehicles that cause a temporary blockage in the line of sight link
between an outdoor UE and the small cells. This enables the operators to properly dimension
the network so as to & to the needs of reliability constrained applications.

--------------------------------------------------------------------------------------

Slice specific KPIs
and Context Awareness

Metwork Side Slice Aware RAT
Selection

RAT Selection Parameters

UE Side Slice Aware RAT
Selection

RAT Selection (UE id, DU id)

Figure 3-32: Proposedslice-aware RAT selection mechanism

Our results show that for a given density of the small cells and vehicles, the dpfifnaklection bias

should vary for addressing different service requirements, e.g., vehicular blockage, coverage, and data
rate.

In Figure3-33, we show the optimal RAT selection in the €i(bBHz and mrwave bands as a function

of the vehicular density for three exemplary services with different requirements: 1) a slice for a
URLLC service with requirements set equal fo (0.001,|}. 0.85,[}=0), 2) a slice for an mMTC

service with requirements equal tp (0.1, |- 0.9, |;4=0), and 3) A slice foan eMBB service with

requirements equal td[( 0, |- 0.85, l4=0.7).
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Figure 3-33: Slice-aware RAT selection probabilities for different usases solid lines denote the
sub-6GHz association probaliies and the dotted lines denote the mmave association
probabilities respectively

We assume a network with small cell densityof= 10 k mi 1, depl oyed in an |

densityof_ = 15 kmi 1. |Rsdi%,wiRdb @<ultsin an optimal RAT selection Bids

19.7 dB. This leads in a lower rawave selection probability as compared to the other applications. As
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the vehicular density increases, the maximum allow@bleo satisfy the vehicular bikage constraint
gradually decreases, thereby further decreasing thevawe selection probability. For mMTC, tlﬂe
is less stringent (10%), WhereH1§ is tighter (the outage constraint is equal to 10%). In case of low

(e.g., 50 knbiadi30: = 25 R whixlpdchiemes &n SINR coverage of more than 91%,
with an mmwave selection of over 80%. This is considerably higher than the URLLC applications.
However,for_ 150 kmi l, no feasi bl e bi as anethéapplication o s at

cannot be supported with current network dimensioning. The vehicular density value after which the
network is not able to sustain outage below 10% is showvaigure 3-33. Finally, the eMBB service

does not have any vehicular blockage constraints. Thus, the bias for eMBB applications aims to
maximise the rate coverage probability, while satisfying the outage constraint (here 15%)=Fb

kmi 1, the o} t=i2601 dB) wesults ina slightly higher mmave selection probability

than the mMTC application. As the vehicular traffic increases, the optimal bias value decreases.
However, as the outage constraint is nostasgent as the mMTC application, the UE can be served
even under very high vehicular densities (e.g./ 200 km 71T -Wavebamd. t he mm

3.3.4 Inter-dice RRM usingthe SDN framework

Concept

In order to realise the concept of network slicing, it is ingratrto design and validate an appropriate
RRM strategy to share stringent radio resources between sliceswhdtffeaent SLAs. There is a lack

of propositions in the current literature for enabling such strategies in the SDN/NFV driven 5G
architecture(Gap#12, cf. D2.2 [5GMD2.2]). The interslice RRM strategy in th®G-MoNArch
architecture needs to consider the two layers of control, i.e., Qentayler and M&O layer and needs

to identify and separate the strategical decisions to be deployed in those layers. As an example, the RRM
decisions between slices deployed in the same domain can be frGontheler layer and those across
different domais need to be from the M&O layer. The advantage of SDN sudB2Bsnetwork
abstractbn, programmable usptane and centrizsked controplane benefits mobile network architecture

by designing and deploying applications/algorithms that can control/manamgistrresources from

the centrdbed vantage point. The adaptability of such solutions into mobile network infrastructure
requires further study, especially on the extension of functions, protocols and algorithms for
performance improvement (to addressi3b).

The proposed inteslice RRM approach adepictedin Figure 3-34 is a cross layer optirsation
technique to improve the overall igdtion of radio resource between slices by considering SLAs of
slices, current backaul network latency, current radio resource usage and RLC buffer status
i nformati on. I n this framewor kg sltite RrRAViDo saepdp r @p
addtion to the fasinter-slice RRM approach typically in thdetwork layer. This is due to the fact that

it is impossible for the SDN controller to interact with the RAN scheduler for every sclgpgeliiod
(~1ms) with new optimisd parameters (latency imramunication and processingh summary, the
proposed approach is the cross layer as well as two levekliterRRMtechnique

Position in5G-MoNArch architecture & Protocol Implications

As shown irFigure3-34, the InterSlice RRM can be deployed as NB application on top of the controller
framework inthe5G-MoNArch architecture. The controller collects meé&s$ such as RLC buffer status,
networklatency andadioresourcestatus information via SB interface and update the dynamic network
topology in the controller. InteBlice RRM application uses that information available in the controller
datastore along with SLAs of those slices under consitilen by interacting with M&O layer via
dedicated interface. The MSC kiigure3-35 explains the interaction between various functions during
the opeation of interslice RRM application in the SDN framework.
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Figure 3-34: Inter-slice RRM using SDNrfamework
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Figure 3-35. Messagesequencechart of the proposednter-sice RRM using SDNframework

Evaluation and analysis

The experimentation platform for evaluation of irséice RRM using SDN framework is shown in
Figure3-36. The platform is built using srsLTE RAN and EPC stack [GGS+16], which is an open
source endo-end mobile network stack supporting 3GPP release 9. The used physical machine for the
experi mentation 4790 GPb @I3:60Gel2 dad 16 GB BAM. The machine is
operated using ubuntu 18.04 LTS with Kernel version 4-28.0ow latency. Both RAN and Core stack

of srsLTE is virtuaked and deployed in docker container with version 18:86.1The USRP B210 is

usa as a transceiver. The scalable controller framework developed in WP3 of 5GMonArdkad util
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here with SB protocol extensions to support high performance and scalability. By exploiting the concept
of virtual queues and flowwased scheduling, the inter slice scheduler algorithm on top of the controller
can schedule flows corresponding to differegnvices based on their level of priority. This approach is

L4 prescheduling of services before the L2 MAC scheduling. The OpenVswitch (OVS) used in this
platform is an extended version with deep packet learning feature [OVS]. The user experience along
with performance of the system with and without RRM straiegyeasured and compared to validate
such approach.

Inter Slice scheduler Algorithm

*  Video
* BackGround

OVS as a Scheduler
INTERNET

MOBILE NETWORK EMULATED

Figure 3-36. Experimentationplatform

I M&0 LAYER

kubernetes

] 1

CONTROLLER LAYER

d I K 0

BV B9 29 &5 8

NETWORK LAYER

INTERNET
4G NETWORK EMULATED

Figure 3-37: Experimentation platform integration with scalableontroller & orchestration
framework
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The integrated view of the experimentation platform with scalable controller developed in WP3 of 5G
MoNArch and one of the open source orchestrdtimmeworls such as Kubernetes is showrFigure

3-37. In the final experimentation platform all components such as srsLTE RAN, srsLTE EPC and
Controller framework is containsed with docker complaint and stored in the local repository. The
expaimentation platform consists of 2 PCs (1 for Kubernetes Master and 1 for Worker node).

The average instantiation time of etadend network (network to be on live with EPC, RAN and USRP)
via Kubernetes deployment is measured to be around 7 secondsinglea BC with physical
configuration Intéf  C o r e4¥90 CPU @ 3.60GHz and 16 GB RANIhe interslice scheduler
application on top of the SDN controllereates two virtual queues on the OpenvSwitch one for video
traffic and another for newideo traffic. The queuesre assigned to operate on different priority on
scheduling packets on eport of the switch (e.g75% for video traffic and 25% of nerideo traffic)

The application setup rules on the switching table by leah@ager information dfows to map traffic

on different inbound queues according to their prioriBuch approach improves the performance of
high priority flows.

3.3.5 Big data analytics for resource assignment

Concept

Chapter2 described an overall architecture for instantiating multiple network slices, along some
possible optimisations of the interactions among the functions in a VNF chain. However, when setting
up a slice without stringent service requirements, one of thedased features will be that of elasticity;

this is needed in all cases where resource overprovisioning is not a valid option either due to the actual
resource availability (e.g., in the edge of the network) or due to the dynamic nature of network load,
which makes an efficient network slice dimensioning difficult. In those cases, temporal and spatial
traffic fluctuations may require that the network dimensions resources such that, in case of peak
demands, the network adapts its operation aitlistebutes available resources as needed.

These load fluctuations usually characterise each slice. In this context, statistical multiplexing gains can
be improved by applying elasticity to simultaneously serve multiple slices using the same set of physical
resoures (in conjunction with theloud-aware protocol stack described in Secohl). This has a

direct impact on the number of network slices ttzat be hosted within the same infrastructure and, in
turn, allows to exploit complementarities across slices, yielding larger resource utilisation efficiency and
high gains in network deployment investments (as long as-sliocesesource orchestratiorojgtimally
realised).

Position in5G-MoNArch architecture & Protocol Implications

This behaviour is implemented by orchestration algorithms implemented in the-SGceds&O

module. NF\YOs orchestrate VNFs on the available resources according to thévesksources and

their elasticity.For exampleresources may be equally shaneitially, then, in case of peak demands,

the Crossslice M&O can reassign resources taking advantage of different distributions of loads. In this
case, resources are borraiveom slicesnotin peak load The behaviour of the various elastic slices
when the resources needed to accommodate their peak demands exceed the originally assigned ones is
driven by the elastic operation.

Big Data engines can be used to perform theatjmer described above in an automated fashion. By
studying the past load of different network slices, this engine can identify the most usual time interval
and locations in which a network slice experience higher peak demands or, on the other hand, lower
activities. Summarising, the foundation of this work lies in the network slice characterisation.

An accurate characterisation of traffic demands over a given area supports a more efficient planning of
network resources. For example, in case of capéiiyed deployments, accurate characterisation
supports a very efficient deployment of resources over time. Therefore, this kind of analysis will be
beneficial also for the economic feasibility of multi service deploymegsiepicted inFigure 3-38,

the resource assignment procedtwasidersnputs coming from data monitoring modules deployed in

the core network (such as the NWDAF)

As discussed already for the cloerbbled protocol stack, the Big Data analytics for resource assignment
needs a thorough monitoring of all the resources used by the VNFs, both on the networking side (i.e.,
latency, throughput, number of connected deYVieesl the infrastructure side (i.€CPU, Memory,
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location of VNFs). All this information shall then be stored at the NFVO and passeddomo#eSlice
M&O module. Here, the decision about the resource allocation is finally taken, possiblyngsing
from the ENI module, as discusseddppendix B

Evaluation andanalyses

The evaluation performed for this activigin two steps. Fir$g, using dargescaledataset, the activity
patterns of differennetwork slicesare evaluated [SGND42], identifying possible complementarities

in the load they impose on the network. Besides the network metrics, also other metrics such as cloud
resources consumption and the related castsvaluated.Secondly basé on these findingit is
assessedhat would be the needed interfaces towards the orchestration and the network control layers
that a Big Data driven resource assignment algorithm needs.

- NWDAF [tf-X - amvm orVi |  wFvo C’ﬁ;‘g“-’

QoE/QoS Monitoring

Infrastructure Monitor

A 4

Resource utilization monitoring

Resource reassignment

Resource assignment

Figure 3-38: Big data resource assignment operation

3.4 Inter-slice Management & Orchestration

In the previous section, we have defined wsiize mechanisms for radio resource management that
take advantage of RAN arebntrollerlayer architecture components introduced byM@NArch. In

this chapter, we focus on B8oNArch M&O layer. In particular, in SectioB.4.1we describe two
generaframeworks for slice admission control and crslse congestion control. Both solutions cover

the phase of setting up and commissioning a new network slice instance and therefore are closely related.
Further, in SectioB.4.3 a concrete implementation for slice admission control using genetic optimisers

is presented. Moreover, Sectidrt.2describediow the slice congestion control is executed within the
5G-MoNArch architecture for deploying muislice networks.

3.4.1 Framework for dlice admission control

Concept

This section presents Framework for slice admission contrtiat will render the slice admission
procedure easier, by analysing the available infrastructure resources and their remaining capacity for the
accommodation of a new slicEhe proposed solution uses an existing enabler proposed in WP4, namely
the Multi-objective Resource Orchestratienabler that is based on mwdthjective optimisation using
evolutionary algorithms. The enabler aims to efficiently answer the qué§taona new slice be served
efficiently using the current resources?o0.

The implementatio of slice admission control must ensure that after the admission of a new NSI, the
resource allocation methods can optimise the network utilisation while also meeting the SLAs of each
NSI. Towards this end, multiple factors mustdmnsideredsuch as: gte SLA constraints, service

Versionl.0 PageB2 of 165



5G-MoNArch (761445) D2.3Final overall architecture

requirements per slice, demand of the slices, computational resources, and requested demand for the
new slice. A higHevel architectural diagram of the proposed approach is shoRigtine 3-39. Given

the aforementioned factors as input, as well as a resource orchestration module developed in the context
of WP4, the framework decides if the new NSI can be deployed or not.

Cross slice Management
& Orchestration functions

-Service requirements Deploy (YES)
-Requested demand
New slice
Resource Do not Deploy (NO)

orchestration

Existing slices

v SLA constraints

module

Demand of the current slices Available resource pool

0 i@ 2. Eggjéfi

EMBB MMTC URLLC

Figure 3-39: The achitectural diagram of the proposed framework for slice admission control

Evolutionary algorithms for Multiobjective optinsation problems

In our approach we used an algorithm proposed by Zhang and Li [ZLO7] theofjelttive
evolutionary algorithm by decomposition (MOEA/D). Evolutionary algorithms such as MOEA/D are a
subset of evolutionary computation. Along with other techniques anddsetuch as artificial neural
networks, fuzzy logic or swarm intelligence it belongs to Computational Intelligence field of study, also
known as soft computation, a sdiscipline of the Artificial Intelligence fieldFJO8], [BHS97].A
common characterigti of these approaches is that they are can effectively represent numerical
knowledge, easily adapt to changes of the input data while efficiently producing solutions in
computationally hard problems.

In general, evolutionary algorithms evolve a populatibrcandidate solutions. The fithess of each
individual belonging to the population is computed through use of problem specific objective functions,
and the individuals with the highest function scores are used as the basis of a new generation of the
popubtion. In MO problems, optimising the value of a single objective function can result to
undesirable results with respect to the other objective functions. Instead, the solutions outputted satisfy
the objectives without being dominated by other solutides,none of the values of the objective
functions examined can be improved in value without the value of some other objective deteriorating.
These solutions are called ndominated or Pareto optimal.

In MOEA/D each objective function is decomposed stale problem and then evolutionary operators

are exploited to achieve combinations of the best solutions of eagiraibm while maintaining a
record for all nordominated solutions found. While weighted decomposition can be used with
MOEA/D, in the poposed approach Tchebycheff decompaosition is chosen since it does not require any
input of arbitrary weights by the user and performs well both in convex anrcdomvex problems.

Real world problems often have constrains imposed by the inputs of thenprelgethe limited amount

of resources available to the network. There are various methods employed in order to handle the
problem constrains. A frequent one is using some penalty function tageerlapopulation solutions

that violate the chosen corahs; such a penalty function with fast convergence properties was proposed
by Kuri-Morales and Quezada iKI1Q98].
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Position in5G-MoNArch architecture and Protocol implications

As already mentionedhe Framework for slice admission contrpartly uses a resource orchestration
module proposed in WPBGM-D4.2]. Specifically,this resource orchestration moduteutilised in

order to identifythe quantityof the resourcestilised by theexistingslices and how many resources are
free on average, so asttike the decision of if the new slice can be served efficiently using the current
resources. This means thie proposed enablés implemented at the orchestrator level, and in
particular in the @ssslice Elasticity Mgmtmodule inside the NSMF (s&ections2.2.3and4.2.2)

in order to manage virtual resources across different slices and make sure that the requirements of
accepted slices are satisfifthe call flow of the enabler is shown kigure 3-40. Each slice requires

the allocation of both computational (j.eloud) and radio resources in the core and RAN. Details on
the implementation of slicend the slice admission process are available in Secti@i3and4.2.2
respectively.

,,,,,,,,,,,,,,,, NSMF
Bss Appllcat_lons & | Cros_s Slice Cross Slice NEVE o MaNEvO Fl:arnewo_rk for
Services :  Domain M&0 M&0 | MANO Slice admission
Slice
Re-orchestration
>
KPIs & |
i i Slice request N .
Service requirements Slice setup & a SII.CeA
Resource update Admission

»

process
Profit/Cost Information
Admission Decision

Resource allocation Results

SLAs

Figure 3-40. MSC for framework for slice admission control

Evaluation and Analyses

The slice admission simulator was developed in Python andhese¥ GMO2framework[BIY10] to

solve the multiobjective optinsaion problems. Since data front@atworld use case is not available,

a synthetic data set was created to evaluate the proposed mechanism. For a network offering a number
of different services in aumber of slices, in this case web browsing, video streaming, internet of things
(I0T) sensor communications, an augmented reality (AR) app and a virtual reality (VR) app, for each
service request we generate a tist@mp and the resource consumption reglio serve each request

along with the 'aggregated' cost for these resouseed able 3-7. Details for the dataset creation can

be found inAppendixB.2.

Additionally, we use three different types of SLAs dedinedin D4.1[5GM-D4.1]:

1 Guaranteed slice (GS)where the offered service quality is guaranteed to be kept in between
the minimum and maximum level.

1 Besteffort with a minimum guaranteed slice (BG): the SLAs of these type of slices
guarantees them receiving the minimum QoS. However, the higher Qd&witbvided in a
besteffort manner.

1 Besteffort (BES): the slice will be served in best effort manner and the guaranteed on the QoS
is offered beside as soon as resources become available the slice will be served

In the scenario examinedwe useeigltdi 6t e mp | a t Talded-8. &he userhequests desaribe
the ideal number of users that the slice owner would serve if all resources requested are allocated (max
number of users) and the minimum acceptable murobusers to be served.
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Table3-7: Request resource requirements for each slice type

Service CPU Bandwidth | Memory Datacentre | Transmission | Cost
Power power

Web 170-200 | 22571 270 | 136-160 | 0.851 1.51.8 0.5171 0.6

Browsing

Video Stream| 250- 300 | 30071 375 | 200-240 | 1.251 15 |2-25 0.751 0.9

app

IOT sensors | 20- 30 15 30 1671 24 0.1-0.15 0.1-0.2 0.0670.09

VR app 900-1000 | 750900 720-800 4.5-5 5-6 2.7-3

AR app 550950 | 375450 440760 2.751 4.75 | 2.51 3 1.65-2.85

Maximum 95000 91500 60000 375 610 Not

Available Applicable

To verify ourapproachye used two more methods of slice admission:
(1) Slices are admitted if there is enough space to fully accommodate them, i.e. the network is
nonelastic
(2) Slices are partially admitted if there is enough space to accommodate them, provided the SLAs
are maintained, i.e. the network is elastic

In both cases the sequence of slice arriviadrislomandafirst-come, firstserve approach is used while

the slicesare governed by the same SLA agreements as in the data used in tisegptiaimple. These

slice admission schemes where run for n = 100 and the KPI presented in the next slides are the averaged
results. For the optiisetion solution the values of the jelotive functions for the Pareto set where
decomposed into a single value using weighted decomposition with equal weights (w = 0.2) and the
solution with the lowest objective function value was chosen.

Two KPI where used in order to evaluate the resulestR. K,f,, ér,} the available network
resources and C f¢4,c,, €éc,} the total consumed resources at some time T. Then we define the

resource utisation efficiency KPI as:
" (&) .
i

E

~| g
~|

i,j=1
Additionally, let$ be the set of requestot served per network sli§e AP  andO
{p,.p,, €p,} asetof penalties that correspond to the SLAs that apply to each slice. Then we define
the SLA violation penalty KPI as:

/

Qzi
irFA
A flow chart of the processxamined is presented in th@pgendixB.2.

QzR E Q z9

Table 3-8: Slice templates used for evaluation

Slice Type Minimum Maximum SLA Penalty for
number of users | number of users SLA violation
Slice1 | VR app 8 8 GS 50
Slice 2 | IOT sensors 300 300 GS 50
Slice 3 | IOT sensors 450 450 GS 50
Slice 4 | AR app 15 35 BG 20
Slice 5 | Web Browsing 120 150 BG 20
Slice 6 | Video Stream apg 35 60 BG 20
Slice 7 | Web Browsing - 140 BE 10
Slice 8 | Video Stream apq - 140 BE 10
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Concerning the SLA violation penalty KPI, the proposed method produces the lowest values throughout
our simulation while it competes with the greedy method for the resourisetiatil efficiency KP| as

shown inTable3-9. We can distinguish three phases: The first is between the 11:00 to 12:00 where the
two BG slices are clo&ed for optinsaion to free resources for the admission of a new GS slice where
the elastic nomptimised scheme produces values close but still higher than the proposed method for
both KPIs. Between the 13:00 and 18:00 timesktbis system tries to aommodate three competing

BG slices and the MO optisation method outperforms the other two methods. In the third phase
between the 18:00 to 22:00 slots, where two BE slices are checked for admission aisdiiaptjitihe

elastic noroptimised scheme produes results in better resourceig#iion values but worse values in

the SLA violation KPI.

In all cases, the methods that use elasticity outperform the slice admission without elasticity enabled.
Additionally, the optimsed method, on average performetter than both the greedy and unelastic
admission schemesf( Table3-10).

Table 3-9: Resource utikation efficiency &SLA violationKPI values

Resource utilsation efficiency SLA violation penalty KPI

Time Elastic | Unelastic | Optimised Elastic Unelastic Optimised
08:00i 09:00 | 4.319 4.319 4.319 0.000 0.000 0.000
09:007 10:00 4.319 4.319 4.319 0.000 0.000 0.000
10:007 11:00 4.319 4.319 4.319 0.000 0.000 0.000
11:007 12:00 4.846 3.494 4.851 211.485 2073.267 180.000
12:007 13:00 | 4.319 4.319 4.319 0.000 0.000 0.000
13:007 14:00 4.756 4.170 4.823 2170.693 3282.178 460.000
14:007 15:00 4.731 4.156 4.823 2450.693 3344.554 460.000
15:007 16:00 4.742 4.190 4.823 2349.703 3223.762 460.000
16:007 17:00 4.774 4.153 4.823 2315.248 3334.653 460.000
17:007 18:00 4.695 4.000 4.823 3119.208 4478.218 460.000
18:007 19:00 | 4.974 4.319 4.949 1815.248 2600.000 1760.000
19:00-20:00 4.975 4.319 4.949 1774.653 2600.000 1760.000
20:00-21:00 4.981 4.319 4.949 1798.416 2600.000 1760.000
21:00-22:00 4.978 4.319 4.949 1805.149 2600.000 1760.000

Table3-10: Average KPI results percentage difference between slice admission schemes

Resource Utilsation Efficiency SLA violation penalty
Optimised - Unelastic 11.708 -77.782
Optimised - Elastic 0.47 -50.6
Elastic- Unelastic 11.241 -34.545

Apart fromthe values of the KBImeasuredhe results for the actual admission process show that the
proposed method accepts more slice instances that the two schemes used for comparison. As expected,
the unelastic method has the most instances where a slicesé&ved, while in the greedy method there

are instances where all slices could be served but they are noWwed. 2 slicein 17:00 to 22:00

timeslot, as seen iRigure3-41.
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Slice admission results: Unelastic vs optimized network results Slice admission results: Elastic vs optimized network results
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Figure 3-41: Slice admission results comparisar optimised, unelastic and elastic network
schemes

3.4.2 Framework for cross-slice congestion antrol

Concept

Network slicing isrealised by deploying a set of VNFs requiring resources such as radio, computing,
and storage resources. The Crdg Congestion Control (CSCC) function shownFigure 3-42 is
responsible of accepting or dropping a new slice request by controlling resource availability, slice
priorities, and queue state.

The CSCC may decide, based on the service level requirements of a class, to scale dovaatix allo
resources to one or multiples slices in order to accept a larger number of requests, which have high
priority. The proposed CSCC has to be able to foresee the impact of a decision on the overall system
performance [PJD+15]. This intelligence is eresliby using reinforcement learning (RL) techniques

that allow to make the optimal decisions maximising resources utilisation [GBLFi&jefore, this
studyfocuseson Gaps #5, #6, and #12f. D2.2 [5GM-D2.2].

Service
Requests
T NSMF r Network slici i
1 Running and Queued Slices | | etwork sicing
1 I
I |
CSMF : }
5 o
Slice Blueprint | Resource ! B & A
i | esounes. A
& Requirements Queue State Cross-slice I Availability S T |
" . Tnformation | - .= =
cee Slice Analytics congestion e - =
—-1‘ controller :
Slice Request | |
& Network } GS Requests :
Requirements e :
|
! Rcﬁl?cd Slice .o :
I Requirements |
} BE Requests :
e 1

Figure 3-42 Proposedcrosssliceadmission and congestioncontrol framework
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Postion in 5G-MoNArch architecture and protocol implications

The CSCGasimplemented at the orchestrator level, and in particular i€thssslice Elasticity Mgmt.

module inside the NSMFséethe MSC shown ifrigure3-43) as it enables to manage virtual resources
across different slices such that the overall resource utilisation efficiency is maximised, dropped slices
are minimised, and the requirements ofegited slices are satisfieltl.is important to highlight that
decision taken at the NSMF will likely to have an impact at the domain level and potentially at the level

of the controller/NFThe requirements for each slice requests are related not dhly computational

and storage resources to be allocated in the cloud architecture but also to the communication resources
to be allotted in the 5G core and RARbr more details on its implementation in H8MoNArch
architecture, see Sectidi2.3

NSMF

______________________________________________________________________________________________________

Cross slice congestion rg

Cross-slice Congestion Cantral

Slice Resgurce Update (NSI id,
Resource id, Resource_all_updt)

Domain-related Cross-slice
Congestion Contral

Slice Resource Update (NS| id, Resource id,
Resource_all_updt)

Figure 3-43: MSC for the Crossslice congestion control

Evaluation andanalyses

At this stage, twalice classeare definedbest effort (BE) and guaranteed service (GS). In order to
prioritise the deployment of GS requests, a higher reward is assigned for accepting their requests. It is
important to note also that negative rewards will be considened wropping a GS request so that the
policy is pushed toward deploying more GS requests rather than BEIslicestrast to the @earning

scheme implemented during the first months of the project, we have now elaborated a more advanced
solution basedi SARSA, which integrasdinearfunction approximatofMMR+08] in order to find a

reliable solution in problems with large state space dimenstmnlearning procedure in SARSA with

linear function approximator is describedrigure 3-44.

Input: Set of features ¢7(s, a), and their random weights 87(s, a).
1: Initialize all Qy,(s,a) =0
2 fort:=1to T do

3: From current state-action pair (s, a), execute action @ and get reward R and new state

4: Select an action a’ from the action space using a policy derived from Q-learning policy
e.g., e-greedy.

5: Let e, = ¢(s,a), and

6: ke = Ri(s,a) +vQeg, (s, a") — 1Qg, (s, a)

7 Update weights as follows:

8: i1 = 0 + avkie;

9: Replace s + s’ and a + '

10: end for

Figure 3-44: Learning phase in SARSA ith linear function approximation
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In the results shown iRigure3-45, we show the improvement led by the congestion contriollerms

of average rewardnd dropped slice requests. The results showthlegiroposed solution is able to
improve the resource ushtion enabling to increase the percentaggtofccepted slice request without
negatively affecting the performance at the GS slices.

-#.:BE, No CC ’._-’2'- )
R 091 | —e= GS, No CC e
L - BE. CC o

05| | == G35, CC

3 e
W,
s

i
L]
»

-

Average reward

-
Probability of dropping requests

0 L ¥
ill.l 0.2 03 (LE 0.5 [LX) 0.7 IR [LR) 0.1 02 0.3 4 0.5 [N 0.7 0.8 [IR)

Arrival probability of GS requests Arrival probability of GS requests

Figure 3-45. Average rewardleft) and probability ofdropping a slice requestright) with and
without congestiorcontrol as a function ofGS arrival probability

3.4.3 Slice admission control using genetic optimes's

Concept

Inter-slice control based ortenantrequest andbinary decision

As a specific form of public cloud service in context of sliced 5G telecommunication netwilkis,
tenancy networslicing improves the sharing efficiency and the resource utilisation rate. Generally,
network resources (both physical dogical) are bundled by the MNO into slices of different predefined
types. Depending on the slice type, different slices have various utility efficiencies and periodical
payments. Tenants can propose requests to create new slices upon their specifis tiamanadork
resources. The MNO, according to its current
statistics, makes an individual binary decision to every arriving request, i.e. if to accept or to decline the
request. Once a request is acedpta new slice will be created to serve the requesting tenant. The
corresponding portion of network resources remain occupied to maintain the created slice, until the
service level agreement (SLA) is terminated and the network slice is released. Theisnechariefly
summarsed inFigure3-46.

Concept anaptimisation ofadmission decision strategy

A consistent decision strategy is defined as a binary decision furittiqis, n), wheres is the set of

current reserved resource bundles for active slices under maintenanae,dandtes the type of
requested resource bundide0 means the MNO will déioe the request, arit= 1 stands for acceptance.

By adjusting the decision strategy, the MNO is able to statistically optimise the overall utility rate of the
entire network in long term. Every consistent decision strategy can be encoded into a uemgese

where every bit represents the decision that the MNO can freely make, given a certain combination of
current network resource pool status and incoming request. An example design of such encoders is
illustrated inFigure3-47.
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Figure 3-46:. Inter-slice control based on requests and binary decisions

Possible
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(0,0,7)
Space of
Resource (0.0.2)
Feasibility (0,1,7)
(0,0) Incoming 0.1.2)
(0,1) Request Y YV VY A Decision Strategy
Type
(1,0) - 112 [T|T|F[T] - [T][F]
L A
(1,1) | % 2 (1,2,1
(2,1) (2,0.1)
(3,0) (2,0,2)
The MNO can only
_| decline the request if

the state is not in its
space of free decision

|:| Space of free decision . Other states

Figure 3-47: A codec design foslice admissiordecision strategies

Mechanisms tbiandle declined requests

Declines to requests can be caused by two di
resource pool; and 2) loastimated utility rate (especially revenue rate) of the requested slice with
respect to the opportunity cost (the utility of slices that may potentially be created in the future with the
network resources required by the current request).

ffel
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In the first cas , it is impossible to i mmediately satisf
resource pool. To mitigate rejecting the tenant and therefore losing the client, the MNO can offer a
delayed service. Possible approaches to implement this include:

1 A random delay protocol where the tenant resends its declined request after a random delay
(similar to the randoraccess procedure in RAN);

1 A queuing mechanism where the declined requests are buffered in a queue (or a pool) to wait
for released resources.

The first option is easy to implement via a simple protocol, and able to deliver resource efficiency and
fairness among tenants. Howeverlaitks control of the service priority, e.g. it is unable to lisala
first-come firstserved (FCFS) admission policy. & katter one with queuing mechanism is therefore
generally preferred.
In the second case, besides the delayed service, a bidding mechanism can be integrated where a tenant
can keep increasing the payment it offers for the requested slice until it exoeegpest bound or
eventually gets accepted by the MNO.

Position in5G-MoNArch architecture & protocol implications

The Genetic Slice Admission Control particularly affectsteMoNArch M&O layer. The overall
procedure involves the NFV MANO functions, Csedice M&O function within NSMFE XSC in the
Controller layeras well as BSS functions, applications, and services of the Service layer. The call flow
for slice admission control using genetic optimisation is depictdeigure3-48.

Evaluation andanalyses

A genetic method is proposed, where each feasible slicing strategy is encoded to a binary sequence. A
population of randomly generated strategies are initialiseldpamallel evaluated in retime with

respect to their lonterm network utility rate. A genetic algorithm (GA), which includes the three steps

of reproduction, crossover and mutation, then applies to the current population, so that a new generation
of candidate strategies will be created. This process runs in iterations so that the entire population
evolves to a good set of strategies with high utility rates, and the best strategy in the population
approaches to the global optimum through a winding psocEse overall procedure is illustrated in
Figure 3-48. The proposed method is modete, can be flexibly applied to different (and even
heterogene@) constructions of utility function. It was verified to be effective,-tastverging and

robust against inconsistent environment.

Applications Cross-slice Genetic Slice
MAN MOLI
=3 & Services ME&0 MY © Admission Control
Service requirements, KPls
Slice setup, resource requirement
Slice requests

Decision
Making

Decision

SLA

Slice
Implementation

Revenue, profit, utilities

Strategy
Evolution

Figure 3-48: Message flow chart of deploying genetic slice admissiontaanwhere the crosslice
M&O is assisted by the CSMF for translation from service requirements to slice requirements
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Figure3-49 shows the performance evolution of the entire population of strat&giese 3-50 shows

the performance of the best (deployed) candidate incnasistent network traffic scenario, three
Ainapved strategies and a static optimum are al sc
method, the simulation design, more evaluationltesand further analysis can be found in [HJS18].
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Figure 3-49: A population of 50 randomly selected slicing strategies evolves over 17 generations
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Figure 3-50: Proposed genetic optimiseéemains on an almosbptimal performance level in
inconsistent service environment, outperforming
optimum

3.5 Experimentdriven optimisation

Experimertal optimisation is one of the key elements in the designing and implementation of the next
generation of mobile networks. Having different functionalities being virtualised the cloud infrastructure
providers have to develop an experimental procedure ébleeto meet the QoS requirements of each

VNF optimally. Scaling and elasticity decisions (either vertibgladding more resources to the same
machine or horizonta] by adding more machinesannot be made without having a practical
experimental optimisation approach. Experimgiven optimisation is enabled through measurement
campaigns (i.e., a monitoring process). The measurements from these campaigns feed a modelling
procedure, which natels the VNF behaviour regarding their computational, storage and networking
resource demands. The resulted models may facilitate the overall resource management of the cloud
infrastructure. Algorithms and functions that apply upon the 5G protocol stackngaove their
performance by exploiting experimegtiven insights and, thus, taking more intelligent decisions. In
contrast to importance of this issue, it was not the focus of many studies so far. In this context, the
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experimentdriven modelling and dpnisation is a key innovation enabler for §8-MoNArch project

filling the current gap on experimehtsed E2E resource management for VNFs. However, it is
expected that albG-MoNArch innovations can benefit from the experimdnitzen modelling and
optimisation; therefore, this innovation element can be{rekated to all other identified gaps (listed in
D2.2 [5GMD2.2]). From a more general perspective, the innovation element mentioned above brings
a new paradigm in network management and orchestratie two other enablers of the projeei¢o
cloudenabled protocol stack and intice control & management as well as the functional
innovations of the project (resource elasticigsiliencg are fed and optimised with experimédigsed
inputs That is, the orchestration can be tailored with very accurate models of thi&Feabnsumption

in terms of CPU In the following we describe three possible aspects of the experiment driven
optimisation related to the profiling of lower layers (Secti@S.1and3.5.2 and higher layer (Section
3.5.3 of the RAN protocol stack.

3.5.1 ML -basedoptimisation using anextended FlexRAN implementation

The aim of this experimental optimisation is to develop a Machine Learning (ML) based approach to
manage theé\Fs, which are virtualised and implemented on the Commercial#Shelf (COTS)
computers or dateentres. The two main steps are (i) profilimng NF computational complexity in
baremetal (i.e., without virtualisation) and contaif®&xsed environment (since containers have
relatively lower computational overhead and are more suitable for VNF in RAN with tight processing
delay budget), (ii) devefiing ML agent(s) optimising the network based on thetiesd reports and
measurement.

Step 1- Profiling of bare-metal containerbased implementation of RAN:

Studying the complexity of RAN network complexity in terms of processing time is the focus of th
step. After initial evaluations with Open Air Interface [OAl], the demonstrator development of RAN
functions which forms the basis for the experimental evaluation has been moved to srsLTE [SRSLTE]
which relies on objeetriented code design and is tHere more suitable for CU/DU splitting
implementations. The EPC is still the one provided by OAI. The latest version of the demonstrator works
with both srsLTE and OAI in combination with Docker.

In addition to previously conducted processing time evaloatilepending on PRB and MCS selection,

the evaluation is now done depending on the transport block size (TBS) of resource allocations within
a transmission time interval (TTI) which corresponds to an LTE subframe. An exemplary evaluation of
the downlink ecoding processing time per LTE frame is givefrigure3-51.

250

200

Processing Time (5]

& 20 MHz |7
¢ 10 MHz
¢  5MHz

0 10 20 30 40 50 &0 70 80
TBS [kbit]

Figure 3-51: Downlink processing timdor transport block encoding with srsLTE

These performance studies provide the essential input for computational elasticity algorithms based on
machine learning strategigbeywill for example be used for processing time requirement prediction

in caseof massive multiuser MIMO transmissions that involve a significantly increased number of
transport blocks per transmission time interval. The latter will be evaluated by means of system level
simulations.
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Further development activity was devoted to thelementation of endo-end latency evaluations
between the PDCP (Protocol Data Convergence Protocol) instances of the LTE eNB and the UE. This
forms a crucial basis for comprehensive studies concerning the impact of CU/DU split implementations
which might nvolve a tradeff between processing time enhancement and increased-end latency

due to additional communication interfaces between protocol stack entities running on different hosts.
Figure 3-52 (A) shows an exemplary downlink latency evaluation in case of traffic load with an
exponential distribution of packet intarrival times, andrigure 3-52 (B) showsthe corresponding
measurement results with traffic load generated with iPerf3 [IPERF]

m— (.5 Mbit/s
2.0 Mbit/s

T T T T
= |AT =1ms, PDU size =35 bytes
e |AT = 10 ms, PDU size = 130 bytes

4.0 Mibt/s
= 8.0 Mbit/s

L L L
10 12 14 16

3 35 4 8
PDCP E2E Latency [ms]

::;cp E2E Eatem:y [mf’s]i
(A) (B)
Figure 3-52 PDCP latencyevaluation

All measurements within the protocol stadks are directly written into a database connected to the
RAN which allows for live monitoring direct adaptation of individ parameters such as modulation
and coding scheme or assigned numberrasfources within a transmission time interval. The
communication between the data base and the vgeddiFs makes use of the messages described in
Section3.1.2

Step 2: Developing Machine Learning Algorithm

In the next step, the reports and measurements from the experimentahredagp to the machine

learning agent. The aim is to first update the models with the measurement and report oftirtie2 run

The processing time of a specific function is highly dependent on the implementation techniques (e.g.,
number of memory access). Hendhe ML:-based approaches are needed to adopt the complexity
models of NFs to the reports and measurements. These models can be used later for optimisations and
improvement of networks or used by other ML agents.

In addition, ML-approaches are one of tbhandidate solutions for the elastic allocation of resources
(radio or computational) to different network slices with different requirements. Both radio and
computational resource management are dependent on traffic demands. Shifting resource management
from the passive mode, i.e. observing a change in traffic demand and react to the change, to the active
mode, where the changes are predicted, can improve the resource utilisation.

Estimating the processing time using a Deep Neural Network (DNN):

As it is presented in the former section, the processing time of the IRARay vary as the channel
condition varies and different MCS (Modulation and Coding Scheme) indexes are selected. Processing
the subframes with higher MCS index are relatively more complgure3-53 presents the measured
processing time for different MCS index when the maximum MCS index is limited to 5, 10, 15, and 20.
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Figure 3-53: Measured processing time for different MSC index

Based on the provided measuremeardeep neural network is trained to estimate the processing time

per PRBs based on the selected MCS index and applied MCS limitation. The DNBvkasdense

layers with Leaky RelLU activation functions, where the number of neurons in the layers are relatively
300, 600, 1500, 1500, 500, 300,Higure 3-54 illustrates the estimated processing time versus the
measured data used as the input for two cases where the MCS index is limited to 10 and 15. It is apparent
from the plots that the DNN have a fair estimation on processing time given the variance of input data.
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Figure 3-54: Estimated processing time versus the actual measured data

Detecting the Computational Congestion with Fuzzy Logic DNN

In the next step, the estimated processing time has to be used to determine if the measurement report
coming from the network indicate any computational congestion. The goal is not only to know if there
are any congestions or not (i.e. binary logic) buiage more detailed decision. Hence, four classes of

congestions are defined, which are fANo Congesti

AiHIi gh Congestiono. To decide on the network si
DNN is designed that get the MCS index, MCS index limitation, and the estimated processing time and
marked the input with one of the four possible labels. This DNN have five dense layers with Leaky
ReLU activation functions. The output layer uses a softmax &ctivaunction.
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To train the DNN, three set of random processing delay with Gaussian distribution are generated. While
they have identical variance, their mean values are different. These delays are used to generate four set
of training data sets.

Figure 3-55 presents the output of the DNN deciding the computational congestion for in the four
aforementioned situations. The plot shows that in general the DNN is sucoedsfieglmining the state

of the computational pool. However, there are more inaccuracy in decision of DNN when there are low
load and the MCS index in less than 5.

Finally, the output of this step enables enforcement of different policies in to managenhetational

resource for cloutbased protocol stack. One may consider scaling out when there is high load and
scaling down when there is low load.

Figure 3-55: DNN output labelling the measured procesgitime

3.5.2 Computational analysis of open source mobile network stack
implementations

Experimertdriven optimgation necessarily builds on top of thorough measurements of software
modules5G-MoNArch uses especially for the testbeds, a mixture of open samdeadhoc developed
solutions. Therefore, some wéthown implementation of the RAN: OAl [NMM+14] and srsLTE

(SRS) [GGS+16hre measured

While in the previous version of the deliverable we observed the CPU consumption of different open
source mobile netark stack implementation, in this section ¥eeus on the internals of the VNF
implementation, to understand the CPU dynamics of each implementation.

For these experiments we uselA E USB dongle as user equipment (UE) ansbftware RAN VNF

that includesrsLTE and a softwargefined radio (SDR) USRB210asRF interface While we set up

UDP traffic at full buffer with good SNR channel conditions. On the other headimit the available

CPU through the cgroup API available in Docker, fromo CPU cores downwards. We also fix the

used Modulation and Coding Scheme to different ones and study the decoding time. Results are depicted
in Figure3-56.

The results motivate the need from a clamébled protocol stack, empowered with algorithms such as

the ones proposed in [5GM4 . 2] , namely the AEIlI astic RAN Sch
constantly growing when the available CPU starts to beesdanaybe due to orchestration policies),

being higher when MCS are higher as well. This has a translation into the perceived throughput. For
instance, when the CPU decreases below 0.5 cores, it is actually better to use a lower MCS, having then
a cloudenabled protocol stack.
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