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Executivesummary

5GDRIVE is an innovative-&fonth project focused on haramising research and trials between EU
and China on the area of service evolution for enhanced Mobile Broadband (eMBB) and-téehicle
Everything (V2X). This document focuses on the work performed with respect to the definition of a
novel 5G ecosystem, patlarly on:

1 radio access and transport networks,

1 endto-end slicing,

1 service development and deployment, as well as,
9 security and privacy.

5GDRIVE explores how to provide high performance on radio access by including massive Multiple
Input Multiple Outpd (mMMIMO) and virtual resource management under new distributed
architecture which includes Distributed Unit (DU) and Central Unit (CU). Powerful computing
resources are required to improve the overall radio access performance by adopting the Atrtificial
Intelligence (Al) into MIMO systems and resource allocation. Furthermore, transport network
optimisations and the use of Software Defined Networking/Network Function Virtualisation
(SDN/NFV) optimisations is considered.

Network slicing enables the creationf garallel virtual telecommunication over a common
distributed cloud infrastructure. The main advantage of this approach is the ability -démmand
creation of isolated networking solutions, which are combined or tailored for specific applications
and gie slice management capabilities to slice tenants. The technical basis for network slicing and
slice monitoring is herein discussed.

SDN/NFYV service development is extensively discusseDRIGE dedicates a lot of effort in ensuring
standards compliance.h& use of hardware optimisations is extensively discussed as a means to
provide highperformance and reliable VNFased services. An important aspect of this work is the
definition of a measurement framework for performance and availability measuremestshia
forms the basis for most fault, configuration, administration, performance, security (FCAPS)
operations.
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CSIRSRP Channel State Inforntimn Reference Signal Received Power
Csl Channel State Information

CSIR Channel State Information at the Receiver Side
CSP Communications Service Provider

Cu Central Unit

CUPS Control Plane and User Plane Splitting
CWF Conventional WateFilling

CWL Continuous Wave Laser

D2D Deviceto-Device

DAC Digital to Analog Converter

DAS Distributed Antenna System

DCI Downlink Control Information

DDR Double Data Rate

DDR3 Double Data Rate 3

DECOR Dedicated Core

DHCP Dynamic Host Configuration Protocol
DiffServ Differentiated Service

DL Direct Learning

DLSCH Downlink Shared Channel

DMT Discrete MultiTone

DNN Deep Neural Network

DoA Description of Action

DP Data Plane

DPDK Data Plane Development Kit

DSP Digital Signal processor
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DU
DWDM
DUA
E2E
EUTRA
EDFA
EEA
EL
EM
eMBB
EMS
eNB
EPA
EPC
ETSI
EU
EVM
FaaS
FAB
FCAPS
FEC
FFT
FM
FPGA
FSB
FW
GA
GDPR
GHz
GPRS
GTP
GPS
GPU
GR
GS
GSM

Distributed Unit

Dense Wavelength Division Multiplexing
Decentralised User Association
Endto-End

Evolved UMTS Terrestrial Radio Access
ErbiumDoped Fiber Amplifier

European Economic Area
Equalisatiorand-Learning
ElementaManager

Enhanced Mobile Broadband

Element Manager System

evolved NodeB

Enhanced Platform Awareness

Evolved Packet Core

European Telecommunications Standards Institute

European Union
Error Vector Magnitude
Furction asa-Service

Fulfilment, Assurance and Billing

Fault, Configuration, Administration, Performance and Security

Forward Error Correction
FastFourier Transform

Fault Management

Field Programmable Gate Array
Front $de Bus

Firewall, Fire Wall

Grant Agreement

General Data Protection Regulation
Giga Hertz

General Packet Radio Service
GPRS Tunnelling Protocol
Global Positioning System
Graphics Processing Unit
Group Report

Group Specification

Global System for Mobile Communications
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GSMA
GUI
H2020
HARQ
HD
HetNet
HLS
HP
HPE
HTTP, http
HUA
HW

121

laaS

ICT

ID, id
IDS
IEEE
IETF
IF

IFA
IFFT
ILS
IMT
IntServ
10, 110
IOMMU
i0S
loT

loV

IPR
IPVS
ISCSI
ISI

GSM Association

Graphical User Interface

Horizon 2020

Hybrid Automatic Repeat Request

High Definition

Heterogeneous Network

Higher Layer Split

Hyper-Treading

Hewlett Packard Enterprise

HyperText Transfer Protocol

Hybrid User Association

Hardware

Infrastructureto-Infrastructure
Infrastructure asa-Service

In-Phase and Quadrature

Information and Communiation Technology
Identifier

Intrusion Detection System

Institute of Electrical and Electronic Engineers
Internet Engineering Task Force
Intermediate Frequency

International Financial Architecture
Inverse FasFourierTransform

Integer LeasBquares

International Mobile Telecommunications
Integrated Service

Input / Output

Input Output Memory Management Unit
iPhone Operating System

Internet of Things

Internet of Vehicle

Internet Protocol

Intellectual Property Rights

IP Virtual Server

Internet Small Computer Systems interface

Inter-Symbol Interference
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ISG Industry Specifications Group

ISP Internet Service Provider

IT Information Technology

ITS Intelligent Transportation System

ITU International Telecommunications Union

ITUR International Telecommunications UniefRadiocommunication Sector

ITUT International Telecommunications UnieriTelecommunication Standardizatic
Sector

JHA Justi@ and Home Affairs

KPI Key Performance Indicator

KQl Key Quality Indicator

KVM Kernelbased Virtual Machine

LAN Local Area Network

LLS Lower Layer Split

LMMSE Linear Minimum MeasBquare Error

LO Local Oscillator

LR LatticeReduction

LTE Long TernEvolution

MaaS Managementasa-Service

MAC Medium Access Control

MANO Management and Orchestration

MBB Mobile Broadband

MC MissionCiritical

MCPTT MissionCritical PustTo-Talk

MEC Mobile Edge Computing

MEC Multi-access Edge Computing

MemRo Memory Resources Overutilisation

MemRu Memory Resources Underutilisation

MF Matched Filter

mgnt Management

MIMO Multiple Input Multiple Output

ML Machine Learning

MME Mobility Management Entity

mMIMO Massive Multiple Input Multiple Output

MMSE Minimum Mean-Square Error

mMTC Massive Machine Type Communications
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MMU
mmw
MTBF
MTC
MTTR
MU
MUD
MU-MIMO
MU-SIMO
MVNO
MZM
N/A
NaaS
NAT
NB
NB-loT
NCU
NF
NFS
NFV
NFVI
NFVO
NG
NGMN
NGP
NlaaS
NIC
NIC
NMS
NPaaS
NR
NRT
NS

NS
NSaaS
NSD

Memory Management Unit
millimeter wave
Mean-TimeBetweenFailures
Machine Type Communications
MeanTimeTo-Repair

Multi-User

Multi-User Detection

Multiuser Multiple-Input Multiple-Output
Multiuser Singldnput Multiple-Output
Mobile Virtual Network Operator
MachZenhder Modulator

Not Available

Network asa-Service

Network Address Translation
Narrow Band

Narrow Band Internet of Things
Network Capability Unit

Network Function

Network File System

Network Function Virtualisation

Network Function Virtualisation Infrastructure

Network Function Virtualisation Orchestrator
Next Geneation

Next Generation Mobile Networks
Next Generation Protocol
Network Infrastructure as-Service
Network Interface Card

Network Interface Controller
Network Management System
Network Platform as-Service
NewRadio

Near Real Time

Network Service

Non-Stationary

Network Slicing as a Service

Network Service Descriptor
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NTP
NUMA
nvVR

NZ

OAl
OBSAI
OComRo
OComRu
OConRo
OConRu
ODL
OFDM
OMemRo
OMemRu
oS

OosC
OSM
0SS
OTA
O)VAS

P2P
PaaS

PC

PCI

PCle
PCP
PCS
PDCP
PHY
PLMN
PNF
PNFD
PoC

PoP

PPP
PRC

Network Time Protocol

Non-Uniform Memory Access

Non-Visual Region

Nyquist Zone

Open Air interface

Open Base Station Architecture Initiative
Overall Computing Resources Overutilisation
Overall Computing Resources Underutilisation
Overall Connectivity Resources Overutilisation
Overall Connectivity Resources Unddisgition
OpenDaylight

Orthogonal Frequency Division Multiplexing
Overall Memory Resources Overdutilisation
Overall Memory Resources Underutilisation
Open Source

Oscilloscope

Open Source MANO

Operations SupportyStem

OverTheAir

Open vSwitch

Peerto-Peer

Platformasa-Service

Personal Computer

Peripheral Component Interconnect
Peripheral Component Interconnect Express
PreCommercial Procurement

Personal Communicatis Service

Packet Data Convergence Protocol

Physical Layer

Public Land Mobile Network

Physical Network Function

Physical Network Function Descriptor
Proofof-Concept

Pointof-Presence

Poisson Point Process

PS2 L) SQa wSLlJzmtAO 2F / KAYL
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PSK Phase Shift Keying

PTP Precision Time Protocol

QAM Quadrature Amplitude Modulation
QAT Quick Assisted Technology
QEMU Quick Emulator

QoE Quality of Experience

QoS Quality of Service

RAM Random Access Memory

RAN RadioAccess Network

RAR RandomAccess Request

RAT Radio Access Technology

RAU Remote Antenna Unit

RB Radio Bearer

RCE Relative Constellation Error

RDP Resource Depletion Probability
RAR RandomAccess Request

RE Radio Equipment

REC Radio Equipment Coraller

RET Reconfiguration Execution Time
RF Radio Frequency

RIA Research and Innovation Action
RID Requester ID

RLC Radio Link layer Control

RNC Radio Network Controller

RO Resource Orchestration

RoF Radio over Fiber

RRC Radio Resource Control

RRH Remote Radio Head

RRU Remote Radio Unit

RSDNC RSWSDN Controller

RSRP Reference Signal Received Power
RSSI Received Signal Strength Indicator
RSU RoadSide Unit

RT Real Time

Rx Reception

SNSSAI Single Network Selection Assistance Information
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SSRSRP
SSSINR
SaaS
SAS
SBA
SC
SCM
SCsSI
SD

SD

SD

SD
SDAP
SDMN
SDN
SDO
SDR
SDT
SDTS
SECaaS
SER
SG
SGD
SGX
SGW
Sl

SIC
SIM
SIMO
SINR
SLA
SMF
SMS
SNR
SRIOV
SSB

Synchronization Signal Reference Signal Received Power

Synchronization Signal Signal to Interference plus Noise Ratio

Softwareasa-Service

Statistical Analysis System
ServiceBased Architecture

Small Cell

Subcarier Multiplexing

Small Computer Systems interface
Slice Differentiation

Slice Differentiator

Software Defined

Sphere Decoding

Service Data Adaptation Protocol
Software Defined Mobile Network
Software Defined Networkm
Standards Developing Organisation
Software Defined Radio

Slice Deployment Time

Slice Deployment Time Scalability
Securityasa-Service

Symbol Error Rate

Study Group

Stochastic Gradient Descent
Software Guat Extensions
Serving Gateway

System Information

Soft Interference Cancellation
Subscriber Identity Module
Singlelnput, Multiple-Output
Signal to Interference plus Noise Ratio
Service Level Agreement

Single Mode Ber

Short Message Service
Sgnatto-Noise Ratio

Single Root I/O Virtualisation
SingleSideBand
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SST Slice Service Type

STD Standard Deviation

STT Slice Termination Time

SW Software

SWA Software Assurance

TBD, thd To Be Defined

TCP Transmission Control Protocol

THA Trackand-Hold Amplifier

ToC Table of Contents

TPM Trusted Platform Module

TR Technical Report

TS Technical Specification

TSDSI Telecommunications Standards Development Society India
TSN Time Sensitive Networikg

TTA Telecommunications Technology Association
TTC Telecommunications Technology Committee
TTD True Time Delay

Tx Transmission

TXT Trusted Execution Technology

UA Unified Architecture

UA User Association

uc Use Case

UDP User Datagram Protocol

UE User Equipment

UHD Ultra-High Definition

ul User Interface

UMTS Universal Mobile Telecommunications System
UP User Plane

UPF User Plane Function

URLLC Ultra-Reliable Low Latency Communications
uT User Terminal

UTRA UMTS Terrestrial Radio Access

UTRAN UMTS Terrestrial Radio Access Network
V2| Vehicleto-Infrastructure

V2N Vehicleto-Network

Va2V Vehicleto-Vehicle
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V2X
VCA
vCU

vDU
VEPC
VIM

VL
VLAN
VLD
VLPZ
VM
VNF
VNFaaS
VNFC
VNFD
VNFFG
VNFFGD
VNFM
VNFO
VPI

VR

VR
VSDNC
WAVE
WiFi, WiFi
WWW, www
WG

WP
XML, xml
XFS

ZF

ZFS

Vehicleto-Everything

Vehicle Certification Agency
virtual Central Unit

virtual Distributed Unit

virtual Evolved Packet Core
Virtualised Infrastructure Manager
Virtual Link

Virtual Local Area Network

Virtual Link Descriptor

Vehicular Location Privacy Zone
Virtual Machine

Virtual Network Function
VNFasa-Service

Virtual Network Functio®omponent
VNF Descriptor

VNF Forwarding Graph

VNF Forwarding Graph Descriptor
Virtual Network Function Manager
Virtual Network Function Orchestrator
Virtual Photonics Incorporated
Virtua Reality

Visual Region

VehicularSDN Controller

Wireless Access in Vehicular Environments
Wireless Fidelity

World Wide Web

Working Group

Work Package

eXtensible Markup Language
Extended Fil&ystem

Zeroforcing

Zettabyte File System
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1 Introduction

1.1 Project overview

5GDRIVE is an innovative-8onth project focused on harmonising research and trials between EU
and China on the area of service evolution for enhanced Mobile BroadbangBe&hd Vehiclo-
Everything (V2X)ommunications The 5GRIVE project is supported by a consortium comprising of
17 partners from EU academia, industry and commercial areas.

¢tKS LINB2SOiQa 202S00A@Sa | NB &l NHa) ledetafdrig andl y i 2
business objectives. These are listed, in brief, as follows:

Technical objectives

9 Build precommercial endo-end (E2E) testbeds in two cities with sufficient coverage to
perform extensive eMBB and Internet of Vehicles (loV) trialst fesh specifications will be
defined through the collaborative agreement with the Chinese project.

1 Develop and trial key 5G technologies and services, including but not limited to: massive
multi-input multi-output (MIMO) at 3.5GHz; endo-end network sking; mobile edge
computing (MEC) for low latency services and V2X; softdafimed networking (SDN) for
transport and core network, and; network and terminal security.

1 Develop and trial crosdomain network slicing techniques across two regions for new
services.

1 Demonstrate loV services using VehideNetwork (V2N) and Vehicle-Vehicle (V2V)
communications operating at 3GHz and 5.&Hz respectively

1 Analyse potential system interoperability issues identified during the trials in both regions
and 2 LINPOARS 22Ay0d NBLRNIASX 6KAGS LI LISNE |
accordingly

f {dzoYAG 22Ay0d O2yGNRodziAzya G2 oDtt |FyR 20KS
5G technologies developed and evaluated in the project.

Regulatory objecties

1 Evaluate spectrum usage at 33z for indoor and outdoor environments in selected trial
sites and provide joint evaluation reports and recommendations on 5G key spectrum bands
in Europe and China.

1 Investigate regulatory issues regarding the deploymant2X technologies (i.e. coexistence
in the 5.9GHz band) and provide joint reports.

Business objectives

1 Investigate and promote 5G business potential through joint development of 5G use cases
and applications.

9 Strengthen industrial 5G cooperation betwethe EU and China.

1 Promote early 5G market adoption through joint demonstrations in large showcasing events.

1.2 Scope of the deliverable

The5GG wL+9 O2yGiSEG RSRAOFGSE Fy SydaNB 22N)] t!I O
YR { SNIIA O SThd maifi puthbsié af 2hig apecific WP5 is to develop and document key 5G
improvements to support real operational scenarios, in terms of expected functionalities, as well as
scalability and performance characteristics. Specifically:
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1.3

Radio Access and TrangpdNetwork (T5.1) centres around RAN improvements, Distributed
Massive MIMO and data transport beyond 5G mobile communications.

Network Virtualisation and SlicingT5.2) focuses on the development of a contawtare,
multi-level control plane and E2E siigi

5G New Servicef§T5.3) address novelties required at the service level in order to flexibly
provision, replace, migrate and troubleshoot network functions, as well as monitor their SLA
assurance.

Security and Privacy aspects of 5G and the Internet ehiles(T5.4) tackles security and
privacy challenges within the complex 5G ecosystem.

Organisation of the document

The document is organised as follows:

T

Section 1(current section) serves as an overall introduction to the document and discusses
the scope of WP5.

Section 2discusses Radio Access Technologies (T5.1), including massive MIMO.
Section 3ocuses on the Transport Network (T5.1).

Section 4focuses on Network Virtualisation and Slicing (T5.2) including aspects of MANO
operations.

Section 5provides an overview of T5.3/T5.4, focusing upon the deployment of-high
performance network services and upon security/privacy considerations.

Section 7summarises the key points and conclusions drawn from the work performed during
M1-M8 and provides the next eps towards D5.1.

Appendix Aprovides the process for a test configuration and optimisation of a service
ecosystem.
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2 Radioaccess

In 5G communications, new radio access techniques are developed to enhance the overall network.
In the 5GDRIVE framework, th&ey radio access technologies to be explored to provide high
performance include massive Multiple Input Multiple Output (MMIMO) and virtual resource
management under a new distributed architecture which includes Distributed Unit (DU) and Central
Unit (CU)Also, the powerful computing resource is considered to improve the overall radio access
performance by adopting the Artificial Intelligence (Al) into MIMO systems and resource allocation.
In this section, solutions to three issues in massive MIMO systanas the new distributed
architecture are discussed and evaluated by simulatidnsorder to investigate the precoding
schemes in MIMO systems, the channel modelling is also important. According to the test results, the
mobile channels in MIMO systems magt be stationary. Therefore, how to model nstationary
channels is also investigated.

2.1 Beam squint exploitation for resource allocationin multi-carrier
massive MIMO

In massive multiple input multiple output (MIMO) systems, the antenna array coulddmauarge
number of antenna elements, for example, hundreds of antenna elements. With phased arrays
configured for the antenna elements, narrow beams can be formed with large antenna gains towards
users, and there are different configurations availablattmeet beamforming needs. A system with

an RF chain dedicated to each antenna is known as a digital beamfoméch has the advantage

of most flexibility, allowing it to reach the highest capadty. The main challenge tdigital
beamforming is that the cost of the implementation is extremely high. Comparatively, an analogue
beamformer is the easiest to implement, as multiple antenna elements could share one RF chain,
while this configuration would have the least amount flfxibility and relatively low capacityA
configuration incorporating an analogue precoder of phakiters and a digital precoder is known

as Hybrid beamforming, which works as a compromise between achievable performance and
implementation cost

Typtally, the analogue beamformer is configured with the phased array. Each branch of the phased
array generally has the same phase shift for all frequencies within the communication band. The
phase shift is usually approximated for a fixed time delay forawasand signals. However, the
approximation would break down for signals with wide bandwidth when the Angle of Arfh@h)

or Angle of Departure (AoD) is not zero. In the context of narrowband assumption, if the carrier

Beamformingor spatial filteringis asignal procssingtechnique used isensor array$or directional signal transmission
or reception. This is achieved by combining elements iarganna arrayin such a way that signals at particular angles
experience constructivinterference while others experiencelestructive interference. Beamforming can be used at
both the transmitting and receiving ends in order to achieve spatial selectivity. The improvement compared with
omnidirectionalreception/transmission is known as tladérectivity of thearray.For furthe information also seeamong
others Wong, A.C.C. (198onsiderations iigital BeamformingDesign In Proceedings of the IET Colloquium of
Multiple Beam Antennas and Beamformers, London, UK, November 21, 1989.

For more details about differences keten digital and analogue beamforming also seamong others
http://www.rfwireless-world.com/Terminology/Analo@eamformingvs-DigitalBeamforming.hinl

Also seeA.F.Molish, V.V.Ratnam,S.Han,Z. Li, atal. (2017): Hybrid Beamforming for Massive MIMQ\ SurveylEEE
communications Magazinepl. 55, no. 9, pp. 13441.

Angle of arrivalAoA measurement is a method for determining the directiof propagation of a radirequency wave
incident on anantenna arrayor determined from maximum signal strength during antenna rotatidine AoA
determines the direction by measuring thiene difference of arrivaht individual elements of the arrayfrom these
delays the AoA can be calculated.
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frequency id, in order to poin the beam to a direction with angle et-the analoge beamforming
weight for each antenna elementy,, is calculated according to the value fefand — so that a
beamforming vectow=[w1,W2E \Wy] is obtained, wheréM is the number of antenna elements. For a
narrowband system, with the sanf®amforming vector, the channel gain could be approximated to
be the same for all the frequencidowever, in a wideband system with bandwidsh the channel
gain at an operating frequencly wherefv "Q 6¥cAQ 67c¢ , will be changed by a factaf

& —HQ, which varies with the AoA/AoD angland operating frequenc§[2].

Figurel demonstrates the frequency response at different AoA/AoD, when a system with a fixed
analoguebeamforming vector operating at three different frequencié&&:65 GHz,"(=81 GHzand

the centre frequencyQ =73 GHz. In this simulation, the number of antenna elements is 128. The
bandwidth isB=16 GHz= 0.Z.. The expected beam directioes—=3(. It can be seen from this figure
that when operating at a frequency other than the centre frequency, the beam direction is different
from Ehe expected direction achieved at the centre frequency, which is referred to as the beam
squint.

Figure2 illustrates channel frequency response for a system with a carrier/centre frequieaty73

GHz and AoA/AoD at 38n the figure, ="I'Qindicates the ratio of the operating frequency to the
carrier/centre frequency. From this figure, it can be seen that, when the channel banduidsh
relatively large, the channel gain is not flat for the whole bandwidth, and the effect of operating
frequency cannot be ignored.

It can be seen from bothrigure 1 and Figure 2 that the effect of beam squint on the system
performance could be significant in a system with relatively large bandwidth. With the increase in the
number of antennas, éam squint could be more severe. It is also affected by the number of
antennas. which could be a serious issue to be addressed in millimetre wave massive MIMO systems.

Beam Sgounet o (.;.f m'an‘, of '-.?)Gu. W8G2

: X
Y 4 v Y4

Figurel: Beam squint in an array with 128 antenna elemetits, antenna spacing @ _ 7¢, where_ is the
wavelength for the centre frequency.

In a phased array or slotted waveguide antensauint refers to the angle that the transmission is offset from the
normal of the plane of the antenna. In simple terms, it is the change in the beam directiarfumction of operating
frequency, polarization or orientation. It is an important phenomenon that can limit the bandwidth in phased array
antenna systems.
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Effective gain towards user at 38°
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Figure2: Channel frequency response for a system with 128 antenna elements, antenna spafgrasnd the
expected beam direction at 38

Currently, mat methods to deal with beam squint is to compensate it, based on beam squint
estimation. While the estimation could be accurate, most of the methods are difficult to implement,
due to the nonlinearity of the time delay at different antenna elements. Wigmore, the existing

best solution is a hardware implementation of true time delay (TTD) Uy8jtsThese units are
expensive to implement in mMIMO, as every antenna would require one. As such, a hardware
implementation is ifeasible.

Therefore, 5@RIVE investigated the beam squinting issue in a wideband orthogonal frequency
division multiplexing (OFDM) system and proposed a resource allodadged solution to
compensate for the effect of beam squint. The principle of théthod is as follows.

Conventionally, one user is only allocated with one beam to transmit one data stream. In the
proposed scheme, multiple beams could be allocated to a user according to the beam squinting
information collected.If the number of users imore than 1 a user is selected in a way that the
centre beam points at it and the auxiliary beams can be squinted towarkiséatperfect scenario, all
users would be spaced at max beam squint distance so as to reduce interfefidrer®. a data
interleaving algorithm is applied to achieve a high system capaéitgure 3 illustrates the
performance of the proposed schenfer single and multuser scenariosvhen the centre frequency

is ' Q=73 GHz and system bandwidth is 2&Hz. The figure shows how the proposed allocation
algorithm improves on a system that suffers from beam squinting. No beam squinting sc&Radio (

is included for comparison purposes. It shows the expectedtantig rising capacity as the number

of antennas increaseszsis a scenario in which the system suffers from beam squinting without any
compensation. As the number of antennas increases, there is a rising trend before the system
reaches a maximum capagiat ~120 antennafr a single user scenario and 64 antennas for a multi
user scenario when the number of usétss 3. As that number is passed, the capacity starts steadily
decreasingGsis the proposed solution for the system. The performance is idahto Gsuntil the
maximum point, after which, (opposed to the beam squinting scenario) the trend continues
increasing steadily. At the furthest point of analysis (256 antenmlsje is an overall 80% increase

in performance and the slope is approaudithe curve whereas the multiple user scenario
experiences 150% performance increaségure 4 is provided for easier quantification of the
performance increaseThe reason multiplaiser performance increases bgst than 300% of the
singleuser performance is due to the limitation imposed by the number of RF chéipsA
maximum ofNgr=2 users can be fully compensated on beam squint effects, the other users must
reschedule some of their data transmit it reliaby.
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Maximum Achievable Downlink Throughput
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Figure3: Maximum achievable capacity for an increasing number of antenna

160 Capacity Improvement

140 |~ Single-User K=1
—S— Multi-User K=3

120 |

100

80

60

C /Chg %

40

20t

0 50 100 150 200 250 300
Number of Antennas, N

Figured: Capacity Improvement MuHliservs.Single UserSNR for both curves is chosen to be 12d8:N

Currently, a pper on resource allocatichased beam squint compensation has been submitted to
an IEEE Confererice

2.2 Modelling of nonstationary channels for MIMO systems

In traditional channel modelling for MIMO systems, channels are considered to be stationary.
However, according to the results obtained from trials, in MIMO systems, especially under the

T Lo [FdNNAYlI GAOAdZAEL WO 2| y3IAT | & %Kdz | YR sidarmnmwaxe mati S Y &
OF NNASNJ aeadtSYyés adomYAGUSR G2 L999 Df26S02Y HAamMpd
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environment with mobility, the channel may not be stationary. Therefore, traditional channel model
based on the assumption of stationary channel may not be suitdabl8GDRIVE{wo approaches

are consideredo model nonstationary channelsi) Dentmodelx | f a2 {y2¢éy +a GKS
model®™, and (i) channel transformation into visual regidh§VRs) and nowisual regions (nVRs).

2.2.1 Applying the Dent Model withConventional WatesFilling (CWF) Algorithm

Inthe Dentmodeb | £ a2 (1y26y I a a)tkafsirdthaiVindefetd®nt fadng S
waveforms are required, each of which is composed dadinusoids. WithQth fading waveforms
denoted by’Y 0, a novel model (Wu model) is proposed as the following:

Y o —B 0 ¢ ® & AiI10O®gi fto — Equationl.

where 'Q mipitiE A5 p.] is the maximum Doppler frequency shifi, —, — are the
independent random phases, each of which is unifigraiistributed in Tit* .6 and® are the
different orthogonal weighting functions, such as Walttddamard® sequencesd ¢ is the'Q-th
orthogonal sequence i ¥ p , which satisfies

P phQ pM /P
0 °© &0 ¢ m™Rai QA
o miplkkFEE O pnM  plt Equation2.

The arrival angle is similar to that of EHuang model, and can be represented as

_ — Equation3.

The inphase and quadrature components of any single fader have the same set of Doppler
frequency shifts. The correlation independence betweeiphiase and quadrature components of
any single fader is gwanteed by the orthogonal weighting functions. The uncorrelated properties of
different fading waveforms are guaranteed by both the orthogonal weighting functions and different
sets of Doppler frequency shifts.

8L Sanguinetti, A.L. Moustakas, E. Bjornson, and M. Debbah (2015, March): Large System Analysis of the Energy

Consumption Distribution in MuHUser MIMO Systems with MobilityEEE Bmnsactions on Wireless Communications
vol. 14, no. 3, pp. 1730745.

° See:P. Dent, G.E. Bottomleygnd T. Croft(1993, June)Jakes Fading Model RevisitéBEEElectronics Letterssol. 29,
no.13, pp.11621163

07 wu (2004, July): Model of indepemd Rayleigh fader$EEE Electronics Lettevsl. 40, no. 15, pp. 94951.

1 Also seeamongothery . @ [ L= | y R Modifd daked dzbdgl fooSinmulating)Multipde Uncorrelated Fading
Waveformég. In IEEE (Ed.), Proceedings of th& BIEE ®hicular Technology Conference (VTC2000 Spring), p#9.46
Tokyo, Japan, May 183, 2000.

12 A, Ali, E.D. Carvalho and R.W. Heath (2019, June): Linear ReceiversStatiborary Massive MIMO Channels with
Visibility RegiondEEE Wireless Communicatitesters vol. 8, no. 3, pp. 88888.

13 For more informative details also see, india: https://en.wikipedia.org/wiki/Hadamard_code
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Figure5: Dent diannel model incorporating the-Huang model a8 independent and orthogonal scatterers
0 ando , which are modeled by applying the Waldhdamard sequences.

A simulation was run to generate two uncorrelated complex baseband fading waveforms, shown in
Figure5, using0 W oscillators. At a carrier frequency of Z8Hz, a symbol rate of @dps (kilo
symbols per second) is chosen to obtain a fast fading channel at the receiver. The received signal
strength indicator (RSSI) in dB is showRigure6. A transmissiosymbol rate o28 kspsis chosen to
generate a fast fding channel. At a reviver velocity of 18t/ h, a Doppler spread of up to 1561z is
observed, as shown Figure?.

EReceived Envelope, Symbol Rate = 64Ksps,Carrier = 28GHz, Velocity = 100Kmph
T T T T T

10t
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Figure6: Received signal strength indicator (RSSI) of the Dent channel meddi@D4g

Single-Sided Spectrum
T

= (=
= =
o

-
=
N

dBIFFTIT | ()]
= =
[ R

=
™

i
1 1 b

28 2.5000005 2.500001 2.8000015
f (Hz) x10M

Figure7: Singlesided spectrum (Doppler spread) of the Dent channel model g©"Ogindicating a spread of
up to 150kHz.
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¢CKS ljdz2hftAGe 2F GKS FFRSQa || dzi 2 O2 NNBdytangerrary
defined by

T Equation4.

where 0 denotes the time interval over which the meaquared error is evaluatedrigure8 plots
the normalized autocorrelation of the first waveform at the receiver.

Autocorrelation of the first waveform k=1
T T T T T

=
o
T

Normalized Autocornektion

0.5 1 1 1 1 I 1 1

"o 100 200 300 400 500 600 700 BOO
Normalized Time Delay

Figure8: Normalized autocorrelation of the first waveform (k=1).

The quality of the crossorrelation function can also be measured b thheansquareerror defined
by:

T —_— Equations.

Figure9 shows the crossorrelation between the firstQ p) and the second® ¢) waveforms.

Crosscorrelation between waveforms k=1 and k=2

Nlll‘lllilll.idel.l Cosscorrebition

08 L L L I s L L
-500 -600 -400 -200 [] 00 400 600 800

Normalized Time Delay

Figure9: Normalized crossorrelation between the waveforms.
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We propose quantizing the RSSI into two states-flade and deegiade states by setting an RSSI
threshold, and then applying a conventional wafling (CWF) algorithfiat the receiver in order to
accomplish equalisation. It is proposed that the receiver will apply equalization during the low fade
state, with the receiver being idle during the deep fade st&ligurel0 shows the RSSI quantization
threshold set to 6dB, i.e. the receiver will apply CWF equalization only of the RSSI idBaio6
greater.

—
=

o =
in w in
T T T

=]
T

=1
in

1

Quantized Signal Strength (dB)

o
i

| i 1l |

| ]...J:hl.l [ IlI ||Jlll Al I|!1L|. |hJ L]LIL LH.
0 0.5 1 1.5 25

Time (sec)

Figurel0: Quantized RSSI output at the receiver set to 6dB.

The spectral efficiency attained under CWF equalization at thevexcér a channel bandwidtt
(=L00MHz, chosen for the simulation) is given by

0 6d@ — Equation6.

wherel 0 is quantized the RSSI at time t dnglis the value of the RSSI threshdkigurell plots
the achieved spectral efficiency.

7 %107

Spectral Efficiency (b/s)

1 3

Figurell: Spectral Efficiency with CWF equalization for a-stationary channel.

llm(- (sec)

" For further information also se®P Palomar and J.R. Fotiosa (2005)Practical algorithms for a family of waterfilling

solutions IEEE Tram&tions orSignal Procesyg, vol.53,n0. 2,pp. 686-695.

© 2018- 2021 5GDRIVE Consortium Parties Page32of 141



o0,

D5.1: First Year Report of 5G Technology and Service Innovations

2.2.2 Applying channel transformatian into visual regions(VRs) andnon-visual regions
(nVRs) ér non-stationary (NS)channels

The concept of VR/NVR is as follows: First, any channel model can be chosen (in our scenario, we will
choose the nLoS clusteay distribution), 5 | h] FE h] FE A] . Then, the channel is
opartitionedé into visual regions (VRs) and nreisual regions (nVRs) by introducing a matrix

r 4 7. whered is the channel autocorrelation matrix of us@ and  is a diagonal
matrix such that if the signal transmitted from oy antennas (out of0 antennas at the BS,

0 0) is received at the usef) r hasO non-zero diagonal entries. Then, ¥x i hE,
~w— ¥
I W

In the future, according to the test results obtained from WR#s thannel model will be explored
further to retrieve the channel autocorrelation matrix and diagonal matrix urdifferent test setup

» is the nonstationary (NS) channel at usgx

2.3 Deeplearningfor multi-user detection

Multiuser multipleinput multiple-output (MU-MIMO) signal detection over noisy fading channels is
mathematically an integer leasijuares (ILS) problém which aims to minimize the pairwise
Ewlidean distance between the transmitted signal multiplied by channel matrix and the received
signal. Concerning the maximdiikelihood solution to be computationally too expensive, it is usual
practice to employ linear algorithms such as the matchedrfiiidF), zero forcing (ZF), and linear
minimum meansquare errdét (LMMSE) to trade off the optimality for lower computational
complexity. Concerning the linear algorithms often too-syihimum due to their uses of symbbly-
symbol detection, enormous resedrefforts have been paid in the last two decades, to achieve the
best performancecomplexity tradeoff through the use of nonlinear stdptimal algorithms such as
V-BLASY, LMMSESIG® fixedcomplexity sphere decodiny (SD), latticaeduction (LR) aided
detection® algorithms, and so forth. A quite comprehensive survey of the MIMO detection
algorithms can be found if#]; and we can reach two conclusiorfg: nonlinear algorithms are too
complex to afford by the current DSP techwgy, and (i) they do not support well parallel
computing which is however the trend of the future DSP technology for 5G and beyond. Recent
advances towards the multiusd1IMO detection problem lie in the use of deep learning.

In this subsection, unsupédsed deep learning solutions for multiuser singiput multiple-output
(MU-SIMO) coherent detection are studied. According to the ways of utilizing the channel state

> For more related information about the ILS also setr-alia: M. Al Borno (2011, Februaryyeduction in Seing Some

Integer LeasSquares Problem@Ph.D. Thesis)School of Computer Science, McGill University, Quebec, Canada.
Available athttps://arxiv.org/pdf/1101.0382.pdf

For further information abouthe LLMSE also sétps://en.wikipedia.org/wiki/Minimum_mean_square_error

For more informative details about the-BLAST algorithm also semnong others the information presentedn:
http://www.ee.columbia.edu/~jiantan/E690%olnianskyandfoschirpdf

For more informative details about the MMSESIC (Linear Minimum Mean Squared Errar Soft Interkrence
Cancellationplgorithm also seeamong othersthe information presented irZ. Luo, S. Liu, M. Zhao, and Y. Liu (2006):

0A Novel Optimal Recursive MMSEC Detection AlgorithmforV[ | { ¢ {@adGSYaéad Ly LIWBDO® b69RDI(
IEEE Interational Conference on Communications (RDO6). Istanbul, Turkey, June-13, 2006.

For further informative details about the fixedomplexity sphere decodinglgorithm also seefor example L.G.

Barbero, and J.S. Thomps@2008, June): Fixing the @plexity of the Sphere Decoder for MIMO DetectidBEE
Transactions on Wireless Communicatjoms. 7, no.6, pp.2131-2142.

For further informative details about thiattice-reduction aided detectiomlgorithm also sednter-alia: K.A. Singhal, T.

Data, and A. Chockalingam (2018) a[ F 6 G A0S NBRdzOGA2¥LAARSRABRSHYEODAZYW A
Proceedings of th&013 IEEE 14th Workshop on Signal Processing Advances in Wireless Communications (SPAWC
2013). Darmstadt, Germany, June 18, 203.
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information at the receiver side (CSIR), deep learning solutions are divided intatagodes. One
is called equalegion-and-learning (EL), as depicted Figure 12, which utilizes the CSIR (i.e. the
MIMO channel matrix ) for channel equal&ion and then employ deep learning for multiuser
detection (MUD). The other is called direct learning (DL), as depictedyiume 13, which directly
feeds the CSIR, together with the receivgignal, into deep neural networK§DNN) to conduct the
MUD[5].

5L £l o
* b Linear P
D . o H ' Channel 2 : Hidden| |Output P

' f o ' . i |Layers| |Layer ||

Snp - i |Equalizer| ! ' SM

M_["Modulator —

Transmitters Fading Channel Deep Neural Network

Figurel2: Block diagram of equalition-and-learning for multiuseiSIMO detection.

Sq | i
—L-[ Modulator |44

| |Hidden Output|
— )
i |Layers| | Layer [;

SM. T Lo Sm
M [or |24 | .

Transmitters Fading Channel Deep Neural Network

Figurel3: Block diagam of directlearning for multiuseiSIMO detection.

Two experiments have been structured with respect to the EL mode and the DL mode. The
performance is evaluated using the bit error rate (BER) averaging over sufficient-ar trials

of block Raylgih fading® channels and compared to widely used baselines under different channel
conditions. The SNR is defined as the average receivemhbigy to noise ratio (Eb=NO).

Experiment 1 (The EL Mode): In this experiment, we evaluate the BER performahedC& tmode
under BPSK modulatiéh Figure 14 illustrates the BER pfarmance for the channel equadition-

2 For more informative details also see: Skymind Ihc.: . SAAY Y SNRa DdzARS G2 bSdzNIf b$s
Accessible atttps://skymind.ai/wiki/neuratnetwork

Monte Carlo methodsor Monte Carlo experimentsare a broad class ebmputationalalgorithmsthat rely on repeated

random samplingo obtain numerical results. The underlying concept is to ms@lomnessto solve problems that

might be deterministicin principle. They are often used physicaland mathematicalproblems and are most useful

when it is difficult or impossible to use other approaches. Monte Carlo methods are mainly used in three problem
classesoptimization numerical integratiorand generating draws from @robability distribution. For more informative

details about the MonteCarlo method also seér example https://en.wikipedia.org/wiki/Monte_Carlo_method

Rayleigh fadings a statistical model foht effect of a propagation environment on a radio signal, such as that used by
wireless devices. Rayleigh fading models assume that the magnitude of a signal that has passed through such a
transmission medium (also called a communication channel) will kemgomly, or fade, according to a Rayleigh
distribution - the radial component of the sum of two uncorrelated Gaussian random variables. For further information
see,inter-alia: https://en.wikipedia.org/wiki/Rayleigh_fading

BPSK (also sometimes called PRK, phase reversal keying, or 2PSK) is the simplest form of phase shift keying (PSK). It uses
two phases which are separated by 180° and so can also be terfR&K2It does not particularly next exactly where

the constellation points are positioned, and in this figure they are shown on the real axis, at 0° and 180°. Therefore, it
handles the highest noise level or distortion before tfiemodulatorreaches an incorrect decision. That makesé t

most robust of all the PSKs. It is, however, only able to modulate kit/symbol (as seen in the figure) and so is

22
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andlearning paradigm, where the channel equalizer can be line& ZMMSE or MF. The deep
learning was coducted using minbatch stochastic gradient descéhtvith Adam optimizer at the
learning rate = 0.001. The loss function was categorical -easspy. The minbatch size of each
epoch was 1,000, and the deep neural network (DNN) was trained at Eb/NB;5d this
configuration is found to provide the best performance. The baseline for performance comparison is
obtained using conventional symbby-symbol detection algorithm. It is shown that deep learning
modules largely improve the performance of the Md&sed receiver (around 8 dB at BER of-3DE

The performance gain mainly comes from the sequethetection. For both the lineaZ F and LMMSE
receiver, the deep learning gain is almost negligible since there is no correlation among theeelquali
symbols;and thus, deep learning gain vanishes.

—2x8 MU-SIMO, ZF receiver
- 2x8 MU-SIMO, ZF-L receiver
[ |~ 2x8 MU-SIMO, LMMSE receiver
1075 £|—<F 2x8 MU-SIMO, LMMSE-L receiver
[ |[—0—2x8 MU-SIMO, MF receiver
—{O~ 2x8 MU-SIMO, MF-L receiver
[ |—0—2x8 MU-SIMO, ML receiver

-6 -4 -2 0 2 4 6 8 10
Eb/No (dB)

Figureld: Average biterror-rate performance of the equattion-andlearning paradigm.

Experiment 2 (The DL Mode): In this experiment, we evaluate the BER performance of the DL mode
under BPSK modulatiorrigurel5 illustrates the BER performance of the Direetarning mode with
different levels of CSIR. The baseline for performance comparisontisakienum likelihoodeceive.

For the uncoded by-8 multiuserSIMO communications, it is found that DNN receiver fails to detect
the transmitted waveform without CSIR since the received signals might have multiple combinations
of the channel and transmitted signals; and such significantly degrades thelelm®ing based
classification performance. Consider the receiver having full CSIR; the-ID#sraing approach

unsuitable for high datasate applicationsFor further details also se@ter-alia: https://en.wikipedia.org/wiki/Phase
shift_keying#Binary_phasshift_keying_(BPSK)

Zero Forcing Equalizegfers to a form of linear equahtion algorithm used in communication systems which applies

the inverse of the frequency response of the chanfiéle ZeroForcing Equalizer applies the inverse of the channel
frequency response to the received signal, to restore the signal after the channel. It has many useful applications. For
example, it is studid heavily folEEE 802.11¢MIMO) where knowing the channel allows recovery of the two or more
streams which will be received on top of each other on each antenna. The name Zero Forcing corresponds to bringing
down thelntersymbol Interferenc€lSl) to zeo in a noise free case. This will be useful when ISl is significant compared
to noise

For more informativedetails also see,inter-alia: D. Neumann, T Wiese,and W. Utschick 2017, July Learning the

MMSE Channel EstimatdEEE Transactions on SigRedcessingvol. 66, no. 11, pp. 2962917.

Stochastic gradient descent (often shortened to SGD), also known as incremental gradient descent, is an iterative
method for optimizing a differentiable objective function, a stochastic approximation of gradescent optimization.

Also seefor example https://en.wikipedia.org/wiki/Stochastic_gradient_descent

25
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achieves neaoptimal performance almost throughout the entire SNR range. The most interesting
phenomenon is that the Diredt approach can wk with partial CSIR. Considering the CSIR to be
known only for the user terminal (UHa-receiver link, it is shown that UT1 enjoys a much better
performance than UT2. The performance gap between UT1 and the maxikeiihood receiver is
caused by the @channel interference from UT2. This result shows that deep learning utilizes the
CSIR as the user signature to assist the signal classification.

107 ]

o
L 2 |
mWD f

10°

[ —<—2x8 MU-SIMO, Direct-L with no CSIR
. —0—2x8 MU-SIMO, Direct-L with full CSIR
>—2x8 MU-SIMO, UT1, Direct-L with UT1's CSIR
~0O- 2x8 MU-SIMO, UT2, Direct-L with UT1's CSIR
L
5 -10 -5 0 5
Eb/No (dB)

10
-1

Figurel5: Average biterror-rate performance of the directhearning paradigm.

In addition to the above results, it is also found that the dideetrning solutions outperform the
equalsation-and-learning solutions due to their better exploitation of the sequetiatection gain.
On the other hand, the direct learning solutions a acalable to the size of MBIMO networks, as
current DNN architectures cannot efficiently handle many-channel interferencéd. This
observation has motivated further research towards scalable diesrmning based multiuseMIMO
detection.

2.4 Hybrid use association under DU/CU architecture

In a 5G network with the distributed unit (DU) and central unit (CU), the user association can be done
distributed with the DU or centralesd at the CU that governs several DUs. If users can properly
associate to thdU in the network, then the network can achieve the load balance, reduce the inter
cell inference and improve the capacity. The distributed approach has the advantage of scalability,
but it may not provide the optimal solution fahe whole network. The cwdralised approach can

solve the optimization problem, however, with the cost of high overhead and thus low scalability.
The hybrid solution can take advantage of both approaches. It uses the Central Control Unit (CCU) at
CU to decide the association crii for all DUs, and the DU to apply the criteria and make the
association decision individually. The hybrid user association (HUA) pf3litenioad balancing of

% Also seed.Wang,Z.Yi,J.M.Zurada, BL.Lu, andH.Yin (2006)Advanes in Neural Network$pringer

% For further reading also see: H. Tian, W. Xie, X. Gan, and Y. Xu (2016): Hybrid user association for maximizing energy
efficiency in heterogeneous networks with humamhuman/machineto-machine coexistencd ET Communi¢@ns,
vol.10, no.9, pp. 10351043.
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multitier cellular networks is studied. The proposed hierarchical HUA approach builds on a
combination d decentralied user association (DUA) and auxiliary intervention of a central control
unit (CCU). A major challenge with the CCU intervention is the time interval determined by a selected
CCU control cycle during which the DUA must acceptsalisuthat satisfy the prevailing association
criterion while proactively mitigating potential resource depletions. Consequently, the primary focus
of this work is on relating the control cycle of the CCU intervention with the incipient resource
depletions,according to a maximum allowed resource depletion probability. By uniquely combining a
set of mathematical tools from stochastic geometry and queueing theory, a novel HUA method is
proposed which evaluates the association bias values of the DUA acctordingCkbptimized load
vector and enables tigbased resource depletion probability provisioning over finite control cycles.
The tradeoffs between the proposed HUA method and the standard DUA appraaettompared.

Following the spatiotemporahodellingapproach fron6] [7], a region of a twalimensional space L

is considered where a set of user equipment (UE) is served by, B8mBhe kth tier of a multitier
network where kv~ (1, K). The kth tier BS units are randomly located following independent
homogeneous Poisson point procesS8é®PPsE  with an intensity%q determined by BS density in
units/km?. The5GDRIVEproject focuses on the downlink of the multitier network wieeeach BS of

the kth tier transmits with power Pk. The total bandwidth W s\, is divided into I RBs of width

W,,. For a given realigion of 5, new data flow requests from the UE set U arrive independently and
fall within the space L and time windofty, t, + ). The arrival process of the UE flow units follows a
spacetime PPRg with a spatiotemporal intensity determined by UE flow density in uni&n).

The temporal mean UE flow arrival rate of the network.is=—f. Let (k, i) be the pagtenoting the

in BS of the k tier used for short notation as (k, i)th BS arfi for subindexing. The results show

that the UE arrival process after the UA in the (k, i)th BS is Poisson with intepsitypi—
determined by units/s where pis the scaling factor according to the effective coverage area of the

(k, i)th BS. An assumption that the departure or service times of the UE flows from the (k, i)th BS are
i.i.d random variables for which only the meag and the variance ?; are needed tcbe known or
estimated is made. The moments of the flow departure times depend on the prevailing flow file size
and cell data rate in different tiers. The possible coupling between the UE departure times of the BSs
can be incorporated via the BPecific monents which corresponds to commonly used time
averaged interference methoi@] [9].

The load state of a BS is modeled as the number of remaining RBs in the resource pool yet to be
scheduled at timegt-t. The number of available RBs in the (k, i)th BS can be represented as:

qli (f() +f) = min{ma.x{b;‘,.,- + T e (t() +f) — Y (f() +TL) 0} Bl.“i} Equation?

where B;is the maximum number of RBs; 0 is the initial number of remaining RBs at timeahd

b B« Nup. The random processex(t) and y;(t) denote, respectively, the cumulative numbers of

RB arrivals and RB departures in the (k, i)th BS; #f B, the spectrum is fully reused by the BSs
with the reuse factor of one. It is assumed thatiB a large number that compliesgith the current

trend of modern cellular systems where the frequency ranges have rapidly increased. However, a
large B does not prevent congestion in hotspot scenarios where also a high number of users is
requesting a service. If there are no UE asdedi in the (k, i)th BS€f) = Bi. On the other hand, if

gki(t) = 0, a resource depletion event is declared.

It is obvious that the arrival process of the available RBs is determined by the departure process of

¥ n probability, statistics and related fieldsPaisson point proceds a type of random mathematical object that consists

of points randomly located on a mathematical space. For more detailsSsBeChiy D. Stoyan, W.S.Kendall] andJ.
Mecke (2013)Stochastic Geometry and Its Applicatiodshn Wiley & Sons.
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the set of UE from the cell whereas thB Reparture process is determined by the UE arrival process.

If the number of allocated RBs per UE is one for all users, there isoame correspondence
between an RB departure and a UE arrival. However, there can be M UE service classes where each
clas mt (1, M) determines the required number of RBs per UE arriyala@cording to a selected
bandwidth allocation strategy summarized. The mean and variance of the requested number of RBs
per arriving UE (i.e. a batch arrival of RBs) are denotgg asd’ i, respectively.

2.4.1 RDPanalysisat a BSevel

The following presents the resource depletion probability (RDP) analysis methods in different
hierarchy levels (i.e. BS, tier, and network) and relate the user arrival rate with the maximum
allowable RDP arfihite horizon. The results are then applied to the HUA approach. In essence, the
RDP acts as a statistical quality of service parameter to indicate if the service is going to be
temporally blocked due to lack of RBs in the BSs. It is extremely difficalitain exact analytical
approaches for the finitdorizon RDP with the RB model presented above. Consequently, the
diffusion approximation approach is applied, which has been successfully used to find a closed form
solution to many multidisciplinary queing theoretic problemg10]. In this approach, a discrete
queue model is replaced by a continuous time Brownian niddeat is characterized by the first

and seconebrder moments of the arrival and departure processes of gueue. The RDP over a
finite time horizon T of the (k, i)th BS can be represented §klin

Pki = Pr(T;,.z- < T)

T by (Bpit + by )? it
—  _exp | ———— | d

0 V2wt ! Qargit

284 T+ b2,
< exp ( MQ:A T )M)
"

Equation8

wheref = inf(t 0] gu(t) = 0; ¢i(0) = k) is the first passage time of@) > 0 to g(t) = 0, infQis the
infimum function, and ; and|  are, respectively, the mean and variance of the applied RB diffusion
process.

2.4.2 Proposed HUA approach

The folowing approach presents a novel HUA method that dynamically evaluates the association bias
values of the fixed DUA approach according to a-@@lhized load vector and enables tibased
RDP provisioning over finite control cycles.

A. DUA
We first outline he standard DUA approach, based on the maximum average received power (RP)
and fixed preassigned biasing, also known as the cell range ext&nsiethod. Specifically, in the
DUA approach, the,jUE is associated with the (K" BS that satisfies:

1 |n mathematics the Wiener processs acontinuoustime stochastic processamed in honor oNorbert Wiener It is

often called standardrownian motionprocessor Brownian motiondue to its historical connection with the physical
process known a®rownian movementor Brownian motion originally observed byobert Brown. For further
information also see, intealia: https://en.wikipedia.org/wiki/Wiener_process

A major issue in HetNet planning is to ensure that the small cells actually serve enough users. One way to do that is to
increase the area served by the small cell, which can be donedhrthe use of a positive cell selection offset to the
received powerof the Small Cell (SC) Extending the coverage of a cell by means of connecting a UE to cell that is
weaker than the strongest detected cell is referred to as cell range extension.

32

© 2018- 2021 5GDRIVE Consortium Parties Page38of 141


https://en.wikipedia.org/wiki/Wiener_process

o0,

D5.1: First Year Report of 5G Technology and Service Innovations

_ 109
max ep P
ki kij

wheref  is the fixed bias factor for the kth tier BSs ari{l;s the average RP at th® VE received

from the (k, i} BS which can be measured using a pilot signal transmitted by the BS. The unbiased
DUA approach, wheifig, = 1 in (c), is the optimdJAfor maximizing the SINR coverage if all BSs are
transmitting. For light traffic load scenarios, there is also a marginal improvement on SINR coverage
via biasind12]. However, the primary objective of the biasing is toanak the network load so that

a UE is not blocked due to lack of RBs in the BSs.
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Central control unit —

l Slow CCU loop for
T auxiliary load

. balancin;
New bias values g

(k, i)
Base stations

Fast DUA loop for Pilot signal
UA decisions Bias value

RB
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Users

Figurel6: Proposed HUA approach.

B. HUA
The basic idea of the HUA approach is to split the UA process into two control loops, namely the slow
CCU lop for updating the bias valugs in (c) and the fast DUA loop to perform the final UA
decisions, se€igurel6. The primary focus of the proposed HUA is on relating the expected cycle T of
the CCU intervention wit the maximum allowable RDP. The CCU control cycle T, which is decided
and broadcasted by the CCU, is the time that the DUA must wait until the new bias values are
activated. The proper selection of T is affected by the expected changes in the statigsitsah
parameters presented before that affect the RB depletion. By ensuring a proper minimum value for
the CCU control cycle T, the pipgng problem[13] can be mitigated. On the other hand, to avoid
unnecessary bias updatesmd to effectively adapt the CCU control cycle, the CCU can employ a
simple incipient congestion indicator as4 1, if_ > ¥ and | = 0, otherwise. Specifically, jif+ 0, a
bias update is not needed for the prevailing control cycle. It is dis@as that if |, = 1, a bias update
cannot help significantly as the whole network is congested. The DUA decision loop cycle, on the
other hand, is proportional to the mean UE int@rival time_",.. It is a reasonable assumption that
Tl ='1net. Theassociation bias valuég in the CCU are found in two steps. The first step evaluates
the UE arrival rates per cell that satisfy the arrival rate constraint while leading to a minimum
number of offloading with respect to the unbiased DUA. In other wotike step directs a UE to
access a BS with maximum RP when there are enough RBs left to support a maximum allowed RDP.
In the second step, the bias factors are found using the arrival rates from the first step. A pseudocode
of the HUA approach is givenkigurel?.
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1: Initialization: €z = 1.Vk

2: for each CCU control cycle with duration 7" do

3 Observe Ay; and Ay; in each BS and inform the CCU
4 if Ix; = 1 for any k,i then

5: Trigger the CCU to obtain new bias values

6 Update Apet = > ;. ; Aki

7 Calculate new arrival rates A" using STEP 1

8 Calculate new bias values €* using STEP 2

0: Deliver new bias values to BSs

10: end if

1: Perform the DUA with the updated biases using (10)
12: end for

Figurel7: Pseudocode of the HUA approach.

C. Results
The following numerical examples focus on a tew network with K=2 in order to obtain
presentable plots of tiespecific esults for different UA methods. All connection requests are
associated without any UE blocking prior potential resource depletions. The selected network area is
fl = r? with radius r = 1000 m. The tiiased transmission powers of the BSs are set 103 = {53,
33} dBm. It is assumed that there arg, N 400 RBs to be allocated with,\& 180 kHz and cell
frequency reuse factor of one. The SINR outage threshold is set to 0 dB and Rayleigh fading models
the random fluctuation of the channel. In ordey temonstrate the inherent load balancing effects,
different initial load conditions are assigned for each tier as b} = {400, 100}. The tigtependent
UE interdeparture times are assumed to be exponential with rateg {4} = {0.1, 0.4}, and viance
{, %, %} = {100, 6.25}. To demonstrate the random RB batch process, three UE service classes are
used, each class requiring{@, Q;} ={1, 5, 10} RBs per flow arrival.
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Figurel8: Comparison of RDP for differediA methods.

Figurel8 compares the simulated tidevel RDPs of the DUA and HUA as a functionwith two
different control cycles T=10 s and T=60. For the DUA, typical fixed bias fagtoss% {0,10} dBra

used, setting $q, %o} = {1f1,10/fl }. The target RDP per tier is set to Be;,{ »} = {0.1, 0.01}. It is

seen that the DUA clearly exceeds the target maximum RDP by allowing too many UE to associate
with the tier-1 BSs while the HUA approach stsupports the RDP. The demonstration shows that
load balancing is effective if the network is unbalanced but not fully congested and there is a
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sufficiently short CCU cycle (cf. the case with T = 10 s). If the network is fully congested or the CCU
cycleis too long (cf. the case with T = 60 s), not all UE can be served at the time and their connection
should be blocked in order to support the target RDP for the remaining users.

T=10s T=60s
1 ! '
—o--DUA, Tier 1
56 —%--DUA, Tier 2 || L

0.9 6&@ —&--HUA, Tier 1 0910
A Y —g--HUA, Tier 2|| . I 1
é’ 0.8t E 0.8 . BEEE{!{
'-:_:« 07 oo -;}o-é}\-\&'a S-GO-G-60q ___55‘ 0.7 efp@or_}ﬁ@ig?}O@G(}GC
.-:5 G\ __8 | _?B
Q 2 ot
a 0.6 \{k B_|£ a 0.6 c%m
o s Py = o
Sost 58, 1805 I
E gooteg s |
S 04t o 1g§04r 0
; o R 03 b 02
o 03 P s s s plasornerkrd ., 03 f‘***'*g%‘@?gggz***;
) 4 =
B / .= ! OG04
B o2t @ H 0.2 NS

01 paea” 01p

0 ‘ ‘ 4 : ‘
0 2 4 0 2 !
6 (units/(s-km?)) f (units/(s-km?))

Figurel9: Comparison of tier association probatyilfor different UA methods.

The probability of UE association is then evaluatedrigure 19 to further reveal the differences
between the DUA with the preassigned biases and HUA with theaRafe biases. It is sa that as

the value of—is increased, the association probability per tier remains constant for the DUA whereas
the HUA can modify the association probability between tiers to avoid exceeding the target RDP.
Finally, the probability of SINR outage is studieBigure20. It is seen that the biasing increases the
SINR outage probability, as the users are no longer allowed to associate with the BS offering the
maximum received power. However, as seen frieigure20, the HUA approach can reduce the SINR
outages compared to the DUA by avoiding unnecessary offloading in the case the given RDP is
satisfied.

Figure20: Comparison of SINR outage probability for different UA meshod
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