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Abstract 

5G-5wL±9 ŘŜŘƛŎŀǘŜǎ ²ƻǊƪ tŀŎƪŀƎŜ р ό²tрύ ǘƻ ŀŘǾŀƴŎŜƳŜƴǘǎ ƛƴ άрD ¢ŜŎƘƴƻƭƻƎȅ ŀƴŘ {ŜǊǾƛŎŜ 
LƴƴƻǾŀǘƛƻƴǎέΦ Lǘǎ Ƴŀƛƴ ǇǳǊǇƻǎŜ ƛǎ ǘƻ ŜƴǎǳǊŜ ǘƘŀǘ ǘƘŜ рD ǘŜǎǘ-bed implementations continue to 
rigorously evolve along the lines of real-world use cases as well as the 5G PPP vision. The work 
focuses on four distinct aspects, each one forming the core of a dedicated task: (a) Radio Access and 
Transport Network; (b) Network Virtualisation and Slicing; (c) 5G New Services, and; (d) Security and 
Privacy.  
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Executive summary 

5G-DRIVE is an innovative 30-month project focused on harmonising research and trials between EU 
and China on the area of service evolution for enhanced Mobile Broadband (eMBB) and Vehicle-to-
Everything (V2X). This document focuses on the work performed with respect to the definition of a 
novel 5G ecosystem, particularly on: 

¶ radio access and transport networks, 

¶ end-to-end slicing, 

¶ service development and deployment, as well as, 

¶ security and privacy. 

5G-DRIVE explores how to provide high performance on radio access by including massive Multiple 
Input Multiple Output (mMIMO) 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 Artificial 
Intelligence (AI) 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 creation of parallel virtual telecommunication over a common 
distributed cloud infrastructure. The main advantage of this approach is the ability of on-demand 
creation of isolated networking solutions, which are combined or tailored for specific applications 
and give slice management capabilities to slice tenants. The technical basis for network slicing and 
slice monitoring is herein discussed. 

SDN/NFV service development is extensively discussed. 5G-DRIVE dedicates a lot of effort in ensuring 
standards compliance. The use of hardware optimisations is extensively discussed as a means to 
provide high-performance and reliable VNF-based services. An important aspect of this work is the 
definition of a measurement framework for performance and availability measurements, as this 
forms the basis for most fault, configuration, administration, performance, security (FCAPS) 
operations. 
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ICT Information and Communication Technology 

ID, id Identifier 

IDS Intrusion Detection System 

IEEE Institute of Electrical and Electronic Engineers 

IETF Internet Engineering Task Force 

IF Intermediate Frequency 

IFA International Financial Architecture 

IFFT Inverse Fast-Fourier Transform 

ILS Integer Least-Squares 

IMT International Mobile Telecommunications 

IntServ Integrated Service  

IO, I/O Input / Output 

IOMMU Input Output Memory Management Unit 

iOS iPhone Operating System 

IoT Internet of Things 

IoV Internet of Vehicles 

IP Internet Protocol 

IPR Intellectual Property Rights 

IPVS IP Virtual Server 

iSCSI Internet Small Computer Systems interface 

ISI 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 

ITU-R International Telecommunications Union - Radiocommunication Sector 

ITU-T International Telecommunications Union - Telecommunication Standardization 
Sector 

JHA Justice and Home Affairs 

KPI Key Performance Indicator 

KQI Key Quality Indicator 

KVM Kernel-based Virtual Machine 

LAN Local Area Network 

LLS Lower Layer Split 

LMMSE Linear Minimum Mean-Square Error 

LO Local Oscillator 

LR Lattice-Reduction 

LTE Long Term Evolution 

MaaS Management as-a-Service 

MAC Medium Access Control 

MANO Management and Orchestration 

MBB Mobile Broadband 

MC Mission-Critical 

MCPTT Mission-Critical Push-To-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 Memory Management Unit 

mmW millimeter wave 

MTBF Mean-Time-Between-Failures 

MTC Machine Type Communications 

MTTR Mean-Time-To-Repair 

MU Multi-User  

MUD Multi-User Detection 

MU-MIMO Multiuser Multiple-Input Multiple-Output 

MU-SIMO Multiuser Single-Input Multiple-Output 

MVNO Mobile Virtual Network Operator 

MZM Mach-Zenhder Modulator 

N/A Not Available 

NaaS Network as-a-Service 

NAT Network Address Translation 

NB Narrow Band 

NB-IoT Narrow Band Internet of Things 

NCU Network Capability Unit 

NF Network Function 

NFS Network File System 

NFV Network Function Virtualisation 

NFVI Network Function Virtualisation Infrastructure 

NFVO Network Function Virtualisation Orchestrator 

NG Next Generation 

NGMN Next Generation Mobile Networks 

NGP Next Generation Protocol 

NIaaS Network Infrastructure as-a-Service 

NIC Network Interface Card 

NIC Network Interface Controller 

NMS Network Management System 

NPaaS Network Platform as-a-Service  

NR New Radio 

NRT Near Real Time 

NS Network Service 

NS Non-Stationary 

NSaaS Network Slicing as a Service 

NSD Network Service Descriptor 
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NTP Network Time Protocol 

NUMA Non-Uniform Memory Access 

nVR Non-Visual Region 

NZ Nyquist Zone 

OAI Open Air interface 

OBSAI Open Base Station Architecture Initiative 

OComRo Overall Computing Resources Overutilisation 

OComRu Overall Computing Resources Underutilisation 

OConRo Overall Connectivity Resources Overutilisation 

OConRu Overall Connectivity Resources Underutilisation 

ODL OpenDaylight 

OFDM Orthogonal Frequency Division Multiplexing 

OMemRo Overall Memory Resources Overutilisation 

OMemRu Overall Memory Resources Underutilisation 

OS Open Source 

OSC Oscilloscope 

OSM Open Source MANO 

OSS Operations Support System 

OTA Over-The-Air 

OVS Open vSwitch 

P2P Peer-to-Peer 

PaaS Platform as-a-Service  

PC Personal Computer 

PCI Peripheral Component Interconnect 

PCIe Peripheral Component Interconnect Express 

PCP Pre-Commercial Procurement 

PCS Personal Communications Service 

PDCP Packet Data Convergence Protocol  

PHY Physical Layer 

PLMN Public Land Mobile Network 

PNF Physical Network Function 

PNFD Physical Network Function Descriptor 

PoC Proof-of-Concept 

PoP Point-of-Presence 

PPP Poisson Point Process 

PRC PŜƻǇƭŜΩǎ wŜǇǳōƭƛŎ ƻŦ /Ƙƛƴŀ 
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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 Radio Access Network 

RAR Random-Access Request  

RAT Radio Access Technology 

RAU Remote Antenna Unit 

RB Radio Bearer 

RCE Relative Constellation Error 

RDP Resource Depletion Probability 

RAR Random-Access Request 

RE Radio Equipment 

REC Radio Equipment Controller 

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 RSU-SDN Controller 

RSRP Reference Signal Received Power 

RSSI Received Signal Strength Indicator 

RSU Road-Side Unit 

RT Real Time 

Rx Reception 

S-NSSAI Single Network Selection Assistance Information 
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SS-RSRP Synchronization Signal Reference Signal Received Power 

SS-SINR Synchronization Signal Signal to Interference plus Noise Ratio 

SaaS Software as-a-Service  

SAS Statistical Analysis System 

SBA Service-Based Architecture 

SC Small Cell 

SCM Subcarrier Multiplexing 

SCSI Small Computer Systems interface 

SD Slice Differentiation 

SD Slice Differentiator 

SD Software Defined 

SD Sphere Decoding 

SDAP Service Data Adaptation Protocol 

SDMN Software Defined Mobile Network 

SDN Software Defined Networking 

SDO Standards Developing Organisation 

SDR Software Defined Radio 

SDT Slice Deployment Time 

SDTS Slice Deployment Time Scalability 

SECaaS Security as-a-Service 

SER Symbol Error Rate 

SG Study Group 

SGD Stochastic Gradient Descent 

SGX Software Guard Extensions 

SGW Serving Gateway 

SI System Information  

SIC Soft Interference Cancellation 

SIM Subscriber Identity Module 

SIMO Single-Input, Multiple-Output 

SINR Signal to Interference plus Noise Ratio 

SLA Service Level Agreement 

SMF Single Mode Fiber 

SMS Short Message Service  

SNR Signal-to-Noise Ratio 

SR-IOV Single Root I/O Virtualisation 

SSB Single-SideBand  
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SST Slice Service Type 

STD Standard Deviation 

STT Slice Termination Time 

SW Software 

SWA Software Assurance 

TBD, tbd To Be Defined 

TCP Transmission Control Protocol 

THA Track-and-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 Networking 

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 

UI 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 

V2I Vehicle-to-Infrastructure 

V2N Vehicle-to-Network 

V2V Vehicle-to-Vehicle 
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V2X Vehicle-to-Everything 

VCA Vehicle Certification Agency 

vCU virtual Central Unit 

vDU virtual Distributed Unit 

vEPC virtual Evolved Packet Core 

VIM Virtualised Infrastructure Manager 

VL Virtual Link 

VLAN Virtual Local Area Network 

VLD Virtual Link Descriptor 

VLPZ Vehicular Location Privacy Zone 

VM Virtual Machine 

VNF Virtual Network Function 

VNFaaS VNF as-a-Service  

VNFC Virtual Network Function Component 

VNFD VNF Descriptor 

VNFFG VNF Forwarding Graph 

VNFFGD VNF Forwarding Graph Descriptor 

VNFM Virtual Network Function Manager 

VNFO Virtual Network Function Orchestrator 

VPI Virtual Photonics Incorporated 

VR Virtual Reality 

VR Visual Region 

VSDNC Vehicular-SDN Controller 

WAVE Wireless Access in Vehicular Environments 

WiFi, Wi-Fi Wireless Fidelity 

WWW, www World Wide Web 

WG Working Group  

WP Work Package 

XML, xml eXtensible Markup Language 

XFS Extended File System 

ZF Zero-forcing 

ZFS Zettabyte File System 
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1 Introduction 

1.1 Project overview 

5G-DRIVE is an innovative 30-month project focused on harmonising research and trials between EU 
and China on the area of service evolution for enhanced Mobile Broadband (eMBB) and Vehicle-to-
Everything (V2X) communications. The 5G-DRIVE project is supported by a consortium comprising of 
17 partners from EU academia, industry and commercial areas. 

¢ƘŜ ǇǊƻƧŜŎǘΩǎ ƻōƧŜŎǘƛǾŜǎ ŀǊŜ ǎǘǊǳŎǘǳǊŜŘ ƛƴǘƻ ǘƘǊŜŜ Ƴŀƛƴ ŀǊŜŀǎΣ ǘƘŀǘ ƛǎΥ ǘŜŎƘƴƛŎal, regulatory and 
business objectives. These are listed, in brief, as follows: 

Technical objectives 

¶ Build pre-commercial end-to-end (E2E) testbeds in two cities with sufficient coverage to 
perform extensive eMBB and Internet of Vehicles (IoV) trials. Joint test specifications will be 
defined through the collaborative agreement with the Chinese project. 

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

¶ Develop and trial cross-domain network slicing techniques across two regions for new 
services. 

¶ Demonstrate IoV services using Vehicle-to-Network (V2N) and Vehicle-to-Vehicle (V2V) 
communications operating at 3.5 GHz and 5.9 GHz, respectively. 

¶ Analyse potential system interoperability issues identified during the trials in both regions 
and tƻ ǇǊƻǾƛŘŜ Ƨƻƛƴǘ ǊŜǇƻǊǘǎΣ ǿƘƛǘŜ ǇŀǇŜǊǎ ŀƴŘ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ǘƻ άŀŘŘǊŜǎǎέ ǘƘŜƳΣ 
accordingly. 

¶ {ǳōƳƛǘ Ƨƻƛƴǘ ŎƻƴǘǊƛōǳǘƛƻƴǎ ǘƻ оDtt ŀƴŘ ƻǘƘŜǊ рD ǎǘŀƴŘŀǊŘƛǎŀǘƛƻƴ ōƻŘƛŜǎ ǊŜƎŀǊŘƛƴƎ ǘƘŜ άƪŜȅέ 
5G technologies developed and evaluated in the project. 

Regulatory objectives 

¶ Evaluate spectrum usage at 3.5 GHz 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. 

¶ Investigate regulatory issues regarding the deployment of V2X technologies (i.e. coexistence 
in the 5.9 GHz band) and provide joint reports. 

 

Business objectives 

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

¶ Strengthen industrial 5G cooperation between the EU and China. 

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

1.2 Scope of the deliverable 

The 5G-5wL±9 ŎƻƴǘŜȄǘ ŘŜŘƛŎŀǘŜǎ ŀƴ ŜƴǘƛǊŜ ²ƻǊƪ tŀŎƪŀƎŜ ό²tрύ ǘƻ ƛƳǇǊƻǾŜƳŜƴǘǎ ƛƴ άрD ¢ŜŎƘƴƻƭƻƎȅ 
ŀƴŘ {ŜǊǾƛŎŜ LƴƴƻǾŀǘƛƻƴǎέΦ The main purpose of this specific 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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¶ Radio Access and Transport Network (T5.1) centres around RAN improvements, Distributed 
Massive MIMO and data transport beyond 5G mobile communications. 

¶ Network Virtualisation and Slicing (T5.2) focuses on the development of a context-aware, 
multi-level control plane and E2E slicing. 

¶ 5G New Services (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 of Vehicles (T5.4) tackles security and 
privacy challenges within the complex 5G ecosystem. 

 

1.3 Organisation of the document 

The document is organised as follows: 

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

¶ Section 2 discusses Radio Access Technologies (T5.1), including massive MIMO. 

¶ Section 3 focuses on the Transport Network (T5.1). 

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

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

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

¶ Appendix A provides the process for a test configuration and optimisation of a service 
ecosystem. 
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2 Radio access 

In 5G communications, new radio access techniques are developed to enhance the overall network. 
In the 5G-DRIVE framework, the key 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 (AI) into MIMO systems and resource allocation. 
In this section, solutions to three issues in massive MIMO systems and the new distributed 
architecture are discussed and evaluated by simulations. In order 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 may not be stationary. Therefore, how to model non-stationary 
channels is also investigated. 

 

2.1 Beam squint exploitation for resource allocation in multi-carrier 
massive MIMO 

In massive multiple input multiple output (MIMO) systems, the antenna array could include a large 
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 available that meet beamforming needs. A system with 
an RF chain dedicated to each antenna is known as a digital beamformer2, which has the advantage 
of most flexibility, allowing it to reach the highest capacity [1]. The main challenge to digital 
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 of flexibility and relatively low capacity3. A 
configuration incorporating an analogue precoder of phase-shifters and a digital precoder is known 
as Hybrid beamforming, which works as a compromise between achievable performance and 
implementation cost4. 

Typically, 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 for narrowband signals. However, the 
approximation would break down for signals with wide bandwidth when the Angle of Arrival5 (AoA) 
or Angle of Departure (AoD) is not zero. In the context of narrowband assumption, if the carrier 

                                                           

 
2
 Beamforming or spatial filtering is a signal processing technique used in sensor arrays for directional signal transmission 

or reception. This is achieved by combining elements in an antenna array in such a way that signals at particular angles 
experience constructive interference while others experience destructive interference. Beamforming can be used at 
both the transmitting and receiving ends in order to achieve spatial selectivity. The improvement compared with 
omnidirectional reception/transmission is known as the directivity of the array. For further information also see, among 
others: Wong, A.C.C. (1989): Considerations in Digital Beamforming Design. In Proceedings of the IET Colloquium of 
Multiple Beam Antennas and Beamformers, London, UK, November 21, 1989. 

3
 For more details about differences between digital and analogue beamforming also see, among others: 

http://www.rfwireless-world.com/Terminology/Analog-Beamforming-vs-Digital-Beamforming.html  
4
 Also see: A.F. Molish, V.V. Ratnam, S. Han, Z. Li, at al. (2017): Hybrid Beamforming for Massive MIMO - A Survey. IEEE 

communications Magazine, vol. 55, no. 9, pp. 134-141. 
5
 Angle of arrival (AoA) measurement is a method for determining the direction of propagation of a radio-frequency wave 

incident on an antenna array or determined from maximum signal strength during antenna rotation. The AoA 
determines the direction by measuring the time difference of arrival at individual elements of the array - from these 
delays the AoA can be calculated. 

http://www.rfwireless-world.com/Terminology/Analog-Beamforming-vs-Digital-Beamforming.html
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frequency is fc, in order to point the beam to a direction with angle of —, the analogue beamforming 
weight for each antenna element, wm, is calculated according to the value of fc and —, so that a 
beamforming vector w=[w1,w2,Ễ,wM] is obtained, where M is the number of antenna elements. For a 
narrowband system, with the same beamforming vector, the channel gain could be approximated to 
be the same for all the frequency. However, in a wideband system with bandwidth B, the channel 
gain at an operating frequency f, where fᶰὪ ὄȾςȟὪ ὄȾς, will be changed by a factor of 
ὥ—ȟὪ, which varies with the AoA/AoD angle — and operating frequency f [2]. 

Figure 1 demonstrates the frequency response at different AoA/AoD, when a system with a fixed 
analogue beamforming vector operating at three different frequencies, Ὢ=65 GHz, Ὢ=81 GHz and 
the centre frequency Ὢ =73 GHz. In this simulation, the number of antenna elements is 128. The 
bandwidth is B = 16 GHz = 0.2fc. The expected beam direction is —=30o. It can be seen from this figure 
that when operating at a frequency other than the centre frequency, the beam direction is different 
from the expected direction achieved at the centre frequency, which is referred to as the beam 
squint6. 

Figure 2 illustrates channel frequency response for a system with a carrier/centre frequency Ὢ at 73 
GHz and AoA/AoD at 38o. In the figure, ‚= ὪȾὪ indicates the ratio of the operating frequency to the 
carrier/centre frequency. From this figure, it can be seen that, when the channel bandwidth B is 
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 both Figure 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, beam 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. 

 

Figure 1: Beam squint in an array with 128 antenna elements, the antenna spacing is Ὠ ‗Ⱦς, where ‗ is the 
wavelength for the centre frequency. 

                                                           

 
6
 In a phased array or slotted waveguide antenna, squint 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 direction as a function 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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Figure 2: Channel frequency response for a system with 128 antenna elements, antenna spacing ‗Ⱦς and the 
expected beam direction at 38o. 

 

Currently, most 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 non-linearity of the time delay at different antenna elements. What is more, the existing 
best solution is a hardware implementation of true time delay (TTD) units [3]. These units are 
expensive to implement in mMIMO, as every antenna would require one. As such, a hardware 
implementation is infeasible. 

Therefore, 5G-DRIVE investigated the beam squinting issue in a wideband orthogonal frequency 
division multiplexing (OFDM) system and proposed a resource allocation-based solution to 
compensate for the effect of beam squint. The principle of this method 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 is more than 1, a user is selected in a way that the 
centre beam points at it and the auxiliary beams can be squinted towards it. In a perfect scenario, all 
users would be spaced at max beam squint distance so as to reduce interference. Then, a data 
interleaving algorithm is applied to achieve a high system capacity. Figure 3 illustrates the 
performance of the proposed scheme for single and multi-user scenarios when the centre frequency 
is Ὢ = 73 GHz and system bandwidth is 2.5 GHz. The figure shows how the proposed allocation 
algorithm improves on a system that suffers from beam squinting. No beam squinting scenario (CNBS) 
is included for comparison purposes. It shows the expected constantly rising capacity as the number 
of antennas increases. CBS is 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 capacity at ~120 antennas for a single user scenario and 64 antennas for a multi-
user scenario when the number of users K is 3. As that number is passed, the capacity starts steadily 
decreasing. CS is the proposed solution for the system. The performance is identical to CBS until the 
maximum point, after which, (opposed to the beam squinting scenario) the trend continues 
increasing steadily. At the furthest point of analysis (256 antennas), there is an overall 80% increase 
in performance and the slope is approaching the curve, whereas the multiple user scenario 
experiences 150% performance increase. Figure 4 is provided for easier quantification of the 
performance increase. The reason multiple user performance increases by less than 300% of the 
single-user performance is due to the limitation imposed by the number of RF chains NRF. A 
maximum of NRF-2 users can be fully compensated on beam squint effects, the other users must 
reschedule some of their data to transmit it reliably. 
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Figure 3: Maximum achievable capacity for an increasing number of antennas 

 

 

Figure 4: Capacity Improvement Multi-User vs. Single User. SNR for both curves is chosen to be 12dB, NRF=3 

Currently, a paper on resource allocation-based beam squint compensation has been submitted to 
an IEEE Conference7. 

2.2 Modelling of non-stationary 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 

                                                           

 
7
 LΦ [ŀǳǊƛƴŀǾƛŎƛǳǎΣ WΦ ²ŀƴƎΣ IΦ ½ƘǳΣ ŀƴŘ ¸Φ tŀƴΥ ά.ŜŀƳ ǎǉǳƛƴǘ ŜȄǇƭƻƛǘŀǘƛƻƴ ŦƻǊ ƭƛƴŜŀǊ ǇƘŀǎŜŘ ŀǊǊŀȅs in a mmWave multi-
ŎŀǊǊƛŜǊ ǎȅǎǘŜƳέΣ ǎǳōƳƛǘǘŜŘ ǘƻ L999 DƭƻōŜŎƻƳ нлмфΦ 
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environment with mobility8, the channel may not be stationary. Therefore, traditional channel model 
based on the assumption of stationary channel may not be suitable. In 5G-DRIVE, two approaches 
are considered to model non-stationary channels: (i) Dent model9Σ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ǘƘŜ ƳƻŘƛŦƛŜŘ WŀƪŜΩǎ 
model10,11, and; (ii) channel transformation into visual regions12 (VRs) and non-visual regions (nVRs). 

 

2.2.1 Applying the Dent Model with Conventional Water-Filling (CWF) Algorithm 

In the Dent model όŀƭǎƻ ƪƴƻǿƴ ŀǎ aƻŘƛŦƛŜŘ WŀƪŜΩǎ aƻŘŜƭ), it is assumed that ὓ independent fading 
waveforms are required, each of which is composed of ὔ sinusoids. With Ὧ-th fading waveforms 
denoted by Ὕ ὸ, a novel model (Wu model) is proposed as the following: 

 

 Ὕ ὸ В ὃ ὲ Ὧὃ ὲ ÃÏÓ ‫ ὧέί‌ ẗὸ —  Equation 1. 

 

where Ὧ πȟρȟςȟỄȟὓ ρ. ‫  is the maximum Doppler frequency shift, ὔ , — are the 

independent random phases, each of which is uniformly distributed in πȟς“. ὃ  and ὃ  are the 

different orthogonal weighting functions, such as Walsh-Hadamard13 sequences, ὃ ὲ is the Ὧ-th 

orthogonal sequence in ὲ Ⱦρ , which satisfies: 

 

ρ

ὔ
ὃᶻ ὲὃ ὲ

ρȟὯ ρȟὴ ή
πȢὩὰίὩ

ρ

ὔ
 

 Ὧȟὰ πȟρȟςȟỄȟὓ ρ ὴȟή ρȟς Equation 2. 

 

The arrival angle ‌  is similar to that of Li-Huang model, and can be represented as: 

 

 ‌  Equation 3. 

 

The in-phase and quadrature components of any single fader have the same set of Doppler 
frequency shifts. The correlation independence between in-phase and quadrature components of 
any single fader is guaranteed 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. 

                                                           

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

Consumption Distribution in Multi-User MIMO Systems with Mobility. IEEE Transactions on Wireless Communications, 
vol. 14, no. 3, pp. 1730-1745. 

9
 See: P. Dent, G.E. Bottomley, and T. Croft (1993, June): Jakes Fading Model Revisited. IEEE Electronics Letters, vol. 29, 

no. 13, pp. 1162-1163. 
10

 Z. Wu (2004, July): Model of independent Rayleigh faders. IEEE Electronics Letters, vol. 40, no. 15, pp. 949-951. 
11

 Also see, among othersΥ ¸Φ [LΣ ŀƴŘ ¸Φ[Φ Dǳŀƴ όнлллύΥ άModified Jakes' Model for Simulating Multiple Uncorrelated Fading 
Waveformsέ. In IEEE (Ed.), Proceedings of the 51

st
 IEEE Vehicular Technology Conference (VTC2000 Spring), pp. 46-49. 

Tokyo, Japan, May 15-18, 2000.  
12

 A. Ali, E.D. Carvalho and R.W. Heath (2019, June): Linear Receivers in Non-Stationary Massive MIMO Channels with 
Visibility Regions. IEEE Wireless Communications Letters, vol. 8, no. 3, pp. 885-888. 

13
 For more informative details also see, inter-alia: https://en.wikipedia.org/wiki/Hadamard_code 

https://en.wikipedia.org/wiki/Hadamard_code
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Figure 5: Dent channel model incorporating the Li-Huang model as ὓ independent and orthogonal scatterers 
ὃ  and ὃ , which are modeled by applying the Walsh-Hadamard sequences. 

 

A simulation was run to generate two uncorrelated complex baseband fading waveforms, shown in 
Figure 5, using ὔ ψ oscillators. At a carrier frequency of 28 GHz, a symbol rate of 64 ksps (kilo 
symbols per second) is chosen to obtain a fast fading channel at the receiver. The received signal 
strength indicator (RSSI) in dB is shown in Figure 6. A transmission symbol rate of 28 ksps is chosen to 
generate a fast fading channel. At a reviver velocity of 100 km/h, a Doppler spread of up to 150 kHz is 
observed, as shown in Figure 7. 

 

 

Figure 6: Received signal strength indicator (RSSI) of the Dent channel model at ςψ ὋὌᾀ. 

 

 

Figure 7: Single-sided spectrum (Doppler spread) of the Dent channel model at ςψ ὋὌᾀ, indicating a spread of 
up to 150 kHz. 
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¢ƘŜ ǉǳŀƭƛǘȅ ƻŦ ǘƘŜ ŦŀŘŜΩǎ ŀǳǘƻŎƻǊǊŜƭŀǘƛƻƴ ŦǳƴŎǘƛƻƴ Ŏŀƴ ōŜ ƳŜŀǎǳǊŜŘ ōȅ ǘƘŜ ƳŜŀƴ-square-error 
defined by: 

 

 ‭

В

 Equation 4. 

 

where ὔ denotes the time interval over which the mean-squared error is evaluated. Figure 8 plots 
the normalized autocorrelation of the first waveform at the receiver. 

 

 

Figure 8: Normalized autocorrelation of the first waveform (k=1). 

 

The quality of the cross-correlation function can also be measured by the mean-square-error defined 
by: 

 ‭
В

 Equation 5. 

 

Figure 9 shows the cross-correlation between the first (Ὧ ρ) and the second (Ὧ ς) waveforms. 

 

 

Figure 9: Normalized cross-correlation between the waveforms. 
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We propose quantizing the RSSI into two states: low-fade and deep-fade states by setting an RSSI 
threshold, and then applying a conventional water-filling (CWF) algorithm14 at 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 state. Figure 10 shows the RSSI quantization 
threshold set to 6 dB, i.e. the receiver will apply CWF equalization only of the RSSI is at 6 dB or 
greater. 

 

Figure 10: Quantized RSSI output at the receiver set to 6dB. 

 

The spectral efficiency attained under CWF equalization at the receiver for a channel bandwidth ὄ 
(=100 MHz, chosen for the simulation) is given by: 

 

 ὅ ὄὰέὫ  Equation 6. 

 

where ‎ὸ is quantized the RSSI at time t and ‎th is the value of the RSSI threshold. Figure 11 plots 
the achieved spectral efficiency. 

 

Figure 11: Spectral Efficiency with CWF equalization for a non-stationary channel. 

 

                                                           

 
14

 For further information also see: D.P Palomar, and J.R. Fonollosa (2005): Practical algorithms for a family of waterfilling 
solutions. IEEE Transactions on Signal Processing, vol. 53, no. 2, pp. 686-695. 
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2.2.2 Applying channel transformation into visual regions (VRs) and non-visual regions 
(nVRs) for 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 cluster-ray distribution), ╗ ▐ȟ▐ȟỄȟ▐ȟỄȟ▐ . Then, the channel is 
άpartitionedέ into visual regions (VRs) and non-visual regions (nVRs) by introducing a matrix 

╓
Ⱦ
╡╓

Ⱦ
, where ╡  is the channel autocorrelation matrix of user Ὧ, and ╓  is a diagonal 

matrix such that if the signal transmitted from only Ὀ  antennas (out of ὓ antennas at the BS, 

ὓ ὑ) is received at the user Ὧ, ╓  has Ὀ  non-zero diagonal entries. Then, if ◑ͯꜟ ȟ╘, 

▐ Ѝὓ
Ⱦ
◑ is the non-stationary (NS) channel at user Ὧ. 

In the future, according to the test results obtained from WP3, this channel model will be explored 
further to retrieve the channel autocorrelation matrix and diagonal matrix under different test setup. 

 

2.3 Deep learning for multi-user detection 

Multiuser multiple-input multiple-output (MU-MIMO) signal detection over noisy fading channels is 
mathematically an integer least-squares (ILS) problem15, which aims to minimize the pairwise 
Euclidean distance between the transmitted signal multiplied by channel matrix and the received 
signal. Concerning the maximum-likelihood solution to be computationally too expensive, it is usual 
practice to employ linear algorithms such as the matched filter (MF), zero forcing (ZF), and linear 
minimum meansquare error16 (LMMSE) to trade off the optimality for lower computational 
complexity. Concerning the linear algorithms often too sub-optimum due to their uses of symbol-by-
symbol detection, enormous research efforts have been paid in the last two decades, to achieve the 
best performance-complexity trade-off through the use of nonlinear sub-optimal algorithms such as 
V-BLAST17, LMMSE-SIC18, fixed-complexity sphere decoding19 (SD), lattice-reduction (LR) aided 
detection20 algorithms, and so forth. A quite comprehensive survey of the MIMO detection 
algorithms can be found in [4]; and we can reach two conclusions: (i) nonlinear algorithms are too 
complex to afford by the current DSP technology, and; (ii) 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 multiuser-MIMO detection problem lie in the use of deep learning. 

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

                                                           

 
15

 For more related information about the ILS also see, inter-alia: M. Al Borno (2011, February): Reduction in Solving Some 
Integer Least-Squares Problems (Ph.D. Thesis). School of Computer Science, McGill University, Quebec, Canada. 
Available at: https://arxiv.org/pdf/1101.0382.pdf 

16
 For further information about the LLMSE also see: https://en.wikipedia.org/wiki/Minimum_mean_square_error  

17
 For more informative details about the V-BLAST algorithm also see, among others, the information presented in: 

http://www.ee.columbia.edu/~jiantan/E6909/wolnianskyandfoschini.pdf 
18

 For more informative details about the LMMSE-SIC (Linear Minimum Mean Squared Error ς Soft Interference 
Cancellation) algorithm also see, among others, the information presented in: Z. Luo, S. Liu, M. Zhao, and Y. Liu (2006): 
άA Novel Optimal Recursive MMSE-SIC Detection Algorithm for V-.[!{¢ {ȅǎǘŜƳǎέΦ Lƴ L999 ό9ŘΦύΣ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ 2006 
IEEE International Conference on Communications (ICC-2006). Istanbul, Turkey, June 12-15, 2006. 

19
 For further informative details about the fixed- complexity sphere decoding algorithm also see, for example: L.G. 

Barbero, and J.S. Thompson (2008, June): Fixing the Complexity of the Sphere Decoder for MIMO Detection. IEEE 
Transactions on Wireless Communications, vol. 7, no. 6, pp. 2131-2142. 

20
 For further informative details about the lattice-reduction aided detection algorithm also see, inter-alia: K.A. Singhal, T. 

Datta, and A. Chockalingam (2013)Υ ά[ŀǘǘƛŎŜ ǊŜŘǳŎǘƛƻƴ ŀƛŘŜŘ ŘŜǘŜŎǘƛƻƴ ƛƴ ƭŀǊƎŜ-aLah ǎȅǎǘŜƳǎέΦ Lƴ L999 ό9ŘΦύΣ 
Proceedings of the 2013 IEEE 14th Workshop on Signal Processing Advances in Wireless Communications (SPAWC-
2013). Darmstadt, Germany, June 16-19, 2013. 

https://arxiv.org/pdf/1101.0382.pdf
https://en.wikipedia.org/wiki/Minimum_mean_square_error
http://www.ee.columbia.edu/~jiantan/E6909/wolnianskyandfoschini.pdf
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information at the receiver side (CSIR), deep learning solutions are divided into two categories. One 
is called equalisation-and-learning (EL), as depicted in Figure 12, which utilizes the CSIR (i.e. the 
MIMO channel matrix ἒ) for channel equalisation and then employ deep learning for multiuser 
detection (MUD). The other is called direct learning (DL), as depicted in Figure 13, which directly 
feeds the CSIR, together with the received signal, into deep neural networks21 (DNN) to conduct the 
MUD [5]. 

 

 

Figure 12: Block diagram of equalisation-and-learning for multiuser-SIMO detection. 

 

 

Figure 13: Block diagram of direct-learning for multiuser-SIMO 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 Monte-Carlo22 trials 
of block Rayleigh fading23 channels and compared to widely used baselines under different channel 
conditions. The SNR is defined as the average received bit-energy to noise ratio (Eb=N0). 

Experiment 1 (The EL Mode): In this experiment, we evaluate the BER performance of the CE-L mode 
under BPSK modulation24. Figure 14 illustrates the BER performance for the channel equalisation-

                                                           

 
21

 For more informative details also see: Skymind Inc.: ! .ŜƎƛƴƴŜǊΩǎ DǳƛŘŜ ǘƻ bŜǳǊŀƭ bŜǘǿƻǊƪǎ ŀƴŘ 5ŜŜǇ [ŜŀǊƴƛƴƎ. 
Accessible at: https://skymind.ai/wiki/neural-network 

22
 Monte Carlo methods, or Monte Carlo experiments, are a broad class of computational algorithms that rely on repeated 

random sampling to obtain numerical results. The underlying concept is to use randomness to solve problems that 
might be deterministic in principle. They are often used in physical and mathematical problems and are most useful 
when it is difficult or impossible to use other approaches. Monte Carlo methods are mainly used in three problem 
classes: optimization, numerical integration and generating draws from a probability distribution. For more informative 
details about the Monte-Carlo method also see, for example: https://en.wikipedia.org/wiki/Monte_Carlo_method  

23
 Rayleigh fading is a statistical model for the 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 vary randomly, 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 

24
 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 termed 2-PSK. It does not particularly matter 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 the demodulator reaches an incorrect decision. That makes it the 
most robust of all the PSKs. It is, however, only able to modulate at 1 bit/symbol (as seen in the figure) and so is 

 

https://skymind.ai/wiki/neural-network
https://en.wikipedia.org/wiki/Monte_Carlo_method
https://en.wikipedia.org/wiki/Rayleigh_fading
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and-learning paradigm, where the channel equalizer can be linear ZF25, LMMSE26 or MF. The deep 
learning was conducted using mini-batch stochastic gradient descent27 with Adam optimizer at the 
learning rate = 0.001. The loss function was categorical cross-entropy. The mini-batch size of each 
epoch was 1,000, and the deep neural network (DNN) was trained at Eb/No=5 dB; as this 
configuration is found to provide the best performance. The baseline for performance comparison is 
obtained using conventional symbol-by-symbol detection algorithm. It is shown that deep learning 
modules largely improve the performance of the MF-based receiver (around 8 dB at BER of 10E-3). 
The performance gain mainly comes from the sequence-detection. For both the linear-ZF and LMMSE 
receiver, the deep learning gain is almost negligible since there is no correlation among the equalised 
symbols; and thus, deep learning gain vanishes. 

 

 

Figure 14: Average bit-error-rate performance of the equalisation-and-learning paradigm. 

 

Experiment 2 (The DL Mode): In this experiment, we evaluate the BER performance of the DL mode 
under BPSK modulation. Figure 15 illustrates the BER performance of the Direct-Learning mode with 
different levels of CSIR. The baseline for performance comparison is the maximum likelihood receive. 
For the uncoded 2-by-8 multiuser-SIMO 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 the deep-learning based 
classification performance. Consider the receiver having full CSIR; the Direct-Learning approach 

                                                                                                                                                                                     

 

unsuitable for high data-rate applications. For further details also see, inter-alia: https://en.wikipedia.org/wiki/Phase-
shift_keying#Binary_phase-shift_keying_(BPSK)  

25
 Zero Forcing Equalizer refers to a form of linear equalization algorithm used in communication systems which applies 

the inverse of the frequency response of the channel. The Zero-Forcing 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 studied heavily for IEEE 802.11n (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 the Intersymbol Interference (ISI) to zero in a noise free case. This will be useful when ISI is significant compared 
to noise. 

26
 For more informative details also see, inter-alia: D. Neumann, T Wiese, and W. Utschick (2017, July): Learning the 

MMSE Channel Estimator. IEEE Transactions on Signal Processing, vol. 66, no. 11, pp. 2905-2917. 
27

 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 gradient descent optimization. 
Also see, for example: https://en.wikipedia.org/wiki/Stochastic_gradient_descent 

https://en.wikipedia.org/wiki/Phase-shift_keying#Binary_phase-shift_keying_(BPSK)
https://en.wikipedia.org/wiki/Phase-shift_keying#Binary_phase-shift_keying_(BPSK)
https://en.wikipedia.org/wiki/Stochastic_gradient_descent
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achieves near-optimal performance almost throughout the entire SNR range. The most interesting 
phenomenon is that the Direct-L approach can work with partial CSIR. Considering the CSIR to be 
known only for the user terminal (UT)1-to-receiver link, it is shown that UT1 enjoys a much better 
performance than UT2. The performance gap between UT1 and the maximum-likelihood receiver is 
caused by the co-channel interference from UT2. This result shows that deep learning utilizes the 
CSIR as the user signature to assist the signal classification. 

 

Figure 15: Average bit-error-rate performance of the directly-learning paradigm. 

 

In addition to the above results, it is also found that the direct-learning solutions outperform the 
equalisation-and-learning solutions due to their better exploitation of the sequence-detection gain. 
On the other hand, the direct learning solutions are not scalable to the size of MU-SIMO networks, as 
current DNN architectures cannot efficiently handle many co-channel interferences28. This 
observation has motivated further research towards scalable direct-learning based multiuser-MIMO 
detection. 

 

2.4 Hybrid user 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 centralised at the CU that governs several DUs. If users can properly 
associate to the DU 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 for the whole network. The centralised 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 criteria for all DUs, and the DU to apply the criteria and make the 
association decision individually. The hybrid user association (HUA) problem29 for load balancing of 

                                                           

 
28

 Also see: J. Wang, Z. Yi, J.M. Zurada, B.-L. Lu, and H. Yin (2006): Advances in Neural Networks, Springer. 
29

 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 human-to-human/machine-to-machine coexistence. IET Communications, 
vol. 10, no. 9, pp. 1035-1043. 
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multitier cellular networks is studied. The proposed hierarchical HUA approach builds on a 
combination of decentralised 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 accept all users that 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 according to a CCU-optimized load 
vector and enables tier-based resource depletion probability provisioning over finite control cycles. 
The trade-offs between the proposed HUA method and the standard DUA approach, are compared. 

Following the spatiotemporal modelling approach from [6] [7], a region of a two-dimensional space L 
is considered where a set of user equipment (UE) is served by BSs Bk from the kth tier of a multitier 
network where k ɴ (1, K). The kth tier BS units are randomly located following independent 
homogeneous Poisson point processes30 (PPPs) ɮk with an intensity ‰k determined by BS density in 
units/km2. The 5G-DRIVE project focuses on the downlink of the multitier network where each BS of 
the kth tier transmits with power Pk. The total bandwidth W = NrbWrb is divided into Nrb RBs of width 
Wrb. For a given realisation of ɮk, new data flow requests from the UE set U arrive independently and 
fall within the space L and time window (t0, t0 + t). The arrival process of the UE flow units follows a 
space-time PPP ɡ with a spatiotemporal intensity determined by UE flow density in units/(sϽkm2). 
The temporal mean UE flow arrival rate of the network is ‗net = —fl. Let (k, i) be the pair denoting the 
ith BS of the kth tier used for short notation as (k, i)th BS and (Ͻ)ki for subindexing. The results show 
that the UE arrival process after the UA in the (k, i)th BS is Poisson with intensity ‗ki = pki— 
determined by units/s where pki is 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 mean µki and the variance „2

ki are needed to be 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 BS-specific moments which corresponds to commonly used time-
averaged interference method [8] [9]. 

The load state of a BS is modeled as the number of remaining RBs in the resource pool yet to be 
scheduled at time t0+t. The number of available RBs in the (k, i)th BS can be represented as: 

 

  Equation 7 

 

where Bki is the maximum number of RBs, bki > 0 is the initial number of remaining RBs at time t0, and 
bki  Bki Nrb. The random processes xki(t) and yki(t) denote, respectively, the cumulative numbers of 
RB arrivals and RB departures in the (k, i)th BS. If Bki = Nrb, the spectrum is fully reused by the BSs 
with the reuse factor of one. It is assumed that Bki is a large number that complies with the current 
trend of modern cellular systems where the frequency ranges have rapidly increased. However, a 
large Bki does not prevent congestion in hotspot scenarios where also a high number of users is 
requesting a service. If there are no UE associated in the (k, i)th BS, qki(t) = Bki. On the other hand, if 
qki(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 

                                                           

 
30

 In probability, statistics and related fields, a Poisson point process is a type of random mathematical object that consists 
of points randomly located on a mathematical space. For more details see: S.N. Chiu, D. Stoyan, W.S. Kendall, and J. 
Mecke (2013): Stochastic Geometry and Its Applications. John Wiley & Sons. 
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the set of UE from the cell whereas the RB departure process is determined by the UE arrival process. 
If the number of allocated RBs per UE is one for all users, there is one-to-one correspondence 
between an RB departure and a UE arrival. However, there can be M UE service classes where each 
class mɴ (1, M) determines the required number of RBs per UE arrival Qm, according 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 denoted as .ylevitcepser ,ik’ dna ik‮ 

 

2.4.1 RDP analysis at a BS level 

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 and finite 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 difficult to obtain exact analytical 
approaches for the finite-horizon 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 queueing theoretic problems [10]. In this approach, a discrete 
queue model is replaced by a continuous time Brownian model31 that is characterized by the first- 
and second-order moments of the arrival and departure processes of the queue. The RDP over a 
finite time horizon T of the (k, i)th BS can be represented as in [11]. 

 

  Equation 8 

 

where †ki = inf(t  0 | qki(t) = 0; qki(0) = bki) is the first passage time of qki(0) > 0 to qki(t) = 0, inf(Ͻ) is the 
infimum function, and ‍ki and ‌ki are, respectively, the mean and variance of the applied RB diffusion 
process. 

2.4.2 Proposed HUA approach 

The following approach presents a novel HUA method that dynamically evaluates the association bias 
values of the fixed DUA approach according to a CCU-optimized load vector and enables tier-based 
RDP provisioning over finite control cycles. 

A. DUA 
We first outline the standard DUA approach, based on the maximum average received power (RP) 
and fixed preassigned biasing, also known as the cell range extension32 method. Specifically, in the 
DUA approach, the jth UE is associated with the (k, i)th BS that satisfies: 

                                                           

 
31

 In mathematics, the Wiener process is a continuous-time stochastic process named in honor of Norbert Wiener. It is 
often called standard Brownian motion process or Brownian motion due to its historical connection with the physical 
process known as Brownian movement or Brownian motion originally observed by Robert Brown. For further 
information also see, inter-alia: https://en.wikipedia.org/wiki/Wiener_process  

32
 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 done through the use of a positive cell selection offset to the 
received power of 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. 

https://en.wikipedia.org/wiki/Wiener_process
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where ‭k is the fixed bias factor for the kth tier BSs and Prx
kij is the average RP at the jth UE received 

from the (k, i)th BS which can be measured using a pilot signal transmitted by the BS. The unbiased 
DUA approach, where ‭k = 1 in (c), is the optimal UA for maximizing the SINR coverage if all BSs are 
transmitting. For light traffic load scenarios, there is also a marginal improvement on SINR coverage 
via biasing [12]. However, the primary objective of the biasing is to balance the network load so that 
a UE is not blocked due to lack of RBs in the BSs. 

 

 
Figure 16: 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 loop for updating the bias values ‭k in (c) and the fast DUA loop to perform the final UA 
decisions, see Figure 16. The primary focus of the proposed HUA is on relating the expected cycle T of 
the CCU intervention with 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 statistical system 
parameters presented before that affect the RB depletion. By ensuring a proper minimum value for 
the CCU control cycle T, the ping-pong problem [13] can be mitigated. On the other hand, to avoid 
unnecessary bias updates and to effectively adapt the CCU control cycle, the CCU can employ a 
simple incipient congestion indicator as Iki = 1, if ‗ki > ɤki and Iki = 0, otherwise. Specifically, if Iki = 0, a 
bias update is not needed for the prevailing control cycle. It is also obvious that if Iki = 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 inter-arrival time ‗-1

net. It is a reasonable assumption that 
T ḻ‗-1

net. The association bias values ‭k 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 words, the 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 given in Figure 17. 
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Figure 17: Pseudocode of the HUA approach. 

 
C. Results 

The following numerical examples focus on a two-tier network with K=2 in order to obtain 
presentable plots of tier-specific results for different UA methods. All connection requests are 
associated without any UE blocking prior potential resource depletions. The selected network area is 
fl =“r2 with radius r = 1000 m. The tier-based transmission powers of the BSs are set to {P1, P2 } = {53, 
33} dBm. It is assumed that there are Nrb = 400 RBs to be allocated with Wrb = 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 order to demonstrate the inherent load balancing effects, 
different initial load conditions are assigned for each tier as {b1i, b2i} = {400, 100}. The tier-dependent 
UE inter-departure times are assumed to be exponential with rates {µ1i, µ2i} = {0.1, 0.4}, and variance 
{ „2

1i, „
2
2i} = {100, 6.25}. To demonstrate the random RB batch process, three UE service classes are 

used, each class requiring {Q1, Q2, Q3} = {1, 5, 10} RBs per flow arrival. 

 

Figure 18: Comparison of RDP for different UA methods. 

 

Figure 18 compares the simulated tier-level RDPs of the DUA and HUA as a function of — with two 
different control cycles T=10 s and T=60. For the DUA, typical fixed bias factors {‭1, ‭2} = {0,10} dB are 
used, setting { ‰1, ‰2} = {1/fl,10/fl }. The target RDP per tier is set to be {”1i, ”2i} = {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 better supports 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 
cycle is 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. 

 

Figure 19: Comparison of tier association probability for different UA methods. 

 

The probability of UE association is then evaluated in Figure 19 to further reveal the differences 
between the DUA with the preassigned biases and HUA with the RDP-aware biases. It is seen 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 studied in Figure 20. 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 from Figure 20, the HUA approach can reduce the SINR 
outages compared to the DUA by avoiding unnecessary offloading in the case the given RDP is 
satisfied. 

 

Figure 20: Comparison of SINR outage probability for different UA methods. 








































































































































































































