
 
 

 
 

 
 

 
COST Action CA15104  

Fourth and Final Scientific  
Annual Report 

 

COST Action CA15104 (IRACON) aims to achieve scientific networking and 
cooperation in novel design and analysis methods for 5G, and beyond-5G, 
radio communication networks. 

The scientific activities of the action are organized according to two types of 
Working Groups: disciplinary and experimental Working Groups. In total, 
IRACON consists of 6 working groups: Radio Channels (DWG1), PHY layer 
(DWG2), NET Layer (DWG3), OTA Testing (EWG-OTA), Internet-of-Things 
(EWG-IoT), Localization and Tracing (EWG-LT) and Radio Access (EWG-RA). 
A sub-working group of EWG-IoT was also recently created: IoT for Health.  

This report details the achievements of IRACON as a whole and of its Working 
Groups during the fourth grant period, summarizing the main activities and 
scientific results.  

 
Authors: Sana Salous, Katsuyuki Haneda, Hanna Bogucka, Jan Sykora, Silvia 
Ruiz Boqué, Hamed Ahmadi, Wim Kotterman, Moray Rumney, Erik Ström, 
Chiara Buratti, Carles Anton-Haro, Klaus Witrisal, Florian Kaltenberger, Mark 
Beach, Kamran Sayrafian, Slawomir Ambroziak 
 
Editors: Claude Oestges, François Quitin 
 
Date: March 2020  



 
 
 

2 

Contents 
 

Contents .......................................................................................................... 2 

List of acronyms ............................................................................................... 3 

1. Introduction ................................................................................................ 5 

1.1 Scientific objectives of IRACON .......................................................... 5 

1.3 Working Groups: structure and coordination ....................................... 6 

1.4 Working Groups: practical implementation ......................................... 7 

2. Final Book ................................................................................................. 8 

2.1 Introduction ......................................................................................... 8 

2.2 Table of Content of the Book .............................................................. 8 

3. Conclusions ............................................................................................. 12 

Annex: List of Temporary Documents ............................................................ 14 

 

  



 
 
 

3 

List of acronyms 

 
BER   Bit Error Ratio 
BPSK   Binary Phase Shift Keying 
CoMP   Cooperative Multi Point 
D2D   Device-to-Device 
DTT   Digital Terrestrial Television 
DWG   Disciplinary Working Group 
ECI   Early Career Investigator 
EMF   Electro-Magnetic Field 
ETSI   European Telecommunications Standards Institute 
EWG   Experimental Working Group 
GNSS   Global Navigation Satellite System 
GP   Grant Period 
HeNB   Home eNode B 
HW   Hardware 
IEEE   Institute of Electrical and Electronical Engineers 
IET   Institute of Engineering and Technology 
IoT   Internet-of-Things 
ITS   Intelligent Transportation Service 
ITU-R   International Telecommunication Union – Radio 
LSA   License Shared Access 
LT   Localization and Tracking 
LTE   Long-Term Evolution 
MAC   Medium Access Control (layer) 
MIMO   Multiple-Input Multiple-Output 
MOSG   MIMO OTA Sub-Group 
MRC   Maximal Ratio Combining 
MTC   Machine Type Communication 
NET   Network (layer) 
NFV   Network Functions Virtualization 
OTA   Over-the-Air 
PHY   Physical (layer) 
PLNC   Physical Layer Network Coding 
RA   Radio Access 
RAT   Radio Access Technology 
RAN   Radio Access Network 
RRM   Radio Resource Management 
SC-FDMA  Single Carrier Frequency Division Multiple Access 
SDN   Software Defined Network 
SDR   Software Defined Radio 
SG   Study Group 
STSM   Short Term Scientific Mission 
TD   Temporary Document 
URSI   Union Radio Scientifique Internationale 
V2X   Vehicle-to-Infrastructure 
VNO   Virtual Network Operator 
WG   Working Group 
ZF   Zero-Forcing  



 
 
 

4 

 
 
This page is intentionally left blank. 

  



 
 
 

5 

1. Introduction 
 
1.1 Scientific objectives of IRACON 

The demand for mobile connectivity is continuously increasing, and by 2020 
Mobile and Wireless Communications will serve not only very dense 
populations of mobile phones and nomadic computers, but also the expected 
multiplicity of devices and sensors located in machines, vehicles, health 
systems and city infrastructures. The Inclusive Radio Communication 
Networks concept defines the technologies for supporting wireless connectivity 
for any rates, type of communicating units, and scenario. It is expected to be 
implemented in and beyond the fifth generation (5G) of radio communication 
networks. Spectral and spatial efficiency are key challenges, in addition to 
constraints like energy consumption, latency, mobility, adaptability, 
heterogeneity, coverage, and reliability, amongst others. While many of these 
aspects are not especially new, the wireless Internet of Things (IoT) beyond 
2020 will in particular require revolutionary approaches in Radio Access 
Technologies (RATs), networks and systems in order to overcome the 
limitations of the current cellular deployments, the layered networking 
protocols, and the centralised management of spectrum, radio resources, 
services and content. Theoretical foundations have to be fully revisited and 
disruptive technologies are to be discovered during the coming decade. 

In this context, IRACON, aims to achieve scientific breakthroughs, by 
introducing novel design and analysis methods for 5G, and beyond-5G, radio 
communication networks. IRACON aims at proposing solutions for inclusive 
and multidimensional communication systems with a wide variety of devices, 
practical constraints and real-world scenarios, addressing systems ranging 
from very simple transceivers and sensors, to smartphones and highly flexible 
cognitive radios. Challenges include: i) modelling the variety of radio channels 
that can be envisaged for inclusive radios; ii) capacity, energy, mobility, latency, 
scalability at the physical (PHY) and Medium Access Control (MAC) layers; iii) 
network automation, moving nodes, cloud and virtualisation architectures at the 
MAC and Network (NET) layers; iv) experimental research on the practicality of 
the proposed techniques, addressing Over-the-Air (OTA) testing, IoT, 
localisation, tracking and radio access. 

 

1.2 Objectives of the fourth grant period 

For the fourth grant period, IRACON’s objectives have been defined at the kick-
off meeting as follows: 

1. promote the use of pan-European laboratory facilities and networks for 
shared experimental research addressing Over-the-Air (OTA) testing, IoT, 
localization, tracking and radio access, using a shared web platform; 

2. facilitate the collaboration between ECIs through STSMs (at least 6 
missions over the GP); 

3. provide technical inputs and liaison statements to Standardisation Groups 
on metrics for Over the Air (OTA) testing; 
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4. finalize a set of IRACON concerted radio channel models for 5G and 
beyond; 

5. maintain liaisons with international standardisation bodies, via the 
identification of liaisons and invited speakers at each IRACON technical 
meeting: the MIMO OTA Sub-Group (MOSG) of CTIA, the RAN4 of 3GPP 
that pursue standardised OTA tests for LTE User Equipment, the ETSI 
Technical Committee on ITS, and the URSI Commission C, among others; 

6. maintain on-going links with existing H2020 projects (Clear5G, 5G-car, etc.), 
by organizing one joint workshop in the grant period; 

7. train PhD students through the organization of at least two training schools, 
with a focus on the network layer; 

8. disseminate IRACON position and results via the ongoing publication of a 
newsletter, the animation of a blog and the issue of one position paper (white 
paper) on experimental platforms for performance evaluation; the 
organization of at least two special sessions/workshops at international 
conferences (EuCAP, PIMRC); 

9. discuss COST gender policy through women-only meetings at MC 
meetings, with inputs to the newsletter or to the blog; 

10. write the final book of the Action. 

 
1.3 Working Groups: structure and coordination 

The development of 5G-and-beyond systems requires the joint consideration 
of all aspects related to the exploitation of radio resources: from the radio 
channel to the PHY, MAC and Network layers. The techniques envisioned for 
future wireless standards are in fact so revolutionary that they have impact on 
many separate aspects of the Radio Access Network (RAN). Massive MIMO 
and beamforming are good examples of this, as these techniques, implemented 
at the PHY layer, will heavily impact the strategies implemented for radio 
resource control at MAC and Network layers, and in turn are strongly dependent 
of the characteristics of the radio channel. Therefore, research developments 
on radio channel characterisation, PHY, MAC and NET layers need to be 
suitably coordinated. IRACON is organised into three Disciplinary Working 
Groups (DWGs) respectively dealing with the radio channel, PHY as well as 
MAC/NET layers. Meetings will be organised in such a way that a proper 
coordination of activities among the three DWGs is achieved, namely via joint 
sessions regrouping documents with overlapping interests. This coordination 
ensures that new techniques developed within IRACON are jointly devised and 
assessed from all viewpoints. 

Moreover, this coordination of research efforts is further demonstrated within 
IRACON by the creation of four Experimental WGs (EWGs) that will address 
specific topics through a transversal approach; experimental facilities will be 
made available by institutions to IRACON participants in order to test new 
algorithms, techniques and protocols in real-world contexts, enabling a 
coordinated effort among experts of separate disciplines, as complex test beds 
need a variety of suitably joint and coordinated competences. Coordination 
among theoretical and experimental activities will be ensured through a back-
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and-forward principle: new ideas, novel techniques envisioned within the 
DWGs will be considered as candidates for their testing on the experimental 
facilities made available within the EWGs. At the same time, real-world 
experiments conducted within the EWGs will provide useful databases of 
measurements for the theoretical activities brought forward within the DWGs. 

 
1.4 Working Groups: practical implementation 

As mentioned, IRACON technical content is organised in Working Groups 
(WGs) to facilitate the coordination and networking between participants. 
During technical meetings many of the sessions deal with several of the WGs’ 
interests, being identified as “joint” sessions in such sense.  

Every IRACON participant is at least interested in two types of WG: one 
disciplinary WG, on the basics of (WG1) Radio Propagation and Channel 
Modelling, (WG2) Communications Physical Layer and (WG3) Radio Network 
Aspects; plus one Experimental WG related to application scenarios and 
testbeds: (EGW-LT) Location and Tracking, (EWG-IoT) Internet of Things, 
(EGW-RA) Radio Access Systems, (EGW-OTA) Over-the-Air Testing.  

Essentially, the relationship between the Disciplinary WGs (DWGs) and the 
Experimental WGs (EWGs) is based on the fact that every of the new 
algorithms, techniques and protocols developed in the context of a DWG is 
suitable to be tested in some of the application scenarios described by the 
EWGs, and on this basis the technical meetings and the discussions are 
organised. On the other way round, experiments conducted within the EWGs 
will provide useful feedback and databases of measurements for the theoretical 
activities brought forward within the DWGs.  
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2. Final Book 
 

2.1 Introduction 

The final book is divided into 9 chapters, corresponding to the work carried out 
by the various Working Groups: 

 Chapters 2 and 3 report on the work of WG1 and WG-RA, dealing 
respectively with new modelling tools and measurement-based channel 
models, 

 Chapter 4 reports on OTA testing (WG-OTA), 

 Chapter 5 summarizes the work of WG2 on coding and processing for 
advanced wireless networks, 

 Chapter 6 is dedicated to the work and results produced by WG3 in the 
area of beyond 5G networks, 

 Chapter 7 deals with IoT protocols, architectures and applications (WG-
IoT) 

 Chapter 8 outlines the results of WG-IoT-Health, 

 Chapter 9 reports on the achievements in terms of localization and 
tracking.  

 
A preliminary table of content is provided in Section 2.2, also including the page 
count. The final book will be published in the second half of 2020. 
 
2.2 Table of Content of the Book 

1 Introduction  

2 Radio propagation modelling methods and tools  9 

2.1 Propagation environments   9 

2.1.1 Introduction   9 

2.1.2 Outdoor environment   10 

2.1.3 Indoor environment   11 

2.1.4 Outdoor-to-indoor environment   13 

2.1.5 Train and other vehicular environments   14 

2.1.6 Body-centric environments  15 

2.2 Channel model classification   16 

2.2.1 Site-specific channel models  16 

2.2.2 Geometry-based stochastic models (GSCM)  31 

2.2.3 Enhanced COST2100 model  39 

2.2.4 Reference ITU-R path loss models  44 

2.2.5 Dense Multipath Models Including Diffuse Scattering and Reverberation  48 

2.3 Algorithms for estimation of radio channel parameters   54 

2.3.1 Narrowband multipath component estimation   55 

2.3.2 Wideband multipath component estimation  57 

2.3.3 Multipath component clustering   59 

2.3.4 Large-scale parameter estimation with limited dynamic range   61 

3 IRACON channel measurements and models  63 

3.1 Measurement Scenarios  63 

3.1.1 Summary  63 

3.1.2 Exemplary Measurement Campaigns for Different Scenarios  64 
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3.2 Mm-wave and Terahertz Channels  69 

3.2.1 Path Loss and RMS delay Spread  69 

3.2.2 Outdoor to Indoor propagation   78 

3.2.3 Cross-Polar Discrimination/Polarimetric, Clustering, and Massive MIMO  83 

3.2.4 Mm-wave and Terahertz Channel Simulations   92 

3.2.5 Other effects  97 

3.3 MIMO and massive MIMO channels  105 

3.3.1 Massive MIMO System Evaluation  105 

3.3.2 MIMO Propagation Channel  106 

3.3.3 Wireless Simulation Technique  109 

3.3.4 Antenna Development and User Body Effect  110 

3.4 Fast time-varying channels  111 

3.4.1 Channel Characterisation of V2X Scenario  114 

3.4.2 Wide Band Propagation in Railway Scenarios  118 

3.4.3 New Paradigm for Realizing Realistic high-speed train (HST) Channels at Fifth Generation (5G) 
millimeter-Wave (mmWave) Band 123 

3.5 Measurements of electric properties of materials for channel simulators  126 

3.5.1 Transmission losses for above-6 GHz  126 

3.5.2 Material properties, e.g. permittivity  127 

4 Over-the-Air testing  129 

4.1 Introduction  129 

4.2 Field emulation for electrically large test objects  130 

4.2.1 Sectored Multi-Probe Anechoic Chamber (MPAC)   132 

4.2.2 Other methods  134 

4.3 Emulation of mm-Wave channels  135 

4.4 Extending the present framework  140 

4.4.1 Complexity reduction for field emulations  141 

4.4.2 Testing specific performance parameters  141 

4.4.3 Emulating Human influence   143 

4.4.4 Testbeds, additional equipment   143 

4.5 Concluding remarks  144 

5 Coding and processing for advanced wireless networks  147 

5.1 Advanced waveforms, coding and signal processing   148 

5.1.1 Models and Bounds  148 

5.1.2 Pre-coding and Beam Forming  153 

5.1.3 Channel Estimation and Synchronization  154 

5.1.4 New Waveforms  155 

5.2 Distributed and Cooperative PHY Processing in Wireless Networks  156 

5.2.1 Cooperative Relaying  156 

5.2.2 Wireless Physical-layer Network Coding  158 

5.2.3 Distributed Cooperative Access Networks  160 

5.2.4 Distributed Sensing  161 

5.3 Massive MIMO  162 

5.3.1 Processing and Coding for Massive MIMO  163 

5.3.2 Performance Evaluation and Modeling for Massive MIMO 165 

5.4 Full-Duplex Communications and HW Implementation Driven Solutions  167 

5.4.1 Full-Duplex Communications  167 

5.4.2 HW Specific Models and Implementations   169 

6 5G and beyond networks  173 

6.1 Introduction  173 

6.2 Ad-Hoc and V2V Networks   174 

6.2.1 Prediction and Reliability  176 

6.2.2 Network Simulation/Emulation Platforms  177 
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6.2.3 Energy Harvesting  180 

6.2.4 Measurements for Specific Applications   180 

6.3 Spectrum Management and Sharing  181 

6.3.1 IoT/Machine Type Communications  181 

6.3.2 Coexistence and sharing  183 

6.3.3 Field monitoring   189 

6.3.4 Virtualized Networks  191 

6.4 Radio Resource Management and Scheduling  192 

6.4.1 Resource Allocation in Wireless Mesh Networks  194 

6.4.2 RRM for D2D Scenario  196 

6.4.3 RRM via Frequency Reuse  196 

6.4.4 PCA for Higher Capacity  199 

6.4.5 Resource Allocation and Sharing for HetNets  200 

6.4.6 A Radio Resource Management (RRM) Tool  200 

6.5 Heterogeneous Networks and Ultra Dense Networks  201 

6.5.1 Scenarios and Capacity Evaluation for Small Cell Heterogeneous Networks  202 

6.5.2 System Level Evaluation of Dynamic Base Station Clustering for Coordinated Multi-Point  203 

6.5.3 Comparison of the System Capacity between the UHF/SHF Bands and Millimetre Wavebands
 203 

6.5.4 Cost/revenue trade-off in Small Cell Networks in the Millimetre Wavebands  206 

6.5.5 Effects of Hyper-Dense Small-Cell Network Deployments on a Realistic Urban Environment 
 207 

6.5.6 Advanced Management and Service Provision for Ultra Dense Networks  208 

6.5.7 IP mobility and SDN   211 

6.5.8 Digital geographical data and radio propagation models enhancement for mmWave simulation 
 212 

6.6 Cloud Radio Access Network (C-RAN)  215 

6.6.1 Resource Management in C-RAN  215 

6.6.2 C-RAN Deployment   217 

6.7 SDN and NFV  219 

6.7.1 Virtual Radio Resource Management Model  220 

6.7.2 Analysis of VRRM Results  221 

6.8 UAVs and flying platforms  222 

6.8.1 UAV trajectory design and radio resource management  222 

6.8.2 UAV-aided network planning and performance  224 

6.9 Emerging Services and Applications  227 

6.9.1 Smart Grids  227 

6.9.2 Vehicular Applications  228 

6.9.3 Public Protection and Disaster Relief Systems  228 

7 IoT protocols, architectures and applications  231 

7.1 Low Power Wide Area Networks  232 

7.1.1 LoRaWAN  232 

7.1.2 NB-IoT  235 

7.2 MAC and Routing Protocols for IoT  238 

7.2.1 6TiSCH Protocol Stack 239 

7.2.2 Joint Scheduling and Routing Protocols  240 

7.2.3 Routing Protocols and Congestion Control  242 

7.3 Vehicular Communications  244 

7.3.1 Antenna Design and Integration  245 

7.3.2 High Mobility Performance Analysis and Modeling  248 

7.4 Energy Efficient/Constrained Solutions for IoT   252 
7.4.1 Energy Efficiency in IoT  252 

7.4.2 Energy Harvesting Aspects  254 

7.5 SDN and NFV for IoT  257 

7.5.1 Software-Defined IoT Networks  258 
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7.5.2 Integrating Different IoT Technologies  260 

7.5.3 Virtualisation of IoT  261 

7.6 Special Applications of IoT 263 

7.7 Conclusions  267 

8 IoT for Healthcare Applications  269 

8.1 Wearable and Implantable IoT-Health Technology  270 

8.1.1 Channel Measurement and Modelling: On-Body-to-Off-Body  271 

8.1.2 Channel Measurement and Modelling: On-Body-to-On-Body  281 

8.1.3 Channel Measurement and Modelling: In-Body-to-On-Body and In-Body-to-Off-Body  282 

8.1.4 Human Body Phantoms and SAR Measurement  284 

8.2 IoT-Health Networking and Applications  292 

8.2.1 Networking and Architectures 293 

8.2.2 Applications  296 

8.3 Nanocommunications  302 

8.3.1 Nanocommunication mechanisms  302 

8.3.2 Interface with micro- and macro-scale networks   305 

9 Localization and Tracking  309 

9.1 Introduction   310 

9.1.1 New Application Scenarios, User Requirements   310 

9.1.2 Technical Challenges   312 

9.1.3 Expected Features and Limitations of 5G and current IoT Technologies: Impact in Positioning 
 314 

9.2 Measurement modeling and performance limits   318 

9.2.1 Signal and Channel Model   318 

9.2.2 Received Signal Strength   319 

9.2.3 Time of Arrival and Time Difference of Arrival (TOA/TDOA) 320 

9.2.4 Angle of Arrival (AOA)   323 

9.2.5 Joint Measurements   326 

9.3 Position estimation, data fusion, and tracking   326 

9.3.1 Tracking and sensor fusion for moving persons and assets 327 

9.3.2 Fingerprinting and ray tracing for localization   333 

9.3.3 Advanced localization techniques  336 

9.4 Multipath-based Localization and Mapping   336 

9.4.1 Signal Model and Geometry Model   337 

9.4.2 Technical Challenges   339 

9.4.3 Localization Approaches   341 

9.4.4 Localization-and-Mapping Approaches  341 

9.5 System studies and performance limits 343 

9.5.1 Indoor localization systems  343 

9.5.2 Localization for Vehicular Networks  345 

9.5.3 Multi-system hybrid localization strategies  349 

9.5.4 Location awareness-based network optimization  350 

9.6 Testbed and prototyping activities  354 

9.6.1 Testbeds for GNSS-based localization activities   354 

9.6.2 Massive MIMO Testbeds for localization  356 

9.6.3 Testbeds for localization activities based on battery- less tags 357 
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3. Conclusions  
 
During the final year of the Action, the various Working Groups have continued 

working towards the objectives of the Action. As will be described in the final 

book, all WGs have progressing according to plan and have completed the 

assigned objectives for the fourth grant period and the Action as a whole.  

The following table illustrates the achievements over the fourth GP as 

compared to the GP objectives detailed in Section 1.  

1 

Promote the use of pan-European 
laboratory facilities and networks for 
shared experimental research 
addressing Over-the-Air (OTA) 
testing, IoT, localisation, tracking and 
radio access, using a shared web 
platform. 

Updated list online 

http://radiokom.eti.pg.gda.pl/IRM/ 

2 

Facilitate the collaboration between 

ECIs through STSMs, with at least 6 

missions over the Grant Period (GP) 

37 STSMs funded over the course of the 

Action (8 submitted in GP4, 5 accepted) 

3 

Provide technical inputs and liaison 
statements to Standardisation Groups 
on metrics for Over the Air (OTA) 
testing 

Production of Deliverable 8: New Metrics 

for Over-The-Air Testing 

4 
Finalize a set of IRACON concerted 
radio channel models for 5G and 
beyond 

 Production of Deliverable 9: IRACON 

concerted radio channel models for 5G 

and beyond 

 Publication of open-access paper in 

ITU Journal: IRACON PROPAGATION 

MEASUREMENTS AND CHANNEL 

MODELS FOR 5G AND BEYOND 

5 
Maintain liaisons with international 

standardization bodies 

 On-going action (members of IRACON 

are active members of the MIMO OTA 

Sub-Group of CTIA and the 3GPP 

RAN4) 

 Contribution to ITU-R SG3  

 IRACON liaisons: 

 3GPP – Aki Hekkala 

 URSI – Sana Salous 

 ITU-R – Sana Salous and Belen 

Montenegro 

 IEEE 1900.6 – Kostas Katzis 

6 

Maintain on-going links with existing 
H2020 projects (Clear5G, 5G-car, 
etc.), by organizing one joint 
workshop in the grant period (at 
EuCNC 2018). 

IRACON liaisons: 

 H2020 METIS-II – Narcis Cardona 

 H2020 mmMAGIC – Mark Beach 

 H2020 5G X-haul – Mark Beach 

http://radiokom.eti.pg.gda.pl/IRM/
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 CommNet (EPSRC network) – 

Mark Beach 

 ITN WiBEC – Narcis Cardona 

 5G-VINNI – Per Hjalmar Lehne 

 5G-HEART – Per Hjalmar Lehne 

 5G-EVE – Florian Kaltenberger 

 EMPOWER – Per Hjalmar Lehne 

 5G initiative – Fernando Velez 

7 

Train ECIs through the organization 

of two training schools with a focus on 

the network layer 

Three training schools were organized 

during the fourth grant period 

 http://www.iracon.org/training-

schools/ 

8 

Disseminate IRACON position and 
results via the ongoing publication of a 
newsletter, the animation of a blog 
and the issue of one position paper 
(white paper) on new localization 
techniques suitable for 5G and the 
Internet of Things; the organization of 
at least two special sessions at 
international conferences (EuCNC, 
EuCAP); the organization of one full-
day IRACON workshop in conjunction 
with an MC 
meeting. 

 Publication of quarterly newsletters 

 http://www.iracon.org/newsletters/ 

 Animation of an online blog 

 http://www.iracon.org/blog/ 

 Publication of two white papers 

 http://www.iracon.org/whitepapers/ 

 Organization of workshops 

 http://www.iracon.org/workshops/ 

 Organization of special sessions (e.g. 

at EuCAP2020) 

 http://www.iracon.org/special-

sessions/ 

9 

Discuss COST gender policy through 
women-only meetings at MC 
meetings, with inputs to the newsletter 
or to the blog 

The newsletters often highlight the role of 

women within the Action. 

10 Write the final book of the Action In its final stage (see Section 2). 
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