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Editorial

Reconfigurable Intelligent Surfaces in ARIADNE’s beyond Shannon
Communications Framework

In April 2022, the ARIADNE project completed its theoretical work on analysis of application
of Reconfigurable Intelligent Surfaces (RIS) in future telecommunications networks within
the ARIADNE’s beyond Shannon Communications Framework. Currently, the achieved results
are being explored within the project activities focusing on investigation of RIS aided
networks supported by Al techniques and implementation of corresponding demonstrators.

Halid Hrasnica, Eurescom

The ARIADNE Concept and beyond Shannon Framework

The ARIADNE project exploits frequencies between 110-170GHz for access and backhaul
links, taking advantage of breakthrough novel technology concepts, namely, the
development of broadband and spectrally highly efficient RF-frontends in the D-band, the
employment of Reconfigurable Intelligent meta-Surfaces (RIS) to cope with obstructed
connectivity scenarios and the design of ML-based access protocols, resource and network
management techniques for beyond 5G networking era. In this context, the ARIADNE project
is working to transform the conventional networking system concept of a universal resources
manager into a fully adaptive connectivity provider, in accordance with transmission channel
and environmental characteristics, dynamic user and application requirements, and the
users’ mobility patterns.

To ensure this transformation, the ARIADNE project considers using RIS-aided systems to
ensure wireless communication in so-called NLOS (Non in Line Of Sight) scenarios. In these
scenarios, two devices cannot communicate directly, because an obstacle, e.g., a tree or
building, is preventing the connection. In such a case the connection can be ensured by
redirecting the transmission signal via one or multiple RIS placed in a certain area.

However, the RIS-aided communications require a joint optimization of the entire considered
wireless communications environment, which includes not only modeling and optimization
of input signals, as in the classical network characterization approach, but the entire changing
and adaptive communications environment is considered as a variable. The main challenges
for establishing the novel communications framework — beyond Shannon — are to ensure
appropriate and accurate channel characterization and modelling, explore wave/beam-
forming system capabilities, estimate blockage in the system, and more. This requires new
approaches for system optimization and evaluation involving Artificial Intelligence and
Machine Learning techniques to ensure programmable system design.



ARIADNE Newsletter 1/2022 @

ARIADNE'’s approach and findings

The ARIADNE project considers passive RIS structures with possibly adjustable elements. The
investigations have confirmed that with adequately sized RIS elements, it is possible to
outperform relay-aided systems in terms of data rates and energy efficiency. The initial
theoretical analysis showed that a significant capacity gain can be achieved by introducing a
novel signaling approach. It is based on joint information encoding for transmitted and RIS-
reflected signals, including their joint optimization. However, more accurate channel
estimation is needed to ensure the capacity gain.

A first system coverage evaluation was
carried out to extract an end-to-end path-
gain formula, assuming a full knowledge of
the system parameters at Access Points (AP)
and RIS, to find out the optimal phase shift
of each of the Reflection Units (RU) at RIS, (( ))
estimate minimum AP transmission power
ensuring full coverage, including
elaboration on losses caused by molecular
absorption in the system environment.
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Furthermore, the optimal RIS placement with respect to the position of the transmitter and
receiver has been investigated. To answer this, we firstly computed the end-to-end received
power and SNR under an RIS of arbitrary size. Subsequently, we provided closed-form
approximate expressions for the cases of the RIS being either much smaller or larger than the
transmit beam footprint at the RIS plane. Finally, based on the resulting SNR expressions, we
analytically derived the optimal horizontal RIS placement that maximizes the end-to-end
SNR. The analytical outcomes, which have been validated by Monte-Carlo simulations in
various scenarios, reveal that: i) when the transmission beam footprint at the RIS plane is
much larger than the RIS size, the optimal RIS placement is either close to the TX, RX, or the
middle of the TX-RX horizontal distance, depending on the system parameters; ii) when the
footprint is equal to or smaller than the RIS size, the optimal RIS placement is close to the RX.
Such outcomes can be readily used by the system designer to properly deploy RISs in a way
that the system performance is maximized.

In addition, a line of works has started targeting the possibility of supplying the energy
consumption needs of the RIS through wireless energy harvesting from information signals.
Towards this, we first identified the main RIS power-consuming components and then
proposed an energy harvesting and power consumption model. Furthermore, we formulated
and solved the problem of the optimal RIS placement together with the amplitude and phase
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response adjustment of its elements in order to maximize the signal-to-noise ratio (SNR)
while harvesting sufficient energy for its operation. Finally, numerical results validated the
autonomous operation potential and reveal the range of power consumption values that
enables it. The results from this study can help the system designer identify the design
requirements of future ultra-low power components in order to materialize the vision of
autonomous RIS operation.

Metasurfaces - Implementation and demonstration

Novel reflecting surfaces — metasurfaces - can be implied for dramatic enhancement of new
generations network coverage. Known methods for theoretical characterization and design
of such reflectors are based on a so-called conventional phase-gradient reflectors (reflect-
arrays) approach. However, this approach has a number of limitations, leading to reduced
reflection efficiency and overestimations of the channel characteristics. In ARIADNE, we
apply a novel method of nonlocal optimization for metasurface reflectors, that allows us to
obtain theoretically perfect reflection for the desired functionality. Using this method we
develop and investigate reflection from finite-sized reflectors mounted on walls with realistic
scenarios of prospective indoor communications.

As a particular example, we have developed an analytical model of far-field scattering from
anomalously reflecting metasurfaces of a finite size and discussed the features of reflected
fields that cannot be found using existing models. Another analysis was focused on clear
physical understanding of scattering from these metasurfaces illuminated from different
directions. Our analytical results are supported by full-wave simulations.

As a final goal within this project, our work is targeted on an indoor demonstration of the
developed and experimentally realized metasurfaces for the next generations of wireless
communications systems, as presented below.
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Schematic representation of a finite-size reflective metasurface mounted over an

impenetrable wall. The incident signal, created by a directive antenna, is reflected
towards the desired direction
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Related ARIADNE scientific contributions

ARIADNE Guest Editorial

Special issue of the IEEE Journal on Selected Areas in Communications (IEEE J-SAC) on the
topic “Beyond Shannon Communications: A Paradigm Shift to Catalyze 6G.

The members of the ARIADNE team are guest editors of a special issue of the IEEE Journal on
Selected Areas in Communications (IEEE J-SAC) on the topic “Beyond Shannon
Communications: A Paradigm Shift to Catalyze 6G”, which will be published in the second
qguarter of 2023. Topics of interest of the journal include but are not limited to the following:

. Reconfigurable Intelligent Surfaces in wireless systems: channel models,
fundamental performance, algorithm and protocol design

. Holographic MIMO communication systems: physics-based modeling, signal
processing, network optimization and emerging applications

. 3D connectivity and intelligence support wireless systems

. Semantics-native and goal-oriented communication systems: critical components

modeling and validation, mathematical frameworks, fundamental trade-offs and
limits

o Artificial Intelligence/Machine Learning for wireless systems modeling, analysis,
design and optimization

. System architecture and HW design implications for Beyond Shannon 6G paradigms

Deadline for contributions is on 1 August 2022 — more information is available at ARIADNE
project website.

Workshops organized so far

Until now, the members of the ARIADNE project consortium published a number of papers
in recognized journals and magazines as well as at relevant conferences. Furthermore, the
project also organized several workshops on RIS related research, as listed in annex of the

newsletter.
o Network Management workshop at EUCNC 2021 — with other B5G projects of 5G PPP
o IEEE MeditCom, 7-10 September 2021, Athens, Greece — ARIADNE Workshop on

Reconfigurable Intelligent Surfaces: A Technology Enabler to catalyze 6G

o IEEE International Symposium on Personal, Indoor and Mobile Radio
Communications (PIMRC), 13-16 September 2021, Helsinki — workshop with RISE-6G
and AIMM projects - Workshop on Reconfigurable Intelligent Surfaces for B5G/6G

o IEEE Global Communications Conference (GLOBECOM 2021), 7-11 December 2021,
Madrid - WS-19: Workshop on Reconfigurable Intelligent Surfaces for Future
Wireless Communications
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Publications from ARIADNE consortium

=  Yang, Gang & Xu, Xinyue & Liang, Ying-Chang & Di Renzo, Marco. (2021). Reconfigurable Intelligent Surface
Assisted Non-Orthogonal Multiple Access. IEEE Transactions on Wireless Communications. PP. 1-1.
10.1109/TWC.2020.3047632.

. Konstantinos Ntontin, Marco Di Renzo, Fotis Lazarakis. On the Rate and Energy Efficiency Comparison of
Reconfigurable Intelligent Surfaces with Relays. IEEE International Workshop on Signal Processing Advances
in Wireless Communications (SPAWC), May 2020, Atlanta, United States.
(10.1109/SPAWC48557.2020.9154308). (hal-03022567)

=  Jiguang Hey, Markus Leinoneny, Henk Wymeersch, Markku Juntti. Channel Estimation for RIS-Aided
mmWave MIMO Channels. Proceedings of SPAWC 2020, 21st IEEE International Workshop on Signal
Processing Advances in Wireless Communications

=  Zhou, Gui & Pan, Cunhua & Ren, Hong & Wang, Kezhi & Di Renzo, Marco & Nallanathan, Arumugam. (2019).
Robust Beamforming Design for Intelligent Reflecting Surface Aided MISO Communication Systems.

. Di Renzo, Marco, et al. "Reconfigurable intelligent surfaces vs. relaying: Differences, similarities, and
performance comparison." IEEE Open Journal of the Communications Society 1 (2020): 798-807.

=  Papasotiriou, Evangelos N., et al. "Performance evaluation of reconfigurable intelligent surface assisted D-
band wireless communication." 2020 IEEE 3rd 5G World Forum (5GWF). IEEE, 2020.

=  Boulogeorgos, Alexandros-Apostolos A., and Angeliki Alexiou. "Ergodic capacity analysis of reconfigurable
intelligent surface assisted wireless systems." 2020 IEEE 3rd 5G World Forum (5GWF). IEEE, 2020.

- Perovic, Nemanja Stefan & Tran, Le-Nam & Di Renzo, Marco & Flanagan, Mark. (2021). Achievable Rate
Optimization for MIMO Systems With Reconfigurable Intelligent Surfaces. IEEE Transactions on Wireless
Communications. PP. 1-1. 10.1109/TWC.2021.3054121.

= J. He, H. Wymeersch and M. Juntti, "Leveraging Location Information for RIS-Aided mmWave MIMO
Communications," in IEEE Wireless Communications Letters, vol. 10, no. 7, pp. 1380-1384, July 2021, doi:
10.1109/LWC.2021.3067474.

- Ntontin, Konstantinos & Selimis, Dimitrios & Boulogeorgos, Alexandros-Apostolos & Alexandridis, Antonis
& Tsolis, Aris & Vlachodimitropoulos, Vasilis & Lazarakis, Fotis. (2020). Optimal Reconfigurable Intelligent
Surface Placement in Millimeter-Wave Communications. 10.23919/EuCAP51087.2021.9411076.

=  Diaz-Rubio, S. Tcvetkova and S. Tretyakov, Analytical models of reflection and scattering by finite-size
anomalously reflecting metasurfaces, 15th European Conference on Antennas and Propagation (EuCAP),
pp. 1-3, DOI:10.23919/EuCAP51087.2021.9411336, 2021

= J.He, H. Wymeersch and M. Juntti, "Channel Estimation for RIS-Aided mmWave MIMO Systems via Atomic
Norm Minimization," in IEEE Transactions on Wireless Communications, vol. 20, no. 9, pp. 5786-5797, Sept.
2021, doi: 10.1109/TWC.2021.3070064.

= He, Jiguang, et al. "Channel estimation and hybrid architectures for RIS-assisted communications." 2021
Joint European Conference on Networks and Communications & 6G Summit (EUCNC/6G Summit). IEEE,
2021.

= Joonas Kokkoniemi and Markku Juntti, Channel Modeling for Reflective Phased Array Type RISs inmmWave
Networks, ACM MobiCom '21: The 27th Annual International Conference on Mobile Computing and
Networking

=  Boulogeorgos, Alexandros-Apostolos & Alexiou, Angeliki. (2020). Performance Analysis of Reconfigurable
Intelligent Surface-Assisted Wireless Systems and Comparison With Relaying. IEEE Access.
10.1109/ACCESS.2020.2995435.

=  Boulogeorgos, Alexandros-Apostolos & Alexiou, Angeliki. (2020). How Much do Hardware Imperfections
Affect the Performance of Reconfigurable Intelligent Surface-Assisted Systems?. IEEE Open Journal of the
Communications Society. 10.1109/0JCOMS.2020.3014331.

= Kokkoniemi, Joonas, and Markku Juntti. "Stochastic geometry based interference analysis of multiuser
mmWave networks with RIS." 2021 IEEE 32nd Annual International Symposium on Personal, Indoor and
Mobile Radio Communications (PIMRC). IEEE, 2021.

. Ntontin, Konstantinos & Boulogeorgos, Alexandros-Apostolos & Selimis, Dimitrios & Lazarakis, Fotis &
Alexiou, Angeliki & Chatzinotas, Symeon. (2021). Reconfigurable Intelligent Surface Optimal Placement in
Millimeter-Wave  Networks. IEEE  Open Journal of the Communications Society. PP.
10.1109/0JCOMS.2021.3068790.

- Dai, Linglong & Di Renzo, Marco & Chae, Chan-Byoung & Hanzo, L. & Wang, Bichai & Wang, Min & Yang,
Xue & Tan, Jingbo & Bi, Shuangkaisheng & Xu, Shenheng & Yang, Fan & Chen, Zhi. (2020). Reconfigurable
Intelligent Surface-Based Wireless Communications: Antenna Design, Prototyping, and Experimental
Results. IEEE Access. PP. 1-1. 10.1109/ACCESS.2020.2977772.
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= Zhou, Shaoging & Xu, Wei & Wang, Kezhi & Di Renzo, Marco & Alouini, Mohamed-Slim. (2020). Spectral and
Energy Efficiency of IRS-Assisted MISO Communication with Hardware Impairments. IEEE Wireless
Communications Letters. PP. 1-1. 10.1109/LWC.2020.2990431.

=  Xu, Peng & Chen, Gaojie & Pan, Gaofeng & Di Renzo, Marco. (2020). Ergodic Secrecy Rate of RIS-Assisted
Communication Systems in the Presence of Discrete Phase Shifts and Multiple Eavesdroppers. IEEE Wireless
Communications Letters. PP. 1-1. 10.1109/LWC.2020.3044178.

=  Yang, Liang & Meng, Fanxu & Zhang, Jiayi & Hasna, M.O. & Renzo, Marco. (2020). On the Performance of
RIS-Assisted Dual-Hop UAV Communication Systems. IEEE Transactions on Vehicular Technology. PP. 1-1.
10.1109/TVT.2020.3004598.

. Di Renzo, Marco & Zappone, Alessio & Debbah, mérouane & Alouini, Mohamed-Slim & Yuen, Chau & Rosny,
Julien & Tretyakov, Sergei. (2020). Smart Radio Environments Empowered by Reconfigurable Intelligent
Surfaces: How it Works, State of Research, and Road Ahead. IEEE Journal on Selected Areas in
Communications. PP. 1-1. 10.1109/JSAC.2020.3007211.

. Le, Tuan & Chien, Trinh & Renzo, Marco. (2020). Robust Probabilistic-Constrained Optimization for IRS-
Aided MISO Communication Systems. |EEE Wireless Communications Letters. PP. 1-1.
10.1109/LWC.2020.3016592.

. Karasik, Roy & Simeone, Osvaldo & Di Renzo, Marco & Shamai, Shlomo. (2019). Beyond Max-SNR: Joint
Encoding for Reconfigurable Intelligent Surfaces.

=  Zappone, Alessio & Di Renzo, Marco & Shams, Farshad & Qian, Xuewen & Debbah, mérouane. (2020).
Overhead-Aware Design of Reconfigurable Intelligent Surfaces in Smart Radio Environments.

. Gacanin, Haris & Di Renzo, Marco. (2020). Wireless 2.0: Towards an Intelligent Radio Environment
Empowered by Reconfigurable Meta-Surfaces and Artificial Intelligence.

= Qian, Xuewen & Renzo, M. & Liu, J. & Kammoun, A. & Alouini, M.-S. (2020). Beamforming Through
Reconfigurable Intelligent Surfaces in Single-User MIMO Systems: SNR Distribution and Scaling Laws in the
Presence of Channel Fading and Phase Noise. IEEE Wireless Communications Letters. PP. 1-1.
10.1109/LWC.2020.3021058.

. Lin, Shaoe & Zheng, Beixiong & Alexandropoulos, George & Wen, Miaowen & Di Renzo, Marco & Chen,
Fangjiong. (2020). Reconfigurable Intelligent Surfaces With Reflection Pattern Modulation: Beamforming
Design and Performance Analysis. IEEE Transactions on Wireless Communications. PP. 1-1.
10.1109/TWC.2020.3028198.

- Lin, Shaoe & Zheng, Beixiong & Alexandropoulos, George & Wen, Miaowen & Di Renzo, Marco & Chen,
Fangjiong. (2020). Reconfigurable Intelligent Surfaces With Reflection Pattern Modulation: Beamforming
Design and Performance Analysis. IEEE Transactions on Wireless Communications. PP. 1-1.
10.1109/TWC.2020.3028198.

=  Xu, Peng & Chen, Gaojie & Yang, Zheng & Di Renzo, Marco. (2020). Reconfigurable Intelligent Surfaces-
Assisted Communications With Discrete Phase Shifts: How Many Quantization Levels Are Required to
Achieve Full Diversity?. IEEE Wireless Communications Letters. PP. 1-1. 10.1109/LWC.2020.3031084.

= Zappone, Alessio & Di Renzo, Marco & Xi, Xiaojun & Debbah, mérouane. (2020). On The Optimal Number of
Reflecting Elements for Reconfigurable Intelligent Surfaces. IEEE Wireless Communications Letters. PP. 1-1.
10.1109/LWC.2020.3034686.

=  Dharmawansa, Prathapasinghe & Atapattu, Saman & Di Renzo, Marco. (2020). Performance Analysis of a
Two-Tile Reconfigurable Intelligent Surface Assisted 2x2 MIMO System. IEEE Wireless Communications
Letters. PP. 1-1. 10.1109/LWC.2020.3035661.

=  Tang, Wankai & Chen, Mingzheng & Chen, Xiangyu & Dai, Jun Yan & Han, Yu & Di Renzo, Marco & Zeng,
Yong & Jin, Shi & Cheng, Qiang & Cui, Tie. (2020). Wireless Communications With Reconfigurable Intelligent
Surface: Path Loss Modeling and Experimental Measurement. |EEE Transactions on Wireless
Communications. PP. 1-1. 10.1109/TWC.2020.3024887.

=  Zhou, Gui & Pan, Cunhua & Ren, Hong & Wang, Kezhi & Elkashlan, Maged & Di Renzo, Marco. (2021).
Stochastic Learning-Based Robust Beamforming Design for RIS-Aided Millimeter-Wave Systems in the
Presence of Random Blockages. IEEE Transactions on Vehicular Technology. PP. 1-1.
10.1109/TVT.2021.3049257.

=  Gradoni, Gabriele & Di Renzo, Marco. (2021). End-to-End Mutual Coupling Aware Communication Model
for Reconfigurable Intelligent Surfaces: An Electromagnetic-Compliant Approach Based on Mutual
Impedances. IEEE Wireless Communications Letters. PP. 1-1. 10.1109/LWC.2021.3050826.

- Peng, Zhangjie & Li, Tianshu & Pan, Cunhua & Ren, Hong & Xu, Wei & Di Renzo, Marco. (2020). Analysis and
Optimization for IRS-Aided Multi-pair Communications Relying on Statistical CSI.

= Yang, Bo & Cao, Xuelin & Chongwen, Huang & Yuen, Chau & Qian, Lijun & Di Renzo, Marco. (2021).
Intelligent Spectrum Learning for Wireless Networks With Reconfigurable Intelligent Surfaces. IEEE
Transactions on Vehicular Technology. PP. 1-1. 10.1109/TVT.2021.3064042.
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= Yan Zhang, Jiayi Zhang, Marco Di Renzo, Huahua Xiao, Bo Ai. Performance analysis of RIS-aided systems with
practical phase shitf and amplitude response. IEEE Transactions on Vehicular Technology, Institute of
Electrical and Electronics Engineers, 2021. (hal-03286240)

=  Boulogeorgos, Alexandros-Apostolos & Alexiou, Angeliki. (2021). Coverage Analysis of Reconfigurable
Intelligent Surface Assisted THz Wireless Systems. 10.1109/0JVT.2021.3051209.

=  Di Renzo, Marco & Danufane, Fadil & Xi, Xiaojun & Rosny, Julien & Tretyakov, Sergei. (2020). Analytical
Modeling of the Path-Loss for Reconfigurable Intelligent Surfaces — Anomalous Mirror or Scatterer ?. 1-5.
10.1109/SPAWC48557.2020.9154326.

=  Diaz-Rubio and S. A. Tretyakov, "Macroscopic Modeling of Anomalously Reflecting Metasurfaces: Angular
Response and Far-Field Scattering," in IEEE Transactions on Antennas and Propagation, vol. 69, no. 10, pp.
6560-6571, Oct. 2021, doi: 10.1109/TAP.2021.3076267.

. Diaz-Rubio and S. Tretyakov, Diffraction theory to model metasurfaces in real-world environments,
Fifteenth International Congress on Artificial Materials for Novel Wave Phenomena (Metamaterials), pp.
435-437,2021

= S, Kosulnikov, A. Diaz-Rubio, S. Tretyakov, Analytical Models of Link Budget in the Presence of Reflection-
shaping Metasurface Panels, 16th European Conference on Antennas and Propagation (EuCAP), (submitted)

. K. Ntontin, A. A.-A. Boulogeorgos, E. Bjornson, D. Selimis, W. A. Martins, S. Abadal, A. Alexiou, F. Lazarakis,
S. Kisseleff, and S. Chatzinotas, “Autonomous Reconfigurable Intelligent Surfaces Through Wireless Energy
Harvesting”, IEEE VTC-Spring 2022, 19-22 June 2022.
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