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Outline: Wireless Evolution
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Reconfigurable Intelligent Surface



Reconfigurable Intelligent Surface
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M. Di Renzo et al. Smart radio environments empowered by reconfigurable intelligent surfaces: How it works, state of
research, and the road ahead. IEEE JSAC, Nov. 2020.
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Smart Radio Environments
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Mathematical Background

Smart Radio Environment: Generalized Snell’s Law
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System-Level Evaluations



Large-Scale System-Level Simulations
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Size 1 at 28 GHz = 0.33x0.33 m2 Size 3 at 28 GHz = 0.67x0.67 m2

Today:
46% of  

users get a 
good signal

With RIS:
95% of  

users get a 
good signal



3GPP-Compliant System-Level Simulations
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4 dB to 7 dB 
gain



Ray Tracing Module for Reflecting Surfaces
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Without
RIS

With
RIS



Pre-Standardization: ETSI ISG-RIS
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 ETSI: European Telecommunications Standards Institute

 ISG: Industry Specification Group (ISG) on RIS – 30 sept. 2021

 Founder, Vice-President (elected) and Rapporteur (elected)
“ Provide an opportunity for ETSI members to coordinate their pre-standards research efforts 
on RIS technology across various EU/UK collaborative projects, extended with relevant global 

initiatives, towards paving the way for future standardization of  the technology ”

60+ membres
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Lessons Learnt
Rethinking Communication Models



Nearly-Passive Processing Without New Waves
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Main features:
 No power amplifiers
 No digital signal processing
 No radio frequency chains
 Better use of electromagnetic waves

Preflection ≈ Pincidence



RF Analog Domain Processing
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From Plane Waves for Spherical Waves
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 Paradigm #1: The wavefronts of the electromagnetic waves are
(approximated as) locally planar on the antenna arrays
 RIS and HoloS are electrically large, and the transmission distances are

shrinking

near field far field

conventional modelRIS/HoloS 
model



Densification of  Radiating Elements
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 Paradigm #2: The radiating elements of antenna-arrays are
decoupled electromagnetically
 The inter-distances are smaller than the wavelength (< λ/2)

Conventional 
model

RIS/
HoloS
model

more elements on the 
same surface area

the same elements on a 
smaller surface area



Reintroducing EM in IT/COM/SP 
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Individually, these approaches are insufficient and limited
↓

Amalgamation of  electromagnetism, metamaterials, 
circuits theory, and information theory



Reintroducing EM in IT/COM/SP 
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Communications: Math or Physics?

Denis Gabor (1953): “Communication theory has up to now developed mainly
on mathematical lines, taking for granted the physical significance of the
quantities which figure in its formalism. But communication is the transmission
of physical effects from one system to another, hence communication theory
should be considered as a branch of physics. Thus, it is necessary to embody in
its foundations such fundamental physical data…”.

Shannon Gabor

math
approach to commun.

physics
approach to commun.



Reintroducing EM in IT/COM/SP 
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Towards Machine Learning 
in the Wave Domain



From Digital-Domain to Wave-Domain Processing 
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From Digital-Domain to Wave-Domain Processing 
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digital-domain processing



From Digital-Domain to Wave-Domain Processing 
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wave-domain processing



IEEE J. Solid-State Circuits. 1991
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Back to Analog Signal Processing (MWM, 2013)… ?
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A Possible Alternative or Complement to
Dominantly Digital Radio Schemes



Science 2018
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Metamaterials 2018
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Nature Electronics 2022
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Programmable AI Machine (PAIM)



Nature Electronics 2022
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Latest Developments in 2024: Optical Computing
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Latest Developments in 2023: SIM
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Jiancheng An, Marco Di Renzo, Mérouane Debbah, Chau Yuen:
Stacked Intelligent Metasurfaces for Multiuser Beamforming in
the Wave Domain. ICC 2023: 2834-2839 (Best Paper Award)



This Talk
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 Stacked intelligent metasurface (SIM)
 What’s SIM?

 Why SIM?

 SIM as a wave-domain base station design

 SIM as a wave-domain fully-connected refracting node

 SIM as a wave-domain processor / computing device

 World’s first prototype of SIM for communication and sensing
 SIM for communication, sensing and their integration
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What’s SIM ?



SIM: The General Concept
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SIM



SIM: The General Concept

35

SIM



SIM: The General Concept
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SIM

Key Features

(1) From digital to analog radio

 complexity, power

(2) AI-based power processing

massive computing

(3) Multifunction

 communication, sensing
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SIM: The General Concept

39

SIM

Key Features

(1) From digital to analog radio

 complexity, power

(2) AI-based power processing

massive computing

(3) Multifunction

 communication, sensing
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Why SIM ?
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Why SIM ?
(SIM as a multi-layer Holographic MIMO)



SIM as a Multi-Layer Holographic MIMO
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SIM as a Multi-Layer Holographic MIMO
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SIM as a Multi-Layer Holographic MIMO

44

“… the power consumption of analog-to-digital converters
grows linearly with the bandwidth and exponentially with the
number of bits …” [arXiv:2109.04390]
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Why SIM ?
(SIM as a multi-layer Refracting Surface)



SIM as a Multi-Layer Refracting RIS
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Intelligent Metasurfaces
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Intelligent Metasurfaces (typical design)
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Intelligent Metasurfaces (IT-optimal design)
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SIM as a Multi-Layer Refracting RIS
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SIM as a Multi-Layer Refracting RIS
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SIM as a Multi-Layer Refracting RIS
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SIM as a Multi-Layer Refracting RIS
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Tl: Diagonal matrices of  metasurface     
transmission coefficients

Wl: Non-diagonal matrices of  inter-
layer propagation coefficients



SIM as a Multi-Layer Refracting RIS
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Tl: Diagonal matrices of  metasurface     
transmission coefficients

Wl: Non-diagonal matrices of  inter-
layer propagation coefficients



SIM as a Multi-Layer Refracting RIS
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Tl: Diagonal matrices of  metasurface     
transmission coefficients

Wl: Non-diagonal matrices of  inter-
layer propagation coefficients

“non-diagonal” structure
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Why SIM ?
(SIM as a Wave-Domain 

Computing Platform)



Wave-Domain Signal Processing (Computing)
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outputinput



Wave-Domain Signal Processing (Computing)
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outputinput



Wave-Domain Signal Processing Example: 2D DFT
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input 2D DFT

DFT



Wave-Domain Signal Processing Example: 2D DFT
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2D DFT

DFT

SIM

input



Wave-Domain Signal Processing Example: 2D DFT
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2D DFT

DFT

SIM

input



Wave-Domain Signal Processing Example: 2D DFT
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2D DFT

DFT

SIM

input



2D DFT: Direction of  Arrival Estimation
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Output
(DFT)

Input
(DoA)
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Numerical Examples
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Numerical Examples
(wave-domain base station)



Wave-Domain Base Station
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Wave-Domain Base Station
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SIM Model: Rayleigh-Sommerfield Diffraction



Wave-Domain Base Station
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Problem Formulation



Wave-Domain Base Station (7 layers)
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Numerical Examples
(radiation pattern shaping)



Radiation Pattern Shaping
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Radiation Pattern Shaping
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Problem Formulation



Radiation Pattern Shaping
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Numerical Examples
(sensing: direction of  arrival estimation)



Direction of  Arrival Estimation
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DoA

2D DFT  Angular Spectrum  Estimated DoA



Direction of  Arrival Estimation
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Operating Principle



Direction of  Arrival Estimation
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Operating Principle



Direction of  Arrival Estimation
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Observed on a 4x4 Receiver
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Numerical Examples
(communication and sensing)



Wave-Domain Signal Processing (Computing)
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outputinput
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SIM Testbed Platform



A Prototype of  SIM (communication & sensing)
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joint with
Huazhong University of  Science and Technology (China)



A Prototype of  SIM (communication & sensing)
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A Prototype of  SIM (communication & sensing)
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A Prototype of  SIM (communication & sensing)
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Communications (power)

Sensing (DoA)
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Interested in SIM ?
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COMMAG & EuCAP 2025 – Overview Paper
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What’s next ?



FIM
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Conformal Metamorphic Metasurfaces



Flexible Intelligent Metasurface (FIM)
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FIM
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Conformal Metamorphic Metasurfaces



FIM
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Conformal Metamorphic Metasurfaces



FIM
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Conformal Metamorphic Metasurfaces



Multifunction Reconfigurable Surface  ISAC
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ISAC Using STCM
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ISAC Using STCM
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Scattered field 
of  the harmonic v

Fourier coefficients of  the time-
periodic modulation signal

Angle of  incidence



ISAC Using STCM
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Thanks – ANR PEPR Networks of  the Future
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https://pepr-futurenetworks.fr/en/home/
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