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Outline: Wireless Evolution

F. Roavmblan |, Faswew or el
Percepiron | ke, I ransformer
E [
1987 I £ Namiethars of of 17
Brckpropagation

Neural Netwaork

Electromagnetic Computing

Compuiaiionnl

jigs Sletaimmteiials Yk
L L ] a
8 014 k

1|||.'||_'_'_| 1|l||||i|'!|| Metslenses

Slodel

LU
ermtivo-inifex
Metnmaterinls b1 ]
L

Frogrammahle
Metasurface

KITH] o

LB
Ciemeralired
Relraction Law

Radio

GUGLIELMO
MARCONI

{3 APTHL W _ G JiiLe BT

Tt el Barhibnd
Radlo Communlcation

I¥IH

Vietasurface

Metasurfoce CRAN
Hulography

i

Space-time Uoding

Vetasurface

Smart
Radio

b 1F] |

I K isheiimg #F of

Transparent

¥Metasurfnce

SiA-hased DNY Tl
L 2 L]

SIM-based DFT
Implementition
£ Aol 2024
SIM-baeed MINIO

Frecoding

Stacked Intelligent Metasurface

Deep Diffractive
Radio

[efirprro o read @ Dl R
EPIETALHL, $hE LR



Reconfigurable Intelligent Surface



Reconfigurable Intelligent Surface

rsuper-cell - unit cell ) tunable element layer substratey

sensing
—ﬂj\:}—{_k}—rk_ .ﬂ__’—r_!i_i'—ﬁi\ - ' - ™ elemnent

configuration

network

X ——{0(i,i) = B exp(4,)—— ¥, = O(i,i)x

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. 4
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Smart Radio Environment: Generalized Snell’s Law

sin(

0

ref

Mathematical Background

\ o reflection

* >

Generalized Snell’s Law

™.
‘-_-‘_,.J \
() —
)—sin(6,, )= A d0(x) 2 e
inc _272_ dx 04 Tﬂ(sin(é’des)—sm(@nc



System-Level Evaluations



Large-Scale System-Level Simulations

Today:
46% of
users get a
good signal

Garid point calculation

Size 1 at 28 GHz = 0.33x0.33 m?

SMR map without RI5s

A

HUAWEI

SNR map with RI5s

Size 3 at 28 GHz = 0.67x0.67 m?

Achievable Coverage [Required Number of RISs per BS]

No RIS Few RISs Total RISs
RIS -Size 1at 35 GHz | 77% [0] | 80% [1] R8% [5] 05% [21]
RIS - Size 2at 35 GHz | 77% [0] | 81% [1] 90% [5] 95% [12]
_%5 - %m 3 at 3.5 GHz 83% [1] 92% [5] 055 {4
S — Size 1 at 28 GHz 57% [1] 76% [5] 95% [20] .
RIS - Size 2 at 28 GHz 63% [1] 86% [5] With RIS:
RIS - Size 3 at 28 GHz 68% [1] 91% [5] 95% [7.4 95% of

Rate Improvement [Required Number of RISs per BS]

. mﬁﬂ'ﬂgﬁ - L:I'?“-M%’"ﬂf users get a
ew otal RINs otal .
RIS-Szelal35GHz | 3% (1] | % B1 2353% 211 2% [21] good signal
RIS - Size 2at 35 GHz | 5% [1] | 59% [5]  253% [12] 14% [12]

RIS - Size 3at 35 GHz | 11% [1] | 115% [S]  258% [9] 16% [9]

RIS-Size Tal 28 GHz | 0% [1] | 38% [5]  2508% [20] 35% [20]

RIS — Size 2 at 28 GHz | 8% [1] | 238% [5] 2508% [11.2] 539 [11.2]

RIS — Size 3 at 28 GHz | 46% [1] | 700% [5]  2508% [7.4] 62% [7.4]




IJGPP-Compliant System-Level Simulations

Table 1 Simulation set up and parameters.

Parameter Value
Number of cells 7 {e.g., 21 sectors), hexagonal macro
Oiperating band 2.6 GHz

Site=to=site dist.

500 m

Number of RIS panels
per sector

4 8 or 24, min distance of 25 m betwesn
RIS panels, uniformly distributed or at cell
edges (e, 0.9-1.0 cell radius)

RIS antenna
orientanon

Facing towards its serving BS (azimuth)

Mumber of mobiles
per sector

50 (10075 outdoor), uniformly distributed
or at cell edges (e.g., 0.85-0.9 cell radius

B5 antenna height

25m

RS antenna down-tlt

0" {mechanical) and 47 (electronic)

RIS panel height

15m

RIS panel down-tilt 10" {mechanical)

Mobile antenna height | 1.5 m

BS transmit power 46 dBm

BS antenna gain 17 dBi for sector beam

Polarization Vertical

MS antenna config 1 > 2, with random orientation

Pathloss model ITU-Urban Macro for BS-RIS, RIS-UE

and B5-UE links

RIS antenna pattern

BS antenna pattern in 3GPP TR 38.901,
separately modeled for cascaded link. total
gain of 5 dBi at boresight

MNumber of elements

per RIS panel

163 16, or 400 40, with 0.4 spacing both
wvertical and hortzontal

Number of bits for
RIS element phase

2 bits

Combining of RIS
cascaded [link and

direct link

Non-coherent, e.g., gains added up

0.8

08 [

arr

L 1

4dBto7dB
gain
[=s v B0arn hseling

|
[—a— ARIS: RIS umi e ORI S
—ii— PRIS-B ] Sarw- 10T LAEDS
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Ray Tracing Module for Reflecting Surfaces

Without
RIS

RIS-free RSRP coverage map of BS1 at 3.7 GHz.

With
RIS

10

Ri5-enhanced RSRP coverage map of BS1 with 64«64 RiS1_1 and 64«64 RIS1_2 at 3.7 GHz



Pre-Standardization: ETSI ISG-RIS

d ETSI: European Telecommunications Standards Institute
Q ISG: Industry Specification Group (ISG) on RIS - 30 sept. 2021
O 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 ”
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Lessons Learnt
Rethinking Communication Models

12



Nearly-Passive Processing Without New Waves

_» Supercell of i P

Incidence

Wwave

Reflected
wave

Science <
Light Propagation with Phase
Discontinuities: Generalized Laws of

Reflection and Refraction
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scattering particles

~P
reflection incidence

* Generalized Snell's Law

o

reflection
Y
= Ojncidence ~

Hlnrlﬂencq

Main features:

» No power amplifiers

» No digital signal processing

» No radio frequency chains

> Better use of electromagnetic waves
13



RF Analog Domain Processing

Computation

Zero Latency
Zero Jitter

conventional digital-based radios wave-domain processing

14



From Plane Waves for Spherical Waves

d Paradigm #1: The wavefronts of the electromagnetic waves are
(approximated as) locally planar on the antenna arrays

0 RIS and HoloS are electrically large, and the transmission distances are

shrinking
near field far field
RIS/HoloS conventional model
model |
.-"'"-.-..

A 15



Densification of Radiating Elements

O Paradigm #2: The radiating elements of antenna-arrays are
decoupled electromagnetically

O The inter-distances are smaller than the wavelength (< A/2)

more elements on the
same surface area

A/2
—
= L e
A4 RIS/
O | HoloS
model
= d
: A4
Conventional {{}

model
the same elements on a

smaller surface area
16



Reintroducing EM in IT/COM/SP

N

i ?% B | f+\
(7)) 14: :yAAAA%p X
N * U Y

EM wave theory Circuit theory Information theory
1 °E  _, .
——== —VZE=0 v=2Z-1+vy C =log,(1+ SNR)
2 o2 521
+ Consistent with laws of nature + Relatively simple + Quantitative and purely mathematical
— Hard to incorporate noise, LNA, PA + Physically consistent — No notion of physical power
—Very expensive simulations + Can incorporate LNA, PA, — Potentially physically inconsistent
— Not ‘handy’ (for us) noise...

Individually, these approaches are insufficient and limited
Amalgamation of electromagnetism, metamaterials,

circuits theory, and information theory -



Reintroducing EM in IT/COM/SP

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 anothet, 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

AT, |
. . l

Marco Di Renzo ', Fellow, IEEE | Université Paris-Saclay, CNRS,
CenfraleSupélec, Laboratoire des Signaux af Systémes, 91192

Gif-sur-Yvette, France | E-mail: marco. di-renzo@universite-paris-saclay.fr
Marco Donald Migliore ', Senior Member, IEEE | DIEI, University of

Cassing and Lazio Meridionale, 03043 Cassing, ltaly |
E-mail; mdmiglioi@unicas.it

Electromagnetic Signal and

Information Theory

Electromagnetically Consistent Communication Models for the Transmission

and Processing of Information

Abstract—In this article, we present electromagnetic
signal and information theory (ESIT). ESIT is an inter-
disciplinary scientific discipline, which amalgamates
electromagnetic theory, signal processing theory,
and information theory. ESIT is aimed at conceiving
and designing physically consistent communication
models and schemes for the transmission and process-
ing of information in communication networks. In sim-
ple terms, ESIT can be defined as physics-aware
information theory and signal processing for commu-
nications. We consider three relevant problems in con-

Introduction

Towards sustainable 6G networks: The radio communication
division of the international telecommunication union [ITU-
R) has recently drafted new recommendations for the interna-
tional mobile telecommunication 2030 (IMT-2030) frame-
work, which is referred to as the sixth generation (6G) of
telecommunication standards. In the past decade, several
advanced wireless technologies, including small cells, milli-
meter-wave communications, and massive multiple-input
multiple-output (MIMO) systems, have been proposed to

mwn b m s es Blua sabraimsls samasding amed ba amalala slal s benie soelwn
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Towards Machine Learning
in the Wave Domain

20



From Digital-Domain to Wave-Domain Processing

[nput layer ___Hidden layer Output layer
e i ™) | B
. | : .\\". . : .

L I L
™ | “.‘ .

P
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From Digital-Domain to Wave-Domain Processing

lnpgt_layer Hidden layer Othr‘pl_lt_laiyer
I I

digital-domain processing

22



From Digital-Domain to Wave-Domain Processing

lnpgt_layer Hidden layer Othr‘pl_lt_laiyer
I I

wave-domain processing

23



IEEF ]. Solid-State Circuits. 1991

An Analog Neural Network Processor and its
Application to High-Speed Character Recognition

Bernhard E. Boser, Eduard Sackinger, Jane Bromley,
Yann LeCun, Richard E. Howard, and Lawrence D. Jackel

AT&T Bell Laboratories
Crawford Corner Road, Holmdel, NJ 07733

Abstract—A high-speed programmable neural network chip and its appli-
cation to character recognition are described. A network with over 130,000
connections has been implemented on a single chip and operates at a rate of
over 1000 classifications per second. The chip performs up to 2000 multiplica-
tions and additions simultaneously. Its datapath is suitable particularly for the
convolutional architectures that are typical in pattern classification networks,
but can also be configured for fully connected or feedback topologies. Com-
putations are performed with 6 Bits accuracy for the weights and 3 Bits for
the states. The chip uses analog processing internally for higher density and
reduced power dissipation, but all input/output is digital to simplify system

integratinn.




Back to Analog Signal Processing (MWM, 2013)... ?

Analog Signal
Processing

A Possible Alternative or Complement to
Dominantly Digital Radio Schemes

Christophe Caloz, Shulabh Gupta,
Qingfeng Zhang, and Babak Nikfal

odav’s exploding demand for faster, more
reliable, and ubiquitous radio systems in
communication, instrumentation, radar, and
sensors poses unprecedented  challenges in

muicroswave and millimeter-wave engineering.

Recently, the predominant trend has been to place
an increasing emphasis on digital signal processing
(D5P). However, while offering device compactness

SISPICKPHOTO COaMOCERELLA

microwave analog signal processing (ASF) as an
alternative to DSP-based processing, with  par-
ticular promise for millimeter and terahertz
frequency applications,

What Is Microwave
Analog Signal Processing?
Microwave ASF might be defined as the manipulation

25



Science 2018

SCiEHEE REPORTS

Cite as: X. Lin et al., Sclence
10.1126/science.aat8084 (2018).

All-optical machine learning using diffractive deep neural
networks

Xing Lin"***, Yair Rivenson"**, Nezih T. Yardimei'®, Muhammed Veli"*5, ¥i Loo"*®, Mona Jarrahi'®, Aydogan Ozean'*5%

'Electrical and Computer Engineering Department, University of California, Los Angeles, CA, 90085, USA. “Bicengineering Department, University of California, Los Angeles,
CA. 90095, USA. *California NanoSystems Institute {CNSI), University of California. Los Angeles. CA, 90095, USA. ‘Department of Surgery, David Geffen School of
Medicine, University of California. Los Angeles, CA, 90095, USA.

*These authors contributed equally to this work.

tCorresponding author. Email: ozcan@ucla.edu

Deep learning has been transforming our ability to execute advanced inference tasks using computers. We
introduce a physical mechanism to perform machine learning by demonstrating an all-optical Diffractive
Deep Neural Network (D2NN) architecture that can implement various functions following the deep
learning-based design of passive diffractive layers that work collectively. We create 3D-printed D*NNs
that implement classification of images of handwritten digits and fashion products as well as the function
of an imaging lens at terahertz spectrum. Our all-optical deep learning framework can perform, at the
sEeed of liEhL various -::-r:-mEIe:r. functions that cnmEutEr-haﬁed neural networks can EmEIEmEnt. and will
find applications in all-optical image analysis, feature detection and object classification, also enabling
new camera designs and optical components that perform unique tasks using D*NNs.

40



Metamaterials 2018

I Ingermtional Coegress on Ardifcial Moderuely for Novel Wave Plnowsrna - Mreiomsarenaly 2018
@ Espoo, Finland, Aug. 27" - Sepe 1'0 2018

Stacked Metasurface Slab
Nima Chamanara, Yousel Vahabzadeh and Christophe Caloz

Polytechnigue Montréal, H3T 134, Montfeal, QC, Canada
nmachamanara @ polymil ca

Abstract - This paper presents stacked metasurface slabs, stacked array of cascaded meta-
surfaces synthesized using a GSTC-based algorithm that circumvent fabrication difficulties in
metasurfaces involving sharply varving field transformations. The specified transformation is
subdivided into several smoother transformations and shared between cascaded bianisotropic
metasurfaces. This algorithm relaxes the fabrication requirements dramatically.

AHAH

Fig. 1: Perfect negative refraction metasurface amray. Negative refraction is performed by an armay of metasurfaces 27
where cach metasurface performs partial rotation.



Nature Electronics 2022

Programmable Al Machine (PAIM)

naure ARTICLES
Cl{: C ': I‘OH IC S https:/fdoi.org /101038 /541928-022-00719-9

W) Check for updates

A programmable diffractive deep neural network
based on a digital-coding metasurface array

Che Liu™'?36 Qian Ma™"%3% Zhang Jie Luo™ %3, Qiao Ru Hong'?, Qiang Xiao'*?,
Hao Chi Zhang @23, Long Miao®*, Wen Ming Yu'?4, Qiang Cheng ©'23, Lianlin Li®** and
Tie Jun Cui @238

The development of artificial intelligence is typically focused on computer algorithms and integrated circuits. Recently,
all-optical diffractive deep neural networks have been created that are based on passive structures and can perform compli-
cated functions designed by computer-based neural networks. However, once a passive diffractive deep neural network archi-
tecture is fabricated, its function is fixed. Here we report a programmable diffractive deep neural network that is based on a
sidti-Suyee digttat-coding snetnanirfuck nesay Escmeta-stom o Ths s lsrtnees T Tits crted 3 o wgNiSer ciips ad
acts an a artificial neuron, providing a dynamic modulation range of 35dB (from —22 dB to 13 dB). We show that the sys-
tem, which we term a programmable artificial intelligence machine, can handle various deep learning tasks for wave sensing,

including image classification, mobile communication coding-decoding and real-time multi-beam focusing. We also develop a
reinforcement learning algorithm for on-site learning and a discrete optimization algorithm for digital coding.



Nature Electronics 2022
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Latest Developments in 2024: Optical Computing

robure feviews phyacs
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The physics of optical computing

Foripr L. cMahon

Abaniacn

There has een a nesurgence of interest inoprical computing since
theearly 2=, both in academia andin industry, with much ol the
excitement centred around special-purpose optical computers for
nesral-nerwerk processing. Opaical computing has been a toplc of
periodis sldy sinoe the s, ineluding For neuiral netwosks in the
19805 and early 1990s_and a wide variety of optical- computing schemes
and architectures have been proposed. inthis Perspective article,

we provide a systematic explanacion of why and how optics might be
abde vo glve spoed or energy-efficiency benefics over ebectronics for
compisting, enumerating 1 featwnes ol optics that can be harnessed
when designing anoptical computer. Ome oftern-mentioned motivation
foroptical computing — that the speed of lght is st - s emphatically
notakey differentiating physical property of opthcs for computing:
urnderstanding wherean advantage could come Mrom is more subtle.
We discuss how gaining an advantage over state-of-the-art electronic
processorswill likely only be achlevable by careful design that
hamnessesmeode tham 1 afthe 11 features, while avodding a namber of
pitfalls that we describe,
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Exploring the role of metamaterialsin
achieving advantage in optical computing

Farxdong LI & Francesco Montlcons.

® R P ugelebey.

Optical and wave-based computing is
antracting renewed interest, motivated by the
need for new platforms for resounce- mensive
special-purpose processing tasks, Here, we
diseuss whether, why, and how metamsterials
and mecasurfaces could concribue 1o
achieving an ‘optical advantage’ in compating.
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Latest Developments in 2023: SIM

F. Renvebdart I, Faywsinl éf el
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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)
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This Talk

0 Stacked intelligent metasurface (SIM)
Q What’s SIM?
Q0 Why SIM?
Q SIM as a wave-domain base station design
Q SIM as a wave-domain fully-connected refracting node
4

SIM as a wave-domain processor / computing device

1 World’s first prototype of SIM for communication and sensing

Q SIM for communication, sensing and their integration
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What’s SIM ?
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SIM: The General Concept
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SIM: The General Concept

Y

SIM

UEs

reconfigurable metasurface

. scattering element

T/ tuning circuit

— biasing line
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unit cells

-

Key Features
(1) From digital to analog radio
—> complexity, power
(2) Al-based power processing

—> massive computing
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SIM: The General Concept

Y

SIM

UEs

reconfigurable metasurface

Sl HE S
SH 3 S
SH S S

-

. scattering element

T/ tuning circuit

— biasing line

unit cells

Key Features

(1) From digital to analog radio

—> complexity, power

(2) Al-based power processing

—> massive computing
(3) Multifunction

—> communication, sensing
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Why SIM ?
(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
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SIM as a Multi-Layer Holographic MIMO

Comparison of 5IM with other MIMO technologies

g Number of | ADC/DAC | Hardware Encrgy Digital
MIMO tl:l'_']'ll'!ll:ﬂl:]glr:h: ) ) i E £ H:.n.l:l.l.':dn; impl;;mq;nlal'iqm
RF chains resolulions cosl efficiency precoder

Fully digital Large High High Low v Driving each antenna with an individual RF chain.

5 Integrating phase shifters or metasurfaces with
Hybnd digital & analog | Moderate Moderate Moderate Moderate | R

innsceivers o reduce the number of RF chains,

: : : ) Deploving RIS in the envirenment to

Hybrid active & passive | Moderae Moderate Low High v’

Proposed wave-based

Small

Very low

Very high

improve the wireless link guality.

Leveraging multi-laver SIM 1o realize precoding

and combining in the wave domain.

“... the power consumption of analog-to-digital converters

grows linearly with the bandwidth and exponentially with the
number of bits ...” [arXiv:2109.04390]

Power =~ Bandwidth - cons
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Why SIM ?
(SIM as a multi-layer Refracting Surface)
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SIM as a Multi-Layer Refracting RIS
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Intelligent Metasurfaces
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Intelligent Metasurfaces (typical design)

rsuper-cell it unit cell ) tunable element layer substrate

sensing
——15\.1——4"_&}—1‘& .ﬂ__’—r_‘ﬁ_i—*ﬁ\ - : : v element

configuration

network

Diagonal
Design
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Intelligent Metasurfaces (I'1T-optimal design)
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SIM as a Multi-Layer Refracting RIS

Becerred: 21 Decesnher Xt | Reosed: T Petruary 2003 | Aeccepeed: 13 Febrowry 2005

| IET Signal Processing

DO 1001085 w2 12155

ORIGINAL RESEARCH

IETE‘MJTW WILEY

Spatial multiplexing in near field MIMO channels with
reconfigurable intelligent surfaces

Giulio Bartoli' ® | Andrea Abrardo’ | Nicolo Decarli’ | Davide Dardari® |

Marco Di Renzo' @

Urerendy of Sesi, Seed [l

Neshan Hesrmch Coceel Balogna, Teady

M rreriy of Bologna, Balegn, bulky
“Ureveraite Paip-Sscley. CNRS, CertraleSepelee,

Labomscice dey Hpnauz ef Toytimes, Tif-so-Yeene,

France

Correspandence
Maceo Di Beroo
Emad- mapce derrnanE wermerwie -pana-1aciar i

Faniding anforimation

Theeey Lab, Cennsl Reseaoch Insrme, 2012 Laba
Hewam Teck=ologien O, Tid | The Ewepean
Ceerrrniion thesagh e HE TDUES suipts,
Grant/ Aemprd Toumiens 100006307, The Eoyopean

Comaravion teooaph the HI0 ARLADNE poounct,

Graat Awand Number B71464; The Exeoqen
Cosrmmivnon threugh the HMO0 RISE-4G procs
Crmnar) Aorand MNussbes: 100017001, The Fultephr
Frosdanion

Absrract

We consider a smiluple-npat mulople-outpur BAIMO) channel in the presence of a
reconfignrable wtelligent suuface (R15). Specifically, our foous is on analysing the spatial
mnltiplexing gains in kne-of-sight and low-scattenng MIMO channels in the near field
We prove that the channel capacity is achieved by diagonalisang the end-to-end
trangmutter-RIS-recewer channel, and applyng the wates-filling power allocation o the
ordered poodisct of the singnla valnes of the transmetter-RIS and RIS-tecever channels.
The obtaned capacity-achieving solution requires an RIS with a non-digosal matriy of
reflection coefficients, Under the assumption of neady-passive RIS, that is, no power
amplification 15 needed at the RIS, the water-Alling power allocation ks necessary only
the trnsmatter, We refer vo this desgn of RIS as a Lnear, peagly-passive, reconfigiuable
electiomaenetic object (EMOY, In addition, we mtroduce a closed-form and fous
complexity design for RIS, whose matnx of reflection coefficients = diagonal with
nnit-modnlus entnes. The reflection coefficients age given by the produoct of two focusing
functions: one steenng the RIS-aided signal towards the mid-point of the MIMO
tramsoutter and cne steenng the RlS-nded sigmal towards the nad-poant of the JMIMOD
1ecervep. Wa prove thiar thee =olinon 15 =wact in |.;i|.1r--'_1l'-:.i;|'lrl clanneal: uder the Pﬂ.l.!-l,}!..l.'ll
seTip, With the md of axtentve mumeneal sanoulanons: m |.i|.|.r-l:’!l|!'-:.ig|.|'l :f:er-ﬁp-tej
channels, we show that the proposed approach offers performance (mate and degrees of
freedom) close to that obtained by immencally solving non-comvex optimization prob-
lems at a high computational complexzity. Also, we show that it provides performance
cloge to that aclueved by the EMO (non-diagonal RIS} i most of the conswdered case
amueclies
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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

TX RX

BNYT (el

\

WL Non-diagonal matrices of inter-
layer propagation coefficients




SIM as a Multi-Layer Refracting RIS

Ny P

\

“non—diagonal” structure

WSIM _ (TLWL) (TL—le—l) o (TEWE) (lel)

WL Non-diagonal matrices of inter-
layer propagation coefficients



Why SIM ?
(SIM as a Wave-Domain
Computing Platform)
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Wave-Domain Signal Processing (Computing)
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Wave-Domain Signal Processing (Computing)

b
e
SR
input """":'lu output
p .:|:~.I. p
NN
I TN BN
ThRORIND
NN
NUROINE
NN
I.:.l

Science
Performing Mathematical Operations

with Metamaterials

Alexandre Silva,** Francesco Monticone,”* Giuseppe Castaldi,® Vincenzo Galdi,*
Andrea Ali,® Nader Engheta’t

We introduce the concept of metamaterial analog computing, based on suitably designed
metamaterial blocks that can perform mathematical operations (such as spatial differentiation,
integration, or convolution) on the profile of an impinging wave as it propagates through these
blocks. Two approaches are presented to achieve such functionality: (i) subwavelength structured
metascreens combined with graded-index waveguides and (ii) multilayered slabs designed to
achieve a desired spatial Green's function. Both techniques offer the possibility of miniaturized,
potentially integrable, wave-based computing systems that are thinner than conventional
lens-based optical signal and data processors by several orders of magnitude.




Wave-Domain Signal Processing Example: 2D DFT

)
N
: N
input NN 2D DFT
DNNINR
q NN q
NN
LN
LR
X
%

D(ix=1) _jor (ny— qrfﬁ}*— 1)
; Ny

DFT fon=[Fl., 2 "¢
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Wave-Domain Signal Processing Example: 2D DFT

F 4
F
r
i
r

ry ryrrry ey

input 2D DFT

q

e SN

i N NN
NN EEESE
e NN N NN

NN E
i i W & -

Ty yyy -

.Zh_{nx—l}{ﬁx—u (ny—1)(fy—1)

DFT f,5=[F] .=e™’ M e T Iy

G=W_ X Wi - -WoX . W, T1W
r =/ oGYyx

SIM
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Wave-Domain Signal Processing Example: 2D DFT

L]
: "..::\“n
input NN 2D DFT
ROANOND
NN
NNINA
NN 0
NMNNAR
SNRNONL
NN

o (nx—1)(Fix—1) o, (ny—1)(iy—1)
¥t — 72T — 27
DFT fﬂ,ﬁ — [F] o J&T Nx J

E Hy

STM G=W_ X Wi - -WoX . W, T1W
r =/ oGYyx
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Wave-Domain Signal Processing Example: 2D DFT

)
N
: N
input NN 2D DFT
DNNINR
q NN q
NN
LN
LR
X
%

T (rex —1)(72xy —1)

DFT fﬂ,ﬁ p— [F] é E_j Nx

n,mn

o (ny—1)(fiy—1)
% — 327 Ny

min L= ||fG - F|3
5.1 G = W,I_TLW_{__.'| o 'W-_rT-_-W|T|W||-

T = diug (i-ﬁ"'{‘ ',;-'iE" P ..f"'E'--'“'] ',r') i

G=W_ X Wi - -WoX . W, T1W
r =/ oGYyx

SIM
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2D DFT: Direction of Arrival Estimation

1

0.8
0.6
0.4
0.2

i X

F
F

Output
(DFT)

r 4
F 4

r

Input\

(DoA)

NN
i i NN E

ry Y rryy -

ryyryyyy oy
ry Yy yryyy
ry Yy ryyy -
ryyryyyy

r7essey

The 2D index of the peak The estimated electrical angles The estimated azimuth and elevation angles
ff ™ i : ™

Received signal

) . 2 Wryidy
Rk Yo . = o f s | : ty — 1 - 5 = arcian Tk
= - } iy, = mod I- ( . + N.T, 2] -1 Wiyl

E_: | B | e aa it K - .I.j _I ’ I I | = r- 3
L ] T : . = y = : : | ord '
| @ ". [ = I'I'H]'I'.I _J ( . - o+ Sy— ) B |.. _j I ] = ar 'i" i .} + _"
1 - - :' [ Ny Nyl ‘ - h‘\,! 2 d2
Antenna Snapshot
I""H-\_ A I"H._ F
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Numerical Examples
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Numerical Examples
(wave-domain base station)
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Wave-Domain Base Station

BS
[ Low-resolution DAC HEF -:hain]— Y g |
( Low-resolution DAC Jo{ RF chain }= ', |

| [ Low-resolution DAC H RF nhain]— Y

SIM controller ]

Wave-based

Ll

4 beamforming

i
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: - —
i
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S T
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Wave-Domain Base Station

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

Problem Formulation
K
(P4) : max R = ~logy (1 + %)
p. v k=1
B h}!Gw, ‘EP&-
_— K 2 ?
Zk’?ék b Gw|" pr + o

s.t. Wk
G =o'Wlel!...e°W2 !
d' = diag (ejﬂijﬁjﬂf?ﬁ e ,ejﬁf’*ﬂ') . WL,
0. €B, VneN, VieL,

> e
ﬁ::lpk —~ 4T,

e = 0, Vk € K.

VEk,
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Wave-Domain Base Station (7 layers)

12 T T T ‘_.
= e
11 & :
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D- -
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(SIS |
e L S e
Q e
© 8 9 \ -
= 3 M =4]N = 49
3 7+ iE |
Z %

6 . . )

- @ - Zero-forcing beamforming
5‘, —— Wave-based beamforming |
4 6 8 10 12

Number of transmit antennas, M
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Numerical Examples
(radiation pattern shaping)
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Radiation Pattern Shaping
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Radiation Pattern Shaping

Problem Formulation
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Radiation Pattern Shaping

Discrete Case: L=1 Discrete Case: L= 3 Discrete Case: L=5 3
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Numerical Examples
(sensing: direction of arrival estimation)
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Direction of Arrival Estimation

2D DFT - Angular Spectrum > Estimated DoA
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Direction of Arrival Estimation

Operating Principle

» The electrical angles in the x- and y-directions are » The inter-layer propagation coefficient is

An:u-m:m COS € oh

lwl] maR 52 “ — jh‘dm,rn.} pfﬁﬂ'm.n.

Tri 1Tl

iy = wdy sin () cos ()

Uy = wely sin (1) sin ()

# The steering vector w.z:f. the input layer of the SIM # The transfer function matrix of the SIM is
# "‘~.

L {'E-'I':: " ‘:i.-"y ] = ﬂ']-' {tl:'l}'} 3 ﬂ'!i { t'l:"i}

G=WiX Wi - WX,W, T, W,
L o

[ﬂ‘: ['E."le]rrl 2 E:-Tn:"ll:'il.—l:l ir

[ﬂ:‘- [.*__'1:'..]]" é '_':J:':":'["j_l:l
LY :I &

Transmission coefhicient matrix

» The complex signal received at the array is

r = oG x + 'u. = oG Tpa (U, ) 5 +u ]

» The signal being incident upon the input layer is

x=a(t,y)s

% A single source d ¥

++ Continuous phase tunning SNR  Normalized noise

- O N R S EE E
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Direction of Arrival Estimation

Operating Principle
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Direction of Arrival Estimation

Observed on a 4x4 Receiver

10.8

10.8

-1 -0.5 0 0.5

(a) 2D DFT in the wave domain; (b) 2D DFT in the digital domain.

Yy = —0.58 and by = —0.28
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Numerical Examples
(communication and sensing)
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Wave-Domain Signal Processing (Computing)
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MIMO decoding
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direction of arrival estimation (two targets)
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SIM Testbed Platform
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A Prototype of SIM (communication & sensing)

Radiating layer Receiving layer
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A Prototype of SIM (communication & sensing)

Microcomputer
USRP 2954R
] | AN

Tx Antenna

1-bit SIM(5.8GHZ)
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A Prototype of SIM (communication & sensing)

(b)

- p SIP,"I
&
TX '{—l,Elm. —_'-'.41|'|1‘AI

-2.41m, -2.41m) |
|

(-3.53m. -2.41m)

(3.22m, Om)

-F1---->

RX
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A Prototype of SIM (communication & sensing)

Communications (power)

(a)

(b) 0

{-3.53m, Om) (Om, Om)

SRR N L S —

A @
TX ® 1.21m, -2.41m}
2.41m, -2.41m) \

(-3.53m, -2.41m)

Num of layers A4 Af2
I-layer -53dBm  -53dBm
2-layer -49dBm  -50dBm
3-layer -46dBm  -49dBm

Coordinates of TX  1-layer  2-layer

3-layer

(-3.53m, 0.00m) 4.00% 3.00°
(-3.53m, -2.41m) 21 1.79°
(-2.41m, -2.41m) 3.507 1.50°
(-1.22m, -2.41m) 1.93° 0.93°

2.50°
1.29°
1.50°
0.43°

Average error 3.072° 1.488°

1.388°

Sensing (DoA)

85



Interested in SIM ?
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COMMAG & EuCAP 2025 —

Overview Paper

An Overview of Stacked Intelligent Metasurfaces

Jiancheng An, Member, JEEE, Tie Jun Cui, Fellow, [EEE, Marco Di Renzo, Fellow, [EEE,
Mérouane Debbah, Fellow, fEEE, and Chau Yuen, Felfow, [EEE

Abstraci—Neural networks have incredible abilitics to learn
albsirmel Teatures from data, Electromagnetic (EM) compuating
leverages wave propagation to perform computations. Metasar-
feces, made op of subwavelength mecta-atoms, are capehle of
engineering EAl waves in onprecedented wayvs, YWhat happens
when comhbining these catting-edge technologics? This guestion
hies sparked a surge of interest in desdgning neoral networks
using stacked intelligent metasurfmee (SIMD technology, with the
wim of implementing various computationnl bsks by directly
processing EM waves, SIMs open up an exciting avenie loward
high-speed. mossively parallel, and low-power signal processing in
the EN domain. This article aims to provide an overview of 5150

surface composed of penodically aranged subwavelength
scaltering meta-atoms. By mning external stimuli, such as
the mechanical deformation or the bias voltage using a field-
programmable gate array (FPGA)L each individual meta-atom
can independently modulate the phase andéor amplitude of
incident EM waves [2]. This breakthrough has opened up
new possibilities for manipulating EM wavefronts al an un-
precedented scale w achieve a wide range of functionalities,
from planar hologram genertion 1o the customiztion of
COMMUNICALION cnYironments,

State of the Art on Stacked Intelligent Metasurfaces
Communication, Sensing and Computing in the Wave Domain

Marco I Renzo
Université Panis-Saclay, CNRS, CentrakeSupélec
Laboratoire des Signaux et Systémes. 91192 Gif-sur-Yvete, France
marco.di-renzo@ aniversite-paris-saclaw fr

Abswraci—Stacked intelligent metasurface (SIM) s an emerg-
ing lechnobogy thal capializes on reconfigurable metasarfsoes
for several applications in wirdess communlkcations. SIM s
considered an epabler Tor integraling communicalion, scasing

and computing in a unigue platform. In this paper, we alfer a
survey on ihe state of the art of SIM lfor wirchess communications

Index Terms—[Dhvnamic melasurfaces, meconfigurable intelli-
mal surifsmes, stacked intelligent me tasuriaces,

A. Bramforming Dexign

Wost available resrarch works ame focused on be amforming
design, with the objective of optimizing and comparing the
performance of 5IM against fully-digital implementations.
Examples of recemt contributions include [10]. [15], [16],
[17]. [18], [19]. [20]. [20). [22]. [23), [24] (251 In [17).
for example, several illustrations abowt the impact of the
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{e) 2021 [30]
Liquid metal microchannels

(2) 2022 [32]

(d)2021 [29] (f) 2022 [31]

(b) 2017 [27]
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Programmable metasurfaces (PMs), also called reconfigurable intelligent sur-
faces (RISs), are planar structures capable of dynamically manipulating elec-
tromagnetic waves in real-time. Regarded as a key enabling technology for
implementing smart wireless propagation environments, PMs/RI1Ss also serve
as an ideal supporting platform for integrated sensing and communication
(ISAC). Here, we propose two ISAC schemes based on a special type of PMs/
RiSs: space-time-coding metasurfaces (STCMs). By leveraging space-time-
coding strategies, STCMs simultaneously control the propagation at the fun-
damental (carrier) frequency for reliable wireless communication and gen-
erate spatially distributed harmonics for sensing. The proposed schemes
seamlessly integrate both communication and sensing on a shared hardware
platform, eliminating the need for additional sensors. For experimental vali-
dation, we implemented an ISAC system using a 2-bit STCM operating at
microwave frequencies. Experimental results align with theoretical predic-
tions, confirming the practical viability and effectiveness of the proposed ISAC
schemes for applications in communication, imaging, radar, and sensing
systems.
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