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What is a
Programmable Metasurface?



Programmable Metasurfaces
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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. 3



Towards Smart Radio Environments



Smart (Reconfigurable) Radio Environment
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Programmable Metasurfaces

rsuper-cell ,= unit cell ) tunable element layer substrate

sensin
/ g

element
configuration
network
Main features (RIS): Main features (HoloS):
» No power amplifiers » Power amplifiers
» No digital signal processing » Digital signal processing
» No radio frequency chains » Radio frequency chains

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. 6



Programmable Metasurfaces (RIS)

rsuper-cell ,= unit cell ) tunable element layer substrate
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communication interface with the external world

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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RIS Example:
Reflecting Metasurface



Reflecting Metasurface (RIS)
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Generalized Snell’s Law
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Generalized Snell’s Law

Tt sin(Qt) — Ny Sin(ﬁi) — %%
Ar:?llectio“ Siﬂ(@r) — Sin(gi) — ni]_.-k;o (cili

Proof:
Fermat’s Principle (1657)

2 el “Light propagates from one point
nomalous — . .
)%;-refr‘afﬁon to another on trajectories such

y that the travel time is minimized”
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Generalized Snell’s Law:
How About the Reflected Power?
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Amount of Reflected Power
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Amount of Reflected Power Non-local sub-wavelength

/ designs are needed
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RIS/HoloS:
Rethinking the Communication Model
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From Plane Waves for Spherical Waves

0 Paradigm #1: The wavefronts of the el

ectromagnetic waves are

(approximated as) locally planar on the antenna arrays

O RISs/HoloS are electrically large and the transmission distances are

shrinking
near field

RIS/HoloS
model

far field

conventional model

//#—'
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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

A2
A
u u >
A4
O O
O O
: A4
Conventional A

model
the same elements on a
smaller surface area
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RIS:
A Loaded Thin Wire Model
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RIS: A Loaded Thin Wire Model

d M. Di Renzo et al. “End-to-end mutual coupling aware communication model for

reconfigurable intelligent surfaces: An electromagnetic-compliant approach based on
mutual impedances”, IEEE WCL 2021.

O M. Di Renzo et al. “Mutual coupling and unit cell aware optimization for
reconfigurable intelligent surfaces”, IEEE WCL 2021.

0 M. Di Renzo et al. “MIMO interference channels assisted by reconfigurable intelligent
surfaces: Mutual coupling aware sum-rate optimization based on a mutual impedance
channel model”, IEEE WCL 2021.

O M. Di Renzo at al. “Modeling the mutual coupling of reconfigurable metasurfaces”,
IEEE EuCAP 2023.

O M. Di Renzo et al. “Modeling and optimization of reconfigurable intelligent surfaces
in propagation environments with scattering objects”, IEEE WCL 2023 (submitted,
under review).

O M. Di Renzo et al. “Optimization of RIS-aided SISO systems based on a mutually
coupled loaded wire dipole model”, IEEE ASILOMAR 2023 (submitted - invited,
under review).

0 M. Di Renzo et al. “Optimization of RIS-aided MIMO — A mutually coupled loaded
wire dipole model”, IEEE WCL 2023 (submitted, under review).
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Modeling in Free Space
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E2F Communication Model in Free Space
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Discrete Dipole Approximation

M. Johnson, P. Bowen, N. Kundtz, and A. Bily, “Discrete-dipole approximation model for control and optimization of

a holographic metamaterial antenna”, Appl. Opt., vol. 53, pp. 5791-5799, 2014. 21



E2F Communication Model in Free Space
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Modeling the Mutual Coupling

‘Einc
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Modeling the Mutual Coupling

‘Einc
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Modeling the Mutual Coupling

‘Einc

E

|+

25



Modeling the Mutual Coupling
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Modeling the Mutual Coupling
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Modeling the Mutual Coupling
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Modeling the Mutual Coupling
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Mutual Coupling: E2E Modeling
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Mutual Coupling: E2E Modeling

0 Boundary conditions (SISO case)

EqT(z+zq)+ EqR(z+zq)+iEan(z+zq):—Vq(zq)ﬁ(z)

n=1
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Mutual Coupling: E2E Modeling

0 Boundary conditions (SISO case)

EqT(z+zq)+ EqR(z+zq)+iEan(z+zq):—Vq(zq)ﬁ(z)

n=1

1 Voltages at the ports of the thin wire dipoles
Transmiter: Vg (Z; ) - Zgl; (z; )=V, (2, )
Receiver: —Z 15 (2;) =V, (2;)

RIS: —Zl4(z5)=Vs(z5), S={S1,S2,..,SN}
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Mutual Coupling: E2E Modeling

0 Boundary conditions (SISO case)

EqT(z+zq)+ EqR(z+zq)+iEan(z+zq):—Vq(zq)ﬁ(z)

n=1

1 Voltages at the ports of the thin wire dipoles
Transmiter: Vg (Z; ) - Zgl; (z; )=V, (2, )
Receiver: —Z 15 (2;) =V, (2;)

RIS: —Zl4(z5)=Vs(z5), S={S1,S2,..,SN}

[ Projection of the field on the currents and integration
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Mutual Coupling: E2E Modeling

d A system of linear equations (2 RIS elements for simplicity)
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Mutual Coupling: E2E Modeling

d A system of linear equations (2 RIS elements for simplicity)

Zioli (2)+ Zigl g (Z0) + Zig) sy (251 ) + Ziso b0 (25, ) = Vi (27 ) =Vs (20 ) — Z 14 (24)
Zer i (20 )+ Zopl o (Z5) + Zo Vg1 (25 ) + Ziso L5, (25, ) =Vr (25) = —Z: 13 (2R)

Zor i (20)+ Zgipl o (Zr) + Zgis1 g1 (261 ) + Zgis0 55 (255 ) =V, (21 ) = —Z 15, (25, )
ZszTIT(ZT)+ZszRIR(ZR)+28281|81(ZSI)+Zszszlsz(zsz):VS ( 51)— Zszlsz( )
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Mutual Coupling: E2E Modeling

d A system of linear equations (2 RIS elements for simplicity)

Zio i (2 )+ Zigl g (Z0) + Zig sy (Zs) ) + Ziso U0 (25, ) = Vi (27 ) =Ve (27 ) - Z 14 (24)
ZRTIT(ZT)+ZRRIR(ZR)+ZR81|81(281)+ZR82|82(282):VR( )=—ZR|R( )

Zs1T|T(ZT)+Zs1R|R(ZR)+Zs1s1|s1(zs1)+Zs1sz|sz(zsz):Vs(31)— Zs1|s1( )
ZszTIT(ZT)+ZSZRIR(ZR)+ZSZSIISI(ZSI)+ZSZSZISZ(ZSZ):VS(Sl)_ Zszlsz( )
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Mutual Coupling: E2E Modeling
d A system of linear equations (2 RIS elements for simplicity)
Zio i (2 )+ Zigl g (Z0) + Zig sy (Zs) ) + Ziso U0 (25, ) = Vi (27 ) =Ve (27 ) - Z 14 (24)
Zeor i (20 )+ Zopl o (Z5) + Zo Vg1 (25 ) + Zgso L5 (25, ) = VR (25) = —Z: 13 (ZR)
ZSITIT(ZT)+ZSIRIR(ZR)+ZSISIISI(ZSI)+ZSlszlsz(Zsz):VS ( 51)— Zs1|s1( )
oot (20 )+ Zgor R (ZR) + Zsos N1 (Z)) + Zsaso 62 (25, ) = Vs, (261 ) = —Zs, 15, (2,)

o

J E2E channel

V
Heze(ZSUZSZ) =t

G

1
(ZG + L+ YWy (ZSI’Zsz))(ZRT +Wer (Zspzsz))_l(Z[l(ZRR +Wer (Zspzsz))"'l)_ ZEI(ZTR +Wog (anzsz))
37




Mutual Coupling: E2E Modeling

Theorem 1: Let Zxv be the Ny x Ny matrix whose (x, y)th
entry i1s the mutual impedance between the xth and yth
radiating elements of X and Y, where X,Y = {T,S,R} and
Ny, Ny = {N¢, Nyis, Ny }, and T, S, R identify the transmitter,
the RIS, and the receiver, respectively. Hgogr 1s as follows:

_ _ -1
Hioe = (In.xn, + PrsrZ; ' — PrstrParsrPrsrZy )

—1
X PrstParsT

where Iy «n. denotes an V. X N, identity matrix, Zg is the
N; x Ny diagonal matrix whose (%, t)th entry is Zgt, ZRris 1S
the Ny X Ny diagonal matrix whose (mn, mn)th entry is
ZSmn» L1, 18 the N, x N, diagonal matrix whose (r, r)th entry

18 Z1,r, Parst = Za + Prst, and:

Pxsy = Zxy — Zxs(Zgis + Zss)_leY



Mutual Coupling: E2E Modeling

Theorem 1: Let Zxv be the Ny x Ny matrix whose (x, y)th
entry i1s the mutual impedance between the xth and yth

radiating elements of X and Y, where X,Y = {T,S,R} and
Ny, Ny = {N¢, Nyis, Ny }, and T, S, R identify the transmitter,
the RIS, and the receiver, respectively. Hgog 1s as follows:
_ _ 4y —1
Heoe = (In,xN, + PrsrZ; — PrstParspPrsrZy )
x PrstParst

Tunable loads / Mutual lin
Circuit model gtual coupling

of the RIS \ }e RIS

Pxsy = Zxy — ZXS ZRIS + Zss ' Zsy



Modeling in the Presence of
Scattering Objects (Multipath)
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Modeling in the Presence of Scattering Objects
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Modeling in the Presence of Scattering Objects
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Modeling in the Presence of Scattering Objects
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Modeling in the Presence of Scattering Objects

. mathematics m\n\w

Review

The Discrete Dipole Approximation: A Review

Patrick Christian Chaumet

Institut Fresnel, Aix Marseille Univ, CNRS, Centrale Marseille, CEDEX 20, 13397 Marseille, France;
patrick.chaumet@fresnel fr

Abstract: There are many methods for rigorously calculating electromagnetic diffraction by objects
of arbitrary shape and permittivity. In this article, we will detail the discrete dipole approximation
(DDA) which belongs to the class of volume integral methods. Starting from Maxwell’s equations,
we will first present the principle of DDA as well as its theoretical and numerical aspects. Then, we
will discuss the many developments that this method has undergone over time and the numerous
applications that have been developed to transform DDA in a very versatile method. We conclude
with a discussion of the strengths and weaknesses of the DDA and a description of the freely available
DDA-based electromagnetic diffraction codes.

Keywords: electromagnetic simulation; DDA; numerical method; electromagnetic scattering
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Modeling in the Presence of Scattering Objects

material object discrete dipole approx.

1 BT —————-————_-———-————ﬂ

—— — ————————— — — — — ——— —— — —
- S RS RN WS S S S S S O S S S S R S e e e .

the properties of the dipoles (length, radius, etc.) and the load impedances

depend on the material object being considered
45



Modeling in the Presence of Scattering Objects

1 1

HEQE — (IL + ZRRZ;1)_ |:ZRT — ZRE (ZEE + ZSC) - ZET:|

X (Zox +Zg) " €CHM

: Impedances between Tx and scatterers (RIS & objects)

= - Impedances between scatterers (RIS & objects) and Rx

: Impedances between scatterers (RIS & objects)

: Tunable loads of RIS and material impedances of scatterers

Zoo Zos ZUS ONst-

A sc =
Zso Zss _ONxNS ZRIS
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Modeling in the Presence of Scattering Objects

H:por = (IL =+ ZRRZITl)_l [ZR’T — L (ZEE T ZSC)_I

X (Zpr + Z) " € CEXM

ZET}

Schur complement

to block matrices

—1
Heop =2Zg; [ZROT — Ziros (ZSS + ZLisos + st) ZSOT} Zrq

The obtained model is formally equivalent to free space:
Zs is decoupled from the matrices of mutual coupling

47



Modeling in the Presence of Scattering Objects

H:por = (IL =+ ZRRZITl)_l [ZRT — L (ZEE T ZSC)_I

X (Zpr + Z) " € CEXM

ZET}

Schur complement

to block matrices

—1
Heop =2Zg; [ZROT — Ziros (ZSS + ZLisos + st) ZSOT} Zrq

Insights: The scatterers do not contribute as an additive term:

H,,. # H,, (free space)+H

Multipath
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Modeling in the Presence of Scattering Objects

H:por = (IL =+ ZRRZITl)_l [ZRT — L (ZEE T ZSC)_l

X (Zpr + Z) " € CEXM

ZET}

Schur complement

to block matrices

—1
Heop =2Zg; [ZROT — Ziros (ZSS + ZLisos + st) ZSOT} Zrq

Insights: But, if Z.,, = 0 and Z,¢ = 0, then

—1 —1
HEQE — ZRL[ZRT - ZROZOOZOT - ZRS (ZSS + ZRIS) ZST:| ZTG

49



Modeling in the Presence of Scattering Objects

1 1

Hg.r = (IL + ZRRZITl)_ |:ZRT — g (ZEE T ZSC)_
X (Zox +Zg) " €CHM

ZET}

Schur complement

to block matrices

Heop =45, [ZROT — Liros (ZSS + ZLisos + st)_

1
ZSOT} ZTG

Insights: But, if Z.,, = 0 and Z,¢ = 0, then

H,,. = H_, (free space)+H

Multipath
50



Optimization
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RIS: A Loaded Thin Wire Model

d M. Di Renzo et al. “End-to-end mutual coupling aware communication model for

reconfigurable intelligent surfaces: An electromagnetic-compliant approach based on
mutual impedances”, IEEE WCL 2021.

O M. Di Renzo et al. “Mutual coupling and unit cell aware optimization for
reconfigurable intelligent surfaces”, IEEE WCL 2021.

0 M. Di Renzo et al. “MIMO interference channels assisted by reconfigurable intelligent
surfaces: Mutual coupling aware sum-rate optimization based on a mutual impedance
channel model”, IEEE WCL 2021.

O M. Di Renzo at al. “Modeling the mutual coupling of reconfigurable metasurfaces”,
IEEE EuCAP 2023.

O M. Di Renzo et al. “Modeling and optimization of reconfigurable intelligent surfaces
in propagation environments with scattering objects”, IEEE WCL 2023 (submitted,
under review).

O M. Di Renzo et al. “Optimization of RIS-aided SISO systems based on a mutually
coupled loaded wire dipole model”, IEEE ASILOMAR 2023 (submitted - invited,
under review).

0 M. Di Renzo et al. “Optimization of RIS-aided MIMO — A mutually coupled loaded
wire dipole model”, IEEE WCL 2023 (submitted, under review).
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MIMQO-RIS in the Presence of Scattering Objects

Hpor = Zgry |ZroT — ZrOSZscaZisor) Zra

Zoco = (Zss+ Zsos + Zris) ™

H HZ
(PO) max log, {det (I L+ EZEQE E2b ) }
Q,Zgs a

s.t.  Re{Zris(k,k)} = Royx >0, Vk
Im{Zris(k,k)} € P, Vk
tr(Q) < P,
Q=0

53



MIMO-RIS in the Presence of Scattering Objects

By keeping Zgris fixed, (P0) boils down to a conventional
MIMO optimization problem. Specifically, let Hgop =
UHEEEEHEEEVﬁEgE be the singular value decomposition of
Hpop, where Vg, € CMxD Uy, € CL*XP and D =
rank(Hgor) < min(L, M). Then, the optimal Q* is

Q* — VHEQE diag(p’f, e 7PE})VgE2E

where p} = max ((1/a — 02 /Buy,, (4,7)%) ,0), with « sat-
1sfying Zil p; = P, (water-filling power allocation).
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MIMO-RIS in the Presence of Scattering Objects

By keeping Q fixed, the resulting optimization problem with
respect to Zgrys simplifies to (k € {1,..., Nris})

Hpop QHE,
(P1) max log, [det(IL+ B2EQ EzE)]

ZRis ok
s.t.  Re{Zris(k,k)} = Ro. =0, Vk
Im{ng (kﬁ k‘)} c 'P? Vk
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MIMO-RIS in the Presence of Scattering Objects

By keeping Q fixed, the resulting optimization problem with
respect to Zgrys simplifies to (k € {1,..., Nris})

Hpop QHE,
(P1) max log, [det(IL+ B2EQ E‘ZE)}

ZRris o?
s.t.  Re{Zris(k,k)} = Ro. =0, Vk
IIH{Z[{[S (kﬁ k‘)} c 'P, Vk

[ The approach consists of three steps:
O Sherman-Morrison’s formula
O Sylvester’s determinant theorem

Q Gram-Schmidt’s orthogonalization process

56



MIMO-RIS in the Presence of Scattering Objects

Zeco = (Zss+ Zsos + Zrig)

57



MIMO-RIS in the Presence of Scattering Objects

Zeco = (Zss+ Zsos + Zrig)

—1
Lo, = (ZSS + Zgos + Zris k + Zris(k, k)ekeg)

58



MIMO-RIS in the Presence of Scattering Objects

Zeco = (Zss+ Zsos + Zrig)

—1
Lo, = (ZSS + Zgos + Zris k + Zris(k, k)ekeg)

Ay =Zss + Zsos + Zris.k, 2k = Zris(k, k)

59



MIMO-RIS in the Presence of Scattering Objects

[ The approach consists of three steps:
Q Sherman-Morrison’s formula
Q Sylvester’s determinant theorem

0 Gram-Schmidt’s orthogonalization process

-1 T A —1
sca — #Hsca (Eﬁt) — A, T A —1 <k

60



MIMO-RIS in the Presence of Scattering Objects

[ The approach consists of three steps:
Q Sherman-Morrison’s formula
Q Sylvester’s determinant theorem

0 Gram-Schmidt’s orthogonalization process

B,.QB/

o2

Ao =g [a (1 + B9 ] g, s )

Sk (Z;g) =1, + UkEEIUkH (Xl (Z.I;;) + Xo (z;g))

~

det(Sk (2x))
= det (IL + 3, U (X () + Xa () Usz)

61



MIMO-RIS in the Presence of Scattering Objects

[ The approach consists of three steps:
Q Sherman-Mortison’s formula
Q Sylvester’s determinant theorem

0 Gram-Schmidt’s orthogonalization process

v viull  walvEQuy

Si (z1) =1+ -
o?xk (zk)  0°x; (2k)  o2xk (2k) |2

1

— 1 - 1
ﬁ,l;; = Ek QUfuk, Vf = vaBEUka 2

The vectors u, and v, are not orthogonal = orthogonalization

t o, t ! t
1= = Wk b2 = 77
|[a|| [[t]]
- (Vg t1) [0y |2V — G Vit

62



MIMO-RIS in the Presence of Scattering Objects

[ The approach consists of three steps:
Q Sherman-Mortison’s formula
Q Sylvester’s determinant theorem

0 Gram-Schmidt’s orthogonalization process

[Tk ][V to
1 + s (2 ok H
d&t(sk): det (t]_ t2) k ( k) a Xk:(zk;) (tl )

|Gk ||ty Vi tH
UEX:;(EER:) 1 2
|Gk ][5 b2
et | T () ot | _ det (W)
[ [¢5 9 1
o?x; (zk)
o[Vt ([t Ve |8 PV Qv

_|_
o?xk (zx)  oXg (k) o®xk (2k) |2

Sk (2
63



MIMO-RIS in the Presence of Scattering Objects

Since W = W (z;,) is a 2x 2 matrix, the determinant
of S = S (2x) can be expressed in closed-form as

c1 | i N Co
Xk (zi) - xg () e (2i) 2

det(Sk (Zk)) =1 +

where

[kl [Vl 6 [[lPve Qi [0 [V taf

5 = _
2 : o2 4

C1 =

a a

In conclusion, since xx (zx) = 1 + agzk, with 2z, = Ro 1 +
7 Xk and Ry is assumed known and fixed, (P1) boils down
to maximizing the single-variable (i.e., X}) function

Cq CT
F _I_ 5 .
1 +ap(Rox +JXk) 1+ ap(Rox+ jXk)*

C2
+ , ., Xp€eP
11+ ar(Rox + jXk)|? :

f(Xk) =1+

64



MIMQO-RIS in the Presence of Scattering Objects

Algorithm 1 Proposed algorithm for solving (PO)

Input: Compute the impedance matrices from [4, Lemma 2];
Initialize: ¢ = 0, ¢ > 0, ro = [Ro,1,---, R0 Ng]’s X

[X(O) XJ(\?I)R‘,IS]T c PNris, R(-1) = o, R(0) — R(Q(O) z(O))

with Z(O) = dlag(rg) + j diag(x(9)) and R(-,-) defined in (8);
while |[R(9) — R(a=1)| > ¢ do
Compute Q™ from (14);
for £ = 1:---7NRIS do
Compute X  from Proposition 1;
Update Z (k k) < Ro k +3Xk,
end for
g=q+1, R = R(Q*, Z}q);
end while
Return: Q* and Z3 .

(0) —
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Numerical Examples
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Optimization in Free Space

Single-User SISO
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Optimization in Free Space (8150, Fixed Size RIS)
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Optimization in Free Space (8150, Fixed Size RIS)

10—14
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Optimization in Free Space (SISO, Fixed Size RIS)
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Optimization in Free Space

Multi-User MIMO
3 RIS-2
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Optimization in Free Space (MIMO, Fixed Size RIS)
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Optimization in Free Space (MIMO, Fixed Size RIS)
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MIMO-RIS Optimization with Scattering Objects

SARIS ® d=)\4,N=16
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MIMO-RIS Optimization with Scattering Objects

Iteration index
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MIMO-RIS Optimization with Scattering Objects

Table II: Comparison of the execution time [seconds]

d [ Algo. 1 (90%) 8] d | Algo. 1 (98%) [9]
W 0.001 0.800 X/2 0.001 0.0154
\/4 0.004 0.770 \/4 0.008 0.896
VE 0.167 8135 YE 0.834 27.686
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Conclusion: Approach to Model the Near Field

0 Paradigm #1: The wavefronts of the el

ectromagnetic waves are

(approximated as) locally planar on the antenna arrays

O RISs/HoloS are electrically large and the transmission distances are

shrinking
near field

RIS/HoloS
model

far field

conventional model

//-‘H
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Conclusion: Approach to Model the Mutual Coupling

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

A2
A
u u >
A4
O O
O O
: A4
Conventional (L

model
the same elements on a
smaller surface area
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