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Abstract

Reconfigurable Intelligent Surface (RIS) modeling and op-
timization are a crucial steps in developing the next gen-
eration of wireless communications. To this aim, the
availability of accurate electromagnetic (EM) models is of
paramount important for the design of RIS-assisted com-
munication links. In this work, we validate a widely-used
analytical multiport network for RISs by means of a well-
established full-wave numerical method based on the Par-
tial Elements Equivalent Circuit (PEEC) approach. Numer-
ical results show good agreement between the two meth-
ods, thus demonstrating i) the considered multiport network
model being effective and ii) the PEEC method being ap-
propriate for EM modeling of RIS-assisted wireless links.

1 Introduction

Reconfigurable intelligent surface (RIS) has been recog-
nized as an innovative paradigm for electromagnetic (EM)
wave manipulation, signal modulation, and smart radio en-
vironment reconfiguration [1,2]. RISs are artificial meta-
surfaces composed of periodic or aperiodic subwavelength
electric or magnetic resonators, which can be controlled in
order to induce dynamic reflection/transmission amplitude
and phase responses, thereby shaping reflected and trans-
mitted wavefronts. This allows for the reconfiguration of
the scattering patterns according to the direction of the in-
cident waves and the locations of the users.

In order to analyze and optimize RIS-assisted wireless sys-
tems, communication models that consider the physics and
EM characteristics of the RIS’s scattering elements must
be sufficiently realistic, accurate, and tractable. This calls
for EM models that allow for an appropriate description of
propagation phenomena and the mutual coupling among the
radiating elements in the RIS. A circuit-based communica-
tion model for RIS-assisted wireless systems that is based
on evaluating the mutual impedances between all the radiat-
ing elements (transmit/receive antennas, passive scatterers)
is presented in [3]. A time domain macromodel of the RIS,
including transmitters and receivers, has been introduced

in [4].

The scope of this work is twofold: i) to validate the analyt-
ical model of the RIS introduced in [3], and ii) to prove
the versatility of the Partial Elements Equivalent Circuit
(PEEC) method for the EM modeling of communication
channels. Specifically, we analyze the performance of RIS-
aided channels by optimizing the tunable terminations of
the RIS, and quantifying the obtained performance gains.

2 System Model

This section describes the two approaches employed to
model RIS-aided channels: the numerical approach based
on the PEEC method and the analytical framework based
on multiport network theory. As stated in [3, 4], the com-
munication channel can be conceptualized as a multiport
system. Accordingly, certain ports model the transmitters,
while others model the receivers or scatterers.

The overall system can be characterized by the impedance
matrix Zgy, which takes into account the interactions
between transmitters, receivers, the RIS, as well as the
presence of scattering objects in the environment. This
impedance matrix can be defined as

Zrr Zrs Zro Zrr
Zst Zss Zso Zsgr
Zor Zos Zoo Zor
Zrr Zrs Zro Zgrr

Zoys = .

where {T,R,S,0} denote the transmitter, receiver, RIS,
and the scattering objects in the environment, respectively.
Moving from the knowledge of Zj,, the communication
channel matrix Hgog can be determined as described in [5]

Heoe = Zge [Zror — ZrosZscaZsor) L, (2)

where ZRL = (]IL+ZRRZZI)7I, ZTG = (]IL+ZTTZG)_1,
and Zg., = (Zss—i—Zsos—i—ZR,S)*l. In particular, I is
the identity matrix, Zs and Z; are the diagonal matrices
containing the impedances of the voltage sources of the
transmitters and the load impedances at the receiver; Zrr
and Zgg are the matrices containing the self and mutual



impedances at the transmitter and receiver; Zgor, Zgros,
Zsos and Zgor are the matrices containing the mutual
impedances between different array elements, including the
scattering objects in the environment.

2.1 The PEEC Method

The PEEC method relies on a circuit-based model [6] to
represent EM phenomena related to transmitters, receivers,
and scattering elements. Specifically, the PEEC formula-
tion is based on the Electric Field Integral Equation (EFIE)
and the continuity law for the electric current. One of the
key advantages of the PEEC method is its capability to de-
scribe the behavior of complex structures by means of stan-
dard circuit variables, namely node potentials and side elec-
tric currents.

To obtain the PEEC representation, the considered system,
e.g., an antenna element, is first divided into smaller units
(mesh), consisting of elementary volumes and surfaces.
The electric currents are assumed to flow through the el-
ementary volumes, while the electric charges are assumed
to exist on the elementary surfaces of the mesh. Then,
the coupling between the currents flowing in the volumes
and the charges on the surfaces are considered. The mag-
netic interaction among the currents is described by partial
inductances denoted as L, while the electric interactions
among the charges are represented by potential coefficients
denoted as P. Finally, the application of Kirchhoff laws to
the PEEC equivalent circuit leads to the following Modi-
fied Nodal Analysis (MNA) representation in the frequency
domain:
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where Z(s) is the impedance matrix accounting for the
impedance of conductors or dielectrics elementary vol-
umes, Yy, is the lumped admittance matrix that contains
all the lumped admittances connected to the nodes of the
equivalent circuit and A is the incidence matrix [6, Eq.
(13.6)]. The knowledge of the voltage and current sources,
denoted as V,(s) and I,(s) respectively, allows one to de-
termine the unknown vectors ®(s) and I(s), which repre-
sent the node potentials and branch electric currents, re-
spectively. Once ®(s) and I(s) are obtained, Zjy, is de-
termined.

We remark that the described approach yields a compre-
hensive EM characterization of the considered system, thus
providing deep insights on several system features. For in-
stance, the obtained PEEC description can be exploited to
accurately characterize the end-to-end channel gain, to de-
sign impedance matching strategies and for signal integrity
studies. Therefore, the PEEC method represents a versatile
and powerful tool for the analysis and the optimization of
RIS-aided wireless links.

2.2 Analytical Model

According to the methodological approach proposed in [3],
the transmitting and receiving antennas, as well as the scat-
tering elements of the RIS, are assumed to be cylindrical
thin wire dipoles composed of perfectly conducting mate-
rial. These dipoles possess a finite but negligible radius,
denoted as a, which is much smaller than the dipole length,
£. The thin wire dipoles are connected to complex-valued
tunable impedances.

The determination of the communication channel gain de-
pends on the knowledge of the mutual impedances between
the thin wire dipoles. Based on [3], the self and mutual
impedances describing the system are given by

2qgH-q/2  piptlp/2 5 »
Zyp —/Z W /z L 8ap( 7,z )Iz,p(ZI)Iz,q(Z//)dZ/dZ”
4

where I () = sin [ko (¢, /2 — |2/ —z,|)] /sin (koly /2) is
the distribution current that is assumed to be sinusoidal, and
8qp(Z,2") = jno(4mko) ' Fp(rs,,2)Gp(rs,.2). The char-
acteristic impedance in vacuum is 19 = /Uo/€o, and the
wavenumber is kg = 27t /A, where U and & are the permit-
tivity and permeability in vacuum, and A is the wavelength.
The terms F), and G, are defined in [3].

3 RIS Optimization

The configuration of the RIS is obtained by utilizing
the algorithm recently proposed in [5]. The approach
is based on the block coordinate descent method, which
optimizes the tunable impedances of the RIS iteratively.
At each iteration, specifically, the algorithm optimizes a
single tunable impedance while keeping the others fixed.
The proposed approach is based on the application of
Sherman-Morrison’s inversion formula, Sylvester’s deter-
minant theorem, and Gram-Schmidt’s orthogonalization
method. Thanks to this approach, a closed-form solution
for the optimal impedance is obtained at each iteration,
which ensures that the algorithm requires fewer iterations
and less time to converge compared with state-of-the-art
benchmarks, while guaranteeing better performance.

4 Numerical Results

We consider a scenario consisting of a transmitter that is
constituted by 4 thin wire dipoles, deployed along the x-
axis, with the first dipole being centered in rr, = [0 0]
on the xy-plane, and the 4 dipoles being spaced by A/2;
a single receiving dipole of length A /2 centered in rg, =
[9.64 14.4A] on the xy-plane; and an RIS, which consists of
an array of dipoles deployed along the x-axis, with the first
dipole being centered in rg;g = [0 24A]. The interdistance
of the RIS elements is d = A1 /8 on the xy-plane, and three
sizes for the RIS are considered with a number of elements
Ngys equal to 4, 16 and 64. Figure 1 shows the system con-
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Figure 1. System setup for a 64 elements RIS.
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Figure 2. Channel gain with unoptimized RIS termina-
tions.

figuration of an RIS with 64 elements. The resonance fre-
quency is set to 3 GHz, which correspond to a wavelength
of A = 10 cm. The considered analytical and numerical
methods for system characterization are those described in
Section 2, and the end-to-end the channel gain is obtained
using (2). In our evaluation, the direct path between the
transmitting and receiving antennas array is assumed to be
blocked by obstacles.

Figure 2 illustrates the channel gain when the RIS termina-
tions are not optimized. For this evaluation, resistive type
RIS terminations are considered, where all the terminations
are set to 0.2 Q. It is possible to observe that the analytical
characterization and the PEEC electromagnetic simulator
exhibit consistent performance trends and provide similar
performance.

Figure 3 compares the channel gain when the RIS termina-
tions are obtained by applying the optimization algorithm
described in Section 3, where the algorithm is initialized
by setting all the terminations to 0.2 Q. It can be observed
that optimizing an RIS is a crucial step, since a substan-
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Figure 3. Channel gain with optimized RIS terminations.

tial improvement of the channel gain is obtained. Again,
the analytical model and the PEEC simulator are in good
agreement.

5 Conclusion

In this paper, we validated a recently proposed multiport
network model for RIS-assisted wireless communication
channels by means of a numerical simulator based on the
PEEC method.

ACKNOWLEDGEMENT

Giuseppe Pettanice acknowledges the Filauro Foundation
for supporting him while staying at the Université Paris-
Saclay, CentraleSupélec, 91192 Gif-sur-Yvette, France.
The work of M. Di Renzo was supported in part by the
European Commission through the Horizon Europe project
titled COVER under grant agreement number 101086228,
the Horizon Europe project titled UNITE under grant
agreement number 101129618, and the Horizon Europe
project titled INSTINCT under grant agreement number
101139161, as well as by the Agence Nationale de la
Recherche through the France 2030 project titled ANR-
PEPR Networks of the Future under grant agreement NF-
PERSEUS, 22-PEFT-004, and by the CHIST-ERA project
titled PASSIONATE under grant agreement CHIST-ERA-
22-WAI-04 through ANR-23-CHR4-0003-01. This work
was also partially supported by the Centre of Excellence
on Connected, Geo-Localized, and Cyber Secure Vehicles
(Ex-EMERGE), funded by the Italian Government under
CIPE Resolution 70/2017.

References

[1] C. Huang, A. Zappone, G. C. Alexandropoulos,
M. Debbah, and C. Yuen, “Reconfigurable Intelligent
Surfaces for Energy Efficiency in Wireless Communi-
cation,” IEEE Transactions on Wireless Communica-
tions, vol. 18, no. 8, pp. 41574170, 2019.



(2]

(3]

[4]

M. Di Renzo, A. Zappone, M. Debbah, M.-S. Alouini,
C. Yuen, J. de Rosny, and S. Tretyakov, “Smart Ra-
dio Environments Empowered by Reconfigurable Intel-
ligent Surfaces: How It Works, State of Research, and
The Road Ahead,” IEEE Journal on Selected Areas in
Communications, vol. 38, no. 11, pp. 2450-2525, 2020.

G. Gradoni and M. Di Renzo, “End-to-end mutual cou-
pling aware communication model for reconfigurable
intelligent surfaces: An electromagnetic-compliant ap-
proach based on mutual impedances,” IEEE Wireless
Communications Letters, vol. 10, no. 5, pp. 938-942,
2021.

G. Pettanice, R. Valentini, P. D. Marco, F. Loreto,
D. Romano, F. Santucci, D. Spina, and G. Antonini,
“Mutual Coupling Aware Time-Domain Characteriza-
tion and Performance Analysis of Reconfigurable In-
telligent Surfaces,” IEEE Transactions on Electromag-
netic Compatibility, vol. 65, no. 6, pp. 16061620,
2023.

H. E. Hassani, X. Qian, S. Jeong, N. S. Perovi¢, M. D.
Renzo, P. Mursia, V. Sciancalepore, and X. Costa-
Pérez, “Optimization of RIS-Aided MIMO — A Mutu-
ally Coupled Loaded Wire Dipole Model,” IEEE Wire-
less Communications Letters, pp. 1-1, 2023.

A. E. Ruehli, G. Antonini, and L. Jiang, Circuit
Oriented Electromagnetic Modeling Using the PEEC
Techniques. Wiley-IEEE Press, 2017.



