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1 Introduction

The general objective of RISE-6G WP3 is to model, design, and characterize the RIS compo-
nents as a part of the overall system for enhanced connectivity, localisation and sensing, as well
as sustainability. The RIS prototypes developed in this WP will be also integrated in the final
project demonstrations and PoCs.

Here we tackle the main issues related to the electromagnetic modelling of the unit cell and the
overall RIS, its impact on the radio “reconfigurable” channels and the main technology chal-
lenges related to the design and prototyping in a large frequency range from sub 6 GHz up to
D-band.

The general objective of this deliverable is to:
e Provide an electromagnetic RIS model and a system level abstraction (Section 2);

e Characterize and model the RIS-empowered reconfigurable radio channel (Section
3).

o Design, prototype and characterize the RISs and control logic for the PoC (Section
4).

1.1 Definitions

Reconfigurable intelligent surfaces (RISs) are surfaces composed of a discrete set of antenna
elements following the generalised Snell’s law, and can be seen as reflective or transmissive
electromagnetic surfaces as a function of the selected operation mode. Specifically, a reflec-
tive surface (R-RIS) operates as an electromagnetic mirror, where an incident electromagnetic
wave is reflected towards the desired direction, typically anomalous in the sense that this direc-
tion is non-specular, with specific radiation and polarisation characteristics. On the other hand,
a transmissive RIS (T-RIS) operates as a lens or a frequency selective surface, where the
incident field is manipulated (by filtering, polarisation, beam splitting, etc.) and/or phase shifted,
and re-radiated so as to control the refraction of plane impinging waves. Although RISs have
great potential to implement advanced electromagnetic wave manipulations, only simple func-
tionalities, such as electronic beam-steering and multi-beam scattering, have been demon-
strated in the literature. Recently, some investigators have touched upon the possibility of de-
flecting the beam to achieve simultaneous reflective-transmission RIS (RT-RIS) [WDB18].

RISE-6G Public 10
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Figure 1-1 — RIS taxonomy

Several different antenna technologies (e.g., [GTB16], [SN17]) can be considered as RIS hard-
ware technologies, including reflectarrays [HPC14], transmitarrays (e.g., [DCD20], [DCS20],
[RVC19]), as well as smart, programmable or software-defined metasurfaces (e.g., [BMM20],
[YCY16], [TBM14], [ZZZ10], and [DGL20]).

When the elements have both size and spacing lower than 1/10th of the communication oper-
ation wavelength, RISs are also defined as metasurfaces [GTB16]. Metasurfaces are artificial
materials able to manipulate electromagnetic waves, in a way that cannot be performed in ho-
mogeneous materials. Simple functionalities enabled by metasurfaces include anomalous re-
flections or transmissions. Achieving perfect anomalous reflection and refraction is possible if
metasurfaces are bianisotropic with weak spatial dispersion [AAT16]. Spatially dispersive
metasurfaces are realized as artificial sheets, which are typically composed of metallic patches
or dielectric engravings in planar or multi-layer configurations within subwavelength thickness.
The interaction with electric and/or magnetic fields, is typically provided by resonant effects con-
trolled by the geometry of the unit cells and their distribution, enabling antenna performance
enhancement (beamshaping), flat lens, artificial magnetic conductors, cloaking, absorbers and
scattering reduction. In particular, the introduction of programmable metasurfaces could realize
intelligent environments---giving birth to the novel concept of Environment as a Service (EN-
VaaS)---where such metamaterials act as smart reflectors to enhance coverage and open new
technical and business opportunities for beyond-5G (and 6G) networks.

Compared to classical phased arrays, which require phase-shifters and power amplifiers, RISs
are generally passive radiative architectures integrating switches, RF-MEMS, p-i-n diodes, va-
ractors, and/or liquid crystals, to control electronically the local surface phase-shift and/or im-
pedance characteristics. So according to the technology of the unit cell (UC) we can distinguish
between active RIS, where the reflected signal is amplified by an active element in UC, and
passive RIS, where the UC is realized with low loss reactive components that are used to im-
plement a prescribed phase shift, either continuous or quantized, resulting in low-energy device.

RISE-6G Public 11
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Figure 1-2 — Typical RIS passive architecture: T-RIS/Transmitarray (a), R-RIS/Reflectarray (b)

Finally, as for relays we can also distinguish different operating modes: Regenerative RIS that
decode, regenerate and retransmit a copy of the original signal; Non-Regenerative RIS that act
as analog repeaters by retransmitting the signal they receive (in some cases amplified through
beamfoming techniques or active elements). A receiving RIS (RX-RIS) enables measurement
collection at its site, through a single or few Receive (RX) Radio-Frequency (RF) chains at-
tached to all or a subset of the its unit elements [AV20]. A hybrid surface (H-RIS) combines two
of the above-mentioned modes, being able to reflect the impinging signal and simultaneously
sense/measure a part of it [ASA21], [ZSA21].

In this context, RISE-6G investigate RIS over a wide span: suggested prototypes are mainly
with UCs separation of half-wavelength. However, different studies include metasurfaces, e.g.,
dipole-based metasurfaces that considered to address the theoretical performance evaluation
of RIS assisted wireless systems when the RIS is based on metasurface structures, i.e., includ-
ing mutual coupling between subwavelength UCs. Prototypes of T-RIS, R-RIS and simultane-
ous RT-RIS are addressed theoretically and experimentally. From the technology point of view
mainly passive RIS based on p-i-n diodes, RF-MEMS and varactors are addressed below 40
GHz. Above these frequencies, active UCs are considered too.

2 Basic RIS modeling

2.1 RIS full-wave electromagnetic simulations

The RIS prototypes developed in RISE-6G (and described in detail in Sec. 4 have been mod-
elled and simulated in commercial electromagnetic software made available by the project Par-
ticipants. This includes the platforms Dassault Microwave Studio and Ansys HFSS, both capa-
ble of calculating scattering and impedance parameters of R-RIS, T-RIS, Reflectarray and
Transmittarray structure. The simulations have been performed using two methods, which ena-
ble the analysis necessary for the characterization of the RIS: i) single cell with periodic bound-
ary conditions, implementing an infinitely extended planar structure, relevant for the prediction
of the scattered field and far field radiation pattern of large RIS structures with thousands of unit
cells; ii) finite structure with a limited number (tens to hundreds) of unit cells, relevant for the
prediction of port based scattering and impedance matrices.
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Full-wave simulations are important to capture the electromagnetic response of RIS unit cells
operating at different reflecting states and frequency bands. As explained in Sec. 2.2, the global
RIS response, necessary to develop EM based communication end-to-end (E2E) models, is
built upon RIS unit cell models either performing homogenization among (quasi-)periodic ar-
rangement of cells or describing mutual interactions among unit cells. It has been shown in the
literature that full-wave simulations with method i) are predicted accurately by homogenization
models [VCC18]. Although recent effort [PTH20] has confirmed the importance of method ii),
further scientific research has been undertaken to develop and validate a simplified EM ap-
proach that ease the design of RISs and motivates the adoption of heuristic MIMO communica-
tion models [DDT21]. More specifically, the role of full-wave simulations in method i) is detailed
in Sec. 2.3, while the role of full-wave simulations in model ii) is detailed in Sec. 2.4. The appli-
cation and validation of the models in Sec. 2.3 and Sec. 2.4 are addressed in Sec. 2.5, where
dedicated full-wave modelling activity has been carried out for the characterization of some RIS
prototypes listed in section 4. Finally, the inclusion of fading from multipath propagation in in-
doors environments is developed into method ii) both via statistical and geometrical approaches
in Sec. 3.

Before focusing on how the two methods are guided, applied, and validated by full-wave simu-
lations, we introduce the rationale behind developing equivalent model in the context of com-
munication-oriented design of RIS and array structures.

2.2 Equivalent RIS models

The EM response of the RIS types described in Figure 1-1 can be reproduced by an equivalent
mathematical model that describes the collective transmission and reflection properties of ar-
rays of reconfigurable unit cells. There are two main class of EM models that have been pre-
sented and developed in the scientific literature:

1) Continuous Model (CM), where homogenization methods are employed to derive equiv-
alent boundary conditions of the global RIS structure. The model is presented in the form
of impedance boundary conditions that relate electric and magnetic field components
that are tangential to either side of the metasurface [YFY19]. This approach is suitable
for R-RIS and T-RIS structures based on large reconfigurable metasurfaces, where a
dense array of subwavelength unit cells is characterized by continuous electric and mag-
netic surface current sheets. This homogenization procedure is depicted in Figure 2-1.
More specifically, the modelling activity of RISE-6G makes use of the generalised sheet
transition conditions (GSTCs) that captures the magneto-electric effect of the metasur-
face unit cell through equivalent surface and admittance impedances. This will be used
in Sec. 2.3 to develop in house finite difference time domain (FDTD) codes that de-
scribes the EM field scattered from the RISs. Interestingly, the equivalent response of
the metasurface can be also obtained via full wave simulations in the form of equivalent
tangential fields, which define equivalent the surface currents in Figure 2-1 from which
the scattered field is generated and propagated.
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Figure 2-1 - Homogenization procedure applied to dense arrays of sub-wavelength metamateri-
als unit cells (reproduced from [DZD20]): An incident field E; impinges onto the metasurface
travelling along the direction dictated by the wave-vector k; and equivalent electric J, and mag-
netic J,, surface current densities are induced, which show variability on a sub-wavelength scale
d <A

2) Discrete Model (DM), where the scattering properties of individual finite size unit cells
are described in presence of nearby, mutually coupled, unit cells. The model is normally
presented in matrix form and can be easily cast into a MIMO system model. In Sec. 2.4,
models based on scattering and impedance matrices are presented. This approach is
suitable for R-RIS, T-RIS, Reflectarray, and Transmittarray structures, and is appropri-
ate to capture the response of individual unit cells with arbitrary (not necessarily periodic)
arrangements within finite size structures. Interestingly, for metasurface-based struc-
tures, an alternative discrete formulation can be developed from suitable CMs by calcu-
lation of the equivalent tangential fields at macro-cell level, where unit cells are charac-
terized in groups covering a RIS area of 12 . A DM model is then developed which ac-
counts for the coupling among macro-cells and the radiation from the whole metasurface
is calculated via antenna array theory.

Both the CM and DM formulations start from field-based solutions of the vector wave equation.
For real-life structures as the prototypes reported in section 4 the obtained models are informed
by full wave electromagnetic simulations of the individual antenna/unit cell, as described in Sec.
2.1. In limited cases treating idealized structures, e.g., dipole antenna/cell, the response func-
tion is known in closed mathematical form [GD21]. An example based on thin wire antennas will
be discussed in detail in Sec. 2.4, with extensions to near field proximity and the presence of
multiple RISs as well as passive (dipole-based) scatterers.

2.3 Continuous RIS models

We discuss two different methodologies to develop the RIS CM models, based on equivalent
currents flowing through the metasurface upon incidence of an external radiation, into finite dif-
ference numerical schemes. This will facilitate: i) the integration of multiple and large RISs into
propation channels with obstacles and walls; ii) the time domain analysis of the RIS response
to wideband pulses.

2.3.1 T-RIS EM model by GSTCs and FDTD

We have started implementing a specific approach that has led to conceiving a CM of the RIS
in the form of a locally modified FDTD scheme [VAC16].
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In order to evaluate the performance of large scale RISs within wireless scenarios, an equivalent
model of the underlying metasurface structure is needed for integration within full-wave EM
simulation tools. The RISE-6G Participants AAU and CNIT (Ancona) have developed efficient
FDTD codes over the last decades [MBM16]. We focus on T-RIS structures formed of planar
metasurfaces, even though the code will be suitable for R-RIS modelling as well. The aim is to
simulate RIS functionalities in terms of EM wave transformations, such as electromagnetic wave
focusing, anomalous reflection, and controlled refraction. Figure 2-2 shows an arbitrary metasur-
face that transforms an incident wave into a reflected and transmitted wave with controlled am-
plitude and phase. It is further assumed that a RIS is thin with respect to the operation wave-
length (Lx «< A). Therefore, the RIS is modelled as a zero-thickness current sheet that repre-
sents simultaneous tangential electric and magnetic field discontinuities.

Figure 2-2 - Metasurface based RIS modelled in FDTD.

FDTD is a generally accepted and well-developed numerical method to analyze and design
planar antenna structures. Briefly, the FDTD is based on the Yee method, which solves the
Maxwell equations by iteration of discretized EM fields over a staggered numerical grid [BLY92].
The advantage of using time domain methods such as FDTD is that they compute the response
of complex structures over a wide frequency range with a single simulation run [TAF95].

Due to electric and magnetic discontinuities introduced by metasurfaces, it is impossible to
adopt the canonical Yee iterative scheme. In order to overcome this problem, a limited effort
has been devoted to including the generalized sheet transition condition (GSTC) within FDTD
algorithms. Considering the RIS depicted in Figure 2-2, where the RIS is placed between two
identical media, the electric (E) field and magnetic (H) tangential fields are related to the electric
and magnetic polarization densities, P and M respectively, by the following boundary conditions
[VACL16]

% x AH = joP, — & x V,M, (2.1)
AE X & = jouM, -V, (%) X X (2.2)
%-AD = -V-P, (2.3)
%-AB = —uv-M, (2.4)
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where V= (;—Z) Z+ (%) ¥, D and B are the electric and the magnetic flux density respectively,

€ is the electric permettivity whereas p is the magnetic permeability, @ denotes the angular
frequency and j denotes the imaginary unit.

In (2.1)-(2.4) the polarization densities are tensors related to the average tangential electric and
magnetic fields as follows [VAC16]

P = 60):(eeEav + ):(em\/ €oloH
M z):(mmHav'F):(me\/%Eav

WNEre Yee, ¥mm» Xem and ¥me denote the electric and magnetic susceptibility tensors that ex-
press the response to the electric and magnetic excitation, whereas the subscript av stands
for the average field on the metasurfaces’ sides, €, and p, denote the free space permettivity
and permeability respectively.

. Then, substituting the constitutive equations (2.5) in (2.1)-(2.4) we obtain an admittance tensor
in matrix form [YFY19]

(2.5)

~XY ~Xy

AH, Xee Xee Xem ZXem Eyay
(s (25 2 2 75| (Ee) .
\AEy / T T A T \H '
AE.)  \@he T Xom Xww) “Hyav

The system (2.6) is underdetermined as it comprises four equations and 16 unknown suscepti-
bilities, making it impossible to be solved directly. The ¥ symbols denote the frequency de-
pendent surface susceptibility terms. Susceptibility tensors can be reduced according to the
fundamental electromagnetic properties of the metasurface, i.e., reciprocity, loss and passivity.
In fact, considering a reciprocal and lossless RIS allows for reducing the number of independent
susceptibility components [ASC151, ASC152, AKG15, YFY19] to 4 unknowns.

We now discuss the inclusion of the GSTC (2.6) into the FDTD scheme. A well-known strategy
to include thin material sheets in the Yee grid can be adopted for RIS structures. More precisely,
the thin metasurface structure is collocated but between grid nodes, as shown in Figure 2-3 and
Figure 2-4.

Ex(k+1) Ex(k+2)

Hy(k+1)

Figure 2-3 - Conventional 1-D FDTD Yee grid, propagation along the z axis.

Ex(k-1) Ex(k)

Hy(k-1) Hy (k)
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|\| k+1) Ex(k+2)
Hy(k-1) Hyk) (HyOb 7 Hy(ksD)
Figure 2-4 - Conventional 1-D FDTD Yee grid, RIS included as non-zero tickness structure placed
at z=0, and addition of the two virtual nodes at z=0+ and 0-. Propagation along the z axis.

The 1-D scenario in Figure 2-3 and Figure 2-4 can be extended to 2-D and 3-D problems
[VCC18]. Assuming the propagation occurs along the z-axis, the GSTC expressed in the time
domain read [VCAL18]

oE x,av]

d[x%
—AH, = ¢
YU a4 2.7)

d [X}I;lym H y.aV]

—AE, = po dt

For a correct FDTD run, virtual nodes with boundary conditions (2.7) must be added in the FDTD
scheme, as depicted in Figure 2-4. In dealing with time domain derivative, we need to consider
that the FDTD scheme is a “march-on-time” algorithm. Therefore, the update equation to solve
the electric and magnetic fields must be causal. This implies a new formulation of the conven-
tional FDTD update equations. Considering the electric field, while the conventional update
equation is [VCA18]

EMk+1) = E"(k+1)

At n

4 n-l (2.8)
H, *(k+1) - H, *(k)

g9lz

the causal update equation with GSTC embedded in reads

E'(k + DAS™ = E1(k + 1)A" 1

At
g9lz

H, *(k+1)— H, (k) (2.9)

xx,n xxn—1

Xee _ Xec -1
+ o Ex (k) == —Ex(B)

where

xx,n

xxmn _ Xee
A = 1 K (2.10)
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The same improvement holds for the magnetic field computation and these 1-D update equa-
tions can be easily extended to the more general 3-D case. The model will be extended to
describe random EM fields generated within the RC for emulation of multi-path fading. Further-
more, the RIS-FDTD code will be important to carry out EMFEE performance assessment and
testing as planned within the WP6 and WP7 activities.

2.3.2 R-RIS EM model by Huygens Box and FDTD

The RIS is assumed to be entirely enclosed in a Huygens’ box with all the N RIS ports exposed

(see Figure 2-5). The incoming wave from TX with fields E(™ and H™ produces surface cur-
rents on the Huygens’ box

J = —ax HTO (2.11)
Jo) =7 x EM™ 2.12)

where 7 is the normal unit vector pointing out from the closed surface. Please note the opposite
signs in (2.11) and (2.12) compared to usual Huygens box formulations—these are due to the
currents radiating inwards. The fields E™ and H™ can be calculated analytically from the TX
radiation pattern for arbitrary location of TX or assumed to have a form of a plane wave incident
on RIS from arbitrary direction with 8 or ¢ polarization. The latter method has been used for the
prototype RIS modelling, as both TX and RX are assumed to be in the far field of RIS.

RIS with N elements
Power waves at

T T TR TANTINTAT

Jln) ppting Huygens’ Box Jlout) pplout)
n

] r

X RX

Figure 2-5 — Model of RIS based on Huygens’ box with arbitrary number of RIS ports

For each set of incident fields and each i-th RIS port being excited by an incoming power wave
P/the scattered fields E¢ and H®“together with reflected power waves P~ are calculated
using electromagnetic simulation software. In our experiments we have used both the CST Mi-
crowave Studio with its T-, F- and I-solvers, and our AAU in-house EM simulation code AFC
implementing the FDTD method. Obtaining the model requires in total M + N simulations, where
M is the number of TX positions, or alternatively the number of plane wave incidence angles for
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both polarizations, and N is the number of RIS ports (equal to number of RIS elements if we
limit ourselves to single port RIS elements).

The scattered fields are then again converted to equivalent surface currents, this time radiating
outwards

(SOUt) — ﬁ X H(scat) (213)

MY = —q x E(s20 (2.14)

S

Now all outgoing waves can be calculated by near-to-far-field transform, either as a field in the
position of RX, or as a collection of plane waves in arbitrary direction with 6 or ¢ polarization if
we assume RX to be in the far field of RIS.

With the above procedure, a generalized scattering matrix S can be obtained for any particular
RIS. In our case, assuming plane waves, the matrix S has M + N rows and columns, and fully
characterizes the RIS with N ports for incoming and outgoing planes in M directions and for both
polarizations. In practice, the plane waves are regularly distributed into directions in the entire
space (or half-space for purely reflective RIS) and the stencil is governed by the highest spatial
modes in the radiation of the particular RIS. The matrix S is eventually integrated with radiation
patterns of TX and RX into a multi-point communication network using phasor transmission for-
mulas.

The networking part is implemented as a function that outputs the total scattering or impedance
matrix of the entire communication network, subject to input consisting of positions and orienta-
tions of all the network elements: TX, RX and RIS. For constellations where the TX and RX
positions do not fit into the planewave stencil of the matrix S, linear interpolation is employed.
Additional weighting coefficients can be added in each wireless link, emulating distorted propa-
gation conditions (loss and delay) all the way down to NLOS scenarios.

The goal of the function is to be a useful cross-collaboration tool, because it can be easily used
by researchers without background in electromagnetics as a “black box”, while still being a phys-
ical electromagnetic model inside. To this end, the function is now being used for channel char-
acterization in RIS-augmented indoor environments together with WP4,

2.4 Discrete RIS models

2.4.1 T-RIS and Transmitarray scattering matrix and power budget

Bsides dealing with CM integration, we have developed a DM in the form of a hybrid full wave
methodology based on scattering matrices. The outcome is an efficient numerical tool has been
developed to define, synthetize, and optimize T-RIS and transmitarray antenna arrays.

In the proposed model, the focal source radiation pattern, the unit-cells scattering matrix, and
their radiation patterns are used as input data for the in-house code that allows for computing
the radiation performances of the entire array of (transmitting) unit cells. The input data can be
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extracted by considering ideal unit-cells and focal sources, or alternatively by full-wave simula-
tions.

HRxm(au“;,¢u";) /\%’,_Q‘_ HTxm(HuT:'¢r2)
/.’
Unit-cell
JTal — | Sm e—
Hes 0215 ¢FS ,/'/ Q blm ag“
| y
(T—» ’\/>* ’\/> <—T) /\/>. _Q‘_F' (T—'z
—@'— X
Input Power budget b Effici
power  at focal source ~> HF ower Efticiency
n i 77—5—77 o Mea T 11
S5 | ! ! =5 " lrs so lea e T
PR R P Rl
Power budget at flat-lens
R _R
77so_|:,2 77||_—P4

Figure 2-6 - Schematic view of a transmitarray and terms used in the numerical model.

Considering the structure of Figure 2-6, including M unit-cells, it is possible to define seven
different power terms, defined as follows:

e P, PR, isthe input power on the focal source.

e P, P, isthe power radiated by the focal source or by the focal array and is calculated

considering the power density of the focal source U (6,¢) U (6,4). Then, the focal
source efficiency is calculated as 7., =P, /P, 77, =P,/ B.

P = [ [TU (0.9)-sin(0)dodg P, = [ ["Ur (6.9)-sin(6)d6odg (2.15)

e P, P, is the total incident power on the array aperture. Then, the spill-over efficiency
is calculated as ., =P,/ P, ., = P,/ P,. The incident power is calculated integrating
the power radiated by the focal source on the array aperture.

e P P isthe total reflected power by the array aperture due to the non-perfect matching

of the unit-cells. The mismatching of the unit-cell m is modeled considering its reflection
coefficient s (w) S/ (w). Considering the two-port model of the unit-cell in Figure 2-6
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and the reflected power by the unit-cell m, we can calculate this term asP. =Z::1 p"

P = Z::':l P™, where

2

si(@)-a[ (2.16)

blm

P =[or[ =[s5(@)-ar| R =

e P, P, is the collected or accepted power by the array aperture and is calculated con-
sidering the incident collected power by each unit-cellm (P,=>"" P" P, =" P").
Consequently, the efficiency of the array in the receiver layer is calculated as
NTea =P, /Py 17ca =P, /B,

.27, 2

\/El4jr eiijHFs (‘92]345215) HRom (HUT,Q’E)

m

2
Pr=larf =

2

(2.17)

27y
o e B e e (0 2.
m

where H (65,45 ) Hes (05 ,4% ) and H™" (61,47 ) H¥" (05, 45 ) represent the radia-

tion patterns of the focal source and the receiving pattern of the unit-cell in the receiving
side, respectively.

e P, B, is the transmitted power on the transmitting layer. It includes the insertion loss
of the unit-cells. The term 5, =R, /P, 5, =P, /P, indicates the efficiency at the unit-cell

level. Considering the two port model of the unit-cell in the Erreur ! Source du renvoi
introuvable., the transmission coefficients of the unit-cells s (») S™(w), and the trans-

mitted power by the unit-cell m we can calculated this term as Pszz:f:lPs'“

P, = Z:\n/l:l P" , where

2

R = o) =[sn(@)-ar [ PP =|os| =[sn(e)-a

by

(2.18)

e P, P, is the total radiated power by the T-RIS/transmitarray. The term , =P, /PR,
na = P, / B, indicates the efficiency of the unit-cell in the transmitting layer. This is cal-

culated as P, = ZL P" P, = ZL P" and considering the coefficients ST (@) ST (w)

2

m _ |jm
P6 _‘bZtr

(2.19)

2
? z‘ 1_‘32((0)‘2 S =‘b2”;r ? =‘ 1—\82";(60)\2 by’
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Considering these definitions, the antenna efficiency (ratio between realized gain and directivity)
is calculated as:

P
UZFGZUFS “Tso “Mea "The "ML 1= . =Tes " Mso "Mea " The "TIac (2.20)
1

0|50

In the proposed model, the gain of the transmitarray is extracted as:

U Uy 'z—ﬂsin €os(¢)%m 'lein sin m2
Gor (0,9)= 22 00) IS yem g, 5O g (0 (2.21)
B /4xr -

In (2.21) H™"(63.¢) H™" (4L,

¢u”;) represents the radiation pattern of the unit-cell in the trans-
mitting side.

2.4.2 R-RIS and Reflectarray impedance matrix and E2E model

In the first semester of the RISE-6G project, we further embraced the open challenge of devel-
oping an EM compliant DM, thus extending the limited yet remarkable research efforts reported
in the scientific literature [PTH20, BG20, BKS19J]. A DM based on impedance matrices has
been developed, which provides an operational E2E communication model for analysing and
optimizing RIS-assisted wireless systems. The model is general in the sense that it captures the
scattering of arbitrary N-port loaded RIS structures; it can be developed either from constitutive
equations of antenna arrays and N-port scatterer [MH73], or from field solutions by moment
methods [HVS17]. The caveats of applying this model to RIS prototypes devised in RISE-6G
are elaborated in Sec. 2.5.

Initially, the impedance matrix DM has been computed and verified for a basic unit cell geometry:
The thin-wire linear dipole antenna. The choice of thin-wire dipoles as RIS unit cells gives ac-
cess to expressions of self- and mutual-impedances in closed mathematical form. For simplicity,
both the transmit and the receive arrays are assumed to have thin-wire dipole radiation elements
as well. Therefore, in such an all-dipole RIS assisted wireless link, complex-valued channel
gains have a full theoretical prediction. The main features of the E2E model are: (i) derivation
from Maxwell’'s equations and inclusion of generation, propagation, and scattering of the EM
fields; (ii) inclusion of the joint amplitude and phase response of the unit cell, as well as mutual
coupling between closely (subwavelength) spaced unit cells; and (iii) unigue mapping between
the voltages measured at the ports of a multi-antenna receiver and the voltages impressed at
the ports of a multi-antenna transmitter. Thus, the proposed communication model is E2E, mu-
tual coupling, and unit cell aware. More specifically, we introduce a circuit-based communication
model for RIS-assisted wireless systems that is derived through the mutual impedances be-
tween all existing radiating elements (transmit/receive antennas and RISs) [PTG18]. We prove
that the impact of (i) the incident EM fields (impressed by a generator or scattered/induced); (ii)
the voltage generators at the transmitter and the load impedances at the receiver; and (iii) the
tunable load impedances that control the passive scatterers of the RIS, is jointly considered and
is explicitly unfolded in the proposed E2E communication model.
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The derivation of the E2E DM model starts from identifying the port terminals of all the antenna
radiating elements (of both transmitter and receiver antenna array) and RIS unit cells. After
identifying port currents [I, I, Ig] and voltages [V, Vs, Vg], one writes the constitutive equa-
tions of transmit array, receive array, and RIS unit cell array in open circuit, viz.,

Vi =Zpply + Zyslg+Zgly
Vs = ZSTIT + ZSSIS+ZSRIR (222)
Vi =Zpply + Zpgls+Zpply

Besides the presence of self-impedances, [Z;r, Zss, Zgg], it is worth noticing that the constitutive
equations are coupled to each other via mutual impedances [Zrg, Zrg, Zsg], for which reciprocity
holds. We seek for a linear relation between received and transmitted voltages in the form

Ve = Hg2eVr (2.23)

Eliminating the RIS impedances yields the complex valued channel gain between transmitter
and receiver

_ a1
Hiop = (Inpxng + PrsrZL " — PrsrPerstPrsrZi)  PrsrPerst (2.24)
with propagating matrices defined as

Perst = Zg + Prsr (2.25)
Pxsy = Zxy — Zxs(Zris + Zss) ' Zsy (2.26)

where, in (2.24)-(2.26), Z; and Z; denote the generator and load termination impedance, re-
spectively. Generator and load terminations of 50 Q are used in the computation throughout
this section. The Zy;s denotes the termination of the RIS unit cells, which will be varied under
an optimisation algorithm to achieve the optimal operation state of the RIS. Note that Z;, Z, and
Zy;s are diagonal matrices. Interestingly, the model configures as a MIMO communication
model of the composite channel (both LOS and virtual LOS through the RIS) between antenna
arrays and RIS.

The result in (2.24) is reported as Theorem 1. In [GD21], where a detailed proof is given. Fur-
thermore, in Corollary 1. [GD21], an asymptotic approximation for the far-field communication
in SISO systems is found as

Higp = Yo(Zrr + ZrsPssZsr) (2.27)

where
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Yo=Z, (Z,+ Zrp) ' (Zg+ Zrp)?! (2.28)

with Z; and Z; load and generator impedances respectively, Zr and Z,r input impedance of
Rx and Tx antennas respectively, denotes the mismatching factor at both transmitter and re-
ceiver, and

Dgs = (Zss + Zpys) ™t (2.29)

denotes the state of the RIS, established by both the (full rank) mutual impedance matrix Zg
and the equivalent circuit model captured by the (diagonal) RIS impedance of the circuitry load-
ing the ports of passive RIS unit cells Zs.

The wireless communication link that we model is depicted in Figure 2-7, showing the interaction
(impedance) matrices present in the far-field approximation of the E2E model in (2.27)-(2.29).

Vap (T) Vs
((2)) ZR,T (R)
R '
ZsT ZRS
Y
Pss(S) |

Figure 2-7 - Interaction impedances for RIS-assisted wireless link.

2.4.2.1 Numerical examples with dipole-based R-RIS

Let us consider the wireless system in Figure 2-8, in which a transmitter with N antennas and
a receiver with N, antennas communicate through an RIS that is made of Ny = M X N passive
scatterers. For illustrative purposes, the transmit antennas, the receive antennas, and the pas-
sive scatterers are cylindrical thin wires of perfectly conducting material whose physical length
is £ and whose radius a « ¥ is finite but negligible with respect to ¢ (thin wire regime). The inter-
distance between adjacent radiating elements is denoted by d. All thin wires are co-polarized,
but the model is general enough to consider any radiating element and passive scatterer that
operates within the minimum scattering antennas [PTG18].
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Figure 2-8 - Thin-wire dipole based RIS-assisted wireless link.

Full-wave simulations have been adopted to implement this all-dipole communication system,
where a RIS-assisted SISO wireless communication link has been created to verify and test the
limits of the impedance-based DM. The implemented system is depicted in Figure 2-9.

The verification has been done using the method of moments implemented in CST Microwave
Studio. As depicted in the upper part of Figure 2-9, the TX and RX dipoles are positioned at
arbitrary positions with respect to RIS array. In this model, the dipoles are modelled either as
cylinders or as wires of varying radii, all co-polarized. The impedance matrix of the entire system
is in good agreement with the analytical thin-wire model when the dipole radii converge to zero.
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Figure 2-9 - Full-wave simulation of the thin-wire dipole model using CST Microwave Studio.

The model has been further exploited to understand the role of mutual coupling in communica-
tion-oriented optimization procedures. Inherently, the channel gain of the dipole-based RIS-
assisted SISO wireless link has been computed using well known expressions of self- and mu-
tual-impedance of thin wire linear antennas. More explicitly, the diagonal entries of the imped-
ance matrices Zsg, Zgs, and Zgr configure as self-impedances of form Z; = R, + jX, of the in-
finitesimally thin-wire dipole of total physical length £ = 1,/2 operating at k, = 21/, is given as

_ I-Ci2m)+In(2m)

' Xs __Si(2m)

4megc

R, (2.30)

4megc

The off-diagonal entries of the impedance matrices Zsg, Zgs, and Zg¢r configure as mutual im-
pedance of form Z(r) = R4(r) + jX4(r), and show high frequency dependence on the separa-
tion distance r while it depends weakly on ¥,

_ ZCi(%)—Ci(&n)—Ci(an) . ~ —ZSi(%)+Si(€+n')+Si(f—n)
Ry = X, =

)

(2.31)

4megc 4megc
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Where & = /1 + 412 /13

In (2.30) (2.311), Ci(-) and Si(:) denote the cosine and sine integral functions respectively. The
constant € and I' are the vacuum electric permittivity and Euler constants, respectively.

Consider the RIS-assisted wireless MIMO link of Figure 2-10, where all-dipole transmit and re-
ceive antenna arrays are positioned at different heights and communicate through an all dipole
RIS (with green elements).

(0,0,0)

RIS center

.

N -

N
TTT (55_593) T

Transmitter
T Receiver

T center T
T center

Rod _l

—7
| 5.5.0)

Figure 2-10 - RIS-assisted all-dipole MIMO wireless link.

Figure 2-11 shows the numerical results of channel gain against the spacing between RIS unit

cells for a planar array of dipoles loaded with arbitrary impedance values, parameterized with
the number of RIS unit cells. It can be noticed that close spacings between unit cells give rise
to an improvement of one or two order of magnitudes in the power transferred across the SISO
link. Also, increasing the number of elements within the same physical area improves the chan-
nel gain via mutual coupling, and the performance of a RIS with ideal (non-quantized) imped-
ance control gets close to the performance of a continuous tile as pointed out in [NJS21].
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Figure 2-11 - RIS-assisted MIMO Wireless Link operating in a closed environment.

The importance of considering the mutual coupling between RIS unit cells has been the subject
of a more in-depth study concerning the optimisation of the RIS using the channel model (2.27)-
(2.29). It is found that higher channel gains could be achieved if mutual coupling is included as
a constrains in the optimization procedure. This is shown in Figure 2-12 and more details can
be found in [QD21].
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Figure 2-12 - RIS-assisted MIMO Wireless Link operating in a closed environment.

RIS modelling offers simple yet effective circuit-based representations of distributions of sub-
wavelength particles. We expect the active impedance matrix Z¢g to become diagonal for large
RISs with a high density of unit cells per wavelength, hence only the input impedance of a unit
cell with periodic boundary conditions is required to populate the E2E model. Therefore, a sim-
plified equivalent circuit of (unloaded, untuned) unit cells radiating within a metasurface structure
can be adopted to derive the input impedance that populated the active impedance matrix diag-
onal. Inherently, resonant unit elements are described as LC resonators in circuit theory of a
meta-surface. They exhibit frequency dispersive property and can be either active or passive
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(driven by voltage or excited by an electric or magnetic field). Examples of such particles are
the Split-Ring Resonators (SRRs) [SMS06], the Electric LC (ELC) [SPV00] resonators and their
Babinet equivalents Complementary SRRs (CSRRs) [FLLO4], and the Complementary ELCs
(CELCs) [HGSO08]. Each subwavelength meta-surface element can be modeled as a polarizable
dipole with an equivalent RLC response, and its frequency response takes the following Lo-
rentzian form [MBI17]

a(f) = o (2.32)

02— f2+jKf

where F, f,, and k are the element-dependent oscillator strength, resonance frequency, and

damping factor. By externally controlling f; = ﬁL_C where L, C are the inductance and the ca-

pacitance of the equivalent circuit, which can be succeeded by modifying the geometry of the
metamaterial element, modifying the local dielectric environment, or by integrating lumped pas-
sive or active elements into the circuit for each unit element [SYM17], the meta-surface becomes
a Reconfigurable Intelligent Surface (RIS) [HC09]. The quality factor of the resonant meta-sur-

face QF is introduced as the ratio % relating to the bandwidth and the magnitude of a(f). In
Figure 2-13, the element response magnitude is presented versus a range of frequencies. Two
different values for the angular resonance w, = 2.75 GHz and 3.5 GHz are selected as well as
three different values for the quality factor QF = 10,25, and 50. It is observed that the response
function always peaks at wy, and as the QF becomes larger, the bandwidth becomes smaller
and the magnitude larger. Considering a passive N-element RIS, the frequency representation
of the output signal at the n-th element is given by:

L (0)) = ¢n (w)yn (w) (233)

where y, (w) is the DTFT equivalent of the baseband received signal y,[t] at that element and
¢, (w) denotes the DTFT of (2.32) which is given by:

Pn(w) = (2.34)

2 .
2 —w2+jKn,w

where w is the discretized angular frequency, and w,, is the angular resonance frequency. In
vector notation, r(w) € CV*! is the output signal at all N RIS elements:

r(w) = d(w)s(w) (2.35)

where ®(w) = diag{¢$,(w), ..., py(w)} and s(w) € CV*! contains the input signal at all N RIS
elements.
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Figure 2-13 - The element response magnitude of a resonant unit element versus a range of fre-
quencies for different values of wgand QF.

Further work will be devoted to understanding the relation between the frequency dependent
(wave) response (2.34) with the (port) RIS state matrix (2.29). Furthermore, we will develop an
end-to-end model that incorporates a wideband wave reflection coefficient that accounts for the
quality factor of specific RIS unit cells.

2.4.2.2 Near field R-RIS effects

A simple, yet representative, model has been developed to show the role of RIS in improving
the channel diversity even where multi-path fading is not profitable, i.e., where the communica-
tion configures within the near field of the transmitter. Figure 2-14 illustrates a 2x2 MIMO an-
tenna communication system scenario. The two Tx dipole elements and the two Rx dipole ele-
ments are arranged in a parallel configuration. However, due to the isotropic radiation pattern
of linear antennas, and assuming the two TX dipoles do beamform towards Rx (and RIS), the
LOS signal reaching the Rx is weak. Therefore, a question is whether the RIS retro-reflector can
improve the strength of the received signal while improving channel diversity. We remark that
also the RIS is modelled as an array of co-polarized dipoles, in parallel configuration with the
Rx antenna elements. In Figure 2-14 the Tx and Rx dipoles, as well as the RIS array, are de-
noted by red, blue and green bullet points, respectively.
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Figure 2-14 - RIS-assisted MIMO wireless link operating in a quasi-open environment. Each
dot represents a (half-wavelength) dipole in co-polarized configurations.

Using (2.27)-(2.29) the antenna impedance matrix has a block structure that reflects the spatial
configurations of Tx (T), Rx (R), and RIS (S) dipoles, viz.,

Zrr 2rs ZrR
Zgr Zss Zgp
Zpr Zgs 2ZRr

Z = (2.36)

Based on the configuration in Figure 2-14, the communication figure-of-merit is calculated based
on the E2E communication channel matrix Hg, ¢, given in (2.27)-(2.29).

Figure 2-15 shows the Shannon Channel Capacity C computed for the Hy,r channel matrix for
various distances of the Rx from the RIS array. Three different RIS termination have been con-
sidered as the non-optimal cases, i.e., as if the ports of all the RIS dipoles are terminated to
open (5 x 10° Q), matched (50 Q) and short (0 Q) circuit load. The Shannon capacity has been
calculated as

C = log, [det (1+ gﬂEZE}r}M)] (2.37)

It can be observed from Figure 2-15, that the capacity C is flat and less fluctuating, with a starting
point at ~0.005 bit/s/Hz, suggesting that LOS between Tx and Rx dominates. As the separation
distance between Tx and RX increases, the role of the RIS becoming more evident. Further-
more, Figure 2-15 implies that regardless of the RIS termination, the RIS improves the commu-
nication capacity as the Rx antenna gets closer to the RIS while getting further away from the
TX.
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Figure 2-15 - Shannon Capacity of wireless MIMO communication in the presence of RIS array.

To further to investigate the role of RIS, the diversity of the communication channel is computed
as the effective rank R, [VO7] of the E2E channel matrix:

Refr = exp[-3;0;In(0)], ;=55 (2.38)

where o are the eigenvalues of the Grahm matrix }[EZE}[ETZE. The behaviour of the diversity is
shown in Figure 2-16 also as the function of distance y. Regardless of the RIS termination im-
pedance, the diversity R,s; coalesce when the Rx gets close to the RIS, implying that the com-
munication is dominated by the RIS. The opposite occurs when the Rx gets close to the Tx:
There are more equally strong communication channels. However, the maximum diversity is
achieved at intermediate distance gathering contributions from both the direct LOS and the vir-
tual LOS, thus exploiting the full composite channel.
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Figure 2-16 - Diversity of wireless MIMO communication in the presence of RIS array.

2.4.2.3 Multiple R-RIS and passive scatterer model

The impedance model has been generalized to include the presence in the propagation channel
of both multiple RISs and obstacles. This extends the model relevance to beyond LOS in free-
space, paving the way to modelling real-life quasi-free-space scenarios. The extension starts
from noticing that Zg¢ has a block diagonal structure, with square block matrices augmenting
the self-impedances (diagonal) entries.

Zgs zss,sc] (2.39)

V4 <—[
557 1Zsssc Zsc

Also, since in (2.39) the sub-script S has been used to index the non-transmitting nor receiving
dipoles of the RIS, this will correspond to the presence of both passive scatterers and RIS arrays
within the channel. The matrices Z¢; and Zis need to be augmented accordingly. The end-to-
end channel transfer function model given in (2.27)-(2.29) is general and with minimal modifica-
tion can be used to model the presence of obstacles in addition of RISs. Sec. 3.2 will demon-
strate the use of the generalised model described here to model the impact of randomly posi-
tioned obstacles in RIS-assisted propagation channels.

The workflow of modelling the communication between Tx, Rx and RIS in the presence of ob-
stacle starts with the calculation of self and mutual (radiation) impedances of all the radiating
components including obstacles. That is, here, obstacles are considered to have self and mutual
impedances calculated at virtual ports whose terminals. The so obtained self- and mutual im-
pedances can be embedded into Zgyx or Zys Where X can be of transmitter or receiver. The
termination impedance Zg,s appearing in (2.29), will then be modified to include the termination
of the obstacle via
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Z 0
Zris « [ RIS ] 2.40
RIS 0 Z obstacle ( )

Finally, Z,pstacle has been assumed to be short-circuited, i.e., Zopstacle = 0, IN order to mimic the
scatterer passivity. It is important to note that the modification described here has assumed that
obstacle elements are indeed passive and non-reconfigurable, while RIS elements are recon-
figurable via tunable loads. This allows for the calculation of an end-to-end transfer function
following the model .

The test case considered in our study is illustrated in Figure 2-17. In this case, a RIS (green
dipoles) is placed at y = 74 away from the transmitter Tx (red dipole) and receiver Rx (blue
dipole). The RIS has N; unit elements with separation of 0.251. The square obstacles are made
of cluster of (black) dipoles, as well, also 0.251 apart for a total obstacle width of 3A. The obsta-
cles can be rotated to create dynamic fading.

!J',-";/\u

.
24 sessssssesse
54

Figure 2-17 - SISO communication in the presence of rotatable obstacle.

Based on this configuration, the impedance matrix (2.40) and the gain of the Hy,; are calculated
for different number of RIS unit elements, N;. Here, the RIS is assumed to be terminated either
by all short-circuits (0 ), open-circuits ( 50 x 10° Q) or matched loads (50 ), see Figure 2-18.
An optimisation algorithm is being developed in collaboration with the Partner NEC based on
error estimate minimisation approach that employs RISs to equalize the channel.
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Figure 2-18 - Communication gain in the presence of obstacle and RIS.

The impact of the rotating the obstacle has also been considered. The obstacle will create a
shadow region towards the RIS from the Tx at 8 = 0 that completely obstructs the direct line of
sight at & = 0.25mx. This is shown in Figure 2-19.
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Figure 2-19 — Movable obstacle creating NLOS (left) and LOS (right) between the transmitter
and the RIS.

Figure 2-20 shows the improvement of the channel gain with in the RIS-assisted communication
link. Here, the RIS unit elements are terminated by optimal loads obtained by a genetic algorithm
for each value of 6. The case where there is no RIS is included for comparison.
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Figure 2-20 - Rotating the obstacle around the transmitter.

2.5 Application to RIS designs and model validation

2.5.1 Impedance Model of GNW R-RIS prototypes: Sub-6 GHz

The simulation layout for the RIS prototype 1) is reported in Figure 2-21 and consists of two co-
polarized linear dipole antennas in the far-field of a RIS with 2x2 unit cells. The Tx and Rx dipole
antennas, as well as the RIS, operate at a frequency of 5.2 GHz; the numerical simulations were
therefore performed over a wide frequency bandwidth ranging from 4 to 6 GHz. The unit cell
design used to conveniently simulate this finite size R-RIS has been developed by GNW and
has the topology of two folded dipoles. The prototype has been simulated through CST Dassault
Microwave Studio. The method that we used to verify the E2E model starts by extracting the
impedance matrices identified in Sec 2.4.2. The interactions between Tx/Rx antenna and RIS
unit cells is calculated by a frequency domain solver in the form of open circuit impedance ma-
trices. It is interesting to point out that to build the end-to-end matrix, we have defined discrete
ports within the unit cells. Those ports are left in open circuit or terminated by an equivalent
circuit of the p-i-n diode in turn. Given that each unit cell has two p-i-n diodes, one for each wave
polarization, only the folded dipoles co-polarized with the Tx and RX dipoles have will be used
for RIS reconfiguration. However, the general impedance matrix of the E2E system in this con-
figuration consist of 10 total ports: 8 that will be used for RIS configuration via p-i-n diodes, with
the 8 diodes replaced by discrete ports, plus the two feed ports of the dipole antennas. The
resulting impedance matrix will therefore have dimensions 10x10.
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Figure 2-21 - Simulation layout of the RIS prototype provided by GNW.

An independent simulation has been carried out to extract the complex valued voltage-to-volt-
age channel gain between the two linear dipole antennas, with RIS unit cells loaded by the
equivalent circuit of a p-i-n diode, either in ON or OFF state, as detailed in Sec. 2.4. The simu-
lation layout of the RIS has been reported in Figure 2-22 together with the equivalent circuits of

the p-i-n diodes.

Equivalent circuits for the ON and OFF
States of the p-i-n diode

(a)

L =05nH
Zf=‘1> Rf =1Q

(b)
ON - Forward bias state

Figure 2-22 - RIS unit cells loaded by the equivalent circuit of a p-i-n diode.
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Figure 2-23 reports a satisfactory comparison between the predicted channel gain obtained with
the impedance model in Sec. 2.4, specialised to the RIS prototype 1) - referred to as |Hg,g| -
and the composite channel gain obtained from full-wave simulation for a selected distribution of
unit cell loadings — referred to as |Z,|. The p-i-n diodes denoted by subscript letter h in Figure
2-22, placed along x-axis, are in ON state, while those arranged along the y-axis, denoted by

letter v, are in OFF state.
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2.5.2 Impedance Model of CEA R-RIS prototypes: mmWave
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The approach used to validate the End-to-End transfer function model given in
HE2E= yo(zRT + ZRSCDSSZST) (227)-<I>SS= (ZSS + ZRIS) —10

(2.29), starts by establishing all impedance matrices presented in the HE2E model
such as Zzr related to the impedance between the Receiver and the Transmitter, Zsis the im-
pedance related to Receiver dipole antenna and the R-RIS structure, Zsr is the impedance re-
lated to the R-RIS structure and transmitter dipole antenna, Z;s is the impedance of the R-RIS
structure obtained by switching diode states, , Zgs is the active impedance obtained with dis-
crete ports which replaced the diodes positioned in the R-RIS. To generate all impedances de-
scribed in the use of the general HE2E model, all scenarios are simulated in Ansys EM HFSS
can be described as follows in Figure 2-25:

e Scenario 1: In this configuration, all active elements in the R-RIS unit cell are changed
by lumped ports and the dipole antennas are also excited with lumped ports: the general
impedance matrix with all ports (10 ports) is extracted with Matlab to calculate the End-
to-End transfer function model Hy, of the system. The resulting active impedanceZgg
matrix has 10x10 dimensions (8 ports in the R_RIS Structure and 2 in the dipole anten-
nas)

e Scenario 2: The second configuration is presented by active elements placed in 2x2 R-
RIS unit cells which are biased in State 000 and only the dipole antennas R/T are excited
with lumped ports. Consequently, the impedance Z,, (the impedance of the receiver-
transmitter) is extracted to be compared with Hy,; calculated from the simulation Multi-
ports elements.

e Scenario 3: The third configuration is presented by the active elements placed in 2x2
R-RIS unit cells which are biased in State 180 and only the dipole antennas R/T are
excited with lumped ports. Therefore, the impedance Z,, (the impedance of the receiver-
Transmitter) is extracted to be compared with the End-to-End transfer function model

HEZE'
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Figure 2-25 (a) Simulation layout of the R-RIS prototype provided by CEA, (b) Multi-ports R_RIS
configuration, (c) R-RIS Configuration in state 0°, (d) R-RIS Configuration in state 180°.

In this section, we report the comparison between the predicted End-to-End transfer function
obtained with the proposed model in Sec. 2.4.2, applied to the R-RIS design and the impedance
Z,, extracted from Ansys HFSS obtained with simulations of the loaded RIS in the two states.
The simulation results of impedance model has been extracted with a Matlab script, which out-
puts the total scattering or impedance matrix of the multi-port configurations to validate the End-
to-End transfer function model HE2E. As we can see, the impedance modal plots referred to as
proposed model are in good agreement with the Z,; extracted from the Ansys HFSS simulation
with diodes in 0° state cases. Furthermore, we have also extracted active impedance from the
unit cell placed in Periodic Boundary Conditions and used this approach to validate the proposed
HEZ2E transfer modal in the infinite case of R-RIS arrays.
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Figure 2-26 Comparison between the Impedance model (blue solid curve) and the predicted im-
pedance Z,; extracted from HFSS Simulator obtained with simulations of the loaded RIS (solid
black curve) in case 0: Real part (a), Imaginary Part (b)

Additionally, the Periodic boundary Condition (PBCs) are often desired for approximating a large
R-RIS structure by using one unit cell. PBCs can be used in Ansys HFSS Software to imitate
the characteristics of an infinite array of identical unit-cells.

The R-RIS 1 bit unit cell is presented in the form of PBCs that relate electric and magnetic field
according to the structure that are tangential to either side of the proposed unit cell. This method
is suitable for R-RIS structures based on large reconfigurable R-RIS arrays.

The active impedance Zgg results obtained with the infinite boundary condition of the unit cell
will be used and repeated to create a diagonal form matrix and to validate the End-to-End trans-
fer function obtained with the proposed model in Sec. 2.4.2.

Figure 2-27 reports the results of the End-to-End transfer function obtained with the proposed
impedance model and the impedance extracted from HFSS Simulator obtained with simulations
of the 2x2 R-RIS unit cells compared to the model used the Zgg impedance extracted from
PBCs in the one of two cases. As we can see, the impedance modal plots referred to as pro-
posed model are in good agreement by using Zgg extracted with PBCs infinite boundary condi-
tions. Hence, this approach validate the proposed HEZ2E transfer modal in the infinite case of
R_RIS arrays.
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Figure 2-27 Comparison between the Impedance model (blue solid curve) and the predicted im-
pedance Z,; extracted from Ansys HFSS Software obtained with simulations of the loaded RIS
(solid black curve) and the Zgs impedance extracted from PBCs in case 0° (Red solid curve):

Real part (a), Imaginary Part (b)
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3 RIS channel modeling and sounding

In this section we present the different modelling approaches to include RIS in the radio channel
environment. Most of them are independent of frequency and can be translated to target wave-
length. The sounding in real environment and reverberation chamber is limited to a set of fre-
guencies around 28 GHz and 3.5 GHz.

3.1 Random Coupling Model for NB fading inclusion

The operation of RIS-assisted antenna arrays inside highly reflecting environments is consid-
ered as depicted in Figure 3-1 RIS-assisted SISO Wireless Link operating in a closed environ-
ment Figure 3-1, where the composite channel between transmitter and receiver is formed of a
direct LOS and a VLOS through the RIS.
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Figure 3-1 RIS-assisted SISO Wireless Link operating in a closed environment

The EM waves leave the transmit array, bounce around the room and arrive at the receive array
via multiple propagation paths generated by wall/object reflections. The wireless transmission
in confined environments is thus clearly affected by rich multipath fading. This impairment is
underpinned by the geometry of the room, as well as by the EM material characteristics of walls
and objects within the room. In high frequency wireless systems, EM waves propagate form
many, tens to hundreds, wavelengths before hitting a wall or an object inside the environment.
Upon interference, the EM field form a myriad of stationary waves that co-exist within the room
confined space and whose distribution change as boundary condition change. This form of mix-
ing is clearly a complex process, which is highly sensitive to perturbation in space and fre-
quency. In this condition, a statistical characterization of the EM field is allowed via the theory
of statistical ensembles. The situation is like that of a large-scale EM environment for EMC
testing, e.g., the reverberation chamber (RC), which is known to sustain wave mixing and chaos
due to the presence of a mechanical mode stirrer that break the room symmetry and changes
the boundary conditions.
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Direct

Figure 3-2 RIS-assisted MIMO Wireless Link operating in a closed environment (reproduced from
[MBB20]).

Inherently, we will use the random coupling model (RCM) to model the channel response of the
reverberation chamber for EMF enhancement metrics in WP6 and for performance assessment
and testing in WP7 of the project. Figure 3-3 shows the CNIT-TI RC facility adopted for valida-
tion. While we defer an in-depth description of the CNIT-TI RC facility and the EMFEE meas-
urement and validation procedure to future deliverables, here we assume that multi-path fading
is driven by EM reverberation originating in confined propagation environments. Importantly,
this will facilitate the WP6 activity as tuning RC losses mitigate the reverberation strength and
retrieves average outdoor propagation conditions.
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Figure 3-3 Reverberation chamber equipped by a LTE base station, MIMO transmitting antennas,
and equipment under tests (reproduced from [MBB20]).

Furthermore, it becomes evident that wall installation of RISs inside an RC is particularly con-
venient, and technical procedures adopted for the operation of a Base Station in the CNIT-TI
RC facility can be also used to control the RIS matrix of reflection coefficients remotely.

The RCM describes the behaviour of antenna arrays when they operate within a highly reflec-
tive, wave chaotic, EM environment. The statistical model develops the effect of multi-path fad-
ing in impedance matrices by first principles. Starting from Maxwell’'s equations, port voltages
are defined as phasor coefficients of the tangential electric field expansion on basis modes. Port
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currents are phasor coefficients of the surface current density expansion on conformal basis
functions. The boundary-value problem is formed upon application of the Dirichlet/Neumann
cavity boundary conditions. In free space, the boundary value problem is solved in terms of
impedance matrix relating voltages and currents, whose element configures as a reaction inte-
gral. In interior boundary value problems involving cavities, the solution leads to an impedance
matrix element that configures as a sum over discrete cavity eigenmodes. In compact form, the
impedance matrix of a multiport antenna array or scatterer can be written as a distorted random
matrix of the form

genv :jxrad + [Rrad]% & [:Rrad]% (3.1)

where the free space impedance is given by Z,,4 = jXyrqa + Rraqa,» @nd the (normalized) cavity
impedance is obtained as

_ _i WnpWns
$ps =~ 7 Lniaoia_ja 3.2)

with coupling coefficient w, given by zero mean unit width uncorrelated gaussian random var-
iables. Note that the random impedance matrix shows the variate transformation that include
the statistical (system independent) effect of environment backreaction (3.2) in the deterministic
(system independent) free-space radiation of the antenna array. Environment walls are as-
sumed to be perfect electrical conductors and losses are added perturbatively via the average
loss factor a [GYX14]. The average loss factor has the physical meaning of an average number
of eigenmodes overlapped at the operation frequency, and it is defined as

kZ
a= m (33)

where Q is the average quality factor of the reflective cavity, or confined EM propagation envi-
ronment, hosting the wireless transmission. Furthermore, the loss factor is related to the aver-
age coherence bandwidth of the EM environment

kZ

with Ak? average nearest-neighbour mean spacing between environment resonances. From
(3.4) it is evident that the RCM predicts the NB fading occurring within the cavity bandwidth B.
Since they represent statistical parameters that vary with the cavity/environment realization,
both the quality factor and the coherence bandwidth are subject to fluctuations. For a perfect
wave chaotic RC, the distribution functions of Q [AG12] and B [AG15] have been calculated
and verified experimentally [AAS14] in the EMC community. However, their role in wireless de-
vice testing as well as wireless propagation channel emulation via RC over the last decade has
been pointed out in [MBB20]. The loss factor of a specific EM environment can be estimated
from scattering parameters, not necessarily measured through the antenna system adopted in
the wireless communication link. Procedures to carry out such estimation are either based on

RISE-6G Public 45



Document: H2020-ICT-52/RISE-6G/D3.1
RISE-6G Date: 03/05/2022 Security: Public

@ Status: Final Version: 2.0

frequency-domain measurements [GDA16] or on time-domain measurements [ARA19]. Aper-
ture losses can also be included in the RCM by either analytical [GAA15] or full wave [MPD20]
computation of the aperture admittance.

In the previous section, we treated the RIS as an antenna array in passive mode. This implies
that in an impedance model, we need to identify the RIS ports corresponding to unit cell termi-
nals, which is the physical section marking the division between loading tunable circuitry and
metasurface/RIS. It is worth noticing that depending on integration technologies, it could be
challenging to de-embed the equivalent circuit impedance from planar structures. Here we keep
this interpretation, and we consider the impairment of the three interaction paths, Tx-Rx, Tx-
RIS, and RIS-Rx, due to multi-path fading within an indoor environment. It is worth remarking
that, differently from a geometric approach that generates clusters of scatterers randomly, the
RCM based approach considers the wave complexity driven by the reflecting boundary, and the
moving objects are considered to contribute to field mixing creating statistically independent
realizations of the same chaotic environment over time. The presence of objects adds to the
absorption process, and this is accounted for by the environment quality factor. For every inter-
action path in the RIS assisted system, the environment realizations are captured by a statistical
ensemble of path impedances (3.1) with same loss factor and different eigenmode coupling and
eigenenergy in (3.2). Upon application of the RCM statistical prescriptions and focusing the
analysis on SISO wireless links where Tx, Rx, and RIS are in far-field to each other, the end-to-
end transfer function becomes a complex-valued random scalar of the form Section 2

Heze = Yo (Zrr + 2ks” Pss Z51) (3.5)

Which gives the received signal y upon the transmitted signal x

y=HgEx+n (3.5a)

where the approximation symbol is due to the free-space mismatching Y, and RIS state ®gg
terms, and n is the Gaussian distributed electronic noise n ~ N (0, ¢2) at receiver. In the high
loss regime, a > 1, those terms are not affected by the multipath fading as they describe the
unit-cell interactions on a small spatial scale compared to the dimensions of the confined EM
environment. More in-depth work is ongoing, where statistical moments of the SNR are calcu-
lated assuming statistical uncorrelation between the random vectors Zg7V, Zg¢V, and Zg, de-
fined by mutual impedances, viz.,

Zg = (RG]
Z5 = (RG]

Zg" = [R§"]

Srr [R777]

$rs [Rss”]

st [R77]

(3.6)

Nk NIk N[R
NIR N[k N|R

with multi-variate Gaussian distributed normalized impedances
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$rr ~ NV(O, U}%T)
$rs ~ NV (0, Rgs) (3.7)
EST ~ N(O; RST)

where no coherent part of the multi-path fading appear due to blockage (NLOS) of direct path
and paths through the RIS. In (3.7), ogr is the standard deviation of the direct path, and Rs; and
Rgs are the correlation matrices that capture the spatially correlated fading within the interaction
paths through the RIS from transmitter and to receiver respectively. The multi-variate Gaussian
model implies the presence of obstructions, hence the NLOS condition between Tx and RX and
between RIS and Tx/Rx. This situation can be created in a controlled way in RC facilities. Given
the definition of the random signal-to-noise-ratio in presence of receiver noise,

env 2
SNR = 'ff% (3.8)

n

the expectation value over correlated multi-path fading realizations is found to be
E[SNR] = Tr[®]| + o}, (3.9)
while the variance over correlated multi-path fading realizations is found to be
Var[SNR] = 2 Tr[®2] + (Tr[®])” + 202, Tr[®] + o (3.10)

with ® = 6,2 Rgy®TRRs®. The moment generating function (MGF) of the SNR has been de-
rived, whence expectation and variance are computed by derivative of the MGF for the LOS
case. Since the final expressions obtained in closed mathematical form are lengthy and in-
volved, only the special cases (3.9) and (3.10) have been reported for the sake of brevity. In the
complete theory, the LOS condition for the three interaction paths have been also considered.

Figure 3-4 shows the comparison between SNR obtained by using the optimization procedure
in [XD21] and the non-optimized case with ® = al andR = 1.
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Figure 3-4 RIS-assisted SISO Wireless Link operating in a closed environment.

A random E2E MIMO communication model based on impedance can be easily obtained from
the form [ADD21].

The model presented in this section can be used to derive the metrics statistics associated with
the KPI evaluation. A first step towards this goal is to derive the distribution of the ergodic chan-
nel capacity of RIS-assisted SISO systems y = log,(1 + p |H£3¥|%), which is computed for se-
lected values of p. Closed form mathematical expressions for the channel capacity have been
derived.

3.2 RIS link with random (and moving) scatterers

To investigate the impact of scatterers to the communication, the impedance-based model pre-
sented in section 2.4 has been extended. The model is based on the thin wire dipole system,
with an inclusion of random dipole-like scatterers. As a reference, the power of the communica-
tion channel in the absence of RIS and scatterers for a SISO system separated by 94,, see

Figure 3-5 vis |}_(EZE| = 0.0062. More specifically, the communication transfer function based on
the impedance model [GD21] is used throughout this section.

= 04 ° ° L
- Transmitter Receiver

Figure 3-5 SISO communication reference configuration
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Another benchmark case shown in Figure 3-6, where there is no scatterers but in the presence
of RIS. In this case there are 50 half-wavelength dipoles centred at x = 7.51, with inter-separa-
tion distance of 0.254,.

;
z/ Ao

Figure 3-6 SISO communication reference configuration in the presence of RIS

The termination of the RIS is now obtained via Genetic Algorithm (GA) optimisation, whereby
the GA is task to find Zg;s for maximum communication gain |&25|- Please note that as GA is
a stochastic optimisation, the optimised parameter may be of the local optimum not global. Using
this termination and in the absence of scatterers, the channel gain is found to be |ﬂ25| =
0.0108.

6000 1 1 60
5000 H o) 00 0—0 o & oo o . o0 o0 L 40
o Q
4000 - ] = /|
& o 20
O
~ 3000 s . d 0 ki
ﬁ Q % - () >:
& 2000 d 0 E
o]
lo) (
1000 a \
o o) ! o}
$ I N
04 o g v o0 o 0 o o} o
O
O 0 - ... o ) !
-1000 T T T T T T T T T 60

0 5 10 15 20 25 30 35 40 45 50
RIS index

Figure 3-7 RIS impedance termination obtained via Genetic Algorithm for the specific configu-
ration of Fig. 3-6.

Subsequently, using the GA obtained RIS termination impedance Monte-carlo simulations is
performed to evaluate the impact of randomly position scatterers. Note that during the Monte
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Carlo simulation the RIS termination impedance is fixed, i.e., statically terminated RIS, this is
due to the expensive computation cost if GA is performed for each Monte Carlo realisation.
Efficient optimisation protocol which will be developed in order to allow a fast dynamic RIS sys-
tem.

v/ Ao

xr ;f'. /\“

Figure 3-8 Monte-carlo simulation of the SISO communication in the presence of randomly po-
sitioned scatterers.

The Probability Densities Function (PDF) of the channel gain |7;[E2E| are shown in Figure 3-9.

These PDF are obtained for different number of scatterers, with or without RIS. The dashed
lines denote the channel gain in the absence of scatterers, i.e., 0.0062 and 0.0108. For a small
number of scatterers, the RIS improve the robustness of the communication channel. While the
effectiveness of RIS reduces in the presence of the scatterers, there is higher probability of
obtaining high channel gain in the presence of RIS than in the absence of RIS. Again, note that
this is static RIS, we believe that dynamically tuneable RIS will significantly improve the perfor-
mance of the communication.
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Figure 3-9 PDF of the channel gain |EEZE|.

3.3 RIS scattered field approximation

The incorporation of EM RIS response within coverage planning tools is grounded on the fun-
damental development of a high frequency asymptotic approximation of the RIS scattered field
upon oblique incidence of plane waves. We start from considering a transmitter that is far away
from a RIS and a receiver that is in the far field of the RIS and does not have direct LOS with
the transmitter. The transmitter radiates a uniform TE plane wave that impinges onto a pixelated
reflective surface

Ei = (S\’COSQi + isinei) g~ Jk(ysin6'~zcos 6")
Hi =% 1 e—jk(ysinei—zcosei)
n

(3.11)

where 7 is the free space wave impedance, k is the wavenumber, and 6! the incidence angle
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Figure 3-10 TE-polarized plane wave incident on the RIS.

The plane wave induces an equivalent surface current density on the metasurface, which reads

I5=9 2 r(mn) e—jkysinei

(3.12)

if each pixel has a unit magnitude reflection coefficient r(m,n) = /¥ with 1 (m,n) € [0, 7]
in a binary RIS. The calculation of the vector potential yields the RIS scattered field in the far

field:

Ej = C(r) £5(05, ¢5,0") A%(6%5,9%,6Y)

ES = C(r) £5(6%,¢5,0") A5(05, ¢°,6") (313)
where C(r) = —j ';—C:e_:kr, the element radiation pattern is defined as
£5(05,9%,0") = cos 05 sin ¢ sinc X sinc Y
£5(0°,¢5,0") = cosp®sincXsincY (3:14)
and the RIS array factor is defined as
A*(0°,9°) = Ty Eney /P MWeSlamdellond (3.15)
with
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k, = ksin8* cos ¢°
ky = k(sin 6° sin ¢* — sin 6°)

d
X= TSin 0% cos @°

kd
Y= > (sin 65 sin ¢ — sin 8%)

As part of the RISE-6G effort, the field (3.13) has been used in [PRL21] to optimize the radar
cross section (RCS) of binary and quaternary RISs via statistical mechanics tools. More pre-
cisely, the RCS has been recast into an Ising Hamiltonian where the reflection phases play the
role of spin degrees of freedom. Since optimizing a large RIS require exploring a large param-
eter space, we have proposed method based on quantum annealing to find the optimal opera-
tional state of the RIS for both focusing and suppression of electromagnetic radiation in free-
space.

In order to support the performance analysis of multi-user communication of interest in WP6,
simultaneous energy focusing on a prescribed user while suppressing towards an unintended
user has been demonstrated using the quantum annealing (QA) to design the optimal RIS state.
This is shown in Figure 3-11

Figure 3-11 Simultaneous focusing and suppression

Creating arbitrary phase shifts of the local reflected wave can be achieved with low profile struc-
tures with subwavelength metallic texture on a grounded substrate, as shown in Figure 3-12.
There, a single pixel is composed of 7x7 metallic patches with h < p < a « A. Variation of p and
a results in a continuous phase shift of the impinging wave provided d~A.
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Figure 3-12 Metasurface structure and subwavelength (h < p < a < 1) textured pixel realization.

The QA optimization has been extended to a quaternary RIS: An anomalous reflector at 85 =

20 degrees and ¢° = 20 degrees has been demonstrated, which results in the phase shift mask
here below.
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Figure 3-13 Reflection phase mask for the optimized 8x8 metasurface structure
The optimised RCS in Figure 3-14(a) shows a focusing spot with very low side lobes at specular

and other spurious directions. The RCS predicted by the physical optics model in Figure 3-14
(a) has been verified by full wave boundary element simulations reported in Figure 3-14 (b).
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Figure 3-14 Comparison between geometrical optics and full wave computation

Further work is ongoing to apply the QA optimization methodology to the impedance-based
MIMO model, which will be described within the next reporting period.

3.4 Deterministic RIS channel modelling by RT-DEA

The physical optics model, derived for both the TE and the TM polarizations of the EM field
scattered by the RIS, constitutes the starting point for the integration of the RIS response in ray
tracing (RT) algorithms. In RISE-6G, we will use the dynamical energy analysis (DEA) method:
an RT scheme based on energy flow equations that are computed on discrete meshes. Differ-
ently from conventional shoot and bounce RT methods, DEA is based on phase-space (joint
spatial angular domain) representation of waves, and it propagates densities of rays through
the numerical space by iterative application of a compact operator derived from the boundary
integral equation of the confined space. It has been shown already in viboacoustics that DEA is
able to compute the energy flow in refined FEM meshes [HGG16], also mitigating numerical
dispersion via directional basis functions [CCR21]. Furthermore, the ability of DEA of capturing
statistical inhomogeneity and anisotropy within complex multi-connected environments with high
losses has been showed recently via comparison with power balance methods [FBP21].

In RISE-6G we have undertaken two lines of research to achieve a flexible and efficient cover-
age planning tool for multi RIS mobile networks beyond 5G:

1. Representation of the RIS scattered field in phase-space. This starts from the calculation
of the Wigner function and produces the ray based, classical scattering function by fre-
quency averaging. Upon incidence of a partially coherent field impinging onto the RIS,
the spatial field-field correlation of the scattered field can be readily derived from the
physical optics model of Sec. 3.3.

2. Generation of numerical meshes from CAD models. In order to enable the DEA compli-
ant numerical domain construction of the two field trials offered by the Partners CRF and
SNCF, it is necessary to convert the CAD models typically used to model 3D environ-
ments, like Autodesk AutoCAD (.dwg files) and Autodesk Revit (.rvt files), into appropri-
ate numerical 3D meshes based on tetrahedral elements. A diagram summarising the
conversion procedure for generating DEA compliant meshes starting from AutoCAD and
Revit CAD models is shown in Figure 3-15
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Figure 3-15 Procedure to generate DEA-compliant meshes from CAD models

The first step is then to generate an .stl file from models in Autocad or Revit format. This proce-
dure can be performed directly by exporting the source files in.stl format from these CAD tools.
An optimisation step may be necessary, for example to export only a portion of the model of
interest, such as a single room within a large building. This output .stl file describes only the
surface geometry of the three-dimensional objects without any representation of color, texture
or other common CAD model attributes.

To illustrate this initial conversion, Figure 3-16 shows the 3D CAD model of the CRF Smart
Factory on the left and the equivalent conversion in. stl format on the right. It is already interest-
ing to note that not only the volume contained in the walls, roof and perimeter elements of the
entire structure should be meshed, but also the volume of air contained within the various rooms.

Figure 3-16 CAD Model of the CRF Smart factory: Autodesk Revit .rvt file on the left and the file
converted in .stl format on the right.

The next conversion step is to process the file in .stl format with Gmsh, an open source 3D finite
element mesh generator with a built-in CAD engine, to generate a numerical tetrahedral mesh
fully compliant with DEA.

To simply illustrate what mentioned above, in Figure 3-17 is shown the conversion of a simple
canonical surface like a sphere with Gmsh software. In Figure 3-17 (a) is reported the .stl file
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corresponding to the only surface of the sphere, while in Figure 3-17 (b) is shown the 3D tetra-
hedral mesh of the sphere, or the output file produced by Gmsh.

Starting from this surface, it is then possible to create a volume within that surface and apply
the desired tetrahedral 3D mesh, specifying the global mesh size factor. Once the 3D mesh has
been created, it is also possible to assign a certain material to a certain sub-portion of the volu-
metric mesh considering the correct electromagnetic parameters to properly inform DEA.

(a) (b)

Figure 3-17(a) File .stl representing the surface of a sphere, (b) 3D tetrahedral mesh of the
sphere generated with Gmsh software.

The current work therefore involves the automatic generation of a fully DEA-compatible 3D
mesh from complex structures such as CRF's Smart Fab already shown.

Ultimately, the activities 1. and 2. will coalesce in the RIS-assisted channel design and charac-
terization of the smart factory (CRF) and train station (SNCF) environments.

3.5 Effective roughness scatterer model for RIS

In this paragraph we introduce an approach for modelling the scattering from a general finite-
size and non-ideal RIS. The model is conceived for being integrated into currently available
ray- based models, such as ray tracing and ray launching methods, which are recognized as
the most suitable and efficient deterministic models for realistic radio propagation simulations
in man-made environments. Several ray-based models discretize ordinary surfaces into surface
elements (also called “tiles”) in order to simulate diffuse scattering (by using, e.g., the effective
roughness (ER) model [DFV+07]) and/or to achieve a good computational efficiency through
parallel computing algorithms [LU19]. In the present work,we leverage the tile-based approach to
simulate the anomalous scattering from an RIS (also referred to as anomalous reflection or re-
radiation in the sequel),by using a method based on Huygens’ principle. The proposed method-
ology for modelling an RIS within a ray-based propagation simulator is sketched Figure 3-18.
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Figure 3-18 Comparison between non-engineered walls and RIS-coated walls: Proposed method-
ology and integration in ray-based models [VVD+22].

While ordinary surfaces are simply discretized to apply efficient ray-based models,RIS-coated
surfaces are first homogenized and described through a proper spatial modulation function r(x,
y), which accounts for anomalous reradiation, and are then discretized to apply computation
procedures similar to those utilized for ordinary surfaces. The scattering from an RIS surface
is therefore decomposed into “typical” scattering effects, such as specular reflection, diffraction,
diffuse scattering, and anomalous reradiation. While the former effects are treated by using well-
established theories and methods,such as geometrical optics, the uniform theory of diffraction,
and the ER model, the anomalous reradiation is treated by using the Huygens-principle ap-
proach, by integrating it into currently available frameworks for the discretization of surfaces and
for parallel computation. The key feature of the proposed model is satisfaction of the power
balance between the different scattering modes,which is enforced by using a parameter-based ap-
proach. Summarizing, the model is based on two steps:i)the definition of the global power bal-
ance between conventional and anomalous scattering modes, and ii) the computation of the
scattered field as a coherent sum of multiple contributions, including conventional and anom-
alous reradiated modes.

We introduced a general parametric approach for modelling scattering from a finite-size RIS,
which is suitable for integration into ray-based models. The proposed model is macroscopic,
as it is agnostic to the specific microscopic (unit cells) physical implementation of the RIS,
which is instead characterized by macroscopic parameters. The model explicitly takes into ac-
count diffuse scattering, in addition to the desired and undesired reradiation modes, it is not
limited to flat metasurfaces, and itcan be easily generalized for application to refractive
metasurfaces (not considered here for brevity).

The method is conceived to be integrated into advanced discrete ray-based models [Lu07], and
it can be efficiently implemented on parallel computing platforms.

The model is tested and validated against results available in the literature, which are based on
theory, full-wave simulations, and measurements conducted on manufactured RISs. The results
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confirm the generality and accuracy of the proposed approach, as well as the non-negligible
impact that multi-mode reradiation and diffuse scattering may have on the total scattered field
and, notably, on the far-field radiation pattern of a finite-size RIS.

Ideal Phase-Gradient Reflector: The first case study correspondsto anideal metasurface thatintro-
ducesideal phase shifts to the reflected fields,with the goal to reradiate a single incident
plane wave towards a target direction in the absence of dissipation and undesired reradiated
modes. We consider a 7 x 7 m? large RIS that lies in the xy plane and introduces a linear
phase modulation such that d,, (x') /dx' = k (sin; — sin6,),where 6; is the angle of inci-
dence and 6,.is the desired angle of reflection. Being an ideal case, we assume for the other
parametersin (12): m = 1,R = 1,4, (x,y) = 1.

The RIS operates at 3 GHz and is illuminated normally (6; = 0)by a plane wave that is linearly
polarized in the y-direction and whose intensity is 1 V/m. The desired angle of reradiation is 6, =
60 degrees. The reradiated field is computed with the integral model iis reported in Figure 3-19.
The locations illustrated lie in the radiative near-field region of the RIS, since the Fraunhofer
far-field distance is approximately equal to 1000 m for the considered setup. We observe that
the electric field is steered towards the desired angle of reflection. As expected,in addition,we
observe edge- difraction fringes that are due to the finite size of the RIS.

[E| (V/m)
30

0 5 10 15 20 25 30
x (m)

Figure 3-19 Reradiated field [V/m] in the xz plane from a 7 X 7 m? RIS that is located in the xy plane and

is centered at the origin. Setup: 3 GHz operating frequency,normal incidence, reflection towards the angle of
60 degrees [VVD+22].

For comparison,we compute the reradiated electric field by using the antenna-array mode. The
comparison shows that the relative error is less than 1 — 2% for most of the observation points.
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Figure 3-20 Relative error (in percentage) of the antenna-array model with respect to the integral
formulation [VVD+22].

Lossless Anomalous Reflector (with parasitic modes)

To evaluate the capabilities of the proposed model to account for the presence of parasitic
reradiated modes, we consider the metasurface analyzed in [DT21,Fig. 9]. This case study
corresponds to a phase-gradient RIS that is lossless, periodic, and is optimized based on the lo-
cally periodical approximation. In [DT21], the metasurface is characterized with the aid of elec-
tromagnetic simulations and on an approximate analytical framework based on Floquet’s theory.
In this example,the RIS is illuminated by a normally incident plane wave at 3 GHz. The modu-
lation period of the metasurface is D = 0.1064 m and the size of the RIS is 10D X 10D. The
reradiated field is evaluated at a distance equal to 22.64 m, which is close to the Fraunhofer
far-field boundary. The reradiation pattern is illustrated in Figure 3-21 (a) and is obtained by
using the antenna- array formulation in the absence of losses and diffuse scattering, as in
[DT21].The reradiated field is computed by taking into account two anomalous reradiated
modes that are combined with specular reflection and diffraction. Specifically, specular reflec-
tion and diffraction are obtained with state-of-the-art ray- based methods. Specular reflection,
anomalousreradiation,and diffraction are appropriately weighted according to the power- balance
principle

Diffuse Scattering

This case study is on the impact of diffuse scattering that originates from design trade-ofs,con-
struction non-idealities and/or the deposit of dust on the surface of the RIS. To the best of our
knowledge, no specific experimental results on modelling diffuse scattering from engineered
surfaces exist in the literature. Thus,we con- duct a parametric study,in order to assess the poten-
tial impact of diffuse scattering on the radiation pattern of an RIS. The numerical results are
shown in Figure 3-21 (b) for different values of the scattering parameter Sin (11). The metasuface
considered is the lossless anomalous reflector analyzed above. In Figure 3-21 (b), we study the
impact of diffuse scattering under the assumption that 40% (5 = 0.4) or 80% (S? = 0.8) of the
incident power is diverted into Lambertian diffuse scattering according to the power-balance
constraint in (11). Although the considered values for S may be overestimated,we chose them
to make the curves more readable. This shows the important role that diffuse scattering can
play in RIS-aided.
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Figure 3-21 (a) Radiation pattern of the lossless anomalous reflector in [20]. Setup: normal inci-
dence and the desired angle of reflection is 70 degrees. (b) Far-field (dBV/m) scattering pattern
of the lossless anomalous reflector considered in [20] in the absence of difuse scattering (refer-
ence black curve), and in the presence of 40% (blue curve) and 80% (red curve) of the incident
power diverted into diffuse scattering [VVD+22].
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3.6 RIS enabled channel sounding and modelling
In this section we describe the channel sounding and characterization activities enabled by RIS.

In particular we first show a channel measurement campaign employing a T-RIS by CEA. Then
the preliminary results of a joint CEA-GNW measurement campaign are shown.

3.6.1 T-RIS enabled channel sounding

In this section we describe two indoor channel measurement campaigns performed by employ-
ing a T-RIS (Figure 3-22 (a)) or a Virtual Cubic Array VCA antenna (Figure 3-22 (b)).

YT
Yrx

XTx

X1x

(a) T-RIS (b) Omnidirectional VCA

Figure 3-22 T-RIS based antenna (a) and VCA (b) schemas.

The channel measurements were conducted in a laboratory room. The dimensions of the room
were 12 m x 6 m . The laboratory room is furnished with tables, chairs, desktops, sofas, and a
television as depicted in the Figure 3-23(a)-(b). The left wall of the room comprises mostly of
glass windows and the right side wall also has a part with a glass window. On the roof, there is
also a metallic positioner. The measurement setup is based on a Vector Network Analyzer
(VNA) operating in the 26-30 GHz frequency range. The receive side (RX) and the transmit side
(TX).

(b)

Figure 3-23 Indoor channel measurement campaign : measurement floor plan (a) and environ-
ment (b).

The antenna were both at a height of 1.52 m above the ground. While on the RX side a wideband
monopole (around 0 dBi gain) antenna was employed in both setups, two different strategies
were implemented on the TX.

The T-RIS based measurement setup (Figure 3-22 (a)) is based on 20 x 20 surface elements
implementing a circularly polarized transmitarray [9], [10], presenting 18.7 dBic in the main
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steering direction, ¢,= 0°, while at maximum steering angle investigated, i.e. ¢, = +60° the gain
drops to 11.94 dBic, because of the array factor effect. In this measurement campaign for each
RX position, different phase distribution on the 400 unit cells are implemented to scan the envi-
ronment and vary the main steering direction ¢, from -60°to 60" by step of 5°. In the VCA setup,
a wideband monopole antenna placed on a X-Y-Z scanner performs a 5 x 5 x 5 spatial grid of
a half-wavelength grid step, i.e. 5 mm (Figure 3-22 (b)).

Multipath estimation and T-RIS embedded

Starting from the VCA channel measurements, the UWB SAGE algorithm was used for the
MPCs detection and channel parameters estimations. Only MPCs of significant power were
considered in this work (10 dB above the noise floor). The maximum number of resolvable MPCs
to be estimated was set to 100. The stopping criteria was when more than 95 percent of the
measured channel power had been estimated, or otherwise, when the maximum number of the
resolvable MPCs had been reached. Fig. 3 shows the azimuth angle of departure (AoD) and
elevation angle of departure (EoD) polar plots for the receiver position RX5: each circle on the
figures represents a detected MPC, whose colour is the power and the radial distance is the
travelled distance in meters.
dB

-50
AoD dB EgD

90 25 -50 330 T 30
120 20 60 . -60
p ) 300 60
150 ;5 30 -70
:O. e -70 e 1045 o025
) L 270 ® 90 -80
180 o ® - 80
e 90
° -90 240 120
210 330
-100
-100 210 150
240 300 180
270 110 -110

Figure 3-24 Power Angular Delay Profile (PADP) extracted from VCA measurements in the azi-
muth plane (left) and elevation plane (right) for receiver position RX5.

Let us consider the angular dependent channel impulse response extracted from VCA meas-
urements as:

h(T' -QAOD,QAOA) = Zlf=1 a8t —1) " 6(Quop — QAoD,l)' 6 (Quoa — QAoA,z) (3.16)

where the I-th MPC is characterized by its amplitude (a)), delay (1), angle of departure Qaop,and
angle of arrival Qaea,. Starting from this estimation, the objective is to embed T-RIS effect on the
channel and compare it with the real measured one with the T-RIS.

The T-RIS vector transfer function can be written as:

A
H(,0, 6,066 = )

27
- e /am HFS(Q;@, drs) HRX,m(QIT[é, ue) * Sz (f) - HTx,m(Blr[é,(Pz%)
m

(3.17)
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where Hps(6rs , ¢ps ) is the radiation pattern of the source illuminating the surface,
Hex m (0 @), Hry 1 (617 @) respectively represent the radiation patterns of the m-th unitcell
in the receiving side and of the m-th unit-cell in the transmitting side. rm represents the distance
between the source and the m-th unit-cell. Each unit cell will present a transmission coefficient
S (f), whose phase is controlled by a 1-bit PIN diode architecture, implementing either a 0" or
180" variation. f is the frequency index, 6,¢ are the pattern elevation and azimuthal angles re-
spectively. Finally 8, ¢;are the elevation and azimuthal steering angles, obtained thanks to the
phase distribution over the unit-cells.

Hence for a given phase distribution on the T-RIS, i.e. for an aimed steering angle (6, ¢,), we
can embed its effect on the channel by replacing in Eq. (1) the I-th MPC amplitude with:

afmb =ag- H(f,@ = Opop, P = ¢A0D,lr95f ¢s) (3.18)

where H(f,0 = 04001, ® = $a0p,1, 05 ¢s ) is the transfer function of the T-RIS from Eq. (2) in the
given angle of departure Qaop1= (Ba0p 1, Paop,1), N€Glecting here the polarization for simplicity of
notation. In practice, given that we used on RX side a vertically polarized antenna, we consider
in the following analysis the embedding with only the main polarization (given the small effect
from the cross-polarised contribution).

Measured Channel vs Synthesized Channels

In this section, we will discuss the main results obtained. For the receiver positions RX1, RX2,
RX5 and RX6, the steering angle ¢4y, corresponding to the main lobe direction where the
maximum power is received, is
s max = 0°, while for the receiver positions RX3, RX4, RX7 and RX8, the main beams are in
the steering directions ¢ 1,4, = 15°,—15°,10°, and —10" respectively.

The T-RIS was found to decrease both the path loss and delay spread (DS) for all receiver
positions in the main lobe direction. As an example we consider here RX5 position. Figure 3-25
shows the UWB-SAGE estimated MPCs, i.e. the Power Angular Delay Profile (PADP) with om-
nidirectional antennas. We then consider T-RIS embedding in the full 3D plane or just 2D plane,
hence forcing 6,,p,=90°. Figure 3-26 shows the 2D pattern embedding at the position RX5 for
¢smax = 0°. We can see that the embedding process results in some significant paths whose
AoDs do not lie within the T-RIS range [-90°:1:90°] being eliminated. We can also see that the
power of the MPCs whose AoDs are within the half power beamwidth (HPBW) are amplified
while those outside HPBW are decreased when the embedding is performed using the radiation
pattern for ¢ 4, = 0°. A similar behaviour is observed for the other receiver positions when
embedded with the radiation patterns corresponding to ¢,. Figure 3-26 shows the 2D and 3D
radiation pattern embedding (¢s max = 0°), Which takes into account both the azimuth and ele-
vation planes for the position RX5. We can notice that some significant paths whose AoDs do
not lie within the T-RIS range [-90°:1:90°] were eliminated. We can clearly see that 3D embed-
ding impacts the MPCs in both the azimuth and elevation planes. Considering the T-RIS pat-
terns for ¢,= 50° at position RX5, we can see the 2D and 3D embedding results in Figure 3-27.
Indeed, the MPCs within the main beam direction are significantly impacted, showing the spatial
filtering nature of the T-RIS.
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Figure 3-25 Omnidirectional PADP extracted from VCA measurements: 2D (left) and 3D (right).
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Figure 3-26 PADP with T-RIS embedding for ¢p,= 0°. 2D pattern embedding (left), 3D pattern em-
bedding (right)
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Figure 3-27 PADP with T-RIS embedding for ¢p;= 50°. 2D pattern embedding (left), 3D pattern em-
bedding (right)

With respect to the PDPs, Figure 3-28 shows a comparison of the actual T-RIS measured chan-
nel PDP (in blue color) with the PDPs of synthesized channels (in red, green and black colors).
The synthesized channels involve the plugging in or embedding of the measured 2D and simu-
lated 3D T-RIS radiation patterns to the UWB SAGE extracted MPCs from the VCA measure-
ment setup. From the aforementioned figures, we can observe that the 3D synthesized channel
closely resembles the actual measured channel as it corrects the overestimation of secondary
MPCs powers encountered in the 2D synthesized channels. It is worth mentioning that there is
a 3 dBi peak gain difference between the 2D T-RIS measured gain pattern and the 3D T-RIS
simulated gain patterns, with the latter being higher. As expected embedding in the 3D dimen-
sion improves the quality of the model especially for secondary MPCs that could come at ele-
vation angles far from the azimuth plane.

However, the process here involves only the MPCS that are extracted from UWB-SAGE, while
it is well known that dense multipath components (DMCSs) yield an important energy contribution
. Hence, here we atrtificially add the DMCs extracted from VCA measurements to add them to
the 3D synthesized channel. The PDP in black corresponds to the result of adding DMCs from
the high resolution algorithm estimation to the 3D synthesized channel.
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Figure 3-28 Example of PDP comparison: actual measured PDP vs synthesized PDPs.
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Impact on channel characteristics

We employed the conventional power law model (4) to model the distance dependent channel
gain:

d
Gap(d) =Gy —n-10-1 — |+ X,
15(d) o—n Ogm(d”) (3'19)

where Gy is the intercept in dB at the reference distance doset to 1 m. The path loss exponent
n indicates the decrease in channel gain as a function of the distance d between the transmitter
and receiver. Both Goand n are obtained from the intercept and slope of the best-fit to (4) ac-
cording to the minimum mean square error. X, is the variation due to long-term fading effects
and is characterized through a normal distribution with zero mean and a standard deviation ¢ in
dB. Figure 3-29 shows the channel gain comparison of the VCA measured channel, T-RIS
measured channel and the synthesized channels in the maximum direction.

We can see that the VCA measured channel comprises the least channel gain and this is due
to the presence of high gain T-RIS in the other cases. We can also see that the synthesized
channel (considering the measured 2D T-RIS gain patterns), in red color, is lower compared to
the actual measured T-RIS channel, in blue color, because the channel gain in the actual meas-
ured T-RIS channel includes the diffuse components which are not present in the synthesized
channel. The synthesized channel considering measured 2D T-RIS gain pattern is also lower
than the simulated 3D channel because of the 3dBi gain difference between the measured and
the simulated T-RIS gains. The channel gain model parameters are given below. We observe
that adding back the DMCs to the 3D embedding channel results in an improvement of the 3D
model.

Table 3-1 Channel Gain model parameters
Scenario  Go[dB] n o[dB]
VCA meas |-61.2 1.63 | 0.54
TRIS meas | -47.1 1.44 | 0.56
2D embed- | -49.9 154 |11

ding

3D embed- | -45.1 |19 |05
ding

3D embed- |-46.7 14 |0.8
ding +DMC

Table 3-2 Delay Spread Model Parameter
Scenario a[ns/m] b[ns] o4[ns]
VCA meas |0.33 9.6 1.54
TRIS meas | 0.64 5.03 |05
2D embed- | 0.06 5.5 0.6
ding

3D embed- | 0.19 4 0.47
ding
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3D embed- | 0.32 14.8 | 1.26
ding + DMC

The root mean square delay spread (DS), is the square root of the second central moment of
the power delay profile (PDP). For a multipath channel, the DS is a measure of duration of time
over which most of the symbol energy from the transmitter arrives to the receiver. The root mean
square delay spread is calculated using the mean delay (the first moment of the PDP). To model
the delay spread, we followed mms[nS] = a - d + b + X;where a represents the delay spread, b is
the intercept and X;denote a zero mean Gaussian random variable with standard deviation o;.
The delay spreads appear to increase with increasing transmitter-receiver separation distance.
The delay spreads after adding back the DMCs are indeed higher as shown in the figure. In
overall, the T-RIS cases (excluding the 3D embedding + DMC case) are characterized by lesser
delay spreads than the VCA case and this is due to the high T-RIS gain and directivity. With
regards to the angular spreads, not reported here for sake of briefness, we observed that the
VCA channel is more spread in the azimuth plane (reaching values of over 50°) and less spread
in the elevation plane (values around 5°) whereas the T-RIS synthesized cases are character-
ized by small angular spreads in both planes (less than 10°).

-50
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VCA-omni meas T-RIS meas
2D T-RIS embedded 3D T-RIS embedded
3D T-ORIS embedded+ omni DMC

Channel Gain [dB]

3.5 4 4.5 5 5.5 6 6.5
Distance[m]

Figure 3-29 Channel gain comparison: measurements vs models.

In this paper, we evaluated how the structure of the channel is geometrically modified when a
transmitting reconfigurable surface is employed instead of omnidirectional monopole scanning
spatial grids. Starting from the MPCs extracted from the Virtual Cubic Array measurement setup,
we embedded surface effect by knowing its radiation pattern for a given phase distribution and
aimed steering angle. In our scenarios, the synthesized channel considering only the azimuth
plane embedding (2D embedding) results in an overestimation of the powers of the secondary
MPCs whose AoDs are within the half power beamwidth of the T-RIS. Performing 3D embed-
ding, the synthesized channel highly resembles the actual T-RIS measured channel, since ele-
vation information can effect multipath components amplitude. The large scale parameters
showed that the high gain and directivity of the TRIS results in reduced path losses, delay and
angular spreads. However considering only specular components do not seem enough to fully
reproduce the measured results. As a first attempt we include dense multipath components

(DMCs) to the 3D embedding channel improving channel gain model, but delay spread is slightly
overestimated.
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3.6.2 R-RIS enabled channel sounding and modelling

In order to integrate the impact of RIS into channel modelling, measurements of propagation
channels in environments where RIS is present are needed. Before carrying out any measure-
ment, a preparation step is necessary. In this step, the user must define the scenarios, schedule
the campaign, decide which antennas to use, what are the parameter setups (frequency band,
number of samples), channel sounding technique, estimate the link budget, etc. and the most
important question, why measure. For RIS-enabled channel measurements, one must consider
how to configure the direction of RIS beam in order to have an optimal gain in the desired direc-
tion, i.e. the receiver direction.

Therefore, in order to test the mastery of configuration of RIS, measurements were carried out
in controllable environment, i.e. anechoic chamber, where only the direct path and the RIS scat-
tering component were allowed to occur. The central frequency of 28 GHz with a bandwidth of
4 GHz were considered. The frequency step was set to 5 MHz, resulting in 801 as number of
samples. The channel transfer function was recorded using a VNA where the transmit power
was set to 10 dBm and an IFBW of 100 Hz was considered.

Horn antennas that have a gain of 20 dB at 28 GHz were considered. The RIS developed by
Greenerwave is based on an electronically tunable metasurface with binary phase modulation
and it forms 10 cm x 10 cm made up of 400 unit cells periodically placed every 0.5 cm (M2) on
a rectangular lattice of 20x20 pixel. The RIS was developed for two linear polarizations over a
wide frequency range around 28.5 GHz. Thus, an overall of 400 diodes to control vertical polar-
ization and 400 diodes to control horizontal polarization. In order to control each pixel of the RIS,
an FPGA control board was designed and programmed. The FPGA board can be connected to
the desktop through LAN or USB interface and is controlled with a Python or MATLAB code.
Therefore, the developed software allows to independently change the state of each diode on
the RIS providing the required reflection properties across the whole RIS.

Preliminary measurements have been performed in CEA anechoic chamber and results will be
exploited in the next period.

Figure 3-30 - Measurement scenario in the presence of RIS

3.7 Reverberation chamber channel emulation for RIS evaluation

Usually, the RC is adopted in EMC tests. Besides its conventional use, it can be also adopted
in order to replicate real life environments such as indoor and outdoor scenarios, i.e. building
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room, urban region, etc [LSR14]. The capability of the RC to replicate those environments allows
us to save both time and money as opposed to in situ tests.

Two key parameters useful to characterize a propagation channel are the time delay spread,
which indicates the spread between signal components as they are coming to the receiver,
considering the time of arrival of the earliest and latest multipath components [HSP12, BGM15]
and the power delay profile (PDP) which indicates the intensity of the received signal through
the multipath channel as function of the time delay spread [SGF15].

\/ Jy (t = Tqape)? - PDP(t)dt (3.20)
e J,” PDP(t)dt
PDP(t) = (|h(t)|*)n (3.21)

where <.>y means the ensemble average over N stirrer positions.

The replication of the propagation condition is made by controlling the power delay profile (PDP)
and time delay spread, especially its root mean square value. These values have to match the
value reported in the standard related to the desired scenario to be replicated [GFEQ9, PDP12].
These values can be tuned by adding a certain number, and position, of absorbing materials
within the RC.

Here below we report different trends of the PDP as function of the chamber's load [MBB21].
In those cases, also the value of the Tz are reported and we can note that the larger reduction
of the PDP occurs in the “UHL” configuration [BGM15, MBB21]. UHL stands for ultra high load
configuration, and denotes the case where the larger amount of absorbing material is added
within the RC.
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Figure 3-31 Evaluated tgzys and PDP for different chamber loading condition of the CNIT facility.
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Figure 3-32 Sketch of the test environment setup where all the instruments are connected and
RIS(S).

Figure above shows a possible setup where the RC is equipped by stirrer, MIMO antennas,
absorbing materials and dedicated devices used in order to get channel parameters. The RC is
fed by commercial base station connected to the live network of the mobile operator.

This setup allows us to measure KPIs of the emulated channel in a real scenario by means of
the RC [MBM15, BMB17, MBC17].

The RIS(s) are included into the RC, by using mobile monopoles to collect transferring data it is
possible to evaluate the benefit given to the insertion of RIS(s) on the overall wireless system.
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4 RIS design and prototyping

4.1 Introduction

As presented before in the SoTA, RISs are fabricated similarly to known antenna concepts,
which need to be opportunely redesigned to take into account the multi-function, EE, scalability,
and flexibility paradigms required in BSG and envisioned for future 6G networks. In SOTA, sev-
eral fixed-beam architectures based on reflectarrays, transmitarrays, or metasurfaces have
been demonstrated up to sub-THz [GTB16], but in the case of electronically-tunable RISs, ex-
cluding the pioneer demonstrations of the RISE-6G’s partners CEA, GNW, and CHAL d the
complex phased arrays based on monolithic microwave integrated circuits [SGV19], only few
prototypes have been demonstrated up to the Ka-band (26-40 GHz).

Recently it has been suggested to equip RISs with receiving antennas in order to extract infor-
mation about the wireless channel from the impinging signal at the RIS [AV21], [ TAA21]. This
way, the overhead costly procedure of estimating the cascaded channel is avoided. In [LPP19],
it is proposed to use the concept of Hypersurfaces with a control network that iterates over the
active element states until the power sensed is maximized. The channel estimation is obtained
by comparing the element states with a lookup table that contains the states to achieve full
absorption for specific impinging waves. In [MBJ19] the smart meta-surface integrates additional
sensors and controls the meta-surface with a sensing feedback system. The authors of [ASA21]
introduce the concept of a Hybrid Reconfigurable Intelligent Surface (HRIS) that reflects and
simultaneously senses a portion of the impinging waves. In [AAS21], a full-wave proof-of-con-
cept and hardware design for an HRIS (a small portion of the incident wave is coupled to an
array of sensing waveguides and the rest is reflected) is presented and the sensing capability
is demonstrated with an AoA estimation example. Finally, in [ZSA21], for a multi-user uplink
system empowered with HRIS, the individual channels identification problem is solved, and the
results show notably reduced overhead.

In Deliverable 3.2, we will present in detail the main concepts, designs and characterizations of
the RIS that will be developed in the framework of RISE-6G. In this document, we will simply
give a brief overview of the main RIS concepts that we have started to develop since the begin-
ning of RISE-6G. Of course, the final prototyping will be fixed based on the demonstrator needs
in WP7.

Regardless of the physical concept behind them (usually the hybridisation of at least two reso-
nances) and the central electrical component used to make them reconfigurable, the develop-
ment of RIS always follows the same general procedure. The first step consists in designing
the RIS unit cells. This numerical step allows to study and tuned the future properties of the RIS.
Indeed, the main properties of a RIS are fixed by the key parameters of their unit cells. Among
those parameters, the most noteworthy are :

e The unit cells central frequency and frequency bandwidth

e The physical mechanism for controlling locally the EM waves, i.e. whether the RIS will
control the EM waves by applying a phase shift and/or amplitude modulation to the
reflected or transmitted field.

e The core electrical component used to control the different states of the RIS (Pin di-
odes, varactors, MEMS,...)

e The number of state of the unit cells. For instance, a binary or 1-Bit unit cell based on
Pin diodes is able to switch between two states that are characterized by their phase
shift and mean dissipation.
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¢ The number of components of the reflected electric field tangential to the unit cells
plane that are independently control. A single pol unit cell control only one component
whereas a dual pol is able to control independently both components of the EM field.

e The spacing between the unit cells.

After the numerical design, the second step consists in an experimental characterization of the
unit cell. In order to experimentally verify the properties of the designed unit cell, a set of unit
cell with slightly variable set of parameters are fabricated. There are several characterization
methods depending on physical mechanism upon which the unit cells are based but also their
dimensions. After the validation of the properties the different unite cells samples, the parame-
ters which provides lower dissipation and better phase shift are selected.

The final step is to use the selected unit cell to manufacture the RIS. An important part of this
step is the layout of the unit cells on the PCB, the routing of the various electrical components,
the interface connectors and the PCB layouts which, in the end, will give us an operational RIS
that can be remotely controlled. The RIS is finally tested experimentally to validate its proper-
ties.

An other important part in the development of RIS is the design and fabrication of the control
board that define the hardware (USB, Ethernet,..) and software ( C, Matlab, Python,...) inter-
faces between the RIS and the user.

4.1 Status of the main RIS design
In the table here below we list the status of main RIS design, concept and prototypes and we
give few illustrations of unit cells and RIS already designed or under development. Part of them

(named in Green) could fulfil the requirements for a demo but precise alignment with the PoC
requirements, especially with respect to the bands, are expected for final RISE-6G design.

Table 4-1 RISE-6G prototypes and concepts

: Unit cells de-
Unit cells key parameters sign & charac- . Unique
teriztion status : RIS di- control prototype
RIS | Central Band - c =4 ’ )
na- fre- ana- P0|3”26|1|“%n spac- ore | Green=done; mensions board or prod-
width controlle ing techno | Orange=Ongo-
ture | quency ing. . uct
Reflec- .
f Usb interface-
G\lN' Ve | 55 GHz QOHOZ double pol n2 | Pin diode product
binary Pyhton+Matlab
Reflec- FPGA based,
GW- tive Usb + Ethernet
5 28 GHz >3GHz double pol N2 Pin diode interface- product
binary Pyhton+Matlab
Reflec- FPGA based,
. Usb + Ethernet
tive interface-
G\?{V_ 28 GHz >3GHz double pol )é/2)\lc;r Pin diode product
binary Pyhton+Matlab
Reflec- FPGA based,
GW- tive 26.5 o 10 cmx10cm Usp + Ethernet
>3GHz double pol N2 Pin diode interface- product
4 GHz
binary 15cm x 15 cm | Pyhton+Matlab
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Reflec- )
tive/or ere!ess con-
Trans- trol via energy
mitive 3.5Ghz - single pol N2 Pin diode harvesting
from a RFID
binary reader
Usb interface
CElA' Tl'_'f)'ns X 18GHz | Single LP n2 | Pin diode weontroller
Matlab
Usb interface
CEA- T-RIS >3 Dual CP + - ucontroller
2 1-bit Ka GHz Dual LP N2 | Pindiode
Matlab
Usb interface
CEgA' Tl-ilits Ka 8 GHz Single LP ~v2 | Pin diode ucontroller
Matlab
Usb interface
CEA- T-RIS >3 . - pcontroller
2 2-bit Ka GHz Single LP N2 Pin diode
Matlab
Usb interface
CEA- T-RIS >2 Dual CP + L ucontroller
5 2-bit Ka GHz Dual LP N2 | Pin diode
Matlab
Usb interface
21_—;;”3_ >3 pcontroller
RIS Ka GHz Single LP N2 Pin diode
1_hit Matlab
A segments with
Reflec- | 37 GHz 200 double pol spac- MEMS 2x2 paches
tive MHz n sharing a con-
[¢] trol board
Reflec-
tive 3.25
con- . z single pol - aractor nder dev.
25.8GH G'HZ ingll | V Under d
tinous
phase)
Reflec-
tive RA ready.
55GHz | 0,8 GHz single pol - Varactor Logic control
under test
(con-
tinous
phase)
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Figure 4-1 a) Front and b) back side of 10 x 10 cm2 GW2 mmWave RIS. ¢) RIS control board
with different interfaces
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Figure 4-2: Proposed 2-bit linearly-polarized unit-cell: Schematic view of CEAG.

Side view
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Incident signal h=1.5m
My

Figure 4-3 Hybrid RIS hardware design with integrated sensing capability.

5 Conclusions and perspective

In this document we presented different modelling approaches of RIS, based on full-electormag-
netic models, equivalent impedance, and hybrid ones. Most of them have been validated on
prototypes already available with the consortium or being developed during the project.

The inclusion of RIS in radio channel model has been proposed with different approaches in-
cluding random coupling model for narrow bands and more general deterministic raytracing
model, which could also benefit of RIS scatterrer models. Preliminary sounding activities includ-
ing RIS have been also presented. Here below the perspectives for model validation and inclu-
sion in system performance are discussed.

5.1 RIS/ channel modeling inclusion in system level simulation

The impedance model developed in Section 2.4.2 is being integrated in system-level simulators
adopted to optimize the data load in Mobile Edge Computing (MEC) solutions. Current work is
looking for the extension of advanced offloading strategies, which have been widely developed
in WP4. In particular, the incorporation of the impedance-based channel model in MEC compu-
ting requires the consequent optimization of:
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Time variability of the channel and data arrivals.

Unknown statistics of channel realization (i.e. scatterer/obstacles dynamics) and data

arrivals.

3. Queueing delay, comprising communication and computation in edge computing sce-

narios.

The goal of this activity is to show the benefits of RIS-based communications by adopting an
EM compliant RIS-assisted wireless propagation channel. Queueing theory and stochastic op-
timization are employed to jointly control radio (Tx power, bandwidth, etc.), computing (CPU
scheduling for task processing) and wireless propagation (in the impedance-based model, Zg,s
is optimized to improve |Hg,5|?) resources. Furthermore, the resources are optimized dynami-
cally, based on instantaneous channel/arrivals realizations and queue states, with the objective
of minimizing the average power consumption under delay constraints. In the channel model
assumed for this study, obstacles are obtained by “packing” multiple dipole-like scatterers at
nearest neighbour distance <0.5 A. Preliminary results are shown in here below for a single user
scenario: the performance gain obtained with a single RIS (with variable number of unit ele-
ments N), in terms of power-delay trade-off is clearly optimized by the presence of the RIS.

10

RIS

0

Uplink data ———»——mm — Computed data

) .

MEC endowed AP 3
~

Obstacle
~

Transmitter (UE) —]"'--.
=[]
New data ——» [Tl —» Uplink tx data
1 2 3 i 5
T

Figure 5.1. RIS-assisted SISO wireless link with linear clusters of dipoles representing obstacles.
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Figure 5.2. Average delay vs average power with and without RIS: the performance improve as
the number of RIS unit elements increases.

The next step of the investigation will look at the overall system power consumption (pos-
sibly including RIS) in presence of multiple RIS and multiple users. Furthermore, a holistic end-
to-end optimization of the RIS-assisted wireless link will be conceived, which includes specific
unit cell design (Section 4), RIS power consumption models, average delay of MEC offloading
strategy, energy and EMF efficiencies. MEC user cases have been selected as scenarios to
pursue within RISE-6G, as reported in D2.3 and D2.4.

5.2 Next steps for modeling extension and validation

Modelling development and validation involve a wealth of activities where each and any Partic-
ipant is contributing actively. RIS network design and coverage planning ultimately require a
versatile framework incorporating multiple models that can be selected or combined in order to
tackle the specific scenarios (and predict specific KPIs) defined in D2.1 and D2.2. This motivates
the effort that Participants are devoting to extend and assess both the continuous and discrete
RIS model families. The basic models created within the first year of RISE-6G will be applied to
RIS prototypes available from GNW, CEA, ORA, NEC, and CHALMERS.

Further work will be conducted to:

1. Finalize the FDTD algorithms for T-RIS and R-RIS structures, which requires the imple-
mentation of GSTC boundary conditions and Huygens boxes.

2. Develop a theory for the integration of Rayleigh multi-path fading within FDTD algorithms
and pursue applications in laboratory environments for fading emulation, e.g., reverber-
ation chambers.

3. Reconcile the impedance-based model with abstract system-level models of the re-
ceived signal, at least for RIS-assisted SISO wireless links (with T4.2 and WP5).

4. Extend impedance-based beyond the minimal scattering approximations of RIS unit
cells with the aid of field-based models.

5. Integrate idealized multi-path fading into impedance-based and system-level RIS mod-
els, considering Ricean fading and hybrid LOS-NLOS scenatrios.
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6. Pursue the extension of RIS path loss models and their inclusion in power balance meth-
ods for better link budget calculations (with T6.2 and T6.3).

7. Develop CAD to mesh conversion strategies that are compliant with phase-space ray
tracing algorithms in 2D.

8. Develop analytical models for the scattering matrices of the RIS in form of spatial-angu-
lar (phase-space) ray densities, by calculation of the Wigner function of field-based RIS
models.

9. Include scattering models developed from T-RIS and R-RIS models into the DEA
method integrating phase-space scattering matrices developed in 8.

10. Extend geometric channel models and their integration with channel sounding/measure-
ments
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