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1 Introduction
NEW: Discuss advancements in scientific literature.

The recent scientific literature has remarked the importance of fundamental RIS modelling for
self-consistent network design and coverage planning [DDT21, GDD+21]. The advanced EM
models created in RISE-6G are grounded on physics and stand on solid mathematical wave
modelling to provide simulation tools that are at the forefront of 6G mobile network research.
The scientific community has widely accepted impedance-based RIS design and End-to-End
(E2E) channel models [GD21]. Before discussing our project achievements, it is worth mention-
ing that parallel research has been conducted outside RISE-6G that pertain the following tech-
nical aspects:

9 Scattering matrix channel model of RIS structures with non-diagonal phase shift matri-
ces [SCM22]

Accurate current model of finite-size RIS structures by MoM [SA21]

Impedance model of dynamic Meta-surface antennas including mismatch and insertion
loss [WRY+22]

1 Equivalent model of finite-size wall-backed RIS structures including mutual coupling
[DKT22]

9 Diffraction effects in polygonal RIS structures [MM22]
1 Analytical model for the reflection coefficient of realistic RIS structures [HMS+22]

In the next sections, we describe the RISE-6G modelling activity in detail, describing its main
components, and elaborating a harmonization strategy that brings together all the different an-
gles through which reconfigurable meta-surfaces are characterized. We will start with the cir-
cuital angle, which takes on full-wave simulations and culminates with simplified equivalent cir-
cuits describing the reconfigurable capabilities of the RIS. This angle is prone to integration of
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multipath fading via RCM. We then proceed with the scattering angle, which includes the reflec-
tion coefficients and various mathematical forms of it, useful to capture frequency dispersive
and thus achieve wideband channel models. We develop on the scattering angle by devising a
wide-band model for the reflection coefficient that captures the resonant behaviour of the RIS
UCs. We continue by embracing a field angle that culminates into a modified FDTD scheme,
useful to further wide-band studies via time-domain computations. The energy angle leads to a
power conservation model in both free space and confined space, a challenge that is reformu-
lated in phase-space to devise energy flow equations within arbitrary indoor environments and
thus enable coverage planning studies in real-life environment where idealized assumptions
(free space and rich fading) are not fulfilled.

Central to the harmonization strategy is the novel paradigm of environment-aware RIS
modelling, whose goal is to predict the best reflection phase matrix of the RIS by including the
back-reaction of the environment into the radiative properties of the loaded RIS UCs self-con-
sistently. This integration requires the understanding of the RIS re-radiation properties under
spatial and frequency dispersion. To this end, field-based re-radiation scattering models intro-
duced in D3.1 have been extended and exploited to inform high-frequency asymptotic tools. In
the next sections, will appreciate the inherent importance of phase-space Ray Tracing (RT)
methods to fully capture the physics of re-radiation in a multi-reflective environment. Advanced
tools such as Wigner functions have been adopted to fully describe joint positional and direc-
tional properties of RIS re-radiation. This boils down to fundamental modelling challenges
whose solution is under deep investigation. Preliminary results will be presented on a novel
phase-space method for smart wireless environments in limited 2D cases.

Furthermore, in presence of Ricean multipath fading within the RIS-assisted wireless link, we
describe how the use of RMT tools give access to better understanding via analytical closed-
form and iterative mathematical expressions. We have elaborated ways to incorporate multipath
fading within impedance/scattering channel matrix models and have shown a clear relation be-
tween uplink/downlink fading parameters and RIS reflection state matrix. An immediate appli-
cation of those enriched model leads to the prediction of CH in RIS-assisted SISO systems.

1.1 Reflective RIS Design

We present the architecture and the amplitude-phase response of two reflective RIS prototypes
operating at two frequency bands in the mmWave and sub-6GHz respectively. While the project
activities have produced a wealth of innovative RIS UC architectures, we use the following pro-
totypes as a proxy to show the validity of the impedance-based channel model.

1.1.1 Reflective UC RIS design in the Ka band based on PIN diode

The schematic of the proposed linearly-polarized UC is shown in Figure 1-1, It is composed of
four metal layers printed on two Isola Astra MT77 substrates (e 0,0 W& T8 T ;d
bonded with Astra MT77 pre-preg bonding film (e ¢ VO We | T@uUT p)dhe top layer is the
radiating element. It consists of center-fed O-slot rectangular patch antenna working in reflecting
(Rx) mode. The patch antenna is connected by a metalized via hole located at its center to the
ground plane. Two pin diodes MA4AGP907 are flip-chipped on the patch antenna to tune the
reflection phase; a bias line printed on the opposite side of the substrate controls them. The
patch is also connected to a delay line, printed as well on the opposite side of the substrate.

The two pin diodes are biased in opposite states (one pin diode is switched ON while the other
one is in OFF state). Due to the presence of the aforementioned delay line, a 90° phase-shift
(3%9 of the current distributions is obtained. Since the patch is operating in the reflection mode

RISE-6G Public 11



Document: H2020-ICT-52/RISE-6G/D3.3
RISE-6G Date: 21/12/2022 Security: Public

Status: Final Version: 2.0

thus the reflection coefficients phase shift is equal to ¢ 3%.(p W Jt The bias networks include
microstrip radial stubs to isolate the RF signals. The DC connection to ground is realized with a

short circuit stub.

@. _________ Diodes
T Reflecting Patch

(el (Rx)

<P . Biasing Layer

o DC Connection

----;----Gruund Plane

Figure 1-1 Schematic view of the Reflecting RIS UC

The two generated states of the UCs will be referred to as the following: State000 and State180.
This 1-bit UC has been simulated for its two-phase states using the commercial software Ansys
HFSS with periodic boundary conditions on the UC lateral faces and Floquet port excitation as
already explained in the previous section. The UC presents a phase difference of almostp (¢ 11 J
¢m@dt he red cur v Eigureali2@d)). €he reflfecibndaefficiem magnitude is smaller

than 2dB over the frequency band for both UCst at es (t he r ed chigurg e

1-2(a).
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Figure 1-2 S-parameters Reflecting UC
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1.1.2 Reflective UC RIS design inthe Sub-6 GHz band based on PIN diode

The schematic of the proposed dual linearly polarized UC operating at a central frequency of
5.2 GHz is shown in Figure 1-3. It is composed of one metal layer consisting of two orthogonal
folded dipoles and a matching network circuit printed on a thin 0.1 mm FR4 substrate. This FR4
substrate, characterized by - T&and 0 W T8t pis placed upon a thick 3mm LERD
spacer (- p8tto @ 18t i ixand backed by a metallic Imm ground plane realized with
an aluminium reflector. At the top layer, two-radiating elements are present, placed normal to
each other to cope two orthogonal polarizations. Two pin diodes are connected to the inner
printed matching network and are biased in opposite states (one pin diode is switched ON while
the other one is in OFF state).

Folded dipoles

Figure 1-3 Schematic view of the Reflecting RIS UC

By operating in this binary mode, it is possible to obtain a reflection coefficient phase of 0 or 180
degrees, depending on the polarization state of the diodes. This 1-bit UC has been simulated
for its two-phase states using the commercial software Ansys HFSS with periodic boundary
conditions on the UC lateral faces and Floquet port. As shown in Figure 1-4(a) and (b) the UC
exhibits a phase difference of almost 180° while the reflection coefficient magnitude is smaller
than 2.5dB over the frequency band for both UC states.

Magnitude of the reflection coefficients Phase differences
0 p——o —— 200
== e | valae N State 180
~ T by .
il ™ el i 2 Stale 000
A / 150 |
N\ —— S— -
2 N
N State 180 100 = ™
3 State 000 %
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s k] N\ .
el e L \\ \
% 5 E 0 \
g o \ N
= 9 S0t \ | N
\
S
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-100 | \
8t hY
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ar \\ J
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Frequency (GHz) Frequency (GHz)
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Figure 1-4 S-parameters Reflecting UC
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2 Fundamental RIS modelling

2.1 Discrete model overvie w

The project activities at M24 have consolidated the original models introduced in D3.1. The
focus of the advanced EM modelling research has been on discrete models based on imped-
ance and scattering matrices. Extensions of the free-space models detailed in D3.1 include
multipath fading and scattering clusters, as well as frequency dependence over wide bands of
operation. Harmonization of the physics-based models with system-level models has been ad-
dressed. In particular, the availability of full-wave simulation of the baseline (open-port, non-
reconfigurable) structure has been exploited to find mathematical expressions that relate the
RIS reflection matrix to the equivalent circuit elements of the RIS UCs. Table 2-1 reports a
classification of the advanced EM models developed within RISE-6G, including their main do-
main of applications and range of validity. The models have been developed through a tight
collaboration between academic and industrial project participants, also undertaking measure-
ments campaigns that involve selected sub-6GHz and mmWave prototypes in order to continu-
ously guide and validate the physics-based communication models of the RIS-assisted channel.
This choice is oriented to create simulation tools that support design and analysis of the RISE-
6G RIS prototypes accounting for the EM environment where they operate upon deployment.

We have elaborated on the importance of defining inherent reconfigurable capabilities of the
RIS via the loaded scatterer theory [MH73]. Furthermore, we have assessed the cascaded im-
pedance matrix channel model beyond the dipole array approximation. Specifically, the model
presented in D3.1 has been verified for both the GNW (sub-6GHz) and the CEA (mmWave)
reflective RIS architectures by extracting all the required active and mutual impedance matrices
from commercial full-wave solvers (Dassault Microwave Studio and Ansys HFSS). The imped-
ance-based RIS state matrix has been related to the RIS reflection matrix widely used in wire-
less communication. This activity sparks more analysis that enables the impedance matrix
model to be used in the core technical work packages WP4-WP6.

Table 2-1 Classification of the advanced EM models developed

RIS Model Range Environment | State Function

Impedance Near/far-field | Free space Port imp. Refl/tran

Scattering Far-field Rich fading Port scat. Refl/tran

Power Bal. Far-field Free space Refl/tran co- | Refl/tran
efficient

RCM Far-field Rich fading Port imp Refl/tran

RT Far-field Arbitrary Refl/tran co- | Refl/tran
efficient

DEA Far-field Arbitrary Refl/tran co- | Refl/tran
efficient

Resonant Far-field Free space Refl/itran co- | Refl/tran
efficient

An RMT formulation of the antenna impedance matrix, leading to the RCM, allowed us to inte-
grate the effect of rich multipath fading in the equivalent circuital model of the E2E wireless link.
An alternative formulation of the RIS-assisted channel model based on scattering matrix has
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been reported for completeness, where a multi-domain strategy based on Huygens boxed has
been adopted fruitfully to include rich multipath fading in the LOS channels between Tx/Rx and
RIS.

Importantly, in our discrete models we have captured the frequency response of the RIS proto-
types through the concept of BOI, introduced in WP6, which describes the largest bandwidth
within which specific RIS architectures perturb/change/control the propagation characteristics
of the channel. The BOI is related to important RIS design parameters, i.e., quality factor and
resonant frequency deviations, of wideband
verse Lorentziand model. A link with power
EMF assessment besides design, has been established through an augmented FDTD method,
which consists of a random plane wave superposition exciting the finite-size RIS structure in
time domain. This methodology constitutes a valuable approach for the analysis of wideband
RIS-assisted wireless link under multipath fading. This aspect is key for assessing the perfor-
mance of WP7 testbeds where the fading is emulated by the reverberation chamber. Finally, we
devoted special attention to the integration of field based RIS models within classical and phase-
space Dynamical Energy Analysis (DEA) RT algorithms. These approaches are also crucial in
WP7 as the project activity moves towards smart factory/train station field trials. In fact, while
the rich multipath fading assumption is useful for environment-aware design and performance
analysis, the assessment of real-life implementation and deployment would no doubt benefit
from models that capture more realistic propagation channels.

2.2 End-to-end impedance model validation

2.2.1 Impedance Model of GNW reflective RIS prototypes: Sub -6 GHz

The simulation layout for the RIS prototype briefly presented in section 1.1.2 consists of two co-
polarized linear dipole antennas acting as a transmitter and a receiver respectively. The two
dipole antennas are placed in the far-field of a reflective RIS consisting of ¢ ¢ UCs. The Tx
and Rx dipole antennas, as well as the RIS, operate at a central frequency of 5.2 GHz; the
numerical simulations were therefore performed over a wide frequency bandwidth ranging from
4 to 6 GHz. The UC design used to conveniently simulate this finite size reflective RIS has been
developed by GNW and has the topology of two folded dipoles to cope both the polarizations,
a suitable printed matching network both placed on a FR4 substrate backed by a ground plane.
The proposed UC is therefore presented in Figure 2-1 along with the equivalent circuits of the
pin diodes in the ON and OFF state respectively. The prototype has been simulated through
Ansys EM HFSS 2022©. The method that we used to verify the E2E model starts by extracting
the impedance matrices as described in [GR21]. The interactions between Tx/Rx antenna and
RIS UCs are calculated by a frequency domain solver in the form of open circuit impedance
matrices. It is interesting to point out that to build the E2E matrix, we have defined discrete ports
within the UCs. Those ports are left in open circuit or terminated by an equivalent circuit of the
pin diode in turn. Given that each UC has two pin diodes, one for each wave polarization, only
the folded dipoles co-polarized with the Tx and Rx dipoles will be used for RIS reconfiguration.
However, the general impedance matrix of the E2E system in this configuration consists of 10
ports in total: 8 that will be used for RIS configuration via pin 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 p T p T

mo d e |
bal an
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GreenerWave Unit Cell - f=5.2 GHz, D = ’51 =30mm
/ MatChing Network
| Equivalent circuit for the

ccccc . * ON and OFF states of the
: ' p-i-n diode

Cacel Help Rf CT RT
Aluminium

ON/OFF

FR4 Spacer ON OFF
£ = 1.04
e =43 _ = Forward  Reverse
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R;=1Q R,=500 O
Ly=06nH C,=02pF

Figure 2-1 . On the left a schematic View of the proposed reflective RIS 1 bit UC. On the right the Equiv-
alent lumped-elements models of the pin diode in the ON and OFF state.

To summarize, the approach employed to validate the E2E transfer function model, starts by
determining all impedance matrices comprised in the HE2E model and in particular ¢ that is
the impedance of the reflective RIS structure obtained by switching diode states, & or the ac-
tive impedance obtained with discrete ports which replaced the pin diodes in a particular
ON/OFF state. To calculate the H-matrix, the mutual impedances between the Receiving and
Transmitting antennas & , between the Tx antenna and RIS & , and between the receiving
antenna and RIS or @ will also be considered. To generate all impedances described in the
use of the general HE2E model, all scenarios are simulated in Ansys EM HFSS can be de-
scribed as follows in Figure 2-2:

1 Scenario 1: Inthis configuration, all active elements in the reflective RIS UC 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 E2E
transfer function model 'O  of the system. The resulting active impedance & matrix
has 10x10 dimensions (8 ports in the R_RIS Structure and 2 in the dipole antennas)

1 Scenario 2: The second configuration is presented by active elements placed in 2x2
reflective RIS UCs which are biased in State 000 and only the dipole antennas R/T are
excited with lumped ports. Consequently, the impedance & (the impedance of the re-
ceiver-transmitter) is extracted to be compared with 'O  calculated from the simulation
Multi-ports elements.

1 Scenario 3: The third configuration is presented by the active elements placed in¢ ¢
reflective RIS UCs which are biased in State 180 and only the dipole antennas R/T are
excited with lumped ports. Therefore, the impedance & (the impedance of the receiver-
Transmitter) is extracted to be compared with the E2E transfer function model 'O
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Simulation SETUP

! Port 8
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Emitter i -
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L. i
Port 1 Port 2 ! 'Port1 Port 2
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Figure 2-2 (a) Simulation layout of the reflective RIS prototype provided by Greenerwave, (b) Multi-ports
reflective RIS configuration, (¢) Reflective RIS Configuration in state 0°, (d) Reflective RIS Configuration
in state 180°.

In this section, we report the comparison between the predicted E2E transfer function obtained
with the proposed model, applied to the reflective RIS design and the impedance & extracted
from Ansys HFSS obtained with simulations of the loaded RIS in the two states. The simulation
results of impedance model have been extracted with a Matlab script, which outputs the total
scattering or impedance matrix of the multi-port configurations to validate the E2E transfer func-
tion model HE2E. As we can see from Figure 2-3, the impedance plots referred to as proposed
model are in good agreement with the @ extracted from the Ansys HFSS simulation with di-
odes in the T &nd p Y Tsthte cases. Furthermore, we have also extracted active impedance
from the UC placed in Periodic Boundary Conditions and used this approach to validate the
proposed HEZ2E transfer modal in the infinite case of reflective RIS arrays.
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Figure 2-3 Comparison between the real and imaginary part of the Impedance model (red and black
solid curves) and the predicted impedance & extracted from HFSS Simulator obtained with simula-
tions of the loaded RIS (red and black dashed curves) in case: STATE 000 (a), STATE 180 (b)

As a next step, the validation of the E2E model varying the distance of the receiving antenna
from the RIS has been carried out, assuming the Transmitting antenna fixed at a given position.
In Figure 2-4 Schematic view of the setup. The transmitti  ng antenna is supposed fixed
and in far field. The receiver is placed at 45° with respect to the normal emerging from

the RIS (z-axis) and can vary its position radially from 1 to 4 ¥ .a schematic view of the setup
is shown while in the Figure 2-5 are depicted the comparison between the impedance model
and the full wave simulation carried out with Ansys HFSS. As the periodicity of the UC is _¥¢,
being _ the wavelength of the incident radiation at the central frequency of 5.2 GHz, for this RIS
consisting of ¢ ¢ cells, the beginning of the Far-field region will occur at a distance of T1_. As
can be seen from Figure 2-5 the agreement between simulations and model is valid in the far
field but also remains valid for distances of less than 1_, degrading near the surface, i.e., at _.

Front View
Emitter
Receiver
-45° ?%f
O dey = 47
q? “ijy , tx

Figure 2-4 Schematic view of the setup. The transmitting antenna is supposed fixed and in far field. The
receiver is placed at 45° with respect to the normal emerging from the RIS (z-axis) and can vary its po-
sition radially from 1to 4 .
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Figure 2-5 Comparison between the real (a) and imaginary (b) part of the Impedance model (red

curves) the predicted impedance 4

(black curves) extracted from Ansys HFSS obtained with simula-

tions of the loaded RIS in STATE 0° case. The figures show this comparison at different distance of the
receiver from the RIS.

Another interesting validation of the E2E model has been conducted to account for the stability
of the results with respect to an angular variation of the receiver, again assuming that the trans-
mitter is kept fixed, as can be seen from the sketch in the Figure 2-6 and in Figure 2-7.
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Figure 2-6 Schematic view of the setup. The transmitting antenna is supposed fixed and in far field. The

receiver is placed at a distance of

J, where an angle of Jcorresponds to the z-axis.

from the RIS and can change its position angularly from

Jto
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Figure 2-7 Comparison between the real (a) and imaginary (b) part of the Impedance model (red
curves) the predicted impedance &  (black curves) extracted from Ansys HFSS obtained with simula-
tions of the loaded RIS in STATE 0° case. The figures show this comparison at different angle of the
receiver from the RIS maintaining fixed its radial distance.

A final analysis finally turned to the calculation of the so-called active impedance matrix, i.e., the
Zss, both for this presented structure of a 2x2 reflective RIS and for a larger RIS, i.e., a 5x5. A
schematic of the two different RISs is reported in Figure 2-8.

5x5 unit cell RIS Radiation
2x2 unit cell RIS
Radiation
26 27 28 29 30
31 32 33 34 35
36 37 38 39 40
! ﬁ12 E@ ‘mﬂﬁ 14@ 15@
41 42 43 44 45
== e e
: SimUIation SEtu : 1 17@ 18“@ 19%@ ME@
1. Frequency : 5.2GHz =
2. Radiation boundary conditions T
3. Simulation only RIS
4. 2x2 unit cells array (2 ports on each unit cells) 2 22 23 24 25
5. 5x5 unit cells array (2 ports on each unit cells)
+ Objective: Study the active impedance matrix Z,, for different size RISs

Figure 2-8 Schematic view of the two different RISs: On the left the 0 RIS with port for each cell. On
therighta 0 RIS UC, consisting of  elements and ports.

In figure Figure 2-9 (a) and (b), the real and imaginary part of the active impedance matrix for
both ¢ax; and vaw RIS are thus shown. It is interesting to note that by increasing the dimension
of the RIS structure from 2x2 to 5x5, the active impedance matrix ¢ is more diagonal, i.e., it
becomes similar to the @ matrix that would be obtained in case of an infinitely extended peri-
odic structure.
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Figure 2-9 In (a) real and (b) imaginary part of the active impedance matrix for both e and e RIS
are shown. It is worth mentioning that by increasing the RIS structure, the active impedance matrix Zss
is more diagonal.

2.2.2 Impedance Model of CEA reflective RIS prototypes: mmWave

In this section we analyse the applicability of the impedance model on reflecting RIS based on
UC design presented in Section 1.1.1. The configuration model prototype operates in Ka-band.
The simulation setup for model validation is represented in Figure 2-10. In a first step a full
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2-10(a)-(b). Then the diodes are replaced by lumped port to realize a multi-port simulation in

order to retrieve the @
formed Figure 2-10 (d).

active impedance matrix. Additionally, a simulation with PBC is per-
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Figure 2-10 (a) Reflective RIS Configuration in state J, (b) Reflective RIS Configuration in state J
(c) Multi-ports Reflective RIS configuration, (d) PBC UC

As an example, we considered a configuration with finite RIS with 2 2 UC elements and two
dipole antennas. As shown in Figure 2-11 the impedance obtained from the model using the
multiport simulation data, is in good agreement with the full-wave stimulation for different dis-

tances of the antennas from the RIS.
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Figure 2-11 (a) Comparison between the impedance model and the impedance Z21 extracted from sim-
ulation of the RIS for different distances ™ ¢h #h j f Case : Real part (a), Imaginary Part (b),
Case : Real part (c), Imaginary Part (d).

However, in the E2E matrix the mutual coupling between the transmitter and receiver could be

higher than the RIS channel itself. Hence, coupling has been subtracted to the full E2E transfer

function (i.e., S parameter) of the full wave simulation, to emphasize the RIS impact. In order to

eval uate the RIS effect, we considered two cases
A180 The phase difference bet wageea?2-12fagwhenusingc hanne
horn antennas as transmitter and receiver in broadside direction. It can be shown that the phase

difference is close to the expected ones. Despite the finite dimensions of the RIS, the phase

shift is very close to the one obtained from PBC simulation. Additionally, one of the horn anten-

nas was moved at a different angular position. While the phase difference changes according

to the phase, this is still close to the 180° shift expected Figure 2-12 (b).
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Figure 2-12 Phase shift with finite RIS and two horn antennas (without mutual coupling) in broadside (a)
and different receiver angular positions (b)

A preliminary validation of the model is based on the analysis of this shift when using the model
as compared to the full wave simulation. In Figure 2-13 we show the results in the case of single
UC or finite 2 2 RIS. The phase shift of the model is roughly in agreement with the full-wave
simulation especially at the central frequency. On the extremity of the band, a larger disagree-
ment is found, and the reasons are under investigation and left for further discussion in D3.4.
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Figure 2-13 Model and full wave simulation phase-shift comparison for different cases.
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2.2.3 Modeling the Mutual Coupling of Reconfigurable Meta  -surfaces

In this work [RGC22], we have discussed the engineering relevance of considering reconfigu-
rable surfaces whose scattering elements are spaced more densely than half-wavelength, to
model the presence of evanescent waves in the close vicinity of the surface, and to be able to
control them for realizing extreme manipulations of the EM waves with high power efficiency. In
these implementations, the mutual coupling among the scattering elements cannot be ignored.
Departing from the approach recently introduced in [GR21] for modeling the mutual coupling
among closely spaced scattering elements, we have shown that the E2E channel transfer func-
tion matrix can be formulated in a closed-form expression in terms of exponential integral func-
tions, which are built-in functions in state-of-the-art programming and numeric computing plat-
forms. This greatly simplifies the analytical calculation of the E2E channel transfer function ma-
trix in [GR21], and the corresponding optimization of the tuning elements of the surface for max-
imizing the system performance [QR21], [ADR21].

In [GR21], the authors have recently introduced a circuits-based approach for modeling the
mutual coupling of reconfigurable surfaces, which comprise sub-wavelength spaced passive
scattering elements coupled with electronic circuits for enabling the reconfiguration of the sur-
face. The approach is based on a finite-length discrete dipole representation of a reconfigurable
surface, and on the assumption that the current distribution on each thin wire dipole is a sinus-
oidal function. Under these assumptions, the voltages at the ports of a Multi-antenna receiver
can be formulated in terms of the voltage generators at a multi-antenna transmitter through a
transfer function matrix that explicitly depends on the mutual coupling and the tuning circuits
through the mutual impedances between every pair of thin wire dipoles. In [GR21], the mutual
impedances are formulated in an integral form. In this work, we show that the mutual imped-
ances can be formulated in a closed-form expression in terms of exponential integral functions.

For simplicity, we depart from [GR21, Corollary 1] that is applicable to single-antenna transmit-
ters and single-antenna receivers under the assumption that they are in the far-field of each
scattering element that constitutes an electrically large reconfigurable surface made of N recon-
figurable elements. Therefore, the model is applicable to the near-field and the far-field regions
of the whole surface. For self-consistency, a schematic illustration of the impedance-based
model introduced in [GR21] is reported in Figure 2-14 [RDT22].

The E2E channel can be written as follows:

~ J ’ ’
L. on daHa Hea s 2-1

Receiver

Figure 2-14 Schematic illustration of the impedance-based model for relay-type
surfaces introduced in [GR21], [RDT22].

Transmitter
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Where D is the mutual impedance between the transmitter and the receiver, » isthe0 p
vector of mutual impedances between the 0 reconfigurable elements of the surface and the
receiver, » isthe (0 pvector of mutual impedances between the transmitter and the 0 re-
configurable elements of the surface, H isthe 0 0 diagonal matrix containing the 0 equiv-
alent impedances of the tuning circuits enabling the reconfigurability of the surface, and H is
the 0 O (full) matrix containing the mutual impedances between every pair of scattering ele-
ments of the surface. Under the modeling assumptions in [GR21], H is independent of H

We are interested in computing the generic element of H . For ease of writing, let us denote
the (4 jth element of H by ® . Specifically, ® denotes the contribution of the electric field
generated by the current flowing through the rth reconfigurable element of the surface when it
is observed on the nth reconfigurable element of the surface. From [GR21], we have the follow-
ing:

Fam - . |'_‘ HO;% L= 2-3

._ o i..I.i |'_L§§ H lA~ “ II'I I"Ifs 24

4. f m_ -, if - A 2-5

i F T if - A 2-6

Where Q W W W o .InEgs. 2-2 to 2-5, the following notation is utilized: "Q

and "Q denote the half-length of the fith and jth reconfigurable element, respectively; ¢ de-
notes the radius of the rth reconfigurable element; (®; w; & ) and (®; ®; & ) are the center
locations of the nth and rjth reconfigurable element, respectively, which are all aligned along the
G-axis; 'Q ¢ ¥_where _is the wavelength; — is the intrinsic impedance of free space; (Is the
imaginary unit; and? is the second-order partial derivative with respect to &. The computation
of ® requires the calculation of the electric field in Eq. 2-3 and then the integral in Eq. 2-2.

The electric field in Eq. 2-3 can be formulated in a closed-form expression by applying the ap-
proach proposed in [O16, Section 25.1]. The result is the following:

o TQA 200 ) TQA 2000 )
2 b ® ®
- IGERE | PV
H B T F 27

Given the closed-form expression of the electric field in Eq. 2-6, ®  can be formulated in terms
of exponential integral functions. Specifically, we first rewrite the function "Q U as follows:

<

QD ﬁ Bi. oiplindA2®Q A QD0 S
» —B i AgRTQ O v Qn

—B  ; iAgR™ Ou QN
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L

Hem, 5 voHO _ Iy 2-8
where® pFfOETQ ,® cAl O o,and
AP QQ b U
o un AgB® ®
" b U

with ” Q ifn Afand” @ iff  n, respectively. The integral in Eq. 2-9 can be for-
mulated in terms of exponential integral functions by applying the change of variable in [O16,
Appendix G]. Specifically, the following notable integral holds:

-9
A @D Q- N o
-9
i AgPQi® 0O Qlp
i AP Qi® 0 Qv

0 Q 0 ® i 0 ®
h% Q Y O i Y B
"Ho 'l ¢
r Jllf 5 LIS 2-10

Where O & is the exponential integral function with cwbeing a complex number whose phase
is such that A O@Qs .

2.2.4 Model for joint transmitting and reflecting R IS

The IOS is a dynamic meta-surface that has recently been proposed to achieve full-dimensional
communications by realizing the dual function of anomalous reflection and anomalous refrac-
tion. In this work [ZZD22], we have proposed a new reflection-refraction model for the recon-
figurable elements of 10Ss. The circuit-based model has been verified through full-wave EM
simulations. Based on the obtained equivalent circuit model, we have demonstrated the influ-
ence of the angle of incidence and the 10S structure on the reflection and transmission coeffi-
cients. Also, we have studied the asymmetry between the reflection and transmission coeffi-
cients. Moreover, the proposed circuit-based model has been integrated into a mathematical
framework for jointly optimizing the digital beamformer at the transmitter and the analog beam-
former at the 10S. To verify the theoretical findings and evaluate the performance of the full-
dimensional beamforming, we have implemented an IOS hardware prototype and have de-
ployed an I0S-assisted wireless communication testbed and have experimentally characterized
the beam pattern of the 10S and the achievable rate.

Existing research works provide only simplified models for the reflection and refraction re-
sponses of the I0S, which do not explicitly depend on the physical structure of the 10S and the
angle of incidence of the EM wave. Therefore, the available reflection-refraction models are
insufficient to characterize the performance of full-dimensional communications. In this work,
we propose a complete and detailed circuit-based reflection-refraction model for the I0S, which
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is formulated in terms of the physical structure and equivalent circuits of the 10S elements, as
well as we validate it against full-wave EM simulations.

Refractive/

Reflective
Refractive/ patch

Reflective
patch

Ground

Ground

Pin diode

Pin diode

/
Bottom layer| | Bottom layer

Feedlne

(a) Structure of an 10S element (b) Photo of an implemented [0S element

Figure 2-15: Structure and one example of an 10S element

An 10S is a two-dimensional array of electrically controllable scattering elements with equal size.
Each reconfigurable element consists of two symmetrical layers, and each layer contains one
metallic patch and N PIN diodes that are evenly distributed on a dielectric substrate, as shown
in Figure 2-15. The metallic patch is connected to the ground via the PIN diodes. According to
predetermined bias voltages, the PIN diodes can be switched between their ON and OFF states,
and the state of each 10S element is determined by the states of the PIN diodes on the element.
At the bottom of each layer, there is a feedline that is connected to the metallic patch through a
via hole. The feedline is utilized to provide the required bias voltages to the PIN diodes. There-
fore, the reflection and refraction properties of the 10S element depend on the state of the ele-
ment, i.e., the configuration of the PIN diodes. Among all the possible states of the 10S element,
0 states are selected to control the EM waves. The set of selected states is denoted by Y To
completely characterize the reflective and refractive characteristics of the I0S, a model for the
reflection and transmission coefficients is required.

Vacuum Vacuum

Incident wave Refractive
wave
Reference Reference
plane 1 plane 2
Reflected

wave

Figure 2-16: Equivalent circuit model of the IOS element

To model the reflection and refraction properties of an 10S element, we introduce an equivalent
circuit model, as shown in Figure 2-16. Each metallic layer of the 10S element is modeled with
an equivalent parallel admittance that is represented by an RLC circuit. The RLC equivalent
circuit for the metallic pattern consists of two capacitors, two inductors, one resistor, and several
PIN diodes. The RLC equivalent circuit of the feedline is constituted by the series of the re-
sistance, the inductance, and the capacitance.

Based on the equivalent two-port network illustrated in Figure 2-16, the ABCD transmission
matrix of the obtained network can be expressed as [PO5]:
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1
"

whered " ", oM &M, & ,andd denote the parallel admittances that correspond to
the metallic pattern on the top layer, the feedline on the top layer, the feedline on the bottom
layer, the metallic pattern on the bottom layer, the coupling admittance between the metallic
pattern and the feedline, and the coupling admittance between the feedline on the top layer and
the feedline on the bottom layer, respectively.

Based on the ABCD transmission matrix, the reflection and transmission coefficients of the con-
sidered 10S element can be formulated as [TMN16, Table 4.2]:

el LT
> SR L

"Ho 2-12

u 2-13

= E L

where Q and Q represent the distances between the reference planes and the surface of the
IOS element andf  ¢* 7_ the propagation constant of the equivalent transmission line.

We aim to validate the proposed model with the aid of full-wave EM simulations. To this end,
we consider an implementation of the I0S element, and compare the reflection and transmis-
sion coefficients against those obtained by using a full-wave simulator. In the considered ex-
ample, each 10S element is assumed to be reconfigurable according to two states: both PIN
diodes are set to the ON state, i.e., the state (ON, ON), and both diodes are set to the OFF
state, i.e., the state (OFF, OFF).
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Figure 2-17: Amplitude and phase responses of the I0S element versus the operating frequency under
normal incidence. Comparison between full-wave simulations and the proposed model (l} 89>

The comparison between the full-wave simulations and the proposed circuit-based model is
reported in Figure 2-17. The obtained results show that the proposed model provides a good
accuracy for the considered case study.
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Figure 2-18: Full-wave simulations of the reflection and transmission coefficients vs. the angle of inci-
dence. The operating frequency is 3.6 GHz.

Figure 2-18 confirms that the reflection and transmission coefficients depend on the angle of
incidence. From Figure 2-18(a), we see that the amplitude of the reflection and transmission
coefficients increases and decreases, respectively, with the angle of incidence. This implies
that, in general, the amount of power that is reflected and refracted depends on the angle of
incidence. From Figure 2-18(b), we see that the designed IOS element offers, however, better
performance in refraction than in reflection. The reason is that the phase difference between the
two states of the 10S element is approximately equal to 180° for the refracted wave, while it
tends to shrink for the reflected wave as the angle of incidence increases. This implies that, for
the reflected waves, it is not possible to impose the required phase shift on the waves that
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impinge on the I0S from a wide angle of incidence. Good reflection capabilities are obtained for
angles of incidence that are less than 40°.

2.3 End-to-end field model validation

2.3.1 Electromagnetic modelbased on Huygensd® box

An overview of the proposed electromagnetics-based model is shown in Figure 2-19. The RIS
is positioned at the origin of spatial coordinates (0,0,0) with its top-layer oriented in the cdirec-
tion. The TX and RX represent the participants in the RIS-assisted wireless communication, and
may have arbitrary positions in space, provided that the distances between the devices Qen-
sure far-field conditions [B15],

| -
Y 2-14

where Ois the largest physical dimension of either of the two involved devices, and _is the
wavelength.

The far-field condition Eq. 2-14 is not a fhardolimit, but for lower distances the accuracy of this
model quickly deteriorates. The reason for this limitation is twofold. First, if the far-field condition
(1) is satisfied, we can assume TX, RX, and RIS to be irradiated by plane waves (or good ap-
proximations thereof), which reduces the amount of EM simulations that need to be performed
to characterize each device, so that this approach can be considered practical. Second, the
plane wave assumption allows to easily incorporate arbitrary complex weights 04 3 04305 3
between the devices (T stands for TX, R for RX, and S for the RIS), that can emulate for example
fading or blockage using the usual path-loss formalism.

Z
A Complex channel weights

that can emulate
shadowing, fading, etc.

TX

/

X

Figure 2-19: Overview of the proposed electromagnetics-based model: The RIS is positioned at the origin
of coordinates facing the x-direction, TX and RX represent the wireless communication participants at
arbitrary positions; All 3 devices are characterized by EM simulations and communication between them
is established via EM plane waves with arbitrary complex weights on each segment.

The EM principle of the RIS channel model is depicted in Figure 2-20. The problem of obtaining
the communication channel is divided into three parts following the three involved devices: TX,
RX, and RIS. For each of these devices, a set of EM simulations is performed to characterize it
in terms of incoming and outgoing power waves at each port and incoming and outgoing plane
waves in free space. For the latter, a Huygens' box [B12] is formed, entirely enclosing each
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device (green dashed rectangles in Figure 2-20) and used for a) illuminating the device with
plane waves and b) recording of the EM fields radiated or scattered from the device. The rec-
orded fields are then developed using the near-to-far-field transformation into radiation or scat-
tering patterns that express the magnitude and phase of the produced plane wave at the far-
field distance.

At this point, the model does not yet know the positions of TX and RX with respect to RIS, as
this information will only be provided by the user of the model. Therefore, each device must be
electromagnetically characterized in advance, assuming arbitrary positions of the other devices,
which could easily lead to excessive number of simulations needed. To keep the approach prac-
tical, we chose to illuminate the devices by plane waves (implying far-field conditions (1)) from
finite number of spatial directions. In particular, the spatial directions are distributed in a rectan-
gular grid of two spherical coordinates —and %owith predefined angular steps 3—and 3%. If we
denote the sizes of the grid in the —and %.dimensions as 0 “F3—and 0 ¢" 73%9 respec-
tively, then the total number of simulations for each polarization will generally be
0 0 p o ¢ (as each fpoleod of the spherical coordinate system needs to be counted
only once). However, if the device is symmetrical, as is often the case with RIS in the form of
planar arrays, we can take advantage of available geometrical and functional symmetries and
reduce the number of simulations accordingly.

Each device is characterized by three distinct matrices: 1) the port scattering matrix 3 ,
which carries information about coupling between the 0 ports of the device, 2) the radiation
matrix ( , Which carries information about the radiation (and, by reciprocity, reception) prop-
erties of the device in O directions for each port, and 3) the plane wave scattering matrix :
which carries information about scattering from the device in U directions when illuminated by
a plane wave from each of the 0 directions. In the following, let us assume only single polariza-
tion with all the devices. If the simulation engine provides complex values for the radiated E-
field of the chosen polarization at 1 m distance in the matrix %, 4 5 , then the radiation matrix
can be calculated

&
( %= 215

where 'Q ¢ 7_is the wavenumber, — is the free space wave impedance, and Eis the imagi-
nary unit. Similarly, the scattered E-fields at 1 m distance normalized to an incident plane wave

of 1 V/Im provided in the matrix %, z 4 #an be converted to the plane wave scattering matrix

a
Yo s oo 2-16

The three matrices 3, (, and are then stored in a file.
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RIS with N ports

A
4 ™

Figure 2-20: Schematic view of the underlying EM model: TX, RX, and RIS are enclosed in Huygens'
boxes (green dashed rectangles) that allow plane wave communication between each of these 3 devices
with arbitrary channel weights 4 5 <4 3 @5 5 the user is given an S- or Z-matrix of the entire system (red
dashed rectangle) that exposes only the ports of the 3 devices.

The final step in obtaining the model is to assemble the three devices into one system, by cou-
pling all pairs of devices with their plane wave ports (dotted arrows inFigure 2-20). This step is
only possible after the user provides the positions of the TX and RX. First, the precomputed
matrices are loaded from the file, and reduced to include only relevant directions, so only those
columns corresponding to the directions toward the other devices are retained in ( and the rows
and columns with these same indices are retained in . If the directions do not exactly coincide
with the data grid, interpolation may be employed.

All matrices for TX, RX, and RIS are gathered together into system matrices

Boue Al EAEMLIB, ) 5 2-17
(oo Al EABHAGH 23 2-18
ouo Al EARACH ) 5 2-19

where A1 E A Es/aGhorthand for block diagonal matrix. The three devices are then linked to-
gether using free space propagation terms [F17] multiplied by the user-provided complex chan-
nel weights

BEu2. @ Eus g Bes
Iz 43 fmas 23 yms

where i, 5 i4 31, 3are the geometric distances between the three devices. The path loss matrix
¢ is instrumental in creating the connector matrix

& AEAG, 2-20

# & 2-21

&
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that is finally used to eliminate the internal plane wave ports to give the user the total scattering
matrix 3g | @f the entire system (red dashed rectangle in Figure 2-20) with only the physical ports
(dual arrows in Figure 2-20) of the TX, RX, and RIS exposed,

31 030u0 (du# ouo (6006 2-22
If needed, the scattering matrix can be converted to impedance matrix assuming & is the char-
acteristic impedance of all the ports

o1 6% ) Noi d Moi o 2-23
where ) is the identity matrix of the same size as 3.

Since the proposed model uses plane waves to link the three communication participants, TX,
RX, and RIS, together, the simulations can be performed in off-the-shelf commercial software
for EM simulations of antennas, as they usually offer both the plane wave excitation and near-
to-far-field transformation. For our implementation, we chose CST Microwave Studio as the sim-
ulation engine, and MATLAB for the wrapper function that performs the linking and the interface
to the user. The syntax of the MATLAB function is

M = ris_matrix( type, filename, ...
X TX,y_ TX,z TX, ...
X RX,y_RX,z RX, ...
w_TR,w_TS,w_RS)

where Mis the resulting matrix that can be the S- or Z-matrix of the entire model (denoted by red
dashed rectangle inFigure 2-20) depending on the argument type being 'S' or 'Z' , respec-
tively. Argument fil ename specifies the file in which the precomputed simulation data are
stored, x_TX, y_TX, z TX and x_RX, y_RX, z_RX are the spatial Cartesian coordinates of
the TX and RX, respectively, and finally w_TR, w_TS, w_RS are the arbitrary complex weights
04 3 U4 30, 3respectively.

The model has been validated against a full-wave simulation of the scenario described in [GR21]
and [QR21] at frequency 28 GHz. The RIS is an0 0 planar array centered at coordinates

it facing the @direction. The RIS elements are distributed in a rectangular grid with spacing
_T0, making the electrical size of the RIS approx. _ _. The TX and RX, as well as all the
elements of the RIS array, are g-oriented short dipoles with length _¥o cand radius _fu m.7The
TX is positioned at coordinates vh vis and RX at vlvlp , measured in meters. The maximum
error of the resulting impedance matrix is less than 1.4 % in magnitude (<0.12 dB) and less than
3°in phase.
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Figure 2-21: Maximum magnitude (a) and phase (b) errors of the Z-matrix when the RX is placed at
position e, h 8 h 8 m. The red line denotes the far field approximation distance from the RIS.

Behavior of the Z-matrix close to the RIS is shown in Figure 2-21. Here, the RX is placed at
position ¢y H T@T (L ¢ M, the 6y gcoordinate is swept between 10 mm and 1 m, and the mag-
nitude and phase errors of the Z-matrix elements between the proposed model and a full CST
simulation are observed. As expected, the errors are dropping with distance, and in the far-field
region, which in this case is approximately 1_ (43 mm) as defined by (1), the errors are below
1.5 dB in magnitude and 18° in phase. The latter figure agrees well with [B15], where the far
field approximation condition (1) is defined for phase error not exceeding “ T (22.5°).

2.3.2 Scattering matrix and power budget  model

Previously a hybrid full wave methodology based on analytic expression and full-wave simula-
tions was developed to synthetize and optimize Transmitting-RIS (transmitarray). It was vali-
dated with the measurement results up to 330 GHz. This tool has been extended to consider
Reflecting-RIS and RA antenna arrays.
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Figure 2-22 Operating principle of the RIS in reflecting mode.
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In this section, the model will be presented briefly. The input data in the model are the following:
the focal source radiation pattern, the UCs scattering matrix, and their radiation patterns. The
data could be considered as ideal cases (ideal UC and ideal source) or could be extracted from
full-wave simulations (such as HFSS simulation). The structure in Figure 2-22 is considered
with a RIS of MxM elements. The RA is illuminated by a focal source at a focal distance "O The
input power on the focal source is 0 . The complex radiation pattern of the focal source is
denoted as 'O —H%o. The radiation pattern inthe & directionsis O — o ; the two com-

ponents of the patterninthe & UC directionare © and 'O . The complex radiation pattern
of the UC is denoted as’O —H%o. The radiation pattern in the direction of the focal source
is'™O — Mo ; the two components of the pattern of the @ UC in the direction of the focal

source are 'O and O . Therefore, the incident wave received by the & UC is calculated by
the following formula:

1.# Pl _ P so o
+ Eg—aimls 1m0 B 2-24

where 'Y : is the distance between the focal source and the @ UC, and_: is the wavelength.

The reflected wave by the @& UC is then calculated using the following formula:

LI 2-25

where Y : is the reflection coefficient of the & UC.

Finally, the radiation pattern of the reflectarray (O and "O ) is computed by the summation of
the contribution of each cell, taking into account the reflected wave calculated in Eq. (2-25) and
the radiation pattern of the UC for a given pair of (—4):

- - - Z . . . .
qP_ PR L PR B fm " i achAl e b 2-26

where @ and @ : are the Cartesian coordinates of the UC (in the plane z = 0, since the RA is
placed in the place xoy (Figure 2-22).

The MATLAB tool can ensure a full analytical study. Several sweeps could be performed such
as: frequency sweep, focal distance sweep, etc... These sweeps help in the optimization of the
RA antenna. In Figure 2-23 an example of ¢ 1 ¢ WJCs RA is shown. The analytical results
calculated in the developed tool are shown in Figure 2-24. The different phase distributions for
the steering angles [ ¢ tdy dp 1] dre calculated as well as the 2D radiation patterns in the plane
% T At 29 GHz. The 3D radiation pattern for a reflection towards o 1tid shown. There are
other far-field results that could be extracted from the tool such as other cut planes, the gain vs
the frequency, and the efficiency.
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Figure 2-23 The adopted scenario in the MATLAB Simulation of a RA of 20x20 UCs and the 3D gain
pattern in 30° direction.

30

20

10

Magnitude (dBi)
(e}

-10
S A
-30
-90 -60 -30 0 30 60 90
0 (deg)

Figure 2-24 The gain patterns for different steering angles are calculated analytically in the Matlab tool
for a RA of 20x20 unit cells.

2.3.3 Synthesis and Si mul ati on of 4al4a Reflecting RIS

In order validate the model of the proposed Matlab tool in one hand and to demonstrate the
reliability of the designed reconfigurable UC in the other hand,ay QUC (1_ T_It & 1 &
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mm?) RIS is considered. The RIS is illuminated using a standard 10-dBi horn placed at a focal
distance 'O o ¢gnm (OO  m@). For the sake of simplicity, the horn is placed at the middle
of the RA. Since the horn is covering an angle of the reflection plane (see the 3D sketch of the
scenario in Figure 2-25) thus, the reflection in broadside is not considered in order to avoid the
shadowing caused by the horn. The phase distributions for two steering angles are generated:
i) Reflection towards p 1t ) Reflection towards o 1t The full RA considering the two-phase dis-
tributions is then simulated in HFSS (Figure 2-26) with the Finite Element Boundary Integral
(FE-BI) solver.

The simulation results are then compared to the MATLAB theoretical results. In Figure 2-26,
the pattern for the two reflection cases (p manhd o 1) &re shown with the corresponding phase
distribution. The plots show good agreement between the full-wave simulations and the theo-
retical results. For the case of the reflection towards p 1 the maximum gain calculated in Matlab
is of p & pdB, and of p ®Bo ¢cdB the maximum gain exported from HFSS which leads to a small
difference of @ dB. Whereas in the case of the reflection towards o Tt the gain value is almost
the same with a small shift of p® between the two patterns. The side lobes in both cases (p 11 J
and o 1) Bhow differences between the analytical and simulation results. This could be ex-
plained by the small size of the considered RA. The simulation setup in HFSS (Figure 2-25)
shows that the size of the horn compared to the size of the RA is too big and this may lead to

some coupling effects.
{
) FE-BI

FE-BI

Figure 2-25 The HFSS simulation setup of a RIS of 8x8 unit cells illuminated in the middle by a standard
10dBi horn.

In general, the RIS sizes are much bigger than the one considered in this case. The small size
was fixed in order to maintain the balance between the validation of the concept and the time
consumption of the full-wave simulation. Finally, these patterns demonstrate the feasibility of
reconfigurable RA using the developed UC.
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Figure 2-26 The 2D gain pattern of the RA of 8x8 UCs at 29GHz in the plane” Jfor two steering
angles Jand J

2.3.4 RIS Element Reflection Coefficient T Transfer Function

We consider the wireless communication between a Transmitter (TX) equipped with 6 antenna
elements and an U -antenna Receiver (RX), which is enabled by RIS having bt  UCs each
with tunable response. The aim of this section is to propose an E2E wideband channel model,
between one transmitting and one receiving antenna elements in presence of a RIS and ap-
proaching each tunable UC of the RIS such as Linear and Time-Invariant (LTI) system. It holds
for the outputs of the involved LTI systems:

-0 1.1 2-27
B BB 2-28
ol 1R 1 2-29

where 'QQfF "Q & & W'Q represent the frequency responses (DTFT) of the systems that model
the first-hop wireless channel, the reflection coefficient of the RIS element, and the second-hop
wireless channel, respectively. In Figure 2-27, we depict the proposed E2E channel model be-
tween one TX and one RX antenna elements via a RIS UC. At this point we want to find the
overall E2E response that links the output voltage to the input one, modelling it as the cascade
of individual transfer functions. To do this, the first fundamental step is to characterize the re-
sponse of an individual UC from an EM point of view on the base of its reflection coefficient.
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Figure 2-27 Transfer-function-based modeling of the E2E RIS-enabled channel between a TX and RX
antenna.

2.3.5 RIS Element Reflec tion Coefficient T Resonant Model

One can model the RIS such as a reflect-array as shown in Figure 2-28, which constitutes a
structure that is analytically solvable. In this context, it has been shown [KYE13] that the re-
sponse of a single RIS element in a periodic surface has an inverse Lorentzian form

1F
I ' Wr—‘ ll’ 2-30
il 28

Where [ is the 0 O R pkME)  diagonal matrix with each RIS element re-
sponse i n i'Qsthe rdsonargefrequency of the UC, which depends critically on
radiative 0 and loss 0 quality factor. In the presence of a tunable loading of the UC, the
quality factors of the complex-valued reflection coefficient are perturbed, as well as the associ-
ated resonant frequency of the cell, viz.,

irF B
I B PPET " Fw FE 2.31
*h iF B )
= - wm um
k> LT F R Fi

SOUARE PATCH

FRA SUBSTRATE

,,,,,, Yy
L.

»

Figure 2-28 Patch-based reflect-array on a grounded substrate: The reflection response configures as
an Oi#thwerne zi and function.
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2.3.6 Full wave simulations

We now adopt and extend the model Eqg. 2-30 to fit the magnitude and phase of the reflection
coefficient obtained from full-wave simulations. We exploit the CST simulations to extract the
quality factor and resonant frequency of the unloaded structure, as well as their perturbation in
presence of loading. The fitting of the reflection coefficient, obtained through a PBC simulation
(the so-called Floquet analysis) is done through the radiation quality factor 0, and requires
finding the loss quality factor of the reflect-array 0 hwhich can be expressed in terms of sub-

strate (0 ) and metal (0 ) quality factors such as: 8 To evaluate the performance of the

proposed approach, a set of full-wave simulations with SIMULIA CST Microwave Studio have
been performed. The main interest of this analysis is to consider active elements, such as va-
ractors, in the design of the reflect-array UC to achieve the reconfigurability of the reflection
coefficient. The RIS consists of a periodic surface in which the single UC is a square metal patch
loaded with varactor diodes. This meta-surface is placed on a thin dielectric FR4 substrate
shielded by a metal ground. As mentioned, the EM simulations of the RIS have been carried out
resorting to the Floquet theorem for periodic structures that allow for considering the mutual
coupling effect among the UCs. The varactor capacitance values have been selected to obtain
a guantization of the reflection coefficient phase, with T v steps, over the entire phase range
from p Y mal p P radshown in Figure 2-29. It is important to emphasise that all these simu-
lations and comparisons with the Lorentzian model assume a normal incidence on the meta-
surface.

In order to obtain a Lorentzian model of the reflection coefficient of the RIS, as expressed in Eq.
2-31, two successive stages have been performed. At first, the reflection phase of the unloaded
structure, or without the varactor, is analysed at normal incidence by using CST simulator. From
this simulated reflection coefficient, the resonance frequency "Qand the quality factor 0  can
be estimated. "Qis calculated as the frequency where the reflection coefficient equals 0, while
0 by inverting the equation Eq. 2-30 being 0 and "Qnow assigned. 0 is the parallel combi-
nation of dielectric loss 0 and metallic loss 0 of the square patch and can be evaluated ana-
Iytically using the geometrical and electrical parameters of the design. Due to the inversion of
the Eq. 2-30,0  has a small imaginary part and a small peak at the resonance frequency "Q
in its real part. It was therefore chosen to consider only the real part of 0  and perform a
polynomial interpolation to avoid this peak, as shown in Figure 2-30. The comparison between
the full-wave simulated reflection coefficient and the one obtained with Lorentzian model adopt-
ing"Qand 0  are shown in Figure 2-31. A small deviation with respect to the amplitude is
present, and concerning the reflection phase the two curves are almost superimposed. At this
point, in order to find a Lorentzian expression of the reflection coefficient for a RIS, we can use
the parameters previously calculated within Eq. 2-31 by adopting a perturbative approach.
These three terms, 30 B0 and 3'Qare considered as fitting parameters for the model tun-
ing and assumed as unknown but constant with respect to frequency. The CST simulations of
the reflection coefficient, as the varactor diode capacitance varies, were compared to the Lo-
rentzian model with the tuning parameters appropriately chosen to achieve this fitting. These
results are showcased in Figure 2-32 in which this comparison is reported for a particular value
of the capacitance corresponding to the 3™ quantization level.
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Figure 2-29 Phase of the reflection coefficient for a Varactor loaded RIS against capacitance 2 I
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Figure 2-30 Real part of |}=| - js represented with the continuous blue line. The red dashed line repre-
sents its Iinterpolation from the samples shown in red circles.
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Figure 2-31 Amplitude (on the left) and phase (on the right) of the reflection coefficient at normal inci-
dence for a RIS without Varactors. The results of the Lorentzian model are compared with CST full-
wave simulations.
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Figure 2-32 Amplitude (a) and phase (b) of the reflection coefficient at normal incidence for a RIS com-
posed by a varactor with 8 = he results of the Lorentzian model are compared with CST full-
wave simulations.

3 RIS channel modelling and sounding

3.1 RIS modelling under rich multipath fading

3.1.1 Random coupling model for impedance matrices

Progress has been achieved in i) The optimization of the RIS phase mask operating in presence
of back-reflections from the propagation environment; ii) The inclusion of LOS channels and the
understanding of their role in achieving CH; iii) The computation of mutual information statistics.

In D3.1 we have shown how to integrate multipath fading in the impedance-matrix based
on wave chaos assumptions that lead to a physics-based statistical model, the RCM is used in
both the uplink ¥ and downlink ¥ impedance matrices depicted in Figure 3-1.

v i ———"

Figure 3-1 RIS assisted wireless link operating in free space: All the LOS channels between transmitter
and receiver, and transmitter/receiver and RIS, are assumed to support multipath fading where both
LOS and NLOS channels coexist and have prescribed statistics.

Let us remember that in the moderate loss regime, i.e., | p, we assume that the active im-
pedance of the RIS is not changed by back-reflected waves in the propagation environment,
viz.,
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for the mutual impedance between transmit array (TA) and RIS elements,

SURCICEIIETE R 32
for the mutual impedance between RIS elements and receive array, and
77 49 4y 3-3

for the RIS state matrix. In Eq. 3-1 and 3-2, a universal fluctuation matrix that configures as a
random matrix from the GOE parameterized by the average modal overlap | , whose entries are
expressed by a sum of ergodic eigenmodes supported by the propagation environment, hence

Ky gl =rvo 3-4

where the resonance eigen-spectrum ‘Q has average mean spacing &’Q &and associated ran-
dom eigenfunction that is zero-mean Gaussian distributed. We have further developed this for-
malism to include the LOS channels in Figure 3-1. Neglecting the LOS between TA and receive
array, where blockage is assumed in those use cases that benefit RIS technologies, yields

9
where the statistical fluctuation in the uplink is entirely captured by & , and
Sy HHT 3-6

where the statistical fluctuation in the downlink is entirely captured by @ . Upon normalization,
we can write the random signal model for RIS assisted MIMO systems as [ADD21]

st s

N T BT 37
where the normalized complex-valued channel gain matrices are defined as Q
OO OB OB ,Q ® &® ,with® W W , @ @ O ,0

(N active impedance of TA and receive array, and (diagonal) free-space impedance matrix
with entry —, respectively. For a SISO RIS-assisted wireless link, the optimization of the phase
of the tuning impedance reads, in absence of mutual coupling between UCs of the RIS [QR21]

P
t—= 3-8
' ‘ S lﬂ #

is obtained as an implicit equation

P WH Oy H s - BH 3-9

that can be computed numerically via Monte Carlo simulations. It is worth noting that (3-9) has
the meaning of a fading aware RIS optimization through average and standard deviation vectors
of the fading in both the uplink and downlink paths. The average 3 . 2is depicted in Figure 3-2
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for the increasing number of active UCs 0 within the RIS. Higher-order moments of 3 . 2have
been calculated analytically with the MGF method. The computation of the variance gives ac-
cess to CH bounds. We show the numerical results obtained from Monte Carlo computation in
Figure 3-2, in order to corroborate the theoretical models.

x10*

Optimized

(a) (b)

Figure 3-2 Theoretical predictions (solid lines) of expectation (a) and CH (b) are reported and validated
by Monte Carlo simulations (symbols) for both the optimal and non-optical scenarios. Colored lines rep-
resent two (uniform) LOS channels of different strength.

Figure 3-2 clearly shows an improvement of the wireless link performance through the RIS, in
terms of reduction of the path loss, with the onset of CH. The optimal case is fitted by P 5 as

expected in the asymptotic regime. However, it is found that this result critically depends on the
existence of LOS channels. Also, the non-optimal case shows a (slower but significant) channel
hardening effect, which remarks the benefit of adopting the RIS, even of relatively small dimen-
sion, in harsh environments. The emergence of CH in RIS-assisted wireless digital links has
been demonstrated via a SDR-based transceiver operated in reverberation chamber (a con-
trolled laboratory environment to emulate multipath fading) [GLL+21] and in a real-life open
space to test cross-interference suppression in multi-user use cases.

Furthermore, using the MGF method one can obtain the statistics of the Ml for a RIS-assisted
SISO link, which fluctuates on account of the statistical behavior of 3 . 2 Starting from the Ml
definiton ... 1 T @ 3. 2, we first derive the probability PDF of the3 . 2 ie.,0 3. 2,
then calculate the Laplace transform of the obtained PDF and use the Hubbard-Stratonovich
transform to obtain the MGF of 3 . 2

—y <
vil Er - E.m Ban N Ead [ )
Fm nEN o e N 447 rm" f 3-10

which finally yields, upon a logarithmic variate transform, the PDF of ..,i.e., 0 .... The numerical
results, obtained from Monte Carlo simulations and reported in Figure 3-3, confirm the validity
of predictions.
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14

Optimized

Figure 3-3 Expectation of the mutual information in RIS-assisted links with different (uniform) LOS chan-
nels and for both the optimal and non-optimal operation of the 4/ -element RIS.

The mutual information statistics obtained through RCM show a performance increase from the
RIS, thanks to the fading-aware optimization discussed in Eq. 3-9. The results obtained in this
activity inform the performance analysis and enhancement in WP4. The impedance matrix
model has been adopted in the edge-computing optimization methodology proposed in WP4, to
provide a system-level simulator. Furthermore, the integration of the RCM in the impedance
matrix model augments the geometric model in Section 4.1 to provide an integrated channel
model in presence of obstacles and channel variability.

3.1.2 Random plane -wave superposition in FDTD

In WP3 we started to model the RIS by implementing the GSTCs in the FDTD scheme. The RIS
is considered as homogeneous and continuous sheet, with a very small thickness compared to
the wavelength, and allows us to simulate RISs in an easy manner by appropriately modifying
the susceptibility function that characterize the RIS functionalities. The insertion of RIS via the
GSTCs causes an update of the classic FDTD
D3.1, D6.2 and explained in detail in [VCA18], [VAC16] and [JYL20].

Full wave simulations allow us to study the EM response of RIS when operates at different
states, such as reflective RIS, transmissive RIS, Reflectarray and Transmittarray structure. The
RIS is illuminated by a single wave or waves, appropriately created. The single wave or a su-
perposition of a finite number of plane waves are created by generating the angle of incidence,
the distance d and the polarization as independent quantities. Figure 3-4 shows the geometry
for the generation of a random plane wave which illuminates the device under test, in our case
the dotted box represents the RIS. In the plane wave generation, angles —| andj are gener-
ated independently each other. Those values can be tuned if ones would reduce the angle of
arrival of impinging waves. The versor ¢ denotes the incidence and can come from any direction
whereas ‘Oand ‘Oare the electric and magnetic field respectively.

schen
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Figure 3-4 Geometry for the generation of an incident plane wave over the simulation domain.

The proposed setup in Figure 3-4, by considering a superposition of plane waves, allows us to
reduce the overall computational burden with respect to simulate the whole environment such
as the reverberation chamber (RC), including RISs. In fact, the EM environment attained within
the RC can be reproduced and modelled as the superposition of a finite number of plane waves
[DAH98], [MAPO6].

Beside the model previously described in D3.1, based on the GSTCs, RIS can be also modelled
as a periodic surface over a ground plane [FCB21], see Figure 3-5.

Incident wave
: " Varactor

Trandrmitbed winee

B flected wave

Patch

FJ_
X
Figure 3-5 RIS simulated by diodes/capacitors.

In this case, the RIS is modelled by perfect electric conductor (PEC) squares patches along x
and y directions. Varactors diodes are lumped elements that connect adjacent cells in both x
and y directions. Dimensions of the simulated patch(s) are p T p ™mm, equispaced by p mm
each other, the permittivity of dielectric support has value of - 18 and the conductivity is ,,
8t T YA . In the simulated case, RIS has p Y waractors, with values of capacitance 6
Tp N "@nd/or p pF. RIS has ¢ waractor diodes, with values of T pF and/or p pF. The RIS di-
mension should be considered large enough to guarantee an acceptable focusing on the target
because the received power depends on the reflecting surface. Currently, the investigated band
is from p to Y GHz and the amplitude of the incident wave is p V/m. The small yellow square in
Figure 3-5 highlights the detection point where the received signal were saved. The capacitor
within the FDTD scheme is modelled by the equation [TAF95]:
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Preliminary results of this geometry are following reported.

Mormalized Received Signal
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Figure 3-6 Normalized received signal at the detection point.

Figure 3-6 reports the normalized received signal where the points registered at f3 and f4 are
pointed out. Figure 3-7 and Figure 3-8 show the distribution of the magnitude of the electric field
on the RIS, referred to f3 and f4 respectively.

Figure 3-7 Electric field distribution at 3.
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Figure 3-8 Electric field distribution at f4.

In particular, we can note that the maximum values of the electric field are distributed around
the centre of the RIS at f3 as reported in Figure 3-7, whereas at f4 the electric field is irregularly
distributed as shown in Figure 3-8. The variability of the field in space and frequency is due to
the influence of varactors on the wave propagation. An optimization of varactors configuration
will allow to get the desirable operation condition of the RIS.

3.2 RIS link with random (and moving) scatterers

3.2.1 Impedance -based model extension for scattering clusters

In this section, we generalize the RIS channel model proposed in [GD21] to the case of multiple
scattering cluster objects present in the environment. In particular, as depicted in Figure 3-9, we
consider a multi-user MIMO network with M-antennas at the transmitter and L single-antenna
receivers.

RIS i
| Uncontrolled Scatterers (US) I
-51 l’: .....I....I.g Receivers :
ssssisssssss .
14 M=3 EE .e ® -
0eee 3 . . L
i TX =4 _
0 I’ Il (I: l l‘;} l‘ 2 ll 1 lI(
I /\u

Figure 3-9 RIS-aided multi-user MIMO network in the presence of (uncontrolled) scattering clusters.

We mode the RIS elements as tunable impedances, whereas the uncontrolled scatterers are
modelled as fictious dipoles, attached to fixed and fictious loads. The channel matrix is thus
given by

4 1

Er p & HYH Hy WM W My Hy HoovE 312
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where: h: it h are assumed to be known and are related to the internal impedances of
the transmitter generator and receiver load. Whereas :  represents the direct channel from the
transmitter to the receivers,: h  are the channel from the propagation environment, i.e.,
both the uncontrolled scatterers and the RIS to the receiver, and from the transmitter to the
propagation environment. : is the self and mutual impedance of the propagation environment
and : represents the (tunable) impedance of both the RIS elements and the uncontrolled scat-
ters. We model the latter two matrices as

: Hop Hy 3-13
e Ht Hy

’ H )
Hl F 'I—L| l:-” 3 14

where O stands for the uncontrollable objects, while S stands for the RIS UCs. In this regard,
the matrix :  models the mutual coupling across the array, whereas :  describes the (fixed)
reflection parameters of the uncontrollable objects, and lastly : denotes the tunable RIS im-
pedances (to be optimized).

Hence, the receive signal at user | is given by

o om T T pH AT T, 3-15
where E  j is the I-th row of the matrix ) D containing the direct
link from the transmitter to the receiver, 7 N E is the BS precoder, O" £ is the transmit
signal vector, E is the I-th row of the matrix ) o o

; Do : describing the channel matrix from the transmitter to the receiver, which
is reflected upon the RIS, and | is the AWGN coefficient.

Our objective in this context is to find both the optimized BS and RIS configurations, i.e., :
and 7 , as a function of the uncontrollable scattering objects in the environment.

3.2.2 Field-based model ex tension for scattering clusters
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resonance frequency of its' constitutive dipol es
RISE-6G Public 50




Document: H2020-ICT-52/RISE-6G/D3.3
RISE-6G Date: 21/12/2022 Security: Public

ﬁ Status: Final Version: 2.0

above the operating frequency, the environment e
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factor of the Rician environment can be adjusted
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Figure 3-10 llustration of the link between the coupled-dipole formalism and the RIS-parametrized end-
to-end channel matrix for a MIMO example [FSA22].

A case study on RIS-enabled over-the-air channel equalization has been conducted in order to
unveil PhysFad's ability to capture the time-domain aspects of RIS-parametrized fading envi-
ronments. Two different regimes were studied: i) imposing one dominant NLOS channel tap
inside an irregularly shaped scattering enclosure with large amount of reverberation, ii) reduced
amount of reverberation by adding loss to the dipoles constituting the scattering environment
and explore the alternative strategy of cancelling all NLOS taps through destructive interference
with lower amount of reverberation. Future directions include the extension to a dyadic 3D ver-
sion, with detailed models of specific antennas and RISs, as well as serving as a valuable tool
in backscatter communications, mesoscopic wave physics and wave scattering.

3.3 Deterministic RIS -assisted channel model ling

3.3.1 RIS model inclusion in ray tracing methods

The simulation of a RIS was started by using TIMplan3D, developed in-house based on the
Al ntelligent R a JLUZD]r [AFR&0], PACNILQ|, JLBD1®]ctdhcheck opportunities
and drawbacks of the RIS technology for radio planning purposes.

The ray tracer can simulate a full 3D scenario accounting for electromagnetic propagation and
interactions with objects even considering inhomogeneities (see Figure 3-11). Each object is
described with its real geometrical shape and to each part constituting the object can be as-
signed the electromagnetic properties of the material it is made of, as a function of the frequency.
Ground and orography can be simulated too.
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Transmitter Characteristics

Reflective Characteristics Electromagnetic Properties Ray Tracer

Figure 3-11 Steps to import a RIS in a ray tracer
The main problems to be approached and solved for representing a RIS in the ray tracer are:

1. the representation of the reflective characteristics of the RIS in terms of electromagnetic
properties (permittivity, permeability) to be assigned to the RIS model,

2. how to consider the different scales of definition used to represent each element in-
volved: the field in the scenario (typically few meters), the RIS (typically few cm) and the
size of each element of the RIS (typically few mm);

3. how to consider the change over time of the reflective characteristics of the RIS.

We have started approaching the first point by analyzing the representation of a dummy RIS

inside the ray tracer. For this first example thi
as a metallic sheet; each inter-element spacingisea/ 2 wi th respect to the of
A transmitter, represented with its own antenna radiation pattern and configured transmitted

power, was placed in front of the dummy RIS, at 7.5 m and 9.5 m height, at different distances

(see Figure 3-12).

| 1
!

|
1

o= 10m =p
- 50m

Figure 3-12 Geometries of the simulated scenario
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Activities are proceeding in order to compute the field distribution reflected back by the dummy
RIS on a set of calculation points arranged on a great circumference of a sphere, at different
distance from the RIS (see Figure 3-13).

a) b)

Figure 3-13 a) Check points for field evaluation and b) A ray starting from the source to the evaluation
point

Further work on RT simulation of RIS-assisted propagation environments has been carried out
in [AES+22] for a scenario of interest in future field trials.

3.3.2 RIS model inclusion in Dynamical Energy An  alysis

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 RT
algorithms. In RISE-6G, we will use the DEA method: an RT scheme based on energy flow
equations that are computed on discrete meshes. Differently from conventional shoot and
bounce RT methods, DEA is based on phase-space (joint spatial angular domain) representa-
tion of waves, and it propagates densities of rays through the numerical space by iterative ap-
plication of a compact operator derived from the boundary integral equation of the confined
space. It has been shown already in vibroacoustic that DEA is able to compute the energy flow
in refined finite element methods (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 of D3.1.

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
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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 3-14.

GMSH .msh DEA Postprocessing

Source: Gaussian beam/
st plane wave/
Point (omnidirectional)

CAD fixing and/or optimization

| vt CAD dwg

Figure 3-14 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 colour, texture
or other common CAD model attributes.

The DEA ranks among RT and power balance methods. It is able to preserve the details of the
environment typically obtained through RT, and at the same time aims relaxing the PWB as-
sumptions. DEA can be viewed as a reformulation of RT in a joint space of direction of ray travel
and position, referred to as phase-space, by recurring to the so-called Wigner function transfor-
mation. DEA manages bundle of rays instead of individual rays or in other words propagate
these ray densities over the meshed environment.

Let us therefore briefly review the main steps of this approach in the following. As a preliminary
step, we need to obtain a representation of wave fields in phase-space in terms of the Wigner
function. Let us define the WDF of a scalar field @ as:

T ofm ¥ @ 3-20

where the variable x describes the position and p the local momentum.

in the same way, one can define the WDF for a scalar function in momentum terms 1| as:

A

f.kh !ZW'——A'Z——-. A'A 3-21

with d representing the dimension of the problem space, e.g., if Q p, 1 isgiven by:

. 3-22

'-)V'.-.-
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If we would now consider a generic EM source, such as the fields radiated by a large PCB a
deterministic approach would be excessively cumbersome to adopt. Instead, by following a sta-
tistical approach, one can propagate statistically correlated wave field described by the field-
field ACFs, and at the same time leverage the WDF techniques. Let us define the two-point
field-field correlation function as an ensemble average over different wave fields:

o o 6 0o 3-23
To describe such wave fields in phase-space, one has:

foofl . o 2R L UHO T T 1M 3-24

where the coordinates are:
o 2%/ o o 3-25
6 o6 ‘B o 2 3-26

Let us consider now an example of a phase-space representation of a wave-y e Iwith,the prop-
agation in a 2D do-npanenlfacdsairrcangondntyof the lelectrixkand mag-
netic field at &  Ttis given by a double Gaussian pulse:

v e u ® mm 3'27
2. G
o H
me - a.
where ,, defines the pulse width and * ,* the centers.

In Figure 3-15 the phase-space representation of this field is showcased: (a) shows the corre-
lation function and (b) the phase-space representation of such a wave-field.

(a)

(b)
200 1 0.1 0.15
.~
) ‘D | OU- ‘UOO
-
% 100 200 —0.15 100 200 015
Xa2fA X/A

Figure 3-15 (@) correlation function and (b) phase-space representation of the double Gaussian pulse
wave-y e | d .

One can use this approach to represent the EM field scattered by a RIS, in particular by adopting
a physical optics model and calculating the WDF of the scattered field upon a random plane
wave incidence. The aim of this section is focused on the numerical integration of reflective
surfaces generating anomalous reflections using DEA.
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In this dynamical phase-space context, rays are represented in a joint space of direction cosine
of the wave vector, or the ray travel direction, and the position. This technique con operate on
2D/3D meshes so it can estimate the wave propagation even in complex environments. As an
example, DEA can adopt the meshes generated for FEM like in [HMT19]. The geometry for a
first simple numerical example is shown in Figure 3-16 and represents a polygonal meshed
shape including a RIS, represented by a red line. The EM source is defined by a localized beam
as:

Z fh Jllfn.vz \ 2 4 J|If‘3DvE— - 3-28

Where wv R s the coordinate along the boundary (L is the total length of the billiard bound-
ary) and p represents the momentum, in the phase-space system. The RIS represents the
anomalous reflector and has been implemented by the so-called Generalized Snell Law of Re-
flection and Diffraction as in [YGK11]. Considering # as a continuous function of the position
along the RIS interface, the progressive phase-shift applied to the reflected beam is obtained
assuming a constant gradient of the phase discontinuity (# 7 )es imposed by the RIS. So,
an additive term depending on the gradientof t he phase al ong the
Law, is present.

Figure 3-16 showcase the effect of the anomalous reflection by considering only one reflection
of the incident beam at this RIS. The other segments of this polygonal shape example could
consider the boundary conditions (totally reflecting or absorbing), in order to consider multiple
reflection or in other words obtain an iterative computation to achieve an equilibrium distribution.
This equilibrium solution will be illustrated in the second numerical example.

1.00
0.75
0.50
0.25
0.00
-0.25

-0.50

S -0.75

-1.00

Figure 3-16 On the left the spatial density in position space is shown, with s-coordinate moving along
the perimeter of the polygon. On the right side the Boundary-map's phase space in (s, p) is represented.

To highlight the angular tilt of the reflected beam controlled by the linear phase-shift, this be-
havior is showcased in Figure 3-17. It is worth noting that by varying this shift term, and assum-
ing a linear phase gradient in accordance with the Generalized Snell Law, one can achieve this
tilt.

In the second numerical example a similar polygonal geometry is adopted for the billiard, in this
case a L-shape polygon, as shown in Figure 3-18. Let us now assume the phase gradient along
the RIS constant and iterate the algorithm for several steps, i.e., consider consecutive reflections

R
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of the incident beam along all the sides of the polygon under test. The incident beam emerges
from the bottom edge and the anomalous predictable reflection sends most of the EM energy
towards the region in the upper right where it is reflected. It is important to emphasize that after
only ¢ Titerations the desired equilibrium solution has been achieved. At the same time the in-
formation related to the energy directionality is retained in the phase-space setting, because as
shown in Figure 3-18 the arrows indicate the average flow direction of the energy at different
stages of the DEA run.

(shift =0.042) (shift =0.125)

075
oS0
025
0.00
-0.25 -0.25
—6.50 -0.50

-0.75

=0.75

—IQIJ =1.00

(shift =D.208]

100

0.50
0.2%

= 0.00
=0.25
—0.50

-0.75

=1.00

Figure 3-17 Representation of the beam in the phase-space (s,p) by varying linearly the phase gradient
of the RIS, for increasing values of the shift.
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#1 lteration

#5 Iteration #10 |teration #20 Iteration

Figure 3-18 Representation of the EM fields in phase-space (s,p) by varying linearly the phase gradi-
ent of the RIS at different iterations of the algorithm. The incident beam comes from the bottom edge
and the arrows indicate the average flow direction.

3.3.3 An example of inclusion of RISinaray -tracing based model

In this section, we briefly present the method that has been used to include a RIS in a ray-
tracing based model used in the performance study [PBH22]. This study used an Orange inter-
nal ray-tracing tool called STARLIGHT®.

The following outdoor-to-indoor deployment scenario (illustrated in Figure 3-19) has been sim-
ulated: a BS with a massive MIMO antenna of 0 ¢ ¢elements (t columns and Y elements per
column) deployed on the roof top of a building is receiving data from a UE inside another build-
ing, at the ground floor. This floor has two rooms: a front room facing the BS, and a back room
hidden to the BS, by the front room. The carrier frequency is "Q o0& GHz. The UE has a single
antenna. A RIS side of 0 p 1 mp T WCs is deployed on one wall inside the building (in the
study, several locations are studied and compared). The uplink propagation channel between
the UE and the BS, without RIS is modelled as follows.

For one position of the UE inside the building (on the ground floor), and for each antenna ele-
ment ¢ of the BS (¢ p8 0), U propagation rays are generated by STARLIGHT® between the
UE and the BS (0 varies depending on the UE location). For each propagation ray 'Q the ray
amplitude| , the unitary vector @ indicating the DoA at the BS, the unitary vector ‘® indicating
the direction of departure from the UE and the delay T is generated by STARLIGHT®. The
channel coefficient C between the UE and the BS antenna element n is then given by:
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where 8 is the BS element antenna gain as a function of the AoD, andf 8 is the UE
antenna gain as a function of the AoA, and CN E

The uplink propagation channel between the UE and the BS, with the RIS is modelled as follows.

For one position of the UE inside the building (on the ground floor), and for each UC p of the
RIS (7 p8 ), 0Bpropagation rays are generated by STARLIGHT between the UE and the
RIS (0 6varies depending on the UE location). For each propagation ray Q the ray amplitude

| @, the direction of arrival éee, the direction of departure ‘(Be and the delay T is generated by
STARLIGHT®. The channel coefficient N between the UE and the RIS UC m is then given by:

o Bg »g m' W A "l g 3-30
where [ 8 is the UC antenna gain as a function of the AoA, and NN . 8

For each UC m of the RIS and each antenna element m of the BS, STARLIGHT® generates 0 6
propagation rays between the UC and the antenna element. For each propagation ray k, the

ray amplitude @x , the direction of arrival 0 € ®, the angle of departure 8 and the delay t; is
generated by STARLIGHT®. The channel coefficient x  between the UE and the RIS UC m is
then given by:

Iy By oog w' WA AU Wy gl 331
where x N E 8

The RIS reflection is modelled with a diagonal matrix AN e, where A |, is the reflection co-
efficient of the UC €.

The uplink channel between the UE and the BS, with RIS is then deduced as follows:

le]l ota 3-32

! Indoor Area
d
Back Room

I Front Room I

Figure 3-19 Outdoor-to-Indoor Deployment scenario
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Figure 3-20 below illustrates the examples of rays generated by STARLIGHT between one
position of the UE and the p element of the BS. Note that a ray is represented by a sort of

transparent piple, with non-zero thickness.

Figure 3-20 Example of rays between one position of the UE indoor and the 32 elements of the BS
Figure 3-21 below illustrates the examples of rays generated by STARLIGHT between the po-
sition of the center of the RIS and the p element of the BS. Note again, that a ray is represented
by a sort of transparent piple, with non-zero thickness.

Figure 3-21 Example of rays between the position of the center of the RIS indoor and the 32 elements
of the BS.

Figure 3-22 a) below illustrates the UE-to-BS channel power C C(where 8 is the Hermitian
operator) without RIS. Figure 3-22b) below illustrates the gain in channel power due to the in-
troduction of the RIS (i.e. p 1 ¢ " CTC C). These results assume an optimisation of A that

is explained in [PBH22].
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