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1 Scope

The present document isintended to study:

a) communication models that strike a suitable trade-off between electromagnetic accuracy and simplicity for
performance evaluation and optimization at different frequency bands;

b) channel models (deterministic and statistical) that include path-loss and multipath propagation effects, as well
as the impact of interference for application to different frequency bands;

c) channel estimation, including reference scenarios, estimation methods, and system designs; and

d) key performance indicators and the methodology for evaluating the performance of RIS for application to
wireless communications, including the coexistence between different network operators, and for fairly
comparing different transmission techniques, communication protocols, and network deployments.

2 References

2.1 Normative references

Normative references are not applicable in the present document.

2.2 Informative references

References are either specific (identified by date of publication and/or edition number or version number) or
non-specific. For specific references, only the cited version applies. For non-specific references, the latest version of the
referenced document (including any amendments) applies.

NOTE: While any hyperlinksincluded in this clause were valid at the time of publication, ETSI cannot guarantee
their long term validity.

The following referenced documents are not necessary for the application of the present document but they assist the
user with regard to a particular subject area.

[i.1] ETSI GR RIS001 (V1.1.1): "Reconfigurable Intelligent Surfaces (RIS); Use Cases, Deployment
Scenarios and Requirements”.

[i.2] ETSI TR 138 901 (V16.1.0): "5G; Study on channel model for frequencies from 0.5 to 100 GHz
(3GPP TR 38.901 version 16.1.0 Release 16)".

[1.3] Recommendation ITU-R SM.329: "Unwanted emissions in the spurious domain".

[i.4] M. Di Renzo, F. H. Danufane and S. Tretyakov: "Communication Models for Reconfigurable

Intelligent Surfaces: From Surface Electromagnetics to Wireless Networks Optimization™, in
Proceedings of the IEEE™, 2022, doi: 10.1109/JPROC.2022.3195536.

[i.5] G. Gradoni and M. Di Renzo: "End-to-End Mutual Coupling Aware Communication Model for
Reconfigurable Intelligent Surfaces: An Electromagnetic-Compliant Approach Based on Mutual
Impedances', in IEEE™ Wireless Communications Letters, vol. 10, no. 5, pp. 938-942, May 2021,
doi: 10.1109/L WC.2021.3050826.

[i.6] W. Tang et a.: "Wireless communications with reconfigurable intelligent surface: Path loss
modeling and experimental measurement”, IEEE™ Trans. Wireless Commun., vol. 20, no. 1,
pp. 421-439, January 2021.

[1.7] W. Tang et a.: "Path loss modeling and measurements for reconfigurable intelligent surfacesin
the millimeter-wave frequency band", IEEE™ Transactions on Communications 70, no. 9 (2022):
6259-6276.
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3.1

Definition of terms, symbols and abbreviations

Terms

For the purposes of the present document, the terms givenin ETSI GR RIS 001 [i.1] apply.

3.2

Void.

Symbols
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3.3

For the purposes of the present document, the following abbreviations apply:

2D

3D
AOA
AoD
AWGN
BLER
BS
CDL
CDS
Csl
DFT
DFT-S
DL
DMRS
DoA
EIRP
EM
EMC
EMF
oNB
HARQ
HITRAN
HMIMOS
LLS
LOS
LS
MAC
MCL
MCS
MIL
MIMO
MISO
MPL
MU
NB
NCDS
NLOS
NR
nRB
nSC
NW
o2l
020
OFDM
PDSCH
PHY
PUSCH
RB

RF
RIS
RSE
RTT
RX
SAR
SDU
SIMO
SINR

Abbreviations

2 Dimensiona

3 Dimensional

Angle of Arriva

Angle of Departure

Additive White Gaussian Noise
Block Error Rate

Base Station

Clustered Delay Line

Coherent Demodulation Scheme
Channel State Information
Discrete Fourier Transform
Discrete Fourier Transform Spread
Downlink

Demodulation Reference Signal
Direction of Arrival

Effective | sotropic Radiated Power
Electromagnetic

Electromagnetic Compatibility
Electromagnetic Field

g Node B

Hybrid Automatic Repeat Request
High resolution Transmission
Holographic Multiple Input Multiple Output Surface
Link-Level Simulator

Line Of Sight

Least Square

Medium Access Control

Minimum Coupling Loss
Modulation and Coding Scheme
Hardware link budget
Multiple-Input Multiple-Output
Multiple-Input Single-Output
Mechanically Pumped fluid Loop
Multi User

Node B

Non Coherent Demodulation Scheme
Non Line Of Sight

New Radio

number of Resource Block

number of Sub-Carriers per resource block
Network

Outdoor-to-1ndoor
Outdoor-to-Outdoor

Orthogonal Frequency-Division Multiplexing
Physical Downlink Shared Channel
Physical layer

Physical Uplink Shared Channel
Resource Block

Radio Frequency

Reconfigurable Intelligent Surfaces
Radiated Spurious Emission
Round-Trip Time

Receiver

Specific Absorption Rate

Service Data Unit

Single-Input Multiple-Output
Signal-to-I nterference-Noise Ratio

ETSI
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SISO Single-Input Single-Output

Spatial Modulation

SNR Signal-to-Noise Ratio
sV Saleh-Vaenzuela
TBA To Be Added
TdoA Time difference of Arrival
ToA Time of Arrival
TRP Total Radiated Power
TRxP Transmission and Reception Point
TxRU Transmit Radio Unit
UE User Equipment
UL Uplink
ULA Uniform Linear Array
UMa Urban Macro
UMi Urban Micro
us United States
WB Wide-Band
4 Introduction
4.1 General Description

In this clause, the definition of RIS and relevant scenarios are described.
NOTE: The descriptions provided in the present document are aligned with thosein ETSI GR RIS 001 [i.1].

4.2

Definition of RIS

Broadly an RIS is defined as follows:

4.3

Itisasurface, i.e. it isnot avolumetric material, in order to reduce the implementation complexity, the losses,
etc. while still being able to fully control the electromagnetic waves.

Itisan engineered (or intelligent) surface, i.e. it can realize functions that a non-engineered surface (i.e. a
metal plate) cannot realize.

It isreconfigurable, i.e. its response can be adapted over time based on the network conditions. The

reconfigurability encompasses multiple functions including controlled reflection, refraction, scattering,
modulation, etc.

Types of RIS

An RIS can be defined in terms of the single or multiple functionsthat it can realize:

Reflecting surfaces: Thisisan RIS that is capable of modifying the angle of reflection of an incident wave.

Refracting surfaces: Thisisan RIS that is capable of modifying the angle of refraction (transmission) of an
incident wave.

Joint reflecting and refracting surfaces: Thisisan RIS that is capable of simultaneously modifying the
angle of reflection and refraction of an incident wave.

Transmitting or information surfaces: Thisisan RIS that is capable of encoding data and to realize single-
RF (single-stream or multi-stream) transmitters. Examplesinclude RIS that encode data onto the activations
patterns of the unit cells or the synthetized radiation patterns.

Surface for ambient backscattering: Thisisan RIS that can simultaneoudly reflect or refract the incident
waves and simultaneously modulate data onto the reflected or refracted wave.
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Surfaced for tuned randomness; Thisisan RIS that is configured in order to increase the scattering in a
given area.

Absorbing surfaces: Thisisan RIS that is configured to minimize the scattered field.

Communication and sensing surfaces: Thisis an RIS with integrated communication and sensing
capahilities, i.e. a surface that can simultaneously reflect a wave and detect the presence of objects.

Deployment scenarios

RIS can be utilized in different scenarios, including the following.

Enhanced connectivity and reliability

Connectivity and reliability boosted by asingle RIS.

Connectivity and reliability boosted by individually controlled multiple RIS.
Connectivity and reliability enabled by multiple RIS.

Connectivity and reliability boosted by a single multitenant RIS.

RIS-aided mobile edge computing.

Enhanced localization and sensing

Unambiguous localization under favourable problem geometry with a minimal number of base stations.
Non Line Of Sight (LOS) mitigation for better service coverage and continuity in far-field conditions.
Non LOS mitigation for better service coverage and continuity in near-field conditions.

On-demand multi-user and multi-accuracy service provision.

Opportunistic detection/sensing of passive objects through multi-link radio activity monitoring.
RIS-assisted search-and-rescue operations in emergency scenarios.

Localization without BSs using asingle or multiple RIS.

RIS-aided radio environment mapping for fingerprinting localization.

Radar localization/detection of passive target(s) with hybrid RIS.

Enhanced sustainability and security

Deployments of RIS to increase the energy efficiency and reduce the power consumption.

Deployments of RIS to increase security.
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5 Models for RIS

5.1 Models for communications

51.1 General description

Three main communication models for RIS can be adopted [i.4]:
. Locally periodic discrete model.
o Mutually-coupled antenna model.

o Inhomogeneous sheets of surface impedance model.

5.1.2 Locally periodic discrete model

A widely used model for RIS isbased on alocally periodic design, in which periodic boundary conditions are applied at
the unit cell level. Accordingly, each RIS reconfigurable element is associated with a set of complex-valued coefficients
(the RIS alphabet). Each element of the al phabet is obtained by appropriately configuring the electronic circuits of the
RIS reconfigurable element. For ease of description, it is assumed that the RIS operates as a reflecting surface. From the
physical standpoint, therefore, the complex-valued coefficient has the meaning of areflection coefficient, i.e. theratio
between the reflected electric field and the incident electric field, of an infinite RIS whose elements are all configured to
the same state. Therefore, the corresponding equivalent structure is a homogeneous surface that realizes specular
reflection. According to this definition, each RIS reconfigurable element is characterized by means of locally periodic
boundary conditions, and, since an RIS is not endowed with power amplifiers, the reflection coefficients have an
amplitude that is, by definition, less than one. However, this neither necessarily implies that the amplitude is a constant
independent of the phase nor that the amplitude and the phase can be optimized independently of one another.

5.1.3 Mutually-coupled antenna model

To account for the mutual coupling among closely-spaced RIS elements, a model based on loaded RIS elements
illustrated in Figure 1 can be used.

Figure 1. Mutually coupled antenna model

Transmitter

_.__._
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The model resembles a conventional single transmitter-receiver pair Multiple-1nput Multiple-Output (MIMO)
communication link in the presence of an RIS. The transmitter and the receiver are equipped with multiple-antenna
elements. For ease of representation, the antenna elements are assumed to be thin wire dipoles. The model can be
utilized for application to radiating elements different from thin wire dipoles. Each antenna element at the transmitter is
driven by avoltage generator that models the transmit feed line, and each antenna element at the receiver is connected
to aload impedance that mimics the receive electronic circuit. The transmission between the transmitter and the
receiver is assisted by an RIS, which comprises several scattering elements that are independently configurable (by an
external controller) through tuneable impedances. The end-to-end transfer function that accounts for the scattering from
the RIS can be formulated as follows[i.5]:

_ -1 e -1
H=(,+ l|’r,rzr t— ll’r,t(‘l’t,t + Zt) ll’t,rzr 1) 1lpr,t(l|,t,t + Zt)

where:
Yo =2y — Zt,s(Zs,s + Ztun)_lzs,t
Wi = Ze, — Zos(Zos + Zon)  Zsy
Wpo = Zrp = Zys(Zss + Zoun) Zsy

-1
lpr,r = Zr,r - Zr,s (Zs,s + Ztun) Zs,r

Each term of the equations can be computed either numerically or in closed-form [i.5]. The proposed model is
conveniently formulated in a MIMO-like form, which enables one to use optimization methods for optimizing the
tenable loads connected to each scattering element.

In the far-field of each scattering element of the transmitter, receiver, and RIS, the following simplified model can be
used [i.5]:

18— -1 -1
Hr,t ~ (ILO + Zr,rZr 1) 1(Zt,t + Zt) (Zr,t - Zr,s (Zs,s + Ztun) Zs,t)

This simplified model has wide applicability in wireless communications because it is expected to operate in the
far-field of each scattering element, but not in the far-field of the entire surface.

5.1.4 Inhomogeneous sheets of surface impedance

More precisely, an RIS whose unit cells have sizes and inter-distances much smaller than the wavelength is
homogenizable and can be modeled as a continuous surface sheet through appropriate surface functions, i.e. surface
impedances. This modeling approach is not dissimilar from the characterization of bulk (three-dimensional)
metamaterials, which are usually represented through effective permittivity and permeability functions that determine
the wave phenomena based on Maxwell's equations. The only difference is that a metasurface is better modeled by
effective surface parameters, which manifest themselves in electromagnetic problems that are formulated as effective
boundary conditions. These boundary conditions can be expressed in terms of surface polarizabilities, surface
susceptibilities, or surface impedances (or admittances). Under these assumptions, an RIS can be modeled as an
inhomogeneous sheet of polarizable particles (the unit cells) that is characterized by an electric surface impedance and a
magnetic surface admittance, which, for general wave transformations, are dyadic tensors. These two dyadic tensors
constitute the macroscopic homogenized model of an RIS. Once the homogenized and continuous el ectric surface
impedance and magnetic surface admittance are obtained based on the desired wave transformations, the microscopic
structure and physical implementation of the RIS in terms of unit cells are obtained. Generally speaking, once the
macroscopic surface impedance and admittance are determined, appropriate geometric arrangements of sub-wavelength
unit cells and the associated tuning circuits that exhibit the corresponding el ectric and magnetic response are
characterized by, typically, using full-wave electromagnetic simulations.
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5.2 Models for radio localization and sensing

521 Scenarios

5211 Localization scenarios

With cellular localization, the User Equipment (UE) location can be estimated based on a variety of measurements from
the received signal, including the signal strength, Time of Arrival (ToA), Round-Trip Time (RTT), Angle of Arrival
(AoA) and Angle of Departure (AoD). The scenarios can be categorized as SISO localization, M1SO localization,

SIMO locdization, and MIMO localization as shown in Figure 2, where the symbols 7, ¢, and 6 indicate ToAs, AoDs,
and AOoAS, respectively.

” ‘ A PN / 92 | 92
'\ A N LN
Q/ A k

X I RIS, I BS, WB I RIS, 0 BSs, WB 2RISs, 1 BS,NB

(a) SISO

/
\\\ / 01:’5/632/
o
I RIS, / BS, NB I RIS, /1 BS,NB I RIS, I BS,NB
(b) MISO (c) SIMO (d) MIMO

Figure 2: Localization scenarios

5.2.1.2 SISO localization
In this scenario, the Base Station (BS) and UE are both equipped with a single antenna.

In the SISO system with 1 RIS and 1 BS, Wide-Band (WB) pilots should be used to measure the ToAs for the direct
(i.e. the path BS-UE) and the reflected (i.e. the path BS-RIS-UE) paths, from which the resulting TdoA can be can
calculated and so the corresponding hyperboloid in 3D space. By using different RIS phase profiles at different
transmission times, the AoD from the RIS to the UE can be estimated, which geometrically trandatesto a half-line.
Therefore, the UE position can be calculated via the intersection between such half-line and the abovementioned
hyperboloid.

In the SISO system with 2 (more than 1) RIS and 1 BS, UE positioning even with NB signalling can be performed,
which does not allow ToA estimation. Indeed, the UE position can be estimated via the intersection of the two half-lines
corresponding to the AoDs from the RIS. The direct BS-UE path does not carry any position information, thus
localization can be performed even when the direct path is blocked.

In the SISO system with 1 RIS in the absence of aBS, the RTT and the AoD from the RIS to the UE can be measured.
Geometrically, they respectively correspond to a sphere centered in the RIS and a half-line originated in the RIS, whose
intersection returns the UE position estimate.

5.2.13 MISO localization

In this scenario, the BS is equipped with multiple antennas while the UE is with a single antenna. The UE position can
be estimated by intersecting the two half-lines corresponding to the two AoDs from the BS and the RIS.
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5214 SIMO localization

In this scenario, the UE is equipped with multiple antennas while the BS is with a single antenna. Two AoAs and one
AoD from the RIS can be measured. Using the two AoAs, the user on (part of) a spindle Torus can be located, whose
intersection with the line corresponding the AoD locates the UE. Then the UE orientation can be estimated via the two
AOAsS.

5215 MIMO localization

In this scenario, both the BS and the UE are equipped with multiple antennas. The UE position can be estimated viathe
two AoDs (by intersecting the two corresponding half-lines) while the UE orientation can be derived from the two
AOAS.

5216 RIS-aided and RIS-standalone

In 3GPP, location (or position) can be estimated from NW (i.e. gNB, TRP, etc.) and/or UE side. For instance, timing
difference based (i.e. DL/UL TdoA) and angular based (i.e. DL/UL DoA, A0A, etc.) algorithms are supported in 3GPP
standards. When RIS isinvolved in the localization, two RIS localization scenarios can be considered:

° RIS-aided localization.
° RIS-standalone localization.

RIS-aided localization refers to the case where RIS can assist NW and UE for location estimation as shown in Figure 3
(see scenario (a)). RIS-standalone localization refers to the case where RIS and UE are mgjorly involved for location
estimation but NW can still assist the localization without the awareness of UE as shown in Figure 3 (see scenario (b)).

_1 Network

gNB/TRP

UE

obstructor

(a) RIS-assist localization (b) RIS-standalone localization

Figure 3: RIS localization scenarios (a) RIS-assisted (b) RIS-standalone

Based on the RIS deployment, RIS localization can be categorized in terms of the following factors for different
scenarios, i.e. RIS-aided and RIS-standalone |ocalization:

e With or without the direct path between UE and NW.

. Operating regime: far-field or near-field.

. Freguency range: sub-6 GHz or mmWave (i.e. FR2, FR2+, etc.).

e Antenna setting between NW and UE: SISO, SIMO, MISO, and MIMO.
. RIS type: passive, semi-active, or active.

o RIS control setting: e.g. the number of RIS elements used for the localization.
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There are three channel paths in the RIS-aided communication (BS-RIS-UE) which can be categorized asthe BS-RIS
path, the RIS-UE path, and (BS-UE) path (or direct path). Therefore, when considering RIS localization, it needsto be
further analysed whether there exists adirect path (i.e. BS-UE) or not. This is because when there is a direct path, the
UE localization may reuse existing position techniques or can be enhanced with RIS assistance. In addition, operating
regimes such as far-field or near-field may have nominal impact factors for the accuracy of the location estimation.
Also, RIS typeinterms of semi-active or active RIS, the active RIS and the number of elements used for localization
could have an impact for location estimation. Finally, antenna setting between NW and UE can be specified as one of
the considered factors for RIS-aided localization. For the standalone RIS localization considered, wherein the direct
path is either completely blocked or severely affected and hence may not be utilized for the purpose of localization.

52.2 Near-field

5.2.2.1 Near-field regimes

For localization purposes, sparse parametric models are often used, where the channel is represented viaafew
geometric components. Figure 4 illustrates a one-ray SISO system including one RIS, where both the BS and UE arein
the near field of the RIS. In this case, the received signal in the downlink can be calculated as a sum of individual rays
reflected from each RIS element at the UE location.

Pl Prg,

NOTE: The received signal in the downlink can be expressed as function of the UE position.
Figure 4: The near-field regimes of the RIS-enabled sighal propagation with respect to the RIS

Assume there are M RIS while each RIS consists of L phase-tuneable meta-atom elements and is implemented with the
single-RX-RF architecture. The user broadcasts a pilot symbol swith constant transmit power P. This symbol is
received T times by each RIS, where during each repetition a different RIS phase profile is used. In the presence of C,,
distinct channel paths, the observation during the t-th reception dlot (t = 1, 2,..., T) at the mth RISs RX RF chain output
can be mathematically expressed as follows:

— 2 H Cm H
ym,t - um,t Zc=1 hm,c (x(pm,l' pu)s + um,twm,t

where h,, . = m exp(jo,) Ve = 1,2, ..., C, includes the gain of the c-th signal propagation path with parameter
Py, . denoting the free-space pathloss. Without loss of generality, the ¢ = 1 channel path represents the Line Of Sight
(LOS), hence, its pathloss P, depends on the Euclidean distance 7,1 = ||pm — Pull With p,, denoting the position of
m-th RIS, each distance r;, . for c> 2 is defined similarly considering the position of the corresponding scatterer. In the
expression for h,, ., ¢, ~U(0,2m) denotes a global phase offset accounting for the lack of phase synchronization
between the user and the m-th RIS. The vector u,,, € C*** isthet-th phase configuration of the m-th RIS. The vector
W, € CE*1 represents the Additive White Gaussian Noise (AWGN). Finally, the spatial response vector a(po,;, Pu) €
CL*1 of the user transmitted signal via multipath propagation given for I= 1, 2,..., L isasfollows:

[«(Puns. Pu)], = exp (2 s = pull)

with 4 as the signal wavelength.

ETSI



16 ETSI GR RIS 003 V1.1.1 (2023-06)

5.2.2.2 Near-field multiple paths

Figure 5: RIS localization scenario with MIMO system

Considering a Multiple-1nput Multiple-Output (MIMO) system consisting of a Base Station (BS), Reconfigurable
Intelligent Surfaces (RIS), and a User Equipment (UE), all the stations are equipped with Uniform Linear Arrays
(ULAS) with number of antennas NB, NR, NY, respectively. As shown in Figure 5, the overall channel model H €

CV"*NY petween the BS and the UE can be modeled using a geometric model with LBR and LR paths between the (BS
and RIS) and (RIS and US), respectively, while assuming the Line Of Sight (LOS) between the BS and the UE to be
blocked as:

H = HBRdiag(@)H"R

where the diagonal matrix diag(®) € (oala represents the phase design matrix of the RIS with diagonal @ =
[¢1e7%1,8,e9%, ..., {re ONR], HBR € CVXN™ and HUR € CV'*N* represents the channel between the BS and the RIS

the (BS and RIS) and (RIS and US), respectively. The channel between the BS and the RIS HBR can be further
expressed as.

HBR = A(GBR, dBR)diag(pBR)AH (¢BR’ I'BR)

where A(8BR, dBR) € CV"*L"" and AH (¢pBR, rBR) e CV"*L"" represents the steering matrices at the BS and the RIS
respectively, the angles ¢pER and 6BR are the Angle of Departure (AoD) and the Angle of Arrival (AoA), on the other
hand both rBR and dBR represents the distances between the (RIS and scatterers) and (scatterers and BS), respectively.
Fresnel approximation can be used to model the spherical wavefront in the near-field model. The steering matrix
element corresponding to the [*! path and the b™ antenna element can be expressed as:

ap (OBR, dPR) = exp(j[pwPR + b2y ER]),
where:
P 5 £(0FR) and PR 2 g0, %)
with:

1)

f@) = -Zsin(@),  glr) =" cos? (@),

Ar

where 1 is the wavelength, § is the distance of adjacent elementsin the ULA. For the diagonal matrix diag(pBR) €

(CLBR"LBR, it represents the propagation gains of each path between the RIS and BS. The propagation gain of the [™ path
can be modeled as:

[N1RS

BR _ c
e = (4n(rlBR+dFR)fc) F,
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where ¢ isthe speed of light, f. isthe carrier frequency, and F is a standard complex Gaussian random variable
representing the fading. The channel HUR can be expressed in a similar way.

5.2.2.3 Near-field single-path

In this model, alocalization scenario where agNB, equipped with an antenna array with center located in position

pp = [x5, Vg, 25", performsthe position and orientation estimation of a UE with center in p,, = [xy, yu, zy]" and
with arotation of ¢, = [, Bu, Y] IS considered. The geometry is reported in Figure 6. The localization is aided by
the presence of a RIS, with center located at a known position pg = [xg, V&, zg]”, considered as a passive reflector that
supports the gNB a so for communicating with the UE.

Figure 6: 3D geometry of the considered localization scenario

Considering the gNB as the center of the coordinate system, the UE and RIS centers' coordinates can be expressed as
Ds 2 [xs, s, z5]T With S € {M, R} being alabel for a generic station and whose coordinates are:

Xs = xg + dps cos(Bps) cos(gs)
Vs = yg + dps cos(Ops) sin(¢gs)
ZS = ZB + dBS Sin(eBs)

Notably, the spherical coordinates can be easily retrieved from the equations above. Further, for each S € B, R, M and
for each corresponding antennaindex s € b, r, m, the antenna coordinates can be indicated of each array as
pSs & ps = [x5, Vs, 25]T WhereVs € 1,2, ..., Nq:

X = ds COS(QS) COS(¢S)
¥s = ds cos(6;) sin(¢ps)
zg = d sin(6;)

where N isthe number of antennas at the considered array, and ¢, and 8 are the azimuth and elevation angles of the
s-th antenna element measured from the array center, respectively. In addition, arrays can be rotated around the axes,
that isVs € 1,2, ..., Ng, it resultsin:

T 0
Pss = |xss. ¥ss: zss| = R(as, Bs, ¥s) p§s)

with pgf’s) being the initial array deployment, and R(as, Bs, vs) is the rotation matrix given by the multiplication of the
rotation matrices for each axis where (as, fs, ys) are the yaw, pitch, and roll angles. The yaw, indicated with ag,
corresponds to the azimuth, as it is the rotation around the z-axis. S isthe pitch, around the y-axis, whereas y is the
roll entailing arotation around the x-axis.
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A model which accounts for spherical wavefront, valid also for near-field propagation conditions, is described next. In
the uplink, the UE transmits N Orthogonal Frequency-Division Multiplexing (OFDM) subcarriers, i.e. for the n-th
subcarrier withn € Ng 2 1,2, ..., N, it resultsin:

x[n] = [xl,xz, ...,xNM]T 2 win] p[n]

where N,, isthe number of antennas at the UE, p[n] isthe data symbol corresponding to the n-th subcarrier with
Ep[nlp * [n] = 1, and w[n] € C¥™ is the beamforming vector with || w[n] |I?= 1, which can be written as:

. . . . T
wln] = [a1 elP1,a,elbz, .. a,, e/Pm, s Ay, e’BNM] ,

where a,,, and pm represent the m-th amplitude and phase of the transmit-beamformer. Let @ £ 64, 6,, ..., 0r bethe
vector containing the designed phase shifts induced at the RIS, and N® the number of RIS elements. Then:

Q = diag(e’®) 2 diag(e’®1, e, ..., e/%N),
Isthe N® x NR diagonal matrix containing the RIS phases.

The gNB estimates the UE position, p,,, and its orientation, ¢,,, by exploiting the spherical waveform model. The
received signal at the gNB for the n-th subcarrier can be written as:

y[n] = VP Hgy(n] x[n] + VPHpg[n] QH gy [n]x[n] + w[n]
2 u[n] + w[n], vn €N,

where P isthe signal power, x[n] isthe transmitted vector for the n-th carrier frequency, w[n] is an additive thermal
noise. The channel matrices are Hgy, [1], Hgy [1], and Hgg [n] for the gNB-UE, RIS-UE, and gNB-RIS links of sizes
Ng X Ny, Ng X Ny, and Ny X N, respectively.

In the following, it is discriminated whether the gNB and the UE have been synchronized or not. For non-synchronous
systems, the position information can still be gathered from the spherical wavefront, even if no information can be
retrieved from the Time of Arrival (ToA).

Synchronous System

Consider that a synchronization procedure has been performed between the gNB and the UE prior the localization step.
Once synchronized, the positioning information can be retrieved by jointly processing temporal and angular information
of the received signal. By extending the received signal model to its scalar notation, the general model of the received
signal can be rewritten as:

yp[n] = up[n] + win],vb € {1,2, ..., Ng}

with N being the number of antennas at the gNB and w[n] being the circularly symmetric zero-mean Gaussian noise
with power spectral density o2. The useful part of the signal, without the noise, is:

Up [n] A ﬁz%"il Xm [Tl] e_jzn'fnfBM(pBMe—jznfn Tom*+1m) + Pgrm nyl efar e—fz"ffn(fbr"'frm"'rlr"'nm))

where f,, = f. + ndf — g isthe frequency of the n-th subcarrier, f, isthe carrier frequency, Af isthe subcarrier

spacing, B = NAf isthe signal bandwidth, and t,,,, 7, T, are the delaysfor each couple of antenna (i.e. tbmisthe
delay between the b-th antenna at the gNB and the m-th antenna at the UE), &g, is a synchronization residual
(negligible after accurate synchronization procedures), and nm and 1, are array non-idealities. The signal attenuation
coefficients due to propagation are indicated with pg,, and pgr), for the direct and the relayed path, respectively. Since
the plane-wave approximation is not always valid, a spherical model is considered where the following relations hold:

Tom (dem, Ogm, Pem) = dpm/c
Tpr (dgr, Or, Par) = dpr/C

Trm (Arms Orms Prm) = drm/C

!

Pem = dom

2 1
PBrRM =

41 dpm+dpr
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where ¢ isthe speed of light, (dgu, Osm, Pm)s (Aer, Osr, Per) @A (dry, Oy, Pru) &€ the distances and angles
between the gNB-UE, gNB-RIS, RIS-UE centers, respectively, and where:

Ay = \/d,zn +d? + dZy — 2(G) + dgy G

bm bmJ’
with G{1) and G'2) containing the information about the geometry at the transmitter and at the receiver, that is:
G = + +
bm Xp Xm T Yp Ym T Zp Zm,

2 . .
Gz(mz = (X, — Xp) COS Ogp €OS Py + (Vi — V) X €0OS Ogy sin Py + (Z,,, — 2p) sin Ogy.

The distances of arrival between the b-th gNB antenna and the r-th RIS antenna and between the r-th RIS antenna and
the m-th UE antenna, namely d,,,- and d,.,,,, can be found using the above definition with appropriate substitutions.

Differently from traditional schemes that make the assumption of incident planar wavefront, it isinferred jointly the
ranging and bearing information from the spherical waveform curvature. Notably, it is possible to write the useful part
of the signal without the noise only when the clocks of the gNB, RIS and UE have been synchronized. Note that the
accurate synchronization might entail several and long procedures. In the following, an asynchronous aternative is
considered where it is still possible to retrieve the UE position from the relative phases.

Asynchronous System

Asevidenced in the general received signal model, from the received signd it is possible to infer the ToA estimate,
which is possible in al those situations where a synchronization procedure has been performed. In this case, the system
is no more able to directly estimate the information of the distance from the ToA. Instead, the incident waveform
curvature, i.e.
Adpym = dpm — dpm = € ATy
Adp, = dpy — dpp = ¢ ATpy
can be exploited for UE localization since it holds:

Vb [n] = \/ﬁzi;,’lnil Xm [n] (pBM e_jXBM e_jznfn (ATpm+nm) + pBRMe_jXBRM Zi’fl ejere_jznfn(ATbr+ATrm+77r+77m)) + W[TL],)

where ygu and xggry are uniformly distributed random variables between 0 and 27 representing the phase offsets
between the gNB, the UE and the RIS due to the lack of synchronization.

5.2.3 Far-field

Figure 7 shows the same SISO setup but with the BS and UE being in the far field of the RIS, where the distance
between the UE and BSis much larger than the RIS size.

» P
ya

Figure 7: The far-field regimes of the RIS-enabled signal propagation with respect to the RIS

In this case, the wireless channel can be described by the AoD, which consists of elevation and azimuth factors
(represented by @,; and @,,).
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The observation during the t-th reception dot (t = 1, 2,..., T) a the mth RIS's RX RF chain output can be
mathematically expressed as follows:

— H Cm H
ym,t - um,t Zc:1 hm,c a((pm,el' (pm,az)s + um,twm,t

where the spatial response vector &Py, e;, P qz) € CH** for the azimuth and elevation Angle of Arrivals (AoA)

P € [0,] and @, 4, € [0,27], respectively, of the user transmitted signal via multipath propagation, with respect to
the coordinate system having as origin the point p,,, (i.e. the reference point of the mth RIS), isgivenforl=1,2,..., L
asfollows:

[a((pm,el' (Dm,az)] = exp _qum,lk((Dm,el' (pm,az)
l

where q,,,, denotes the position of the I-th element of the m-th RIS and k((bm‘el, cbm‘az) is the wavevector at these
respective AoAs, which is mathematically defined as:

sindy,, ,, €0s Py

k(d)m,el'd)m,az) = _271[ sin q)m,az sin (Dm,el
cos Py, 4,
with 4 asthe signal wavelength.
5.3 Continuous and discrete models

RIS can reflect the impinging signal to the desired receiver, by introducing the phase-shifts and amplitude gains at each
of the RIS elements. Based on the achievable resolution of the phase-shift and amplification gain, the RIS-aided channel
models can be classified as the continuous and discrete models. When each of the RIS element can achieve any phase
level in the range (0-2mr) and amplification level (0-A), where A is the maximum achievable amplitude, the RIS model
can be classified as a continuous model. The continuous model can configure the phase-shifts and amplification with
infinite resolution at each RIS element. However, in many practical scenarios, the infinite resolution of the continuous
RIS model may be hard to realize due to hardware limitations. Hence, the discrete models may be considered, wherein
the overall achievable phase-shift and amplification gain can be discretized into a finite number of phase-shift and
amplification levels respectively. Based on this classification, the designed channel models for RIS-aided
communication should be designed to support the effect of continuous and discrete models. It isinherent that the
channel estimation methods in the RIS-aided communication will also be impacted by the continuous and discrete
models and such an effect should be studied.

One of atypical use of discrete RIS is discrete Holographic Multiple Input Multiple Output Surface (HMIMOS), which
isusually composed of many discrete unit cells made of lowpower and software-tuneable metamaterials. In order to
modify the electromagnetic properties of the unit cells, the materials are typically chosen from electronic components
that are off the shelvesto liquid crystals, microelectromechanical systems or even electromechanical switches, and other
reconfigurable metamaterials. This structure is substantially different from conventional MIMO antenna arrays. One
embodiment of a discrete surface is based on discrete "meta-atoms’ with electronically steerable reflection properties.
Another type of discrete surfaceisthe active RIS based, i.e. on photonic antenna arrays. It integrates active
optical-electrical detectors, converters, and modulators for performing transmission, reception, and conversion of

optical or RF signals. Contiguous RIS can form a spatially continuous transceiver aperture by integrating a virtually
number if elementsinto alimited surface area.

6 Channel models

6.1 Objectives of channel modeling and general principles

The channel models developed and characterized in this clause mainly serve the following needs:

. Provide building blocks for studiesin the present document or other reports of 1SG RIS, including the analysis
of interference.

. Coupled with the modeling of RIS, to provide a communication model for performance evaluation.
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When modeling the channel, different frequency ranges, bandwidth and the modeling of RIS elements need to be taken
into account.

It should be noted that channel modeling usually involves a trade-off between complexity and accuracy. For instance, in
most ray-tracing based channel modeling approaches, if only single reflection is considered the model is simpler while
may not be perfectly accurate. On the other hand, higher order reflections, which can characterize a more accurate
channel model, are time consuming to compute and simulate. In this clause, simple models that account for only a
single reflection by the RIS are considered, which means at most one RIS is considered in the propagation path between
the receiver and the transmitter. Also, cascaded channels where more than one RIS exist in the propagation path
between the receiver and the transmitter are studied.

6.2 Existing channel models

Channel models for different scenarios have been proposed in ETSI TR 138 901 [i.2], which can also be applied to
model each hop of aRISIlink (i.e. BS-RIS, RIS-UE, etc.), asillustrated in Table 1.

Table 1. 3GPP channel models that are applicable to RIS use cases

Scenarios BS-UE channel BS-RIS channel RIS-UE channel RIS-RIS channel
model model model model
Urban deployment: Uma/Umi Uma/Umi InH/InF Uma/Umi/InH/InF

avoiding indoor UE's
penetration loss

Urban deployment: Uma/Umi Uma/Umi LOS N/A
UE-controlled RIS
Urban deployment: RIS Uma/Umi LOS Uma/Umi Umi
close to BS
Urban deployment: Uma/Umi Uma/Umi Uma/Umi Uma/Umi
coverage extension
Indoor scenario InH/InF InH/INF/LOS InH/INF/LOS InH/InF

In urban scenarios, the BS-RI'S channel model can generally be modeled using Uma/Umi models, dependent on the
network deployment (i.e. the height of BS/RIS). The RIS-UE channel can be modeled with InH/InF isthe link is indoor
or modeled with Uma/Umi otherwise. If the distance between RIS and UE or between BS and RIS is very small, a pure
LOS channel model is applicable. RIS-RIS channels can be utilized when multiple RIS are utilized in the samelink in a
cascaded manner. In 02l use cases, the RIS-RIS channel can be either outdoor or indoor; for coverage extension, the
RIS-RIS channel need to be modeled by Uma/Umi channel models.

6.3 Path-loss models

6.3.1 Description of different cases

6.3.1.1 General description

The electric and magnetic fields behave differently in the near-field (Fresnel) and far-field region. Hence, near-field
requires a different path-loss model than the far-field. In addition, the path-loss model of the near-field need to consider
both high frequency and low frequency ranges. Since the near-field region depends on the frequency (or wavelength)
and array size, near-field conditions may occur not only in short-range scenarios, but also in mid-range scenarios.

6.3.1.2 General case

The free-space path loss of a BS-RIS-UE cascaded channel can generally be modeled as[i.6] and [i.7]:
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which isageneral formulavalid for both far-field and near-field. Here G, and G, represent the transmit and receive
antenna gain, and G represents the scattering gain of asingle RIS element. d,. and d,, represent the width and length of
each RIS element. The RIS is assumed to have M x N elementsin total. The termsr;{,,, and ;; ,, are the distances from
each RIS element to the transmitter and the receiver, respectively. F, ,, isthe combined power radiation pattern of

transmitter, receiver, and RIS. I, ,,, isthe reflection coefficient of each RIS element. The wavelength of the carrier
frequency is represented by A. A common assumption of RIS element scattering gainisthat ¢ = 4ni’z‘dy , Which isthe

recommended [i.7]. This path-loss model is obtained under the assumption of locally periodic discrete model for the
RIS.

6.3.1.3 Near-field case

In the near-field case, the contributions from different phased array elements need to be modeled separately in terms of
distances and phase shifts. Recently, a model for the path-loss of RIS in the near-field has been proposed based on
measurements [i.6]. In this study, the near-field path-loss model is expressed as a function of the transmit power, the
gain of the RIS elements, the square of the wavelength, and the received power. In addition, this study indicates that the
received power is related to the normalized power radiation patterns of the transmitting/receiving antennas and RIS
elements, the reflection coefficients of the RIS elements, and the distances between the transmitter/receiver and the RIS
elements.

When the transmitter and/or receiver are in the near field of the RIS, two different RIS reflection patterns can be
assumed for path loss modeling [i.7]. When the RIS reflection coefficients are configured to broadcast signalsin a
desired direction, an approximate expression of the near-field path-loss model is proposed in [i.6]:

PLnf =~

1 [4n(dt+dr)]2
GeGr AA

where G,, G, isthe transmit/receive gain respectively, 4 denotes the wavelength, A isthe maximum gain of RIS
element, d, and d,. represent the distance between the transmitter/receiver and the center of RIS. This approximated
near-field path-loss expression in [i.6] is aligned with the path-loss model proposed [i.8] when considering an RIS
which is oriented such that Snell's law of reflection (i.e. the angle of reflection is equal to the angle of incidence) is
satisfied at the RIS and the size of RIS array is assumed to be infinite. Based on this model, the near-field path loss for
near-field broadcasting is equal to that of a free-space path with atotal distance given by the sums of the TX-RIS and
RIS-RX distances. This approximated path-loss model is useful as a starting reference and the actual path-loss can be
obtained with a modified or correction term. A general discussion about the validity of this approximated near-field
path-loss model isreported in [i.9], whereit is shown that it can be applied under some specific propagation conditions
and configurations of the RIS, which, however, are not limited to the conventional Snell law of reflection.

EXAMPLE: It is shown to hold if the RIS is configured as an anomal ous reflector introducing alinear phase
shift as a function of the angle of incidence and reflection.

If, on the other hand, the optimal RIS reflection coefficients are configured to focus the signal at the receiver, the path-
loss of the cascaded channel in the near-field can be modeled as[i.7]:

6413
PL = B
JvFnm
GeGrGdydyA2A2|$M_ yN_, -
Tmm™m,m

where the definitions of the parameters are the same as those for the general case.

6.3.14 Far-field case

When the transmitter is sufficiently far away from the receiver, the spherical wave generated by the transmitter can be
approximated by a plane wave at the receiver side, and different phased array elements can be modeled in asingle
entity, asfar as the distance is concerned, while the phases need to be modeled separately. In this case, the receiver isin
the far field of the transmitter. The boundary of the far field and near field is defined as the Fraunhofer distance. In the
far-field scenario, if the signals reflected by all the RIS elements are aligned in phase to enhance the received signal
power, the path-loss can be approximated as.

I = 6413 (dpdy)?
T GtGrG(MN)?dydy A2 F (8,00 F (Or,dr)A
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where d; and d,. represent the distance between the transmitter/receiver and the center of RIS. F(0,, ¢,) isthe
normalized radiation pattern of each RIS element to the transmitter, in which 8, and ¢, represent the elevation angle
and azimuth angle from the center of the RIS to the transmitter. Similarly, F (6,, ¢,-) isthe normalized radiation pattern
to the receiver's direction. The variable A isthe amplitude of reflection coefficients of each RIS element, whichis
assumed to be the same for al the RIS elements. This far-field path loss calculation is based on the free-space path loss
model.

6.4 Empirical channel model

A supplementary channel model incorporating an extra component related to RIS relaying performance is described in
this clause. To thisend, two different cases are considered. In the first case, the signal propagates through available
links in the environment without using RIS, and the corresponding channels are measured. In the second case, an RIS
within the propagation environment is deployed, and the channel s between transceivers are measured. By comparing
these two cases, it is possible to dedicate an extra parameter to the impact of the RIS impact introduce a new extended
3GPP channel model taking the RIS into account. To do so, the 3GPP 5G NR model for channel path loss as the basic
model where no RIS are deployed within the propagation environments is adopted, see ETSI TR 138 901 [i.2]. In the
second step, an RIS in anindoor and outdoor environment is deployed, and consider an extra component dedicated to
the RIS impact.

When no RIS is present, the corresponding channel model between the transmitter and receiver is:

f—f
fo

LTR(f) = —20log,, (47”) — 10! <1 +7 ( )>log10(d) - X,

whered = b + c isthe direct distance between the transmitter and the receiver with b and ¢ being the distance between
the transmitter and RIS centroid and the distance between the RIS centroid and the receiver, respectively.
On the other hand, the equivalent channel path loss between the transmitter and receiver in presence of an RIS s:

LEC;R = LT_R + LE;? + g(fO ) leq !r)eq ,b JC)

where L2 denotes the RIS reflection loss which is assumed to be known in the measurement. In this formula,

9(foleq +Neq b, c) ismodeled as follows:

9(fo Leq Meq b €) = 101, (1 +leg (%)) logyo(b +©)

To be specific, the aim is to obtain appropriate parameters for g(f0 leq s Meq b, c), i. e, l,q andn,,, which are able to
well characterize the impacts of the RIS on the channel attenuation and path loss. To do so, the transceiver channelsin
the absence of RIS is measured. Then, the RIS is deployed and the measurements are repeated. Comparing these
measurements, the parameters can be estimated. The results are reported in Table 2 and Table 3 for directional horn
antennas and hybrid antennas, i.e. directional at the transmitter and omni-directional at the receiver.

Table 2: Path loss parameters for directional antennas

Parameter | InH Indoor (NLOS) | UMi Outdoor (NLOS)
l 2,15 2,2
o 6,68 dB 6,81 dB
n 0,01 0,01
leg 1,7 1,6
Neq 0,01 0,01
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Table 3: Path loss parameters for omni-directional antennas

Parameter | InH Indoor (NLOS) | UMi Outdoor (NLOS)
l 2,31 2,28
g 6,79 dB 6,91 dB
n 0,01 0,01
leg 1,78 1,7
Neg 0,01 0,01

6.5 Multipath models

6.5.1 Unstructured models for rich scattering (sub-6 GHz) environments

In sub-6 GHz band, the multipath can be modeled using stochastic models given the rich scattering (i.e. isotropic
scattering) environment. The fading channel of each hop can be modeled using correlated Rayleigh of Rician fading
models. Under the assumption of Rayleigh fading, the channel vector coefficients are complex Gaussian random
variables with 0 mean and covariance matrix d,d,uR, where d,.d,, isthe size of RIS element and u is the average
intensity attenuation. The (n, m) element of the spatial correlation matrix R is[i.10]:

[R],m = sinc (7“1‘";""”)

where u,, denotes the location of the nth element of RIS. The multipath Rayleigh fading will only bei.i.d. Rayleigh
fading if R isanidentity matrix.

If aRician fading model is considered, two different approaches can typically be utilized.

. M ultiplicative models: In this case, the impact from surrounding scatterersis taken into account in both links
between the transmitter and the RIS and between the RIS and the receiver. In general, the end-to-end channel
model can be written as follows [i.11]:

H = Hpr + Hinpir

where the first addend is the direct channel and the second addend is the indirect channel. The latter term
includes the impact of the RIS and is formulated as:

Hinpir = /:BIT\IlDIRHZF(g)Hl

where the multiplying scaling factor accounts for the path-loss, H; is the channel matrix from the transmitter to
the RIS, Hz isthe channel matrix from the RIS to the receiver, and F models the response of the RIS. Both
channels H; and H; are assumed to follow a Rician distribution, which can include spatial correlation as well.

e  Additive models. In this case, multipath propagation from surrounding scatterersis taken into account by
viewing the RIS as additional digitally controllable scatterers and second-order scattering effects are ignored.
In this case, the RIS-aided channel is modeled as follows [i.12]:

H = Hpjg + Hixpig + HYFC

where the first addend accounts for the direct link in free-space, the second added for the RIS-reflected link
assuming that both constituent links are in free-space, and the last addend accounts for the surrounding
multipath propagation, which can be modeled by using standard channel models.

6.5.2 Structured models for rich scattering (sub-6 GHz) environments

The multipath of an RIS link can also be modeled using cluster-based method [i.13]. In the far-field scenario, if the
BS-RIS and RIS-UE path has C clusters (each cluster has S rays), the channel of this hop can be modeled as:

P Ge 6C,S!¢C,S i
h = Zg=1 Z§=1 \/% ’% e]q)c'sa(gc,w ¢c,s)
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where a(ec_s, ¢c,s) isthe array response vector of RIS for azimuth angle ¢, ; and elevation angle 8, 5, and G, isthe RIS
antenna element pattern. P, is the power of each cluster, while P, isthe path loss component. ®, ; represents the random
phase of each ray (c, s). When the link is LOS, the path of the first cluster is viewed as the LOS path and the LOS
power component is added to P,. In the near-field scenario, pure LOS links are usually assumed. The BS-UE path can
be similarly modeled without considering the departure and arrival angles:

BU — yC S Pc |1 Jjo
hPY = 361 Y /; /P—ef o
L

6.5.3 Structured (geometric) models for high frequency bands

An example strategy proposed in [i.13] models the multipath of an RIS link using a cluster-based method. When the
RIS is not close enough to the BS/UE, the clusters and rays for BS-RIS, RIS-UE, and BS-UE paths need to be modeled
separately. When the RIS is close to UE, the clusters and rays for BS-UE path should be reused for the BS-RIS path. If
the BS-RIS and RIS-UE path has C clusters (each cluster has S, rays), the channel of this hop can be modeled as:

h= ngzl Ziczl c,s ’Ge (ec,s' ¢C,S)L a(ec,s' q)c,s) + hLOS

where y isanormalization factor, . ; is the complex Gaussian distributed path gain, and L is the path loss. The
existence of LOS component h; g is probabilistic, and if it exists, the LOS channel can be modeled as:

hios = ej"\/ Ge(B10s, Pros)La(Bps, dros)

where n isarandom phase term. The BS-UE path can be similarly modeled without considering the departure and
arrival angles:

hBY = Vzgzl Ziczl ﬁc,sem\/Z + h%}s

Asageneral model for structured channels, the Saleh-Vaenzuela model [SV-1978], [i.14] can be utilized.

6.6 Multi-mode reradiation models

Depending on how an RIS isrealized, it can reradiate multiple waves for a given incident el ectromagnetic wave [i.16].
These unwanted scattered waves are considered as interference (undesired effects) in wireless communications. A
model that captures this behaviour is the following [i.17]:

r(x',y") = Z T, = RZ JMaAn, (X', y")exp( xm,, (x', "))

where the variable m, denotes the amount of power that is scattered by the nth mode, while the factor A(.) and X(.)
determine the phase modulation for each of the scattered mode. If the scattered waves are plane waves, A(.) isa
constant term that is the same for each element of the RIS.

Based on this multi-mode reradiation model, the scattered electromagnetic field can be formulated as follows:

e~ Jkr" e Jkr"”
E,(P) = ﬂ J = [ x (nf x Hy(x, ")) xf”]ds+ﬂ J = [f” % (Eq(x",y") x A]dS
s r s T

RIS RIS

where:
1-T(P
E(P) =~ g, ()
H,(P) = )
and

E (P') = 1 x (E;(P) x 1)

H; (P") = i x (H;(P') X )
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where the symbols are defined in Figure 8 and Ei and Hi are the incident electric and magnetic fields. Specially, F( )
denotes the point-wide reflection coefficient of the RIS.

Figure 8: Notation for multi-mode reradiation

6.7 Interference and unwanted reradiation models

6.7.1 Definition of interference and unwanted reradiation

6.7.1.1 General description
In the context of RIS-aided communications, interference can be categorized as follows:

. Generated by the RISitself: Thisrefersto the spurious signals generated by the RIS due to its inherent
structure. For example, the multi-mode propagation model accounts for this effect.

. Generated by other RIS: Thisrefersto the interference generated by other RIS devicesin the network.
. Single operator modeling: This refersto the modeling of interference in single-operator networks.
. M ulti/inter-operator modeling: Thisrefersto the modeling of interference in inter- operator networks.
. Eavesdropping: This refersto case studies including security.
In the present clause, the most general definition of interference and unwanted reradiations due to RIS is provided. In
the context of this general definition, there is no constraint on the way the RIS is controlled.
6.7.1.2 RIS contribution to the interference propagation channel (In-Band
Reradiation)
In wireless networks without RIS, the following types of in-band interference already exist:
o Multi-user interference.
o Multi-cell interference.

Introducing an RIS in wireless networks not only has an impact on the propagation channel between a transmitter and
itstarget receiver. It aso has an impact on the propagation channel between atransmitter and its interfered receiver:
i.e. the interference propagation channel. In the present clause, it is proposed to define the contribution of RIS to this
interference propagation channel.

Asillustrated in Figure 9, alink between a transmitter and a target receiver is considered, in the presence of aRIS
participating to the communication between the transmitter and the target receiver.
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Figure 9: Artificial Propagation Paths due to RIS, potentially adding interference

Figure 9 shows an interfered receiver aswell. Finaly, it is assumed that all the following frequency bands do overlap:
. The frequency band used by the communication link between the transmitter and the target receiver.
e  Thebandwidth of influence of the RIS.
e  Thefrequency band used by the interfered receiver.

Such scenario can happen, typically, in multi-user transmission, where the transmitter simultaneously serves two
receivers (in a multi-user configuration) and RIS is tuned with the aim of focusing towards the target receiver and
avoiding the interfered user. Such scenario can also happen in a multi-cell configuration, where the considered
transmitter serves the target receiver, and the interfered receiver is served by another transmitter (not represented in the
figure) but islocated in the coverage area (typically at the border) of the first transmitter. Hence, in such scenarios, only
the in-band unwanted reradiation by the RIS is studied. The out-of-band unwanted reradiation is studied in

clause 6.7.1.3.

Specificaly, the figure illustrates the case where the RIS is tuned to serve the target receiver and creates several
additional temporary "artificial" propagation paths between the transmitter and the interfered receiver. These paths may
potentially induce In-Band Reradiation (i.e. mainlobe and sidel obes) of the signal that is only intended for the target
receiver and not for the interfered receiver. This can be seen as a contribution of the RIS to the total interference
received at the interfered receiver due the sidelobes of RIS reflected beam. Depending on the implementation of the RIS
and the implementation of the network, this contribution of RIS can have an unwanted impact (i.e. that the contribution
of the RIS adds up to the total interference due to "natural" propagation paths between the transmitter and the interfered
receiver) or adesired impact (i.e. the contribution of the RIS reduces the total interference between the transmitter and
the interfered receiver).

In the context of this genera definition, any constrain on the definition of an unwanted propagation path is put. In
practice, it can be "one hop" path (from the transmitter to the receiver through one RIS element), a"multi-hop" path
(i.e. going through one RIS element and one or several scatterers).

6.7.1.3 Unwanted reradiations (Unexpected/Irregular/Discontinuously Time-Varying
Out-Of-Band Reradiation)

Asillustrated in Figure 10 (sub-figure a)), avictim link between a victim transmitter and a victim receiver is considered,
aided by an RIS, and in the presence of an aggressor RIS which is not controlled by the victim network (the victim
network including, the victim transmitter, the victim receiver and the aiding RIS).
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Figure 10: Artificial Propagation Path due to aggressor RIS,
potentially creating unwanted fluctuations in the propagation channel

It isassumed that all the following frequency bands do overlap (asillustrated in Figure 10 sub-figure b)):
e  Thefreguency band used by the communication link between the transmitter and the target receiver.
e  Thebandwidth of influence of the aggressor RIS.

Hence, in this scenario, only the out-of-band unwanted reradiation by the aggressor RIS is studied. The in-band
unwanted reradiation is discussed next.

Figure 15 illustrates the case where the RIS is tuned to serve the target receiver and creates several additional temporary
"artificial" propagation paths between the transmitter and the interfered receiver. Depending on the level of knowledge
that the victim nodes may have regarding the aggressor RIS configuration, these paths may potentially induce
unpredictable Discontinuous Time-Variations of the propagation channel between the victim transmitter and the victim
receiver when RIS is reconfigured according to the requirement of the target receiver. Different from the case of in-
band reradiation, the victim operator and the victim receiver cannot predict of the aggressor RIS reconfiguration. This
degradation in the predictability of the propagation channel may potentially degrade closed-loop link adaptation
mechanisms. In that sense, the aggressor link is potentially creating unwanted re-radiations.

In the context of this general definition, any constrain on the definition of an unwanted propagation path is put. In
practice, it can be "one hop" path (from the transmitter to the receiver through one RIS element), a"multi-hop" path
(i.e. going through one RIS element and one or several scatterers).

6.7.2 Characterization of interference and unwanted reradiation

6.7.2.0 General description

The unwanted self-reradiation (interference) from an RIS can be modeled as detailed in clause 7.6 (multi-mode
reradiation models). This source of interference is not considered in this clause.

The signal and interference power of RIS links can be modeled in the example scenario shown in Figure 11.
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e UE 1
. ..-‘.§D

i ?D B

RIS 2 ®,

Figure 11: Example scenario - Two links aided by two RIS

Two links, BS1-UE1 and BS2-UE2 aided by RIS, are considered. The transmit powers of BS1 and BS2 are represented
by P, and P,. The reflection coefficients of RIS1 and RIS2 are represented by @, and ®,. The channels between each
pair of BSand RIS are {h,,, hy,, h,,, h,,}. The channels between each pair of RISand UE are {g11, 912, 921, 922}
The channels between each pair of BS and UE without the aid of RIS are {l,,, L;5, 1,1, 5, }. The beamforming effects of
BS and UE areintegrated into the channelsto simplify the notation.

Assuming a narrow band channel model, the received signal strength at UEL and UE2 can be modeled as:
S; =P lh 1 @111 + hipPrg,1 + L4 )?
S; = Pyl @191, + hpy @2955 + L, |
And the total interference for each UE can be modeled as:
Iy = Pylhy @111 + hopy @295 + L |
I, =P |hj @191, + hi3®P, 95, + ;5|

For each UE, the interference can be generated by the configured RIS of the current link, by other RIS, or without RIS.

6.7.2.1 Generated by the RIS itself

The interference signal to UEL generated by RIS1 is \/P_2h21¢1 g11, and the interference signal to UE2 generated by

RIS2is \/P_lhlzcbz 9. In some other scenarios, interference can also be generated when a transmitter's signal is
required to be reflected to multiple receiversin a multi-mode reradiation manner.

6.7.2.2 Generated by other RIS

Theinterference signal to UE1 generated by RIS2 is \/P_zhzztbz g2, and the interference signal to UE2 generated by
RISLis/P,h,®,g;,. The SNRsof UEL and UE2 are SNR; = fv—i and SNR, = j’;—z The SINRs of UE1 and UE2 are
1 2

SINR, = —' and SNR, = Nsil . Therate of the two RIS aided BS-UE links can be calculated with
2712

Ni+Iq

6.7.2.3 Single and Multi/Inter-Operator Modeling

The signal and interference modeling in the single-operator and multi/inter-operator scenarios is different due to the
different capability of coordination. If two links are managed by the same operator, different transmitters and RIS can
be jointly optimized to reduce the potential interference and optimize the total capacity. i.e. theoretically the RIS
reflection coefficients @, and @, can bejointly optimized as:

D, D) =
{®,, ®,} arggllgngﬁCz

If onelink is not scheduled in a certain frame, RIS that are not configured can aso be temporarily turned off to reduce
interference. In realistic scenarios, such joint optimization reguires shared channels and RIS information between cells
and may not always be supported.
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In multi/inter-operator scenario, the RIS reflection coefficients @, and @, can only be separately optimized without the
knowledge of the other link, i.e.:

P, = argrr‘}’axP1|h11(D1gn + 1,
1
P, = arg rg,axPthzz%gzz + 1y, |?
2
In this case, the signal of link BS1-UE1 reflected by RIS2 is not considered in the optimization of @,, and vice versa,

which may end up as destructive components for the received signal power. In addition, the interference cannot be
minimized by tuning the RIS configuration in multi/inter-operator scenario.

6.7.2.4 Eavesdropping

Eavesdroppers can take the advantage of RIS to receive the signals sent to the intended receiver, even without a direct
link to the transmitter, as shown in Figure 12.

B @ s >D UE

Signal channel

8s

8E
................................. > Eavesdropper
Eavesdropping

RIS @ channel
Figure 12: Eavesdropping leaked signhal from RIS

Assuming a narrow band channel model, the RIS-aided rate between the transmitter and the legitimate receiver is:

Pglhs®sgs+ls|?
Cs = Blog, (1 + Zs2sostist STa8sts )

The rate to the eavesdropper can be modeled as:

Ce = Blog, (1 + “sltsPssel)
where P, represents the transmit power. hg represents the channel from the transmitter to the RIS. @, represents the
reflection coefficients of the RIS. g and g represent the channels from the RIS to the eavesdropper and the legitimate
receiver. The system bandwidth is B, while the noise powers of the eavesdropper and the legitimate receiver are Ny and
N;. The secrecy rate of the receiver, which can be calculated as [C; — Ci]™, can be used to evaluate the security level of
the RIS link at the physical layer.

6.7.3 Destructive beamforming

In addition to the unwanted signal reradiation, an RIS is capable of reducing the power of the desired signal. This effect
can be considered as a destructive beamforming capability of RIS. Destructive beamforming effect could happen as a
result of RIS misconfiguration, as an outcome of malicious RIS control, or as a desired property of radio signal
suppression in some specific use cases.

Under the assumptions of perfect knowledge of the channel from the transmitter to RIS and from the RIS to the receiver
by the RIS controller, the potential of destructive beamforming can be quantified by means of an upper-bound. Consider
a system with a single-antenna Tx, a single-antenna Rx, and a RIS consisting of N reflecting elements. The analysisis
valid for both UL and DL links. In addition, instead of a single-antenna one can consider a single antenna port at both
Tx and Rx. The maliciousimpact is estimated at a particular sub-band. If the channel is frequency selective, the
potential destructive effect is smaller than the derived upper bound (i.e. the provided bound is not tight).
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Let 14 € Chethe component of Tx-to-Rx channel that avoids controllable RIS, h/? € Cpe the channel coefficient
from Tx to k-th reflective element of RIS, &k € Chbe the channel coefficient from k-th reflective element of RISto Rx,
0y € C e the phase shift coefficient of k-th reflective element of RIS, At the considered sub-band), the signal is:

= <hd + Z h;@kgk>5 +n
k

The channel gainis:

2
P(0) =

hg + Z i ©x gk
[

Under these assumptions, the destructive passive beamforming problem for RIS is:

2

— min
0

hq + Z hi®y g
[

Alisthe effective area of asingle reflection coefficient of RIS, Aisthe wavelength, Ckisthe coefficient that corresponds
to the radiation antenna gain of Tx in the dlrectlon of k-th RIS element, the reception gain of Rx from the di rect|on from

Y—RIS S—R

of k-th RIS element, and the Rx effective area, d isthe distance from Tx to the k-th element of RIS, d v|s

the distance from the k-th element of RISto Rx dlf?fn RIS .= mm d TR, @RISR = mm df1SH CCKIS = max C,
k

, dT*~Rxis the average length of the propagation path from Tx to Rx, CT*—Rx jsthe coeff|C| ent that corresponds the
radlat|on antenna gain of Tx in the direction of Rx, the reception gain of Rx from the direction from the k-th RIS
element, and the Rx effective area.

Then the following bound holds:

P(emin) >1 2NA Cr}r%_sx de—Rx

=7 Tx—Rx Tx RIS JRIS—-RX
PTLORIS A C d dmm

It is worth noting that the provided bound is not practically achievable, since it requires perfect knowledge at the RIS
controller side about the Rx to RIS channel and Tx to RIS channel. In the case of no adaptive beamforming and close
location of the RIS and the receiver the following bound holds:

P(Gmin) >1— 2NA
P - /‘{de RIS
NORIS min

Some illustrative results are given in Figure 13 and Figure 14.

Bounds of the malicious RIS impact, 900 MHz
—

,/l

10x10cm RIS
20x20cm RIS
Y 30x30cm RIS

40x40cm RIS

Received power loss, dB

12

14

Distance, m, from RIS to RX

Figure 13: Destructive beamforming upper bounds, 0,9 GHz band
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Bounds of the malicious RIS impact, 2800 MHz

P ——

10x10cm RIS
/ 20x20cm RIS,
/ 30x30cm RIS

40x40cm RIS

Received power loss, dB
: o .
5

Distance, m, from RIS to RX

Figure 14: Destructive beamforming upper bounds, 2,8 GHz band

6.7.4 Modeling CSI mismatch due to interference and unwanted
reradiation

6.7.4.1 CSI mismatch due to interference (In-Band Reradiation)

In wireless networks without RIS, the CSI mismatch due to Discontinuously Time-Varying interference already exists.
In this clause the contribution of RIS to the CSI mismatch is defined.

6.7.4.2 CSI mismatch due to Unwanted reradiations

In this clause, a method to model the impact of unwanted reradiations (Unexpected/Irregular/Discontinuously Time-
Varying Out-Of-Band Reradiation) on the closed loop link adaptation is presented.

In this general context, the link adaptation concept isincluded in any adaptation scheme based on Channel State
Information (CSl): adaptive beamforming, adaptive modulation and coding, etc.

Asillustrated in the example of Figure 15, avictim link between a transmitter and a receiver is considered, in the
presence of an aggressor RIS controlled by a controller.
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Legend:
Victim link : RIS :
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SEES Channel
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C(t): configuration
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_‘

U(t): unwanted propagation
path
2) CSI(t) is reported

1) CSI(t) is measured based on influenced channel iH(t)

3) Transmitter sends data with Clt+at):
link adaptation based on CSI(t) configuration of RIS

U(t+dt): unwanted

/
.L, . . propagation path

4) Receiver receives data influenced channel iH(t+dt)

a) CSI acquisition at time t

b) Data transmission at time t+dt

Signal-to-noise ratio (SNR)
4 SNR@)

mismatch

SNR(t+dt)

time

Block Error
Rate (BLER) Data not correctly received
‘ BLER(t+dt)

BLER(t)

target.

c) CSI mismatch

Figure 15: Modeling Channel State Information mismatch due to time-varying unwanted reradiations

In this clause, a model taking into account the time-variations of the influenced propagation channel of the victim link
(the channel being under the influence of the unwanted RIS) over the closed loop link adaptation is described. The time-

d) BLER

variation of an unwanted path - i.e. a path reradiated by a RIS and potentially by scatterers- isimpacted by the
continuous time-variation of the scatterers and the discrete time-variation of the state of the RIS. Hence, the time-
variation of an unwanted path is different from the time-variation of a'normal’ propagation path - i.e. a path not
reflected by any RIS - and it breaks the continuity of the overall channel time-variation.

More precisely, asillustrated in Figure 15 (see sub-figure a)), at timet, the receiver estimates the current CSI CSI(t)

where:

iH(t) includes the unwanted propagation path(s)
RIS).

U(t) isafunction of C(t).

C(t) isthe configuration of the unwanted RIS.

CSl(t) isafunction of the current influenced channel iH(t).

U(t) between the transmitter and the receiver (passing by the
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The scheduler and the link adaptation scheme at the transmitter side, selects the beamforming, the modulation and
coding scheme, etc., based on CSI(t). The transmitter predicts the expected performance, for instance, in terms of
Signal-to-Noise Ratio (SNR) and Block Error Rate (BLER). It is denoted SNR(t) as the expected SNR, and BLER(t), as
the expected BLER, based on CSI(t) and the link adaptation. SNR(t) and BLER(t), are illustrated in Figure 15
(sub-figures c) and d), respectively).

Then, asillustrated in Figure 15 (sub-figure b)), at time t+dt, the receiver receives data with a link adaptation (an
adapted beamforming, an adapted modulation and coding scheme, etc.) based on CSI(t), through the new influenced
channel iH(t+dt), where:

. iH(t+dt) includes the unwanted propagation path(s) U(t+dt) between the transmitter and the receiver (passing
by the RIS).

. U(t+dt) isafunction of C(t+dt).
e C(t+dt) isthe configuration of the unwanted RIS, and the configuration C(t+dt) is different from C(t).

The receiver receives data with the actual SNR SNR(t+dt) that depends on both CSI(t) and iH(t+dt) and an actual BLER
BLER(t+dt), illustrated in Figure 15 (sub-figures ¢) and d), respectively).

Asillustrated in in Figure 15 (sub-figures @) and b), respectively), it may happen that U(t+dt) strongly differs from U(t),
and that iH(t+dt) strongly differsfromiH(t). In some cases, this may lead, asillustrated in sub-figure c) to a strong
degradation from SNR(t) to SNR(t+dt), i.e. a strong negative CSI mismatch. As a consequence, asillustrated in
sub-figure d), the BLER(t+dt) can be much worse than the expected value BLER(t).

6.7.5  Spurious reradiation

The unwanted reradiation of RIS consists of spurious reradiation and out-of-band reradiation, where out-of-band
reradiation isillustrated in Figure 16.

Unwanted reradiateion

Out of band
Spurious Spurious

Working
Frequency

Frequency ’

Figure 16: Relationship between spurious and out-of-band domain

The spurious reradiation is the emission on frequencies, which are outside the necessary bandwidth and the level of
which may be reduced without affecting the corresponding transmission of information. The relationship between
spurious reradiation and out-of-band reradiation is shown in the figure. Ideally, the frequency of both the impinging
wave and reflected wave should be contained in the range of working frequency.

Spurious reradiation include harmonic reradiation, parasitic reradiation, intermodulation products and frequency
conversion products, as specified in Recommendation ITU-R SM.329 [i.3]. Normally, the spurious reradiation (not
including multi-mode reradiation described in clause 7.6 of the present document) for passive RIS isvery small and can
be neglect. However active RIS would suffer more serious spurious problem than passive RIS. Thisis because some
active components like amplifier or modulator may exist in active RIS and such components will bring more spurious
reradiation.

When RIS isworking surrounded by other electric products, the spurious reradiation might introduce performance
degradation to other equipment's. In order to restrict the spurious reradiation, Radiated Spurious Emission (RSE) as a
RF and EMC test needs to be implemented. The width of test domain depends on the RIS's working frequency. One
example can be the test range for FR1, which is from 30 MHz up to 5" harmonic of the upper frequency edge of the
operating band in GHz. While, for FR2 the test range is from 30 MHz up to 2™ harmonic of the upper frequency edge
of the operating band.
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6.8 Polarized RIS element modeling

Nowadays almost all NR devices support dual polarization as a basic and mandatory feature, specified by 3GPP. For
example, legacy NR port-selection codebook supports dual polarization. Similarly, RIS antenna elements can also
support dual polarization like dual polarized antennas, wherein, the phase-shifts provided by RIS element may be
controlled by varying the vertical and horizontal state of polarizations. In other words, as an example the dual-polarized
RIS may control the amplitude or phase-shifts of the reflected Electromagnetic (EM) waves in two orthogonal
polarizations as shown in Figure 17.

Dual polarized Element

RIS controllor XIXIXIXIXIX]| X X4—
EE X x| x| x| x[x]x]x
X x [ x| x]x|x]x|x
X x [ x x| x|x]x|x
X x [ x| x I x| x| x
X | X X| x| X X
Reg
o L xx [ x x [ x Wi
& 'Oo/c;
R X x [ x| x| x[x]|x|x 2
(\d\ée‘\& e
\

Figure 17: Dual polarized RIS

The polarization of the RIS antenna elements can be extended to multi-polarizations. To achieve the best
communication performance, the design of the RIS communication channel models need to consider the effect of
polarization at RIS antenna elements in addition to the polarization at transmitter and receiver antennas, as currently
supported by legacy NR.

If RIS supports dual polarization capability (e.g. dual-polarized RIS), then the signal model at a RIS element can be
expressed as.

y = Hpx,

where x and y are the input and output polarized signals at a RIS element, and the polarization channel matrix Hp has
the form:

Ho - BVHe=i®" gV o=jetV
P — ﬁVHe_M,VH BHHe_j¢HH '

where ¢pP1 € [0, 2] and P4 € [0, 1] denotes the phase and amplitude of reflection induced by the RIS element from

polarization p to polarization g with p, q € {V, H} vertical and horizontal polarization.

If an RIS can tune the RIS reflecting phase and amplitude in each component of the polarization channel matrix Hp,
then it is possible to convert an impinging polarized signal into a desired polarized signal.
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7 Channel Estimation

7.1 Reference scenarios

7.1.1 General description

Three case studies are analysed:
. RIS cannot perform on-board channel estimation.
o RIS can perform on-board channel estimation.

. Thedirect link is present.

7.1.2 RIS cannot perform on-board channel estimation

In this scenario, it is considered that the RIS utilized in the communication is unable to perform onboard channel
estimation. This can happen when the RIS is equipped with all passive elements, as shown in Figure 18, that can apply
configurable phase shifts to the impinging signals or can provide a certain degree amplification.

[ PassiveRis elements

RIS
Controller

N RIS

BS - UE link _D

BS

Figure 18: RIS-aided communication scenario where RIS is equipped with all passive elements

Inthiscase, it isassumed that the RIS does not consist of any RF chain or cannot perform any local baseband
processing to support the onboard channel estimation. The channel estimation can only be performed at the BS/UE by
utilizing RIS-aided link.

7.1.3 RIS can perform on-board channel estimation

Along with the passive elements, the RIS can be equipped with a few active elements as shown in Figure 19, that can
facilitate active reception/transmission and local baseband processing.

:H H: D Passive RIS elements

B ActiveRIS elements

RIS
Controller

RIS

BS - UE link ﬂ

BS

Figure 19: RIS-aided communication scenario where RIS is equipped with a few active elements
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The placement of the active elements can be fixed or flexible with sperate RF chains associated with each active
element or asingle RF chain shared by multiple active elements. Using these active elements, an RIS can perform
on-board channel estimation task. The power requirement will increase due to the introduction of active elements,
however higher gain channel estimates can be obtained at RIS due to the reduced path loss as compared to the overall
BS-RIS-UE link. Channel estimation methods that build on this framework can be utilized for obtaining separated
channel estimates between BS-RIS and RIS-UE links as well.

7.1.4  Availability of direct link between gNB and UE

The methods for channel estimation in an RIS-aided communication can vary based on the availability of the direct path
between the BS-UE. Based on this, two scenarios can be considered as shown in Figure 20.

RIS 1L O —

Controller Controller

BS - UE link 40 + J\j
BS - UE link blocked/ UE

not available

BS BS

Figure 20: Scenarios for RIS-aided channel estimation based on the availability of
the direct link between BS-UE

In the first scenario, depicted in the left figure, adirect link between the BS-UE is avail able along with the reflected link
viathe RISi.e. BS-RIS-UE link. In this scenario, the channel estimation at the UE (in the case of downlink
transmission) or at the BS (in the case of uplink transmission) can utilize methods that takes into consideration both the
available communication links viz., BS-UE and BS-RIS-UE. Whereas, in the second scenario, shown in the right figure,
the direct link between the BS-UE is not availablei.e. the direct link is obstructed completely due to blockage, direct
link is aweak communication link due to highly fading propagation environment and cannot be utilized, etc. The
channel estimation methods which can be utilized in this scenario are likely not to rely upon the availability of the direct
link and hence devel oped only upon the availability of reflected path between BS and UE i.e. BS-RIS-UE link.

7.2 Cascaded and separated channel estimation

7.2.1 General description
In the present clause, channel estimation methods are described that belong to two different categories:
o Methods to estimate the end-to-end channel.

° M ethods to estimate the individual channels.

7.2.2 Methods to estimate the end-to-end cascaded channel

7.2.2.0 General

In an RIS-aided communication system, apart from the direct link, there exists an additional communication link
between the BS/TRP and the UE which is viathe RIS. Cascaded channel estimation technique estimates the end-to-end
effective channel gains through the RIS-aided link and inherently capture the effect of the phase shifts provided by the
RIS elements. Three different methods to estimate the cascaded channels using the RIS-aided link are described in the
clauses asfollows.
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7.22.1 Element-wise RIS channel estimation

7.2.2.1.0 General

First, an exemplary system model including one RIS element is presented. Secondly, an exemplary system model
including all RIS elements of asingle RISis presented. Downlink (DL) models are discussed here, but the same or
similar models may be applicable to the Uplink (UL). For simplicity, consider a single-antenna UE and a narrowband
system, i.e. asubcarrier of an OFDM system. Such a model may also cover the case with a multi-antenna UE that
combines multiple received signalsinto asingle received signal by using receiver processing, i.e. digital or hybrid
beamforming or combining techniques.

72211 System model including one RIS element

An exemplary scenario isillustrated in Figure 21.

RIS with M
elements
T
a'm ¢m bm
J dl
S )ym
UE

TRP

Figure 21: System model for element wise RIS channel estimation

The equivalent received complex-valued scalar signal y,,, at the UE is given by:
Ym = (bp@ymtm +d)Ps +z = (Cupy, + d')Ps + z
wherein:
. sisthe complex-valued scalar symbol, i.e. aknown Reference Signal (RS) or pilot symbol.

0 P is the complex-valued precoding vector of dimension Ny X 1, where N; isthe number of transmit antennas
or antenna ports, i.e. at a network-side TRP.

. d =[dy - dy,-1]isthecomplex-valued channel between the TRP and the UE, excluding propagation
pathsviathe RIS, of dimension 1 X N.

. a,, isthe complex-valued vector channel between the TRP and the RIS element, of dimension 1 X Ny.

e ¢, = b,a,, isthe cascaded complex-valued vector channel between the TRP, RIS element m, and the UE, of
dimension 1 X Ny.

. ¢ 1sthe complex-valued scalar RIS element factor of RIS element m, with m=1, ..., M. In apassive RIS, the
factor may have afixed amplitude, i.e. aunit amplitude (|¢,,| = 1). In an active or hybrid RIS, the amplitude
may be variable and controllable. In some cases, i.e. even for apassive RIS, an RIS element may be turned off,
i.e. ¢, =0o0r¢, =0.ARISeement may bein acertain state (¢,,,) a atime and is assumed to be applicable
to all sub-carriers within a certain bandwidth.

. b,, isthe complex-valued scalar channel between the RIS element and the UE.

° zisthe additive noise and interference.
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The model can be further simplified by including the TRP precoding P into the TRP-to-RIS channel:
Vm = (b @m + d)s + z = (Cppy, + d)s + z
wherein:
. d = d'P isthe complex valued scalar effective direct TRP-to-RIS channel (including TRP precoding).
. a,, = a;, P isthe complex-valued scalar channel between the TRP and the RIS element.

. Cm = bya,, 1sthe cascaded complex-valued scalar channel TRP to m:th RIS element to UE.

7.2.2.1.2 System model including all RIS elements

An exemplary model including al RIS elements can be obtained by adding the signals corresponding to all M RIS
elements of the RIS (¢;,,d,.5):

y = ((a@b)cb + d)s +z=(c®+d)s+z
wherein:

. a isthe complex-valued vector channel between the TRP and the RIS, of dimension 1 X M, where M isthe
number of RIS elements.

. b isthe complex-valued vector channel between the RIS element and the UE, also 1 x M.
. ¢ = a®b = b®a isthe element-wise vector product of a and b.

. @ isthe complex-valued vector of dimension M x 1 containing the M RIS element factors ¢,,,. ® may
correspond to the RIS state.

In the case of rectangular RIS, let M, denote the number of RIS elementsin afirst direction, i.e. horizontal, and My
denote the number of RIS elementsin a second direction, i.e. vertical, for instance such that M=M,*My. Using the
element-wise RIS channel estimation method, the cascaded channel gains can be estimated at the UE by individually
capturing the effect of the phase-shifts contributed by each RIS element. Thus, in the communication system, wherein
the BS/TRP is communicating with a UE with the help of an RIS consisting of M RIS elements as shown in Figure 22,
the overall channel estimate for the cascaded link (BS-RIS-UE) can be the computed as an effective gain obtained by all
the M-RIS elements.

1 RIS with M
elements

gm

_J By —T ,%ym

TRP

Figure 22: System model for element wise RIS channel estimation
The element-wise channel estimation method may benefit from highly efficient channel estimation due to the

consideration of phase-shifts from each RIS element. However, in the case of large RIS surfaces, the large number of
RIS elements may introduce undesired latencies and pilot/reference signal overhead reflected by each RIS element.
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7.2.2.1.3 Sub-surface based RIS channel estimation

To overcome the latency and pilot overhead in the element-wise channel estimation method, the complete M-element
RIS surface can be divided into S sub-surfaces, each constituting a group of RIS elements. Then the channel estimation
can be performed at the sub-surface level instead of an element-wise estimation. Consider a similar communication
system wherein a BS/TRP communicates with a UE viaan M-element RIS. Let the total number of RIS elements be
divided into S sub-surfaces as shown in Figure 23.

RIS withS
Sub-
surfaces

X

) T,
8s/ —/ Vs
; UE

TRP

Figure 23: System model for sub-surface based RIS channel estimation

Then, the overall channel estimate at the UE will be the effective channel reflected by each of these sub-surfaces
congtituting the RIS-reflected cascaded channel.

7.2.2.2 Configuration-wise RIS channel estimation

To further reduce the latency and pilot overhead in the sub-surface based channel estimation method a codebook
approach can be used. The RIS can be configured with anumber of pre-defined configurations. The pre-defined
configurations can, for example, refer to multiple beamsin different directions as shown in Figure 24.

RIS

@ d Receiver

Figure 24: System model for configuration-wise RIS channel estimation

Then, the channel estimation can be performed at the RIS level sequentially for each of the pre-defined configurations.
This method can be especialy interesting in the sub-6 GHz band, where the number of RIS elementsis small and the
achieved beam directivity islimited. Hence, the required coverage area can be covered with a small number of
pre-configured beams.

7.2.2.3 Single RF chain enabled RIS channel estimation
The nearly passive RIS-assisted wirel ess communication requires lengthy training periods to estimate the channel. To

shorten the training time, a single active Radio Frequency (RF) chain for baseband reception can be connected to the
output of RIS illustrated in Figure 25.
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Figure 25: Block diagram of the proposed RIS hardware architecture including a
single active reception RF chain for explicit channel estimation at the RIS side
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This single RF chain enabling baseband channel estimation via pilot signals consists of alow noise amplifier, a mixer
down converting the signal from RF to baseband, and an analog to digital converter. In this way, the accurate channel
estimation can be conducted at the RIS and the training time can be shortened with specifically designed algorithm.

7.2.3 Methods to estimate the separated/individual RIS channels

The cascaded channel path (BS-RIS-UE) in the RIS-aided communication consists of two individual paths namely, the
BS-RIS path and the RIS-UE path. The estimation of individual RIS channels can be defined as obtaining these two
pathsi.e. BS-RIS and RIS-UE channels separately. Due to the introduction of RIS, individual RIS channels may result
in a higher rank channel for at least one of the individual channels as compared to the end-to-end cascaded channels.
Furthermore, due to the high-resolution channel gains, estimating the individual RIS channels may provide enhanced
performance in terms of higher signal-to-noise-ratio, throughput, BLER, data rates, etc. Especially in scenarios wherein
the RIS and either the BS/UE are static, and only the UE/BS are moving, acquisition of the individual separated
channelsis critical to analyse the impact of the individual channels. The methods for separated channel estimation
depend on different type of RIS. In the case of passive RIS, the channel estimation cannot be performed at the RIS node
and can only be either done at the BS or UE. In such a case, estimating individual separated channels may be performed
using different techniques. These include:

a) Decomposition of the end-end cascaded linksinto separated individual channel estimation, by using signal
processing tools such as eigen vector decomposition, matching pursuit using sparse signal processing, etc. This
can be done at the UE node in the case of downlink transmission or at the BS in case of the UL transmission.

b)  Anchor nodes can be deployed (i.e. by the BS network), for the task of channel estimation that may be closely
located to the RIS surfaces. Such anchor nodes can be useful for estimating the RIS-aided channels. Finally, in
the case of a semi-active or active RIS, the active RIS elements can be configured to be utilized to perform the
channel estimation task.

7.3 Estimation methods for unstructured channel models

Asfor unstructured channel models, various channel estimation methods exist [i.15]:

. Least Squares (L Ss) Estimators, including on-off schemes, discrete Fourier transform methods, methods based
on the Hadamard matrix for the single-user case, as well asthe direct channel estimation method and schemes
that exploit the common RIS-BS channel for the multi-user case.

o Linear Minimum Mean-Squared-Error methods.
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Other methods include the following:

. Differential Data-Aided Beam Training. the beam training based on codebook selection requires the
transmission of some reference signals to test the different phase configurations of the codebook. Relying on
data transmission and reception based on differential modul ated non-Coherent Demodulation Schemes
(non-CDS), zero overhead beam training for RIS can be achieved. This method contains two stages. In the first
stage, beam training is executed, and at the same time, non-coherent transmission is performed over the
BS-UE direct link. In the second stage, the best phase configuration is loaded to the RIS and non-coherent data
symbols are transmitted over the enhanced reflective BS-UE link via RIS. At the BS, the received differential
data can also be used for the determination of the best beam for the RIS. Therefore, the efficiency of the
system is significantly enhanced since reference signals are fully avoided. After choosing the best codebook,
NCDSis still more suitable to transmit information for high mobility scenarios as compared to the classical
CDS.

o Low-to-zero overhead channel estimation for mobile users: requiring knowledge of full CSI of the RIS
will lead to some acquisition overhead. Optimizing the RIS for illumination of the area centered around the
Mobile User (MU) will reduce the overhead. First, the position of the MU isto be estimated. Then, the RIS
phase-shift is designed to illuminate around the location of the MU. Finally, the end-to-end channel estimation
is conducted by using standard (i.e. least squares) channel estimation techniques.

7.4 Methods for structured channel models
Asfor structured channel models, various channel estimation methods exist [i.15]:

e  Single-user case: one-stage channel estimation methods, two-stage channel estimation methods, beam training
methods.

. Multi-user case: double-sparse based channel estimation, and methods based on exploiting the common
RIS-BS channel methods.

7.5 Methods based on availability of channel state information

The transmission design of RIS-aided systems highly relies upon the availability of CSI, which in turns determines how
often channel estimation is performed and hence the corresponding channel estimation overhead. Based on the
availability of CSlI RIS-aided communication systems can be classified into three categories[i.15]:

. Systems designs based on instantaneous CSl.
. Systems designs based on the so-called two-timescale CSl.
. Systems designs that rely on fully long-term CSI.

For the case of systems designs based on instantaneous CSl, the overall CSl of the system is assumed to be available at
the BS. The RIS-related channels can be the cascaded channels or the individual channels depending on the channel
estimation method being used. In this case, these channels need to be estimated at each channel coherence block.
Therefore, the number of time slots required for channel training is often proportional to the number of reflecting
elements, i.e. for unstructured channel models.

To overcome the overhead of methods based on instantaneous CSl, the two-timescale beamforming design can be
utilized. The main ideais that the active beamforming vectors at the BS are designed based on the instantaneous
effective/aggregated BS-user channelsthat are the superposition of the direct and RIS-reflected channels, while the
phase shifts at the RIS are designed based on long-term CSl, such as their distribution parameters including channel
mean and channel covariance matrices. In each coherence block, only the instantaneous effective channel of each user
needs to be estimated and the channel training overhead is equal to the number of users, which isthe same as for legacy
systems without RIS. Furthermore, since the long-term CSI remains usually invariant for alarge number of channel
coherence blocks, the phase shifts of the RIS can be updated at a much lower rate than the fast fading fluctuations,
which significantly reduces the computational burden and feedback overhead.
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In the two-timescal e design, the instantaneous effective CSl needs to be estimated in each coherence block. To further
reduce the channel estimation overhead, a possible approach is based on transmission designs that require only
long-term CSl. Specifically, at the beginning of the transmission, the BS estimates or measures the long-term CSl,
based on which the BS computes the beamforming vector and the phase shifts that are used in all the subsequent
coherence blocks until the long-term CSI changes. This reduces significantly the channel estimation overhead at the
cost of some performance degradation that depends on the characteristics of the channel.

7.6 Hybrid RIS-assisted channel estimation

RIS comprising passive elements can only act as adjustable reflectors. Hybrid RIS cannot solely reflect the impinging
waveform in a controllable fashion, but are also capable of sensing and processing a portion of it via some active
reception elements. A hybrid RIS comprises hybrid metasurface elements which can simultaneously reflect a portion of
the impinging signal and receive a portion of it in a controllable manner. Suppose a hybrid metasurface comprises
several meta-atom elements, which are connected to adigital controller via multiple receive RF chains, the observed
signals except the reflected is locally processed, via analog combining and digital processing. Channel estimation can
be done at the hybrid RIS side by processing these received signals which will shorten the training time.
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Figure 26: Example of hybrid RIS-empowered uplink multi-user MIMO system

8 Key performance indicators and evaluation
methodology

8.1 Key performance indicators

8.1.1 Rate/Throughput

Throughput is considered from the user and system perspectives. From a user perspective, user throughput is defined as
the number of correctly received hits, i.e. the number of bits contained in the SDUs delivered to Layer 3, averaged over
acertain period of time. In an RIS-assisted system, the correctly received bits can be directly from BS/user for DL/UL
cases, or from RIS, or acombination of them. In the case the total bandwidth is aggregated across multiple bands (one
or more TRXxP layers), the user throughput is summed over the bands. From a system perspective, system throughput is
the aggregate throughput of all users.

8.1.2 Spectral Efficiency

Spectral efficiency isthe aggregate throughput of all users divided by the channel bandwidth of a specific band divided
by the number of TRxPs and is measured in bit/s'fHz/TRxP. The channel bandwidth for this purpose is defined as the
effective bandwidth multiplied by the frequency reuse factor, where the effective bandwidth is the operating bandwidth
normalized appropriately considering the uplink/downlink ratio.
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8.1.3 Coverage (User Percentiles)

Coverage is defined as the area where more than X % of the users can achieve a user throughput of R. For instance,
coverage is often defined as the area with more than 95 % of the users whose throughputs are higher than 1 Mbps.

8.1.4 Energy Efficiency

Network energy efficiency isthe capability of an RIS-assisted system to minimize the radio access network energy
consumption in relation to the traffic capacity provided. Device energy efficiency is the capability of an RIS-assisted
system to minimize the power consumed by the device modem in relation to the traffic characteristics. RIS energy
efficiency is a measure of the RIS energy consumption in relation to assisting the traffic delivery from the transmitter to
the receiver.

The energy efficiency of the network, the device, and the RIS can relate to the support for the following two aspects:

. Efficient data transmission in aloaded case. Efficient data transmission in aloaded caseis characterized by the
spectral efficiency defined above.

. Low energy consumption when there is no data. Low energy consumption when there is no data can be
estimated by the sleep ratio. The sleep ratio isthe fraction of unoccupied time resources (for the network) or
dleeping time (for the device or RIS) in a period of time corresponding to the cycle of the control signalling
(for the network) or the cycle of discontinuous reception (for the device or RIS) when no user data transfer
takes place.

8.1.5 Security

Secrecy rate plays an important role in physical layer security. It is a metric that defines the rate at which the
transmitted signal reaches the legitimate receiver without any form of invasion from the eavesdropper. One definition of
the secrecy rate is the non-negative difference between the capacity of the intended receiver and that of the
eavesdropper. Without the precise knowledge of eavesdropper's identity and channel, the secrecy rate for each receiver
can be estimated by treating all legitimate but unintended terminalsin a network as potential eavesdroppers

8.1.6 Latency

To evaluate Rl S-assisted systems, latency can be defined from two perspectives: user plane latency and RIS control
plane latency. User plane latency is the contribution of the radio network to the time from when the source sends a
packet to when the destination receivesit (in millisecond). It is defined as the one-way time it takes to successfully
deliver an application layer packet/message from the radio protocol layer 2/3 SDU ingress point to the radio protocol
layer 2/3 SDU egress point of the radio interface for a given service in unloaded conditions, assuming the UE isin the
active station. In RIS-assisted systems, user plane latency is defined as end-to-end latency, i.e. from BSto user in DL
cases and from user to BSin UL cases. RIS control plane latency is the time duration to (re-)select and (re-)configure
RIS, which can be evaluated for different RIS control plane protocols.

8.1.7  Reliability

Reliability relatesto the capability of transmitting a given amount of traffic within a predetermined time duration with
high success probability. Reliability is the success probability of transmitting alayer 2/3 packet within arequired
maximum time, which isthe time it takes to deliver a small data packet from the radio protocol layer 2/3 SDU ingress
point to the radio protocol layer 2/3 SDU egress point of the radio interface at a certain channel quality.

8.1.8 Overhead

In general, overhead refers to signalling between BSs and users that enable the transmissions rather than directly
contain the traffic data. In RIS-assisted systems, overhead also includes the signalling to (re)select, enable,
(re-)configure, and control RIS.
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8.2 Design Parameters

8.2.1 RIS size

The size of RIS panel needs to be sufficiently large so that the re-radiated signal power meets requirements. One
potentia requirement of an RIS link isto provide comparable signal strength to unblocked LOS link, which is necessary
in multiple use cases (i.e. avoid blockage/penetration |oss, provide additional spatial multiplexing rank, etc.). Based on
the far-field free space path loss model introduced in the present document, the RIS size requirement can be derived.
Given aBS-RIS-UE link, the LOS distance between the BS and UE is represented by d, ;5. The BS and UE antenna
gains for the LOS path are GL%5 and G:°5, which can be different from G, and G, for the RIS-aided link. The LOS path
lossisthen:

PL __ 16n?dlps
LOS G%OSG}.‘OSAZ

If the path loss of the RIS-aided link needs to be smaller than or equal to PL; s, the requirement on the RIS areaiis:
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where d,, and d,, represent the width and length of each RIS element, and the RIS is assumed to have M X N elements
intotal. d, and d,. represent the distance between the transmitter/receiver and the center of RIS. F(0;, ¢.) isthe
normalized radiation pattern of each RIS element to the transmitter, in which 8, and ¢, represent the elevation angle
and azimuth angle from the center of the RIS to the transmitter. Similarly, F(6,, ¢,-) represent the normalized radiation
pattern to the receiver's direction. The variable A is the amplitude of reflection coefficients of each RIS element, which
is assumed to be the same for all the RIS elements.

8.2.2 Electromagnetic Field Exposure

A relevant issue for future wireless networks is the growing concerns for electromagnetic pollution. Although, at
present, hon-ionizing radio frequency radiations have not been associated to any health condition, the continuous
exposure to ElectroMagnetic Fields (EMFs) is a factor that raises concerns among end-users and diminishes their
acceptance of emerging transmission technologies and massive network deployments. In general, the EMF requirements
are formulated in terms of Specific Absorption Rate (SAR) requirements. Specifically, each portable device complies
with specific SAR limits of radiation that are considered safe for the body. The challenge of fulfilling SAR compliance
is exacerbated by the use of multiple transmit antennas in portable wireless devices, which increases the exposure for a
given total transmit power, due to the combinations of the precoding gains and phases across the antennas. In this
context, RIS need to be considered in the evaluation of fulfilling SAR compliance and can be utilized to reduce the

EMF at the mobile terminals.

8.2.3 Carrier Frequency

Carrier frequency isthe center frequency on which RIS control channel and data channel operate. The control
information can be signalled to RIS on a different frequency than the channels/signals to be reflected.

8.2.4 Bandwidth

Bandwidth is the maximum aggregated system bandwidth. The bandwidth may be supported by single or multiple radio
frequency carriers.

8.3 Reference scenarios for evaluation

The performance improvement to communication networks brought by RIS needs to be comprehensively evaluated. In
addition to the example scenario in which RIS is deployed on the walls of an indoor office defined in ETSI

TR 138 901 [i.2], the network performance in the following applications of RIS (defined both for indoor and outdoor
scenarios) can be evaluated.

Figure 27 demonstrates the most common and intuitive application of RIS, i.e. serving as a solution to blockage issues,
which applies to both outdoor and indoor scenarios.
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Figure 27: RIS as a solution to blockage

Figure 28 illustrates a variant of the blockage problem shown in Figure 27, in which the BS deployed in one corridor
needs to serve UEsin a perpendicular hallway.
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Figure 28: RIS redirects beams to form link between BS and UE in different hallways

Due to the high penetration loss, such alink is not feasible without the assistance of RIS. More BSs need to be deployed
at the intersections of corridors to achieve the full coverage without RIS. In the figure, for example, at least 3 BSs are
needed to cover al corridors without RIS, whereas 1 BS is enough to achieve full coverage with the assistance of RIS.
This deployment can be quite common in real-world scenarios. The system-level simulation of this scenario can be
developed based on the indoor-office and indoor-factory scenario in ETSI TR 138 901 [i.2].

Figure 29 shows another potential scenario in which RIS can help to avoid blockage. By utilizing multiple RISin a
cascading manner, alink can detour around multiple blockers without incurring extra delays.
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Figure 29: Cascading RIS links assist UEs to form links with BSs regardless of blockage

Similarly, the system-level simulation of this scenario can be developed based on the indoor-office and indoor-factory
scenario in ETSI TR 138 901 [i.2].

Figure 30 shows an outdoor scenario, in which a BS on the roof of a building serves UE in street canyon using a huge
RIS installed on the wall of the opposite building.

@
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Figure 30: BS serves UE in street canyon using large RIS on building walls

The size of RIS can be very large, which means that the traditional plane wave model may not be valid anymore and a
spherical wave model is required. This scenario can be defined based on the urban macro/micro scenariosintroduced in
ETSI TR 138 901 [i.2].

Figure 31 shows an example application of RIS in an Outdoor-to-Indoor (O2I) scenario, in which BS can serve UE in
underground garage with the help of RIS links, given the extraordinary blockage and O2I loss. The height of UEsin this
case also needs to be defined differently. This scenario as well as other O2I scenarios can usually be defined based on
the urban macro/micro scenarios described in ETSI TR 138 901 [i.2].
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Figure 31: RIS application in an O2l scenario, in which BS serves UE
in underground garage using RIS

RIS may improve the network performance in other scenarios without blockage. Figure 32 illustrates the application of
RIS to configure the MIMO channel between BS and UE.

%
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Figure 32: Utilizing RIS with MIMO: multiplexing and interference management

When the BS-UE LOS channel islow-scattering, utilizing RIS can provide extra scattering and channel multiplexing
gain to the MIMO system. On the other hand, if the BS is an interferer to the UE, optimizing RIS coefficients can be a
strategy to reduce the potential interference. This application is applicable to both outdoor and indoor scenarios. The
performance evaluation of such aMIMO system is of great significance, especially when operating on a wide band,
since the delay difference between the LOS channel and RIS channel can impair the MIM O beamforming.

An RIS can aso be applied for secure communication, asisillustrated in an example scenario in Figure 33. Without
RIS, the data sent to a UE can be easily |eaked to eavesdroppers via natural reflections by the wall, ceiling, etc. To solve
this problem, RIS can redirect the reflections to a"trusted region”, which hence reduces the data leakage to potential
eavesdroppers and enhances the communication security.
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Figure 33: Utilizing RIS for secure communication

As a configurable component that affects the communication channel, an RIS potentially provides a new degree of
freedom for multiple access. An example of RIS multiple accessis demonstrated in Figure 34, in which different
BS-UE links can utilize different sub-arrays on a RIS panel. The feasibility of this multiple access strategy needs to be
evauated in system-level simulators.
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Figure 34: RIS multiple access

8.4 Evaluation methodology

8.4.1 Link-level evaluation

Link-level evaluation is referred to simulate a point-to-point communication link, and evaluates metrics such as
bit/block error rate for agiven signal to interference and noise ratio. These simulations can be performed based on the
channel models, the channel estimation methods, and the transmission methods reported in the present document.

8.4.2 System-level evaluation

System-level simulation is referred to obtain system/network level performance of cellular networks for different
deployment configurations (indoors, outdoors, urban/suburban/rural areas, motorways), different frequency bands, and
different scheduling policies. System-level simulations provide coverage/capacity metrics such as throughput per square
kilometre, throughput per unit of bandwidth, number of users simultaneously supported by the network, and fairnessin
access to the network.
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Basic configurations and parameters for RIS deployment and link are here described for evaluation using system-level
simulations, using the modelsin ETSI TR 138 901 [i.2] as the baseline. The considered parameters are shown in

Table 4.

Table 4. Parameters for system-level simulation of RIS-aided communication

Name

Example Value

Horizontal (2D) distribution

Uniform/scenario-specific

Height

Outdoor: Higher than UE and lower than BS, i.e. 2 ~10 m
Indoor: different height for RIS on the ceiling and wall (i.e. 3 m and
1,5 m, respectively); dependent on the floor

Orientation

Scenario-specific, i.e. RIS on walls has horizontal orientation, and
RIS on ceilings will point downwards

Indoor/outdoor distribution

An indoor RIS ratio can be specified for urban scenarios, i.e. 20 %

Min 2D distance to BS/RIS

Dependent on the RIS deployment scenario; Similar values to Min
2D distance of BS-UE link in the corresponding scenario

[Min, Max] 2D distance to UE

Dependent on the RIS deployment scenario, i.e. [1 m, 5 m]

Channel models

Dependent on RIS height. I.e. side link channel model (i.e. the

model defined in 3GPP TR 37.885 [i.19]) is more suitable for
RIS-UE links if RIS height is closer to urban UE height

Molecular absorption l.e. HITRAN model for sub-THz

Wave models Plane wave/spherical wave

RIS size Dependent on scenarios, i.e. the RIS size can be large

RIS antenna array Dependent on carrier frequency, i.e. 16 * 16; Sub-array should be
supported

RIS antenna element pattern Similar to BS/UE antenna element configurations

(directional/omnidirectional)

Codebook BS/RIS/UE codebook design

RIS delay in setting RIS beamforming weights Different values based on RIS deployment scenario

The proposed parameters define deployment, channel, antenna, and beamforming models of RIS. The RIS deployment
parameters are generaly similar to UE deployment parameters and needs to be scenario-specific (i.e. height and
orientation of RIS on the ceiling and wall). Min and Max 2D distances between a RIS and a BS/RIS/UE need to be
configured based on the RIS deployment scenario. The channel model of RIS-UE link also depends on the distance and
height. If RIS-UE distance is small and RIS height is close to UE height in urban scenarios, a side link channel model
may be more applicable compared with the BS-UE channel model. The size of RIS is also an important parameter to
consider in system-level ssimulators.

Using RIS to enhance the coverage when blockage happens is a preferable feature in higher-frequency bands, i.e. the
sub-THz band. A comprehensive evaluation of RIS performance hence needs to cover the sub-THz frequency range,
while the typical ETSI TR 138 901 [i.2] model is only applicable to frequency up to 100 GHz. Thisrequires a sub-THz
RIS channel model to be implemented in system-level simulators, including features like molecular absorption. In this
regard, the synergy with the ISG THz is beneficial.

It isimportant to model the far-field channel and near-field channel separately for RIS-aided links. In the far-field
region, the transmitted electromagnetic signal can be approximated with plane waves, and the differencein Rx signal
phase at adjacent RIS elements is uniform on the entire array. On the other hand, the spherical wave model is more
accurate in the near-field region, in which scenario the phase variance at each RIS element becomes non-linear.
However, applying the spherical wave model to alarge RIS array with thousands of elements can be computationally
complicated, especially in a system-level simulation that involves multiple RIS panels. The trade-off between modeling
accuracy and the computational |oad needs to be considered for near-field channel modeling. One method isto divide
any antenna array into sub-arrays, and only consider the spherical wave fronts on the sub-array level. The phase
variance of antenna elements in the same sub-array, which forms a smaller aperture, is still modeled with the plane
wave model to maintain a manageable computational load. Similar strategies can be applied to RIS modeling in system-
level simulator.

In system-level simulators the antenna array model, codebook, and beamforming model of RIS need to be defined. In
addition, the codebook design of BS/UE needs improvement as well. |.e. the scenario titled "Utilizing RIS with MIMO:
multiplexing and interference management" may not be feasible if the traditional DFT codebook is used. The control of
RIS beamforming also needs to be considered. RIS deployment scenarios can have different latency in setting RIS
beamforming coefficients, which should be modeled by one suitable parameter in system-level simulations.
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The feasibility study of RIS also requires alink budget analysis, which provides the feasible values of RIS sizes,
deployment densities, and RIS element gains if necessary. The expected RIS link quality can be derived from such

analysis and be used to improve the corresponding PHY and MAC design.

An example of link budget analysis for RIS-aided communication isillustrated in reported in Table 5 shown in the
following tables. The tables summarize the main parameters for basic deployment, BS/RIS/UE gain, SINR, and path
loss calculation. The analysis calculates the desired Rx power first based on SINR requirements acquired from link-
level simulations, and then determines the maximally available path loss considering Tx power and antenna gains. The
available path loss is compared to the estimated path loss cal culated based on the deployment to check whether the

required SINR is achievable.

Table 5: Link budget analysis template for RIS-aided communication

Parameters | Example Values
Basic setup
Channel for evaluation PUSCH (/ PDSCH)
Scenario Urban (/ Office / Special RIS applications)
UE-BS channel model UMa NLOS 021
UE-RIS channel model Indoor Office LOS
RIS-BS channel model UMa NLOS
Carrier frequency (GHz) 28
BS antenna height (m): depend on Scenario 25
UE antenna height (m): depend on Scenario 15
RIS antenna height (m): depend on Scenario 15
UE
(1) Number of UE antenna elements 4
(2) Number of UE chains modeled 1
(3) Total transmit power (dBm) 23
(3a) System bandwidth (Hz) = nRB x nSC(12) x SC_spacing 72 000 000
See note 1
(3b) Power spectrum density (dBm/MHz) = (3) - 10log((3a) / 1000000) (4,43
(4) Total UE antenna gain (dB) = (4a) - (4b) + (4c) 6,02
(4a) UE beamforming gain (dB) = 10log((1) / (2)) 6,02
(4b) UE antenna gain correction factor (dB) TBA
(4c) Gain of UE antenna element (dBi) TBA
(5) Cable, connector, combiner, body, efficiency losses, etc. of UE TBA
(dB)
(6) UE EIRP (dBm) =(3) + (4) - (5) 29,02
RIS
(7) Number of RIS antenna elements 900
(8) Total RIS antenna gain (dB) = (8a) - (8b) + (8c) 57,18
See note 2
(8a) RIS beamforming gain (dB) = 20log((7)) 59,08
(8b) RIS antenna gain correction factor (dB) TBA
(8c) Reflection loss of RIS antenna element (dBi) -1,9
(9) Cable, connector, combiner, body losses, etc. of RIS (dB) TBA
BS
(10) Number of BS antenna elements 256
(10a) Number of BS TxRUs 1
(10b) Number of BS chains modeled 1
(11) Total BS antenna gain (dB) = (11a) - (11b) + (11c) 32,08
(11a) BS beamforming gain (dB) = 10log ((10) / (10a)) 24,08
(11b) BS antenna gain correction factor (dB) TBA
(11c) BS gain of antenna element (dBi) 8
(11bis) Total BS gain of mapping TxRU to RF chains (dB) = (11bis-a) - |[TBA
(11bis-b)
(11bis-a) BS gain of mapping TxRU to RF chains (dB) = 10log((10a)/ |[TBA
(10b))
(11bis-b) BS gain correction factor for mapping TxRU to RF chains TBA
(dB)
(12) Cable, connector, combiner, body losses, etc. of BS (dB) TBA
Link budget
(13) Receiver noise figure (dB) 7
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Parameters Example Values
(14) Thermal noise density (dBm/Hz) -174
(15) Receiver interference density (dBm/Hz) -165,7
(16) Total noise plus interference density (dBm/Hz) = 10log(10™(((13) |-163,29
+(14)) /10) + 107((15) / 10))
(17) Effective noise power (dBm) = (16) + 10log((3a)) -84,72
(18) Required SNR of UE-RIS-BS link (dB) 0,2
(18a) Required SNR of UE-BS link (dB) -7,1
(19) Receiver implementation margin (dB) 2
(20) HARQ gain (dB) TBA
See note 3
(21) Receiver sensitivity of UE-RIS-BS link (dBm) = (17) + (18) + (19) - |-85,52
(20)
(21a) Receiver sensitivity of UE-BS link (dBm) = (17) + (18a) + (19) - -89,82
(20)
(21bis) MCL (dB) of UE-RIS-BS link = (3) - (22) + (11bis), maximum 105,52
coupling loss
(21bis-a) MCL of UE-BS link (dB) = (3) - (21a) + (11bis) 112,82
(22) Hardware link budget, also knowns as MIL (dB) = (6) + (8) - (9) + (200,81
(11) + (11bis) - (12) - (22)
See note 4
(22a) MIL of UE-BS link (dB) = (6) + (11) + (11bis) - (12) - (21a) 150,92
See note 5
Available path loss
(23) Shadow fading margin (dB): function of the cell area reliability and |5
lognormal shadow fading std derivation
(24) BS selection/macro-diversity gain (dB) TBA
(25) Penetration margin (dB) of UE-RIS-BS link: depending on 020, 0
0O2l, high, low, urban, rural, etc.
(25a) Penetration margin of UE-BS link (dB): depending on 020, 021, (22,8
high, low, urban, rural, etc.
(26) Blockage margin of UE-RIS-BS link (dB) TBA
(26a) Blockage margin of UE-BS link (dB) TBA
(27) Other gains (dB) TBA
(28) Other losses (dB) TBA
(29) UE local geometry loss (dB): the loss caused by UE's TBA
orientation, location, etc.
(30) Available path loss (dB) = (22) - (23) + (24) - (25) - (26) + (27) - (28) (195,81
- (29)
(30a) Available path loss of UE-BS link (dB) = (22a) - (23) + (24) - 123,12
(25a) - (26a) + (27) - (28) - (29)
Path loss gap
UE-BS 2D distance (m) 110
RIS-BS 2D distance (m) 105
UE-RIS 2D distance (m) 5
UE-BS 3D distance (m) 112,48
RIS-BS 3D distance (m) 107,60
UE-RIS 3D distance (m) 5
(31) RIS-BS MPL determined by deployment (dB) 121,89
See note 6
(32) UE-RIS MPL determined by deployment (dB) 73,44
See note 7
(33) Target UE-RIS-BS MPL determined by deployment (dB) (31+32) (195,32
See note 8
The BS-RIS-UE path loss should be computed as the sum path losses of
BS-RIS and RIS-UE, and not the path loss of the sum distances of
BS-RIS-UE (which only applies to near-field models)
(33a) UE-BS MPL determined by deployment (dB) 122,64
See note 6
GAP of UE-RIS-BS link (dB) = (33) - (30) -0,48

If positive, then the coverage requirement is NOT achieved

ETSI




53

ETSI GR RIS 003 V1.1.1 (2023-06)

Parameters

Example Values

(34a) GAP of UE-BS link (dB) = (33a) - (30a)
If positive, then the coverage requirement is NOT achieved

-0,48

NOTE 1:
NOTE 2:
NOTE 3:
NOTE 4:
NOTE 5:
NOTE 6:
NOTE 7:
NOTE 8:

SC_spacing = 120 kHz, nRB = 50.

RIS gain is also limited by the pathloss.

Only applicable if HARQ is not considered in simulator.
MIL can also be derived by (21bis) + (4) - (5) + (8) - (9) + (11) - (12), maximum isotropic loss.
MIL can also be derived by (21bis-a) + (4) - (5) + (11) - (12).

Here the MPL is calculated based on UMa NLOS model in ETSI TR 138 901 [i.2].

Here the MPL is calculated based on Indoor Office LOS model in ETSI TR 138 901 [i.2].
Determined by scenario, distance, height, and carrier frequency.

An example setup for asimple UL analysisis provided based on ETSI TR 137 910 [i.20] while the path loss and
channel models are defined based onthe ETSI TR 138 901 [i.2]. The link-level simulation parameters are used to get

the required SNR in (18) and (18a) (see the tables) are given in Table 6.

Table 6: Link-level simulation parameters used to get

the required SNR for RIS-aided link budget analysis

LLS parameters for PUSCH Values / setups Comment
simulations
Carrier frequency 28 GHz
Subcarrier spacing 120 kHz
Number of RBs 50
Bandwidth 72 MHz
Waveform DFT-S-OFDM
UL /DL UL UL ratio is set to 30 %
LLS fading channel models CDL-A/CDL-E/LOS Scenario-dependent
Number of Tx chains at UE 1
Number of Rx chains at BS 1

Duration of PUSCH

14 OFDM symbols

DMRS Type A and type 1, 1 OFDM symbol

MCS 3

Channel estimation Practical

Synchronization Practical

UL Throughput requirement 5 Mbps SNR requirements are acquired based

on LLS results

The generated throughput-SNR curves using different fading channel models are plotted in Figure 35.
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Figure 35: Throughput-SNR curves of different channel models generated by LLS

Next, link budget analysisis performed on afew typical RIS scenarios. Specifically, the number of RIS elements that
alows comparable UL throughput performance to UE-BS direct link and achieves the required UL throughput is
explored in the proposed scenarios.

In the first proposed scenario, shown in Figure 36, and RIS is used to avoid penetration losses between the UE and BS.

i

Figure 36: Scenario | - Using RIS to avoid penetration loss

The link budget analysis assumptions and results are listed in Table 7, in which 900 RIS elements are enough to achieve
the required UL throughput.
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Table 7: Link budget analysis assumptions and results corresponding to Scenario |

Link UE-BS UE-RIS-BS
Number of RIS elements  [N/A 900 (16,1 cm x 16,1 cm)
Channel model UMa NLOS O2] InH LOS + UMa NLOS

LLS channel model

CDL-A with 300 ns delay spread, doppler
shift 77,78 Hz (i.e. UE speed is 3 km/h)

UE-RIS: CDL-E with 30 ns delay spread,
doppler shift 77,78 Hz
RIS-BS: CDL-A with 300 ns delay spread

02l loss (dB) 22,8 0

. UE-RIS: 5
2-D distance (m) 110 RIS-BS: 105
Path loss (dB) 145,44 195,32
Rx SNR (dB) -6,62 0,68
SNR required (dB) 71 0,2
Excess SNR (dB) 0,48 0,48

In the second proposed scenario, shown in Figure 37, a UE-controlled RIS is used to provide diversity gain against UE's

rotation and self-blockage.
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Figure 37: Scenario Il - UE-controlled RIS to provide diversity gain against
UE's rotation and self-blockage

The link budget analysis assumptions and results are listed in Table 8, in which 6 400 RIS elements are enough to
achieve the required UL throughpuit.

Table 8: Link budget analysis assumptions and results corresponding to Scenario Il

Link UE-BS UE-RIS-BS
Number of RIS elements  |N/A 6 400 (42,9 cm x 42,9 cm)
Channel model UMa NLOS InH LOS + UMa NLOS

LLS channel model

CDL-A with 300 ns delay spread, doppler shift
77,78 Hz (i.e. UE speed is 3 km/h)

UE-RIS: LOS, doppler shift 77,78 Hz
RIS-BS: CDL-A with 300 ns delay spread

02l loss (dB) 0 0

. UE-RIS: 2
2-D distance (m) 440 RIS-BS: 440
Path loss (dB) 145,81 213,18
Rx SNR (dB) -6,99 -0,13
SNR required (dB) -7,1 -0,2
Excess SNR (dB) 0,11 0,07

The third proposed scenario, shown in Figure 38, depicts the street canyon application of RIS.
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Figure 38: Scenario lll - RIS serves UE in a street canyon

Thelink budget analysis assumptions and results are listed in Table 9, in which 4 096 RIS elements are enough to
achieve the required UL throughput.

Table 9: Link budget analysis assumptions and results corresponding to Scenario Il

Link UE-BS UE-RIS-BS
Number of RIS elements  [N/A 4 096 (34,3 cm x 34,3 cm)
Channel model UMa NLOS UMi LOS + UMa LOS

UE-RIS: CDL-E with 30 ns delay spread,
doppler shift 77,78 Hz
RIS-BS: CDL-E with 30 ns delay spread

CDL-A with 300 ns delay spread, doppler

LLS channel model shift 77,78 Hz (i.e. UE speed is 3 km/h)

02l loss (dB) 0 0

. UE-RIS: 40
2-D distance (m) 440 RIS-BS: 400
Path loss (dB) 145,81 209,38
Rx SNR (dB) -6,99 -0,21
SNR required (dB) -7,1 -0,8
Excess SNR (dB) 0,11 0,59

The fourth proposed scenario, shown in Figure 39, quantitatively eval uates the capability of RIS to extend the cell
coverage.

Figure 39: Scenario IV - RIS extends the network coverage
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The link budget analysis assumptions and results are listed in Table 10. Without RIS, the cell coverageis 110 m. The
cell coverage can reach about 170 in aided by RIS with at most 129 600 el ements.

Table 10: Link budget analysis assumptions and results corresponding to Scenario IV

Link UE-BS UE-RIS-BS
44 100 90 000 129 600
Number of RIS elements  |N/A (1,13mx1,13m) [(1,61mx 1,61 m) |(1,93 m x 1,93 m)
Channel model UMa NLOS 02l UMi LOS + UMa NLOS (assume the same O2I loss)

CDL-A with 300 ns
delay spread, doppler UE-RIS: CDL-E with 30 ns delay spread, doppler shift 77,78 Hz
shift 77,78 Hz (i.e. UE RIS-BS: CDL-A with 300 ns delay spread

speed is 3 km/h)

LLS channel model

02l loss (dB) 2238 228 228 228
. UE-RIS: 20 UE-RIS: 40 UE-RIS: 60

2-D distance (m) 110 RIS-BS: 110 RIS-BS: 110 RIS-BS: 110

Path loss (dB) 145,44 229,54 235,30 238,89

Rx SNR (dB) 6,62 0,27 0,70 0,28

SNR required (dB) -7,1 0,2 0,2 0,2

Excess SNR (dB) 0,48 0,07 0,50 0,08

Finaly, a system-level simulation study for RIS-aided system is reported in [i.18]. Specificaly, the benefits of adding
RIS have been evaluated in terms of coverage probability and per resource block rate for different user percentiles,
which include the typical UEs (the 50" percentile of UES) and the cell-edge UEs (the 5" percentile of UES), by
assuming that a UE isin coverage if the received SNR is greater than 10 dB in order to create coverage-boosted areas.
Overall, the system-level simulations reveal that the deployment of RIS enhances the coverage probability of the UEs
from 77 % to 95 % in the C-band and from 46 % to 95 % in the mmWave band. The deployment of only 5 RIS per BS
whose sizeis 3,8 m x 3,8 min the C-band and 0,67 m x 0,67 m in the mmWave band ensures that 90 % of the UEs are
in coverage. If 12 RIS per BS of the same size are deployed, the per resource block rate of the cell-edge UESs increases
by afactor of 3,5 and by afactor of 25 in the C-band and mmWave band, respectively. In the mmWave band, the SNR
of the cell-edge UEs increases by 20 dB if, for each BS, 20 RIS whose sizeis 0,33 m x 0,33 mor 8 RISwhose sizeis
0,67 m x 0,67 m are deployed. In the presence of network interference, in addition, the SINR coverage probability
increases from 46 % to 92 % if, for each BS, 8 RIS whose sizeis 0,67 m x 0,67 m are deployed.

[lustrative results are reported in Figure 40 for application to the mmWave frequency band.
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Figure 40: Application to the mmWave frequency band

Millimeter-wave (28 GHz) system-level analysis as a function of the size of the RIS. Size 1: 0,33 m x 0,33 m;

size 3: 0,67 m x 0,67 m (top) SNR coverage of the UEs when the target SNR threshold is set to 10 dB. (center)
Received SNR of different percentiles of UEs as a function of the size of the RIS. (bottom - impact of interference)
SINR coverage of the UEs when the target SINR threshold is set to 10 dB and 37 RIS are deployed (l€eft figure); and
received SINR for different percentiles of UEs (right figure).

9 Conclusions

The present document summarizes ETSI 1SG RIS views on communication models, channel modeling, channel
estimation methods, and eval uation methodology for RIS-integrated communications, localization, and sensing use
cases. The findings can serve as areference point for relevant specifications and standards to model and evaluate
RIS-integrated systems.
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