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Foreword

This Group Report (GR) has been produced by ETSI Industry Specification Group (1SG) Reconfigurable Intelligent
Surfaces (RIS).

Modal verbs terminology

In the present document “should", "should not", "may", "need not", "will", "will not", "can" and "cannot" areto be
interpreted as described in clause 3.2 of the ET S| Drafting Rules (Verbal forms for the expression of provisions).

"must” and "must not" are NOT alowed in ETSI deliverables except when used in direct citation.
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1 Scope

The present document identifies Reconfigurable Intelligent Surfaces (RIS) relevant use cases with corresponding
general Key-Performance-Indicators (KPIs), deployment scenarios operational requirements for each identified use
case. KPIs and operational regquirements will include system/link performance, spectrum, co-existence and security.

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 hyperlinks included 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 RIS 001: "Reconfigurable Intelligent Surfaces (RIS); Use Cases, Deployment Scenarios
and Requirements’.

[i.2] ETSI GR RIS 002: "Reconfigurable Intelligent Surfaces (RIS); Technological challenges,
architecture and impact on standardization".

[i.3] ETSI GR RIS 003: "Reconfigurable Intelligent Surfaces (RIS); Communication Models, Channel
Models, Channel Estimation and Evaluation Methodology”.

[i.4] George C. Alexandropoulos, et. all: "RIS-Enabled Smart Wireless Environments:. Deployment
Scenarios, Network Architecture, Bandwidth and Area of Influence”, submitted to EURASIP
Journal.

[i.5] Directive 2014/53/EU of the European Parliament and of the Council of 16 April 2014.

[i.6] A. Haskou, and H. Khaleghi: "On the effect of RIS phase quantization on communications system

performances’, 2023 International Wireless Communications and Mobile Computing (IWCMC),
Marrakesh, Morocco, pp. 1406-1411, 2023.

[1.7] ETSI TS138101-1: "5G; NR; User Equipment (UE) radio transmission and reception; Part 1:
Range 1 Standalone (3GPP TS 38.101-1 Release 17)".

[i.8] A. Tishchenko, A. Ali, A. Araghi, P. Botham, F. Burton and M. Khalily: "Autonomous
Reconfigurable Intelligent Surface based on Highly-Efficient Solar Cells," 2023 17" European
Conference on Antennas and Propagation (EUCAP), Florence, Italy, pp. 1-5, 2023.

[i.9] A. Haskou and H. Khaleghi: "An Efficient and Easy-to-Implement Method for SLL Reductionin
RIS-Aided Systems'. TechRxiv, 31-August-2023.

[1.10] H. Taghvaee et d.: " Scalability Analysis of Programmable Metasurfaces for Beam Steering”, in
|EEE Access, vol. 8, pp. 105320-105334, 2020.

[i.11] Fangzhou Wang, and A. Lee Swindlehurst: "Applications of Absorptive Reconfigurable Intelligent
Surfacesin Interference Mitigation and Physical Layer Security", 2023.
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[i.12]

[i.13]
[i.14]
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[i.16]

[i.17]

[i.18]

[i.19]

[i.20]

[i.21]

[i.22]
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S. Zeng et al.: "Intelligent Omni-Surfaces: Reflection-Refraction Circuit Model, Full-Dimensional
Beamforming, and System I mplementation”, in IEEE Transactions on Communications, vol. 70,
no. 11, pp. 7711-7727, November. 2022.

Recommendation ITU-R SM.329: "Unwanted emissions in the spurious domain™.

ETSI GR RIS 006: "Reconfigurable Intelligent Surfaces (RIS); Multi-functional Reconfigurable
Intelligent Surfaces (RIS): Modelling, Optimisation, and Operation”.

R. Liu, J. Doy, P. Li, J. Wuand Y. Cui: "Simulation and Field Trial Results of Reconfigurable
Intelligent Surfacesin 5G Networks', in IEEE Access, vol. 10, pp. 122786-122795, 2022.

M. Rossanese, P. Mursia, A. Garcia-Saavedra, V. Sciancalepore, A. Asadi, and X. Costa-Perez:
"Design and validation of scalable reconfigurable intelligent surfaces®, Computer Networks,
vol. 241, no.110208, 2024.

H. Ragjabalipanah, K. Rouhi, A. Abdoldli, S. Igbal, L. Zhang and S. Liu: "Real-time terahertz
meta-cryptography using polarization-multiplexed graphene-based computer-generated
holograms®, in Nanophotonics, vol. 9, no. 9, pp. 2861-2877, 2020.

J. B. Gros, V. Popov, M. A. Odit, V. Lenets, G. Lerosey: "A Reconfigurable Intelligent Surface at
mmWave Based on a Binary Phase Tunable Metasurface”, |EEE Open Journal of the
Communications Society, vol. 2, pp. 1055-1064, May 2021.

ETSI GR RIS 007: "Reconfigurable Intelligent Surfaces (RIS); Near-field Channel Modeling and
Mechanics'.

C.-L. Liao, Y.-H. Lin, I. Lin, and C.-F. Yang: "Performance Evaluation of RU and RIS Based on
OTA Mode Near Field and Bistatic Measurement Systems”’, Antenna M easurement Techniques
Association Symposium (AMTA), October 2023.

T.-H. Leeand W. D. Burnside: "Compact Range Reflector Edge Treatment I mpact on Antenna

and Scattering Measurements', |EEE Trans. Antennas Propagat., vol. 45, no. 1, pp. 57-65,
January 1997.

Kitayama D, HamaY, Goto K, Miyachi K, Motegi T, Kagaya O.: "Transparent dynamic
metasurface for a visually unaffected reconfigurable intelligent surface: controlling
transmission/reflection and making a window into an RF lens', in Opt. Express, 29(18):29292-
29307, 2021.

3

3.1

Definition of terms, symbols and abbreviations

Terms

For the purposes of the present document, the following terms given in ETSI GR RIS 001 [i.1], in ETSI GR RIS 002
[i.2] and ETSI GR RIS 003 [i.3] apply.

3.2

Void.

3.3

Symbols

Abbreviations

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

FPGA

KPI
RIS

Field Programmable Gate Array
Key Performance I ndex
Reconfigurable Intelligent Surfaces

ETSI
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4 General hardware aspects of RIS

4.0 Unit-cell principle of operation

The number of states of a unit-cell may be represented by a number of bits used based on the RIS implementation. RIS,
when built using locally switchable elements, can be described as a bit or state matrix and digitally controlled through
reconfigurable devices such as Field-Programmable Gate Arrays (FPGAS). Consequently, discretizing the
electromagnetic characteristics of the unit-cell (amplitude and phase) realizes simple wave manipulation with
straightforward tunability.

4.1 Quantized Phase Shifts

Anideal RIS unit cell is supposed to provide continuous phase shift values with infinite resolutions. However, in real -
world implementations, the resolutions of phase shifters/diodes/varactors are generally limited, resulting in quantized
phase shifts and degraded beamforming performances. The degradation of beamforming gains with different phase
guantization, imperfection, and RIS implementation constraints need to be thoroughly investigated. Figure 4.1.1-1 and
Figure 4.1.1-2 show the beamforming gain of RIS when a RIS aimsto re-radiate the incident signals into different
steering directions for different number of RIS elements respectively. With 1-bit quantization, the beamforming gainis
generally about 3-4 dB less than the scenario with ideal phase shift control, which does not change significantly with
the number of elements on the RIS panel. The beamforming gain loss caused by phase quantization can only be
minimized in some certain re-radiating directions (e.g. when the re-radiation is subject to Snell's law), and such
re-radiating directions correspond to peaksin Figure 4.1.1-1 and Figure 4.1.1-2.

g

-1.5

1-bit
2-bit
Ideal

-25

Beamforming gain loss (dB)

-3.5

4 I I I I I I I I I
-80 -60 -40 -20 0 20 40 60 80

Steering angle

Figure 4.1.1-1: 10 x 10 RIS beamforming gain for varying steering angle obtained
by using different phase shift control resolutions
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-15F

—— 1-hit
2-hit
Ideal

-2.5

Beamforming gain loss (dB)
N
T

-35

4 h 1 1 1 I | I I h
-80 -60 -40 -20 0 20 40 60 80

Steering angle

NOTE: The incident angle is assumed to be -45 degrees in both examples. The yellow curve represents phase shift
control with infinite resolution. Blue and red curves represent phase shift controls with 1-bit and 2-bit
quantization, respectively.

Figure 4.1.1-2: 100 x 100 RIS beamforming gain for varying steering angle obtained
by using different phase shift control resolutions

An RIS unit cell can also provide phase shift values quantized with multiple bits. The function can be realized by using
phase shifters with higher resolution or multiple diodes in the same RIS unit. Figure 4.1.1-1 and Figure 4.1.1-2 show the
beamforming gain of RIS with 2-bit quantization, and the beamforming gain lossis generally lessthan 1 dB. Therefore,
the resolution of 2-bit quantization might be sufficient for RIS fabrication.

In some scenarios, the total number of control bits can be a constraint of RIS fabrication, which implies that the RIS can
be larger with low phase resolution per unit. Although the gain improvement of 2-bit quantization over 1-bit
guantization is around 3 dB, using 1-bit quantization leads to double RIS elements, which can provide around 6 dB
gain. Therefore, with constraints on the total control bits, multi-bit quantization may not be an optimal solution for RIS
fabrication. Generally, the requirement in terms of phase quantization can be determined depending on use-cases,
deployment scenarios, accuracy requirements, etc. Therefore, in certain cases, afiner phase quantization, while in other
cases coarser phase quantization may be needed.

Assuming an RIS with alarge number of elements N, using far-field approximations, it can be shown that in absence of
adirect Tx-Rx path, using i-bit phase quantization leads to a uniform phase quantization error ys,,, ,~U (— % %)
Then, the relative received signal level, i.e. the ratio between the received signal with phase quantization and the
received signal without phase quantization, is given by [i.9]:

Eymn\Srx .
Srelative = # = sinc (g)
where srxqis the received signal using phase quantization, s,., isthe received signal without phase quantization and
U, isthe difference between the optimal phase and the quantized phase.

Figure 4.1.1-3 shows the effect of the phase quantization on the relative received power (calculated as
Protative=20 log (Srerative))- ASit can be seen, using 1-bit and 2-bit quantization lead to around 3,9 dB and 0,9 dB loss
in the received power.

ETSI
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[dB]

relative

P

-4

0 2 4 6 8 10
i-bit RIS
Figure 4.1.1-3: Effect of the quantization step on relative received power

In the case thereis also a direct Tx-Rx path, the relative received signa is given by:

JGa, NVGA . (77:)
ay sinc(—
_ dg Amdixdrx 21

S. L=
relative G
N d, NVGA

dq Amdexdrx

where 1 is the free-space wavelength; d,,., d,, are respectively the distance from the RIS central element to Tx and Rx;
G represents the overall gain between Tx and Rx through RIS; d; isthe direct distance between Tx and Rx and G, is
the overall direct path gain.

Asit can be seen, in this case, the relative received signal is highly dependant on the direct path gain and distance, and
it is always higher than the case without direct path. Indeed, in the case where the direct path is the dominant one, i.e.

? > 4;\;\/5; this equation reducesto S,..;4:ive = 1. And in the case where the indirect path isthe dominant one, i.e.
d tx! rx

4;\;\/_; > Vd this equation reducesto S,c;4tive = smc( ) This meansthat, for example, in the case of a 1-bit RIS
txYrx

therelative lossin the received power can vary from 0 dB to 3,9 dB depending on the RIS position (relative to Tx and
RX).

4.2 Metasurface designs

RISs are composed of certain arrangement controllable resonators (unit-cells). These unit-cells can be implemented
based on the deployment scenarios and requirements. For instance, in the Frequency Range 1 (FR1) regime they are
typically metallic patches stacked on top of adielectric. If the unit-cells are in the scale of subwavelength, they will
form a composite called metasurface. The subwavelength granularity of these unit-cells confers metasurfaces with
exceptional control of EM waves, that can even realize some unnatural EM properties such as negative permittivity (e,.)
or permeability (u,-). With this feature, EM characteristics of impinging waves can be engineered.

One of the many challenges posed by this approach concerns the design and devel opment of metasurfaces. Thistask is
largely hindered by the unique combination of resource constraints and communication reguirements of this new
networking scenario, which prevents the use of conventional techniques and requires radically new solutions instead.
The performance of RIS metasurface depends on the size of the unit-cells, the number of unit-cell states, and its overall
size. On the other hand, there are costs and energy overheads associated with the fabrication and operation of
metasurfaces that also scale with the aforementioned factors. Hence, to build an RIS capable of satisfying a set of
application-specific requirements with the minimum cost, it becomes necessary to quantify the main scaling trends and
trade-offs of the underlying metasurface design.

4.3 Switching element

RIS reconfiguration can be achieved through element inclusion (PIN diodes, varactors, etc.) within unit-cells. The
tuning factor can be applied to unit-cellsindividually and to select the unit-cell state (each unit-cell can acquire different
state from a selective number of states Ng). The tuning factor can be used for frequency tuning or function adjustment.

ETSI
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Realization of reconfigurable metasurfaces requires a network of wires or vias to convey the command signal from the
control unit (i.e. RIS controller) to the surface.

Theintensity and phase of reflecting EM waves are controlled by the variation of impedance Z,,, in the unit cells
through the switching element inclusion (PIN diodes, varactors, etc.). The conductive layer of the RIS can be described
as a penetrable equivalent impedance surface Z, which relates the tangential electric field E, to the discontinuity of the
average tangential magnetic field H, across the conductive layer. Theincident EM plane wave is characterized in terms
of transverse wavenumber k,,, and the periodicity of RIS elements along the impedance profile d:

.2Tm
Z(y) = Emzme_]Ty

Then, the Floguet waves expansion of the currents induced in the equivalent impedance boundary in the y direction can
be expressed as:

Iy)y=2%XH, = anne—jkynyy
where the Floquet wavenumbers are defined as k., = ko + Z—"n,

m is a constant denoting the number of unit cells, and n represents individual reflecting coefficients for propagating
diffracting harmonics of index n = 0, ¥1, %2, ... . The sum of n-induced currents on the equivalent impedance boundary
provides the accurate description of RIS, with the dispersion characteristics given in terms of frequency dispersion
diagrams showing the transverse wavenumber as a function of the propagation direction for different frequencies. This
relationship isillustrated in Figure 4.3-1.

Figure 4.3-1: RIS modeled as an impedance boundary characterized by a transverse wavenumber k,,

RIS can be realized by using various phase switching methods, where each method has its own advantages and
disadvantages as summarized in Table 5.3.1-1 of ETSI GR RIS 002 [i.2]. Asoutlined in the table, the selection of the
switching element is typically based on the following:

. Frequency of operation
. Switching speed

. Power consumption

. Insertion loss

. Size

. Cost

ETSI
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Out of the items outlined, only varactor diodes and liquid crystals can provide continuous phase switching as a function
of the applied voltage that istypically regulated with Digital to Analogue Converters (DACs). This method of control is
called "Analogue" because any phase value can be realized on such RIS. Other phase switching methods such as PIN
diodes can only represent the value of 0 or 1, and this method is called " 1-bit Digital", because only the pre-defined
phase values can be realized on such RIS. However, if one unit cell features several switching elements, an "N-bit
Digital" switching method can be realized, where N corresponds to the amount of switching elements within the unit
cell. The design process of multi-bit digital RI Ss becomes progressively more complex with the amount of added
switching elements. Additionally, this increases the number of control signals from the RIS controller.

The switching speed of unit cell elements needs to be fast enough to realize Time Division Duplexing (TDD)
framework for operation in multi-user environments, which is described in clause 7.2.1 of ETSI GR RIS 002 [i.2]. For
varactor diodes, PIN diodes and FETsit istypicaly in the region of nanoseconds, but the switching speed of liquid
crystalsand MEM S switchesis in the region of milliseconds.

Although varactor diodes have negligible power consumption across the diode itself (< 1 mW), their applicationin
analogue mode requires the use of DACs and operational amplifiers, which increases the overall power consumption of
such RIS. Multiple unit cells can share the same control channel on an analogue RIS, for example in adiagonal RIS
each column can be driven by a single DAC channel. However, this restricts beam steering to asingle plane.

In case of adigital RIS, PIN diodes have higher power consumption across the diode itself (~5 mW) but can be driven
directly from the microcontroller with CMOS logic. Digital RIS can also be implemented with multiple varactor diodes
on the same unit cell that are switching between two or more voltage levels, but it requires the addition of voltage
boosters and increases complexity of the unit cell design.

Most base stations are equipped with orthogonal and dual -polarized antenna arrays and most mobile user terminals are
integrated with impurely polarized internal antennas. Hence, the unit cells of a RIS array should be designed with dual-
polarization functionality in order to control any incoming EM wave with a random polarization successfully. The
described scenarios below illustrate two RIS examples for the single- and dual-polarization RIS configurations,
respectively. As shown in Figure 4.3-2, when the RIS design is specific to supporting merely one polarization
orientation, only the polarized incident signals fit for the designed polarization are able to enhance the beamforming
gain, whereas those whose polarization is orthogonal to the designed one cannot see any EM-field reconfigurability. By
contrast, if a dual-polarized RIS is deployed instead, as shown in Figure 4.3-3, it will gain considerable advantage such
that the orthogonally polarized signals simultaneously showcase an improvement in focusing the reflected waves on an
aimed direction. This holds effective too when the EM-fields rotate by some inclination angle, which is further set forth
in Figure 4.3-4 and Figure 4.3-5. Suppose that the radio wave groups propagate towards a unipolarised RIS at an
incident angle of either 45 degrees or -45 degreesin Figure 4.3-3, both the radio wave groups of orthogonal
polarizations sustain aroughly 3 dB polarization mismatch loss as compared to a dual-polarized RIS in Figure 4.3-5.

To support dual-polarized unit cell design for aRIS, it may need to integrate more than one phase switching elements
for phase control of the incoming orthogonally polarized EM waves. On the other hand, this may increase the overall
power consumption and the complexity of control signalling and circuit designs.
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Figure 4.3-2: Scenarios of orthogonally polarized EM waves impinging on a RIS
which only support specific polarization control and their corresponding radiation characteristics
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ETSI



14 ETSI GR RIS 004 V1.1.1 (2025-03)

4.4 RIS controller

Critical design aspectsfor RIS controller typically include:
. Power consumption
e  Switching speed
. Cost

The selection of electronic components will vary depending on the phase switching mode, which could be either
analogue or digital. The power consumption of the RIS controller islargely shaped by the number of required control
lines and GPIO pins, which drastically increases in case of 2-Dimensional beam steering mode of operation. Digital
logic expanders and transistor switching matrices can be used to reduce the number of utilized GPIO pins on the
microcontroller/FPGA, but inevitably they add to the total system delay, which can be expressed as follows:

dr = dg, + dcpy + dpac + Xm-1dg + Xm-1d,

where d,, isthe switching delay of the unit cell switching element, dpy isthe microcontroller time delay that includes
therise/fall time, dp 4 iSthe time delay of the DAC in case of analogue switching method, M indicates the number of
logic elementsin the chain, d, isthe time delay of each additional logic gate in the chain and d,, is the propagation
delay for each path in the dielectric material.

It can be experimentally shown that the total system delay is largely dominated by the dj, 5 in an analogue RIS,
therefore adigital RIS has the benefit of faster switching speed. However, the actual requirement for d, will be dictated
by the operational environment, which is subject to the 5G NR frame structure. This requirement can be calculated
based on the Subcarrier Spacings (SCSs) specified in Table 5.3.2-1 of ETSI TS 138 101-1 [i.7], which are different for
FR1 and FR2. For example, in a downlink dominated scenario, the entire Channel State Information (CSI) from the UE
could be contained within a single time slot. Assuming FR1 frequency band and 15 kHz SCS, the d; should be less than
1 msto prevent packet loss during UE movement.

4.5 RIS interfaces

The RIS as awhole can be modelled as the combination of RIS controller and RIS panel (see Figure 4.5-1). The RIS
panel comprises a group of elements, which can reflect, refract, or absorb incident radio waves. The various types of
RIS will be detailed in later clauses of the present document. The RIS controller refers to a component of RIS,
responsible for configuring the RIS elements to achieve a wanted way of manipulating the incident radio wave,
potentially processing any signalling received from another network node. The configuration of the RIS element by the
microcontroller is conveyed through control signalling from the RIS controller. Inside RIS, oneinterface is the interface
between the RIS microcontroller and RIS panel to transmit the control signals.

Reflective Intelligent Surface
(RIS)

RIS
Unit-cell

RIS
Panel

Controller

Figure 4.5-1: lllustration of a RIS comprising a RIS controller and a RIS panel

Integration of RIS into the network facilitates various applications, extending beyond the coverage-focused roles of
integrated access and backhaul and network-controlled repeaters. The RIS multi-functionality allows the use range to
expand from improving coverage to enabling wireless power transfer, supporting ambient backscatter communications,
enhancing positioning accuracy, and strengthening secure communication.
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RIS controlling strategies may include BS/AP-controlled (through one or more BS/AP) and UE-controlled (one or more
UES), see Figure 4.5-2. Thisillustration follows closely the methods of controlling RIS that have been previoudly
detailed in ETSI GR RIS 002 [i.2].

Control link Control link
— — — | =) RIS Controller — ——— P
B RIS-aided DL
SIAP | eidons ... Ris-aidedDL _ | UE
RIS Panel
RIS-aided UL

Figure 4.5-2: RIS architecture where RIS is configured from the BS/AP or UE using control signalling

In the downlink (e.g. BS/AP-controlled RIS), the control information can be transmitted from the BS to the RIS via the
air interface, such as the Physical Downlink Control Channel (PDCCH) or the Physical Downlink Shared Channel
(PDSCH) in the 5G NR architecture. In the uplink (e.g. UE-controlled RIS), the control information can be transmitted
from the UE to the RIS viaa direct communication interface, such as the Physical Sidelink Control Channel (PSCCH)
or Physical Sidelink Shared Channel (PSSCH) in the 5G NR architecture. Moreover, for a RIS with UL transmission
capability, the feedback information (e.g. ACK-NACK) for the received control information can be transmitted from
the RIS to the BS viathe air interface or transmitted from the RIS to the UE via a direct communication interface.

The application of back-scattering communication via digital coding on RIS and the meta-cryptography proposed in
[1.17] may be also considered. Encoded patterns may be transferred between various network devices over short
distances, allowing continuous network probing and authentication, as well as a secure RIS configuration data transfer.
Therefore, increasing the overall security of the network and allowing it to dynamically configure RIS.

4.6 RIS power source

When considering the power source requirements for RIS, the power consumption evaluation of all components of the
RISis needed. Typically, for apassive RIS, the following components are considered:

. RIS controller/interface: RIS controller is responsible for processing any control information that it may
receive from the controlling node. Power consumption of the RIS controller primarily depends on the
frequency of control information, i.e. how frequent the control information is received for updating the RIS
configuration. The processed information is then applied to the unit cells viathe RIS interface that generates
the required voltage/current to adjust the state of the switching elements for changing properties of the
metamaterial.

. RIS unit cells. Power consumption of the unit cells depends on factors including the type of switching
elements to change the state of unit cells, number of unit cells, bit resolution for phase shifts and polarization
modei.e. single or dual polarization. As described in clause 4.3, there can be different types of switching
elements and the selection of particular switching element is dependent on a number of factorsincluding
power consumption.

For illustration, the total power consumption for a PIN diode based RIS can be determined as follows (considering each
unit cell has a dedicated set of PIN diodes as switching elements):

Ptotal = Pcontrol/interface + Pmetasurface,

where:

Peontrot/interface S the power required for receiving and processing information at controller

M N L
_ § E E m,n,l
Pmetasurface - Punit—cell

M = number of rows of unit cells

N = number of columns of unit cells
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L = 1or 2, for single or dual polarization mode

(Xm,n,l_Ym,n,l)

m,n,l _ ON
Punit—cell - Z Pdiode
Xmny = number of PIN diodes connected to unit cell in row "m", column "n" & for polarization "l"
Ymny = number of PIN diodes connected to unit cell that have "OFF" state & don't require power
Xmni — Ymny = number of PIN diodes connected to unit cell that have "ON" state & require power

PIN .. = power required for a PIN diode in "ON" state

For RIS with other switching elements, the power consumption may be calculated differently, depending on the number
of switching elements may be required for achieving same level of phase quantization.

Existing RIS prototypes are powered by traditional means such as the Mains electrical grid, Power over Ethernet (PoE)
or Direct Current (DC). In general terms, the power consumption of RIS can be expressed as:

NtEyc
Tfr

Pris = Pycy_st + NePyc st +

where N, is the number of unit cells, Py¢cy s iSthe static power consumption of the RIS controller, Py o, isthe static
power consumption of each unit cell, T, isthe frame duration, and E; isthe additional energy required to reconfigure
each unit cell, which is assumed to be the same for all unit cells. This formulation shows that the rate at which RIS
performs phase updates does not affect the power consumption.

The use of electrical grid or PoOE restricts implementation of RISs only to areas with readily available electric power.
Instead, alternative methods for power generation with EH elements placed directly on the metasurface have been
proposed by a) integrating solar cells on RIS or b) recycling Radio Frequency (RF) energy asillustrated in Figure 4.6-1
and Figure 4.6-2.

W72
b
@ (b) -

Figure 4.6-1: Integration of multi-junction solar cells on RIS operating in the FR1
a) A metasurface with interleaving solar cells and reflective unit cells
b) A unit cell with combined solar and RF elements, where W is the width of solar cell and
g is the gap between solar cell and RF element
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Figure 4.6-2: Integration of RF energy harvesting on RIS in a hybrid operation where a part
of radio signal is absorbed to generate power and maintain the RIS operation

Energy harvesting can be performed separately from phase optimization and the amount of harvested energy in DC at a
specific time slot can be expressed as.

Pmax _ Pmax
e~ UPRF(AR)-b) 1+eab

Ppc(Ap) =1 1 T

1+eab

where Prr(4}) isthe harvested power that isreceived by the DC rectifier, P,,,, is aconstant denoting the maximum
harvested power when the harvesting circuit at the rectifier is saturated, and a, b are circuit-specific parameters, which
are related to the resistance, capacitance, and turn-on voltage of the diode used for rectification. Experimental resultsin
[1.8] show that up to 31,7 W of power can be generated with the configuration shown at Figure4.5-1onal,2x 1,2 m
RIS designed for 5G FR1 frequency band without increasing its size, while the measured power consumption of that
RISisjust 3,6 W. Therefore, the harvested solar energy is sufficient to maintain RIS operation for 72 hours with a

252 Wh battery pack.

4.7 Design of RIS control circuit

4.7.0 Introduction

This clause will present different possible RIS layouts and control schemes, the design and fabrication of control board
prototypes and briefly describe the current software and platform driving the RIS control.

4.7.1 General

The design of the RIS control circuit should consider:
a) theRISitsdf, interms of its physical layout and connection between tiles; and
b) the way data propagates between unit cells.
This physical disposition affects how data flows to the unit cells, and therefore how the software control should operate.

The software can be hosted in a microcontroller (MCU) or a Single-Board Computer (SBC). Its primary function isto
compute phase patterns based on the desired reflection/transmission direction, and to drive the General Purpose Input
Output (GPIO) pins that set the state of each unit cell or the control voltage level. The pin-driving method depends on
the exact way in which each unit cell control is physically connected to the MCU or SBC. Besides this basic function,
the MCU or SBC should allow the network devel oper a set of high-level methods for RIS control via one of the RIS
interfacing methods described in clause 4.5 of the present document.
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4.7.2 RIS serial communication control

Since controlling al unit cellsin a RIS requires an immense amount of Input/Output (1/0O) controls (even assuming 1 bit
per unit cell, and a PIN diode-based design), the most straightforward manner to drive al control bits from one
microcontroller isto resort to achain (or chains) of shift-registers. Several variants of the propagation of the control
flow can be designed, which are explained below.

The fully serial design shown in Figure 4.7.2-1 isthe simplest. A tile of 8 x 8 unit cellsis driven by one set of GPIO

pins at the tile's periphery. The input pins are those required by the daisy chain of 8-bit Shift Registers (SRs), i.e. VDD,
GND, adata clock and data line, and alatch signal.

VDD

Data CLK
Datalr (1 bit} [

Latch

GND

Tile

Figure 4.7.2-1: Full serial example assuming 1-bit PIN diode control per cell
(details omitted for rows 2 to 8)

The shift-registers are 8-bit SIPO (serial-in-parallel-out) type. Eight clock cycles are required to shift 8 bitsinto asingle
SR, and only when the latch signal is asserted are those 8 bits driven to its parallel outputs. Thus, asingle SR drives an
entire row of 8 unit cells. Since SRs can be daisy chained, along shift register of 64 bitsis possiblein asingletile. The
end of the daisy chain may also connect to afollowing tile, making the design scalable.

Thistype of control (serid) requires only a Single Data Pin (SDA) and a Single Clock (SCK) GPIO pin from the
microcontroller to command the Shift Registers (SR), thus making the circuit much simpler. However, despite the
scalability, the time required to change the RIS configuration increases linearly with the RIS size, and the refresh rate
may be, in general, slower than other configurations that feed control datain parallel. For a parallel control, more
GPIOs and additional connectionsin the circuit are needed, making it slightly more complex. Two examples are shown
below. However, this control schemeis apt for small RISs when a simple implementation is preferred.

4.7.3 RIS serial parallel communication control

Figure 4.7.3-1 shows an alternate "Row Parallel" configuration where each row of an 8x8 tile is connected to its own
pin header, instead of having the SRs daisy chained. This design can provide a higher refresh rate than a fully serial
solution, but only if the microcontroller can support N = 8 sets of /O pins and drive them in parallel. Otherwise, the
rows would be configured sequentially, leading to the same increase in refresh latency for larger designs. Given the
requirement of alarge number of I/O pins, devices like FPGASs are adequate for this purpose, especially since a
hardware design can be deployed onto the FPGA to drive al the pin headersin true parallel.
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This configuration requires that the software layer split the stream of control bits into the correct lanes, but also alows
for abetter physical distribution of the clock and latch signals, which otherwise suffer from along route from the
microcontroller output to all the SRs.

voD
Diata CLK
Dataln {1 bit)

Lk
F GND
contraller C

Taother
il row

Ta athers
tile row

Taother
tile row

Toather
tile row

Taother
tile row

To other
tike row

Toother
the row

Taother
ke row

Figure 4.7.3-1: Row Parallel configuration with one data lane per row;
SRs are not connected to each other but could propagate data to other tiles

Additionally, since the SRs are no longer daisy chained, each row can instead be connected to the input pin headers of
an identical tile. This approach facilitates the control of alarger rectangular RIS, where the software merely controls a
longer row of unit cells per lane. Adding rows can be achieved in two ways:

a) by using the same controller to drive another set of N pin headers (e.g. totalling 16 pin headers); or

b)  useanother controller to preserve modularity and scalability. This concept isillustrated in the next clause.

4.7.4 RIS multiple-tile control

Regardless of the tile-level architecture, control of a multi-tile setup can be implemented in several ways, depending on
how data propagates between tiles, and how many controllers are used to drive each tile or set of tiles. Figure 4.7.4-1
shows two possibilities, considering the fully serial tile layout, and Figure 4.7.4-2 shows two possibilities considering
thetile design with parallel pin headers.
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a) Tiles in full serial connection driven by a b) Each full serial pair driven by one controller; a
single controller. single controller could still be used, with enough 1/O.

Figure 4.7.4-1: Possible inter-tile connections for a fully serial tile architecture
(arrows show the direction of flow of control bits for the unit cells)

In Figure 4.7.4-1.afour tiles using the fully serid tile design are connected. This is the simplest regarding the control at
the software level, as a single shift register daisy chainis used to set all 256 bits required for the four tiles. However, the
previously mentioned refresh rate decrease, as well as the capacitive load for the latch and clock signalsis more
problematic. In Figure 4.7.4-1.b the problem is mitigated, by parallelizing two pairs of tiles using the same
interconnection scheme between tiles. By adding more pairs of tilesin this way, larger RISs can be built at the cost of
additional microcontrollers, and the need to orchestrate operation between microcontrollers.

b) One controller for four tiles in row parallel
("Row Parallel"); two per pair could be
used, or one per tile.

a) Two pairs in a series ("Serial Parallel"), driven by
a single controller; two controllers could be used
(one per pair).

Figure 4.7.4-2: Possible inter-tile connections for a "Row Parallel" tile architecture

In Figure 4.7.4-2, two alternatives analogous to Figure 4.7.4-1 are shown, based on the "Row Parallel" tile architecture.
Both alternatives rely on a single controller, which controls either two rectangular RISs with longer rows

(Figure 4.7.4-2a) or directly controls each tile at the cost of double the IO requirements (Figure 4.7.4-2b). Larger RISs
can be built by either connecting more tiles in the series by resorting to more parallel connections or a combination of

both.

However, even for a controller device capable of many GPIO outputs (such as an FPGA), it is not feasible to keep
scaling the number of tiles (or unit cells) either due to this GPIO limitation or to other aspects mentioned before, such as
the propagation of the clock and latch signals throughout all tiles. To addressthis, a hierarchical layout can help
modularize the design and permit this scalability.
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4.7.5 RIS multiple-tile hierarchical control

The amount of controllable elementsin asingle RIS is determined by the I/O capability of the chosen controller device.
Scalability beyond this limit can be achieved by replicating this base design, as shown in Figure 4.7.5-1, where four
groups of 4 tiles (16 x 16 unit cells per group for aglobal total of 32 x 32 unit cells) are each controlled by their own
microcontroller (loca controller). An additional central controller provides the previously mentioned orchestration
between local controllers. Figure 4.7.5-1 shows alocal control layout equivalent to Figure 4.7.4-2b as an example, but
any layout could be supported, e.g. the fully serial 4 tile layout in Figure 4.7.4-2a.
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Figure 4.7.5-1: 32 x 32 RIS with 4 groups of 4 tiles. Each group is controlled by a single controller;
each tile is configured in a "Row Parallel" configuration

The advantages of this layout include alowing for further scalability as mentioned, while separating the simpler low-
level process of shifting bits to the unit cells from other higher level functions which can be supported by the central

controller.

For instance, this central controller can be an SBC running an operating system, allowing for network access,
agraphical interface to control the entire RIS assembly, or even re-programming all local controllers with any firmware
updates. Furthermore, more demanding computations like phase pattern cal culations, including experimental
approaches, can be assigned to this central module.

Thelocal controllers can instead host a simple protocol to provide low level features like responding to queries about
the current configuration, configuring their entire tile group, or even only its own tiles. This can allow for several multi-
beam configuration approaches. However, a synchronization mechanism needs to be introduced between groups of tiles.
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For the central controller, the general requirements are persistent storage, ethernet or Wi-Fi access, Operating

System (OS) capability, and capability to interface with the local controllers using SPI, 12C, or similar protocols. The
local controller should have a small footprint, a sufficient number of 1/O pins, and can be a bare-metal (no OS) device
for faster response between arequest from the central controller and a complete update of itstiles.

4.7.6 RIS transistor-based matrix control

Asan aternative to SR-based control methods presented above, a transi stor-based matrix control method can also used,
depicted in Figure 4.7.6-1 illustrating a dynamic random memory access (DRAM)-inspired transistor matrix RIS,
controlled by voltages in columns driven from a multi-channel Digital to Analogue Converter (DAC) and select signals
in rows applied directly from the MCU or SBC. Each unit cell includes a holding charge capacitor beneath it,

mai ntaining the applied voltage until updated. The application of atransistor matrix allows a dramatic reduction of
control tracks. For example, a 30x30 RIS can be controlled with only 60 GPIOs (30 row select + 30 voltage select),

instead of 900 GPIOs if using direct control.

Pixel(0,0) P(0,1)

Pixel(1,0)

T
]
. g,
1
1

P(0,3)

Figure 4.7.6-1: DRAM cell-inspired transistor matrix for RIS control

This method is particularly suitable for Liquid Crystal (L C)-based RISs that are fabricated by using a process similar to
TFT displays. However, it can also be adapted for avaractor or a PIN diode-based RIS with a modification to the

control circuit to accommodate conventional and readily available parts.

The key characteristic of this design isthe RIS matrix update time, which is the time of the phase codebook update

cycle. The cycle update time can be formulated as follows:

teyete = EEPROMyqq + XR_y tycy + tpa + Xeci tucy + tpac + trer + tpa s

where EEPROM,.,,, 1Sthe memory read time to extract a stored pattern that depends on the memory chip clock rate, R
is the number of rows, C isthe number of columns/voltages, ¢, isthe turn on/off time of the MCU or SBC, tpgr iS
the turn-on/off time of the Field Effect Transistor (FET), £, 4. iSthe DAC voltage set time for each column, which
includes its serial control time and the buffering, and t,,, is the propagation delay on each PCB trace.

NOTE: tp,¢ Only appliesto varactor or LC-based RISs.

Itisalso important to note that ¢,,.;. should be longer than the capacitor charge time from V- to Vpy, as otherwise,
the capacitor may not be able to reach the required voltage level when the transition is sharp. Also, in this control
method, the RIS unit cell update cycle is repeated continuously, unlike the conventional RIS designs that use set-and-
forget architectures, which means that the RIS controller should be continuously running without interruptions.
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5 Design requirements and practical implications for
RIS types

5.1 General considerations including EE, EMF and coexistence

51.1 Regulatory requirements

From the hardware design perspective, RIS should comply with international standards for ElectroMagnetic
Compatibility (EMC) and radio equipment regulations to be used in commercial and public settings, as summarized in
Table2 of ETSI GR RIS 002 [i.2]. These standards are designed to ensure that RIS does not emit excessive
electromagnetic radiation that could interfere with other electronic devices or pose a health hazard to humans.
Additionally, according to the Article 3.1a of Radio Equipment Directive (RED) 2014/53/EU, the electrical safety
testing should be performed on all radio equipment regardless of operational voltage [i.5], which falls under

EN |EC 62368-1 standard.

To assess the ElectroMagnetic Field (EMF) exposure limits compatibility of the RIS and to make its design compliant
with the regulation standards, the following should be evaluated during the testing:

. Radiated emissions. This is the measurement of electromagnetic radiation that is emitted from the RIS. The
level of radiated emissions should be below the limits specified in the applicable EMC standards for the
operational environment.

. Spurious emissions: Thisis the measurement of electromagnetic emissions that may be unintentionally created
by the RIS as aresult of mutual coupling between transmit and receive radio signalson RIS, its Side Lobe
Levels (SLL), and the carrier signal harmonics created by the structural resonance. The level of spurious
emissions should be below the general case limits specified in Recommendation ITU-R SM.329 [i.13] as well
as ERC 74-01 recommendations. Applicable product specific standards for passive RIS, active RIS and hybrid
RIS should be determined per use case basis in accordance with RED 2014/53/EU.

. Specific Absorption Rate (SAR): Thisis the measurement of the rate at which electromagnetic energy is
absorbed by the human body. The SAR should be assessed according to EN IEC 62311 standard, and the limit
is2.0 W/Kg in the EU/UK. The measurement of SAR is not required when RIS is placed > 20 cm away from
human body or head during its normal operation.

It isimportant to ensure that practical RIS implementations comply with the regulatory EMC and radio standards for the
following reasons:

. Improved safety: ensuring that the RIS does not emit excessive electromagnetic radiation that could pose a
health hazard to humans.

. Reduced interference: reducing the risk of interference with other electronic devices.

. Increased compatibility: ensuring that RISs are compatible with a wider range of electronic devices and ready
for integration into practical networks.

51.2 RIS bandwidth of influence

Asper ETSI GRRIS001 [i.1] clause 4.4.1 and ETSI GR RIS 003 [i.3] clause 6.7.1.3, an RIS has a working frequency
bandwidth and a bandwidth of influence, with the bandwidth of influence being potentially larger than the working
frequency bandwidth. To define practical reguirements on the behaviour of RIS in the frequency domain, it is necessary
to define and characterize this behaviour. For this purpose, the following concepts are introduced:

e  Spectral Contrast in transmission (i.e. refraction).
. Minimum Spectral Mask in transmission (i.e. refraction).
. Maximum Spectral Mask in transmission (i.e. refraction).

. Spectral Contrast in reflection.
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. Minimum Spectral Mask in reflection.
. Maximum Spectral Mask in reflection.

The spectral contrast in transmission (i.e. refraction) and in reception, CT (f) and CR(f), respectively, are functions of
the frequency f, that quantify, to which extent, the RIS differs from a fixed surface, such asawall or a window.

CT(f) and CR(f) have been defined and characterized for several prototypes of RIS in[i.4], with the following
definitions:

T — i J
CT() = max |Si =Sz,

R _ i _cJ
Ci(f) = i‘%?§5|511 Sia |'
where S isthe set of states (this set can be discrete or continuous) of the unit-cell of the RIS (assuming that the RISisa
uniform set of unit cells). With these definitions CT (f) and CR(f) are lower-bounded by 0 and upper bounded by 2.
When the contrast is close to 0, the RIS is close to a dumb surface. When the contrast is close to 2, the RIS is
reconfigurable with the maximum possible contrast between two of its configurations.

By performing this analysis, it is possible to define a maximum spectral mask and a minimum spectral mask to set
requirements on the contrast in reflection CR(f) and in transmission (i.e. refraction) CT (f), which will be shown in the
following clauses.

5.1.3 Side Lobe Level (SLL) reduction techniques

The known approaches for RIS reflection coefficient design, such as using a DFT-based codebook often resultsin
significant inter-beam interference due to the high Side Lobe Level (SLL). Indeed, using a DFT codebook leadsto an
SLL of around -13 dB. Hence, it is very important to consider methods for SLL reduction when associating RIS with
wireless systems using spatial multiplexing as shown in Figure 5.1.3-1.
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Figure 5.1.3-1: Schematic representation of a RIS-assisted MU-MISO communication system:
(a) Generic representation and (b) 2D depiction with real positions

One method for reducing RIS SLL, isto use amplitude tapering based on a known windowing function such as
Chebyshev, Kaiser, etc. This alternative design has the potential to effectively reduce the SLLSs, thereby significantly
mitigating inter-beam interference while slightly reducing the Main Lobe Level (MLL) and widening its width. The
implementation complexity of amplitude tapering remains relatively low, as the known window functions used for this
purpose have afew, usually single, parameters to be adjusted.
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apply amplitude tapering, the RIS unit-element should allow for a separate control of the reflection magnitude and

phase. This can be done, as described in [i.9], by loading the RIS element by both reactive and resistive loads as shown
in Figure 5.1.3-2, maintaining a dual polarized operation. Then, Figure 5.1.3-3 shows reflection coefficients of these
elements when fixing the resistor value to 0 Q and varying the capacitance. Figure 5.1.3-4 shows reflection coefficients
of these elements when fixing the capacitance to 0,8 pF and varying the resistor value. As can be seen, aquasi-
independent control of the reflection magnitude and phase is achieved by respectively varying the resistor and the
capacitor values.

| [dB]

Load (R)

Load (C) i B Load (R)

Load (C)

Figure 5.1.3-2: Example of a RIS element allowing separate control
of the reflection phase and magnitude
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Figure 5.1.3-3: RIS element's obtained reflection coefficient when setting R = 0 Q varying the
capacitance: (a) Reflection magnitude and (b) reflection phase

ETSI



26 ETSI GR RIS 004 V1.1.1 (2025-03)

1
150 - 1 —R=0Q
I ——R=2.50
‘ 100 - 1 R=50
I 1 | ——R=7.50
'_|—1O 1 5 50°t 1 ——R=10(2
2] 1 — 1
—~
=.15 ! T 0 \ !
o I =i |
- c
-20 I & -50 I
I |
I -100 -
-25 |
1 -150 | ]
_30 I I I i L I i i
3 3.5 4 4.5 3 35 4 4.5
Frequency [GHz] Frequency [GHz]
(a (b)

Figure 5.1.3-4: RIS element's obtained reflection coefficient when setting C = 0,8 pF
and varying the resistor; (a) Reflection magnitude and (b) reflection phase

Consider the scenario given in Figure 5.1.3-1 (b). Three cases areillustrated a) using DFT codebook with no
windowing, b) using Chebyshev window with R=40, and c) using Kaiser window with f=5 to obtain an SLL of -40 dB
in the last two cases. Figure 5.1.3-5 illustrates the RIS configuration amplitudes in the three approaches. As expected,
the reflection amplitudes of the RIS elements are tapered to reduce the SLL. Figure 5.1.3-6 depicts the resulting RIS 3D
normalized patterns (to have a maximum value of 0 dB) for the three aforementioned approaches. The data highlights
that utilizing the windowing functions leads to a significant reduction of the SLL, while also causing a small
degradation in the MLL and increases the main lobe Half Power Beamwidth (HPBW). Figure 5.1.3-7 displaysthe
obtained sum rate in the three approaches. Unsurprisingly, when there are no users served by the BS, the absence of
windowing yields the best performances. However, as the number of BS-served UEs increases, the importance of the
filtering become more prominent to minimize the interference for all users.

To further analyze the impact of windowing, Figure 5.1.3-8 shows the rates of different usersin a scenario involving
eight BS-served UEs in three cases. As depicted in the windowing-free case, givenin Figure 5.1.3-8 (), UEsin close
proximity to the BS exhibit higher rates compared to those situated at the cell edge. Also, as anticipated, UESs positioned
at an equal distance from the BS show significantly lower rates when located within RIS sidelobes, in contrast to UES
situated within RIS nulls. This distinction is clearly observed through the alternating patterns of narrow red lines
(representing the nulls) and wide green-yellow lines (representing the side lobes). Furthermore, the UES |ocated within
the RIS main lobe experience the lowest data rates. Applying tapering to the reflection coefficient matrix

Figure 5.1.3-8 (b), and Figure 5.1.3-8 (), reducesthe SLL. It also widens the main lobe while reducing its level.
Consequently, the UEs positioned in the middle of the main lobe exhibit improved performance compared to their
performance prior to tapering. However, some users who were originally close to the main lobe now find themselves
within the widened main lobe, resulting in a decline in their performance.
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Figure 5.1.3-5: Required RIS reflection amplitudes in the three approaches:
(a) None, (b) Chebyshev and (c) Kaiser

ETSI



27 ETSI GR RIS 004 V1.1.1 (2025-03)

-100 -90 -80

'~

@ (b) (©

Figure 5.1.3-6: RIS 3D pattern in the three approaches:
(a) None, (b) Chebyshev and (c) Kaiser
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Figure 5.1.3-7: Sum rate as a function of the number of BS-served UEs
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Figure 5.1.3-8: UE rate vs. position in the cell in the three approaches.
(a) None, (b) Chebyshev and (c) Kaiser
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5.2 Reflective RIS

The mgjority of RISs considered in the literature belong to the category of reflective RISs, which have the capability of
reflecting incident EM waves toward reconfigurable angles that are different from the natural material's response. For
example, areflective RIS could be used to focus beams in a specific direction to cover a blind spot in network coverage.
Alternatively, areflective RIS could be used to create a diffused reflection pattern, boost the multi-path propagation,
and allow a signal to be received from multiple directions simultaneously, therefore increasing the spatial diversity and
multiplexing gains. Moreover, if the communication system is operating in an environment with alot of interference,
the RIS can be configured to reflect the incident waves in away that minimizes the impact of the interference.

The dimensions and form factor of the unit cell are crucial considerations, particularly in applications with space
constraints or where it isimperative for the RIS to remain inconspicuous. In theory, opting for asize lessthan A/2 is
advisable [i.10]; however, practical imperfections may render this choice suboptimal. For enhanced performance, it is
recommended to choose a size even smaller than A/3. To mitigate specular reflection mode, selecting super-small unit
cells around A/8 can be advantageous. Ideally, areflective unit cell should efficiently reflect the entire incident wave
without dissipation relative to the tuning factor. Also, it is desirable for the unit cell to offer a 360-degree reflection
phase versus the tuning factor. For instance, in the scenario of two-bit coding, there are four distinct states evenly
distributed across the 0—2n phase range represented by values { 135, 45, -45, -135} degrees. They can be achieved with
specific values of the capacitances or resistance. At the same time, the corresponding amplitudes should be high and
quite uniform. However, it is unavoidable that certain values close to resonance frequency will be associated with
smaller reflection amplitudes.

Ideally, areflective unit cell should be homogeneous and independent of the incident angle. However, it is anticipated
that the achieved reflection phase is contingent on the incident angle. This suggests that the selected tuning values may
result in suboptimal reflection phases as the incidence angle varies. Having access to a distinct set of four phase states
(in the case of two-bit coding) proves beneficial in maintaining excellent performance across different incidence angles
[i.1]. Thisisillustrated in Figure 5.2-1, where the reflection phase is plotted against capacitance for incidence angles of
0,30 and 60 degrees, corresponding to TE and TM polarization, respectively. Selecting each time, the best four
available states allows to retain almost perfect performance.
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Figure 5.2-1: Reflection phase at 25 GHz for TE (left) and TM (right) polarization
versus incidence angles 0, 30 and 60 degrees

With this technique it is possible to compensate the impact of incident angles to the phase reflection of the unit cell.
Figures 5.2-2 and 5.2-3 show the reflection phase over the bandwidth of influence and compare the out of tune
capacitances due to the impact of incident angle against 0,263 pF tuned for normal incident and the resulting
compensation at 25 GHz for TE (with 0,289 and 0,362 pF, see Figure 5.2-1) and TM (with 0,245 and 0,209 pF, see
Figure 5.2-1) polarizations.
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Figure 5.2-2: Reflection phase for TE polarization versus incidence angles 0, 30 and 60 degrees
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NOTE: The left figure shows the capacitance tuned (0,263 pF) for normal incident in both TE and TM polarization
cases untuned with oblique incident angles, while the right figure shows the compensated misalignment with
modified tuning 0,289pF and 0,362 pF corresponds to 30 and 60 incident angles.

Figure 5.2-3: Reflection phase for TM polarization versus incidence angles 0, 30 and 60 degrees

The spectral contrast shows how an RIS is different from afixed surface (perfect reflector) and compared for TE and TM
polarization versus incidence angles 0,30 and 60 degrees (see Figure 5.2-4).
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Figure 5.2-4: Comparison of contrast for TE (left) and TM (right) polarization
versus incidence angles 0, 30 and 60 degrees

Furthermore, Figure 5.2-5 illustrates an example of spectral contrast and masks for areflective RIS. The contrast in
reflection is required to be:

. higher than 1 in the working frequency bandwidth;
. lower than 1 out of the bandwidth of influence.

The contrast in transmission (refraction) is required to be very low at all frequencies.
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Figure 5.2-5: Example of Spectral Contrast and Masks,
in reflection (a) and transmission (b), for a reflective RIS

53 Refractive/Transmissive RIS

This category is the reverse of the reflective RIS and exploits the modified Snell's law of refraction, where the
metasurface, instead of reflecting the EM waves to a specific direction outwards, refracts them inwards. Refractive RIS
can aso be referred to as Transmissive RIS, and in the context of the present document these terms are used
interchangeably. Similarly to areflective RIS, the dynamic control of the refraction angle can be achieved with active
switching elements. For example, refractive RISs can be implemented on transparent structures, such asglass. An
illustration of a practical refractive/transmissive RIS with dynamic control is shown in Figure 5.3-1 and described in
[1.22]. Such structures can then be installed in buildings or on moving vehiclesin public transportation systems to boost
outdoor-to-indoor signal transfer.
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Figure 5.3-1: Transparent refractive RIS on glass with dynamic control [i.22]
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Similarly to the previous clause, Figure 5.3-2 illustrates an example of spectral contrast and masks for a
refractive/transmissive RIS. The contrast in refraction/transmission is required to be:

. higher than 1 in the working frequency bandwidth;
. lower than 1 out of the bandwidth of influence.

The contrast in reflection is required to be very low at al frequencies.
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Legend:

= Maximum Spectral Mask
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——  Spectral Contrastin Transmission
(refraction)
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a) Spectral Contrast and Spectral Masks in Transmission (refraction)

CR(f)
Legend:

P Maximum Spectral Mask

——  Spectral Contrast in Reflection

frequency

b) Spectral Contrast and Spectral Masks in Reflection

Figure 5.3-2: Example of Spectral Contrast and Masks,
in reflection (a) and transmission (b), for a transmissive RIS

54 Absorptive RIS

Unlike reflective RIS or refractive RIS that can only adjust the phase of impinging radio waves, an Absorptive RIS
(ARIS) relates to both phase and amplitude manipulation by absorbing a portion of the signal energy, which alows
programmable control of the absorption. For example, ARIS can be programmed to absorb impinging radio waves only
at a specific angle, while allowing radio waves impinging from other angles to propagate unaffected.

These advantages are well suited for applications where interference mitigation or enhancement are critical factors. For
most of the RIS applications, where maximizing sum rate is the primary objective, using an RIS to absorb energy rather
than increase signal power may seem counterintuitive. However, for applications where interference suppression or
enhancing the secrecy of agiven transmission is paramount, selective spatial absorption of the wavefield can be
beneficial. Asatrivial example, it may be desirable to completely absorb energy from strong interfering sources rather
than further propagating their energy in the environment, or to suppress reflections of sensitive information in the
direction of a potential eavesdropper. Consider a communication systemillustrated on Figure 5.4-1, which consists of
one BS (Alice), one legitimate user (Bob), one eavesdropper (Eve), and one ARIS and an additional antenna.is deployed
near Bob for the transmission of ajamming signal.
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Figure 5.4-1: ARES-assisted communication system example

Figure 5.4-2 shows Performance of ARIS in the interference suppression application under various strengths of the
direct channel between the Jammer and Eve. For aweak Jammer channel, the ARIS is the key to providing increased
secrecy compared with the case of a conventional RIS As the strength of the Jammer channel increases, the impact of
the Jammer becomes larger than that of the RIS, and the ARIS and conventional RIS converge to the same performance.
An example of an algorithm for ARES phase configuration is considered in [i.11].
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Figure 5.4-2: ARES (J) and conv. RIS (J) indicate performance with jamming antenna,
where ARIS (NJ) and conv. (NJ) indicated performance without jamming antenna

ARIS architecture can be achieved by several means, for example by adding a variable resistive element to terminate
the radial waveguide stub that might otherwise be used for power detection or sampling or placed in parallel with a
varactor diode at each RIS element. The ARES performance is evaluated in Figure 5.4-3, where the refection coefficient
is plotted for various angles of incidence as a function of frequency, considering the optimum resistive load for each
case. At anormal incidence the refection coefficient isless than -50 dB. This degrades as the angle of incidence
increases, as shown in Figure 5.4-3 (a) for TE polarization. However, it remains below -30 dB for incident angles up to
45 degrees. Similar behaviour isfound for the TM polarization, depicted in Figure 5.4-3 (b). The refection coefficient at
5 GHz remains below -20 dB up to 25 degrees.
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Figure 5.4-3: Reflection spectra for optimal RC values within the range provided
by the ARES, for obligue incidence at the (a) TE and (b) TM polarizations

5.5 STAR-RIS

Simultaneous transmit and receive (STAR)-RIS is a combination of reflective and refractive RIS asillustrated in Figure
5.5-1. In this case, both transmission and reflection functions are integrated to offer the capability of manipulating the
EM waves towards the 360° direction of interest without the blind zone. STAR-RIS can be designed in such away asto
have reflective properties in one frequency band and refractive properties in another. Thisis possible due to the
application of holographic theory for metasurface design, where small unit cells can form larger unit cells and therefore
have a different response at a different frequency. In an indoor-to-outdoor communication scenario, radio signals can be
reflected and scattered inside the building at one frequency and transmitted out of the building at a different one. In
other scenarios signalsin different frequency bands can be reflected or refracted in different ways based on
requirements.

Figure 5.5-1: STAR-RIS indoor to outdoor communication scenario

Since each STAR-RIS element can be adaptively turned in pure transmission or pure reflection mode, the resulting
adjustable aperture size of STAR-RIS will artificialy control the near/far-field signal range and thus achieve the
different beam pattern feature, e.g. beamsteering on the left side versus beamfocusing on the right side. Thisis shownin
Figure 5.5-2.
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Figure 5.5-2: STAR-RIS aided near field/far field communication
in transmissive (T) and reflective (R) modes

Additionally, polarization control of reflected and refracted waves can allow STAR-RISto improve the energy
efficiency losses caused by focusing all energy on a single refracting direction. This functionality allows to effectively
split the incident spherical wavefront in two, and control transmissive and reflective waves independently with minimal
energy efficiency losses. An example of a STAR-RIS unit cell isillustrated in Figure 5.5-3 and its amplitude and phase
characteristics areillustrated in Figure 5.5-4.
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Figure 5.5-3: STAR-RIS unit cell prototype designed for 3,5 GHz [i.12]
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Figure 5.5-4: STAR-RIS unit cell simulation results show a) amplitude b) phase
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To accomplish STAR-RIS beamforming there are two approaches: the optimization-based approach and the
codebook-based approach. For the optimization-based approach, an element-wise STAR beamforming is performed,
where the transmissive and reflective beamforming coefficients are optimized one by one. To simplify this method,
beamforming coefficients can be grouped into tiles for optimization with the aid of successive convex approximation,
monotonic optimization, and machine learning tools. In the codebook-based approach, specific codebooks are
developed consisting of severa pre-designed STAR-RIS beamforming vectors, which significantly reduces the
complexity of the algorithm.

Detailed information about signal and channel models as well as the beamforming optimization of STAR-RIS is
considered in clause 5 of ETSI GR RIS 006 [i.14].

5.6 Multi-functional RIS

Multi-functional RIS provides diversity of smart radio environment such as reconfigurable reflection, reconfigurable
refraction, and absorption of impinging signal. A key consideration of designing multi-functional RIS element is using
at least two tunable components (PIN or Varactor diodes) on a unit cell with defined states. In Figure 5.6-1(a) adesign
of multi-functional RIS that functions as switchable reflection and absorption isillustrated with two PIN diodes used for
two-bit control and placed onto the unit cell. Two-bit control states with anideal S-parameter (S11) are defined in

Table 5.6-1. The use of PIN diodes, noted D1 and D, is dependent on functional modes, which are enabled via points V1
and V2, respectively.

Table 5.6-1: Two-bit control for use of multi-function RIS
that functions as switchable reflection and absorption

Di -parameter
wose [ sime [ED0e S8 TS paraec
R1 OFF |[OFF | 0dB 0°
R2 ON |OFF | 0dB | 180°
Absorption Al ON | ON |-oQB
Not used OFF | ON

1-bit Reflection

From Table 5.6-1, for 1-bit reflection mode which is enabled via point V1, D2 is switched OFF. Then, D1 is used for
controllable reflection phase states of 0° (D1 is OFF, R1 state) and 180° (D1 is ON, R2 state) with ideally full reflection
(IS11/=0 dB). The simulated results for reflection mode are shown in Figure 5.6-2. The phase bandwidth of 120 MHz
(5,781t0 5,90 GHz) is defined as phase difference of 180° + 20° between phasesin ON and OFF states.

Z

I Rogers 4003C
FR4

(a) (b)

NOTE: To realize good performance of absorption, resistor R is also considered, where Figure 5.6-1 (a) shows the
top view of the element, and Figure 5.6-1 (b) shows the layered configuration including biasing design.

Figure 5.6-1: Example of multi-functional RIS element operating at 5,8 GHz that functions as
switchable reflection and absorption using two PIN diodes (D; and Dy)
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Reflection Coefficient Phase Curve
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NOTE: Red line shows the R1 state with 0° phase state (D1 is OFF), blue line shows the R2 state with 180° phase
state (D1 is ON).

Figure 5.6-2: Simulated results for reflection mode (D is switched OFF, D; is switched ON/OFF). (a)
Reflection coefficient, (b) reflection phases with defined phase bandwidth
of 120 MHz for phase difference 180° +20°

For absorption mode, which is enabled viaV;and Vzfor respectively biasing D; and Dy, D1 is kept switched ON; D2 is
switched ON for full dissipation of impinging signal which meansthat |Sy11| is negative infinity and the phase is not

needed to be considered. To evaluate the quality of absorption, absorptivity is defined as 1- | Su|2 and it is unity for full

absorption. Besides D», for the realization of good performance of absorption, resister R is considered to dissipate more
impinging signal power. As such, reflection coefficient is reduced, and absorptivity isincreased. The performance of
reflection in absorption mode, for various R selection, is simulated as shown in Figure 5.6-3. As aresult, the reflection
coefficients are reduced with low resistance. The figure shows that the case of R = 33 Q has the best absorptivity of
more than 90 % within 5,80 to 6,05 GHz.

Al Mode

S,,Magnitude (dB)

5.6 5.8 6.0 6.2 6.4
Frequency (GHz)

Figure 5.6-3: Simulated result for absorption mode (D, and D, are ON)
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6 RIS prototypes, trials and measurements

6.1 Evaluation of spectral contrast in RIS prototypes

Figure 6.1-1 illustrates the contrast for 4 different existing RIS prototypes [i.4], as a function of the normalized
frequency f = f/f, (where £, isthe central frequency, defined as the middle between the lowest and the highest
frequencies at which the contrast equals 1):

e Thecontrast in reflection C*(f) for avaractor-based reflective RIS (R-RIS), with continuous phase shifting, at
5,8 GHz.

e Thecontrastin transmission C”(f) for a PIN-diode transmissionve RIS (T-RIS) at 27 GHz.
e Thecontrastin reflection C*(f) for aPin Diode-based R-RIS, with discrete phase shifting, at 5,3 GHz.
e Thecontrastin reflection C*(f) for a RF switched-based R-RIS, with discrete phase shifting, at 5,2 GHz.

The normalized frequency is chosen instead of the plain frequency to plot contrasts of RIS operating at mmwaves and
sub-6 GHz frequencies on the same figure.
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Figure 6.1-1: Extracted from [i.4], spectral contrasts for 4 different RIS prototypes

6.2 Trial results in typical deployment scenarios

One of the ISG members reported the following trial results obtained using an RIS prototype they manufactured. The
trials were conducted in many different environments, with details below, and can be found in [i.15]. Before conducting
field trialsin practical environments, the RIS prototypes are tested in an RF anechoic chamber to ensure that the
prototypes are able to perform according to the theoretical values calculated from selected codewords.

. Indoor: The test environment for the indoor test is shown in Figure 6.2-1, where the BS is placed at one end
of the corridor, the RISis placed in front of the door of one room and the UE isin that room. The distance
between the BS and the RIS is approximately 20 meters and the distance between the RIS and the UE is
around 10 meters. Thereis no LOS path between the UE and the BS. Thetest is conducted with a 1-bit single-
polarized panel and a 4-bit dual-polarized panel. Both panels have 64 x 64 elements.
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The working frequency is 26 GHz. It is observed that the 1-bit single-polarized RIS provides around 30 dB
gain in Reference Signal Received Power (RSRP) for the target direction, and the gain provided by the 4-bit
dual-polarized RIS is around 38 dB for the target beam direction.

Figure 6.2-1: The setup for the indoor test [i.15]

e  Outdoor: Asshownin Figure 6.2-2, the BSis on the rooftop of a 5-floor building and is able to cover the
open areain front of the building. However, the UE in asmall parking lot behind the building cannot receive
signals from the BS due to alack of propagation paths in between. In the test, a 1-bit single-polarized RIS with
1024 elementsis placed at the crossroad, which alows it to have LOS paths with the BS and the UE in the
parking lot simultaneously. The distance from the RIS to the BS and the UE is around 120 meters and
20 meters, respectively. The working frequency of the communication system is 26 GHz. Compared to the
case without RIS, the received RSRP increases over 30 dB.

Figure 6.2-2: The setup for the outdoor test [i.15]

. Outdoor-to-Indoor: Three trials are reported on different frequencies, namely, 2,6 GHz, 4,9 GHz and
26 GHz. Thetest environments are depicted in Figure 6.2-3, Figure 6.2-4 and Figure 6.2-5, respectively.

For thetrial on 2,6 GHz, the height of the BS is 29 meters, while the distance from the RIS to the BS and the test UE is
approximately 206 meters and 7 meters, respectively. The BS transmits signalsin 60 MHz bandwidth using a
transmission power of 120 W. The RISused in thistria is single-polarized, with atotal of 20 x 20 elements on the
surface. The codebook is 1,6-bit, which means there are 3 available phase shifts on every element. The physical size of
the RIS panel is1 m x 1 m. Measurement results show that the RSRP increases 15 dB for the UE.

Figure 6.2-3: The setup for the O2I test at 2,6 GHz [i.15]

ETSI



39 ETSI GR RIS 004 V1.1.1 (2025-03)

For thetria on 4,9 GHz, the BS transmits with a power of 200 W in a 100 MHz bandwidth. The distance from the RIS
to the BS and the UE is approximately 145 meters and 45 meters, respectively. The RIS s 2-bit dual-polarized, with
32 x 32 reflective elements and the physical sizeis1 m x 1 m. Thetest UE isinside the [obby of the building, whichis
atypical weak coverage area. The RSRP increases 21 dB after the RIS is placed.

Figure 6.2-4: The setup for the O2I test at 4,9 GHz [i.15]

For thetria on 26 GHz, the BSislocated on the rooftop of a 3-floor building overlooking the site, and thereisalong
corridor extending from the entrance to the inside of the building. The bandwidth of the transmitted signal is 100 MHz.
The distance from the BSto the RIS is around 45 meters, while in Figure 6.2-5 the RIS is not visible since the photo is
taken at the location of the RIS. Inthe trial, a 1-bit dual-polarized RIS with 64 x 64 elementsis used to reflect the beam
from the BS into the corridor where the test UE is located. During the test, the UE moves from the entrance al the way
into the building along the corridor. When there is no RIS deployed, within 30 meters into the corridor the received
signal fades away and the RSRP drops to -105 dBn/RE. Comparatively, when RIS is deployed and a proper codebook
isused, even at the end of the corridor, which is 106 meters inside the building, the received signal strength is still
medium strong with a RSRP of -93 dBm/RE.

Figure 6.2-5: The setup for the O2I test at 26 GHz [i.15]

Another 1SG member has reported similar trial results for an indoor E2E communication on 4,7 GHz.

Thistrial was conducted in atypical office building, and the setup isillustrated in Figure 6.2-6. In this setup, the Radio
Unit (RU) is the base station's radio unit, and the UE is a standard commercial cell phone. The corridor, affected by
Non-Line-Of-Sight (NLOS) propagation, is considered a blind zone. To overcome this, RIS with an oblique angle of
30° facing the RU were deployed in the corridor to simulate Line-Of-Sight (LOS) propagation. The RIS panel,
operating for 4,7 GHz, reflects electromagnetic waves towards the UE. PIN diodes are used as the 1-bit control
approach to reconfiguring the reflection feature, the designed unit cell with the PIN diode providing less than 1 dB loss
and 0°/180° reflection from a horizontally polarized incidence. The implemented RIS panel is of array size 40 x 40,
physical size 1,276 x 1,276 m? (considering half wavelength, 31,9 mm, to be the physical size of the unit cell), and the
average radiation gain is 18,1 dB within the scanning range of +50°. The specifications of the RIS prototype are
summarized in Table 6.2-1. The UE was moved along the corridor and measurements were performed on positions
labelled O - 8 in Figure 6.2-6. Two sets of experiments were performed, and the differences are outlined in Table 6.2-1.
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Table 6.2-1: Specification of RIS panel used in the trials

Operating Frequency 4,7 GHz

RIS Type Reflective RIS

Polarization Type Single (Horizontal Polarization)

RIS Array Size (Number of Unit Cell) 40 x 40 (1 600)

Physical Dimension of the square RIS 1,276 x 1,276 m?

Unit Cell Control 1-hit control (using PIN to control phase)
Reflection Phase Shifting 0° and 180°

Reflection Loss <1dB

Beam Scanning Range +50°

Averaged Gain of RIS 18,1dB

vl
P — i
I o
wal UE|
| S | |
oo [ QN STt E T e T Cordor

® Moving Position of UE in meter

NOTE: Red points are the moving positions of UE during the test of UE receive performance (system throughput for
which the measured result depends on the MCS index in Table 6.2.2). Trial results show a comparison of
MCS indexes of UE with and without RIS.

Figure 6.2-6: Setup of field trail for indoor E2E communication

Table 6.2-2: Differences between the two experiments

Experiment A Experiment B

Tx antenna Horn antenna Omnidirectional antenna
PDU session setup
(Success/Fail)

Measurement MCS Index

Figure 6.2-7 shows the tria results of Experiment A. The MCS index value is the max MCS (Modulation Coding
Scheme) index that a stable Block Error Rate (BLER) can be achieved. The MCS index can be trandated to maximum
throughput and a higher MCS index implies higher maximum throughput. The distances from RISto RU and RIS to UE
are 5 mand 8 m, respectively. In Figure 6.2-7(a), the case without RIS isillustrated, which shows that the MCS level
decreases fast as UE moves away from the LOS position. Consequently, Figure 6.2-7(b) shows the case with RIS. It can
be seen that the MCSindex is enhanced at all locations.

ETSI



41 ETSI GR RIS 004 V1.1.1 (2025-03)

MCS Index

MCS 22
MCSs 21

MCS 20

MCS 19
- Horn Antennal
mCs 18 St

MCS 17
MCS 16
MCS 15
MCS 14
MCs 13
MCS 12

No Signal

(UE) MCS Index

3.5m

Corridor

@
MCS Index

MCs 22

MCSs 21

MCS 20

MCS 19 \—R'U—|

L]
“*_ Horn Antennaj
MCS 18 St
Mmcs 17

MCS 16
MCS 15
MCS 14
MCs 13
MCS 12
No S|gnal

5m

(UE) MCS Index
2 19 | 19 20 20
@ 8 | 75| 7 |65 6 5

Corridor

(b)
Figure 6.2-7: Experiment A results: (a) Without RIS, (b) With RIS
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In Experiment B, an omnidirectional antennawas utilized in the testing scenario. This represents a more realistic
scenario. Unlike Experiment A where the MCS index is measured, in Experiment B, the PDU session setup was used as
aKPI. When compared to the MCS index, the successful setup of a PDU session requires more uplink/downlink
messages to be exchanged between RU and UE than the receiving of the MCS index. Therefore, it can be used as an
indication that uplink/downlink data transmission can be completed. The trial results are captured in Figure 6.2-8. The
resultsin Figure 6.2-8(a) show that, without RIS, the PDU session setup is successful only at the LOS position. In
Figure 6.2-8(b), the PDU session setup is successful by the RIS reflection angle within the 50-degree range. With the
trial results, it can be seen that RIS can help to extend coverage in the blind zone/coverage hole.
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Figure 6.2-8: Experiment B results: (a) Without RIS, (b) With RIS
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Finally, another ISG member performed afield test with 5G mmWave RIS in atypical real-world environment and
reported successful results. The trials were conducted using commercial infrastructure and equipment that are deployed
by operators for public usage as part of their 5G network. The used RIS was previoudly tested and validated in both
anechoic chambers and in a controlled environment.

Use Case and Objective

This study investigates the typical operation of a Reconfigurable Intelligent Surfaces (RIS) to extend the coverage area
of a5G mmWave base station. Specifically, it aims to enhance the received signal strength at locations obstructed by
physical barriers. The primary objective isto demonstrate how RIS can improve connectivity in environments with
significant obstructions, such as an open train station. This setting, characterized by varying levels of human traffic and
physical obstacles, provides arealistic and challenging scenario for evaluating the effectiveness of RIS technology.

Setup Description

The tests were conducted at an open train station over three days during regular working hours to account for
fluctuating traffic levels and other environmental factors. The equipment used for the tests included a RIS designed for
mmWave operation with 1 600 individual cells with parameters specified in Table 6.2-3, a 5G mmWave access point
installed by the network operator, and a 5G mmWave capable smartphone equipped with software to display received
signal power and beam index.

Table 6.2-3: 5G mmWave RIS used in the field trial

Parameter Value
Operational frequency 27 GHz
Number of elements 1 600 (40 x 40)
Number of states 1-bit, 2 states
Polarization V and H
Beam scanning range +60°
Panel size 20x20cm

Procedure

The procedure began by selecting locations within the train station that were shadowed from the access point by
obstacles such as walls or large equipment. The RIS was then placed in a position where it had a clear line of sight to
both the access point and the shadowed |ocation. Measurements of received signal power and data rate for general
internet access were taken at the shadowed location, both with and without the RIS in operation. The RIS was set to
beamform optimally at the beam covering the shadowed location. This process was repeated at multiple shadowed
locations to ensure consistency and reliability of the results. At the first location, the RIS was placed 21 m away from
the access point, and at the second location, the RIS was placed 30 m away from the access point. In both tests, the user
equipment was a few meters away from the RIS. Figure 6.2-9 shows the setup at location 1 and Figure 6.2-10 shows the
setup at location 2.
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Figure 6.2-10: The second test location setup
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Results

The deployment of the RIS in the train station significantly improved signal strength and data rate at the shadowed
locations. Without the RIS, the received signal power was around -94 dBm. With the RIS, the signal power increased to
approximately -72 dBm, demonstrating a gain of over 20 dB. Additionally, the data rate experienced an increase
exceeding 50 % with the RIS in operation. Figures 6.2-11 and 6.2-12 show the received power and beam index at
locations 1 and 2 respectively, with and without the RIS beamforming.
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Figure 6.2-11: The first test location data rate and RSRP comparison
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Figure 6.2-12: The second test location data rate and RSRP comparison
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The analysis of interference revealed that the RIS's beam had a narrow reflected beamwidth of 3 degrees, which
minimized interference. The received power dropped by 12 dB just 10 cm away from the intended receiver, indicating
highly localized beamforming and reduced spillover. Figure 6.2-13 shows the variation of the Received Signal Power
(RSRP) with respect to the relative position from the targeted receiver. This figure shows how much the RSRP will
drop at the receiver actual position when it is offset from the targeted focal point with a certain distance (relative
location in cm) and considers two settings of RIS beamwidth set as 3° and 6°.
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Figure 6.2-13: The achieved RSRP around the focal point with respect to the distance
from the centre of the target in cm with the RIS beamwidth set as 3° and 6°

6.3 RIS Bistatic RCS Measurements

Typica physical scenarios of the RIS, as mentioned in [i.18], include:
i)  aspherica wave; and

i)  aplane wave impinging on the RIS, which correspond to obtaining near-to-far (the BTSis close to the RIS and
the UE is far from the RIS) and far-to-far (both the BTS and UE are far from the RIS) field distributions,
respectively.

However, the near-to-far configuration is similar to reflectarray scenarios, and the distributions of the reflective fields
can be verified in typical anechoic antennatest ranges. Besides, the far-to-far configuration should represent the
majority of the RIS operation scenariosin practical applications, where both the BTS and UE are far from the RIS,
interacting under far field conditions. Therefore, it is essential to establish reliable test environments to evaluate the
scattering characteristics of the plane waves incident on the RIS from different angles to obtain the reflection and
transmission field distributions caused by the RIS. Thiswill allow a more precise analysis of the potential scattering
behaviours when using RIS platforms for proper deployment and to compare signal distributions from field tests for
coverage verifications. Below are discussed the three typical usage scenarios for the RIS:

i) Near-to-Far;
ii) Far-to-Far, and
iii) Far-to-Near:

Near-to-Far Scenario: In this scenario, the BTSis close to the RIS, while the UE isin the far-field region of the RIS.
Sincethe BTSisin the near zone of the RIS, the RIS operates similarly to the conventional reflectarray antennain term
of the physical scenario.
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Far-to-Far Scenario: Thisisacommon application scenario for the RIS. Here, both the BTS and UE are far from the
RIS with alocal plane wave impinging on the RIS. The RIS then redirects the incident wave into other directions. Both
d: and d, satisfy the far-field conditions of the RIS. Field distribution tests can be conducted in a bistatic RCS mode.

Far-to-Near Scenario: In thisscenario, the BTSisin the far-field region of the RIS, while the UE isin the near zone of
the RIS. Near-field distributions scattered from the RIS may be obtained by applying near-field scans with holographic
imaging processing for a plane wave illumination on the RIS under bistatic operation scenes. Measurements of the near-
field propagation characteristics are important for RIS-aided near-field system applications, and further guidance is
provided in ETSI GR RIS 007 [i.19].

Controller RIS Controller RIS Controller RIS

b

UE
*d, is in the near-field region. BTS BTS *d, meets far-field conditions.

. v oy
d, meets far-field conditions. dilandery nest aeficdiconcitionss d, isin the near-field region.

Near-to-Far Scenario: Far-to-Far Scenario: Far-to-Near Scenario:

* Base stationis close to the RIS. * Base stationis distant from the RIS. * Base stationis distant from the RIS.

¢ UEsis distantfrom to the RIS. * UEsis distantfrom to the RIS. * UEsis close to the RIS.

* Testthe field distribution in conventional » Testthe field distribution in RCS mode. * Testthe field distribution in RCS mode
reflectarray mode. and near-field holography methods.

Figure 6.3-1: lllustration of the scenarios considered for the RIS measurement

As depicted in Figure 6.3-2, a sample schematic of the implemented hybrid measurement system for RIS bistatic RCS
pattern verificationsillustrates a Compact Antenna Test Range (CATR) integrated with a side-deployed Planar Near
Field Scanner (PNFS) for the bistatic scattering tests [i.20]. The CATR system comprises a feed antenna and aroll-
edged parabolic reflector. The feed antennais positioned at the focal point of the reflector, where it generates a
spherical wavefront directed toward the reflector. The reflector then produces a collimated beam (plane wave) aimed at
the RIS. The scattering field is subsequently measured by the side-deployed PNFS. The near field probe scans the
radiating near field region of the RIS, capturing the amplitude and phase distributions of the scattered fields. Then,
near-field to far-field transformation techniques are applied to derive the far field scattering patterns. Additionaly, near-
field holographic imaging can be employed to evaluate the field distributions in the near zone of the RIS. This bistatic
measurement system is particularly useful for creating far-to-far and far-to-near scenarios for the RIS bistatic scattering
tests. Specifically, the plane wave generated by the CATR effectively emulates base station signalsincident at a specific
angle onto the RIS aperture from a far distance. The near-field scanner measures the RIS scattering in the radiating
near-field zone and processes to obtain the bistatic RCS patterns of the RIS for the far-to-far scenario to be discussed
further in the following. As for the far-to-near scenario, this bistatic measurement system may also be applied for
characterizing the near-field propagation of the RIS-aided near-field communication system discussed in ETSI

GR RIS 007 [i.19].
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Figure 6.3-2: A sample schematic of the bistatic scattering characterization test for the RIS
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Bistatic RCS refers to the measurement of scattering when the transmitter and receiver are located in different directions
in the far regions. For the RIS, the energy transfer effects can be analysed and eval uated properly through bistatic RCS
measurements. As shown in Figure 6.3-2, the bistatic RCS patterns of the aluminium plates are determined by applying
afull wave simulation software for the plane wave incident at 30° and 45° angle on the metal surface, respectively.
Also, the maximum bistatic RCS of the flat metal plate can be approximated with the Physical Optics (PO) method by
the following equation in the specular reflection direction:

where g,,; is the specular bistatic RCS for oblique wave incidence, A, isthe effectiveilluminated area, A isthe
physical area of the metal plate, 6,,. is the oblique angle of incidence, and 4 is the wavelength of the incident wave.
This equation assumes that the plate dimensions are significantly larger than the wavelength of the incident wave.
Therefore, the effective illuminated area of the incident wave can be calculated by multiplying the physical area of the
plate with the cosine of the angle of incidence. Figure 6.3-3 illustrates respectively the bistatic RCS patterns of 10 x 10,
30 x 30, and 60 x 60 (cm?) aluminium plates with a thickness of 3 mm at a frequency of 28 GHz, as detailed in [i.20].
The simulation results, oy;,,, are obtained by using the full-wave simulation software. The g, values are the specular
bistatic RCS values cal culated with the PO method. However, for more accurate results, full-wave simulations should
be employed.
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Figure 6.3-4 illustrates an implemented hybrid measurement range for the bistatic test shown in Figure 6.3-2, which
integrates the CATR with the side-deployed PNFS detailed in [i.20]. The planar wavefront is generated by a parabolic
reflector with aroll-edge design, so that qualified test range performance through a validated Quiet Zone (QZ)
certification procedure can be obtained, such as controlling cross-polarization to -30 dB on-axis, amplitude taper to

1 dB, amplitude ripple to + 0,5 dB, and phase variation to £ 5° within a reasonably large QZ for the 5G NR FR2 band.
This wavefront emulates the actual RF waves emitted by a distant BTS illuminating the RIS. Then, the scattered fields
from the RIS are obtained through 3D pattern measurements using the PNFS, deployed at the side wall for planar near-
field scanning. Thus, the bistatic RCS patterns in directions covered by the side-deployed PNFS can be measured. Other
configurations of the near-field scanner may be employed, such as cylindrical scanning on afixed

Device Under Test (DUT) with its linear-scan axis coinciding with the CATR broadside axis going symmetrically
through the centre of QZ. Thus, a nearly full coverage of the bistatic RCS patterns from the DUT may be obtained.

Figure 6.3-4: A plane-wave scene emulation range
for measuring the bistatic scattering performance of the DUT
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The measured bistatic RCS patterns for different metal plate sizes at 30° and 45° incident angles under vertical and
horizontal polarization conditions are shown in Figure 6.3-5, which are highly consistent with those obtained by using
the full-wave simulation software, regarding the RCS offsets for different metal plates. Since the specular RCS values
of the metal plates can be determined accurately, the metal plates may serve asthe bistatic RCS calibration references
of the RIS. Additionally, in Figure 6.3-5, a strong scattering at an angle greater than 80 degrees occurs, which is caused
by areflection from the rolled edge of the reflector. Due to the large angle away from those of the DUT, it will not
interfere with the bistatic RCS of the DUT and, on the other hand, may provide an alternative and stable reference for
the bistatic RCS tests. However, if a serrated edge reflector is used in the compact range, the scattering from the
serrations will result in wide-spreading scattering, which could potentially interfere with the measured bistatic RCS
patterns of the RIS, as per [i.21].
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Figure 6.3-5: Measured bistatic scattering patterns in the azimuth cut
for the metal plates deployed at 30° and 45° incident angles
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A passive RIS structure with 73 x 73 elements is placed within the quiet zone of the CATR, as shown in Figure 6.3-6.
The passive RIS is constructed using a low-loss dielectric substrate (RO4003C) with dimensions of 40 x 40 cm? in
length and width, and 1,5 mm in thickness. This design exhibits a reflection characteristic with a 30° incidence angle
and a-10° reflection angle. The measured far-field bistatic scattering pattern of the passive RIS is represented by the
blue line and that of the 30 x 30 cm? metal plate used for calibration is represented by the pink line, as shown in

Figure 6.3-6. To keep the incidence angle consistent with that of the passive RIS, the metal plate is oriented with the
30° incidence angle too. Due to the coordinate system of the PNFS, the peak of the bistatic RCS pattern for the RIS
appears at an azimuth angle of -50° and that for the metal plate is-30°, as expected. Calibrated with the specular RCS
value of the 30 x 30 cm? metal plate, this passive RIS achieves an RCS value of approximately 30 dBsm in the reflected
angle -10° from the normal at a frequency of 28 GHz. The measured 3D bistatic RCS patterns of the RIS can be applied
inaray tracing simulation tool for determining the field distributions from the RIS illuminated by the BTS far from the
RIS to enhance the deployment of the RIS in the far-to-far scenario. Besides, those bistatic RCS patterns may be used
for link budget calculations in RIS-aided communication systems.

Basic features of sample passive RIS:

* Size: 400(L) x 400(W) x 1.5(T) mm3

* Element number: 73 x 73

* Incident angle of the field from broadside: 30°
* Reflect angle of the field: -10°

* Pol Sense & Freq: V/V @ 28 GHz
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Figure 6.3-6: Measured bistatic scattering patterns in the azimuth cut for the RIS
and metal plate deployed at a 30° incident angle

6.4 RIS Radiation Pattern Measurement
Radiation patterns for a RIS can be measured according to its spherical coordinates RIS g ). The radiation pattern
measurement allows to evaluate the Effective I sotropic Re-Radiated Power (EIRRP) of reflective/refractive waves from
the RIS, its Side Lobe Levels (SLLSs), directivity, and the Integrated Re-Radiated Power (IRRP). Under the far field
conditions, the power density incident upon the RIS from T, can be calculated as follows:

Sine = Prx + Gry — Ly + 1010g10ﬁ
Then, the unmeasured EIRRPR,S(G ) radiated by the RIS is defined as follows:

EIRRPRIs(g_(p) = Sinc + (Oris)as

Finaly, the EIRRPg;s (0,0) N be measured, assuming far field conditions are met, based upon the measured received
power B., at the R, asfollows:

A
EIRRPRIS(G'(/;) = PTX - GR.X + LRX - 2010g10 @
In the equations presented above, oy, isthe bistatic RCS of the RIS previously defined in clause 6.3, Py, is the transmit
power, G, and G, arethe gains of the transmit and the receive antennas, Ly, and L, (greater than 0 dB) are the cable

losses, including the antenna mismatch, 4 is the wavelength, dr,, is the distance between the RIS and T, antenna, and
dg, isthe distance between the RIS and R, antenna.
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The radiation pattern measurement setup isillustrated in Figure 6.4-1 with the test equipment specified in Table 6.4-1
and the RIS under test described in Table 6.4-2. In this setup, a single polarized unmodulated carrier wave is excited
with ahorn antenna T, towards the RIS, and its reflection was measured from the RIS by another horn antenna R,.. The
transmit power was set to 1 dBm. The first step in the measurement is to estimate the loss terms Ly, and Ly, aswell as
the path loss, so that they can be taken out of the equation, followed by atime delay gating to remove the direct
coupling path between the antennas. Then, the R, antenna attached to a DC servo motor is moved to realize azimuth
pattern scanning, collecting EIRRP values across the portion of the virtual sphere of interest around the RIS under test.
A Vector Network Analyser (VNA) is used to record the intensity and phase, which construct radiation patterns for TE
and TM modes that are achieved by rotating both antennas.

Ideally, the radiation pattern measurement should be performed with the far-field conditions satisfied for both R, and T,
antennas, however, due to space constraintsit is not always permissible, and the near-field to far-field transformation of
the measured EIRRP values may be performed. Also, to achieve sufficient accuracy, the pattern measurement angular
step should be based on the Nyquist sampling theorem. For example, in the 3,5 GHz RIS measurement illustrated in
Figure 6.4-1, the 2° angular step was set in the VNA.

From the analysis of the RIS radiation patterns, it is possible to determine;
e  Thedirectivity and the EIRRP of the reflected wave from the RIS for evaluated reflection/refraction angles.

. The SLLsthat may contribute to the spurious emissions of the RIS and its interference to other users. The
evaluation of spurious emissions and RF interference is necessary to confirm that the RIS is compatible with
the requirements specified in clause 5.1 of the present document and in Table 2 of ETSI GR RIS 002 [i.2].

e  The specular reflection lobe level or in other words, the normal reflection of the RIS.
o Reflected/refracted beam widths for evaluated reflection/refraction angles.

Following the measurement of radiation pattern for each RIS configuration angle (8, ¢), its directivity at the angle
Drgys(a,p) Can be expressed as follows:

EIRRPRIS (§,¢) __ EIRRPRis (g ¢y
EIRRPR]S(g,4)Sin 6 d do IRRPR[S

D =
RIS(0,p) ﬁfoznfon

The above equation equates to the ratio of the power density radiated in the far field at RIS ) relative to the power
density assumed to be from an isotropic source radiation equating to the IRRP. Thisratio can also be expressed as.

IRRPRls(dBm) = EIRRPRIS(G‘(p) (dBm) - DRIS(@,(/J) (dBl)

However, when the RIS pattern has many side lobes, it may be difficult to measure them all individualy. If thisisthe
case, and also in the case of a multi-beam reflective/transmissive RIS or a STAR-RIS, the IRRP from the RIS can be
numerically approximated from a set of sampled EIRRPg;s 4 ) valuesin a sphere, by applying the following formula,

and considering both polarizations:
IRRPgys ~ 5= SN=3 5424 (EIRRPg (6, @) + EIRRP, (8, 9ra) ) sinfy,

where N are the EIRRPR,S(G » values along the 8-axis, and M are the EIRRP values along the ¢-axisfor atotal of N x

M measurementsin afull sphere. This formulaonly works for constant angular spacing or the trapezoidal
approximation as the integral cannot be made to reduce the formulain this manner.

Where appropriate, the full sphere IRR Py, measurement can be reduced to a Partial Re-Radiated Power (PRRP)
measurement. For example, for areflective RIS measurement with a solid ground plane that acts as an impenetrable
impedance for RF signals along the 6-axis with halved number of EIRR Py, 6.0) samples in the semi-sphere. Note that

the number of EIRRP samples in the g-axisis still taken from afull sphere, since ¢ € [0,27].

PRRPy s ~
N-1M-1 1 M-1
/[
i Z Z (EIRRPy (6, 9) + EIRRP, (0, 9)) sinby + 5 Z (EIRRPy (81, 1) + EIRRE, (6, 01a))
n=1m=0 m=0

The PRRPg;s measurement setup in a semi-sphere and itsresults areillustrated in Figure 6.4-1.
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Subfigures depict the radiation patterns of the received power for different target angles. Each pattern

illustrates the effectiveness of the metasurface in modifying electromagnetic wave propagation in the set

direction.

Figure 6.4-1: RIS radiation patterns of received power at various target angles at 3,5 GHz

Table 6.4-1: Test equipment

Part number

Description

Function

ETS Lindgren model 3117

Double-Ridged Guide Antenna

Transmit antenna (Tx)

ETS Lindgren model 3117

Double-Ridged Guide Antenna

Receive antenna (Rx)

Siglent SSG5060X

RF signal generator

RF signal transmitter

Keysight N5227B PNA

Vector network analyzer

RF signal receiver

Table 6.4-2: RIS specification

Operating Frequency 3,5 GHz

Type Reflective

Polarization Dual-polarized

Size 570 mm x 420 mm (1,850 unit cells, 1/8)

Unit cell control

2-bit digital

Switching element

Varactor diode
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7 Cost, complexity and energy-efficiency analysis of
RIS

7.1 RIS device cost and complexity

The introduction of RISs provides a cost- and energy-efficient solution to enabling advanced wave manipulation
capabilities. However, the choice of a cost-effective switching element is critical to achieve alow overall cost for RIS.
For the visual context of the RIS device, see Figure 7.1-1.

RF PIN diodes or varactor diodes tend to be expensive in relatively low volumes and their cost increases exponentially
in higher frequencies such as FR2 and above. One design approach is to have RF switches connected to microstrip
delay lines of different lengths to realize the phase shift, as well as the necessary control circuitry such asthe MCU and
control buses, where each 16 x 16 board comprises 768 flip-flops, i.e. 3 per each unit cell, 256 AND gates, 256 RF
switchesand 1 MCU [i.16]. The scalable design of RIS alows the construction of large apertures to suit various
application scenarios while maintaining the low cost of individual parts.

Based on this example, it can be concluded that for RIS cost efficiency, there are three main sources of manufacturing
costs:

1) Printed Circuit Board (PCB) production, which includes the patch antennas and the microstrips for both the
delay lines and the control buses,

2)  electronic componentsincluding RF switches, MCU, flip-flops, AND gates, etc.;

3) assembly of all components onto the PCB.

‘q- .

n
n
T

1

Figure 7.1-1: a) RF switch 16 x 16 and the front of the RIS b) Back of
the RIS and the controller
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7.2 RIS deployment costs

In this clause, a sample cost value associated with deploying RIS under existing technological advancesis considered.
As ameasure of cost performance metric is used the Cost Performance Index (CPl), which is a frequently used project
management tool and is expressed as aratio calculated by dividing the budgeted cost of work completed (EV) by the
actual cost of the work performed (AC).

CPI = EV/AC

If the calculated CPI isequal to 1, this means that the project has performed exactly on budget. If the calculated CPI is
above 1, this means that the project is below budget and generates profit. Finally, if the calculated CPI is below 1, this
means that the project has exceeded the budget and is likely causing aloss.

For example, RIS deployment costs can be estimated based on the 3,5 GHz RIS design from [i.16]. First, the AC costs
can be easily estimated since thisis a known figure. The total RIS manufacturing cost, asoutlined in clause 7.1, is
composed of the production cost, the assembly cost and the components cost. In this example, AC isillustrated in
Figure 7.2-1 and contains cost estimations that are valid at the time of writing. The costs are estimated per RIS unit cell,
because the actual number of RIS unit cells may vary, depending on the application and the available budget.

1.75 —— Production
1.50 Components
—— Assembly
=@ 1.25 —— Total
©1.00
@
2.0.75
@
o
0 0.50
0.25

0 200 400 600 800 1000
Number of RIS cells

Figure 7.2-1: The Actual Cost (AC) of the work performed for the RIS design in [i.16]

The advantage of using passive componentsistwofold asit also significantly reduces the power consumption of the
RIS. Inthe design featured in [i.16], nearly all the input power is devoted to the MCU, which has been measured as
62 mW, while all other components require a negligible amount of power (e.g. to keep the state of the flip-flops).
Additionally, atypical MCU possesses a so-called deep sleep mode, which allows conserving power when the RIS is
idle. Indeed, the MCU needs to be activated only when a change in the configuration of at |east one of the unit cellsis
required. Such operation mode might be exploited to further reduce the power consumption of RISsin wireless
networks, where the required reconfiguration rate varies dynamically depending on the instantaneous user density,
speed, and other environmental conditions. The power consumption of the ARM-based MCU in sleep mode can be
significantly reduced to approximately 1 pW, thus allowing deploying RISs independently of the power grid through
wireless power harvesting.

Based on Figure 7.2-1 and assuming a high production volume, the total cost per unit is estimated as $1,75 per unit cell
and $448 for a16 x 16 RISin [i.16]. Since this RIS is self-adaptive and can be powered wirelessly, the installation and
mai ntenance costs can be considered negligible. Then, the AC becomes approximately equal to the total cost of RIS
manufacturing. Finally, for the EV value, the average cost of afiber optic-connected 5G wireless router is considered,
which is at the time of writing is approximately equal to $700. Then, the calculated CPI equals 1,36, which isagreat
project management result and shows that RIS can be a competitive solution for 5G wirel ess networks, especialy given
that RIS does not require fiber optic connectivity to operate.
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7.3 Comparative analysis

High directivity enabled by RIS offersincreased efficiency and may be essential in certain scenarios, however, even
dlight deviations from the target can result in connectivity loss. Wider beams, on the other hand, are less efficient but
more resilient to disruption. It isimportant to provide insights for various design decisions, effectively defining the
feasible design space by considering different performance metrics and user requirements. For example, in the context
of beam steering for 5G communications, achieving alow beamwidth with minimal side-lobe level is crucial to
minimize interference to other network users.

In apractical scenario where the desired quality of experience is attained with a half-power beamwidth (HPBW) of
20 degrees with atolerance of +5 degrees and a Sidelobe level (SLL) of -13 dB with atolerance of £2 dB. In such a
scenario, afigure of merit that encompasses both requirements can be defined as follows:

FoM1 = 1 — w - §(HPBW) — (1 — w) - 8(SLL)

where we[0,1] represents the weight assigned to the HPBW, and 6(-) denotes the distance of a metric from its nominal
required value, normalized to the tolerance range. FOM 1 isdefined as O if the value falls outside the tolerance interval.
Therefore, avalue of 1 indicates maximum suitability, whereas a value of 0 indicates poor design. An example is shown
in Figure 7.3-1 (&), which shows FoM1 for the specified conditions, with a 2-bit RIS and assuming normal incidence of
impinging radio waves. In this scenario, metasurface size Dm = 4A (Dm represents the lateral dimension of the square
shaped RIS) with unit cell size Du<2)\/5 (Du represents the lateral dimension of the square shape unit cell) are the most
suitable for the proposed application.

It can be seen from the formulathat to satisfy a narrower HPBW requirement, the ideal RIS size will need to increase,
which will shift the figure of merit to the other part of the graph. However, it should be noted that a metasurface with a
size larger than Dm > 4 will still be able to realize the ideal case for 20 degrees HPBW by switching the unused unit
cells off and only engaging the unit cellsin the desired lateral dimension. By doing this, engineered control of HPBW
can be achieved. It is aso important to note that by assuming equal importance for both metrics (w = 0,5), engineers
have the flexibility to define the weights based on the specific application requirements.

Optimal performance is achieved in asymptotic cases of very large RISs with very small unit cells and a high number of
states, which isimpractical in real-world scenarios. Defining the application's requirements and tolerance intervals helps
delineate the design space but importantly practical design guidelines should consider cost and complexity. To address
this challenge, parameterized models incorporating the cost or power consumption associated with integrated circuitry
can be considered for ajoint performance-cost analysis. This would enable system architects to quantify different trade-
offs with performance-cost figures of merit. By assigning weights to each metric, engineers can identify the optimal
design space for a specific budget. In another example, shown in Figure 7.3-1 (b) an additional cost metric is added into
consideration. It is assumed that the cost of the RIS scales linearly with the number of unit cells per dimension. This
assumption is supported by recent studies analyzing the complexity of RIS with individually addressable unit cells.
Then, the performance-cost figure of merit, named FOM 2, is obtained by dividing FoM 1 from the equation above by the
number of unit cells per dimension and normalizing the result. It can be seen that the configurations with fewer unit
cells within the range yield good performance within the tolerance range, aligning with intuitive expectations.

FoM] FoM2
10 10 1
8 8 0.8
= 6 < 6 0.6
~ a 0.4
y ¢ ‘
0.2
2 2
0.2 04 06 08 0.2 04 06 08
D /A D /A
u u
(a) Performance figure of merit.  (b) Performance-cost figure of merit.

Figure 7.3-1: Evaluation, through figures of merit, of a 4-state RIS for beam steering with a
beamwidth requirement of HPBW = 20° £ 5- and side-lobe level requirement SLL = -13 +2 dB
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7.4 Other practical considerations

The present document has discussed several major directions for the development of RIS technology and provided a
comprehensive list of practical considerations for its implementation/commercial deployment. The evolution of this
technology isillustrated in Figure 7.4-1, which shows a transformative journey from passive to highly dynamic and
active systems, marking significant advancements in the capabilities of EM manipulation. The most advanced iteration
involves EM wave domain computing RIS (WDC-RIS), which is designed to receive and process signals through
computational operations such as Fourier transforms directly within the analogue domain. This capability allows RIS to
perform complex mathematical computations on the signals they interact with, paving the way for systems that integrate
communication and processing in a single platform. These devel opments signify a pivotal shift towards more integrated
and intelligent electromagnetic systems, capable of supporting the high demands of the next generation communications
and beyond. Thisis made possible through STAR-RIS technology, which facilitates the manipulation of EM wavefronts
viamultiple layers of metasurfaces. For example, embedding alens phase profile into the transmissive portion of the
RIS allows for Fourier transformations in the K-domain. This capability is fundamental for advanced signal processing
and analysis. In this case, an incoming wave that impinges on the multi-layered RIS with analogue computing
capabilities can be partially reflected for communication purposes and partially sampled for processing.

The sampled portion that passes through a multilayer, metasurface would undergo computation based on specific
functions and equations, demonstrating the dual functionality of communication and processing in asingle integrated
system. One of the most significant advantages of utilizing RIS in EM wave domain computing is its ability to perform
computational operations at the speed of light, thereby bypassing the need for conversion into digital formats. This
architecture may be used for distributed network processing, to ease the computational burden away from the core
network and to reduce its latency. As aresult, this system not only speeds up data processing but also reduces the
computational load and energy consumption associated with digital conversions. Then, complex mathematical tasks
such as DoA estimation, can be performed directly on the metasurface, resulting in near-zero latency of the computation
in ISAC systems. WDC-RIS s aso capable of performing Digital-to-Analogue Converter (DAC) and Analogue-to-
Digital Converter (ADC) functionalities directly on the wavefront, asit passes through its layers, which can be used to
establish a backscattering link for authentication of RIS on the network. The system models of ISAC-RIS and
WDC-RIS are provided in ETSI GR RIS 006 [i.14] that is dedicated to multi-functional RIS modelling, optimization
and operation.

ETSI



58 ETSI GR RIS 004 V1.1.1 (2025-03)

Static RTS
() StcRlS = Passive surlace e}
» Variation in
surface geometry RADAR
10 achievo RECEIVED AND _ CONTROLLER
reconfigurability o, SENSING OAM CONSTRUC 1 S_A D
5 T, SGN - IMAGLE OF THE
+ Reflection towards Hatea SIGNALS ENVIRONMENT
only one or iwo TRANSMITTED s n'.*.“ o ot ¥
anomalous OAN;SEF.\.\»?TNG e - o o
/
directions LU X
LR k)
BN L
- »
(b) Electronically steerable RIS z IN(‘IDHNT,. "i o
« Tuning clements LINEA R‘L\ “ w™ RIS CONTROLLER
such as  varactor C(JMPI\(jIE:[]{(]_?\E'l'[])O\'S y AN w ' [ CONTROL SIGNALS ADJUSTS THE
SR diodes  control  the 51(:_'.\A‘L ks - . FOR FH’\&E PHASE RESPONSE
e s i - RECONFIGURATIO BASED ON THE UE
EES-‘:- surfacc  impedance NOF TOSITION
;gg; Lo creale anomolous RIS
SRESSH Btk : REFLECTED
SERESY « Reflection / refraction P LINEARLY
SRR dircetion is =" POLARISED
SSSREY ' COMMUNICATIONS
==a§§ programmable SIGNAL
+A small number ®
of RF  chains
inteprated at thae
comers ol the TRANSMITTER/REFRACTED
x
RIS to perlorm REFLECTED WAVE Jerdx
radar detection d
= Simultaneous ‘
sensing and s he, //// o
communication AN D 3 // o
is achicved 3 Tha
+ Capable to PROCESSING
receive Lhe LAYERS
impinging signal PERFORM
and further VARTOUS WDC
per['arr.n : OPERATIONS
computational
operalion such as AYER
Lourier transform
or DoA INCIDENT
estimation | WAVE
N .

Figure 7.4-1 (a to d): Evolution of RIS from static to Wave Domain Computing (WDC)-RIS.

e) ISAC-RIS transmits and receives Orbital Angular Momentum (OAM) signals through the RF
processing chains, allowing for the reconstruction of an image from the waves scattered by the
environment without interference with the communication channel.

f) WDC-RIS samples a portion of the communication signal and routes it through meticulously
engineered composites embedded in its STAR layer, enabling the execution of advanced
mathematical operations directly on the wave in the analogue domain

The above highlights amgjor leap in computational efficiency and speed for the next generation of networks, firmly
establishing RIS as a crucial enabler in the deployment of forthcoming high-frequency and high-speed communication
systems. Asthis technology develops, it promises to revolutionize how datais processed and managed across vast
communication networks, ensuring faster and more efficient data handling that could lead to more advanced
applications and services.

8 Conclusion and Recommendations

The present document summarizes ETSI ISG RIS views on implementation and practical considerations concerning
RIS, including RIS unit cell design, switching methods, RIS types, RIS controller, cost, field trials, and the
measurement methods. The contents can serve as a reference point for relevant specifications and standards to study and
model RIS-integrated systems.
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