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Abstract 

This deliverable provides the results of the RISE-6G proposals on architectures, control, signal-
ling, and data flow related to work package 5 “RIS for Enhanced Localisation and Sensing”, as 
well as initial performance evaluations of these proposals.  
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1 Introduction 
The RISE-6G project is one of the 5G-PPP projects under the European Commission’s Horizon 2020 
framework. The focus of the project is to design, prototype, and trial radical technological advances based 
on reconfigurable intelligent surfaces (RISs) to forge a new generation of dynamically programmable 
wireless propagation environments. RISs will both enable and boost connectivity, localisation, and sens-
ing performance, as well as adapt to dynamic requirements on electromagnetic field emissions, energy 
efficiency, and secrecy. 
Within RISE-6G, work package 5 (WP5) considers exploiting RIS for improved localisation, sensing and 
mapping performances. The aim of WP5 is two-fold: (i) to develop localisation-oriented network archi-
tecture for RIS deployment and profile control to optimise the aforementioned features’ key performance 
indicators (KPIs); (ii) to develop and evaluate detection and estimation algorithms that enable RIS-based 
localisation and sensing, for localisation devices, building dynamic environments and radio maps as well 
as passive sensing. 

1.1 Deliverable objectives  

This document provides the intermediate results related to the first aim and covers different KPIs, archi-
tectural alternatives, RIS control strategies, as well as data flow and signalling, derived from the various 
contributions within WP5. These results serve as input for the work in WP2 on architectures, deployment 
strategies, and RIS control.  
 
As RISE-6G Project targets very different objectives in WP4, WP5, WP6, the following two-step ap-
proaches has been chosen, to derive architecture and control signalling requirements: 

 During step 1: each WP derives its initial views on requirements on architecture and signalling, 
based on the WP very specific objectives and the WP’s list of technical contributions and inno-
vations; the results of these independent works are reported in D4.1, D5.1 and D6.1, separately. 

 During step 2: WP2 uses D4.1, D5.1 and D6.1 as inputs to build a common framework for archi-
tecture and control signalling that will be described in D2.5. 

Consequently, concepts and vocabulary regarding architecture and control signalling may differ in D4.1, 
D5.1 and D6.1. The name “RIS controller” for instance, may have a slightly different meaning in two 
different deliverables. However, it will be clearly defined inside each deliverable. Common concepts and 
vocabulary which will be defined in D2.5, to be used afterwards during the project. 

1.2 Deliverable structure 

The rest of the document has the following structure. Section 2 reviews the basics of localisation and 
sensing, contrasting conventional approaches without RIS and envisions approaches with RIS. The sec-
tion also motivates the need for suitable architectures and control. The relevant KPIs are described in 
Section 3, along with methods for evaluating them. Section 4 details six architectural alternatives pro-
posed in RISE-6, starting from a baseline architecture with a single RIS, a BS, and a single UE. In parallel, 
Section 5 details six RIS control approaches, which determine the RIS configurations needed for support-
ing localisation and sensing. As will be apparent, both the architectures and control approaches can take 
on a variety of forms and are in general different from those needed to support communication. To further 
emphasise this point, Section 6 describes the signal flow and timeline for each of the architectural and 
control alternatives. Finally, Section 7 concludes the deliverable with recommendations for the overall 
RISE-6G architecture.  

2 Localisation and sensing 
The purpose of this section is to provide a brief overview of the principles of radio localisation and sensing, 
with an emphasis of cellular approaches. Then the general use of RISs in the context of localisation and 
sensing will be detailed, followed by a discussion on the corresponding need for architectures and control 
methods. It should be noted that localisation relies on sensing to provide measurements of angles and 
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delays. Hence, while the focus of this deliverable is mainly on localisation, it also inherently extends to 
sensing.  

2.1 Foundations of localisation  

In the context of radio systems, localisation (synonym: positioning) is the process of determining the 2D 
or 3D location of a connected device (a user equipment (UE)), based on uplink (UL) or downlink (DL) 
measurements with respect to several base stations (BSs) [PRL+18]. The measurements are performed 
based on the reception of dedicated pilot signals and can be of the forms described in Table 2-1. Observe 
that a combination of angle and delay measurements can be used for UE localisation and that different 
measurement combinations put different requirements on both the number of BSs as well as on their 
mutual synchronisation. For this latter reason, pure ToA measurements with a UE synchronized to a BS 
is impractical in real scenarios, since even small synchronisation errors lead to large localisation errors 
(e.g., 10 ns clock error corresponds to 3 meters error). Examples of two different measurement for local-
isation are shown in Figure 2-1. 

Table 2-1. Localisation measurements and requirements for 3D positioning. 

Measurement UL or DL Number of 
BSs needed 

Comment 

Time-of-arrival (ToA) of the first 
path 

Either 3 BSs should be synchronized with the 
UE 

Time-difference-of-arrival 
(TDoA), derived from several 
ToA measurements 

Either 4 BSs should be mutually synchro-
nized 

Round-trip-time (RTT), derived 
from several ToA measurements 

Both 3 No synchronisation needed 

Angle-of-arrival (AoA) at the BS UL 2 Requires planar arrays at each BS 
Angle-of-departure (AoD) from 
the BS 

DL 2 Requires planar arrays at each BS 

TDoA+UL-AoA UL 2 BSs should be mutually synchro-
nized 

RTT+ UL-AoA Both 1 No synchronisation needed 

 

Figure 2-1. Example of RTT-based localisation (left), constraining the UE on the intersection of circles (2D) 
or spheres (3D); and localisation based on DL-AoD measurements (right), constraining the user within a 

sector of each BS. 

The pilots used for localisation are tailored in time, frequency, and space. In time-frequency, so-called 
comb signals are used, which occupy the entire signal bandwidth while allowing orthogonality across 
BSs [3gpp10]. In space, the time-frequency signals are repeated for different directional beams at the BS, 
while providing angle measurements (AoA in UL or AoD in DL). The quality of the ToA and AoA/AoD 
measurements depends on several factors [WLW+18]: 
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 Bandwidth: the amount of available bandwidth is directly related to delay resolution and thus to 
multipath suppression (in particular, two paths can be resolved if their delay difference is at least 
1 over the bandwidth). If strong signal paths are present, say, 10 meters after the direct path, then 
a bandwidth of around 30 MHz is needed to resolve this secondary path. For that reason, a large 
bandwidth is important for accurate localisation in cluttered environments.  

 Transmission power: the accuracy of delay and angle measurements depends on the received 
signal-to-noise ratio (SNR), which is itself proportional to the transmission power. Hence, higher 
transmit powers lead to more accurate localisation, provided multipath can be resolved. Since 
localisation depends on pilot signals, an increase in SNR can also be achieved through longer 
transmission times.  

 Number of antennas: similar to bandwidth being related to delay resolution, so is the number 
of antennas proportional to angle resolution (the relation for a linear array is that two paths with 
angle difference (in radians) beyond 2/(number of antennas) can be resolved). Hence, a larger 
array of half-wavelength spaced elements leads to improved angular resolution.  

 Signal processing and hardware limitation: depending on the computational capacity and 
knowledge regarding the utilised beams, the delay and angle estimation performance can be im-
proved. Moreover, hardware and calibration errors (e.g., synchronisation errors) significantly af-
fect localisation performance, leading to a significant gap between theory and practice.  

In terms of architecture and signalling in 5G [DSM+21], the location management function (LMF) is 
central, as it configures the UE using the long-term evolution (LTE) positioning protocol and coordinated 
with the BS. Hence, positioning involves additional control overhead, via the access and mobility man-
agement function (AMF), between the LMF, BSs, and UE, as shown in Figure 2-2.  

 

Figure 2-2. Schematic of 5G positioning architecture, based on [DSM+21], supporting both UL and DL 
measurements. 

2.2 Foundations of sensing 

Sensing in general involves the detection and estimation of changes or events in the environment, includ-
ing for use in positioning. In radio systems, sensing is often limited to radar-like sensing, i.e., detection 
and tracking of passive objects. In contrast to localisation, 3GPP has until now not offered any support 
for radar-like sensing. Such sensing is conventionally broken down as [WSD+21]: 

 Monostatic sensing: a transmitter (Tx) and receiver (Rx) are co-located and share a common 
clock. The Tx emits a waveform, known to the Rx. The Rx processes the backscattered waveform 
to detect the presence of targets (static or dynamic object), as well as their distance, bearing, and 
velocity. Such type of radar sensing is commonly employed in automotive radar, and requires 
dedicated waveforms, shaped in time and frequency (e.g., frequency modulated continuous wave 
(FMCW) [LLH+16] [SFS+18]) with orthogonality across transmit antennas, to provide a large 
virtual aperture. FMCW-type waveforms have a constant envelope, making them hardware-
friendly. In the context of communication systems, standard data-bearing signals can be used 
(e.g., orthogonal frequency division multiplexing (OFDM)) [CKA+20]. Monostatic sensing re-
quires a full-duplex receiver.  

LMF

AMF

BS

BS

BS

UE
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 Bistatic sensing: now, Tx and Rx need not be co-located and don’t share a common clock. Pilot 
signals are emitted by the Tx and the backscattered signal is processed by the Rx. The lack of 
synchronisation requires a clock reference, which can be offered by the direct path between Tx 
and Rx.  

 Multistatic sensing: this is a generalisation of bistatic sensing with several Rx. The information 
for the different Rx must be fused to provide an overall picture of the detected objects. The larger 
number of Rx allows for higher resolution, due to the increased aperture, provided the Rx are 
synchronized.  

The discussion related to delay and angle resolution, as well as signal processing and hardware limitations 
from Section 2.1 is still relevant. In terms of power, it is important to note that sensing is subject to more 
severe path loss than localisation, as the signal scatters from objects before reaching the Rx.  

2.3 RIS in localisation and sensing 

RISs have the potential to improve localisation and sensing performance, when added to conventional 
deployments [WHD+20]. This is referred to as ‘boosting’. In addition, RIS also have the potential to 
provide location estimates to UEs when conventional deployments fail. This is referred to as ‘enabling’.  

 

Figure 2-3. Examples of use of RIS in localisation: a new signal path via a RIS and a new reference by the 
RIS (left); large RIS provides wavefront curvature for localisation measurements (middle); a RIS provides 

a signal path to avoid signal blockage in monostatic sensing. 

In wireless systems, RISs can boost or enable user localisation by providing the following (see Figure 
2-3): 

1. New signal path: The reflected signal from the RIS provides the Rx with an additional signal 
path whose parameters can be estimated and used for localisation. Compared to other multipath 
generated by the scatterers, the path from the RIS is stronger due to multitude of RIS elements 
and beamforming gain.   

2. New location references: RISs, when used as a part of wireless infrastructure, have a fixed lo-
cation and orientation. Therefore, they provide a location reference that can be used to estimate 
the unknown location of the user. This separates RISs from scatterers in the environment as the 
locations of the scatterers are often unknown.  

3. Near-field measurements: Since the dimensions of RISs are much larger than the conventional 
planar arrays used in MIMO systems, and they can be installed close to the user site, it is probable 
that the user falls within the near-field of the RIS [DNA+21]. In the near-field, one can also use 
the phase of the received signal to estimate the location of the user. 

Table 2-2 presents some of the scenarios where the user localisation in 3D is possible for wireless systems 
equipped with RISs. Here only single-antenna BSs is considered. 

Table 2-2 RIS Localisation measurements and requirements for 3D positioning. 

Measurement UL or DL # BSs  #RISs 
ToA + AoD Both 0 1 
TDoA + AoD Either 1 1 
AoD Either 1 2 

blockage
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2.4 Need for architectures and control 

RIS is a new network element and its integration into the network infrastructure requires a structured 
approach that defines both the roles of the RIS as well as the protocols between the RIS and the rest of 
the system [DZD+20]. The RIS phase configuration controls the physical observation that positioning is 
based on, and thereby any positioning strategy either requires the explicit control of the RIS configuration 
or must operate with the knowledge of the RIS configuration in use. The architecture must consider that 
the RIS is envisioned as a multi-purpose element, used for communication, sensing, and positioning. The 
required architecture is envisioned to include the following components: 

 RIS: is the reflect-array or meta-material device that is directly controlled by an associated RISC. 
Expected time granularity between 100 microseconds and 10 ms. Advanced configuration may 
place the RIS (logically) connected to CU/DU of 3GPP RAN architecture. Interfaces and refer-
ence points are to be further clarified in future deliverables. 

 RIS controller (RISC): the controller associated to a single RIS device. The controller can be 
part of the RAN element or directly interact with a RAN element (gNb or eNb in 3GPP jargon). 
In addition, it may directly interact with O-RAN near-RT RIC. Expected time granularity: 10-50 
ms. 

 RIS orchestrator (RISO): the orchestrator is placed on a higher (hierarchical) layer and orches-
trate multiple RIS-Cs and/or RAN elements. It can directly interact with 3GPP AMF, ETSI MEC 
orchestrator or ETSI NFV orchestrator. Time granularity is expected between 100 ms – a few 
seconds. 

3 Key performance indicators, methods, and evaluation 

3.1 Localisation and sensing performance metrics 

In this subsection, recall the generic metrics and indicators initially introduced in Deliverable 2.4 
[RISE6GD2.4] to assess the performance of RIS-based localisation and sensing. As already suggested 
above, the sensing functionality shall be intended here as the localisation of passive entities (i.e., non-
connected objects or non-cooperative devices), in contrast to the active localisation of connected devices, 
which is simply depicted as localisation. Accordingly, all the localisation-oriented metrics detailed below 
would still hold for the evaluation of sensing performances. Additional metrics can be found in the liter-
ature, e.g., [ZGL19]. 

3.1.1 Localisation accuracy  

Accuracy is fundamentally determined by the statistics of the 3D localisation error 𝐞 = 𝐱 − 𝐱ො, which 
represents the deviation of an estimate 𝐱ො from a Ground-Truth location 𝐱. This error is usually seen as a 
random variable comprising both horizontal (XY) and vertical (Z) error components. Accuracy is argua-
bly the most relevant and definitive metric to characterize any localisation method, as it intrinsically 
accounts for several -and likely combined- factors, such as received signal-to-noise-ratio (SNR), resolu-
tion capabilities (i.e., the separability of correlated received radio signals) and state identifiability (i.e., 
the existence of a continuous or discrete set of possible solutions, depending on both connectivity condi-
tions and network deployment geometry). Relevant statistics characterizing the 3D or 2D localisation 
errors include e.g., 

 Mean Square Error (MSE): 𝔼[𝐞்𝐞]; 

 Root MSE (RMSE): ඥ𝔼[𝐞்𝐞] ; 

 Accuracy (with confidence level 𝛂 ): 𝑒: 𝑝(‖𝐞‖ < 𝑒) = α; 

 Horizontal accuracy (with confidence level 𝛂 ):  𝑒: 𝑝(‖𝐞ଵ:ଶ‖ < 𝑒) = α; 

 Vertical accuracy (with confidence level 𝛂 ): 𝑒: 𝑝(|𝑒ଷ| < 𝑒) = α. 
The evaluation of accuracy levels typically relies on the cumulative distribution function (CDF) of the 
localisation estimation error, which can reflect more accurately effects such as heavy-tailed/asymmetric 
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localisation error distributions, beyond more “compact” indicators such as MSE. Alternative metrics such 
as the circular error probability (CEP) or the hit target radius (HTR) can also be considered. CEP is 
defined as the probability for a location estimate to fall into a circle (resp. sphere) of radius R centred 
around the ground-truth location in 2D (resp. 3D). HTR corresponds to CEP equal to 50%. 

3.1.2 Localisation-related delays 

As localisation is often time-sensitive and sometimes safety-critical, there are also specific localisation-
related delay metrics that impact the reactivity of the localisation system, as well as its capability to cope 
with mobility (typically from a tracking standpoint in the steady state regime), namely. 

 First time to fix (seconds): time until the system provides the first location estimate. 

 Localisation latency (seconds): time between a positioning request and the position being avail-
able. 

 Update rate (Hz): frequency of successive position estimates. 

3.1.3 Localisation integrity 

In certain critical applications, the localisation error cannot exceed certain safe thresholds and the locali-
sation service must be available without interruption. Relevant metrics in this regard are: 

 Reliability: measured by mean-time between failures (MTBF) or duration of the time the service 
is available. 

 Availability: fraction of the time the service is available. 

High reliability means high availability, but not the other way around. Hence, a system that is down (i) 
every other minute for 1 minute or (ii) every other hour for 1 hour has the same availability, but very 
different reliability. 

Table 3-1 Main performance metrics. 

Metric Unit Example Comments 
Location accu-
racy 

Meter 1 meter accuracy 
with 95% confi-
dence 

Accounts for both biases and variance (preci-
sion and accuracy).  

Latency Seconds 10 ms Includes control and signalling overhead, sig-
nal transmission time, and signal processing.  

Update rate Hertz  1 Hz Bounded by the latency. 
Reliability Seconds A MTBF of 50 

hours means that 
the system on aver-
age works for 50 
hours until a failure 
occurs 

Depends mainly on uptime of base stations 
and user devices.  

Availability % or frac-
tion of time 

99.99% or 23.9976 
hours in 24 hours. 

Depends also on deployments, and uncon-
trolled factors (e.g., environment). 

3.2 Methods and evaluation 

Based on the previous metrics and indicators, the chosen methodology to practically assess the perfor-
mance of the proposed RIS control mechanisms and/or RIS-enabled system architecture in the RISE-6G 
project is based on both numerical simulations (incl. theoretical performance bounds evaluations) and 
real experimental data (i.e., either by emulating the system offline, or through real-time demonstrations). 
Although both aspects are developed in this subsection for the sake of completeness, the focus of this 
deliverable is put on the former simulation-based evaluations. 
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3.2.1 Theoretical bounds 

First, theoretical performance bounds are used to provide strong guarantees on both the optimality and 
the reliability of the proposed RIS-enabled localisation solutions. Typically, the position error bound 
(PEB) is a theoretical tool accounting for the best localisation accuracy achievable by any unbiased esti-
mator, assuming a priori statistics for the measured radio signals (or for radio metrics estimated out of 
received signals) used as observations, as well as the knowledge of user’s and BSs’ locations. The PEB 
is defined from the Fisher information matrix 𝐉, which represents a theoretical lower bound on the error 
covariance, as follows: 

𝐉ି𝟏(𝐱) ≼ 𝔼[(𝐱 − 𝐱ො)(𝐱 − 𝐱ො)𝐓]. 

The PEB (expressed in meters) at a location 𝐱 is then calculated as  

 
𝐏𝐄𝐁(𝐱) = ට𝐭𝐫𝐚𝐜𝐞൫𝐉ି𝟏(𝐱)൯ ≤ ඥ𝔼[‖𝐱 − 𝐱ො‖𝟐].  

Given any concrete scenario under test (i.e., simulated, or experimental), the PEB can hence be numeri-
cally evaluated as a function of key system parameters (e.g., SNR per radio link, operating frequency, 
bandwidth, etc.) and the true locations of all the physical entities involved in the localisation problem 
(incl. that of the user or objects to be positioned).  

Note that there exists a variety of bounds to the achievable accuracy apart from the well-known Cramer-
Rao bound described above, such as the Weiss-Weinstein bound or the Ziv-Zakaï bound, which are typ-
ically more suitable at low SNR regimes.  

Finally, to assess uniquely the effect of network deployment geometry (i.e., user’s relative position with 
respect to BSs) regardless of SNR conditions, one can evaluate the geometric dilution of precision 
(GDoP) in 2D or 3D, which is somehow already integrated by default in the PEB calculation.  

3.2.2 Simulations  

In simulation-based evaluations, the evaluation of accuracy levels practically relies on the empirical CDF 
of the localisation estimation error, which is obtained over multiple simulation trials while introducing 
randomness between these successive trials (e.g., in terms of noise realisations and/or tested positions, 
etc.), depending on the considered scenario. This empirical CDF is used in practice to characterize char-
acteristic error values. Such critical values include for instance the median error at 50% of the CDF, or 
so-called “worst case” localisation error at arbitrary high CDF values, typically 90% or 99%, i.e., the 
critical error value such that 90% or 99% of the localisation errors (over all simulation trials) have a 
smaller magnitude.  
Ideally, the tested localisation methods themselves are also expected to provide a localisation error indi-
cator (e.g., a 90% confidence ellipsoid). The size of this ellipsoid is then interpreted as a reliable measure 
of the accuracy, as perceived internally by the algorithm (and given that no overconfidence issue has been 
spotted within the estimation process).  
A priori, localisation-related delays are not trivial to assess in absolute values through simulations, given 
the typically high levels of system abstraction of signal-oriented simulation tools. However, impacting 
aspects such as overhead or frame durations can at least be covered in more protocol-oriented simulations.  

3.2.3 Experiments 

Evaluations based on experimental data are typically split in two categories depending on the available 
hardware, namely offline system emulations (based on e.g., pieces of metrology equipment such as chan-
nel sounders) and quasi real-time trials (based on e.g., integrated devices, as close as possible to com-
mercial devices). In both categories, the measurement of the localisation accuracy requires a side ground-
truth referencing system, whose uncertainty should be at least several orders of magnitude below that 
of the system under test. This ground-truth system is particularly challenging in dynamic indoor scenar-
ios, so that simplified approaches are often applied (typically, projecting time-stamped localisation esti-
mates onto piece-wise segments of the followed path), at the price of approximations. In static scenarios 
(i.e., freezing a deployment configuration and for a given position under test), just like in simulation-
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based evaluations, the accuracy levels can be simply assessed with the empirical CDF of the localisation 
estimation error, which is obtained over a sequence of successive measurements. 
As for localisation-related delays, they can be measured at the mobile UE or network side, depending on 
(i) where the location computation takes place, (ii) which system entity requests the location information 
and (iii) where the latter information must be ultimately issued. The localisation application itself should 
also provide timestamps of when the measurements were taken, when the location was computed, and 
when the location was provided to the application.  
As the localisation application is supposed to provide an evaluation of the localisation uncertainty (e.g., 
90% confidence ellipses or covariances), integrity monitoring (incl. fault detection and exclusion) can be 
performed externally to the localisation application itself. Practically, one can simply measure how often 
the actual localisation error exceeds the uncertainty values indicated by the localisation error covariances 
(i.e., timewise or per attempt), that is, the fraction of instances when the actual error is outside the confi-
dence levels provided by the application’s uncertainty estimates. 

4 Architectures 
The architecture envisioned includes two components that are involved in configuring and using the RIS 
as a system component, a RIS orchestrator and a RIS controller. Here, the focus is on the latter, as it is 
the RIS controller that executes the instantaneous control actions on the RIS hardware. 
In the architecture considerations that follow, the main emphasis is on functionality, information flow, 
and signalling needs. The outlined architectures are expected to be directly applicable in a single operator 
case but needing further evaluation in a multi-operator case. 
Eventually, the envisioned architecture(s) also need to be evaluated for compatibility with the 3GPP 
framework. 

4.1 Localisation perspective  

The localisation architecture should support collection of measurements at the BTS and/or UE, RIS con-
figuration during the measurements, as well as synchronisation of these with the transmission of pilots 
by the BTS or UE. Localisation algorithms typically will require knowledge of (or also control over) the 
RIS configurations utilised during the measurement, as well as the measurements. Therefore, the locali-
sation algorithms can be envisioned performed in either the RIS controller or the measurement point, 
whereas other choices for computation execution require both the RIS configuration and measurements 
as inputs. The outlined architectures in Figure 4-1 implement the requirements listed above, with a rela-
tively simple co-operation between the RIS controller and the AMF in all the cases where the RIS is not 
operate autonomously. 

4.2 Sensing perspective  

A sensing architecture has one main requirement: it must support collection of measurements in a RIS 
based system. This may be, as in the current contributions, directly from the RIS, either in sampled or 
sampled and pre-processed baseband format. If observations at the BTS will be relevant for sensing, they 
should be supported by the architecture. 
In all sensing approaches, the data flow is one way, from UE to the network side. The network side 
collects the information with the endpoint being at the RIS or RIS controller. The necessary signalling 
includes only the RIS configuration and related timing control. Again, the outlined architectures in Figure 
4-1 implement the requirements listed above, with a relatively simple co-operation between the RIS con-
troller and the AMF.  
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Figure 4-1 Overview of the RISE-6G localisation and sensing architectures.  

4.3 Contributions from RISE-6G 

Below, in Table 4-1, the architectural aspects of all RISE-6G localisation and sensing contributions are 
listed.  

Table 4-1 Overview of the considered architectures for localisation and sensing. 

Architecture Con. A-0: RIS-Enabled 
UE Localisation with Ac-
cess Points 

Con. A-1: 
RIS-Enabled 
Localisation 
without Ac-
cess Points 

Con. A-2: 
RIS-Enabled 
Localisation 
without De-
lay-Based 
Measure-
ments 

Con. A-3: 
Receiving 
RIS to De-
tect Passive 
Users 

Con. A-4: 
Sensing-
RIS-Enabled 
UE Localisa-
tion Without 
Any Access 
Points 

Con. A-5: 
Mobile RIS 
localisation 

Nr BS 1 0 1 1 0 At least 3 
Nr RIS 1 1 for RTT and 

AOD, 3-4 for 
RTT only 

2  1 3 1 

Nr UEs 1 1 1 Multiple 1 N/A 
UE Mobility Static Static Static Static Static Mobile 
RIS Type Passive Passive  Passive  Receiving Receiving or 

hybrid 
Reflecting 

Localisation func-
tionality placement 

At UE or at BS At UE At UE At RIS At RIS con-
troller 

At BS 

Nr Operators 1 1 1 1 1 1 
Setup       
Indoor/out-
door/UAV 

Indoor (short range) Indoor (short 
range) 

Indoor (short 
range) 

Indoor Indoor Outdoor 

2D/3D 3D 3D 3D 3D 3D 3D 
Frequency Band mmWave mmWave, sub-

THz 
Any Sub-6 GHz Any Any 

Near field/far field Nearfield under LOS block-
age. 

Far-field Far-field Near-field Far-field Far-field 

LOS/NLOS/Both LOS and NLOS LOS and 
NLOS 

LOS LOS and 
NLOS 

LOS and 
NLOS 

LOS and 
NLOS 

Imperfections or 
other hardware con-
siderations 

None Full-duplex 
UE needed 

None None None None 

Data flow and sig-
nalling 

      

Uplink/Downlink UL or DL UL DL UL UL DL 
Measurement type Angle and delay in far-field. 

Position in near-field 
RTT and AOD AOD RSS at RIS AOD at RIS Delay 

RIS configuration 
strategy 

Arbitrary or location-based, 
several profiles needed 

Arbitrary or lo-
cation-based, 
several profiles 
needed 

Arbitrary or 
location-
based, sev-
eral profiles 
needed 

Arbitrary 
phase, quan-
tized phase, 
finite code-
book 

Arbitrary, 
several pro-
files needed 

Random 

LMF

AMF

BS

BS

RIS

UE

RISC

RISO

Architecture for Contributions A0, A2

LMF

AMF

BS

BS

RISC

Architecture for Contribution A5

LMF

AMFRIS

UE

RISC

RISO

Architecture for Contributions A1

LMF

AMF

BS

BS

HRIS RISC

RISO

Architecture for Contribution A3

LMF

AMFHRIS

HRIS

UE

RISC

RISO

Architecture for Contributions A4

RISC

RIS

BS

RISO

RIS RISC

RISCRIS

RIS RISC
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Who collects meas-
urements 

UE or BS UE UE RIS RIS BSs 

Synchronisation us-level us-level us-level Phase  us-level Us-level 
Narrowband/wide-
band 

Wideband. In near-field nar-
rowband is sufficient. 

Multi-carrier Single-carrier narrowband narrowband Wideband 

4.3.1 Contribution #A-0: RIS-Enabled UE Localisation with Access Points 

4.3.1.1 Motivation and context 

The most canonical way of including RIS in localisation is to consider a standard localisation scenario 
with one or more users and one or more BSs, with additional RIS. Communication can be in uplink or 
downlink. The RIS can then boost localisation performance or enable localisation when then infrastruc-
ture is not sufficient. In the former case, one can consider 4 BSs using TDOA measurements, enhanced 
by 1 RIS, providing an additional measurement, provided the RIS location is known. In the latter case, 
consider the case with a single-antenna BS and a single antenna UE, which is insufficient for localisation. 
In that case, a RIS provides additional delay and AOD measurements to make the localisation possible, 
as shown in Figure 4-2 [KKS+21b]. 

 

Figure 4-2: User localisation in a SISO system with one RIS. 

4.3.1.2 Methodology 

Localisation is performed as follows. Only the downlink scenario is considered, while the uplink scenario 
is similar:  

1. The procedure is initiated by the LMF and coordinated by the AMF and RISO. 

2. The BS transmits wideband pilots. 

3. The RIS reflects these pilots, modulated by individual RIS configurations, generated by the RISC. 

4. The UE receives the signal path from the BS, superimposed with the signal path from the RIS. 

5. The UE separates the signal path from the RIS, considering zero-mean time-variant encoding at 
the RIS. 

6. The UE estimates the relevant angles and delay from each path and computes its position. 

4.3.1.3 Results and outcomes 

Localisation is possible in the minimal scenario from Figure 4-2 [KKS+21b]. Localisation can also be 
possible when the LOS path between BS and UE is blocked, provided the UE is in near-field to the RIS 
[RDK+21].  

4.3.1.4 Perspective and relation to other WP5 contributions  

This is the canonical localisation setup with a single RIS. 

4.3.2 Contribution #A-1: RIS-Enabled Localisation without Access Points 

4.3.2.1 Motivation and context 

This section introduces a novel structure for user localisation with the help of one RIS and without any 
access points, presented in [KSA+22].  The architecture consists of one UE and one RIS as shown in 
Figure 4-3. The UE transmits a wideband signal which is reflected from the RIS. The user then estimates 
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its location, similarly as in radar systems, by processing the signal that is reflected from the RIS.  Systems 
with joint radar and RIS localisation have been studied previously [BGL+21,LDF+21], however, here 
use only the signal path from RIS is used to estimate the location. The estimation algorithm is based on 
a round-trip time (RTT) delay measurements and log-likelihood optimisation. Such architecture can be 
used in places with no access to any BS such as tunnels and indoor environments.  

 

Figure 4-3 System setup for localisation without any access points using RTT and AOD measurements. 

4.3.2.2 Methodology 

The localisation is performed as follows: 
1. First the UE transmits a WB signal to the RIS. 

2. Then after modulating the signal phase, the RIS reflects the transmitted signal back to the user, 
controlled by the RISC.  

3. The user receives the signal from the RIS and from the reflectors and scatterers in the environ-
ment. 

4. The user performs a post processing step to remove the effects of the uncontrolled multipath from 
the received signal. 

5. Finally, the UE estimates the RTT delay as well as the AOD from the RIS and its own location 
by optimizing the log-likelihood function. 

The RIS can act as a UE, in which case the RISC and UE communicate directly. Alternatively, the LMF, 
AMF, and RISO can be involved.  

4.3.2.3 Results and outcomes 

The outcomes of this work are: Introducing a minimal scenario for localisation with only one RIS and no 
BSs; Developing an estimator with low complexity and developing the CRB lower bounds on the esti-
mation error; Calculating the estimation error and comparing them to the CRB lower bounds. In Figure 
4-4, a performance example is shown, indicating that user localisation is indeed possible with high accu-
racy without any BS. However, due to the large RIS size, wideband beam squint effects may be harmful, 
when not properly mitigated.  
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Figure 4-4 Example of RIS-enabled localisation without a BS [KSA+22]. 

4.3.2.4 Perspective and relation to other WP5 contributions  

This section introduces a new RIS-enabled localisation scenario, which can manifest in cases with no 
nearby access points. In future work, one can consider extensions of this work such as considering RIS 
impairments, or the user movement effects. 

4.3.3 Contribution #A-2: RIS-Enabled Localisation without Delay-Based Measurements 

4.3.3.1 Motivation and context 

This section looks at a novel scenario, where the user can be localised via two RISs and without any delay 
measurements. This scenario comprises one BS, two RISs and one or multiple UEs as shown in Figure 
4-5. Unlike other RIS-enabled localisation systems such as [KKD+21][KKS+21], here the BS transmits 
narrow band signals and therefore no delay measurements are possible at the UE. Each UE receives the 
signal reflected from the two RISs, while the direct channel can be blocked or not. The user location can 
be estimated from the two angels of departure from the two RISs. This architecture is especially interest-
ing because it eliminates the need for delay measurements and subsequently the need for synchronisation 
between the infrastructures.  

 

Figure 4-5: Localisation with two AODs without delay measurements 

4.3.3.2 Methodology 

The localisation is performed as follows: 
1. The procedure is initiated by the LMF and coordinated by the AMF and RISO. 

2. First the BS transmits a narrow band signal towards the RISs.  

3. The RIS reflects the signal, in a manner controlled by the RISC. 

4. Next the UE receives the reflected signal from the RISs. 

Performance close to the bound is 
possible with random RIS 
configurations

Optimized directional profiles 
suffer from wideband (beam 
squint effects). 

AOD2AOD1
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5. Then the localisation is performed at the UE by estimating the two AODs and calculating their 
intersection. 

4.3.3.3 Results and outcomes 

A novel architecture is introduced that enables localisation without the need for delay measurements.  

4.3.3.4 Perspective and relation to other WP5 contributions  

This architecture is used to perform time resource allocation in a joint localisation and communication 
system. 

4.3.4 Contribution #A-3: Receiving RIS to Detect Passive Users  

4.3.4.1 Motivation and Context 

The motivation is to use the RIS for environment charting and mapping, and to further detect anomalies 
and changes in the environment to support active and passive user detection for the purpose of commu-
nication, secrecy, and EMF control. 

 

Figure 4-6 Passive user detection 

4.3.4.2 Methodology 

This method uses a receiving RIS for propagation environment change detection. The method is particu-
larly interesting for the detection of users that do not carry terminals. A brief algorithm description is as 
follows (see also Figure 4-7): 

 The procedure is initiated by the LMF and coordinated by the AMF and RISO. 

 A ceiling deployed receiving RIS performs radio sensing (controlled by the RISC) of the trans-
missions from multiple UES in the near field (spherical wave regime). 

 The RIS creates a radio map of the environment as the average field strength over time. 

 Change detection between the instantaneous measurement and this map is used to detect new 
objects in the environment.  

 

Figure 4-7. Overview of the methodology for passive user localisation. 
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4.3.4.3 Results and Outcome: 

The results indicate passive user detection is feasible using sensing and change detection. 

4.3.4.4 Perspective and relations to other WPs 

This work supports WP4 activities for access, as well as WP6 for EMF aware beamforming. 

4.3.5 Contribution #A-4 Sensing-RIS-Enabled UE Localisation Without Any Access Points 

 

Figure 4-8. System model of multiple-sensing-RIS localisation without any access points.  

4.3.5.1 Motivation and context 

This section introduces a novel localisation sensing-RIS-enabled localisation scenario, without any access 
points [AVW22]. The architecture consists of one static UE, multiple receiving RISs each equipped with 
a single Receive (RX) Radio-Frequency (RF) chains attached to all the RIS elements, and one central 
controller as depicted in Figure 4-8. In an indoor 3D environment with multipath, operating in the 
mmWave frequencies under the far-field assumption, the localisation AoA estimations for each RIS are 
being performed and combined at the central controller for the UE to be localized. 

4.3.5.2 Methodology 

The localisation is performed as follows: 

1. The procedure is initiated by the LMF and coordinated by the AMF and RISO. 

2. The UE transmits a NB signal. 
3. Each RIS receives the impinging signal from the UE with a predefined RIS element configuration 

(determined by the RISC) and stores it at the central controller. 
4. Step 2. is repeated each time with a different RIS element configuration (determined by the RISC) 

until a predefined number of signal measurements are gathered at the central controller, for each 
RIS. 

5. The central controller performs an AoA estimation for each RIS. 
6. The central controller fuses the AoA estimations to localise the UE. 

4.3.5.3 Results and outcomes 

The outcomes of this work are:  
 Introducing a localisation scenario with multiple sensing RISs and no BSs. 
 Calculating the estimation error for different number of RISs, RISs’ placements, and RIS config-

urations. 
 Deriving the CRB for the positioning and comparing with the position estimation error. 
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4.3.5.4 Perspective and relation to other WP5 contributions  

This section introduced a new sensing-RIS-enabled localisation scenario, which can work in cases with 
no nearby access points, or act in parallel and supporting transmissions or channel estimation. 

4.3.6 Contribution #A-5: Mobile RIS Localisation  

4.3.6.1 Motivation and context 

This section aims at estimating the 3D location of a user that is equipped with a RIS [KKD+21]. Besides 
the user, the setup includes one single-antenna BS and M single-antenna Rxs, with known positions. Each 
Rx receives the signal from the BS directly and the reflected signal form the user. Then the localisation 
is performed based on the collective delay measurements at the Rxs. The system setup is illustrated at 
Figure 4-8 (separation of different users will be discussed in Section 5.2.2). This setup has two benefits 
in terms of localisation: first, using only delay measurements enables simplification of the estimation 
method, and second, in this setup the users do not receive or transmit any signals and only use a single 
RIS, which makes this setup ideal for localizing passive objects.  

 

Figure 4-8: System setup for RIS-enabled passive localisation with 2 UEs and 3 Rxs.  

4.3.6.2 Methodology 

The localisation consists of two steps, is initiated by the LMF and coordinated by the AMF and RISO: 

1. Calculating the propagation delay at each Rx and associating them to their corresponding path 

2. Using the delay measurements to estimate the users’ position 

To perform the first step, an orthogonal RIS phase profile is designed based on the elements of the FFT 
matrix of size N+1. The profiles between different RISs are determined by the RISO. The RISs are con-
trolled by their local RISC. Then a pre-processing step is performed at each Rx to separate the N+1 signal 
paths from each other. By doing so, the delay of each path can be readily calculated via standard methods 
based on the FFT transform. After calculating the delays, the user position is estimated based on geomet-
rical relations, which results in calculating the intersection of M ellipsoids in 3D. 
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Figure 4-9: PEB in meters for four RXs (shown by red triangles) and one user. The BS is shown by a star. 

4.3.6.3 Results and outcomes 

The main outcomes of this section are 

 Developing a low-complexity estimator for localizing multiple passive users based on the delay 
measurements. 

 Developing theoretical bounds that provide a lower bound on the estimation error. 

 In Figure 4-9, the PEB in meter is shown for a system with 1 BS at height 4m, 4 Rxs at height 
3m and the user at 0m.  

4.3.6.4 Perspective and relation to other WP5 contributions  

Localisation of a mobile RIS is considered, which could be used to calibrate RIS locations in other WP5 
contributions.  

5 RIS control methods 

5.1 Localisation and sensing perspective 

The practical accuracy achievable within RIS-assisted localisation is strongly bounded to the chosen RIS 
control strategy. There are several inter-related aspects to this: 

1. Acquiring the necessary channel state information (CSI) to determine optimized RIS configura-
tions.  

2. Optimisation and dynamic control of RIS configuration (i.e., controlling the complex coefficients 
and/or only the phases of the RIS unit cells), optimised for localisation or sensing performance.  

3. Accounting for real RIS hardware limitations in the above two steps.  

5.1.1 CSI acquisition 

For data communication purposes, this problem can be solved through the estimation of cascaded channel 
responses by using successive pilots and varying the RIS configurations between pilot transmissions. 
Then the cascaded channel can be recovered by least-squares estimation [SZL+21]. However, in case of 
RIS-based localisation, this approach might be suboptimal depending on the specific localisation scenario 
(e.g., DL/UL transmissions, 2D/3D, estimated radio metrics available as observations, near-field/far-field 
regime, targeted state variables). For instance, simpler random RIS phase profiles could enable asynchro-
nous positioning in downlink single-input- single-output (SISO) multi-carrier (MC) transmission contexts, 
while many successive transmissions are needed. This scheme does not require any prior information 
(neither about the channel, nor about the UE location), but is not optimal under a priori UE location 
information. 

5.1.2 RIS optimisation 

For data communication, concentrating power towards the user to be served and accordingly, concentrat-
ing signal-to-interference-and-noise-ratio (SINR), is a meaningful approach to optimise communication 
rate. For localisation and sensing, RIS profiles can be configured to optimize the static PEB (and/or the 
orientation error bound (OEB)), even in more generic multiple inputs multiple outputs (MIMO) MC con-
texts, based on the prior UE location. In this case however, the actual uncertainty regarding this prior 
knowledge in a real system (typically, while using the latest known location estimate instead of the perfect 
knowledge, along with its covariance) can be incorporated by design in the optimisation problem. 

5.1.3 RIS hardware limitations 

Finally, real RIS hardware limitations shall be considered in the control design too. In general, there exist 
several theoretical models for phase control, quantized phase control, amplitude-dependent phase control, 
and joint amplitude and phase control, which all require tailored optimisation. Another unified way of 
treating these models consists in relying on lookup tables instead, which list all realizable amplitudes and 
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phases in practice at each element with a given RIS hardware. Such tables can also account for coupling 
effects, which are challenging to treat analytically. All in all, the optimisation of RIS configuration (based 
on real lookup tables or more conventional model-based descriptions) could hence be performed prior to 
or after constraining the problem by real hardware capabilities, potentially with a strong impact onto 
performance (e.g., in terms of beam peak power, achievable beam shape, secondary lobes). 

5.2 Contributions from RISE-6G 

An overview of the different contributions is provided in Table 5-1.  

Table 5-1. Overview of the RIS control contributions. 

Control pa-
rameter 

Con. C-1: 
Joint BS and 
RIS Precod-
ing for Local-
isation 

Con. C-2: 
Profile De-
sign for Mul-
tiple RIS Or-
thogonaliza-
tions 

Con C-3 Lo-
calisation 
with Direc-
tional and a 
Random 
Codebook 
without BS 

Con. C-4 RIS 
Phase Design 
under User 
Mobility and 
Spatial 
Wideband 
Effects 

Con. C-5: 
RIS profile 
control for 
non-line-of-
sight condi-
tions  
 

Con. 6: RIS 
profile con-
trol under re-
alistic imple-
mentation 

Purpose (op-
timisation 
criterion) 

Positioning 
performance 
(PEB)  

Orthogonal-
ity among 
different RIS 

Positioning 
performance  

Positioning 
performance 

Positioning 
performance 

Positioning 
performance  

What is opti-
mized (varia-
bles) 

RIS and BS 
profile 
jointly, BS 
power alloca-
tion 

RIS profiles 
across sev-
eral RIS 

RIS phase 
profiles 

RIS phase 
profile 

RIS phase 
profile 

RIS phase 
profile 

Quantisation No No No No No Yes 
RIS element 
model (incl. 
quantisation) 

Phase Phase Phase  Phase  Phase Phase with 
coupled am-
plitude 

Codebook Directional 
and far-field 
derivative 
beams 

Random Directional 
and random 

Direction and 
random 

Directional 
and near-
field deriva-
tive beams 

Lookup-table 

Number of 
configura-
tions 

Several (de-
pends on un-
certainty 
range) 

Several (de-
pends on in-
tegrated SNR 
requirement 
and number 
of RIS) 

Several are 
needed 

Several are 
needed 

Several are 
needed (4 
distinct) 

Several are 
needed (4 
distinct) 

Architecture 
and RIS 
knowledge 

Same as Con-
tribution #A-
0. Passive 
static RIS, 
known posi-
tion and ori-
entation.  

Same as Con-
tribution #A-
0. Passive 
mobile, un-
known posi-
tion, and ori-
entation.  

Same as Con-
tribution #A-
1. RIS with 
known posi-
tion and ori-
entation. 

Same as Con-
tribution #A-
0. Passive 
static RIS, 
known posi-
tion and ori-
entation 

Same as Con-
tribution #A-
0. Passive 
static RIS, 
known posi-
tion and ori-
entation 

Same as Con-
tribution #A-
0. Passive 
static RIS, 
known posi-
tion and ori-
entation 

5.2.1 Contribution #C-1: Joint BS and RIS Precoding for Localisation  

5.2.1.1 Motivation and context 

The aim of this section is to study the problem of RIS-aided joint localisation and synchronisation of a 
single-antenna UE using downlink signals transmitted by a multiple-antenna BS (i.e., MISO scenario) 
[FKC+21]. To optimize the localisation and synchronisation performance in this scenario, which is de-
picted in Figure 5-1, a joint design of active transmit precoding at the BS and passive phase profiles at 
the RIS is considered. The jointly optimized design exploits the a-priori information on UE location and 
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avoids high computational burden by resorting to a codebook-based approach. In addition, a low-com-
plexity ML estimator of UE location and clock bias is developed and shown to achieve the theoretical 
bounds even at low SNRs and in the presence of uncontrollable multipath components. The mean benefit 
associated with the use of a single-antenna UE is that it can be particularly attractive for 6G networks 
with a high amount of low-power, low-cost devices. 

 

Figure 5-1: Illustration of the scenario for RIS-aided downlink joint localisation and synchronisation of a 
single-antenna UE. To maximize the localisation accuracy of the UE, active precoding at the BS and passive 
RIS phase profiles can be jointly designed by resorting to a codebook-based strategy that employs both con-
ventional directional beams and novel derivative beams. 

5.2.1.2 Methodology 

Our methodology to tackle the problem of RIS-aided joint localisation and synchronisation is as follows: 

 First, theoretical bounds on UE location (PEB) and clock bias (CEB) estimation are derived, 
leading to performance metrics that can be used to design BS precoder and RIS phase configura-
tions. 

 The next step is to formulate the joint design problem and explore the convexity properties with 
respect to the optimisation variables (i.e., BS and RIS beams). Based on the structure of the prob-
lem, the optimal beam sequences at the BS and RIS can be determined. 

 Under imperfect knowledge of UE location, a novel codebook-based design is provided, with an 
optimized power allocation of codebook entries at the BS side. 

 A reduced-complexity ML estimator, called the joint maximum likelihood (JML) estimator, is 
derived to estimate location and clock offset. 

 Extensive simulations are performed to showcase the performance improvements via joint design 
of BS precoders and RIS profiles in both theoretical bounds and RMSEs achieved by the pro-
posed estimator. 

5.2.1.3 Results and outcomes 

Several benchmark schemes are considered to compare the performance of the proposed designs. 

 Directional Codebook (uniform power allocation): conventional directional beams with equal 
powers, that cover the uncertainty region of the UE. 

 Directional Codebook (optimized power allocation): conventional directional beams with power 
allocations optimized to minimize the PEB and/or CEB. 

 DFT Codebook (optimized power allocation): DFT beams corresponding to the columns of the 
DFT matrix, where beam powers are optimized to minimize the PEB and/or CEB. 
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 Proposed Codebook (optimized power allocation): directional and derivative beams (see Figure 
5-2) with optimized powers, spanning the uncertainty region of the UE. 

 

 

Figure 5-2: Beampatterns of the proposed localisation-optimal BS and RIS beams consisting of both direc-
tional and derivative beams. Directional beams maximize SNR at the desired location, while derivative 
beams allow the UE to optimally identify small deviations around the nominal direction, which improves 
AoD and localisation performance. 

 

In Figure 5-3,  RMSEs on the UE location and clock offset estimation, obtained by the proposed JML 
estimator using the considered codebook designs, are presented. As can be noticed, the proposed code-
book provides noticeable accuracy gains in both localisation and synchronisation. In addition, to evaluate 
the robustness of the proposed estimator against uncontrollable multipath propagation, the localisation 
RMSEs in both the presence and absence of uncontrollable paths are presented in Figure 5-4. It is seen 
that the JML estimator is highly robust, especially at high SNRs. 

 

Figure 5-3: RMSE of location and clock offset estimation, obtained by the proposed joint maximum likelihood 
(JML) estimator using the benchmark and the proposed BS-RIS codebooks. 
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Figure 5-4: Localisation performance of the JML estimator with respect to SNR with and without uncon-
trollable NLOS propagation. 

The main outcomes of this study are as follows: 

 Joint design of localisation-optimal BS precoders and RIS phase profiles, considering practical 
constraints such as unit-amplitude RIS weights and UE location uncertainty. 

 Development of a low-complexity location and clock offset estimator. 

 Illustration of performance improvements using proposed BS-RIS signal design, with and with-
out uncontrollable multipath propagation. 

5.2.1.4 Perspective and relation to other WP5 contributions  

The analysis and designs for the RIS-aided MISO localisation scenario in this section complements the 
RIS phase profile designs for the RIS-enabled SISO scenarios and provides a unified treatment on loca-
tion/clock offset estimation and beamforming design for single-antenna devices. 

5.2.2 Contribution #C-2: Profile Design for Multiple RIS Orthogonalizations 

5.2.2.1 Motivation and context 

This section aims at estimating the 3D location of N users that are equipped with RISs, which has been 
studied in the contribution [KKD+21]. It deals with the separation of users in the contribution from Sec-
tion 4.3.6. The main challenge here is to perform data association, i.e., to assign different delay measure-
ments to their corresponding paths at each Rx. To overcome this challenge a temporal orthogonal RIS 
phase design can be used. This approach is like the one used in the RFID literature [NZS11], [QPZ17]. 
In [YDW+21], each RIS modulates the impinging wave with its own frequency shift, by which the des-
tination can recognize it. 

5.2.2.2 Methodology 

The temporal orthogonal RIS phases can be used to avoid interference between multiple paths reflected 
from RISs and solves the data association problem. Here, a high-level explanation of this method is pro-
vided. For more information, please see the paper [KKD+21] 

1. Each of the UEs select a fixed RIS phase profile (it can be random or directional or include any 
arbitrary phases) 

2. At each time, each UE multiplies its selected phase profile by a scalar that may be different from 
other UEs 

3. The series of scalars over time are selected such that they constitute orthogonal codes between 
the users 

4. Since the channel is linear, the received signals from each of the UEs is also multiplied by the 
same scaler. Therefore, at the end of the transmission each of the receivers can use the orthogonal 
codes to distinguish the signal received from different users 
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5.2.2.3 Outcome 

The main outcomes are the presentation a generic method to separate different signal paths that reflects 
from different RISs at the Rx. This method uses RIS phase profiles that are orthogonal in time.  

5.2.2.4 Perspective and relation to other WP5 contributions  

The outcome of this section can be used in any area that benefits from separating different paths arriving 
from different RISs at the Rx. Specifically, the results that are based on single-RIS localisation (such as 
MISO and SISO localisation) can be extended to multi-RIS systems. 

5.2.3 Contribution #C-3: Localisation with Directional and a Random Codebook without BS 

5.2.3.1 Motivation and context 

This section compares the localisation accuracy for a directional and a random phase profile for the setting 
where the UE is localised with one RIS without any BSs described in [KSA+22], as previously described 
in Figure 4-3. With the random codebook, all the phase shifts for the RIS elements are set randomly. With 
the directional one, it is assumed that there exists a prior knowledge on the UE location. Specifically, that 
the user is located within a sphere.  Then RIS phase profile is generated by directing the signal to multiple 
points that are selected randomly within this sphere. It is shown that with the directional phase profile the 
estimation error is approximately one order of magnitude less than the estimation error with the random 
codebook.  

5.2.3.2 Methodology 

To perform localisation:  

 The user transmits a wideband signal 

 The RIS applies phase shifts based on a codebook to the signal and reflects it back to the user. 
The RIS can use directional codebook (if a prior information on user location is available) or 
random one.  

 The user processes the reflected signal and calculates the user location by optimizing the log-
likelihood function.  

5.2.3.3 Results and outcomes 

To compare the directional and random phase profiles, the CRB bounds, and the estimation error is eval-
uated for different user positions and different RIS sizes. Figure 5-5 compares the PEB in for directional 
and random codebooks at the user position p=[10,10,10] meters. It is shown that with a higher number of 
RIS elements, the gap between the CRBs of the directional and random codebook becomes larger. This 
is since with directional beamforming the SNR increases quadratically with the number of RIS elements, 
while it grows linearly in case of random codebook.  Also, with low number of RIS elements, the PEB is 
worse for directional codebook because, due to the large beamwidth, the transmitted beams will be almost 
identical and the FIM becomes ill-conditioned for the lack of beam diversity. However, for larger (and 
more standard) number of RIS elements, the directional codebook obtains a better PEB. 
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Figure 5-5: comparing random and directional codebooks in terms of PEB for different numbers of RIS 
elements at the point p=[10,10,10] meters. 

5.2.3.4 Perspective and relation to other WP5 contributions  

Other codebooks such as the one that minimizes the PEB as in [KJM+22] can be used and the results can 
be compared to the two codebooks considered here. 

5.2.4 Contribution #C-4: RIS Phase Design under User Mobility and Spatial Wideband Effects 

5.2.4.1 Motivation and context 

This section considers user localisation in a SISO system with an RIS as shown in Figure 4-2. The local-
isation is performed by measuring the delay for the direct and indirect paths and the AOD from the RIS 
to the user. The channel model is developed by considering the user mobility and the spatial wideband 
effects. The user mobility has been considered in a number of works that studied RIS aided communica-
tion [MBD+21][Bas19] , but this effect in the localisation literature is under studied. Similarly, the spatial 
wideband effects, have been studied for MIMO [WGJ+18][CGN+16] and RIS-aided communication sys-
tems [DAN+21][MSA+21], but not for RIS-aided localisation framework.  Two different RIS phase pro-
files are considered: random codebook and directional codebook. With the directional codebook it is 
assumed that a prior knowledge about the user position is available. To separate the direct and indirect 
paths from each other, temporal orthogonal phase profiles and a post processing step is performed. A 
low-complexity estimator is developed to estimate the user position, clock bias and velocity. The estima-
tor considers the user movement but not the spatial wideband effects.  

5.2.4.2 Methodology 

To perform localisation, first the delay and the velocity of the direct path is calculated and then the direct 
path is subtracted from the received signal. Then the estimator calculates the AOD, delay and the radial 
velocity of the indirect path. To counter the effects of user mobility the Doppler effects are compensated 
for in an iterative fashion. Finally, the user position is estimated based on the AOD (which represents a 
line in space) and the TDOA between the direct and indirect path (which represents a hyperboloid). Also, 
the CRB lower bounds are calculated as benchmarks.  

5.2.4.3 Results and outcomes 

The localisation performance is measured by CRBs as well as the estimation error. The following results 
are obtained: 

 A RIS channel model is developed that considers user movement and the spatial wideband effects. 

 A low-complexity estimator is developed and CRB bounds are calculated. It is shown that the 
estimation error is close to the CRBs when the wideband effects are small (with small RIS or 
small bandwidth). 
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 The localisation performance is compared between directional and random codebooks, and it is 
shown that the directional codebook outperforms the random one by an order of magnitude. Fur-
thermore, it is shown that wideband effects are more pronounce in directional codebook than the 
random one. 

 Figure 5-6shows the PEB and the estimation error for random and directional codebooks. The 
estimation error is very close to the theoretical bounds. The effects of spatial wideband effects 
can be seen for directional codebooks and for frequencies more than 400 MHz. In this regime, 
the error of the estimator, which is designed based on the narrowband model, becomes noticeably 
larger than the PEB due to the spatial wideband effects. 

 

Figure 5-6: PEBs (solid lines) and estimation errors (dashed lines) in presence of spatial wideband effects vs 
signal bandwidths. Random and directional codebooks are considered. The RIS size is 32 x 32. 

5.2.4.4 Perspective and relation to other WP5 contributions  

Other localisation contributions can be extended by considering the wideband effects and the user mobil-
ity as is done in this section. 

5.2.5 Contribution #C-5: RIS profile control for non-line-of-sight conditions  

5.2.5.1 Motivation and context 

As already raised here, one important challenge in the context of RIS-aided wireless localisation consists 
in optimizing the RIS profiles, especially when operating in the reflective mode (i.e., optimizing their 
reflection coefficients and/or their phase profiles in case of uncontrolled reflection amplitude). While 
conventional solutions intended for RIS-aided communications mostly aim at increasing SINR at the UE 
based on the estimation of cascade channels or on prior UE location information (e.g., [ADD21], 
[HZZ+20]), more specific RIS beam patterns must hence be designed (from a RIS precoding standpoint), 
according to the overall localisation strategy considered at the system level (incl. the extracted location-
dependent metrics, the transmission settings, or the availability of prior information…). This problem is 
particularly critical in case of NLoS propagation, where RIS-reflected paths are needed to compensate 
for the loss of the direct path and enable localisation accordingly (incl. within single-RIS settings in near-
field). Relying on prior works on far-field (FF) LoS localisation over downlink (DL) single-input-single-
output (SISO) multicarrier (MC) transmissions using a reflective RIS [KKS+21b], as well as on near field 
(NF) localisation with a receiving RIS [GD21], [AKK+21], this contribution aims at designing new lo-
calisation-optimal phase profiles for reflective RISs (i.e., precoding schemes) that contribute to minimiz-
ing DL positioning performance bounds (used as optimisation cost) in NLoS conditions. 

In terms of system architecture and signalling, a basic SISO DL positioning scenario is considered here, 
with 1 single-antenna BS, 1 single-antenna UE, 1 planar RIS in reflective mode assuming a variable 
number of elements (See Figure 5-7), and a generic transmission model encompassing both NF and FF 
regimes, as well as the transmission of multiple DL pilot signals. Accordingly, the UE is in charge of 
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estimating the relevant location-dependent radio metrics out of received signals, while the final compu-
tation of the estimated position can be performed either on the UE’s side or in a distant centralized server, 
provided that the measured radio metrics are transmitted from the former. 

As for the system setup, it is assumed a 3D localisation case (even though, for simplification, performance 
is assessed in a pseudo-2D plane), a mmWave operating frequency (typically at 28GHz) benefiting from 
the geometric nature of the channel, although most of the provided developments are agnostic w.r.t. fre-
quency. Both NF and FF propagation regimes are also considered, as well as both LoS and NLoS com-
ponents, although the performance is assessed mainly in the presence of blockage, where the RIS’s added 
value is the most obvious w.r.t. localisation continuity. No rich scattering or extra-interferences resulting 
from « natural » multipath (i.e., besides the resolvable direct and RIS-reflected paths) have been consid-
ered so far. 

 

Figure 5-7. Canonical scenario considering optimising reflective RIS profiles in NLOS SISO DL position-
ing. 

5.2.5.2 Methodology 

The potential of a single reflective RIS to combat NLoS effects in geometric NF conditions is first inves-
tigated in terms of localisation feasibility and continuity, while assuming non-optimized (i.e., random) 
RIS profiles. The first step of this contribution can be summarized as follows [RDK+21]: 

 Based on a generic RIS response model accounting for both NF and FF regimes, a DL SISO MC 
localisation problem is stated in both LoS and NLoS propagation scenarios. 

 Accordingly, a Fisher information analysis is performed, characterizing the fundamental bounds 
on positioning performance (from channel parameters Fisher Information Matrix (FIM) to posi-
tional FIM in Cartesian coordinates), including identifiability considerations. The latter makes it 
possible to conduct a sensitivity study of the Position Error Bound (PEB) w.r.t. key system pa-
rameters, such as the number of RIS elements, the operating frequency, or the number of consec-
utive symbols transmitted by the BS, the UE distance to the RIS and more, all while assuming 
random RIS profiles. 

Then, leveraging on the previous theoretical bound calculation from [RDK+21], the design of more suit-
able phase profiles is proposed for a reflective RIS through PEB optimisation to further enhance posi-
tioning accuracy in the NLoS context [RDK+22a]. This second step of the contribution is hence summa-
rized as follows: 

 The closed-form expressions of both the positional FIM (in both Spherical and Carte-sian coor-
dinates) and the resulting PEB in the DL SISO SC context are derived, while assuming a generic 
NF-compliant formulation for the RIS response. 
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 A PEB optimisation problem is stated, assuming the prior knowledge of UE position and after a 
few mathematical manipulations, a low-complexity method is proposed to solve the problem and 
retrieve the corresponding localisation-optimal RIS phase profiles accordingly. 

 The performance of the resulting localisation-optimal phase profiles is compared with that of 
conventional random [RDK+21] and directional [AKK+21] designs, in terms of achievable PEB. 

 Finally, both the shapes and the relative weights of the RIS beam and its successive derivatives 
(w.r.t. each spherical coordinate), as involved in the localisation-opti-mal solution, are illustrated 
and discussed. 

5.2.5.3 Results and outcomes 

First simulation results in a canonical SISO DL MC scenario with random RIS profiles [RDK+21] con-
firm the benefits from a single-RIS reflection in NF to enable localisation continuity (See Figure 5-8 and 
Figure 5-9). Accordingly, whenever the UE is close enough to the RIS and/or when the RIS is large 
enough, exploiting the signal wavefront curvature of the reflected multipath component in NF could be 
sufficient to directly infer user’s position in the absence of direct path, even if the achievable NLoS ac-
curacy is shown to be relatively low. 

 

Figure 5-8. PEB heatmap (in dB), as a function of UE location (z = 0) for a generic RIS response model 
(supporting NF), with one planar reflective RIS of 32x32 elements in [0, 0, 0]m, one BS in [5, 5, 0]m and a 

finite obstacle parallel to the y axis (black). 

 

Figure 5-9. PEB (in m) as a function of the UE-RIS distance with one RIS of 32x32, 64x64 and 128x128 ele-
ments in 

Overcoming this problem of limited NLoS positioning accuracy, other numerical simulations in a canon-
ical SISO DL SC scenario [RDK+22] show that the proposed localisation-optimal RIS profile clearly 
outperforms conventional random and directional beam codebook designs in terms of PEB (See Figure 
5-11 below). It is also shown that the theoretical optimal solution would involve a weighted combination 
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of four beams at the RIS (i.e., one directional beam, along with its derivatives w.r.t. space dimensions), 
whose respective weights can be determined through the PEB minimisation procedure (See Figure 5-10 
below). 

 

Figure 5-10. Illustration of localisation-optimal orthonormalized beams to be theoretically applied at the 
reflective RIS (i.e., incl. directional beam in red, along with its 3 derivates w.r.t. spherical coordinates, resp. 

in blue, green, and orange), as a function 

 

Figure 5-11. PEB comparison as a function for the UE-RIS distance, with the proposed optimized RIS pro-
file, conventional directional and random codebook designs, for a different number of transmissions T and 

different prior UE position uncertainty (for directional b 

This contribution is subject to one paper publication [RDK+21] and one paper submission [RDK+22a], 
whose full-extent preprint versions are accounted in the Appendices. 

5.2.5.4 Perspective and relation to other WP5 contributions 

Related works concern the adaptation of the previous optimisation scheme to more realistic implementa-
tion and/or hardware contexts (i.e., constraining the « feasible » beams), as summarized in 5.2.6. Future 
works regard the extension of the previous control schemes into dynamic scenarios, combining RIS con-
trol with dedicated positioning and tracking estimators while re-injecting the latest position estimate, with 
its presumed uncertainty, as prior knowledge into the RIS profile optimisation stage. 

5.2.6 Contribution #C-6:  RIS profile control under realistic implementation 

5.2.6.1 Motivation and context 

After determining the optimal complex profiles of reflective RISs for NLoS DL positioning in NF through 
unconstrained PEB optimisation (See Section 5.2.5), related implement-ability issues are also addressed 
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in this subsection. RISs are usually made of low-cost hardware and may suffer more from imperfections 
than a standard infrastructure [HRE18], [SXG+20]. The « feasible » beams to be generated at the RISs 
are a priori strongly constrained practice or at least they are bounded to look-up tables characterizing the 
element-wise reflection coefficients of real hardware RISs. 

One first motivation for this contribution is hence to propose and benchmark several sub-optimal imple-
mentation variants of the initial PEB optimisation scheme that could offer different trade-offs in terms of 
practicability, complexity, and performance. 

Another goal is to offer a practical optimisation framework capable of approximating any desired beam 
pattern directly from lookup tables (typically, the directional and derivative beam patterns required to 
optimize NLoS DL positioning in NF), given a real RIS hardware, i.e., two reflect-arrays developed and 
characterized in the frame of RISE-6G WP3. 

In terms of both architectures, signalling and system setup, the same configuration as that of Section 5.2.5 
is considered here, although the contribution related to lookup tables is somehow more general and ag-
nostic. 

5.2.6.2 Methodology 

First, practical sub-optimal algorithmic solutions are compared, which can retrieve « feasible » RIS phase 
profiles through PEB optimisation, while considering the profiles to lie on the unit circle [RDK+22a]: 

 In one variant, referred to as Optimize then constrain scheme, an optimisation with unconstrained 
profiles is first performed, before constraining the resulting solution by applying a gradient pro-
jections method [TSF+17] 

 In a second variant, referred to as Constrain then optimize scheme, the RIS profiles is first con-
strained a priori following a similar gradient projection approach and then these projections are 
injected as an input into the optimisation problem 

 For any of the two previous variants, an equivalent time-sharing implementation is proposed, 
which allocates a certain amount of time (i.e., a certain number of successive DL symbols) to 
each of the required « feasible » profiles that must be sequentially applied at the RIS, according 
to their optimized relative weights. 

 The PEB performance of these suboptimal algorithmic variants is compared with both that of the 
localisation-optimal (unconstrained) solution, as well as that of conventional random and direc-
tional designs 

Then, a computationally efficient and low-complexity method is introduced to optimize the configura-
tions of reflective RISs from an arbitrary lookup table (including RIS element responses based on real 
measurements), to approximate arbitrary complex beam patterns [RDK+22b]: 

 More specifically, the proposed approach also first applies the projected gradient descent algo-
rithm as previously [TSF+17] to constrain the RIS profile w.r.t. the look-up table. Then, the com-
plex beam pattern is expressed in terms of spherical coordinates and the objective function aiming 
at matching the synthesized beam with the desired one is re-defined to enable precise approxi-
mation only for a subset of reference points in the overall 3D domain, hence drastically reducing 
complexity. 

 The proposed approach is illustrated for several beam types, including that required to optimize 
the NLoS DL positioning performance (i.e., directional beam and its derivatives) for several real 
lookup tables with measured elementwise RIS reflection coefficients consisting of quantized 
phases and realistic amplitude losses. 

5.2.6.3 Results and outcomes 

Regarding the constrained unit-modulus RIS profiles, simulations [RDK+22a] show that the Constrain 
then optimize scheme significantly outperforms the Optimize then constrain scheme, while being close to 
the performance of the optimal scheme with unconstrained RIS profiles Figure 5-12. Also shown is that 
the time-sharing scheme, assuming the application of each feasible beam sequentially enables us to ap-
proach the performance of the PEB-optimal solution, with very limited performance degradation when 
the overall number of DL transmissions is sufficiently large (See Figure 5-13). 
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Figure 5-12. PEB as a function of the distance for different variants of the problem solver (incl. the uncon-
strained/optimal, Optimize then constrain and Constrain then optimize schemes). 

 

Figure 5-13. PEB as a function of the RIS-UE distance with both the Constrain then optimize scheme and 
its practical implementation through time-sharing depending on the total number of DL transmissions T. 

Another set of simulations [RDK+22b] stresses out the dominating impact of both phase quantisation 
levels and the span of practically valid phases, as well as power loss, of the element-wise reflection co-
efficients within real RIS hardware, w.r.t. the beam peak power generated in the desired RX direction(s) 
(Figure 5-14) and to the presence of harmful undesired lobes (Figure 5-15). 
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Figure 5-14. Directional beam patterns as a function of the elevation angle for various beam synthesis meth-
ods under gradual RIS hardware constraints, including the RIS element responses from real hardware de-

veloped in RISE-6G WP3. 

 

Figure 5-15. Illustration of a directional beam pattern pointing to one single desired direction (red circle), 
as a function of elevation and azimuth angles (desired beam vs. beams synthesized under lookup table char-

acterisation from real hardware (e.g., with RIS e 

This contribution has been subject to one paper publication [RDK+22a] and one paper submission 
[RDK+22b], whose full-extent preprint versions are accounted for in Appendices. 

5.2.6.4 Perspective and relation to other WP5 contributions 

Future works should investigate more extensively and quantitatively the practical performance of RIS-
aided positioning and sensing at the system level with the proposed low-complexity algorithmic methods 
while considering the latest updates from WP3 in terms of both hardware characterisation (i.e., lookup 
tables from new upgraded hardware) and RIS models. 
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6 Data flow and signalling 
In this section, the data flow and signalling, as well as the time diagrams of the RISE-6G architectures 
from the individual contributions from Section 4 and Section 5, are provided. The summary can be found 
in Table 6-1. Note that in many of the alternatives, the amount of control information sent to the RIS 
(more explicitly, each RISC) depends on the local autonomy of the local RISC. For instance, if the RIS 
is to generate directional beams towards a UE, the control information could be the position of the UE 
(in which case the RISC computes which beams to generate) or a sequence of RIS configurations (in 
which case the RISC simply activates each of these configurations sequentially).  

Table 6-1. Alternatives for data from and signalling, related to the RISE-6G contributions. 

Data flow and signalling alterna-
tive 

Related RISE-6G contributions 
from Section 4 

Related RISE-6G contributions 
from Section 5 

Alternative 1: UE localisation 
from a single BS, aided by a re-
flecting RIS 

A-0, A-2 C-1, C-4, C-5, C-6 

Alternative 2: User localisation 
without access points 

A-1 C-3, C-6 

Alternative 3: UE Localisation 
with multiple sensing RISs, with-
out any BS 

A-4, A-3 C-3, C-6 

Alternative 4: Semi-passive local-
isation of RIS-enabled users 

A-5 C-2 

 

6.1 Alternative 1: UE localisation from a single BS, aided by a reflecting RIS 

Data and control flow of Contribution A-0 is shown in Figure 6-1, and the corresponding time diagram 
is in Figure 6-2. The diagrams are also applicable to Contribution A-2, by extending to several RIS, 
operating in parallel. The diagrams are also applicable to Contributions C-1, C-5, C-4, and the first part 
of contribution C-6 where the second part, which deals with beam approximation using RIS, is agnostic 
to such schemes. In some cases, the RIS configurations depend on the current knowledge of the UE 
position.  

 

Figure 6-1. Data and control flow Alternative 1. Note that the position estimation does not need to be per-
formed at the UE side, and that the flow can also be done in UL. 
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Figure 6-2. Time diagram Alternative 1. 

6.2 Alternative 2: User localisation without access points 

Data and control flow of the Contributions A-1 and C-3 is shown in Figure 6-3, where the UE communi-
cates the control signals either with a BS or directly with the RIS control unit. The corresponding time 
diagram is presented in Figure 6-4. 

 

 

Figure 6-3. Data and control flow Alternative 2. 

 

 

Figure 6-4. Time diagram for Alternative 2.  

6.3 Alternative 3: UE Localisation with multiple sensing RISs, without any BS 

Data and control flow of Contribution A-4 is shown in Figure 6-5, and the corresponding time diagram 
is in Figure 6-6.  
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Figure 6-5. Data and control flow Alternative 3. 

 

 

Figure 6-6. Time diagram for Alternative 3. 

 

6.4 Alternative 4: Semi-passive localisation of RIS-enabled users 

Data and control flow of the Contributions A-3 and C-2 is shown in Figure 6-7. Furthermore, the corre-
sponding time diagram is presented in Figure 6-8. Note that the final position computation requires fusion 
of information from all receiving BSs. 

 

Figure 6-7: Data and control flow for Alternative 4. 
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Figure 6-8: Time diagram for Alternative 4. 

7 Conclusions and recommendations for RISE-6G architectures 
RISs have tremendous potential for providing accurate localisation and sensing in scenarios where con-
ventional architectures and deployments fail. From the localisation and sensing perspective, an RIS can 
be considered as part of the infrastructure (in which case the RIS location and orientation needs to be 
known), or as part of a user device (in which case the RIS location and orientation is to be estimated). A 
variety of novel architectures are thus possible, reducing the reliance on BSs, and in extreme cases not 
requiring any BSs.  

The basic functionality of the RIS is to enable accurate delay or angle information for localisation of 
connected users or a rich set of signals for sensing passive users. Obtaining this information requires fine 
RIS control (i.e., at the RISC) as was a novel signalling (between the AMF and RISO or RISC, including 
for synchronisation). In contrast to communication, positioning and sensing typically require a plurality 
of RIS configurations and are based on pilots and can thus integrate observations over time and thus 
achieve high SNR. On the other hand, since localisation is time sensitive, pilot transmissions are limited 
to a few tens of milliseconds. Combined, this means that the architecture should support quicky varying 
RIS configurations (ideally at an OFMD symbol or slot level).  

The selection of RIS profiles greatly affects positioning performance. RIS profiles can range from random 
(in the absence of any prior information) over directional (constraining the RIS directions towards the 
user) to optimal (combining directional with derivative beams for fine tracking). Localisation must cope 
with inter-RIS interference, which can be achieved through orthogonalisation in time or code space. In 
terms of signalling overhead, the level of autonomy of the individual RISC thus plays an important role. 
A RISC with significant computational and storage could locally determine optimized RIS configurations 
or store mappings from user location to several codebooks. A low-complexity RISC is limited by a 
smaller set of configurations, a subset of which must be selected externally (e.g., by the RISO).  

In conclusion, it is thus the recommendation from this deliverable, that the RISE-6G architecture should 
support these alternatives and define the interfaces and signals between the different entities in the archi-
tecture (UE, BS, RIS, RISC, RISO, AMF, LMF). At a minimum, the RISE-6G architecture should support: 

 Dynamically changing RIS configurations during the positioning process, with sufficient update 
rate.  

 Synchronisation between the RIS and the UE, BS. 

 Directional RIS configurations with variable beamwidth and precisely known main lobe direc-
tions. 
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