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1 Executive Summary 

This deliverable is an initial report on Reconfigurable Intelligent Surface (RIS)-based communication and sensing 
algorithms, cell-free distributed computation and synchronization, and distributed RAN components for cell-free. 
RIS-based communications and sensing, and cell-free are two key technologies forecast for 6G, and the two main 
axes of 6G-BRICKS. This deliverable describes the work achieved to date and also how this work paves the way 
for the completion of WP3 and its final report. It covers Task T3.1 “Communication and sensing: cell-free and RIS 
approaches” (Section 3), Task 3.2 ”Distributed cell-free computation and synchronization” (Section 4) and Task 
3.3 “Distributed RAN components for cell-free” (Section 5).  

Section 3 addresses two key issues relative to Task 3.1, on the one hand clustering formation, which is a basis of 
the cell-free architecture, on the other hand user equipment (UE) geo-localization in the context of RIS-aided 
communications, which is the first step for controlling the RIS (in practice finding the beam to steer from the RIS 
to the UE). Thus, the first focus of Section 3 is on the formation of UEs serving clusters of Radio Units (RUs) in the 
context of Open-RAN and cell-free and of their evolution when the UE moves. An xApp is under development, 
that optimizes the clusters according to some criteria, and includes a trajectory prediction algorithm that will 
determine the future clusters and precoding. A cell-free simulator has been set up.  

As for UE localization, two methods are proposed, one exploiting Near-Field (NF) propagation between the RIS 
and the UE, the other assuming Ultra-Wide-Band (UWB) equipped UEs and anchors. Both technologies can 
cooperate to integrate into the final demo, where the RIS will be integrated with 5G Open Air Interface (OAI).  

In the first method, the issue of localization of a connected mobile device is addressed in the context of a single 
base station aided by a single reflective RIS. The idea is to leverage the wavefront curvature of the signal 
impinging at/departing from the RIS in the geometric NF propagation regime, and to compensate the small-scale 
Doppler effects induced by mobility. Position tracking is then introduced, enabled by Kalman filtering. Lastly, this 
filtered location serves as input for the prediction based RIS control. Performance results are given in terms of 
the UE location errors at the output of the tracking filter, while combining and iterating over the three system 
building blocks during the tested UE trajectories (i.e., snapshot position estimation, filtering and prediction-based 
RIS control). This evaluation also shows the impact of both the RIS elements number and the RIS control strategy 
on the location accuracy.  

As to the UWB method, an off-the-shelf toolkit equips the UE with an UWB tag and provides a 3D UWB antenna 
board which serves as anchor. An innovative UWB proxy has been developed to ensure the connection between 
the ranging and Angle of Arrival measurements from the UWB board with Open Air Interface (OAI) This 
positioning method will be used in the final demo. 

Section 4 presents various aspects of distributed cell-free in terms of channel estimation and distributed 
processing. The first approach compares centralized and distributed processing between Radio Units (RUs) and 
Distributed Units (DUs). The idea is to try different techniques and machine learning models to perform as much 
as possible within the RUs and thus reduce the traffic over the front-haul interface. The second one addresses 
correlations between frequency bands in terms of channel estimation in a multi-band network context, with the 
purpose of extrapolating channel estimation between adjacent bands, thus reducing the need for pilot signals. 
Lastly, the trajectory prediction algorithm of Section 3 is extended to the multi-band case where a cluster may 
include RUs of different frequencies. 

In Section 5 the notion of Master-DU, already presented in Section 3, is explained in detail. When several O-DUs 
are involved in serving a given user, the Master DU is selected as the O-DU which receives the strongest preamble 
at initialization phase. It is responsible for the Medium Access Control (MAC) signaling exchange with the user 
and holds the upper Radio Link Control (RLC) protocol layer where the user data is buffered. The Master DU may 
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change e.g. when the UE moves. Master DU selection and reselection relies on Inter O-DU cooperation. Lastly, 
the operator point of view is given on the use cases and benefits of multi-connectivity with multiple transmit and 
receive points (multi-TRP). 
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2  Introduction 

The 6G BRICKS project focusses on two technologies, namely RIS-aided millimeter wave communications and cell-
free, both believed to be major key features for 6G. Indeed, millimeter wave propagation is hampered by 
obstacles, so that Non-Line of Sight communication is rendered impossible. RIS, conveniently placed, create 
artificial multipaths, that may overcome this issue, provided that the RIS is controlled in such a way that it 
connects with the UE. Cell-free benefits the UE by providing uniform coverage, compared to classical cell 
architecture, where UEs located at the cell border undergo both a weak signal and a high interference level from 
neighboring cells. Two corresponding platforms are under development and will be made accessible for external 
developers. This deliverable describes the algorithms and enablers for the two technologies. respectively for the 
platform connecting CEA mmWave RIS together with Eurecom Open Air Interface (OAI), and for the cell-free 
experiments at KUL. It covers Task T3.1 “Communication and sensing: cell-free and RIS approaches” (Section 3), 
Task 3.2 ”Distributed cell-free computation and synchronization” (Section 4), and Task 3.3 “Distributed RAN 
components for cell-free" (Section 5). 

Section 3 first focus is on cell-free in an Open RAN context, more specifically on the formation of clusters of UEs 
served by Radio Units (RUs), themselves connected to a Distributed Unit (DU). The notion of a Master-DU is 
introduced, and the focus is on an algorithm describing how the clusters evolve when the mobile moves. Then, 
the issue of RIS-aided localization of a connected UE is addressed. Generally speaking, in localization-favorable 
network operating conditions (e.g., benefiting from Line-of-Sight (LoS) measurements with respect to a sufficient 
number of base stations behaving as fixed known anchors), RIS are mainly expected to reinforce localization 
accuracy, typically in restricted regions close enough to the assisting surfaces, while performance remains 
approximately the same as that of the reference non-RIS aided baseline elsewhere ([4],[5]). But RISs are also and 
foremost expected to render localization feasible in contexts such as Non-Line of Sight (NLoS) between UE and 
Base Station (BS), where conventional non-RIS aided systems would fail. For instance, from a strict localization 
parameters identifiability standpoint [6], the use of two RISs in Far Field (FF) or even or even one single RIS in 
geometric Near Field (NF) regime [7] could theoretically enable to solve NLoS Downlink (DL) localization 
situations. In this deliverable, for the sake of compliance with the capabilities of the real RIS hardware prototypes 
foreseen for system integration, we will thus focus more particularly on passive reflective RISs and/or at most, 
on passive RIS “relays” combining both directive reception and directive reflection. Accordingly, the issue of 
localizing a connected mobile UE is addressed, with a single base station aided by a single RIS. In this aim, a 
snapshot position estimator particularly suitable to geometric NF under mobility is exploited, in combination with 
Kalman filtering tracking and prediction-based RIS control, which represents another major challenge in the 
specific context of localization and sensing (i.e., in comparison with communication-oriented RIS applications). 
Note that the RIS-aided localization of connected UEs is herein seen as complementary to the sensing of passive 
objects/obstacles, as both services may rely on common primitives/functions and radio resources under the same 
network deployment (typically, regarding prediction-based RIS beam control mechanisms). Nonetheless, the 
sensing problem shall be even more explicitly addressed in the next deliverable of WP3. 

Lastly, an Ultra-Wide Band localization system, whose goal is also to locate devices, is described as well as its 
implementation by off-the-shelf UWB tags and anchor, and how the anchor measurements (Angle-of-arrival and 
range) have been interfaced with Open Air Interface. 

Section 4 presents various aspects of distributed cell-free computation, starting by the advantages of a 
distributed Radio Unit (RU) “daisy-chain” approach, compared to a star one, centered on the Distributed Unit 
(DU), in terms of total computational load and of traffic load on the fronthaul. Then, the issue of multi-band 
channel estimation is addressed, with the purpose of extrapolating channel estimation between adjacent bands, 
thus reducing the need for pilot signals. The clustering study of Section 3 is extended to the multi-band case 
where a cluster may include RUs of different frequencies.  
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In Section 5, in this same Open-RAN architecture, the notion of master-DU is introduced, its selection process is 
explained, as well as its change when the mobile moves. Lastly, the operator’s point of view is given on the use 
cases and benefits of multi-connectivity with multiple transmit and receive points.    

 

2.1  Mapping 6G-BRICKS Outputs 
Figure 1: Adherence to 6G-BRICKS GA Deliverable & Tasks Descriptions 

6G-BRICKS GA 
Component 

Title 

6G-BRICKS GA 
Component Outline 

Respective Document 
Chapter(s) 

Justification 

DELIVERABLE 

D.3.1 Initial report on communication and sensing algorithms, cell-free distributed computation and 
synchronization 

TASKS    

Task T3.1 – 
Communication 
and sensing: 
cell-free and RIS 
approaches  

This task is dedicated to 
the two 6G key 
technologies developed by 
6G-BRICKS, i.e., RIS and 
cell-free. For RIS, the goal 
is to develop techniques 
enabling use of the RIS 
reflector for both sensing 
and communication. For 
cell-free, the focus is on 
user localization and 
trajectory prediction.  

Section 3.1  

Section 3.2 

Section 3.3 

 

Section 3.1 addresses cluster 
adaptation considering UE 
location changes in a cell-free 
context.  

Section 3.2 addresses the problem 
of single-BS UE tracking with one 
reflective RIS, combining near field 
position estimation, Kalman 
filtering, and prediction-based RIS 
control.   

Section 3.3 addresses localization 
via an Ultra-Wide Band system, 
describes theoretical approaches, 
implementation of an UWB proxy 
to interface with OAI platform.    

Task T3.2 – 
Distributed cell-
free 
computation 
and 
synchronization 

The main targets of the 
analyses will be channel 
estimation, distributed 
processing, and 
synchronization. For the 
channel estimation and 
distributed processing, 
significant focus will be 
paid towards sharing 
large-scale information 
not only between different 

Section 4.1 

Section 4.2 

Section 4.3 

Section 4.1 addresses distributed 
processing in terms of 
architecture, comparing star and 
daisy-chain processing. 

Section 4.2 addresses the issue of 
multi-band channel estimation. 

Section 4.3 addresses the issue of 
multi-band clustering in an Open-
RAN architecture. 
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RUs but also between 
different frequency bands 
(both adjacent bands and 
cmWave-mmWave 
interactions).  

T3.3: 
Distributed RAN 
components for 
Cell-free 

This task is mainly 
dedicated to investigating 
the procedures of 
selecting primary O-DU 
and the primary O-DUs 
that will exchange the 
MAC signalling with the 
users and holds the RLC 
layer where the user data 
is buffered. Moreover, the 
procedures of changing 
the master DU in with the 
mobility of the users is 
addressed by clustering 
xApp at the Near-RT RIC. 
The proposed xApp is not 
only selecting the serving 
cluster of the O-RUs, but 
also triggers the master O-
DU change.  

Section 5.1 

Section 5.2 

 

Section 5.1 addresses the issue of 
distributed RAN components for 
clustering in a cell-free and Open-
RAN architecture. 

Section 5.2 gives the operator 
point of view on the use cases and 
benefits of multiple transmit and 
receive points. 

 

2.2 Deliverable Overview and Report Structure 

The deliverable is organized as follows: after the summary (Section 1) and the introductory Section 2, Section 3 
reports the research pursued in Task 3.1 “Communication and sensing: cell-free and RIS approaches”. Sub-section 
3.1 addresses cluster adaptation considering UE location changes in a cell-free context. Sub-section 3.2 addresses 
the problem of single-BS UE tracking with one reflective RIS, combining near field position estimation, Kalman 
filtering, and prediction-based RIS control. Sub-section 3.3 addresses localization via an Ultra-Wide Band system, 
describes theoretical approaches and their upcoming implementation.  Section 4 reports the research pursued 
in Task 3.2 “Distributed cell-free computation and synchronization”. Sub-section 4.1 addresses distributed 
processing in terms of architecture, comparing star and daisy-chain processing. Section 4.2 addresses the issue 
of multi-band channel estimation. Section 4.3 addresses the issue of multi-band clustering in an Open-RAN 
architecture. Section 5.1 addresses the issue of distributed RAN components for clustering in a cell-free and 
Open-RAN architecture. Section 5.2 gives the operator’s point of view on the use cases and benefits of multiple 
transmit and receive points. 
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3 Communication and sensing: cell-free and RIS approaches 

3.1 Cell-Free    

This section considers how to form clusters of Radio Units (RUs) through User Equipment (UE) trajectory 
prediction for an energy-efficient cell-free (CFr) network in combination with determining the serving RU for 
each user and the MIMO precoder for the transmission of data to the users.  The authors in [1] shows that load 
sharing between mobile network operators and switching off unused base stations can lead to 31.7% total energy 
cost reduction. The work does not consider small-scale traffic variation and the impact of switching off the base 
stations on the QoS. In [2], the author observes that, besides data rate and latency, Energy Efficiency (EE), defined 
as the number of bits transferred per Joule of consumed energy, became a key performance indicator of mobile 
networks. The work systematizes the approaches for increasing EE dividing them into four groups: resource 
allocation, network planning, harvesting, and hardware design.  The authors in [3] propose a low complexity 
power control algorithm for EE maximization with Zero-Forcing (ZF) precoder which yields maximum EE of 37 
Mbits/J with 40 APs compared to 24 Mbits/J with 80 AP without power control. The simulations assume the full 
buffer scenario.  In most current state of the art works related to cluster formation in CFr networks, only a full-
buffer scenario is considered and the frequency-selective channel is out of scope of their works [1]-[3]. How to 
provide trajectory prediction in CFr and considering the frequency-selectivity for the mobility of the user and the 
cluster adaptation remains an open question. The work in this section addresses this by proposing a cluster 
formation through trajectory prediction in CFr. This section also describes some of the planned work for how to 
organize the cluster reshaping via trajectory prediction. This is a novel idea in CFr literature. Especially how to 
integrate it with O-RAN is far beyond what is currently proposed by the existing SoTA. This section also outlines 
how and why the Near-RT RIC should take care of user clustering in the O-RAN framework.       

3.1.1 User trajectory prediction for cell-free mMIMO 

The user localisation and trajectory prediction xApp in cell-free massive MIMO (CFr mMIMO) operates and 
interacts with the Distributed Unit (DU) and the prediction module. The xApp will optimise the cluster considering 
the UE location change, amount of data in the UEs’ buffer, and the Quality of Service (QoS) requirements of the 
radio bearers. The xApp will generate an output of the serving O-RUs for each UE. Once the serving O-RUs are 
selected at the Near-RT RIC level, the CFr mMIMO scheduler at the MAC will allocate the Physical Resource Blocks 
(PRB) resources.  When selecting the serving cluster at the Near-RT RIC, the xApp will collect Reference 
signal Receive Power (RSRP) values for measurement cluster and based on the measurements will select the 
serving cluster as a subset of the measurement cluster.  Moreover, the proposed xApp will also consider the DL 
and UL buffer size, i.e., the number of bits waiting at the O-DU buffer for the downlink transmission and the 
number of bits waiting at the UE buffer, respectively, to determine the cluster and the precoder for underlying 
CFr mMIMO networks.   

In our current implementation the xApp considers the RSRP to determine the clusters and channel state 
information to determine the precoding. This approach applies well for stationary UEs. To extend the clustering 
and precoding with considering the UE mobility we need to predict the future clusters and precoding. The 
trajectory prediction xApp will determine the future clusters and precoding based on the last reported channels. 
We will further investigate the trajectory prediction xApp considering the variable amount of data in UE buffers. 
To validate the trajectory prediction xApp we have already built the CF mMIMO simulator and DU. The simulator 
simulates the UE movement, resulting channel state information change as well as the random traffic based on 
the FTP2 traffic model (exponential traffic distribution). The DU hosts the scheduler applying the precoding. The 
xApp select the required scheduling, precoding and clustering algorithm. 

The solution can be integrated with the KU Leuven testbed which will allow us to use the real channel state 
information form the testbed including the channel change resulting from the UE movement. In this way the 
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trajectory prediction xApp can be validated in more realistic test environment. 

Figure 2 illustrates the overall architecture of the solution.  The CFr RAN emulator simulates the UE movement 
and resulting channel state information. The UE location or speed are unknown to the xApp only the channel 
state information is provided to the DU which performs precoding within cluster determined by the trajectory 
prediction xApp. 

 

 

Figure 2 The network architecture and topology for the user trajectory prediction xApp. 

The functionalities of the trajectory prediction xApp are briefly presented in Table 1 as follows. 

Table 1: The functionalities of user trajectory prediction xApp 

Name of the element Description 

 

 

The user trajectory prediction xApp 

 Finds the measurement cluster for each UE 

 Subscribes the rxPower measurements per UE-O-RUs 
association in the O-DUs containing the RUs of the 
measurement cluster 

 Collects the rxPower measurements from the DUs  

 Based on the rxPower measurements the xApp determines 
serving cluster for each UE 

 The xApp sends the control message to the O-DU indicating 
the control cluster per UE  

The CFr mMIMO O-DU   Provides the xApp with the rxPower measurements which are 
obtained by the O-DU from the prediction module 
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 Receives the control message from the xApp  

The prediction module  Stores the system configurations and parameters 

 Stores the variables related to O-RUs, the UEs, the location of 
the O-RUs, and the speed 

 Calculates the rxPower based on the predicted path loss 

The procedures of the user trajectory prediction xApp follows 18 steps. Steps from 1 to 10 are referred to as the 
INITIALIZATION phase and are carried out only once to prepare the UE state (location, spectral efficiency) for the 
second stage when further simulations are carried out in a loop. 

--------------------- START OF INITIALIZATION ---------------------- 

Step 1: From the configuration file, setting up the configuration parameters.  The configuration parameters are 
the fixed parameter of the CFr mMIMO architecture considered in development of the xApps, e.g., number of O-
DUs, number of O-RUs, carrier frequency, subcarrier spacings, etc.  

Step 2: At this step, calculate the O-RUs location based on the variables per system, variables per RU_id, and 
many other system parameters related to O-RUs.   

Step 3: At this step, calculate the UE location based on the variables per UE_id, and many other system 
parameters related to UEs.   

Step 4: For each RU identity, RU_id = {1,2, 3,...,n_RU}, calculate the identity of the controlling O-DU, DU_id = 
{1,2,3..., n_DU}, as follows: DU_id =1+floor((RU_id-1, round(n_RU/n_DU)). This step is done once at the 
Prediction start. An example of calculation results is shown in Table 2. 

Table 2:The O-RUs and O-DUs association for the trajectory prediction xApp. 

RU_id DU_id 

1 1 

2 1 

3 1 

4 1 

5 2 

6 2 

7 2 

8 2 

 

Step 5:  At this step, the UE location and the timing is updated based on the movement of the UEs on the 2D 
space. The UE movement at the X-axis is calculated based on following equation: 
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UE_x +  cos(UE_azimuth) ∗ UE_v ∗ UE_t  (1) 

During the X-axis movement calculation, following conditions are satisfied: 

If UEx < 0 {UEx = −UE; UEazimuth = mod(UEazimuth + π,2 ∗ π)} (2) 

and  

if UEx > xmargin{UEx =  2 ∗ xmargin ∗ UEx;  UEazimuth = mod(UEazimuth + π ,2 ∗ π)} (3) 

Similarly, the UE movement at the Y-axis is calculated based on considering the movement of the UEs and the 
reflect from the service area boundary. Such movement of the UE in Y-axis can be calculated as;  

UE_y +  sin(UE_azimuth) ∗ UE_v ∗ UE_t (4) 

while it satisfies the following conditions: 

if  UE_y < 0 {UE_y =  −UE;  UE_azimuth = −UEazimuth 

 𝑎𝑛𝑑 if UE_y > y_margin {UE_y =  2 ∗ y_margin −  UE_y;  UE_azimuth = −UE_azimuth} 

(5) 

Moreover, several 2D matrices will be calculated at this step, i.e., the 2D distance, path loss, phase, per PRB 
rxPower, and many more. At this point, we will also calculate the energy efficiency of considered CFr mMIMO 
networks.  

Step 6:  At this point, we associate the UE with the RU that ensures the highest RU_rx_Power value . The DU, 
which is associated with the RU and serving the user is referred to as the Master DU. During the initial access the 
Master DU determines the serving cluster per UE. The detailed network signaling supporting this random access 
stage is described in section 5.1. 
 
Step 7 (Prediction): Provide the xApp with the following information, For each RU: the controlling DU, for each 
UE: the Master DU, respectively. This step is done once at the xApp start.  
 

Step 8 (xApp): For each UE, the xApp subscribes for the following measurements:  
  rxPower (uplink received signal power at the RU from the UE). The subscription is sent to all the DUs for 
all the RUs controlled by the DU.   
 The energy efficiency and the UE spectral efficiency. The subscription is sent to the Master DU.  
 

Step 9 (Subscription): The subscriptions are sent to the DU(s) per UE with use of the proprietary JSON signaling 
in accordance with the Key Performance Measurements (KPM) service interface message format, which includes 
the “UE” field indicating the UE_ID and for rxPower also a “label” field indicating the RU. This step is done once 
at the xApp start.  
 

Step 10 (RAN Emulator): The CFr mMIMO RAN emulator in Figure 2 forwards the subscriptions to the Prediction 
module. This step is always done after step 9.  
--------------------- END OF INITIALIZATION ---------------------- 
Step 11 (Prediction): Carry out step 5. This step is done at each report period. After the subscriptions in step 10 
are received then this step is done periodically every report period. 
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Step 12 (Prediction): Send the KPMs to the DU(s):  
 rxPower KPM equal to RU_rx_power. The measurements are sent to all the DUs and include the 
rxPower for the RUs controlled by the DU.  
 Spectral efficiency (SE)/EE KPM. The measurements are sent to the Master DU. The Master-DU 
definition and the selection procedures are described in Section 5 of this deliverable.  

The measurements are sent using the proprietary JSON signalling in accordance with the KPM service interface 
message format, which includes the “ue” field indicating the UE_ID and for rxPower also using a “label” field 
indicating the RU_id. This step is always done after step 11.  
 

Step 13 (RAN emulator): The RAN emulator forwards the measurements to the xApp. This step is always done 
after step 12. The RAN emulator emulates the operation of DUs which in O-RAN architecture send the key 
performance measurements to the Near-RT RIC and its xApps. 
 

Step 14 (xApp): The xApp calculates the summation of the spectral efficiency and shows its graph on the time 
axis. This step is always done after step 13.  
 

Step 15 (xApp): The xApp calculates the Serving Cluster for each UE according to the following algorithm:  
 The serving cluster for the UE includes n_serv strongest rxPower of the RUs.  

This step is always done after receiving KPM in step 13. 
 

Step 16 (xApp): If the Serving Cluster changes for any UE, then, the xApp sends to the RAN emulator the RIC 
Control Request message indicating the serving O-RUs for the UE. The format of the message may follow the 
MARSAL JSON message format:  
{  
  "control_action": 10,  
  "ue_id": 1,  
  "ru_ids_in_cluster": [  
    3,  
    4  
  ]  
}  
Each RUs should serve one UE, the UE with the strongest UE_rx_signal_prb in the RU.  
 

Step 17 (RAN emulator): The RAN emulator forwards the RIC Control request message to the Prediction.   
This step is always done after step 16.  
 

Step 18 (Prediction): The Prediction updates the serving cluster and uses it in the next KPM report period in 
step 11.  
 
At this moment, we consider implementing the solution with an emulated CFr mMIMO RAN that is a Python 
based script configurable by environmental variables, which simulates movement of UEs and their traffic in the 
CFr mMIMO system with the real RAN scheduling resolution, i.e. the transmission time interval (TTI) resolution. 
The results of the predictions with TTI resolution are aggregated and reported every reporting period set as 
default to 0.1 s.  
 
The proposed scheme provides solutions in three steps: 

 Scheduling - determines the UEs, which will get RU-PRB resources in the current TTI. 
 Clustering - determines the serving RUs per served UE in the current TTI. 
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 Precoding - determines the precoding used when transmitted from the RUs. 
The simulator has built-in the following radio resource allocation algorithms which can be selected by an xApp: 

 Scheduling: 
o Immediate - all UEs with data in the traffic buffer are considered for scheduling.  
o Delayed - the UEs are not scheduled immediately but the scheduler waits until there is data in 

the buffer for more UEs to schedule them simultaneously but not later than configurable 
packet delay budget (PDB). 

 Clustering:  
o All RUs - all RUs serve all UEs, which are available for ZF precoding. 
o Heuristic SE - for Maximum Ratio Transmission (MRT) precoding to optimise the sum SE. For 

each RU-Physical Resource Block –(PRB) one served UE is selected. 
o xApp defined - the xApp provides a clustering vector with serving RUs for each UE. The 

clustering vector can be changed every reporting period. 
 Precoding:  

o MRT - precoding, 

o ZF - zero forcing precoding. 
 

3.1.2 Conclusions  

The trajectory prediction solutions will be deployed in Near-RT RIC as an xApp based on collecting the key 
performance measurement (KPM) from the RAN emulator and provide the RAN Control (RC) decision to change 
the parameters in the RAN. As a final solution, the KPM will be collected from the KUL testbed where O-DU, O-
CU is deployed and integrated with the O-RU available at the testbed. The proposed solution will provide 
scheduling, clustering, and precoding decision to enhance the performance of spectral efficiency, energy 
consumption, and energy efficiency of CFr mMIMO networks. As a next step, we will incorporate the trajectory 
prediction solution as an xApp in the Near-RT RIC and showcase the Spectral efficiency and energy efficiency 

performance improvement of the proposed CFr mMIMO scenario over a baseline scenario where a single AP is 
transmitting to a UE on each PRB. 

 

3.2 RIS 

3.2.1 Introduction 

For network settings already capable of performing localization in favorable operating conditions (e.g., 
benefitting from Line-of-Sight (LoS) measurements with respect to a sufficient number of base stations behaving 
as fixed known anchors), Reconfigurable Intelligent Surfaces (RIS) are mainly expected to boost on-demand 
localization accuracy to timely adapt to new requirements or needs, typically in restricted regions close enough 
to the assisting surfaces, while performance remains approximately the same as that of the reference non-RIS 
aided baseline elsewhere ([4],[5]). But RISs are also and foremost expected to make localization feasible in 
operating contexts where resources (such as Base Stations (BS)) are scarce or deleterious (such as Non-Line of 
Sight (NLoS)) operating contexts, where conventional non-RIS aided systems would fail or necessitate even more 
physical resources to produce an estimated position. For instance, from a strict localization parameters 
identifiability standpoint [6], the use of two RISs in Farfield (FF) or even one single RIS in geometric Nearfield (NF) 
regime [7] could theoretically enable to solve NLoS Downlink1 (DL) localization situations. As another example, 

                                                           
1 NLoS is meant between the BS and the UE. 
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in an asynchronous DL Single Input-Single Output (SISO) case, only one RIS-aided BS would be required for 3D UE 
positioning (vs. up to four BSs in a conventional non-RIS aided case). 

Depending on whether the RIS is considered as an integral element of the network architecture (i.e., somehow 
as part of the infrastructure) or a low-energy mobile device to be localized (within a pre-existing infrastructure), 
as well as on its operating mode (i.e., reflect, transmit, receive, or hybrid modes), various physical system 
deployments are relevant for RIS-aided communications, RIS-aided localization and/or sensing, or the integration 
of both functionalities within a single system. However, in the frame of 6G-BRICKS T3.1, for the sake of 
compliance with the capabilities of the real RIS hardware prototypes foreseen for system integration, we will 
herein strictly focus on passive reflective RISs and/or at most, on passive RIS “relays” combining both directive 
reception and directive reflection. Likewise, regarding deployment scenarios, we will restrict ourselves to BS-
based deployments, excluding BS-free UE-centric mono-static sensing approaches such as that proposed in [8]. 

3.2.2 RIS control algorithms to do sensing and communication 

3.2.2.1 State of the art 

In a typical RIS-enabled network architecture, the RIS controller is usually in charge of determining the phase 
configurations to be physically applied at the different RIS elements. An important challenge with RIS thus lies in 
the optimization of these profiles (i.e., their reflection coefficients and/or their phases). For data communication 
purposes, the optimization mainly consists in increasing the Signal to Noise Ratio (SNR) at the receiver. It may 
benefit from channel state information or estimates, prior UE location information, pre-determined/imposed 
sequences from a codebook (i.e., random or deterministic beams, scanning the whole environment or only a 
portion of space…), etc… This optimization can be solved based on the preliminary estimation of cascaded 
channel responses [9] or even more simply, through in-site online iterative optimization, i.e., by fine-tuning the 
RIS configuration till the RIS-reflected path provides an arbitrary large enhancement of the BS-UE link quality, as 
perceived by the UE with its continuously reported RSRP measurements. In the specific context of localization 
and sensing2 though, the problem is somehow more specific and bounded to the underlying geometry of the 
transmission links, in light of the chosen localization solver. In this case, the idea is to optimize both the amount 
and the quality of the location-dependent information conveyed by RIS-reflected paths, which could be captured 
by the receiver depending on its processing capabilities (e.g., measuring only received power, estimating 
multipath delays and/or angles, enabling nearfield processing, etc.). The most common RIS configurations 
envisaged in this localization and sensing context can be roughly classified as follows: 

- Directional beam designs, which can contribute to reduce resource consumption (i.e. typically, the time 
taken for localization acquisition) and improve further localization accuracy, by leveraging various levels 
and kinds of prior knowledge regarding the UE location. This kind of designs inherently provides Angle 
of Departure (AoD) indication by exploiting the beam steering direction (hence enabling e.g., basic multi-
RIS positioning through triangulation, while relying uniquely on Received Signal Strength (RSS) [10],[11]. 
Optionally, the reflected beam width can also be controlled by switching off specific elements of the RIS. 
The control methods using directional designs include several variants, depending if and to which extent 
the prior UE location information is available and accurate, such as:  

                                                           
2 Again, for the sake of compliance with hardware capabilities and system integration in 6G-BRICKS, RIS-aided sensing is 
herein mostly intended as a multi-static radar-like functionality based on reflective RISs, while exploiting either scattered 
multipath components or direct link obstruction like in so-called Device-Free Localization (DFL) [13]. In these forms of 
sensing, the RISs hence contribute to the detection, or even the localization, of passive objects in the surroundings of 
connected devices. More specific sensing approaches, using RISs in receive or hybrid reflective/receiving modes, do not fall 
in the scope of this first deliverable (e.g., multi-RIS UE triangulation based on Angles of Arrivals (AoAs) [17], single-RIS 
scanning/monitoring of random uplink traffic of connected devices for the detection of passive objects [18]).  
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o Constrained deterministic beam scanning, illuminating a grid of discrete directions or positions 
constrained to a portion of space, which is for instance related to the geometric boundaries of 
the a priori known UE uncertainty region ; 

o Constrained randomized beam scanning, illuminating a set of random directions or positions 
that are constrained to a region of space related to UE uncertainty region ; 

o Confidence-based (randomized or deterministic) beam scanning, similar to constrained beam 
scanning schemes, but where the constraining region is determined by a high-probability shape 
derived from the UE position prior density (e.g., ellipsoid, sphere…) ;  

o Sampling beam scanning, illuminating random directions or positions, which are sampled from 
a probability density function induced by UE position prior density ; 

o Unconstrained beam scanning, illuminating a grid of discrete directions or positions spanning 
the entire search space, in case no prior UE location information is available, which is likely more 
suited to time-relaxed applications and/or when initializing the system from scratch ;  

o Unconstrained randomized beams, illuminating a set of random directions or positions, but with 
the risk of missing the UE/target or hitting the latter but with too low power gain. 

- Derivative beam designs, which aim at creating nulls in the reflected RIS beam patterns (e.g., derivating 
the directional beams with respect to preferred directions) so as to benefit from more sensitivity with 
respect to specific dimensions of the estimation space (somehow equivalent to e.g., the difference 
beams used in monopulse radar [12], MIMO radar,[13], or even non-RIS localization [14],[15]). However, 
this scheme was shown optimal for localisation if and only if sufficiently accurate prior information is 
made available regarding the UE location [17],[18]. 

- Random configurations (i.e., random element-wise phase terms), which do not rely on directionality 
and hence, can neither exploit prior location information nor benefit from high SNR, but somehow 
enable to cover the entire space span (typically in terms of azimuth/elevation) with few RIS 
configurations [16],[17],[18]. In this case, the UE coherently needs to combine the information from 
different transmissions. One more drawback is that the UE needs to know the complex beam response 
and the exact RIS element and array response to perform coherent combining on the receiver side (unlike 
in beam-based codebook approaches).  

- Multi-beam design, which illuminates several directions simultaneously (e.g., in case of multi-UE 
tracking), with reduced gains though [18]. 

Besides exploiting prior knowledge about UE location, RIS phase configurations can also be designed to improve 
further localization performance, by accounting for BS(s) [19] and/or RIS(s) deployment [21]  (thus, including 
both architecture and geometry considerations), RIS hardware limitations (e.g., through look-up tables of 
measured element-wise reflection coefficients) [18], or even geometric NF propagation regimes [20].  

Regarding deployment aspects for instance, one concrete example concerns the joint optimization of passive RIS 
configurations and active BS precoding in a LoS DL Multiple Input Single Output (MISO) positioning scenario [21], 
where the theoretical position error bound (PEB) is used as a cost metric to jointly optimize the BS-RIS 
beamforming, assuming some a priori knowledge of the UE position. Robust codebook-based design strategies 
can be adopted accordingly, offering optimized beam power allocation while taking into account the uncertainty 
on the user position. In [21], in a multi-RIS scenario, the reflecting surfaces participating into the localization 
process are jointly selected and configured so as to both optimize the intensity and the direction of the location 
information conveyed by radio measurements (from a Fisher information sense).  

As another example, RIS configurations suitable for NLoS DL SISO positioning in geometric NF have been 
proposed in[18],[20]. While still relying on theoretical PEB as optimization cost and prior UE location information, 
a unified generic RIS response model supporting NF is assumed while deriving the PEB so as to derive localization-
optimal RIS beam shapes, along with their relative weights. This solution combines both a directional beam and 
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its successive derivatives (with respect to the 3D space dimensions, expressed in terms of spherical coordinates). 
These optimal beams are then further constrained onto the unit-circle prior to optimization (to respect the 
passive RIS hypothesis), with the possibility to implement in both power or time domains (i.e., through time 
sharing). 

RIS directional phase configurations may not adequately cover the UE position uncertainty in case of a large 
number of RIS elements but a low number of pilot transmissions. Accordingly, there is a possibility that a 
directional beam cannot provide sufficient gain increases as the uncertainty of the UE position prior increases. 
Accordingly, in [8], specific spatio-temporal RIS phase profiles are designed to adaptively and uniformly 
illuminate the zone corresponding to the prior UE position uncertainty, by dividing the overall uncertainty region 
into multiple grids, each grid being covered by one pilot transmission (i.e., one RIS configuration).  

3.2.2.2 Proposed method 

In our specific context, the challenge is to seek a practical but sufficiently generic RIS phase control strategy, in 
order to both ease system integration and offer the possibility to support several algorithmic approaches (incl. 
coherent or non-coherent processing, NF or FF processing, use of prior UE location information with a gradual 
level of uncertainty…). Among previous proposed methods we have considered both confidence-based and 
constrained randomized beam scanning schemes in our study (see Figure 3), as follows:  

1) Directional RIS design with an “adaptive-radius sphere” (confidence-based randomized beam scanning): 
Steering beams are considered with respect to random locations uniformly distributed in a sphere3 centered 
around the last predicted UE position, with an adaptive radius based on the covariance of the last predicted 
position. For the sake of implementation simplicity, the sphere radius has been set to a value equal to three 
times the maximum prediction covariance term across the three Cartesian dimensions, hence ensuring a 
confidence level of approximately 99.99% for this prediction with respect to the worst dimension (under a 
Gaussian centered assumption). From that perspective, this choice can be seen as a simplification of a 
confidence-based scheme where the ellipsoid reduces to a sphere. Accordingly, for each of the L pilot 
transmissions used before issuing one single-epoch position estimate, a new RIS configuration is applied, 
corresponding to the randomly drawn UE location.  

2) Directional RIS design with a “constant-radius sphere” (constrained randomized beam scanning): Similar to 
the first scheme, all except but the sphere radius, which is no longer based on the covariance of the predicted 
UE position but constant. In this case, the sphere radius is chosen as a compromise between representative 
“worst-case” levels of uncertainty associated with a given single-epoch position estimator and a sufficient level 
of spatial diversity around the presumed UE location. This is intended to increase the sensitivity of the chosen 
single-epoch position estimator, as multiple beam steering directions are requested in order to properly estimate 
the actual angles of departure from the RIS center wrt. the UE. In our numerical examples below, this radius has 
been empirically set to 0.5m.  

3) Directional RIS design with an “adaptive-radius sphere under low RIS control signaling”: Similar to the first 
scheme, all but assuming that the locally predicted UE location, which is used only for RIS control, is not 
necessarily based on the latest estimated (i.e., filtered) UE position made available by the network, but simply 
based on the last previous local prediction. From this perspective, the RIS controller is somehow seen as more 

                                                           
3 The sphere is herein chosen to be the most generic geometric shape accounting for uncertain UE location, while supporting 
indifferently NF or FF processing on the Rx side (i.e., offering also the possibility to infer directly the UE location out of one 
RIS-reflected signal by exploiting the wavefront curvature). In case only FF processing is feasible though (i.e., inferring only 
directions of departure from the RIS out of received signals on the receiver side), then drawing steering directions in cone 
around the predicted UE direction would be sufficient. 
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autonomous, while still requiring simple computational capacities. As an example, we have considered updating 
the local prediction based on the filtered estimates -as provided by the network- only once every two filtering 
epochs, hence representing an economy of 50% signaling overhead/traffic to the RIS for the control of its phase 
configurations. 

 

 Figure 3: Examples of directional RIS design based on beam scanning, using constrained (left) and confidence-based 
(right) approaches, with respect to positions enabling both NF and FF processing 

Accordingly, given the respective positions of the BS, 𝒑𝑏, and of the current steering position 𝒑𝑑𝑙
 (randomly 

drawn in the sphere centred around the predicted position) associated to the l-th pilot transmission, the M-
element RIS complex configuration (i.e., the vector of complex reflection coefficients) 𝒘𝑙 ∈ ℂ𝑀𝑥1 is such that  

𝒘𝑙 = (𝒂(𝒑𝑑𝑙
)⨀𝒂(𝒑𝑏))

∗
 (6) 

where ⨀ is the Hadamard product and (. )∗ denotes the conjugation. 

This leads to the normalized RIS beam gain:  

𝐺𝑙(𝒑) ∝ (𝒂(𝒑𝑑𝑙
)⨀𝒂(𝒑𝑏))

∗𝑇

(𝒂(𝒑)⨀𝒂(𝒑𝑏)) 
(7) 

where 𝒂(𝒑) ∈ ℂ𝑀𝑥1  is the RIS response which, in case of static geometric NF model (which tends asymptotically 
to the FF model when the RIS-UE distance is large), is for instance modelled as:  

[𝒂(𝒑)]𝑚 = exp (−𝑗 
2𝜋 

𝜆
(‖𝒑 − 𝒑𝑚‖ − ‖𝒑 − 𝒑𝑟‖)) 

(8) 

with 𝒑𝑚 the position of the m-th RIS element, 𝒑𝑟  the position of the RIS center, 𝜆 the wavelength, and ‖. ‖ the 
l2-norm operator. 

Subsequently, classical synthesis methods can be applied to retrieve the corresponding element-wise quantized 
RIS phase terms, under real hardware constraints (e.g., [18]). 
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In our evaluation (see section 3.2.3.2), the previous location-based RIS control schemes have been coupled with 
a specific single-epoch position estimator followed by a tracking filter and compared with purely random RIS 
phase configurations (i.e., non-directional).  

Even if multiple variants are feasible in terms of physical deployment, we herein consider a basic system 
configuration comprising one single BS, one single UE, and at least one passive reflective RIS. In the following, 
we detail an example with one single RIS for simplicity, while assuming UE positioning out of downlink pilots. In 
the most generic scenario, the corresponding protocol transactions are then similar to that in [25], which can 
hence be summarized as follows (See Figure 4): 

1. A UL localization request is sent by the UE to the network, which can optionally convey prior information 
regarding the UE location in its payload data (e.g., the latest estimated position, along with its associated 
uncertainty), if the UE has the capability to compute its own location.  

2. Upon reception of the UE request, the BS sends back an acknowledgement to the UE, which can also 
include its own position/orientation, as well as that of the involved RISs, along with the calculated RIS 
phase configurations that will be applied for the upcoming localization procedure.  

3. Then, the BS transmits the necessary control data to the RIS. Depending on the capabilities and the 
autonomy level of the latter, this control data can include prior information about the UE location (e.g., 
predicted position and associated uncertainty), or even directly the calculated RIS configurations or the 
beam indices (taken from a codebook) to be applied.  

4. The localization procedure itself is launched by the BS, which triggers both the UE and the RIS, while 
providing them with a timing reference.  

5. The BS transmits its sequence of DL localization pilot signals, which are reflected by the RIS, while the 
latter is cycling over its assigned configurations or beams. The UE receives and processes the DL pilots. 

6. The UE acquires the sequence of received signals corresponding to the transmitted pilots and optionally, 
computes its own position (single-epoch positioning) or even further, a filtered version of its estimate 
for the current epoch (tracking filtering). Whenever the UE cannot compute its location, the radio 
measurements acquired on the receiver side over the sequence of transmitted pilots (e.g., raw I/Q 
samples or estimated angles and delays…) for the current epoch are sent over the UL to the BS, which is 
in charge of computing the location. The accuracy of the latter location information can be assessed by 
means of both the 3D Root Mean Square Error (RMSE) and arbitrary characteristic location error values 
drawn out of the empirical cumulative probability density function (e.g., typically 68%-quantile error -
referred to as P68 error in GNSS applications-, 90%-quantile, or even 99%-quantile errors). For the next 
steps, one may optionally loop back to step 1 to trigger another full-extent localization procedure (in an 
independent way) or possibly to step 3 directly, in case multiple sequential localization procedures have 
been agreed on (within the initial request of step 1). 
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(a) 

 

 

 

(b) 

 
(c) 

 
Figure 4: – Example of physical deployment (a), message sequence chart (b) incl. both control signaling and data 

traffic (with data transmitted on the over-the-air interface shown as *), and corresponding time diagram (c) for UE 
localization with one RIS reflection (similar to [25]). 

 

3.2.3 Localisation solutions  

3.2.3.1 Positioning  

In this section, we address the design of an estimator that is intended for RIS-aided single-BS narrowband DL 
positioning in a NF NLoS context, hence focusing on the problem of localization continuity under minimal 
network deployment conditions and limited spectrum resources (in terms of bandwidth). More particularly, the 
idea is to leverage the wavefront curvature of the signal impinging at/departing from the RIS in the geometric 
NF propagation regime, but also to compensate for the small-scale Doppler effects induced by UE mobility (i.e., 
over the short time duration of a sequence of DL pilot signals) at the different elements of this RIS onto the final 
positioning results. While initial concepts and preliminary simulation-based performance evaluations were 
originally introduced in [26], (including e.g., preliminary results regarding snapshot nearfield positioning under 
known velocity through simple grid search), more specific developments carried out in the framework of 6G-
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BRICKS T3.1 are reported in detail in the submitted paper [27]. These developments include, beyond [26]: a 
sensitivity analysis with respect to the signal to noise ratio, speed value, and uncontrolled multipath besides the 
reflected path, as well as a convergence study, and finally, the detailed sequence of algorithmic steps shown in 
Figure 6 to Figure 8. Note that this snapshot positioning algorithm just represents a constituting sub-block of the 
new overall system vision specifically developed in 6G-BRICKS T3.1 (See Section 3.2.3.2 below).  

Hereafter we summarize the main algorithmic steps. 

Under UE mobility, the received signal model at time instant ℓ (i.e., for the ℓ-th pilot) can be expressed in 
geometric NF as: 

 
(9) 

where 𝑠ℓ  denotes the transmitted pilot (taken as 𝑠ℓ  = 1, ∀ℓ = 1.. L hereafter for simplicity), α is the complex 
channel gain that includes the impact of the transmit power, attenuation in both BS-RIS and RIS-UE paths and 
global phase offset, Ωℓ = diag(ωℓ) with ωℓ denoting the M×1 vector of controlled RIS element-wise complex 
reflection coefficients, and nℓ ∼ CN (0, N0) is an i.i.d additive zero-mean normal noise with power spectral density 
N0 . 𝒑ℓ the instantaneous 3D UE position over the pilot sequence, is a function of the initial 3D position 𝒑 and 3D 
velocity 𝒗, as follows:  

 
(10) 

Accordingly, the element-wise RIS response for the m-th element is given by: 

 

(11) 

Where: 

 
(12) 

 
(13) 

With similar definitions for 𝑢𝑟 (𝑝) and 𝑑𝑟 

Stacking the received signals over L symbols, the overall observation vector is  

 

(14) 
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Where: 

 
(15) 

Given the NLoS RIS-induced observations y at the mobile UE, the goal is thus to perform the joint estimation of 
its 3D position p and 3D velocity v, along with the nuisance parameter α. For this problem, the Maximum 
Likelihood (MLi) estimator below would require a high-dimensional search.  

 
(16) 

However, using the following closed-form (CFo) estimation for α 

 

(17) 

the initial MLi problem can be simplified as a 6D problem:  

 

(18) 

Where  and  

 

Figure 5: Scenario and problem geometry considered for RIS-aided single-epoch single-BS narrowband DL positioning 
in a NLoS context, under geometric NF propagation conditions. 

To address the 6D estimation problem above, the overall algorithm initially proposed in [26] and extended 
further in [27] can be summarized as follows: 

- While relying on a static UE assumption and an FF approximation of the RIS response, the initialization 



 
D.3.1 Initial report on communication and sensing algorithms, 
cell-free distributed computation and synchronization 

 

 

 

© 6G-BRICKS 2023  Page | 30  

step first starts by a simple 2D grid search (GS) over the RIS angles of departure (AoD). These angles are 
then fed into the NF RIS response model to perform a 1D GS over the BS-RIS-UE range, followed by 
another step of 2D GS over the RIS AoD and a close-form approximation of the RIS-reflected path gain, 
while still assuming a static UE (Figure 7 and Figure 6/Step 2). In the end, the initialization procedure 
enables to deliver coarse guesses regarding both the UE position and the channel gain. 

- Starting with the previous initial guesses, a so-called CFo refinement procedure is then run, which 
iteratively alternates velocity-based position estimation (Figure 8 or Figure 6/Step 4) and position-based 
velocity estimation (Figure 6/Step 3), while performing local linearization and compensating for the 
estimation residuals caused by mobility at each iteration. In particular, for position refinement, the 
linearization is applied to the phase term in the initial steering vector around the initial position guess to 
obtain a first-order approximation. Then a small angle approximation (SAA) is performed and a new 
approximated MLi estimator is derived. A similar approach is taken for velocity refinement, except that 
no linearization is required. 

- An optional Quasi-Newton refinement routine can also be performed depending on the operating 
conditions (e.g., typically at larger distances), to complete further the estimation process and further 
improve position, velocity and channel gain estimates through standard MLi on the most complete cost 
model. This method has been coined Global Position Refinement. Its performance is depicted in the 
following figures: Figure 10 and Figure 11. 

The complete mathematical expressions, along with all the intermediary calculation steps, are detailed in [27]. 

 

Figure 6: Simplified block diagram of the overall 6D estimation algorithm. 
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Figure 7: Simplified block diagram of the initialization procedure based on Grid Search. 

 

 

 

Figure 8: Simplified block diagram of the position refinement procedure assuming known velocity 𝒗, where 𝑝𝛿 
represents the residual on position estimate. 

For numerical illustrations and simulation-based evaluations, we consider the main parameters reported in Table 
3.  

Table 3:Main parameters of positioning 

Parameter Value Parameter Value 

Frequency fc=28GHz Wavelength c  1.07 cm 

Bandwidth W= 1 MHz Transmitted power Ptx = 20 Bm 
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Noise PSD N0 = - 174 dBm/Hz Noise Figure nf = 8 dB 

RIS loc Pr =[0,0,0]T m BS loc. Pb= [3,3,1]T m 

RIS size M = 32x32 elements Transmissions L=40 

 

In Figure 9, we show the RMSE of the position estimation root mean square error (RMSE) as a function of the RIS-
UE distance, with a known velocity of 1 m/s. As expected, the initialization procedure, which relies uniquely on 
a GS under multiple approximations, suffers from a quite severe performance loss in comparison with the 
theoretical PEB. However, the CFo position refinement routine, once fed by this initialization, seems to reach the 
bound even at large distances. We have also benchmarked this approach with a contribution from State-of-the-
Art [28], where a grid-search-based algorithm (including 3 distinct 1D search procedures) aims at exploiting also 
the signal’s wavefront curvature by accounting for the effects of geometric NF on positioning, but assuming no 
velocity in the model.  

In Figure 10, we also show the performance of the estimation algorithm, this time for an unknown velocity of 1 
m/s. It is hence noticed that the GS algorithm alone does not perform very well when compared to the PEB, 
especially at short distance, while the CFo refinement routine can significantly improve the estimation 
performance, while touching the PEB curve at short-to-mid ranges. Beyond, at even larger distances, the optional 
Global Refinement routine seems helpful to mitigate the harmful effects of SAA.  

In Figure 11, assuming a RIS-UE distance of 2 m and a varying velocity, one can see clearly the negative effect of 
large velocity on the GS algorithm, while the rest of the other routines still continue performing well, in 
compliance with the PEB behavior. 

 

 

Figure 9: RMSE of position estimation with known UE velocity (v = 1 m/s), as a function of the RIS-UE distance with CF, 
the proposed positioning solution, combining approximated initialization through grid search and further close-form 

refinement 
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Figure 10: RMSE of position estimation with unknown UE velocity (v = 1 m/s), as a function of the RIS-UE distance with 
CF, the proposed overall positioning solution combining approximated initialization through grid search and further close-

form refinement. 

 

 

Figure 11: Effect of UE mobility on position estimation for a RIS-UE distance of 2 m with CF, the proposed overall 
positioning solution combining approximated initialization through grid search and further close-form 

refinement. 
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3.2.3.2 Tracking 

In this subsection, assuming a dynamic scenario, we consider coupling the previous single-epoch DL positioning 
method (see subsection 3.2.3.1) with standard Kalman filtering to ensure the tracking of the mobile UE, as well 
as with location-based RIS control based on a directional beam design (see subsection 3.2.2), leveraging predicted 
UE positions. Performance is assessed in terms of the UE location errors at the output of the tracking filter, while 
combining and looping over the three system building blocks during the tested UE trajectories (i.e., snapshot 
position estimation, filtering and prediction-based RIS control). 

A simplified block diagram of the entire system is shown in Figure 12. Without loss of generality regarding this 
system vision, note that both prediction and filtering (i.e., prediction followed by correction) steps here rely on 
well-established and conventional (i.e., non-specific) algorithmic approaches, as we just assume linear and 
Gaussian processes in first approximation, for simplicity. However, other standard Bayesian filtering approaches, 
such as more advanced variants of the Kalman filter (e.g., Extended KF), or even particle filters, could have been 
envisaged too (typically, in case of non-linear and/or non-Gaussian dynamics), while being still compliant with 
the proposed system architecture of Figure 12. 

 

 

Figure 12: Block diagram of the entire system including single-epoch UE positioning, tracking and dynamic prediction-
based RIS control at the k-th time epoch. 

Accordingly, at the k-th time epoch, we consider providing an estimate 𝒑̂𝑘 = [𝑝̂𝑥𝑘
, 𝑝̂𝑦𝑘

, 𝑝̂𝑧𝑘
]
𝑻
 of the actual UE 

3D position 𝒑 = [𝑝𝑥𝑘
, 𝑝𝑦𝑘

, 𝑝𝑧𝑘
]
𝑻

 (expressed in Cartesian coordinates), which is delivered by the single-epoch 

positioning algorithm of Subsection 3.2.3.1, out of the sequence of received pilots 𝒚𝑘 = [𝑦1,𝑘 …𝑦𝐿,𝑘]
𝑇

. This first 



 
D.3.1 Initial report on communication and sensing algorithms, 
cell-free distributed computation and synchronization 

 

 

 

© 6G-BRICKS 2023  Page | 35  

position estimate is then fed as an observation into a standard Kalman tracking filter, which produces filtered 

versions 𝒑̂𝑘/𝑘 = [𝑝̂𝑥𝑘/𝑘
, 𝑝̂𝑦𝑘/𝑘

, 𝑝̂𝑧𝑘/𝑘
]
𝑻

 and 𝒗̂𝑘/𝑘 = [𝑣̂𝑥𝑘/𝑘
, 𝑣̂𝑦𝑘/𝑘

, 𝑣̂𝑧𝑘/𝑘
]
𝑻

of the 3D position and velocity 

respectively (along with the associated estimated state covariance matrix 𝑪𝑘/𝑘). Assuming a basic linear a priori 

mobility model for simplicity, the intermediary predicted position and velocity vectors, namely 𝒑̂𝑘+1/𝑘 =

[𝑝̂𝑥𝑘+1/𝑘
, 𝑝̂𝑦𝑘+1/𝑘

, 𝑝̂𝑧𝑘+1/𝑘
]
𝑻

 and 𝒗̂𝑘+1/𝑘 = [𝑣̂𝑥𝑘+1/𝑘, 𝑣̂𝑦𝑘+1/𝑘
, 𝑣̂𝑧𝑘+1/𝑘]

𝑻
, along with the associated covariance 

𝑪𝑘+1/𝑘 , can be used at the k+1-th time epoch not only for correction purposes in the tracking filter but also as 

initial guess back to the single-epoch estimator, and even optionally, in dynamic RIS control for the calculation 

of the location-based RIS configurations 𝒘𝑘+1 = [𝑤1,𝑘+1 …𝑤𝐿,𝑘+1]
𝑇

 (according to Subsection 3.2.2), as follows: 

 

 Tracking (Kalman Filter) 

- Actual State:  𝑿𝑘 = [𝑝𝑥𝑘
, 𝑝𝑦𝑘

, 𝑝𝑧𝑘
, 𝑣𝑥𝑘, 𝑣𝑦𝑘

, 𝑣𝑧𝑘 𝑎𝑥𝑘, 𝑎𝑦𝑘
, 𝑎𝑧𝑘]

𝑻
 

- Predicted State: 𝑿𝑘/𝑘−1 = [𝑝̂𝑥𝑘/𝑘−1
, 𝑝̂𝑦𝑘/𝑘−1

, 𝑝̂𝑧𝑘/𝑘−1
, 𝑣̂𝑥𝑘/𝑘−1 , 𝑣̂𝑦𝑘/𝑘−1

, 𝑣̂𝑧𝑘/𝑘−1 𝑎̂𝑥𝑘/𝑘−1, 𝑎̂𝑦𝑘/𝑘−1
, 𝑎̂𝑧𝑘/𝑘−1]

𝑻
 

where 𝑎̂𝑥𝑘,  𝑎̂𝑦𝑘
  𝑎̂𝑧𝑘     denote estimates of the acceleration. 

- Observation: 𝒀𝑘 = 𝒑̂𝑘 = [𝑝̂𝑥𝑘
, 𝑝̂𝑦𝑘

, 𝑝̂𝑧𝑘
]
𝑻

, from single-epoch estimator. As it is shown in [27] that the single-

epoch velocity estimation is by far less accurate than its position counterpart, we use only the latter as filter 
observation. 

- Filtered State: 𝑿𝑘/𝑘 = [𝑝̂𝑥𝑘/𝑘
, 𝑝̂𝑦𝑘/𝑘

, 𝑝̂𝑧𝑘/𝑘
, 𝑣̂𝑥𝑘/𝑘 , 𝑣̂𝑦𝑘/𝑘

, 𝑣̂𝑧𝑘/𝑘 𝑎̂𝑥𝑘/𝑘, 𝑎̂𝑦𝑘/𝑘
, 𝑎̂𝑧𝑘/𝑘]

𝑻
 

- Covariance matrix of state noise: 𝑸𝑘 (accounting for the uncertainty of prior linear mobility model) 

- Covariance matrix of observation: 𝑹𝑘 (accounting for the quality of single-epoch estimation, based on the 
inverse of the Fisher Information Matrix, which is a function of the exact UE position numerically approximated 
based on the predicted position). 

- State transition matrix:  𝑭 =

[
 
 
 
 
 
 
 
 
1
0
0
0
0
0
0
0
0

0
1
0
0
0
0
0
0
0

0
0
1
0
0
0
0
0
0

𝑑𝑡
0
0
1
0
0
0
0
0

0
𝑑𝑡
0
0
1
0
0
0
0

0
0
𝑑𝑡
0
0
1
0
0
0

𝑑𝑡2/2
0
0
𝑑𝑡
0
0
1
0
0

0
𝑑𝑡2/2

0
0
𝑑𝑡
0
0
1
0

0
0

𝑑𝑡2/2
0
0
𝑑𝑡
0
0
1 ]

 
 
 
 
 
 
 
 

 

- Observation function: 𝑯 = [
1
0
0

0
1
0

0
0
1

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0
]  

Note that, under the previous modelling assumptions, the correction step of the tracking filter is applied only to 
the position state variable, while velocity and acceleration terms mostly rely on the prediction step.   

 

Prediction step 
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Predicted state: 𝑿𝑘/𝑘−1 = 𝑭𝑿𝑘−1/𝑘−1  

Covariance of predicted state: 𝑪𝑘/𝑘−1 = 𝑭𝑪𝑘−1/𝑘−1𝑭
𝑇 + 𝑸𝑘  

Correction step 

Predicted observation: 𝒀𝑘/𝑘−1 = 𝑯𝑿𝑘/𝑘−1   

Innovation: 𝑬𝑘 = 𝒀𝑘 − 𝒀𝑘/𝑘−1  

Covariance of innovation: 𝑺𝑘 = 𝑯𝑪𝑘/𝑘−1𝑯
𝑇 + 𝑹𝑘  

Filter gain: 𝑮𝑘 = 𝑪𝑘/𝑘−1𝑯
𝑇𝑺𝑘

−𝟏   

Updated state: 𝑿𝑘/𝑘 = 𝑿𝑘/𝑘−1 + 𝑮𝑘𝑬𝑘  

Covariance of updated state: 𝑪𝑘/𝑘 = (𝑰 − 𝑮𝑘𝑯)𝑪𝑘/𝑘−1 

 

 Use of filter state prediction in RIS control (with/without signaling) 

Assuming again a directional RIS beam design, the predictor used to configure the RIS is in charge of predicting 
the current position 𝒑̂′𝑘/𝑘−1 (along with its associated variance 𝑪′𝑘/𝑘−1). In the nominal case, the latter 

information is simply based on specific RIS control signaling conveying the latest filtered position estimate 
𝒑̂𝑘−1/𝑘−1, as communicated by the network to the RIS. Alternatively, in the absence of RIS control signaling for 

the current time epoch, then the prediction is only based on the previous local prediction 𝒑̂′𝑘−1/𝑘−1.  In the 

former case, the local prediction is hence simply equivalent to that of the prediction step in the tracking filter, 
while in the latter case, the local prediction is performed in “open loop” and does not benefit from the correction 
step of the tracking filter based on the last observation. 

Nominal case (RIS control signaling) 

𝑿′𝑘/𝑘−1 = 𝑭𝑿𝑘−1/𝑘−1 

𝑪′𝑘/𝑘−1 = 𝑭𝑪𝑘−1/𝑘−1𝑭
𝑇 + 𝑸𝑘 

Lower control signaling (“Open loop”) 

𝑿′𝑘/𝑘−1 = 𝑭𝑿′𝑘−1/𝑘−1 

𝑪′𝑘/𝑘−1 = 𝑭𝑪′𝑘−1/𝑘−1𝑭
𝑇 + 𝑸𝑘 

 

For the simulation-based illustration of the previous single-BS single-RIS UE tracking system, we are mostly 
interested in assessing the continuity of localization for short periods of time under NLoS conditions (say under 
temporary radio blockages). Accordingly, we consider the same system parameters as that of Section 3.2.3.1, all 
except the position of the BS, which is now set to [5, 5, 3]m, the initial UE position, which is systematically set to  
[1, 1, 1]m with positive velocity along the z axis (in compliance with the deployment scenario) (See Figure 13), 
and the number of RIS elements, which is varied from 64x64 down to 8x8. Following a Monte Carlo approach, 
random trajectories have been simulated per tested configuration with independent state noise realizations, 
each simulated trajectory lasting for 5 sec and assuming a maximum velocity in each of the 3 dimensions of space 
of 5 m/s, as well as a filter refreshment period of 0.5 s. The performance is evaluated for the distinct dynamic 
RIS control strategies introduced in Subsection 3.2.2 in terms of the overall empirical cumulative density function 
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(ECDF) of the 3D location error after Kalman filtering, while drawing statistics over all the epochs of all the 
random realizations (while ensuring at least 5000 epochs for each tested configuration).  

 

 

Figure 13: Example of simulated random UE trajectory for the evaluation of the overall system coupling single-epoch 
UE position estimation, Kalman filtering and dynamic location-based RIS control, for a BS in [5, 5, 3]m and a reflective 

RIS in [0, 0, 0] m. 

In Figure 14, Figure 15, and Figure 16, we show these error ECDFs, respectively with a 32x32-element, 16x16-
element, or 8x8-element reflective RIS. As expected, it is hence observed that a system relying on any of the 
three directional RIS beam design based on position prediction globally outperforms that with purely random 
RIS configurations. Then, one can also see the beneficial effect of increasing the number of RIS elements, which 
plays a significant role on the capability of the single-epoch estimator to leverage the wavefront signal curvature 
impinging at/departing from the RIS so as to deliver a reliable observation to the tracking KF in the geometric NF 
regime on the one hand, but also to compensate for possible small-scale Doppler effects on the other hand. 
Then, the low-overhead adaptive control strategy, which is configured to reduce by 50% the RIS control signalling 
in our simulated example (by relying on a local predictor in open-loop, once every two filter corrections), is shown 
to suffer from only limited performance degradation in comparison with the nominal adaptive control strategy, 
by the way, mostly in the medium error regime. Beyond, while aiming at reducing both the amount of data 
necessary for RIS control and the computational complexity of RIS beam synthesis, the performance of the 
directional strategy within a constant search zone (using a constant-radius sphere), which relies only on the latest 
filter position estimate (but not on its covariance), is mainly degraded at very short distances (as revealed by the 
marginal performance loss in the low-error regime of the ECDF) when the number of RIS elements is high enough 
but also and foremost, when the number of RIS elements becomes too small, as the beam width becomes too 
large (hence leading a performance close to that of the RIS random configuration), as seen for instance with 8x8 
RIS elements. 
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Figure 14: ECDF of 3D location errors after coupling single-epoch UE position estimation, Kalman filtering and dynamic 
location-based RIS control in NLoS, with dt = 0.5 s, a maximum 1D velocity limited to 5  m/s (in each of the Cartesian 

dimensions), and a 32x32-element RIS where three variants of the 6G-BRICKS RIS-enabled system are accounted 
(i.e., directional RIS designs). 

 

 

Figure 15: ECDF of 3D location errors after coupling single-epoch UE position estimation, Kalman filtering and dynamic 
location-based RIS control, with dt = 0.5 s, a maximum 1D velocity 5  m/s (in each of the Cartesian dimensions), and a 
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16x16-element RIS where three variants of the 6G-BRICKS RIS-enabled system are accounted (i.e., directional RIS 
designs). 

 

 

Figure 16: ECDF of 3D location errors after coupling single-epoch UE position estimation, Kalman filtering and dynamic 
location-based RIS control, with dt = 0.5 s, a maximum 1D velocity 5 m/s (in each of the Cartesian dimensions), and a 

8x8-element RIS where three variants of the 6G-BRICKS RIS-enabled system are accounted (i.e., directional RIS 
designs). 

3.2.4 Conclusion 

In this section, we have considered using a passive reflective RIS to enable the localization of mobile connected 
UEs in NLoS conditions, while relying on single-BS SISO DL transmissions. For this purpose, we have introduced a 
high-level system description, which combines a snapshot (i.e., single-epoch) velocity-aided position estimator 
suited to geometric NF regimes, a conventional tracking Kalman filter, as well as different RIS control mechanisms 
randomized scanning (confidence-based or constrained), which make use of directional beams and can leverage 
predicted UE’s positions. First simulation results tend to confirm tangible benefits from applying dynamic 
position-based RIS control strategies in terms of localization accuracy (typically, when compared to purely 
random element-wise RIS designs), as well as the dominating effect of the RIS size (i.e., number of elements) 
relatively to the RIS-UE distance or beyond, the viability of reduced-overhead control schemes (e.g., typically 
based on a looser update rate of predicted positions, or on non-adaptive prior constraints regarding UE’s 
location). This system approach can be adaptable to comply with the HW integration framework and practical 
validation scenarios foreseen at mmWave frequencies in 6G-BRICKS. 

Future works shall concern the extension of the previous RIS control and estimation schemes for the multi-static 
detection of passive targets/scatterers in the same single-BS SISO DL scenario (i.e., enabling sensing capabilities 
within the same system), as well as the exploration of relevant operating trade-offs between data 
communication, localization and sensing services, from a resource sharing perspective (i.e., over time, frequency 
and power). 
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3.3 UWB-empowered localization in OAI platform  

3.3.1 Introduction 

The integration of OAI4, RIS and Ultra-Wide Band (UWB) technology represents a compelling approach to 
realizing joint communication and sensing systems. OAI is an open-source platform for wireless communication 
research and development, coupled with the unique attributes of UWB, offers a fertile ground for innovation in 
diverse application domains ranging from wireless networks to sensing and localization technologies, particularly 
when combining OAI and CEA RIS. The integration of OAI with UWB technology will help the RIS control 
algorithms to get the precise location of the UE and, hence, compute the optimal coefficients of the CEA RIS to 
point the beam toward the UE location. The innovation in this enabler is the UWB proxy that allows the RIS OAI 
platform to interact with the UWB system to collect the UE’s positions in real-time. The UWB proxy exposes the 
UE’s positions to the RIS control xApp in order to compute the RIS coefficients as detailed in D3.2. We used the 
MK UWB SR1505 product as a UWB system.  

In what follows, we present the UWB technology, its advantages, the main positioning techniques used in UWB, 
and finally, the implementation of the UWB proxy on the top the MK UWB SR150 system.  

3.3.2 UWB technology 

3.3.2.1 What is UWB 

Similar to Bluetooth and Wi-Fi, UWB functions as a short-range, wireless communication protocol utilizing radio 
waves. However, in contrast to its counterparts, UWB operates at exceedingly high frequencies across a wide 
spectrum of GHz frequencies. It has the capability to capture remarkably precise spatial and directional data. 

Despite the existence of UWB technology for several decades, only recently the regulation of bandwidth usage 
for UWB commercial applications has emerged. This regulatory development has unveiled a fresh array of 
opportunities for integrating innovative use cases rooted in UWB technology, particularly within the realm of 
precise location and positioning. UWB devices operate with exceedingly brief time domain pulses, facilitating 
measurements with exceptional accuracy. When integrated with Time-of-Flight (ToF) measurements, UWB 
technology becomes capable of acquiring precise distance information with centimeter-level accuracy. 
Moreover, UWB technology allows users not only to obtain accurate distance measurements relative to other 
UWB-enabled devices, but also to determine the location of those devices in a bi-dimensional or tri-dimensional 
space. This is achieved by computing the Angle of Arrival (AoA) of the UWB signals from the phase difference of 
the signals measured at different elements of the receiving antenna array. This allows devices to determine the 
direction of the signal and extrapolate the exact position in space of the device or devices that generated the 
signal. 

3.3.2.2  Advantages 

 Low cost, complexity and power implementation: 
UWB transmitters produce short-time pulses capable of propagation without requiring an additional 
frequency mixing stage, such as injecting a carrier frequency. UWB encompasses frequencies commonly 
used as carrier frequencies and can operate in base-band (Though there are typically several channels 
centered around some defined frequencies). Therefore, both conversion and deconversion processes 
are unnecessary. As a result, UWB systems can be deployed at a reduced cost. Additionally, owing to its 

                                                           
4 OpenAirInterface Software alliance, https://openairinterface.org 
5 MK UWB SR150, https://www.themobileknowledge.com/product/mk-uwb-kit-sr150-sr040/ 
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high bandwidth, UWB facilitates high channel capacity, so the power can be low, which increases the 
battery life of the system. 

 Robust to multipath effects: 
The large bandwidth of the system makes a high-frequency diversity so a high multi-path resolution is 
achieved. This, together with the short time duration of the pulses causes the system to be more 
resistant to multipath propagation and interference. UWB systems offer a low probability of interception 
and detection which makes them convenient for applications that require security. 

 High temporal resolution, therefore, great positioning accuracy: 
Thanks to the very narrow time-domain pulses, a system can very accurately determine the time of 
arrival of the signal, allowing accurate centimeter-level ranges. Much better than other technologies like 
GPS, for example. Different techniques, such as Time-of-Flight (ToF) and Two-Way Ranging (TWR) are 
used to accomplish this. 
 

3.3.2.3  Positioning techniques 

In this specific subsection, we delve into the intricacies of various pivotal UWB positioning techniques, shedding 
light on their methodologies. 

Received Signal Strength (RSS) 

The concept behind RSS systems is that, by knowing the relation between distance and power loss, the distance 
from a particular node can be estimated with the RSS measurement. Knowing the distance, we obtain a circle 
around the device from which the measurements are being made. However, an uncertainty area is added to the 
previous circle due to inaccuracies in RSS measurements and estimation calculations. With three different nodes 
and applying trilateration, we could estimate the position of a node. 

Angle of Arrival (AoA) 

AoA measurements provide information about the direction of a signal. To measure the angle of arrival of the 
signal, antenna arrays are used. The angle is obtained using the differences in arrival times of incoming signals 
at different antennas. An example of the angle of arrival estimation using a uniform linear array of antennas can 
be seen in Figure 17. For other array configurations, the principle would be the same. The receiver is aware of 
the distribution of the antennas and can determine the angle using time differences. 

 
 

Figure 17: AoA estimation using a uniform linear array of antennas 
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Time of Flight (ToF) 

To calculate the distance between two nodes this method uses the propagation time. If a node transmits a signal 
at a certain time (t1) and a second node receives it at a certain time (t2). Having this, we define ToF as ToF = t2 − 
t1, as depicted in Figure 18. The distance is obtained with 𝑑 = 𝑣 × 𝑇𝑜𝐹, if the signal is electromagnetic we know 
v = c = 299,8 ∗ 106m/s having 𝑑 = 𝑐 × 𝑇𝑜𝐹. Knowing the distance from three nodes to a fourth we can obtain 
its position by applying trilateration. An important consideration when using this technique is that precise 
synchronization between all nodes is fundamental. 

 

Figure 18 : ToF measurements flow illustration 

Two Way Ranging (TWR) 

This technique is very similar to (ToF); however, the synchronization between nodes is not needed. Only time 
measures (timestamps) from one node are used in this case. Node A sends a message to node B, and node B 
responds after a reply. Using these timestamps, we can obtain the Round-Trip Time (RTT) from which ToF can be 
determined, as depicted in Figure 19. Again, by getting the distances from three nodes to a fourth, we can obtain 
its position by applying trilateration. 

1.  

Figure 19: TWR measurements flow illustration 

3.3.2.4  Location algorithms 

in this subsection, we present the main two location techniques, the Triangulation and the Trilateration. 

 Triangulation 

Triangulation is a method to calculate the position that relies on a known distance between two points and 
the measured angles from those two points to an object. Applying trigonometry, the location of a third point can 
be obtained. In this case, angles are obtained, and with those, distances are calculated. This algorithm is used in 
AoA systems. Its most notorious use is the Global Positioning System (GPS).  
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 Trilateration 

The trilateration method relies on knowing the distances from 3 different points (4 for 3D location) to the 
object that needs to be located. Knowing the distances, the location of the object can be determined by 
calculating the intersection of the circles generated from each reference point. When having more than three 
nodes, this technique is called multilateration and provides more accurate measurements. These algorithms are 
used when having measurements from which distances can be obtained, like ToF. 

In both techniques, we need at least 3 nodes to be able to detect an object. The MK UWB SR150 product 
combines ToF and AoA techniques to derive the location of objects using only one node equipped with a 3D 
antenna. 

3.3.3 Mobile Knowledge UWB SR150 kit 

The MK UWB SR150 kit is a dedicated UWB solution for highly precise positioning supporting AoA and ToF for 
improved location tracking. The MK UWB SR150 kit, depicted in Figure 20, contains three main components: The 
MK UWB 3D Antenna Board, the MK UWB Shield 2 board, and UWB SR040 tags. The MK UWB shield is a flexible 
platform to develop customized UWB systems. It is used as the interface between the UWB 3D antenna board 
and external devices. The MK UWB 3D antenna board is a ready-to-use, plug-and-play antenna solution based 
on Trimension SR150™ [29] that has been specifically designed to obtain accurate 2D and 3D AoA measurements.  
Users can use an external machine to interact with the UWB shield board and collect ToF ranging and AoA 
measurements. A USB-A to micro-USB is required to connect the MK UWB Shield board to an external machine.  

 

Figure 20: The MK UWB SR150 kit components 

3.3.4 UWB Proxy innovation 

In order to add the localization capability to the OAI and RIS platform, we leveraged the UWB technology, 
particularly the MK UWB SR150 toolkit. 

To abstract the UWB system, we devised the UWB proxy. This new component gathers ranging and AoA 
measurements from the UWB shield board through the utilization of the UWB SR150 software library included 
in the MK UWB kit. As depicted in Figure 21 we equipped the 5G UE with a UWB Tag SR040. We connected a 
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Raspberry Pi to the MK USB shield board (connected to the MK 3D antenna). The MK UWB Shield acts as tracker, 
while tags act as tracked devices. Up to two tracked tags are supported at the same time.  

 

Figure 21: UWB integration with OAI platform 

 

The UWB proxy runs in the Raspberry Pi as a python script. The algorithm of the python script is as follows: 

 Initialize the connection with the UWB board and register a callback to be executed whenever a Type-
Length-Value (TLV) message is received. TLV is the communication protocol used in the MK UWB 
software library.   

 Initialize the MQTT session with the Mosquitto6  Broker using the Paho MQTT library7 

 Decode the TLV messages to extract: the identifier of the tag (i.e., ble_mac and ble_short_name), the 
range distance, the AoA and the timestamp of the measurement. 

 Transform the polar coordinates (i.e., the distance and the AoA) to Cartesian coordinates using the 
equations (19) and (20) 

𝑥 = 𝑟. sin(
𝜋. 𝜃

180
)    

(19) 

𝑦 = 𝑟. cos(
𝜋. 𝜃

180
) 

(20) 

where r is the distance between the tag and the MK UWB 3D antenna and θ is the AoA. 

 Apply Adaptive exponential smoothing [30] to the (x,y) values obtained from the previous step to reduce 
the measurements noise. 

 Create a JSON object containing the (x,y) coordinates and the measurement timestamp. 

                                                           
6 Eclipse Mosquitto, https://mosquitto.org 
7 Paho MQTT Library, https://pypi.org/project/paho-mqtt/ 

  



 
D.3.1 Initial report on communication and sensing algorithms, 
cell-free distributed computation and synchronization 

 

 

 

© 6G-BRICKS 2023  Page | 45  

 Send the JSON object to the Mosquitto Broker. 

 

The locations of the UEs are stored at the broker and can be consumed by the RIS control xApp. 

3.3.5  Conclusion 

The integration of OAI with UWB technology for joint communication and sensing represents a significant 
milestone in 6G-BRICKS project. On the one hand, it gives the possibility to get the UE precise location and use it 
as a benchmark for RIS-based localization algorithms. On the other hand, we detailed the vision of 6G-BRICKS on 
controlling the RIS via O-RAN xApps, in D3.2. The xApp developer will process the UE location, obtained from the 
UWB proxy, to develop and test RIS control algorithms. 
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4  Distributed cell-free computation  

CF mMIMO network refers to a network with many distributed Access Points (APs) cooperatively serving User 
Equipment units (UEs) through coherent joint transmission and reception [37] using the same time-frequency 
resources. Consequently, the concept of cells is eliminated, motivating the name. The APs are connected via 
fronthaul links to central processing units (CPUs) responsible for the coordination. The CPUs are interconnected 
by backhaul links. Precoding/combining operations can be performed locally at each AP, centrally at the CPU, or 
the processing can be distributed between APs and CPUs.  

Initial works (e.g., [37] by Ngo et al.) assumed a single CPU operating in a Network MIMO fashion (i.e., a 
centralized approach in which the CPU is responsible for coordinating and processing the signals of all UEs). In 
this case, APs are quite simple since they only need to receive the signal and transfer it to the central entity 
(CPU). This approach demonstrated very high SE in simulations [37].  

Wang et al. [38] put impressive efforts into implementing a cloud-based CF mMIMO network working in a 
centralized manner. In their computationally advanced testbed, 32 general-purpose servers (with four 18-core 
processors each) constructed a CPU that can serve up to 16 eight-antenna UEs with 16 eight-antenna APs.  

The centralized approach implies that the fronthaul capacity and computational resources, required for each AP 
to process and share the data signals related to all UEs, grow linearly (or faster) with the number of UEs [39]. In 
other words, the original form of Cell-Free Massive MIMO was unscalable.  

Björnsson and Sanguinetti [39] suggested a decentralized network architecture in which each (more advanced) 
AP locally estimates the channels of its associated UEs and uses this information to locally process data signals. 
In this way, achievable SE is lower but expensive fronthaul, and computational resources are utilized more 
rationally. 

In this section, we describe the ongoing work related to distributed and multiband processing that we are 
performing for the 6G Bricks project and how such distributed processing blocks are important enablers for 
future 6G networks. Our work is based on the work of Ranjbar et al. [40], which is about Cell-Free massive MIMO 
support in the ORAN architecture and Verbruggen et al.[41] which is about distributed Deep Learning modulation 
classification in Cell-Free networks. 

4.1 Distributed processing  
With distributed processing, we indicate algorithms and techniques to spread signal processing across multiple 
RUs connected to the same DU. The goal of the distributed processing is to avoid 1) a large data rate sent to the 
O-DU from O-RUs and 2) have a large computational complexity task centrally at O-DU. Instead, O-RUs 
collaborate in users’ signal estimation in a distributed way. In this way, the computation load is shared among 
O-RUs. For example, in a star topology, the O-DU combines the different versions of the signal estimates received 
from multiple O-RUs (into a single signal estimate for each user) and then demodulates the result. In a daisy 
chain topology, the O-RUs refine the users’ signal estimate sequentially and only the last O-RU in the chain sends 
the final version of users’ signal to the O-DU, which takes care of demodulation. The signal samples (i.e. IQ-
samples) collected by each RU can be combined to obtain an improved version of the received signal.   
There are several techniques to combine the signals received by different receivers to maximize the 
reconstruction quality of the signal transmitted by the transmitter:  

 Selection Combining (SC): The receiver with the best signal quality (usually the highest SNR) is selected.  
 Equal Gain Combining (EGC): The signal received from different branches are first co-phased (to add up 
coherently) and then added with the same weight. 
 Maximum Ratio Combining (MRC): The signals from all receivers are added together, each signal is 
multiplied by the complex version of its channel. This method requires knowledge of the channel state 
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information.  
 Switched Combining: The receiver switches between different antennas based on their signal quality.  
 Space-Time Coding: This technique uses multiple antennas at the transmitter and receiver to improve 
communication performance. It combines all the versions of the received signal to improve the quality of the 
reconstructed signal.  

These methods can significantly improve the quality of the received signal, especially in environments where the 
signal strength can vary due to factors such as distance, obstacles, or interference. However, the choice of 
method depends on the specific requirements of the communication system, such as complexity, cost, and 
performance.  
It is also important to note that these methods assume that the different received signals are independent of 
each other, which is often achieved by having the receivers sufficiently spaced apart. If the receivers are too 
close to each other, they may receive very similar signals, reducing the effectiveness of diversity combining.  
In practice, these techniques are often used in combination with other signal processing methods to further 
improve the quality of the received signal. For example, equalization can be used to mitigate the effects of 
multipath propagation, and error correction coding can be used to correct errors that occur during transmission.  
 Another approach involves combining the signals using machine learning (MLe) techniques to obtain an increase 
in SNR. With the help of machine learning, we hope to improve the results obtained with the “traditional” 
techniques mentioned above.   
The signal estimation algorithms can either run in the RUs, which then must achieve a consensus on the result, 
or on the DU which can then just combine a subset of the received samples to obtain a better version of the 
received signal. To achieve optimal performance, it is worth investigating the balance between more distributed 
processing (within the RUs) vs more centralized processing (at the DU). The idea is to try different techniques 
and machine learning models to perform as much as possible within the RUs and thus reduce the traffic over the 
front-haul interface.  
A reduction in traffic on the front-haul and more processing capabilities on the RUs is also beneficial for difficult 
deployment scenarios. The two directions we are investigating are a star configuration, where multiple RUs are 
connected to the same DU with different fronthaul links, and a daisy chain configuration in which RUs are 
connected to each other in series and only one of them has a direct connection to the DU.  
The algorithms we are developing focus on these two aspects:  

 Sequential processing (daisy chain of RUs);  
 Star processing (RUs connected to the DU in a star configuration).  

In the first case, RUs are connected to each other in a daisy chain and only the last one is connected to the DU. 
The goal is to perform local computation and signal processing on each RU such that the DU receive a clean signal 
at the end of the chain and to minimize the amount of data transmitted on the fronthaul.  
In the second case, each RU performs its own digital signal processing and signal reconstruction, but the 
recombination of the different signals is performed at the DU.  
The current work in progress involves both “traditional” DSP techniques and MLe-aided processing techniques.  

4.2 Multiband Channel Estimation  
Current base stations are typically configured to utilize a single frequency band for communication with a User 
Equipment (UE). However, it is conceivable that they could leverage multiple frequency bands simultaneously to 
improve spectrum utilization efficiency. For instance, higher frequency bands could serve purposes such as 
precise positioning and high throughput applications (e.g., data streaming, vehicle tracking), whereas lower 
frequencies might be allocated for applications prioritizing reliability over throughput (e.g., voice calls, 
emergency services).  
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Figure 22: Illustration of the multi-band concept. The blue bands are sensed by the transceiver. The channel's state in 
the unknown bands can be extrapolated from the known bands' state. 

Multi-Band network architectures pose a new research and development challenge regarding the design of 
transceivers, antenna configurations, and software architecture of the base stations [31]. 
The concurrent utilization of multiple frequency bands can manifest in two primary configurations: Stand-Alone 
and Integrated. In the Stand-Alone approach, distinct base stations operate on different frequency bands 
simultaneously, whereas in the Integrated approach, a singular base station oversees multiple transceivers and 
antennas functioning across distinct frequency bands concurrently.  
To date, each base station has conducted individual channel estimations for each frequency band it uses. 
However, we argue that channels exhibiting limited frequency separation could exhibit correlation, enabling the 
derivation of channel characteristics for intermediary bands without direct sensing.  
The goals of our research in this area are:  

1. Understand how adjacent frequency band correlate to each other in terms of channel state information. 
2. Study how this correlation is affected by the distance between the correlated frequency bands and 
develop a mathematical framework to describe the correlation.  
3. Develop an algorithm for spectrum interpolation to estimate the channel which is not directly sensed 
from the adjacent channels which are currently sensed.  
4. Investigate whether the use of machine learning can improve the estimation accuracy and how the 
features extracted by the MLe model can be mapped to the physical world (explainable AI).  

Channel estimation from multiple bands can lead to a reduction in number and occupied bandwidth by pilot 
signals which can ultimately free up resources for communication.  
 

4.3 Multi-band processing and multi-band clustering xApp   
The multi-band clustering xApp is an extension of the Trajectory prediction xApp described in section 3.1.1. 
Similarly to the Trajectory prediction xApp, the multi-band clustering xApp selects the serving cluster for each 
UE based on the amount of data in the UE buffer and on RSRP measured from the UE on antennas of different 
bands and thus transmitting different frequencies as shown in Figure 23. The multi-band clustering xApp selects 
the serving cluster which may include O-RUs of a single band or O-RUs of multiple bands. The optimized metric 
of the xApp could be the system throughput improvement or system energy consumption reduction. 
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Figure 23: Multi-band Clustering xApp concept. 

The procedure of the Multi-band Clustering xApp typically consists of the following steps:  
Step 1: The xApp determines the measurement cluster, i.e., a set of RUs in the neighbourhood of the UE 
which are worth to use for RSRP measurement collection.   
Step 2: The RSRP measurements are sent from the DUs to the xApp.   
Step 3: The xApp determines the serving cluster using as an input the RSRP but possibly also the amount 
data in the UE buffer.   
Step 4: The xApp sends its decision to the Master DU of each UE, i.e., the DU where the UE data is 

buffered.   
Step 5: The Master DU schedules the UE data allocating the PRB resources in the RUs.  

The multi-band clustering xApp will be deployed as an xApp solutions in the Near-RT RIC and provide several 
clustering decisions as follows  

- where all RUs serve all UEs, which are available for ZF precoding; 

-  Heuristic SE - for MRT precoding to optimise the sum spectral efficiency (SE). As a result, for each RU-
PRB one served UE is selected.  

- The proposed xApp defined - the xApp provides a clustering vector with serving APs for each UE. The 
clustering vector can be changed every reporting period and evaluate the performance of spectral 
efficiency, energy consumption, and energy efficiency of CFr mMIMO networks.   
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As a final solution, the KPM will be collected from the KUL testbed where O-DU, O-CU is deployed and integrated 
with the Open O-RU available at the testbed.  
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5  Distributed RAN components for cell-free 

Cell-free networking is envisioned as a key component of Beyond 5G RANs, that will offer unprecedented spectral 
efficiency and performance which is not constrained by inter-cell interference. Thus, cell-free networking can 
double the SE when Channel State Information (CSI) is shared with a Central Processing Unit (CPU) for performing 
joint combining/precoding. The CFmMIMO innovations in 6G-BRICKS will focus on two pillars: Multi-band and 
Distributed cell-free. For the distributed CF mMIMO pillar, channel estimation, clustering and distributed 
processing will be targeted which is already described in Section 4 in this deliverable. However, for the distributed 
RAN components, if several O-DUs are involved in serving a given user, then the serving O-DU (i.e., the Master 
DU) should be selected. It is responsible for the Medium Access Control (MAC) signaling exchange with the user 
and holds the upper Radio Link Control (RLC) protocol layer where the user data is buffered. Once the Master 
DU is being selected, the Inter-O-DU coordination is critical for enabling the full potential of the distributed CF 
mMIMO in 6G networks. The coordination can be supported through the Inter-O-DU coordination interface 
which is currently not defined in the O-RAN standard. Therefore, in this section, we briefly provide the 
procedures of Master O-DU selection during RAN Access process of the UE, the Master DU re-selection procedure 
during the UE mobility along with the influence of the inter-O-DU cooperation interface on the configuration of 
distributed RAN for CF mMIMO networks.   

5.1 O-DU selection 
Similar to the cellular 5G system, in the cell-free system there is one O-DU responsible for MAC protocol signalling 
exchange with a UE, e.g. Random-Access and Buffer Status Report (BSR)8. This O-DU is referred to as the Master 
O-DU and it can be different for each UE. The Master O-DU receives user data from the O-CU and buffers it at 
the Radio Link Control (RLC) waiting for the MAC scheduler scheduling decisions as shown Figure 24. 

  

 
 

Figure 24: The process of O-DU selection. 

The master DU can be selected in two ways:   
1. Initially, the Master O-DU is selected at the Random Access of the UE.  
2. The Master DU changes during the UE mobility  

                                                           
8 3GPP, “NG-RAN; Architecture description,” 3rd Generation Partnership Project (3GPP), Technical Specification (TS) 38.401, 
January 2020, version 16.0.0.  
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The initial Master-O-DU selection at Random-Access of the UE.  
At the Random-Access process, the UE transmits a random-access preamble. The random-access preamble can 
be detected by several RUs, possibly belonging to different O-DUs. With the aid of Inter-O-DU cooperation 
interface, the neighbouring O-DUs can share with each other the received preamble ID, the random-access 
resource, where the random-access was detected and the quality of the received preamble, i.e., the preamble 
received power as shown in Figure 25. The O-DU which receives the strongest preamble received power 
considers itself the Master DU for the UE. 

 
 

Figure 25: The process of initial O-DU selection 

The Master O-DU change.  
After the initial selection during the Random-Access process, the Master O-DU may change, e.g., as a result of 
the UE mobility, O-DU capacity or power saving. The clustering xApp at the Near-RT RIC selects not only the 
serving cluster of the O-RUs, but also triggers the master O-DU change. The xApp takes the decision of changing 
master O-DU based on the KPMs collected from O-RUs. The Master O-DU change can be done, e.g., when more 
O-RUs of another non-master O-DU serve the UE compared to the number of serving O-RUs of the Master O-
DUs. The xApp may also decide to change the master O-DU due to power saving to switch off some of the O-DUs. 
  

 

Figure 26: The Master DU change due to UE mobility 
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The proposed O-DU selection process can enhance the spectral efficiency performance that can be showcased 
further in the project as an open call 2 solution.  

 

5.2 Mechanisms to serve the UE by one RU connected to several DUs 

5.2.1 Realization of MU-MIMO in Cell-free   

Benefits for the operators of Multi Connectivity (MC) in Mobile Networks   
This section discusses from the broader telecommunications perspective, the benefits that MC offers to the 
operators and the associated limitations of its operation [32] 
A. Improved Data Rate  
In MC operation, the UE may combine data streams from multiple BSs into a single data stream to enhance the 
user data rate. Ideally, the aggregated throughput would be equal to the sum of the individual throughput of 
each path.  However, this benefit is affected if the latency, radio link conditions and channel bandwidth are not 
comparable to each other [33].  Such an example is when the delay divergence can cause out of order packet 
arrival affecting higher layer protocols such as TCP.  
B. Improved Reliability  
The retransmission of erroneous data is a critical factor affecting the reliability of the mobile networks due to its 
time consuming nature. Additionally, it is not a suitable procedure to meet the low latency requirements needed 
by Ultra-Reliable Low Latency Communications (URLLC) applications. In order to tackle this challenge, MC 
solutions may be exploited to provide both reliability and low latency by sending redundant data through 
different BSs.  
C. Mobility Robustness  
MC solutions can contribute towards the scope of reducing the interruption time and the amount of 
exchanged signaling required for the seamless operation of future networks.  Towards this scope, the UP traffic 
can be successfully switched from one BS to another through the backhaul link by avoiding the intervention of 
the Core Network (CN).  
D. Service Segregation  
Through MC, a UE may request services with different requirements, by segregating those services to individual 
communication paths. An example is when a UE may be connected to two BSs whose Radio Access Technologies 
that demand mmWave and sub-6 GHz carriers. The former might be used for services that demand high 
throughput while the latter can be used for lower throughput such as mMTC.  This is a useful feature for services 
such as V2X which require different QoS criteria.  
E. Deployment Cost Savings  
MNOs must undertake a big expenditure cost to deploy 5G capabilities, especially in densely populated 
areas.  MC can help in the direction of reducing this cost by adopting RAN-based MC solutions, such as the one 
used for 5G non-standalone mode, instead of deploying new costly RAN and CN infrastructures.  This is 
particularly beneficial for the deployment of 5G in rural areas, where such investment is not profitable for the 
operators.   

5.2.2 Multiple-Transmission and Reception Point (multi-TRP)  

Towards the satisfaction of the increasingly demanding QoS requirements, it is of vital importance for the mobile 
networks to utilize efficiently their resources. Based on that, it is envisioned that multiple transmission and 
reception points (multi-TRPs) will play a key role in order to improve reliability, coverage and capacity 
performance through flexible deployment scenarios [34].  To be able to support the exponential growth in mobile 
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data traffic in 5G and to enhance the coverage, the wireless devices are expected to access networks composed 
of multi-TRPs (i.e., macro-cells, small cells, pico-cells, femto-cells, remote radio heads, relay nodes etc)9 

Multi-TRP is a key technology that has been studied in fourth-generation (4G) mobile communication to alleviate 
the intercell interference (ICI) via dynamic coordination between the multi-TRPs, to provide joint scheduling and 
transmissions/receptions. In this way, a wireless device at the cell edge can be served by multi-TRPs to improve 
its signal transmission/ reception resulting in increased throughput [35]. 

The multi-TRP feature enables gNBs to use more than one TRP to communicate to a User Equipment. The 
different ways for this type of communications are presented in Figure 27 below:  

  
Figure 27: Different ways that  more than one TRP may communicate to a user equipment   

 

(A) TRP1 and TRP2 are transmitting two different PDSCH but the control signal (PDCCH/DCI) for the two PDSCH is 
transmitted by TRP1. In this case, if there is some problem in radio link with TRP1 and PDCCH reception fails, the 
communication via TRP2 is impacted as well.   
(B) TRP1 and TRP2 are transmitting two different PDSCH and each TRP is transmitting its own corresponding 
PDCCH/DCI. In this case, if there is any problem in radio link with one of the TRPs, the communication via other 
TRP can be intact.   
(C) This scenario shows the case where TRP1 and TRP2 are used to jointly process the DL and UL signal [36] . 
 
The multi-TRP feature is a new technology envisioned to assist MNOs in the more efficient handling of resource 
allocation, reducing interference between neighboring cells and enhancing overall system performance.  At the 
current time, it is not implemented, according to our research, in an actual network deployment. However, it is 
under consideration with the Mobile Network Equipment Vendors on potential ways it could be included in the 
future roll-out plans and updates on this Feature will be referenced in the subsequent deliverables. 
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6 Conclusions 

In the context of Task 3.1“Communication and sensing: cell-free and RIS approaches”, Section 3 addresses the 
first issue that has to be solved to ensure cell-free communications, viz. The formation of clusters of Radio Units 
(RUs) connected to a Distributed Unit (DU), and their evolution when the mobile moves. This algorithm will be 
implemented in the final demo.  

Then, the issue of localization of a connected User Equipment (UE) is addressed, with a single base station aided 
by a single RIS. In this aim, near-field position estimation is exploited, together with Kalman filtering tracking and 
prediction-based RIS control. The next step will be to extend this method to the multi-static detection of passive 
targets/scatterers as well as the exploration of relevant operating trade-offs between data communication, 
localization and sensing services, from a resource sharing perspective.  

Lastly, an Ultra-Wide-Band localization system is described. This technology has been integrated with OAI, and 
will be used as input to the xApp that controls the RIS.    

In the context of Task 3.2 “Distributed cell-free computation and synchronization”, Section 4 presents various 
aspects of distributed cell-free computation, starting by the advantages of a distributed Radio Unit (RU) “daisy-
chain” approach, compared to a star one, centered on the Distributed Unit (DU), in terms of total computational 
load and of traffic load on the fronthaul. The current work in progress involves both “traditional” DSP techniques 
and MLe-aided processing techniques.  

Then, the issue of multi-band channel estimation is addressed. Further work includes studying correlation 
between frequency bands, spectrum interpolation and use of MLe to improve estimation accuracy: the purpose 
is to reduce the need for pilot signals by extrapolating channel estimation between adjacent bands.  

Please note that Over the Air synchronization is not yet addressed in this deliverable, as it is currently under 
development. In the first phase of the project, the synchronization between RUs and UEs will be achieved using 
a common reference clock, which is shared over coaxial cable. Then, in a second phase, the UEs will be 
disconnected and synchronized over the air. Finally, in the last phase, only part of the RUs will be synchronized 
via cable and some of them will be synchronized over the air. The main goal of the final phase is to develop a 
synchronization algorithm that can compensate for the clock drift of the disconnected RUs. It will be also crucial 
to determine how much clock drift can be tolerated by the RUs before the impact on performance is too large to 
perform cell-free communications. The algorithms and results will be discussed in D3.3. 

The clustering study of Section 3 is extended to the multi-band case where a cluster may include RUs of different 
frequencies. This method will be integrated into an xApp.  

In Section 5, the notion of master-DU is introduced in the context of an Open-RAN architecture, its selection 
process is explained, as well as its change when the mobile moves. The proposed O-DU selection process could 
be showcased further in the project as an open call 2 solution.  

Lastly, the operator's point of view is given on the use cases and benefits of multi-connectivity with multiple 
transmit and receive points.    
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