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1 Executive Summary 

This deliverable is a part of WP3 “6G Breakthrough enablers/bricks” and supports the work under tasks T3.1 
“Communication and sensing: cell-free and RIS approaches”, Task 3.2 “Distributed cell-free computation and 
synchronization” and Task 3.3 “Distributed RAN components for cell-free".  It covers the implementation of the 
key enablers of Task 3.1, T3.2, and T3.3 that will be available in KUL and EUR experimental facilities. The 
deliverable provides the final implementation results of the key enablers related to Task 3.1, Task 3.2, and Task 
3.3 (e.g., experimentation xApps, RIS aided localization, RSRP- based localization, RIS-aided positioning, OTA 
synchronization and distributed processing with channel estimation, Open RU, and MAC scheduler API).  

We divide this deliverable into three technical subsections: (1) the first one represents the contributions related 
to the enablers related to the enablers for communication and sensing: cell-free and RIS approaches, (2) the 
second technical section represent distributed processing and user signal estimation, over-the-air 
synchronization, and clustering, and (3) the last one describe Open RU implementation and MAC scheduler API 
related to the enablers coming from Task 3.3. 

The first technical section, section 3 of the deliverable, describes the radio resource optimization with user 
trajectories for CF mMIMO networks. As a part of the radio resource optimization approach, we provide two 
novel contributions that optimize beamforming and functional split selection to enhance the spectral efficiency 
performance and a joint optimization solution that provide scheduling, clustering, and precoding to enhance 
energy efficiency performance of CF mMIMO networks. The novel radio resource optimization algorithms with 
considering the user trajectories of CF mMIMO can provide approximately 2X improvement of spectral efficiency 
and energy efficiency with baseline cellular networks where only one AP is serving the UE in certain TTI.  It also 
provides contribution related to RIS-based localization and sensing solutions and reports the results of the 
proposed novel RIS beam scanning algorithms that are used to solve the localisation and sensing problems. We 
compare the localisation error performance of the proposed algorithm with two intuitive methods defined as 
Method 1- “Shortest MPC and Method 2- “Strongest MPC. The proposed algorithm is also able to benefit from a 
better time resolution whenever the bandwidth occupation is larger, hence improving further positioning 
accuracy accordingly, while the two other benchmark methods suffer from a much more erratic behaviour 
caused by geometric ambiguities and/or bad RIS AoD candidates, despite the enhanced time resolution. In 
addition, we also provide the integration and testing results of localisation and sensing with OAI platforms.  

Section 4, the second technical section, shows the solutions related to distributed processing of CF mMIMO 
networks and it covers the implementation and results of two enablers (i.e., distributed processing and over-the-
air synchronization). The distributed processing and users’ signal estimation algorithm is presented in this section 
with spectral efficiency performance tradeoff between different distributed processing options. Based on the 
analysis of the results of the different deployment options, this section also provides the practical deployment 
option for CF mMIMO networks. Moreover, this section also provides the contributions related to the 
implementation of the OTA algorithm that synchronizes systems over the air based on sending a reference clock 
and its timing information embedded in the timing signal, and the receiver timestamps the receiving time to 
calculate its offset with respect to the reference time.  

The third technical section, Section 5 of the deliverable mainly highlights the Open RU implementation and 
provides a description of the fronthaul interface between RU and DU for sending configuration and control 
commands to the RU via the USRP Hardware Driver (UHD).  This section also briefly introduces how the radio 
resource scheduling procedures can be implemented by extracting the scheduler from the MAC and provide an 
API between the scheduler and MAC to enable a flexible implementation of distributed CF mMIMO networks. 
This section further elaborates the contribution related to CSI acquisition at the scheduler, radio resource 
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allocation by the master DU, CSI acquisition at the master DU, and the negotiation of radio resources between 
master DU and other DUs. At the last part of Section 5, we provide a well-defined API between MAC and the 
scheduler modules that ensure any scheduler implementation interworks with MAC.  



 
D.3.3. Final report on communication and sensing, cell-free distributed 
computation and synchronization 

 

 

 

© 6G-BRICKS 2024  Page | 12  
 

2. Introduction 

6G-BRICKS aims to provide 6G experimental facilities for experiments at the KUL platform that offers enablers 
related to CF mMIMO and the EUR platform which offers enablers related to RIS. The enablers related to CF 
mMIMO and RIS are accessible for the experimenter through the experimentation framework and the 
experimenters can conduct their individual test on the facility through a portal provided by 6G-BRICKS projects. 
This deliverable is the final report that details the implementation details and the results of the 6G-BRICKS 
enablers related to CF mMIMO and RIS.  Moreover, this deliverable also introduces the algorithmic design and 
initial prototyping of localisation and sensing solutions with RIS along with an implementation of RSRP reporting 
for localisation on OAI platform.  
 
The deliverable investigated the final approaches of WP3 enablers by providing details on: 

• Resource optimization for CF mMIMO networks with user trajectories  

• Localisation and sensing through RIS beam scanning protocol 

• Localisation sensing OAI platform 

• Distributed processing and users’ signal estimation 

• Over-the-air synchronization  

• Open RU implementation with inter-operable API between RU and  

• O-RAN scheduler and inter-operable API between the MAC and the scheduler  
 

2.1  Mapping 6G-BRICKS Outputs 
Table 2: Adherence to 6G-BRICKS GA Deliverable & Tasks Descriptions 

6G-BRICKS GA 
Component Title 

6G-BRICKS GA Component 
Outline 

Respective 
Document 
Chapter(s) 

Justification 

DELIVERABLE 

D3.3 Final report on communication and sensing, 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 CF 
mMIMO. For RIS, the goal is to 
develop techniques enabling use 
of the RIS for both sensing and 
communication. For CF mMIMO, 
the focus is on design and 
develop resource optimization 
solutions with user trajectories.  

Section 3  

The first part of Section 3 presents 
the design and development of the 
resource optimization algorithms 
for CF mMIMO with user 
trajectories. We added two 
solutions in Section 3.2 that solve 
the problem of beamforming and 
functional split selection along 
with a joint solution of scheduling, 
clustering, and precoding problems 
to evaluate the energy efficiency 
performance of CF mMIMO 
networks. We also provide the 
localisation and sensing solutions 
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through RIS beam scanning 
protocol to evaluate the 
performance of location and 
sensing accuracy in Section 3.3. 
Section 3.4, and Section 3.5. 
Moreover, localisation and sensing 
solutions are integrated with OAI 
platform which are presented in 
Sectio 3.6.   

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

This task’s focus is to design and 
develop several key enablers, 
e.g., distributed processing with 
channel estimation, over-the-air 
synchronization, For the channel 
estimation and distributed 
processing, significant focus will 
be paid towards sharing large-
scale information not only 
between different RUs but also 
quantize the signals as less as 
possible to reduce the load on 
the fronthaul link.  

Section 4 

The first part of Section 4 discusses 
distributed processing and users’ 
signal estimation for CF mMIMO 
with considering limited fronthaul 
capacity. The sequential 
processing solution described in 
Section 4.1 allows for good channel 
estimation performance with a 
reduced fronthaul load.  Moreover, 
Section 4.2 provides an 
implementation of OTA algorithm 
with a result of the correlation-
based packet detection algorithm 
that represents the amplitude 
estimation and the value of the 
correlation and time and phase 
estimation.  

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 and the 
mechanism to serve the user by 
RUs connected to more than one 
DUs. It further provides design 
and development of a scheduler 
that can be deployed at DUs with 
utilizing an API between the 
MAC and the scheduler. This task 
implements the specific signal 
processing blocks for CF m 
MIMO in a RU prototype and 
focus is on APIs to enable 
interconnection with other DUs.  

Section 5 

The first part of Section 5 provides 
the implementation of specific 
signal processing blocks developed 
as an Open RU prototype with an 
inter-operable API to connect it 
with DU.  Section 5.2 provides 
radio resource scheduling 
procedures in distributed CF 
mMIMO networks when multiple-
DUs are serving the UEs and the 
scheduler operates outside of the 
MAC and connected over an O-
RAN specified API. Moreover, this 
section also provides signaling 
flows to enable cell activation 
procedures from the DU to the O-
RAN scheduler.  
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2.2 Advancements with respect to deliverable D3.1  

This deliverable presents a compelling update on the design advancements and, moreover, on the evaluation 
outcomes of the 6G-BRICKS enablers, building upon our previous work in D3.1. In this iteration, we have 
methodically refined and enhanced the design of the enablers, incorporating the methodologies of 
implementation to evaluate the performance of the proposed algorithms related to CF mMIMO and RIS.  The 
following contributions are advanced from D3.1.  

• Section 3.2 
o Provide radio resource algorithms with considering user trajectories for cell-free mMIMO to 

solve beamforming and functional split selection problems to evaluate spectral efficiency 
performance 

o Provide energy efficiency analysis and optimization through jointly solving scheduling, clustering, 
and precoding problems of CF mMIMO with user trajectories 

• Section 3.3 
o Contribute to developing localisation and sensing through RIS beam scanning protocol with 

performance evaluation of achievable rate in bps/Hz as a function of the time spent on RIS beam 
scanning 

• Section 3.4  
o Solving the geometric ambiguities for the positioning and propose two algorithms:  

▪ A refined angular resolution through the normalized cross-correlation of power 
radiation patterns. This algorithm is suited to basic UEs that can only measure their 
received power, i.e., the RSRP 

▪ Dealing with ambiguities directly in the positioning domain, while benefitting from richer 
information with a UE able to perform multipath estimation (including estimation of 
MPC delay besides MPC Rx power) 

• Section 3.5  
o Providing RIS-based sensing by using the same RIS beam scanning protocol as before for the 

opportunistic sensing/mapping of passive scattering objects in the close vicinity of the UE, given 
the position of the latter 

• Section 3.6  
o Localisation and sensing in OAI platform with RSRP reporting mechanisms  

• Section 4 
o Distributed processing and users’ signal estimation with performance evaluation of several 

processing options 
o Proving the implementation of OTA solutions with performance evaluation synchronization 

accuracy 

• Section 5 
o Providing radio resource scheduling procedures of distributed CF mMIMO with multiple DUs 

serving single users 
o Providing a design of an API to connect the O-RAN scheduler (O-SCH) with the MAC 
o Implementation of cell activation procedures over the API between O-SCH and the MAC 
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2.3 Deliverable Overview and Report Structure 

Section 3 provides the implementation and results of the enablers for communication and sensing through cell-
free mMIMO and RIS approaches, while section 4 addresses the distributed CF mMIMO computation. Subsection 
3.2 summarizes resource optimization for CF mMIMO networks followed by three consecutive Subsections 3.3, 
3.4, and 3.5 of localisation and sensing through RIS beam scanning protocol. In section 4, subsection 4.1 
introduces the distributed processing and users’ signal estimation, subsection 4.2 describes over-the-air 
synchronization.  On the other hand, section 5 describes distributed RAN components for CF mMIMO along with 
Open RU implementation with an interoperable API and radio resource scheduling procedures in distributed CF 
mMIMO networks.  Finally, section 6 concludes the deliverable.   
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3 Enablers for communication and sensing: cell-free and RIS approaches 

3.1 User Trajectories in Cell-free mMIMO Networks 

This section describes the process of clustering Radio Units (RUs) with considering User Equipment (UE) 
trajectories for an energy-efficient cell-free mMIMO network in combination with determining the serving RU 
for each user and the MIMO precoder for the transmission of data to the users.  The state-of-the-art (SoTA) 
discussion of the user trajectories in CF mMIMO along with the methodologies for calculating user trajectories is 
reported in [1] where we provide an illustration of the architecture and topology for the user trajectory in CF 
mMIMO networks.  The CF mMIMO RAN emulator as shown in Figure 1 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 the cluster determined by the trajectory prediction xApp.  
 

 
Figure 1: The network architecture and topology for the user trajectory in CF mMIMO networks. 

In the current implementation reported in [1], 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 [2] (exponential traffic distribution). The DU hosts the scheduler applying 
the precoding. The xApp selects the required scheduling, precoding and clustering algorithm as summarized in 
Table 3.  
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Table 3: Resource scheduling of CF mMIMO with user trajectories. 

xApp name  Functionalities and description 

 
 
Scheduling  

• Immediate - all UEs with data in the traffic buffer are considered 
for scheduling 

• 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   
• All APs - all APs serve all UEs with considering ZF precoding 

techniques. 

• Heuristic SE - for MRT precoding to optimise sum spectral 
efficiency . For each AP and physical resource block one served UE 
is selected. 

• xApp defined - the xApp provides a clustering vector with serving 
APs for each UE. The clustering vector can be changed every 
reporting period 

Precoding  
• Determine the 3-dimensional precoding matrix with precoding 

coefficient for the scheduled UEs, serving antennas in each PRBs 
based on the precoding type and power control target 

• Two precoding algorithms (i.e., MRT and ZF) are considered for CF 
mMIMO scenario 

• Without considering precoding: typically, we consider a cellular 
system where single UE is served by single AP and no precoder is 
used in this scenario to evaluate the performance.  

 
We further use the scheduling, clustering, and precoding algorithms (i.e., defined in Table 3) for beamforming 
and functional split selection and energy efficiency analysis for CF mMIMO networks as reported in Section 3.2.1 
and Section 3.2.3 of this deliverable.  

3.2 Resource optimization for Cell-free mMIMO with user trajectories  

We consider implementing the solution with an emulated CF mMIMO RAN based on Python language that is 

configurable by environmental variables, which simulates movement of UEs and their traffic in the system with 

the real RAN scheduling resolution, i.e. the transmission time interval (TTI) resolution.  From the emulated CF 

mMIMO RAN, we use the E2 messages from O-RAN specifications and develop the xApps in the Near-RT RIC.   

The user trajectories prediction algorithm reported in [1] is further used to investigate fronthaul load estimation 

for CF mMIMO with 7.1 and O-RAN-defined 7.2 functional splits.  Additionally, we propose a methodology of 

dynamic beamforming and functional split selection to minimize the fronthaul load while maintaining high sum 

SE utilization. The detailed description of the dynamic beamforming and functional split selection are provided 

in Section 3.2.1 of the deliverable. Moreover, we further extend the usability of the user trajectories of CF 

mMIMO for energy efficiency (EE) analysis and optimization and propose a radio resource allocation algorithm 

with optimized transmit power, clustering and precoding, which enhance the network EE up to 8% compared to 

the ZF algorithm optimized for the sum spectral efficiency maximization. The EE analysis and optimization 

approaches along with resource allocation methodologies are reported in Section 3.2.3 of the deliverable.  
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3.2.1 Beamforming and functional split selection for CF mMIMO (ISRD)   

As is known, the key aspect of the CF mMIMO system is beamforming, which allows for transmission of the same 
symbol from several antennas with different beamforming factors, i.e., amplitude and phase shift. This operation 
is generally referred to as precoding, but to follow the O-RAN terminology, we use the term precoding for coding 
different layers (i.e., different symbols) and the term of beamforming for applying phase shift to the same layer 
(i.e., the same symbol) transmitted from multiple antennas.  We consider the user trajectories to design and 
develop beamforming and functional split selection for scalable CF mMIMO networks [2]. In this regard, two 
beamforming types, the MRT and the ZF are aiming at maximization of the received signal amplitude and 
minimization of the interference caused to other receivers, respectively. In the functional split 7.2 the 
beamforming function is located at the RU while in the functional split 7.1, the beamforming function is located 
at the DU. The two splits are the most interesting from the CF mMIMO fronthaul load consideration and we 
provide a methodology for obtaining a trade-off between sum fronthaul load minimization and sum SE 
maximisation. The proposed methodology dynamically selects the beamforming type and functional split.  

We consider a CF mMIMO system in downlink with M antennas that may coherently be in the same resource 
element with the user equipments (UEs). The system consists of B subcarriers, where 12 consecutive subcarriers 
in the frequency domain compose a physical resource block (PRB). The PRBs are allocated to the UEs by the radio 
resource allocation algorithm, which may also decide to send L layers, i.e., independent data, to a UE in a PRB. 
To maintain, the sum spectral efficiency high and the sum fronthaul load low, while they both increase with the 
number of serving antennas, we propose to sacrifice a small percentage of spectral efficiency (i.e., 2%) and 

determine the minimum number of serving antennas  𝑀෡  to achieve sum SE utilization of at least κ = 98%. To 

determine the 𝑀෡  and resulting beamforming type 𝐹෠, we choose the functional split 7.2 or 7.1 which provides the 
lower fronthaul load 𝑅. The process, performed dynamically for the actual number of served UEs and the number 
of RU antennas, can be expressed as follows: 

 
min

functional split
𝑅൫functional split,  𝐹෠,  𝑀෡൯   

(1) 

Subjected to: 

 
min

SEDLሺ𝐹෠,𝑀෡ሻ≥ 𝜅 max SEDLሺ𝐹,𝑀ሻ
𝑀෡  

(2) 

 

෍ȁ𝑤𝑚𝑢𝑏ȁ2

𝑈

𝑢

≤ 𝑃max 

 
(3) 

where 𝑤𝑚𝑢𝑏, 𝑃max, 𝜅, are complex beamforming factors applied for symbol 𝑠𝑢𝑙𝑏, the maximum transmission 

power of an antenna per subcarrier and sum SE utilization. The objective here is to estimate split 7.2 and split 
7.1 sum fronthaul load for CF mMIMO networks.  

Firstly, we use a baseline basic fronthaul load based on 3GPP specifications [3], [4]. It is then further extended to 
CF mMIMO networks, and we optimize the fronthaul load by determining the minimum number of serving 
antennas and choosing the functional split 7.2 or 7.1 which provides the lower fronthaul load. In CF mMIMO with 
the 7.2 functional split, the UE signal is sent over the fronthaul interface to all RUs involved in the radio 
transmission to the UE. The RU fronthaul load scales with the number of UEs served by the RU, and the number 
of MIMO layer, thus, we extend the following 7.2 functional split sum fronthaul load estimation as follows: 
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𝑅7.2  =   ෍ Γ ൭෍ 𝐿𝑣𝑢

𝑢𝜀𝑟

+ 𝛾7.2൱

𝑟

 

 
(4) 

where the inner summation concerns the UEs 𝑢 served by the RU 𝑟, the 𝛾7.2 = 713.9 𝑚𝑏𝑝𝑠 is the fronthaul 
signalling overhead for 7.2 split and 𝑣𝑢 is the bandwidth utilisation of the UE, respectively.  The bandwidth 
utilisation can be further modeled as follows:  

 
ν𝑢 =

1

𝐵
෍ 𝑠𝑢𝑙𝑏ሶ

𝑏

 
 

(5) 

where the symbol with dot 𝑠𝑢𝑙𝑏ሶ  denotes the usage of a resource. In equation (5), the UE bandwidth utilization 
𝑣𝑢 implies that the symbols 𝑠𝑢𝑙𝑏 on unused subcarriers are not transferred over fronthaul but the resource 
element mapping function of the DU indicates to the RU their disuse.  In the CF mMIMO with the 7.1 functional 
split, the beamformed data, 𝑥𝑛𝑏, per antenna is sent over fronthaul. The RU fronthaul load scales with the 
number of serving antennas, i.e., antennas that are involved in a transmission to any UE, thus, we propose the 
following 7.1 functional split sum fronthaul load formula:  

 

𝑅7.1 = ෍ ൭Γ ෍ μ𝑛

𝑛∈𝑟

+ 𝛾7.1൱

𝑟

 

 
(6) 

where 𝜇𝑛 is the bandwidth utilization of the antenna 𝑛 and 𝛾7.1 = 121 𝑀𝑏𝑝𝑠 is the signaling overhead for 7.1 
split. Considering that an IQ-sample 𝑥𝑛𝑏  is only sent if the resources ሺ𝑛, 𝑏ሻ are used and the antenna bandwidth 
utilization can be modeled as: 

 
μ𝑛 =

1

𝐵
෍ 𝑥𝑛𝑏ሶ

𝑏

 
 

(7) 

where 𝐵  is the number of subcarriers in the carrier bandwidth. The UE bandwidth utilization for split 7.2 and 7.1 
mainly depends on the radio resource allocation algorithm. We use two resource allocation algorithms from the 
[5] that determine the serving antennas for each UE to maximize the sum spectral efficiency of CF mMIMO 
networks.  The algorithms provide an optimized sequence in which antennas should be considered for serving. 
An antenna considered for serving is selected for serving if it yields improved sum SE. Thus, the algorithms can 
provide the sum SE as a function of the number of best antennas considered for serving. The MRT beamforming 
factors are independent between UEs and can be determined locally at the RU simplifying the implementation 
while the ZF beamforming factors need to be determined centrally at the DU. To provide the performance 
analysis of the proposed methodology, the simulated network of size 320 m × 277 m contains M = 64 distributed 
omnidirectional antennas with 2.15 dBi gain located 10 m above the ground. To evaluate the performance of the 
proposed scheme, we use the algorithms from [5] that determine the serving antennas for each UE to maximize 
sum SE:  

• Heuristic radio scheduling algorithm for MRT beamforming, referred as MRT-H2 

• Heuristic radio scheduling algorithm for ZF beamforming, referred as ZH-H 

Figure 2 shows the sum SE performance of the heuristic radio resource allocation algorithms as a function of the 
number of best antennas considered for serving 10 UEs. This dependence demonstrates an asymptotic sum SE 
growth, and the color dots indicate the number of best antennas considered for serving when the sum SE yields 
κ = 0.98 of its utilization. E.g., for ZF at noise -90 dBm, 32 antennas are enough to serve 10 UEs, and for MRT, 23 
antennas. In the case of ZF, additional antennas would increase the sum SE by less than 2% and, in the case of 
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MRT, they could even increase interference more than the signal. The proposed beamforming adaptation 
algorithm selects the beamforming type yielding a higher sum SE for 98% utilization, e.g., for 10 UEs and -90 dBm 
noise, the ZF yields a higher sum SE of 127 bit/s/Hz compared to 71 bit/s/Hz for MRT, therefore the ZF 
beamforming is selected, as shown in the summary Figure 4.  At a noise of -50 dBm, the MRT yields a higher sum 
SE than the ZF, as the ZF is not able to provide a strong enough signal to overcome the high noise. 

 

Figure 2: Mean sum SE dependence on the number of antennas considered for serving 10 UEs in 64-antenna CF mMIMO 
networks.  

Figure 3 shows the fronthaul load dependence on the number of RU antennas for different noise power and κ = 
0.98. At the noise of -90 dBm and ZF, when 10 UEs are served with 32 antennas, 1-antenna RUs yield only 25 
Gbit/s fronthaul load with 7.1 split and 218 Gbit/s with 7.2 split, where 10 times more user data symbols are sent 
because of 10 UEs served by each antenna. The split yielding lower fronthaul load for the already selected 
beamforming type, in this case 7.1, is indicated in the summary Figure 4. It can also be seen in  Figure 3, that the 
7.2 split fronthaul load strongly decreases when the number of RU antennas grows, which is due to two reasons. 
The first reason, which is dominant in the case of the ZF where an antenna serves all 10 UEs, is fewer user data 
symbols sent on fronthaul due to fewer RUs. The second reason, which is dominant in the MRT where an antenna 
serves one UE, is lower fronthaul overhead also due to fewer RUs. Another observation is clearly visible that for 
64-antenna RU, where the overhead load is negligible, is the 7.2 fronthaul load dependence on the number of 
UEs, which is 10, and the 7.2 split dependence on the number of antennas, which, depending on the 
beamforming type and noise level, is 22 or more. 
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Figure 3: Fronthaul load for 64-antenna CF mMIMO networks serving 10 UEs with sum SE utilization of k=0.98. 

 

 
Figure 4: Dependency of the beamforming type and functional split on the number of UEs, the noise power, and the 

number of RU antennas. 

Figure 4 illustrates the beamforming and functional split selection algorithm, where it can be seen, that: 

• As expected, in low ambient noise of -90 dBm, the ZF, which does not introduce additional interference, 
yields a higher sum SE, but in high noise of -50 dBm, the MRT, which increases the received signal power, 
is superior to the ZF. In a medium noise of -70 dBm ZF performs better for 10 and 20 UEs, but MRT for 5 
UEs. 

• In all configurations in Figure 4, the ZF yields a lower fronthaul load with the 7.1 split than with the 7.2 
split, but, for RUs with more antennas, 7.2 split starts to be advantageous compared to the 7.1 split, e.g., 
at noise of -70 dBm, 7.2 split yields lower fronthaul load than 7.1 split with 16 or more antenna RUs, as 
seen in Figure 3. 

• The MRT yields a lower fronthaul load with the 7.1 split when RU is equipped with one or two antennas. 
For 4 or more antennas at the RU, the 7.2 split yields a lower fronthaul load. 



 
D.3.3. Final report on communication and sensing, cell-free distributed 
computation and synchronization 

 

 

 

© 6G-BRICKS 2024  Page | 22  
 

• For 1 and 2-antenna RUs, it is enough for the network to support the 7.1 split. For RUs equipped with 
more than 16 antennas, it is enough for the network to support the 7.2 split. For RUs equipped with 
more than 2 but up to 16 antennas, the network should support both 7.1 and 7.2 split to dynamically 
adjust the split depending on the number of UEs and noise power. 

3.2.2 Conclusion for Beamforming and functional split selection in CF mMIMO Networks 

The 7.2 and 7.1 functional splits fronthaul load formulas proposed by 3GPP are extended to support the CF 
mMIMO network architectures. According to the formulas, the fronthaul load depends on the radio resource 
allocation algorithm. To illustrate the fronthaul load we use the radio resource allocation algorithms that 
maximize the sum SE to find the beamforming type, MRT or ZF, yielding a higher sum SE at its 98% utilization, 
and the number of serving antennas. Next, for the chosen beamforming type and a dynamic network state 
defined by the number of UEs and the noise power, we choose the functional split yielding lower fronthaul load. 
We show that for RUs equipped with 4 to 16 antennas, either 7.1 or 7.2 functional split yield a lower fronthaul 
load depending on the dynamic network state, therefore the dynamic functional split selection can lower the CF 
mMIMO sum fronthaul load.  

3.2.3 Energy efficiency analysis and optimization for CF mMIMO  

The joint user association/clustering and power control mechanism (PCM) in a CF mMIMO network improve  the 
EE. The purpose of the user association is to cluster the APs and the users to improve spectral efficiency of CF 
mMIMO-based on channel state information. However, the power control mechanism in both uplink and 
downlink can further increase the spectral efficiency, thereby increasing interference level for the neighboring 
users. By contrast, when we are precisely considering improving the EE, the power consumption reduction can 
harm the spectral efficiency. Simply combining separate optimization approaches for solving the user 
association/clustering and PCM may lead the system to performance degradation.  This study investigates the 
CF mMIMO EE maximization with joint clustering, precoding, and scheduling. A joint design in CF mMIMO 
networks can significantly reduce the energy consumption by avoiding interference to the neighboring APs. By 
extending our previous work on spectral efficiency maximization through precoding-aware radio resource 
scheduling (RRS) [5], we propose an energy efficiency analysis and optimization for CF mMIMO networks.  As 
shown in Figure 5,  the proposed RRS approach from the extension of the work in [5] mainly solves the problem 
with 3 steps: 

• Scheduling that will determine the UEs, which will get AP-PRB resources in the current TTI 

• Clustering that selects the serving antennas of active UEs based on the precoding type in each physical 
resource block (PRB) 

• Precoding that determines a 3-dimensional precoding matrix with precoding coefficient for the selected 
UEs, antennas, and PRBs  

 

Figure 5: The resource optimization algorithm. 
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The main innovation of the joint radio resource optimization algorithm for EE analysis and optimization work can 
be summarized as follows:  

• We addressed clustering, scheduling, and precoding jointly for the EE maximization problem in a CF- 
mMIMO network. 

• We propose two scheduling algorithms, i) the immediate scheduling where all UEs with data in the traffic 
buffer are considered for scheduling and ii) the delayed scheduling where 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. 

• Our numerical analysis shows that power control, number of serving antennas, precoding, and clustering 
have a significant impact on EE calculation. Furthermore, the proposed 3-step radio resource allocation 
shows better EE performance than other schemes and we estimate the maximum UE load in the CF 
mMIMO network with ZF precoder that meets the required packet delay budget, e.g., 0.28 s. 

To reflect the above-mentioned innovation, we propose a radio resource allocation algorithm that follows a cyclic 
process with the transmission time interval (TTI) period, e.g., 0.5 ms for subcarrier spacing of 30 kHz, which 
determines for each UE the precoding to be used in PRBs of each antenna. The amount of data, which is 
transmitted by the PRBs, depend on the UE SINR. We propose the resource allocation process consisting of the 
following three steps illustrated in Figure 5 described as follows:  

▪ Scheduling – select scheduled UEs for each TTI  
▪ Clustering – select serving antennas for each PRB of each scheduled UE 
▪  Precoding – determine the 3-dimensional precoding matrix with precoding coefficient for the scheduled 

UEs, serving antennas in each PRBs based on the preceding type and power control target 
This scheduling step of the radio resource allocation selects the users to be scheduled in each TTI. We propose 
two scheduling algorithms: 

▪ Immediate scheduling – all UEs with data in the buffer are scheduled in this TTI 
▪ Delayed scheduling – UEs are scheduled as late as possible to fulfill their required maximum packet delay 

of 0.28 s for 5G QoS Identifier (5QI 9) [6]. When one UE needs to be scheduled to meet its maximum 
packet delay then all UEs with data in the buffer are scheduled. This strategy, described in Algorithm 1, 
favors scheduling simultaneously more UEs rather than an individual UE meeting the quality-of-service 
(QoS) of a web-based service.  
 

Algorithm 1:  The delayed scheduling algorithm  

Step 1: Start: Schedule the users for current TTI 
Step 2: Loop: over UEs with data in the buffer  
Step 3: If: throughput of a UE is unknown, then schedule all UEs with data in the buffer and calculate the 
throughput of all scheduled UEs 
Step 4: Else: based on the recent UE throughout calculating the number of TTIs when the transmission for this 
UE should start to be able to send all buffered UE data with the delay 0.28 s 
Step 5: If: the calculated number of TTIs ≤ 0, then schedule all UEs with data in the buffer 
Step 6: Return: the scheduled UEs  

 
The performance of the radio resource allocation algorithms has been analysed in the simulated CF mMIMO 
system supporting the following key aspects: channel model with slow and fast fading, UE mobility with rays-
based extrapolation of fast fading to reflect channel change, random traffic based on the FTP model 2, and PRB 
resource allocation with a real transmission time interval (TTI), i.e., 0.5 ms for 30 kHz subcarrier spacing. The 
basic configuration of the simulated CF mMIMO system is the hexagonal distribution of 64 antennas. We analyse 
the impact of transmitting power on EE performance.  
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Figure 6: The total consumed power of the system and the resulting EE vs the maximum antenna transmit power for the 

proposed algorithm with 200 UEs with considering % Mbit/s average load per UE. 

 
Figure 7: Energy efficiency vs the system load for considered resource allocation algorithms with 5Mbit/s average load per 

UE.   

From Figure 6 we can see that an optimum maximum transmit power exists, Pmax, for which the system achieves 
the highest EE, and it is 21 dBm per antenna for 1000 Mbit/s system load (200 UE x 5 Mbit/s/UE). We also 
observed that this maximum power remains optimum for a big range of system load. Lower Pmax results in lower 
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spectral efficiency due to more active antennas which also require usage of more fronthaul links. On the other 
hand, a higher Pmax increases the transmit power. Pmax optimization can be considered as the power control 
procedure. 
In Figure 7, we compare the performance of the proposed algorithm with other ZF, MTR and SISO algorithms. 
The ZF algorithm yield higher EE than the MRT and SISO. This is because ZF does not create interference and 
schedules multiple UEs in the same PRB which is not the case of the SISO and the used MRT algorithm. The 
proposed algorithm provides is up to 8% more EE than the baseline Immediate, ZF, H: U algorithm that was 
designed for sum SE maximization. The Delayed, ZF, H2:U algorithm which buffers UE data to scheduler 
simultaneously more UEs, yields lower EE than the proposed algorithm.  

3.2.4 Conclusions for energy efficiency analysis (ISRD)  

We analyse the impact of the antenna transmit power, cluster size, system load and UE load on the CF mMIMO 
system EE with ZF immediate and delayed scheduling as well as for MRT and SISO precoding. We propose the ZF-
based algorithm for energy efficient radio resource scheduling, which optimizes the selection of antennas, 
antenna transmit power and uses immediate scheduling. With the proposed resource allocation algorithm, the 
simulated CF mMIMO system reaches its maximum EE of 34.5 Mbit/J at 69% of its capacity. The proposed 
algorithm also yields up to 8% EE improvement compared to the reference algorithm aimed at sum SE 
optimization. Furthermore, we observe that the latency in the CF mMIMO system depends on the load per UE 
and for 0.28 s latency, which is required for web-based services, the UE load is limited to 6.9 Mbit/s.  

3.3 Localization and Sensing through RIS Beam Scanning in a mmWave 
Communication Context  

Previously in [1] and [7], we introduced both an iterative estimation framework and a generic system architecture 
to address the problem of user tracking in a downlink (DL) millimeter wave (mmWave) context, assuming one 
single base station (BS) assisted by one passive Reconfigurable Intelligent Surface (RIS) in reflective mode. A 
mobility-aware positioning algorithm adapted to Non-Line of Sight (NLoS) geometric Near Field (NF) conditions 
was first considered, providing a standard Kalman Filter (KF) with 3D snapshot position observations. Based on 
KF outputs, the user position and velocity were predicted along with their corresponding uncertainty to feed a 
randomized directional RIS beam scanning procedure and accordingly, to further improve the positioning stage 
in next system iterations. First simulations carried out in a canonical scenario illustrated possible benefits from 
such a dynamic prediction-based RIS control approach in terms of tracking accuracy (typically in comparison with 
random RIS configurations), as well as the viability of a reduced-overhead RIS control scheme relying on 
reasonably short-term, open-loop local predictions at the RIS controller (i.e., hence, decreasing the rate of the 
required control messages sent from the network to the RIS, which are supposed to encapsulate the latest up-
to-date UE information, as estimated by the filter).  

Beyond these initial works, on the one hand, we accompanied the recent integration efforts carried out in 6G-
BRICKS (i.e., complying with the characteristics of the currently integrated Proof-of-Concept (PoC) system). On 
the other hand, we also took into consideration the integration of the new sensing and localization functionalities 
in a more global mmWave communication context, i.e., we addressed underlying protocol design aspects to 
serve both localization/mapping and communications, considering trade-offs between localization/mapping and 
communications, typically in terms of the achievable data rate after beam training versus the spatial resolution.  
These two aspects are accounted for in this section by the following novel contributions: 

• Protocol design: We propose to apply a practical RIS beam scanning protocol supporting both user 
equipment (UE) positioning and environment sensing out of sequences of downlink pilot signals received 
at the UE (as a function of the RIS beam steering angle), while relying on a low-complexity RIS in reflective 
mode on the one hand, and basic channel estimation capabilities at the UE on the other hand (incl. 



 
D.3.3. Final report on communication and sensing, cell-free distributed 
computation and synchronization 

 

 

 

© 6G-BRICKS 2024  Page | 26  
 

Reference Signal Received Power (RSRP), or multipath Rx power, delays, angles of arrival at the UE, and 
angles of departure at the RIS… and possibly, combinations of the latter);  

• Algorithm design: Based on the previous beam scanning strategy, we propose two complementary 
algorithmic frameworks:  

o The first solution aims at jointly performing UE position estimation and data association between 
multipath component (MPC) radio observations and underlying channel model parameters to 
mitigate the harmful angular ambiguities caused by the irregular beam patterns of real RIS 
prototypes. This contribution has led to the submission of a conference paper [8] providing 
experimental validations based on frequency-domain mmWave channel measurements at 26-
28GHz [9] with a real RIS hardware prototype [10]. 

o Leveraging the previous positioning method, a second proposal enables us to opportunistically 
detect scatterers in the close vicinity of the presumed known UE location, while relying uniquely 
on signal backscattering after RIS reflections over the RIS beam scanning procedure. This solution 
has also been experimentally validated with the same measurements as before in [9].  

• Performance trade-off analysis: Assuming that the adopted RIS beam scanning protocol above is 
integrated in a more general communication context, while following a time sharing approach between 
localization/sensing and communication services, we illustrate concrete operating compromises 
between the achievable data rate, and both the duration and the angular resolution of the beam 
scanning phase, following a similar evaluation methodology to that adopted in [11]. 

3.3.1 RIS beam scanning protocol design   

We first propose to rely on a RIS scanning protocol in DL using conventional directional beams and codebook-
based control. Accordingly, for the whole duration of the scanning procedure at one reflective RIS, the BS is 
supposed to illuminate the latter RIS with a static beam, while the RIS is sequentially beam steering in preferred 
directions discretizing the arbitrary portion of space to be covered (typically, with a discretization in azimuth in 
the 2D pseudo-plane). This protocol has the following advantages: 

• It would be compliant even with the most elementary non-coherent processing schemes at the UE (Rx); 
In particular, the UE does not require any prior knowledge of the element-wise phase configurations 
applied at the RIS for being able to perform estimation, but just the sequence of the applied beam 
steering directions.  

• Unlike more elaborated control schemes assuming prior knowledge of the UE location (e.g., [7],  [8], [12], 
and [13]), it does not necessitate complex RIS control feedback mechanisms, as the RIS is just expected 
to span a pre-agreed portion of the angular space;  

• It only requires a limited level of synchronization between the RIS, the UE and the BS. More concretely, 
the radio measurements collected at the UE just need to be associated/referenced with the right RIS 
beam steering directions, while the same beam can be possibly applied over an arbitrary number of DL 
pilot symbols.     

Advantageously, the same RIS beam scanning protocol can be used for DL beam training (i.e., for further RIS-
aided communications based on the optimal RIS beam), UE positioning and environment sensing. From that 
perspective, the protocol is adapted from [11], except the use of a purely passive reflective RIS for the sake of 
lower complexity (i.e., rather than a hybrid reflective-receiving surface). Accordingly, the overall timeline of a 
superframe of duration 𝑇 (compliant with the channel coherence time) is divided into three main phases 
illustrated in Figure 8, namely: 

• The beam scanning phase of duration 𝜏𝑠  

• A processing and feedback phase of duration 𝜏𝑝 
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• A data communication phase of duration 𝑇 − 𝜏𝑠 − 𝜏𝑝 

 

Figure 8: Considered RIS beam scanning protocol enabling beam training for optimal RIS-aided communications (e.g., in 
NLoS), UE positioning and environment sensing/mapping, under time sharing between the different services. 

By default, the structure of the superframe can be repeated over time. The estimated UE position and its 
uncertainty, as well as the optimal RIS beam index information, all derived during the processing phase of the 
previous superframe, can be leveraged to decrease both the RIS beam width and the angular granularity in the 
current scanning phase, like in [14] for fast location-aided initial access through iterative beam refinement in 
classical mmWave networks. From that perspective, the adopted RIS beam scanning protocol can be seen as a 
multi-resolution protocol. If multiple RISs are physically in the range of the current UE location, they can also be 
sequentially addressed by the BS.  
       

 
Figure 9: Layout, deployment, and emulated sequential RIS beam scanning protocol considered for experimental 

validations based on real mmWave channel measurements from [9], [13] including 1 Base Station (BS) location, 2 distinct 
RIS locations RRIS1 and RRIS2 and 5 UE locations (from UE1 to UE5).  
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Figure 9 illustrates such a sequential beam scanning protocol with respect to two distinct RIS locations, in the 
concrete test environment of [9] and [13] which will be also considered in the following for our own experimental 
validations. Accordingly, the time left for data communications is reduced down to 𝑇 − 𝑁𝑅𝐼𝑆𝜏𝑠 − 𝜏𝑝, assuming 

that all the surfaces perform the same beam scanning protocol for the same duration 𝜏𝑠 (i.e., with the same 
angular resolution and over the same angular span) and that the processing time can be mutualized for all 
surfaces.  

3.3.2 Integration of RIS beam scanning protocol 

In this section, considering a RIS-aided mmWave system, we explore the performance trade-off between spatial 
awareness and data communications, while assuming the RIS beam scanning protocol with time sharing 
mechanism described in Figure 8.  The time allocated to each service at protocol level during a super-frame, 
hence impacts the angular resolution available during RIS beam scanning (for both beam training and the 
localization of both connected UEs and passive objects in their vicinity) on the one hand, as well as the data rate 
achievable at the served UEs during the subsequent communication phase on the other hand. 
 

Similar to [11], we consider an N-antenna BS communicating with a single-antenna UE in DL. The direct path 
between the BS and the UE is supposed to be obstructed so that the reflective RIS is used to control a link for 
both communication and sensing purposes. However, for low complexity considerations, we do not consider a 
hybrid RIS like in [11] (i.e., a RIS endowed with both reflecting and receiving capabilities), but just a simpler 
passive RIS consisting of M reflective elements (assuming a linear array for simplicity, as we are only interested 
in the azimuth angle in our example). Accordingly, in this study, we assume that the UE is in charge of collecting 
all the necessary Rx signals used for beam training, localization and environment sensing. One advantage with 
reflective RIS with element-wise control is that any arbitrary beam can be generated. During the beam scanning 
phase, just like in [11], we consider 𝐾 beams from a codebook addressing the discrete steering directions 

spanning from -90° to +90°, arcsin (−1 +
2𝑘−1

𝐾
) , 𝑘 = 1, … , 𝐾 with 𝐾 ≥ 𝑀, where the argument of the 

arcsinሺ. ሻ  function is uniformly discretized.  
 

Using this RIS beam scanning phase for beam training, the UE hence determines the best RIS beam (typically, 
that maximizes the Rx power) and feeds its index back to the RIS controller through the network. The RIS is then 
configured to adopt this optimal beam to reflect the signals from the BS to the served UE for the whole duration 
of the data transmission phase. Under this optimal RIS beam, the achievable equivalent rate 𝑅 at the UE for one 
single reflective RIS (defined here as the ratio of the channel capacity divided by the bandwidth, in bps/Hz), which 
is adapted for the super-frame structure from Figure 8 (i.e., the duration 𝑇 − 𝜏𝑠 − 𝜏𝑝 taken to communicate over 
the total super-frame duration 𝑇ሻ, is thus given by: 

  

𝑅 =
𝑇 − 𝜏𝑠 − 𝜏𝑝

𝑇
𝑙𝑜𝑔2  (1 +

𝑁𝑃𝑡ȁ𝛼𝐵𝑆→𝑅𝐼𝑆ȁ2ȁ𝛼𝑅𝐼𝑆→𝑈𝐸ȁ2 

𝜎2

sin2ሺ
𝜋𝑀𝜃

2
ሻ

sin2 (
𝜋𝜃
2

)
) 

 
(8) 

 

where 𝑃𝑡 is the transmit power at the BS, ȁ𝛼𝑅𝐼𝑆→𝑈𝐸ȁ2 = (
𝜆

4𝜋𝑑𝑅𝐼𝑆→𝑈𝐸 
)

2
 (resp. ȁ𝛼𝐵𝑆→𝑅𝐼𝑆ȁ2 = (

𝜆

4𝜋𝑑𝐵𝑆→𝑅𝐼𝑆 
)

2
) denotes 

the absolute value of the complex-valued path gain of the RIS-UE (resp. BS-RIS) channel, with 𝑑𝑅𝐼𝑆→𝑈𝐸 (resp. 

𝑑𝐵𝑆→𝑅𝐼𝑆 ) the distance between the RIS center and UE (resp. the BS), λ is the carrier wavelength, 𝜎2 is the power 
of the additive noise affecting the received signal at the UE, and 𝜃 is a parameter accounting for the possible 
misalignment between the actual direction to the UE and the closest adjacent RIS steering direction picked up 
after beam training, due to space quantization (i.e., 0 ≤ 𝜃 ≤ 1/𝐾). 
 

It is to be noted that when the UE angle lies in the middle of two adjacent beams, 𝜃 = 1/𝐾  and hence, the RIS 

beamforming gain reaches its lowest value sin (
𝜋𝑀

2𝐾
) sin−1ሺ

𝜋

2𝐾
ሻ (worst alignment case), while when the actual UE 
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angle is exactly aligned with that of the steering RIS beams, 𝜃 = 0 and the RIS beamforming gain reaches its 
maximum value 𝑀 (best alignment case). Assuming that the duration of one single beam applied during the RIS 
beam scanning phase is equivalent to that of 𝑆 symbols, then we have 𝜏𝑠 = 𝑆𝐾 >> 𝜏𝑝 , and the latter processing 

duration 𝜏𝑝 can generally be neglected in the expression of the achievable equivalent rate above.  

3.3.3 Performance evaluation of RIS beam scanning protocol 

Based on the previous expression and on the example simulation parameters in Table 4, Figure 10 provides 
numerical evaluations of the achievable rate as a function of both the RIS beam scanning time 𝜏𝑠 (in symbols) 
and the corresponding mean RIS beam steering angle resolution applied during the beam scanning phase, while 
still assuming an angle span from -90° to +90° (i.e., a coverage of the half-plane from the RIS) and a full parsing 
of the codebook. 
 

Table 4: Simulation parameters used to evaluate RIS beam scanning protocol. 

Parameter  Value  

Number of BS antennas, 𝑁 64 

Center frequency, 𝑓𝑐 28 GHz 

Bandwidth, 𝐵 1 MHz 

Noise power spectral density, 𝑁0 -174 dBm/Hz 

Rx noise factor at UE, 𝑁𝑓 8 dB 

Tx power at BS, 𝑃𝑡 20 dBm 

Total nb of symbol per superframe, 𝑇  1024 

Nb of Tx symbols per RIS beam, 𝑆 1 

Distance from the RIS to the UE, 𝑑𝑅𝐼𝑆→𝑈𝐸  20 m 

Distance from the BS to the RIS, 𝑑𝐵𝑆→𝑅𝐼𝑆  5 m 

In the worst-case alignment situation when the UE angle lies between two adjacent RIS beams (dashed lines), 
increasing the number of beams in the codebook during the training phase and hence accordingly, increasing the 
relative time dedicated to beam scanning in the superframe, will first contribute to increase the achievable rate 
too, before degrading it when exceeding a certain critical value of 𝐾. This is because the actual RIS beamforming 
gain value increases (and adjacent beam patterns tend to overlap more) in proportions that are not compensated 
by the time sacrificed over communications. Monte Carlo simulations show similar two-fold trends in average 
(e.g., when drawing a uniformly distributed random relative angular deviation between the UE and the best 
beam chosen after training). In practice, this suggests the existence of a non-trivial optimal RIS beam scanning 
duration (or alternatively beam codebook size) as a function of the number of elements in the RIS, as depicted 
in Figure 11.  
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Figure 10: Achievable rate in bps/Hz as a function of the time spent for RIS beam scanning (top) and of equivalent RIS 

beam steering angle resolution applied during the beam scanning phase (bottom), for both an ideal-case (solid lines) or a 
worst-case (dashed lines) alignment with respect to the UE, and for various numbers of RIS elements. 

 
Figure 11: Best RIS beam scanning duration minimizing the impact of beam misalignment with respect to the UE on the 

achievable rate, as a function of the number of RIS elements. 

3.4 RIS-based localisation  

3.4.1 Impact of irregular RIS beam patterns on angles estimation and positioning 

Irregular RIS beam patterns can introduce geometric ambiguities in RIS-aided positioning, typically while 
estimating simply the RIS AoD through RIS beam scanning based on Rx power measurements at the UE (i.e., in 
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basic non-coherent processing approaches). For instance, in the RIS-assisted DL positioning PoC reported in [13] 
which already relied on the same RIS-based 26-28GHz channel measurement campaign from [9], concrete 
limitations were pointed out, regarding the presence of RIS grating lobes due to 1-bit phase element quantization 
and hardware impairments, but also the effect of too loose uniform discretization of the angular space during 
RIS beam sweeping, and/or too large distances between the RIS and the UE. Among all these limitations, the 
conjunction of the two former factors has been identified as particularly critical, leading to the observation of 
significant undesired power peaks on the receiver side, which could be misinterpreted as resulting from the main 
RIS beam steering direction, where the main lobe may be pointing to the UE as shown in Figure 12.  
In Figure 12 (a), we provide an example of idealized RIS beam scanning procedure assuming regular beam 
patterns with a well-formed and dominating main lobe, showing just the impact of the azimuth space 
discretization when the UE lies in between two steering directions (hence, with limited collected Rx power in 
comparison with the maximum possible power gain offered at the RIS).  Similarly, Figure 12 (b), provides an 
example of a more realistic RIS beam pattern for an arbitrary steering direction k−1, with significant side lobes 
(possibly well aligned with the UE direction). 

 

Figure 12: Illustration of the combined effects of azimuth discretization and RIS side lobes on power-based AoD 
estimation. 

Finally, Figure 12 (c) shows the resulting received power collected at the UE as a function of the RIS beam steering 
direction, for ideal vs. realistic beam patterns (circles vs. star), showing an AoD ambiguity (btw. directions k − 1 
and k + 1). In practice, this phenomenon imposes to select several RIS AoD candidates, hence creating geometric 
ambiguities for positioning. To solve the geometric ambiguities for positioning, we propose two possible 
solutions to mitigate the problems, namely: 

• Refined angular resolution through the normalized cross-correlation of power radiation patterns. This 
algorithm is suited to basic UEs that can only measure their received power, i.e., the RSRP.  

• Dealing with ambiguities directly in the positioning domain, while benefitting from richer information 
with a UE able to perform multipath estimation (including estimation of MPC delay besides MPC Rx 
power) 

 

3.4.2 Refined angular resolution through the normalized cross-correlation of power radiation 
patterns 

This first technique is inspired from a power-based AoA estimation algorithm suited to electronically 
steerable parasitic array radiator (ESPAR) antenna systems as used in [15]. Accordingly, the “power pattern” of 
all the measured RSRPs (i.e., over the tested RIS steering directions during beam scanning) is correlated with that 
based on “expected” beam diagrams, conditioned upon a particular RIS AoD hypothesis. The expected beam 
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diagrams must hence be pre-characterized offline (typically, in anechoic chamber). This approach is expected to 
provide much finer angular resolution than the coarse initial step used to discretize the azimuth space during 
beam scanning (as the correlation is performed with an arbitrarily fine resolution). As shown in Figure 13, this 
approach also provides a better robustness against RIS secondary lobes since the latter are leveraged as 
informative elements contributing to indicate the actual RIS AoD. 
This approach is particularly suited when only the overall received power (i.e., the RSRP) is available at the UE, 
enabling DL UE positioning through standard triangulation with respect to two different RIS locations (i.e., based 
on two different RIS beam AoD measurements). This is fully compliant with the processing capabilities of the 
mobile device considered in 6G-BRICKS PoC demonstrations.  
 

 
Figure 13: Illustration of RIS AoD estimation through the normalized cross-correlation of power radiation patterns, based 

on all RSRP measurements collected at the UE over RIS beam scanning. 

 

3.4.3 Joint data association and positioning from UE multipath estimation 

When the UE is endowed with more advanced processing capabilities, we also propose another algorithmic 
scheme combining data association and positioning. More concretely, the proposed approach relies on the 
computation of the probability density of the user position from the Bayesian perspective, where the prior 
density of the UE location is determined by the resolvable multipath component exhibiting the shortest time 
delay, while the posterior density is computed with channel parameters corresponding to other multipath 
components.  Unlike in [13], we herein focus only on a single-BS RIS-aided DL positioning scenario, where the BS 
illuminates one single RIS at a time and the UE can rely on the parameters of all the resolved MPCs (i.e., incl. 
both natural MPCs caused by scattering objects between the BS and the UE, and the MPC controlled through RIS 
beam sweeping). Here, we introduce the notations that will be used in the following. During the RIS beam 
scanning, the current steering azimuth angle is indexed by 𝑘, and the total number of tested angles is 𝐾. For 
each 𝑘, the UE resolves up to 𝐿𝑘 MPCs indexed by 𝑙𝑘. In the most complete case, for each 𝑙𝑘, we assume that 
the UE can collect the corresponding tuple or parameters, composed of the MPC received signal strength 
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(reflected by the MPC power gain in our channel sounding based experimental validations [13] without loss of 
generality), the MPC time delay 𝜏 and optionally, the MPC Angle of Arrival (AoA) at the UE 𝜙𝑈𝐸 (both estimated 
through the Space-Alternating Generalized Expectation-Maximization (SAGE) algorithm), as well as the RIS Angle 

of Departure (AoD) 𝜙𝑅𝐼𝑆 (i.e., the current RIS steering angle), that is {𝑃ሺ𝑙𝑘ሻ, 𝜏ሺ𝑙𝑘ሻ, 𝜙𝑅𝐼𝑆ሺ𝑙𝑘ሻ, 𝜙𝑈𝐸ሺ𝑙𝑘ሻ}𝑙𝑘=1
𝐿𝑘 .  For a 

given RIS-UE couple, after completing the RIS beam scanning procedure, the whole set of collected data at the 
UE can be represented by 

 
ቄ{𝑃ሺ𝑙𝑘ሻ, 𝜏ሺ𝑙𝑘ሻ, 𝜙𝑅𝐼𝑆ሺ𝑙𝑘ሻ, 𝜙𝑈𝐸ሺ𝑙𝑘ሻ}𝑙𝑘=1

𝐿𝑘 ቅ
𝑘=1

𝐾
 

 
(9) 

For this algorithm, we do not assume that the UE is able to measure MPC AoAs, so we will only use the set. The 
posterior density used to estimate the UE position can be expressed as: 

 

𝑓ሺ𝐱UEȁ𝐳ሻ ∝   𝑓ሺ𝐱UEሻ ∬ ∏ ∏ 𝑓ሺ𝐳𝑗ȁ𝐱UE, 𝑎𝑖 , 𝑏𝑗ሻ × 𝜓ሺ𝑎𝑖, 𝑏𝑗ሻ𝑑𝐚𝑑𝐛

𝑖={BS,RIS}

𝐽

𝑗                                                   

 

 

(10) 

where 𝐳 accounts for the tuples of received powers, beam steering angles, and time delays for all the extracted 

MPC radio parameters over all possible signal paths, 𝑓ሺ𝐱UEሻ is the UE prior density, and 𝑓ሺ𝐳𝑗ȁ𝐱UE, 𝐱𝑖, 𝑎𝑖 , 𝑏𝑗ሻ is 
the likelihood function for the observation 𝑗, 𝑗 = 1 … 𝐽 , with 𝐽 the total number of observations, and source 

𝑖 with the association variables 𝐚 =  [𝒂𝐵𝑆, 𝒂𝑅𝐼𝑆]T and 𝐛 =  [𝑏1, … , 𝑏𝐽]T, where 𝒂𝑖  , 𝑖 = 1,2,  is a vector of 

length K containing indexes of extracted MPCs associated to the source i, more precisely,  ∀𝑖 = {1,2}, 𝑎𝑖[𝑘] ∈

{1 … 𝐿𝑘} and ∀𝑗 = {1 … 𝐽}, 𝑏𝑖 ∈ {1,2} and 𝜓൫𝑎𝑖 , 𝑏𝑗൯ = 1 with the valid association between 𝑎𝑖  and 𝑏𝑗, and 0 

otherwise.  Due to the known two static sources in our case (i.e., one for the BS denoted by 𝐱BS and the other 
for this RIS denoted by 𝐱RIS, both serving as anchors), the map density is regarded as 𝑓ሺ𝐱BS, 𝐱RISሻ =
𝛿ሺ𝐱BS − 𝝁BSሻ. 𝛿ሺ𝐱RIS − 𝝁RISሻ, where 𝝁BS and 𝝁RIS are the true locations of the BS and RIS, respectively, and 
𝛿ሺ. ሻ is the Dirac delta function. Therefore, the map density and source notation can be omitted in the expression 
of the posterior density above.  
 

To implement this posterior density, we adapt a set-type Simultaneous Localization and Mapping (SLAM) 
algorithm of [16] for a single snapshot. For the map, there is no prediction and update steps with the known 
pseudo-target locations. Besides, the UE prior is assumed to follow a Gaussian distribution, whose mean is 
approximated based on the shortest estimated multipath delay, and a Factor-graph of the above posterior 
density is drawn by modifying the factor-graph of [17], where messages are computed by running a set-type 
belief propagation algorithm. For simplicity, we assume one single data association possibility. The most likely 
association is determined by making hard decision via belief propagation [16]. Then, the UE posterior density 
computation follows the same approach as that used for the mobile state update in the SLAM algorithm [17], all 
except but with respect to the BS and RIS.  
To assess the performance of proposed algorithm, we have leveraged the same channel measurements from [9]  
as those initially used in [13]. The corresponding experimental setup relied on a Vector Network Analyzer (VNA)-
based mmWave channel sounder, with a transmit-array [18] on the Transmitter (Tx) side and a reflective RIS [10] 
between the Tx and the Receiver (Rx), both with 1-bit element-wise phase control.  Emulating a DL transmission, 
the transmit-array was representing the BS, while the Rx was represented by the UE . Both the layout of the 
reference indoor environment and the tested deployment configurations have already been shown in Figure 9. 
Using a static beam, the BS illuminated the activated RIS, which was tested sequentially within two distinct 
location/orientation configurations. For each location/orientation setting, the RIS was controlled through a 
codebook to perform beam scanning in azimuth from −60o to +60o, with a step of 5o. For both BS and RIS, a unique 
anticlockwise convention was used to define the AoDs, using a reference angle (i.e., 0o) normal to the 
surface/array. The measurement procedure above was repeated over 5 main UE positions. In each of those 
positions, the Rx monopole antenna was moved over a 3 × 3 small-scale grid (i.e., considering a virtual square 
array in the horizontal x-y plane) thanks to a high-precision positioner, and a frequency-domain complex channel 



 
D.3.3. Final report on communication and sensing, cell-free distributed 
computation and synchronization 

 

 

 

© 6G-BRICKS 2024  Page | 34  
 

response between the Tx and the Rx was recorded with a step of 10 MHz on each occupied small-scale position 
of the grid. Note that this small-scale grid is mostly used for AoA which will be further discussed in Section 3.4.3   
for sensing, but not for positioning in this section. The BS, the RIS and the UE were all set at the same height of 
1.6m and hence, lying on the same 2D plane during all experiments. 

In Figure 14  we evaluate the 2D location error performance of the proposed algorithm (i.e., joint data association 
and positioning from UE multipath estimation) for the two positions of the RIS (coined RRIS1 and RRIS2) and 
several bandwidths. Performance is compared with those of two intuitive methods defined as follows: 

• Method 1- “Shortest MPC”:  consists in preselecting first the strongest resolved MPC for each tested RIS 
beam steering direction, before using for final positioning the parameters of the component with the 
shortest delay among all the preselected MPCs (i.e., over all the tested RIS beam directions). 

• Method 2- “Strongest MPC”:  consists in performing the same initial preselection step as in Method 1, 
before using the parameters of the strongest MPC among all the preselected ones for final positioning. 

In our proposed approach, for both tested RIS locations, besides the UE positioning, the application of an 
additional data association step between the sources (i.e., BS and the RIS) and the MPCs (i.e., measurements) 
enables to maintain the best possible single-BS positioning performance (say, on the order of a few 10s of 
centimetres, at most), even in UE location indices 4 and 5, where other methods based on heuristics would be 
significantly penalized by large RIS-UE ranges and/or NLoS conditions between the BS and the UE. Beyond, the 
proposed solution is also able to benefit from a better time resolution whenever the bandwidth occupation is 
larger, hence improving further positioning accuracy accordingly, while the two other benchmark methods suffer 
from a much more erratic behaviour caused by geometric ambiguities and/or bad RIS AoD candidates, despite 
the enhanced time resolution.  
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                 (RIS location RRIS1 in Figure 9)                                              (RIS location RRIS1 in Figure 9) 

 

Figure 14: 2D localization error of single-BS RIS-aided positioning for a RIS in location RRIS1 (left) of RRIS2 (right), as a 
function of the UE location index (from 1 to 5 in abscissae) and the occupied bandwidth (from 400 MHz in (a) to 4 GHz in 
(c)), with the proposed algorithm and two other methods based on heuristics (i.e., Method 1 using the “Shortest MPC” 

and Method 2 using the “Strongest MPC”).  
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3.5 RIS-based sensing  
We now consider using the same RIS beam scanning protocol as before for the opportunistic sensing/mapping 
of passive scattering objects in the close vicinity of the UE, given the position of the latter.  

3.5.1 Preliminary online calibration of structural channel backscattering  

In order to detect the presence of a passive scatterer illuminated by the RIS steering beam out of an MPC resolved 
at the UE (i.e., a component corresponding to the signal path BS-RIS-Scatterer-UE), one must perform a 
preliminary calibration of the structural/background channel backscattering contributions, while the BS is 
illuminating the RIS. Obviously, this can be done when the RIS is off or to accelerate the process, a short part of 
the RIS beam scanning protocol itself can be dedicated for this purpose, typically while the RIS is for sure pointing 
towards a pointless or “irrelevant” portion of space, or even towards a clear open space that would offer only 
too distant scatterers.  The parameters of all the MPC contributions resolved during such a preliminary 
calibration phase (over 1 < 𝐾𝑐𝑎𝑙 < 𝐾 beam scanning steps) are stored for further use during the subsequent 
detection phase (over 𝐾 − 𝐾𝑐𝑎𝑙 beam scanning steps).   
 

Relying on the same mmWave RIS-based channel measurements from [9] and [13], Figure 15 (a) shows the 
scatter plot of the MPC AoA and over-the-air distance -or equivalently, the MPC delay- parameters, as estimated 
by the UE at the beginning of the RIS beam scanning procedure, under such an “irrelevant” beam steering 
direction (i.e., pointing to a quite empty zone of the room, far away from any of the expected EU locations). 
Figure 15 (b) provides a deterministic analysis of these extracted MPC parameters considering both the room 
geometry and the deployment scenario. As can be seen, most of the main extracted MPC contributions 
correspond to well-identifiable physical items of the scene. 
 

 

Figure 15: Example of structural channel backscattering contributions, as perceived by a UE located in UE1 for a RIS in RIS1 
and beam steering to - 60° and a BS illuminating the RIS, based on real measurements at 28GHz [9] and [13].  a) the color 
of each dot represents the MPC power gain (in dB) and circled dots represent clusters of MPCs following approximately 

the same physical path. (b) Geometric interpretation of structural channel backscattering, where the direction (resp. 
length) of each MPC encodes the AoA (resp. OTA distance) estimated at the UE with the same color code as that used for 

the circled groups of dots in (a), and the symbolic representation of both BS and RIS beams in grey. 

The proposed algorithm related to RIS-based sensing In this section, we briefly describe the proposed algorithm 
and provide an illustration of indoor mapping results obtained after applying the previous RIS-based sensing 
technique along a pseudo-trajectory, which has been emulated offline by considering successive UE locations 
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(from UE1 to UE5).   At the beginning of the proposed algorithm, the scattering candidates are detected and in 
the next step of the algorithm, the consistency checking of scattering point candidates and further provide two 
heuristic rules to discard possible artefacts or wrong estimation amongst previous scatterer candidates.  

Detection of scatterer candidates 

Based on the previous calibration procedure, for each new RIS beam steering index 𝑘 = 𝐾𝑐𝑎𝑙 + 1, … , 𝐾 during 
the remaining part of the beam scanning process dedicated to the detection of scatterers, a test is performed to 
determine if the MPCs currently resolved at the UE significantly deviate from the pre-calibrated background 
MPCs (typically, in terms of estimated AoA, based on an a priori threshold 𝛿𝜙𝐶𝑎𝑙). For each 𝑘, these 𝐿′𝑘 detected 
“transitory” MPCs hence possibly result from a scatterer candidate illuminated under the current steering RIS 

beam direction, with the corresponding set of useful parameters {𝜏ሺ𝑙′𝑘ሻ, 𝜙𝑅𝐼𝑆ሺ𝑙′𝑘ሻ, 𝜙𝑈𝐸ሺ𝑙′𝑘ሻ}𝑙′𝑘=1
𝐿′𝑘  . At the end 

of the detection phase, for each tuple of MPC parameters from the set 

ቄ{𝜏ሺ𝑙′𝑘ሻ, 𝜙𝑅𝐼𝑆ሺ𝑙′𝑘ሻ, 𝜙𝑈𝐸ሺ𝑙′𝑘ሻ}𝑙′𝑘=1
𝐿′𝑘 ቅ

𝑘=𝐾𝑐𝑎𝑙+1

𝐾
, we determine the corresponding 2D points according to two 

different geometric options, as follows: 

• Intersection of (i) an ellipse of foci {𝐱UE, 𝐱RIS}, formed from the so-called “compensated” delay,  𝜏ሺ𝑙′
𝑘ሻ −

𝜏BS→RIS, where 𝜏BS→RIS represents the known propagation delay between the BS and the RIS, and (ii) a 
semi-straight line originating from 𝐱RIS with direction 𝜙𝑅𝐼𝑆ሺ𝑙′𝑘ሻ 

• Intersection of (i) the same ellipse as in the first option and (ii) a semi-straight line originating from 𝐱UE 
with a direction 𝜙𝑈𝐸ሺ𝑙′𝑘ሻ 

Figure 16 shows concrete examples of such detected scatterer candidates with 𝛿𝜙𝐶𝑎𝑙 = 20° for a RIS beam 
scanning in location RRIS1, with respect to a UE located in UE1 (a), UE2 (b) and UE3 (c). 
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Figure 16: Examples of scatterer candidates (green and red dots) determined over the full span of RIS beam scanning 
angles for a RIS located is RRIS1 with respect to UE1 (a), UE2 (b) and UE3 (c), as the geometric intersections of ellipses  

based on the delays of transitory MPCs, with semi-straight lines based on the corresponding MPC AoAs (at UE) or AoDs (at 
the RIS), based on real measurements at 28GHz 

Consistency Check of Scattering Point Candidates 

Finally, two more heuristic rules are applied to discard possible artefacts or wrong estimates among the previous 
scatterer candidates, as follows:  

• Each transitory MPC with an estimated “compensated” delay inferior to a pre-computed value of 
protection corresponding to the first Fresnel Zones is a priori rejected. This is meant to avoid mostly false 
alarms coming from ground reflections (given the prior 2D coordinates of the RIS and the UE and the 
systematic height of 1.6 meters for both). By definition, this naturally leads to eliminating the transitory 
MPCs whose estimated “compensated” delays would be inferior to the ground-truth distance between 
the RIS and the UE, as no valid ellipse can be built in this case. 

• Given an ellipse corresponding to the compensated delay of a transitory MPC, if the two intersection 
points derived from the AoD and AoA parameters associated with the same MPC are geographically 
distant from each other (i.e., their Euclidean distance exceeds an a priori limit 𝐷𝑚):   



 
D.3.3. Final report on communication and sensing, cell-free distributed 
computation and synchronization 

 

 

 

© 6G-BRICKS 2024  Page | 39  
 

o The beam steering AoD applied at the RIS may correspond to the illumination of an actual 
scatterer, while the AoA estimated at the UE is erroneous (e.g., due to too low Signal to Noise 
Ratio (SNR) or an unfavourable incidence); 

o The main lobe of the beam steering AoD applied at the RIS may not correspond to the 
illumination of an actual scattering point, but the latter is still illumined by a secondary lobe of 
the RIS beam pattern, while the AoA estimated at the UE is valid;  

o The estimated “compensated” delay may be erroneous (i.e., the ellipse does not pass by any 
scattering point), regardless of the AoA and AoD values. 

Since the estimated delays -and hence, the built ellipses here- were experimentally shown [13] to be fairly 
reliable (e.g., within an accuracy of 30cm at worst for RIS reflected paths), and since the AoD ambiguities resulting 
from irregular RIS beam patterns can still lead to correct AoA estimates at the UE, in case of conflict between the 
two intersection points, only the intersection based on the AoD is discarded, while preserving that based on the 
AoA.  

Application to indoor mapping in the UE vicinity 

To illustrate the performance of the proposed algorithm, we use the channel measurements from [9] and [13], 
we show the indoor mapping results obtained after applying the previous RIS-based sensing technique along a 
pseudo-trajectory, which has been emulated offline by considering successive UE locations (from UE1 to UE5). 
Accordingly, the mapping results shown in Figure 17 aggregate/superpose independent mapping results 
corresponding to the different couples of positions {RRISm-UEn}, with m=1,2 and n=1,…,5. From that perspective, 
the mapping function hence benefits from both multi-UE and multi-RIS information redundancy and diversity. 
For each of the occupied UE locations, the full sensing procedure has been performed for the 2 distinct RIS 
locations, and the positions of the selected scatterers are represented by means of coloured dots, where the 
colour represents the power gain of the associated transitory MPC. However, depending on the applied heuristic 
rejection rules, it may happen that no such transitory MPC could be exploited (for a few couples of RIS and UE 
positions only though, especially at larger RIS-UE distances).  
 

These examples have been obtained for a calibration phase over 𝐾𝑐𝑎𝑙 = 5 RIS beam steering angles, a transitory 
MPC AoA detection threshold 𝛿𝜙𝐶𝑎𝑙 varying from 5° to 20°, and a maximum tolerated distance between AoD-
based and AoA-based scatterer candidates equal to 𝐷𝑚 = 1.5 m. For any of the tested 𝛿𝜙𝐶𝑎𝑙 values, it is hence 
noted that the locations of the most powerful detected scatterers correspond rather well to the presence of a 
wall and a concrete pole in the immediate UE vicinity. Besides, as one is more “permissive” for the detection of 
possible transitory MPCs in comparison with structural channel backscattering (i.e., relaxing the detection 
threshold from 20° down to 5°), as expected, much more MPCs are first utilized to determine possible scatterer 
candidates and accordingly, the number of selected points in the final map is substantially larger (typically, 
doubled in our case), including farther contributors (e.g., at first sight, around the reflective RIS themselves, or 
from more distant poles).   
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Figure 17: Examples of indoor mapping results for RIS beam scanning in both RIS1 and RIS2 with respect to several UE 
locations from UE1 to UE5, after the detection and heuristics-based rejection of scatterer candidates out of transitory 

MPCs, when the AoAs of the detected transitory MPCs deviate from that of the calibrated MPCs by more than 𝛿𝜙𝐶𝑎𝑙 =
20° (a), 15° (b), 10° (c), and 5° (d), relying on real measurements at 28GHz [9] and [13]. 

3.6 Localization and sensing in OAI platform  
As 5G technology advances, particularly in millimeter-wave (mmWave) and 6G terahertz frequencies, accurate 
localization of user equipment (UE) becomes crucial. Higher frequencies in these bands, such as FR2 (24.25 GHz 
to 52.6 GHz) in 5G, face significant challenges like increased path loss and signal degradation. To overcome these 
obstacles, beamforming plays a vital role by directing signal power precisely, making accurate localization 
essential for optimizing network performance and enhancing user experience. In D3.1, we presented a 
localization framework based on UWB. However, to reduce costs, it is advantageous to leverage existing 5G and 
beyond infrastructure for both communication and sensing, allowing operators to achieve efficiency without the 
need for extensive new localization technology deployments.  
This chapter outlines the application of Received Signal Reference Power (RSRP) based beam reporting in 
localization within an FR2 environment using the OpenAirInterface (OAI) platform. 
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3.6.1 Overview of FR2 and Beamforming 

According to 3GPP specifications, 5G NR operates in two frequency ranges: FR1 (450 MHz to 6 GHz) and FR2 
(24.25 GHz to 52.6 GHz). FR2 frequencies, due to their shorter wavelengths, provide the potential for high data 
rates but face greater challenges related to path loss and signal attenuation. In order to tackle these challenges, 
FR2 Radio Units (RU) employ beamforming to ensure stable communication links and enhance spectral efficiency. 
Beamforming is a fundamental feature of FR2. This technique involves dynamically adjusting the phase and 
amplitude of signals transmitted from multiple antenna elements in an array, allowing the Radio Unit (RU) to 
construct highly directional beams that concentrate energy toward specific users or areas. By focusing the signal, 
beamforming significantly improves coverage and enhances signal strength, mitigating issues related to path loss 
commonly experienced at higher frequencies. 
In addition to the beamforming process, advanced beam management mechanisms are employed, including 
beam reporting and beam switching. Beam reporting enables the user equipment (UE) to communicate its 
channel conditions back to the network, allowing for optimal beam selection. Beam switching facilitates the 
seamless transition between different beams as users move or change their communication requirements, 
ensuring a robust and uninterrupted connection. Together, these techniques are essential for maximizing the 
performance and efficiency of networks operating in the FR2 spectrum. 

3.6.2 Beamforming in OpenAirInterface 

 

 
Figure 18: Spatial distribution of beams in LiteON FR2 RU 

OpenAirInterface utilizes Analogue beamforming to optimize communication in cellular networks, leveraging the 
advanced capabilities of the Radio Unit (RU) connected to the Distributed Unit (DU). This setup allows the RU to 
be dynamically configured with a specific beam ID for each Orthogonal Frequency-Division Multiplexing (OFDM) 
symbol transmitted. The DU plays a crucial role by sending Control Plane (CP) messages to the RU, specifying the 
beam ID for upcoming OFDM symbols. This proactive communication allows for timely adjustments, with CP 
messages transmitted to the RU “T” microseconds before the actual transmission or reception of the OFDM 
symbols, ensuring that the RU can adapt to varying channel conditions and user demands. The flexibility of 
analogue beamforming enables the RU to access a range of predefined beam IDs, each optimized for different 
angles of transmission. Figure 18 illustrates the available beam IDs in the LiteON RU, where the x-axis represents 
the Azimuth (horizontal angle) and the y-axis represents the Elevation (vertical angle), both measured in degrees. 
This graphical representation allows for a clear visualization of the spatial coverage capabilities of the LiteON RU. 

3.6.3 RSRP Reporting for Localization in OAI 

RSRP is defined as the linear average power of the resource elements that carry the cell-specific reference signal 
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(CRS) over a specific bandwidth. It is typically measured in decibels (dBm) and provides an indication of the signal 
strength experienced by a user equipment (UE) at a given location. RSRP is crucial for assessing the quality of the 
wireless connection, helping to determine the best cell for handover, and ensuring optimal network 
performance. Higher RSRP values generally correspond to better signal quality and, therefore, a more reliable 
and faster data connection for the UEs. In the 6G-BRICKS, we upgrade OAI gNB to send Synchronization Signal 
Block (SSB) over different beams. SSB is utilized as part of the SSS (Secondary Synchronization Signal) and PSS 
(Primary Synchronization Signal) configuration to provide time-frequency resources for synchronization 
purposes. The SSB is transmitted in the time-frequency grid.  5G NR defines which of the 64 possible SSBs 
(indexed from 0 to 63) are transmitted in a specific SSB period (e.g., every 20 ms). For Instance, we send each 
SSB on a different beam (i.e., SSB i on beam-id i+1). Figure 19 shows the SSB measurements using a signal 
analyzer. 
 

 
Figure 19: Signal illustration of SSBs sent over multiple beams 

Since all the RUs have limitations in terms of concurrent beams (i.e., number of parallel beams in the same OFDM 
symbol), it is mandatory to add beam checks in the MAC scheduler, particularly the OAI MAC Scheduler. For this 
purpose, we updated the 5G scheduler (code available in OAI public repository 1). The code ensures that in one 
symbol, the DU cannot schedule more than X beams (For the current status of liteON FR2 RU integration, X=1, 
the maximum is 2). The different beam conflicts occur between the Physical Uplink Control Channel (PUCCH) and 
the Physical Uplink Shared Channel (PUSCH) in Uplink, and the SSB, Physical Downlink Shared Channel (PDSCH), 
Physical Downlink Control Channel (PDCCH), Master Information Block (MIB), and System Information Block Type 
1 (SIB1) in Downlink. Since OAI adopts a decentralized scheduling process for each channel (i.e., a different 
scheduler for PUCCH, PUSCH, SSB, PDSCH, PDCCH, MIB and SIB1), we created a common data structure to store 
the beams in each symbol for 80 slots (1 slot is 14 OFDM symbols with normal prefix, 80 slots are 1 frame in 5G 
NR numerology 3). In each scheduler, we ensure that at most X concurrent beams can be allocated. Priority is 
given for control channels (SSB, MIB, SIB1, PUCCH, PDCCH) over shared channels (i.e., PDSCH, PUSCH). Table 5 
depicts the part of code in OAI to check for beam availability for PDSCH transmission. If there is no beam 

 
1 https://gitlab.eurecom.fr/oai/openairinterface5g/-/tree/NR_gNB_MAC_improvements_for_analog_beam_management 
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available, OAI will not schedule the PDSCH transmission and skip it. The same check is performed on each 
channel. 
Table 5: The beam checking in MAC scheduler for PDSCH in OAI code. 

The beam checking in MAC scheduler for PDSCH in OAI code 
1. Start 
2. NR_beam_alloc_t beam = beam_allocation_procedure (&mac-> beam_info, 
frame,  
slot, 
iterator->UE-> UE_beam_index, 
nr_slots_per_frame [dl_bwp-> scs]);  
3. LOG_D (NR_MAC,"beam_allocation_procedure [PDSCH] slot %d.%d UE %d beam %d\n", frame, slot, 
iterator->UE-> rnti, iterator->UE->UE_beam_index); 
4. if (beam.idx < 0)  
{// no available beam 
iterator++;  
continue;}  
5. if (remainUEs[beam.idx] == 0 || n_rb_sched[beam.idx] < min_rbSize) {  
reset_beam_status (&mac->beam_info, 
frame,  
slot, 
iterator->UE->UE_beam_index,  
nr_slots_per_frame[dl_bwp->scs],  
beam.new_beam);  
iterator++;  
continue;  
} 
6. End 

 
The UE continuously monitors the RSRP of the received SSB and reports this information back to the network 
using the PUCCH in the Channel State Information (CSI) report. Figure 20 depicts the SSB beam sweeping 
implemented in OAI.  
This reporting occurs at regular intervals, typically every 20 ms, allowing for real-time updates on the channel 
conditions and ensuring that the network can adapt to changing environments and user mobility. During this 
reporting process, OAI DU evaluates the RSRP values associated with different SSBs it has received, which 
originate from multiple beams. After aggregating the RSRP data, OAI DU selects the beam that exhibits the 
highest RSRP from the CSI report. Table 6 shows the function in OAI responsible for switching the beam of a UE. 
The best beam of a UE is stored in the variable UE->UE_beam_index and can be monitored to get the UE position. 
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Figure 20: SSB sweeping illustration in OAI 

Table 6: The beam switching functionality with OAI code. 

The beam switching mechanisms with OAI.  
1. Start 
2. NR_beam_alloc_t beam_allocation_procedure (NR_beam_info_t *beam_info, int frame, int slot, int 
beam_index, int slots_per_frame) 
{ 
// if no beam allocation for analog beamforming we always return beam index 0 (no multiple beams) 
3. if (!beam_info->beam allocation) 
4. return (NR_beam_alloc_t) {.new_beam = false, .idx = 0}; 
5. const int index = get_beam_index (beam_info, frame, slot, slots_per_frame); 
6. for (int i = 0; i < beam_info-> beams_per_period; i++) {  
7. NR_beam_alloc_t beam_struct = {.new_beam = false, .idx = i};  
8. int *beam = &beam_info -> beam_allocation[i][index]; 
9. if (*beam == -1)  
       {beam_struct.new_beam = true;  
      *beam = beam_index; 
       } 
10. if (*beam == beam_index) { 
11. LOG_D (NR_MAC, "%d.%d Using beam structure with index %d for beam %d (%s)\n", frame, slot, 
beam_struct.idx, beam_index, beam_struct.new_beam ? "new beam" : "old beam"); 
12. return beam_struct; 
13.                                               } 
14.                                                                                 } 
15. return (NR_beam_alloc_t) {.new_beam = false, .idx = -1};} 
16. end  
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This selection process is crucial as it helps identify the optimal beam for establishing a reliable communication 
link and gives us the angle between the RU and the UE (i.e., location of the UE). To generalize the solution for 
multiple RU vendors, we created a config file element to list the beam ids of the RU being used. The OAI MAC 
scheduler deals only with raw indexes from 0 to 63, then before sending the beams to RU, we convert the beam 
indexes to beam ids using the configuration element. This beam representation allows us to make the OAI code 
portable between RUs with beamforming capabilities. The key outcome of this solution is to get the optimal 
beam from gNB toward the UE. 

3.7 Conclusions  
RSRP-based beam reporting in 5G FR2 presents a promising method for enabling joint communication and 
sensing. Using beamformed reference signals and advanced beam management, it is possible to select the best 
beam toward the UE and hence provide joint localization and communication to the cellular network. Future 
work will focus on utilizing multiple RISs to get the UEs’ positions by intersecting multiple beams. 
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4. Distributed CF mMIMO computation  

This chapter explains the processing blocks and algorithms related to distributed processing in cell-free massive-
MIMO networks. Cell-free Massive MIMO is a new wireless network architecture that promises to significantly 
improve the performance and capacity of future cellular networks. In this system, many access points (APs) are 
distributed across a wide area and work together to serve many users. APs independently process signals 
received from users, reducing the computational burden on a central unit. They coordinate their transmissions 
and receptions to maximize signal quality and minimize interference. Additionally, APs estimate channel 
conditions independently, reducing the overhead of centralized channel state information (CSI) acquisition. 
Finally, APs dynamically allocate resources to users, optimizing system performance. 
For the distributed processing to work, APs need tight synchronization between each other. This can be achieved 
over the wired fronthaul link or over the air (OTA), using a dedicated wireless link. APs can also be clustered in 
different groups by the Near-RT RIC, with the goal of achieving better performance for the users. 
In the following sections, we will discuss the distributed users’ signal estimation, the algorithms and techniques 
developed for OTA synchronization, and the clustering algorithms developed to run on the Near-RT RIC. 
For all the mentioned tasks, a sequential fronthaul where APs are connected in a daisy chain topology is very 
beneficial due to its ease of deployment and low fronthaul load on the link connecting the APs. 
 

4.1 Distributed processing and users’ signal estimation in constrained fronthaul CF 
mMIMO  

Massive MIMO networks are known for their ability to spatially multiplex users using many antennas, boosting 
spectral efficiency by allowing users to share time and frequency resources. In Cell-free massive MIMO (CF 
mMIMO), antennas are distributed across multiple access points (APs) coordinated by a central processing unit 
(CPU). This distributed setup improves user spectral efficiency and mitigates issues like path-loss and shadowing 
compared to centralized massive MIMO. However, challenges arise, particularly in managing the limited capacity 
of fronthaul links between APs and the CPU. In what follows, we try to tackle the limited fronthaul link capacity 
in a CF mMIMO network with daisy chain fronthaul. 

Prior work has addressed issues like signal quantization for uplink transmission, fronthaul rate allocation, and 
reducing signal streams sent to the CPU using techniques like singular value decomposition (SVD). These studies, 
however, assume a star topology for AP connections, with isolated APs quantizing their received vectors 
independently. Additionally, CF mMIMO requires APs to be low-cost with simple hardware. Hence, efficient low-
bit quantization of received signals is crucial to address both fronthaul capacity constraints and the hardware 
limitations of APs. 

In addition to star topology, daisy chain or sequential topology has been explored in CF MIMO networks. In this 
setup, each access point (AP) refines user signal estimates based on information from the previous AP via 
capacity-limited fronthaul links, emphasizing the importance of efficient fronthaul usage. Previous studies have 
often overlooked the impact of limited fronthaul capacity or have focused on individual quantization approaches. 

One of the benefits of daisy chain topology is that it enables inter-AP correlation-aware quantization. The chain 
topology is shown in Figure 21. To be more specific, the received signal vector in the uplink of two reference APs 
is correlated to each other, as they are receiving the signals from the same set of users in the uplink. Hence, 
when the first AP in the chain quantizes its information and exchange it with the second AP so that the second 
AP can use it to refine users’ signal estimate, the second AP only needs to quantize a part of its received signal 
vector which is not represented by the signal vector of the first AP, to avoid quantizing of a repeated information. 
This aim is achieved with inter-AP decorrelation before quantization [19].  
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Figure 21: Illustration of sequential processing architecture. Each AP/RU is connected in sequence to the next one and 
performs some of the signal processing. The DU, at the end of the chain, receives the "refined" samples to complete the 

physical layer processing 

The reason why it is important to quantize the signals with as few bits as possible, is to reduce the load on the 
fronthaul link. Suppose, for example, that an AP is sampling the user signal at 100 MHz using 64 bits per sample 
(32 for I and 32 for Q). The total fronthaul traffic is 100 x 64 x 106 = 6.4 Gbps for each AP in the chain. If we 
consider the situation of Figure 21, where four APs are connected in sequence, the total load on the link between 
the first AP and the DU would be 6.4 x 4 = 25.6 Gbps. This traffic load does not even take into account the 
signaling traffic (e.g. synchronization, coordination, control plane messages, …). In practical terms, reducing the 
load on the fronthaul means reducing complexity, power, and cost of the interconnection (e.g. going from QSFP 
to SFP). 

The proposed improvement involves leveraging inter-AP information to enhance quantization [19]. Instead of 
quantizing raw received signal vectors elementwise, which is inefficient due to correlation between elements, a 
better strategy is to de-correlate the signal dimensions at each AP before quantization. Furthermore, since 
received signals across APs are also correlated (conditioned on local channel state information), APs can de-
correlate their signals from those of earlier APs in the chain. This method enables more efficient use of 
quantization bits, improving the quality of refined user signal estimates. This work addresses joint fronthaul 
quantization and hardware complexity reduction in a cell-free massive MIMO network with sequential fronthaul. 
The number of quantization bits available at each access point (AP) is constrained by fronthaul capacity and 
hardware limitations.  

A block diagram illustration of three options of sequential processing computation, is shown in Figure 22 below. 
Each option combines multiple DSP blocks. These blocks are Signal Estimation, Inter-AP decorrelation, Intra-AP 
decorrelation, and Signal quantization: 

• Signal estimation in the context of the 5G communication physical layer involves the process of 
recovering the transmitted signal at the receiver from the received signal, which may be corrupted by 
various impairments such as noise, interference, fading, and distortion. 

• When multiple APs operate in proximity, their received signals can interfere with each other. Inter AP 
decorrelation techniques help reduce the mutual influence between APs by ensuring that the signals 
from different APs are less similar or less correlated. 

• Intra-AP correlation refers to the correlation between the signals transmitted or received by different 
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antennas within the same access point (AP). This phenomenon occurs due to various factors, such as 
physical proximity of antennas, shared propagation paths, or mutual coupling between antennas in an 
AP. 

• Signal quantization is the process of converting a continuous-range signal into a discrete-range signal 
by mapping its values to a finite set of levels. In this case, since we deal with digital signals, it refers to 
the process of mapping a digital symbol/word to a value of different bit length (e.g. a 32-bit value can 
be “re-quantized” to fit into 16 bits). 

Three processing options for APs are evaluated: 

• Option 1: each AP uses information from the previous AP to perform both inter-AP de-correlation 
(removing correlation with signals from earlier APs) and intra-AP de-correlation (removing correlation 
within its local signal vector) before quantization. 

• Option 2: only intra-AP de-correlation is performed, ignoring inter-AP information.  

• Option 3: the AP directly quantizes the received signal vector without any inter-AP or intra-AP de-
correlation (no de-correlation before quantization 

 

Figure 22: Block diagram of different options for sequential processing. Each row represents the processing of a single 
AP/RU. The inputs are the uplink signal 𝑦𝑙  and the pre-processed signal from the previous AP/RU.  

Simulation results (See Figure 23) demonstrate that Option 1, which combines both inter-AP and intra-AP de-
correlation, achieves significantly better performance in terms of bit error rate (BER) compared to the other two 
options. 
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Figure 23: Bit Error Rate vs User Transmit Power for different sequential processing options. 

Option 2 and 3 work with reduced performance compared to Option 1. This is because these options do less 
work in “refining” the samples and thus the effect of inter (and/or intra) AP correlation affects the quality of the 
signal passed over to the next AP. It is also important to notice that the order in which the samples are processed 
is important. In fact, Option 2 is not very different in terms of computation than Option 1, yet it performs 
considerably worse because of the order in which the processing is performed. The tradeoff is in the 
computational cost of each option. To achieve better performance, Option 1 requires slightly more computations 
than Option 2 and significantly more computation than Option 3. Option 1 is currently being implemented in the 
KU Leuven facility for testing.    
 

4.2  Over-the-air (OTA) synchronization 

Tight synchronization among Radio Units (RUs) is a key requirement for high-performance communication. There 
are three fundamental types of synchronization:  

- Frequency synchronization: In frequency synchronized systems, significant instants, such as clock ticks 
or edges, occur at the same rate 

- Phase synchronization: In phase synchronized systems, significant instants occur at the same time 

- Time synchronization: This is the distribution of an absolute time reference to a set of real-time clocks 
so that they have a common epoch timescale. The distribution of time synchronization is a way of 
achieving phase synchronization.  

The process of synchronization refers to the mechanism of keeping multiple devices at the same time, frequency, 
and/or phase. Each device is run by a local oscillator with inherent inaccuracies in frequency and phase, called 
offset, skew, and jitter. The offset is the difference in time/phase at a certain time with respect to real-time. The 
skew is the difference in frequency with respect to a reference clock, and the jitter is the deviation of a clock 
edge from its ideal location. Figure 24 shows an example of the effect of jitter and skew, respectively. 
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Figure 24: Clock jitter and skew simulations. 3 clocks run at 10 MHz for 10 seconds: Real clock is a perfect clock, master 
clock is a drifting clock with better characteristics, and slave clock is a clock with higher deviation. Both figures represent 
the time difference between pairs of clocks. Figure A shows the effect of only jitter on the clocks. Figure B represents the 

effect of jitter and skew on the clocks. 

To synchronize secondary clocks to a given reference time, the reference clock time must be transmitted to all 
secondary clocks over a communications network, which can be wired or over-the-air.  

Current solutions provide synchronization signals to the RAN nodes through a wired front haul with technologies 
such as IEEE1588, also known as Precision Time Protocol (PTP). However, as mobile networks move towards RAN 
disaggregation and the distribution of multiple RUs, the overhead of synchronization signals increases 
significantly, and wired solutions are no longer practical for certain scenarios. Such scenarios include cases where 
the deployment of fibre is too costly, e.g., due to the terrain.   

One possible solution for RAN synchronization would be GPS-based synchronization. GPS can align base stations 
to a common time reference; however, GPS signals are not always available, e.g., indoor deployment, bad 
weather conditions, valleys or places with high constructions around.   

An over-the-air (OTA) synchronization mechanism is considered to avoid using wired and GPS-based solutions. 
OTA synchronization uses timing information sent over the radio interface between neighboring base stations as 
shown in Figure 25. 

 

Figure 25: Exchange of synchronization signals through the radio interface 

The timing information exchange can be based on one-way transmission or round-trip measurements similar to 
PTP to account for the transmission delay. Figure 26 shows the handshaking mechanism used in PTP. In this case, 
the transmission delay and offset can be calculated as 

 𝑃𝑎𝑡ℎ𝐷𝑒𝑙𝑎𝑦 =
ሺ𝑇2−𝑇1ሻ+ሺ𝑇4−𝑇3ሻ

2
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𝑂𝑓𝑓𝑠𝑒𝑡 =
ሺ𝑇2 + 𝑇3 − 𝑇1 − 𝑇4ሻ

2
 

 

Figure 26: PTP synchronization mechanism 

Overall, the ideal time synchronization solution in a mobile network will be the combination of different 
methods. As shown in Figure 27, a possible network synchronization solution can combine methods like GNSS 
and OTA synchronization at the RAN site, time and frequency distribution via the transport network (e.g. PTP 
and SyncE), and redundancy and holdover functions in the nodes. 

 

Figure 27: Recommended synchronization solution for a mobile network 

To synchronize systems over the air, a reference clock sends its timing information embedded in the timing 
signal, and the receiver timestamps the receiving time to calculate its offset with respect to the reference time. 
To achieve good synchronization over the air, it is very important to detect the synchronization signals very 
accurately. Figure 28 shows the packet detection chain: Preamble correlation, peak detection, and timestamping.  
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Figure 28: Packet detection block diagram 

The synchronization signal contains a preamble known by both the transmitter and the receiver. The receiver 
uses a copy of the preamble to correlate with the incoming signal. When a synchronization signal is received, the 
result of the correlation produces a peak. Then, this peak is detected with a threshold detector, and the local 
time when the peak was detected is saved as the receiver timestamp.  

The timestamping mechanism and the layer where it occurs significantly impact the synchronization accuracy. 
Performing the timestamping at lower layers reduces the overhead and avoids delays introduced by the 
communication stack and higher levels.  

Figure 29 presents a packet detection solution implemented in GNU Radio. The simulated signal is a combination 
of preamble, data, and noise.  

The correlation estimator is a block that is already provided with GNU Radio. This block performs the 
autocorrelation of the signal in its input with a copy of the preamble, compares the correlation result with a 
threshold (i.e. peak detection), and, if the threshold is passed, outputs a detection of the preamble signal. This 
signal triggers the timestamp block to save the received packet along with its timestamp. This block is a custom-
designed block currently implemented in Python. 

 

Figure 29: GNU Radio implementation of the package detection algorithm (Does not include the PHY processing) 

An alternative to this method is to use energy detection, to detect the arrival of a transmission. While energy 
detection is simpler to implement, it is less reliable and produces less accurate time stamping. 
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Figure 30 shows the correlation result. The labelled peaks represent the correlations with the preamble. When 
these peaks are detected, the timestamp block records the local time of the correlation.  

 

Figure 30: Results of the correlation-based packet detection algorithm. The labels shown on the plot represent the 
amplitude estimation, the value of the correlation and time and phase estimation. 

This solution for accurate timestamping of received packets is the basis to implement OTA Synchronization. The 
general idea is that the timestamp is then used to adjust the clock associated with each RU. This clock is the one 
that governs the scheduling of each transmission, it can be used as reference for beamforming, and to adjust the 
frequency offset.  

4.3  Clustering with user trajectories  

The clustering step of the radio resource allocation selects serving antennas for each UE in each PRB based on 
the precoding type, e.g. the ZF or MRT. We propose a clustering algorithm considering a ZF precoding algorithm 
that maximizes the EE of CF mMIMO networks.  The proposed Algorithm 2 selects antennas which serve all PRBs 
rather than optimizing the antennas for individual PRBs as the algorithms for sum spectral efficiency optimization 
do. The selection of the antennas to serve a UE in all PRBs is based on the mean received power in all PRBs.   

Algorithm 2:  The proposed clustering algorithm   

Step 1: Start Enabling clustering for current TTI 
Step 2: For each UE, find the RUs which provides the strongest mean signal power over PRBs  
Step 3: Sort the antennas in the descending order of the mean received signal power 
Step 4: Select antennas from the list until the required number of antennas is selected, where the required 
number of antennas is the number of UEs 
Step 5: If the number of selected antennas is less than the number of UEs, then 
Step 6: Repeat steps 2-4 and find second strongest antenna for each UE 
Step 7: Return the selected antennas  

We also provide an investigation of the impact of the cluster size on the EE calculation. The proposed clustering 
algorithm uses as many serving antennas as the number of scheduled UEs. The other compared clustering 
algorithms, e.g., ZF + proposed algorithm: 1.5X, ZF + proposed algorithm: 2X, ZF + proposed algorithm: 3X use 
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1.5, 2, and 3 times more serving antennas than the number of served UEs while ZF + all X uses all antennas to 
server the active users in the network. This is because the clustering is determined on the TTI basis. Therefore, 
the cluster of the selected antennas follows the trajectory of the users.  The EE performance of the proposed 
clustering algorithm is described in Section 3.2.3 of this deliverable.  

4.4 Conclusion 

This chapter presents the three different algorithms developed for distributed Cell-Free massive MIMO 
networks.  

In the first section, a method for sequentially estimating the channel state from multiple access points connected 
in series, was presented. This method allows for good channel estimation performance with a reduced fronthaul 
load and improved ease of deployment when multiple APs are connected to the same DU. 

The second section presented different methods for package detection and accurate time stamping in OTA-
synchronization scenarios. Accurate time stamping allows for the implementation of a light PTP-like protocol, 
which in turn can be used, not only for time synchronization, but also for phase and frequency synchronization 
and tuning. 

The third section presented a clustering algorithm for radio resource allocation in CF mMIMO networks to 
enhance energy efficiency. It focuses on using zero-forcing precoding and optimizes antenna selection for user 
equipment across all physical resource blocks rather than individual ones, as in spectral efficiency-focused 
methods. The impact of cluster size on energy efficiency is analyzed, comparing the proposed algorithm with 
others that allocate more antennas.  
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5. Distributed RAN components for CF mMIMO  

Cell-free networking is envisioned as a key component of 6G 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  [20] . The CF mMIMO 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, as already described in Section 4 of this deliverable. 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. However, the detailed description and signaling mechanisms for O-DU selection process are 
described in [1] where the O-DU selection based on Random access procedure and the O-DU selection during 
the UE mobility is proposed and a role of inter O-DU coordination is briefly highlighted. The coordination can be 
supported through the Inter-O-DU coordination interface which is currently not defined in the O-RAN standard. 
Currently, O-RAN technical recommendation document provides the importance of spectrum aggregation across 
different bands for enhanced user experience and efficient use of frequency resources [21].  The specification in 
[21] highlights various deployment scenarios and evaluates different solutions for spectrum aggregation in multi-
vendor RAN deployments, including Intra O-DU CA, Inter O-DU CA, and Dual Connectivity.  Additionally, it 
outlines the requirements and architecture for a newly proposed Inter O-DU CA solution. Therefore, the 
procedures of Master O-DU selection during Random Access process of the UE Figure 31, the Master DU re-
selection procedure during the UE mobility [1].  
 

 
Figure 31: The Master DU changes during mobility of the UE [1]. 

In this deliverable, we further provide a solution where the RF signal can be sent to the UE from antennas of 
multiple RUs connected to multiple DUs. One of the DUs involved in the transmission towards the UE is referred 
to as the “Master DU”. For each UE, different DU may play the role of the Master DU. The Master DU hosts the 
Medium Access Control (MAC) protocol which exchanges signalling with the UE MAC. We further provide channel 
state acquisition and radio resource scheduling procedures in Section 5.2 of this deliverable. To extract the radio 
resource scheduling procedures from the MAC and execute the scheduler separately, the O-RAN specification 
provides a well-defined APIs to ensure any scheduler implementation interworks with MAC [22]. This ensures 
the freedom of choice to plug in a scheduler implementation of choice from a third-party vendor in O-DU. To this 
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end, Section 5.2.2 provides a well-defined API for O-RAN scheduler (O-SCH) and the API framework to onboard 
3rd party scheduler inter-working mechanisms with the O-DUs.   

5.1 Open RU implementation with interoperable API  

The Open RU platform is built on the USRP X410 software-defined radio by NI. It offers digital-to-analog 
conversion and analog RF processing as depicted in Figure 32. 

 

Figure 32: Open RU platform based on NI USRP X410 including lower Physical Layer processing block according to O-RAN 
split 7.2a. 

Basic functions like Ethernet transport handling, lower Physical Layer processing, digital up- and down-
conversion, and control of the analog radio unit are encapsulated in modular RFNoC blocks. RFNoC is an open-
source framework that enhances USRP devices by enabling user-defined blocks to extend the signal processing 
chain on the FPGA. This framework supports dynamic reconfiguration of the signal processing chain without 
hardware changes, which is useful in dynamic and adaptive radio systems. Up to four transmit and receive chains 
are supported. The Open RU platform's openness allows for additional functionality to be added and deployed 
as user-defined RFNoC blocks, extending its capabilities for researchers and experimenters. 

The lower physical layer processing is implemented as a dedicated RFNoC block on the device's FPGA, handling 
the addition and removal of the cyclic prefix and the FFT/IFFT calculation. The fronthaul interface between RU 
and DU is realized by a high-speed 100 Gigabit Ethernet connection (QSFP28) for transmitting and receiving 
frequency domain IQ samples and a 1 Gigabit Ethernet connection for sending configuration and control 
commands to the RU via the USRP Hardware Driver (UHD). To ensure synchronization between RU and DU or 
multiple RUs, an external timing reference supporting PTP (Precision Time Protocol) and synchronization via 
reference signals (10 MHz/PPS) will be used. OTA synchronization via RFNoC might also be available in the future. 

Depending on the use case and the functionality of the corresponding DU, researchers can either deploy an O-
RAN aligned 7.2a setup, which utilizes the lower physical layer processing on the Open RU, or opt for a split 8 
setup, where the complete physical layer processing is handled in software on the DU. 
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5.2  Radio resource scheduling procedures in distributed CF mMIMO networks (ISRD) 

The master DU negotiates with at least one other DU to generate a resource allocation for resource blocks 
associated with number of RUs. This section mainly covers the radio resource allocation procedures considering 
a master DU along with the CSI procedures by the master DU. We also provide the procedures for negotiating 
the resources amongst the master DU and other DUs. To select the master DU and to enable radio resource 
allocation in a multi-DU-based CF mMIMO, we need to extract the scheduler from the DU as it is highlighted in 
[23]. Once the scheduler is extracted from the DU, we need to add the following functionalities to further enable 
radio resource scheduling mechanisms from the scheduler: 

• CSI acquisition at the scheduler 

• Radio resource allocation by the master DU 

• CSI acquisition at the master DU 

• Negotiation of radio resources between master DU and other DUs  

Figure 33 shows a network signalling between RUs, DUs and a scheduler (e.g., a central scheduler) to support CSI 
acquisition by a scheduler [23]. In this example, the scheduler collects the CSI and status of the UE data buffers 
from a group of DUs including a master DU. The DUs can each include a DU data buffer (DU-DB) for buffering the 
collected CSI. The status of these DU data buffers can be shared with the scheduler, in addition to the CSI.   

 

Figure 33 :The channel state acquisition procedures at the scheduler [23]. 

Figure 34 shows an example of network signaling between RUs, DUs and a scheduler to support resource 
allocation.  In this example, the scheduler (e.g., a central scheduler) allocates physical resource block resources 
to be transmitted to the UE or received from the UE by the RUs. The network signaling procedures for resource 
allocation steps can include precoders and other allocation data and can be delivered over one or more paths. 
The allocation steps are described as follows: 

• From the scheduler to the DU controlling the RUs 
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• From the scheduler through the Master DU to the DU controlling the RUs 

• From the scheduler directly to an RU 

• From a DU to an RU 

• From the Master DU to an RU owned by another DU. 
 

 
Figure 34: The radio resource scheduling procedures involving master DU in transmissions [23]. 

 

Figure 35: The CSI acquisition by the master DU [23].  
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In the case of radio resource allocation provided by the master DU, the CSI from all the RUs needed to be 
collected directly or indirectly at the master DU. As shown in Figure 35, the Master DU collects the CSI 
measurements from its own RUs as well as from other DUs. In particular, the CSI can be received directly from 
RUs or indirectly through another DU. Based on the received CSI, the Master DU can determine, for example: the 
antennas to be used to transmit to the UE or receive signals from the UE; and/or the precoders to be used when 
transmitting from the antennas. 

 

Figure 36: Negotiation of radio resource utilization between master DU and other DUs. 

A solution is illustrated in Figure 36, where the Master DU negotiates with other DUs: The intention to transmit 
signal by antennas of RUs connected to other DUs; the intention to receive signal by antennas of RUs connected 
to other DUs; and the precoder the Master DU wants to use for the transmission by antennas of RUs connected 
to other DUs.   

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

As was previously discussed in [1], the multi-Connectivity (MC) offers several advantages for mobile operators, 
despite some limitations: 

• Improved Data Rate: By combining data streams from multiple base stations (BSs), MC can enhance user 
data rates. However, the benefit depends on factors like latency and channel bandwidth alignment, as 
significant differences can lead to packet arrival issues. 

• Enhanced Reliability: MC allows sending redundant data over multiple BSs, reducing data retransmission 
delays and supporting Ultra-Reliable Low Latency Communications’ (URLLC) needs. 

• Better Mobility: MC reduces network interruptions by allowing traffic to shift between BSs without 
involving the Core Network (CN), supporting smoother transitions. 

• Service Segregation: MC enables devices to request different services across distinct paths, which is 
valuable for applications like vehicle-to-everything (V2X), where different Quality of Service (QoS) levels 
are required. 



 
D.3.3. Final report on communication and sensing, cell-free distributed 
computation and synchronization 

 

 

 

© 6G-BRICKS 2024  Page | 60  
 

• Cost Savings: MC reduces deployment costs by supporting RAN-based solutions rather than full network 
upgrades, especially useful for extending 5G in rural areas. 

Furthermore, the multi-TRP (multi- Transmission Reception Point) feature was investigated under the scope of 
D3.1. The multi-TRP feature is a new technology designed to help mobile network operators (MNOs) manage 
resource allocation more efficiently, minimize interference between neighboring cells, and improve overall 
system performance. Currently, based on our research, this feature has not yet been implemented in any live 
network deployment. However, Mobile Network Equipment Vendors are evaluating its potential inclusion in 
future roll-out plans.  
 

5.2.2 O-RAN scheduler (O-SCH) and API (ISRD) 
The MAC and scheduler modules interact with each other via a well-defined API. The APIs ensure any scheduler 
implementation interworks with MAC. This ensures the freedom of choice for the operators to plug in a scheduler 
implementation of choice from a third-party vendor in O-DU. The functionalities of the scheduler module are 
restricted to optimal allocation of radio resources at every TTI while catering to the need of gNB for transmission 
of: 

• UE specific UL/DL data and signalling messages and 

• broadcast messages 

To achieve the above objective, the APIs defined below abstract the scheduler of any protocol specific operations 
like handling payloads. The interfaces shown in Figure 37 and the APIs may evolve/change further to achieve a 
more optimized scheduler implementation. 
 

 
Figure 37: MAC-Scheduler APIs.  

The MAC-Scheduler interface includes the slice related information (sNSSAI) associated with the logical channel, 
that helps the scheduler in multiplexing of MAC SDUs from one or different logical channel onto transport blocks 
(TB) to be delivered to the physical layer on transport channels. The slice id/sNSSAI associated with the logical 
channel and its slice priority (defined by the operator) derives a slice metric in the Proportional Fair (PF) scheduler 
to do logical channel prioritization and radio resource selection to meet the slice SLA. According to the O-RAN 
specification [22], the O-SCH can be implemented into two ways : 
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• Single module with multiple RUs: where a scheduler and MAC interact inside the DU module with O-RAN 
specified API in between the scheduler and the MAC 

• Separate O-SCH module with multiple RUs: where a separate scheduler module interacts with multiple 
RUs with O-RAN specified API in between the scheduler and the MAC 

The following Table 7 and Table 8 detail the interactions between MAC and scheduler both for configuration and 
data transfer operations. 
 

Table 7: The message exchange between MAC to O-SCH over the API. 

Direction Message/API Description 

MAC to SCH Cell configuration Request MAC provides SCH the cell configuration 

MAC to SCH Cell Delete Request MAC initiates deletion of a cell at SCH 

MAC to SCH Add UE configuration Request MAC provides SCH the configuration/capabilities of 
a UE 

MAC to SCH Modify UE configuration Request MAC provides SCH the re-configuration of UE, also 
used to add/release/modify existing bearers 

MAC to SCH Delete UE Request MAC initiates deletion of a UE at SCH 

MAC to SCH DL HARQ Indication Contains the list of UEs for which DL HARQ ACK / 
NACK received from UE in each TTI 

MAC to SCH UL HARQ Indication Contains the list of UEs for which UL Data on PUSCH 
was received. Per UE, indication of CRC check 
success or failure is sent by MAC to SCH based on 
CRC Indication received from L1 

MAC to SCH Uplink channel quality information MAC provides SCH channel condition (including RI, 
PMI, CQI) information for UEs for scheduling UL 

MAC to SCH Downlink channel quality information MAC provides SCH channel condition (including RI, 
PMI, CQI) information for UEs for scheduling DL 

MAC to SCH RACH Indication Contents MAC receives the RACH Indication and shares the 
contents with SCH 

MAC to SCH Paging Indication Contents MAC indicates Paging message (F1AP Paging) 
contents to scheduler 

MAC to SCH RACH Resource Request This API is used to get CRNTI, preamble information 
from MAC for Contention Free Random Access 

MAC to SCH RACH Resource Release This API is used to release the Contention Free 
RACH Resources at MAC 

MAC to SCH RLC Buffer Status Info DL data volume in the RLC entity  

MAC to SCH Scheduling request indication MAC provides SCH scheduling request information 
for UL 

MAC to SCH UL Buffer status report indication MAC provides SCH buffer status report for UL 
scheduling 

MAC to SCH UL Power headroom indication MAC provides SCH power headroom for UL 
scheduling 
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Table 8: The message exchange between O-SCH to MAC over the API. 

Direction Message/API Description 

SCH to MAC UE configuration Response SCH provides response to MAC for a UE 
configuration Request 

SCH to MAC UE Reconfiguration Response SCH provides response to MAC for a UE 
Reconfiguration Request 

SCH to MAC Cell configuration Response SCH provides response to MAC for a Cell 
configuration Request 

SCH to MAC Cell Deletion Response SCH provides response to MAC for a Cell Deletion 
Request 

SCH to MAC UE Deletion Response SCH provides response to MAC for a UE Deletion 
Request 

SCH to MAC DL Scheduling Information SCH provides scheduling information for a given TTI 
for scheduling DL data. The scheduling information 
provides time and frequency domain resources to 
be scheduled with a list of Logical Channels (LC) and 
transport block size opportunity per LC. 

SCH to MAC UL Scheduling Information SCH provides scheduling information for a given TTI 
for scheduling UL data. The scheduling information 
provides time and frequency domain resources to 
be scheduled based on the LC Group (LCG) buffer 
status or Scheduling Request from UE. 

SCH to MAC RAR Information SCH shares the RAR and uplink scheduling and 
Msg3 scheduling information with MAC  

SCH to MAC Downlink control channel information SCH provides to MAC information for DCI 
scheduling on PDCCH 

SCH to MAC Downlink Broadcast Allocation Scheduling information for broadcasting SIB1 and 
other system information 

SCH to MAC Downlink Paging Allocation Scheduling information for paging message on a 
paging channel  

 

5.2.3 Cell activation procedures with O-SCH  

The purpose of cell activation procedures is to enable an E2 node to switch on the cells. The cell-activation 
procedures can be used to enable an E2 node to request another neighboring E2 node to switch on one or more 
cells. It is used to activate data transmission [24]. The process is stated from the RRC layer but once RRC 
connection setup is completed the real switch on/off data transmission is done by the MAC layer. When a UE 
receives in a PDSCH (MAC control element) an activation command is sent and the UE applied the corresponding 
actions within the minimum requirement defined in [25]  and [26].  The CU may include the Cells to be Activated 
List IE in the F1 SETUP RESPONSE message. The Cells to be Activated List IE includes a list of cells that the CU 
requests the DU to activate. The DU shall activate the cells included in the Cells to be Activated List IE and 
reconfigure the physical cell identity for cells for which the NR PCI IE is included [27]. The DU of radio protocol 
stacks implements the functional blocks that primarily layers include NR MAC, NR Scheduler and NR RLC layers. 
Recently, O-RAN working group 8 (WG8) provides a new API specification between the NR MAC and the NR 
scheduler and separates the scheduling process from the MAC layer [22]. The MAC-Scheduler API allows the 
scheduler replacement of 6G networks by another implementation which has the same API specifications. It 
further helps the scheduler in multiplexing of MAC service data units (SDUs) from one or different logical channel 
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onto transport blocks (TB) to be delivered to the physical layer on transport channels. The implementation of 
such API ensures the freedom of choice for the customer to plug and play any scheduler implementation over 
the API between scheduler and MAC.  

 In this section, we describe the messaging between PHY layer (L1), DU and O-SCH during cell activation but no 
attached UE yet. From MAC perspective, it will not wait for further Scheduling Information once SLOT_START is 
received. MAC will finalise the descriptors and send it to L1. With this, O-SCH is expected to allocate resources 
at least 1 slot in advance and send it to MAC. Slice configuration will be asynchronous and is not required during 
cell activation, but it will be optimal if we configure it before the formal scheduling function. For the example if 
we focus on TDD with a pattern of 3 downlink and 1 uplink, it is heavily focused on 
DL_SCHEDULING_INFORMATION since there is no required UL Scheduling when there are no attached UEs. 
Between MAC and L1, we still need to transmit empty UL_SCHED_INFO for UL or Special slots and in case of FDD, 
MAC sends UL_SCHED_INFO every slot. 

As can be seen in Figure 38 that the DL_SCHEDULING_INFORMATION is used instead of 
DL_BROADCAST_ALLOCATION to simplify message creation in O-SCH. The former includes all needed 
information to properly allocate SSB or SIBx scheduling. There are 2 types of CRNTI assignment that will be used 
to complete the initial attach procedure. One is CRNTI assigned during the initial attach procedure. This will now 
be only used for different procedures like Handover or Contention Free Random Access. CRNTI values managed 
by O-SCH must be different from what will be allocated in MAC. 
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Figure 38: Cell-activation procedures by the DU over the API between the DU and the O-SCH. 
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6 Conclusions 

This deliverable presented in detail the implementation of the enablers related to CF mMIMO and RIS and also 
reported the results of their implementation. For the CF mMIMO networks, this deliverable provides 
implementation of radio resource optimization, distributed processing with users’ signal estimation, OTA 
algorithm, radio resource scheduling procedures in a distributed CF mMIMO networks, Open RU, and O-RAN 
scheduler with an API between O-SCH and MAC. For the RIS, this deliverable provides localisation and sensing 
solutions through RIS beam scanning protocol and localisation and sensing through OAI platform.  

The document is divided into three main technical parts.  

The first technical section presented the results of the radio resource optimization for CF mMIMO, energy 
efficiency analysis and optimisation, and localisation and sensing through RIS beam scanning protocol. In this 
context, this deliverable provides novel algorithmic solutions to evaluate the performance of spectral efficiency, 
energy efficiency, and 2D location accuracy, respectively.   

The second technical part of this deliverable described the distributed CF mMIMO computation and provided a 
solution of distributed processing and estimation algorithm that enhanced spectral efficiency. Moreover, the 
document described OTA algorithms and an implementation example with GNU radio along with a feasible 
option of integrating the solutions with USRP X410.  

The third technical part of this deliverable described the mechanisms of serving the UE by one RU connected to 
several DUs, the radio resource scheduling mechanism of a distributed CF mMIMO network where multiple-DUs 
are serving the UEs, and a O-SCH scheduler interaction mechanism with the MAC by utilizing O-RAN specified API 
between the MAC and the O-SCH.    
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