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Executive summary

The 6G-MUSICAL project, funded under the European Commission’s (EC) Smart Network Services-
Joint Undertaking (SNS-JU), is a ground-breaking project aimed at transforming future 6G networks
by integrating radio sensing and communications enabled by highly stable optically distributed
references. In this manner, 6G-MUSICAL targets picosecond-level jitters, enabling unprecedented
accuracy in localization, sensing, and 3D-imaging with centimeter-level precision and resolution.

6G-MUSICAL is structured into seven Work Packages (WP1-WP7), each addressing specific
objectives. WP6, titled “Integration and Validation,” encompasses the definition, planning, and
execution of the three Proof-of-Concepts (PoCs). Each PoC addresses a different aspect of the integrated
sensing and communications (ISAC)-capable 6G framework, with the overall objective of
demonstrating the feasibility of the proposed concepts in future 6G networks. WP6 is composed of three
tasks:

o Task 6.1 “Planning of PoCs and System Integration” defines the planning of PoCs, system
integration approaches, and identifies key results to be demonstrated in each PoC.

o Task 6.2 “Technology Integration and Validation of PoCs”, involves the preparation of the
three PoC platforms, as well as preparation for the testing phase with components and
algorithms developed in WP3 to WP5.

o Task 6.3 “Performance Evaluation and Replication Guidelines”, focuses on the execution of
the experimental activities.

This deliverable focuses on Task 6.1 and presents the planning and definition of the three PoCs to be
implemented within WP6. Each PoC is presented, identifying the platform details and enabling
technologies. PoC architecture, as well as PoC setup configurations for different scenarios are
identified. Key individual component-level characteristics and interfaces are detailed to enable seamless
integration of the technologies developed across WP3, WP4, and WPS5.

The planning and definitions presented in this document establish the foundation for the forthcoming
project period, in which the consortium will integrate the components into the respective PoC platforms
and execute the defined testing plans.
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1. Introduction

The Work Package (WP) 6 “Integration and Validation” of the 6G-MUSICAL project focuses on
defining the proof of concepts (PoCs) to be used, which will integrate the different algorithms and/or
modules developed in WP3 to WP5.

This document represents Deliverable 6.1, defining the test plans for the components, module’s
specifications, setups for each PoC and experiments to validate the 6G-MUSICAL project.

1.1. Deliverable overview

The document is structured to first provide a general overview of the PoCs, followed by detailed
descriptions of each PoC. Following this introduction, the remainder of the document is organized as
follows:

Section 2 provides the general overview of the PoCs and their interplay.

Section 3 details PoC 1: “Cooperative Communication and Multi-Static Sensing based on OFDM
Waveform”.

Section 4 details PoC 2: “Generation and Robust Distribution of References to Synchronize Network”
Section 5 details PoC 3: “Use antenna array technology from Antenna to RAN”
Section 6 concludes the document.

This structure aims to provide a smooth transition from general to detailed definitions and better
understanding of the integration and validation of the 6G-MUSICAL targets.
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2. Overview of PoC Framework

The 6G-MUSICAL project aims to develop and demonstrate integrated sensing and communication
(ISAC) for future 6G networks, by leveraging on an optically generated and distributed clock signal,
therefore providing a highly stable reference and enabling high-accuracy sensing.

To achieve this, WPs 3 to 5 are responsible for developing algorithms, hardware components and
interfaces to be demonstrated in three PoCs. The PoC framework in 6G-MUSICAL defines how the
project’s technological innovations will be integrated, validated, and demonstrated in experimental
systems. In this manner, multiple developed technologies are combined and assessed under realistic
operational conditions.

We define three PoCs:

e PoC 1, entitled “Cooperative Communication and Multi-Static Sensing based on (OFDM)
Waveform”.

e PoC 2, entitled “Generation and Robust Distribution of References to Synchronize Network”.
e PoC 3, entitled “Use antenna array technology from Antenna to RAN”.

The three PoC target different layers of the 6G-MUSICAL architecture: the wireless sensing and
communication layer in PoCl, the clock distribution and synchronization in PoC2, and the integration
of antenna technologies in PoC3. The PoCs are complementary and intended to validate the different
technologies proposed by 6G-MUSICAL.

2.1. PoCs for Cooperative Sensing and Synchronization

PoCl, entitled “Cooperative Communication and Multi-Static Sensing based on OFDM Waveform”,
will demonstrate the feasibility of the implemented centralized multi-static algorithm for sensing. For
this algorithm, synchronized data collection is of key importance. In PoCl1, this will be achieved by
locking the different nodes into a single common clock.

PoC 2, entitled “Generation and Robust Distribution of References to Synchronize Network”, provides
the foundational synchronization layer necessary for all PoCs. Here, a highly stable reference will be
optically generated and distributed among several nodes.

PoC3, entitled “Use antenna array technology from Antenna to RAN” expands beyond PoCl,
demonstrating the integration of sensing and communications under real conditions, in a 5G testbed,
while showcasing state-of-the-art antennas.

2.2. Integration Strategy

6G-MUSICAL defines an integration strategy in steps to ensure interoperability and facilitate system
integration. Individual component testing is defined and carried out within each WP, and the results are
reported in the respective WP deliverable. This deliverable defines PoC-specific tests and experimental
scenarios to be demonstrated. In addition, we specify general component-level requirements to ensure
seamless integration within each PoC.
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3. PoC 1: Cooperative Communication and Multi-Static Sensing
based on OFDM Waveform

3.1. Introduction

The PoCl, entitled Cooperative Communication and Multi-Static Sensing based on OFDM Waveform,
will be developed by both IT and IMEC based on IMEC’s openwifi SDR (Software Defined Radio)
experimental platform [1][2] that has been widely used by wireless networking research communities
since the end of 2019. The high-resolution sensing algorithms [3] has been developed to showcase the
key capabilities required for PoC1 and will be reported in Deliverable 4.3 of WP4 (section 4: JCAS
Baseband Algorithms and Secure Sensing Enablers).

In the 6G-MUSICAL project, the openwifi platform is extended to offer Joint Communication and
Sensing capabilities beyond the original IEEE 802.11 compliant communication functionalities.
Utilizing the SDR advantage, the platform sends and receives the flexible and parameterized OFDM
sensing waveform, multiplexing with the 20MHz Wi-Fi communication packets in a cooperative way.

The PoC platform includes 3 openwifi nodes, the backbone interconnection, and the central processing
unit. The baseband PHY & MAC algorithms (mainly by IMEC) running on each openwifi node perform
synchronized sensing waveform Tx & Rx and high-resolution pre-processing. The centralised multi-
static sensing algorithm (mainly by IT) utilizes collected multi-static sensing data to perform sensing
tasks.

3.1.1. PoC Platform Details
Title: Cooperative Communication and Multi-Static Sensing based on OFDM Waveform
Country: Belgium
Leader: IMEC
Participants: IMEC, IT
3.1.2.Functionalities

The main functionalities of the PoCl1 are localizing and tracking the target using centralized Multi-
Static sensing algorithms via 3 openwifi nodes running low-level MAC & PHY algorithms.

The technologies can be potentially applied to devices that use OFDM waveforms, especially the Wi-
Fi devices. End users could be smart home consumers who expect the home Wi-Fi network to provide
sensing capabilities. End users could also be enterprise owners, such as office buildings, hospitals, or
factories, who need sensing capabilities to add value to their businesses.

The potential stakeholders could be Wi-Fi AP manufacturers, Wi-Fi device manufacturers, enterprise
Wi-Fi network integrators, femto cell and mobile devices.

3.1.3.Objectives

e Develop and validate cooperative MIMO multi-static sensing algorithms to enable high
accuracy localization and tracking and high-resolution 3D imaging.

o Demonstrate the synchronized data collection in a distributed setup with FPGA-based
customized WiFi nodes for joint multi-static sensing and communication.

e Demonstrate the centralized data processing algorithm for advanced sensing features, such as
high accuracy localization/tracking and 3D imaging.

3.1.4.Motivation
The IEEE 802.11 WiFi technology has enabled the most popular and widely used indoor wireless
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network for people’s daily lives. The WiFi technology also shares lots of similar features of 5G/6G,
like OFDM and OFDMA. Though WiFi deployments nowadays are quite dense, it is not easy to perform
multi-static sensing using multiple WiFi nodes. The main challenges are:

o The signal needs to be collected at multiple locations/nodes coherently, which is not possible
in the existing WiFi deployment/hardware;

e The centralized sensing (localization/tracking/imaging) algorithm needs to take many non-ideal
factors, such as the RF channel impairment and synchronization error/stability among multiple
nodes, into account to achieve the high accuracy/resolution results.

In this PoC, the FPGA-based OpenWIFI is extended with distributed synchronization and data
collection capabilities. The in-node (PHY and MAC) and centralized algorithms developed in WP4 will
be integrated into this PoC, using a parameterized OFDM waveform to demonstrate the capability to
communicate and sense in a distributed setup.

3.1.5.Infrastructure

Imec developed and open-sourced the openwifi project at the end of 2019, a full-stack FPGA
implementation of IEEE 802.11 on an SDR platform. The SDR platforms are composed of the popular
off-the-shelf Xilinx FPGA development board and the Analog Devices RF front-end board, which are
already in use in many research labs. By running openwifi code on these SDR platforms, researchers
could operate the FPGA WiFi NIC (Network Interface Card) in the same way as other COTS
(Commercial Off the Shelf) WiFi cards on Raspberry PI embedded in a Linux environment, such as
communicating with other WiFinodes in AP, Client, ad-hoc, and monitor mode. It supports the standard
compliant WiFi4 (802.11n) and WiFi6 (802.11ax) and also many unique/advanced features, such as
hardware timestamping, deep PHY info (CSI, Frequency Offset, RF status) exposing, separated full
duplex Tx/Rx antennas, etc., which are essential for Joint Sensing and Communication research but do
not exist on normal COTS WiFi cards. Thanks to the SDR, the full-stack (PHY, MAC, and more) is
easy to improve/customize further for this project.

3.1.6. Technologies
3.1.6.1.Node-level Algorithms for Sensing and Communications

The node-level architecture and algorithm for mono-static sensing will be described in Deliverable 4.3
of WP4 (Section 4: JCAS Baseband Algorithms and Secure Sensing Enablers). In this PoC, the extended
architecture and algorithms for multi-static sensing will be developed. The extended architecture and
algorithm blocks are depicted in the following figure.
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Figure 3-1: Node-level architecture and algorithm blocks for multi-static sensing

Figure 3-1 shows the architecture and algorithm blocks per OpenWIFI node. All OpenWIFI nodes are
synchronized by a common centralized time signal (1pps: Pulse Per Second) and RF reference clock
signal. The central 1pps signal ensures all OpenWIFI nodes have the same time notion with sampling
rate resolution. The central clock signal ensures that all OpenWIFI nodes have coherent RF carriers (no
frequency offset). There will be a fixed phase offset among the OpenWIFI nodes. It can be calculated
and eliminated by a phase calibration algorithm.

The node-level algorithm core block is the trigger algorithm that interacts with the surrounding
functional blocks:

e Timestamp generator: a clock counter running at IQ sampling rate.

e Parameterized OFDM waveform generator: OFDM waveform generator with configurable
parameters, such as subcarrier spacing, CP (Cyclic Prefix) length, and subcarrier modulation
scheme/contents. Or load arbitrary IQ samples from an external.

o Sensing buffer with pre-processing: store the received OFDM sensing signal and do necessary
pre-processing, such as the CSI (Channel State Information — complex response per subcarrier)
and the CIR (Channel Impulse Response) calculations that will be described in Deliverable 4.3
of WP4 (section 4: JCAS Baseband Algorithms and Secure Sensing Enablers). Raw 1Q sample
output without pre-processing is also supported.

3.1.6.2.Trigger algorithm

A single sensing action includes the OFDM sensing waveform Tx from a single OpenWiFi node, and
meanwhile Rx on 3 OpenWiFi nodes (including the node that transmits). After collecting the Tx and
Rx signals among multiple sensing actions, the central sensing algorithms perform localization and
tracking tasks towards the sensing target.

The main difference between Wi-Fi and 5G/6G systems is that 5G/6G uses centralized, full control of
the time-frequency resources from the base station, whereas Wi-Fi uses a distributed approach. Wi-Fi
uses CSMA/CA (Carrier Sense Multiple Access with Collision Avoidance) and LMAC (Low-level
Media Access Control) algorithms to let each node decide on its Tx opportunity in a distributed manner.
So, the algorithm running on the Tx node needs to account for the LMAC state to avoid intra and inter-
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node collisions between the OFDM sensing waveform and the normal Wi-Fi packet.

Due to the random timing of the Tx OFDM sensing waveform, the Rx node cannot know the Tx event
in advance. So, the Tx node will send out a standard Wi-Fi packet including a magic number to indicate
to the Rx node that the sensing waveform will follow. This special Wi-Fi packet will act as the trigger
signal in the Rx node.

Tx node trigger algorithm.

Trigger algorithm at Tx node:
If CSMA identifies Tx opportunity and sensing action is waiting:
Switch Tx path from IEEE 802.11 OFDM transmitter to waveform generator
Trigger sensing buffer to store the Rx 1Q sample and do pre-processing
Save the timestamp of the moment when Tx starts
Else:
Idle

Rx node trigger algorithm.

Trigger algorithm at Rx node:

If the received IEEE 802.11 packet has the magic number:
Trigger sensing buffer to store the Rx 1Q sample and do pre-processing
Save the timestamp of the moment starting Rx

Else:
Idle

3.1.6.3.Phase calibration algorithm

Though the different OpenWiFi nodes are locked to a single common clock and have no carrier
frequency offset, there will still be an unknown/static phase offset between nodes due to the initial RF
carrier power-on phase and analog/digital hardware delays. This fixed phase offset needs to be measured
and eliminated later on during the sensing phase, otherwise it will be mixed up with the phase induced
by propagation of the sensing signals. To measure this fixed carrier phase offset between nodes, a direct
Tx-Rx path between nodes can be setup. One possible method is to direct one of the two Tx antennas
to the Rx nodes via LoS (Line of Sight) path or a coaxial cable for calibration, and the other Tx antenna
towards the sensing area for the sensing task. The OFDM waveform for calibration and sensing will be
time division multiplexed and spaced in no more than 16ps. According to the Wi-Fi CSMA/CA MAC
layer design, no other Wi-Fi packets should start transmission in such a short time interval, so-called
SIFS (Short Inter-Frame Space) in the Wi-Fi standard, due to the CCA (Clear Channel Assessment) and
random backoff procedure.

The calibration and sensing time sequence is shown as follows.
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Figure 3-2: Time division calibration and sensing via Tx antenna switching

The OFDM Tx signal from antenna O for calibration purposes can be modelled as in the following
formula.

K-1
. K
s(t) = Z @ (k-5)0N00 g om0 <t < Toym (3.1)
k=0

Where f is the carrier frequency, K is the number of subcarriers, k is the subcarrier index, Af is the
subcarrier spacing, Ty, is the symbol duration, ) represents the BPSK modulated phase per
subcarrier.

Assume the combined delay (hardware + LoS/cable) is T (to be estimated), which will not change across
the calibration and sensing phase, the received signal will be:
K-1
r(6) = s(t —T) = Z o J @t (k=5)AP)(E=T)+6)) (3.2)
k=0

For simplicity, the noise is not considered in the above formula.

The down conversion of the received signal inside the Rx node with the same carrier frequency f, and
an unknown carrier phase 6 (to be estimated) can be modelled as in the following formula.

K-1

e—j(Zn’fCt+9)r(t) = g J(@nfct+6) e1(27T(fc+(k—g)ﬂf)(t—T)"‘ek)
ic=0
(3.3)
K-1
= cianrs) ' oi2n(k=3)are—s2n(k=3)arT+i6
k=0

Perform Fourier Transform on the above down converted signal, the term with time t (subcarrier) will
disappear, and the following complex signals will be observed on each subcarrier.

S(k) = e-ICT+0)o~12n(K=3)AF T joy (3.4)

The BPSK modulation information is pre-known at the receiver side, so the term e/% can be removed
by applying inversed compensation per subcarrier. Finally, the phase observation per subcarrier is:
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2S(k) = —2nf,T — 0 —2n(k — K/2)Af - T (3.5)

In the above formula, only T and 8 are unknown. In total there are K equations for these two variables,
it is more than enough to estimate them both. T can be estimated by differential operation between
observations of the adjacent subcarriers as in the following formula.

(£S(k) — £5(k—1))

T = 3.6
T —2nAf (3.6)
Then 6 can be estimated via the following formula.
~ - K
0 = —2S(k) — 2nT(f. + (k - E) Af) 3.7)

Averaging multiple estimations of T and  could lead to increased accuracy.

Then, during the sensing phase, the 6 and T, included phase can be removed based on the estimated
values @ and T in the calibration phase, so that the CSI/CIR will only have extra information about the
phase and gain induced by the sensing signal propagation.

3.1.7.Centralized Multi-Static Sensing Algorithm

The main objective of the multi-static sensing scenario is to evaluate how a centralized processing
system can integrate data collected from geographically separated nodes. The evaluation focuses on the
following aspects:

e Assess the derivative RF full-duplex issue that prevents effective integration of communication
and sensing.

e Demonstrate that multi-static processing can provide higher accuracy and resolution compared
to monostatic configurations.

e Validate the robustness of the algorithms using real data while accounting for clutter and
unavoidable reflections caused by physical objects present in realistic environments.

This subsection presents the centralized multi-static sensing algorithm developed by IT for PoC1. The
algorithm operates on the synchronized OFDM-based sensing data collected from the distributed
OpenWiFi nodes and performs high-accuracy localization and tracking of targets. The details of the
algorithms will be reported in Deliverable D4.3 and also outlined in D3.5. In this section, we outline
the algorithm and describe how it will fit in the IMEC testbed.

The centralized processor applies an algorithmic framework designed to extract accurate position and
trajectory estimates from the synchronized multi-static OFDM measurements. The approach leverages
both the mono-static and bi-static views provided by the six receiver channels and operates on the
calibrated CIR, CSI, and timing information obtained from the node-level preprocessing stage. Two
complementary estimation methods are implemented: a Maximum Likelihood (ML) estimator serving
as the baseline reference, and an alternating direction method of multipliers (ADMM)-based sparse
reconstruction algorithm providing enhanced resolution and robustness under multi-static sensing.

3.1.7.1.A. Maximum Likelihood Baseline Estimator

The ML estimator serves as the benchmark localization method. For each candidate target position p,
the algorithm evaluates its consistency with the measured OFDM responses. The expected bistatic
propagation delay between the transmitter and receiver { is
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Ilp—prx Il +1I D — Pryi |l
7(p) = - : (3-8)

where py 1s the known transmitter position, pgy ; 1s the position of the receiver i, and ¢ is the speed of
light.

For each receiver channel i, the calibrated frequency-domain CIR measurement is denoted by r;(k),
obtained from the OFDM sensing waveform after the processing in Section 3.2.1. The corresponding
expected frequency-domain response is

a;(k,p) = exp (—j 2r Af k7;(p)), (3.9)

where Af is the subcarrier spacing and k indexes the subcarriers used for sensing.

Under the standard Gaussian observation model, the log-likelihood for position p is proportional to the
squared error between the measured CIR and the predicted frequency response, as

J) = | 7;(k) — a; a;(k,p) I%.
sz: (3.10)

Here, a; denotes the complex amplitude associated with the bistatic return for the channel i.
For each candidate p, the optimal amplitude is obtained in closed form as

¥ i) @} (k,p)
¥ lak,p) 7

a;(p) = (3.11)

Substituting this into J(p) yields the ML cost function that depends only on the position hypothesis.
The ML estimate of the target position is then obtained by minimizing the cost

DvL = arg min J (). (3.12)

The ML estimator provides a reference accuracy level for PoC1 and serves as a baseline against which
advanced methods are compared.

3.1.7.2.B. ADMM-Based Multi-Static Reconstruction Algorithm

The ADMM is used as the main high-resolution reconstruction algorithm. The ADMM formulation
exploits the sparsity of the target scene and the availability of multiple synchronized CIR measurements.

Let the sensing area be discretized into L spatial grid points and the system model can be mathematically
written as

=AXx+n
y (3.13)

where the reflectivity vector X € Ct contains the complex reflectivity at each grid point [. All calibrated
OFDM measurements from all receiver channels are stacked into a single observation vector y € CX/,
where K is the total number of subcarriers and [ is the total number of receiver channels. The sensing
matrix A € CXI*L is the multi-static dictionary constructed from the delay-dependent exponential
responses, and n captures noise and model mismatch.
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To promote sparsity and robustness, the reconstruction is formulated as an £, -regularized optimization
problem

U
min 7 Il Ax —y I3 + x Il (3.14)

where u controls the balance between data fidelity and sparsity and || x [|; term encourages a small
number of dominant scatterers. ADMM alternates between refining the reflectivity estimate based on
the sensing model, enforcing sparsity through a shrinkage-like operation, and updating internal
variables to maintain consistency.

This iterative procedure converges to a stable solution that integrates information from all receiver
channels, providing a single high-quality reflectivity map. The target position is extracted from the
strongest peak of this map, while sequential estimates enable tracking when the object is moving.

Compared to the ML baseline, the ADMM approach offers improved robustness and significantly
enhanced spatial resolution, making it the primary method for PoC1 localization, tracking, and, when
feasible, resolution evaluation under multi-target scenarios.

3.2.PoC Architecture

The initial topology plan of the PoC is shown in the top-view figure below. This multi-static sensing
setup is composed by one Tx node and two Rx nodes. Each node has two Tx and two Rx channels.

‘ Sensing Rx I
X

"1~ Openwifi node, -~
2 Rx..-~ .

(-1.386, 0)! 1.386m R 1.386m (1.386, 0)

IS & Central Processing Unit
clock

Figure 3-3: The geometry topology and interconnection of the PoC

3.3. PoC Requirements/Specifications

The PoC is planned to be composed of three OpenWiFi nodes, one central time and clock generator,
and one central processing unit. Node 1 has two Tx (one for sensing and one for calibration) and two
Rx. Nodes 2 and 3 are Rx only, and both have two Rx.

The in-node MAC&PHY pre-processing algorithms are mainly from the imec contributions in WP4
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and will run in real-time to perform sensing action/data-collection less than every Sms.

The central sensing algorithms are mainly from the IT contributions in WP4 and will run offline by
processing the data collected from the 3 OpenWiFi nodes.

The node-level specifications are listed in the following tables (hardware, communication, sensing).

Table 3.1: Hardware specifications of the Open WIFI node

RF frequency 70MHz ~6GHz Antenna band 1 2.4~2.5GHz

Tx power 2.4GHz | 9dBm Antenna band 2 5.150 ~ 5.875GHz

Tx power SGHz -1dBm Antenna polarization Linear, Vertical

Tx EVM 2.4GHz Better than -34dB Antenna gain 2.4GHz | 6~8dBi

Tx EVM 5GHz Better than -30dB Antenna gain 5GHz 9~10dBi

Antenna model 1 Beam width (3dB): Antenna model 2 Beam width (3dB):
H66°,V 16° H55°,V 24°

RF front-end chip AD9361 Baseband chip Xilinx zynq7000/zyngmp

References [4] and [5] are the detailed specifications of the two antenna models.

Table 3.2: Communication link specifications of the Open WIFI node

Bandwidth 20MHz Sampling rate 20Msps

Standard 802.11n OFDM symbol length | 3.2us

FFT size 64 OFDM CP length 0.8us

Effective subcarrier | 56 Sensitivity 2.4GHz -73dBm (MCS0 BPSK)

-91dBm (MCS7 64QAM)

Modulation BPSK, QPSK, | Sensitivity SGHz -69dBm (MCS0 BPSK)

16QAM, 64QAM -86dBm (MCS7 64QAM)
Table 3.3: Sensing specifications of the OpenWIFI node

Bandwidth 40MHz Sensing interval <=5ms

Standard Customized Sampling rate 40Msps

FFT size 512 OFDM symbol length 12.8us

Effective subcarrier | 512 OFDM CP length 3.2us (Configurable)

Modulation BPSK Num calibration OFDM sym | Configurable
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Rx SNR 2.4GHz >=10dB Num sensing OFDM sym Configurable
Timestamp 25ns Max num of Tx+Rx IQ | 16384
resolution samples

Note: it might be pushed further to 60Msps with bandwidth >=50MHz, so that timestamp resolution,
number of effective subcarriers, symbol/CP length could also be changed accordingly.

The main multi-static sensing ADMM algorithm specifications are listed in Table 3.4.
Table 3.4: Multi-static sensing ADMM algorithm specifications

ADMM regularization weight u 0.5t05

ADMM penalty parameter f3 0.5t02

ADMM max iterations 50 to 200
ADMM stopping tolerance &£ le-3 to le-4
3.4.PoC Interfaces

The hardware interfaces between OpenWiFi nodes and the 1ppsé&clock source are just SMA cables.

The interfaces for distributed data collection and gathering to the central processing unit is via normal
Ethernet.

The interface between the real-time sensing data collection and the central multi-static sensing
algorithm will be via Matlab .mat file. A single experiment will generate a single Matlab .mat file. The
single .mat file will include data for NV sensing actions. The definitions of the variables in the .mat file
for one experiment including N sensing actions are shown in the Table 3.5.

Table 3.5: Variable definitions for data exchanging between run-time and offline central multi-static sensing algorithms

Name Dimension Notes

Timestamp_tx N-1 Timestamp of Tx at Tx node per sensing action

Bpsk _sequence | 512-1 Pre-known modulation per subcarrier

Timestamp_rx N-3 Timestamp of Rx at 3 Rx nodes. 1 node per column
Iq_sample (N*L)-2-3 L: captured 1IQ length per sensing action (include both

calibration and sensing)

Total 1Q length - num_of antenna - num_of node

Sinr_calibraion | N-2-3 SINR in dB. N_action — num_of antenna — num_of node

Sinr_sensing N-2-3 SINR in dB for the sensing part. (Above is for calibration)

Csi_calibration | (N*512)-2-3 Total CSI length - num_of antenna - num_of node
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Csi_sensing_raw | (N*512)-2-3 Total CSI length - num_of antenna - num_of node

Csi_sensing_cal | (N*512)-2-3 Calibrated sensing CSI based on the raw sensing CSI

Cir (N*128)-2-3 Total CIR length - num_of antenna - num_of node

Cir_high_res (N*1024)-2-3 | 8x time domain interpolated CIR

3.5.PoC Testing Plans
3.5.1.Key Component Characteristics

3.5.1.1. Waveform generation and reception

Test the basic parameterized OFDM waveform generation and reception. Ensure the digital+RF Tx and
Rx path has (near) ideal frequency response, and the waveform is as our expectation/design. This form
the essential basis for further steps.

3.5.1.2. RF and Antenna

To decide the final band (2.4GHz or 5GHz) and the antenna model (1 or 2) for the PoC, considering the
planned PoC geometry, antenna distance, antenna direction, isolation (Tx-Rx self-interference) and Tx
power, Rx SINR need to be tested to evaluate whether the planned setup can achieve a certain SINR
level: >=10dB.

3.5.1.3.0penWifi node synchronization

Synchronizing the time and frequency of the three OpenWiFi nodes are crucial for the PoC. To ensure
the best performance, a common external time&frequency source will be used for three OpenWiFi
nodes. However, using the external clock instead of the onboard crystal will cause degradation of Tx
signal quality and Rx sensitivity. So, the time synchronization error and frequency synchronization error
between OpenWiFi nodes need to be evaluated after changing from onboard source to external source.
The time difference between OpenWiFi nodes is expected to be <= 25ns (sampling period), and the
average frequency error between OpenWiFi nodes is expected to be 0. The Tx Error Vector Magnitude
(EVM) and Rx sensitivity degradation is expected to be less than 5dB.

3.5.2.0verall PoC Testing
The overall PoC testing procedure is planned as the following.

o The sensing target gets ready: at pre-known static location, or at the starting position of the
planned trajectory.

e  Start the multi-static data collection among all OpenWiFi nodes.

o Immediately after the data collection starts, the sensing target performs pre-defined actions:
keep stationary or moving along with a pre-defined path.

e After certain period (for example 10 seconds), stop the data collection and save the collected
data of all nodes to a Matlab .mat file.

e Run the offline centralized multi-static sensing algorithm to process the collected data, and
generate the sensing results: location, trajectory, etc.

3.5.3. Multi-static Testing Plan

This subsection presents the testing plan defined for the multi-static sensing configuration of PoC1. The
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goal is to assess how distributed sensing nodes, operating in a synchronized manner, enable improved
target localization, resolution, and tracking capabilities under centralized processing. The following
describes the overall scenario, the system architecture, and the specific tests designed to validate the
performance of the multi-static setup.

3.5.3.1. Multi-static Sensing Scenario Overview

The scenario follows Figure 3-3. In terms of multi-static sensing, it will be configured to represent the
setup that, at a high level, can be depicted as shown in Figure 3-4.

Central

Processing
Unit

Figure 3-4: Multi-static scenario overview

As referred to, this configuration will enable testing of the following:
e Positioning of a single object
e Resolution of two objects
e Tracking of movement

The specificity of these test scenarios is that the central processing will be done offline, i.e., IMEC will
acquire and provide all the required physical layer data to the central processing unit.

3.5.3.2. System Architecture and Sensing Scenario

The PoC1 multi-static sensing setup consists of one transmitter node (Node 1) and six receiver channels
distributed across three OpenWiFi nodes: two mono-static channels on Node 1 and two bi-static
channels on each of Nodes 2 and 3. This configuration provides one mono-static view and five bi-static
views for every sensing action. All nodes are synchronized through a shared 1pps signal and a common
RF reference clock, ensuring aligned timing, coherent frequency behaviour, and stable phase relations.
Residual phase offsets between nodes are removed using the calibration procedure described in Section
3.1.6.3.

For each sensing action, the centralized processor receives the full set of calibrated measurements
generated by the IMEC nodes, including timestamps, IQ samples for calibration and sensing, CSI per
subcarrier, CIR and high-resolution CIR, and SINR values. These data are stored in a unified MATLAB
structure following Table 3.5 and form the input to the centralized localization and tracking algorithms.
The multi-view geometry and synchronized CIR information enable enhanced positioning performance
and support subsequent tracking functionality.

3.5.3.3. Testing Plan and Expected Outputs

The testing plan is aligned with the objectives outlined in Section 3.1.3and is structured into three
phases, which are detailed below.

Test 1: Localization of a Single Static Object
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A single object is placed at a known position in the sensing area. The evaluation is carried out in two
phases: the first phase processes the multi-static measurements using the ML-based method, and the
second phase applies the ADMM-based method. The expected outputs for both phases include the
estimated target position and the corresponding localization error.

Test 2: Tracking of a Moving Object

The target moves along a predefined trajectory. Sensing actions are collected continuously at less than
five-millisecond intervals as defined in the sensing specifications. ADMM reconstruction is performed
for each frame, and temporal smoothing is applied to recover the trajectory. The key outputs include
estimated trajectory, tracking error, and accuracy under different motion speeds.

Test 3: Localization of Two Static Objects

If feasible within the PoC constraints, an optional experiment may be performed using two static objects
positioned at different locations in the sensing area. The purpose of this test is to evaluate, in a basic
form, whether the multi-static sensing setup provides improved spatial resolution compared to the
single-target case. Only basic separation capability is assessed, without requiring full imaging or
detailed analysis.

This test is two-fold:

1. Evaluate the algorithms when the two objects are reasonably separated, as shown in
Figure 3-5 (a).

2. Evaluate the achievable resolution as the objects are positioned closer to each other

(Figure 3-5 (b)).
@-

(a) (b)

Clear Separation Resolution Limit

Figure 3-5: Two-object resolution illustration
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4. PoC 2: Generation and Robust Distribution of References to
Synchronise Network

4.1.Introduction

This PoC focuses on the design and planning for a synchronization framework for ISAC systems. The
aim is to explore how optical frequency comb technology, atomic-reference locking, and clock-phase-
tracking mechanisms can be combined to deliver highly stable timing references to distributed network
nodes.

The PoC outlines the architectural design, required components, planned technologies, and testing
methodology needed to demonstrate robust, resilient synchronization across a multi-node network.

4.1.1.PoC Platform Details
Title: Generation and Robust Distribution of References to Synchronise Network
Country: UK
Leader: UCL
Participants: IT, UCL, FHG, WAS, MEN
4.1.2.Functionalities

The main functionality of PoC 2 is to provide synchronisation architecture in which a Distributed Unit
(DU) generates and distributes a stable optical comb-based timing reference to multiple Remote Units
(RUs) across an optical network. The PoC explores how an optical frequency comb can be used to
deliver a shared clock, RF carriers, and communications data to multiple RUs over optical fibre in a
manner suitable for next-generation network architecture.

Centralized master timing via optical distribution of a comb-based reference

PoC 2 is built around a DU that generates an optical frequency comb using a mode-locked laser (MLL).
This comb serves as the master timing source for the network. The comb tones are transported over
WDM-based optical links to all RUs, where they are used to derive:

e acommon clock,
e low-noise RF carriers from optical beat tones, and
o standard data payloads.

This establishes a single, centralized timing reference that can be shared consistently across the entire
network.

Enhanced long-term stability using an atomic-locked comb

While the frequency comb can operate in a free-running mode, its repetition rate is inherently sensitive
to environmental variations, particularly changes in cavity temperature and pressure. In PoC 2, we
consider a single DU with its own comb, distributed to multiple RUs; however, we extend the DU
functionality by locking the comb to a 10 MHz cesium reference using an optical phase-locked loop
that disciplines the repetition rate via fine piezo control of the optical comb. In the context of the current
PoC, this provides a stable absolute time reference for the DU-RU cluster. In practical multi-DU
deployments, the same approach would allow several DUs, each equipped with its own comb, to be
locked to a common atomic standard and thereby share a global timing scale. When locked, the comb
inherits the long-term stability of the atomic source, establishing a foundation for distributed MIMO
and joint transmission, where geographically separated sites must remain aligned to a common absolute
time base.
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Drift Compensation Through Two-Way Phase Updates

Each RU derives its local clock from the comb tones distributed by the DU so that all nodes share the
same underlying timing source. To maintain synchronisation as fibre delay varies over time, PoC 2
implements a drift-compensation function based on two-way phase exchange. The DU monitors slow
phase variations along the link and issues phase-correction updates to the RUs, ensuring that all nodes
remain synchronised to the DU master reference despite environmental changes.

Low-cost, multi-service RU architecture and platform interoperability

PoC 2 adopts a single-photodiode RU design that simultaneously extracts the clock, RF carriers, and
data from the same optical signal, reducing hardware complexity and enabling a compact, low-cost
implementation. This supports multi-service operation; communication, RF generation, and timing
distribution, making the RU suitable for dense access networks and future integrated communication-
and-sensing deployments. The design relies on standard optical components and common digital
processing platforms (e.g., FPGAs), ensuring interoperability with existing RAN/fronthaul equipment
and facilitating straightforward integration into wider network infrastructures and industrial systems
requiring deterministic timing.

4.1.3.0bjectives
Based on the experimental validation:

e Achieve picosecond-precision clock synchronisation across distributed nodes, enabling cm-
level localisation: Design and validate a synchronisation architecture in which all RUs derive
their clocks from an optical frequency comb at the DU. Fibre-induced phase variations,
primarily due to temperature changes, are measured and corrected in real time using a digital
phase-caching mechanism, with the objective of reaching relative timing precision in the
picosecond range, sufficient to underpin centimetre-scale localisation and tightly coordinated
multi-node operation.

e Provide ultra-low-noise RF carriers for sensing and high-capacity wireless links: At the RUs,
use comb beat tones to generate RF carriers with phase-noise and jitter performance compatible
with advanced 6G use cases, including joint communication—sensing and precise ranging, so
that comb-derived RF carriers can replace conventional OCXO/PLL-based RF sources at the
network edge.

o Ensure robustness against fibre-induced phase drift through clock phase caching: Implement a
two-way, FPGA-based phase-caching algorithm that tracks and compensates time-varying fibre
delay between the DU and each RU, maintaining stable synchronisation over realistic access-
network fibre lengths and environmental conditions.

e Achieve absolute timing stability via caesium atomic reference locking: Implement an analogue
locking scheme in which the comb repetition rate is disciplined to a caesium atomic clock. The
goal is for the PoC to not only provide tight relative synchronisation between RUs, but also to
align the entire system to an absolute timing reference.

4.1.4.Motivation

Radio frequency (RF) sources underpin radar, GPS, and a wide range of sensing and localisation
systems, all of which rely on generating and correlating RF signals. Moving towards sub-cm
localization accuracy, and ISAC use cases put very stringent demands on the reference clock in terms
of phase noise and timing jitter, and require that these reference signals are synchronised and delivered
to edge nodes. Photonic solutions have been shown to outperform quartz-based RF generators in terms
of low phase noise and ultra-low jitter, and distributing RF via optical fibre offers clear advantages over
coaxial cables, but these technologies have not yet been demonstrated or assessed in ISAC systems
targeting sub-cm sensing. This PoC will demonstrate how photonic techniques can be used to generate
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and distribute reference and ISAC signals to edge nodes, and will evaluate their performance against
the KPIs defined in the proposal.

4.1.5.Infrastructure
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Figure 4-1: Clock synchronized fronthaul RAN concept with atomic clock locked optical frequency comb distribution and
clock phase caching

Figure 4-1 illustrates the PoC fronthaul Radio Access Network (RAN) architecture, in which a central
Distributed Unit (DU) distributes a common clock, RF carriers, and data to N Remote Units (RUs) over
a shared bidirectional fibre link. At the DU, an optical frequency comb locked to a caesium (Cs) atomic
reference provides the master timing source. The comb, with a repetition rate frep, is wavelength-
multiplexed with the downlink data and transmitted simultaneously to all RUs.

Upon arrival at each RU, the incoming comb is detected on a high-bandwidth photodiode. Adjacent
comb lines are heterodyned to generate a stable electrical tone at fyep, Which provides the local clock,
while lines separated by integer multiples (nfyep, m = 2) yield high-frequency, ultra-low-jitter RF
carriers that inherit the comb’s phase coherence. In the implementation described in the next section,
two RUs are envisaged: one at a 5 GHz carrier and another at a mm-wave carrier (25 GHz or 27.5 GHz).
To keep RU hardware simple, the comb and data are co-transmitted on the same fibre and detected on
a single photodiode, after which analogue filtering separates the clock fep, the RF carrier nf ep, and
the baseband data. These recovered signals can then be appropriately mixed and upconverted for
transmission over the RU’s RF front end and antenna.

Phase misalignment inevitably builds up between the DU and the RUs because the fibre delay is not
constant: temperature changes and environmental perturbations cause the propagation time to drift (on
the order of =39 ps/km-K), leading to time-varying phase errors on the recovered clocks. To correct
this, the system employs a clock phase-caching mechanism. Each RU sends a replica of the clock it
received back to the DU, which measures the round-trip fibre-induced phase drift and infers the
corresponding one-way error. The DU then sends phase-correction values to each RU so that the local
clocks can be adjusted, preserving picosecond-level synchronisation while retaining a low-complexity
RU design suitable for ISAC, mm Wave, and precision localisation applications.

4.2. Technologies

This PoC integrates key enabling technologies as described in the following subsections:
4.2.1.Master Optical Clock

The PoC uses an optical frequency comb designed and built by Menhir Photonics as the master clock,
serving as the central timing reference. The comb centered around 1551.1 nm, producing a broad optical
spectrum spanning 13 nm with evenly spaced 2.5 GHz comb lines suitable for heterodyne-based RF
and clock generation. Menhir’s implementation focused on achieving <100 fs integrated jitter and phase
noise levels below —110 dBc/Hz, which were validated across multiple operating regimes. A key feature
of the Menhir comb is its dual-actuation tuning mechanism, comprising:

A key feature of the Menhir comb is its dual-actuation tuning mechanism:

e Coarse (slow) piezo actuator: sensitivity = 400 Hz/V, providing a total repetition-rate tuning
range of about 40 kHz for a maximal drive voltage of 100 V. This stage is used for initial
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frequency alignment and long-range drift compensation.

¢ Fine (fast) piezo actuator: sensitivity = 546 Hz/V, corresponding to a total tuning range of about
51 kHz at 100 V. In PoC 2, this actuator is driven over a smaller voltage span to provide high-
resolution control of the repetition rate when disciplining the comb against a 10 MHz atomic
reference.

In addition, the Menbhir unit provides a 2.5-GHz RF output from an internal photodiode, which delivers
a clean electrical replica of the comb repetition rate. This RF output serves as the electrical input to the
locking subsystem at the DU, eliminating the need for an external detection path and providing a high-
SNR, low-jitter reference for the phase-frequency detector and subsequent control electronics.

Figure 4-2: Menhir Photonics 2.5 GHz optical frequency comb module used as the master clock in PoC2

4.2.2. Multichannel transceivers

This task focused on the interfacing between electrical and optical domains, led by FHG with
participation from IT, WAS, MEN, and UCL. The team designed, implemented, and tested photonic
peripherals for joint communication and sensing applications. Key components included electro-optic
modulators and photodetectors optimized for wideband signals, enabling direct conversion between
optical and RF domains. The design emphasized reduced size, weight, and power consumption (SWaP),
critical for scalable deployment in edge networks. Performance characterization was conducted using
KPIs such as sensitivity, instantaneous dynamic range, spurious-free dynamic range (SFDR), and error
vector magnitude (EVM). Experimental validation included testing of photonic integrated circuits
(PICs) with 4-channel transmit and receive capabilities, and synchronization tests using comb
generators. Integration efforts also included the development of dielectric resonator filters and low-
noise amplifiers (LNAs) with bandwidths of 24-32 GHz and noise figures of around 3.1 dB. These
components were evaluated through simulations and PCB prototyping using ADS and CST tools. The
outcomes of this task were documented in deliverable D5.3 and supported the selection of modules for
WP6, advancing the realization of joint communication and sensing systems in 6G networks

A transmit-receive chain requires two individual PIC chips, i.e. one responsible for the transmitter (Tx)
and one for the receiver (Rx). Figure 4-3 shows the Tx PIC chip developed at FHG. Integrated within
the chip are five laser diodes (LDs). Moreover, there are four integrated lasers, located on the right side
of the chip, where light is guided towards an arrayed waveguide grating (AWG) on the PIC chip.
Additionally, heaters are used for thermal tuning of LD operating wavelengths. In turn, the heaters are
connected to electrical pads located at the bottom of the chip. Note that each LD is connected to two
pads, and some extra pads remain unused.

The AWG, designed by BRIGHT Photonics Co., has four input ports and three outputs. However, only
one output is used, while the others were designed to investigate fabrication tolerances. Notably, the
AWG is a band-pass filter that acts as a multiplexer (MUX). Similarly, the AWG on the receiver AWG
acts as a demodulator, which separates the combined wavelengths and delivers them to the
corresponding photo-diode (PD).
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Figure 4-3: Image of the transmitter (Tx) PIC chip (left) and of the receiver (Rx) at the right, taken via microscope

The measurement setup for the Tx chip static test in the Photonic laboratory is shown in Figure 4-4.
Evidently, a 3-axis micro-positioner for a ground-signal-ground (GSG) probe, one for an optical fibre,
and a 2D stage for a chip holder are employed. The GSG probe is connected to a source measurement
unit (SMU) to apply the required LD driving current, and two DC probes are used as heaters. The
received light is divided into two parts in order to measure both wavelength and power amplitude
concurrently. Since the optical spectrum analyser (OSA) has high sensitivity, a 1-99% splitter was used
for this purpose. Therefore, OSA receives 1% of the light, and the optical power meter receives 99%.
Finally, an external PD is used to obtain and feed an electrical signal to the power meter.

Micropositioner Micropositioner

Figure 4-4: Schematic test setup for the Tx PIC chip

The GSG/DC probe landing and fibre alignment are illustrated in Figure 4-5. Visibly, the fibre is aligned
with the main SSC in the middle. Furthermore, the chip is mounted on a copper chip holder, which is
on top of an Al block. This Al block is responsible for producing the vacuum and firmly holding the
chip in place. In turn, the Al Block is placed on top of the Peltier device, with the opposite side of the
Peltier placed on the heat sink. Two needle cameras were used for monitoring and alignment. The AWG
output characteristic curves as a function of the PD reverser current are shown in Figure 4-5.

Page 30 of 53



6G-MUSICAL Horizon No. 101139176 Deliverable D6.1

~— PD1at-3.0V
25 PD2 at -3.0V
~ PD3 at-3.0V A A
—— PD4 at-3.0V I\

Photodiode reverse current (mA)

1546 1548 1550 1552 1554
Wavelength (nm)

Figure 4-5: AWG transmission characteristic curves for four channels

4.3.PoC Architecture

Figure 4-6 illustrates the planned PoC fronthaul RAN architecture, where a central Distributed Unit
(DU) distributes a stabilised optical frequency comb, downstream data, and synchronisation
information to two Remote Units (RUs). The DU will use a Menhir Photonics 2.5-GHz optical
frequency comb as the master timing source. For scalability assessment, the comb will first pass through
a 50-GHz AWG to emulate comb sharing across multiple DU-RU links. A dispersion-compensation
module (DCM) will be included to mitigate chromatic-dispersion-induced fading of the RF carriers.
The DCM compensation value will be chosen to approximately match and counteract the accumulated
dispersion in the fibre transmission link (10-20 km), so that the comb lines arrive at the RUs with
minimal RF fading. After dispersion compensation, the comb will be multiplexed with downstream data
channels using a 200-GHz AWG and amplified by a downstream-only EDFA before transmission.

----------------------------------
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Figure 4-6: Experimental setup implementing the absolute and relative clock synchronized fronthaul RAN concept
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To provide a stable electrical clock for DU digital processing, a small portion (=10%) of the post-
EDFA comb output will be tapped before any additional DCM or EDFA-induced drift. This tapped
signal will be spectrally filtered using an OBPF, detected on a high-speed PD, and further cleaned
using an RF BPF to recover a low-noise 2.5 GHz tone corresponding to the comb repetition rate. The
recovered clock will then be divided by four and used as the reference for an FPGA-based PLL,
ensuring that all DU logic, data framing, and packet generation remain phase-aligned with the same
comb distributed to the RUs.

The DU FPGA will generate real-time 2.5-Gb/s NRZ-OOK test data streams—including 22°-1 PRBS
and phase-encoded packets—that are fully synchronised to the comb-derived DU clock. These
electrical data streams will directly drive modulated lasers (EMLs) externally operating at selected
wavelengths, chosen to align with the channel grid of the 200-GHz AWG (i.e., 1554.13 nm and
1557.36 nm). Each EML integrates a laser diode with an internal Mach—Zehnder modulator whose
bias point will be actively stabilised at the quadrature point, as required for OOK intensity

Page 31 of 53



6G-MUSICAL Horizon No. 101139176 Deliverable D6.1

modulation. Maintaining a stable quadrature bias ensures a high extinction ratio and prevents drift
that could degrade modulation depth, introduce baseline wander, or impair receiver sensitivity.

After modulation, the optical data channels will be amplified and launched into the 10-20 km
fronthaul fibre, after which a second 200-GHz AWG will demultiplex the individual RU wavelengths
for downstream delivery.

At the RU side, the PoC will evaluate two RU implementations: one targeting a 5-GHz RF carrier
and another targeting a mm-wave carrier, either at the 25-GHz or 27.5-GHz range. The comb output
will be split and combined with the per-RU downstream data channels, then delivered to each RU via
short SSMF drop fibres (e.g., 40 m and 80 m), representing realistic deployment scenarios. Each RU
will use a single photodiode to detect the combined signal. The resulting electrical output will be
amplified, split, and processed with analogue filtering to extract:

e the 2.5-GHz clock (from adjacent comb lines),
o the target RF carrier for that RU (nf,), and
o the 2.5-Gb/s downstream data.

The recovered clock will be divided down and used to synchronise the RU FPGA logic. This
architecture enables each RU to operate with a minimal set of optical and RF components while still
obtaining high-quality timing and carrier signals derived from the central comb.

Each RU will also generate an upstream 2.5-Gb/s data stream using an EML at a dedicated
wavelength (e.g., 1555.75 nm for RU1 and 1558.98 nm for RU2). These will be sent through the
same fibre path in reverse direction, passing through the drop fibres, AWG, and 10-20 km SSMF
back to the DU, where they will be detected on high-bandwidth PDs and processed by the DU FPGA
receivers.

Clock Phase-Caching (Planned Implementation)

Clock phase caching will be used to maintain synchronisation between the DU and each RU by
digitally estimating the two-way DU—RU—DU fibre-induced phase variation, 26¢(t). This round-
trip phase drift will be periodically measured at the DU—nominally on the order of every 0.1 s—and
updated clock-phase correction values will be transmitted upstream through the RU—DU optical
channels. At each RU, two digital phase interpolators (PIs) will be adjusted: the first PI will apply a
phase shift of —28¢ (t)to compensate for the full round-trip fibre-induced drift, while the second PI
will apply —8¢(t)to correct the one-way DU—RU phase error. This second PI will provide the phase
reference for the RU’s main clock and for a secondary electrical connection (typically <30 cm
coaxial) linking each RU FPGA to the DU-side RF receivers.

To evaluate relative synchronization accuracy, the DU FPGA stored mean phase measurements (at a
1.2-kHz output rate) from the clock-and-data-recovery (CDR) circuitry in the two DU-side RF
receivers connected to each RU. The relative phase between the RU1 and RU2 clocks was obtained
by subtracting the RU2 to DU clock phase from the RU1 to DU clock phase. These measurements
will be used to assess compliance with the timing KPIs defined for the PoC.
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Locking Procedure of MOC to Atomic Clock

Figure 4-7 shows the planned clock-synchronisation subsystem used to stabilise the Menhir optical
frequency comb to a caesium (Cs) atomic reference. The 2.5 GHz RF output from the Menhir’s internal
photodiode will be used as the comb-repetition-rate signal. To interface this high-frequency tone with
the lower-speed locking electronics, the signal will be divided by 64 to produce a 39.0625 MHz clock
within the phase-frequency detector (PFD) operating range.
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Figure 4-7: Experimental setup for the Menhir comb repetition rate locking to a caesium atomic reference

In parallel, the 10 MHz output of the Oscillo-quartz Cs atomic clock will be processed by a PLL
synthesiser to generate a 39.0625 MHz reference tone. The PFD will compare the divided-down comb
signal with the synthesised reference and produce an error signal proportional to the phase and
frequency differences between them. This error signal will be filtered and amplified by a proportional—
integral (PI) controller and then applied to a piezo driver, which boosts the control voltage to cover the
full tuning range of the Menhir’s fast piezo actuator. The piezo driver output will drive a piezoelectric
transducer (PZT) attached to one of the comb cavity mirrors, thereby adjusting the cavity length and
shifting the repetition rate to minimise the PFD error. In this way, the comb repetition frequency will
be locked to the Cs atomic standard, providing an absolute timing reference for the PoC.

4.4.PoC Requirements/Specifications

The proposed architecture is, in principle, scalable to many DUs and RUs, the PoC implementation will
focus on a single DU serving two RUs in order to de-risk and validate the core concepts. The two RUs
will operate at different RF carrier frequencies (one in the =5 GHz band and one in the mm-wave range
around 25-27.5 GHz). To achieve picosecond-level synchronisation, the PoC requires a set of tightly
defined system-level specifications. These specifications are driven by five main needs:

a) Minimising asymmetry in the timing path, to enable ps-level relative synchronisation between
nodes (comb-based timing distribution, single-fibre operation, controlled optical paths).

b) Ensuring low phase noise of the recovered clock, which depends on sufficient optical power,
appropriate data rate selection, dispersion management of the comb, and comb locking.

¢) Guaranteeing good quality data reception, determined by the analogue filtering strategy and the
chosen data rate.

d) Enabling robust phase caching, which requires specific signalling and processing capabilities
at both the DU and the RUs.

e) Maintaining cost and commercial viability, by favouring low-complexity RU architectures and
components compatible with realistic operator deployments.
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(a) Specifications to minimise asymmetry for ps-level synchronization
e Comb-based timing distribution

PoC 2 distributes the master timing reference from the DU to all RUs using a single optical frequency
comb. The comb provides an ultra-low-jitter timing reference at the DU, and all RUs derive their clocks
and RF carriers from this common optical source. Using one shared comb, rather than independent
oscillators at each RU, improves node-to-node timing divergence and ensures that any common-mode
fluctuations affect all nodes similarly and do not appear as relative timing error. This common timing
origin is fundamental to the accuracy of the two-way phase-caching mechanism and is therefore a
prerequisite for achieving picosecond-level synchronisation across the distributed nodes.

¢ Single-fibre bidirectional transmission

DU-RU links must use single-fibre operation (with WDM separation of upstream/downstream) rather
than separate fibres. This is required to minimise path asymmetry between forward and return
directions, ensure both directions experience the same environmental variations (e.g. temperature) and
avoid systematic offsets that would otherwise limit picosecond-level synchronisation.

(b) Specifications for low phase noise of the recovered clock

To achieve low phase noise and jitter of the clock derived at each RU, the following specifications are
required:

e Sufficient optical power: The optical power of the comb lines at the RU must be high enough
(= —10 dBm per relevant line at the receiver) to support low-noise beat-tone generation and
maintain a high signal-to-noise ratio at the RU photodiode and analogue filters.

e Choice of data rate relative to comb spacing: The sclected data rate must not overlap with
the spectral regions used for clock and RF beat tones. Data rates should be chosen so that the
data spectrum can be cleanly separated by low-pass or band-pass filters,

¢ Dispersion compensation of the comb: Chromatic fibre dispersion must be compensated (e.g.,
with a DCM) so that RF beat signals do not suffer dispersion-induced fading and the phase
noise of extracted clock and RF carriers is not degraded by dispersion.

e Comb locking for enhanced long-term stability

The system should support operating the comb in a locked mode, where its repetition rate is
disciplined to an atomic reference. While the PoC can function with a free-running comb,
locking is specified as a mechanism to improve long-term frequency stability and the low-
frequency phase noise.

(¢) Specifications for good quality data reception

e Analogue filtering strategy
The analogue filter chain (LPFs/BPFs) at each RU must be designed to:

o 1solate the data band from the clock/RF bands,
o avoid introducing excessive group delay distortion in the data channel,
o prevent clock/RF energy from leaking into the data demodulation path.

e Choice of data rate and format
The chosen data rate and modulation format must:

o be compatible with standard, off-the-shelf components for data recovery (e.g. LPFs),
o remain spectrally separated from comb beat tones,

o allow reliable error-free recovery under the same single-PD front-end used for clock
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and RF extraction.

e Modulator bias and linearity
Optical modulators must include appropriate bias control to ensure they operate at the correct
bias point, preserving:

o sufficient extinction ratio,
o low distortion of the data signal,
(d) Specifications to implement phase caching

e Independent DU—RU measurement channels: The DU must be able to measure, log and
process phase information from each RU independently. This requires:

o separate logical channels for phase data from each RU,
o independent time-series storage and processing for each link.
e The network must support two-way communication between DU and RUs so that:
o RUs can send phase information back to the DU as a function of time,
o the DU can compute the effective one-way phase shift and generate correction values,
o the DU can send phase-correction commands to each RU.

e Phase control capability at each RU is able to adjust the phase of the locally recovered clock
and/or data stream and to apply DU-provided phase shifts independently per RU,

e FPGA-based real-time processing at DU and RUs to support real-time phase measurement,
implementation of the phase-caching algorithm, and a control loop that remains stable under
the expected latency and quantisation constraints.

(e) Specifications for cost and commercial viability

To ensure the PoC is not just technically feasible but also commercially relevant, the following high-
level constraints apply:

e Single-PD RU design
Each RU should rely on a single photodiode front-end for clock, RF and data extraction,
minimising footprint and power consumption.

¢ Reuse of standard components
Wherever possible, the design must use:

o standard WDM MUX/DEMUX devices,
o commercially available modulators and EDFAs,
o off-the-shelf FPGAs and filters.

e Single-fibre deployment model
The single-fibre bidirectional operation is not only for symmetry but also to:

o match typical operator deployment models for 10-20 km access or fronthaul links,
o reduce deployment and maintenance costs compared to dual-fibre solutions.

e Scalability considerations
Even though PoC 2 demonstrator is defined with 1 DU and 2 RUs, the specifications should
be chosen so that:

o the architecture can be extended to more RUs without fundamental redesign,
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o additional RUs can be added mainly by replicating RU blocks and WDM channels.
4.5.PoC Interfaces

This section defines the planned interfaces required for PoC operation, covering all optical, electrical,
and digital/FPGA signal paths between the DU, RUs, and the comb-locking subsystem. Each interface
specifies its purpose, signalling format, and the key requirements needed to support ps-level
synchronisation, multi-wavelength transport, phase caching, and data transmission.

4.5.1.Optical Interfaces
Comb Distribution Interface
Path: Menhir Photonics MLL — 50-GHz AWG — DU optical path
Function: Provides the DU with raw comb tones for clock extraction and wavelength-multiplexing.
Signals: Optical comb centred at ~1551.1 nm.
Physical interface: Polarisation-maintaining (PM) single-mode fibre pigtails, FC/APC connectors.

Requirements: ITU-grid alignment, stable optical power, and sufficient OSNR for PD detection.

Downstream WDM Interface
Path: 200-GHz AWG — EDFA — 10-20 km SSMF

Function: Combines DU data wavelengths with comb tones; delivers downstream multi-wavelength
RAN signals. Signals: 1554.13 nm (DU—RU1), 1557.36 nm (DU—RU2) carriers, comb tones.

Requirements: Launch power >10 dBm and EDFA gain stability.

RU Optical Reception Interface
Path: Additional 200-GHz AWG — RU1/RU2 PDs

Function: Delivers multiplexed downstream signals to RU photodetectors after short fronthaul
segments.

Signals: Combined comb + OOK data.
Requirements: Sufficient PD bandwidth (20—40 GHz) for clock and carrier extraction.

Upstream WDM Interface

Path: RU1/RU2 externally modulated lasers — 40/80 m SSMF — AWG — 10-20 km SSMF — DU
PDs

Function: Carries upstream 2.5 Gb/s OOK traffic and clock-phase update information.

Signals: 1555.75 nm (RU1—DU), 1558.98 nm (RU2—DU) carriers.

Electrical Interfaces
DU Clock Extraction Interface
Path: OBPF — PD — BPF — +4 — DU FPGA PLL

Function: Extracts the 2.5 GHz comb clock used to synchronize DU digital processing.
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Signals: Electrical 2.5 GHz RF tone.

RU RF Recovery Interface
Path: PD — amplifiers — RF splitters — BPF/LPF — RU FPGA

Function: Provides RU FPGAs with recovered 2.5 GHz clocks, RF carriers (25 GHz RU1, 5 GHz
RU2), and downstream data.

Signals: Multi-frequency RF outputs.

Coaxial Synchronization Monitoring Interface
Scope: RU FPGA Tx — <30 cm coax — DU FPGA Rx
Function: Enables high-resolution measurement of RU—DU phase alignment.

Signals: RU clock output (post-PI correction).

Locking and FPGA Interfaces
Comb-Locking Digital Interface
Scope: +64 comb tone — PFD — PID — PZT

Function: Executes the locking loop that aligns the optical comb’s repetition rate with the 10 MHz
caesium reference.

Signals: 39.0625 MHz synthetic reference, PFD error signal, PID control commands.

DU FPGA Data Interface

Scope: DU FPGA Tx — EML drivers

Function: Generates real-time 2.5 Gb/s NRZ-OOK downstream data synchronized to the comb clock.
Signals: PRBS (2%-1) streams and packetized phase information.

RU FPGA Data and Clock Interface

Scope: PD outputs — RU FPGA Rx — RU FPGA Tx

Function: Receives downstream data/clocks; produces upstream 2.5 Gb/s NRZ-OOK data.
Signals: 2.5 Gb/s data, 2.5 GHz recovered clock.

4.6. PoC Testing Plans

The purpose of this section is to define the pre-integration testing plan for all components involved in
PoC 2. Each subsystem must be individually validated, optically, electrically, and digitally before
system-level integration. These component acceptance tests ensure that the master optical clock, data-
modulation chain, WDM transmission path, and RU receiver elements meet the performance
requirements necessary for stable synchronisation, phase caching, and joint delivery of clock/RF-
carrier/data.

As several components and subsystems are commercially procured, their manufacturer-specified
performance parameters are explicitly stated here and will be verified during acceptance testing to
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confirm suitability for integration into the PoC.

4.6.1.Master Optical Clock

The master optical clock (MoC) defines the timing stability of the entire PoC. Its characterisation will
therefore take place in both the RF domain and the optical domain to verify that the Menhir 2.5-GHz
mode-locked laser (MLL) provides sufficiently low jitter and phase noise to act as the DU’s central
comb source.
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Figure 4-8: Schematic of the experimental setup used for comb characterization in RF domain

RF-Domain Characterisation

The RF-domain characterisation will assess the stability of the 2.5-GHz pulse train produced by the
Menhir-1550 femtosecond laser. This source generates ultra-stable 2.5-GHz pulse trains with ~755-fs
optical pulses. A variable optical attenuator will be placed before the photodetector to prevent PD
saturation, after which the detected electrical comb harmonics, limited by PD bandwidth to
approximately 40 GHz, will be analysed using a high-performance phase-noise analyser. Cross-
correlation and FFT-based techniques will be used to measure the single-sideband phase-noise spectrum
across relevant offset frequencies, from which timing jitter will be derived. This RF-domain
characterisation will be used to confirm the suitability of the MoC as the source of DU timing and the
reference for RF-carrier generation at the RUs. The results of these tests are reported in Deliverable
D4.1.
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Figure 4-9: Schematic of the experimental setup

Optical-Domain Characterisation

In the optical domain, a line-by-line phase-noise characterisation of the 2.5-GHz MoC was carried out
using a high-stability 25-GHz electro-optic (EO) frequency comb as a reference oscillator. The
heterodyne detection scheme enabled precise measurement of the comb-line phase-noise power spectral
density. A 1-Hz intrinsic linewidth CW laser was used as the EO seed, amplified by an EDFA before
the EO modulation stage. The EO modulation frequency was set to 25 GHz, while the MoC repetition
rate is 2.5 GHz, yielding fundamental beat notes in the 0.05-1.25 GHz range when a single EO comb
tone is selected. The EO comb was driven by an ultra-low-noise RF synthesiser with 15-fs integrated
jitter to minimise added noise. The EO and MoC combs were combined in a PM 50:50 coupler, filtered
with a 30-GHz optical bandpass filter to pass ~15 MoC lines and a single EO tone, and jointly amplified
in a PM-EDFA to raise the beat-note power above the photodetector noise floor. A 0.05-1.05 GHz low-
pass filter after RF amplification suppressed unwanted beat components, and the resulting signal was
analysed with an electrical phase-noise analyser to characterise the MoC. The results of these tests are
reported in Deliverable D4.1.
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4.6.2.DU Unit

Table 4.1 summarises the main optical, electrical, and digital components used in the DU master-clock
and comb Table 4.1 summarises the main optical, electrical, and digital components used in the DU
master -distribution subsystem, together with the key parameters that are relevant for implementation

of the phase-caching synchronisation capability.
Table 4.1: Characteristics of individual components at the DU unit

Component

Data Modulation Specifications

Tuneable lasers
ID Photonics DX Lasers x2
C-Band, line width <25 kHz

Mach Zehnder Modulators (MZM)

MZM Bias Controllers (Dither-less)

MOC Operation Specification
Dispersion Compensation Module

MOC optical power
OBPF BW

MOC Locking Specification

Caesium atomic clock

Phase frequency Detector (Toptica
Photonics)

PI Controller (New Focus
LB1005-S)

Frequency Divider (Hitite HMC983)

BPF bandwidth

(Mini circuits VBF - 2435)
LPF BW

(Mini circuits SLP-70)

Parameter

@ 1554.13 nm
@ 1557.36 nm

BW =10 GHz

Operating wavelength = 1525-1605 nm
Insertion loss =— 3.5 dB

Extinction Ratio =—20 dB
Stabilization time = 30s

Input wavelength = 1100-1650 nm
Output power stability = + 0.03 dBm

-253/ps/nm for 13km compensation

~14dbm

50 GHz

Frequency =10 MHz
TTL RF power = 10 dBm

RF input power range = — 53dBm to — 3 dBm
Frequency range = 0.1 to 104 MHz

Ext. Ref in power =— 10 to 10 dBm
Input/Output Voltage = +10 V

Bandwidth >10 MHz

Adjustable Gain = —40 to +40 dB
Adjustable P-1 Corner Frequency Range = 10 Hz to 1 MHz
Input RF Range = DC to 7 GHz

Input Sensitivity = — 10 dBm

Divider range:

int Mode =32 to 1,048,575

frac Mode = 36 to 1,048,571

Centre frequency = 2.5 GHz

Centre frequency = 70 MHz

WDM and Fibre Transmission Specification
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AWG channel spacing

Fibre length

Launched signal power into fibre

Phase Caching Specifications

PDx2 Bandwidth
Lab Buddy

FPGA model

4.6.3.RU Units

200 GHz

10 - 20 km

> 10dBm

18 GHz

Virtex Ultrascale VCU108
Bandwidth: Up to 28 Gbps using GTY
Line rate : 2.5 Gbps

Table 4.2 summarises the main optical, electrical, and digital components used in RU1 and RU?2.

Table 4.2: Characteristics of individual components at the RU units

Photodetectors

Data Extraction filters
Low pass filter (LPF) x2
Mini circuits VLF — 1700+

Clock Extraction filters
Bandpass filter (BPF)x2
Mini circuits VBF — 2435+

Carrier Extraction filters
Bandpass filter (BPF)

Tuneable lasers
ID Photonics DX Lasers x2
C-Band, linewidth < 25 kHz

4.6.4. Antennas

RU 1 PD BW: 40 GHz
RU2 PD BW: 20 GHz

BW: 1700 MHz

Centre frequency: 2500 MHz
BW: 2340 to 2530 MHz

RUI

Custom made Cavity filter
Centre frequency: 25 GHz
BW: 50 MHz

Insertion loss: 2dB

RU2

Mini circuits VBFZ-5500-S+
Centre frequency: 5500 MHz
BW: 4900 to 6200 MHz

(RU1—-DU) @ 1555.75 nm
(RU2—DU) @1558.98 nm

Testing and characterization of the mm-Wave MIMO antenna array will be performed at Fraunhofer
IZM. Specifically, small signal S-parameters measurements of individual elements will be taken,
followed by realized gain measurements in the mm-Wave anechoic chamber. Subsequently, the
beamwidth and maximum gain at broadside of a 4x4 array prototype fed by an integrated corporate feed

network will be measured.
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4.6.5.Electrical Filtering

The electrical filtering at the RU will be performed using different solutions, depending on the RU's
centre frequency. The 6G-MUSICAL project obtained commercial solutions for electrical filtering and
also designed and developed electrical filters.

For RUs operating at 5 GHz and 25 GHz:

The key characteristics of the commercially adopted analogue filters, namely the bandpass filters for
carrier/clock extraction from MOC and the low-pass filter for data extraction, are listed in Table 4.2.

For RUs operating at 27.5 GHz:

At Instituto de Telecomunicagdes (IT), a Dielectric Resonator (DR) filter will be designed and
produced. This high-Q filter will enable the extraction of the reference at 27.5 GHz. The DR filter will
be tested and characterized within IT, including experimental S-parameter characterization. From these
tests, key performance metrics will be inferred, such as the insertion loss, Q-parameter and rejection.
These individual component tests will be presented in the context of WP5.

4.6.6. KPI Measurement Plan
4.6.6.1.KPI 3.1: Flexible coverage

This KPI quantifies the system's ability to generate and distribute RF carriers with flexible frequency
coverage from sub-6 GHz to 100 GHz, while simultaneously enabling RF transmission and clock
synchronisation at the receiver. The KPI will be verified by configuring the system to generate
representative carrier frequencies across the target range, namely 5GHz, 25GHz and 27.5G and
distributing them over fibre to one or more receiver units (RUs). At each RU, successful RF reception
and stable clock recovery will be verified concurrently, confirming that clock synchronisation is
maintained during RF transmission. Frequency accuracy and stability will be monitored using calibrated
spectrum- and frequency-analysis instrumentation to confirm correct operation across the full tuning
range.

4.6.6.2.KPI 3.2: Jitter

This KPI quantifies the timing jitter of the RF carriers generated at each RU. The jitter will be obtained
from phase-noise measurements of the RU-specific carrier frequencies (e.g., 5 GHz, 25 GHz, and 27.5
GHz), captured using a high-performance phase-noise analyser such as the R&S FSWP with cross-
correlation. Measurements will be taken both before and after fibre transmission to assess the impact of
chromatic dispersion, noise accumulation, and environmental drift. Integrated timing jitter will be
calculated over the relevant offset range (e.g. 1 kHz—10 MHz), with a target performance of <60 fs,
consistent with the requirements for cm-level localisation and high-frequency ISAC operation. The plan
also includes comparing carrier jitter in comb-locked versus unlocked operation to quantify the
improvement provided by the Cs-disciplined optical comb.

4.6.6.3.KPI 3.3: Clock timing error

This KPI evaluates the relative RMS timing error between the RU clocks and the DU reference clock,
and also between the two RUs over multiple days (>2 days). The measurement will be carried out using
the FPGA’s GTY clock-data-recovery (CDR) phase outputs, which provide high-resolution phase
estimates of the incoming RU clock signals. These phase values will be logged over extended periods
(targeting more than 48 hours) to capture both short-term stability and long-term drift. Measurements
will be performed with and without clock-phase caching enabled, allowing the improvement provided
by fibre-drift compensation to be quantified. RMS timing error will be derived from the logged CDR
phase samples after appropriate calibration.
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4.6.6.4.KPI 3.4:Time accuracy

This KPI quantifies the time and frequency accuracy of the developed reference source over short-term
averaging intervals. The time accuracy will be evaluated by measuring the relative frequency stability,
expressed as Allan deviation, at an averaging time of 1 s. Measurements will be performed by
comparing the developed reference against a traceable high-accuracy reference using high-resolution
frequency comparison techniques. In practice, Allan deviation will be quantified using phase-noise
measurements acquired with a high-performance phase-noise analyser (Rohde & Schwarz FSWP),
complemented by frequency counter measurements and a dedicated post-processing algorithm that
derives the corresponding Allan deviation and time-error metrics from the measured data.

4.6.6.5.KPI 3.5: Inter-node timing deviation

This KPI quantifies the time-domain stability between RU1 and RU2, using Time Deviation (TDEV)
calculations derived from FPGA-captured timestamps or unwrapped clock-phase data. TDEV will be
computed over averaging intervals from milliseconds up to several thousand seconds, providing a
stability profile comparable to network-synchronisation standards (e.g. G.8261). This will verify that
the synchronous optical distribution and phase-caching loop maintains consistent timing between RUs
over short and long time scales.

4.6.6.6.KPI 3.6: Comb Locking Performance

This KPI evaluates how effectively the Menhir Optical Comb (MOC) tracks the 10 MHz Cs atomic
clock. Measurements will assess:

e Phase noise between the comb’s repetition rate when locked versus free running,.
e Time Interval Error (TIE) of the locked and unlocked comb output.

e Time Deviation (TDEV) and Allan Deviation (ADEV) using a frequency counter or time
interval analyser.

e Comparison of locked vs. unlocked stability to quantify improvement from the locking loop.

The plan ensures that the comb achieves sufficient long-term stability for DU-and-RU synchronisation
and phase caching.
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5. PoC 3: Use Antenna Array Technology from Antenna to RAN

5.1. Introduction
5.1.1.PoC Platform Details
Title: Use Antenna Array Technology from Antenna to RAN
Country: Cyprus
Leader: FHG
Participants: eBOS
5.1.2. Functionalities

PoC3 demonstrates the integration of advanced phased-array antenna technology into a 5G testbed to
enable joint communication and radio-sensing capabilities, forming a foundation for future 6G
networks. The core functionality of the PoC is the integration of sensing and communication, with the
phased-array antenna simultaneously supporting high-speed data transmission and environmental
sensing. Another key functionality is the phased-array antenna's dynamic beamforming and beam-
steering capabilities. PoC3 validates the control phases of the antenna in an end-to-end manner, ensuring
precise beam alignment. By leveraging metasurface-enhanced designs, the antenna achieves improved
gain, extended bandwidth, and energy-efficient operation compared to conventional technologies. This
capability ensures robust connectivity under varying propagation conditions, optimizes signal delivery
to mobile users, and highlights the practical advantages of advanced antenna architectures in 6G
networks.

The PoC further emphasizes the integration of the phased-array antenna within the 5G RAN
infrastructure, including interactions with baseband units, remote radio heads, and the core network.
This setup enables end-to-end testing of both communication and sensing functionalities under realistic
operational conditions. Over-the-air experiments will assess key performance metrics such as latency,
throughput, coverage, and spectral efficiency while simultaneously performing user localization and
tracking. Testing in the controlled laboratory environment allows a comprehensive evaluation of
antenna performance.

5.1.3. Objectives

Building on the defined functionalities, the primary objective of PoC3 is to integrate and evaluate state-
of-the-art planar phased-array antennas within a commercial-off-the-shelf communication platform to
demonstrate the key enablers of 6G Integrated Sensing and Communication systems. The PoC aims to
provide critical insights into the feasibility, calibration requirements, and real-world constraints of
deploying these antennas in future 6G wireless and radar-sensing environments. Specifically, PoC3
focuses on the end-to-end integration of advanced phased-array antenna technology from the antenna
layer through the Radio Access Network (RAN), enabling simultaneous communication and radio-
sensing functionalities.

A central goal is to demonstrate how state-of-the-art antennas can be seamlessly incorporated into an
operational 5G infrastructure while supporting both communication and sensing-oriented applications
such as localization, tracking, and environmental perception. By evaluating antenna performance under
realistic propagation conditions, the PoC validates the potential of phased-array antennas to meet the
requirements of future 6G perceptive networks. Furthermore, the PoC provides a platform for testing
and validating new technologies and applications, helping to accelerate the development and
deployment of new generation networks and services, and drive innovation in various industries. In this
way, the objectives of PoC3 directly align with its demonstrated functionalities, bridging the gap
between laboratory-scale prototypes and real-world 6G network deployment.

Page 43 of 53



6G-MUSICAL Horizon No. 101139176 Deliverable D6.1

5.1.4. Motivation

The motivation for PoC3 stems from the growing demand for wireless networks capable of supporting
both high-speed communication and environmental awareness. Next-generation 6G networks are
expected to enable applications requiring ultra-low latency, centimeter-level localization, high-
resolution tracking, and intelligent environmental perception. Conventional communication systems
and antenna technologies are insufficient to meet these requirements, particularly when sensing
capabilities must be integrated within the same hardware platform.

By leveraging phased-array antennas, PoC3 addresses the critical need for compact, energy-efficient,
high-performance antennas that can operate in complex propagation environments. The PoC
demonstrates the feasibility of merging communication and sensing functionalities into a single system,
paving the way for perceptive networks that can serve autonomous vehicles, drones, industrial
automation, and next-generation mobile users. Additionally, the PoC investigates the practical
challenges of deploying these technologies in existing 5G infrastructures, providing valuable insights
into calibration, integration, and real-world performance. These outcomes will directly inform the
design and deployment strategies for future 6G networks, contributing to the development of scalable,
high-accuracy, and multi-functional wireless systems.

The primary end-users of PoC3 include network operators seeking to evaluate next-generation RAN
components and phased-array antennas, vehicle and drone manufacturers leveraging integrated sensing
for navigation and tracking, research institutions studying the integration of ISAC technologies in 6G
networks, and telecommunication service providers exploring use cases such as high-accuracy
localization, ultra-low-latency communication, and adaptive coverage management. Key stakeholders
encompass antenna technology providers responsible for design and calibration, testbed operators
managing integration and over-the-air testing, regulatory bodies ensuring spectrum compliance, and
end-user organizations providing operational scenarios for validation. Together, these functionalities
demonstrate the PoC’s capability to validate advanced phased-array antenna designs, integrate them
into existing 5G infrastructure, and assess their performance in practical, real-world conditions,
establishing a foundation for future 6G perceptive networks.

5.1.5. Infrastructure

The eBOS Testbed facility will be used for this PoC, offering a versatile, beyond 5G infrastructure that
can support end-to-end connectivity for the next generation of cellular networks. That includes different
options, such as a fully virtualised 5G Radio Access Network (RAN) that can support several wireless
communication technologies. The testbed supports a range of RAN configurations to accommodate
diverse experimental requirements. For this PoC the Callbox Advanced from Amarisoft will be used,
which enables end-to-end control and flexible customization. To accommodate the PoC, the facility is
enhanced with inclusion of the Amarisoft FR2, to enable mmWave experimentation in the 24-30 GHz
range, extending the testbed’s capabilities into the 5G NR millimeter-wave spectrum.

Additionally, all the different network functions and interfaces of the 5G mobile core network are
supported within the testbed, providing the flexibility to test with different virtualised cores, such as
Open5GS, freeSGC, OAI and lastly the 5G core from Amarisoft (Figure 5-1). It supports end-to-end
slicing in accordance with 3GPP Release 17 standards and is fully upgradeable to accommodate future
3GPP releases. All those services are orchestrated by the ETSI OSM MANO stack, which offers the
flexibility of a hierarchical architecture that serves to coordinate and manage systems spanning multiple
vendors and domains. The testbed runs on an advanced server, which includes 2 Intel Xeon-Gold 6338
32-core CPUs with a processor speed of up to 3.2 GHz. Those CPUs are complemented by the Fourth-
generation tensor cores of the 16 GB GDDR6 GPU (Nvidia Tesla T4), which provides dramatic Al
speedups and increased bandwidth between the CPU memory via the PCle Express Gen 5. The server
is further equipped with 12 highly reliable DDR4 64GB RAM sticks at 3200 MT/s, which increases
overall performance. Lastly, for the networking part of the server, two Ethernet network adapters are
included with 8 ports available splitting between 4 ports of PCle Gen2x4 with data rates of up to 1Gb
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using the Intel [350-T4 and 4 ports of PCle Gen4x16 with data rates of up to 25Gb provided by the Intel
E810-XXVDAA4.
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Figure 5-1: Testbed Architecture used in PoC3

5.2. Technologies

PoC3 leverages a combination of advanced hardware, innovative antenna designs, and intelligent
algorithms to enable integrated communication and radio-sensing functionalities. The technological
approach focuses on state-of-the-art phased-array antennas, enhanced with metasurface designs, to
provide high-resolution beamforming and environmental sensing capabilities. Complementing this
hardware, intelligent algorithms guide the system’s sensing and tracking, enabling it to operate
autonomously in complex urban environments.

5.2.1. Radio-Sensing Technology

The radio-sensing functionality in PoC3 is enabled by a Reinforcement-Learning (RL) algorithm
specifically designed to localize and track a user moving within a city grid. The RL agent continuously
evaluates the environment, selects actions to improve localization accuracy, and updates its strategy
based on feedback from the environment. Its primary objective is to estimate the user’s position in real
time while adapting to changes in propagation conditions, line-of-sight (LoS) availability, and user
mobility.

The algorithm relies on a set of carefully selected parameters to make informed decisions. Currently, it
utilizes detailed ray-tracing path information, including azimuth and zenith angles of arrival (DoA_phi,
DoA _theta) and departure (DoD phi, DoD theta), time of arrival (ToA), phase, power, and the number
of propagation paths. Additionally, the Euclidean locations of both the user ([X, y, z]) and the base
station ([x, y, z]) are incorporated into the agent’s state representation, enabling precise spatial
awareness.

Future iterations of the algorithm may include additional parameters to improve tracking accuracy and
environmental adaptation. These candidates include path loss, representing the combined attenuation
between the transmitter and receiver in dB; TX-RX distance, measuring the Euclidean separation
between the transmitter and receiver; and LoS status, indicating the presence of a direct propagation
path. LoS status is represented as a discrete variable, with 1 indicating a LoS path exists, 0 indicating
only non-line-of-sight (NLoS) paths exist due to partial blockage, and -1 indicating full blockage with
no viable paths between the transmitter and receiver.
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By combining high-resolution phased-array hardware with a reinforcement-learning-based localization
algorithm, PoC3 demonstrates a practical approach to dynamic, radio sensing. This integration
highlights the potential of intelligent algorithms to guide beamforming and sensing operations, paving
the way for accurate user localization, continuous tracking, and environmental perception in future 6G
networks.

5.3. PoC Architecture

This PoC relies on a combination of advanced communication infrastructure, antenna hardware, and
intelligent signal processing to meet its objectives. The core platform is the 5G infrastructure provided
by the eBOS testbed, which serves as the operational environment for real-time communication, control,
and performance evaluation. Integrated into this infrastructure is the beamforming state-of-the-art
(BSoA) planar phased-array antenna, which enables high-gain, directional transmission and reception
as well as radio-sensing capabilities. In addition to the physical hardware, the PoC also incorporates an
artificial intelligence component in the form of a reinforcement-learning-based localization and tracking
algorithm. This Al model processes radio-sensing measurements and environmental parameters to
estimate user position. Together, the 5G testbed, phased-array antenna, and Al-driven sensing algorithm
form the complete technological foundation of the PoC.

The phased-array antenna developed within this PoC aims to achieve enhanced gain, extended
bandwidth, and improved energy efficiency compared to conventional antenna technologies. The
antenna will be deployed as the base station (BS) antenna within the 5G testbed infrastructure and will
be a functional part of the RAN. The underlying 5G testbed follows an OAI/O-RAN-based architecture,
enabling functional splits between the Baseband Unit (BBU) and the Remote Radio Head (RRH) over
both optical and wireless fronthaul. The RRH is implemented using small-form-factor PCs and the
Amarisoft 5G base station for RF processing. The phased-array antenna is directly interfaced with this
infrastructure for transmission and reception of user data and sensing signals. The PoC scenario involves
a communication link between the base station and the end terminal. The system will support user
localization, signal transmission, and real-time tracking using a single radio interface, thereby validating
the concept of integrated sensing and communication (ISAC). The complete architecture enables joint
evaluation of antenna performance, RAN behaviour, and sensing functions under realistic operating
conditions.

5.4.PoC Requirements/Specifications

PoC3 experiments will involve sub-6GHz measurements of directional UWB antennas. Specifically,
ultrawideband (UWB) current-sheet-based elements will be designed to accommodate the extremely
wide bandwidth of the experimental setup. Specifically, the omnidirectional reference antennas will be
replaced by wideband directional elements.

PoC3 experiments will focus on sub-6 GHz operation, utilizing ultrawideband (UWB) directional
antennas to support the broad frequency range of the experimental setup. These antennas will be based
on current-sheet designs, which enable wideband performance, high gain, and precise phase and
amplitude control necessary for beamforming and radio-sensing functionalities. The baseline
omnidirectional reference antennas will be replaced by these wideband directional elements, providing
controlled spatial coverage, enhanced directivity, and improved signal-to-noise ratios for
communication and sensing experiments. The antennas are required to support dynamic beam steering
to enable adaptive directional transmission and reception, which is essential for localization, tracking,
and environment mapping in realistic scenarios. Stability of the radiation pattern, gain, and phase across
the operational bandwidth is a key requirement to ensure accurate radio-sensing measurements and
effective integration with the reinforcement-learning-based localization and tracking algorithms. Low
side-lobe levels and minimal cross-talk between antenna elements are also necessary to reduce
interference and improve measurement fidelity during both communication and sensing operations.

Integration requirements specify that the antennas must interface seamlessly with the RAN baseband
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and fronthaul infrastructure, allowing real-time control of beam direction and amplitude. This includes
compatibility with the OAI or O-RAN software stack, enabling coordinated beamforming, scheduling,
and signalling to the UE or SDR-based measurement platform. The system must support sub-6 GHz
transmissions with stable latency, throughput, and connectivity, while also enabling calibration and
measurement collection via RF test equipment in a dedicated antenna-testing chamber. The PoC should
also provide sufficient measurement resolution and precision to evaluate key performance indicators
(KPIs), including antenna bandwidth, spectral efficiency, coverage, and latency.

Finally, the experimental setup must allow repeatable and controlled testing, enabling a clear
comparison between the baseline infrastructure (with omnidirectional reference antennas) and the
advanced wideband directional phased-array antennas. The combination of directional UWB antennas,
integrated radio-sensing, and fully functional 5G infrastructure ensures that the PoC can evaluate both
the communication and sensing capabilities of next-generation systems, providing insight into the
feasibility and performance of future 6G perceptive networks.

5.5.PoC Interfaces

PoC3 defines and implements all necessary interfaces to enable seamless integration of the various
subsystems, ensuring that communication, radio-sensing, and control algorithms can operate together
reliably. Key interfaces include those between the phased-array antennas, RAN and core network
components, and user equipment, as well as interfaces for the algorithm.

These interfaces will specify the data formats, signalling protocols, control commands, and
synchronization mechanisms, providing a modular and reproducible framework for testing, monitoring,
and evaluation. By standardizing these interfaces, the PoC enables flexible integration, efficient
experimentation, and clear separation of subsystems, while supporting both communication and radio-
sensing functionalities in a sub-6 GHz environment.

Table 5.1: PoC3 Interfaces
Source Destination

Interface Component = Component Purpose / Function

RAN . | Transfers baseband signals and timing
Fronthaul Remote Radio | . . . .
Interface Baseband Head (RRH) information; ensures synchronized operation
Unit (BBU) and real-time processing
Antenna-RRH Phased-Array Connects RF front-end.to. the antenna array;
RRH supports signal transmission, reception, and
Interface Antenna

control signaling

Monitoring  /
Testbed
Orchestration

Algorithm RL
Data Exchange | Algorithm

Provides system monitoring, KPI logging, and
performance evaluation feedback

5.6.PoC Testing Plans

This section defines the complete testing methodology for PoC3, covering both individual component
acceptance tests and end-to-end system-level validation. The objective of the testing plan is to ensure
that all hardware and software components meet their functional and performance requirements prior
to integration and that the fully integrated system satisfies the PoC objectives under realistic operating
conditions.

5.6.1.Setup Configurations
All testing activities will be conducted using the 5G testbed infrastructure, which includes the RAN,
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core network, fronthaul, and user equipment (UE). The phased-array antenna will be integrated as the
BS antenna within the RAN.
The general setup includes:
1. Phased-array antennas provided by FHG.
RAN implementation based on OAI/O-RAN with Amarisoft or USRP N321 provided by eBOS.
5G core network and fronthaul connectivity provided by eBOS.
UE terminal receiver provided by eBOS.
Metasurface reflector provided by IT.

A

Obstacle to prevent LoS.

Metasurface Reflector

eBOSBS [Nl 555"
j/ e V. Obstacle that

prevents LOS

Directional antennas
(FhG or commercial)

Figure 5-2 Setup Configuration

5.6.1.1. Individual Component Testing

Test plans for the individual components (component acceptance tests) will be established and executed
prior to system integration. These tests aim to verify that each component meets its technical
specifications and is suitable for reliable operation within the integrated PoC system. Only components
that successfully pass the acceptance testing phase will proceed to full system integration.

¢ Phased-Array Antenna Calibration and Characterization

For the individual component testing phase, the phased-array antenna will be calibrated and tested in a
dedicated antenna-testing chamber designed for controlled RF measurements. Specific RF
measurement equipment will be used to calibrate the phased-array antenna and to validate its
performance in terms of operating frequency range, gain, beam-steering accuracy, and phase
consistency. Conducting the measurements in a controlled chamber environment ensures high
repeatability and minimizes external interference, enabling accurate and reliable performance
assessment. Only antennas that successfully meet the defined acceptance criteria following calibration
and measurement will proceed to system-level integration. The RF measurement equipment is not part
of the operational PoC architecture and is used solely for calibration and performance evaluation.
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Figure 5-3: Phased-Array Antenna Calibration and Characterization Architecture

e Baseline infrastructure and equipment validation

The baseline infrastructure, consisting of the RAN and fronthaul subsystem, the 5G core network, and
the user equipment, will be tested independently of the phased-array antennas to ensure that all core
components operate correctly prior to integration. A detailed description of the acceptance tests for each
of these three subsystems is provided in the following sections. Figure 8 illustrates the overall
architecture of the baseline infrastructure, highlighting the interaction between the RAN, core network,
and UE components used for these pre-integration tests.
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Figure 5-4: Overall PoC3 Testing Architecture

o RAN Baseband and Fronthaul

The RAN baseband and fronthaul components will undergo lightweight acceptance tests to verify basic
functionality and connectivity prior to integration with the phased-array antennas. These tests will be
conducted using the existing Amarisoft antennas or other test interfaces, allowing validation of the RAN
infrastructure independently of the new antenna technology. The tests include verifying correct
initialization of the OAI or O-RAN software stack, confirming that configuration files are loaded
properly, and ensuring reliable communication between the baseband unit and the remote radio head
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(RRH). Fronthaul connectivity will be evaluated through basic packet exchanges to ensure correct data
transfer and minimal packet loss. User-plane verification will be performed by transmitting small,
controlled data streams to verify throughput and basic packet handling. Software restart and recovery
tests will also be conducted to ensure the baseband resumes normal operation automatically after a
process restart. By focusing on pre-integration functionality with existing antennas, these tests provide
confidence in the RAN subsystem’s operational stability and readiness for later integration with the
phased-array antennas.

e (Core Network

The 5G core network will undergo basic acceptance tests to ensure correct operation of essential
network functions without requiring extensive load testing. These tests will include verifying UE
registration and authentication procedures, ensuring that devices can successfully attach to the network.
Basic user-plane and control-plane data routing will be tested by transmitting small test packets between
the UE and a remote endpoint, confirming correct forwarding and minimal packet loss. Key
performance indicators such as latency will be measured under nominal conditions, while simple fault
recovery checks, such as restarting core network processes, will confirm the system’s ability to resume
operation reliably. These lightweight tests provide sufficient confidence in core network readiness for
integration with the RAN and phased-array antenna subsystems.

e User Equipment

User equipment functionality will be validated using software-defined radio (SDR) modules that serve
both as UE emulators and spectrum analysis tools. Acceptance tests will include basic network
attachment and re-attachment procedures, confirming that the SDR can register with the 5G testbed and
maintain connectivity. Simple mobility tests will verify that the UE can reconnect automatically after
simulated movement or signal changes. Controlled data transmissions will be performed to measure
basic throughput and latency under stable conditions. Additionally, the SDR will be used to observe
and validate beamformed sub-6 GHz transmissions from the phased-array antennas, ensuring
compatibility and signal integrity. These lightweight tests provide a practical approach to UE validation
while supporting calibration and monitoring activities during the PoC.

5.6.1.2. Overall PoC Testing

Following the successful completion of all individual component acceptance tests, the integrated PoC
system will undergo comprehensive end-to-end validation. System-level testing will be performed in
two stages. In the first stage, the existing Amarisoft advanced antennas in the testbed will serve as a
reference baseline to validate the performance of the 5G infrastructure under standard operating
conditions. These antennas, which are primarily omnidirectional, provide wide-area coverage but do
not offer dynamic beam steering or radio-sensing capabilities. All tests in this stage will be conducted
on the sub-6 GHz band to ensure compatibility with legacy frequency ranges.

In the second stage, the Amarisoft reference antennas will be replaced by the newly developed
wideband, bi-directional, and highly directive phased-array antennas. These antennas enable dynamic
beam steering, adaptive coverage control, and integrated radio-sensing functionalities. This direct
comparison allows systematic evaluation of performance gains introduced by directional and beam-
steered operation with respect to throughput, latency, coverage, spectral efficiency, and sensing
accuracy, both at the sub-6 GHz frequency band as supported by the antenna design.

The end-to-end testing will validate full system operation, including RAN and core network
functionality, UE connectivity, mobility handling, and real-time beam tracking. Combined
communication and radio-sensing experiments will assess localization and tracking performance under
realistic operating conditions. All experimental results will be benchmarked against the defined KPIs.
Any deviations from target performance will trigger iterative refinements of the antenna design,
beamforming control, or RAN configuration until the PoC objectives are fully achieved.
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5.6.1.3. KPI Measurement Plan
1. KPI 1: Bandwidth

Objective: Evaluate the operational frequency range supported by the antenna.
Target: The antenna shall operate across the 24-29 GHz band. The testbed will additionally support
sub-6 GHz testing for baseline comparison.

2. KPI 2: Latency

Objective: Measure end-to-end transmission delay between the base station and the UE.
Target: Latency below 1 ms for mmWave case and below 10 ms for sub-6GHz test cases, under ideal
testing scenarios and in accordance with 5G performance benchmarks.

3. KPI 3: Coverage

Objective: Assess the effective service area supported by the system.
Target: Reliable coverage in representative indoor and outdoor environments, supporting both static
and mobile users.

4. KPI 4: Spectral Efficiency

Objective: Measure achievable data rate per unit bandwidth.
Target: Showcase achievable spectral efficiency scalability close to 30 bps/Hz, in line with high-
performance 5G targets, considering advanced MIMO and beamforming.
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6. Conclusions

This deliverable presented the planning and definition of the three PoCs to be implemented in the scope
of WP6 of the 6G-MUSICAL project. For each PoC, the document defines the integration approach for
the components developed in WP3-WP5, identifies requirements and individual component
characteristics, and defines the system architecture, planned testing activities, and Key Performance
Indicators (KPIs).

The planning and definitions presented in this document form the basis for the upcoming project period,
during which the consortium will integrate the individual components and execute the defined testing
plans for each PoC.
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