
 
  
 
 
  

 

Pag. 1 | 35 

 

Project: 101120544 — ISLANDS — HORIZON-MSCA-2022-DN-01 D 1.8 Intermediate report on task 1.4 

activities 

 

 

 

 

          

 

 

 

 

 

ISLANDS 

Integrated Sensing and communications for future 

vehicuLAr systems - a Network of Doctoral Students 

 

Deliverable: D 1.8 Intermediate report on task 1.4 activities 

 

 

Grant Agreement Number:  101120544 

Project Acronym:   ISLANDS 

Project Title:  Integrated Sensing and communications for future vehicuLAr systems 

- a Network of Doctoral Students 

Funding Scheme:   HORIZON-MSCA-2022-DN-01 

Project Start Date:   01/01/2024 

 

Type of Document1: R 

 
1 IN = Information Note; R = Report; P = Prototype; PC = Proof of Concept; O = Other. 

Ref. Ares(2025)11626101 - 30/12/2025



 
  
 
 
  

 

Pag. 2 | 35 

 

Project: 101120544 — ISLANDS — HORIZON-MSCA-2022-DN-01 D 1.8 Intermediate report on task 1.4 

activities 

 

 

VERSION DETAILS 

Planned Delivery Date: December 31, 2025 

Original Delivery Date:  

Status: Final version                                

Dissemination Level2: PU 

 

PARTICIPANTS 

 

Participant Name 

ACG-RC Constantinos Papadias 

UCL Christos Masouros 

CNIT Loredana Stendardo, Stefano Buzzi, Carmen D’Andrea 

 

DOCUMENT HISTORY 

Version Date Responsible Description 

v1.0 18/12/2025 Constantinos Papadias First draft 

v2.0 29/12/2025 C. Papadias Final version 

    

    

 

 

 
2 PU = Public; CO = Confidential, only for the members of the Consortium (including the Commission Services) 



 
  
 
 
  

 

Pag. 3 | 35 

 

Project: 101120544 — ISLANDS — HORIZON-MSCA-2022-DN-01 D 1.8 Intermediate report on task 1.4 

activities 

DELIVERY REVIEWS 

Version Date Reviewed by Conclusion* 

    

    

*e.g., Accepted, Develop, Modify, Re-edit, Update    



 
  
 
 
  

 

Pag. 4 | 35 

 

Project: 101120544 — ISLANDS — HORIZON-MSCA-2022-DN-01 D 1.8 Intermediate report on task 1.4 

activities 

 

Contents 
 

Executive Summary 5 

ACG-RC Contribution 6 

Summary 6 

1. List of Project Beneficiaries and Associated Partners 6 

2. Acronyms 7 

3. Introduction 7 

a. 5G-NR FR1 ISAC Demonstration Using Directional MAMP Antenna Array 8 

b. Review of LTE-V2V System-Level Open Access Simulator 10 

4. Description of activities and results 11 

a. ISAC demons 11 

b. Open Access Simulator 13 

c. Beacon Resource (BR) Allocation Algorithms 14 

d. Mode-4 (Autonomous) 15 

e. Mode-3 (Centralized Scheduling) 18 

5. Conclusions 20 

UCL Contributions 20 

UCL: Constellation in OFDM-ISAC over Data Payloads: MSE Analysis and Experimental 
Proof 20 

Introduction 21 

Mathematical analysis 21 

Over-the-air experiments and validation 22 

Nokia Contribution 25 

Summary 25 

2. ISAC PoC System 26 

3. Measurement Setup 27 

NLOS Detection Approach 28 

Results 29 

Overall Conclusion 31 

6. Bibliography 31 
 

  



 
  
 
 
  

 

Pag. 5 | 35 

 

Project: 101120544 — ISLANDS — HORIZON-MSCA-2022-DN-01 D 1.8 Intermediate report on task 1.4 

activities 

Executive Summary 
The document outlines a comprehensive set of experimental platforms, demonstrations, and system-level 

simulation tools designed to advance Integrated Sensing and Communication (ISAC) for future vehicular and 

wireless systems. It combines over-the-air testbeds that utilize standardized 5G-NR waveforms in both sub-

6 GHz and mmWave bands with detailed simulations of vehicular sidelink communications at the system 

level. The experimental demonstrations validate the feasibility of achieving joint sensing and communication 

using unmodified 3GPP-compliant signals. These demonstrations successfully showcase target detection, 

angular awareness, and signal quality improvements achieved through directional transmission and bistatic 

reception.  

In addition to the hardware testbeds, an open-access system-level simulator has been developed to model 

large-scale vehicular networks. This simulator captures essential factors such as mobility, interference, 

channel effects, and resource allocation, applicable under both centralized and autonomous scheduling 

modes. It enables quantitative evaluations of packet reception, error rates, and blocking probabilities amid 

dense traffic and varying awareness ranges. The results highlight the significant performance benefits gained 

from coordinated scheduling and interference-aware resource reuse. Together, the testbeds, 

demonstrations, and simulator create an integrated experimentation framework that supports reproducible 

research, validation of ISAC concepts, and the development of scalable sensing and communication strategies 

for next-generation intelligent transportation systems. 
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ACG-RC Contribution 

Summary 
The American College of Greece Research Center (ACG-RC), through the SWIFT Lab, has made strides 

in integrated sensing and communication (ISAC) with a 5G-NR FR1 demonstration and a system-

level LTE-V2V simulation. The FR1 demo demonstrates that joint communication-and-sensing can 

be achieved using standard 5G-NR sub-6 GHz signals, simplifying the process compared to 

mmWave/THz prototypes. By using an in-house Multi-Active Multi-Passive (MAMP) antenna array 

and low-cost monopole receivers, the prototype shows that 3GPP-compliant signals can be used for 

target detection and angular localization. Measurements indicate significant SNR gains of 10–15 dB 

over omnidirectional transmission, confirming FR1 ISAC as a viable option for near-term vehicular 

applications. ACG-RC has utilized the LTEV2Vsim open-access LTE-V2X sidelink simulator for 

resource-allocation research in vehicular networks. The simulator models end-to-end V2V 

operations, including mobility and interference, under both centralized Mode-3 and autonomous 

Mode-4 scheduling. Simulations using 300-byte beacons at 100 ms intervals in dense highway 

settings show that Mode-3 consistently achieves better packet reception ratios with fewer errors, 

while Mode-4 suffers from sensing uncertainty and hidden-node interference at larger awareness 

ranges. These findings provide essential insights for developing future ISAC resource-allocation and 

spectrum-sharing techniques within ISLANDS. 

1. List of Project Beneficiaries and Associated Partners 
 

In the following we show the updated list of the project Beneficiaries and Associated Partners. 

  Name  Short 
name 

 Role  Country 

 CONSORZIO NAZIONALE INTERUNIVERSITARIO 
PER LE TELECOMUNICAZIONI  

 CNIT  Coordinator  Italy 

 AMERIKANIKO KOLLEGIO ELLADOS, KENTRO 
EREVNAS  

 ACG-RC  Beneficiary  Greece 

 CHALMERS TEKNISKA HÖGSKOLA AB   CHAL  Beneficiary  Sweden 

 TAMPEREEN KORKEAKOULUSÄÄTIÖ SR   TAU  Beneficiary  Finland 

 ROBERT BOSCH GMBH  BOSCH  Beneficiary  Germany 
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 NOKIA SOLUTIONS AND NETWORKS GMBH & 
CO KG 

 NOKIA  Beneficiary  Germany 

 WAVE UP SRL  WUP  Beneficiary  Italy 

 UNIVERSITY COLLEGE LONDON  UCL  Beneficiary  UK 

 UNIVERSITÀ DEGLI STUDI DI CASSINO E DEL 
LAZIO MERIDIONALE  

 UNICLAM  Associated Partner  Italy 

 UNIVERSITÀ DEGLI STUDI DI SIENA  UNISI  Associated Partner  Italy 

 UNIVERSITY OF CYPRUS   UCY  Associated Partner  Greece 

 KARLSRUHER INSTITUT FÜR TECHNOLOGIE   KIT  Associated Partner  Germany 

 ORANGE SA   ORAN  Associated Partner  France 

 ORGANISMOS TILEPIKOINONION TIS ELLADOS 
OTE AE  

 OTE  Associated Partner  Greece 

 SATELLITE APPLICATIONS CATAPULT LIMITED  SAC  Associated Partner  UK 

 WEIZMANN INSTITUTE OF SCIENCE   WEIZ  Associated Partner  Israel 

2. Acronyms 
 

  Acronym  Meaning 

 DC  Doctoral Candidates 

 MSCA  Marie Skłodowska-Curie Actions 

 WP  Work Package 

 ISLANDS  Integrated Sensing and communication for future vehicuLar systems - A Network of 
Doctoral Students   

 

3. Introduction  
Integrated Sensing and Communication (ISAC) is a key technology for next-generation connected 

and automated vehicles, improving how they perceive their environment and communicate. 
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Traditionally, radar and wireless communication have been separate systems, creating hardware 

duplication and congestion in dense traffic. ISAC merges these functions into a single physical layer, 

enhancing communication reliability with sensing outputs. This integration is crucial for vehicles to 

exchange safety-critical messages and achieve real-time environmental perception. The 

implementation of ISAC demos and the review of existing V2V open-source simulators focuses on 

frameworks like LTE-V2V, with the goal of developing, novel spectrum sharing techniques, 

transceiver design algorithms and new resource allocation techniques based on ISAC. These 

techniques will be validated through an open-source simulator aligned with the ISLANDS network 

objectives. 

a. 5G-NR FR1 ISAC Demonstration Using Directional MAMP 

Antenna Array 
ISAC is emerging as a key technology for future 6G vehicular and mobile systems by enabling the 

sharing of spectrum, waveforms, and hardware for communication and sensing. Most experimental 

ISAC platforms have focused on millimeter-wave (mmWave) and terahertz (THz) frequencies, which 

support high-resolution radar but come with high costs and complex requirements. In contrast, sub-

6 GHz bands of 5G New Radio (NR) provide longer sensing ranges, robust multipath propagation, 

and compatibility with existing cellular infrastructure. 

The SWIFT Lab at the American College of Greece developed an over-the-air (OTA) prototype for 

frequency range 1 (FR1) using ISAC. This system employs unmodified 5G-NR signals for bistatic 

sensing, demonstrating that effective sensing can occur without altering 3GPP reference signal 

structures. The aim is to show that FR1-based ISAC can serve as a practical solution for future 

vehicular ISAC deployments, addressing spectrum access, cost, interoperability, and sensing 

accuracy. 

To ensure compatibility with 3GPP standards, the demo uses unmodified 5G-NR signals without 

altering reference or synchronization structures. It is based on a standard 5G frame, utilizing the 

Primary Synchronization Signal (PSS) in the Synchronization Signal Block (SSB) as the sensing probe 

due to its strong autocorrelation properties.  
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Figure 1. Prototype and radiation performance of the MAMP antenna array 

 

Figure 2. Schematic Layout of Simo Scenario 

The hardware platform consists of a transmitter with the NI USRP-B210 software-defined radio, 

which can operate in two modes: (i) a directional Multi-Active Multi-Passive (MAMP) antenna array 

for hybrid analog beamforming as shown in Figure 1, and (ii) a baseline monopole omnidirectional 
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antenna. On the receiver side, one monopole antenna acts as a communication user equipment 

(UE) receiver, while two synchronized monopole receivers form a SIMO bistatic sensing 

configuration as given in Figure 2. Key system parameters include a center frequency of 2.4 GHz, a 

10 MHz bandwidth, 15 kHz subcarrier spacing, and a normal cyclic prefix, with the MAMP array 

having a half-power beamwidth of about 43 degrees. The demonstration of the ISAC scenario is 

presented in Figure 3. 

 

Figure 3. Demonstration of Platform Units 

b. Review of LTE-V2V System-Level Open Access Simulator 
The LTE-V2V system-level simulator, known as LTEV2Vsim, is crucial for evaluating how resource 

allocation impacts packet-level performance in vehicular communication. This simulator is 

compliant with 3GPP standards and implements PC5 side link communication for both Mode-3 and 

Mode-4 operations. The simulator encompasses all key stages of vehicular communication, starting 

with mobility generation, followed by beacon transmission, radio resource assignment, interference 

computation, decoding decisions, and final performance aggregation. 

LTEV2Vsim utilizes detailed physical layer models, realistic propagation characteristics, and effective 

message generation logic to simulate how vehicles exchange periodic cooperative awareness 

messages, commonly referred to as beacons. A beacon is a broadcast packet that contains vital 

safety information, such as vehicle ID, position, heading, speed, and acceleration. Typically, beacon 

sizes range from 150 to 300 bytes, with LTEV2Vsim using a 300-byte (2400-bit) payload transmitted 

at a rate every 100 milliseconds. Each beacon must be assigned to a set of Physical Resource Blocks 

(PRBs), meaning that the size of the beacon directly influences the number of resource blocks 

required, the transmission time, and ultimately the probability of collisions. 
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The simulator configuration outlines all scenario parameters, including road length, vehicle density, 

mobility characteristics, and wireless channel assumptions. In the current setup, the simulated road 

is a straight highway segment that is 1,000 meters long with a single lane and no lateral width. 

Vehicle positions are uniformly distributed along the roadway based on a defined density of 200 

vehicles per kilometer, resulting in a total of 200 active vehicles. The speeds of the vehicles follow a 

Gaussian distribution, centered at 50 km/h, with a standard deviation of 3 km/h. Position updates 

occur every 100 milliseconds, synchronized with the beacon period. Neighbor selection is based on 

distance, utilizing an awareness range parameter. Vehicles are only included in Key Performance 

Indicator (KPI) computations if they have at least ten neighbors within this range, which helps avoid 

biases from boundary effects. 

To accurately simulate realistic V2V propagation, the simulator utilizes the Winner+ B1 channel 

model, which is commonly used for 5.9 GHz vehicular communication and is referenced in 3GPP TR 

36.885. This model includes both line-of-sight (LOS) and non-line-of-sight (NLOS) path loss 

equations, accounts for frequency dependency, and incorporates empirical adjustments based on 

V2V measurements. While shadowing can be included in the simulation, it is disabled in the baseline 

configuration. The simulator calculates the maximum communication range by considering factors 

such as antenna height, effective antenna height, path loss models, transmit power (23 dBm), 

antenna gains, and noise floor parameters. Using these values along with the required signal-to-

interference-plus-noise ratio (SINR) threshold of 2.76 dB, the maximum LOS communication range 

is approximately 382 meters. 

Another important component of initialization is subchannel formation. Each 1-ms LTE subframe 

contains 100 resource blocks (RBs) in frequency, with 50 RBs allocated per slot across 2 slots. Out of 

these, 4 RBs are reserved for side link control (PSCCH) in an adjacent configuration. The remaining 

RBs are used to create subchannels for data transmission (PSSCH). LTEV2Vsim supports various 

subchannel sizes, including 5, 6, 10, 15, 20, 25, and 50 RBs. The simulator identifies all possible 

combinations of subchannels and selects the smallest feasible size to maximize spectral efficiency 

while minimizing underutilization. Each vehicle transmits one beacon frequency per subframe and 

may occupy multiple subframes depending on resource constraints. Additional transceiver 

impairments, such as error vector magnitude (EVM), inter-RB spectral leakage, and carrier leakage, 

are modeled using empirical constants W, X, Y, and Z based on the 3GPP TS 36.101 specifications. 

The combination of these configuration elements creates a detailed and physically realistic 

simulation environment. This setup enables the exploration of how various resource-allocation 

strategies perform under different awareness ranges, density levels, and physical channel 

conditions. This simulation platform provides a fundamental foundation for research focused on 

ISAC. In this context, similar principles of time-frequency resource allocation, interference 
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management, and the fusion of perception and communication will later be integrated within 

unified sensing-communication frameworks. 

 
Figure 4. Preliminary experiment scenario (SISO) 

4. Description of activities and results  

a. ISAC demonstrators 
The work was conducted in two stages. In Figure 4, a bistatic Single Input Single Output (SISO) 

validation confirmed that the reused 5G-NR Primary Synchronization Signal (PSS) reliably indicates 

target presence through SNR changes. Two target placements were tested: one with a clear LOS and 

another where the LOS was blocked. In both antenna modes, the "target-present" scenario showed 

an increase in SNR, validating target detectability. When the LOS was blocked, SNR decreased as 

expected. Directional MAMP transmission consistently provided higher SNR compared to 

omnidirectional transmission. 

Parameter Value 

Center frequency 2.4 GHz 

Bandwidth 10 MHz 

SCS 15 kHz 

Frames 10 

OFDM symbols/slot 14 
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Table a-1. Setup Parameters for 
ISAC Signals 

 

 

 

 

 

 

 

Next, a full OTA 5G-NR FR1 ISAC SIMO bistatic experiment was conducted. The transmitter steered 

the MAMP array through five angles (30°, 60°, 90°, 120°, and 150°), sending ten frames at each 

angle. The received signals were correlated using the PSS, and SNR was measured at the UE receiver 

and bistatic sensing receivers. Due to the limited 10 MHz bandwidth, a beam-sweep approach was 

used to maximize SNR for target angle estimation, aligning with 3GPP beam-management logic. 

Table a-2. 5G-NR ISAC OTA experiment result 

ISAC Tx Angle Rx1 SNR Rx2 SNR UE SNR 

30° 6.30 dB 12.03 dB 6.65 dB 

60° 10.99 dB 14.37 dB 13.40 dB 

90° 7.82 dB 10.46 dB 20.52 dB 

120° 6.20 dB 23.55 dB 19.94 dB 

150° 7.53 dB 16.37 dB 7.51 dB 

Omni Tx 2.07 dB 4.49 dB 4.00 dB 

Cyclic prefix Normal 

HPBW 43 Degrees 

Duration Per Slot 1ms 
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Figure 5. Received SNR under different scenarios 

Figure 5 demonstrates a clear SNR maximum around 120°, corresponding to the physical target 

placement (115°–125°). Peak SNR values reached about 23.6 dB at the second bistatic receiver and 

19.9 dB at the UE. The MAMP directional mode provided a 10–15 dB gain in SNR over 

omnidirectional transmission, demonstrating significant benefits for joint operation. This 

experiment confirms that the FR1 system can effectively detect targets and provide coarse angular 

localization without modifying any components of the 5G-NR waveform. 

b. Open Access Simulator 
The simulation activities conducted with LTEV2Vsim involve a structured sequence of steps, 

including initialization, resource allocation, physical-layer evaluation, interference modeling, and 

metric computation. The simulator operates on a per-subframe basis with a time resolution of 1 ms, 

accurately reflecting the LTE side link frame structure. During each transmission interval, the system 

updates vehicle positions, recalculates distances, evaluates feasible resource blocks, and assigns 

beacon resources based on the selected beacon resource (BR) algorithm. It also computes received 

power using the WINNER+ B1 model and determines packet success or failure through SINR-based 

decoding. These processes collectively form a complete simulation cycle that captures the 

interactions between vehicle mobility, interference, and MAC-level resource selection. 
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At the start of each simulation cycle, the system updates the locations of vehicles based on their 

individual speeds and calculates the Euclidean distance between all pairs of vehicles. This distance 

matrix is then sorted to identify neighboring vehicles within a specified awareness range. To avoid 

distortions caused by boundary effects, only vehicles with at least ten neighbors are considered for 

performance evaluation. The system then constructs the BRID matrix, which tracks the beacon 

resources used by each neighboring vehicle. This matrix enables each vehicle to detect potential 

resource reuse within its awareness range, which is essential for estimating interference. 

c. Beacon Resource (BR) Allocation Algorithms 
Resource allocation in LTEV2Vsim primarily depends on whether the system operates in Mode-3 or 

Mode-4. In the centralized Mode-3 scenario, eNodeB assigns Beacon Resources through four main 

algorithms: 

1. BR-1: This scheme is based on a reuse range, ensuring that two vehicles can reuse the same 

resource only if they are separated by a predefined minimum distance. In the baseline 

setting the reuse distance is 150m. 

2. BR-2: This algorithm builds on the logic of BR-1 by incorporating scheduled resource 

reassignments. It periodically checks whether previously assigned BRs no longer comply with 

reuse conditions as vehicle mobility changes. 

3. BR-7: This strategy enforces a strict maximum-reuse-distance policy. It deterministically 

assigns BRs, allowing reuse only between vehicles that are always spaced more than the 

maximum distance (382m in the baseline simulator settings) threshold apart. As a result, BR-

7 is considered the most interference-robust approach within Mode-3. 

4. BR-9: This method introduces a power-controlled assignment mechanism. It selects 

resources based not only on spatial separation but also on transmitting power constraints, 

allowing vehicles with lower power budgets to coexist more efficiently. 

In all Mode-3 schemes, vehicles initially receive available BRs. When the resource pool is exhausted, 

reassignment occurs, starting with the farthest vehicles first to minimize interference impact. This 

ensures that every vehicle receives at least one BR, even in congested scenarios. 

Mode-4 relies entirely on the vehicle's autonomous sensing and resource selection.  

1. BR-3: The baseline 3GPP Mode-4 algorithm uses long-term energy sensing to identify the 

least interfered base resources BRs and implements periodic reselection.  

2. BR-5: Qualcomm’s sensing-based approach evaluates the best-K candidate resources with 

finer energy granularity, which improves local interference avoidance but increases 

sensitivity to hidden nodes.  
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3. BR-6: Intel’s congestion-map method creates per-vehicle maps of resource occupancy based 

on past observations. While this method reacts quickly, it can become inaccurate with fast-

moving vehicles, leading to a higher risk of collisions.  

4. BR-8: The 3GPP standardized  BR algorithm, incorporates BR map-exchange mechanisms 

that allow vehicles to share sensed information, enhancing global consistency and reducing 

hidden-node effects. 

To contextualize performance evaluation, two benchmark algorithms are introduced. The first, 

Random Allocation, assigns BRs to vehicles without coordination, representing a worst-case 

scenario with high collision rates and no stability. In contrast, Ordered Allocation assigns BRs based 

on sorted vehicle coordinates, creating a periodic reuse pattern. While it requires complete 

knowledge of vehicle positions, making it impractical in real-world situations, it ensures clear 

separation among vehicles and serves as an upper benchmark for resource allocation methods. 

Once resources are allocated, the simulator moves on to evaluate the physical layer. For each 

transmitter-receiver pair within the awareness range, the received power is calculated using the 

WINNER+ B1 formulas for LOS or NLOS path loss. The breakpoint distance determines whether the 

near-field or far-field model is used. Channel gain is calculated as the inverse of path loss, and the 

received power is capped by the transmit effective radiated power constraint. Interference is 

calculated by summing the contributions from all vehicles transmitting on the same BR. This includes 

adjustments for non-ideal RF impairments such as EVM, spectral leakage, and in-phase and 

quadrature imbalance, using the empirical constants W, X, Y, and Z. 

SINR determines whether each received beacon is correctly decoded or not. If the SINR falls below 

the required threshold of 2.76 dB (1.888 linear), the packet is marked as erroneous. Errors 

originating from vehicles too close to the simulation border are excluded to prevent artificial 

degradation of KPIs. 

d. Mode-4 (Autonomous) 
In Mode-4, vehicles autonomously detect the channel and select their BRs based on reference signal 

received power (RSRP) measurements and semi-persistent scheduling. The average blocking rate 

(ABR) in Figure 6 indicates that blocking remains extremely low for BR-3, BR-6, and BR-8 across all 

awareness ranges, with only a slight increase as Raw values rise. In contrast, BR-5 shows significantly 

higher blocking, approximately 10% at low Raw, increasing to nearly 14% at Raw = 300 m. This 

behavior suggests that the number of available BRs and their reuse structure strongly influence the 

likelihood of vehicles being unable to find an unoccupied resource. The much higher blocking rate 

for BR-5 indicates greater contention for a smaller set of BRs and less flexibility in the sensing-based 

selection process. 
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Figure 6.Mode-4: Average Blocking Rate vs Vehicle’s Awareness Range. 

The average error rate (AER) in Figure 7 illustrates the limitations of autonomous allocation. For BR-

3 and BR-6, error rates sharply increase with Raw due to higher interference as more vehicles 

attempt to reuse similar resources. BR-3 experiences the steepest decline, with error rates rising 

from below 10−3 at Raw = 50 m to nearly 1 at Raw = 300 m. This suggests that BRs are insufficient 

for meeting dense awareness requirements. BR-6 and BR-8 show more moderate increases, with 

BR-8 consistently yielding the lowest error rates at larger Raw values. The persistently poor 

performance of BR-5 is also evident here, as its error rate steadily increases, highlighting how its 

blocking and interference characteristics jointly degrade performance. 

The packet reception ratio (PRR) in Figure 8 indicates that PRR decreases steadily as Raw increases, 

reflecting the combined escalation of interference, reuse constraints, and neighbor density. BR-8 

demonstrates the most robust performance, maintaining a PRR above 90% up to Raw ≈ 150 m and 

staying above 80% even at Raw values of 200–250 m. In contrast, BR-3 and BR-6 experience rapid 

declines, with PRR falling below 60% beyond Raw = 200 m. This confirms that the performance of 

autonomous Mode-4 operation is highly sensitive to the availability of BRs and interference 

conditions, emphasizing the need for larger BR pools to maintain communication reliability under 

high-range safety requirements. 
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Figure 7. Mode-4: Average Error Rate vs Vehicle’s Awareness Range. 

 

Figure 8. Mode-4: Packet reception Rate vs Vehicle’s Awareness Range. 
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e. Mode-3 (Centralized Scheduling) 
Mode-3 employs a centralized scheduler, typically an eNodeB or roadside unit (RSU), which assigns 

BRs to vehicles to avoid collisions and enforce reuse distance constraints. The simulator models 

coordinated allocation by using global vehicle position knowledge to minimize both blocking and 

interference. As a result, Mode-3 demonstrates significantly stronger performance across all 

metrics. 

The ABR in Figure 9 shows that Mode-3 can almost eliminate blocking for most BR configurations at 

low Raw values. Blocking increases slowly as Raw grows but remains far below the levels observed 

in Mode-4. BR-9 exhibits the lowest overall blocking, indicating that larger BR pools allow the 

scheduler greater freedom to avoid conflicts. Random and ordered allocations again demonstrate 

inferior behavior, emphasizing the importance of centralized interference-aware scheduling. 

 

Figure 9. Mode-3: Average Blocking Rate vs Vehicle’s Awareness Range. 

The AER in Figure 10 highlights the robustness of Mode-3: error rates remain below 10−2 for most 

BR configurations at lower Raw and only increase slightly over larger distances. Compared to Mode-

4, where error rates rise dramatically for limited BR pools, Mode-3 maintains controlled interference 

and consistent reuse patterns due to its global scheduling strategy. The Random allocation baseline 

shows the worst error rates, while Ordered allocation provides improvements but cannot match 

coordinated resource control. 



 
  
 
 
  

 

Pag. 20 | 35 

 

Project: 101120544 — ISLANDS — HORIZON-MSCA-2022-DN-01 D 1.8 Intermediate report on task 1.4 

activities 

The PRR in Figure 11 for Mode-3 remains extremely high for all controlled BR sets (BR-1, BR-2, BR-

7, BR-9) at lower Raw values and gradually decreases only when Raw exceeds 150–200 m. PRR 

remains above 95% for most BR configurations up to Raw ≈ 150 m, and even at Raw = 300 m, the 

coordinated strategies outperform both Random and Ordered allocation baselines by a wide 

margin. Random allocation (Benchmark-1) performs worst due to unmanaged collisions, while 

Ordered allocation (Benchamrk-2) provides moderate improvement but still falls short of the 

coordinated BR sets. 

 

 

Figure 10. Mode-3: Average Error Rate vs Vehicle’s Awareness Range. 
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Figure 11. Mode-3: Packet reception Rate vs Vehicle’s Awareness Range. 

5. Conclusions 
The integration of FR1-band ISAC with 5G-NR signals significantly enhances target detection and UE 

communication quality. By employing PSS-based correlation along with directional MAMP 

transmission and SIMO bistatic reception, improvements in SNR are observed compared to 

traditional omnidirectional methods, showcasing effective low-complexity analog beamforming. 

The LTE-V2V simulator reveals that centralized resource allocation in LTE-V2X Mode-3 outperforms 

autonomous Mode-4 in dense traffic by optimizing resource reuse and managing beacon 

reassignment. Mode-4 faces challenges like inaccurate energy measurements, affecting reliability. 

These findings highlight the benefits of integrating sensing in sub-6 GHz 5G infrastructure and the 

need for effective resource management in vehicular settings. The advancements from the OTA 

prototype and simulations support further research in spectrum sharing and transceiver design, 

contributing to robust vehicular ISAC testbeds within the ISLANDS project and enhancing 

communication strategies for automated driving and intelligent transportation systems. 
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UCL Contributions 

UCL: Constellation in OFDM-ISAC over Data Payloads: MSE Analysis and 

Experimental Proof 
 

Introduction 

This study [1] contributes to Task 1.4 – Testbeds, demos and open-access simulator by providing 

the estimation-theoretic foundations required for implementing and benchmarking ISAC receiver 

architectures in realistic vehicular environments. The closed-form delay-estimation results for 

matched filtering (MF) and reciprocal filtering (RF) offer essential guidance for DFRC testbeds and 

PoCs (Gap 4.1), clarifying which sensing receiver structures are suitable under different sidelobe, 

multi-target and signal-to-noise ratio (SNR) conditions. 

Recent works [2], [3] have presented analytical studies of the sidelobe levels of the ambiguity 

function with random ISAC signals, providing fundamental insights into how the modulation 

constellation impacts sensing performance. Also, [4] provides the constellation-dependent 

detection probability under MF in OFDM-ISAC. However, the ambiguity function characterizes 

radar performance only under MF, and thus does not directly capture performance under 

mismatched filtering techniques that mitigate sidelobes [5]. Instead of the MF receiver, RF has 

been developed for OFDM-based radar sensing [6], [7]. RF suppresses target- and clutter-induced 

sidelobes by equalizing the data dependency at the receiver. However, this comes at the cost of a 

SNR loss compared to MF, which introduces a trade-off between sidelobe suppression and SNR. 

The work in [8] provides a theoretical comparison of sidelobe levels between MF and RF outputs 

as a function of target SNR. 

Mathematical analysis 

This work [1] develops a fundamental framework for OFDM-based ISAC using estimation-theoretic 

analysis under specific sensing receiver architectures. First, it presents closed-form expressions for 

the mean-square error (MSE) of delay estimation with both MF and RF receivers, highlighting their 

dependence on the geometry of the modulation constellation and on interference induced by 

multiple targets. The results show that, in multi-target scenarios, the influence of the signal 

constellations on the delay estimation MSE differs across receivers: MF performance depends on 

the fourth moment of the zero-mean, unit-power constellation, whereas RF performance depends 

on its inverse second moment, irrespective of the number of targets. 
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Theorem 1. A closed-form expression for the delay estimation MSE for target k with the MF 

receiver and the conventional delay estimator is given by: 

 

where 𝜇4 denotes the fourth moment of the constellation corresponding to the kurtosis, 𝑎𝑘 

denotes the complex amplitude incorporating the path loss and radar cross section (RCS) for 

target k, 𝜎2 is the noise variance and 𝛥𝑓 =
𝛣

𝛮
 the subcarrier spacing, where 𝐵 denotes the signal 

bandwidth and 𝑁 the number of OFDM subcarriers. 

The delay estimation MSE with the classic MF receiver is affected by the sidelobes of other delay 

sources, whose magnitudes depend on the constellation and its fourth moment. The MF receiver 

with conventional estimators such as FFT-based estimator or subspace-based MUSIC may not 

achieve the CRB, even under high SNR and a sufficiently large number of samples, when 𝜇4 > 1 

and 𝐾 > 1. It is worth noting that these receivers remain efficient when a unit amplitude 

constellation with 𝜇4 = 1 is used. 

Theorem 2. A closed-form expression for the delay estimation MSE for target k with the RF 

receiver and the conventional delay estimator is given by: 

 

where 𝑣−2 denotes the inverse second moment of the constellation. 

Unlike the delay estimation MSE of the MF receiver, the MSE of the RF receiver remains 

unaffected by the presence of other sources. Instead, it suffers an SNR loss proportional to the 

inverse second moment of the modulation constellation, implying that its MSE is always larger 

than the CRB unless a unit-amplitude constellation is employed. Therefore, the RF receiver cannot 

achieve the lower bound performance, even at high SNR, when using modulation constellations 

with 𝑣−2> 1. 

Over-the-air experiments and validation 

The proposed theory and closed form expressions are validated through numerical simulations 

and a proof-of-concept (PoC) demonstration. To examine the impact of the modulation 
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constellation on sensing performance, we consider various constellations: QPSK, 16QAM, and a 

customized 32APSK with four rings, whose radius ratio is 1:2:3:4. 

We further validate the proposed analysis through over-the-air experiments and the real-life setup 

is shown in Figure 12.  To this end, a software-defined radio (AD9363) with directional antennas of 

12 dBi gain is employed. The ISAC node consists of one receiving and one transmitting antenna, 

while the communication user is located nearby, in a line-of-sight channel. The desired target, a 

building wall with high reflectivity, is located approximately 130 m from the ISAC node. The 

transmitted OFDM-ISAC signal is simultaneously received at the user receiver, as illustrated in 

Figure 1. The center frequency is set to 2.4 GHz with a bandwidth of B = 20 MHz and N = 512 

subcarriers. In addition, 512 OFDM symbols are transmitted per frame, providing a coherent 

processing gain of 27 dB for radar sensing. Each measurement result is obtained by averaging over 

100 independent frames. Most important parameters are listed in Table 1. 
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Figure 12. Setup of outdoors experimental validation. 

Figure 13 shows the received data symbols at the communication user for three different 

constellations (QPSK, 16QAM, and 32APSK), while Figure 14 illustrates the range profiles for MF 

and RF. Notably, the effective noise floor of RF is lower than that of MF except in the case of QPSK 

modulation. This is because strong self-interference between TX and RX, together with 
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unexpected clutter sources at near ranges, generates high sidelobes in the MF output, thereby 

increasing the effective noise floor. In contrast, that of RF increases as the inverse second moment 

𝑣−2 of the constellation increases. 

Table 1: Experimental validation parameters. 

Key Specifications Values 

Center frequency 2.4 GHz 

Bandwidth 20 MHz 

Sampling rate 60 MHz 

# of subcarriers 256 

CP length 1.6 us 

Symbol duration 14.4 us 

# of symbols 512 

Frame length 7.37 ms 

 

It is worth noting that the RF receiver may outperform in the practical scenario with multiple 

scatterers when the data payloads are modulated using constellations with 𝜇4 > 1,  𝑣−2 > 1. This 

is because the effect of sidelobe interference grows with the number of scatterers, which can 

severely degrade MF’s sensing performance, as illustrated in Figure 14. 

 

Figure 13. Received data for the used constellations: (left) QPSK with 𝜇4 = 1,𝑣−2 = 1, (middle) 16-QAM 

with 𝜇4 = 1.32,𝑣−2 = 1.89, and (right) Customed 32-APSK with 𝜇4 = 1.44,𝑣−2 = 3.43. 
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Figure 14. Range profiles at the sensing receiver, for different constellations and receiver’s filtering 

(Matched Filtering with blue and Reciprocal Filtering with red). 

 

Nokia Contribution 

Summary 

This study investigates the potential of Non-line-of-Sight (NLOS) ISAC. Using a millimeter (mmWave) ISAC 

proof of concept (PoC) based on commercially available 5G New Radio (NR) components, we conducted 

measurement campaigns in the ARENA2036 industrial research campus [21]. To detect the presence of 

targets in NLOS areas, we use a Kalman Filter (KF)-based tracking approach as well as suitable techniques for 

data association and track initiation. Our results indicate that ISAC systems can be deployed for the 
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surveillance of NLOS areas, paving the way for potential applications like intrusion detection or around-the-

corner detection of vehicles at street crossings.  

1. Introduction 

The typical assumption for most ISAC use cases is that targets are in line-of-sight (LOS) from transmitter (TX) 

and receiver (RX). However, radio signals may reach targets only indirectly via (multiple) reflections, e. g., off 

walls or buildings. Even though this would allow us to acquire some information about the targets, NLOS 

sensing in ISAC is still a rather unexplored area of research. The main opportunity offered by NLOS sensing is 

the ability to enable use cases that are not possible with fixed camera or LiDAR systems, like “around-the-

corner” detection. This feature would be particularly useful in applications such as safe urban mobility and 

surveillance systems for intrusion detection, where it is necessary to detect targets moving behind obstacles. 
Our previous results indicate that the surveillance of NLOS areas is possible, paving the way for potential 

applications like intrusion detection or around-the-corner detection of vehicles at street crossings [22]. 

2. ISAC PoC System 

Our ISAC PoC setup operates in Frequency Range (FR) 2 at a carrier frequency of 27.6 GHz. It comprises two 

commercially available 5G radio units (RUs), which are synchronized via PTP and SyncE. One RU serves as the 

TX sending 5G-compliant OFDM radio signals, the other one acts as the sensing RX by sniffing reflections from 

the environment. Even though our system consists of two physically separated RUs, we can treat it as a 

monostatic setup due to the proximity of the two radios. Fig. 1 shows a picture of the PoC setup in the ARENA 

2036.  
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Table 1: Hardware & PHY Configuration (ARENA 2036 Prototype, Stuttgart)  

 

In the live version, signal processing including steps like channel computation and OFDM radar processing is 

performed at a central Sensing Processing Unit (SPU) . Moreover, the setup allows to record measurements 

and store them offline for further investigations. This allows us to develop and test our approaches for 

NLOS detection with recorded measurements. More information about the system can be found in [23]. 

Parameter Specification Hardware Rationale 

Carrier 

Frequency 

27.6 GHz 5G FR2 Band (mmWave) 

System 

Bandwidth 

~400 MHz (Hardware) /  

190 MHz (Operated) 

 

Subcarrier 

Spacing 

120 kHz 3GPP Standard FR2 Numerology 𝜇 = 3 

Operating Mode TDD (gNB) 

Uplink (Sniffer) 

 

Frame Duration 10 ms  

Host Compute Commercial  Offline processing for prototyping and advanced 

signal processing algorithms 
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Figure 1 Picture of the ISAC PoC in the ARENA2036. The TX RU is at the top, the sniffer RU at the bottom. 

3. Measurement Setup 

To investigate the NLOS capabilities of our system, we emulated a NLOS scenario in the ARENA2036. We 

created an NLOS area using the objects in the red rectangle to partly block the LOS component of the signal 

(yellow), which is part of the overall test area in blue. The cargo gate in the back (purple) serves as a large 

reflector that allows us to receive NLOS components at the RX of our system. An illustration of the setup is 

shown in Fig. 2. 
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Figure 2 NLOS sensing setup in the ARENA2036. 

Based on this setup, we conducted several experiments involving a single human target. In the tests the 

target walked behind the blocker, while we ensured that it was not visible from the camera stream, nor from 

any LOS component. The experiment was repeated in different conditions: 

- Target walking 

- Target running 

- Target walking with radar reflector 

- Target running with radar reflector 

The radar reflector was used to improve the target’s RCS and provide a detection baseline for the other 

experiments. The different target speeds between experiments are used to test detection exploiting the 

Doppler information to distinguish moving targets from static clutter. 

The presented set of measurements constitutes a “True Positive” set. A recording of the empty environment 

(without moving targets) was also gathered to be used for clutter removal and as a “True negative” set.  

NLOS Detection Approach 

We treat the intrusion detection problem as a track initiation/confirmation procedure. The ISAC PoC allows 

storing the complex transmitted and received radio frames. From these we calculate the channel state 

information (CSI) matrix via element-wise division of the received frame by the (known) transmitted one. 

This procedure allows us to remove the data influence within the complex signal and extract channel 

response of those targets which  reflect the signal back to the Sniffer RU. 
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Range-Doppler radar images are generated via matched-filter-based processing, by performing a 2D Discrete 

Fourier Transform (DFT) on the CSI. In the radar image, relevant peaks correspond to target reflections. From 

the coordinates of the peaks in the radar image, one can determine the parameters associated with the 

corresponding target (e.g., distance, relative speed, RCS). To determine whether a peak is relevant, hence 

corresponding to a real target, a cell-averaging constant false alarm rate (CA-CFAR) peak detector is used, 

combined with a target confirmation routine to extract a list of targets from each image. Target information 

includes, in our case, couples of range and relative speed values corresponding to an illuminated target. For 

more details regarding this procedure, please refer to [24]. 

The target list is fed to the track confirmation system under study on a per frame-basis: 

- Each track consists of a KF with a constant-velocity system model, used to keep track of the target 

state and its covariance. 

- The confirmation procedure starts with a data association step. For each track, each set of new 

measurements is filtered by calculating the Mahalanobis distance d between the state estimate and 

each of the detected plots. A threshold is defined, for which only plots whose d is lower than said 

threshold are considered. The plot with the lowest distance (Nearest Neighbor approach), which 

passes the gating procedure, is fed to the track. Plots which are unassociated after repeating this 

procedure for every active track will start new tentative tracks. 

- When a KF receives target information that reflects the expected system model, we expect its 

covariance to decrease. On the contrary, when the KF receives no information, or the received 

information does not follow the expected state evolution model the covariance will increase. 

- We define the thresholds 𝜎𝑟̃ , 𝑡𝑐  to be the maximum range covariance threshold and the minimum 

tracking time to confirm, respectively. We consider a track confirmed if its KF was active  and its 

range covariance  never exceeded  𝜎𝑟̃  for a period of length 𝑡𝑐 . 

Results 
Initial tests from our experimental setup showed promising results for the single-target NLOS scenario. We 

applied the track confirmation procedure to both the measurements with the human target and the 

measurement of the empty scene. Furthermore,  to test more challenging scenarios, synthetic false alarms 

were generated to expand the measurements with a “False Positive” set. 

The parameter 𝑡𝑐  was fixed to 0.2 sec, while we tested different values of  𝜎𝑟̃  on our measurement sets. 

The results were combined to generate the Receiver Operating Curve (ROC) of our confirmation system, 

comparing correct detections to false ones. 
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Figure 3 ROC for the KF-based track confirmation system for a running person in NLOS. 

Figure 3 shows the ROC for the measurement of a running person. The 100% false positive rate is reached 

by generating synthetic measurements, i.e., our detection system can be expected to perform better in 

practice. This result is used to estimate sensible values for the operative thresholds and shows the 

reliability of our approach. 

Future work includes the possibility of  a new measurement campaign in other indoor scenarios, with 

different multipath conditions, and possibly explore multi target track initialization using more powerful 

tracking filters (e.g., Integrated Probabilistic Data Association (IPDA) filter, Probability Hypothesis Density 

(PHD) filters).
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Overall Conclusion 
The work presented establishes a solid and coherent foundation for the development and validation of ISAC 

technologies in next-generation wireless and vehicular systems. Through the combined use of over-the-air 

experimental testbeds, practical ISAC demonstrations, and a detailed system-level simulator, the activities 

demonstrate that sensing and communication can be effectively unified using standardized radio waveforms. 

The experimental results confirm the feasibility of joint communication and environmental awareness, while 

the simulation studies provide a baseline for creating a system level simulator for ISAC, interference behavior, 

and the impact of different resource allocation strategies under realistic traffic and mobility conditions. 

Together, these efforts enable a holistic evaluation of ISAC performance across physical, link, and system 

levels. Overall, the outcomes significantly advance the understanding of ISAC-enabled networks and provide 

essential tools and methodologies for designing reliable, energy-efficient, and perception-aware 

communication systems for future intelligent mobility and beyond. 
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