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Executive Summary 

This deliverable presents an architectural vision for 6G networks that integrates communication, 
localisation, and sensing into a unified framework. The motivation is to enable advanced applications 
requiring high-precision positioning, high-resolution imaging, and enhanced situational awareness. 
Building on the evolution of 5G and 5G-Advanced, the report analyses how architectural innovations, 
resource management techniques, and radio access technologies can serve as foundations for Joint 
Communication and Sensing (JCAS). 

The document introduces fundamental definitions, sensing modes, and integration principles, and 
discusses architectural challenges such as duplexing, synchronization, and the degree of coupling 
between communication and sensing. It reviews current trends in ISAC, standardisation efforts, and 
emerging network architectures. A detailed comparison between infrastructure-based sensing and 
UE-assisted approaches is provided, covering monostatic, quasi-monostatic, bistatic, and multistatic 
sensing modes. Preliminary evaluations highlight that multistatic architectures, particularly those 
based on access points, emerge as the most promising for scalability and accuracy. 

The analysis further addresses control plane functions, synchronization architectures, and resource 
management strategies that support joint operation. Business perspectives are also considered, 
including trade-offs in architectural options, implementation timelines, cost efficiency, and operator 
requirements. 

Importantly, the deliverable takes a non-dogmatic approach: we do not prescribe a single rigid 
architecture, as we recognise that 6G systems will be inherently complex and that no single solution 
will fit all use cases. An architecture, if excessively constrained, risks limiting innovation in algorithms 
and system design. Instead, our approach is to remain open and comparative, identifying multiple 
architectural options and assessing their benefits, limitations, and feasibility. This flexibility is essential 
given the diversity of 6G applications and the added complexity introduced by integrating sensing. 

Overall, the deliverable provides both a technical and strategic framework for integrating 
communication, localisation, and sensing in 6G. It establishes a foundation for future research and 
standardisation while leaving room for innovation and adaptation to different scenarios and 
requirements. 
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1 Introduction 

 Scope  

The purpose of this document is to present an architectural vision for 6G that unifies communication 
and sensing. This integration is intended to support advanced applications such as high-precision 
positioning, high-resolution imaging, and comprehensive environmental awareness. In addition to 
describing the proposed architecture, the document examines key design principles, enabling 
technologies, and representative use cases, highlighting the value of Joint Communications and 
Sensing (JCAS), also known as Integrated Sensing and Communications (ISAC), across multiple 
domains. Both terms are widely used in the literature and standardization efforts; therefore, this 
deliverable adopts them interchangeably to maintain coherence with existing work while ensuring 
clarity for the reader. By embedding JCAS into globally deployed networks, sophisticated sensing 
services can be delivered at scale and at low cost, thereby democratizing access for the wider 
population. 

5G has brought important innovations across three major areas: network architecture, resource 
management, and radio access technology (RAT). 

• Network architecture: The shift to a cloud-native, service-based architecture (SBA) enabled 
modular, scalable, and flexible network design. Its seamless integration with edge and cloud 
computing enhanced support for low-latency, high-bandwidth applications. 

• Resource management: Network slicing allowed the creation of customized virtual networks, 
guaranteeing dedicated resources for diverse use cases such as Ultra-Reliable Low-Latency 
Communications (URLLC) and massive Machine-Type Communications (mMTC) 

• Radio access technology: Developments such as Centralized/Virtualized Radio Access Network 
(C-RAN/vRAN), massive Multiple-Input Multiple-Output (mMIMO), and beamforming 
improved localization, coverage, and spectral efficiency, thereby strengthening the 
foundation for next-generation communication and sensing services. 

Further progress has been made through the Third Generation Partnership Project (3GPP) Releases 
16, 17, and 18, which expanded 5G localization and positioning capabilities. 

• Release 16 introduced multiple positioning technologies to support regulatory and 
commercial applications, with requirements defined in TS 22.261 [1] and procedures 
described in TS 38.305 [2]. 

• Release 17 refined these capabilities to deliver higher accuracy and reliability, as documented 
in TR 38.857 [3]. 

• Release 18 extended positioning for 5G-Advanced and beyond, incorporating sidelink 
positioning, integrity assurance for radio-based techniques, bandwidth aggregation for uplink 
(UL) and downlink (DL) signals, carrier-phase positioning, low-power/high-accuracy 
positioning, and RedCap UE positioning, as specified in TR 38.859 [4]. 

These advancements raise a central question: Can 6G’s vision of JCAS be built on the foundations of 
5G-Advanced? 

The cloud-native SBA and network slicing already provide a strong basis for JCAS, enabling dynamic, 
scalable, and application-specific configurations. Similarly, advanced positioning methods introduced 
since Release 16—such as Time Difference of Arrival (TDOA), Angle of Arrival (AoA), multi-cell Round-
Trip Time (RTT), and sidelink positioning—offer essential capabilities for high-precision environmental 
awareness. 
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Nevertheless, seamless integration of sensing in 6G will demand further progress in radio access 
technologies, artificial Intelligence (AI) driven network optimization, and multi-modal data fusion. The 
key challenges lie in meeting stringent requirements for ultra-low latency, ultra-high accuracy, and 
real-time processing in highly diverse environments. 

Accordingly, this document aims to: 

1. Assess how effectively 5G-Advanced innovations in architecture, resource management, and 
positioning can serve as a foundation for JCAS in 6G. 

2. Compare different integration approaches and analyse the architectural and technological 
breakthroughs required. 

3. Evaluate alternative enablers and challenges—including latency, accuracy, scalability, and 
real-time processing. 

4. Provide recommendations to guide the design of 6G sensing capabilities, ensuring alignment 
with the broader objectives of next-generation communication systems. 

Through this analysis, the document seeks to determine the extent to which 6G can transform sensing 
into a pervasive, cost-efficient, and universally accessible network capability. 

At the same time, this deliverable does not aim to be dogmatic in prescribing a single solution. An 
architecture should be understood as a set of constraints that guide design, but if these constraints 
are defined too tightly, they may inadvertently limit innovation in algorithms and system 
implementations. While the initial emphasis was placed on multistatic sensing, one of the lessons 
learned during the first 18 months of the project is that wireless systems are already highly complex, 
and this complexity will only increase with the integration of sensing functionalities. Consequently, it 
is unrealistic to expect a unique architecture that can accommodate all possible use cases and 
deployment scenarios. Our approach is therefore deliberately open: we present and compare 
different architectural options, allowing flexibility for diverse requirements while fostering innovation 
across the ecosystem. 

 Organisation of the Document  

This document is structured to provide a comprehensive analysis of the integration of sensing and 
communications in 6G, covering key architectural aspects, enabling technologies, challenges, and 
future directions. Below is an overview of the document’s organisation: 

• Section 2 defines key concepts, including an introduction to JCAS and essential terminology. 

• Section 3 explores the architectural considerations and challenges associated with integrating 
sensing into communication networks, providing insights into the technical requirements for 
JCAS. 

• Section 4 presents current trends in JCAS architecture, covering standardisation efforts and 
future outlooks. 

• Section 5 discusses different RF sensing approaches, distinguishing between infrastructure-
based and UE-assisted techniques, along with their applications. 

• Section 6 examines the interfaces necessary for communication and sensing integration, 
detailing potential solutions. 

• Section 7 introduces a framework for integrating communication, localisation, and sensing, 
focusing on network functions, control plane interactions, and architecture proposals. 
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• Section 8 addresses synchronisation architecture, covering the motivation, infrastructure 
design, and self-synchronisation techniques. 

• Section 9 analyses the business constraints and requirements that shape the JCAS 
architecture, considering market adoption and deployment challenges. 

• Section 10 concludes the document, summarising key insights and outlining future research 
directions. 

This structured approach ensures a thorough examination of JCAS in 6G, from fundamental definitions 
to architectural proposals and business considerations, providing a solid foundation for further 
research and development.  
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2 Definitions 

JCAS is an emerging paradigm that integrates wireless communication and radar sensing within a 
unified system. By enabling these two functionalities to coexist, JCAS enhances spectral efficiency, 
reduces hardware requirements, and lowers both production and deployment costs while offering 
mutual benefits over standalone radio-sensing and communication systems [5][6]. For example, 
communication systems can operate within frequency bands traditionally allocated for radar, such as 
those used in advanced driver assistance systems (ADAS) [7], while radar systems can leverage the 
extensive infrastructure and coverage of existing communication networks to enhance detection 
capabilities and range resolution [8]-[10].  

Beyond resource and cost efficiencies, JCAS unlocks a variety of novel applications, spanning 
autonomous driving, smart homes, weather monitoring, and smart cities [1][11]. In autonomous 
driving, for instance, real-time traffic sensing combined with vehicle-to-everything (V2X) 
communication is crucial for safety and efficiency, whereas smart city infrastructure depends on 
integrated sensing and communication for efficient environmental monitoring and urban 
management. 

In the context of 6G networks, JCAS is poised to play a pivotal role. 6G aims to transcend traditional 
communication services by incorporating sensing capabilities, thereby unifying the digital, physical, 
and personal domains [8]. This integration is expected to support advanced applications such as 
autonomous driving, smart cities, and immersive experiences by providing precise localisation, 
environmental mapping, and situational awareness. For instance, in autonomous driving, real-time 
traffic sensing combined with V2X communication is crucial for safety and efficiency [8][13]. Similarly, 
smart city infrastructures can benefit from integrated sensing and communication for efficient 
environmental monitoring and management.  

More recently, standards development organisations like 3GPP and the European 
Telecommunications Standards Institute (ETSI) have initiated pre-standardization activities to support 
this integration towards future 3GPP releases. More specifically, within 3GPP, the standardisation 
effort on JCAS has gained great momentum [14]. For example, there has been specific documentation 
about JCAS/ISAC under the scope of 3GPP: [15] identifies several JCAS use cases under areas such as 
public safety, autonomous driving, weather monitoring, etc. More recently, [16] outlined the service 
requirements for wireless sensing, detailing eight key performance indicators (KPIs). Additionally, [17] 
presented the first study on channel modelling specific to JCAS. 

 Key Terminology 

The integration of communication and sensing introduces several fundamental concepts that are 
crucial for understanding system performance, signal processing techniques, and design challenges. 
This section provides concise definitions of key terms relevant to JCAS, including noise characteristics, 
synchronisation errors, and signal impairments. A clear understanding of these terms is essential for 
analysing the trade-offs and optimisations required in JCAS-enabled networks, particularly in the 
context of 6G. 

• Interference: This occurs when unwanted signals disrupt the transmission or reception of 
desired signals. It can be caused by various sources such as competing radio transmissions, 
electromagnetic noise, or physical obstructions. 

• Multiple Access: It refers to the ability of multiple users or communication devices to share 
the same communication channel simultaneously. It enables efficient utilisation of bandwidth 
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and spectrum resources, allowing multiple users to communicate without significant 
interference. 

• Duplexing: It allows bidirectional communication over a single communication channel, 
enabling simultaneous transmission and reception. Two common methods of duplexing are: 

o Time-division duplexing (TDD): A method that allows duplex communication links 
where the allocation of different time slots separates transmission and reception in 
the same frequency band. 

o Frequency-division duplexing (FDD): A method that enables duplex communication 
links by allocating different frequency bands for transmission and reception 
simultaneously. 

• Line of Sight (LOS): It refers to a scenario where there is no obstruction between transmitter 
– receiver (communications) or between transmitter-target (radar), i.e., we have a direct path 
or vision from Tx to Rx (Tx to target). 

• Non-Line of Sight (NLOS): It refers to a scenario where there are obstructions between 
transmitter–receiver (communications) or between transmitter-target (radar), i.e., we do not 
have a direct path or vision from Tx to Rx (Tx to target). This typically occurs in urban 
environments where the connection between the UE and the BS/objects is obstructed. 

• Angle of Departure (AoD): It characterises the direction in which electromagnetic waves are 
emitted from a transmitting antenna, measured with respect to the boresight angle. This 
parameter is fundamental for optimising beamforming and spatial signal processing in 
wireless communication systems. 

• Angle of Arrival (AoA): It characterizes the direction of received electromagnetic waves 
relative to the boresight angle at a multi-antenna receiver. It provides useful insight into the 
spatial origin of electromagnetic signals, which is essential for applications like wireless 
communications, radar, and localization systems.  

• Multipath Propagation occurs when radio signals reflect off various surfaces, such as 
buildings, vehicles, or other objects. As a result, multiple copies of the same signal, each having 
reflected off different surfaces, arrive at the receiver at varying time intervals. 

• Monostatic refers to the radar configuration where the transmitter and receiver are 
collocated, sharing the same antenna for both transmission and reception. This configuration 
simplifies system design but may limit detection range. 

• Bi-static refers to radar configuration where the transmitter and receiver are located 
separately, with distinct antennas for transmission and reception. This setup offers 
advantages such as increased detection range and reduced vulnerability to jamming. 

• Multi-static: A multi-static radar system comprises multiple transmitters and receivers 
distributed across different locations, enabling enhanced coverage, improved detection 
capabilities, and resilience to interference and jamming. 

• Quasi-monostatic: Refers to an arrangement where the transmitter and receiver antennas 
are separated but still located in the same premises. This can also be termed bistatic but with 
a very small space separation between transmitter and receiver. 

• MIMO radar employs multiple antennas for transmission and reception, utilising spatial 
diversity to enhance detection, localisation, and tracking performance. 

• Probability of detection is the probability of detecting a target given it is present. The 
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probability of misdetection is 1 – probability of detection. 

• Probability of false alarm denotes the likelihood of erroneously detecting a target or event 
when none is present, often influenced by noise, clutter, or system errors. 

• Resolution characterises the ability of a radar system to distinguish between closely spaced 
targets or features in its observation area, typically determined by factors such as antenna 
beamwidth and signal processing techniques. 

• Accuracy reflects the degree of conformity between the measured parameters (e.g., position, 
velocity) provided by a radar system and their true values, influencing the reliability and 
precision of target tracking and localisation. 

• Tracking capacity denotes the maximum number of targets that a radar system can 
simultaneously detect, track, and maintain accurate positional information for, within its 
operational capabilities. 

• Radar-cross section (RCS) quantifies the reflectivity of a target to radar signals, indicating the 
strength of the radar echo returned by the target relative to its size and orientation. A larger 
RCS indicates a more detectable target.  

• Clutter refers to unwanted radar returns caused by non-target objects or environmental 
conditions, such as terrain features, precipitation, and man-made structures, which can 
obscure or degrade the detection of actual targets. 

• Noise Floor: The baseline level of background noise present in a communication or sensing 
system, typically measured in dBm or dB/Hz. It represents the minimum detectable signal level 
before noise dominates. 

• Jitter: The small, rapid variations in a signal's timing or phase, often caused by clock instability, 
interference, or hardware imperfections, affecting data transmission accuracy. 

• Frequency Offset: The deviation of a received signal’s frequency from its expected or nominal 
value, typically caused by oscillator inaccuracies or Doppler effects. 

• Phase Offset: The difference in phase between the received signal and the expected reference 
signal, often introduced by oscillator mismatches or propagation delays. 
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3 Introduction to Integration of Communications and Sensing 

The integration of communication and sensing capabilities in cellular networks, commonly referred to 
as JCAS/ISAC, represents a key paradigm for 6G networks. By enabling networks to simultaneously 
transmit and receive data while sensing the surrounding environment, JCAS facilitates a wide range of 
advanced applications, including high-precision localization, object detection, environmental 
awareness, and autonomous system support. 

This chapter introduces the fundamental concepts, operational modes, and architectural 
considerations for integrating communication and sensing in cellular networks. Section 3.1 begins with 
an overview of sensing modes, including monostatic, bistatic, and multistatic topologies. These modes 
define the spatial relationship between transmitting and receiving nodes and form the basis for 
various JCAS deployments. Variants such as quasi-monostatic configurations, where transmitter and 
receiver antennas are slightly separated within the same base station (BS), are also considered.  Figure 
1-Figure 3 illustrate these topologies, highlighting their applicability in scenarios involving both BSs 
and user equipment (UEs). 

Section 3.1.2 discusses concurrent and time-division operation modes for JCAS systems. In concurrent 
mode, communication and sensing signals are transmitted simultaneously, potentially leveraging 
spatial separation to minimize interference. In time-division mode, separate time slots are allocated 
to communication and sensing, providing orthogonality in the temporal domain. Each approach 
introduces trade-offs in terms of power allocation, antenna usage, and timing, which must be carefully 
managed to optimize network performance [18][19]. 

Section 3.1.3 examines node-level integration strategies, identifying scenarios where the transmitter 
(Tx) and receiver (Rx) nodes are either integrated or separate. Bistatic JCAS can involve an integrated 
Tx-Rx node, separate receivers for a single transmitter, or multiple transmitters feeding into an 
integrated Rx node. These configurations impact interference management, resource allocation, and 
overall sensing performance [20][21]. 

Section 3.2 outlines the architecture challenges associated with JCAS deployment. Selecting the 
appropriate sensing topology, ensuring continuous performance monitoring, and dynamically 
adapting network resources to mobility events are critical for meeting stringent sensing requirements. 
Specifically, Section 3.2.1 addresses the impact of duplexing methods— FDD and TDD —on JCAS 
operation. While conventional FDD and TDD schemes provide orthogonality between UL and DL 
channels, sharing frequency bands between communication and sensing introduces self-interference 
challenges. The evolution toward full-duplex communication in 6G further intensifies these 
constraints, emphasizing the need for advanced self-interference mitigation techniques.   

Section 3.2.2 addresses the synchronization problem. While communication systems require timing 
and frequency alignment for correct data transmission, their tolerance to estimation errors keeps 
performance degradation relatively small. Sensing, however, demands far stricter synchronization to 
achieve accurate positioning, tracking, and imaging, making precise timing and frequency references 
a cornerstone of 6G-MUSICAL. 

Section 3.2.3 examines the degree of integration between communications and sensing. Possible 
architectures range from separate systems with no interference, to loose or medium spectrum 
sharing, and ultimately to tight integration with shared waveforms. While higher integration promises 
greater efficiency and synergy, it also introduces stringent challenges in waveform design, 
synchronization, and joint processing. 

Overall, this chapter provides a comprehensive introduction to the principles, topologies, and 
operational considerations for integrating communication and sensing in 6G networks, setting the 
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stage for subsequent sections that analyse performance trade-offs, design approaches, and 
implementation strategies. 

 Sensing Modes, Integration, and Operational Principles 

3.1.1 Sensing Modes: Monostatic, Bistatic and Multistatic Sensing 

JCAS in cellular networks can be performed in a monostatic mode (or topology), where the transmitter 
and the receiver sensing antennas are located in the same node, or in a bistatic and multistatic 
topologies, where the transmitter and the receiver sensing antennas are located at different sites. 
These topologies represent the most common ones for JCAS. Another setup that is a variant of 
monostatic is quasi-monostatic, where the transmitter and the receiver are in the same BS but slightly 
separated (i.e., quasi-collocated). In Figure 1-Figure 3, different JCAS topologies – that involve base 
station(s) (BS(s)) and user equipment (UE(s)) device(s) – are depicted. Further analysis of each 
topology is provided in Section 5.1.  

 

Figure 1 Basic sensing modes involving BS(s): BS-based monostatic sensing in (a), BS-based quasi-monostatic in 
(b) 

 

Figure 2 Different multistatic and bistatic topologies involving BS(s) and UEs: multistatic sensing with M 
transmitter and N receiver sensing antennas in (c), BS-BS bistatic sensing in (d).  

 

Figure 3 UE-BS bistatic sensing in (e), and BS-UE bistatic sensing in (f). 

It is worth noting that a network deployment may include different JCAS topologies, e.g., where many 
BSs in an environment are configured to perform bistatic BS-BS, bistatic BS-UE, multi-static BS-BS-BS 
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or multiple monostatic BSs-based sensing. It is also possible to mix all these topologies with a single 
BS involved in all of them. 

3.1.2 Concurrent and Time-Division Operation of Communication and Sensing in JCAS 
Systems 

JCAS systems use the time, frequency and spatial domains to integrate communication and sensing 
signals and services offered by the same or shared hardware, antenna and spectrum resources. 
Indeed, concurrent mode operation implies that the JCAS transmitter can transmit communication 
and sensing signals simultaneously, potentially separating them in the spatial domain. In contrast, 
time-division mode operation means that communication and sensing signals use separate time slots 
creating orthogonality for the two types of signals in the time domain [18]. Both of these operation 
modes are associated with inherent trade-offs: while in the concurrent mode, the JCAS transmitter 
needs to divide its antenna and power resources between communication and sensing [19], in time-
division mode the total number of time slots (that are typically determined by the communication and 
sensing channels coherence time) has to be shared between communication and sensing [18]. 

3.1.3 Transmitter and Receiver-Side Integration in JCAS Systems 

From the point of view of which node(s) are involved in integrating communications and sensing, JCAS 
systems may use different strategies, which are intertwined the sensing modalities discussed in 
Section 3.1.1 above. Specifically, for bistatic JCAS, the 6G-MUSICAL project has identified the following 
node-level integration schemes for JCAS systems as illustrated in the figure below. These integration 
schemes can be extended for multi-static JCAS configurations as well [20]. 

 

 

Figure 4 Bistatic JCAS with node-level integration schemes identified in the 6G-MUSICAL project.  

Bistatic JCAS with integrated Tx and Rx nodes uses an JCAS-capable Tx node, which can be a cellular 
BS or a UE device as in the scenario in the top of the figure illustrating JCAS with integrated TX and 
RX nodes. In this integration scheme, the Tx node (e.g. a UE) can take advantage of multi-antenna 
schemes to spatially separate the communication and sensing signals to achieve concurrent mode of 

JCAS with integrated Tx (here: UE) and Rx (here: BS) nodes.

JCAS with integrated Tx (here: UE) and separate Rx (BS) nodes. JCAS with separate Tx (here: UE) and integrated Rx (BS) node.
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operation as was discussed in Section 3.1.2. In this scheme, the ISAC-capable RX node can 
simultaneously engage in communication signal reception and radar signal processing [20].  

An alternative integration scheme for JCAS is when the Tx node is an ISAC transmitter, while the 
receivers for communications and sensing are separated (bottom left, indicated as JCAS with 
integrated Tx and separate Rx nodes. This scenario has been studied in the literature, albeit typically 
assuming a BS as the integrated Tx node using sensing and communication signals in the downlink 
direction [18][21]. In this JCAS scheme, constraints due to the joint Tx entity are present, while 
interference caused by the sensing and communication signals to one another is mitigated. 

The third integration scheme, illustrated in the bottom right is JCAS with separate Tx nodes and an 
integrated Rx node. This scheme resolves the JCAS trade-offs due to Tx-side constraints, while the 
communication and sensing signals cause interference to another. This type of interference can be 
handled in the spatial and/or time domain depending on the JCAS operation mode (concurrent and 
time-division modes), as discussed in Section 3.1.2 [18][20].  

  Architecture Challenges 

Identification of the most suitable JCAS architecture and sensing topology is a challenge that depends 
upon several factors such as use-case, network capabilities, latency, deployment characteristics and 
sensing area coverage. Regarding the architecture, the peculiar and “disruptive” nature of JCAS in 
cellular systems, where the Radio Access Network (RAN) becomes, functionally speaking, a radar – 
new control and processing functions are required to be supported by the network. Therefore, an JCAS 
architecture encompassing the necessary sensing functions for control and processing is needed to 
obtain the sensing results from a given topology and evaluate their performances.  

Furthermore, the performance evaluation of a given topology should be continuous during the whole 
sensing session to determine if the sensing requirements regarding, e.g., accuracy and latency, are 
satisfied by a given topology and not deteriorated if an event occurs. In fact, if we take the example 
of the mobility of a passive object as event, this can lead to a change in the resources allocated to the 
sensing RAN. While this change has similarities to cellular handovers (e.g., in 4G LTE or 5G NR 
handovers), as it involves two RAN nodes acting as source and target, the challenges for ISAC may not 
be limited to just identifying a suitable target RAN node to handover the “sensing information” of the 
passive object to. To handle mobility for JCAS, it further needs to be determined whether a new 
sensing topology (e.g., monostatic or bistatic) should be activated to provide optimum sensing results 
and maintain the sensing performance of the on-going session. For instance, it may become necessary 
to switch from monostatic to bistatic sensing after a mobility event and to activate another BS to 
increase the sensing range and improve the detection rate. This dynamic topology change with BS(s) 
activation can be particularly useful at high frequencies and in denser deployments, where continuous 
tracking and increasing the sensing coverage area by activating different transceivers makes better 
use of network capacity and reduces latency for moving object detection.  

Hence, it is crucial to develop a viable JCAS solution based on an architecture that can meet the sensing 
requirements and that can be modular to different types of sensing deployments. 

3.2.1 Impact on the Duplexing Method 

Up to now, the duplexing methods employed in cellular networks have primarily been either FDD or 
TDD. Both techniques ensure orthogonality between the UL and DL channels, which is essential to 
avoid interference between transmission and reception. 

In the case of FDD, this orthogonality is achieved by allocating separate frequency bands for UL and 
DL. However, to maintain the effectiveness of this separation and prevent self-interference, a 
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significant frequency gap is required between the UL and DL bands.  

This frequency separation is essential to minimize the risk of leakage from the transmitter into the 
receiver, which can compromise system performance. The requirement is particularly critical locally, 
within the same equipment—such as between the transmitter and receiver circuits of a BS or mobile 
device—where signal leakage can be significant due to close physical proximity and shared hardware 
components. 

At a global network level, while isolation remains important, the risk is generally lower. This is because 
the signal transmitted by one BS or mobile device experiences substantial propagation losses before 
reaching another device, resulting in much lower interference power levels. As a result, global 
interference is less severe than local leakage, though still relevant in dense deployments or in cases 
where strict spectral coexistence is required. 

For TDD, orthogonality is maintained by separating UL and DL transmissions in time rather than 
frequency. A single frequency band is shared, and the network alternates between transmitting and 
receiving. This approach avoids the need for guard bands but requires precise synchronization 
between devices to prevent overlap and resulting interference. 

Within this framework, it is evident that the use of conventional radar systems, if operating in different 
frequency bands, does not pose a significant interference issue under traditional duplexing methods 
such as FDD or TDD.  

However, the 6G_MUSICAL project aims for a tight integration between sensing and communications, 
with the goal of using common frequency bands. Although conventional monostatic radar systems 
typically operate in well-separated bands from communication systems—meaning leakage from 
communication transmissions into radar reception is usually not an issue—when both radar and 
communication share the same frequency band, transmitter-to-receiver leakage becomes a significant 
challenge. This leakage is especially problematic in scenarios where components are co-located or 
where achieving sufficient isolation between transmission and reception paths is difficult. As cellular 
systems evolve toward full-duplex communication, with simultaneous transmission and reception on 
the same frequency, this problem intensifies and demands the development of advanced self-
interference cancellation techniques. 

In summary, while traditional FDD and TDD schemes provide effective mechanisms for managing 
interference between UL and DL channels, the issue of transmitter leakage remains a fundamental 
concern, especially as network architectures become more complex and spectrum becomes 
increasingly scarce. 

3.2.2 The synchronization problem 

Synchronization is a fundamental requirement in communication systems, ensuring that transmitted 
signals are correctly aligned in time and frequency so that data can be reliably received and decoded.  

In communication systems, the relevant accuracy is tied to the delay resolution of the channel 
estimator, that is, to how precisely the relative channel taps can be identified. For instance, relative 
path delays on the order of several tens of nanoseconds correspond to differences in travelled 
distance of more than 10 m; even inaccuracies of about 10% in such estimates typically degrade link 
performance by no more than a few tenths of a decibel. 

Sensing, however, imposes far more demanding requirements. In contrast, positioning and tracking 
require much finer precision. Here, distance to a reference and target velocity are inferred from signal 
delay and Doppler shift, respectively. Achieving sub-metre or even sub-centimetre accuracy calls for 
synchronization well beyond communication standards, with extremely strict alignment in both delay 
and frequency. 
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For environmental sensing and imaging, such as 3D scene reconstruction, the challenge is even 
greater. Imaging often demands illumination from multiple angles, using either multi-static 
configurations (with separate transmit and receive nodes) or multiple sets of monostatic 
measurements. To coherently combine these measurements, all processing nodes must be tightly 
synchronized in time and frequency but also with a precision sufficient to ensure high spatial and 
temporal resolution. 

In summary, while communication requires synchronization to ensure correct data transmission, 
sensing requires synchronization with much higher precision—governed by the granularity of channel-
tap resolution—to enable accurate positioning, reliable tracking, and high-resolution imaging. 

Synchronization is a cornerstone of 6G-MUSICAL, requiring accurate and stable timing and frequency 
references and their reliable distribution across the network. Chapter 7 will address these aspects, 
detailing the design of precise reference signals and their dissemination to support advanced sensing 
and communication functionalities. 

3.2.3 Degree of integration between communications and sensing 

A further architectural challenge is related with the degree of integration between the communication 
and sensing components.  

Several options can be envisaged: 

a) Separate systems: The sensing and communication components are separate systems that 
operate in different frequency bands and are thus essentially independent. This approach poses 
no mutual interference issues but benefits from reusing the same global infrastructure to host 
both services. The synergies and gains rely on the use of common infrastructure and because it is 
global, it allows to provide sensing services on a wide scale. The ambition of 6G-MUSICAL is to 
move beyond this baseline model and exploit deeper forms of integration. 

b) Loose integration: different bands are still allocated to sensing and communication, but resources 
are dynamically managed according to service demand. Such management, possibly leveraging 
cognitive radio techniques, allows flexible spectrum to use while maintaining functional 
separation. 

c) Medium integration: sensing and communication share the same band, but sub-bands are 
allocated dynamically “on the fly.” This increases spectrum efficiency but requires agile 
coordination to avoid interference. 

d) Tight integration: both functions use the same waveforms, which maximizes spectral and 
hardware efficiency but also creates the most demanding requirements on waveform design, 
synchronization, and joint signal processing. 

The challenge lies in determining which level of integration is most convenient for a given application: 
while disjoint or loose integration may simplify deployment, medium or tight integration offers much 
higher efficiency and synergy but requires overcoming significant technical hurdles. 
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4 Introduction to ISAC and Localization Architecture Trends 

 Positioning Procedures in 5G  

Standardisation efforts for ISAC within 3GPP are still at an early stage, with initial studies already 
underway. It is worth noting that positioning architecture was introduced as early as Release 15, 
providing a foundation on which ISAC developments can build. Currently, the 5G positioning 
architecture supports only positioning of connected devices, e.g., devices equipped with a wireless 
receiver or transmitter node. The 5G Positioning architecture is described in Figure 5. The location 
management function (LMF) is a central entity in the 5G positioning architecture. The LMF receives 
measurements and assistance information from the next generation radio access network (NG-RAN) 
and UEs via the access and mobility management function (AMF) over the NL1 interface to compute 
the position of the UE.  

Due to the new interface between the NG-RAN and the core network, a new NR positioning protocol 
A (NRPPa) protocol was introduced to carry the positioning information between NG-RAN and LMF 
over the next generation control plane interface (NG-C) [22]. These additions in the 5G architecture 
provide the framework for positioning in 5G. The LMF configures the UE using the LTE positioning 
protocol (LPP) via AMF. The interactions between the gNB and the UE is supported via the Radio 
Resource Control (RRC) protocol over LTE-Uu and NR-Uu. 

NG-RAN

UE AMF

LMF

NR-Uu

NL1

gNB

ng-eNB

Xn

TP

TP

E-SMLC

SLP

SET

TRP
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Figure 5 5G positioning architecture. 

The AMF receives a request for some location service associated with a particular target UE from 
another entity (e.g., GMLC or UE), or the AMF itself decides to initiate some location service on behalf 
of a particular target UE (e.g., for an IMS emergency call from the UE). The AMF then sends a location 
services request to an LMF. The LMF processes the location services request which may include 
transferring assistance data to the target UE to assist with UE-based and/or UE-assisted positioning 
and/or may include positioning of the target UE. The LMF then returns the result of the location service 
back to the AMF (e.g., a position estimate for the UE. In the case of a location service requested by an 
entity other than the AMF (e.g., a GMLC or UE), the AMF returns the location service result to this 
entity. An NG-RAN node may control several Transmission and or Reception Points (TRPs/TPs), such 
as remote radio heads, or DL-only TPs  

The sensing functionality can reside in the radio node and in the device, which can identify the 
surroundings that includes: 
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1. detecting both connected device and non-connected (passive) objects,  

2. transmitting their data and processing the measurements 

3. classifying the measurements in a meaningful way (e.g., corresponding to house, boat, 
number of people standing at a bus stop).  

In order to perform an efficient sensing, it would require involvement of multiple TRPs and/or UEs, 
with and a central entity coordinating and providing configuration similar to LMF. Figure 6 shows an 
example on a possible architecture based upon the TS 38.305 RAN architecture for positioning, 
incorporating sensing functions. 

 

Figure 6 Example of 5G positioning architecture augmented with sensing. 

In this example, a Sensing Control Function (SeCF) is added to the network, which can be a logical node 
co-exist within LMF or can be a separate node (hardware) that would configure the TRPs to perform 
sensing in a non-colliding way (minimize interference). The SeCF may also invoke positioning 
procedure to obtain (x,y,z) coordinate of an object. In the same vein, the LMF may invoke SeCF to 
improve positioning accuracy via C1 interface as shown in Figure 6 and further illustrated below in 
Figure 7.  

 

Figure 7 Possible signalling exchange between the SeCF and the LMF.  

However, not all sensing use cases require localization to be performed, for instance gesture 
recognition and rainfall detection, or just simply UAV detection. Also, as mentioned above, sensing 
can be considered to be “disruptive” to current architecture.  

Thus, an independent sensing architecture is likely to be specified starting with inherent sensing use 
cases, non-depending or basing on the positioning architecture, to allow the sensing architecture to 
evolve independently of the positioning one. 
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  Standardisation Efforts in ISAC 

ISAC is gaining traction as a key enabler of future mobile networks, recognized for its potential to 
provide both sensing and communication capabilities within a unified architecture. Standardization 
bodies are beginning to define the groundwork to support this vision, signaling the early but growing 
momentum toward ISAC adoption. 

ISAC has been recommended by the International Telecommunication Union Radiocommunication 
Sector (ITU-R) industry regulations for the International Mobile Telecommunications Networks-2030 
(IMT-2030) [23]. The 3GPP has also started the work on ISAC, where the relevant use cases have been 
studied by SA1 in 3GPP Release-19 TR 22.837 [15], and service requirements in TS 22.137 [15], and a 
study on channel modelling for ISAC for NR has been approved [24] and started by RAN1 in February 
2024. In latest RAN plenary, RAN#106, a summary of 5G-A topics [25] was proposed that listed 
ISAC/sensing as a RAN3-led candidate for additional topics in Rel-20. Hence, it is very likely that ISAC 
will become a technology that will be further studied and focused on by technical groups in the next 
3GPP releases. 
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5 Types of RF Sensing: Infrastructure-Based vs. UE-Assisted 
Approaches 

 Infrastructure Based Sensing 

5.1.1 Introduction and Classification 

The integration of sensing and communication in the next-generation networks, plays a crucial role in 
enhancing environmental perception, object detection, and situational awareness across various 
domains. ISAC enables the coexistence of wireless communication and sensing functionalities within 
the same infrastructure, optimising resource utilisation and improving efficiency. To achieve effective 
sensing, different configurations are utilised based on the spatial relationship between transmitting 
and receiving nodes, leading to the classification of sensing into four main types: 

1. Monostatic sensing: A single node transmits and receives signals, offering simplicity and 
inherent synchronization. 

2. Quasi-monostatic sensing: The transmitting and receiving nodes are slightly separated but 
still operate in a highly coordinated manner, offering greater flexibility compared to 
monostatic sensing. 

3. Bistatic sensing: The transmitting and receiving nodes are spatially separated, improving 
spatial diversity and detection capabilities. 

4. Multistatic sensing: Multiple receiving nodes process reflected signals from a shared 
transmitter (Tx), enabling cooperative sensing and improved detection accuracy. 

Each sensing type offers distinct advantages and challenges, making them suitable for specific 
applications. Therefore, the following subsections provide a detailed examination of these sensing 
paradigms, discussing their concepts, architecture, applications, requirements, and trade-offs. 

5.1.2 The Monostatic  

Monostatic sensing is a traditional radar technique in which a single node, such as a BS, transmits and 
receives signals using the same antenna or a closely located set of antennas. The transmitted signal 
reflects off a target, and the same node detects the echo. This architecture simplifies system design 
by eliminating the need for separate transmitting and receiving stations, ensuring precise 
synchronisation between transmission and reception, thus removing the requirement for inter-node 
synchronisation/coordination [26][27]. 

 

Figure 8 Monostatic sensing topology.  
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Monostatic sensing is widely used due to its simplicity, synchronization benefits, and ease of 
integration with communication systems. The main motivations for adopting monostatic sensing 
include: 

• Inherent synchronization: Since transmission and reception occur at the same node, there is 
no need for complex inter-node synchronization, reducing signal processing overhead. 

• Efficient infrastructure utilization: It can be deployed on existing 6G BSs, APs, and smart 
infrastructure, enabling a seamless transition to ISAC systems. 

• Lower deployment cost: As a self-contained system, it reduces hardware complexity and 
installation expenses, making it ideal for cost-sensitive environments. 

• Low latency: Since all signal processing happens within the same node, it ensures fast 
response times, which is crucial for real-time applications like vehicular networks and smart 
city monitoring. 

Monostatic sensing can be implemented within ISAC architectures in different operational modes [26]: 

• Half-duplex monostatic sensing: The node alternates between transmission and reception, 
i.e., transmits a communication signal and later switches to reception mode to detect the 
reflected signal. This avoids direct self-interference but limits real-time sensing capabilities.  

• Full-duplex monostatic sensing: In contrast, the node simultaneously transmits and receives, 
making the system more efficient but requiring advanced self-interference cancellation 
techniques. 

Additionally, monostatic sensing can be integrated into multi-antenna systems, such as Multiple-Input 
Multiple-Output Orthogonal Frequency-Division Multiplexing (MIMO-OFDM) ISAC architecture  
[6][27], where dedicated antennas are used for simultaneous communication and sensing, optimizing 
spectral efficiency. By using dynamic sub-band allocation and intelligent beamforming, monostatic 
sensing can effectively coexist with wireless communication, supporting a wide range of applications 
across various domains, leveraging its ability to detect and analyse reflected signals with high accuracy 
[6]. Specifically:  

• 6G infrastructure-based sensing: Used in next-generation networks for environmental 
awareness, object tracking, and localization for smart infrastructure management. 

• Vehicular networks: Supports real-time object detection and collision avoidance in 
autonomous driving, enhancing road safety and vehicle navigation. 

• Surveillance and security: Monitoring restricted areas, tracking unauthorized movement, and 
detecting threats in applications such as border security, airport surveillance, and industrial 
site monitoring. 

• Smart city applications: Facilitates advanced traffic monitoring, pedestrian detection, and 
automated infrastructure inspection, improving urban mobility and public safety. 

• Industrial automation and healthcare: Enable precision manufacturing, robotic navigation, 
and quality control, as well as supporting patient monitoring and medical imaging 
technologies. 

Integrating monostatic sensing into these domains enhances efficiency, safety, and automation across 
various real-world scenarios. 

For effective monostatic sensing within ISAC architectures, several key requirements must be 
considered [26][27]. Self-interference cancellation is crucial, particularly in full-duplex systems where 
the transmitted signal can interfere with the received echo. Effective waveform design plays a key role 
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in mitigating interference and optimizing sensing performance, with high out-of-band roll-off 
waveforms, such as OFDM with 1/f² characteristics, being a viable solution. Dynamic resource 
allocation is another essential aspect, allowing sub-bands to be assigned dynamically to balance the 
demands of radar and communication. Processing capabilities must be enhanced to support parallel 
pipelines for independently handling communication and sensing tasks. Additionally, power control is 
a critical factor, as transmission power must be carefully managed to avoid excessive interference, 
especially for long-range sensing applications.  

Monostatic sensing presents a range of strengths and limitations that must be considered for its 
effective application. It offers several benefits [26][27], such as  

• Inherent synchronization: No need for inter-node coordination, simplifying signal processing. 

• High-resolution sensing: Effective for short-range applications due to strong reflected signal 
strength. 

• Infrastructure reuse: Can integrate into existing communication systems, reducing 
deployment costs. 

• Flexibility: Suitable for dynamic adaptation, such as sub-band allocation based on demand. 

However, it also presents some challenges [26][28] like: 

• Full-duplex limitations: Current full-duplex radio technology is immature, complicating self-
interference cancellation, particularly in massive MIMO setups. 

• Interference from communication signals: The transmitted signal may interfere with the 
received reflection, degrading sensing performance. 

• Limited range: Due to the two-way propagation path, monostatic sensing is more effective 
for nearby targets since long-range sensing requires higher transmission power, leading to 
interference concerns. 

• Complex integration: Requires advanced signal processing techniques to separate useful 
echoes from noise and interference. 

Despite these challenges, monostatic sensing remains a key enabler of 6G ISAC systems, particularly 
in scenarios where synchronization and infrastructure reuse are advantageous. Future advancements 
in interference mitigation and full-duplex technology will further enhance its applicability. 

5.1.3 The quasi-monostatic 

In quasi-monostatic sensing, the transmitting and receiving nodes are located at the same site but use 
separate antenna arrays. Unlike monostatic sensing, which relies on a single antenna (or a closely 
placed set), quasi-monostatic sensing utilizes distinct Tx and Rx antenna sets, reducing self-
interference while maintaining the synchronization advantages of monostatic configurations [29]. This 
sensing type benefits from angular resolution improvements, particularly when leveraging orthogonal 
waveforms across multiple transmitting elements. By properly placing antennas, quasi-monostatic 
sensing can significantly enhance detection accuracy while mitigating interference. 
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Figure 9 Quasi-monostatic sensing topology. 

The primary motivation behind quasi-monostatic sensing lies in overcoming self-interference 
limitations inherent to monostatic configurations while preserving their tight synchronization 
advantages [29][30]. Specifically: 

• Self-interference mitigation: Proper antenna placement and orthogonal waveforms help 
manage interference, avoiding the challenges faced in full-duplex monostatic systems. 

• Improved angular resolution: Utilizing M orthogonal waveforms across M Tx antennas 
enhances spatial resolution by a factor of M, outperforming conventional phased arrays. 

• Separation of sensing and communication functions: Unlike monostatic sensing, where Tx-
Rx coexist within the same chain, quasi-monostatic sensing allows dedicated Rx antennas for 
sensing, improving detection fidelity. 

• Enhanced integration in ISAC: The ability to separate sensing and communication functions 
within the same node makes it a promising candidate for 6G ISAC applications. 

Quasi-monostatic sensing operates under a single-node architecture where transmission and 
reception occur at the same site but with distinct antenna sets. It can be implemented within ISAC 
architecture under different modes: 

• Dedicated sensing Rx antennas: A subset of antennas is fully dedicated to sensing, ensuring 
independent reception without interference from communication signals. 

• Orthogonal waveform transmission: Each transmitting element uses a distinct orthogonal 
waveform, improving angular resolution and reducing interference between sensing and 
communication. 

Quasi-monostatic sensing aligns well with MIMO radar architecture, leveraging multiple transmitting 
and receiving antennas to enhance detection capabilities [30]. The key benefits include: 

• Higher angular resolution: The use of M orthogonal waveforms across M Tx elements allows 
for angular resolution improvements compared to traditional phased arrays. 

• Improved target localization: By maintaining Tx-Rx separation within the same node, quasi-
monostatic sensing benefits from MIMO techniques while avoiding inter-node 
synchronization issues present in bistatic or multistatic sensing. 

• Enhanced interference handling: Unlike traditional MIMO radar, quasi-monostatic 
configurations can manage interference more effectively through controlled antenna 
placement and waveform design. 
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Quasi-monostatic sensing is well-suited for various 6G applications, particularly where enhanced 
detection accuracy and self-interference mitigation are required [30], mainly in: 

• Autonomous vehicles: Enables high-precision sensing for object detection and localization. 

• Smart city infrastructure: Used for pedestrian detection, automated traffic monitoring, and 
infrastructure inspection, improving urban mobility and safety. 

• Industrial automation and robotics: Supports precision manufacturing, robotic navigation, 
and quality control by providing high-resolution environmental sensing. 

• Surveillance and security: Enhances perimeter monitoring, unauthorized movement 
detection, and threat identification in both civilian and military applications. 

To effectively deploy quasi-monostatic sensing within 6G ISAC architecture, optimized antenna 
placement is crucial where proper spacing between Tx and Rx antennas ensures self-interference 
mitigation and enhanced angular resolution. The use of M distinct orthogonal waveforms across 
transmit antennas maximizes resolution while minimizing interference. Also dedicated hardware for 
sensing Rx is quite important since Rx antennas are fully dedicated to sensing, additional hardware 
complexity arises, necessitating careful architectural integration. Dynamic resource allocation ensures 
that sensing and communication functions are allocated resources efficiently, preventing conflicts in 
ISAC scenarios. While quasi-monostatic sensing reduces self-interference, effective signal processing, 
mainly interference management is still required to handle residual interference in dense network 
deployments. 

Quasi-monostatic sensing presents a range of strengths and limitations that must be considered for 
its effective application. It offers several benefits [29][30], such as  

• Inherent synchronization: Maintains the tight synchronization benefits of monostatic sensing 
without requiring complex inter-node coordination. 

• Reduced self-interference: Unlike full-duplex monostatic sensing, proper antenna placement 
mitigates radio frequency (RF) saturation issues at the receiver. 

• Improved angular resolution: With M orthogonal waveforms, angular resolution improves by 
a factor of M, outperforming conventional phased arrays. 

• Enhanced detection performance: The use of dedicated sensing Rx antennas improves signal 
clarity and target recognition accuracy. 

However, quasi-monostatic sensing also presents challenges [29][30] like: 

• Higher hardware complexity: Requires separate sensing Rx antennas, adding architectural 
complexity that cannot be directly shared with communication functions. 

• Limited duplexing compatibility: Unlike bistatic/multistatic sensing, conventional duplexing 
schemes may not efficiently allocate resources between communication and sensing. 

• Integration overhead in ISAC: The need for dedicated sensing hardware makes tight ISAC 
integration more challenging, requiring optimized hardware-software co-design. 

Quasi-monostatic sensing presents a balanced solution between monostatic and bistatic 
configurations, offering high-resolution sensing with reduced self-interference while maintaining 
synchronization benefits. Its ability to form M×N sensing channels (M Tx, N Rx) and improve resolution 
makes it a promising candidate for 6G ISAC applications. However, addressing hardware complexity 
and duplexing inefficiencies is essential for seamless integration into future wireless networks. 
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5.1.4 The bistatic 

Bistatic sensing differs from monostatic sensing in that the transmitting and receiving nodes are 
spatially separated. A transmitting node, such as a BS1, sends an illuminating signal, while another 
node (BS2) detects the reflected (echo) signal from the target. This separation allows for flexible 
sensing configurations, improved spatial coverage, and enhanced detection capabilities, making 
bistatic sensing a valuable approach in advanced radar and ISAC applications [26][27]. 

 

 

Figure 10 Bistatic sensing topology. 

Bistatic sensing is motivated by its ability to overcome some of the limitations of monostatic sensing, 
such as high transmission power requirements for long-range sensing. By leveraging separate Tx and 
Rx nodes [26][31], it 1) enhances target detection through increased spatial diversity, 2) reduces 
interference from direct path signals, improving signal-to-noise ratio (SNR), 3) facilitates cooperative 
sensing in multi-node networks, enhancing accuracy and reliability. These advantages make bistatic 
sensing particularly useful in distributed and networked environments where multiple nodes 
contribute to a more comprehensive sensing framework. 

Bistatic sensing can be implemented within ISAC architecture in both half- and full-duplex modes [26]. 
Specifically: 

• Half-duplex bistatic sensing: A receiving node leverages the transmitted signal from another 
node for sensing. Depending on the use case, the illuminating signal may be a communication 
signal or a dedicated sensing signal.  

• Full-duplex bistatic sensing: A receiving node simultaneously detects target echoes while 
transmitting its own communication signal, requiring advanced self-interference cancellation 
techniques. 

Bistatic sensing integrates well with MIMO radar architectures, where MIMO-based bistatic sensing 
improves angular resolution, mitigates interference, and enhances robustness in dynamic 
environments, making it a key component in next-generation ISAC and radar systems [27]. 

Bistatic sensing is applicable in scenarios that require extended coverage, cooperative sensing, and 
improved target detection [6], including: 

• Automotive radar: Enables vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) 
sensing, improving real-time situational awareness for autonomous driving. 

• Security and surveillance: Used in border monitoring, perimeter security, and military 
applications to detect stealth aircraft, drones, and unauthorized intrusions, benefiting from 
spatial separation for improved detection. 



6G-MUSICAL Horizon No. 101139176 Deliverable D2.2  
 

Page 34 of 74 

 

• Air traffic control: Enhances aircraft tracking accuracy while reducing dependence on 
transponder-based systems, improving airspace management and safety. 

• Environmental monitoring and disaster response: Supports tracking of weather patterns, 
ocean waves, and ice movements, also assists in detecting survivors through structural debris 
in emergency situations. 

By integrating bistatic sensing into 6G networks, its potential is maximized, offering enhanced 
accuracy, coverage, and resilience in challenging environments. 

To effectively implement bistatic sensing, the architecture must support accurate time 
synchronization between the Tx and Rx nodes, as independent oscillators introduce frequency and 
phase offsets that must be compensated. Interference management is critical, as signals from multiple 
sources can degrade sensing accuracy. Advanced signal processing techniques, such as iterative data-
aided channel estimation and interference cancellation, are required to refine sensing performance. 
Additionally, resource allocation strategies should ensure optimal sharing of spectral and 
computational resources between communication and sensing functions. The network must also 
support adaptive beamforming and dynamic reconfiguration to maintain high detection accuracy 
across varying environments and target locations [26][27]. 

Bistatic sensing offers several advantages that make it a valuable approach in various applications [31], 
such as: 

• Improved spatial coverage: Separation between Tx and Rx extends the sensing range.  

• Enhanced detection capabilities: More effective in detecting low-observable or stealth 
targets, since the bistatic geometry can expose different scattering properties that may not 
be detectable in monostatic configurations. 

• Better interference management: Reduces direct path interference, improving SNR and 
overall performance. 

• Multi-node cooperative sensing: multiple receivers can process reflections from the same 
transmitted signal, increasing detection accuracy and robustness. 

Despite these benefits, bistatic sensing also presents several challenges [26][28]. Mainly: 

• Synchronization complexity: Frequency and phase offsets require advanced correction 
techniques.  

• Data fusion and processing overhead: Combining and analysing multi-node data in real-time 
increases computational complexity. 

• Higher deployment costs: Requires multiple coordinated nodes with robust communication 
links to exchange data.  

• Increased latency: Data transmission and fusion across multiple nodes can introduce 
processing delays. 

Bistatic sensing significantly enhances coverage and detection accuracy, making it a valuable tool in 
modern sensing applications. However, successful deployment demands precise synchronization, 
efficient data fusion, and advanced processing to overcome inherent challenges and maximize 
performance. 
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5.1.5 The multistatic  

Multistatic sensing involves multiple spatially separated Rx nodes that detect reflected signals from a 
common Tx node. Unlike monostatic and bistatic sensing, which rely on one or two nodes, multistatic 
sensing uses a distributed network of receivers to analyse multiple perspectives of the same target, 
enabling enhanced detection accuracy, spatial coverage, and resilience to interference. In ISAC 
applications, such sensing allows for cooperative detection, where multiple nodes collaborate to 
improve target localization, environmental mapping, and situational awareness. By capturing signals 
from different angles, multistatic sensing enhances the robustness of 6G networks in dynamic 
environments [31][32].  

 

Figure 11 Multistatic sensing topology. 

Multistatic sensing is motivated by its ability to overcome the limitations of monostatic and bistatic 
sensing, particularly in complex scenarios where enhanced detection accuracy, redundancy, and 
resilience are critical [33]. The key motivations include: 

• Improved target detection and classification: Multiple receivers capture independent 
reflections, enabling better object recognition, trajectory tracking, and feature extraction. 

• Greater spatial coverage: Distributed receivers extend the sensing range beyond the previous 
sensing setups, making multistatic sensing ideal for large-scale environments. 

• Enhanced robustness against interference and clutter: By combining reflections from 
different angles, it mitigates the effects of signal occlusions and multipath interference. 

• Support for 3D object imaging: The ability to illuminate targets from multiple viewpoints 
makes it particularly useful for high-precision imaging applications in security, medical 
imaging, and industrial automation. 

• Resilience to node failure: Unlike monostatic or bistatic sensing, where failure of a single node 
may degrade performance, it benefits from redundant Rx nodes, ensuring system continuity. 

Multistatic sensing operates within a distributed architecture where a single Tx sends an illuminating 
signal that is detected by multiple spatially separated receivers. Each Rx is positioned at different 
locations, enabling diverse observation perspectives. These nodes collect echo signals, extracting 
target information such as range, velocity, and angular position. The processing then can occur locally 
at each Rx or via a central fusion unit, where data from multiple sensors is aggregated to enhance 
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detection accuracy. This topology allows better spatial diversity, reducing detection errors caused by 
obstacles, multipath fading, or occlusions. Additionally, it enhances cooperative sensing, where 
multiple nodes work together to refine environmental understanding [32]. 

Multistatic sensing can be implemented in two main modes within ISAC architecture [34][35]: 

• Fixed multistatic sensing: In this configuration, transmitters and receivers are permanently 
placed at predefined locations to provide stable and continuous environmental monitoring. 
Commonly used in air traffic control, border security, and infrastructure monitoring. It works 
well in static or slowly changing environments where sensor positions do not need frequent 
adjustments. 

• Dynamic/Adaptive multistatic sensing: Rx nodes are reconfigurable and can adapt their 
positions dynamically, optimizing sensing performance based on environmental changes and 
network demands. It enables flexible sensing coverage in rapidly changing environments (e.g., 
urban mobility, disaster response). It works well in scenarios where targets are moving 
unpredictably or where obstacles may interfere with fixed placements. 

Multistatic sensing is closely related to MIMO radar, leveraging its principles to enhance detection 
capabilities [36][37]: 

• Higher angular resolution: By integrating MIMO techniques, multistatic systems achieve 
superior spatial resolution, surpassing traditional monostatic and bistatic configurations. 

• Cooperative processing for enhanced sensing: Distributed receivers can jointly process 
signals using coherent combining techniques, improving detection accuracy and robustness. 

• Better resistance to jamming and clutter: The multi-angle nature of this type of sensing, 
combined with MIMO processing, provides higher resilience against intentional interference 
and environmental clutter. 

Multistatic sensing finds applications in diverse 6G-enabled use cases, where extended spatial 
coverage and cooperative detection are crucial [6][36]: 

• Air traffic control and security: Enables multi-node aircraft tracking, reducing reliance on 
transponder-based systems and improving non-cooperative target detection. 

• Autonomous vehicles and traffic monitoring: Facilitates multi-angle perception for collision 
avoidance, pedestrian detection, and smart transportation systems. 

• Surveillance and defense: Used in border security, stealth target detection (e.g., drones, 
aircraft), and battlefield monitoring, benefiting from its multi-node redundancy. 

• Industrial automation and smart manufacturing: Supports high-precision object tracking, 
robotic coordination, and process optimization in automated factories. 

• Environmental sensing and disaster response: Enhances weather pattern analysis, 
earthquake monitoring, and search-and-rescue operations by capturing signals from multiple 
locations. 

To fully leverage multistatic sensing within 6G ISAC architectures, several critical requirements must 
be met to ensure accurate detection, efficient resource utilization, and seamless network integration 
[32]. Precise time synchronization across multiple nodes is essential, as all Rx nodes must remain in 
phase and aligned in time to enable coherent signal processing and prevent errors in target 
localization. Additionally, advanced data fusion mechanisms are required since multiple receivers 
independently collect reflections from the target. These reflections must be processed in real-time 
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and combined to generate a coherent and high-accuracy sensing output. Given that multistatic sensing 
shares spectral resources with communication functions, efficient resource allocation is necessary to 
optimize spectral usage and prevent mutual interference between sensing and communication 
signals. Furthermore, adaptive beamforming and dynamic reconfiguration capabilities must be 
integrated, allowing nodes to adjust their sensing patterns and resource allocation based on network 
traffic, environmental conditions, and target movement. Lastly, scalability and network coordination 
are critical to ensure that additional Rx nodes can be seamlessly incorporated without significantly 
increasing system complexity. 

Multistatic sensing offers several advantages that make it a valuable approach in various applications 
[32][33], such as: 

• Extended spatial coverage: The distributed nature of multistatic sensing allows for large-area 
surveillance and monitoring. 

• Higher detection accuracy: By combining multiple reflections, signal processing techniques 
improve target classification and recognition. 

• Robustness to interference and clutter: Multiple angles of observation reduce multipath 
interference effects and improve sensing in complex environments. 

• Fault tolerance: Unlike monostatic or bistatic systems, failure of a single node does not 
compromise overall system functionality. 

Despite these benefits, multistatic sensing also presents several challenges [28][32]. Mainly: 

• Complex time synchronization: Coordinating multiple Rx nodes requires highly accurate 
timing mechanisms to ensure signal coherence. 

• High computational overhead: Data fusion from multiple receivers demands advanced 
processing capabilities and real-time coordination. 

• Increased infrastructure costs: Deploying and maintaining multiple receivers introduces 
additional hardware and operational expenses. 

• Integration complexity in ISAC: Multistatic sensing requires tight integration with 
communication functions, making resource sharing and coexistence challenges. 

Multistatic sensing offers significant advantages in detection accuracy, resilience, and coverage, 
making it an essential component of 6G ISAC architectures. While challenges like synchronization, data 
fusion, and cost must be addressed, advancements in network coordination, MIMO processing, and 
real-time computation will make multistatic sensing a key enabler for future wireless sensing 
applications. 

5.1.6 Preliminary Comparisons and Architecture Impact 

Table 1 presents a detailed comparison of the four sensing types (Monostatic, Quasi-Monostatic, 
Bistatic, and Multistatic) highlighting their preliminary performance characteristics and architecture 
impact in 6G ISAC systems. 

Table 1 Preliminary Comparisons and Architecture Impact of Sensing Types 

Features Monostatic Quasi-Monostatic Bistatic Multistatic 

Signal 
Transmission 

Single node 
transmits and 
receives using 

Single node 
transmits and 
receives using 

One node 
transmits, and a 

spatially 

One node 
transmits, and 

multiple spatially 
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and Reception the same 
antenna or 

closely located 
antennas. 

separate 
antennas. 

separate node 
receives the 

signal. 

separated 
receivers collect 

reflections. 

Synchronization 
Requirements 

No inter-node 
synchronization 

needed; 
inherent 

synchronization 
between Tx and 

Rx. 

Still benefits from 
synchronization at 

a single site but 
requires 

coordination 
between Tx and Rx 

antennas. 

Requires precise 
inter-node 

synchronization 
to align Tx and 

Rx signals. 

 

Highly dependent 
on network-wide 
synchronization 

across multiple Rx 
nodes 

Self-
Interference 

Significant in 
full-duplex 

mode, requiring 
advanced 

cancellation 
techniques. 

Reduced 
compared to 

monostatic due to 
separate Tx/Rx 
antennas and 

waveforms but 
still requires 

careful 
management. 

Lower self-
interference 

than monostatic 
but may suffer 

from direct path 
interference 
and external 
interference 

sources. 

is minimal, but still 
requires handling 

cross-node 
interference, 

multipath 
interference, and 

coordination 
among multiple 

receivers. 

Spatial 
Coverage 

Limited by the 
Tx-Rx co-located 
setup, best for 
high-resolution 

sensing. 

Slightly improved 
spatial coverage 
due to antenna 

separation. 

Expanded 
coverage since 
Tx and Rx are 

spatially 
separate. 

Largest spatial 
coverage with 

multiple receiving 
nodes capturing 
reflections from 
different angles. 

Detection 
Accuracy 

Good for short-
range targets, 

but performance 
degrades at 

longer distances 
due to power 

limitations. 

 

Improved angular 
resolution 

compared to 
monostatic 

sensing due to 
M×N sensing 

capability. 

Better detection 
of low-

observable 
targets, thanks 

to spatial 
separation of Tx 

and Rx. 

Best accuracy due 
to multi-node 
cooperative 

sensing and data 
fusion. 

Multipath and 
Occlusion 
Resilience 

 

Susceptible to 
multipath 

interference, 
especially in 

dense 
environments. 

 

Reduces multipath 
effects by using 

separate antennas 
and orthogonal 

waveforms. 

Improved 
multipath 

mitigation due 
to different 
signal paths 

available. 

Highest resilience 
as multiple 

receivers provide 
diverse 

perspectives on 
reflections. 
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Scalability 

Limited by 
antenna 

placement 
constraints and 

self-interference 
issues. 

Can be scaled by 
increasing the 

number of Tx/Rx 
antennas but 

limited to a single 
site. 

Scalable but 
requires careful 
synchronization 

and 
interference 

management. 

Highly scalable but 
requires advanced 

data fusion and 
coordination 

across multiple 
nodes. 

Computational 
Complexity 

Moderate; 
single-node 
processing 

simplifies system 
design. 

Higher than 
monostatic due to 
separate sensing-

dedicated Rx 
antennas. 

Increased 
complexity due 
to inter-node 

synchronization 
and 

independent 
processing at 

Rx. 

Highest complexity 
due to data fusion 

from multiple 
receivers, 

requiring real-time 
coordination. 

Hardware 
Requirements 

 

Requires a 
transceiver 

capable of both 
transmission 

and reception. 
 

Requires 
additional Rx 
antennas and 

waveform 
processing for 
orthogonality. 

Needs two 
separate nodes 
with dedicated 
synchronization 

mechanisms. 

Requires multiple 
distributed 

receivers, precise 
synchronization, 
and centralized 
processing for 

data fusion. 
 

Network 
Infrastructure 

Complexity 

Simple; can 
reuse existing 

network 
components 
with minimal 
modifications. 

More complex 
than monostatic 
due to dedicated 

sensing Rx 
antennas but still 

localized. 

Requires 
dedicated Tx 

and Rx nodes, 
increasing 

deployment 
complexity. 

Most complex; 
requires a well-

coordinated 
network with 
distributed Rx 

nodes. 

Resource 
Allocation 
Strategy 

Uses a single 
frequency band 

but must 
dynamically 

switch between 
communication 

and sensing. 

Requires dynamic 
sub-band 

allocation for 
communication 

and sensing while 
managing 

interference. 

Needs careful 
frequency 

planning to 
avoid excessive 

interference 
between Tx and 

Rx. 

Requires advanced 
spectrum sharing, 
real-time resource 

allocation, and 
high capacity 

backhaul for data 
fusion. 

Integration with 
ISAC 

Easy to integrate 
since it can share 
communication 
infrastructure 
with minimal 

changes. 

Slightly more 
complex but still 

allows direct 
integration with 
ISAC networks. 

Requires 
network 

adjustments to 
manage inter-

node 
coordination 

and 
communication-

sensing 
coexistence. 

Demands a highly 
flexible 

architecture with 
dynamic 

reconfiguration 
capabilities. 
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Application 
Flexibility 

Best suited for 
short-range, 

high-resolution 
sensing 

applications 
(e.g., object 

tracking, 
vehicular radar). 

Suitable for 
applications that 
require improved 
angular resolution 
while maintaining 
synchronization 

benefits. 

Ideal for large-
area sensing 
applications, 
particularly in 

military, 
surveillance, 

and 
environmental 

monitoring. 

Best for high-
precision, large-

scale applications 
such as air traffic 

control, 3D 
imaging, and 

disaster response. 

Latency 
Requirements 

Low latency as 
all processing 

happens within 
the same node. 

Slightly higher 
latency due to 
independent 

sensing Rx 
antennas. 

Higher latency 
due to inter-

node data 
exchange and 

synchronization 
overhead. 

Highest latency 
due to multi-node 

coordination, 
requiring efficient 

real-time data 
fusion. 

5.1.7 Complementary resource allocation to support bistatic sensing 

Integrating bistatic sensing in the infrastructure of cellular networks presents some challenges in 
terms of resource coordination for the UL/DL of the communication component. Using the 
infrastructure nodes for bistatic sensing enables more accurate synchronization and distribution of 
reference signals through the front haul. This simplifies coordination and improves measurement 
reliability, giving it a clear advantage over relying on mobile devices. In this section, we focus on the 
use of complementary resources and explain the bistatic case, which can be generalized to multistatic 
scenarios. 

We propose a complementary resource allocation scheme that separates uplink and downlink 
resources across different AP clusters to enable both communication and sensing without 
interference. To explain the concept clearly, we begin with a FDD system as shown in Figure 12. The 
figure shows a JCAS scenario involving two clusters of APs, where one cluster labelled A and the other 
one labelled B. The figure shows two target objects that need to be detected, tracked or identified 
according to the specific sensing application. It is clear that if the frequency resource allocation for UL 
and DL is identical for all the APs bistatic sensing will not be possible if the same band is to be used for 
sensing and communications. 
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Figure 12 Cellular deployment with two UL-DL complementary configurations 

The figure labels show that two disjoint sets of APs and UEs are configured to operate on 
complementary frequency bands for uplink and downlink as shown in Table 2.  

Table 2 Example of Resource Allocation 

Set Downlink Band Uplink Band 

A f1 f2 

B f2 f1 

 

This means that when Set A APs are receiving uplink signals on f2, Set B APs are transmitting downlink 
signals on f2. Conversely, when Set B APs are receiving on f1, Set A APs are transmitting on f1. 

Such an arrangement represents an opportunity for bistatic sensing using the edge infrastructure 
nodes. As explained previously, bistatic sensing requires: a transmitter (signal source); a receiver at a 
different location of the transmitter. Here, the APs themselves provide both roles: 

• Set A APs (receivers on f1) can sense the environment using signals transmitted by Set B APs 
(transmitters on f1). 

• Set B APs (receivers on f2) can sense the environment using signals transmitted by Set A APs 
(transmitters on f2). 

Since the frequency assignment is complementary, whenever an AP from one set transmits, the APs 
of the other set are in receive mode on that same frequency band. 

The receiving APs can capture both: 

• The direct path (if line-of-sight (LoS) exists). 

• The reflected/scattered paths caused by objects, walls, or movement in the environment. 

This setup effectively forms a network of bistatic radar pairs: 
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• Set A Tx (on f1) ↔ Set B Rx (on f1) 

• Set B Tx (on f2) ↔ Set A Rx (on f2) 

No extra spectrum is needed for sensing as it reuses the same communication bands and so it enables 
cross-AP environmental awareness without interfering with UE uplink traffic. Thus, bistatic sensing is 
enabled because, by design, whenever one set of APs transmits on a band, the other set is listening 
on that same band. This creates a built-in bistatic radar configuration where APs in different sets act 
as transmitters and receivers for each other’s downlink signals, allowing them to sense reflections 
from the environment. 

While the static allocation shown in Figure 12 ensures complementary operation between the two AP 
clusters, practical deployments require additional flexibility. To enable bistatic sensing in different 
situations, both APs and mobile devices must be capable of operating in two complementary 
configurations. This requires the ability to dynamically switch their transmit and receive frequency 
bands depending on whether they belong to Set A or Set B. Relying on a fixed assignment of devices 
to sets is not convenient, since it reduces flexibility and may limit the ability of the network to maintain 
complementary bistatic operation under varying deployment conditions. Achieving this level of 
flexibility cannot rely on manual or static configuration alone; it requires dedicated mechanisms within 
the network to manage and coordinate the complementary assignments dynamically. 

Enabling bistatic sensing in cellular infrastructures requires addressing challenges at several levels. On 
one hand, there are RF hardware problems, arising from the need to support flexible transmit and 
receive operation across complementary frequency bands. On the other hand, there are system-level 
management problems, related to how the network organizes complementary sets and coordinates 
their operation. 

Concerning the first point with reconfigurable RF front-ends—tunable duplexers/filters, agile local 
oscillators, switchable PA/LNA paths, and fast calibration—both APs and mobiles can support the two 
complementary configurations. Access Points are simpler to equip due to fewer power/size 
constraints and tight fronthaul synchronization; mobiles are more constrained but still technically 
feasible using modern RFICs and tunable filtering. In summary, no new spectrum or protocol primitives 
are strictly required for feasibility; the main effort lies in provisioning hardware capable of rapid band 
retuning and exposing a control parameter that identifies the UE’s current set (A/B) for correct UL/DL 
mapping. 

To support this functionality, the system must incorporate radio resource allocation modules capable 
of defining the complementary AP/UE sets involved in bistatic sensing. These modules must also 
parameterize the frequency bands assigned to each set, enabling dynamic switching between transmit 
and receive roles. Finally, the configuration must be communicated efficiently to the mobiles, for 
example by means of broadcast control channels, so that UEs can be promptly informed of their 
assigned set and switch to the correct frequency bands when required. The requirement to switch UL 
and DL frequency assignments is fundamentally a hardware problem. With reconfigurable RF front-
ends—tunable duplexers/filters, agile local oscillators, switchable PA/LNA paths, and fast calibration—
both APs and mobiles can support the two complementary configurations. Access Points are simpler 
to equip due to fewer power/size constraints and tight fronthaul synchronization; mobiles are more 
constrained but still technically feasible using modern RFICs and tunable filtering. In summary, no new 
spectrum or protocol primitives are strictly required for feasibility; the main effort lies in provisioning 
hardware capable of rapid band retuning and exposing a control parameter that identifies the UE’s 
current set (A/B) for correct UL/DL mapping. 

In a bistatic sensing system, the definition of complementary sets (A/B) should not be arbitrary or 
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fixed. Instead, it must be driven by the sensing service requirements. Different applications may 
require tracking moving objects, monitoring specific areas, or detecting events within the 
environment. The efficiency of bistatic sensing depends on selecting the most appropriate 
transmitter–receiver AP pairs for the objects of interest. 

Therefore, one of the main challenges is dynamically assigning complementary UL/DL resources across 
AP clusters while ensuring that: 

• At any given time, at least one set of APs is transmitting while the complementary set is in 
receive mode on the same band. 

• The assignment adapts to temporal and spatial variations in traffic load, avoiding 
underutilization of resources. 

• Synchronization across the fronthaul is maintained so that the reassignment does not break 
the bistatic sensing opportunity. 

• The signalling overhead for reconfiguration remains manageable, ensuring responsiveness in 
real-time scenarios. 

• Dynamic complementary allocation essentially requires a joint communication–sensing 
scheduler that monitors traffic asymmetry, interference patterns, and sensing coverage 
requirements to reassign UL/DL resources on the fly. This scheduler must coordinate across 
clusters while leveraging fronthaul synchronization to avoid misalignment in the bistatic 
sensing configuration. 

In this section, we have focused on an FDD configuration to illustrate how complementary uplink and 
downlink resources can be leveraged for bistatic sensing. However, the same principle applies to TDD 
systems, where complementary allocation can be realized by separating transmit and receive slots 
across AP clusters. 

 Sensing using UEs  

5.2.1 Background: Uplink synchronization and beamforming for communication and spatial 
multiplexing 

5G NR systems support sophisticated synchronization mechanisms that enable UEs to align their time 
and frequency coordinate systems – and thereby to align their resource elements in the time and 
frequency domains – with that of the serving BS [38]. A key enabler of the uplink synchronization 
procedure is the Synchronization Signal Block (SSB), which is periodically broadcast by the BS. The SSB 
comprises the primary and secondary synchronization signals help UEs to align their internal clock with 
that of the BS as well as to align the subcarrier spacing and frequency offset, which facilitates fine-
granularity resource scheduling and proper demodulation of uplink signals and spatial multiplexing of 
multiple UEs using UL MU-MIMO schemes [39]. Accurate time and frequency synchronization is not 
only necessary for establishing the RRC connection, but it is also useful for accurate positioning based 
on, for example UL positioning sounding reference signals (posSRS) [40]. 

Previous works have pointed out that UL precoding and beamforming are beneficial for both UL 
reference (pilot) and data signals [41]. Specifically, reference [41] has shown that pilot precoding and 
combining improves channel estimation quality and increases the achievable uplink data rates. 
Reference [41] has also demonstrated that using second-order channel statistics for uplink precoding 
reduces estimation error variance in proportion to the number of UE antennas. Similarly, a linear 
combiner based on channel statistics suppresses multiuser interference and enables partial pilot 
reuse. In systems with many antennas, these techniques enhance channel estimation, support more 
UEs per cell, improve edge-user SNR, mitigate pilot contamination, and balance pilot-data coverage. 
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In practice, UL beamforming is enabled by UL sounding reference signal (SRS) beams to probe different 
directions, while the BS measures the received power on these beams and uses the RRC 
Reconfiguration message that contains the selected beam index.  

 

5.2.2 UE support for JCAS 

 

Figure 13 Multi-antenna UEs to support bistatic and multistatic JCAS schemes.  

Recognizing the capability of contemporary multi-antenna UEs designed for high-reliability 
communication, including multi-stream UL transmissions using UL spatial multiplexing and 
beamforming through advanced precoding, in this project we propose to utilize multi-antenna UEs to 
support bistatic and multistatic JCAS schemes illustrated in the figure above [19][20][42]. Specifically, 
the scenario with integrated Rx and Tx nodes (upper left) was studied in detail in [19], the scenarios 
with separated Rx or Tx nodes (lower left and lower right respectively) was analysed in detail in [20], 
while the “one target many views” JCAS scheme illustrated in the upper right was first proposed in 
[42]. All four JCAS schemes support the precoding and spatial multiplexing capabilities of multi-
antenna UEs to spatially separate the communication and sensing signals. The advantage of these 
proposed schemes (as detailed and demonstrated in [19][20]) is that they enable to employ both 
deterministic and random sensing signals to be spatially multiplexed with both the UL reference (pilot) 
and communication symbols. By doing so, multi-antenna UEs can efficiently manage the inherent 
deterministic-random trade-off by utilizing the spatial domain [19][20]. 

Of the JCAS schemes illustrated above, the “one target, many views” [42] (upper right) is a noel pilot-
free multi-user uplink framework for JCAS especially advantageous in mmWave networks, where co-
operating UEs transmit OFDM signals without dedicated pilots. In this scheme, the BS leverages user 
diversity in space and velocity to jointly decode data and detect targets, turning communication 
signals into a sensing tool. Each signal, shaped by a known codebook, propagates through a sparse 
multi-path channel with shared moving targets and user-specific scatterers, producing unique delay–
Doppler–angle signatures. A key innovation of this JCAS scheme is multi-user fusion, which combines 
diverse user observations to enhance sensing accuracy and decoding reliability.  
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5.2.3 UE Architecture to support UE-based JCAS 

 

Figure 14 Functional block to support JCAS operation. 

In order for a multi-antenna UE to support bistatic and multistatic JCAS operations, its main functional 
entities need to be adjusted such that proper beamforming and spatial multiplexing of communication 
and sensing signals can be realized. The RRC entity is responsible for interacting with the RRC entity of 
the controlling BS that enables the configuration of radio resources for communication and sensing. 
Configuring the power budget, determining the he pilot (reference signal) for communication and 
sensing is a fundamental functional entity of the UE that is responsible of allocating proper time, 
frequency and power resources for channel state information at the transmitter (CSIT) acquisition, 
pilot, communication and sensing signal power allocation and precoder configuration, the exact form 
of which depends on the specific JCAS resource allocation mechanisms proposed in [19][20][42].  

In summary, the JCAS arrangements described here demonstrate that multi-antenna UEs can 
effectively reuse legacy architectures without the need for complementary set definitions, thereby 
enabling bistatic and multistatic sensing capabilities on top of conventional communication functions. 
However, when targeting high-resolution applications such as imaging, the synchronization 
requirements become much more stringent. Achieving the sub-wavelength timing and frequency 
precision needed across multiple UEs—especially when coordinated illumination from different angles 
is required—poses significant challenges. In such scenarios, infrastructure-based edge nodes remain 
better suited, as they can guarantee the tight synchronization necessary for reliable high-resolution 
sensing.  

 Applications 

The D2.1 deliverable on “6G-MUSICAL project requirements, use cases, PoCs outline, KPIs and KVIs“ 
offers a comprehensive exploration of various use cases where 6G capabilities can be leveraged to 
enhance different aspects of modern life and industry.  

A significant application is the use of 6G technology to enhance the operational efficiency of 
Automated Guided Vehicles (AGVs) in warehouses. The system aims to improve real-time navigation 
and positioning within complex and dynamic environments, ensuring precise movement and task 
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execution, which is crucial for logistics and manufacturing sectors. 

Another key application is in transportation, where 6G JCAS supports the development of smart 
convoys. This involves vehicles communicating in real time to maintain optimal distances and speeds, 
enhancing road safety and traffic efficiency. The application leverages high-speed data exchange and 
low-latency responses, which are critical for the synchronized operation of vehicles in proximity. 

For public safety, the document discusses the deployment of 6G technologies for intrusion detection 
in secure areas and critical infrastructures. This use case focuses on leveraging the network’s ability to 
detect unauthorized access using advanced sensing and real-time data processing, which is vital for 
areas requiring high security like military bases or power plants. 

6G JCAS also finds applications in environmental monitoring and infrastructure management. 
Examples include using the technology to detect faults in roads or railways and for weather monitoring 
in urban areas. These applications benefit from 6G’s ability to process large volumes of data from 
various sensors dispersed across extensive areas, providing timely and accurate information that is 
crucial for maintenance and emergency responses. 

In healthcare, 6G can facilitate remote monitoring and emergency response systems, such as fall 
detection for the elderly. This use case highlights the potential of 6G technologies to provide life-
saving alerts and improve the quality of care through continuous monitoring and immediate response 
capabilities. 

Finally, the document touches on the integration of 6G JCAS in smart homes and cities, where it could 
enhance living standards through applications like air quality monitoring, energy management, and 
automated municipal services. These applications demonstrate 6G’s potential to make urban 
environments more liveable, efficient, and sustainable. 

Overall, the proposed deliverable illustrates the transformative potential of 6G JCAS across multiple 
sectors, highlighting its role in driving innovation, enhancing public safety, and improving operational 
efficiencies. The use cases discussed not only showcase the technological advancements but also 
underscore the importance of KPIs and value indicators (KVIs) that ensure the reliability, security, and 
effectiveness of 6G deployments in real-world scenarios. 
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6 Interfaces for communications and sensing  

 Objectives 

The aim of this section is to explore how sensing algorithms can be integrated into the overall 
architecture for communications and sensing. The emphasis is on the physical flow of data: where the 
sensing information is transmitted, collected, and exchanged across the system. While the 
architecture sets restrictions that may appear to limit design freedom, its real role is to provide 
guidelines that ensure interoperability, coherence, and scalability. By clarifying the interfaces — such 
as data formats, timing requirements, synchronisation, and reliability — this section identifies the 
points where sensing functions connect to communication subsystems, making integration more 
predictable and effective. 

For developers of sensing algorithms, this perspective is crucial. On one hand, sensing data is bound 
to physical locations — sensors, user equipment, access points, and base stations — which requires 
awareness of where data originates and how it is transported. On the other hand, processing of this 
data can be far more flexible. While intermediate nodes (e.g. edge servers, distributed processing 
units) are natural candidates for hosting these functions, the architecture also supports a functional 
view, where processing can be configured dynamically and even shifted between nodes depending on 
system conditions such as latency, bandwidth, or energy constraints. 

By considering both the physical interfaces for data exchange and the potential for dynamic allocation 
of processing tasks, developers are encouraged to expand their design horizon. Their algorithms are 
not only evaluated for intrinsic performance but also for how well they can adapt to architectural 
requirements and exploit the flexibility of function placement. In this way, the architecture serves less 
as a constraint and more as an enabler: providing a framework within which innovations in sensing 
can seamlessly coexist with communication services. 

The following subsections illustrate this integration in practice by presenting examples of sensing 
algorithms and showing how they interface with the communication infrastructure. These examples 
demonstrate both the physical aspects of data transmission and collection, and the functional aspects 
of dynamic processing placement across the architecture. 

 Examples 

The remainder of this section presents a set of algorithmic developments proposed by the partners 
and shows how each one can be mapped to the defined architecture. The intention is not only to 
highlight the technical novelty of the algorithms themselves, but also to demonstrate how their 
integration depends on the physical interfaces where data is exchanged and on the flexibility of 
processing placement. 

• Enhanced Prony Method for Compressed Sensing – illustrates how advanced signal processing 
techniques can be embedded close to the data collection points, with the option to relocate 
heavier computations to intermediate or central nodes when resources allow. 

• Distributed Beamforming Design for Cell-Free ISAC – focuses on beamforming design for CF 
ISAC systems, where the downlink SINR is optimized while satisfying radio-sensing constraints, 
by distributing signal processing tasks between edge and centralized nodes.  

• Hybrid Beamforming Design for Communication-Centric ISAC – focuses on algorithms that 
primarily serve communication objectives but expose interfaces for sensing, showing how 
beamforming strategies can adapt to architectural constraints while enabling joint 
functionality. 

• Target Localization in Distributed MIMO OFDM Radar – demonstrates how distributed 
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processing can enable accurate target localization by combining delay measurements from 
multiple transmitter–receiver pairs. Edge nodes perform local signal measurements and 
forward them to intermediate or centralized nodes for joint estimation 

• Distributed Beamforming Design for Cell-Free ISAC – highlights the challenges of coordinating 
multiple nodes without a centralised structure, and how algorithm outputs must be aligned 
with interface specifications to ensure coherent distributed operation. 

• Over-the-Air Self-Synchronisation in Distributed ISAC – addresses a fundamental requirement 
for interoperability across nodes, demonstrating how synchronisation functions can be 
integrated at the physical and protocol levels of the architecture. 

Taken together, these examples reflect the developers’ vision of integration: algorithms are not 
designed in isolation but as components that interact with communication infrastructures through 
well-defined interfaces, while retaining flexibility in where and how their processing tasks are 
executed. 

6.2.1 Example 1: Enhanced Prony method for compressed sensing algorithm 

The enhanced Prony method is a signal processing algorithm designed to identify the amplitude and 

frequency of complex exponentials. Depending on the domain in which the samples are collected, it 

can be applied to Doppler or delay estimation. Compared to the conventional Prony method, this 

enhanced version introduces a second iteration based on gradient optimization, which improves 

estimation accuracy. 

Alignment with 6G-MUSICAL objectives: Compressed sensing is a task defined in WP3, and it plays a 

key role in reducing the number of samples required for signal recovery—an essential feature when 

functions are distributed across network nodes. The enhanced Prony method offers low 

computational complexity while using an infinite (continuous) dictionary, which makes it suitable for 

integration into future ISAC systems. 

Functionality: The algorithm is part of the sensing component in a 6G ISAC network. It provides 

estimates of delay or Doppler shifts, enabling accurate target characterization. 

Node placement: The algorithm can be executed at the edge node if local processing capabilities are 

available to digitize RF signals and produce the necessary samples. Alternatively, it may be placed at 

an intermediate node if RF or baseband signals can be transported without significant information 

loss across the infrastructure. 

Inputs and outputs: 

• Inputs (information path): a block of complex samples representing the complex envelope of 
the received RF signal. 

• Inputs (control path): parameters such as the expected number of objects, number of 
samples, and type of outputs. 

• Outputs: a block of complex values corresponding to the amplitudes of the exponentials and 
a block of real values corresponding to the frequencies. 

Integration into the architecture: Figure 15 illustrates how the algorithm fits into the overall 

architecture by showing the nodes involved in the processing chain. Figure 16 highlights the role of 

the control plane, which configures all nodes and makes the architecture dynamic rather than static. 
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Processing can be performed at different points between the acquisition and application modules: 

either close to the data acquisition point (edge node) or closer to the application module in the core 

network (CN). The location decision depends on factors such as infrastructure transport features, 

tolerable latency, and proximity to the final application. 

 

 

Figure 15 Compressed sensing integration within the overall 6G ISAC architecture. 

 

Figure 16 Control-plane integration of compressed sensing in the overall architecture. 

6.2.2 Example 2: Distributed Beamforming Design for Cell-Free ISAC 

The distributed beamforming design algorithm targets Cell-Free (CF) massive MIMO ISAC systems, 

optimizing the downlink sum SINR while meeting radio-sensing constraints. Unlike conventional 

centralized approaches, part of the signal processing typically performed at the central node is 

offloaded to the edge nodes. This reduces fronthaul load and computational complexity while 

achieving performance close to a fully centralized design. 

Alignment with 6G-MUSICAL objectives: The evolution toward CF networks and mmWave bands 

requires efficient beamforming designs that leverage distributed antennas to enhance coverage, 

spatial diversity, and signal quality. Within 6G-MUSICAL, this algorithm directly contributes to 

integrating radar-based sensing with communication, aligning with WP3 objectives and Task 3.2 on 

precoding and receiver techniques for joint radar–communication networks. 

Functionality: The algorithm enables distributed computation of beamforming weights across 

network nodes, balancing communication and sensing requirements. Edge nodes handle local 

beamforming, while the centralized node combines partial results to refine the global beamformer. 

Node placement: Local processing occurs at the edge nodes, which compute local precoding matrices 
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and forward partial information. The intermediate/centralized node computes the centralized 

beamformer by combining these partial inputs. 

Inputs and outputs: 

• Inputs (information path): 

o Edge nodes: local CSI measures, partial information from other nodes, and centralized 

beamformer inputs. 

o Centralized node: partial information received from the edge nodes. 

• Inputs (control path): 

o Edge nodes: power budget and required SNR for radio-sensing at receiver nodes. 

o Centralized node: power budget constraints and sensing requirements across edge 

nodes. 

• Outputs: 

o Edge nodes: local precoding weights and partial information for the centralized node. 

o Centralized node: global beamformer weights and combined information from edge 

nodes. 

Integration into the architecture: Figure 17 illustrates how the algorithm fits into the overall 
architecture, showing the distribution of tasks between edge and centralized nodes. This flexible 
placement enables scalability while ensuring efficient support for both communication and sensing. 

 

Figure 17 Distributed beamforming design for CF-ISAC integration within the overall 6G ISAC architecture. 

6.2.3 Example 3: Hybrid beamforming design for communication-centric ISAC 

The hybrid beamforming design algorithm targets multi-user and multi-beam ISAC scenarios by jointly 

optimizing analog and digital beamformers. It maximizes the downlink sum rate while satisfying radio-

sensing constraints, achieving performance close to a fully digital architecture but with significantly 

fewer RF chains, thereby reducing power consumption. 
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Alignment with 6G-MUSICAL objectives: The migration toward mmWave bands in future radio-based 

systems requires hybrid beamforming designs that both mitigate path loss and minimize RF hardware 

costs. Within 6G-MUSICAL, this algorithm contributes to the integration of radar-based sensing with 

communication while aligning with WP3 and Task 3.2, which focus on precoding and receiver 

techniques for joint radar–communication networks. 

Functionality: The algorithm designs hybrid precoders that balance communication throughput and 

sensing performance. By combining analog and digital processing, it ensures spatial-domain 

optimization while reducing energy consumption and hardware complexity. 

Node placement: The algorithm can be executed at the edge node if sufficient processing capabilities 

are available. Alternatively, it can be located at an intermediate or centralized node if CSI and 

precoding weights can be transported reliably with low latency across the infrastructure. 

Inputs and outputs: 

• Inputs (information path): CSI measures between edge nodes and communication users. 

• Inputs (control path): power budget, beam directions for sensing, and allocation of power 
across beams. 

• Outputs: a block of complex values representing the weights of the hybrid precoding matrices. 

Integration into the architecture: Figure 18 illustrates how the hybrid beamforming algorithm fits into 

the overall architecture, indicating its possible placement at edge, intermediate, or centralized nodes. 

The exact location depends on infrastructure capabilities and latency constraints. 

 

Figure 18 Hybrid beamforming design algorithm integration within the overall 6G ISAC architecture. 
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This distributed algorithm for MIMO radar estimates a target’s position by combining delay 

measurements from multiple transmitter–receiver pairs. Edge nodes perform local measurements 

and forward them to intermediate or centralized nodes, where joint position estimation takes place. 

By distributing the signal processing tasks, the approach reduces fronthaul load compared to 

centralized implementations, while maintaining comparable performance. 
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radar enhances detection and localization by exploiting spatial diversity, while also mitigating 

interference and clutter through spatial separation. These benefits improve system performance even 

in complex environments, enabling imaging and object identification through cooperative processing 

across multiple nodes. 

Functionality: The algorithm provides distributed target localization and supports radar imaging by 

fusing local measurements into global estimates. This allows the network to achieve both high-

resolution tracking and environmental awareness. 

Node placement: Local sampling and initial measurements are performed at the edge nodes, while 

intermediate or centralized nodes combine the forwarded measurements (e.g., delay, AoA, Doppler) 

to perform joint localization and imaging. 

Inputs and outputs: 

• Inputs (information path): 

o Edge nodes: blocks of complex samples representing the received RF signal envelope 

and transmitted OFDM symbols. 

o Centralized node: measurements forwarded by edge nodes (delay, AoA, Doppler). 

• Inputs (control path): 

o Edge nodes: parameters related to discretization of estimation algorithms (e.g., FFT 

length). 

o Centralized node: geometrical model of the scenario (antenna positions, area 

binning). 

• Outputs: 

o Edge nodes: local measurements such as delay or amplitude. 

o Centralized node: 2D/3D radar imaging and target localization results. 

Integration into the Network Architecture: Figure 19 illustrates how the distributed MIMO OFDM 

radar algorithm fits into the overall architecture, with measurements taken at the edge and fused 

centrally. The specific placement depends on the transport capabilities of the infrastructure and the 

latency and resolution requirements of the application. 

 

Figure 19 Distributed localization algorithm integration within the overall 6G ISAC architecture. 
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6.2.5 Example 5: Signaling Design for Distributed ISAC 

This algorithm designs the ISAC transmit signaling for both coherent and non-coherent distributed 

ISAC (D-ISAC) systems. Its objective is to minimize the Cramér–Rao bound (CRB) for target localization 

while ensuring that communication users maintain a guaranteed SINR. 

Alignment with 6G-MUSICAL objectives: Efficient signaling design is essential for distributed ISAC 

systems, where multiple base stations jointly serve both communication and sensing tasks. This 

algorithm directly supports the integration of radar sensing into distributed communication networks, 

aligning with 6G-MUSICAL’s goal of developing advanced resource allocation and signaling schemes 

for ISAC. 

Functionality: The algorithm outputs optimized transmit signaling parameters, including precoding 

weights per subcarrier, subcarrier power allocation, and power distribution across base stations. This 

enables a joint balance between communication quality and sensing accuracy. 

Node placement: The algorithm is deployed at the CPU, which coordinates distributed base stations. 

Local BSs provide the necessary channel estimates and target information to the CPU, which then 

computes the optimized signaling strategy and forwards transmit signals back to each BS. 

Inputs and outputs: 

• Inputs: channel information for multiple users and radar targets, collected locally at each BS 

through channel estimation and target search. 

• Outputs: transmit signals of all BSs, including subcarrier-level precoding and power allocation, 

distributed back to each BS for transmission. 

Integration into the Network Architecture: Figure 20 shows the elements involved in the distributed 
ISAC signaling design, including ISAC nodes, users, targets, and the central processing unit. 

 

Figure 20 Scenario considered for distributed ISAC. 
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6.2.6 Example 6: Over-the-Air Self-Synchronization in Distributed ISAC 

This algorithm estimates and compensates time offset (TO) and carrier frequency offset (CFO) in 

distributed ISAC systems. It relies on reciprocal bistatic measurements to obtain fine-grained TO and 

CFO estimates between node pairs. These estimates are then used to correct range and velocity 

estimation errors caused by offsets, or alternatively, to adjust the hardware of distributed nodes to 

mitigate TO and CFO effects. 

Alignment with 6G-MUSICAL objectives: Accurate synchronization is critical in distributed ISAC 

networks, where small TO and CFO mismatches can severely degrade sensing and communication 

performance. This algorithm directly addresses synchronization challenges, supporting 6G-MUSICAL’s 

objective of enabling precise multi-node cooperation for joint communication and sensing. 

Functionality: The algorithm outputs TO and CFO estimates that can be applied for digital 

compensation in the signal-processing chain or used to calibrate system hardware. This ensures 

accurate range and velocity estimation across distributed nodes. 

Node placement: The algorithm may be deployed at the CPU, which collects bistatic measurement 

information from distributed BSs and computes the pairwise TO and CFO estimates. The outputs are 

then distributed back to the nodes for local correction. 

Inputs and outputs: 

• Inputs: pre-defined signal sequences (e.g., preambles, pilots) or transmitted signals, provided 

locally or updated by the CPU. 

• Outputs: TO and CFO estimates across distributed nodes, enabling local processing corrections 

or hardware adjustments. 

Integration into the Network Architecture. Figure 21 shows the general scenario of distributed ISAC 

nodes and the CPU, highlighting the elements involved in offset estimation. 

 

Figure 21 Scenario considered for over-the-air self-synchronization in distributed ISAC.  
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7 Framework for Integration of Communication, Localisation and 
Sensing (Control Plane Functions)  

The previous chapters have primarily focused on the involvement of physical nodes and the signal 
processing operations that must be executed at the edge, intermediate, and centralized nodes. These 
analyses established how distributed processing enables efficient integration of communication, 
localisation, and sensing within 6G networks. 

This chapter shifts the perspective from the data plane to the control plane, addressing the functions 
required to coordinate, configure, and manage these distributed operations. Control-plane 
mechanisms are essential to ensure synchronization, resource allocation, and dynamic 
reconfiguration, and must be designed in close alignment with the physical- and edge-level operations 
discussed earlier. In this way, the framework presented here provides the necessary glue that 
combines node-level processing with network-wide orchestration, enabling seamless and scalable 
integration of communication, localisation, and sensing. 

 ISAC Network Functions  

ISAC systems should be based on an architecture that integrates a number of functions capable to 
configure an end-to-end sensing task. This will require the interaction of different new network 
entities. Below we list the main ISAC architecture enablers:  

1) Sensing unit (SU): 

• A SU or sensing radio unit (SRU) is a logical entity, that can either transmit the sensing 
reference signal (SeRS), or receive the signal resulting from the interaction of the signal with 
the environment (in case of bi/multistatic BS-BS or BS-UE sensing), or both (in case of 
(quasi)monostatic BS sensing). Each BS can comprise several SUs and covers a geographical 
area, where the target object can be detected. SUs can have their own internal or external 
antenna or can share antenna(s) with other radio nodes (UE or RAN node) for ISAC. Multiple 
SUs can be involved in a sensing session. The relevant SUs need to be selected, configured, 
etc. by a sensing management/control entity. 

2) Sensing Control Function (SeCF): 

• The SeCF is a function controlling and deciding which measurements are needed to satisfy a 
sensing request. The SeCF can be a sensing server that is configured based at least on the 
sensing task and the sensing target information (e.g., object type, weather condition, etc.) 
and/or sensing area information (e.g., forest, indoor factory, house, area size, etc.). The SeCF 
issues the sensing measurement request to SUs to collect sensing measurements, which may 
include any of RF and non-RF sensors (e.g. from camera sensors, motion sensors, heat sensors, 
etc.). The SeCF may also configure a sensing processing function to receive the sensing 
measurement data from the SUs.  

3) Sensing Processing Function (SPF): 

• The SPF is the function that receives the sensing measurements from the SUs and processes 
sensing measurements to obtain one or more sensing results. The SPF can be a separate entity 
in the network. An SPF can be integrated in the SU of the BS/RAN, be deployed as a separate 
entity, or in the same logical equipment as the SeCF. The SPF is the entity that ultimately 
responds to the SeCF request by indicating the result of the sensing request.  
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4) Other functions: 

• Other functions for data exposure and network privacy may also be defined for, e.g., 
authenticating and applying policies-based authorisation to enable the sensing service in the 
network. Such functions can be bundled in a function similar to the Network Exposure 
Function (NEF) defined in 5G. 

• Resource allocation function: this is the resource scheduler function in the BS. 

 Interaction between the different ISAC functions and their placement in the 

Physical Architecture 

We first present in Figure 22 a simplified depiction of the ISAC architecture including SeCF, SPF and 
SUs.  

 

Figure 22 Simplified view of the ISAC network architecture, where an SU can be a network node or a device. 

Most of the above ISAC functions can be implemented as network functions in the RAN, i.e., as BS 
functions. In fact, as the SeCF interacts with radio resources, it is simple to place it as close as possible 
to the radio site to quickly configure baseband resources. This is useful for monolithic sensing 
deployments, like in case of monostatic and quasi-monostatic ISAC. However, as the SeCF may handle 
different BSs and be connected to other functions, e.g., LMF for positioning, it can also be placed in 
the core network, closer to the sensing client and other core functions. Thereby, the SeCF can be 
covering a wider sensing area, which is useful in bi/multistatic ISAC settings.  

Regarding the location of the SPF in the architecture, it can be integrated into the BS's SU, which can 
enable processing of the collected sensing measurements in real time and avoid congestion of the 
transport network between the SU and the SeCF. However, SUs may have limited processing capacity 
for voluminous data, and their development may proportionally increase SU implementation and 
maintenance costs, particularly if the number of SUs in the network is high. 

On the other hand, a centralized approach in which the SPF is co-located with the SeCF and aggregates 
information from many SUs has the advantage of centralized coordination of network resources and 
can provide accurate processing of detection measurements. However, it may not be efficient in terms 
of latency and scalability, as transporting a large amount of sample data to be processed can have an 
impact on the transport network. Therefore, a trade-off is needed between the centralized and 
distributed approaches of SPF placement, considering the role and cost of the sensing processing 
function in the ISAC architecture.  Note that it is possible that an SPF may be part of a data ingestion 
architecture for collecting, processing and/or providing data to other entities [43], which could 
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capture both levels of SPF placement depending on the use case and targeted processing accuracy. 

Table 3 Summary of pros and cons of centralised and distributed SPF placement 

SPF 

distribution 
Pros Cons 

Centralized 
Better coordination of aggregated sensing 

measurements 

Impacts on network scalability, 
transport network capacity and 

latency 

Distributed 
Fast processing of sensing raw data, low 
impact on transport network. Improved 

processing latency. 

Limited capacity and high SU cost 
for maintenance and upgrade 

 

As with NEF in 5G, the Network security and privacy functions should be placed in the core network.  

Figure 23 shows a detailed ISAC functions interactions considering both D-SPF, C-SPF, and where an 
ISAC resource scheduler receives the request from the SeCF.  

 

Figure 23 Detailed view of the ISAC network architecture. 

 Proposal for ISAC Network Architecture 

An ISAC architecture should be able to handle different sensing modes/topologies and maintain the 
sensing requirement for the use case. Taking the architecture described above, the SeCF can initially 
decide on a sensing topology based on the deployment of different SUs in an area. For example, the 
locations of Rx/Tx SUs and their coverage area, the availability of sensing-capable UEs and the extent 
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of the sensing target area. Once the SeCF has configured the SUs with sensing measurement requests 
according to object characteristics (e.g. meteorological sensing, periodic sensing, object tracking, etc.), 
it also configures the SPF to receive sensing raw data (e.g. I/Q samples) from the configured SUs and 
to provide the results of the processing to the SeCF. With respect to the processing step, the requested 
SUs captures raw data from the sensing area and provide them as input to SPF to process them into 
measurements results. If there are measurements being processed, such as receiver SeRS power, Time 
of Arrival (ToA), LoS, AoA, Signal to Interference and Noise Ratio (SINR), from the SPF, the SPF indicates 
such results to the SeCF, which may decide on the next action. The SeCF then uses the measurement 
results obtained to compare them with a benchmark and judges whether the existing topology 
satisfies the benchmark. In this case, the topology can be maintained, or it can be replaced by another, 
more efficient topology for the given sensing task. 

 

 

Figure 24 Signalling flow for topology selection based on sensing measurement results. Steps 2 and 3 can happen in parallel. 

For example, if the sensing target has a potential LoS with a Rx/Tx SU, then a monostatic or quasi-
monostatic sensing can be selected by the SeCF, depending on the robustness of self-interference 
cancellation at the BS. In addition, the target object should not be obscurely positioned with respect 
to Rx/Tx SU. In such case, reporting AoA measurement would be useful for selecting a next sensing 
topology in which potential Rx SUs can be omitted when the sensing target object is obscured from 
the perspective of previously selected Rx SUs. Figure 24 illustrates the signalling flow of the iterative 
process. 

When performing such iterative filtering of SUs (and BS(s)) based on the results, then bistatic or 
multistatic topologies may be considered as default for their increased capability and higher detection 
rate. In such case, the prevailing synchronization error between the candidate Rx/Tx SU can be taken 
into account to decide between the two sensing topologies. Another criterion to decide would be the 
sensing target area, i.e., if a larger coverage area is needed then multistatic topology may be 
considered best. In addition, other input can be considered for the switching mechanism such as any 
historical information concerning the ISAC topology that has given the best results in a specific area in 
terms of sensing measurements. 
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Figure 25 Triggering of topology change based on event detection.  

Additionally, the ISAC system may on a continuous basis analyse whether the current sensing topology 
is performing well, or if there is need to change the topology based on event detection as shown in 
flow chart diagram illustrated in Figure 25. Different events can be configured upon whose fulfilment 
can trigger a change in the sensing topology. We list below some example of events that can be 
triggered: 

• Sensing Quality of Service (QoS): such as the accuracy and latency levels. If the SeCF identifies 
that the sensing QoS depletes, then this event would be triggered. 

• SeRS received signal strength or quality event: this event is triggered when the SeRS Received 
Signal Receiver Power (e.g., RSRP) or Quality (RSRQ) or SINR drops below a certain threshold, 
or becomes worse than the SeRS’s strength from another Tx SU, and may even remain such 
during a time period. In this case, changing sensing topology may become relevant. 

• Mobility event: If the passive object is moving, then further topologies can be configured 
based upon different combinations of threshold such as RSRP, AoA, RTT. 
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8 Synchronization architecture 

As already discussed previously in the deliverable on the synchronization problem, achieving high 
accuracy in localization and high resolution in imaging applications requires extremely stringent 
synchronization. When the nodes involved in sensing are infrastructure edge nodes, they must be 
tightly aligned in time, frequency, and phase, with highly stable references to ensure coherent multi-
node operation. In this section, we discuss methods to enable highly accurate synchronization over 
the infrastructure, focusing on wired distribution of precise timing and frequency references. In 
addition, we include a complementary discussion on over-the-air synchronization, which can augment 
or back up the wired synchronization network in scenarios where flexibility or redundancy is required.  

 Motivation 

In ISAC systems, precise timing and frequency synchronization are crucial for ensuring reliable 
communication and accurate sensing. However, clock asynchronism—caused by independent, 
unsynchronized clocks at different transmitters (Tx) and receivers (Rx)—introduces timing and 
frequency mismatches, leading to ambiguities in range and velocity estimation and degrading sensing 
accuracy [44]. 

One critical issue is timing offset (TMO), which results in timing ambiguity and ranging errors. For 
instance, with a typical clock stability of 20 parts per million (ppm), TMO can accumulate up to 20 ns 
over 1 ms, translating to a ranging error of approximately 6 meters. This directly affects applications 
requiring precise distance estimation, such as localization and object tracking [45].  

Similarly, CFO causes Doppler estimation ambiguity, impacting velocity measurements. Since Doppler 
shifts are used to determine object motion, frequency mismatches lead to speed estimation errors, 
reducing the reliability of ISAC-based sensing. 

Thus, clock asynchronism in ISAC systems primarily manifests as: 

• TMO: Misalignment between transmission and reception timing, affecting range estimation. 

• CFO: Frequency discrepancies between Tx and Rx, leading to Doppler shift errors in motion 
tracking. 

Addressing clock asynchronism is critical for optimizing ISAC performance, particularly in bi-static and 
multistatic networked sensing configurations, where independent oscillators are used at separate 
nodes. Current approaches to mitigate these effects include: 

• Global Reference Clock-Based Solutions – These methods rely on an external high-accuracy 
reference clock, such as atomic clock signals distributed via GPS or fibre-optical networks, to 
synchronize clock and time at transmitters and receivers.  

• Currently, CFO synchronisation is typically achieved through independent CFO estimation and 
compensation modules at different receivers, implemented either with analog circuits or 
digital signal processing (DSP) techniques such as phase-locked loops (PLLs). This approach 
inevitably increases power consumption and introduces additional delays, which contradicts 
the low-latency and energy-efficient objectives of 6G networks. Moreover, PLLs at individual 
receivers can only effectively synchronise low-frequency phase noise due to their limited 
bandwidth. In contrast, high-performance sensing and communication systems demand 
synchronisation of high-frequency noise components as well. So far, mobile users primarily 
rely on global navigation satellite systems (GNSS) for clock synchronisation, but this system is 
vulnerable to interference, jamming, or spoofing. Traditional methods for generating phase 
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coherent multi-band RF signals, such as the electronic phase lock-loop approach, necessitate 
substantial silicon area and high-power consumption, rendering them non-scalable solutions. 
Fibre optic network-based clock and carrier distribution offers advantages over GNSS in terms 
of precision, reliability, and security. Different from satellite signals, which are inherently weak 
due to the long transmission distance, such that jamming and spoofing can be achieved, 
signals distributed over fibre optical networks provides higher power in confined optical 
transmission line that are less susceptible to atmospheric interference, weather conditions, 
or solar events, ensuring consistent performance. Additionally, fibre networks offer enhanced 
security, as they are inherently more difficult to disrupt or spoof compared to satellite signals, 
making them ideal for sensitive or mission-critical systems. 

 High Level Overview 

Convergence of optical, RF and sensing networks will provide unprecedented levels of performance, 
flexibility, and coverage. Optical links provide low loss and security ways to transmit data, clock and 
time, enabling cloud data centre based future network architectures. Meanwhile, RF communication 
complements this by offering mobility, wide-area coverage, and ease of deployment, especially in 
challenging environments. Additionally, incorporating sensing capabilities into these combined 
systems enables real-time monitoring of network health, environment, and infrastructure conditions, 
enhancing security, resilience, and adaptability. Together, these integrated optical-RF communication 
and sensing systems will form the foundation for future networks that are efficient, intelligent, and 
capable of addressing diverse and demanding use cases. 

 Description of Infrastructure Architecture for Distribution of Precise Clocks 

The 6G-MUSICAL architecture integrates microwave photonics with radio technologies, enabling ultra-
precise clock distribution and data transmission for ISAC applications. Optical technology plays a 
fundamental role in achieving highly stable and pure frequency references, leveraging the superior 
quality factor of optical oscillators over traditional microwave sources. By distributing these ultra-low 
phase noise timing references across a global network with minimal degradation, the system ensures 
synchronisation across remote ISAC transceivers (RISACTs), enabling coherent multi-node operations. 

 

Figure 26 6G-MUSICAL architecture for clock distribution. 
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At the heart of this system is the master optical clock (MOC), based on an optical frequency comb 
generator, which produces a set of highly coherent, equally spaced frequency lines with sub-
femtosecond RMS timing jitter. The MOC’s optical signal is converted to an electrical reference clock 
using a narrowband photodiode and bandpass filtering, providing a low-noise, ultra-stable frequency 
reference to the central FPGA + RF System-on-Chip (RFSoC). This FPGA-RFSoC generates multi-band 
ISAC intermediate frequency (MB-ISAC-IF) signals, which are then converted from optical to electrical 
using a Photonic Integrated Circuit (PIC) transceiver. The system’s architecture is modular and 
scalable, supporting several RF channels through synchronised FPGA units. 

For IF to RF up conversion, two technical approaches are considered:  

a. electrical up conversion, where the MB-ISAC-IF signal is converted using a photodiode and 
mixed with an extracted electrical clock signal, and  

b. optical heterodyne upconversion, where the ISAC-IF signal is directly mixed with the optical 
clock, eliminating the need for electrical mixers and clock multipliers. (Again, this was taken 
from the proposal, but I think it should be discarded since in the demo we use electrical up 
conversion) 

The final RF signal is amplified via a high-power amplifier and radiated through an antenna, enabling 
high-fidelity ISAC transmission. 

In the upstream direction, received ISAC signals are amplified by a low-noise amplifier (LNA) and 
downconverted to IF before being converted to optical signals. This conversion can be achieved via 
external electro-optical modulator. Multiple RISACTs transmit their optical signals, which are 
wavelength-division multiplexed (WDM) and transmitted upstream via optical fiber to the photonic 
core at the central unit. At this stage, a PIC-based optical demultiplexer separates the ISAC-IF signals 
from different RISACTs, converting them back into electrical signals. These signals are then digitized 
using high-speed ADCs (14-bit, 10 GSPS) in the FPGA-RFSoC, ensuring high-fidelity data acquisition and 
processing. In the above architecture, the frequency references are distributed across multiple remote 
ISAC transceivers (RISACTs), yet they remain synchronized because they all originate from the same 
optical frequency comb. The synchronization process at each remote node follows these steps: 

1. Photodetection and Initial Signal Extraction: 

a. The combined optical clock and ISAC data signal is received on a single photodetector 
(PD) at each remote unit. 

b. This O/E conversion results in a mixed electrical signal containing both the ISAC 
baseband signal and multiple optical comb tones. 

2. Filtering and selection of the clock signal: 

a. A low-pass filter (LPF) extracts the baseband ISAC data signal, ensuring clean 
separation. 

b. A bandpass filter (BPF) isolates a specific optical comb tone corresponding to the 
required reference frequency for that node. 

c. Each remote node extracts a different comb tone, ensuring distributed yet 
synchronized frequency references across all RISACTs. 

d. Each node extracts different frequency, yet all tones originate from the same optical 
frequency comb. Hence, they remain phase-coherent, eliminating frequency drift. 

3. Electronic mixing for frequency up conversion: 
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a. The extracted comb tone (clock signal) serves as the local oscillator (LO) for frequency 
mixing. 

b. The ISAC-IF signal is electronically mixed with the selected comb tone to generate the 
desired RF transmission signal. 

c. This avoids the need for local RF oscillators, frequency multipliers, or synthesizers, 
which typically introduce additional phase noise and drift. 

d. The upconverted RF signal is then amplified and transmitted via the antenna. 

4. Clock Distribution from Tx to Rx at Each Remote Unit: 

a. The same extracted clock signal used for Tx is also distributed to the Rx within each 
RISACT, ensuring that both the transmitter and receiver at each node are frequency 
synchronized. 

b. This synchronization eliminates frequency offsets between Tx and Rx, improving 
Doppler estimation accuracy, coherent reception, and ISAC performance. 

 Over the Air Self-Synchronisation 

Accurate and reliable synchronization is essential for both communication and sensing in a distributed 
ISAC system investigated in 6G-MUSICAL. Relying solely on optical clock distribution or GNSS for time 
and frequency synchronization may not be feasible in complex environments, such as urban canyons 
or indoor settings, where the implementation of the wireline infrastructure is limited, or satellite 
signals can be obstructed. To ensure robust performance, distributed ISAC systems require over-the-
air self-synchronization techniques that maintain coordination without external references. 
Traditional over-the-air synchronization methods depend on LoS links, but in many real-world 
scenarios, LoS links may be unavailable. To address this challenge, 6G-MUSICAL presents a novel 
synchronization approach that leverages reflections from multiple objects or scatterers in the 
environment, which is a unique advantage of ISAC systems. 

The method described in the deliverable D2.2 capitalizes on the fact that when two nodes observe the 
same objects from different positions, they experience timing and frequency shifts in a reciprocal 
manner, meaning the shifts are equal in magnitude but opposite in direction. This property is defined 
as offset reciprocity (OR). By exploiting OR, a high-accuracy synchronization framework is developed, 
which compresses multiple reflected signals into a single offset value, enabling precise time and 
frequency alignment. This approach not only improves synchronization accuracy but also eliminates 
the need for dedicated reference signals, making it a practical and scalable solution for distributed 
ISAC systems. 

The transmitted OFDM signal at the 𝑛𝑡ℎ ISAC node in the D-ISAC system is given by 

 

𝑠𝑛(𝑡) =
1

√𝑃
∑ ∑ 𝑋𝑛[𝑝,  𝑞]

𝑃
𝑝=0

𝑄
𝑞=0 ⋅ exp (𝑗 (2𝜋(𝑓𝑐  + 𝛿𝑓,𝑛 + 𝑝Δ𝑓)(𝑡 − 𝛿𝑡,𝑛))) ⋅ Π (

𝑡−𝛿𝑡,𝑛−𝑞𝑇

𝑇 
), (8.4.1) 

 

where P and Q represent the number of OFDM subcarriers and symbols, respectively. The term 
𝑋𝑛[𝑝, 𝑞] denotes the (p,q)-th element of the modulated symbol matrix 𝑋𝑛. The carrier frequency is 
denoted by 𝑓𝑐, while 𝛿𝑡,𝑛 and 𝛿𝑓,𝑛 represent the TO and CFO relative to a reference node. Without loss 

of generality, we set the reference node index as n=1. We assume that the transmitted sequences are 
fully orthogonal. Additionally, the cyclic prefix (CP) is omitted in this formulation, as CP removal during 
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receiver processing prevents inter-symbol interference (ISI). 

In the frequency-domain representation, the received signal at the node n, which is transmitted from 
the other nodes and reflected by scatterers is expressed as 

𝑌𝑛 = ∑  𝑌𝑛,𝑚 + 𝑍𝑛
𝑁
𝑚=1 , (8.4.2) 

𝑌𝑛,𝑚 = 𝐻𝑛,𝑚  ⊙  𝑋𝑚, (8.4.3) 

𝐻𝑛,𝑚 = 𝛬𝑡,𝑛,𝑚 Ψ𝑛,𝑚 𝛬𝑓,𝑛,𝑚, (8.4.4) 

where  ⊙ denotes the Hadamard product.  Ψ𝑛,𝑚 represents the true target channel matrix free from 
TO and CFO effects.   𝛬𝑡,𝑛,𝑚 and 𝛬𝑓,𝑛,𝑚 denote TO and CFO between nodes n and m, respectively. Also, 

𝑍𝑛 is the additive white Gaussian noise (AWGN) at the note n.  In (8.4.4), it is readily observed that the 
target channel 𝐻𝑛,𝑚 includes the impact of TO and CFO, introducing distortions in target range and 
Doppler estimation unless properly compensated. To estimate a specific sensing channel 𝐻𝑛,𝑚 from 

the received signal, the frequency-domain matched filtering is performed by using the transmitted 
signal from node m. 

 

Figure 27 Illustration of reciprocal bistatic sensing links utilized for the proposed over-the-air time-frequency 
synchronization. 

8.4.1  Proposed Signal Processing for Fine-grained Over-the-Air Synchronization 

In the proposed over-the-air synchronization framework, the offset reciprocity in reciprocal bistatic 
sensing channels is utilized. Since multiple unknown reciprocal bistatic sensing links exist, as illustrated 
in Figure 27, these links can be leveraged to estimate TO and CFO between two ISAC nodes. The key 
principle is that while the actual target range and Doppler parameters in reciprocal bistatic links 
remain unchanged, the TO and CFO effects appear symmetrically in opposite directions, which is 
mathematically written as 

𝛬𝑡,𝑛,𝑚 = 𝛬𝑡,𝑚,𝑛
𝑐 , (8.4.5a) 

𝛬𝑓,𝑛,𝑚 = 𝛬𝑓,𝑚,𝑛
𝑐 , (8.4.5b) 

where denotes the conjugate operator. This OR properties for TO and CFO represented in (8.4.5a) and 
(8.4.5b) allow us to estimate them without directly determining target parameters. 

The proposed signal processing framework enables synchronization by focusing solely on TO and CFO 
estimation, regardless of the number of targets. Unlike traditional methods, it does not require prior 
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knowledge of targets or the locations of ISAC nodes, making it a flexible and scalable solution for 
distributed ISAC systems. As a first step of the proposed technique before applying super-resolution 
estimators for TO and CFO estimation, we develop a bistatic signal matching (BSM) procedure to 
aggregate multiple scattered signals into a single offset for estimation. 

The over-the-air synchronization in distributed ISAC is implemented with the following steps: 

• Delay-Doppler pre-processing to decouple delay and Doppler parameters for TO and CFO 
estimation. This reduces computational complexity compared to two-dimensional signal 
processing for joint TO and CFO estimation. 

• Bistatic signal matching of the reciprocal bistatic measurements. It is implemented by the 
conjugate multiplication of the reciprocal bistatic signals in time domain (for TO) and 
frequency domain (for CFO). 

• Apply super-resolution offset (SOE) estimators to get the fine-grained TO and CFO to the 
matched signals. Two different super-resolution estimators, maximum likelihood estimator 
(MLE) and matrix pencil (MP) approach, are developed. Here, they are denoted as SOE-MLE 
and SOE-MP, respectively. 

• Compensate the estimated TO and CFO at the received sensing signals. 

8.4.2 Performance Evaluation 

The overall system parameters are set as follows: the OFDM signal bandwidth is 50 MHz, and the 
number of OFDM subcarriers and symbols are 𝑃 = 64 and 𝑄 = 32, respectively. Since the proposed 
method is designed to provide fine-grained offset estimation and compensation, the standard 
deviations of the initial TO and CFO are set to 20 𝑛s and 10 kHz, respectively. The bottom-line target 
localization performance in noncoherent distributed ISAC is evaluated, which validates the 
effectiveness of the proposed over-the-air synchronization. 

 

 

Figure 28 Target localization accuracy in distributed ISAC with varying time-offsets between nodes. 
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Figure 29 Target localization accuracy vs. communication SINR trade-offs in D-ISAC under different synchronization 
approaches: (left) D-ISAC performance with centralized processing, and (right) D-ISAC performance with decentralized 
processing for target localization. 

Figure 28 illustrates the impact of synchronization on the target localization performance in a 
distributed ISAC system for both centralized and decentralized processing. The analysis assumes that 
nodes are randomly deployed with a density of 100 nodes per square kilometer. In centralized 
processing, localization is achieved by fusing signal-level data from all ISAC nodes. As a result, both N 
monostatic links and (N2−N) bistatic links contribute to the target localization process, leading to 
higher accuracy due to the increased number of measurements. For decentralized processing, each 
node performs target localization independently. In this case, only the estimated time-of-flights (TOFs) 
from a single monostatic link and (N−1) bistatic links are combined for localization. This approach 
reduces communication overhead but may result in lower localization accuracy compared to 
centralized processing. 

In the simulated results, centralized processing demonstrates more robust localization performance 
against time synchronization errors compared to decentralized processing. This is because monostatic 
measurements, which are unaffected by time offset, help compensate for errors in bistatic 
measurements caused by time offset. In the decentralized case, target localization error increases 
proportionally with time synchronization error. However, its impact decreases as the number of nodes 
grows. A larger number of nodes provides more independent bistatic measurements, increasing 
spatial diversity and enabling the ISAC system to mitigate synchronization errors through the fusion 
of multiple bistatic measurements. 

The ISAC trade-off performance obtained by applying different synchronization techniques supports 
this analysis, as shown in Figure 29. The performance of decentralized processing is significantly 
affected by time offset between ISAC nodes. With only a single monostatic link available, it cannot 
compensate for errors in bistatic measurements. Additionally, distributed ISAC performance using 
synchronization based on spectral cross-correlation shows a noticeable performance gap compared 
to the case without synchronization errors. This highlights the advantage of the proposed super-
resolution offset estimation techniques, which enable fine-grained offset estimation for improved 
synchronization accuracy. 
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9 Business Constraints / Requirements and Analysis of the 
Architecture 

This section aims to provide an overview of the architectural options and related essential 
components proposed within the 6G-MUSCIAL project from a business perspective. It includes a 
comparative analysis of these options and concludes with an assessment of their implementation 
feasibility. 

 Background 

6G-MUSICAL project aims to merge radio sensing of un/connected objects, and communication 
technologies. Fulfilling of this goal requires defining a network architecture capable of combining 
these functionalities seamlessly while ensuring high performance, scalability, and efficiency. This 
implies careful consideration of how sensing and communication tasks can coexist within the same 
infrastructure, optimizing resource utilization and maintaining QoS requirements (latency, resolution 
in time and frequency, reliability, spectral and energy efficiency, etc.).  

From the Mobile Network Operator (MNO) point of view, the target architecture should be scalable 
and flexible enough to support the integration of advanced radio sensing technologies with legacy and 
next-generation communication systems. Besides that, implementation, optimization and 
maintenance of the infrastructure should have reasonable cost (ORO’s benchmark: reduction of at 
least 30% in infrastructure cost while maintaining high performance and reliability compared to 
existing communication and sensing networks). 

 Analysis of the Proposed Scenarios 

9.2.1 Architecture Options Comparison 

There are two proposed options for the architecture (see Figure 30, Figure 31), which were developed 
on the assumption that sensing and communication functions can be combined under the same 
infrastructure.  

 

Figure 30 Architecture 1: SeCF in RAN. 
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Figure 31 Architecture 2 SeCF in CN. 

Both proposed architectures based on separate splits are concluded to be feasible for the 
implementation. The first option with SeCF in CN separated from the ISAC resource allocation function 
(RAF) is expected to provide easier integration with the legacy 5G infrastructure, such as positioning, 
however with more latency between RAN and CN is required to configure the SUs and coordinating 
on the resources allocation strategy. Thus, leading to a rather static ISAC system. The second option 
requires more changes to the existing infrastructure, entailing a shift from CN centralization of 
functions to a more distributed handling of control at the RAN level. It is more mature and flexible 
solution, giving flexibility to RAN to decide faster on the resources to set up, which is appropriate for 
ISAC use cases such as tracking, where decision for detection and which SUs to configure needs to be 
done quickly. It is serving also for future generations of cellular networks. Thus, the choice between 
those two architecture options could be narrowed down to the trade-off between upfront resources 
versus flexibility. 

Table 4 Comparison of the Proposed Architectures. 

 Architecture 1 (Figure 30) Architecture 2 (Figure 31) 

Compatibility 
with Legacy 

Systems 

More compatible  
compatible with 4G/5G and 

legacy LMF + GMLC 
architecture 

Less compatible 

requires new changes to legacy infrastructure 

Complexity 
Complexity depends on the 

interfacing between RAN 
and CN 

Complexity depends on feasibility of 
integrating the smart radio scheduler, with 

sensing control, additional complexity to the 
RAN compute hardware (supporting AI/ML 

tasks) 

Implementation Better for early-stage Better for latter-stage deployment 



Deliverable D2.2 

Page 69 of 74 

6G-MUSICAL Horizon No. 101139176 
 

 

Timeline deployment 

easier for smooth integration 
with the legacy architecture, 

allowing phased rollout 

requires more changes in the architecture, 
however, is expected to be more flexible for 

further generations 

TCO 

Lower initial costs 

integration with the existing 
infrastructure, however may 
require extra costs for new 

interface. 

Higher initial costs 

increased hardware complexity, more 
significant changes to the existing 

infrastructure, however less cost on CN side. 

latency 

Static resource configuration 
and SUs configuration 

More latency between RAN 
and CN 

Dynamic resource allocation, and SUs setup 
for the sensing task. 

Lower latency. 

Feasibility of 
implementation 

feasible feasible 

9.2.2 Sensing Options Comparison 

There are three general modes of radar sensing: monostatic (Rx and TX are the same), quasi-static (Rx 
and Tx are separated but co-located), bi/multi-static (the pair(s) of Rx and Tx antennas are separated 
and located in different places). Table 5 presents comparative analysis of those options in terms of the 
application in the architecture employing JCAS.  

Monostatic and quasi-monostatic sensing options are not suitable for the purposes of the project due 
to challenging problem with self-interference in the first case and reduced coverage in the second 
case. Now, multistatic radar sensing is considered as the only feasible solution, while among two 
options – with APs+UEs and with APs only – the second option is slightly superior. 

Table 5 Comparison of the Sensing Options 

 Monostatic 
Quasi-

monostatic 
Bi/Multi -Static 

(Aps + Ues) 
Bi/Multi -Static 

(Aps) 

Performance 

Low 

interference 
problem: low 

accuracy 

Medium 

smaller coverage; 
possibility of high 

angular 
resolution 

Medium 

accuracy / 
resolution may be 

limited as 
synchronization 
accuracy of the 

UEs more difficult 
than fixed nodes; 
possibility for 3D 
object imaging 

Medium to high 

possibility of very 
high angular 

resolution with 
mMIMO; possibility 

for 3D object 
imaging; reserved 
spectrum might 
result in drop on 

spectral efficiency 

Complexity 
High 

interference 
management; 

Medium to high 

isolation 
requirements 

High 

synchronization 
across multiple 

High 

dedicated spectrum 
in crowded 
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complicated 
to adopt for 

mMIMO case 

between Tx and 
Rx; requires set of 
Rx antennas fully 

dedicated to 
sensing 

nodes and UEs; 

challenging to 
deploy quickly 

electromagnetic 
environment; 

integration with 
communications 

requires two sets of 
UL-DL resources 

reconfiguration on 
the fly 

Implementation 
Timeline 

Short to 
medium 

Medium 

 

Medium 

 
Medium 

TCO 

Medium 

due to 
interference 

problem, 
which 

mitigation 
implies 

additional 
costs 

Medium to high 

infrastructure 
costs associated 
with Rx antenna 

setups and 
isolation 

requirements in 
urban areas 

Medium to high 

3D object imaging 
requires multiple 

Rxs 

Medium to high 

additional costs due 
to more 

complicated 
integration with the 

Communications 
function 

Risk of 
Implementation 

High 

interference 
problem 

Medium to high 

reduced coverage 

Medium to high 

synchronization 
problem, not very 

high accuracy 

Medium 

needs reserved 
spectrum 

Feasibility of 
implementation 

not feasible feasible feasible feasible 
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10 Conclusion 

This deliverable has analysed the architectural foundations and enabling technologies for integrating 
communication and sensing in 6G networks. The study shows that: 

• 5G-Advanced capabilities in positioning and network architecture provide a strong basis for 
ISAC evolution, but further advances in synchronization, waveform design, and AI-driven 
resource management are needed. 

• Different sensing topologies (monostatic, quasi-monostatic, bistatic, and multistatic) present 
distinct trade-offs. Among these, multistatic sensing with access point–based architectures is 
identified as the most feasible option for scalable and accurate environmental awareness. 

• Synchronization is a critical enabler for ISAC, as sensing requires significantly higher timing 
and frequency precision than communication alone. 

• From an operator perspective, architectural choices involve trade-offs between compatibility 
with legacy infrastructure, flexibility in deployment, and cost efficiency. Distributed 
approaches offer greater adaptability, while centralized options facilitate smoother 
integration with existing systems. 

In summary, the deliverable concludes that achieving effective ISAC in 6G requires a careful balance 
between technical innovation, standardization progress, and business feasibility. Synchronization 
solutions, and sensing strategies establish a foundation for future development, ensuring that 6G 
networks can support both communication and sensing as native, integrated services. 

As also emphasized in the introduction, our vision is that the architecture should remain open enough 
to avoid excessive constraints, since overly rigid frameworks may hinder innovation in algorithms and 
system design. 
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