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1. Introduction
The Asia-Pacific Telecommunity (APT) Wireless Group is tasked with advancing wireless communication technologies to meet the evolving needs of the region. 
Cellular Integrated Sensing and Communication (ISAC) is an emerging technology that combines wireless communication and radio sensing within a single system. This integration allows mobile networks not only to transmit data but also to sense and gather information about their surrounding environment, including detecting objects, tracking movement, and analyzing spatial data. ISAC is considered a key feature of future 6G networks.
The integration of sensing and communication capabilities unlocks numerous applications across various sectors:
a) Smart Transportation & Autonomous Vehicles
· Enhances vehicle-to-everything (V2X) communication for safer, more efficient traffic management. 
· Provides precise environmental awareness for self-driving cars and drones.
b) Security & Surveillance
· Enables passive radar-like capabilities for Unmanned Aircraft Systems (UAS) detection and intrusion monitoring.
· Supports law enforcement and border control with real-time situational awareness.
c) Healthcare & Assisted Living
· Tracks human movement for fall detection in elderly care facilities.
· Enhances remote patient monitoring with non-invasive sensing technologies.
d) Industrial Automation & Smart Cities
· Facilitates real-time asset tracking in warehouses and manufacturing plants.
· Helps optimize energy use and infrastructure monitoring in smart city applications.
e) Immersive Technologies (Augmented Reality (AR)/ Virtual Reality (VR))
· Improves location-based services for augmented and virtual reality experiences.
· Enhances real-time object recognition and environmental interaction.
When applied to Unmanned Aircraft Systems (UAS), Cellular ISAC offers significant potential to enhance operational efficiency, safety, and connectivity in diverse applications such as surveillance, logistics, and disaster management. 
ISAC leverages shared RF spectrum and hardware to perform dual functions: communication (data transmission) and sensing (environmental perception). UAS, including low-altitude Unmanned Aerial Vehicles (UAVs), are increasingly integrated into cellular networks, acting as aerial users, relays, or base stations. The APT region, with its diverse geography (urban centers, rural areas, and island nations), rapid UAS adoption, and spectrum management challenges, presents a unique context for Cellular ISAC deployment. Recent global research highlights ISAC-enabled UAS as a key part of 6G, yet region-specific studies remain limited.

[bookmark: _Toc240017921]2. Scope
This Report examines the usage of cellular ISAC for small UAS in the Asia-Pacific region. It reviews the global status of research, development, standardization, and initial implementation of ISAC applied to UAS, including relevant activities in 3GPP, European Telecommunications Standards Institute (ETSI), etc. The Report considers how cellular ISAC capabilities can be integrated into existing and future mobile networks (5G/5G-Adv/6G). Operational requirements are identified, covering performance indicators such as sensing range, localization accuracy, reliability, latency, and service differentiation for UAS missions. Safety and security aspects are also addressed, including spectrum coexistence, interference management, airspace safety, cybersecurity, and privacy in handling sensing data. 
By consolidating international experiences and regional perspectives, the Report aims to provide APT members with technical insights and regulatory considerations to support testbeds, spectrum management, and cooperative frameworks for the safe and effective deployment of cellular ISAC-enabled UAS.

[bookmark: _Toc240017922]3. R&D, standardization and implementation status of cellular ISAC on UAS
Cellular ISAC for UASs has moved from theoretical research toward tangible progress worldwide, supported by national governments, industry consortia, and academic laboratories. The Asia-Pacific region can learn from these experiences, particularly since UAS adoption is accelerating while spectrum remains scarce. This section reviews how countries and institutions are experimenting with UAS sensing, how global standardization is embedding ISAC into specifications of future networks, of which the use cases are being prioritized, and how trials and prototypes have been implemented to date.
[bookmark: _Toc240017923][bookmark: _Hlk208270101]3.1 National research and trials
Several countries and research organizations, within and outside the Asia-Pacific region, have launched R&D programs and national trials on ISAC for small UAS. These activities typically include detect-and-avoid testing for Beyond Visual Line-of-Sight (BVLOS) operations, low-altitude air-to-ground channel measurements, and evaluation of Artificial Intelligence (AI)/ Machine Learning (ML) algorithms for target recognition, positioning, and tracking using existing communication signals. National trials are often conducted in collaboration among telecom vendors, academic institutes, network operators, and aviation regulators to examine how ISAC integrates with local air traffic ecosystems. In some countries, “drone corridors” and urban sandboxes have been established to collect real-world datasets, calibrate channel models, and develop operational procedures before scaling up deployment. However, within the APT region, the scope of trials remains fragmented; more coordinated testbeds are required to capture diverse environments such as dense urban areas, rural regions, and coastal/island settings.
National initiatives around the world show how ISAC can be adapted to UAS applications under different regulatory and technological environments. By documenting the specific contributions of universities and research institutions, we can see the diversity of approaches being explored — from machine learning for sensing to Reconfigurable Intelligent Surface (RIS)-assisted testbeds and Software Defined Radio (SDR)-based trials.
[bookmark: _Toc240017924]3.1.1 China
In November 2024, twelve ministries including the Ministry of Industry and Information Technology of China jointly released the "5G Large-Scale Application 'Sailing' Action Upgrade Plan," in which "Integrated Sensing and Communication" (ISAC) technology is mentioned multiple times. On one hand, the plan aims to continuously advance the R&D and experimental testing of key technologies such as ISAC by building the 5G-A industry virtual chain, thereby accelerating industrialization. On the other hand, it seeks to expand the application scope of ISAC and related technologies to promote the coordinated application of 5G industry private networks with Narrowband Internet of things (NB-IoT), 4G, IPv6, and other technologies, thus strengthening the collaborative management of networks and terminals. 
In the same month, the China IMT-2030 (6G) Promotion Group, together with multiple organizations, officially released several 6G technology research reports—including the "Key Technologies for 6G Integrated Sensing and Communication Collaborative Perception"—at the 2024 Global 6G Development Conference. These reports are positioned as key directions for the cross-domain integration and development of 6G, aiming to achieve new forms of interaction between the digital and physical worlds by integrating communication networks with physical world sensing capabilities.
[bookmark: _Toc240017925]3.1.2 Indonesia
At Bandung Institute of Technology (ITB), research on ISAC focuses on advanced reinforcement learning (Adv-RL) techniques, such as hierarchical and multi-agent RL, to improve dynamic resource allocation and interference management in multi-component networks. In parallel, previous studies at ITB have examined reconfigurable intelligent surfaces (RIS), a technology that is increasingly considered in ISAC research scenarios, including those relevant to UAS. 

[bookmark: _Toc240017926]3.2 Global standardization activities 
Standardization of ISAC is advancing in key international forums. 3GPP has initiated study items on ISAC under Release 19 and is considering its integration in future 6G specifications, covering use cases, Key Performance Indicators (KPIs), and system architecture, including UAS scenarios. ETSI, IEEE and other standardization bodies are investigating physical layer enablers, measurement requirements, and coexistence frameworks. National Institute of Standards and Technology (NIST) is contributing through the development of measurement methods, test environments, and technical recommendations for evaluating sensing capabilities, while also assessing safety and security implications. Despite this progress, standardized channel models for low-altitude UAV links and unified KPI frameworks (e.g. localization accuracy, latency for sensing) are still under development. Aligning outputs from 3GPP/ETSI/NIST with spectrum management requirements will be essential to provide a robust standardization foundation for cross-border deployment.

[bookmark: _Toc240017927]3.2.1 ITU-R
Within the ITU Radiocommunication Sector (ITU-R), ISAC has been formally integrated into its ongoing development framework for IMT-2030 (6G).
The strategic consideration of sensing capabilities in future IMT systems was first outlined in the Report ITU-R M.2516-0 in 2022, “Future Technology Trends Towards 2030”, which explicitly identifies integrated sensing as a pivotal emerging capability and key technology. The framework was further solidified in 2023 through Recommendation ITU-R M.2160-0, “Framework and Overall Objectives of the Future Development of IMT for 2030 and Beyond”. This Recommendation expands upon 5G's foundational scenarios (Enhanced Mobile Broadband (eMBB), Massive Machine-Type Communications (mMTC), and Ultra-Reliable Low Latency Communications (URLLC)) by introducing three transformative usage scenarios for IMT-2030: Integrated Sensing and Communication, AI and Communication, and Ubiquitous Connectivity. The ISAC scenario enables new applications requiring advanced sensing capabilities, including IMT-2030 assisted navigation, activity detection and motion tracking, environmental monitoring, and the provision of environmental sensing to support AI, Extended Reality (XR), and digital twin applications.
In addition, ITU-R Working Party 5D completed the development of the draft new Report ITU-R M.[IMT-2030.EVAL] “Guidelines for evaluation of radio interface technologies for IMT-2030” (see reference 10), where the guidelines for the procedure, the methodology and the criteria (technical, spectrum and service) to be used in evaluating sensing technology are discussed, involving the choice of TPR and assessment method for simulation, real-world measurements with a video illustration showing the trial of UAV detection using ISAC, etc.
[bookmark: _Toc240017928]3.2.2 3GPP
[bookmark: OLE_LINK7]Within the 3GPP framework, ISAC has progressively evolved from exploratory studies toward potential normative support in future releases.
Foundational capabilities relevant to sensing and aerial applications were introduced in earlier releases. For example, sidelink protocols supporting direct UAV-to-UAV communication were specified in Release 14 for V2X services. Release 17 added highly accurate positioning services, allowing UAVs to be located with better than 10-meter precision at the network edge. In Release 18, 3GPP initiated study activities on NR-based sensing for Aircraft-to-Everything (A2X) services (documented in TR 38.859). These studies explored the use of 5G signals for radar-like sensing, focusing on identifying use cases, evaluating the coexistence of communication and sensing signals, and defining basic performance requirements.
[bookmark: OLE_LINK4]Building on these study outcomes, Release 19 has introduced further work toward potential normative support for ISAC, including the standardization of sensing enablers and channel models, enabling base stations and user equipment (UEs) to detect objects and estimate positions via NR waveforms. Over 30 ISAC use cases — including UAV detection and tracking — have been identified within 3GPP working groups (RAN and SA), where work items are established to define the specific signaling, protocols, and architectural enhancements needed to support sensing services, positioning it as a native feature of 5G-Advanced networks and a key pillar for future 6G systems.
[bookmark: _Toc240017929]3.2.3 ETSI
The European Telecommunications Standards Institute (ETSI) has established the Industry Specification Group on ISAC (ISG ISAC) to spearhead pre-standardization research. In March 2025, ISG ISAC published its first Group Report (ETSI GR ISC 001), outlining 18 advanced ISAC use cases for 6G, such as UAV motion recognition, autonomous navigation, and aerial surveillance. The report further classifies integration levels (tight/intermediate/loose coupling between sensing and communications) and sensing modes (monostatic and bistatic configurations at either base stations or UEs) to inform future standardization. These outputs have been contributed to ongoing discussions within 3GPP and ITU.

[bookmark: _Toc240017930]3.2.4 IEEE
IEEE is actively advancing relevant standardization efforts. The IEEE 802.11bf (WLAN Sensing Task Group) released its first technical report in 2024, which clearly defines the key physical-layer performance indicators for low-altitude UAV detection using 802.11 signals. Furthermore, the IEEE P1936.1 standard targets ISAC-UAS application scenario and establishes a comprehensive UAS channel modeling framework that supports system-level simulation and evaluation.

[bookmark: _Toc240017931]3.2.5 O-RAN (Open Radio Access Network)
Discussions around architectural splits such as option 7.2x provide blueprints for implementing ISAC across cloud and distributed RANs. For UASs, this flexibility is important because sensing often needs to be performed close to the drone in real time.

[bookmark: _Toc240017932]3.3 Technical Use Cases
This section introduces the use cases for wireless sensing, covering a wide range of applications. There are 32 potential use cases for ISAC in the 3GPP technical report (see reference 5), as shown below:
· Use case of intruder detection in smart home
· Use case on pedestrian/animal intrusion detection on a highway
· Use case on rainfall monitoring
· Use case on Transparent Sensing Use Case
· Use case on sensing for flooding in smart cities
· Use case on intruder detection in surroundings of smart home
· Use case on sensing for railway intrusion detection
· Use case on Sensing Assisted Automotive Maneuvering and Navigation
· Use case on AGV detection and tracking in factories
· Use case on UAV flight trajectory tracing
· Use case on sensing at crossroads with/without obstacle
· Use case on Network assisted sensing to avoid UAV collision
· Use case on sensing for UAV intrusion detection
· Use case on sensing for tourist spot traffic management
· Use case on contactless sleep monitoring service
· Use case on Protection of Sensing Information
· Use case on health monitoring at home
· Use case on service continuity of unobtrusive health monitoring.
· Use case on Sensor Groups
· Use case of Sensing for Parking Space Determination
· Use case of Seamless XR streaming
· Use case of UAVs/vehicles/pedestrians detection near Smart Grid equipment
· Use case on AMR collision avoidance in smart factories
· Use case on roaming for sensing service of sports monitoring
· Use case on immersive experience based on sensing
· Use case on accurate sensing for automotive maneuvering and navigation service
· Use case public safety search and rescue or apprehend
· Use case on Vehicles Sensing for ADAS
· Use case on Coarse Gesture Recognition for Application Navigation and Immersive Interaction
· Use case on sensing for automotive maneuvering and navigation service when not served by RAN
· Use case on blind spot detection
· Use case of integrated sensing and positioning in factory hall

These use cases are related to UAVs, transportation, and industries as elaborated below:

[bookmark: _Toc240017933]3.3.1 ISAC for UAVs
Detection and tracking of UAVs is currently one of the most discussed applications of ISAC. A concrete example relates to the protection of critical infrastructure where the already deployed mobile communication networks are used to detect UAVs in prohibited airspace. ISAC could also be used to track “friendly” drones and provide assistance data to the UAV traffic management system for navigation and collision avoidance. In many jurisdictions, UAVs must send beacons to avoid collisions among UAVs and ISAC could complement such a system.
ISAC creates new opportunities for UAS operations by allowing drones to sense their environment through the same signals used for communication. This capability is not just about efficiency — it also transforms drones into safer and more autonomous platforms. The following use cases illustrate how ISAC can serve both commercial and public interest needs.
· Detect-and-Avoid / Sense-and-Avoid for BVLOS flights, where sensing supports the detection of obstacles and other aircraft.
· Airspace situational awareness, enhancing urban air mobility and flight coordination.
· Counter-UAS and security monitoring, using cellular networks to detect, identify, and localize unauthorized drones.
· Payload augmentation, where sensing data is combined with payload communication for infrastructure inspection, precision agriculture, or disaster relief.
· Collaborative sensing, in which multiple UAS and ground stations share sensing information in real time through bi-directional cellular links.
· Autonomous Navigation: By using sidelink-based aerial environment sensing, a single drone can detect obstacles and plan its trajectory without relying on base stations. This enables safer flights beyond visual line of sight, an important requirement for logistics and delivery.
· Collaborative Swarm Mapping: Multiple drones can pool sensing information to map terrain and buildings with high resolution. A lead drone can act as a multi-static sensing node, while others relay their data, creating a cooperative system that is greater than the sum of its parts.
· Airspace Security: Cellular ISAC can monitor low-altitude airspace to detect unauthorized drones, a critical function for protecting airports, borders, and sensitive facilities. Sub-meter resolution makes such systems accurate enough to distinguish drones from birds or other objects.
· Emergency Response: In disasters, ISAC-equipped drones can sense obstacles, avoid collisions, and broadcast safety information. This makes them useful not only as communication relays but also as situational awareness tools.
Each use case imposes different requirements in terms of sensing range, localization accuracy, update rate, latency, and prioritization of network resources, thereby shaping network and regulatory parameters for ISAC-enabled UAS operations.

[bookmark: _Toc240017934]3.3.2 ISAC for transportation and automotive
ISAC can also play an important role in smart transportation. Most modern cars are equipped with onboard sensors – radar, lidar, and cameras just to mention a few – which help the car to get an overview of its immediate surroundings. However, onboard systems fail to provide information further away and cannot “see around the corner”. An ISAC system can complement onboard sensory data with more “global” data that cannot be obtained by sensors mounted on the vehicle. Another automotive-related example is the detection of pedestrians or animals on highways.

Non-automotive transportation such as rail transportation can benefit from ISAC mobile networks – and especially dedicated railway deployments – can be used to detect individuals, animals, or obstacles on train tracks and relay this information to train guidance systems to take counter-measures.

[bookmark: _Toc240017935]3.3.3 ISAC for industry and logistics
Modern industries and logistic operations often use automated guided vehicles (AGVs) and autonomous mobile robots (AMRs). At the same time, more and more industries rely on private wireless networks deployed to cater to the special needs of industrial and logistical operations. ISAC can be deployed using these networks to assist in AGV/AMR navigation but also for collision avoidance between AGVs, AMRs, and humans.

[bookmark: _Toc240017936]3.3.4 Immersive sensing
A more futuristic use case is immersive sensing. Here, ISAC helps build a digital representation of the physical world, a so-called digital twin. For mobile networks, a digital twin represents the physical world and can be used to simulate and predict network performance. A digital twin is obviously not limited to mobile networks, but can represent any physical world that should be digitally emulated. An example would be an extended reality game where the physical environment is incorporated by its digital twin into the game.

[bookmark: _Toc240017937]3.3.5 ISAC for mobile network performance
ISAC can also be used to improve the performance of the mobile network itself. For example, it is well known that millimeter wave (mmWave) communication performs best when it has Line of Sight (LoS) between transmitter and receiver. ISAC can be used to proactively detect a potential LoS interruption – for example due to an approaching vehicle – and enable the network to proactively switch the beam used to communicate with the receiver or hand it over to another transmission point.

[bookmark: _Toc240017938]3.4 Industry experiments and application progress/ Implementation Status
The implementation of ISAC for UASs is still in its early stages. Current progress mainly comes from academic and industrial research institutions, with demonstrations carried out in testbeds and simulations rather than through commercial deployments. Several national and public-private projects are running trial deployments in use cases such as UAV traffic monitoring, logistics, infrastructure inspection, and disaster response. Initial field results confirm the benefit of reusing the same infrastructure for both communication and sensing, but also highlight challenges such as the lack of mature channel models, the need for interference management, and the integration with existing air traffic management systems. These efforts are important for proving technical feasibility, but they remain exploratory and are not yet part of operational cellular networks. 

Vendors and chipset providers have demonstrated ISAC functions on 5G/5G-Advanced platforms and in early 6G research systems. Large-scale commercialization is expected to align with the progress of standardization (e.g. native ISAC features in future 3GPP releases and 6G), the establishment of legal frameworks for sensing data, and the readiness of spectrum and aviation authorities to support testbeds and regulatory frameworks. 
The current status can be described as follows:

(1) Field measurements and testbeds.
A number of research testbeds have demonstrated the integration of sensing and communication in UAS-related scenarios. Examples include proof-of-concept systems where cellular-connected UAVs can be localized with meter-level accuracy, passive detection of moving aerial objects using cooperative cellular networks, and mmWave testbeds showing that ISAC systems can achieve four-dimensional sensing while simultaneously supporting data transmission. Active and passive systems have also been tested for applications such as traffic monitoring, using software-defined radios to detect moving objects and fuse data for improved positioning. These testbeds highlight feasibility, but they remain controlled experiments rather than commercial rollouts.

(2) Simulations and models.
Extensive simulation work complements testbed demonstrations. Studies have investigated the use of 5G uplink signals for bi-static sensing of UASs, coordinated multipoint (CoMP) schemes for drone tracking, and reconfigurable intelligent surface (RIS)-assisted ISAC to maintain service continuity when direct communication paths are blocked. Simulations have also explored novel waveform designs that balance communication reliability with sensing accuracy while reducing overhead and complexity. These simulation results are encouraging but remain conceptual, pending real-world validation.

Across both testbeds and simulations, several challenges remain before ISAC for UASs can be widely implemented. Key issues include limited UAV transmit power restricting sensing range, antenna designs optimized for terrestrial rather than aerial coverage, dependence on dynamic resource allocation in 5G systems, unresolved self-interference in full-duplex operation, stringent synchronization requirements for distributed sensing, the need for effective data fusion across multiple nodes, and the necessity of cooperation with mobile network operators to adapt existing network configurations for sensing purposes.

The UAV industry is a key pillar of the low-altitude economy. For now, the demand for ISAC technology in the low-altitude economy is primarily focused on the UAV industry. Since UAV flights require high accuracy and dynamic updates of geographic information, traditional methods of obtaining the information through departmental statistical reporting cannot meet this demand. Real-time sensing technology, capable of dynamically extracting and processing route information in depth, shows promising application prospects. Meanwhile, UAV operation management demands a reliable network with wide coverage, low latency, and large bandwidth to meet communication demands. Based on the maturity and market space of civil UAV applications across major industries, the consumer-grade entertainment market has passed its peak, with market growth momentum slowing down. The agriculture, forestry, and plant protection, as well as the surveying, mapping, and geographic information market, have already taken shape with relatively mature products, and their markets are expected to maintain steady growth. With the acceleration of China's Smart City development, applications of UAVs in urban management, transportation, energy, and other scenarios, such as security, inspection, rescue, and unattended operations, are set to become significant growth drivers. The express logistics market holds tremendous potential but is currently limited to small-scale commercial applications in specific scenarios. After breaking through bottlenecks in technology, commercial models, and security, the future market potential is expected to achieve rapid growth.
Industrial UAVs are primarily utilized in scenarios such as agriculture, surveying and mapping, urban management (including emergency response), logistics, and others. Based on data from Grand View Research and Technavio, it is projected that by 2030, the global market size of UAV applications will be relatively large in three major scenarios: geographic surveying and mapping, urban management, and energy inspection, with market sizes of USD 37.5 billion, USD 33 billion, and USD 30 billion, respectively. The agricultural sector is also achieving stable development, with an estimated market size of approximately USD 22.5 billion, while logistics applications are expected to reach approximately USD 15 billion. According to data from Morgan Stanley, manned UAVs will still be in their incubation stage by 2030, with the market size anticipated to reach USD 1 trillion by 2040.

[bookmark: _Toc240017939]4. Technical and regulatory considerations
Cellular Integrated Sensing and Communication (ISAC) for small unmanned aircraft systems (sUAS) requires addressing both technical and regulatory factors. 

Technically, key considerations include low-latency, high-reliability 3D connectivity; accurate positioning using cellular sensing; interference management; spectrum efficiency; and network optimization for aerial mobility; Accurate channel modeling, robust interference mitigation, integration with evolving cellular networks.

Regulatory aspects involve compliance with aviation authority rules on beyond visual line-of-sight (BVLOS) operations, spectrum licensing for aerial use, cybersecurity, data privacy, and harmonized regulations.

Additionally, Operational requirements and safety/security issues are equally critical, given the risks of UAS operations in shared airspace. Coordination between telecom and aviation regulators is essential to ensure safety, interoperability, and standardized performance benchmarks, enabling safe integration of sUAS into national airspace while leveraging cellular networks for simultaneous communication and sensing functions.

[bookmark: _Toc240017940]4.1. Propagation channel modeling
[bookmark: _Toc240017941]4.1.1 Purpose of Modeling
· [bookmark: OLE_LINK1]Enables accurate prediction of radio link performance for both communication and sensing in aerial environments.
· Supports design and optimization of ISAC-enabled cellular networks for reliable sUAS operations.
[bookmark: _Toc240017942]4.1.2 Key Characteristics of Aerial Channels
· 3D Mobility: sUAS operate at varying altitudes, requiring modeling in three dimensions.
· LoS/NLoS Conditions: Higher probability of line-of-sight (LoS) links, but potential non-line-of-sight (NLoS) from urban structures or terrain.
· Doppler Effects: Significant due to UAV movement, impacting sensing accuracy and communication stability.
· Multipath and Scattering: Different scattering environments in urban, suburban, and rural airspace.
[bookmark: _Toc240017943]4.1.3 Modeling Approaches
Propagation channel modeling is a core element of ISAC research, providing the mathematical and physical basis for evaluating how signals propagate in UAS and satellite environments. Several types of models are commonly used, each with distinct advantages and limitations.
· Geometry-based stochastic models (GBSM): Capture 3D geometry, mobility, and multipath. These models track multipath components (MPCs) based on physical scatterers and geometrical constraints. For UAV flight routes, MPC evolution may follow predictable patterns, such as hyperbolic trajectories, which help capture urban or suburban propagation behaviors.
· Ray-tracing models: Provide site-specific accuracy for urban or complex terrain. Ray-tracing explicitly simulates how signals reflect, diffract, and scatter in a given environment. These models are valuable for predicting system performance in specific scenarios or as a complement to stochastic models when geometry must be considered
· Measurement-based models: Derived from empirical flight tests for realistic parameters.
· Statistical models: Provide simplified characterizations of channel behavior. Though less detailed, they can generate realistic channel realizations and are often sufficient for machine learning–based applications, such as training neural networks for sensing and localization.
· Rician fading models：In UAS and RIS-assisted sensing scenarios, channels are often dominated by line-of-sight (LoS) components. Rician fading models capture this condition, representing a strong direct path with additional multipath contributions under quasi-static fading.
· Beam-space channel models：These models describe the propagation channel in terms of resolvable beams, including their angles of arrival and departure, and associated path gains. They are especially useful for MIMO and beamforming systems operating at mmWave and sub-THz bands.
· RIS-cascaded models: For systems employing Reconfigurable Intelligent Surfaces, specialized models describe how RIS elements introduce phase shifts and attenuation. These models account for both near-field and far-field beamforming scenarios, helping to optimize RIS-assisted ISAC system design.
[bookmark: _Toc240017944]4.1.4 ISAC-Specific Needs
Joint modeling of radar-like sensing and communication waveforms.
Time-varying channel characteristics relevant for target detection.
[bookmark: _Toc240017945]4.1.5 Regulatory and Standardization Context
Aligned with ITU-R and 3GPP TR 38.811 / TR 38.901 for aerial channel models.
Ensures interoperability and safety compliance for national airspace integration.
[bookmark: _Toc240017946]4.2. Interference and mitigation techniques
Interference is a serious concern in UAS ISAC, as drones often operate in crowded or contested environments. Effective mitigation strategies are essential to ensure sensing accuracy and communication reliability. There can be various interference and mitigation techniques for Cellular Integrated Sensing and Communication (ISAC) in Small Unmanned Aircraft Systems (sUAS) depending on sources.

[bookmark: _Toc240017947]4.2.1 Sources of Interference
· Air-to-ground and air-to-air interference due to high LoS probability at altitude.
· Co-channel interference from terrestrial cellular users.
· Self-interference in full-duplex ISAC operations where sensing and communication share spectrum.
· Multipath interference from reflections off terrain, buildings, and other aircraft.
· Security-oriented interference, such as jamming.
[bookmark: _Toc240017948]4.2.2 Mitigation Techniques
· Directional/beamforming antennas: Focus energy toward intended targets, reducing unintended reception.
· Interference-aware scheduling: Dynamically allocate time, frequency, or spatial resources.
· Adaptive power control: Adjust transmit power to maintain link quality while minimizing interference footprint.
· Polarization diversity: Reduce cross-link interference in multi-link scenarios.
· Waveform design for ISAC: Employ orthogonal waveforms or joint optimization for sensing and communication.
· Interference cancellation algorithms: Use MIMO processing, successive interference cancellation (SIC), or blind source separation.
· Dynamic spectrum access (DSA): Opportunistic use of underutilized bands with cognitive radio capabilities.
Frequency planning for aerial users: Reserve specific sub-bands for UAV operations.
· Antenna separation: Mitigate self-interference in full-duplex operations.
· Coordinated Multipoint transmission and frequency-domain allocation schemes: Mitigate inter-cell interference by reducing collisions across cells.
· sensing-assisted receivers (for jamming): Use angle-of-arrival filtering and zero-forcing strategies to maintain reliable performance even under strong jamming.
· Reconfigurable intelligent surfaces (RIS): Act as a resilience tool, dynamically redirecting communication paths to ensure uninterrupted sensing and connectivity.
[bookmark: _Toc240017949]4.2.3 Regulatory and Standardization Considerations
· Compliance with 3GPP aerial UE interference limits.
· Coordination with aviation authorities to manage shared spectrum use and ensure safety in BVLOS operations.
· International Civil Aviation Organization (ICAO) was tasked with developing guidelines to ensure the operation of UAS CNPC (Control and Non-Payload Communication) and other FSS (Fixed-Satellite Service) operations without harmful interference. Mechanisms to avoid harmful interference will include real-time interference monitoring and other predictive mechanisms. Aeronautical authorities will then need to follow the Standards and Recommended Practices (SARPs) to allow UAS CNPC links over this spectrum. 

[bookmark: _Toc240017950]4.3 Key Air Interface Technologies of ISAC in 5G-Advanced phase
In the 5G-Advanced phase, the key air interface technologies of the ISAC include sensing operation modes, integrated waveform designs, and integrated sensing signal designs.
[bookmark: _Toc240017951]4.3.1 Sensing operation mode
Based on the types of devices involved in sensing (which could be base stations or UE), whether the sender and receiver of the sensing signal are the same device, and whether the sensing entity emits the sensing signal, sensing can be categorized as active sensing or passive sensing. The receiver here is a sensing base station, which can be categorized into three typical sensing modes based on the active and passive transmitted signals used for sensing: self-transmitting and self-receiving sensing by the base station, collaborative sensing (where base station A transmits and base station B receives), and sensing with UE transmitting and base station receiving.

Mode 1: For the self-transmitting and self-receiving sensing by the base station, the base station uses the reflected/diffracted signals of the communication signal it transmits. This is a typical scenario to be considered in a system where the sensing receiver and transmitter are co-located at the same position. Since the transmitter and receiver share the same platform, they can be easily synchronized at the clock level, and the sensing results can be clearly interpreted by the single base station node without the need for external equipment.
[image: ]
Figure 1. Self-transmitting and Self-receiving Sensing by the Base Station

Mode 2: The collaborative sensing (where base station A transmits and base station B receives) refers to a scenario where a base station performs sensing using downlink communication signals received from other base stations. In terms of sensing, this corresponds to a bistatic or multistatic radar configuration, where the transmitter and receiver are spatially separated, but their clocks must remain synchronized.
[image: ]
Figure 2. Collaborative Sensing between Base Stations.

Mode 3: The sensing with UE transmitting and base station receiving leverages uplink communication signals sent from the terminal transmitter. It is similar to sensing involving transmission and reception between base stations. The transmitter and receiver are spatially separated but operate asynchronously. Since the receiver fully comprehends the system protocol, signal structure, and the transmission timing of the sensing signals during the process of this mode, uplink sensing can be directly implemented without modifying hardware and network configurations or requiring full-duplex operation.
[image: ]
Figure 3. Sensing with UE Transmitting and Base Station Receiving
[bookmark: _Toc240017952]4.3.2 Candidates of waveform for ISAC
Designing an appropriate waveform is one of the key technologies to ensure the performance of the ISAC in both communication and sensing. The waveform needs to be capable of carrying communication information while also enabling target sensing. At this stage, the mainstream design approach could involve reusing existing communication or sensing waveforms and employing time division, frequency division, or space division methods to achieve diversified transmission of communication and sensing waveforms.
The design concept of the ISAC waveform is mainly divided into linear frequency modulation (LFM) waveform and pulse width (PW) waveform based on radar, and orthogonal frequency division multiplexing (OFDM) waveform based on 5G communication systems. The advantages and disadvantages of different waveforms are summarized in the table below.
Table 1. Summary of Advantages and Disadvantages of Different Waveforms
	Waveform
	Advantages
	Disadvantages

	LFM continuous wave
	1) The peak-to-average power ratio is low (2.658), enabling a long sensing range;
2) Self-transmitting and self-receiving hardware has low complexity in the case of LFM continuous wave;
3) Insensitive to Doppler spread, enabling better performance in high-speed target detection;
4) The ambiguity function exhibits a "ridge" shape, providing high resolution in ranging and speed measurement;
	1) Limited capability to carry data;
2) To use linear frequency modulation waveforms, additional hardware links are required to process the linear frequency modulation signals.

	LFM pulse wave
	1) It can enhance radar resolution and sensitivity;
2) It can reduce radar interference and clutter;
3) It can adapt to various objectives and environments;
	1) Its randomness reduces the accuracy and reliability of communication sensing and impacts its real-time performance and sensitivity;
2) The number and duration of its pulses are constrained by hardware limitations and cannot be increased indefinitely, which restricts the coverage and resolution of communication sensing.

	OFDM continuous wave
	1) The hardware of communication equipment has minimal impact and is highly compatible;
2) The ambiguity function exhibits a "thumbtack" shape with high resolution in ranging and speed measurement.
	1) The peak-to-average power ratio is high (OFDM-Zadoff-Chu sequence 2.946, OFDM-Gold sequence 11.87), which limits the sensing distance;
2) Self-transmitting and self-receiving hardware is highly challenging, and it poses significant challenges for low-frequency ISAC.


Based on the analysis of the advantages and disadvantages of different sensing waveforms, the ambiguity function of the LFM waveform exhibits high sidelobes (with the sidelobe level of LFM being -42.64), comparable to that of the OFDM-Gold waveform. This results in measurement errors in distance and speed as well as target confusion. Moreover, its spectrum utilization is low, making it less effective in adapting to environments with spectrum congestion and dynamic variation. Additionally, the LFM waveform lacks flexibility, making it challenging to optimize its design in accordance with varying application scenarios and performance requirements. For OFDM waveforms, on the one hand, the waveform can use pilot symbols for radar processing and channel estimation, enabling precise sensing of distance and speed. On the other hand, the waveform allows for flexible design of performance indicators for joint communication and radar systems by adjusting the allocation and modulation methods of subcarriers. In addition, OFDM waveforms are more compatible with the hardware of existing 5G communication system transmitters and receivers, eliminating the need for additional hardware circuits to process LFM waveforms. Therefore, from the perspective of integration, in communication sensing systems, it is recommended to adopt more advanced OFDM waveform technology or enhance it based on this waveform. This approach effectively mitigates frequency-selective fading and inter-symbol interference, while improving communication reliability and spectrum utilization.
[bookmark: _Toc240017953]4.3.3 Design of reference signals for ISAC 
Currently, in 5G communication systems, there are primarily two types of sensing reference signals: Gold sequences and Zadoff-Chu sequences. In the sensing modes of base station self-transmitting and self-receiving, as well as base station A for transmitting and B for receiving, the sensing reference signal sequences considered for use in 5G systems include Gold sequences and Zadoff-Chu sequences. Both the Gold sequence and the Zadoff-Chu sequence exhibit excellent autocorrelation properties and low cross-correlation levels, enabling the Gold sequence and the Zadoff-Chu sequence to offer comparable ranging and speed measurement capabilities, along with reduced inter-sequence interference. However, considering that the Gold sequence provides better multiplexing capability in 5G systems and possesses stronger reuse potential itself, it can be applied to 5G networking scenarios with lower overheads. Therefore, it is recommended to adopt the Gold sequence as the preferred sensing reference signal. In addition, since the Gold sequence has a relatively high peak-to-average power ratio (PAPR), future efforts should focus on exploring enhancement technologies to reduce the PAPR.
[bookmark: _Toc240017954]4.4. Integration with existing and future networks
Cellular ISAC for small UAS builds on today’s 5G systems while preparing for native 6G support, and is expected to operate over both existing 5G/5G-Advanced networks and future 6G systems.
[bookmark: _Toc240017955]4.4.1 Network Generation Evolution for ISAC
5G: Existing 5G NR already performs sensing-related functions such as beamforming and channel estimation, which can be adapted for UAV detection and tracking. In current 5G networks, ISAC can enhance UAS connectivity by leveraging massive MIMO, beam management, and dynamic spectrum sharing.

6G: 6G will make ISAC a built-in, natively embedded feature, enabling networks to act as distributed sensors and supporting joint communication and high-resolution sensing with centimeter-level accuracy.
[bookmark: _Toc240017956]4.4.2 Architectural Considerations for Integration
RAN Architecture:
· Centralized RAN (C-RAN): Allows pooling of processing resources for coordinated ISAC operations.
· Distributed RAN (D-RAN): Provides low-latency local sensing. 
Key Integration Aspects: Network slicing for UAS services, edge computing for real-time sensing data, and interoperability with non-terrestrial networks (e.g. LEO satellites). Interoperability between terrestrial and satellite systems is essential to ensure seamless coverage for drones in rural, maritime, and cross-border operations.
Device-Centric Approaches: 3GPP Release 14’s V2X sidelink protocols allow UAVs to communicate directly with each other, which is crucial for autonomous flight and swarm coordination. 
[bookmark: _Toc240017957]4.4.3 Enabling Technologies
Enabling technologies such as Network Function Virtualization (NFV), enhanced Common Public Radio Interface (eCPRI), and Multi-access Edge Computing (MEC) further support flexible, low-latency ISAC deployments for UAS operations.
[bookmark: _Toc240017958]4.4.4 Network Evolution Requirements
Network evolution should anticipate new interfaces, Application Programming Interfaces (APIs), and Key Performance Indicators (KPIs) to support ISAC-enabled UAS services.

[bookmark: _Toc240017959]4.5. Regulatory harmonization among APT region
Even with strong research progress, the benefits of ISAC cannot be realized without harmonized regulations. However, differences in spectrum policy and UAS operation rules create fragmentation.
The deployment of ISAC-enabled UAS requires harmonized regulatory approaches across Asia-Pacific countries to facilitate cross-border operations, spectrum efficiency, and industry adoption. While 3GPP provides technical specifications, regulatory practices vary widely among administrations. Harmonization may include the following:
· The designation of suitable frequency bands for ISAC-UAS trials.
· Common technical conditions (e.g. emission limits, power levels, interference thresholds).
· Shared certification frameworks for ISAC-capable equipment. 
Regional harmonization under APT would enable cross-border UAS operations, improve safety, and support coordinated disaster response across member states. Such regional cooperation can also help reduce fragmentation, support mutual recognition of test results, and accelerate ecosystem development. Active collaboration through APT will ensure alignment with ITU-R standards and global best practices while reflecting regional priorities.

[bookmark: _Toc240017960]4.6. Operational requirements
UASs demand higher performance standards than many ground applications because safety and reliability are at stake. These requirements define what ISAC systems must deliver, and operational deployment of cellular ISAC for UAS necessitates clear performance and service requirements.
[bookmark: _Toc240017961]4.6.1 Core Performance Requirements for ISAC Systems
Sensing Resolution & Range
· Sub-meter range resolution is needed for detecting and avoiding other UAVs and obstacles.
· Detection ranges of up to 150 m and velocities up to 90 m/s are essential for UAS airspace management. 
· Wide bandwidths (≥150 MHz) are critical for fine sensing resolution,
Motion Tracking: Velocity resolution of around 0.2 m/s ensures accurate motion tracking, 
Synchronization & Energy Efficiency
· Extremely accurate synchronization across nodes is necessary for distributed sensing.
· UASs are also limited in power, making low- peak-to-average power ratio (PAPR) waveforms and Reconfigurable Intelligent Surfaces (RIS) assisted beamforming key to maintaining performance under energy constraints.
[bookmark: _Toc240017962]4.6.2 Safety & Communication Reliability
· Safe operations of UAVs in non-segregated airspace may need independent backup communications to ensure high reliability of the critical communication links. As such, most UAVs are fitted with both terrestrial cellular and satellite network capabilities. 
· The Command and Control service will support Detect and Avoid Applications, Vehicle Identification or remote ID applications, Aircraft Position applications and other Aircraft Safety applications.
· In addition to Real-Time position reporting, the transmission of platform surveillance data allows integration into UAV operators' control systems, enabling independent aircraft tracking and integration with Unmanned Traffic Management (UTM) airspace integration providers. The L-band service also supports critical Performance Monitoring such as Link performance, Application performance and Conformance monitoring.
[bookmark: _Toc240017963]4.6.3 Key Performance Indicators (KPIs) & Operational Guidelines
Critical KPIs: Sensing range, localization accuracy, detection probability, false alarm rate, latency, and reliability. For mission-critical operations such as BVLOS flights or emergency response, low-latency and high-reliability links are essential. 
Quality-of-Service (QoS): Networks must support differentiated QoS for control signals, payload data, and sensing information. 
Testbeds & Validation: Testbeds should validate ISAC-enabled UAS against realistic environments—urban, rural, maritime—capturing factors such as mobility, multi-path, and aggregate interference. 
Interoperability: Operational guidelines should address interoperability between different manufacturers’ platforms, ensuring open interfaces and scalable deployment.

[bookmark: _Toc240017964]4.7. Safety and security matters
Safety and security are critical to public acceptance and operational reliability of ISAC-enabled UASs. ISAC itself contributes to safety and privacy: Collision avoidance is supported by ISAC’s ability to detect other drones or obstacles, while privacy is enhanced since RF-based sensing is less intrusive than onboard cameras. However, distinct safety and security concerns exist, requiring targeted mitigation measures.
[bookmark: _Toc240017965]4.7.1 Safety Concerns
· Loss of Communication Link: Network outages or congestion can disrupt command-and-control and sensing functions.
· Positioning Errors: Inaccurate sensing data may lead to navigation mistakes or collisions.
· Interference with Other Aircraft: Poor interference management could affect manned aviation systems.
· BVLOS Operation Risks: Reliance on cellular coverage may create blind spots in remote areas.
· System Failures: Hardware or software faults in ISAC modules may impact flight safety.
· Aviation Requirement Compliance: ISAC must not compromise aviation requirements, including air traffic management and protection of aeronautical bands,  interference detection and mitigation are necessary to ensure reliable command-and-control links.

[bookmark: _Toc240017966]4.7.2 Security Concerns
· Cyberattacks: Hacking of communication or sensing channels could allow hijacking or spoofing.
· Data Privacy Breaches: Unauthorized interception of imagery, telemetry, or sensing data.
· GNSS Spoofing & Jamming: Malicious actors could mislead positioning or disrupt sensing accuracy.
· False Target Injection: In ISAC sensing, injecting fake signals could cause incorrect detection or avoidance actions.
· Malware in Control Systems: Could manipulate flight behavior or disable safety features.
· Unauthorized Access: ISAC data must be protected against unauthorized access.

[bookmark: _Toc240017967]4.7.3 Mitigation Measures & Trust Building Action
· End-to-end encryption of communication and sensing data; robust encryption, authentication
· Network redundancy and failover mechanisms; cooperative sensing among multiple UAVs and ground stations ensures that even if some nodes fail, the system continues to provide reliable situational awareness.
· Compliance with aviation cybersecurity guidelines (e.g., ICAO, European Union Aviation Safety Agency (EASA)).
· Continuous monitoring for anomalies in communication and sensing performance. 
· Cryptographic protections, including post-quantum cryptography, to mitigate security threats such as spoofing, jamming, and data tampering 
· Standardized conformance testing, certification for ISAC-enabled UAS
· Transparent communication with the public on electromagnetic exposure (EMF/SAR) to strengthen trust.
· Regional cooperation on safety protocols and incident reporting will further enhance resilience.

[bookmark: _Toc240017968]5. Country case studies
[bookmark: _Toc240017969]5.1 China
All three major Chinese telecom operators have released white papers related to ISAC, presenting typical scenarios and solutions for integrated sensing and communication. China Mobile proposed the "Lingxiao" Low-Altitude Intelligent Network System and, in 2024, completed a field pilot of 5G-A ISAC low-altitude networking, which can meet various low-altitude service requirements such as logistics delivery, emergency rescue, and urban management. In April 2024, China Telecom completed large-scale 5G-A low-altitude ISAC networking verification in Nanjing, and the achieved low-altitude ultra-broadband intelligent network has already been deployed in eight provinces including Hubei. In September 2024, China Unicom, together with Yunhuan Technology and ZTE, successfully completed large-scale 5G-A ISAC base station networking and a 20-drone swarm test at the Blue Sky Laboratory.
In addition, companies such as Huawei and ZTE Corporation have also carried out related research and experiments. In December 2024, ZTE Corporation launched the industry’s first 128TR AAU wide-beam ISAC base station, supporting a wide beam angle of 65°, enabling precise positioning, speed measurement, and trajectory tracking of drones operating at low altitudes from 0 to 600 meters.

[bookmark: _Toc240017970]5.2 European Commission Mandate on ISAC for Drone Detection
In April 2026, the European Commission issued a Mandate to the CEPT to assess the existing EU spectrum harmonization framework and develop additional harmonized technical and/or operational conditions for Integrated Sensing and Communications (ISAC) in terrestrial wireless systems operating in the EU-harmonized 3.4-3.8 GHz frequency band[footnoteRef:2]. This Mandate, signed on 30 April 2026, is a direct follow-up to the Commission's "Action Plan on Drone and Counter Drone Security" (COM(2026) 81 final, 11 February 2026), and is further motivated by the Niinistö Report on civil and military preparedness and the Defence Readiness Roadmap 2030, both of which identify counter-drone capabilities as a priority for the European Union. The Mandate is driven by increasing security concerns regarding unlawfully flying objects — in particular aerial drones and balloons — which pose threats to critical infrastructure, public spaces, EU borders, aviation security, and defence. The Commission recognizes that, beyond dedicated sensing technologies such as radars, LiDAR, or acoustic sensors, existing mobile networks equipped with active antenna systems (AAS) can be leveraged to detect and track flying objects, whether connected to the network or not, by utilizing ISAC capabilities in line with 3GPP standards under development from Release 20 onwards for 5G and Release 21 onwards for 6G. [2:  European Commission's Mandate to the CEPT on ISAC for drone detection] 


The Mandate focuses exclusively on base station sensing for the detection and tracking of flying objects using the 3.6 GHz band and assigns two tasks to the CEPT: first, to assess the adequacy of the existing EU spectrum harmonization framework for implementing ISAC for this specific sensing use case, including coexistence with other relevant spectrum users; and second, to develop additional least restrictive harmonized technical and/or operational conditions to enable such ISAC implementation, ensuring consistency with the existing framework and appropriate protection of incumbent services including satellite earth stations, radars, and radio altimeters. The Mandate specifies that all deliverables must be backward compatible with the existing technical regulatory framework for the 3.6 GHz band so that current 5G/IMT deployments are not disrupted, and that the technical conditions must be based on 3GPP standards. The CEPT is expected to deliver a draft report by July 2027 and a final report by March 2028.

This Mandate represents a significant milestone in the global regulatory landscape for ISAC, demonstrating that the usage of cellular ISAC for UAS detection using existing mobile network infrastructure and IMT spectrum is being formally pursued at the policy level in Europe. The approach of leveraging the widely deployed 3.4-3.8 GHz band for sensing without disrupting existing communication services is particularly relevant to the Asia-Pacific region, where similar frequency allocations for 5G/IMT are in place. The European experience, including the outcomes of coexistence studies and the development of technical conditions, could serve as a valuable reference for APT members.

[bookmark: _Toc240017971]6. Summary
ISAC is emerging as a key capability of 5G-Advanced and future IMT-2030 systems, enabling wireless networks to provide communications and sensing functions using shared spectrum and infrastructure. The technology has significant potential to enhance the safety, efficiency and automation of UAS operations, particularly for BVLOS operations, airspace awareness, detect-and-avoid applications, autonomous navigation and Unmanned Traffic Management.

Global research, trials and standardization activities indicate growing momentum for ISAC development. Relevant work is progressing in ITU-R, 3GPP, ETSI, IEEE and O-RAN, with ISAC recognized as one of the key usage scenarios for IMT-2030. Various studies and trials have demonstrated the feasibility of integrating sensing and communication capabilities within cellular networks for UAS and other applications.

For the Asia-Pacific region, ISAC may provide opportunities to support safe and efficient UAS deployment across diverse operating environments, including urban, rural, maritime and island areas. The technology may also contribute to broader applications such as transportation, infrastructure monitoring, emergency response and digital transformation initiatives.

Nevertheless, several challenges remain, including the development of suitable aerial channel models, sensing performance evaluation methodologies, interference management techniques, cybersecurity and privacy protection measures, and regulatory frameworks that support safe deployment. Continued collaboration between telecommunications and aviation stakeholders will be important to address these challenges.

Further research, trials and information sharing within APT may help develop common technical understanding, support spectrum and regulatory considerations, and facilitate the safe, secure and effective deployment of ISAC-enabled UAS applications in the Asia-Pacific region.
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