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1	Introduction
The approval of the Rel-19 work package marks the next wave of 5G Advanced evolution [1]. The package includes a study item on channel modelling for integrated sensing and communication (ISAC) for NR, and the study item description can be found in [2].
The study item on channel modelling for ISAC consists of two main objectives:
· Identify details of the deployment scenarios corresponding to the above use cases.
· Define channel modelling details for sensing using 38.901 as a starting point, and taking into account relevant measurements, including:
· modelling of sensing targets and background environment, including, for example (if needed by the above use cases), radar cross-section (RCS), mobility and clutter/scattering patterns;
· spatial consistency.
[bookmark: _Hlk160615875]At RAN1#116, initial agreements on channel modelling were agreed (see Appendix). 
In this contribution, we discuss the remaining issues of channel modelling for ISAC with NR.
2	Key considerations
The physics of electromagnetic (EM) wave propagation is characterized by Maxwell’s equations. Solving Maxwell’s equations requires accurate knowledge of the boundary conditions at interfaces between different materials, as well as the EM properties of these materials, which can be challenging to characterize accurately. To address specific aspects of wireless propagation without solving the full set of Maxwell's equations, stochastic channel models and ray tracing are both techniques used in the field of wireless communication to model and simulate the behaviour of radio waves. 
Stochastic channel models take a statistical and probabilistic approach. They use statistical processes to model the random variations and uncertainties in the wireless channel. While stochastic channel models may capture statistical properties, they do not represent the precise geometric details of the environment or specific signal paths, leading to a lack of physical consistency and site-specificity.
The shortcomings of the 3GPP stochastic channel models are discussed in [3]–[8]. Take ISAC as an example. The 3GPP stochastic channel models do not address target modelling and sensing, background environment modelling and differentiation from targets. To support ISAC study, it is critical to model sensing targets and background environment, including radar cross-section, mobility, clutter and scattering patterns. Furthermore, the modelling must be spatially consistent, which is lacking in the stochastic channel models. 
Take reconfigurable intelligent surface (RIS) as another example. Since RIS alters its reflected radio signal characteristics, the effects need to be captured by the modelling of wireless propagation. But the 3GPP stochastic channel models do not support the modelling of such effects. 
As another example, larger antenna arrays are expected to be used in the new spectrum such as 7-24 GHz and sub-THz bands, calling for additional considerations such as near-field effects of the channel, spatial consistency between a device and different radio units, different channel blockers (e.g., doors, wall, windows, foliage, concrete, and cars), spherical wave propagation, and spatial non-stationary effects of the channel. However, stochastic channel models often assume spatial stationarity. Furthermore, the use of new 7-24 GHz spectrum requires channel modelling consistency across different frequencies, which is yet to be validated in the current 3GPP stochastic channel models. 
Last but not least, artificial intelligence (AI)/machine learning (ML) is becoming an essential feature of 5G-Advanced toward 6G. Using data generated by stochastic channel models to train and test AI/ML models will lead to overly optimistic assessment of the models and result in failure of the AI/ML models when deployed in real networks.
In short, wireless networks are becoming increasingly heterogeneous, encompassing different inter-site distances, antenna array dimensions and makeup, radiated powers, frequency bands, to name a few. Correspondingly, the wireless channel modelling needs to provide consistency and, above all, a correct representation of the frequency, spatial, and temporal correlation across base stations and devices. Achieving this without a propagation model grounded on the underlying physics of the scattering phenomena is simply unnatural, prone to modelling error and possibly a huge waste of effort for the industry. These considerations call for deterministic, physics-based modelling for wireless propagation, especially ray tracing.
Ray tracing is a rendering and simulation technique used in computer graphics, optics, and other fields to simulate the way rays of light or other radiation travel through a virtual environment. In the context of wireless communication and radio wave propagation, ray tracing is often employed to model and simulate the paths that EM waves take as they propagate through various materials and interact with surfaces and obstacles [9]. It provides a deterministic and physics-based modelling approach that simulates the paths of individual rays of EM waves, considering reflections, refractions, diffractions, and other interactions with objects and surfaces. It offers high-resolution simulations, capturing the specific paths of rays and the effects of the surrounding environment, making it valuable for site-specific planning, antenna design, and network optimization in the field of wireless communication.
Ray tracing is becoming an essential tool for studying, evaluating, and developing key technologies in 5G-Advanced toward 6G, including ISAC, RIS, larger antenna arrays in new spectrum such as 7-24 GHz and sub-THz bands, AI/ML, to name a few.
[bookmark: _Hlk157614621]It is worth noting that there is a new Task Group about WLAN sensing within the IEEE 802.11 working group, i.e., Task Group IEEE 802.11bf. This task group has embraced ray tracing based channel model for WiFi sensing [10].
Observation 1: Wireless channel modelling needs to provide consistency and, above all, a correct representation of the frequency, spatial, and temporal correlation across base stations, devices, and objects in the environment.
Observation 2: Deterministic, physics-based modelling for wireless propagation, especially ray tracing, are essential for studying, evaluating, and developing key technologies in 5G-Advanced toward 6G, including ISAC, RIS, larger antenna arrays in new spectrum such as 7-24 GHz and sub-THz bands, AI/ML, etc.
[bookmark: _Hlk157614714]Observation 3: Task Group IEEE 802.11bf has embraced ray tracing based channel model for WiFi sensing.
3	Use case study
According to the IMT-2030 vision, ISAC is expected to support typical use cases, including navigation, activity detection and movement tracking, environmental monitoring, and provision of sensing data/information on surroundings for AI, XR, and digital twin applications [11]. In particular, the new functions of sensing and AI/ML will be combined in order to realize the intelligence of radio network. AI/ML functions can use sensing data to support different application scenarios.
In this section, we consider a use case study, where processed sensing data is channel impulse response and used as input to an AI/ML model for object localization. An indoor office environment was selected for evaluation. 
· A first set of channel impulse response data was collected based on 3GPP stochastic channel model, and then a first AI/ML model was trained using the channel impulse response training data from stochastic channel model. 
· A second set of channel impulse response data was collected based on ray tracing, and then a second AI/ML model was trained using the channel impulse response training data from ray tracing.
After training, both AI/ML models were tested using channel impulse response test data from ray tracing, assuming the physics-based ray tracing data represents the ground truth of the specific indoor environment. 
The figure below shows the evaluation results. We can see that the test accuracy is poor for the AI/ML model trained on stochastic channel model data, compared to the test accuracy of the AI/ML model trained on ray tracing data. This implies that using data generated from stochastic channel models to train AI/ML models will lead to failure of the AI/ML models when deployed in real networks that are site specific.
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Figure 1: Comparison of stochastic channel model and ray tracing for AI/ML with sensing.
The key takeaway from this case study on the combination of sensing and AI/ML is that a propagation model, particularly ray tracing, grounded on the underlying physics of the scattering phenomena is indispensable for 5G-Advanced toward 6G.
Besides object localization, next we describe another use case of ray tracing for sensing – object recognition, such as gesture recognition. The following figure from [12] shows an example of tracing rays from a sensing transmitter to a sensing target hand and then to a sensing receiver. For such a use case, the rays related to the sensing target needs to be deterministically traced.
[image: A drawing of a hand
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Figure 2: Ray tracing for gesture recognition. Source: CASTER [12].
Proposal 1: Ray tracing based channel modelling should be investigated for ISAC. 
4	Ray tracing based channel modelling
It is worth noting that ray tracing has been considered in the map-based hybrid channel model in TR 38.901. Nonetheless, the map-based hybrid model defined in TR 38.901 is not calibrated and has not been used in 3GPP simulation campaigns.
One reason that the map-based hybrid model defined in TR 38.901 is not calibrated is due to a lack of a common reference scenario. In particular, the radio channels are created using deterministic ray tracing upon a digitized map, but the digitized map is up to implementation and is not described in TR 38.901. This makes it impossible to calibrate the channel model among 3GPP members.
Defining a common reference scenario is critical for ray tracing to be used in ISAC evaluation. Furthermore, the common reference scenario defined for ray tracing will be useful for evaluating several other key technologies toward 6G, including RIS, larger antenna arrays in new spectrum such as 7-24 GHz and sub-THz bands, AI/ML, to name a few.
Observation 3: Though ray tracing has been considered in the map-based hybrid channel model in TR 38.901, the map-based hybrid model defined is not calibrated and has not been used in 3GPP simulation campaigns.
Observation 4: A common reference scenario defined for ray tracing not only can be used for ISAC evaluation but also other key technologies toward 6G, including RIS, larger antenna arrays in new spectrum such as 7-24 GHz and sub-THz bands, AI/ML, to name a few.
Proposal 1: Define a common reference scenario for ray tracing to be used in ISAC evaluation. 
There are two options for defining a common reference scenario for ray tracing:
· Option 1: Real-scenario map that is a virtual representation of a real area on earth. 
· Option 2: Synthetic-scenario map that is artificially constructed to mimic a certain environment such as urban macro, rural macro, indoor office, and indoor factory.
In either option, what is needed for ray tracing are essentially two key elements: the scene geometry and the characteristics of the materials involved.
For the scene geometry, the 3D geometric information for each of major structures in buildings or rooms needs to be described. For example, as already described in the map-based hybrid model defined in TR 38.901, the external building walls and internal room walls can be represented by surfaces and identified by the coordinates of the vertices on each wall. In addition, the material and thickness of each wall as well as the corresponding EM properties including permittivity and conductivity need to be described.
With a given scenario, ray tracing is used to generate all ray parameters and accordingly channel impulse responses.
Proposal 2: Select one the following option to define a common reference scenario for ray tracing to be used in ISAC evaluation:
· Option 1: Real-scenario map that is a virtual representation of a real area on earth. 
· Option 2: Synthetic-scenario map that is artificially constructed to mimic a certain environment such as urban macro, rural macro, indoor office, or indoor factory.
Proposal 3: Describe the scene geometry and the characteristics of the materials involved in the common reference scenario for ray tracing to be used in ISAC evaluation.
5	Scenarios for ray tracing based channel modelling
As a starting point of the discussion, 3GPP may consider the existing scenarios, e.g., those defined by METIS [13]. 
Proposal 4: Consider using the existing scenarios defined by METIS as a starting point for discussion.
The following figure shows the scene geometry of the METIS indoor office scenario, characterized by the dimensions of the room, cubicles, and tables. The length and width of these objects are illustrated in the following figure, while the heights of the room, cubicles, and tables are 2.9 m, 1.5 m, 0.7 m, respectively. 
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Figure 3: METIS indoor office scenario. Left: 2D visualization; right: 3D visualization. Source: METIS D6.1 [13].
In addition, ITU-R P.2040-3 has compiled a table of representative material properties [14]. For each group, simple expressions for the frequency-dependent values of the real part of the relative permittivity  and the conductivity  are given by:


where  is dimensionless,  is in S/m,  is frequency in GHz, and  are constants determined by the surface material. The imaginary part of the relative permittivity  is given by:

Note that these expressions for permittivity and conductivity can also be found in Section 7.6.8 in TR 38.901 which describes explicit ground reflection model.
For the METIS indoor office scenario, the materials of the room, cubicles, and tables are concrete, wood, and wood, respectively. The material properties from ITU-R P.2040-3 for concrete and wood are given in the below table. 
Table 1: Material properties of concrete and wood.
	Material class
	Real part of relative permittivity
	Conductivity [S/m]
	Freq. range

	
	
	
	
	
	GHz

	Concrete
	5.24
	0
	0.0462
	0.7822
	1-100

	Wood
	1.99
	0
	0.0047
	1.0718
	0.001-100


Note that the material properties from ITU-R are also cited in Table 7.6.8-1 in TR 38.901, but the values are based on an old version of the ITU recommendation (ITU-R P.2040-1), while the latest version of the ITU recommendation (ITU-R P.2040-3) has updated some of the parameter values for the material properties.
Proposal 5: Consider the METIS indoor office scenario (including its scene description and material properties) as a reference scenario for ray tracing and map-based hybrid model defined in TR 38.901.
Proposal 6: Describe a reference indoor office scenario for ray tracing in TR 38.901 as follows.
· Lengths and widths of the room, cubicles, and tables are given by the figure below:
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· Heights of the room, cubicles, and tables are 2.9 m, 1.5 m, 0.7 m, respectively.
· Materials of the room, cubicles, and tables are concrete, wood, and wood, respectively.
Proposal 7: Update Table 7.6.8-1 on material properties based on the updated version of the ITU recommendation, i.e., ITU-R P.2040-3.
6	Deterministic modeling for sensing targets
Modeling of sensing targets is essential for ISAC channel modeling. The sensing targets need to be modeled in a deterministic manner. For example, to produce a realistic Doppler spectrum for tracking a sensing target, the arrival and departure angles of the rays that interact with the sensing target should be used to calculate the phase changes deterministically. In particular, when the sensing target moves to a different location, the delays and angles of the rays need to be updated in a deterministic way.
As illustrated in the figure below, rays can be launched from a sensing transmitter. They are then traced from the sensing transmitter to the sensing target and then to the sensing receiver, by modeling different types of interactions between the rays and surrounding objects such as reflections and diffractions.
Proposal 8: Trace rays deterministically from the sensing transmitter to the sensing target and then to the sensing receiver, by modelling different types of interactions between the rays and surrounding objects such as reflections and diffractions.
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Figure 4: Deterministic modelling of rays for sensing target.
Conclusion
In the previous sections, we discuss general aspects of AI/ML framework for NR air interface and make the following observations:
Observation 1: Wireless channel modelling needs to provide consistency and, above all, a correct representation of the frequency, spatial, and temporal correlation across base stations, devices, and objects in the environment.
Observation 2: Deterministic, physics-based modelling for wireless propagation, especially ray tracing, are essential for studying, evaluating, and developing key technologies in 5G-Advanced toward 6G, including ISAC, RIS, larger antenna arrays in new spectrum such as 7-24 GHz and sub-THz bands, AI/ML, etc.
Observation 3: Task Group IEEE 802.11bf has embraced ray tracing based channel model for WiFi sensing.
Observation 4: Though ray tracing has been considered in the map-based hybrid channel model in TR 38.901, the map-based hybrid model defined is not calibrated and has not been used in 3GPP simulation campaigns.
Observation 5: A common reference scenario defined for ray tracing not only can be used for ISAC evaluation but also other key technologies toward 6G, including RIS, larger antenna arrays in new spectrum such as 7-24 GHz and sub-THz bands, AI/ML, to name a few.
Based on the discussion in the previous sections we propose the following:
Proposal 1: Define a common reference scenario for ray tracing to be used in ISAC evaluation. 
Proposal 2: Select one the following option to define a common reference scenario for ray tracing to be used in ISAC evaluation:
· Option 1: Real-scenario map that is a virtual representation of a real area on earth. 
· Option 2: Synthetic-scenario map that is artificially constructed to mimic a certain environment such as urban macro, rural macro, indoor office, or indoor factory.
Proposal 3: Describe the scene geometry and the characteristics of the materials involved in the common reference scenario for ray tracing to be used in ISAC evaluation.
Proposal 4: Consider using the existing scenarios defined by METIS as a starting point for discussion.
Proposal 5: Consider the METIS indoor office scenario (including its scene description and material properties) as a reference scenario for ray tracing and map-based hybrid model defined in TR 38.901.
Proposal 6: Describe a reference indoor office scenario for ray tracing in TR 38.901 as follows.
· Lengths and widths of the room, cubicles, and tables are given by the figure below:
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· Heights of the room, cubicles, and tables are 2.9 m, 1.5 m, 0.7 m, respectively.
· Materials of the room, cubicles, and tables are concrete, wood, and wood, respectively.
Proposal 7: Update Table 7.6.8-1 on material properties based on the updated version of the ITU recommendation, i.e., ITU-R P.2040-3.
Proposal 8: Trace rays deterministically from the sensing transmitter to the sensing target and then to the sensing receiver, by modelling different types of interactions between the rays and surrounding objects such as reflections and diffractions.
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A.1	RAN1#116 agreements
[bookmark: _Hlk160045944]Agreement
The common framework for ISAC channel model is composed of a component of target channel and a component of background channel, 

· Target channel  includes all [multipath] components impacted by the sensing target(s). 
· FFS details of the target channel 
· Background channel  includes other [multipath] components not belonging to target channel
· FFS details of the background channel
· FFS whether/how to model environment object(s), i.e., object(s) with known location, other than sensing target(s)
· FFS whether/how to model propagation path(s) between the target(s) and the environment object(s)
· FFS whether/how to model propagation path(s) between the target(s) and the stochastic clutter(s) 
· Note: the notation HISAC can be revised later if needed
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