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A Study Item for Rel19 on channel modelling for Integrated Sensing and Communications (ISAC) for NR was approved in RAN#102 [1]. 
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The SI further identified the objectives for RAN1 to resolve:
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The SI further indicates that:
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The SI requests the following:
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This study began in RAN#116 in Feb. 2024. This contribution provides Nokia’s views regarding channel modeling or ISAC.
Discussion
Target component channel modeling
In RAN1#116bis, the following agreement was made regarding the modelling of the target component channel for 3GPP-based sensing:

Agreement
The following cases of radio propagation in the target channel are considered for the study

	Case
	Tx-target 
	Target-Rx 

	1
	LOS condition
	LOS condition

	2
	LOS condition
	NLOS condition

	3
	NLOS condition
	LOS condition

	4
	NLOS condition
	NLOS condition



· Case 1/2/3/4 can be considered for bistatic sensing mode
· At least Case 1/4 can be considered for monostatic sensing mode
· Note: It doesn’t imply the channel response for each link is separately generated then concatenated
· FFS how to determine LOS condition and NLOS condition, e.g., based on LOS probability, or determined based on geometrical locations of environment object (EO).
· In LOS condition, line of sight ray(s) are present between Tx/Rx and target, and there may or may not exist non-line of sight ray(s) between Tx/Rx and target too
· In NLOS condition, there only exist non-line of sight ray(s) between Tx/Rx and target

Additionally, the following agreement was made regarding how to construct the target component channel:
Agreement
The following options are considered for further study to model the target channel for a target
· Option 1: modelled by concatenation of path(s) from Tx to target and from target to Rx
· Option 2: modelled by Tx-to-Rx path(s) satisfying Tx-target-Rx geometry
· Option 3: combination of Option 1 and Option 2

When considering how to construct the channel it is important to consider the possible challenges that may exist in providing empirical validation of the channel model and calibrating simulation results across companies. An example construction of the concatenated target component channel model is show in Figure 1. As shown in the illustration the component channels,  and  are constructed and the concatenation operation must necessarily serve 2 functions:
1. Scatter modeling: Coupling/pairing multi-path components from the channel  to multi-path components from 
2. RCS modeling: Determining the coupling gain by which a path from  is scattered towards the sensing Rx.
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[bookmark: _Ref165926344]Figure 1: Illustrative example of a target component channel model generated from concatenation of Tx-target and target-Rx channel model components.

In order to provide empirically valid channel realizations the concatenated channel modeling approach must accurately model the propagation paths from the Tx to the target, the fractional energy of those paths scattered towards the Rx, and the propagation paths from the target to the sensing Rx. A significant challenge with this approach is that some of these modeled aspects will likely not observable by experiment. As an example, the multipath components incident on the target from the sensing Tx will likely not be observable. While in some scenarios the incident paths could be observed by superposing a sensing antenna with the target, this may not be feasible for all scenarios including UAV detection and tracking.
Observation 1:	The concatenated channel modeling approach will generate random variables which may not be directly observable by experimental observation.
Additionally, the concatenated channel modeling approach should be expected to be particularly sensitive to changes in modeling of target scattering and RCS. In general, the great majority of paths scattered by a target will not be in incident on the sensing Rx aperture. In effect, this would mean that for a given Tx path angle of incidence, most Rx paths towards the sensing Rx would be coupled with approximately no gain. A number of factors can affect the scattering gain of a target, and modeling all of them accurately would require effort beyond the scope of this Rel-19 channel modeling study.
Observation 2:	Comprehensive modeling of target scattering and RCS with high precision is outside the scope of study for Rel-19 ISAC channel modeling.
When considering empirical validation of this approach, it seems clear that the accuracy of the channel modeling is highly dependent a number of parameters/variables that will likely not be observable, or will require study beyond the scope of the Rel-19 channel modeling study. It may be possible to calibrate channels generated using the concatenated approach by arbitrarily pruning paths/clusters to match experimentally observed data, but if pruning is already being performed in an arbitrary fashion, a simpler approach to channel generation should be preferred to limit computation complexity. Additionally, validating results observed using this channel modeling approach may be complicated by highly detailed modeling of targets. Based on these factors, it seems that a full concatenated approach to is not preferred for sensing channel modeling.
Observation 3:	Channel modeling of the target channel by concatenating all multipath components between  and  is not preferred.
Alternatively, modeling all paths between the sensing Tx and sensing Rx using stochastic approaches may fail to capture significant geometric aspects of the propagation channel that are relevant to reliably characterizing detection and tracking performance. To balance the tradeoffs between experimental validity, computational complexity a hybrid approach is proposed as illustrated in Figure 2. As illustrated in this approach, the direct paths between the sensing Tx and sensing Rx are generated deterministically according to the link topology and the propagation physics of the wave incident on the target being sensed. The gain from the direct path/cluster is determined by the RCS of the target being sensed. More details on this RCS model are covered in Section 2.4. The NLOS clusters are generated without regard to specific physical models of clutter location or number of bounces/interactions. Instead, they are generated stochastically from a fixed number of clusters,  where each cluster,  is generated with indicating, respectively, the angle of arrival (azimuth and zenith) at the sensing Rx, the angle of departure (azimuth and zenith) from the sensing Tx, the deterministic path normalized delay, and the target RCS normalized gain of each cluster.
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[bookmark: _Ref165927790]Figure 2: Hybrid approach to generating target component channel model.

Proposal 1:	The target component channel is modeled in a hybrid fashion using:
· Deterministic modeling of the direct path between the sensing Tx and target, and direct path between the target and sensing Rx
· Stochastically generated clusters between the sensing Tx and sensing Rx characterized by:
· Angle of departure  and arrival  determined by a ray from the center of the sensing Tx and sensing Rx antenna aperture, respectively and intersecting a the target location in GCS
· Propagation delay,  determined by 3d distance between sensing Tx and target, , and 3d distance between target and sensing Rx,  such that 
· Scattered gain,  normalized by target RCS

The existence of the LOS path/cluster for both  and  may be determined by the LOS/NLOS condition for each component channel. As a baseline the LOS condition may be determined from the LOS probability modeled in Section 7.4.2 of [2], table B-1 of [3]. Additional study may be necessary for links topologies not previously studied including UE-to-UE links, TRP-to-TRP links, and links V2X links in FR2.
[bookmark: _Hlk165932587]Proposal 2:	LOS condition for Tx-target and target-Rx component channels can be determined from LOS probability determination in Section 7.4.2 of [2] or table B-1 of [3] as a baseline.
· Further study necessary for link topologies that have not previously been studied
Path loss modeling for direct paths between Tx-target and target-Rx may similarly use TR 38.901 as a baseline, with further study necessary for applicability of link topologies not previously studied.
Proposal 3:	Pathloss for Tx-target and target-Rx component channels can be determined from pathloss model in Section 7.4.1 of [2] or table B-2 of [3] as a baseline.
· Further study necessary for link topologies that have not previously been studied

Generation of individual rays within a cluster and ray coupling may be performed using the methodology provided in Step 7 and Step 8 of Section 7.5 of [2]
Proposal 4:	Generation of individual rays within a cluster and ray coupling may be performed using the methodology provided in Step 7 and Step 8 of Section 7.5 of [2].
Modeling of environmental objects
In RAN1#116bis, the following agreement was made regarding modeling of environmental objects (EO):
Agreement
EO is a non-target object with known location. 
· FFS other known parameters of the EO
· FFS details on EO modeling
The following options for EO modeling are considered for further study 
· Option 1: EO is modelled different from a sensing target 
· Applicable at least for an EO having extremely large size (referred as EO type-2 for discussion purpose) 
· FFS modeled similar to section 7.6.8 ground reflection in TR 38.901
· FFS EO modeling impacts the target channel and/or the background channel
· Option 2: EO is modeled same/similar as a sensing target
· Applicable for an EO having comparable physical characteristics as a sensing target, (referred as EO type-1 for discussion purpose)
· FFS Applicable for EO type-2
· FFS EO modeling impacts the target channel and/or the background channel
· Option 3: EO is modeled and its location is determined from a stochastic clutter generated following the cluster generation in TR 38.901
· FFS details
· Option 4: EO is not modelled
· Other options are not precluded
· Note: it is not precluded that multiple options can be supported in the channel modelling

The incorporation of EOs in the sensing channel model capture an important phenomenon in object tracking and detection, in that, unlike stochastic clutter, their incorporation in the target component channel may produce a spatially consistent non-LOS path incident on the target between the sensing Tx and sensing Rx. In general, EO modeling may capture relevant features of the sensing channel, but only under specific limited conditions. For example, a highly mobile EO is likely to produce channel propagation effects which are not highly correlated from time sample to time sample. Likewise, objects that are physically small or have a comparatively small RCS are likely may only interact briefly with a highly mobile target.  In both of these cases, for the sake of reducing computation complexity, it would be preferred to model EOs as stochastic clutter rather than deterministic features of the propagation environment.
Observation 4:	Deterministic modeling of highly mobile environmental objects and/or environmental objects with relatively small RCS is not likely to produce significantly higher empirical validity of the sensing channel model when compared to modeling as stochastic clutter.
For this reason, modeling of environmental objects should be limited to physically large objects or objects with comparably large RCS, i.e., terrain ground, building walls, metallic fences, etc.
Proposal 5:	Modeling of environmental objects should be limited to objects with comparably large RCS, i.e. terrain ground, building walls and windows, metallic fences, etc.
While there may be some benefit in limited modeling of large environmental objects, there is also likely to be significant computational overhead unless further constraints are placed on modeling of the number of environmental objects, and the number of multipaths existing between EOs, the targets being sensed, the sensing Tx, and the sensing Rx. An illustration of the proposed modeling approach integrating the presence of EOs is provided in Figure 3. As shown in the illustration, the presence of an indirect path interacting with an EO may not be present in both Tx-target and target-Rx component channels, particularly in the case of bistatic sensing. In this case, the additionally complexity in modeling coupling/concatenation of deterministic multipath components between  and  will require further study. Additionally, further study is needed on other relevant parameters required to accurately model EO interactions potentially including surface smoothness, permittivity, and conductivity.
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[bookmark: _Ref165933395]Figure 3: Incorporation of EO type-2 modeling into target component channel using hybrid modeling approach.

Proposal 6:	Modeling of EO type-2 in target component channel should be considered after further study on:
· Maximum number of EOs included in channel realization
· Maximum number of multipath interactions, i.e. reflections, refractions, scatterings a path may include between the sensing Tx and the sensing Rx
· Additional parameters that may affect multipath interactions such as EO permittivity, conductivity, smoothness, etc.
· Multipath concatenation that includes an asymmetric number of multipath components between  and  

Modeling of target scattering
In RAN1#116bis, the following agreement was made regarding the modeling of target scattering:
Agreement
· In the target channel between Tx and Rx, scattering of a sensing target can be modelled as single scattering point or multiple scattering points 
· FFS one or multiple incoming/output rays corresponding to a scattering point
· FFS how to select single or multiple scattering points for the target, e.g. depending on the distance between target and Tx/Rx, size/shape of target, etc.
· Note: the sensing target can be assumed in far field of sensing Tx/Rx.
· FFS details to model the single or multiple scattering points

An illustration of the near and far field of target modeled as a multiple point scatterer is illustrated in Figure 4. The use of multiple point scatterers to model a target has potential benefit when evaluating solutions aimed at tracking a targets orientation/posture. Additionally modeling multiple scattering points may provide a more realistic estimate of sensing performance related to simple detection and tracking in cases where the target is sufficiently large or complex; however, for a receiver beyond a critical distance to the target, approximating the target as a single point scatterer should be sufficient to fully characterize the channel.

‘
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[bookmark: _Ref165942760]Figure 4: Illustration of far-field for multiple-point scattering model for target.

A multi-point scattering model should be used particularly in scenarios in which the target is relatively close to the sensing Rx. The critical distance for single point scatterer modeling is target dependent and requires further study.
Proposal 7:	Multi-point scattering for a target should only be performed in a region within a critical distance to the sensing Rx. 
· Further study required on the critical region with respect to each target/target type

In some models, a multiple point scattering target may be modeled with a single velocity vector, i.e., automobiles and AGVs may produce multiple scattering points that all move in fixed relation to each other. In other scenarios, such as pedestrians, and UAVs the relative displacement of each of the multiple scattering points may change as the posture/orientation of the target changes. In those cases, it may be relevant to define relative/periodic motion between point scatterers as the basis for modeling micro-doppler in the sensing channel.
Proposal 8:	Further study relative motion profiles between the points of a multi-point scattering target model as the basis for modeling target micro-doppler. 
[bookmark: _Ref165944228]Modeling of target RCS
In RAN1#116bis, the following agreements were made with respect to modeling target RCS:
Agreement
RCS of a physical object shows dependency to at least the following factors: 
· Type of the object
· The size of the object
· The material of the object
· The shape of the object
· Orientation of the object
· FFS: Distance between Tx/Rx and the object
· The incident angle and scatter angle
· The carrier frequency
· polarization of the transmitter and receiver
· FFS Temporal or spatial consistency
· FFS antenna pattern
· FFS whether/how to model the above factors in the CR, e.g. with an RCS model with a scattering point

Agreement
If a target is modelled with single scattering point, the following options to model RCS of the target are considered for further study. 
· Option 1: Random RCS value generated by a statistical distribution, depending on the factor(s) having impacts on the RCS modelling. 
· FFS the distribution. 
· FFS the factor(s) 
· Option 2: Deterministic RCS value is defined by a function and/or a table, depending on the factor(s) having impacts on the RCS modelling 
· Note: Constant RCS for a target type can be a special case of Option 2
· FFS the factor(s)
· FFS details of function and/or table
· Option 3: combination of Option 1 & 2, e.g., RCS value is generated by combining a deterministic component and a randomly generated component.
· FFS application of each option to large scale fading and/or small scale fading
· FFS target with multiple scattering points

While all of the factors identified have a known effect on the RCS of a target, a fully parameterized model of each of these factors would require very detailed characterization of each of the targets being studied, which extends beyond the scope of the Rel-19 study for ISAC channel modeling. A more reasonable approach would be to model the RCS as a random variable whose parameters are dependent on a subset of the most critical factors identified. A reasonable starting point for the most critical factors includes the following list:
1. Target type, i.e., UAV, pedestrian, automobile, etc.
2. Either
a. Incident angle and scattered angle
b. Offset angle between incident ray and scattered ray
3. Carrier frequency
4. Target size, i.e., large UAV, commercial truck, etc.

Further study is needed to identify how each of these factors may affect the mean and variance of the target RCS to ensure that the modeled RCS matches observed statistics for experimental measurements. As the study has identified at least the inclusion of UAVs, pedestrians, automobiles, AGVs, and roadside hazards, the number of relevant parameters for the RCS model of a target is already significant. To limit calibration efforts, it may be valuable to further reduce the dependency on some of the identified factors. For example, automobiles may exhibit a continuous RCS over the range of all automobile size. In that case it may be preferrable not to have automobile size a determining factor in RCS for each size of vehicle, but rather define the RCS for automobiles as a single variable with a larger variance.

Observation 5:	Effort should be made to limit the dimensionality of RCS modeling if possible for each target classification to be studied.

Proposal 9:	Further study how the RCS of a target may be modeled at least as a random variables whose mean and variance are dependent on the following factors: 
1. Target type, i.e., UAV, pedestrian, automobile, etc.
2. Either
a. Incident angle and scattered angle
b. Offset angle between incident ray and scattered ray
3. Carrier frequency
4. Target size, i.e., large UAV, commercial truck, etc.

When considering the modeling of targets as multiple point scatterers, it is reasonable to assume that each point scatterer may be modeled with a separate RCS. While the RCS of each of the multiple points may be highly correlated as in the example of modeling separate panels of an automobiles, in other scenarios there may be a high degree of variance between each point scatterer, as in the example of modeling the RCS for a UAV rotor vs. the body of a UAV. Additionally, while the RCS model each scattering point may provide a modeling framework for capturing the relative scattering strength of a components of target, it will also be necessary to normalize the total scattered energy by the target. For these reasons, further study is need on how to model the RCS of multiple point scattering targets and how to incorporate these models in both large and small scale channel effects.

Proposal 10:	Further study correlation models for RCS of a target modeled as multiple point scatterers.
Proposal 11:	Further study the integration of RCS modeling for a target modeled as multiple point scatterers in both large- and small-scale parameters of the ISAC channel model. 

Modeling of background component channel
In RAN1#116bis, discussion was primarily focused on design considerations of target component channel; however, additional considerations will be needed for modeling of the background component channel as well. An illustration of the proposed hybrid channel model integrating background component channel modeling is provided in Figure 5. As illustrate the background component channel includes a model feature similar to the corresponding feature in the target channel, namely a direct deterministic path between the sensing Tx and the sensing Rx, an indirect deterministic path between the sensing Tx and the sensing Rx incident on an EO, and a collection of stochastic clusters defined between the sensing Tx and sensing Rx without regard to physical topology. While interactions with an EO are new features of the wireless channel between a Tx and Rx in 3GPP, the LOS component and the stochastic clutter in the background channel should closely reflect the wireless channel modeled in [2]. For that reason, the LOS path/cluster and NLOS clusters modeled in the background channel should be modeled using the framework provided in Section 7 of [2] as a baseline.
Proposal 12:	The stochastic channel model provided in Section 7 of [2] should be used as the baseline for modeling both the LOS path/cluster and stochastic NLOS clusters of the background component channel.
The illustration provided in Figure 5 also shows how the same EOs may impact both the target and background component channels as paths may exist interacting with the EO and the target or only with the EO. Additionally, further interaction between the background and target component channels. The presence of a target may shadow background clusters which would otherwise be observed in the channel if the target were not present.  
Proposal 13:	Further study interactions between background and target components of the sensing channel including the effect of a single EO on both the target and background component channel and the potential shadowing of background clutter by the introduction of a new target.
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[bookmark: _Ref165947035]Figure 5: Proposed hybrid channel model integrating target and background component channel models.

Conclusion
In this contribution, we make the following observations regarding use cases scenarios for ISAC channel modeling:
Observation 1:	The concatenated channel modeling approach will generate random variables which may not be directly observable by experimental observation.
Observation 2:	Comprehensive modeling of target scattering and RCS with high precision is outside the scope of study for Rel-19 ISAC channel modeling.
Observation 3:	Channel modeling of the target channel by concatenating all multipath components between  and  is not preferred
Observation 4:	Deterministic modeling of highly mobile environmental objects and/or environmental objects with relatively small RCS is not likely to produce significantly higher empirical validity of the sensing channel model when compared to modeling as stochastic clutter.
Observation 5:	Effort should be made to limit the dimensionality of RCS modeling if possible for each target classification to be studied.
Additionally, the following proposals are made regarding use cases and scenarios for ISAC channel modeling:
Proposal 1:	The target component channel is modeled in a hybrid fashion using:
· Deterministic modeling of the direct path between the sensing Tx and target, and direct path between the target and sensing Rx
· Stochastically generated clusters between the sensing Tx and sensing Rx characterized by:
· Angle of departure  and arrival  determined by a ray from the center of the sensing Tx and sensing Rx antenna aperture, respectively and intersecting a the target location in GCS
· Propagation delay,  determined by 3d distance between sensing Tx and target, , and 3d distance between target and sensing Rx,  such that 
· Scattered gain,  normalized by target RCS
Proposal 2:	LOS condition for Tx-target and target-Rx component channels can be determined from LOS probability determination in Section 7.4.2 of [2] or table B-1 of [3] as a baseline.
Proposal 3:	Pathloss for Tx-target and target-Rx component channels can be determined from pathloss model in Section 7.4.1 of [2] or table B-2 of [3] as a baseline.
· Further study necessary for link topologies that have not previously been studied
Proposal 4:	Generation of individual rays within a cluster and ray coupling may be performed using the methodology provided in Step 7 and Step 8 of Section 7.5 of [2].
Proposal 5:	Modeling of environmental objects should be limited to objects with comparably large RCS, i.e. terrain ground, building walls and windows, metallic fences, etc.
Proposal 6:	Modeling of EO type-2 in target component channel should be considered after further study on:
· Maximum number of EOs included in channel realization
· Maximum number of multipath interactions, i.e. reflections, refractions, scatterings a path may include between the sensing Tx and the sensing Rx
· Additional parameters that may affect multipath interactions such as EO permittivity, conductivity, smoothness, etc.
· Multipath concatenation that includes an asymmetric number of multipath components between  and  

Proposal 7:	Multi-point scattering for a target should only be performed in a region within a critical distance to the sensing Rx. 
· Further study required on the critical region with respect to each target/target type
Proposal 8:	Further study relative motion profiles between the points of a multi-point scattering target model as the basis for modeling target micro-doppler. 
Proposal 9:	Further study how the RCS of a target may be modeled at least as a random variables whose mean and variance are dependent on the following factors: 
1. Target type, i.e., UAV, pedestrian, automobile, etc.
2. Either
a. Incident angle and scattered angle
b. Offset angle between incident ray and scattered ray
3. Carrier frequency
4. Target size, i.e., large UAV, commercial truck, etc.
Proposal 10:	Further study correlation models for RCS of a target modeled as multiple point scatterers.
Proposal 11:	Further study the integration of RCS modeling for a target modeled as multiple point scatterers in both large- and small-scale parameters of the ISAC channel model. 
Proposal 12:	The stochastic channel model provided in Section 7 of [2] should be used as the baseline for modeling both the LOS path/cluster and stochastic NLOS clusters of the background component channel.
Proposal 13:	Further study interactions between background and target components of the sensing channel including the effect of a single EO on both the target and background component channel and the potential shadowing of background clutter by the introduction of a new target.
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Curreat 5G-Advanced network design focuses primarily on data transmission, and the radio channel model defined to
cover frequencies up to 100GHz was developed with this in mind. Although RAT-based positioning s supported, the
specifications do not offer the in-bult capability to detect objects not connected to the nefwork.

If sensing capability i integrated into the design of the system, sensing may be offered as a service alongside
communications.

‘TR22.837 identifies a very wide range of use cases for such integrated sensing

Itis therefore important to establish  sofid channel modelling framework to enable evaluation of sensing techniques for
such use cases. The existing models in TR38.901 are not designed for sensing, in, they do not address target
‘modelting and sensing, and background environment modelling and differentiation from targets. Both radar cross-

section (RCS) and mobility of targets and other objects in the environment need to be modelled, and the model must be
spatially consistent.

This study addresses these gaps in the channel model in 38.901 to enable evaluation of sensing techniques.
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The focus of the study is to define channel modelling aspects to support object detection and/or tracking (as per the SA1 meaning
in TS 22.137). The study should aim at a common modelling framework capable of detecting and/or tracking the following
example objects and to enable them to be distinguished from unintended objects
e UAVs
Humans indoors and outdoors
Automotive vehicles (at least outdoors)
Automated guided vehicles (e.g/ in indoor factories)
Objects creating hazards on roads/railways, with a minimum size dependent on frequency
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All six sensing modes should be considered   (i.e.  TRP - TRP   bistatic,  TRP   monostatic,  TRP - UE bistatic, UE - TRP   bistatic ,  UE - UE bistatic, UE monostatic ) .    
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Define channel modelling details for sensing using 38.901 as a starting point, and taking into account relevant

measurements, including:

a) 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;

b) spatial consistency|
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