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1	Introduction
As is agreed in the study on channel modelling for Integrated Sensing And Communication (ISAC) for NR [1], channel modelling details to be studied include: 
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). 

Frequencies from 0.5 to 52.6 GHz are the primary focus, with the assumption that the modelling approach should scale to 100 GHz. (If significant problems are identified with scaling above 52.6 GHz, the range above 52.6 GHz can be deprioritized.)

For the above use cases, sensing modes and frequencies:
· 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.

In this contribution, we discuss some basic requirements of a channel model for ISAC used in 3GPP.  We also discuss some physical phenomena that might be relevant for such a channel model to capture.
[bookmark: _Ref178064866]2	Discussion
To evaluate ISAC performance in 3GPP and to be able to reproduce and compare simulation results, a common channel model should be established. This document states some requirements on such a channel model and discusses some propagation phenomena that might be of interest to capture in the channel model.
2.1 High-Level Goals for the ISAC Channel Model
[bookmark: _Hlk158198297]According to the SID [1], the channel model in TR 38.901 should be used as a starting point for the ISAC channel model. TR 38.901, with various extensions for, e.g., UAVs and NTN as defined in other TRs, has been and will in the future continue to be used in many different study items and work items. The majority of these will not involve sensing. This strongly speaks for making the sensing changes that will be identified in the present SI in such a way that they do not unduly impact simulations of unrelated communication features. 
Preferably, channel model implementations that are not to be used for sensing should not be affected at all. This suggests that the sensing-related additions to the model would fit well as “Additional modeling components” and captured in a new sub-clause under clause 7.6 in the TR. That way, companies that would participate in technical work and evaluations of sensing would implement these add-ons while technical work that do not involve sensing could continue to use the existing model, possibly with different enhancements or add-ons identified in the parallel SI on channel modeling for 7-24 GHz [3]. Indeed, the fact that two parallel SIs should capture their findings in the same TR 38.901 speaks for striving to minimize the overlap between the two changes as much as possible. 
[bookmark: _Toc159264459]Not all future technical work and evaluations will involve sensing.
[bookmark: _Toc159264460]Both the SI on channel modelling for ISAC and the SI on channel modeling for 7-24 GHz will target additions and changes to the same TR 38.901.
[bookmark: _Toc159264462]The sensing model additions and changes to TR 38.901 should be optional add-ons, preferably captured in a new sub-clause under Clause 7.6 “Additional modelling components” of TR 38.901.
[bookmark: _Hlk159158206]Additionally, ISAC work will likely involve evaluations of the impact of sensing on communication. To be able to compare the communication performance with and without sensing, as well as to be able to compare with previous evaluation work on communication, it is therefore preferrable if the sensing additions do not change communication performance to the extent that conclusions drawn from previous simulation work are no longer valid. Metrics for the communication links such as coupling loss, SINR, channel rank, and so on may be used to evaluate whether sensing-related modifications of the model affect perceived communication performance. One way to assess how the proposed additions affect communication performance would be to redo some of the previous channel model calibration campaigns as documented in Clause 7.8 of TR 38.901 but with the sensing additions enabled and see whether the metrics defined there are stable. 
[bookmark: _Toc159264461]There may be a need to compare communication performance with and without future proposed sensing additions, as well as a need to compare with previous work.
[bookmark: _Toc159264463]It should be ensured that the sensing-related model additions to TR 38.901, when enabled, do not have an undue effect on perceived communication quality and potential conclusions thereof.
To make it possible to reproduce results based of the channel model, the channel model should not leave implementational details unspecified. It is also desired from a practical point of view to strive for sensing additions that are not excessively complex.
[bookmark: _Toc159264464]All aspects of the sensing additions to the channel model should be fully specified and sufficiently simple to implement.
2.2 Additional Geometrical Signal Paths for Sensing
The channel model in TR 38.901 is a path-based channel model, in the sense that the channel is the superposition of many individual channels, where each individual channel is given by one propagation path.  In the existing model, however, the properties of the individual propagation paths are not computed from any geometric features with underlying coordinates. Instead, the properties are generated from a set of stochastic parameters to mimic the statistics of a random radio link. For evaluating communication performance, such stochastic propagation paths can be used, since the geometrical features of the underlying environment are not of interest. For sensing, on the contrary, these features are relevant since the goal of sensing is to estimate some of these features. A stochastic path-based channel model is therefore not useful for evaluating sensing performance.
When geometrical features are to be sensed, geometric propagation paths that have interacted with these features have to be included in the channel model. One way to model the geometric propagation paths is to model the feature as a point scatterer, which is characterized by a radar cross-section, a three-dimensional position, an orientation, and a three-dimensional velocity, and then compute the set of all propagation paths of the link from the transmitter to the point scatterer, and the set of all propagation paths of the link from the point scatterer to the receiver. The set of all combinations of one propagation path from the first set and one propagation path from the second set will then constitute the geometric propagation paths that interact with the feature.
While geometric propagation paths are necessary to model the sensed targets and the geometric clutter, i.e. interfering features of the environment, the stochastic propagation paths of the existing TR 38.901 are useful to model stochastic clutter, undesired parts of the channel. Combining the stochastic propagation paths of TR 38.901 and the geometric propagation paths of a point scattering channel would therefore result in a channel model that can be used for ISAC.
[bookmark: _Toc159264465]Model the ISAC channel as the superposition of 1) a background channel and 2) a geometrical channel. The background channel models stochastic clutter and is based on the existing TR 38.901. The geometrical channel models targets and geometrical clutter. The geometrical channel is based on the radar equation and a set of scatterers, each characterized by, e.g., its radar cross-section and time-varying position and orientation.
Some features of a combined stochastic and geometric channel model are sketched in Figure 1. The grey circles represent the pair of departure and arrival clusters of TR 38.901. Only one such pair is sketched. The black dot represents the point scatterer used to model geometric propagation paths. The propagation paths involving the point scatterer are part of two links. In this case, the first link (between transmitter and point scatterer) only contains one propagation path – the line-of-sight path. The second link (between point scatterer and receiver) contains two propagation paths – the line-of-sight-path and a geometrical reflection. Note that the reflection can be modelled in many other ways, for example stochastically. Further note that the propagation paths might be blocked, either partially or fully.
[image: A black background with a white arrow pointing up

Description automatically generated]
[bookmark: _Ref158305750]Figure 1: Sketch of channel with clusters from existing TR 38.901 and additional point scatterers.  Blockage, ghost targets and reflections in walls are discussed in Section 2.4.
2.3 Sensing Modes
The channel model in TR 38.901 only specifies how channels for the links between base stations and user terminals are generated. Some of the studied sensing modes require channels to be generated for the links between base stations and for the links between user terminals too. If the existing TR 38.901 is used also for these links, these links need to be parameterized for all relevant scenarios.
[bookmark: _Toc159264466]Study how links between base stations can be generated, and how links between user terminals can be generated.
2.4 Sensing Related Propagation Phenomena
The following propagation phenomena have been identified to affect sensing efficacy in different ways: ghost targets, angular fading, angular spread, micro-Doppler, blockage, environmental Doppler, and polarization.  Each of these phenomena are described more in detail in individual sections below, where their impact on sensing and possible modelling methods are discussed in conjunction with the description.
[bookmark: _Toc159264467]Study if the propagation phenomena of ghost targets, angular fading, micro-Doppler, blockage, target size, angular spread, environmental Doppler and polarization need to be modeled for the use cases and sensing modes identified in the objective of the study item and, if needed, how these phenomena can be modelled sufficiently simple while still capturing relevant effects on sensing.
4. [bookmark: _Ref158639556]Ghost targets
Ghost targets are traces of the desired target that appear at a range, velocity or angle that is different from what would be the case if only line-of-sight path were present. Ghost targets are caused by propagation paths that contain a non-line-of-sight path either in the first link from transmitter to target or in the second link from target to receiver. These propagation paths would cause a simplistic sensing algorithm that assumes all links consist of line-of-sight paths to believe that the target has a different range, speed, or angle than in reality. Less simplistic sensing algorithms, on the contrary, can use the ghost targets to obtain additional information about the target, given certain knowledge about the reflections of the non-line-of-sight paths. It might therefore be important to model ghost targets to fairly evaluate sensing algorithms.
The non-line-of-sight paths that cause ghost targets can be modelled in different ways. Here, two ways are discussed:
1. Stochastic path generation through the existing TR 38.901 specification, or a minor modification thereof, as shown in Figure 2.
2. Geometrical path generation through a set of single-reflection surfaces, as shown in Figure 3.
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[bookmark: _Ref158632730]Figure 2: Stochastic non-line-of-sight path of link from start to end.

[image: ]
[bookmark: _Ref158632852]Figure 3: Geometric non-line-of-sight path of link from start to end.
Stochastic path generation would model each of the two links (from transmitter to target and from target to receiver) using TR 38.901.  Figure 2 shows one of these two links and one cluster pair of TR 38.901 applied to the start and end points of the link. The number of resulting path pairs (one propagation path from each link) might need to be reduced to remove paths pairs that have insignificant power. Stochastic path generation would result in stochastic ghost targets that would be non-geometrical in nature. This stochastic way of modelling would require the sensing algorithm to handle ghost targets but would not necessarily let it obtain any additional information about the target. 
Geometric path generation would generate the non-line-of-sight paths of the two links based on the geometry of the environment, for example by the introduction of reflective surfaces.  As such, geometrical modelling would let the sensing algorithm to obtain additional information about the target.  General geometrical modelling tends to be complex however and care must be taken to keep the path generation simple while at the same time keeping the model physically sound. One way to reduce the complexity could be to limit the number of reflections per link to one and use so-called single-reflection surfaces.  
4. Angular fading
The amount of power that is scattered in the far-field of the target depends on the incidence angle and the scattering angle of the signal, see Figure 4. The variation of scattered power is called angular fading and is due to the general shape of the target and due to fading caused by multiple separate reflections from different parts of the target. Angular fading can cause sensing to be successful at some angles and less successful at other angles. Furthermore, since the angular fading is characteristic of the target type, it can allow sensing algorithms to distinguish objects from one another. Angular fading is therefore a relevant phenomenon that a channel model for ISAC might need to capture.  
[image: ]
[bookmark: _Ref158627642]Figure 4: Radar cross-section of point scatterer depends on the incidence angle and scattering angle of the propagation path.
Angular fading of a point scatterer can be modelled either through an angle dependent radar cross-section or by modelling each target as a cluster of point scatterers, or a combination of the two.
Angle dependent radar cross-sections, in turn, can be either stochastic, such as the commonly used Swerling models, or deterministic. Stochastic radar cross-sections would model the fact that sensing performance varies with angle, but do not necessarily allow sensing algorithms to distinguish objects from one another based on angular fading. Deterministic radar cross-sections would allow the sensing algorithms to detect object types based on angular fading, but these radar cross-sections must be measured and tabulated for all object types, which is a laborious work.
4. Micro-Doppler
Parts of an object that moves relative to the object itself result in Doppler shifts that correspond to velocities that are different from the velocity of the object. Such Doppler shifts are termed micro-Doppler. Examples of micro-Doppler effects from the rotor blades of drones and the wings of birds include HERM lines, blade flashes and wing beats, see for example, [2]. Other parts that can cause micro-Doppler effects are arms and legs of pedestrians and the breathing torso of a sleeping person. These micro-Doppler effects have been used to distinguish and classify objects in radar applications. If micro-Doppler is used to classify and distinguish objects in a similar way also in sensing algorithms, the channel model might need to capture the effect of micro-Doppler.
Targets with micro-Doppler could be modelled by adding secondary point scatterers to the main point scatterer, where these secondary point scatterers oscillate relative to the main point scatterer.
4. Blockage
Since sensing a target commonly relies on the existence of propagation paths that have interacted with the target, blockage of propagation paths will limit the sensing performance. Furthermore, if detecting objects that block existing propagation paths, for example vehicles moving between a transmitter and receiver, the absence of expected propagation paths could indicate the presence of an object. In applications, where blockage is expected, the channel model might therefore need to captured blockage.
Blockage can be modelled stochastically as in TR 38.901 Clause 7.6.4.1 “Blockage Model A”, where blocking regions are stochastically generated, or geometrically as in TR 38.901 Clause 7.6.4.2 “Blockage Model B”, where blockers with a coordinate, width and height are generated. Note that the blockers in blockage model B are similar to the single-reflection surfaces mentioned in the section on Ghost Targets.
4. Small and large targets
When the scattering off a target is modelled using the radar equation and a radar cross-section, it is assumed that both the signal source and the receiver are in the far-field of the target. In the far-field, the scattering is diffuse and the received power scales as 1/(d₁²d₂²), where d₁ is the distance between the signal source and the target and d₂ is the distance between the target and the receiver. At closer distances, however, the target might behave like a specular reflector and the received power scales as 1/(d₁+d₂)² instead. The distance that is considered the far-field depends on the size of the target relative to the wavelength of the signal, so, especially when studying large objects, the distances, d₁ and d₂, at which the object needs to be from the transmitter and receiver in order to be in the far-field can be significant. If large objects are expected to be near either transmitter or receiver, a different approach to point-scatterers might be needed to model the object. 
4. Angular spread
Modelling targets through point scatterers does not model the spatial extent of the target. At large distances, the spatial extent of the target can be neglected since the spatial resolution of the array anyway is larger than the spatial extent of the target. The distance at which this occurs depends on the array size and the size of the target. If the spatial extent of the target is a distinguishing feature of the target type and the target is expected to be at close distances to the receiver, the spatial extent of the target might need to be modelled to fairly evaluate sensing algorithms.
Spatial extent could be modelled either by modelling the target as a cluster of point scatterers, or by adding a set of offset rays to the main propagation path, as is done for the clusters of the existing TR 38.901.
4. Environmental Doppler shift
One common way to reduce the impact of clutter on the sensing algorithms is to remove signal components with zero or small Doppler shifts. This works if the clutter results in static propagation paths and the target in a propagation path with a non-zero Doppler shift. If the parts of the clutter, however, also have non-zero Doppler shifts, the performance of the clutter suppression might degrade. To capture this effect in a sensing simulation, the background channel might need to model environmental Doppler.
One way to model such environmental Doppler would be to include a Doppler shift to some of the propagation paths of the background channel generated by TR 38.901.
4. Polarisation
In general, the scattering off a target mixes the two polarisations of the incident signal. Some objects also create a recognizable polarisation pattern, for example the polarisation of the signal that has scattered off a light pole can be aligned with the light pole at some frequencies. If polarized signals are studied, a channel model might need to model the mixing of the polarisations. If the targets of interest create distinct polarisation patterns that can be used to distinguish them, the specifics of that polarisation pattern might also need to be modelled.
Conclusions
In the previous sections we made the following observations: 
Observation 1	Not all future technical work and evaluations will involve sensing.
Observation 2	Both the SI on channel modelling for ISAC and the SI on channel modeling for 7-24 GHz will target additions and changes to the same TR 38.901.
Observation 3	There may be a need to compare communication performance with and without future proposed sensing additions, as well as a need to compare with previous work.
Based on the discussion in the previous sections we propose the following:
Proposal 1	The sensing model additions and changes to TR 38.901 should be optional add-ons, preferably captured in a new sub-clause under Clause 7.6 “Additional modelling components” of TR 38.901.
Proposal 2	It should be ensured that the sensing-related model additions to TR 38.901, when enabled, do not have an undue effect on perceived communication quality and potential conclusions thereof.
Proposal 3	All aspects of the sensing additions to the channel model should be fully specified and sufficiently simple to implement.
Proposal 4	Model the ISAC channel as the superposition of 1) a background channel and 2) a geometrical channel. The background channel models stochastic clutter and is based on the existing TR 38.901. The geometrical channel models targets and geometrical clutter. The geometrical channel is based on the radar equation and a set of scatterers, each characterized by, e.g., its radar cross-section and time-varying position and orientation.
Proposal 5	Study how links between base stations can be generated, and how links between user terminals can be generated.
Proposal 6	Study if the propagation phenomena of ghost targets, angular fading, micro-Doppler, blockage, target size, angular spread, environmental Doppler and polarization need to be modeled for the use cases and sensing modes identified in the objective of the study item and, if needed, how these phenomena can be modelled sufficiently simple while still capturing relevant effects on sensing.
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