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1	Introduction
The objective of the study on channel modelling for Integrated Sensing And Communication (ISAC) for NR [1] includes the following: 
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:
· UAVs
· Humans indoors and outdoors 
· Automotive vehicles (at least outdoors)
· Automated guided vehicles (e.g. in indoor factories)
· [bookmark: OLE_LINK3]Objects creating hazards on roads/railways, with a minimum size dependent on frequency
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).
For the above use cases, sensing modes and frequencies:
· Identify details of the deployment scenarios corresponding to the above use cases.


In this contribution, we will give our proposals on how the channel modelling work should proceed based on the agreements that have been made in the last two meetings, see [2] and [3].  We think that the proposals from our contributions to the previous two meetings still are relevant, but we refer to those proposals instead of repeating them here, see [4] and [5]. Our contribution to the parallel session on deployment scenarios [6] contains related proposals that are relevant also for this session on channel modelling.
The contribution addresses seven themes, each in a different section.  One of the themes describes the results from measurements done on a sensing channel.  The rest treat BS—BS and UE—UE channel modelling, monostatic channel modelling, unintended targets and reflective objects in the environment, single-point versus multi-point target modelling, modelling multipath propagation in target channel and concatenation of target links.
2	BS—BS, UE—UE Channels
The study item is targeted to develop channel models for all sensing modes using TR38.901 as the starting point.  While TR38.901 contains channel modelling for the BS—UE channel, the BS—BS and UE—UE channels are not modelled.  These channels are needed to evaluate sensing modes involving BS—BS and UE—UE links.  The basic idea of the existing stochastic model for the BS—UE link in TR38.901 can still be used for BS—BS and UE—UE links, but the parameterisation must be updated.  The parameterisation includes, pathloss modelling, LOS probabilities, large scale parameters etc.
[bookmark: _Toc166236150][bookmark: _Toc166258022]The existing TR38.901 does not specify any channel model for the BS—BS channel nor for the UE—UE channel.
[bookmark: _Toc166236173][bookmark: _Toc166258045]Model the BS—BS channel and the UE—UE channel as stochastic channels, similar to the already specified BS—UE channel, but with other parameters.
The selected parameter values of the existing BS—UE model of TR38.901 were obtained by fitting the model to measured data.  To parameterize the model for BS—BS and UE—UE links, similar measurements have to be made. LOS probabilities can be established through measurements in a 3D model of a realistic digital world, where buildings and clutter are represented sufficiently close to reality.
[bookmark: _Toc166236151][bookmark: _Toc166258023]Channel parameters for the existing BS—UE channel were obtained by data fitting to measurements.
[bookmark: _Toc166236174][bookmark: _Toc166258046]Perform measurements to parameterize the stochastic model of the BS—BS and UE—UE channels.  For LOS probabilities, measurements might be simulation results obtained from realistic 3D models.
[bookmark: OLE_LINK4]All relevant communication scenarios need to be updated with parameters for the BS—BS and UE—UE links.  Communication scenarios that are discussed for use together with the new sensing scenarios are: UMa, UMi, RMa, InF and indoor office. Note that the deployments of these scenarios do not have to be updated, only tables specifying the parameter values for the BS—BS and UE—UE links have to be added. These additional tables would all have a corresponding existing table used for the BS—UE links, for example Table 7.4.1-1 for pathloss, Table 7.4.1-2 for LOS probabilities and Table 7.5-1 for channel model parameters.
[bookmark: _Toc166236175][bookmark: _Toc166258047]Update the communication scenarios UMa, UMi, RMa, InF and indoor office with parameters for the BS—BS and UE—UE channels.
Note that the introduction of BS—BS and UE—UE links in TR38.901 has potential benefits also outside this study item, for example for the study of sub-band full duplex and sidelink.  That would indicate that introducing the parameters for the new BS—BS and UE—UE channels in direct vicinity to where the parameters for the existing BS—UE channel are introduced would make more sense than adding these new parameters to the sensing add-on section.
[bookmark: _Toc166236176][bookmark: _Toc166258048]Define the new parameters for the BS—BS and UE—UE channels in direct vicinity to where the corresponding parameters for the existing BS—UE channel are defined in TR38.901.
3	Monostatic BS and UE Channels
In the monostatic channel, the transmitter and receiver are collocated.  There is therefore no direct propagation path between the transmitter and receiver, at least not in the same sense as for LOS channels between widely separated nodes, instead there is crosstalk between the transmitter and receiver hardware.  The crosstalk is different from the direct path of a line-of-sight channel, for example the attenuation, delay and phase are not dependent on the distance between transmitter and receiver in the same way.  Furthermore, the crosstalk is not necessarily a linear function of the transmitted signal.  Non-linear phenomena, such as clipping, higher-order memory effects and desensitization, might be important to model to properly model the received signal. 
[bookmark: _Toc166236152][bookmark: _Toc166258024]A monostatic channel has no direct propagation path, instead there is crosstalk between transmitter and receiver.
[bookmark: _Toc166236153][bookmark: _Toc166258025][bookmark: _Hlk166231389]Crosstalk captures two effects: hardware related effects and reactive electromagnetic effects occurring when transmitter and receiver are close.
[bookmark: _Toc166236154][bookmark: _Toc166258026]The modelling of crosstalk is more complicated than the modelling of the direct path in a LOS channel since the crosstalk depends on the specific hardware design.
The monostatic channel will thus be the sum of two parts, namely crosstalk and a NLOS channel.  The NLOS part of the channel that relates to scattering from far-away objects, however, can be modelled using either a stochastic cluster-based NLOS channel, similar to the BS—UE channel, with new parameterization, or as the target channel with multiple targets present (both intended and unintended targets). Unfortunately, measurements are lacking and it is hard to make conclusions without proper measurements.
[bookmark: _Hlk166231407][bookmark: _Toc166236155][bookmark: _Toc166258027]A monostatic channel is the sum of two parts: crosstalk and a NLOS channel.
[bookmark: _Toc166236177][bookmark: _Toc166258049][bookmark: _Hlk166231436]Discuss whether the NLOS part of the monostatic channel should be modelled using a stochastic channel similar to the existing stochastic model for the BS—UE link in TR38.901, or if it should be modelled in the same way as the target channel but with multiple targets, intended and unintended ones.
[bookmark: _Toc166236178][bookmark: _Toc166258050]Encourage companies to provide channel measurements for monostatic links.
Just like for the previously discussed BS—BS and UE—UE channels, new parameter values are needed for monostatic channels.  Unlike the BS—BS and UE—UE channels however, the definition of pathloss needs to be clarified.
[bookmark: _Toc166236179][bookmark: _Toc166258051]Define the pathloss of a monostatic link to be the difference in power between the received signal and the transmitted signal when no crosstalk is present.
[bookmark: _Toc166236180][bookmark: _Toc166258052]Update the communication scenarios UMa, UMi, RMa, InF and indoor office with parameters for the BS and UE monostatic channels without crosstalk.
There are two types of crosstalk:
1. [bookmark: _Hlk166231502]Signal paths that stay inside the physical hardware, e.g. coupling between transmission lines, antenna elements, etc. In the strict sense, this phenomenon is not a channel phenomenon but rather a phenomenon related to hardware choices.
2. Signal paths that go out in the air but are still confined within the reactive near field of the antennae. One example is the direct coupling between adjacent Tx and Rx arrays. 
To model the first type of crosstalk, assumptions have to be made on hardware choices and array designs.  Furthermore, the nature of the crosstalk varies with frequency and the large frequency span that is intended to be covered by TR38.901 makes it difficult to model such crosstalk in a general enough way.
The second type of crosstalk would require near-field modelling of effects such as mutual coupling between antenna elements or radio wave interaction with the physical enclosure and support structure for the antenna installation typically requires the use of electromagnetic solvers that provide numerical solutions to Maxwell's equations. While it is possible that some stochastic models could be parameterized based on such numerical calculations, we believe that this would still require hardware assumptions that would go beyond what is typically considered in a channel model like 38.901.
Since crosstalk is difficult to model in a general enough way in TR38.901, it needs to be modelled outside of this technical report and defined in a different study than the study at hand.
When studying monostatic sensing, crosstalk from transmitter to the collocated receiver needs to be modelled since crosstalk constitutes one of the major difficulties that monostatic sensing algorithms must deal with.  Any monostatic simulation will therefore have to capture those effects in addition to the effects captured by the channel model.
[bookmark: _Toc166236156][bookmark: _Toc166258028]Simulations of monostatic sensing have to model crosstalk.
[bookmark: _Toc166236181][bookmark: _Toc166258053]Crosstalk is difficult to model generally and should be modelled outside of TR38.901 and outside of this study item.  
Additional hardware phenomena that might be relevant when studying monostatic sensing, because of the strong crosstalk, are limited-resolution quantization and non-linear amplification.  These phenomena are not channel phenomena and, as such, should be left outside this study.  Note that these hardware phenomena might also be relevant to include also in bistatic links, where strong signals are expected, for example BS—BS sensing in a network with multiple transmitting BSs.
[bookmark: _Toc166236182][bookmark: _Toc166258054]Additional hardware phenomena related to strong received signals, such as quantization and amplification related effects, might be important to capture in sensing studies and coexistence studies, but are not part of the channel modelling work of this study item.
[bookmark: _Ref178064866]4	Measured Radar Cross-Section of Drone
Using a setup similar to the one used to obtain the measurement results in [3], we have performed channel sounding between several ground located transmitters and façade mounted receiver in a new set of measurements.  In one set of measurements, we let a small drone, shown in Figure 1, fly by the ground located transmitters to estimate its radar cross-section by studying the delay—Doppler profile at two time instants, one from transmitter 1 and one from transmitter 2.  The geometries of the two snapshots are shown in Figure 2 and Figure 3.
[image: ]
[bookmark: _Ref166071664]Figure 1: Picture of the drone that was flown in the measurements.  Model: Da Jiang (DJI) mini 3 pro.  Dimensions: 171×245×62 mm.

[image: ]
[bookmark: _Ref165969075]Figure 2: Geometry of transmitter 1 at time t=5.14s.

[image: ]
[bookmark: _Ref165969078]Figure 3: Geometry of transmitter 2 at time t=8.98s.
The delay—Doppler profiles of these two snapshots are shown in Figure 4 and Figure 5.  It is seen that the Doppler shift of the drone in snapshot 1 is negative, which corresponds to an elongation of the path length and is in line with the geometry in Figure 2.  Similarly, the Doppler shift of the drone in snapshot 2 is positive, which corresponds to a shrinking path length and is in line with the geometry in Figure 3.  By reading off values at the direct peak and the peak corresponding to the propagation path that has reflected off the drone, a radar cross-section can be estimated for the drone.  For snapshot 1, the estimated radar cross-section is −16.3dBsm  (2.3dm²).  For snapshot 2, the estimated radar cross-section is −17.3dBsm (1.9dm²).
[bookmark: _Toc166236157][bookmark: _Toc166258029]The radar cross-section of a small drone is approximately 2dm² (−17dBsm).
[image: ]
[bookmark: _Ref165969361]Figure 4: Delay--Doppler profile corresponding to snapshot 1 and the geometry shown in Figure 2.
[image: ]
[bookmark: _Ref165969364]Figure 5: Delay—Doppler profile corresponding to snapshot 2 and the geometry shown in Figure 3.
5	Radar Cross-Section of Car and Specular Reflections in Target
In another set of measurements, a car was driving in the vicinity of the transmitter and the delay—Doppler profile of the channel was studied while the car was driving by to estimate the radar cross-section of the car.  At time t=1.5s, the car was located relative to the transmitter and receiver as depicted in Figure 6.  The delay—Doppler profile of the channel at this time instant is shown in Figure 7.  In the figure, the relative power of the direct path and the path scattered off the car is 40dB, which gives the estimated radar cross-section of the car of 3.1dBsm (2.1m²).  This value is approximately on the same order of magnitude as can be expected from a normal-sized car.

[image: ]
[bookmark: _Ref166082847]Figure 6: Car relative to transmitter and receiver.  The car is driving in the direction of the blue arrow.
[image: ]
[bookmark: _Ref166082956]Figure 7: Delay—Doppler profile of the channel at time t=1.5s showing diffuse scattering.
An interesting observation was made when looking at the delay—Doppler profile 0.3 seconds later, at time t=1.8s.  This delay—Doppler profile is shown in Figure 8.  The relative power of the direct path and the path scattered off the car is now 25dB instead, which gives the estimated radar cross-section of the car of 18.1dBsm (65m²).  This value is much bigger than what can be expected from a normal-sized car.  The reason for the large value is the nature of the reflection.  While the reflection at time t=1.5s was diffuse, the reflection at time t=1.8s was specular.  To get a specular reflection the incidence angle and the scattering angle off the car must be equal, which seems to be the case when inspecting the geometry carefully.  
[bookmark: _Toc166236158][bookmark: _Toc166258030]Specular reflections occur in normal-sized targets at normal distances and have been observed in measurements.
If the car should be modelled as a point scatterer, and if the observed specular reflection should be modelled, the radar cross-section of the car has to depend on the incidence and scattering angle, as well as on the distances from the transmitter to the car and from the car to the receiver.  
[bookmark: _Toc166236159][bookmark: _Toc166258031]The radar cross-section has to depend on the incidence and scattering angles as well as on the two distances from transmitter to the car and from the car to the receiver in order to model specular reflections in the target.
[bookmark: _Toc166236183][bookmark: _Toc166258055]Discuss whether specular reflections in targets should be modelled.
[bookmark: _Toc166236184][bookmark: _Toc166258056]Request companies to provide measurements of radar cross-sections of all studied targets that show the dependency or non-dependency on angles, distances, and polarisations.
[image: ]
[bookmark: _Ref166083228]Figure 8: Delay—Doppler profile at time t=1.8s showing a specular reflection.
6	Reflection in Reflective Object in Environment
In our last contribution [3], measurement results were presented that showed how the reflection of a target was visible in the delay—Doppler profile, i.e. that the target—Rx link showcased multipath propagation stemming from specular reflections in walls.  We here study this phenomenon closer by revisiting the measurements done in that contribution. Specifically, we study the channel sounding scenario shown in Figure 9, where a transmitter and a receiver are located at the two red dots.  A pedestrian is located at the base of the orange arrow and moving in the direction of that arrow.
[image: ]
[bookmark: _Ref165978949]Figure 9: Channel sounding in the presence of a moving pedestrian.
After computing the delay—Doppler profile of the estimated channel, the power delay profile for different Doppler bins were plotted, see Figure 10.  As observed in our previous contribution, the stationary part of the channel is dominant and 20—25dB stronger than the part of the channel with non-zero Doppler shift.  Furthermore, as observed in our previous contribution too, the target—Rx link of the target channel contains multipath propagation---there is a reflection of the target seen in a distant wall.  While our previous contribution only made this observation, this contribution will study the reflective properties of the reflection.

The black power delay profile in Figure 10 shows the power of the zero-Doppler part of the channel and the blue the rest of the channel (the part with non-zero Doppler shift), while the red curve shows the power delay profile corresponding to a specific Doppler shift, namely the Doppler shift that the movement of the pedestrian creates in the direct path going from the transmitter, to the pedestrian, to the receiver. So, while the specular reflection in the wall is visible in the blue curve, it is not in the red curve because the moving pedestrian creates a different Doppler shift for that propagation path than that of the direct path.
[bookmark: _Ref165979203][image: ]
[bookmark: _Ref166086225]Figure 10: Power delay profiles.  The black power delay profile shows the part of the channel with zero Doppler shift.  The blue curve the part with non-zero Doppler shift.  The red curve the part with the Doppler shift of the propagation path Tx—target—Rx.
The variables in Figure 9 are introduced to denote the lengths of the different parts of the propagation paths d₁, d₂, d₃, d₄. The direct path is d₁+d₂ long and the reflected path is d₁+d₃+d₄ long. We assume that the scattering off the pedestrian is diffuse and that the pedestrian has an angular dependent radar cross-section σ(θ). The pathloss of the direct path is then proportional to d₁²d₂²/σ(θ₁). If the reflection in the wall is specular, the pathloss of the other, indirect path is proportional to d₁²(d₃+d₄)²/(σ(θ₂)|Γ|²), where |Γ|² is the reflection coefficient of the wall. If the reflection is perfect, |Γ|²=1. If we assume that the antenna gain of the receiver is the same for the two parts, the proportionality constant of the two pathlosses is the same and the relative power P₁/P₂ of the direct path P₁ and the indirect path P₂ is 
P₁/P₂ = (d₃+d₄)²/ d₂² σ(θ₁)/(σ(θ₂)|Γ|²) = 10 σ(θ₁)/(σ(θ₂)|Γ|²).

This power ratio is measured in Figure 10 to be 8dB, which is the difference between the values of the blue curve at 5m and 120m. Using this value, we get the following expression for the reflection coefficient and radar cross-section:
|Γ|²=1.58σ(θ₁)/σ(θ₂)
Since the reflection coefficient cannot be larger than one, σ(θ₁) < σ(θ₂). The fact that the radar cross-section depends on the scattering angle was observed already in the previous contribution [3].  
If we assume that the radar cross-section σ(θ₁) ≈ σ(θ₂), this would mean that the reflective environment object can be modelled using a reflective surface with a reflection coefficient close to one. Modelling the reflective environment object as a point scatterer in the far-field however would not fit the observed pathloss.
[bookmark: _Toc166236160][bookmark: _Toc166258032]The pathloss of the indirect path from target to Rx indicates that the reflection on the reflective environment object is specular and not diffuse.
[bookmark: _Toc166236161][bookmark: _Toc166258033]A point scatterer with a far-field radar cross-section cannot model the specular reflections observed from reflective environment objects.
[bookmark: _Toc166236185][bookmark: _Toc166258057]If reflective environment objects are explicitly modelled, they should be modelled by a reflective surface and corresponding scattering model, or by a grid of point scatterers with near-field radar cross-sections in order to model the nature of specular reflections.
It is noted that the pathloss formula suggested in [5, eq. 3-4]:
PL(d₁, d₂) = PL(d₁) + PL(d₂)+10log(λ²/(4π)) – 10log(σ)
does not hold in this case. The formula fails to capture the fact that σ(θ₁) < σ(θ₂) and that the power of the target channel also depends on the distances d₃ and d₄ as well as the reflection coefficient |Γ|². The formula would also fail to capture the small pathloss observed for the specular reflection in the target in Figure 5.
7	Unintended Targets and Reflective Objects in the Environment
Environment objects are objects whose position and orientation are modelled, together with other parameters that are relevant for their interaction with the radio wave. These objects model two separate phenomena, namely: 
1. Modelling of objects that are difficult to distinguish from the target because they affect the channel in the same or in a similar way as the target.
2. Modelling of geometrically consistent multipath propagation in the target channel.
While the objects that model the first phenomena are objects that are similar to the target, such as birds, bicycles, buses, other objects of the same type as the target etc, the objects that model the second phenomena are large flat objects in the environment, such as walls.  To easily refer to these two types of environment objects and to avoid mixing them up, we refer to them as “unintended targets” and “reflective objects”.
[bookmark: _Toc166236162][bookmark: _Toc166258034]Environment objects are needed to model two different phenomena: 1. The modelling of objects that are difficult to distinguish from the target because they affect the channel in the same or in a similar way as the target.  2. The modelling of geometrically consistent multipath propagation.
[bookmark: _Toc166236186][bookmark: _Toc166258058]To provide a practical terminology and to avoid mixing up the two types of environment objects, the two types could be referred to as “unintended targets” and “reflective objects”.
Note that, depending on sensing scenario, an unintended target might also be a reflective object. These two types of environment objects are thus not exclusive. For example, if a large bus is close to transmitter, receiver or target, the bus can create specular reflections given the right geometry. The bus would then be both an unintended target and a reflective object. As seen in Section 5, the target does not have to be especially large or the distances do not have to be very small for specular reflections to occur.
[bookmark: _Toc166236163][bookmark: _Toc166258035]An object might be both an unintended target and a reflective object.
Whether the scattering off an object creates specular reflections or diffuse scattering depends on the size of the object relative to the two distances from the transmitter to the object and from the object to the receiver.  If the transmitter or the receiver are far from the object, in the sense that only diffuse scattering occurs, then the transmitter and the receiver are said to be in the far-field of the object.  Note that that the “transmitter” can be the target in the target—Rx link; similarly, the “receiver” can be the target in the Tx—target link.  Further, note that the far-field of the object is different from the far-field of an array antenna of some given aperture.  Hence, even if the object is in the far-field of the transmitter and receiver antennae, the transmitter and receiver antennae are not necessarily in the far-field of the object.
[bookmark: _Toc166236164][bookmark: _Toc166258036]If the transmitter and the receiver are in the far-field of an object, the scattering off the object is diffuse.
[bookmark: _Toc166236165][bookmark: _Toc166258037]The far-field of a scattering object is different from the far-field of an array antenna. 
The modelling of the scattering object can be made simpler when all transmitters and receivers are in the far-field of the object.  When transmitters and receivers are not in the far-field, the modelling has to account for specular reflections. Such specular reflections can be modelled at two levels of detail: 1. As a distance and angle dependent radar cross-section.  2. As a reflective surface. The first level would model the path gain in a way that is consistent with specular reflections. The second level would model the location of the reflection point accurately.  If the geometry of the propagation path is important for the sensing algorithm, for example when the coverage area of a sensing network is extended by also considering reflections in walls to sense areas that are in non-line-of-sight to the sensing nodes, then the second level of modelling is needed.  
[bookmark: _Toc166236187][bookmark: _Toc166258059]When transmitter and receiver are in the far-field of an object, the object can be modelled as a point-scatterer.
[bookmark: _Toc166236188][bookmark: _Toc166258060]When transmitter and receiver are not in the far-field of an object and the exact location of the reflection point on the object is not of interest, the object can be modelled as a point-scatterer with a distance and angular dependent radar cross-section. When the exact location of the reflection point on the object is of interest, the spatial extent of the object has to be modelled, for example, by a reflective surface.
[bookmark: _Toc166236189][bookmark: _Toc166258061]Discuss at what level of detail reflective objects should be modelled, as point scatterers without precise reflection points or as reflective surfaces with precise reflection points.
Ideally, the modelling of objects should be the same when transmitter and receiver are in the far-field and when they are not.  Such a unified model would have to account for the continuous transition from diffuse scattering to specular reflection in the case the object moves from a position where the transmitter and receiver are in the far-field to a point where they are not.
[bookmark: _Toc166236190][bookmark: _Toc166258062]Study the possibility for a unified model of environment objects in the far-field of the source and receiver and objects not in the far-field.
8	Single-Point Versus Multi-Point Target Modelling
A target might be modelled by one or multiple scattering points. In the far-field of the target, both ways can be made equivalent by choosing the right radar cross-section. When not in the far-field of the target, however, there are some reasons for modelling the target using multiple points:
· To allow the use of simple radar cross-sections for each individual point scatterer—the overall radar cross-section will be a complex radar cross-section without explicit modelling of, for example, angular dependence. 
· To model the physical extent of an object.
Note that the modelling of the increased scattered power from a large object as compared to a small object can be modelled by using a larger radar cross-section for the large object.
The use of multiple points to better model the reflection point of specular reflections in a large object would require the object to be modelled using a grid of scattering points with a suitable spacing. The radar cross-section of the individual scattering points would have to be angle dependent as well as distance dependent to model specular reflections.
[bookmark: _Toc166236166][bookmark: _Toc166258038]The modelling of a target using multiple points can simplify the specification of the individual radar cross-sections and can model the physical extent of the target.
[bookmark: _Toc166236167][bookmark: _Toc166258039]It is possible to model the difference in scattered power between a small and large target using a single point with different radar cross-sections.
[bookmark: _Toc166236168][bookmark: _Toc166258040]Multiple points can be used as an alternative to model specular reflections with accurate reflection points if the individual radar cross-sections are made angle and distance dependent.
[bookmark: _Toc166236191][bookmark: _Toc166258063]Evaluate the need to model the physical extent of a target or an unintended target.
9	Modelling Multipath Propagation in Target Channel
There are two reasons to model multipath propagation in the target channel:
1. To capture the fact that a target might appear at one or more ranges, Doppler shifts and angles that are different from that of the direct propagation path.
2. To capture the geometric properties of all range, Doppler and angle observations to allow sensing algorithms to use multipath propagation as additional observations of the target.
Two ways to model multipath propagation in the target channel will been discussed:
1. Stochastic modelling.
2. Geometric modelling.
Stochastic modelling would model each link in the target channel (Tx—target and target—Rx) as a cluster-based channel of the kind specified for the BS—UE channel in TR38.901, namely with a set of random cluster pairs, each with a set of random rays.  This modelling would capture the first reason for multipath modelling above, but not the second.
Geometric modelling would compute the multipath propagation from the relative geometry of the transmitter, target, receiver and the explicitly modelled reflective objects in the environment.  This modelling would capture both the reasons for multipath modelling above.
The four lists below are an attempt to summarize the benefits and drawbacks of the two methods of multipath modelling.
Benefits of stochastic modelling:
· Ease of use.
· Can draw from previous experience for certain types of Tx—target and target—Rx links.
· Can model the nuisance of ghost targets.
Drawbacks of stochastic modelling:
· Does not model the ghost targets in a geometrically consistent way, thus not allowing sensing algorithms to make full use of the ghost targets.
· The parameterisation of the Tx—target and target—Rx links depends on the position and movement of the target, which makes the introduction of unsupported target types non-trivial. 
· Parameterisation is missing for certain types of targets, for example UAV—UE links are not parameterized.
· The spatial consistency in TR38.901 has to be extended to three dimensions and to the case where both nodes of a link move, for example both the UAV and UE might move in the UAV—UE link (the existing spatial consistency assumes that the BS in the BS—UE channel is stationary).
Benefits of geometric modelling of multipath:
· Intrinsically models the channel in a spatial consistent way.
· Geometric modelling of multipath allows sensing algorithms to make use of ghost targets to improve sensing performance.
· The required computations needed to compute the reflection points can be made tractable and small by limiting the number of reflections per link to one.
Drawbacks of geometric modelling of multipath:
· Care needs to be taken to model path gains reflections in a physically consistent way.
· Specifying the explicit geometric objects can become complicated and tedious.
· Limiting the complexity by only specifying one or a few reflective objects may lead to an unrealistically sparse channel.
One can also consider a third method to model multipath: namely the combining the two into a hybrid model.
[bookmark: _Toc166236169][bookmark: _Toc166258041]Two methods to model multipath propagation in the target channel are: stochastic modelling and geometric modelling, a hybrid method is to combined the two.
[bookmark: _Toc166236170][bookmark: _Toc166258042]Stochastic modelling of the two links of the target channel does not model multipath propagation in a geometrically consistent way, which might limit its use for evaluating non-line-of-sight capable sensing.
[bookmark: _Toc166236171][bookmark: _Toc166258043]Geometric modelling of multipath propagation bypasses some difficulties of stochastic modelling, such as unparameterized target types and the difficulty to extend spatial consistency to the target links; additionally, geometric modelling makes multipath propagation geometric consistent and useful for evaluating non-line-of-sight capable sensing.
[bookmark: _Toc166236192][bookmark: _Toc166258064]Discuss if the modelling of multipath propagation in the target channel serves the purpose of adding multiple paths with different ranges, Doppler shifts and angles to the target channel only or the additional purpose of making the ranges, Doppler shifts and angles of these paths geometrically consistent as well.
10	Concatenation of Target Links
When the propagation paths of the Tx—target and target—Rx links have been generated, the final concatenated propagation paths have to be formed. This is done by forming all combinations of the propagation paths in the two links. If the number of formed propagation paths would be excessive, it is conceivable to reduce the number of propagation paths by removing insignificant paths, for example by removing paths with a gain that is smaller than the gain of the strongest path in the target channel by a certain specified threshold, for example 30dB.
[bookmark: _Toc166236193][bookmark: _Toc166258065]Form all combinations of propagation paths in the two tx—target and target—rx links to obtain the target channel.  In the resulting set of propagation paths, consider if removing paths with a gain [30dB] less than the gain of the strongest path.
If the stochastic model of TR38.901 is used to model multipath propagation, the resulting set of propagation paths can be big.  If that large set of paths is inconsistent with measurements or infeasible to process one can envision adapting the number of clusters of the stochastic model and the number of rays per cluster.  In an environment where everything is stationary, except for the target, the target channel can be measured as is shown in Figure 10, by removing the parts of the channel that have zero Doppler.
[bookmark: _Toc166236172][bookmark: _Toc166258044]The complexity of stochastic modelling of multipath propagation in the target channel can be reduced by reducing the number of clusters and the number of rays per cluster.
[bookmark: _Toc166236194][bookmark: _Toc166258066]Encourage companies to measure the target channel in a variety of relevant scenarios as a preparation to make informed modelling decisions on how to model multipath in the target channel.
11	Conclusion
In the previous sections, we made the following observations: 
Observation 1	The existing TR38.901 does not specify any channel model for the BS—BS channel nor for the UE—UE channel.
Observation 2	Channel parameters for the existing BS—UE channel were obtained by data fitting to measurements.
Observation 3	A monostatic channel has no direct propagation path, instead there is crosstalk between transmitter and receiver.
Observation 4	Crosstalk captures two effects: hardware related effects and reactive electromagnetic effects occurring when transmitter and receiver are close.
Observation 5	The modelling of crosstalk is more complicated than the modelling of the direct path in a LOS channel since the crosstalk depends on the specific hardware design.
Observation 6	A monostatic channel is the sum of two parts: crosstalk and a NLOS channel.
Observation 7	Simulations of monostatic sensing have to model crosstalk.
Observation 8	The radar cross-section of a small drone is approximately 2dm² (−17dBsm).
Observation 9	Specular reflections occur in normal-sized targets at normal distances and have been observed in measurements.
Observation 10	The radar cross-section has to depend on the incidence and scattering angles as well as on the two distances from transmitter to the car and from the car to the receiver in order to model specular reflections in the target.
Observation 11	The pathloss of the indirect path from target to Rx indicates that the reflection on the reflective environment object is specular and not diffuse.
Observation 12	A point scatterer with a far-field radar cross-section cannot model the specular reflections observed from reflective environment objects.
Observation 13	Environment objects are needed to model two different phenomena: 1. The modelling of objects that are difficult to distinguish from the target because they affect the channel in the same or in a similar way as the target.  2. The modelling of geometrically consistent multipath propagation.
Observation 14	An object might be both an unintended target and a reflective object.
Observation 15	If the transmitter and the receiver are in the far-field of an object, the scattering off the object is diffuse.
Observation 16	The far-field of a scattering object is different from the far-field of an array antenna.
Observation 17	The modelling of a target using multiple points can simplify the specification of the individual radar cross-sections and can model the physical extent of the target.
Observation 18	It is possible to model the difference in scattered power between a small and large target using a single point with different radar cross-sections.
Observation 19	Multiple points can be used as an alternative to model specular reflections with accurate reflection points if the individual radar cross-sections are made angle and distance dependent.
Observation 20	Two methods to model multipath propagation in the target channel are: stochastic modelling and geometric modelling, a hybrid method is to combined the two.
Observation 21	Stochastic modelling of the two links of the target channel does not model multipath propagation in a geometrically consistent way, which might limit its use for evaluating non-line-of-sight capable sensing.
Observation 22	Geometric modelling of multipath propagation bypasses some difficulties of stochastic modelling, such as unparameterized target types and the difficulty to extend spatial consistency to the target links; additionally, geometric modelling makes multipath propagation geometric consistent and useful for evaluating non-line-of-sight capable sensing.
Observation 23	The complexity of stochastic modelling of multipath propagation in the target channel can be reduced by reducing the number of clusters and the number of rays per cluster.

Based on the discussion in the previous sections, we propose the following:
Proposal 1	Model the BS—BS channel and the UE—UE channel as stochastic channels, similar to the already specified BS—UE channel, but with other parameters.
Proposal 2	Perform measurements to parameterize the stochastic model of the BS—BS and UE—UE channels.  For LOS probabilities, measurements might be simulation results obtained from realistic 3D models.
Proposal 3	Update the communication scenarios UMa, UMi, RMa, InF and indoor office with parameters for the BS—BS and UE—UE channels.
Proposal 4	Define the new parameters for the BS—BS and UE—UE channels in direct vicinity to where the corresponding parameters for the existing BS—UE channel are defined in TR38.901.
Proposal 5	Discuss whether the NLOS part of the monostatic channel should be modelled using a stochastic channel similar to the existing stochastic model for the BS—UE link in TR38.901, or if it should be modelled in the same way as the target channel but with multiple targets, intended and unintended ones.
Proposal 6	Encourage companies to provide channel measurements for monostatic links.
Proposal 7	Define the pathloss of a monostatic link to be the difference in power between the received signal and the transmitted signal when no crosstalk is present.
Proposal 8	Update the communication scenarios UMa, UMi, RMa, InF and indoor office with parameters for the BS and UE monostatic channels without crosstalk.
Proposal 9	Crosstalk is difficult to model generally and should be modelled outside of TR38.901 and outside of this study item.
Proposal 10	Additional hardware phenomena related to strong received signals, such as quantization and amplification related effects, might be important to capture in sensing studies and coexistence studies, but are not part of the channel modelling work of this study item.
Proposal 11	Discuss whether specular reflections in targets should be modelled.
Proposal 12	Request companies to provide measurements of radar cross-sections of all studied targets that show the dependency or non-dependency on angles, distances, and polarisations.
Proposal 13	If reflective environment objects are explicitly modelled, they should be modelled by a reflective surface and corresponding scattering model, or by a grid of point scatterers with near-field radar cross-sections in order to model the nature of specular reflections.
Proposal 14	To provide a practical terminology and to avoid mixing up the two types of environment objects, the two types could be referred to as “unintended targets” and “reflective objects”.
Proposal 15	When transmitter and receiver are in the far-field of an object, the object can be modelled as a point-scatterer.
Proposal 16	When transmitter and receiver are not in the far-field of an object and the exact location of the reflection point on the object is not of interest, the object can be modelled as a point-scatterer with a distance and angular dependent radar cross-section. When the exact location of the reflection point on the object is of interest, the spatial extent of the object has to be modelled, for example, by a reflective surface.
Proposal 17	Discuss at what level of detail reflective objects should be modelled, as point scatterers without precise reflection points or as reflective surfaces with precise reflection points.
Proposal 18	Study the possibility for a unified model of environment objects in the far-field of the source and receiver and objects not in the far-field.
Proposal 19	Evaluate the need to model the physical extent of a target or an unintended target.
Proposal 20	Discuss if the modelling of multipath propagation in the target channel serves the purpose of adding multiple paths with different ranges, Doppler shifts and angles to the target channel only or the additional purpose of making the ranges, Doppler shifts and angles of these paths geometrically consistent as well.
Proposal 21	Form all combinations of propagation paths in the two tx—target and target—rx links to obtain the target channel.  In the resulting set of propagation paths, consider if removing paths with a gain [30dB] less than the gain of the strongest path.
Proposal 22	Encourage companies to measure the target channel in a variety of relevant scenarios as a preparation to make informed modelling decisions on how to model multipath in the target channel.
[bookmark: _In-sequence_SDU_delivery]
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