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1 Introduction
The SID for channel Modelling enhancements for 7—24 GHz for NR [1] states the following:
The objectives of this study are:
· Validate using measurements the channel model of TR 38.901 at least for 7-24 GHz
· Note: Only stochastic channel model is considered for the validation.
· Note: The validation may consider all existing scenarios: UMi-street canyon, UMa, Indoor-Office, RMa and Indoor-Factory.
· Adapt/extend as necessary the channel model of TR 38.901 at least for 7-24 GHz, including at least the following aspects for applicable scenarios: 
· Near-field propagation (with consideration being given to consistency between near-field and far-field)
· Spatial non-stationarity
Note 1: Continuity of the channel model in the frequency domain below 7 GHz and above 24 GHz shall be ensured.
Note 2: Mathematical and/or theoretical aspects (if any) may be studied before results of measurement campaigns are available. While measurement results may be available and submitted at any time, the study of measurement results may start later (e.g., Q3 2024).

The second objective is to “adapt/extend as necessary the channel model of TR 38.901 at least for 7-24 GHz”. In this contribution, we provide views on potential adaptations and extensions for modelling large antenna arrays envisioned for mid-band, including spherical-wave modelling and spatial non-stationarity. Other adaptations and extensions of the channel model in TR 38.901 [2], including introducing a new suburban macro (SMa) scenario and modeling of polarization power imbalance is discussed in our companion contribution [3].
2 [bookmark: _Ref178064866]Discussion
2.1	Baseline model updates
The present baseline model in TR 38.901 has been used in many different SIs/Wis and is expected to be continually used in this fashion. If the present SI identifies necessary adaptation or extensions that affect the baseline model, simply changing these in TR 38.901 could cause unclarity or confusion about what model assumptions have been or will be used in a study. 
[bookmark: _Toc166236638]If changes are made to the baseline model there is a risk of confusion about which version of the model was/is used in different studies.
Since it may indeed be important to change undesired behavior in the model some attention should be given to how to avoid such confusion. 
[bookmark: _Toc166236642]Discuss and decide on how baseline model changes should be most transparently captured in TR 38.901. 
One example can be adding notes: "this parameter value/model equation/procedure was changed in Rel-19, see e.g. 38.901 version X.Y.Z for the earlier behavior".
2.2	Large antenna arrays
The potential use of even larger antenna is identified as one of the most important use cases for which the channel model should possibly be extended. 
[bookmark: _Toc166236639]Larger antenna arrays are likely to be studied in coming releases, including but not limited to the 7-24 GHz range. 
Therefore, we should ensure that the channel model is sufficiently accurate for expected simulation studies for the full frequency range of TR 38.901.
Near-field effects including spherical-wave modelling and partial blocking become more prominent for larger antenna array. However, not to overestimate the importance of capturing such effects in the TR 38.901 channel model, it is important that large, but not unrealistic, aperture sizes are considered in this SI. 
[bookmark: _Toc166236643]Consider realistically large aperture sizes not to overestimate near-field effects.
In RAN1#116bis, companies were asked to provide input on the maximum aperture size that should be considered as a reference the study for different scenarios, and the following agreement was reached:
Agreement
For the assumption on the aperture size of antenna array, the following is considered as reference for channel model study.
· up to [TBD] m, or [TBD] lambda for UMi
· up to [TBD] m, or [TBD] lambda for UMa
· up to [TBD] m, or [ TBD] lambda for Indoor office
· up to [TBD] m, or [TBD] lambda for Indoor factory

First, it needs to be clarified in which dimension(s) the aperture size is measured. As we shall discuss later, it is common to define the boundary between the near field and the far field of an aperture based on the maximum aperture dimension. For a two-dimensional antenna array of length  and  in the horizontal and vertical dimension, respectively, the maximum aperture dimension is along the diagonal and, hence, given by:

In our view, for future proofing, the size of antenna arrays considered in this study should be significantly larger than what is used in existing 5G systems, but not too large to make practical deployment unfeasible. With this in mind, we propose that the following can be an upper bound on the physical size of an antenna array:
·  m for UMa,
·  m for UMi and Indoor-Factory,
·  m for Indoor-Office.
However, not only the physical size of sets an upper bound on what is a realistic aperture size. The number of antenna elements per antenna array needs to be kept within reasonable limits, especially for higher frequencies where the number of antenna element per unit of area can be very large. Let  and  denote the separation between antenna elements in the horizontal and vertical dimension, respectively. Then, the maximum number of antenna elements for a two-dimensional antenna array with dual-polarized antennas is 

For example, a  m antenna array with -separated (in both horizontal and vertical dimension) dual-polarized antennas at 30 GHz could contain 40k dual-polarized antennas (i.e., 80k antenna elements), which seems unrealistically high. In our view, about 5k dual-polarized antennas (i.e., 10k antenna elements) can be an upper bound for UMa. Therefore, assuming that the number of antenna elements per unit of area is independent of scenario, we propose that the following can be an upper bound on the electrical size of the antenna array:
· k antenna elements for UMa
· k antenna elements for UMi and Indoor-Factory
·   antenna elements for Indoor-Office
In short, we propose the following:
[bookmark: _Toc166236644]For the assumption of aperture size, the values in Table 1 is considered for modeling near-field effects.
[bookmark: _Ref165918176]Table 1	Maximum physical and electrical size per scenario.
	Scenario
	Maximum aperture dimension and maximum number of antenna elements

	UMa
	Up to  m, but not more than k antenna elements

	UMi
	Up to  m, but not more than k antenna elements

	Indoor-Factory
	Up to   m, but not more than k antenna elements

	Indoor-Office
	Up to  m, but not more than  antenna elements
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[bookmark: _Ref165979636]Figure 1	Maximum aperture dimension and maximum number of antenna elements per scenario.
In Figure 1, we show the maximum aperture dimension and the maximum number of antenna elements for a square antenna array with -separated (in both horizontal and vertical dimension) dual-polarized antennas as a function of the scenario and over the frequency range [0, 30] GHz. We note that, by using the assumptions in Table 1, the maximum aperture size is limited by the maximum physical size for frequencies below about 10 GHz and limited by the maximum electrical size for frequencies above about 10 GHz.

While larger antenna arrays are mainly discussed for the NW side it shouldn’t be forgotten that also the UE can potentially be equipped with antenna arrays and multiple panels, for instance for mmW UEs or FWA UEs. The UE is generally much closer to objects in the environment including possibly a person interacting with or holding the UE. Hence, while the UE antenna arrays are likely much smaller than the BS arrays there can still be potential for non-planar wave incidence or partial blocking.
[bookmark: _Toc166236645]Study whether spherical-wave incidence and/or spatial non-stationarity should be modeled on the UE side.
2.3	Spherical-wave modelling 
The baseline TR 38.901 channel model consists of a set of  clusters each comprising  rays, where the channel coefficients for different antenna array elements are determined by assuming that each ray represents a planar wave. Hence, the amplitude of the contribution from a specific ray to the channel from or to a specific antenna element is constant, while the phase shift is linearly dependent on the angle of arrival. When the antenna arrays become larger, there is a possibility that the planar wave assumption no longer holds, or that the assumed structure of  clusters with  rays is no longer an accurate model of the channel. The planar-wave assumption may be violated if waves originate from nearby sources or are partially blocked by nearby objects. However, it is an open question if such potential model deviations will become result- or conclusion-affecting. This requires studying and determining some metrics. One possible metric is the phase error resulting from a planar wave model if the real wave form is non-planar. 
   [image: ]
[bookmark: _Ref162968866]Figure 2	An antenna array of extent  at distance  from a source.
Consider Figure 2. With the planar wave approximation, the maximum phase error will occur on the edge of the antenna array. Specifically, if modelling the ray from the source as a planar wave, the phase shift at the edge of the antenna array is , while the true phase shift will be . Hence, the maximum phase error is

By rearranging the above equation, we find that the distance for which the maximum phase error is when assuming the planar wave approximation is

For , one obtains the Fraunhofer distance (which is sometimes referred to as the Rayleigh distance), which is often used to define the boundary between the near field and the far field [4]:
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[bookmark: _Ref165996609]Figure 3	Maximum Fraunhofer distance per scenario.
In Figure 3, we show the maximum Fraunhofer distance for the different scenarios and for the maximum aperture size according to Table 1. We note, e.g., that the maximum Fraunhofer distance for the UMa scenario is close to 150 m, which is significantly larger than the minimum BS—UE distance in TR 38.901, which implies that planar-wave modelling will result in non-negligible phase errors for the large antenna arrays that will be considered in this SI. For example, for a BS equipped with an antenna array with maximum aperture dimension of  at 15 GHz, and for a UE located  in front of the BS, the maximum phase error for a direct path from the UE to the BS is .
[bookmark: _Toc166236640]Planar wave approximation causes non-negligible maximum phase errors for the large aperture sizes in Table 1 .
An open question, however, is whether the non-negligible phase errors will have a significant impact on the communication performance. For example, if there are many rays and clusters in the model only a few of these may be due to objects that are close enough or have incidence angles such that significant phase errors occur. Also, for most antenna elements in the antenna array, the phase error is much smaller than the maximum phase error at the edge of the array. It should be studied whether the phase errors due to planar wave modeling in these scenarios will have result- or conclusion-affecting impact on e.g. codebook design before deciding on the need on the need for possible model extensions. 
[bookmark: _Toc166236646]Assess the need for modeling of non-planar wavefronts for existing clusters in the channel model.
In RAN1#116bis, it was proposed to define a near-field region and a far-field region, where spherical-wave modeling is used in the near-field region and the planar-wave approximation is used in the far-field region. 
Agreement
For the study of near-field channel modelling, at least following aspects should be considered:
· Whether/how to define the near-field region
· The parameters variation for each ray/cluster across different antenna element pairs

It was further discussed whether the Fraunhofer distance should boundary between the near-field and far-field regions. While the Fraunhofer distance is widely adopted as the boundary between the near field and the far field, it should be noted that a maximum phase error of  may not the most relevant metric for the channel model in TR 38.901. In particular, communication metrics such as channel capacity, channel rank, or antenna-array gain may be more relevant. In [5], it was shown that, for matched-filter beamforming, using the planar-wave approximation (or, to be more precise, by using spherical-wave modelling and focusing a beam at an infinite distance from the antenna array), the loss in antenna-array gain is no larger than 3 dB for distances larger than, approximately, . The analysis in [5], however, relies on a simple free-space channel model for which there is no multipath. In our view, it needs to be further studied what is the impact of spherical-wave propagation on the channel model in TR 38.901, which includes scatterers. For example, a UE placed outside the Fraunhofer distance of the BS may be associated with non-direct paths resulting from scatterers that are well within the Fraunhofer distance, and vice versa.
[bookmark: _Toc166236641]For a UE that is outside of the Fraunhofer distance, non-direct paths can stem from scatterers that are inside of the Fraunhofer distance.
Hence, even if the UE would be outside of some defined boundary, spherical-wave propagation could have a significant impact on the channel model. In short, not only the distance from the BS to UE is important for modelling near-field effects, but also the distance from the BS to scatters. It should be further studied what is the impact on communication performance of spherical-wave modelling on both the direct path and non-direct scatterers before defining a boundary between far field and near field.
[bookmark: _Toc166236647]Study impact on communication performance of spherical-wave modelling for both direct and non-direct paths before defining near-field region.
2.4	Spatial non-stationarity
In RAN1#116bis, it was agreed to study spatial non-stationarity, and, at least, the following options are to be considered:
Agreement
For the modelling of spatial non-stationarity, at least the following options can be studied to identify the impacted ray/cluster and element-pair link:
· Option 1: Introducing per ray/cluster the visible probability, or visibility region for set of antenna element
· Option 2: Introducing the physical blocker to emulate the blockage impact on the link for each element-pair   
· Note: The consistency across antenna elements and across clusters should be guaranteed. 

Our preference is Option 2 and to start from the existing (optional) blockage model in in TR 38.901. By specifying the size and position of the blocker with respect to the Tx or Rx, the attenuation of different paths can be calculated. It is possible that this blockage model can be adapted to large antenna arrays by accounting for the position of the blocker with respect to different elements in the antenna array. However, the blockage model only affects the attenuation of different paths and not the phase, so it can likely not model the change in wavefront curvature due to a nearby obstacle. 
[bookmark: _Ref165985787][bookmark: _Toc166236648]Study whether the existing blockage model can be used to model spatial non-stationarity, e.g. due to partial blocking by chimneys, roof edges, etc.
Note that extending existing blocking model also results in a unified design for near-field and far-field modeling, which is in line with the below agreement:
Agreement
For near-field channel model, RAN1 strives to design a unified model to explicitly reflect the new properties of near- and existing properties of far-field under the structure of existing stochastic model TR 38.901.
· FFS: whether the same or different implementations, e.g., procedures/equations, are used for near- and far-field channel realization 

On the other hand, introducing a new blockage model specifically for spatial non-stationarity as per Option 1 may involve extensive parameterization and measurement campaigns for validation.

Conclusion
In the previous sections we made the following observations: 
Observation 1	If changes are made to the baseline model there is a risk of confusion about which version of the model was/is used in different studies.
Observation 2	Larger antenna arrays are likely to be studied in coming releases, including but not limited to the 7-24 GHz range.
Observation 3	Planar wave approximation causes non-negligible maximum phase errors for the large aperture sizes in Table 1 .
Observation 4	For a UE that is outside of the Fraunhofer distance, non-direct paths can stem from scatterers that are inside of the Fraunhofer distance.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Discuss and decide on how baseline model changes should be most transparently captured in TR 38.901.
Proposal 2	Consider realistically large aperture sizes not to overestimate near-field effects.
Proposal 3	For the assumption of aperture size, the values in Table 1 is considered for modeling near-field effects.
Proposal 4	Study whether spherical-wave incidence and/or spatial non-stationarity should be modeled on the UE side.
Proposal 5	Assess the need for modeling of non-planar wavefronts for existing clusters in the channel model.
Proposal 6	Study impact on communication performance of spherical-wave modelling for both direct and non-direct paths before defining near-field region.
Proposal 7	Study whether the existing blockage model can be used to model spatial non-stationarity, e.g. due to partial blocking by chimneys, roof edges, etc.
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