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In this document we discuss two potential enhancements identified in RP-234018 that could be relevant to FR3 channel modeling when large antenna arrays are deployed in commercial networks.
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In Section 2 we discuss near-field propagation and spherical wavefront modeling followed by a discussion on spatial non-stationarity in Section 3.

Near-field propagation and spherical wavefront modeling
This section discusses our views on near-field propagation and spherical wavefront modelling.
Agreements from RAN1-116bis on near field propagation
The following agreements were made in the last RAN1 meeting. 
	Agreement
The antenna array is assumed for the near-field study.
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

Agreement
The following scenarios defined in TR38.901 should be considered for the study/modelling of near-field.
· UMa,UMi, Indoor office and Indoor factory
· FFS: RMa and other new scenarios
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

Agreement
For the near-field channel model:
· The impact of the assumption of wavefront is only considered from the perspective of antenna array.
· The near field for each element within the antenna array is not considered in this SI. 

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 


Agreement
The near- or far-field condition should be studied for the direct path and non-direct paths between BS and UE.
· The near-/far-field condition for the direct path may be assessed by using the 3D BS-UE distance.
· FFS: The determination of near-/far-field condition for the non-direct paths
· Note: The direct path is referring to the LoS ray in the TR 38.901 in principle.
· Note: The non-direct paths are referring to the cluster/ray(s) without including LoS ray in the TR 38.901.


Agreement 
For near-field channel, if necessary, to model the following antenna element-wise channel parameters of direct path between TRP and UE, 
· Angular domain parameters (i.e., AoA, AoD, ZoA, ZoD), Delay, initial phase, Doppler shift, Amplitude
· FFS: Impacts on the polarization
The following options are considered:
· Option-1: Determined by the locations of both TRP and UE.
· Option-2: Determined by the antenna element locations of both TRP and UE




Clarifying SID terminology
SID uses the term ‘near-field propagation’. However, in EM theory, ‘near field’ is used in close proximity to an antenna (of the order of a few wavelengths) where non-radiative behavior dominates radiative behavior. 
Our understanding is that the intent was to study channel modeling in the far field but to more closely examine whether planar wavefronts hold good or whether spherical wavefront modeling would be required, especially as antenna array sizes get larger. We interpret the goal of the study to compare spherical wavefront modeling (SWM) with planar wavefront modeling (PWM) and assess whether spherical wavefront modeling is required for FR3 bands.
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Figure 1 Illustration of planar wavefront propagation and spherical wavefront propagation.
Impact of spherical wavefronts on channel model
The following figure illustrates the impact a spherical wavefront could have on the equations used to compute the NLOS and LOS channel in 38.901. 
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Figure 2 Components of the channel model that can be impacted by considerations of a spherical wavefront.

The impact on the phase/delay (red) is the most common aspect of SWM and is well studied. Planar wavefront assumes a linear shift in phase as a wave traverses across an antenna array. This fundamental assumption is altered once spherical wavefronts are assumed, where the individual locations of each antenna element pair begin to influence the phase/delay components. Next, depending on the proximity of the scatters and the size of the antenna array, the angles of incidence and departure could become dependent on the individual locations of each antenna element pair, which then impact the individual antenna gains perceived by the individual rays/clusters. Going further, the doppler shift could become dependent on the antenna element as the relative angle between the velocity vector and the UE-antenna element vector could change across the antenna array. Finally, the pathloss/attenuation could begin to vary across the antenna array as the distance between UE to an antenna element is no longer a constant. 
Observation 1: There can be four components to spherical wavefront modelling:
· Modelling impact on phase/delay
· Modelling impact on angles of arrival/departure
· Modelling impact on doppler
· Modelling impact on pathloss/attenuation

Having recognized the potential impact of a spherical wavefront, we need to carefully consider how accurately we wish to model this. Impact on simulation outcomes needs to be a metric to drive decisions on what to prioritize. Engineering intuition suggests that for commercially relevant antenna panels, impact on the linear phase delay assumption is likely to dominate over the other effects. It is suggested that we begin our investigation by modelling this, assess the impact on simulation outcomes, and then proceed to evaluate the impact of the other aspects. We suggest the following:
Proposal 1: Complexity of SWM can be executed to different degrees of accuracy. RAN1 to consider the following options and downselect based on overall impact on simulation outcomes:
· Option 1: Only deviations from linear phase delay across an antenna array are modelled.
· Option 2: Deviation from linear phase delay and differences in angles of arrival/departure are modelled.
· Option 3: Deviation from linear phase delay, differences in angles of arrival/departure and changes to pathloss are modelled.
· Option 4: Deviation from linear phase delay, differences in angles of arrival/departure, changes to pathloss and antenna-element specific doppler are modelled.
Modelling Priorities
The impact of spherical wavefront propagation needs to be assessed via simulations in the context of multi-user multiplexing and multi-layer transmissions for UEs near a gNB with a large antenna array. This exercise can also shed light on the accuracy to which spherical wavefronts need to be modeled. Towards such an effort we suggest focusing on practical/commercially relevant antenna arrays and make the following two proposals. 
Proposal 2: RAN1 to study whether/how spherical wavefront modeling (SWM) impacts simulation outcomes in the context of multi-layer transmissions to a UE and multi-user multiplexing under realistic FR3 deployment scenarios with appropriate choices of:
· Antenna array size 
· NLOS and LOS (Rician fading) channel conditions.
· UE-gNB distances & cluster locations
Proposal 3: The following aperture sizes are proposed for channel model study:
· up to m for UMa
· assumes a maximum form factor of 1m x 1m.
· up to m for UMi
· assumes a maximum form factor of 0.5m x 0.5m
· up to m for Indoor office & Indoor factory 
· assumes a maximum form factor of 0.25m x 0.25m
With commercially relevant antenna arrays in mind, we believe that modelling the phase/delay aspects of a ray when considering spherical wavefront must take priority over other effects. Further, the differences in the distance between the UE and two different antenna pairs are unlikely to be significantly different to warrant computing pathloss or amplitude of the channel on a per antenna element basis. To further the discussions on SWM, and to keep overall complexity of this modelling manageable, we make the following two proposals:
Proposal 4: With practical deployment scenarios and commercially relevant gNB antenna arrays in mind, we suggest the following:
· Prioritize studying the impact of spherical wavefront modeling on the phase/delay of a ray. 
· Even if a UE-gNB link is determined to require spherical wavefront modeling, a single pathloss/attenuation value is computed based only on UE and gNB locations.
SWM for NLOS channel conditions
In the previous meeting there was a distinction made between how NLOS and LOS paths are handled when considering spherical wavefronts. Unlike LOS paths that are modelled using a single ray, NLOS paths associated with a cluster have multiple rays with random initial phase and equal power assignment. Under such conditions, the additional impact of SWM may be rather negligible and warrants a stronger justification. To draw further attention to this issue, we propose the following modelling options for further study:
Proposal 5: If spherical wavefront is required to model a UE-gNB link, study the following three options:
· Option 1: SWM is only applied to the LOS path.
· Option 2: SWM is applied to the LOS path and a subset of NLOS paths (corresponding to a subset of clusters). 
· Option 3: SWM is applied to the LOS path and all NLOS paths.
· Note: Only the gNB-cluster link of a NLOS path is modelled using spherical wavefronts.
Setting aside the question on whether SWM is needed for NLOS paths, if we are to focus on the modelling requirements for NLOS paths, its clear that some notion of a physical location of a cluster may be required. The physical location of the cluster along with the locations of the UE and gNB can then be used to enable SWM for NLOS paths. 
Proposal 6: If a UE-gNB link is determined to require spherical wavefront modeling for NLOS paths corresponding to a cluster, treat the cluster as a point scatterer/reflector and assign a location to the cluster. The spherical wavefront parameters can then be computed using the UE, gNB and cluster locations.
On spherical wavefront modelling and MIMO transmissions
In this section, we pivot away from the modelling aspects of spherical wavefronts and focus on the implications or impact of spherical wavefront modelling. We first assess the impact of SWM on MIMO channel matrices, followed by some observations on simulation outcomes with and without SWM.
In typical MIMO systems, it is common to assume that the transmitted signal is incident on the receiver as a planar wavefront, i.e., the transmitter is far enough from the receiver that the incident signal resembles a plane wave. If the receiver has multiple antennas that are uniformly spaced, then the path difference between two adjacent antennas separated by a distance  is given by , where  is the incident angle. This distance increases linearly as antenna separation increases. The receive array response is then given by  If the transmitter also has a set of uniformly spaced antennas, then a similar transmit array response vector  can be derived. If we further assume that the signal from all the transmit antennas arrives at the same incident angle and all the transmitted signal departs at the same angle with reference to the receiver, the LOS channel matrix is given by . It is easy to see that such a channel is rank-1 irrespective of the array parameters, or the angles of incidence or departure. Note that the above expression does not capture the  decay of the received signal as a function of tx-rx separation. 
Observation 2: Planar wavefront modeling results in a rank-1 channel in a pure LOS setting. 
As evident by the description above, the planar wavefront model is merely an approximation and it is important to revisit this approximation in the context of large antenna arrays and short UE-gNB. With FR3 bands, it is viable to build and operate large antenna arrays due to the smaller wavelengths, leading to a large number of antenna elements and a corresponding increase in the number of TXRUs. These large panels may potentially test the limits of planar wavefront modeling and may necessitate spherical wavefront modeling where the exact distance between any pair of transmit and receive antennas needs to be taken into account. 
Using spherical wavefront modeling, the channel matrix is given by , where  is the distance between the th receive antenna and the th transmit antenna. It is important to note that the above expression assumes that the transmit and receive antennas are in the far field of each other. Its clear that with SWM, there is no limit on the rank of  and that the exact nature of this matrix becomes dependent on the array geometry and the locations of the transmitter and receiver. 
Observation 3: Spherical wavefront modeling does not restrict the rank of the wireless channel in a pure LOS setting. However, at large distances, the rank converges to 1. 
These observations open interesting questions on the implication of PWM or SWM on multi-layer transmissions to a UE or multi-user multiplexing. With PWM it’s clear that multi-layer transmissions to a user are ruled out and we need to examine whether this imposes an unnecessary limitation when considering large antenna arrays and UEs near the gNB. An in-depth comparison between the two approaches in the context of single user multi-layer transmissions is given in [2]. We present our observations on these two approaches in the next section.
Even though the description above focuses on a pure LOS setting, SWM can also be extended to non-line-of-sight scenarios where there are one or more clusters or scatterers in the environment. This however requires knowledge of where the clusters are located.
 Observations on impact of spherical wavefront modelling
In this section we examine the impact of spherical wavefront modelling via three simple simulated experiments. In the first we explore how fast a MIMO channel matrix generated using SWM converges to that generated via PWM as the UE-gNB distance increases. In the second and third experiments we explore the impact of SWM on multi-user multiplexing using a simple two-user setup with users either aligned along a certain direction or confined to a narrow cone of azimuth angles.  
For all the results presented here, 13 GHz carrier frequency is used as the reference. The rest of the simulation parameters are listed in the following table:
Table 1 Simulation parameters for comparing SWM and PWM.
	Parameter
	Value

	Center frequency 
	13 GHz (wavelength -- 2.31 cm)

	Wavefront modeling
	Planar/spherical

	gNB antenna array size
	32x32 (1024 antenna elements)

	gNB spacing between antenna elements
	, 

	UE antenna
	2x2

	UE spacing between antenna elements
	

	Diagonal distance of the gNB array (D)
	0.7 meters

	Fraunhofer distance  
	42 meters

	Minimum UE-gNB distance
	5 meters

	Channel conditions
	LOS, LOS+NLOS component

	NLOS component modeling
	i.i.d. Rayleigh fading



Convergence to rank-1 in pure LOS conditions
In a pure LOS scenario, as a UE moves away from a gNB panel, the channel matrices obtained via SWM converge to that obtained via PWN. We examine this rate of convergence via condition number of the channel matrix and via the ratio of the two largest singular values. It can be seen from Figure 3 that the channel converges rather quickly to a rank-1 matrix as distance grows. 
[image: A graph with a line

Description automatically generated]
[bookmark: _Ref163212548]Figure 3 SWM vs PWM: Ratio of singular values as a metric of channel matrix convergence as UE-gNB distance increases.
Even at distances of one-fourth Fraunhofer distance (~ 10m), the ratio of the top two singular value exceeds 10. For communication purposes metrics such as condition number or ratio of two largest singular values are a far better indicator of the differentiation between PWM and SWM compared to merely considering the Fraunhofer distance.
Observation 4: For wireless communications under LOS scenarios, Fraunhofer distance may not provide an accurate assessment of when the differences between SWM and PWM are significant. Other metrics such as ratio of the two largest singular values or the condition number need to be considered. 
Impact on multi-user multiplexing (users are directionally aligned)
In the next experiment, we consider two users placed along boresight, with the first user held fixed at a distance of 21m () and the second user’s location being varied anywhere from 5m to . 
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Figure 4 Multi-user multiplexing with directionally aligned users and 1 layer/user.

The motivation behind such a canonical setup that may rarely arise in practical scenarios is to illustrate and compare SWM and PWM in scenarios that are likely to magnify the underlying differences. Under such a setup, with a pure LOS channel, it is not possible to accomplish multi-user multiplexing using PWM, but SWM could potentially support multi-user multiplexing. 
To examine these differences, we aim to accomplish multi-user multiplexing by delivering 1 data stream to each user simultaneously. Precoders are designed to maximize signal to interference ratios.  Under purely LOS conditions, with PWM, its clear from the Figure 5 that it is not possible to support both users simultaneously. Using SWM, its clear that multi-user multiplexing is possible with both users seeing reasonable SIRs. The second user can achieve high SIRs when its near the panel and the SIR gradually drop until UE1 and UE2 are at the same distance --- at this point multi-user multiplexing is not possible as the channels for the two users are the same. Moving UE2 further past UE1 once again provides opportunities for multiplexing. 
While these results are not surprising, it is noticed that with PWM once an NLOS component is introduced to the channel matrix, then the results on possible SIRs for multi-user multiplexing changes significantly and there is no significant difference between the two approaches especially as the user-gNB distance grows.
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[bookmark: _Ref163212729]Figure 5 SWM vs PWM: Multi-user multiplexing of two directionally aligned users. Each user is to be served with a single layer. Precoders are designed to maximize signal to interference ratios. 
Observation 5: For multi-user multiplexing under pure LOS conditions, SWM and PWM exhibit differences when multiplexing two directionally aligned users. The differences diminish significantly once a NLOS component is introduced to the channel. 
Impact on multi-user multiplexing (users in a 30-degree sub-sector)
In the next setup, we let the two users be placed randomly in a 30-degree sub-sector centered around boresight within a distance of . We now aim to serve these users with 2 layers each using precoder algorithm that aims to maximize the signal to interference ratio while using equal powers for the two users. Its clear that in such a setup, once again PWM is incapable of delivering 2 layers/user under pure LOS scenarios, but SWM could potentially support 2 layers/user. Due to inherent angular separation between the users, PWM can support 1 layer/user unlike in the previous scenario. 

[image: ]
Figure 6 Multi-user multiplexing with users in a 30-degree sector and 2 layers/user.
The average SIRs obtained over 100 random user drops are given in Table 2. Once again, it is seen that PWM and SWM exhibit differences in pure LOS scenarios, but the differences diminish significantly once NLOS components are introduced. 
[bookmark: _Ref163212857][bookmark: _Ref163212853]Table 2 SWM vs PWM: Multi-user multiplexing with users in a 30-degree sector and 2 layers/user. Average SIRs over 100 random drops are tabulated. Precoders are designed to maximize signal to interference ratios.
	Average SIR
	LOS Factor 1.0
	LOS Factor 0.9
	LOS Factor 0.8

	
	1st layer
	2nd layer
	1st layer
	2nd layer
	1st layer
	2nd layer

	PWM
	UE1
	43.7
	--
	49.1
	46.3
	47.4
	48.3

	
	UE2
	46.5
	--
	48.3
	43.9
	49.2
	48.7

	SWM
	UE1
	48.9
	21.0
	49.1
	44.3
	48.6
	48.3

	
	UE2
	49.2
	23.8
	48.1
	44.5
	49.1
	50.0



Observation 6: For multi-user multiplexing, preliminary evaluations suggest that even for UEs in close proximity to a gNB with a large antenna array and within a narrow sub-sector, once NLOS components are taken into account, the impact of spherical wavefront modeling is significantly minimized. 
Based on some of the above observations, it appears that the Fraunhofer distance over-estimates the region over which spherical wavefronts may potentially differentiate themselves from planar wavefronts in a communication context. It may suffice to consider SWM for much shorter distances. We suggest considering a certain fraction of the Fraunhofer distance as a guideline for when SWM may be worth considering.
Proposal 7:  If spherical wavefront are to be modelled, the determination of whether a UE-gNB link is modelled using spherical wavefronts can be based on whether the 3D UE-gNB distance is less than or greater than  where  represents the Fraunhofer distance and  is a scale factor less than 1.
· FFS:  
Spatial non-stationarity
This section discusses our views on spatial non-stationarity.
Agreements from RAN1-116bis on spatial non-stationarity
The following two agreements were made in the last RAN1 meeting:
	Agreement
The following scenarios defined in TR38.901 should be considered for studying/modelling of spatial non-stationarity
· UMi, UMa, Indoor office and Indoor factory
· FFS: RMa and other new scenarios

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. 



Background
In FR3 bands, with the decrease in wavelengths, it is feasible to deploy large antenna arrays and realize a Massive-MIMO or a Giga-MIMO gNB.  Operating these large arrays may begin to sufficiently differ from current massive-MIMO panels that it may be important to categorize them under a new operating regime with more attention paid to the new challenges and opportunities brought about by them.
Once array dimensions exceed a certain threshold, typical assumptions on spatial wide-sense stationary properties of the channel model come into question. These large arrays could be impacted by partial radio exposure of the transmitter aperture i.e., not all antenna elements may be visible to each of the clusters and/or UEs due to LoS blockage. Relative size of scatterers or reflector and their location in reference to the gNB antenna array also impacts visibility via reflected paths.
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Figure 7 Illustration of spatial non-stationarity of wireless channels when considering a large antenna array.

Variation in the observed wireless channel across a panel can have a significant impact on certain gNB operations. For example, by targeting clusters visible to one user but not the other, there may be more opportunities for multi-user multiplexing and optimized precoding. On the flip side, variation of channel parameters across the panel would lead to limited processing gain for channel estimation as parameter estimation from one part of the panel cannot be leveraged to enhance channel estimation at another part of the panel. Knowledge of non-stationarity can be a rather important input to gNB receiver finetuning and efforts to establish its presence under certain scenario would provide valuable input into gNB design decisions. 
Key questions to answer in this context include whether FR3 antenna panels are large enough to experience partial visibility, and further, if non-stationarity is indeed observed, whether it impacts system performance in a meaningful way. Channel measurements are required to answer the first question, while simulations may be required to understand if there is any system impact. 
Discussions in existing literature
Spatial non-stationary has been extensively studied in academic literature. The research is focused on two directions: (a) measurements to establish spatial non-stationarity in certain bands or under certain conditions, and (b) modelling spatial non-stationarity or more generally spatio-temporal non-stationarity. We provide a short overview on these two aspects. 
On modelling spatial non-stationarity
Multiple works have tried to model spatial non-stationarity. COST-2100 channel model [3] introduced the notion of visibility regions, where a visibility region is defined from the perspective of a UE and refers to a geographical area within which a UE sees a given set of clusters. Once a UE moves out of the visibility region, it sees a different set of clusters. This concept of visibility regions was extended to the gNBs as well in the extended-COST-2100 channel model [4] in the context of large antenna arrays. The lifetimes and number of visibility regions were determined in a stochastic manner. A similar concept in the context of large antenna arrays where a visibility region depicts a portion of the array from which a given set of clusters is visible is also discussed in [5].
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Figure 8 Visibility regions for clusters to model spatial non-stationarity [5]

A 3D non-stationary wideband channel model based on ray-level evolution is proposed in [6]. In this model spatio-temporal evolution of individual rays is considered with visibility regions governing spatial non-stationary. As an alternative to visibility regions, a birth-death process is also used to model partial visibility of clusters at an array where a clusters appearance or disappearance is governed by a random process [7]. In another approach, a cluster’s existence is modelled as a Poisson process, and assuming a cluster exists, its visibility is determined by chosen an antenna on the panel at random and randomly determining the number of neighbouring antennas that are also visible to the cluster [8]. 
Measurement Results
While many studies have looked at evidence of spatial non-stationarity in an indoor setting, only a limited number of results are available for outdoor scenarios. Similarly, many of these studies focus on either FR1 or FR2 bands with not many measurements available in the FR3 bands. 
Focusing on outdoor scenarios, [9,10] present measurements at 2.6 GHz using a large 128 antenna virtual array spanning 7.3 meters. It is shown that channel properties significantly over the large array and this is used to motivate visibility regions for the gNB antenna array.  In [11,12] a measurement campaign at 5.3 GHz is conducted using a 4.3 meter array with 128 antenna elements and it is shown that the channel delay spread varies across the antenna elements of the array along with variations in angles of arrival across the panel. In [13] measurements are made at 15 GHz using a 40x40 planar array and channel variations across 7x7 sub-arrays is studied. Spatial variations in parameters such as the Ricean K -factor, delay spread, azimuth and elevation of arrival are noted. Using an estimation algorithm for the multipath components (clusters and rays), a stochastic model to determine the visibility of a cluster is horizonal and vertical dimensions is also proposed. Studies focusing on indoor measurements with similar observations are also available [14-17]. 
Typical outdoor measurements seem to consider arrays that are several meters long --- these dimensions do not reflect commercial deployments. Measurements with more realistic array sizes and center frequencies in the FR3 band are required to understand whether spatial non-stationarity needs to be modelled. 
Modelling framework
As discussed earlier, a combination of both blockage models and visibility regions may be required to adequately model spatial non-stationarity depending on the specific scenario and environmental factors. Some clusters may be impacted by a blockage while other may be impacted by the limited dimensions of the underlying reflector or scatterer. Assuming both effects are to be sufficiently captured, we could leverage the existing blockage models and adapt them to model spatial non-stationarity, while relying on visibility regions to model partial visibility. We make the following proposal: 
Proposal 8: Spatial non-stationarity may arise due to limited visibility (depending on the dimensions of a reflectors/scatterer) or due to blockage (a physical entity obstructing the view of a portion of the array). 
· If spatial non-stationarity arises due to blockage, then reuse the existing blockage framework in 38.901 (with potential modifications) to model SnS. 
· Applicable to both LOS and NLOS paths
· If spatial non-stationarity arises due to limited visibility, then use the notion of visibility regions to model SnS.
· Applicable to NLOS paths only


We also propose that these concepts be applied on a per-cluster basis rather than per ray. Physically, it seems to make sense that partial visibility may be associated with rays bouncing off a reflector or a scatter. Since reflectors/scatterers are likely to constitute unique clusters in the channel model, it is reasonable to apply the concept of visibility region on a per cluster basis.
Proposal 9: If spatial non-stationarity is to be modeled, the concept of visibility region or blockage region is applied on a per cluster basis. 
Going further, if visibility regions on blockage models are used to model SnS, there are three components required to adequately model the impact of spatial non-stationarity. The first component is the probability that a cluster is either partially visible or is impacted by a blocker. The second component defines the parameters governing partial visibility or blockage such as the dimension of the visibility region or the blocker. The third component defines the attenuation experienced by the rays due to partial visibility or blockage. Any modelling framework for spatial non-stationarity much provide sufficient details and parameterization for all three aspects.
Proposal 10: If spatial non-stationarity is to be modeled, the following three components are necessary for adequately modelling the impact of spatial non-stationarity:
1. Probability of a cluster being partially visible or blocked.
2. Attributes of the visibility region or blockage model, e.g., size of the blocker/visibility region
3. Attenuation factors associated with a visibility region or blockage region.
On existing blockage models
For cases where spherical non-stationarity is modelled using blockage models, we briefly describe the blockage models that are already available in 38.901.
There are two blockage models defined in 38.901: Model A and Model B. Model A takes a stochastic approach while Model B takes a map-based/geometric approach:
· Model A: This model sidesteps having to give the blockage a physical location and only assigns a center angle with azimuth and elevation angular span from a UE viewpoint to model the blockage. The number of blockages can be determined randomly, but 4 blockages are suggested as a default. Self-blockage is treated separately. On the whole the model is defined primarily from the perspective of a UE. The attenuation is modelled using a knife edge diffraction model where the transmitter and receiver are modelled as point objects. 
· Model B: This model defines physical attributes of a blocker along with the location relative to the UE. Blockage is modelled as using rectangular screens with every screen being provided with a certain dimension (height and width) and a location in the global coordinate system.  The number of screens is randomly drawn. The screens can also be modelled as being mobile.  The blockage attenuation per “sub-path” is defined using the knife edge diffraction model, although the exact definition of a sub-path isn’t clearly mentioned. Self-blockage is modelled and imposes a 30 dB flat loss for self-blockage.
Certain aspects of the exiting blockage models can be repurposed to model spatial non-stationarity. However, the attenuation modelling due to a blockage may need to be revisited to ensure it is appropriate in the context of spatial non-stationarity with additional considerations for complexity reduction in light of the large transmit antenna panel dimensions. The current attenuation model is defined for a point transmitter and how we extend this to a transmitter with finite dimension warrants further study. We make the following proposal:
Proposal 11: If spatial non-stationarity is modeled using blockage models, aim to reuse the existing blockage models in 38.901 with potential changes to attenuation models to better suit spatial non-stationarity.
On visibility regions
While blockage models are focused on modelling the blockage leading to spatial non-stationarity, visibility regions sidestep the modelling details of a finite-dimensional reflector or scatterer and instead directly focus on the impact it has on the received signal at a large antenna array. The focus is on how impact is perceived via partial visibility. Towards this, we propose to define visibility regions as rectangular portions of an array that are seen by a cluster. A minimum size on these visibility regions imposes a natural restriction on the panel sizes that experience spatial non-stationarity. Visibility regions can be drawn randomly for each cluster impacted by partial visibility, or alternately, visibility regions can be mapped to sub-arrays of the larger antenna panel --- this approach is likely to be more favourable from a complexity perspective for a system-level simulator. 
Proposal 12: If spatial non-stationarity is to be modeled, visibility regions are assumed to be rectangular in shape. Further, consider the following options to define visibility or blockage regions:
· Option 1: Visibility regions of a cluster are randomly determined randomly with a minimum size limit.
· Option 2: Visibility regions of a cluster are determined by first dividing the large antenna array into non-overlapping sub-arrays and mapping a visibility region to a set of contiguous sub-arrays.
Similar to blockage, once the visibility regions are defined, we need to focus on defining appropriate attenuation models for each of the visibility regions with consideration for how these models are defined at the edges of a visibility region with particular attention to how the transitions across the esges of a visibility region are handled. Further, for portions of the array that fall outside the visibility region, the paths or rays associated with the impacted cluster can either be modelled as non-existent or alternately be significantly attenuated. These aspects are captured in the following proposal:
Proposal 13: If spatial non-stationarity is to be modeled, consider the following options for attenuation modelling outside the visibility regions:
· Option A: Portions of the array that fall outside the visibility region of a cluster do not see any paths to/from that cluster.
· Option B: Portions of the array that fall outside the visibility region of a cluster see paths to/from that cluster with a high attenuation factor, for e.g. 30 dB.
· FFS: attenuation factors governing the transition across the edges of a visibility region
Decision on modelling spatial non-stationarity
Spatial non-stationarity needs careful consideration as it can have a considerable impact on simulation outcomes as well as overall network operation. Decision on whether it is necessary to model spatial non-stationarity for FR3 channels is to be based on field measurements under realistic deployment scenarios. Given that it is unlikely that large panels are deployed indoors, it is suggested that outdoor deployment scenarios be prioritized.
Proposal 14: Decision on whether it is necessary to model spatial non-stationarity for FR3 channels is to be based on field measurements under realistic deployment scenarios. Considering large antenna arrays, outdoor deployments are prioritized for the study.
Conclusion 
We make the following observations and proposals in this document:
On spherical wavefront modeling:
Observation 1: There can be four components to spherical wavefront modelling:
· Modeling impact on phase/delay
· Modeling impact on angles of arrival/departure
· Modeling impact on doppler
· Modeling impact on pathloss/attenuation

Proposal 1: Complexity of SWM can be executed to different degrees of accuracy. RAN1 to consider the following options and downselect based on overall impact on simulation outcomes:
· Option 1: Only deviations from linear phase delay across an antenna array are modeled.
· Option 2: Deviation from linear phase delay and differences in angles of arrival/departure are modeled.
· Option 3: Deviation from linear phase delay, differences in angles of arrival/departure and changes to pathloss are modeled.
· Option 4: Deviation from linear phase delay, differences in angles of arrival/departure, changes to pathloss and antenna-element specific doppler are modeled.

Proposal 2: RAN1 to study whether/how spherical wavefront modeling (SWM) impacts simulation outcomes in the context of multi-layer transmissions to a UE and multi-user multiplexing under realistic FR3 deployment scenarios with appropriate choices of:
· Antenna array size 
· NLOS and LOS (Rician fading) channel conditions.
· UE-gNB distances & cluster locations

Proposal 3: The following aperture sizes are proposed for channel model study:
· up to m for UMa
· assumes a maximum form factor of 1m x 1m.
· up to m for UMi
· assumes a maximum form factor of 0.5m x 0.5m
· up to m for Indoor office & Indoor factory 
· assumes a maximum form factor of 0.25m x 0.25m

Proposal 4: With practical deployment scenarios and commercially relevant gNB antenna arrays in mind, we suggest the following:
· Prioritize studying the impact of spherical wavefront modeling on the phase/delay of a ray. 
· Even if a UE-gNB link is determined to require spherical wavefront modeling, a single pathloss/attenuation value is computed based only on UE and gNB locations.
Proposal 5: If spherical wavefront is required to model a UE-gNB link, consider the following three options:
· Option 1: SWM is only applied to the LOS path.
· Option 2: SWM is applied to the LOS path and a subset of NLOS paths (corresponding to a subset of clusters). 
· Option 3: SWM is applied to the LOS path and all NLOS paths.
· Note: Only the gNB-cluster link of a NLOS path is modelled using spherical wavefronts.

Proposal 6: If a UE-gNB link is determined to require spherical wavefront modeling for NLOS paths corresponding to a cluster, treat the cluster as a point scatterer/reflector and assign a location to the cluster. The spherical wavefront parameters can then be computed using the UE, gNB, and cluster locations.
Observation 2: Planar wavefront modeling results in a rank-1 channel in a pure LOS setting. 
Observation 3: Spherical wavefront modeling does not restrict the rank of the wireless channel in a pure LOS setting. However, at large distances, the rank converges to 1. 
Observation 4: For wireless communications under LOS scenarios, Fraunhofer distance may not provide an accurate assessment of when the differences between SWM and PWM are significant. Other metrics such as ratio of the two largest singular values or the condition number need to be considered. 
Observation 5: For multi-user multiplexing under pure LOS conditions, SWM and PWM exhibit differences when multiplexing two directionally aligned users. The differences diminish significantly once a NLOS component is introduced to the channel. 
Observation 6: For multi-user multiplexing, preliminary evaluations suggest that even for UEs in close proximity to a gNB with a large antenna array and within a narrow sub-sector, once NLOS components are taken into account, the impact of spherical wavefront modeling is significantly minimized. 
Proposal 7:  If spherical wavefront are to be modelled, the determination of whether a UE-gNB link is modelled using spherical wavefronts can be based on whether the 3D UE-gNB distance is less than or greater than  where  represents the Fraunhofer distance and  is a scale factor less than 1.
· FFS:  
On spatial non-stationarity
Proposal 8: Spatial non-stationarity may arise due to limited visibility (depending on the dimensions of a reflectors/scatterer) or due to blockage (a physical entity obstructing the view of a portion of the array). 
· If spatial non-stationarity arises due to blockage, then reuse the existing blockage framework in 38.901 (with potential modifications) to model SnS. 
· Applicable to both LOS and NLOS paths
· If spatial non-stationarity arises due to limited visibility, then use the notion of visibility regions to model SnS.
· Applicable to NLOS paths only
Proposal 9: If spatial non-stationarity is to be modeled, the concept of visibility region or blockage region is applied on a per cluster basis. 
Proposal 10: If spatial non-stationarity is to be modeled, the following three components are necessary for adequately modelling the impact of spatial non-stationarity:
1. Probability of a cluster being partially visible or blocked.
2. Attributes of the visibility region or blockage model, e.g., size of the blocker/visibility region
3. Attenuation factors associated with a visibility region or blockage region.
Proposal 11: If spatial non-stationarity is modeled using blockage models, aim to reuse the existing blockage models in 38.901 with potential changes to attenuation models to better suit spatial non-stationarity.
Proposal 12: If spatial non-stationarity is to be modeled, visibility regions are assumed to be rectangular in shape. Further, consider the following options to define visibility or blockage regions:
· Option 1: Visibility regions of a cluster are randomly determined randomly with a minimum size limit.
· Option 2: Visibility regions of a cluster are determined by first dividing the large antenna array into non-overlapping sub-arrays and mapping a visibility region to a set of contiguous sub-arrays.
Proposal 13: If spatial non-stationarity is to be modeled, consider the following options for attenuation modelling outside the visibility regions:
· Option A: Portions of the array that fall outside the visibility region of a cluster do not see any paths to/from that cluster.
· Option B: Portions of the array that fall outside the visibility region of a cluster see paths to/from that cluster with a high attenuation factor, for e.g. 30 dB.
· FFS: attenuation factors governing the transition across the edges of a visibility region
Proposal 14: Decision on whether it is necessary to model spatial non-stationarity for FR3 channels is to be based on field measurements under realistic deployment scenarios. Considering large antenna arrays, outdoor deployments are prioritized for the study.
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