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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
One of the areas of the new SID on channel model approved in RAN #102e [1] is to study the near-field effect and the spatial non-stationarity of the wireless channel in the 7-24 GHz range:
	Lessons learned from 5G/5G Advanced also provide insights for new considerations for specification development.  Large MIMO antenna array deployments being envisioned for mid-band would test the limits of the existing channel models. Such considerations include near-field effects of the channel, and spatial non-stationary effects of the channel - the modelling of ray cluster blockages and/or channel parameter correlation effect on a subset of the antenna elements of a large antenna array. Additional considerations may also include the number/power of paths, cluster structure, material/building penetration loss models, and spatial consistency between a UE and different non-co-located TRPs, for example. As part of this study, assessment of these limitations and potential updates to better reflect new use cases in the 7 to 24 GHz band are proposed.



In RAN1#116-bis meeting, the following agreements were reached [2]:
	Agreement
[bookmark: _Hlk165898234]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

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. 




In this contribution we present our view on the near-field effect and the spatial non-stationarity of the channel and the impact on the modeling methodology. 

Discussion 
Definition of the near-field region
In the literature, Rayleigh distance  has long been used as the boundary between near field and far field region. It is defined as the minimal distance between an antenna array and a single receiver where the phase error introduced by the planar wave assumption is no larger than , where  is the aperture of the antenna array which equals to the largest length of in any direction. For 1D linear array (ULA),  is the length of the linear array. For 2D rectangular array (UPA) with the size of the array  and  in the X and Y direction,  is the length of the diagonal of the array .  We usually consider the large antenna array located at the base station, and the size of the array at the UE side insignificant compared with the base station array. If the dimension of the UE also needs to be considered,  can be taken as the sum of the apertures at the base station () and at the UE (), .
Figure 1 shows the Rayleigh distance for 7GHz and 24GHz as a function of the array size. For array size of 5 meters, the Rayleigh distance reaches 1100m and 4000m respectively. This exceeds the expected cell size for these frequencies and implies that the near-field effect needs to be considered for all the UEs in the cell. 
[image: ]
[bookmark: _Ref163160933][bookmark: _Ref163160929]Figure 1. Rayleigh distance for 7 GHz and 24 GHz.

It was argued by some companies that the near field region should be defined with consideration of impact to particular technologies. With due respect we beg to disagree with this position. The definition of FR3 channel model should be forward-looking and be able to accommodate future technologies we cannot foresee today. If we use particular technologies such as beamforming or precoding to define the boundary of near field region, we may not be able to support technologies we have yet to develop in the future. In the light of this, it is best to use modeling error as the criterium to define the boundary between the near- and the far-field. We believe the phase error of   used to define the Rayleigh range, is a good measure and should be adopted.

Proposal 1: Define the near-field region based on the channel model error, not on impact to particular technologies. 

A channel model include both phase and amplitude/power.  Therefore modeling error in both phase and amplitude (or power) need to be considered. Since we consider the far-field as the region where the channel can be modeled reasonably well by a series of planar waves, we define modeling error caused by the planar wave assumption. We need to define the maximal error in phase () and the maximal error in amplitude () in order to evaluate whether a particular UE is in the near-field or in the far-field region.  In the RAN1#116-bis meeting, RAN1 has agreed that antenna array is assumed for the near-field study. We consider a UE is in the far-field region when both the maximal phase error and the maximal amplitude error between any TX-RX antenna pair are below the error threshold (, ). Otherwise the UE is in the near-field region.  The smaller the error threshold, the larger the areas that needs to be treated as near-field. We suggest to use (, ) to define the boundary between the  near-field and the far-field regions. 

Proposal 2: Use the maximal phase error   and maximal amplitude error   to define the boundary between the  near-field and the far-field regions. A user is considered in the far-field region only when both criteria are met for all the TX-RX antenna pairs; otherwise it is in the near-field region. 

The traditional definition of Rayleigh distance assumes the receiver is at the boresight of the antenna array. When the receiver is in a direction not aligned with the boresight, the phase error also decreases with the angle of departure. In other words, the Rayleigh distance is angular dependent. As an example, Figure 2 shows the angular dependent Rayleigh distance of a ULA array with 257 antennas separated by half wavelength operating at 28 GHz. The aperture D of the antenna array is 1.37m. It can be seen that the angular-dependent Rayleigh distance (blue dashed line) decreases with the AOD of the UE w.r.t. to the center of the array, and reaches 0 when the receiver is parallel to the antenna array. Because Rayleigh distance depends on the AOD/ZOD from the BS array to the UE, we need to use angular-dependent Rayleigh distance to determine the boundary between the near-field and the far-field region. 

Proposal 3: Use angular-dependent Rayleigh distance to determine the boundary between the near-field and the far-field region. 

Figure 2 shows the angular-dependent Rayleigh distance with  forms an area of an egg shape with its long axes (and the obtuse end) pointing away from the antenna array. The exact shape of this area has to be computed numerically. We can call the area within the angular-dependent Rayleigh distance non-linear phase area. Outside of the area, we can assume the phase is linear with respect to the antenna placement; inside this area, non-linear phase has to be considered. Figure 2 also shows uniform power distance (red line) with . This uniform power distance also varies with the AOD of the UE w.r.t. to the center of the array. The uniform power distance or area has to be computed numerically. We can call the area enclosed by the red line non-uniform power area. Outside this region we can assume the signal strength between any antenna pairs is the same.

[image: ]
[bookmark: _Ref162969559][bookmark: _Ref162969536]Figure 2. Angular dependent Rayleigh distance, uniform power distance, and their approximations for a 1 dimensional ULA array. 

The angular dependent Rayleigh distance and angular dependent uniform power distance together divide the area in front of the antenna array into four separate regions based on phase linearity and power uniformity. These four areas are marked out in Figure 2. It can be observed that the area with non-uniform power, including both green and the purple areas, are relatively small compared with the area with the yellow or grey area. The gray area (with both uniform power and linear phase) is the area where the EM wave propagates very much like a planar wave and is the traditional far-field area. In Figure 2 the maximal nonuniform power distance to the antenna array plane is 15D, while the maximal Rayleigh distance is 250D. Uneven power needs to be considered only when a UE is within 15D (20.55m) from the base station. We can further bound the nonuniform power area within a box (the green rectangle), and any UE outside of the box can be safely assumed to have uniform power to all the antennas. The 3GPP channel model defines a minimal distance between the gNB and UE and avoids dropping UE within the minimal distance. The minimal distance is comparable to the size of this box. We suggest to either define the minimal distance as the maximal non-uniform power distance (15D in Figure 3), or define this box an a non-drop zone in addition to the minimal distance. This way all the UEs are dropped beyond the uniform power distance or outside of this box, and we can safely assume the signal power on all the antenna elements are the same. 

Proposal 4: Approximate the non-uniform power area as a rectangular area, and drop the UE outside of this area. Given this restraint, all simulated UE have uniform power in the TX-RX antenna pairs.

The angular dependent Rayleigh distance can only be calculated numerically. This makes it difficult to define or to use in the channel model. The non-linear phase area enclosed by the blue curve in Figure 2 forms an egg shape point away from the antenna array, with the furthest reach in the boresight. We can bound this area with a circle (black circle in Figure 3) with diameter  tangent to the center of the antenna array (the origin) and pointing away towards the boresight. For UE outside of this circle, we can ignore the nonlinear phase and assume planar EM wave. This is the far-field area we are familiar with, and the fast fading channel model in TR38.901 readily applies. Nonlinear phase of EM wave or spherical wave only needs to be considered for UEs within this circle. Because the spherical wave model is always more accurate than the planar wave model for UE at any location, we did not lose any modeling accuracy by enlarging the area where the spherical wave model is applied.

Proposal 5: Approximate the near-field region as a circle (or sphere in 3D) with the Rayleigh distance  as its diameter pointing away from the center of the antenna array. The area inside this circle (or sphere) need to be treated as near-field. Area outside of this circle (or sphere) is considered far-field. 

The near-field channel model 
The spatial/angular domain 

[image: ]
[bookmark: _Ref163036293]Figure 3. Channel between a TX array and a RX array.

We have defined the near-field area where the spherical model applies. UEs outside of this area are in the far-field and the traditional channel model based on the planar wave assumption can be applied. For UEs inside this area (but outside the box of nonuniform power), the spherical wave model can be applied with nonlinear phase but uniform power. In this section we will present the spatial channel model for near-field UEs. Without loss of generality we consider the DL channel from the BS antenna array to a UE. So we refer the BS antenna array as the transmitter and the UE antenna array as the receiver. The channel can be decomposed as a LOS component and K NLOS components, where the LOS part reaches from the transmitter to the receiver directly, and each NLOS component is reflected or scattered through a scatterer .

For the LOS channel , the spherical wave model with non-linear phase but uniform power can be applied. For a pair of (RX antenna i, TX antenna j) located at (), the channel coefficient between them is given by

where  is a free space propagation coefficient dependent on the carrier frequency  and the relative position () from the center of the TX array () to the center of the RX array (). The position of each antenna is determined from its relative position in the antenna array and the orientation of the array. Because the only UEs modeled are outside of the nonuniform power area, we can apply a same parameter  to all TX-RX antenna pairs or equivalently to the whole channel matrix. For the NLOS channel, the signal transmitted from the TX may reach the RX through reflection or scattering, each path form a NLOS path. A NLOS channel is a composite channel where the channel from one part is cascaded to the channel to the next part. For a two part NLOS channel where the signal reaches the receiver through only one reflection/scattering, such as NLOS path m Figure 3, the channel

is the product of two parts,  (the LOS channel from the TX antenna array to scatterer m) and  (the LOS channel from scatterer m to the RX antenna array), and a reflection coefficient  and its phase . If the size of a scatterer is small enough, it can be considered as point reflector, and only the position of the scatterer m  () needs to be modelled. When the dimension of a scatterer (such as path n in Figure 4) is comparable to the wavelength or larger, its size cannot be neglected. It is a continuous dielectric or metallic reflector that can be treated with the Green’s function. Integration with the Green’s function is cumbersome to say the least and is not friendly to our model. We can approximate this continuous reflector with a set of regularly placed discrete reflecting elements on a plane, like a RIS (reconfigurable intelligent surface) with the same reflection coefficient () on all its elements.  For example, for a reflection surface n with size  in its X and Y direction, we can approximate it as a virtual planar array of  reflection elements in the X and Y direction. The NLOS channel 

is the product of its two segments, the first part  is the LOS channel TX antenna array to virtual reflector array at location , the second part  is the LOS channel from the virtual reflector array at location , and the reflection coefficient . In addition to its location and its size, the orientation  of reflector n is also needed to compute . Whether the LOS channel  needs to be computed using the spherical or planar wave assumption is determined on whether the scatterer n () is located within the Rayleigh distance circle (black circle in Figure 2) from the TX antenna array or not. If the size of the UE antenna array is non-negligible compared with the distance to the scatterer, the scatterer may be within the Rayleigh distance circle to the UE antenna array. In this case the channel  needs to be treated by the spherical wave model. 

Proposal 6: Model the reflection on the scatterers on NLOS paths explicitly. When the size of a scatterer is comparable to the wavelength or larger, model it as a set of virtual discrete reflecting element spaced at half wavelength. 
Proposal 7: Treat each NLOS path as a product of cascading channel segments, where each segment is a LOS channel in the far-field or the near-field depending on the location of the scatterer relative to the antenna arrays or the last scatterer.

The time/frequency domain 
In the current 38.901 channel model each NLOS path is featured by a pair of (AOD/ZOD, AOA/ZOA) and a set of rays with their respective angular offsets and delay offsets. Because in the far-field the channel model is affected only by the (AOD/ZOD, AOA/ZOA) instead of the exact location of the scatterers, the exact 3D location of the scatterers on the NLOS is not required. To extend this model to scatterers in the near field for NLOS path, multiple rays with angular offsets and delay offsets can be introduced for a scatterer to enrich the channel in the spatial and time/frequency domain. 

Proposal 8: Introduce multiple rays with angular offsets and delay offsets per scatterer in the near field for NLOS path. 

In the last meeting, two options were raised to determine the detailed model parameter, with Option-1 using the location of the TRP and the UE, and Option-2 using the location of the antenna elements at the TRP and the UE. Because of the non-linear phase in the near-field, it is more accurate to calculate these parameters with the position of the antenna elements in the TRP and the UE. Significant error, including the rank of the channel matrix, will be introduced with Option 1. It is necessary to determine the parameters in the spatial (angular) domain (AOA, AOD, ZOA, ZOD) and time domain (delay), and the phase and amplitude of each ray/cluster, as well as Doppler based by the positions of the antenna elements in the TRP and the UE.  

Proposal 9: Support Option 2 to determine the model the channel parameter, including angular domain parameters (i.e., AoA, AoD, ZoA, ZoD), delay, initial phase, doppler shift, amplitude, by the antenna element locations in the TRP and the UE.

The NLOS channel is determined by the position of the scatterers and properties of its multiple rays, their reflection coefficients, and the dimension and orientation of each scatterer if the its size larger than the wavelength. Given these parameters, the calculation of the NLOS channel is deterministic. As part of the channel model, we need to study the distribution of these scatterers, including the number of the scatterers and their positions, and their reflection coefficients, and the size and orientation of each of them in the statistical sense, so these parameters can be drawn from a sample space realistically representing the 7-24 GHz channel in typical deployment scenarios. 

Proposal 10: Study the statistical distribution of the scatterers for NLOS channel, including the number of the scatterers, their positions, reflection coefficients, and their sizes and orientations for different scenarios.    

Spatial non-stationarity 

Another issue making the near-field channel different from the far-field is the nonstationary blocking effect introduced when a small object is in front of the large antenna array. An object may block only some of the antenna elements but not the rest. For a UE moving through the space, it experiences this shadow fading differently in its different antennas. In the LOS+NLOS channel model we proposed, both the LOS path and each segment of a NLOS part are in fact a deterministic LOS channel once properties (the position, reflection coefficient, size and orientation) of all the objects of interest (the UE and the scatterers) are given. To model the partial blockage effect,  we can drop some blockers with limited size in the LOS or the NLOS path. Therefore we support Option 2 for introducing physical blocker to emulate the blockage impact on the link for each element-pair.

Proposal 11: For modelling spatial non-stationarity, adopt Option 2 (introducing the physical blocker to emulate the blockage impact on the link for each element-pair).
   
Given the size and the position of a blocker, the set of TX-RX antenna pairs that it blocks can be determined from geometry. Partial blockage only needs to be modelled for UEs in the approximate nonlinear-phase area (the circle or sphere). As a statistical channel model, we need to study the distribution of such blockers, in terms of their positions relative to the BS large antenna array and their sizes.

Proposal 12: Study the statistical distribution of blockers in terms of their positions relative to the BS large antenna array and their sizes. 

The Doppler effect in the near-field

When a UE is in the near-field, the Doppler effect needs to be considered for different TX-RX antenna pairs instead of applying to the entire channel matrix as a whole. For every pair of TX-RX antenna, the Doppler frequency can be calculated based on the velocity of the UE () and the relative position between the TX and RX antenna (). The Doppler shift for the antenna pair (RX antenna i, TX antenna j) is given by

The Doppler shift  is different for different antenna pairs . We can call this the near-field Doppler effect. By expanding the Doppler frequency in terms of the UE position, we can tell it has the similar form to the non-linear phase effect. Therefore the region where the near-field Doppler effect applies is similar to the region for the non-linear phase area. We have proposed to bound the near-linear phase are with a circle (or sphere) in Proposal 2. Given the similarity between the nonlinear-phase and the near-field Doppler effect, we can choose to model the near-field Doppler effect in the same area for nonlinear-phase (the circle or sphere). Outside of this area, the Doppler shift is the same for all TX-RX antenna pairs,  

a frequency dependent Doppler term  can be applied to the entire channel matrix.

Proposal 13: Apply antenna-pair-wise Doppler shift in the near-field. 

On unified near-field and far-field channel model

Although a unified channel model incorporating both the near-field and the far-field is desirable, it is too early to draw this conclusion without further studies. The near-field and the far-field require different model parameters. For example, in the near-field we need to model the 3D location information of reflectors, and only 2D parameters in the angular domain (AOD/ZOD or AOA/ZOA) are required to model the reflected rays in the far-field. More detailed modeling of the propagation environment is needed for the near-field than the far-field, making the near-field model orders of magnitude more complicated than the far-field model. In theory we can apply the near-field modeling methodology to the far-field without loss of fidelity. But this introduces additional complexity for the far field without clear benefit. We need to first compare the modeling methodologies, including all the model parameters, for the near-field and the far-field, then decide whether they can be incorporated into a unified channel model. 

Proposal 14: Compare the modeling methodologies for near-field and far-field, including all the model parameters and procedures, before deciding whether (and how) to develop a unified channel model. 

Independent of the decision on a unified channel model, we need to ensure continuity between the near-field and the far-field. No jumping should be observed when a UE moves between the near-field and the far-field. 

Proposal 15: The channel model should guarantee continuity between the near-field and the far-field regions. 

Conclusion
As a summary, we have the following proposals on the modeling of the near-field effect for the 7-24 GHz channel. 
Proposal 1: Define the near-field region based on the channel model error, not on impact to particular technologies. 
Proposal 2: Use the maximal phase error   and maximal amplitude error   to define the boundary between the  near-field and the far-field regions. A user is considered in the far-field region only when both criteria are met for all the TX-RX antenna pairs; otherwise it is in the near-field region. 
Proposal 3: Use angular-dependent Rayleigh distance to determine the boundary between the near-field and the far-field region. 
Proposal 4: Approximate the non-uniform power area as a rectangular area, and drop the UE outside of this area. Given this restraint, all simulated UE have uniform power in the TX-RX antenna pairs.
Proposal 5: Approximate the near-field region as a circle (or sphere in 3D) with the Rayleigh distance  as its diameter pointing away from the center of the antenna array. The area inside this circle (or sphere) need to be treated as near-field. Area outside of this circle (or sphere) is considered far-field. 
Proposal 6: Model the reflection on the scatterers on NLOS paths explicitly. When the size of a scatterer is comparable to the wavelength or larger, model it as a set of virtual discrete reflecting element spaced at half wavelength. 
Proposal 7: Treat each NLOS path as a product of cascading channel segments, where each segment is a LOS channel in the far-field or the near-field depending on the location of the scatterer relative to the antenna arrays or the last scatterer.
Proposal 8: Introduce multiple rays with angular offsets and delay offsets per scatterer in the near field for NLOS path. 
Proposal 9: Support Option 2 to determine the model the channel parameter, including angular domain parameters (i.e., AoA, AoD, ZoA, ZoD), delay, initial phase, doppler shift, amplitude, by the antenna element locations in the TRP and the UE.
Proposal 10: Study the statistical distribution of the scatterers for NLOS channel, including the number of the scatterers, their positions, reflection coefficients, and their sizes and orientations for different scenarios.    
Proposal 11: For modelling spatial non-stationarity, adopt Option 2 (introducing the physical blocker to emulate the blockage impact on the link for each element-pair).
Proposal 12: Study the statistical distribution of blockers in terms of their positions relative to the BS large antenna array and their sizes. 
Proposal 13: Apply antenna-pair-wise Doppler shift in the near-field. 
Proposal 14: Compare the modeling methodologies for near-field and far-field, including all the model parameters and procedures, before deciding whether (and how) to develop a unified channel model. 
Proposal 15: The channel model should guarantee continuity between the near-field and the far-field regions. 
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