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Introduction
As the basis for link-level and system-level simulations, a comprehensive channel model should be able to reproduce the key features of the propagation under various deployment scenarios and requirements. For high-frequency communications, the important features such as spatial/time consistency and human/object blockage should be taken into considerations during the channel modelling. For instance, the beam tracking approach is to continuously maintain Tx/Rx beam pairs aligning with the optimal physical path during mobility; if spatial consistency is not implemented in channel modelling, the effectiveness of beam tracking would not be correctly evaluated. In light of this, plenty of companies and organizations showed their concerns on these necessarily key features in the earlier RAN plenary discussion [1].
This contribution further elaborates our studies and views on spatial consistency, one of key features for high frequency channel modelling.
Importance of spatial consistency
The channel properties reveal the gradual change under the adjacent positions, and consequently the spatial consistency is to involve the evolutionary features and correlation of channels between adjacent UEs or links. In other words, spatial consistency refers to continuous evolutionary behaviours of the channels with regard to the topological and geographical variations/mobility of Tx and Rx on both large and small scale levels. The feature of spatial consistency is crucial for system-level and link-level evaluations in the 5G research and standardization activities. The examples of its importance include but not limited to followings:
1) The spatial consistency over the propagation ray level is demonstrated in Section 3. Without the spatial consistency over propagation rays, the performance of the MU-MIMO can be exaggerated because the channels of adjacent UEs are randomly generated with underestimated correlation. The impact to the performance evaluation could become more severe for 5G system, if 5G system is expected to have smaller cell size, more rapidly reduced pathloss and more narrowed Tx antenna pattern. 
2) The spatial consistency demonstrated in Section 3 also suggests that the channel differences among different antenna elements in the massive MIMO or largely-distributed MIMO are generally not random. Therefore, whether these MIMO techniques are fairly evaluated heavily depends on whether the spatial correlations among antenna elements are accurately modelled. 
3) The spatial consistency in terms of continuations of large scale fading and small scale time/spatial parameters over contiguous geographical areas is demonstrated in Section 4, where the coverage area is served by one or multiple eNBs. This suggests the important role of spatial consistency in the evaluation of beam-tracking algorithm, which continuously maintains Tx/Rx beam pairs aligning with the optimal physical path during UE mobility. If spatial consistency is missing in channel modelling, the effectiveness of beam tracking would not be correctly evaluated.
4) The D2D and V2V are two important applications in future and are already in the scope of 3GPP specification. The continuity of the channel variations over different links is important for performance evaluation of not only the standalone D2D or V2D network, but also the network mixed with traditional cellular service. In addition, the characteristic of dual mobility (both Tx and Rx move at the same time) could impose new necessity for spatial consistency which may be safely ignored in low frequencies but not in high frequencies. 
5) The spatial consistency demonstrated in Section 4 also suggests that, if the channel correlation or consistency among links between a UE and multiple eNBs (e.g., in the UDN or small cell cases) is not modelled or modelled without sufficient accuracy to the actual consistency, the cell selection and co-channel interference would not be correctly studied; meanwhile, the inaccurate modelling of the spatially correlated shadow fading would impact the estimation of outage probability and the optimization of cell planning.
6) As discussed in [2], the LOS/NLOS condition also exhibits the strong spatial consistency. Without the spatial consistency, two UEs close to each other may experience independent LOS/NLOS conditions, which is generally not the realistic assumption.
7) When the human/vehicle blockages occur, the propagation rays that are blocked are usually the ones with high spatial consistency with each other. So far there are no mature industrial/academic conclusions for how to model the blockage effects without the spatial consistencies to be modelled.    
Consequently, spatial consistency has been considered an essential feature in high-frequency channels by the major channel model research organizations, i.e., METIS, COST2100 and MiWEBA[3][5][6]. 
Observation 1: The spatial consistency can impact so many aspects of 5G system evaluations that it should be considered as essential feature in channel modeling.      
Spatial consistency on ray properties
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In our study of channel spatial properties, the ray-level analysis is performed in the indoor conference room scenario, whose digitized 3D map is shown in Figure 1(a) and 2D map in Figure 1(b). The location of the Tx and the 30 measuring positions emulating the moving trajectory of Rx or close locations of multiple static Rx are given in Figure 1(b). The Rx positions are indexed successively along the arrow direction. More details about measurements and simulations can be found in [4].
[image: E:\高频项目\内部讨论\文档\标准\TD_for_Malta\Materials_TD4\Layout_conference.jpg][image: ]
(a) 3D digitized map                                          (b) Rx locations for spatial consistency 
[bookmark: _Ref440379310]Figure 1 Indoor conference room deployment for spatial consistency study
[image: E:\高频项目\内部讨论\文档\标准\TD_for_Malta\Materials_TD3\los.bmp]
(a) LOS

[image: C:\Users\Administrator\Desktop\One_bounce.jpg]
(b) One-bounce reflection
[bookmark: _Ref441687516]Figure 2 Spatial evolutionary of channel properties 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]The evolutionary channel properties (delay, AoA, AoD) for dominant rays, including LOS and one-bounce reflection, are shown in Figure 2(a) and Figure 2(b), respectively. The RT and measurement results well match with each other and both gradually change in terms of delay, AoA and AoD as Rx moves along indicated trajectory, which demonstrates high correlation of channel properties at adjacent locations, i.e., spatial consistency. 
Next, the distribution for the strongest NLOS ray (not necessarily the one-bounce reflection ray) is studied, because it could become the alternative main path to maintain the robustness of the transmission between UEs and eNB if the strongest LOS ray is blocked. The distribution of spatial parameters (AoA, AoD, EoA, EoD) for the strongest NLOS ray is shown in Figure 3, where the region in the same or similar colour reflects the area with spatial consistency for the corresponding channel parameter. 
[image: ] 
[bookmark: _Ref441687616]Figure 3 Distribution of spatial parameters for the strongest NLOS ray
Observation 2: Spatial consistency, which is highly location-specific, occurs to every dominant ray.  
In contrast, the channel properties are also generated according to the current 3GPP 3D channel model framework with parameters extracted from the same RT simulated channel realizations [8]. The distributions of these parameters are given in Figure 4, and look much more random and irregular than the ones based on ray-tracing method. 
[image: ] 
[bookmark: _Ref441687648]Figure 4 Spatial parameters for the strongest NLOS rays built from current 3GPP-3D model
Observation 3: The spatial consistency is broken in the current 3GPP 3D channel model framework.
Spatial consistency on eNB coverage
This section shows the study of spatial consistency in terms of coverage of one and multiple eNBs. The RT simulation is carried out in a dense urban scenario shown in Figure 5, where a heterogeneous network is put into service. The detailed parameters for the simulation configuration are listed in Table 1.
[image: E:\高频项目\内部讨论\文档\标准\TD_for_Malta\Materials_TD3\TC2.jpg]
[bookmark: _Ref441687780]Figure 5 Dense urban scenario (part of TC2 defined in [7])
	Type of antenna
	Index of antenna
	Location
	Frequency (GHz)

	Marco(Omni)
	1
	(663,708,52.6)
	2.1

	
	2
	(543,708,52.6)
	

	
	3
	(603,828,52.6)
	

	Micro(Omni)
	4
	(726,1044,10)
	23.5

	
	5
	(666,906,10)
	

	
	6
	(465,981,10)
	

	
	7
	(777,630,10)
	

	
	8
	(603,567,10)
	

	
	9
	(603,843,10)
	

	
	10
	(465,705,10)
	

	
	11
	(528,1044,10)
	

	
	12
	(777,906,10)
	

	
	13
	(660,630,10)
	

	
	14
	(528,768,10)
	

	
	15
	(726,768,10)
	

	
	16
	(390,630,10)
	

	
	17
	(390,906,10)
	

	
	18
	(603,1119,10)
	


[bookmark: _Ref440440608]Table 1 Configurations of the simulation
[image: E:\高频项目\内部讨论\文档\标准\TD_for_Malta\Materials_TD3\Recived_power_in_marco.jpg]
[bookmark: _Ref441687942]Figure 6 The received powers from three macro eNBs/antennas
[image: E:\高频项目\内部讨论\文档\标准\TD_for_Malta\Materials_TD3\Recived_power_in_mirco.jpg]
[bookmark: _Ref441687949]Figure 7 The received powers from selected micro eNBs/antennas
Figure 6 and Figure 7 illustrate the distributions of the received powers from different Tx antennas. It’s obvious that the coverage strength of each Tx antenna is highly correlated over contiguous area in the simulated area and also highly determined by the geometric layouts. Additionally, the shadowing caused by the same building to different Tx eNBs can also be well modelled, especially for the micro eNBs that are usually mounted at low heights. This is well depicted by the received powers from "Ant 5" and "Ant 9" in Figure 7, for example, at receiving locations along the street at coordinates Y=700m. The central building next to this street (the building between Y=700 and Y=800) makes the receiving power from the near-by eNB (Ant 9) even lower than the receiving power from a far eNB (Ant 5). These large-scale characteristics are crucial to calculation of the coverage and interference, but spatial consistencies for these characteristics are not well modelled in current stochastic models [8][9]. 
Observation 4: With spatial consistency in the modeling, the large-scale characteristics of the channel are continuously distributed in the coverage area and the consistent shadow fading caused by same building is well observed. 
[image: E:\高频项目\内部讨论\文档\标准\TD_for_Malta\Materials_TD3\Sptial_parameters_for_first_two_rays.jpg]
[bookmark: _Ref441688223]Figure 8 Evolutionary transition of the two strong rays along a trajectory
Additionally, the spatial parameters (AoA, AoD, EoA, EoD) for the two strongest rays received at locations along the predefined UE trajectory (the blue line in Figure 5) are depicted in Figure 8. It demonstrates that the serving eNBs are continuously evolved along the trajectory. And these small scale characteristics should be modelled for design and evaluating the performance of multi-sites related services. 
The high-frequency radio needs beam-forming techniques by multi-antenna arrays to maintain link budget. However, the directional propagation limits the multipath diversity and makes these communications vulnerable to channel fluctuations due to the blockage caused by human and vehicle. The multiple-beam (paths) and multi-site services are two efficient solutions for this problem. In order to evaluate the performance of blockage-related algorithms, the distribution of parameters for all paths received by one UE should be well considered instead of randomly generated. Meanwhile, the jointly coverage of multi-site should also be well reproduced in the channel simulation as shown in Figure 6 ~ Figure 8, which are important to the design of the multi-site mechanism to mitigate the influence of blockage as well as to the traditional KPI analysis, e.g., the quality of service (QoS) and inter-cell interference.
Observation 5: With spatial consistency in the modeling, the UE moving in the multi-eNB environment has the received dominant rays from all surrounding eNBs smoothly evolved and the eNB transmitting the strongest received rays gradually changed. 
Conclusion
This contribution provides our observations as following for the high-frequency channel modeling:
Observation 1: The spatial consistency can impact so many aspects of 5G system evaluations that it should be considered as essential feature in channel modeling.      
Observation 2: Spatial consistency, which is highly location-specific, occurs to every dominant rays.  
Observation 3: The spatial consistency is broken in the current 3GPP 3D channel model framework.
Observation 4: With spatial consistency in the modeling, the large-scale characteristics of the channel are continuously distributed in the coverage area and the consistent shadow fading caused by same building is well observed.
Observation 5: With spatial consistency in the modeling, the UE moving in the multi-eNB environment has the received dominant rays from all surrounding eNBs smoothly evolved and the eNB transmitting the strongest received rays gradually changed.
Based on the studies throughout the contribution, it is proposed that:
Proposal: The spatial consistency should be considered the must-have feature, rather than optional one, in the high-frequency channel modeling study item.  
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