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Introduction
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The object of beamforming procedure is to keep low overhead and sufficient high robustness while still benefit from antenna array, which has been highlighted in several agreements [1][2]. In order to achieve this object, the design of beamforming procedure should thoroughly consider the impact of channel characteristics of above 6-GHz. Therefore, this contribution elaborates these channel characteristics, according to high-frequency channel model TR 38.900 [3] and real-field measurements, and highlights must-have/efficient beamforming procedure accordingly.  
Discussion
In this contribution, some channel characteristics containing UL beam sweeping considering spatial consistency, blockage, cluster/average delay identification in time domain and channel-gain-related sparsity in space domain are thoroughly discussed as follows for NR beamforming design: 
UL beam sweeping considering spatial consistency
Joint TX and RX beam sweeping for UL, i.e., U-1, should be supported as a basic function for UL beam sweeping, taking into account that feasibility for any usage, including TDD/FDD, and reciprocity/side-reciprocity, is the primary target for 5G NR beam management. Especially in the case of non-priori knowledge and FDD, U-1 seems as a necessary way to search for one or more beam pair with sufficient beamforming gain. It should be noticed that for reciprocity or side-reciprocity, the determining of Tx/Rx UL transmission beam pair according to DL beamforming results are not reliable (owing to non-symmetry property for DL/UL interference inducing by Tx/Rx beamforming) unless some probing for these candidates have been made before that.  
Observation 1: Joint TX and RX beam sweeping for UL, i.e., U-1, becomes an indispensable function for UL beam management, especially for the scenario of non-priori knowledge and non-reciprocity.
Spatial consistency, as an additional feature in TR 38.900, is to describe 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 effectiveness of priori information on beamforming alignment, and the subspace beam refinement instead of the whole-space beamforming sweeping can continuously maintain the TX/RX beam pairs aligning during UE mobility.
[bookmark: OLE_LINK17][bookmark: OLE_LINK16]Therefore, the beamforming-related reference signal is to be triggered by UEs/TRP with the explicitly configurable or fixed number of sweeping beams as aperiodic beam training, which also can be used for beam tracking against UE's movement. Distinguishing the UL/DL and TX/RX sweeping, beam refinements for DL-TX, DL-RX, UL-TX and UL-RX should be supported in NR, and one side of TX/RX beam remains during other’s beam sweeping. Notice that these refinements for DL-TX and DL-RX with regards to P-2 and P-3 have been support in NR [1]. 
Observation 2: The subspace beam refinement instead of the whole-space beamforming sweeping can continuously maintain the TX/RX beam pairs aligning during UE mobility.
Proposal 1: All joint and single-side sweeping procedures containing UL-TX and UL-RX sweeping, i.e., U-1,U-2 and U-3, should be supported in NR.  


[bookmark: _Ref458084838][bookmark: OLE_LINK12][bookmark: OLE_LINK15]Figure 1  UL beam sweeping for (a) joint Tx and Rx beams, i.e., U-1; (b) UL-TX beams, i.e., U-2; (c) UL-RX beams, i.e., U-3
Blockage
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]The high-frequency communications due to the poor diffraction are more vulnerable to the object blockage, e.g., blockage caused by human or vehicle. Therefore, the blockage in high frequency channel modelling has been drawn much attention from numerous companies and organizations. Blockage modelling is an add-on feature to the 3GPP above 6GHz channel model. 
The original transmission link would be broken once the blockage for current propagation path occurs, taking into account that the blockage poses approximately about 20 dB attenuation. Therefore, some spatial diversity techniques for beamforming, such as generating multiple beams along the various propagation paths or switching to alternative beams if blockage occurs, are an essential way to address this blockage issue.

It is worthwhile to be noticed that there exists the decay time of around 100 ms or more from blockage start to the basically constant attenuation, which means that TRP/UEs might find this event, such as via neighboring beam measurement [4], and adjust own beamforming approach regardless of via PHY or MAC. To be more specific, the attenuation for the specific cluster can be approximated as a piecewise linear, which has a period with linear degradation, a period with constant Ls and a period with attenuation decrease, as shown in Figure 2.


[bookmark: _Ref458090879]Figure 2  Cluster-related power attenuation induced by blockage
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]Observation 3: Spatial diversity techniques for beamforming procedure, e.g., beam recovery via monitoring alternative beams, are feasible to address this severe channel blockage issue, taking into account that decay time induced by blockage is around 100 ms or more. 
Proposal 2: The TRP/UEs should be capable of finding this blockage event and probing these alternative candidates from resource pool of beam pairs using CSI-RS, DMRS or other reference signals via QCL indication before conducting beam group based switching.   
Cluster/average delay identification in time domain
For above 6GHz NR systems, their signal bandwidths are ultra wide due to rich spectrum resources. The NR receiver using this ultra wide band would have a very high time-domain resolution in ns. Meanwhile the delay spread in TR 38.900 is about 30~100 ns for various scenarios or frequencies. That means that the NR receiver’s time-domain resolution can be obviously less than the delay spread, and therefore it can efficiently identify different paths/clusters in time domain. While taking into account of the limited dominant paths as analyzed in Section 2.3, the cluster identification in time domain should be considered for enhancing the beamforming performance, such as MIMO precoding and multi-path detection against unexpected blockage. Highlighted that the ability of cluster identification in time domain should be considered for design of NR beamforming-CSI feedback
This characteristic has also been demonstrated in our real-field measurement. Given the bandwidth (after carrier aggregation) is 500 MHz, the NR receiver has the time resolution of up to 2 ns. That means that the receiver can identify these arrival paths in time domain while the difference between their propagation distances is not less than 0.6 meter. In the indoor scenario, the results of our measurement campaign and ray tracing with the corresponding digital map are shown in Figure 3, which shows that most of clusters can be distinguished given the time resolution of 2 ns. 
[image: ]
[bookmark: _Ref458793469]Figure 3  Channel measurement and ray-tracing results in the indoor scenario.
Observation 4: The NR transceiver’s time-domain resolution can be obviously less than the delay spread for above-6GHz channel, and therefore different paths/clusters identifying in time domain and average delay per pair becomes feasible.
Proposal 3: Cluster identification in time domain or average delay per pair observed by receiver should be considered for design of NR beamforming-CSI feedback and/or beam grouping, in order to find uncorrelated-cluster-related beam pairs for enhancing multiplexing/diversity gains and robustness against unexpected blockage. 
Channel-gain-related sparsity in space domain 
For above 6GHz channels, non-coherent paths consisting of diffuse scattering diffraction and high-order reflection only contribute very small portion of total received energy due to little scattering effects and severe path loss; on the contrary, the large portion of total propagation energy is carried on specular paths involving direct and low-order reflection, e.g., first-order/second-order ones, from limited propagation directions. Generally contributions from non-coherent paths would be negligible due to the fact that their powers are below noise floor of receiver, and therefore these dominantly paths that are used to support subsequent data transmissions are limited. 
Considering the large-scale antenna array, the number of dominantly paths is much less than spatial resolution nrnt, where nr and nt denotes the number of TX and RX antenna elements. It is termed channel-gain-related sparsity in space domain. In TR 38.900, the numbers of clusters for various scenarios are summarized in Table 1. Nevertheless, in the typical case of 256 TX elements (for TRP) and 16 RX elements (for UEs), spatial resolution nrnt is up to 256*16=4096. This channel-gain-related sparsity also can be demonstrated with real-field measurement. In the indoor scenario, the results of our measurement campaign where the azimuth of TX/RX is partitioned by equally-spaced 36 beam directions with separation equal to 10 degree are described in Figure 4, which shows that the 6.02% TX/RX pairs occupy the 80% power of channel gain matrix. 
Observation 5: Considering the large-scale antenna array, the number of dominantly paths is much less than spatial resolution, i.e., the channel-gain-related sparsity in space domain.
[bookmark: _Ref458091051]Table 1 Number of clusters in various scenarios
	
	UMi
	UMa
	RMa (up to 7GHz)
	Indoor

	
	LOS
	NLOS
	O-to-I
	LOS
	NLOS
	O-to-I
	LOS
	NLOS
	LOS 
O-to-I
	NLOS 
O-to-I
	LOS
	NLOS

	Number of clusters
	12
	19
	12
	12
	20
	12
	11
	10
	11
	10
	8
	10
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[bookmark: _Ref458792734]Figure 4   Channel gain measurement in the indoor scenario.
According to compressed sensing, the search for the best beam pair can be achieved while the sweeping beams are far less than the total number of candidate pairs, i.e., non-exhaustive searches. To be more specific, some advanced techniques for beam sweeping, such as multi-level-feedback and sweeping-precoding-based search, can be used to improve the efficiency of beamforming procedure via exploiting this sparsity in space domain. Some more details can be found in [5].
 Proposal 4: To include the sparisity-based approaches, such as multi-level-feedback and sweeping-precoding-based search, into RAN1's further study on NR beamforming procedure.
Conclusion
This contribution provides our following observations for beamforming procedure considering high frequency channel characteristics: 
Observation 1: Joint TX and RX beam sweeping for UL, i.e., U-1, becomes an indispensable function for UL beam management, especially for the scenario of non-priori knowledge and non-reciprocity.
Observation 2: The subspace beam refinement instead of the whole-space beamforming sweeping can continuously maintain the TX/RX beam pairs aligning during UE mobility.
Observation 3: Spatial diversity techniques for beamforming procedure, e.g., beam recovery via monitoring alternative beams, are feasible to address this severe channel blockage issue, taking into account that decay time induced by blockage is around 100 ms or more.
Observation 4: The NR transceiver’s time-domain resolution can be obviously less than the delay spread for above-6GHz channel, and therefore different paths/clusters identifying in time domain and average delay per pair becomes feasible.
Observation 5: Considering the large-scale antenna array, the number of dominantly paths is much less than spatial resolution, i.e., the channel-gain-related sparsity in space domain.
Based on these aforementioned observations under high frequency channel characteristics, we have the following proposals:
Proposal 1: All joint and single-side sweeping procedures containing UL-TX and UL-RX sweeping, i.e., U-1,U-2 and U-3, should be supported in NR.  
Proposal 2: The TRP/UEs should be capable of finding this blockage event and probing these alternative candidates from resource pool of beam pairs using CSI-RS, DMRS or other reference signals via QCL indication before conducting beam group based switching.   
 Proposal 3: Cluster identification in time domain or average delay per pair observed by receiver should be considered for design of NR beamforming-CSI feedback and/or beam grouping, in order to find uncorrelated-cluster-related beam pairs for enhancing multiplexing/diversity gains and robustness against unexpected blockage. 
Proposal 4: To include the sparisity-based approaches, such as multi-level-feedback and sweeping-precoding-based search, into RAN1's further study on NR beamforming procedure.
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