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Introduction
In RAN1#89, the following agreements were made:
Agreement 1:
· The following beam grouping criteria are considered:
· A1 (based on Alt 1): Different TRP TX beams reported for the same group can be received simultaneously at the UE. 
· A2 (based on Alt 2): Different TRP TX beams reported for different groups can be received simultaneously at the UE.
· Down selection of the beam grouping criteria by next meeting
· FFS in addition to the above grouping criteria, the following grouping criteria can be considered
· C1 (in combination with A1): Different TRP TX beams reported for different groups cannot be received simultaneously at the UE.
· C2(in combination with A2): Different TRP TX beams reported for the same group cannot be received simultaneously at the UE.
Agreement 2:
· For beam management with beam group reporting the following quantities should be considered
· the max number of groups supported in the specification M, 
· the max number of Tx beams per group supported in the specification N
· the number of groups to report L 
· the number of Tx beams per group in the report Q
· FFS: UE-specific configuration of the parameters L, Q incorporating UE-capability information
· L = 1, Q = 1 are supported which implies no impact to reporting and indication overhead
· Companies are encouraged to evaluate performance to determine values of M, N, L, Q for the first release of NR 
· Decide on the values of L, M, N, Q supported by the spec to be able to determine impact on reporting and indication overhead 




Furthermore, in RAN1#88bis, the following agreement was made:
Agreement 3:
· Aim for low-overhead indication for spatial QCL assumption to assist UE-side beamforming/receiving
· FFS details (e.g., tag-based where the tag refers to previous CSI-RS resources, BPL-based, referring to previous measurement reports, indication one resource (set) out of multiple resource (set)s configured by RRC, CSI-RS resource/port index based, etc.) 


In this contribution, we discuss different beam grouping alternatives and open issues related to those.

[bookmark: _Ref178064866]Discussion
As discussed in a previous contribution [1], beam management can consist of a baseline procedure in which a single beam-pair link (BPL) is established, e.g., for short packet data sessions. A BPL is a radio link described by a pair of beams, one at the gNB Tx side and the other at the UE Rx side. For longer data sessions, an extended procedure may be invoked in which multiple BPLs are established. In some cases, a UE can receive data/control on only one BPL at a given time instant, for example if it has only a single antenna panel with analog beamforming capability. However, if the UE is equipped with two or more antenna panels, each with its own TXRUs, it may be possible to utilize two or more BPLs simultaneously for NR-PDCCH and/or NR-PDSCH reception. This can be beneficial, for example, to achieve PDCCH robustness whereby the gNB can transmit PDCCH on multiple BPLs. Another example is the use of multiple BPLs for achieving high rank PDSCH transmission in multi-panel/multi-TRP deployments. In scenarios where multiple BPLs are established, some form of beam-related indication is needed to provide assistance to the UE in setting its Rx spatial filtering configuration(s) (beamforming weights) to receive PDSCH/PDCCH [2]. This is particularly important in the context of analog beamforming, for example, where the UE must apply the beamforming weights before it can receive the data and/or control signals. The beamforming weights are typically determined in one or more prior beam management measurement procedures based on CSI-RS.
Since the gNB is in control of the setup and maintenance of beam pair links through appropriate configuration of measurement signals (multiple CSI-RS resources), it is beneficial for the UE to indicate in its measurement reports which gNB Tx beams can potentially be received simultaneously at the UE, e.g., on different antenna panels. In Agreement 1 above, two alternatives are listed (A1 and A2) for enabling multi-BPL operation through grouping of measurement reports corresponding to different Tx beams. According to A1 in the agreement, the RSRP measurement reports for beam pairs are put into sets and set indicator(s) are included in the measurement report(s). The definition of a set is that reported Tx beams contained in the same set can be received simultaneously at the UE, e.g., the corresponding Rx beams are from different panels. According to A2, the RSRP measurement reports for beam pairs are put into groups and a group indicator is included in the measurement report(s). The definition of a group is that reported Tx beams contained in different groups can be received simultaneously at the UE.
It is however unclear what performance benefits beam grouping can provide in realistic scenarios, see our companion contribution [3]. Also, group-based reporting incurs additional overhead which is not in line with Agreement 3 above. Furthermore, it is unclear how group-based reporting will impact beam-related indication. Notwithstanding, in this contribution we provide an analysis of different beam grouping alternatives for different use cases and scenarios and identify some open issues. 
Comparison of A1 and A2
An advantage with A1 is that a set reflects a particular setting of the Rx beams in the UE without any assumptions on UE antenna architecture. Therefore, the gNB can freely select beams or subsets of beams within a set without the UE having to adjust its Rx beams. On the other hand, the number of possible settings of Rx beams in the UE can be very large leading to a large number of possible sets which may lead to large reporting overhead. Therefore, the UE may need to down-select to a few sets among all possible sets. In A1 there appears to be more flexibility for the UE in optimizing the set definitions with regard to channel properties observed by the UE and the UE antenna architecture, while A2 is based on finding best gNB beams independently per UE panel. On the other hand, there is more flexibility for the gNB to select beams in A2 since it may have several beams in each group to choose from. However, this requires beam indication so that the UE can adjust its Rx beams to the selection. If not all set possibilities have been reported in A1, selecting beams from different sets can be difficult for the gNB since it does not know if beams in different sets can be received simultaneously by the UE. Adding option C1 to A1 could solve this problem, but this adds to the complexity in group reporting and beam indication.  

Overhead
The different alternatives have an impact on reporting overhead as well as beam indication and thereby also the DCI payload. In [5] it was shown by an example that for equal flexibility in the gNB Tx beam selection, the reporting feedback overhead for A1 is larger than for A2. However, beam indication appears easier for A1 since the gNB can switch between different beams or subset of beams within a set without the UE having to adjust its Rx beams. If the gNB switches beam within a group in A2, a beam indication is needed so that the UE can adjust its Rx beam accordingly. Furthermore, with A1 an entire set of beams can be indicated by a single set identity while A2 requires that the beam(s) selected in each group needs to be indicated to the UE. The relative merits of A1 and A2 with regard to overhead are dependent on the size of sets/groups as well as the number of sets/groups and is FFS.

Spatial Multiplexing
Beam grouping may be useful for selecting BPLs to be used for spatial multiplexing (SM), since the grouping reflects which gNB beams can be received simultaneously by the UE. In A1, Tx beams can be chosen from within a set to achieve SM. The UE can define sets such that a set contains beams that are suitable for high-rank SM. For example, instead of building a set of Tx beams from the beam pairs for each UE panel that have the highest RSRP, the UE can define sets based on Tx beams that result in low correlation or high mutual information. A problem with A1 for SM is that the UE has no knowledge of which Tx beams that can be transmitted simultaneously by the gNB. It is possible that the UE may form a set of Tx beams which cannot be transmitted simultaneously by the gNB. This may not be an issue if the gNB performs SM by transmitting with the same beam on multiple panels, but could be a problem if SM is performed by transmitting over different beams. A solution for this was proposed in [6] by also grouping gNB Tx beams such that gNB beams in the same group cannot be transmitted simultaneously. This grouping is signalled to the UE so that for SM the UE can define sets containing beams from different gNB Tx beam groups. 
In A2, beams are selected independently per UE panel and organized into groups. The gNB should then select Tx beams from different groups in order to be able to perform SM. This grouping is assumed to be based on RSRP and therefore does not consider correlation between gNB beams. Therefore, in some scenarios, Tx beams from different groups may be highly correlated which may reduce SM performance. It is possible that beams from different groups cannot be transmitted simultaneously by the gNB, since the UE has no information about the gNB antenna architecture. If the groups contain multiple beams, the gNB might be able to find at least one beam per group that can be transmitted simultaneously. In this case, beam indication to the UE is required so that it can adjust its Rx beams according to the selected gNB beams.  
The A1 and A2 definitions are based on that different gNB Tx beams can be received simultaneously at the UE. This can mean two different things. On the one hand it could mean that different gNB Tx beams can be received by different TXRUs in the UE. This is needed for SM. On the other hand, it could mean that different gNB Tx beams can be received by the same TXRU in the UE, for example if the UE has a wide Rx beam or if the angular spread is large. In this case, SM may not be possible. In order to be able to distinguish between these two cases it has been proposed in [6] to merge A2 into A1 as a sub-group, referred to as Alt 1-2,  or vice versa (Alt 2-1). For Alt 1-2, this means that the gNB beams in an Rx beam set is further divided into sub-groups, where gNB beams in different sub-groups can be spatially multiplexed. gNB beams within the same sub-group may not be possible to be spatially multiplexed but can be used for joint transmission. However, such a solution complicates the beam indication even further and it is unclear what the gains are with this approach.

Joint Transmission
Another motivation for maintaining multiple beam pairs could be for joint transmission and robustness. In a dynamic scenario beam pairs may be blocked due to obstacles such as cars, user’s hand, etc, and the beam groups/sets need to be updated accordingly. It was observed in [7] that it is easier to maintain groups in Alt 2 than sets in Alt 1 in case of blockage. However, this observation was made under the assumption that individual beam pairs are deleted/added in groups when blockage occurs/disappears. In our view, it seems more reasonable to update entire sets/groups in each reporting instance. The details of beam indication for group-based reporting are however FFS.
A problem with joint transmission using A2 is if more than one beam per group should be used. For example, consider a case with two TRPs transmitting simultaneously to a UE with a single panel. In this case there is only one group and the gNB may select to transmit with the best beam from each one of the two TRPs. However, the reporting for these two beams could have been made with different Rx beams in the UE. In the data transmission, the UE can only apply one Rx beam which could be good for one of  the TRPs but bad for the other. This would not be a problem with A1 since the reporting would be per UE Rx beam.

We summarize the discussion above in the following observations:
Group-based reporting is a complex problem with many open issues. Different alternatives have different advantages and disadvantages in different use cases and scenarios.
Beam-related indication for group-based reporting needs to be studied. 
Extensions to the proposed A1 and A2 methods adds to the complexity further. It is unclear what the gains are with these extensions and what the impact is on beam indication. 
Based on these observations we make the following proposal:
For group-based reporting in NR, adopt the simplest approach possible in the first release that does not preclude enhancements in future releases.
An example of such a simple approach is that the UE reports a single set with top N best gNB beams that can be received simultaneously at the UE, where N is FFS and may depend on UE capabilities. For such a case, there is not much difference between A1 and A2. For example, to report the best beam per panel for a UE with N panels, the UE could report one set with N beams or N groups with one beam per group.
Conclusions
In this contribution we made the following observations:
1. Group-based reporting is a complex problem with many open issues. Different 
alternatives have different advantages and disadvantages in different use cases and scenarios.
Beam-related indication for group-based reporting needs to be studied. 
Extensions to the proposed A1 and A2 methods adds to the complexity further. It is unclear what the gains are with these extensions and what the impact is on beam indication. 
Based on these observations we propose the following: 
1. For group-based reporting in NR, adopt the simplest approach possible in the first release that does not preclude enhancements in future releases.
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