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1.  Introduction 

In previous RAN1 meetings, progress has been made on some details on beam management. In this contribution, we provide our view and analysis on the related issues including, SS-block beam management, beam indication, and beam reporting.
2. SS-block for beam management

Agreements (#89):
· Support spatial QCL assumption between antenna port(s) within a CSI-RS resource(s) and antenna port of an SS Block (or SS block time index) of a cell 

· The other QCL parameters not precluded 

· FFS: indication either explicit or implicit or  configurable or a default

· Note: default assumption may be no QCL
Whether or not to use SS-blocks as additional reference signal for beam management remains an open issue. From system design perspective, reusing same signal for multi-purposes is sensible for overhead reduction. Beam management P-1 signal is considered as a periodic signal for satisfying the need of evaluating the quality of beam pairs consisted of NW beams and UE beams. CSI-RS is one candidate to be used. Obviously, additional resources are needed for transmitting CSI-RS via different NW beams. On the other hand, the existence of periodic SS-blocks makes it attractive to serve as additional beam management reference signal since no additional transmission overhead is involved.

Another respect to consider SS-block is the use of FDM’ed resources with SS-blocks. In order to enable dynamic scheduling on remaining frequency resources in SS-block symbols, mutual understanding between NW and UE on which SS-block beam can be used is needed. Without such knowledge, NW won’t be able to perform dynamic scheduling in these remaining frequency resources in SS-block symbols. It is noted that the association of SS-blocks and RMSI implies that same beam set shall be used for SS-blocks and RMSI transmission. Since RMSI transmission is likely to follow PDSCH format, FDM’ed resources with SS-blocks can be used for PDSCH transmission with no concern.

From perspective of beam recovery, using SS-block beams for identifying new candidate beams is feasible. SS-blocks defines the fundamental coverage for NR system. In case of beam failure, SS-blocks are the most reliable source for identifying new beams. Reference signals based on which beam recovery and beam management operate should be aligned for consistent behaviour. With the already existent SS-blocks, the only requirement to enable SS-blocks for beam management is to support SS-block beam measurement reporting in L1.

Observation 1: Supporting SS-blocks for beam management is beneficial from the perspective of system overhead, SS-block symbol resource utilization, and beam recovery.
Proposal 1: Support L1 SS-blocks beam measurement reporting.
3.  Beam indication
Agreements (#88):
· For reception of unicast DL data channel, support indication of spatial QCL assumption between DL RS antenna port(s) and DMRS antenna port(s) of DL data channel: Information indicating the RS antenna port(s) is indicated via DCI (downlink grants)

· The information indicates the RS antenna port(s) which is QCL-ed with DMRS antenna port(s) 

· FFS: Indication details

· E.g. explicit indication of RS port/resource ID, or implicitly derived 

· FFS when the indication is applied (e.g., the indication is assumed only for the scheduled PDSCH or until next indication; when the above information is included, if there should be a scheduling/beam switch offset, etc.)

· FFS: Beam indication for receiving fall back unicast PDSCH (if supported)

· Note: related signaling is UE-specific
Agreements (RAN1#88bis):

· 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.)
Per RAN1 discussion, a receiving fallback for NR-PDSCH is likely needed. By definition, a fallback beam for NR-PDSCH should be more robust than data channel beam. Since UE may not know when a fallback beam will be used, its receiving method for data channel beam and its corresponding fallback beam is preferably the same from UE perspective. With the observations above, using control channel beam as data channel fallback beam would be a good option as it is sensible to assume a control channel beam with wider angular coverage for robust reason. Apparently, a hierarchical beamforming structure between control and data channel beam is beneficial to assure that a same receiving method at UE side is valid for both of the beams. This is illustrated in Figure 1.
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Figure 1: Illustration of hierarchical structure between control and data channel beam.

Observation 2: Control channel beam can be used as fallback beam of data channel beam if control channel beam and data channel beam fulfil a hierarchical beam relationship.
Proposal 2: Using control channel beam as fallback for data channel beam.

With current RAN1 agreement for supporting multiple beam pair links maintenance for NR-PDCCH, explicit beam indication for data channel introduces not only signaling overhead consideration, but also complexity issue for data channel beam training. Intuitively, explicit data channel beam indication provides improved performance as its data channel beam selection does not need to be restricted e.g., in the way as illustrated in Figure 1. However, the actual gain from this needs to be substantial enough in order to surpass the overhead and complexity concerns. 

On the other hand, explicit beam indication may not be needed all the time, if one would like to save beam indication signaling overhead and data channel beam training complexity. In this case, it is beneficial to consider hierarchical structure (Figure 1) as a default relationship between control and data channel beam. In addition to saving beam indication signaling, candidate data channel beam search space is also reduced by the hierarchical relationship, as illustrated in Figure 2. It is noted that such hierarchical relationship is also aligned with DL beam management P-1/P-2 procedures.
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Figure 2: Illustration of candidate data channel beam search space constrained by hierarchical relationship with control channel beam.

For its simplicity, the price to pay for this default relationship between control and data channel beam is performance. Since beam sweeping is not performed among all possible candidate data channel beams and UE beams, the example provides suboptimal results. However, considering signaling and beam training overhead reduction, we think it is a good tradeoff. As already shown in our previous contribution [4], the performance degradation is small. Besides, the more the overhead is, it is likely to take more time for training, and thus longer latency. This scheme should be considered as baseline scheme for data channel beam reception. Explicit data channel beam indication is optionally configured when deemed beneficial.

Observation 3: Explicit data channel beam indication is not needed if control and data channel beams are constrained to follow a hierarchical beamforming structure. The hierarchical beamforming structure assumption achieves reduced signaling and reduced candidate data channel beam search overhead.

Proposal 3: A default configuration of data channel beam indication assumes reusing control channel beam indication information. Explicit data channel beam indication is additionally configured by NW when deemed beneficial.

It is noted that to allow such implicit data channel beam indication with the above-mentioned default configuration, one needs a beam pair link definition that does not distinguish control channel beam and data channel beam when UE receiving method is the same for both of them.

Proposal 4: A beam pair link definition that does not distinguish control channel beam and data channel beam when UE receiving method is the same for both of them is adopted.
4. Beam Reporting
4.1 Implicit group identifier indication

Agreements (#89):
· 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
The agreement made in RAN1#89 indicates that the number of beams for every beam group is a common configuration. With this, reporting format can be made efficient by avoiding explicit identifier indication. Since the number of beams in each group is fixed, implicit grouping can be achieved by grouping the reported beams in a sequential order. As illustrated in Figure 3, if Q = k, implicit grouping can be achieved by taking the first k beams as 1st group, #k+1~#2k beams as 2nd group, and so on. 
Proposal 5: Adopt implicit group identifier reporting by arranging the reported beams of a same group together, and arranging beam groups in a sequential order.
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Figure 3: Illustration of implicit group identifier indication by grouping the reported beams sequentially.
4.2 Analysis on group-based reporting

Agreements:
· 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.
Fundamentally, the two alternatives provide information from different perspectives. For A1 criteria, the reporting content is based on UE’s preference and such report does not consider NW’s capability. In fact, it is unlikely to take NW’s capability into account unless additional information or assumption is provided or made by NW. On the other hand, for A2 criteria, the report aims to provide maximum flexibility to NW by providing UE’s observation on NW TX beams, and UE’s preference is considered in the report only in terms of its receiving capability, i.e., which TX beams cannot be received simultaneously. 
To compare the two alternatives, one crucial factor to be considered is their achievable performance with and without FDM scheduling among users. Assuming only one analog beam can be realized by NW and no FDM scheduling is attempted, only one UE is scheduled at a time. This scheme would favour A1-based group reporting since individual users report their preferred beam groups to be used for transmission, and NW will most likely follow the request unless the TX beams in the request beam group is not realizable by NW.

On the other hand, if FDM scheduling among users is attempted, a compromise on the selected TX beams needs to be achieved in order to put more users at a same scheduling unit. In this case, system can benefit from A2-based group reporting since more beam grouping flexibility is provided to NW for reaching compromise.

The two considered criteria have their individual benefits in different perspectives. An initial comparison is provided below:
· A1 (based on Alt 1): Different TRP TX beams reported for the same group can be received simultaneously at the UE.
· Pros:

· Reported beam group reflects UE’s preference on NW TX beams.

· The number of groups is not limited to UE receiving capability, i.e., antenna groups.

· Preferred beam group can be determined not only based on RSRP, but potentially could also be based on an estimated throughput by assuming a preferred precoder

· Beneficial in non-FDM scheduling case

· A2 (based on Alt 2): Different TRP TX beams reported for different groups can be received simultaneously at the UE.
· Pros:

· NW can select TX beams to serve UE based on UE’s report and NW capability

· To achieve same flexibility of beam combinations at NW side, less overhead is needed than beam set based reporting

· Beneficial in FDM scheduling case

In an attempt to merge/down-select the two alternatives, we consider reducing the information gap provided by the two alternatives as an essential step. In fact, it is possible to implicitly provide more information for both of the two alternatives without introducing additional overhead.
In the following, we use A2-based reporting as example and show how to insert at least a preferred A1-based group information. Similar approach can be applied for A1-based reporting, though with more practical constraint [4]. 

For UE A2-based reporting, additional information on at least one preferred A1 group can be inserted by requiring how individual beams in a beam group is placed. Specifically, the beams from a preferred A1 group is placed in the same relative position within each A2 group. For example, in left sub-plot of Figure 4, each group corresponds to a UE A2 group and beams in different groups can be received simultaneously by UE. To encode A1-based information inside, one can additionally constrain that the first beam in each A2 group corresponds to element beams in a first preferred A1 group, and the second beam in each A2 group corresponds to element beams in another preferred A1 group, and so on. 

While this allows additional information to be delivered, its limitation is obvious: except for the first preferred A1 beam group, other beam sets cannot be guaranteed. In the right sub-plot of Figure 4 which shows A1-based grouping from the same example, the second preferred A1 beam group is beam #1+#7. However, this cannot be possible in A2-based reporting. As shown in the left sub-plot of Figure 4, another beam set is signalled instead, i.e., beam #3+#7. Despite of this, such additional information on preferred A1 beam group can always be inserted in the A2-based reporting and NW can still choose its preference if the additionally indicated A1 beam group cannot be realized by NW. Note that there are cases when the number of beams in a preferred A1 beam is less than UE capability. To provide such information to NW, UE can associate this method with rank indication reporting. By using rank indication as a guidance, NW can learn the number of members of a UE’s preferred A1 beam set.
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Figure 4: Illustration of (left sub-plot) inserting A1-based information in UE A2-based reporting, and (right sub-plot) inserting A2-based information in UE A1-based reporting.
Observation 4: At least the most preferred A1-based beam group information can be inserted implicitly in the A2-based beam group report without increasing overhead.

With the proposed method, A2-based grouping can provide same performance as A1-based grouping when FDM scheduling is not used. This would allow us to summarize their comparison in the following table.

Table 1: Comparison A1- and A2-based grouping

	Without FDM scheduling
	Similar performance between A1-based and A-2 based grouping

	With FDM scheduling
	A-2 based grouping shows better scheduling flexibility


Observation 5: A2-based grouping provides similar performance as A1-based grouping when there is no FDM scheduling among users.

Observation 6: A2-based grouping provides better scheduling flexibility when FDM scheduling among users is applied.

Proposal 6: NR supports at least A2-based group reporting.
5. Conclusion

In summary, based on the above discussion we have the following observations and proposals:
Observation 1: Supporting SS-blocks for beam management is beneficial from the perspective of system overhead, SS-block symbol resource utilization, and beam recovery.

Proposal 1: Support L1 SS-blocks beam measurement reporting.
Observation 2: Control channel beam can be used as fallback beam of data channel beam if control channel beam and data channel beam fulfil a hierarchical beam relationship.
Proposal 2: Using control channel beam as fallback for data channel beam.
Observation 3: Explicit data channel beam indication is not needed if control and data channel beams are constrained to follow a hierarchical beamforming structure. The hierarchical beamforming structure assumption achieves reduced signaling and reduced candidate data channel beam search overhead.
Proposal 3: A default configuration of data channel beam indication assumes reusing control channel beam indication information. Explicit data channel beam indication is additionally configured by NW when deemed beneficial.
Proposal 4: A beam pair link definition that does not distinguish control channel beam and data channel beam when UE receiving method is the same for both of them is adopted.
Proposal 5: Adopt implicit group identifier reporting by arranging the reported beams of a same group together, and arranging beam groups in a sequential order.
Observation 4: At least the most preferred A1-based beam group information can be inserted implicitly in the A2-based beam group report without increasing overhead.
Observation 5: A2-based grouping provides similar performance as A1-based grouping when there is no FDM scheduling among users.
Observation 6: A2-based grouping provides better scheduling flexibility when FDM scheduling among users is applied.
Proposal 6: NR supports at least A2-based group reporting.
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