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This is a revision of contribution R1-1715530.
In RAN1#NR3 [1], the following agreements were reached on beam indication:

The QCL configuration for PDCCH contains the information which provides a reference to a TCI state
· Alt 1: The QCL configuration/indication is on a per CORESET basis
· The UE applies the QCL assumption on the associated CORESET monitoring occasions. All search space(s) within the CORESET utilize the same QCL.
· Alt 2: The QCL configuration/indication is on a per search space basis
· The UE applies the QCL assumption on an associated search space. This could mean that in the case where there are multiple search spaces within a CORESET, the UE may be configured with different QCL assumptions for different search spaces.
· Note: The indication of QCL configuration is done by RRC or RRC + MAC CE (FFS: by DCI)

For QCL indication for PDSCH:
· When TCI states are used for QCL indication, the UE receives an N-bit TCI field in DCI
· The UE assumes that the PDSCH DMRS is QCL with the DL RS(s) in the RS Set corresponding to the signaled TCI state
· FFS: whether or not a QCL type is configured, configuration details are for further study
·  Whether or not the TCI field is always present in a given DL-related DCI is FFS
· FFS: Whether or not the TCI field is in the same DCI as that containing the PDSCH scheduling assignment
· FFS: Timing between when the UE receives a QCL configuration/indication and the first time that the QCL assumption may be applied for demodulation of PDSCH or PDCCH

And the following agreements were reached on beam measurement and reporting:

· Support configuration of SSB for a UE to measure and report one or more L1-RSRP(s) 
· FFS: whether the set of SSBs is all of the SSB beams or a subset of them
· Alt1: Support configuration of SSB resources within a resource setting for beam management.
· L1-RSRP measurement on these resources is reported
· Alt2: Support configuration of the RS type (e.g. SSB, CSI-RS) in a reporting setting for beam management.
· L1-RSRP measurement on these resources is reported
· Down-select between the two options


In this contribution, we provide our views on beam management and reporting. 

Discussion

Beam indication

We first discuss the configuration of QCL state for PDCCH. With Alternative 1, QCL configuration is done on a per CORESET basis. This implies that all the search spaces within the CORSET are configured with the same TX beam, and when the single configured TX beam is blocked, the lack of diversity means the UE no longer receives PDCCH from the gNB and has to invoke the beam failure recovery procedure. The connection between the gNB and the UE is at least temporarily interrupted, and in the extreme case, lost. With Alternative 2, QCL indication is configured on a per search space basis. It is possible to configure more than 1 TCIs in a CORSET, with each TCI configured for a  subset of search spaces in the CORSET. This provides diversity in the TX beam at the gNB’s disposal. When gNB suspects its PDCCH sent to a UE is not getting through with one of the configured TCIs, it may switch to another configured TCI and send the PDCCH is the associated search space. This flexibility increases the robustness of the system and should be supported. Therefore we believe that Alternative 2 should be supported for PDCCH TCI state.

Proposal 1: The QCL configuration/indication for PDCCH is on a per search space basis (Alt 2).

It takes time for a UE to switch from one RX beam to another, especially when the two RX beams are associated with different analog beams (for UEs with analog or hybrid beamforming). This time depends on the UE receiver implementation. Different UEs may have different minimum time requirement, and this time should be considered as a UE capability and can be signaled to the gNB. The same time applies to RX beam switching for both PDCCH and PDSCH. 

Proposal 2: The minimum time required for a UE to switch its RX beam is a UE capability and can be to be signaled to gNB. The same switching time applies to both PDCCH and PDSCH. 

There are certain cases that UE may have to receive PDCCH and the corresponding PDSCH with the same RX beams. An example is non-slot based PDSCH transmission occupying only 2 symbols. The PDCCH and PDSCH are FDMed, and the UE applies the same RX beam to both of them. In this case, no TCI in DCI is necessary. It has been agreed that non-slot based PDSCH transmission may occupy 2, 4 or 7 OFDM symbols. Depending on whether the short PDSCH transmission allows FDM between PDCCH and PDSCH in the beginning, TCI may not be required in DCI for the other cases too. For PDSCH that are TDMed with PDCCH, the minimum time required for UE to switch from the TCI for the PDCCH to TCI for the PDSCH should be respected. Depending on the minimum switching time indicated by the UE as part of its capability, the gNB may decide to schedule the PDCCH and the PDSCH in the same slot, or in different slots with cross-slot scheduling. 

Proposal 3: No TCI is necessary in DCI when the PDCCH and associated PDSCH are FDMed in at least some symbols. 
Proposal 4: If different TCIs are used for PDCCH and PDSCH, the minimum time required for the UE to switch its RX beam should be allowed, possibly in the form of cross-slot scheduling. 

Beam reporting

Both SSB and CSI-RS may be used for beam management. A set of SSB (FFS whether this set may include all the SSBs, or only a subset of them) can be configured. In the last meeting agreement, Alt 1 is to support configuration of SSB resources within a resource setting for beam management, and Alt 2 is to support configuration of the RS type (e.g. SSB, CSI-RS) in a reporting setting for beam management. Alt 2 allows eNB to configure either SSB, or CSI-RS, or both for beam management and is more flexible. To allow CSI-RS to be used in addition to SSB also makes it possible for eNB to transmit SSB and CSI-RS with different beam shape/width to optimize the network coverage and beam management separately. Therefore we support to configure the RS types, including SSB, CSI-RS, and SSB + CSI-RS, in a reporting setting for beam management. 

Proposal 5: Support configuration of the RS type (e.g. SSB, CSI-RS) in a reporting setting for beam management (Alt 2).

A UE may report the RSRP of multiple CSI-RS resources or SS blocks. A UE may report up to L groups, and include up to Q TX beams per group in the report. The payload of up to L*Q beams can be significant, and this warrants careful design of the beam report format in order to keep the UL report payload at a manageable level. Several approaches can be considered to reduce the report overhead. Some of them are listed below. 

· The gNB can configure a RSRP threshold for the minimum RSRP to be reported by the UE. This threshold can be configured by RRC. Any beam below this threshold is deemed too weak to be useful for DL transmission. By applying this threshold, the number of reported beams can be reduced, as well as the reporting overhead. 
· Differential RSRP beam reporting can be considered. Instead of reporting the absolute RSRP of each beam, the relative difference between the beams, or between a beam and a known reference RSRP level (for example the largest RSRP value), can be reported. The RSRP difference of two beams, by definition, is less than the possible range of the RSRP values (if the CSI-RSRP definition of LTE is reused, RSRP spans a range of 97 dB with granularity of 1 dB). The RSRP difference between two beams can be reduced further significantly if all the reported beams are ranked by their RSRPs in descending order, and only the difference between two adjacent beams in the list is reported.  This can be seen from the following figure. 
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Figure 1. Distribution of differential RSRP between pairs of CSI-RS beams. A UE measures the RSRP of 16 CSI-RS beams and reports the largest 8. 

· Suppose the reported beams are arranged with respect to their RSRP in descending order as described above. The differential RSRP between two adjacent CSI-RS beams in the list are expected to be small, as clearly shown in Figure 1. However, they require different number of bits to encode. Using the unsigned binary integer representation,  bits are required to code a positive integer of X.  To using fixed length encoding will forfeit the purpose of using differential RSRP and eliminate any possible gains, because differential encoding with respect to a certain RSRP value does not reduce the dynamic range. In order to take advantage of the (usually) small differential RSRP values to reduce the reporting overhead, variable length encoding is required. With the differential RSRP distribution from Figure 1, simulation showed that reduction of 30% reporting overhead can be achieved.
Assuming CRI_ID is used to indicate the beam related with a CSI-RS resource/port, the reported CSI_RS beam list with differential CSI-RS can have the following format:

{{CRI_ID1, ΔRSRP1}, {CRI_ID2, ΔRSRP2}, …, {CRI_IDK, ΔRSRPK}},
where 
ΔRSRPm=RSRPm-1 - RSRPm≥0,  m≤K≤L*Q;

A downside of variable length encoding scheme is that the number of bits required for reporting a given number of beams is not fixed. This is not an issue if the beam reporting is done as RRC messages. If UCI is used to carry the beam report in PUCCH, variable length reporting may become problematic (if the size of the report exceeds the PUCCH payload) or wasteful (if too many bits are reserved for beam reporting). A possible solution is to reserve a certain number of bits in UCI for beam reporting, and only report the number of beams that can be accommodated by the fixed overhead. This may not allow reporting of all the L*Q beams all the time. But the length can be designed strike a balance between reduced reporting overhead and the quality of the final beams found through the P1 and P2 procedures.

Proposal 6: UE only reports beams with RSRP above a certain threshold. 
Proposal 7: Report CSI-RS and/or SS block beams as an ordered list with descending RSRP, where differential RSRPs between adjacent beams in the list are encoded with variable length encoding scheme. 


Conclusion
We have discussed some remaining issues of beam indication and reporting. Our proposals are summarized as below:

Proposal 1: The QCL configuration/indication for PDCCH is on a per search space basis (Alt 2).
Proposal 2: The minimum time required for a UE to switch its RX beam is a UE capability and can be to be signaled to gNB. The same switching time applies to both PDCCH and PDSCH. 
Proposal 3: No TCI is necessary in DCI when the PDCCH and associated PDSCH are FDMed in at least some symbols. 
Proposal 4: If different TCIs are used for PDCCH and PDSCH, the minimum time required for the UE to switch its RX beam should be allowed, possibly in the form of cross-slot scheduling. 
Proposal 5: Support configuration of the RS type (e.g. SSB, CSI-RS) in a reporting setting for beam management (Alt 2).

Proposal 6: UE only reports beams with RSRP above a certain threshold. 
Proposal 7: Report CSI-RS and/or SS block beams as an ordered list with descending RSRP, where differential RSRPs between adjacent beams in the list are encoded with variable length encoding scheme. 
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