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1. Introduction
In this contribution we present our views on various aspects of DL beam management, including additional SS-block for beam management, group-based reporting, DL beam indication,  and analog beam switching for UE. 
2. Discussion

2.1. SS-block

It was discussed in previous meetings whether SS-block can be used for DL beam management, in addition to the already agreed UE-specific CSI-RS. This is discussed separately for RRC_CONNECTED mode and RRC_IDLE mode.
2.1.1 RRC_CONNECTED 
A UE in RRC_CONNECTED state can be UE-specifically configured with multiple CSI-RS resources for the purpose of DL beam management. We note that CSI-RS offers the utmost system operation flexibility, since everything about CSI-RS is UE-specifically configurable (e.g., number of CSI-RS resources, number of antenna ports, T/F resource, and transmit power). Due to such flexibility, CSI-RS should be the baseline for RRC_CONNECTED mode beam management.
Using SS-block, on top of CSI-RS, for beam management, has been proposed in previous meetings. The pros and cons are analyzed below.
Argument for SS-block
· SS-block is the only always-on signal in the downlink. Since it is anyway present, it does not harm to opportunistically use this signal for other purposes. 
· SS-block can serve as an initial coarse DL beam. Beam refinement based on aperiodic CSI-RS using P2 procedure can then be performed. This reduces system overhead than a full-fledged P1 beam sweeping with periodic CSI-RS. 
Argument against SS-block
· CSI-RS alone is sufficient for beam management. It is not necessary to introduce yet another mechanism when the existing mechanism is already sufficient. SS-block is an optimization but not an essential feature for NR from the perspective of DL beam management.
· SS beams are generally wide, fixed beam for initial access. Since it has to be accessed by all UEs in the cell the number of SS beams and their configuration must be simple enough to accommodate different capability UEs. Such simplicity on the other hand restricts the beam management flexibility and accuracy.  On the opposite, CSI-RS offers superior flexibility in terms of beam configurations. 
· The overhead saving of SS block + aperiodic CSI-RS beam management than periodic CSI-RS has not been analyzed quantitively. The overhead reduction needs to be sufficiently significant to justify extra UE design complexity in supporting SS-block.
· Details of joint beam management with SS-block and CSI-RS are unclear. For instance it is unclear if the UE is mandated to compare RSRP from SS-block and CSI-RS, and if so, possible combinations of SS-block/CSI-RS that a UE must be prepared for. This adds to uncertainty to UE implementation. 
In summary, while it is conceptually true that SS-block is always present in the network, it is not automatically justified as an essential feature for beam management in RRC_CONNECTED mode. The system is not broken without it, the overhead reduction remains unclear, and its impact to UE implementation needs to be better understood.
Conclusion: 

· It is unclear if SS-block is an essential feature for RRC_CONNECTED mode beam management. 
2.1.2 RRC_IDLE 
SS-block is the only signal that can be used for DL beam management in RRC_IDLE mode. It makes sense to rely on SS-block for the determination of DL beam, Tx/Rx beam alignment, QCL assumption for NR-PDCCH and NR-PDSCH. 
Proposal 2: 

· RRC_IDLE beam management is based on SS-block.
2.2. Beam indication

It was agreed in RAN1#88 that indication of spatial QCL assumption between DL RS antenna port(s) and DMRS antenna port(s) of DL data channel is supported for the reception of unicast DL data channel. The indication is via DCI (downlink grants). 
Beam indication can be explicit or implicit. With explicit indication, the indication is to explicitly assign each beam in the network an unique index, and the index is related to some RS antenna ports. The index is signaled explicitly in the indication. However, the number of beams could be large, and setting a limit on the number of beams to support would limit the flexibility of the network. Moreover, the overhead of signaling the beam index in the DCI or MAC CE could be large. With implicit implication, Tx beam is indicated implicitly as a function of another system parameter (e.g. last reported Tx beam). For instance the UE reports a preferred beam (CRI) and stores the preferred UE Rx beam for that preferred beam. The BPL tag is then used to refer to this preferred Tx beam at a later point in time for QCL purposes. 
The pros and cons of implicitly indication include:

Pros: 

· Reduced PDCCH overhead and coverage. However, the coverage of NR-PDCCH should be considered holistically taking into account all PDCCH fields. At this moment the impact of beam indication alone to PDCCH coverage is not quantitively analyzed. 
Cons:

· Beam misalignment: An implicit beam indication can only point to the latest reported Tx beam. If the last reported beam is incorrectly decoded by the TRP, it will cause system performance loss.
· Limited scheduling flexibility: For each triggered measurement, only one preferred Tx beam can be selected and reported, as one BPL tag is unable to label multiple Tx beams. Second, the gNB must use the UE’s preferred Tx beam for later transmission, otherwise, the UE cannot set proper Rx beam. This incurs limitation on network flexibility. When two UEs’ preferred Tx beams are different, the data channel of the two UEs cannot be multiplexed in frequency domain.
To avoid unnecessary restriction on network flexibility and system performance our preference is to explicitly indicate the DL RS antenna ports.
Proposal 4: 

· DL RS antenna ports are explicitly indicated for spatial QCL assumption, for unicast PDSCH.
It has been agreed that NR-PDCCH can be monitored on M beams in different OFDM symbols, and the QCL configuration of M beams are RRC and MAC-CE signaled for UE-specific NR-PDCCH. 
Agreements:
· Configuration of QCL for UE specific NR-PDCCH is by RRC and MAC-CE signalling

· Note that MAC-CE is not always needed
· FFS: necessity of DCI signalling
· Note: For example, DL RS QCLed with DMRS of PDCCH for delay spread, Doppler spread, Doppler shift, and average delay parameters, spatial parameters

The difference between RRC and MAC-CE based mechanism are time-domain delay in beam configuration. Our view is that configuring M>1 beams for UE-specific PDCCH allows sufficient diversity gain for control channel robustness. At this moment there is no clear evidence of beam adaptation faster than RRC for UE-specific NR-PDCCH (e.g. DCI or MAC-CE). The CORESET (or NR-PDCCH candidates within each CORESET) can be RRC-configured to be QCL-ed with CSI-RS for downlink beam management. 
Proposal 5: 
· Configuration of QCL for UE-specific NR-PDCCH is by RRC signaling, e.g. with CSI-RS.

For common NR-PDSCH and NR-PDSCH, at least in the RRC_IDLE mode they should be QCL-ed with the SS-block. Then for RRC_CONNECTED mode the QCL association can be either with the SS-block or the CSI-RS. Using SS-block can be considered to maintain the commonality between RRC_CONNECTED and IDEL mode. 
Proposal 6:
· Common NR-PDSCH and NR-PDCCH is QCL-ed with SS-block.

2.3. Analog beam switching

Before NR-PDCCH carrying beam indication is successfully decoded, UE cannot adjust its analog RX according to the signaled beam in NR-PDCCH. This is fundamentally different than digital Rx beamforming where the UE can store digital samples of NR-PDSCH before NR-PDCCH decoding finishes, and decodes NR-PDSCH after NR-PDCCH decoding succeeds. Hence a gap between NR-PDCCH and its corresponding NR-PDSCH is needed, for analog Rx beamforming, to accommodate NR-PDCCH decoding latency and analog beam switching latency. Clearly, the gap between NR-PDCCH/NR-PDSCH reduces the system throughput. Several solutions are possible to address this issue:

· Fast beam indication: 
Beam (QCL) indication can be transmitted in NR-PDCCH in every DL slots. 
One possible solution is cross-slot scheduling where NR-PDCCH and its corresponding NR-PDSCH are in different slots, e.g. Figure 1. The advantage is that the scheduling delay between NR-PDCCH/NR-PDSCH naturally satisfies beam switching time, eliminating the gap all together. The disadvantage is increased scheduling delay for NR-PDSCH. 

Another possible solution is to divide NR-PDSCH in two parts, part 1 and part 2 as shown in Figure 2. When UE decodes part 1, it uses a default Rx beam. When UE decodes part 2, it uses the Rx beam indicated in NR-PDCCH. The gap is completely eliminated. However it needs to be studied if unbalanced link quality between two parts causes any performance issue.
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Figure 1: Cross-slot beam indication
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Figure 2: Beam indication based on partition of NR-PDSCH
· Slow beam indication: 
Beam (QCL) indication can be transmitted in NR-PDCCH in a selected subset of slots. Rx beam switching and the gap between NR-PDCCH/NR-PDSCH only exist in the subset of slots. 

The set of slots can be pre-configured by RRC signaling (e.g. using periodicity/offset), or dynamically indicated by another L1 control signaling. The advantage of this is that it allows the network to flexibility control the pace of beam switching, based on UE movement, beam width, and other system parameters. The disadvantage is reduced beam switching opportunity. 
Another possibility is to set a timer for each beam indication, e.g. valid for N slots. The value of N can be pre-configured or fixed in the specification, or even dynamically changes in each DCI.  The disadvantage is reduced scheduling flexibility: once an Rx beam is indicated, UE must assume there is no Rx beam change until N slots later. Of course the gNB can always reset the Rx beam before the timer expires by sending a new QCL indication, but that is also problematic because the UE does not know in advance in which slot the gNB would attempt to overwrite the beam and hence would have to reserve a gap in every slot.

Proposal 7: 
· Study fast beam indication, with cross-slot scheduling or segmentation of NR-PDSCH.
2.4. Beam reporting

A UE can report one or multiple CRI to the TRP. It was discussed in previous meetings whether each CRI report can be accompanied with a group index (GI). The GI report is intended to provide UE’s recommendation on whether two beams can be paired together at the TRP. Note the TRP is not mandated to follow the UE’s recommendation, but can take into UE’s report in the scheduling process. 

The original definitions of grouping were captured in the SI conclusions but are rather confusing. A set of clarified definition were then agreed in RAN1#89:
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.

Pairability of beams

First of all we note that whether two beams can be paired together should be jointly determined by the TRP and the UE. From the TRP perspective, if two beams are transmitted from the same TRP panel they are inherently restricted from being scheduled together. If two beams are transmitted from different TRP panels they might be paired together, and it is then up to UE to recommend whether to pair them eventually (taking into account UE antenna architecture). Hence, two beams can be paired only if both TRP and UE allow so. 
If two beams cannot be paired from the TRP perspective, it makes no sense for the UE to consider pairing them in the beam selection process which only adds to the UE complexity. Hence “grouping restriction” should be included in the RRC configuration of beams (CSI-RS) as well. UE does not need to examine if two beams can be paired, if they cannot be paired at the TRP side in the first place.
Proposal 8: 

· RRC configuration of CSI-RS resources (e.g. beams) include grouping indicator, which signal to the UE whether two beams can be paired from TRP perspective.
Comparing A1 and A2

Our understanding is that beam pairing cannot be based on beam reporting alone, but needs to base on a two-step procedure comprising (1) beam reporting and (2) CSI reporting. 
· The 1st procedure of beam reporting is to identify the long term beams, which is used for CSI resource configuration for CSI acquisition. With only beam reporting the TRP cannot deterministically schedule two beams together because the CSI is not available yet. Note beam reporting does not reflect receiver structure and interference level, which are essential for spatial multiplexing. 
· In the 2nd procedure, the TRP configures/selects CSI-RS for CSI acquisition. If two beams can be scheduled together, two CSI-RS resources are indicated by TRP for joint CSI computation. Otherwise if UE can only receive one beam, one CSI-RS resource is indicated for (e.g. single-point) CSI computation. At this point the TRP can decide whether to pair two beams or not. 
Observation:  
· Beam pairing decision for spatial multiplexing shall be made based on CSI reporting from CSI acquisition procedure, while beam management procedure alone is insufficient.

In the two-step procedure, beam reporting shall be designed to provide gNB sufficient information and flexibility for carrying out the second step, CSI reporting. In our view, beam grouping criteria A1 limits the flexibility of configuring CSI-RS for the second step. A more detailed analysis on the feedback overhead and impact to scheduler was provided in a previous contribution (c.f. [2]). In brief, the following can be noted from the comparison:
Conclusions: 

· A1 incurs higher reporting overhead and reduces gNB scheduling flexibility, compared to A2.

· Beam indication (spatial QCL assumption indication) overhead would be similar for A1 and A2 if same level of flexibility and performance is aimed at.
Proposal 9:
· Support beam grouping criteria A2.

3. Conclusions

In this contribution we presented our views on several aspects of DL beam management. Based on our analysis our conclusions and proposals are summarized below.

Conclusion: 
· It is unclear if SS-block is an essential feature for RRC_CONNECTED mode beam management.
Proposal 1: 
· DL beam management in RRC_CONNECTED mode uses CSI-RS.

Proposal 2: 

· RRC_IDLE beam management is based on SS-block.

Proposal 3: 

· The indication of spatial QCL assumption shall be configurable.
Proposal 4: 

· DL RS antenna ports are explicitly indicated for spatial QCL assumption, for unicast PDSCH.
Proposal 5: 

· Configuration of QCL for UE-specific NR-PDCCH is by RRC signaling, e.g. with CSI-RS.

Proposal 6:

· Common NR-PDSCH and NR-PDCCH is QCL-ed with SS-block.
Proposal 7: 

· Study fast beam indication, with cross-slot scheduling or segmentation of NR-PDSCH.
Proposal 8: 

· RRC configuration of CSI-RS resources (e.g. beams) include grouping indicator, which signal to the UE whether two beams can be paired from TRP perspective.

Proposal 9:
· Support beam grouping criteria A2.
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