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Introduction
In this paper, we provide details on MIMO Phase 5 work item on UE event-driven beam management procedures with respect to the justification and objectives as detailed in the Rel-19 MIMO WID in [1]:
	Justification:
In legacy beam management procedures, the network may configure/activate frequent periodic or semi-persistent beam reporting (e.g., N best beams and corresponding L1-RSRPs) or triggers frequent aperiodic beam reporting to timely acquire the best/preferred beam for data/control transmissions. However, this clearly results in large UL reporting overhead and control signaling overhead. At the same time, if less frequent beam reporting is configured, the network could not always acquire ‘best/preferred’ beam(s) as the beam reporting by the UE may be outdated, thus leading to performance degradation. Given that UE has better and more-timely knowledge of beam quality changes, UE-initiated beam reporting procedure can lead to more timely beam reports yet with reduced reporting overhead. Under such a procedure, if the UE determines that e.g., current beam(s) quality becomes poor, UE can trigger beam reporting without the network needing to configure or trigger frequent reporting.

	[bookmark: _Hlk145555364]Objective: 
1. Specify enhancement to facilitate UE-initiated/event-driven beam management for reducing overhead and/or latency, assuming the unified TCI while leveraging (as much as possible) legacy CSI measurement and reporting configuration frameworks, targeting FR2 and sTRP with intra- and inter-cell beam management
a. UL signaling content(s) (and procedure(s) as required) for UE-initiated/event-driven beam reporting facilitating fast beam switching.  
b. UL signaling medium/container considering the UE-initiated/event-driven nature of the UL transmission, designed primarily for the purpose of beam reporting.


In this paper we discuss the performance bottlenecks related to current beam management procedures with evaluation results highlighting latency bottlenecks and motivating the need for event driven beam management. We then outline the procedures needed for event-driven beam management including different options for measurement and reporting procedures which can provide gains over legacy beam measurement and reporting.
[bookmark: _Hlk47732020]Event-Driven Beam Management
As outlined in the justification of the Rel-19 MIMO WID [1], current beam management procedures for obtaining the best or optimal analog beam for the gNB involves configuration of periodic or semi-persistent measurement resources as well as pre-configured resources for L1 reporting from the UE. 


[bookmark: _Ref159196800]Figure 1: Legacy Beam Management Procedure
An example of legacy beam management procedures is shown in Figure 1, where the UE measures on configured measurement resources and then has to wait for the pre-configured CSI reporting occasion to send the L1 measurement report. After the gNB receives this report, it may activate a more optimal beam based on the report which will be applied and used after an appropriate beam application time. The impact of the measurement/reporting latency from Figure 1 was studied with system level simulations which we discuss in the next section.
SLS Evaluations for Legacy Beam Management Bottlenecks
The impact of measurement latency was studied assuming Rel-17 Unified TCI evaluation assumptions for a UE traveling on a straight-line trajectory within a cell as agreed in [2] and shown in Figure 2. Note that spatial consistency was modeled for this evaluation as detailed in our paper on Rel-17 NR MIMO unified TCI enhancements [3]. 
[image: ]
[bookmark: _Ref159227655]Figure 2: UE trajectory for SLS evaluation of beam management [2].
The L1-RSRP trace for the UE was for different measurement/reporting latency values assuming a fixed beam application latency for all cases. The beam application latency was enhanced in Rel-17 NR through DCI based beam indication and the assumption on fixed indication latency is justified. In [3] however, our study showed that application latency is much less of a performance bottleneck than the measurement latency. The L1-RSRP traces and the median L1-RSRP difference across the UE trajectory is shown in Figure 4.
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Figure 3: L1-RSRP Trace for 0 RPM UE rotation (left) and RSRP difference for 
different measurement latencies and UE rotation (right)
It can be seen that an increase in measurement/reporting latency leads to observable differences in L1-RSRP across the trajectory – this is exacerbated when non-idealities like rotation increases. In this scenario, a UE may be able to track the quality of the current beam and based on a trigger event definition, the UE may send on-demand CSI reports for L1 measurement. Such a procedure may incur much lower latency and overhead compared to periodic reporting leading to better beam tracking performance (even under mobility).. Based on this observation, we discuss different aspects of UE event driven beam management in the next section.
L1 Procedures for Event-Driven Beam Management
Definition of an L1 Event
The first consideration in event driven beam management is the definition of an L1 event. While some companies have argued that the definition of an L1 event is not necessary, we think that the entire beam management protocol could be dependent on the type of event that is considered. For example, one option is for the UE to consider the quality of only the current beam and trigger an event when it determines that the quality of the current beam has degraded beyond some threshold. This may be based on monitoring of PDSCH or DM-RS quality or comparing L1 measurements conditioned on the current beam. Another option could be that the UE is configured to measure candidate beams for tracking and an event is triggered when it finds an alternate beam which is better than the L1 measurements on the current beam by a certain threshold (similar to mobility use cases). Therefore, how an event is defined and what pre-requisites are considered for triggering would have a direct impact on the remaining protocol steps for event-triggered beam management. 
Proposal 1: RAN1 should further discuss and define an L1 event for event triggered beam management.
Another point of consideration is if an event is only defined for DL Tx beam refinement/tracking or if an event definition can also be considered for UE Rx beam refinement/tracking. In this case, a UE may monitor Rx beam quality and if it degrades significantly, then it may trigger an event. This may results in transmission of CSI-RS for beam management (with repetition) for Rx beam refinement procedures. 
Proposal 2: Consider UE event definition with respect to both DL Tx beam refinement as well as UE Rx beam refinement procedures. 
Measurement Resources
Assuming progress on event definition, the next relevant issue is configuration of L1 measurement resources. In current specification, a UE may be configured with CSI-RS or SSB for L1 measurement. The CSI-RS resources may be periodic, semi-persistent or aperiodic and the total number of resources across all resource sets may not exceed 128. While periodic measurement resource configurations help with beam tracking, this method of operation assumes the need for periodic/semi-persistent L1 reporting for the gNB to monitor the beam quality and track the optimal beam. For event driven beam management, a UE can instead monitor the quality of the current beam and it may be possible to reduce reference signal overhead for measurement by enabling UE to trigger or request reference signal transmissions for L1 measurement when a corresponding event is triggered. 
Proposal 3: Consider UE triggered aperiodic or semi-persistent measurement resource configuration.
Another issue that needs to be discussed with respect to measurement resources is whether there is any need for filtering of L1 measurements before reporting. Different from current operation where reporting opportunities are pre-determined, in event driven beam reporting, measurement noise (without filtering) may lead to false or frequent triggering of events. Therefore, RAN1 should discuss mechanisms for ensuring measurement quality related to event triggering. While adding L1 filtering may not be efficient in terms of latency reduction, the trade-off is to obtain more stable measurement results to be reported to the gNB.
Proposal 4: Discuss further if L1 filtering of measurements is needed for UE event driven beam reporting. 
UE Procedure for Requesting UL Resources for L1 Reporting
Once an event is triggered, the UE should be able to request UL resources for transmitting an L1 report to gNB based on the conditions of the triggered event. This may depend on the type of event that is defined and whether the UE performs L1 measurements on preconfigured resources or there is a need for the UE to additionally request resources to perform L1 measurements first. Irrespective of the previous steps, UL resources should be granted to the UE for L1 reporting. One alternative is to consider a framework similar to SCell-BFR defined in Rel-16 NR, where a UE follows a 2-step procedure. In the first step, the UE transmits an LRR to indicate beam failure to the gNB and in response, the gNB grants UL resources for transmission of the BFR MAC-CE from the UE over PUSCH to report candidate beams and index of the failed SCells. For event driven beam management, a similar process can be assumed, and this is shown in Figure 4


[bookmark: _Ref159230644]Figure 4: UE Event-driven Beam Management using a 2-step procedure
In this 2-step procedure, UE first transmits an SR like PUCCH to indicate to the gNB the identity of the event and the gNB grants UL resources for the UE to send a measurement report with K beams, where K may be configured based on UE capability as in legacy specifications. The gNB then indicates a new beam based on the UE report. If the UE is not measuring on periodic resources, the 1st step may also include triggering of aperiodic measurements. 
Alternately, a single step process may also be considered, where a UE may report the event identity and the best beam implicitly based on preconfigured resources associated with each candidate beam. 
Proposal 5: UE procedure for requesting UL resources for L1 reporting should be defined and the following two cases should be further discussed:
a. 2-step procedure similar to legacy SCell-BFR with potentially different priority and reporting container
b. 1-step procedure with implicit event trigger and beam reporting

Container for UE Beam Report
The container for UE beam report is an important aspect and should be carefully considered keeping latency reduction in mind. Current procedures allow for aperiodic/semi-persistent CSI reporting over PUSCH triggered by DCI and semi-persistent CSI reporting over PUCCH triggered by MAC-CE. For UE event triggered beam reporting, the latency and overhead gains should both be considered and RAN1 should discuss potential aperiodic CSI reporting over PUCCH in addition to aperiodic reporting over PUSCH using UCI in addition to MAC-CE based reporting which has a larger latency but potentially less specification impact.
Proposal 6: Consider UCI based aperiodic beam reporting over PUCCH and PUSCH in addition to MAC-CE based beam reporting over PUSCH. 
Contents of UE Beam Report
UE beam report contents can be based on legacy report as a starting point. First, it should be decided if only L1-RSRP is sufficient or if L1-SINR should also be considered. Furthermore, the number of beams that the UE reports in one reporting instance is currently configured to the UE based on UE capability of supporting 1,2 or 4 beams. In Rel-18 for LTM, the contents of the L1 beam report was expanded to up to 4 L1-RSRPs in up to 4 cells in a single reporting instance. For UE event driven beam management, considering the applicability to intra and inter-cell beam management, the number of beams that can be reported in a reporting instance may be revisited and design from LTM should also be further considered. 
Proposal 7: Legacy beam reporting content is a good starting point for UE event driven beam reporting with L1-RSRP as the measurement quantity.
Proposal 8: Consider increasing the number of beams from a maximum of 4, that the UE can report in a single reporting instance based on applicability to inter-cell beam management. 

Response to Reception of UE Event-driven Beam Report
The main difference between legacy L1 beam reporting and event driven reporting is that in the latter case, the report is expected to be less frequent and in general one-shot to avoid overhead due to periodic reporting and latency due to reporting periodicity. In the legacy case, if the gNB misses an L1 report, it can just wait for the next periodic report and track the optimal beam. However, for a one-shot report, missing the report can lead to increased sub-optimal performance since the UE may not know that the report is missed and would not in general, retransmit the aperiodic report. Therefore, it would be necessary to define an acknowledgement protocol from the gNB to notify the UE whether a beam report has been received or not. Otherwise, the UE may need to retransmit the beam report. While this mode of operation would be efficient in case of missed transmission from the point of view of latency, it may just as well be possible that no acknowledgement is designed and in this case, it would be likely that the UE event may be triggered again and the UE may transmit an event trigger once again and repeat the entire procedure for requesting UL resources to send an L1 report. While this is a functional design, it may not be very efficient in terms of overhead or latency. 
Proposal 9: Consider the need to define an acknowledgement procedure for gNB to UE for event driven L1 beam reporting. 

Beam Indication Latency Reduction
In the discussion so far, the focus has been towards addressing measurement and reporting latency. However, as shown in Figure 1, there is an additional latency component from beam indication after the beam report has been received by the gNB. This latency could also be significantly large depending on the acknowledgement transmission for the beam indication DCI and the subsequent beam application time. For UE event triggered beam reporting, since the UE can monitor the beam quality in a more granular manner and potentially on different UE Rx beams, it may be possible for the UE to report beams to the gNB such that the beams in the report can be received by the UE using the same Rx beam assumption. Under these circumstances, the gNB can potentially autonomously start using a reported beam without the need for waiting for beam application time. Therefore, this method of UE-aided beam application can result in reasonable latency gains.
Proposal 10: Consider UE aided beam application latency reduction for UE event driven beam management. 
Conclusion
The main proposals from this paper are outlined here:
Proposal 1: RAN1 should further discuss and define L1 event for UE event triggered beam management.
Proposal 2: Consider UE event definition with respect to both DL Tx beam refinement as well as UE Rx beam refinement procedures. 
Proposal 3: Consider UE triggered aperiodic or semi-persistent measurement resource configuration.
Proposal 4: Discuss further if L1 filtering of measurements is needed for UE event driven beam reporting. 
Proposal 5: UE procedure for requesting UL resources for L1 reporting should be defined and the following two cases should be further discussed:
a. 2-step procedure similar to legacy SCell-BFR with potentially different priority and reporting container
b. 1-step procedure with implicit event trigger and beam reporting
Proposal 6: Consider UCI based aperiodic beam reporting over PUCCH and PUSCH in addition to MAC-CE based beam reporting over PUSCH.
Proposal 7: Legacy beam reporting content is a good starting point for UE event driven beam reporting with L1-RSRP as the measurement quantity.
Proposal 8: Consider increasing the number of beams from a maximum of 4, that the UE can report in a single reporting instance based on applicability to inter-cell beam management. 
Proposal 9: Consider the need to define an acknowledgement procedure for gNB to UE for event driven L1 beam reporting.
Proposal 10: Consider UE aided beam application latency reduction for UE event driven beam management. 
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