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1. Introduction
[bookmark: _Hlk54343086]The detailed WID objective for L1/L2 based mobility is listed below [1].  
	The detailed objective of this work item are:

1. To specify mechanism and procedures of L1/L2 based inter-cell mobility for mobility latency reduction:
· Configuration and maintenance for multiple candidate cells to allow fast application of configurations for candidate cells [RAN2, RAN3]
· Dynamic switch mechanism among candidate serving cells (including SpCell and SCell) for the potential applicable scenarios based on L1/L2 signalling [RAN2, RAN1]
· L1 enhancements for inter-cell beam management, including L1 measurement and reporting, and beam indication [RAN1, RAN2]
· Note 1: Early RAN2 involvement is necessary, including the possibility of further clarifying the interaction between this bullet with the previous bullet
· Timing Advance management [RAN1, RAN2]
· CU-DU interface signaling to support L1/L2 mobility, if needed [RAN3]

Note 2: FR2 specific enhancements are not precluded, if any.
Note 3: The procedure of L1/L2 based inter-cell mobility are applicable to the following scenarios:
· Standalone, CA and NR-DC case with serving cell change within one CG
· Intra-DU case and intra-CU inter-DU case (applicable for Standalone and CA: no new RAN interfaces are expected)
· Both intra-frequency and inter-frequency
· Both FR1 and FR2
· Source and target cells may be synchronized or non-synchronized



[bookmark: _Hlk110089543][bookmark: _Hlk525732985]
The detailed scope of agenda 9.12.1 is listed below [2], which is elaborated in the following sections
	9.12.1	L1 enhancements for inter-cell beam management
Including L1 measurement and reporting, beam indication, and dynamic switch mechanism among candidate serving cells (including SpCell and SCell). 



2. Dynamic Switch Among Candidate Cells
[bookmark: _Hlk113199153][bookmark: _Hlk100679068]In RAN2 #119e, it has been agreed that the L1/L2 mobility at least considers PCell mobility with both non-CA (PCell only) and CACA scenarios (PCell and SCell), where the target PCell/target SCell(s) is at least not a current serving cell. Other cases are FFS. In particular, PSCell mobility is FFS as a potential extension of PCell mobility.  
	RAN2 #119e
· R2 will initially focus on PCell mobility. 
· R2 assumption: Rel-18 L1/L2 mobility includes both non-CA (PCell only) and CA scenarios (PCell and SCell). This includes the following cases
· the target PCell/target SCell(s) is not a current serving cell (CA  CA scenario with PCell change)
· FFS the target PCell is a current SCell
· FFS the target SCell is the current PCell.
· DC scenarios are FFS (e.g. PSCell mobility may be a low hanging fruit FFS). 
· Current options on the table: to configure a L1/L2 inter-cell mobility candidate cell:
a. One RRCReconfiguration message for candidate target cell
b. One CellGroupConfig IE for each candidate target cell
c. One SpCellConfig IE for each candidate target cell




Since SpCell/CG update also involves beam/TCI state switch, it would be natural to signal beam indication in SpCell/CG update command for joint cell/CG & beam switch. In case of CG update, the CG update command can carry beam indication(s) for multiple target cells.

[bookmark: _Hlk113183740]Proposal 1: Support SpCell/CG update command to carry beam indication for joint cell/CG & beam switch
· The CG update command can carry beam indication(s) for multiple target cells

As for SpCell/CG update command, existing signalling can be considered as start point, including SCell activation MAC-CE, unified TCI state activation MAC-CE, and unified TCI state indication DCI, which can be modified to signal the target SpCell and corresponding beam indication. In case of CG update, the candidate CG containing the target SpCell can be implicitly selected as the new CG. 

Proposal 2: Existing cell/beam activation/indication signalling can be extended for the SpCell/CG update
· E.g. SCell or unified TCI state activation MAC-CE, unified TCI state indication DCI

In R17 unified TCI, the application time of indicated TCI is counted from end of ACK for the TCI updating DCI, and the application time depends on the SCS of the applied BWP(s). Similarly, the acknowledge mechanism should be considered for SpCell/CG update command to ensure reliability. 

Proposal 3: To ensure reliability, SpCell/CG update based on L1/L2 signalling should be acknowledged
To align the SpCell/CG update time at both sides, the application time for the update command should be specified as well. In addition, the application time can be differentiated for previously activated and deactivated new SpCell/CG.

Proposal 4: Application time should be specified for the SpCell/CG update command
· Application time can be different for previously activated and deactivated new SpCell/CG
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Figure 1: Application time of SpCell/CG update command
3. L1 Measurement & Reporting for Cell Update
In RAN2 #109e, it has been agreed to use L1 measurement to trigger L1/L2 mobility. In case of large number of candidate cells for measurement, the corresponding reporting overhead and UL interference may not be negligible. To reduce the overhead, interference, and UE power consumption due to the L1 measurement reporting, it would be beneficial to consider event-triggered L1 report, which can be carried in MAC-CE or UCI. 

Proposal 5: Support event-triggered L1 report for candidate cells for L1/L2 based mobility
· The report can be carried in MAC-CE or UCI

In case of large number of candidate cells to be measured, UE may only be capable of simultaneously measuring a subset of them. To save reconfiguration latency, different subsets of L1 measurement report can be activated at different times, instead of using RRC reconfiguration each time. To further increase measurement/reporting flexibility, the activation MAC-CE can also update the config per L1 report, e.g. reporting periodicity, SSBs to be measured, etc.

Proposal 6: Support MAC-CE activation of L1 report for a set of PCIs
· Related measurement/reporting config may also be updated by the MAC-CE

As a separate issue, suppose UE only reports L1-RSRP of SSBs for deactivated candidate PCell without gNB/UE beam refinement per reported SSB. Upon new PCell activation, gNB may have to use the beam pair link (BPL) based on the identified best SSB before the PCell activation, which may have worse link budget than the CSI-RS based refined BPL in the old PCell. The potential worse link budget may affect the ongoing traffic especially when UE is at cell edge of the new PCell. 

In R17 inter-cell BM, the beam refinement for a neighbour cell can be achieved based on gNB implementation via CSI-RS configured for the serving cell. Specifically, the CSI-RS for gNB/UE beam refinement is configured for the serving cell but is essentially transmitted from the neighbour cell with neighbour cell SSB as the QCL source RS in the corresponding TCI state. However, this will consume CSI-RS resources and TCI states configured for the serving cell, especially when the number of neighbour cells is large for beam refinement.

For R18 L1/L2 based mobility, to save configured CSI-RS and TCI states for the serving cell, gNB can request CSI measurement and/or report based on CSI-RS and TCI states configured for deactivated cell, e.g. the measurement & report are configured under the deactivated cell, but can be requested and collected via the serving cell.

Proposal 7: To save configured CSI-RS and TCI states for the serving cell, gNB can request CSI measurement and/or report based on CSI-RS and TCI states configured for deactivated cell
In R17 for FR2, the UE is not expected to transmit PUCCH/PUSCH/SRS or receive PDCCH/PDSCH/TRS on SSB symbols for L1-RSRP measurement. Forbidding Rx/Tx only on measured SSBs is appropriate, since UE Rx timing difference from different PCIs is expected to be within CP for both inter-cell BM and inter-cell mTRP in R17. 
However, Rx timing difference can be larger than CP in R18 L1/L2 mobility. In this case, Rx/Tx should also be forbidden on more symbols around measured SSBs, e.g. X symbols before and after the measured consecutive SSBs, as shown in Figure 2. In addition, in case of fully async DL Tx timing between current serving cell and measured candidate cell, no Rx/Tx should be expected on all symbols within the SMTC window.
Proposal 8: In R18 L1/L2 mobility with potential Rx timing difference > CP, similar scheduling restriction rule as for L3 intra-frequency measurement on TDD band can be reused
· If candidate cell for SSB measurement has DL Tx timing aligned with current serving cell
· No Rx/Tx also on X symbols before and after measured SSBs with X depending on BWP SCS
· Otherwise, no Rx/Tx on all symbols within SMTC
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Figure 2: L1 measurement scheduling restriction
In R17, multiple RAN4 enhancements have been introduced for measurement gap, including concurrent gaps, pre-configured gap, network controlled small gap. Till R17, measurement gap is not needed for L1 measurement, which is always in active DL BWP. However, for R18 L1/L2 mobility, serving and non-serving SSBs for L1 measurement can have different frequencies, which have been agreed in the WID scope [1]. Therefore, measurement gap should be needed for L1 measurement of non-serving SSB on different frequency. Specifically, configured measurement gap can be linked to L1 measurement/report config. In case of SP/AP inter-frequency L1 measurement, L1/L2 signalling can activate/trigger SP/AP L1 measurement together with corresponding measurement gap. In addition, frequency tuning period may be reserved after/before the start/end of measurement gap.

Proposal 9: Introduce measurement gap for L1 measurement of non-serving SSB on different frequency
· Configured measurement gap can be linked to L1 measurement/report config
· L1/L2 signalling activates/triggers SP/AP L1 measurement together with measurement gap
· Frequency tuning period may be reserved after/before the start/end of measurement gap
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Figure 3: Measurement gap for L1 measurement
For existing L3 mobility measurement, UE can report L3 cell-level metrics, which reflect the overall cell quality, e.g. cell-level metric can be computed as linear average of beam-level metrics of top X strongest beams whose beam-level metrics exceed a configured threshold. Similar consideration may be beneficial for L1 measurement as well.

In R18 L1/L2 mobility, the cell switch latency may not be negligible if the new cell is originally deactivated, even when the candidate cells are pre-configured. As a reference, the existing UE capability on the switch latency between pre-configured BWPs is up to 18 slots in FR2. If the cell switch latency is much longer than the intra-cell beam switch latency, it would be beneficial for gNB to consider intra-cell beam diversity in addition to best beam quality offered per cell when selecting the new cell. Therefore, to jointly reflect best beam quality and intra-cell beam diversity offered per cell, L1 cell-level metric can be introduced and defined as average of X>1 best beams per cell, e.g. X=2 or 3. 

As illustrated in Figure 4, one benefit of the L1 cell-level metric is to save beam report overhead if gNB considers intra-cell beam diversity in cell switch. As the baseline, gNB itself can compute L1 cell-level metric via R17 inter-cell beam report. However, gNB in this way may need to collect report for top X beams per candidate cell. The report overhead could be large in case of large number of candidate cells. To save report, UE may only send beam report for top N candidate cells with highest L1 cell-level metric, which can be computed at UE based on gNB’s configuration.

Another potential benefit of the L1 cell-level metric is that in case of event-triggered L1 beam report, it may save triggered report if gNB considers intra-cell beam diversity in cell switch. As shown in Figure 5, suppose Cell #2 only has a single good beam (blue), but it becomes the best beam across Cell #1 & Cell #2, while Cell #1 has 3 slightly worse good beams (yellow, red, green). Suppose UE is currently served by Cell #1. UE may not trigger L1 report if cell-level metric is used as triggering condition, since Cell #1 still has better cell-level metric even if Cell #2 has the globally best beam.

Proposal 10: To mitigate frequent cell switch and reduce L1 report overhead, L1 cell-level metric can be introduced and defined as linear average of X>1 best beams per cell, e.g. X=2 or 3
· This may jointly reflect best beam quality and intra-cell beam diversity offered per cell
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Figure 4: L1 cell-level metric saves report by only reporting cells with good cell metric
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Figure 5: L1 cell-level metric saves report if used as report triggering condition
In R17 inter-cell BM/mTRP, for FR2, UE is not expected to perform L1 measurement on overlapped SSBs with different PCIs. In addition, for FR2, UE is not expected to perform L1 measurement on non-serving cell SSBs overlapped with SMTC for L3 measurement. However, the TDMed SSB measurement may increase the L1 measurement latency and hence the cell switching latency, especially when the number of cells to measure is large.

To reduce L1 measurement/report latency for FR2, UE capability can be introduced to measure overlapped SSBs in R18 L1/L2 mobility. Specifically, UE can indicate the support of measurement on overlapped SSBs with different PCIs, which can be measured simultaneously via different UE panels.

Proposal 11: To reduce L1 measurement/report latency, UE capability can be introduced to measure overlapped SSBs in time
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Figure 6: L1 measurement on overlapped SSBs in time

In R17 inter-cell BM, only intra-frequency measurement/report is considered. However, for R18 L1/L2 mobility, serving and non-serving SSBs for L1 measurement can have different frequencies, which have been agreed in the WID scope [1]. Therefore, the corresponding L1 measurement/report should consider both intra and inter-frequency L1 measurements and reports.

Proposal 12: Both intra and inter-frequency L1 measurement/report should be considered in L1/L2 mobility 
4. Beam Indication for Updated Cell
In R17 inter-cell beam management, only unified TCI framework is considered as beam indication scheme. Similar principle can be extended to L1/L2 based mobility, which can only consider unified TCI framework to simplify the discussion/design while maintaining all essential beam indication functionalities. 

Proposal 13: For beam indication, consider R17 unified TCI framework only
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Figure 7: Activation latency for DL applicable unified TCI
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Figure 8: Activation latency for UL applicable unified TCI
For the indicated DL/UL beams on the new cell to work well, UE needs to track the time/frequency offset for the DL beam and the path loss for the UL beam. According to RAN4 requirement [1], the activation latency for DL and UL applicable unified TCI states are plotted in Figure 7 and 8, respectively. For simplicity, it assumes that all TCI states to be activated are known and configured for a single cell. As shown in Figure 7 for DL applicable TCI activation latency, after the MAC-CE command application time, the TCI activation latency also includes the time to measure the 1st transmission of SSB as the QCL-Type A or C source in the TCI state to be activated and corresponding 2 ms processing time, after which the activated DL applicable unified TCI states are ready for DCI to indicate. Depending on the SSB time location, the SSB measurement and processing latency varies from 2 ms to 22 ms in case of 20 ms SSB periodicity. Similarly, as shown in Figure 8 for UL applicable TCI activation latency, after the MAC-CE command application time, the TCI activation latency also includes the time to measure the 5 occasions of PL RS associated with the TCI state to be activated and corresponding 2 ms processing time, after which the activated UL applicable unified TCI states are ready for DCI to indicate. The PL RS can be SSB or CSI-RS. If SSB serves as PL RS, depending on the SSB time location, the 5-occasion PL RS measurement and processing latency can be 102 ms in case of 20 ms SSB periodicity.

To save the above SSB/PL RS measurement latency, in L1/L2 mobility, TCI states can be activated for deactivated candidate SpCell and, hence, can be applied when this candidate SpCell is selected as the new SpCell. To truly save the latency, UE should maintain those TCI states before candidate SpCell is activated. Therefore, UE capability on the maximum active TCI states for deactivated cells can be introduced, and can be different from that for activated cells, since no real data/control Tx/Rx is required. To fully utilize the UE capability, gNB should ideally only activate TCI states for good candidate SpCells based on their L1 measurement reports.

Proposal 14: TCI states can be activated for deactivated candidate SpCell, such that the TCI state activation latency can be reduced or eliminated upon selection of this candidate SpCell as the new SpCell
· To truly save the latency, UE should maintain those TCI states before candidate SpCell is activated
· gNB should ideally only activate TCI states for good candidate SpCells based on their L1 reports
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Figure 9: TCI state activation for deactivated candidate SpCell
In R17 efficient SCell activation, SCell activation MAC-CE can also trigger A-TRS to reduce SCell activation latency. Similar concept can be extended to L1/L2 mobility. Specifically, the SpCell update command can also trigger TRS and beam management to reduce TCI state activation latency and beam refinement latency, respectively, especially when the new SpCell is previously deactivated. As for the triggered beam management, it can be for gNB and/or UE side beam refinement. 
Proposal 15: To reduce TRS tracking and beam refinement latency after SpCell update, SpCell update command can also trigger TRS or beam refinement
[image: ]

Figure 10: SpCell update command triggered beam management
5. Conclusion
[bookmark: _Hlk83741726]In this contribution we discussed L1 enhancements for inter-cell beam management, including L1 measurement and reporting, beam indication, and dynamic switch mechanism among candidate serving cells. Below is the summary of the corresponding proposals.
Proposal 1: Support SpCell/CG update command to carry beam indication for joint cell/CG & beam switch
· The CG update command can carry beam indication(s) for multiple target cells

Proposal 2: Existing cell/beam activation/indication signalling can be extended for the SpCell/CG update
· E.g. SCell or unified TCI state activation MAC-CE, unified TCI state indication DCI

Proposal 3: To ensure reliability, SpCell/CG update based on L1/L2 signalling should be acknowledged
Proposal 4: Application time should be specified for the SpCell/CG update command
· Application time can be different for previously activated and deactivated new SpCell/CG

Proposal 5: Support event-triggered L1 report for candidate cells for L1/L2 based mobility
· The report can be carried in MAC-CE or UCI

Proposal 6: Support MAC-CE activation of L1 report for a set of PCIs
· Related measurement/reporting config may also be updated by the MAC-CE

Proposal 7: To save configured CSI-RS and TCI states for the serving cell, gNB can request CSI measurement and/or report based on CSI-RS and TCI states configured for deactivated cell
Proposal 8: In R18 L1/L2 mobility with potential Rx timing difference > CP, similar scheduling restriction rule as for L3 intra-frequency measurement on TDD band can be reused
· If candidate cell for SSB measurement has DL Tx timing aligned with current serving cell
· No Rx/Tx also on X symbols before and after measured SSBs with X depending on BWP SCS
· Otherwise, no Rx/Tx on all symbols within SMTC

Proposal 9: Introduce measurement gap for L1 measurement of non-serving SSB on different frequency
· Configured measurement gap can be linked to L1 measurement/report config
· L1/L2 signalling activates/triggers SP/AP L1 measurement together with measurement gap
· Frequency tuning period may be reserved after/before the start/end of measurement gap

Proposal 10: To mitigate frequent cell switch and reduce L1 report overhead, L1 cell-level metric can be introduced and defined as linear average of X>1 best beams per cell, e.g. X=2 or 3
· This may jointly reflect best beam quality and intra-cell beam diversity offered per cell

Proposal 11: To reduce L1 measurement/report latency, UE capability can be introduced to measure overlapped SSBs in time
Proposal 12: Both intra and inter-frequency L1 measurement/report should be considered in L1/L2 mobility 
Proposal 13: For beam indication, consider R17 unified TCI framework only
Proposal 14: TCI states can be activated for deactivated candidate SpCell, such that the TCI state activation latency can be reduced or eliminated upon selection of this candidate SpCell as the new SpCell
· To truly save the latency, UE should maintain those TCI states before candidate SpCell is activated
· gNB should ideally only activate TCI states for good candidate SpCells based on their L1 reports

Proposal 15: To reduce TRS tracking and beam refinement latency after SpCell update, SpCell update command can also trigger TRS or beam refinement
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