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Introduction
[bookmark: _Hlk492027000]In order to reduce the mobility latency, in Rel-18 WID on Further NR mobility enhancements, RP-222332 [1], one of the objectives was agreed to specify mechanism and procedures of Layer 1/Layer 2 (L1/L2) based inter-cell mobility which includes the following items:

	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



In this contribution, we discuss different L1 enhancements required for L1/L2-based inter-cell mobility, including measurements, reporting, and target cell beam indications. We also discuss a special handover scenario of UEs which are already operating in Rel-17 inter-cell beam management (ICBM).

Discussion
In the first RAN2 WG meeting [2] on L1/L2-based inter-cell mobility, L1/L2-based inter-cell mobility is defined as a procedure in which a gNB receives L1 measurement reports from UEs and relying on which the gNB changes UEs’ serving cell(s) via L1/L2 signalling. The gNB prepares one or multiple candidate cells and provides the candidate cell configurations to the UE. Figure 1 shows the time chart model used in RAN2 [3] capturing the components of mobility latency in L1-L2-based inter-cell mobility.
[image: ]
Figure 1 RAN2 Time Chart model for L1/L2-based inter-cell mobility [3]

L1 Measurements Configuration of Non-serving Cell Candidates
To enable L1/L2-based inter-cell mobility, the UE needs to be configured to perform and report L1 measurements of prepared non-serving cell candidates (candidates for target cells). The UE can be configured to measure SSB resources from candidate non-serving cells using the Rel-17 inter-cell beam measurement and reporting framework which is applied for ICBM and inter-cell multi-TRP (mTRP) enhancements, where a cell specific identifier (Physical Cell Identity (PCI)) is associated with the configured SSB resource in the CSI-SSB-ResourceSet RRC information element. 
Proposal 1: For L1/L2-based inter-cell mobility, Rel-17 inter-cell beam measurement and reporting framework (via Rel-17 CSI-SSB-ResourceSet that enable measurements on SSBs from non-serving cells) shall be used as the starting point.
In addition to SSBs, NZP-CSI-RS resources from non-serving cells can also be configured to make L1- measurements. This is beneficial as the CSI-RS measurements are performed over larger bandwidth with shorter periodicity options. In Rel-17, NZP-CSI-RSs from non-serving cells are allowed to configure but without explicitly providing the associated PCIs. Instead, it is done using QCL chain, where the associated PCI of an NZP-CSI-RS is derived based on the QCL source RS indicated by the qcl-InfoPeriodicCSI-RS where the source RS (SSB) up in the QCL chain can provide information on the associated non-serving cell (PCI).
Observation 1: NZP-CSI-RS measurements from non-serving cells should be supported for L1/L2-based inter-cell mobility.
Proposal 2: To configure the NZP-CSI-RS measurements from non-serving cell, reuse the Rel-17 principle of QCL chain for associating NZP-CSI-RSs with specific PCI. 
Please note that the Rel-17 L1 measurements for ICBM and inter-cell mTRP enhancements are only supported for intra-frequency scenario. For L1/L2-based inter-cell mobility, inter-frequency scenario has also agreed to be supported [1]. Therefore, RAN1 shall study the enhancements to Rel-17 L1 measurements framework to enable inter-frequency measurements. 
Proposal 3: RAN1 to study enhancements to Rel-17 L1 measurement and reporting framework to enable inter-frequency inter-cell mobility scenarios.
Larger the number of candidate cells and the associated RS (e.g., SSBs) configured for L1-measurements, higher the overhead of configuration and measurement reporting. On the other hand, larger configuration set provides enough flexibility to select an appropriate target cell. In Rel-17, the maximum number of cells (with different PCIs) configured to measure for ICBM different from the serving cell is set to 7. Similarly, the maximum number of SSBs (across all 8 PCIs) that can be configured for the UE to measure is 64. Considering the fact that each PCI can potentially have up to 64 SSBs, RAN1 should discuss if there is a need to increase the number of RSs configured for measurements (across all different configured PCIs) for L1/L2-based inter-cell mobility. One possible way is to configure (via RRC) a larger set of RSs (>64) but with activation of only appropriate sub-set for L1 reporting based on the UE mobility. This may reduce the need of continuous update of configured RS set (by RRC Reconfiguration) due to UE mobility. The maximum number of non-serving cells and number of RSs associated with each cell configured for L1-measurements at any given time should be such that the configuration and measurement overhead can be kept manageable without reducing much flexibility of selecting appropriate target cells. 
Proposal 4: RAN1 to decide any changes required on Rel-17 supported the maximum number of additional cells (non-serving cells) and the maximum number of RSs associated with each cell that can be configured for L1 measurement for L1/L2-based inter-cell mobility. 

Reporting Configuration for Candidate Non-Serving Cells
In terms of measurement quantity, Rel-15 L1-RSRP can be supported, where ssb-index-RSRP calculated from SSB containing the measured SSB index and associated L1-RSRP and cri-RSRP calculated from CSI-RSs containing the measured NZP-CSI-RS index and associated L1-RSRP can be used as measurement quantities. 
Proposal 5: Non-serving cell beam IDs (CRI/SSBRI) and L1-RSRP can be used as measurement reporting quantities for L1/L2-based inter-cell mobility. RAN1 may further study other reporting quantities that report L1 beam measurement quality. 
In terms of reporting, in Rel-17, mixed reporting containing the measurements of serving and non-serving cell is supported. Also, no limit for the reporting setting was agreed for the number of different PCIs in a single reporting instance. This should be reused for L1/L2-based inter-cell mobility as well. 
Within each report, the maximum number of reported beams in Rel-17 was not increased (i.e., K = 4) and is configurable by network based on the UE capability. In practice, the increase of maximum number of reported RS may not provide additional benefit since the network typically decides on cell switch/handover based on the highest reported RSs of a cell. 
Proposal 6: As a starting point, the maximum number of reported RS (associated with serving or/and non-serving cells) in a single reporting instance is 4.
In terms of reporting format, it was agreed in Rel-17 to reuse the Rel-15 L1-RSRP reporting format using one absolute 7-bit RSRP and remaining 4-bit differential RSRP value (relative to the absolute value). In order to avoid any new specification changes, the same format can be reused for L1/L2-based inter-cell mobility.
Proposal 7: Rel-17 ICBM and inter-cell mTRP L1 reporting format can be used for L1/L2-based inter-cell mobility. 
All different time types of Rel-15 L1-measurment reporting frequency, i.e., periodic, semi-persistent, and aperiodic can be supported to report serving and non-serving cell measurements. The detailed RRC configuration of CSI-MeasConfig containing all different types of CSI-Report configurations and associated CSI-RSs (of serving and candidate non-serving cells) can be given to the UE during the handover preparation phase, e.g., as a part of the handover command (RRC Reconfiguration). Periodic L1-measurement reports with associated periodic RSs can be configured and triggered during the handover preparation phase, e.g., as a part of the handover command (RRC Reconfiguration). For a semi-persistent L1-measurement report, one of the pre-configured reports can be activated by sending an additional L1 (DCI) or L2 (MAC-CE) command during the handover execution phase (i.e., after the handover command is received by the UE). For an aperiodic L1-measurement report, one of the pre-configured reports can be indicated by sending an additional L1 (DCI) command during the handover execution phase (i.e., after the handover command is received by the UE).
In addition, event triggered measurement reporting can also be supported. The number of non-serving cells/SSBs to evaluate using L1-measurements for L1/L2 inter-cell mobility is expected to be more than what typically is needed for Rel-17 ICBM and inter-cell mTRP scenarios. For example, for Rel-17 ICBM, UE can only be configured to report one additional PCI. In Rel-17 ICBM and inter-cell mTRP, the serving cell does not get changed and therefore, the number of non-serving cells to be measured is constrained by the limited area when the UE should still have good link quality with the serving cell. In the case of handover, where serving cell also gets changed, the network can consider a larger area containing more non-serving cells to measure and evaluate for handover. In order to reduce the overhead of measurement and reporting, event triggered reporting can be a potential solution. For example, an L1 event can be designed as when the L1-RSRP from a configured non-serving cell is above the L1-RSRP from the serving cell to trigger the L1 report. As another example, UE could be configured to indicate when a specific reporting configuration (e.g., associated with specific PCI). Currently, the L1 reporting framework does not support UE event-based reporting. Event based reporting would require potentially new events and reporting formats and methods. 
Proposal 8: Periodic, semi-persistent, and aperiodic L1-measurement reporting (and the respective measurements) are supported for L1/L2-based inter-cell mobility.
Observation 2: The number of non-serving cells to evaluate using L1-measurements for L1/L2 inter-cell mobility is expected to be more than what typically is needed for Rel-17 ICBM and inter-cell mTRP scenarios.
Observation 3: Currently, UE event-based reporting is not supported for providing L1 measurement reports
Proposal 9: Event triggered reporting is supported for L1/L2-based inter-cell mobility. Study what events should be used and what to be reported to the network. 
Also, if event triggered reporting is supported, solutions for scenarios when for a UE both event triggered reporting and any of periodic/semi-persistence/aperiodic reporting are configured can be further studied.
Target Cell Beam Indication
It was assumed in RAN2 #119 [2] that after receiving the L1-measurement report(s) from the UE, the gNB can use the measurement report(s) to make decision for cell switch/handover. The gNB can use the L1-measurement reports to select the target cell for handover. One of the key objectives of L1/L2-based inter-cell mobility is to minimize the handover interruption time, which was assumed in RAN2 #119 [2] as the time from UE receives the cell switch command to UE performs the first DL/UL reception/transmission on the indicated beam of the target cell. After receiving the cell switch command from the gNB, the time spent in evaluating and selecting a target cell beam (e.g., SSB) using additional L1-measurements can contribute to the handover interruption delay. One of the potential solutions to minimize this time is to already provide the UE target cell beam indication which can directly be selected by the UE to perform the first DL/UL reception/transmission with the target cell (e.g., to initiate the RACH procedure in case of RACH is performed with the target cell). 
Observation 4: Evaluating and selecting the target cell beam using additional L1-measurements after the cell-switch command can contribute to the handover interruption delay significantly. 
In order to minimize the time needed to acquire the target beam after receiving the cell-switch command, the gNB (e.g., source cell) can provide the UE the target cell beam indication in the form of TCI state(s) associated with the target cell. Following the Rel-15 beam indication framework, a set of TCI states can be configured first to the UE before indicating a beam in the form of a TCI state (selected from the configured set of TCI states). One method to enable that is in the preparation phase, a set/list of TCI states associated with (prepared) candidate non-serving cells can be configured to the UE. To configure such set of TCI states for one or more candidate non-serving cells, one option can be to use a single list containing the TCI states associated with all cells including serving and candidate non-serving cells. This is similar to Rel-17 RRC TCI state configuration of serving cell for inter-cell operation cells where a TCI state can belong to a non-serving cell using additionalPCI-r17 parameter to indicate the associated cell. However, it can be studied if this kind of joint configuration would also work efficiently for handover. Another option can be to configure a separate list of TCI states for each of the candidate non-serving cells. This TCI list can be a part of the candidate cell configuration given to the UE in the preparation phase. With the second option, when the UE is indicated the specific target cell to handover, the UE may also consider the associated list of TCI states to be used after the handover. 
Proposal 10: For the target cell beam indication, RAN1 to decide on how the list of TCI states associated with a candidate cell is configured:
· Option 1: As in Rel-17, configure a single list containing the TCI states associated with serving and one or more candidate non-serving cells.
· Option 2: Configure a separate list of TCI states for each of the candidate non-serving cells.
After the RRC level configuration of a set of TCI states, the network needs to send the UE a beam indication (associated TCI state) from the RRC configured set of TCI states associated with the target cell to indicate the beam to be used by the UE for the first DL/UL transmissions/reception with the target cell. For the beam indication, Rel-17 MAC-CE based or/and DCI-based beam indication (DCI format 1_1/1_2 with and without DL assignment including the associated MAC-CE-based TCI state activation) can be supported for the L1/L2-based inter-cell mobility as well. 
Proposal 11: Rel-17 beam indication for ICBM shall be supported for target cell beam indication in L1/L2-based inter-cell mobility as the starting point. 
As discussed above, the target cell beam indication before the handover can be beneficial for reducing the handover interruption time. However, it is not clear when this beam indication should be sent to the UE. There can be different options to do that, before the cell switch command, within the cell switch command, or separately after the cell switch command. For example, in case of RACH-less handover, which is discussed as a part of the timing advance (TA) management in our companion contribution [4] when early TA acquisition for the target cell can be allowed, the UE can be provided the target cell beam indication before the cell switch command; however, a disadvantage of this case is that due to the long duration between the time UE acquires TA of the target cell to the time when the UE performs cell switch, the already indicated target cell beam may not be valid for the UE any more (e.g., due to UE mobility). From this perspective, a beam indication provided close to the actual cell switching time (within or after the cell-switch command) would be better. 
Proposal 12: RAN1 to study when the target cell beam indication is provided to the UE 
· Option 1: Before the cell switch command
· Option 2: Within the cell switch command
· Option 3: After the cell switch command. 
In terms of TCI state configuration of the target cell, Rel-17 unified TCI framework based both joint TCI and separate DL/UL TCI can be used to indicate the target cell beam indication. In case of separate DL/UL TCI, both DL and UL TCI states associated with the target cell should be provided to the UE. In case of only DL or only UL TCI state, there may be ambiguity for the other direction TCI state to be used after the handover.
Proposal 13: Rel-17 unified TCI framework based both joint TCI and separate DL/UL TCI are supported for target cell beam indication for L1/L2-based inter-cell mobility. In case of separate DL/UL TCI states, both DL and UL TCI states are provided to the UE.
Switching from ICBM Operation
In the first RAN2 WG meeting [2] on L1/L2-based inter-cell mobility, this was assumed that the ICBM is not a pre-requisite condition to trigger L1/L2-based inter-cell handover; however, this can be one scenario for the UEs to be in before the L1/L2-based inter-cell handover. In this section, we discuss the case of UEs which are already in Rel-17 ICBM operation, i.e., transmitting/receiving UE-dedicated channels/signals using a non-serving cell and receiving non-UE dedicated channels/signals using the serving cell. For such UEs, L1/L2-based inter-cell mobility can still be configured where the UEs can be configured with prepared candidate non-serving cells with their L1-measurements and reporting configuration which may include additional non-serving cells than the one with which ICBM operation is already being performed. 

The UE in ICBM can make measurements with the serving and candidate non-serving cells and report it to the gNB (e.g., using ICBM non-serving cell). Based on the L1-measurement reports from the UE that is already in ICBM operation, there can be different possible target scenarios where the UE can be switched to as shown in Figure 2. In the example shown in Figure 2, it is assumed that the UE is in ICBM as the starting point, i.e., UE’s source ICBM operation, with PCI 1 as its serving cell (source serving cell), and PCI 2 as its ICBM non-serving cell (source ICBM non-serving cell). The different target scenarios after handover including both ICBM and non-ICBM scenarios can be:



[bookmark: _Ref114577434]Figure 2 Different target scenarios for the UEs already in ICBM

· Scenario 1 (Figure 2(b), ICBM to non-ICBM):  The UE’s source ICBM non-serving cell (PCI 2) is selected as the target cell (new serving cell) for handover and there is no ICBM operation after the handover. In other words, the UE is switched from an ICBM scenario to a non-ICBM scenario where the UE gets disconnected from its current serving cell and uses the new serving cell for both UE-dedicated and non-UE dedicated channels/signals transmission/reception.

· Scenario 2 (Figure 2(c), ICBM to non-ICBM): A non-serving cell (PCI 3/4, Figure 2(c) only shows an example with PCI 3 as the target cell), which is not related to the UE’s source ICBM operation is selected as the target cell for handover and there is no ICBM operation after the handover. In other words, the UE gets disconnected from both the cells of its source ICBM operation and switches to a new non-serving cell for both UE-dedicated and non-UE dedicated channels/signals transmission/reception.

· Scenario 3 to 6 (Figure 2(d) to 2(g), ICBM to ICBM): In these scenarios, the UE is switched to another ICBM scenario but with a different serving cell. The target cell (new serving cell) can be the source ICBM non-serving cell (as shown in scenario 3) or a new cell not related to the source ICBM scenario (as in scenarios 4/5/6). The target ICBM non-serving cell can be the same source ICBM non-serving cell (as in scenario 4) or the source serving cell (as shown in scenarios 3/5) or a new cell not used in the source ICBM operation (as in scenario 6). Since Rel-17 ICBM operation is only supported with intra- Distributed Unit (DU) inter-cell operations, we assume the same even for all the target ICBM scenarios where both serving and non-serving cell of ICBM are associated with the same DU, however, the DU in the target ICBM scenario can be same or different from the last/source ICBM operation. 

These ICBM-to-ICBM handovers can be enabled by providing the UE an appropriate L1 target scenario configuration, e.g., appropriate TCI activation/indication associated with serving cell and ICBM non-serving cell, during the handover preparation phase. 

RAN1 can first study and agree on the scenarios to be considered for the UEs already in ICBM. The detailed enhancements (if any) required in the preparation phase configuration, TCI activation/indication framework, or/and cell switch command can be discussed further in the later meetings.

Proposal 14: For the UEs already in ICBM operation, both non-ICBM and ICBM scenarios are supported as target scenarios after L1/L2-based inter-cell handover. For ICBM-to-ICBM handover, both serving and non-serving ICBM cells in the target scenario are associated with the same DU.  Scenario where serving and non-serving ICBM cell are with different DU is FFS.
Conclusion
In this contribution, we discuss the details of different L1/L2-based inter-cell mobility components including L1 measurement and reporting configuration, beam indication of target cell, and a special handover scenario for the UEs already in ICBM. The following observations and proposal have been made:
Proposal 1: For L1/L2-based inter-cell mobility, Rel-17 inter-cell beam measurement and reporting framework (via Rel-17 CSI-SSB-ResourceSet that enable measurements on SSBs from non-serving cells) shall be used as the starting point.
Observation 1: NZP-CSI-RS measurements from non-serving cells should be supported for L1/L2-based inter-cell mobility.
Proposal 2: To configure the NZP-CSI-RS measurements from non-serving cell, reuse the Rel-17 principle of QCL chain for associating NZP-CSI-RSs with specific PCI. 
Proposal 3: RAN1 to study enhancements to Rel-17 L1 measurement and reporting framework to enable inter-frequency inter-cell mobility scenarios.
Proposal 4: RAN1 to decide any changes required on Rel-17 supported the maximum number of additional cells (non-serving cells) and the maximum number of RSs associated with each cell that can be configured for L1 measurement for L1/L2-based inter-cell mobility. 
Proposal 5: Non-serving cell beam IDs (CRI/SSBRI) and L1-RSRP can be used as measurement reporting quantities for L1/L2-based inter-cell mobility. RAN1 may further study other reporting quantities that report L1 beam measurement quality.
Proposal 6: As a starting point, the maximum number of reported RS (associated with serving or/and non-serving cells) in a single reporting instance is 4.
Proposal 7: Rel-17 ICBM and inter-cell mTRP L1 reporting format can be used for L1/L2-based inter-cell mobility. 
Proposal 8: Periodic, semi-persistent, and aperiodic L1-measurement reporting (and the respective measurements) are supported for L1/L2-based inter-cell mobility.
Observation 2: The number of non-serving cells to evaluate using L1-measurements for L1/L2 inter-cell mobility is expected to be more than what typically is needed for Rel-17 ICBM and inter-cell mTRP scenarios.
Observation 3: Currently, UE event-based reporting is not supported for providing L1 measurement reports
Proposal 9: Event triggered reporting is supported for L1/L2-based inter-cell mobility. Study what events should be used and what to be reported to the network.
Observation 4: Evaluating and selecting the target cell beam using additional L1-measurements after the cell-switch command can contribute to the handover interruption delay significantly
Proposal 10: For the target cell beam indication, RAN1 to decide on how the list of TCI states associated with a candidate cell is configured:
· Option 1: As in Rel-17, configure a single list containing the TCI states associated with serving and one or more candidate non-serving cells.
· Option 2: Configure a separate list of TCI states for each of the candidate non-serving cells.
Proposal 11: Rel-17 beam indication for ICBM shall be supported for target cell beam indication in L1/L2-based inter-cell mobility as the starting point.
Proposal 12: RAN1 to study when the target cell beam indication is provided to the UE 
· Option 1: Before the cell switch command
· Option 2: Within the cell switch command
· Option 3: After the cell switch command.
Proposal 13: Rel-17 unified TCI framework based both joint TCI and separate DL/UL TCI are supported for target cell beam indication for L1/L2-based inter-cell mobility. In case of separate DL/UL TCI states, both DL and UL TCI states are provided to the UE.
Proposal 14: For the UEs already in ICBM operation, both non-ICBM and ICBM scenarios are supported as target scenarios after L1/L2-based inter-cell handover. For ICBM-to-ICBM handover, both serving and non-serving ICBM cells in the target scenario are associated with the same DU.  Scenario where serving and non-serving ICBM cell are with different DU is FFS.
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