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Introduction
In this paper, we discuss unified TCI framework based inter-cell beam management enhancements for Rel-18 mobility enhancement WI [1]
	1. To specify mechanism and procedures of L1/L2 based inter-cell mobility for mobility latency reduction:
· 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
· 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
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Discussion
L1/L2 based mobility framework

The goal of L1/L2 based mobility is to allow a serving cell change based on L1/L2 signalling without a trigger from RRC-Reconfiguration (reconfiguration with sync) message used to perform handover. The motivation is to reduce the latency, overhead and interruption time. A high-level signal flow over the air-interface for L1/L2 based mobility is shown in Figure 1.
[image: Graphical user interface

Description automatically generated]
[bookmark: _Ref131765508]Figure 1: High level signal flow for L1/L2 based mobility

Within this framework, we discuss enhancements to inter-cell beam management including measurement and reporting framework. 
L1 Measurement
In Release 17 Unified TCI framework design for inter-cell beam management, it is already possible for the UE to perform measurements on SSB from neighbor cells and include information about non-serving cells in the L1-RSRP report. However, CSI-RS for BM is currently not included in the list of RSs that can be measured from the non-serving cell. Therefore, to enable more accurate L1 measurements for performing handover (which was precluded in Rel-17) CSI-RS for BM should be enabled for non-serving cell measurements.
Proposal 1: CSI-RS for BM associated with non-serving cells can be used for L1 measurements in addition to non-serving cell SSBs

In their reply-LS [4], RAN4 has mentioned that RAN4 has not discussed about the definition of CSI-RS based inter- and intra-frequency measurements. Therefore, if RAN1 agrees to support CSI-RS for L1 measurements, we can additionally send an LS to RAN4 asking them to discuss further on the scenarios for inter- and intra-frequency measurement. 
For candidate cell measurement, the following was agreed in RAN1
	Agreement
· For candidate cell measurement for Rel-18 LTM, 
· SSB based L1-RSRP is supported for intra-frequency measurement
· SSB based L1-RSRP is supported for inter-frequency measurement from RAN1 point of view
· FFS: L1-SINR, CSI-RS based L1-RSRP


Based on the above agreement, it is to be studied whether L1-SINR can additionally be used as a measurement quantity for intra- and inter-frequency measurements. From our viewpoint, L1-RSRP may be sufficient to facilitate inter-cell beam management for L1/L2 based mobility. Furthermore, the need for introducing UL measurements is not clear at this point and given the limited time, we prefer to limit the enhancements to DL measurements. Based on discussion in previous meetings it is clear at this point that L1-SINR and UL measurements currently do not have RAN1 consensus and are not critical features for the completion of the WI. Therefore, we have the following proposal. 
Proposal 2: L1-SINR as measurement quantity and UL measurements for L1/L2 mobility can be deprioritized
RAN1 had sent an LS to RAN4 on potential relaxation of restriction for intra-frequency measurements and the following response was received:
	Question 1 (to RAN4): RAN1 respectfully asks RAN4 if the restriction on e.g., SFN offset alignment, BWP setting, i.e., non-serving cell SSB should be covered by serving cell active BWP, and Rx timing difference, etc, described in 9.13.2 of TS38.133 for intra-frequency L1 non-serving measurement can be relaxed or not. 
RAN4 feedback: 
[bookmark: _Hlk128499667]Whether to consider RTD of serving cell and neighbour cell larger than one CP for intra-frequency L1-RSRP measurement?
· For SSB based intra-frequency L1 measurement, RAN4 agreed to support the scenario that RTD between the SSBs of serving cell and neighbour cell on the same carrier is larger than CP length of the corresponding SCS with additional UE capability.
· Note: the need for UE capability can be further discussed subject to the outcome of the discussion on measurement framework.
Whether SFN offset alignment can be relaxed?
· The SFN offset alignment can be relaxed if UE performs L3 measurement before L1 measurement. 
[bookmark: _Hlk126693494]Whether SSB for intra-frequency L1 measurement should be covered by serving cell active BWP?
· At least in some scenarios, the SSB for intra-frequency L1 measurement may not be covered by serving cell active BWP. The scenarios and whether to define the L1-RSRP measurement requirements for those scenarios are under discussion in RAN4.


Based on the response from RAN4, it is possible to support neighbor cell CSI measurement based on SSB when the RTD is larger than CP length. RAN1 should apply this restriction for Rel-17 inter-cell beam management CSI measurement.
Proposal 3: Use Rel-17 ICBM CSI measurement framework with extension to candidate cells where the SSB RTD is larger than CP length for SCS of the given carrier
RAN1 can further discuss how to incorporate the SFN offset alignment relaxation for L1 measurement i.e., to how to ensure L3 measurements before L1 measurements. 
L1 Reporting
The following agreement was reached in RAN1#111 for L1 measurement report
	Agreement
· For gNB scheduled L1 measurement report for Rel-18 LTM, report as UCI is supported
· Semi-persistent report on PUSCH, and aperiodic report on PUSCH are supported
· FFS: periodic and semi-persistent PUCCH
· In a single report instance, report for serving cell and candidate cell(s) for intra-frequency and/or inter-frequency can be included. 


Given that the L1 report can include both intra- and inter-frequency beam reports, the report size may be quite large, therefore when both are included, reporting over PUCCH may not be feasible from an overhead standpoint. Therefore, if larger number of reported beams and both intra- and inter-frequency measurement are reported in the same report, PUSCH is preferable. Additionally in case of larger report size, MAC-CE based reporting should also be supported. 
Proposal 4: For L1 measurement report for LTM, support reporting over PUSCH and MAC-CE if both inter- and intra-frequency measurements are reporting in a single reporting instance. 
In RAN1#112, the following FL proposal was discussed but no consensus was reached.
	
· For L1 measurement reporting for LTM,
· At maximum [4] beams (4 is a starting point, FFS: the values and UE capabilities) from candidate cell(s) [and serving cells] configured for measurement & reporting can be reported in a single report instance
· FFS whether the configured candidate cell(s) can be activated
· FFS how to choose the beams to be reported from multiple candidate cells, e.g. from all configured/activated candidate cells, from each candidate cell, from each group of candidate cells, from selected candidate cells 
· [Additionally/At least]1 beam from the serving cell is included in the report instance
· FFS: always included or depending on the gNB configuration



For this proposal, it is good to clarify further the notion of “configured” and “activated” candidate cells. In general, for efficient LTM operation it may be good to configure more than 7 candidate cells but allow MAC-CE to “activate” measurement configuration for X cells with X7 subject to UE capability. We also support reporting a larger number of beams per reporting instance if the number of activated candidate cells is large. Then it may be up to UE to select how many beams to report from each candidate cell. The report can include a candidate cell identifier with each measurement. 
Proposal 5: Support reporting larger than 4 beams per L1 reporting instance along with configuration of more than 7 candidate cells and activation of 7 or more candidate cells by MAC-CE for L1 measurement reporting subject to UE capability.
Beam Indication
	Agreement
· RAN1 to further study if the beam indication of candidate cell(s) L1/L2 mobility should be designed for a specific TCI framework below, and their potential RAN1 spec impact. 
· Option A:  Beam indication for Rel-18 L1/L2 mobility is designed based on Rel-17 TCI framework mechanism
· Option B: Beam indication for Rel-18 L1/L2 mobility is designed based on Rel-15 TCI framework mechanism 
· Option C: Beam indication for Rel-18 L1/L2 mobility is designed based on both Rel-15 and Rel-17 TCI framework mechanisms
Agreement
· The beam indication of candidate cell(s) for Rel-18 LTM should be designed based on the following:
· Beam indication for Rel-18 LTM is designed based on Rel-17 unified TCI framework, if both serving cell and candidate cell support Rel-17 unified TCI framework 
· FFS: whether/how to design mechanism for Beam indication for Rel-18 LTM when at least one from serving cell and candidate cell supports only Rel-15 TCI framework.
· Note: How and whether to indicate the new serving cell(s) and timing for beam indication are separately discussed 


In Rel-17 unified TCI framework, interaction between unified TCI framework and Rel-15 TCI framework was not designed by restriction configuration of these frameworks in the same CC. For Rel-18 LTM, design of handover from a serving cell supporting Rel-17 UTCI to a candidate cell supporting Rel-15 TCI framework would incur unnecessary design complications with respect to TCI state configurations especially for the uplink. Therefore, we prefer that Rel-18 LTM is supported only by cells supporting the Rel-17 UTCI framework. 
Proposal 6: LTM based handover from serving cell supporting Rel-17 UTCI to a candidate cell supporting Rel-15 TCI (and vice-versa) should not be allowed. 
The following agreement was made in RAN1#112 for unified TCI based beam indication
	Agreement
· At least for Rel-17 unified TCI framework based beam indication included in cell switch command (i.e. scenario 2), beam indication applies to signals/channels that follow or are configured to follow Rel-17 unified TCI at the target cell(s) 
· FFS: beam indication for mTRP case


Given that RAN1 agreed that beam indication for single TRP works without modification, we do not see any need to enhance mTRP beam indication case due to serving cell change as well. The procedures being specified in Rel-18 eUTCI case should be compatible with LTM. 
For scenarios supported for beam indication, we have the following agreements from previous RAN1 meetings:
	Agreement
· For beam indication timing for Rel-18 LTM, 
· Support Scenario 2: Beam indication together with cell switch command, 
· For Rel-17 unified TCI framework, 
· Beam indication indicates TCI state for each target serving cell
· FFS: Scenario 1: Beam indication before cell switch command
· FFS: Scenario 3: Beam indication after cell switch command
· FFS: Activation of TCI state(s) of target serving and/or candidate cell(s). 


While scenario 2 is already agreed, scenario 1 and 3 are still FFS. In our understanding, a lot of discussion revolves around TCI state activation for candidate cell before cell switch command and how this TCI configuration remains valid after cell switch. If we are able to clarify these points, then we do not see why scenario 1 is essential to Rel-18 LTM. As long as TCI states are activated, there would not be any major difference in sending the beam indication with or before the cell switch command MAC-CE. Additionally, the activation of TCI states is also dependent on how RAN2 provides the TCI state list for candidate cells. A new TCI activation MAC-CE for candidate cells may be further designed by RAN2. RAN1 can discuss how many such activations is expected e.g., if only for one candidate cell.
Proposal 7: Scenario 2 with candidate cell TCI state activation after early sync procedure is sufficient for Rel-18 LTM. Scenario 1 and 3 may be deprioritized
Proposal 8: A new candidate cell TCI activation MAC-CE may be needed before the cell switch command MAC-CE and RAN1 should inform RAN2 of this requirement. 

L1-RSRP Filtering 
One issue for L1 measurement-based mobility is the potential for ping pong effect. In the following figure, we present SLS evaluation results for inter-cell mobility based on the EVM agreed for Rel-17 MIMO [2]. We model the case of L1-handover modeled using a handover threshold of 3dB i.e., handover is assumed when the RSRP of a non-serving cell is 3dB higher than the RSRP of a serving cell. The UE has 3 panels with the front panel facing the direction of motion. 
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Figure 2: Handover Locations for UE in FR2 with 1 RPM rotation
From Figure 2, it can be seen that, even at very low UE rotation of 1 RPM, there is a potential for ping effect i.e., the UE changes cells at the switch-over point multiple times. In this evaluation no time-domain filtering was applied at the UE side. When rotation or impairments are increased, there is significant increase in ping-pong effects. 
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Figure 3: Handover Locations for UE in FR2 with 50 RPM rotation (a) without L1-RSRP Filtering showing heavy ping-pong effect and (b) with layer 1 filtering of L1-RSRP which reduced ping-pong effect
Based on the evaluation results there is a need for L1-RSRP averaging to be performed for L1 handover modelling to avoid ping-pong effect. This is similar to the L3 Handover case which uses a cell-level and a beam level metric. Additionally, spatial domain filtering across beams at the UE is also needed to smoothen the L1-RSRP. Such filtering needs to be accounted for before the L1-RSRP is reported back to the gNB. 
For L1-handover modelling the spatial averaging can be performed at the UE and the UE can trigger can a handover event i.e., an event driven handover mechanism can be considered as discussed in the next section. However, before pursuing normative work on this model, it needs to be clarified how L1 inter-cell mobility coexists with L3 handover framework. 
[bookmark: _Hlk131765636]Observation 1: L1 based handover modelling suffers from ping-pong effect especially when impairments such as UE rotation is considered. To this end, time and spatial domain filtering for L1-RSRP reporting and UE triggered serving cell change event might need to be considered. Additionally, it should be clarified how L1/L2 based handover co-exists with current L3 handover framework?

UE Event Triggered L1/L2 Mobility
An event triggered L1/L2 centric mobility approach may be efficient tool to reduce latency of L1/L2 based handover triggering. A UE triggered L1-RSRP report can be used to enable TCI state switch to a non-serving cell. An example of such a methodology is provided in Figure 4.


[bookmark: _Ref79158811]Figure 4: UE Event Triggered L1/L2 Mobility
The final step of the process may either correspond to a TCI state switch to non-serving cell or may be replaced with an L1/L2 mobility event trigger from Figure 1. 
To enable the UE to trigger an event, the gNB may configure a L1/L2 mobility specific periodic PUCCH resource for the UE. Using this PUCCH, the UE can transmit an SR like UCI which indicates to gNB that the UE has an L1-RSRP report related to non-serving cell beams which it wants to transmit. In response, the gNB can then trigger an aperiodic L1-RSRP report where the UE reports the measured RS index and the corresponding L1-RSRP for up to K non-serving cell beams. The event that triggers the PUCCH SR transmission could be the case when at least one of the periodically measured non-serving cell beams has an L1-RSRP which is higher than the current serving cell beam or any of the other tracked serving cell beams. The threshold of RSRP difference after which the UE triggers the PUCCH SR may be configured or pre-defined or up to UE implementation. 
Proposal 9: : UE event driven L1/L2 centric mobility triggering should be considered
· Dedicated PUCCH resource can be configured where UE transmits an SR when L1-RSRP of at least one of the non-serving cell beams exceeds that of the serving cell beam(s) by a threshold
· On reception of PUCCH SR for mobility, gNB can trigger an aperiodic L1-RSRP report where the UE reports the RS index and the corresponding L1-RSRP for up to K non-serving cell beams

Conclusions
Proposal 1: CSI-RS for BM associated with non-serving cells can be used for L1 measurements in addition to non-serving cell SSBs
Proposal 2: L1-SINR as measurement quantity and UL measurements for L1/L2 mobility can be deprioritized
Proposal 3: Use Rel-17 ICBM CSI measurement framework with extension to candidate cells where the SSB RTD is larger than CP length for SCS of the given carrier
Proposal 4: For L1 measurement report for LTM, support reporting over PUSCH and MAC-CE if both inter- and intra-frequency measurements are reporting in a single reporting instance. 
Proposal 5: Support reporting larger than 4 beams per L1 reporting instance along with configuration of more than 7 candidate cells and activation of 7 or more candidate cells by MAC-CE for L1 measurement reporting subject to UE capability.
Proposal 6: LTM based handover from serving cell supporting Rel-17 UTCI to a candidate cell supporting Rel-15 TCI (and vice-versa) should not be allowed
Proposal 7: Scenario 2 with candidate cell TCI state activation after early sync procedure is sufficient for Rel-18 LTM. Scenario 1 and 3 may be deprioritized
Proposal 8: A new candidate cell TCI activation MAC-CE may be needed before the cell switch command MAC-CE and RAN1 should inform RAN2 of this requirement
Observation 1: L1 based handover modelling suffers from ping-pong effect especially when impairments such as UE rotation is considered. To this end, time and spatial domain filtering for L1-RSRP reporting and UE triggered serving cell change event might need to be considered. Additionally, it should be clarified how L1/L2 based handover co-exists with current L3 handover framework?
Proposal 9: UE event driven L1/L2 centric mobility triggering should be considered
· Dedicated PUCCH resource can be configured where UE transmits an SR when L1-RSRP of at least one of the non-serving cell beams exceeds that of the serving cell beam(s) by a threshold
· On reception of PUCCH SR for mobility, gNB can trigger an aperiodic L1-RSRP report where the UE reports the RS index and the corresponding L1-RSRP for up to K non-serving cell beams
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