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1 Introduction
During RAN Plenary 94e, a new WI ‘Further NR mobility enhancement’ was approved with the following objective [1]: 
	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



One fundamental enhancement of the above objective is to specify a solution that allows a faster cell switching between a set of candidate cells by using L1/L2 based signaling. In this contribution, we provide an analysis of the cell switching latency to enable faster L1/L2 based mobility, focusing on RAN1-centric aspects. 
 
2. Discussions
2.1  High-level Principle for L1/L2-based mobility
In the RAN2 119 meeting, a couple of agreements were made for L1/L2-based mobility and informed RAN1 as follows [2]: 
	Assumption: HO interruption time for L1/L2-based inter-cell mobility is 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. FFS if TRS tracking after HO and CSI RS measurement should also be included, i.e., the time to use a high-performance beam (can be clarified further).
Assumption: To reduce HO interruption time, investigate e.g., solutions to reduce the time for UE reconfiguration (already in the WID), downlink and uplink synchronization after handover decision (other parts of dynamic switch not precluded).
ICBM is one scenario considered for L1L2 mobility, but is not the only one, and is not a prerequisite for using L1L2 mobility.
RAN2 to consider preparation of target cell configurations capable of dynamic switching without need for full configuration.
Measurement delay can/may be considered in this work
Assume that we rely on L1 measurements to trigger L1L2 mobility (still measurement for preparation could be L3, FFS)
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
a) the target PCell/target SCell(s) is not a current serving cell (CA  CA scenario with PCell change)
b) FFS the target PCell is a current SCell
c) FFS the target SCell is the current PCell.


Based on the RAN2 LS and the approved WID [1], we made the following observations on the design principles for L1/L2 mobility related to RAN1 work: 
Observation 1: 
· L1 Measurements are assumed to be used for triggering a L1/L2 mobility procedure. 
· Focus on PCell mobility with both intra-frequency and inter-frequency, both FR1 and FR2.
· The source and target cells may be synchronized or non-synchronized on DL and/or UL.  
Proposal 1: 
· RAN1 should aim for a single solution for L1/L2-based inter-cell mobility to support all of target scenarios.  

2.2 Latency Reduction of L1/L2-based mobility
In L3-based Handover, the HO latency is defined as the time duration from UE receives handover command from the source cell to it sends the RRCReconfigurationComplete message as the confirmation for the handover (HO) command to target cell. The overall procedure can be split into three phases as depicted in FIG.1: 
· Phase-1: UE applies the RRC configuration of target cell after validation and processing the received L3 HO command ‘RRCReconfiguration’ message. This may take up to 36ms latency based on the requirement defined in TS 38.331 and TS 38.133. 
· Phase-2: Downlink synchronization based on SSB detection to obtain DL timing. 
· Phase-3: Uplink synchronization procedure to obtain the UL timing through a CFRA or CBRA procedure. 
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Figure 1: Latency components for L3-based HO procedure
L1/L2 mobility targets to reduce the overall HO latency from a variety of aspects, including measurement for HO preparation and cell switching procedure, as illustrated in FIG.2 below on a very high-level.  We discussed further details for each L1-centric components of the L1/L2 inter-cell mobility procedure. 
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Figure 2: Main components for L1/L2-based inter-cell mobility 

2.2.1 L1 Measurement and Reporting 
The current RRC/L3-based inter-cell mobility is triggered based on RRM measurement on one or more neighbor cells in the SpCell frequency. The reporting is performed either in a periodic manner with a range of 120ms~30 minutes periodicity or event based. The RRM measurement results are reported over a RRC message using RLC acknowledge mode. To achieve a good balancing between HO reliability and HO frequency for the event-based reporting mode, a Timer-To-Trigger (TTT) timer was introduced at the cost of an increased HO latency. 
Compared to L3-based HO, the L1/L2-based inter-cell mobility procedure can reduce the measurement latency by using the L1 CSI measurements framework performed on one or more beams of a neighbor cell sets and reported by UCI. This will reduce the time it takes for the measurements to reach the gNB, and will make it possible for the gNB to make better and faster choices on when to switch the cell. 
This function has been supported by Rel-17 inter-cell mTRP Beam Management (ICBM), where the SSB information and PCIs for up to seven non-serving cells are configured and used for the CSI reporting and TCI state configuration. Then, a number of TCI-states configured by the serving cell are associated with non-serving cell SSB or CSI-RS signal as a QCL source and used for PDCCH and PDSCH reception. Within these neighbor cells, 1 additional PCI (i.e., neighbor cell) can be selected to associate with one or more active TCI states. It is our view that there is no need to introduce any fundamental new procedure for DL sync and TCI state determination purpose in L1/L2-based mobility. Instead, Rel-17 ICBM framework can be directly reused to achieve the DL synch with target candidate cells and facilitate the TCI states configuration.
Proposal 2: 
· Use the Rel-17 ICBM CSI measurement framework as the starting point to support L1 measurement and reporting for non-serving cells.    

Another open issue is the need of support CSI-RS based L1 measurement for L1 switching. It was discussed in Rel-17 mTRP inter-cell operation agenda. By allowing the QCL source of CSI-RS to point to SSB of non-serving cell, it becomes possible to perform CSI-RS based L1 measurements even it is transmitted from non-serving cell. On the other hand, this transparent approach for non-serving cell CSI-RS based measurement is operated with certain restrictions at the non-serving cell, which include an aligned Point A configuration, a same SCS, an aligned center frequency and SFN offset with the serving cell. Whether to remove these restrictions for a full flexibility of CSI-RS based L1 measurement for non-serving cells and some potential specification impacts should be further discussed in RAN1. 
Proposal 3: 
· RAN1 to study the need of enhancing CSI-RS based L1 measurement of non-serving cell for L1/L2-based inter-cell mobility.  

 
In Rel-17 ICBM framework, CSI reporting for non-serving cell supports all of three time-domain setting, which can be either periodic, semi-persistent or aperiodic report. These network-controlled reporting modes are still useful and should be kept for L1/L2-based inter-cell mobility procedure. One open issue is whether to support the event-triggered report used by L3-based measurement for L1/L2-based HO. Compared to network-controlled reporting modes, event-triggered L1 report results in a lower overhead in uplink and achieves a faster L1 reporting, which eventually translates to faster cell switching, a better UE power consumption as well as a lower network complexity. Although event-triggered L1 report requires the design of corresponding events, our current assessment is that the existing L3 events can be largely reused with a trivial standard effort.          

Proposal 4: 
· Support periodic, semi-persistent and aperiodic L1 measurement reporting for non-serving cells. 
· Further study the need of event-triggered L1 measurement reporting


Rel-17 L1 CSI measurement configuration for non-serving cell targets for intra-frequency mTRP use cases. As captured in the approved WID [1], the L1/L2-based inter-cell mobility targets for both intra-frequency and inter-frequency PCell switching. Enhancement on CSI reporting configuration seems needed such that L1 measurement for inter-frequency candidate cells can be supported. For example, as already used in L3-based measurement, the ARFCN information of SSB or CSI-RS may be provided to UE in addition to the PCI information.    
Proposal 5: 
· RAN1 to discuss whether the Rel-17 CSI reporting for non-serving cell needs to be enhanced for inter-frequency cell switching use case. 

Another potential issue is how to avoid Ping-Pong effect for L1-based inter-cell mobility. To mitigate the Ping-Pong effect, a set of configurable HO parameters are introduced for L3-based HO procedure including HO hysteresis and time-to-trigger (TTT), etc. The need of TTT mechanism for the L1/L2-based HO needs to be studies if event-triggered report mode would be supported.     
Proposal 6: 
· If event-trigger measurement reporting is supported, study the need of configurable time-to-trigger (TTT) mechanism to mitigate the higher Ping-pong effect caused by L1-based measurement reporting. 

2.2.2 Dynamic Cell Switching Mechanisms
In addition to fast measurement and reporting, the L1/L2-based cell switching can further reduce HO latency by using HO command over L1/L2, which leads to a faster cell switching and a significant reduction in the data interruption.   
In L1/L2-based inter-cell mobility procedure, the UE reports L1 beam measurements of neighbor cells to the serving DU. Therefore, the serving cell DU can decide when to trigger the cell switching by transmitting a L1/L2 signal. In our opinion, a L1/L2 switching command should provide full flexibility to network in choosing at time instance to trigger HO operation. Referring to FIG.3, three candidates need to be considered at least
· Case 1: L1/L2-CMD is transmitted when DL and UL are both out-of-sync. 
· Case 2: DL sync and TCI-State are both achieved at the UE but it is out of sync on UL e.g., no UL timing yet. 
· Case 2-1: HO command is used to trigger both ‘UL Sync’ and ‘applying target cell configuration’ 
· Case 2-2: HO command is used to trigger ‘UL Sync’ only without ‘applying target cell configuration’ 
· Case 3: UE is in-sync with target cell in both DL and UL already. HO command is purely used to indicate UE for cell switching e.g., start applying the configurations of target cell.
Table 1 summarizes the status of DL synchronization and UL synchronization to the target cell for the different use cases.  
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Figure 3:  Use cases of L1/L2 handover command for inter-cell mobility
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As default, a single L1/L2 HO command should support for all the potential use cases listed in Table 1. To specify separate L1/L2 commands for different scenarios should be avoided and needs to be strongly motivated and justified (e.g., by performance). We therefore propose the following: 
Proposal 7: 
· RAN1 should strive for a single L1/L2 HO command for L1/L2 based inter-cell mobility to support all potential use cases. 


There are two signaling candidates for L1/L2 HO command, one is MAC-CE and the other is DCI format. The number of required bits or payload size would be a dominant factor when determining the exact signal. Table 2 provides a rough estimation on the number of bits, taking the uses case listed in Table 1 into account. The PCI information, either 1-bit (assuming the non-serving cell associated with active TCI state) or 3-bits, are needed for all four use cases. For CFRA, the SSB and preamble resource in frequency and time domain maybe carried by HO CMD signal, as used in PDCCH-order RACH procedure. 1-bit HO flag is required to differentiate case 2-2 with others. Compared to MAC-CE signaling, the DCI format maybe sufficient to carry ~20bits information, which provides additional benefits in terms of latency due to fast processing of PDCCH channel. 
Proposal 8: 
· RAN1 to discuss which signal between MAC-CE and DCI format is used as cell switching command to trigger L1/L2-based inter-cell mobility. 


Table 2: Possible IEs in L1/L2 HO CMD signal
	Information Element 
	Bit Width
	Description 
	Note 

	PCI
	1 or 3 
	Target cell physical Cell ID
	

	SSB Index
	6
	SSB index used for determining the RACH occasion.
	

	Random Access Preamble Index
	6
	RACH Index used for CFRA
	No need for CBRA or RACH-less

	PRACH Mask Index
	4
	RACH occasion associated with the SSB
	

	HO flag
	1
	Indicating whether HO is executed or not.
	

	Total
	18~20
	
	






3. Conclusion 
In this contribution, we have presented our views on L1 enhancements for inter-cell mobility, including both L1 measurement and cell switching signal design aspects. Based on the discussions in the previous sections, we propose the following: 
Observation 1: 
· L1 Measurements are assumed to be used for triggering a L1/L2 mobility procedure. 
· Focus on PCell mobility with both intra-frequency and inter-frequency, both FR1 and FR2.
· The source and target cells may be synchronized or non-synchronized on DL and/or UL.  
Proposal 1: 
· RAN1 should aim for a single solution for L1/L2-based inter-cell mobility to support all of target scenarios.  
Proposal 2: 
· Use the Rel-17 ICBM CSI measurement framework as the starting point to support L1 measurement and reporting for non-serving cells.    
Proposal 3: 
· RAN1 to study the need of enhancing CSI-RS based L1 measurement of non-serving cell for L1/L2-based inter-cell mobility.  
Proposal 4: 
· Support periodic, semi-persistent and aperiodic L1 measurement reporting for non-serving cells. 
· Further study the need of event-triggered L1 measurement reporting
Proposal 5: 
· RAN1 to discuss whether the Rel-17 CSI reporting for non-serving cell needs to be enhanced for inter-frequency cell switching use case. 
Proposal 6: 
· If event-trigger measurement reporting is supported, study the need of configurable time-to-trigger (TTT) mechanism to mitigate the higher Ping-pong effect caused by L1-based measurement reporting. 
Proposal 7: 
· RAN1 should strive for a single L1/L2 HO command for L1/L2 based inter-cell mobility to support all potential use cases. 
Proposal 8: 
· RAN1 to discuss which signal between MAC-CE and DCI format is used as cell switching command to trigger L1/L2-based inter-cell mobility. 
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Table 1: Uses cases of L1/L2 trigger CMD
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