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In Rel-18 Mobility enhancement WI [1], we have the following objective to design L1/L2 based inter-cell mobility.
	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 the overall procedure of L1/L2-based inter-cell mobility. Then we identify key aspects to enable L1/L2-based mobility from RAN2 perspective and provide candidate solutions.
Discussion
Overall procedure
According to RAN4 requirements and our analysis in accompanying paper [1], inter-cell mobility is not as fast as intra-cell beam switch because UE needs to perform reconfiguration and DL/UL synchronization towards target cell. To allow faster cell switching via L1/L2 signalling, candidate cells can be pre-configured for UE. Then, UE can perform synchronization to some candidates (potential target cell) earlier. In this way, UE can quickly switch to target cell once it receives cell switch command.
Taking inter-DU operation as an example, the overall procedure of L1/L2-basedinter-cell mobility is illustrated in the figured below.
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Figure 1.	Overall procedure of L1/L2-based inter-cell mobility

L1/L2-based inter-cell mobility in inter-DU operation consists of the following major parts (some steps among CU source DU and target DU can be skipped in case of intra-DU. It is left to RAN3 to consider the detailed procedures and signalling among CU, source DU and target DU to support inter-DU inter-cell mobility):
Pre-configuration
· (Step 1 to 2) UE sends L3 measurement report to gNB-DU based on measurement configurations. The measurement report is forwarded to gNB-CU. 
· (Step 3 to 8) The gNB-CU decides the candidate set for UE, sends a preparation request to target DU and receives acknowledgement from target DU (This may be implemented by existing signalling, e.g., UE context setup request/ response). Then gNB-CU sends the RRC reconfiguration to UE and receives complete message, via source gNB-DU. 
Early synchronization
· (Step 9 to 11) UE performs L1 measurements and reports for reference signals (SSB or CSI-RS) corresponding to inter-cell beams, following configurations from network. Based on L1 measurement reports, network may activate some TCI states QCL-ed with cells whose PCI is different from serving cell. UE performs synchronization (DL and optionally UL) for these cells.
Cell switch
· (Step 12 to 13) Based on further L1 report, gNB-DU may indicate target cell and beam (TCI state). UE applies target cell configurations.
· (Step 14) If TA is not available, UE performs RACH towards the indicated target cell.
· (Step 15 to 16) UE receives PDCCH from target cell using new TCI state.
The detailed procedures may be further elaborated during the WI. The intention to provide the full picture of the overall procedure and identify the key enablers to support L1/L2-based inter-cell mobility, i.e., pre-configuration of candidate cell(s), early synchronization, cell switch by L1/L2 signalling. The major steps shown here can be considered as a baseline, starting from which, we can study the design of each step to achieve the goal of fast cell switching.
Proposal 1: The basic L1/L2-based inter-cell mobility procedure is comprised of pre-configuration of candidate cell(s), early synchronization towards the candidate cell(s), and fast cell switch by L1/L2 signalling.

Key aspects from RAN2 perspective and candidate solutions
1.1.1 RRC modelling for candidate cells
The WID states that we should specify dynamic switch mechanism among candidate serving cells. The first step is to discuss the RRC modelling for candidate cells in L1/L2-based mobility.
Existing models
“Candidate cell” is not a new concept. In Rel-16, 3GPP introduced conditional handover (CHO), where up to 8 candidate cells with associated CHO execution conditions can be configured for a UE. UE executes CHO towards a selected target cell where conditions are met, by applying corresponding conditional reconfigurations. In this way, mobility robustness is improved since CHO configuration can be sent before serving cell quality drops, and UE avoids typical mobility failure due to missed handover command.
Another example of candidate cell is the “additional PCI” introduced in Rel-17 feMIMO WI for inter-cell beam management (ICBM). Rel-17 ICBM allows UE to access the resources of a neighbour cell without serving cell change (i.e., no mobility support). This is achieved by providing the necessary SSB-related information of neighbour cell to UE and modelling inter-cell beams as TCI states in serving cell configurations. When a beam from neighbour cell is better than current serving beam, UE can be indicated to corresponding TCI state. Notice that no RRC reconfiguration is involved in ICBM procedure, meaning that UE continues with current serving cell configurations, even when ‘using’ a beam from non-serving cell. 
Models for Rel-18
Between the two modelling methods of candidate cells, we believe that the Rel-17 additional PCI model serves as a better starting point for Rel-18 L1/L2-based inter-cell mobility, at least for intra-DU case. Our reasons are as follows:
For Rel-18 mobility, our targeted scenario is faster cell switching. UE may be switching back-and-forth between several cells with overlapped coverage, and Ping-Pong effect is no longer be a problem if interruption is short. With CHO, since the conditional reconfiguration (condRRCReconfig) is usually set as delta-configuration on top of serving cell configuration, after CHO execution, even if UE does not release configurations of other candidate cells, another RRC reconfiguration may be needed if UE needs to access the source cell or other candidate cells. 
Observation 1: In Rel-16 CHO, after CHO execution, UE may not be able to switch back to source cell or to other candidate cells without another RRC reconfiguration.
Another reason to start from Rel-17 “additional PCI” model is to allow co-existence of Rel-17 ICBM and Rel-18 L1/L2-based inter-cell mobility. When both mechanisms are configured, a neighbour cell may be considered as an “additional cell” for ICBM as well as a “candidate cell” for L1/L2-based inter-cell mobility. UE may start using neighbour cell beams before cell switch and continue using the same beam after cell change. An example is illustrated below, where TCI states [1 to 3] and [4 to 6] represent beams from Cell A and B, respectively. They are all included in UE’s TCI state list. UE is using the beam corresponding to TCI-State 5 when served by Cell A, and it continues using this beam after switching to Cell B. In this way, UE only needs to perform necessary reconfiguration upon cell change, and we achieve seamless mobility with minimized interruption.
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Figure 2.	Co-existence of Rel-17 ICBM and Rel-18 L1/L2 mobility
Based on above discussions, we suggest that Rel-17 “additional PCI” be considered as the baseline for RRC modelling for candidate cells in Rel-18 L1/L2-based inter-cell mobility. 
Proposal 2: Consider Rel-17 “additional PCI” as the baseline RRC modelling for candidate cells in Rel-18 L1/L2-based inter-cell mobility, at least for intra-DU operation. 
The above model assumes that UE continues current serving cell configurations after L1/L2-based cell switch. This is possible for intra-DU case (reusing Rel-17 framework), but there are cases where cell switch also requires some UE reconfiguration, e.g., when the source and target cells belong to different DUs. The reconfiguration can be at different levels. We see the following options:
RRC config level
· A CHO-like model, where UE applies indicated candidate RRC configurations upon L1/L2 mobility
· Everything can be reconfigured, but we may not need such flexibility for L1/L2-based mobility since we consider only intra-CU operation
· Likely to be delta-config, limiting back-and-forth cell switch
Cell-group (CG) level
· UE stores multiple CG configurations and applies the indicated ones upon L1/L2 mobility
· There is one and only one SpCell in each CG configuration
· PHY can be reconfigured
· RLC and MAC can be reconfigured, thus supporting inter-DU operation
· Configurations outside CG config (e.g., radio bearer config, measurement config) remain the same after L1/L2 mobility. Target cell may further reconfigure these parts after cell switch.
Serving cell level
· Multiple cells can be configured for a UE and a subset of which are activated at a time. Upon cell switch, a different subset of configured cells is activated, and the original subset is deactivated. 
· This can be seen as a CA-like model. The main difference is that there can be multiple SpCell configurations in a CG, but only one is active at a time
· PHY can be reconfigured for L1/L2 mobility
· RLC and MAC cannot be reconfigured, thus may not support inter-DU operation
Based on above analysis, we suggest that candidates be modelled at cell-group level, if reconfiguration is needed upon L1/L2-based mobility. For example, UE may store two MCG configurations provided by network, and apply the one indicated by L1/L2 signalling. Signalling optimization can be further studied if candidate CGs can share many configurations.
Proposal 3: If reconfiguration is needed upon L1/L2-based mobility, candidates are modelled at cell-group level. Signalling optimization can be further studied.
If both Proposal 2 and 3 are agreed, we will have two candidate cell modelling methods introduced in Rel-18. The two suggested modelling methods are illustrated below.
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	(a) AdditionalPCI model
	(b) CG-level model


Figure 3.	RRC modelling for candidate cells in L1/L2-based inter-cell mobility

The RRC details need to be further discussed during the WI. However, confirming the principles of RRC modelling at early-stage helps the progress in RAN2 and other WGs.

1.1.2 Dynamic switch
The dynamic switch mechanism is highly related to RRC modelling. For ‘additional PCI’ model, Rel-17 unified TCI framework for inter-cell beam management is a reasonable starting point. That is, RRC configures a set of TCI states, MAC CE activates a subset (e.g., up to 8) of TCI states, and DCI indicates the TCI state to use. However, unified TCI framework introduced in Rel-17 does not support mobility. In Rel-18, additional mechanism (L1/L2 signalling) to trigger cell change needs to be defined. Considering format flexibility, we suggest that a new MAC CE be introduced.
Observation 2:	Rel-17 unified TCI framework does not support mobility; if used for Rel-18 inter-cell mobility, new signalling to trigger cell switch needs to be introduced.
For CG-level candidate modelling, since the RRC configurations of candidate cells/CGs are stored by UE, a MAC CE can be used to activate/ deactivate the CGs, similar to SCell activation/ deactivation for CA. The MAC CE format in this case may be different from that for ‘additional PCI’ model, but the detailed formats shall be discussed after RRC modelling methods are confirmed. At this moment, we can have a general proposal that cell switch in L1/L2-based inter-cell mobility is triggered by MAC CE.
Proposal 4: Cell switch in L1/L2-based inter-cell mobility is triggered by MAC CE. 
If candidate cells are modelled as ‘additional PCI’ in serving cell configuration, upon L1/L2-triggered cell switch, UE performs minimum reconfigurations (only necessary ones, e.g., swapping the roles of serving and additional cell) and keep most serving cell configurations unchanged.
Proposal 5: If candidate cells are modelled as “additional PCI”, UE performs only necessary reconfiguration upon L1/L2-triggered cell switch.
If candidate cells are modelled at CG-level, UE applies corresponding CG configurations upon receiving cell switch indication.
Proposal 6: If candidate cells are modelled at CG-level, UE applies corresponding CG configurations upon L1/L2-triggered cell switch.
1.1.3 L1 enhancements
While L1 enhancements belong to RAN1 scope, WID Note 1 states that L1 enhancements for ICBM require early RAN2 involvement. One purpose is to clarify the interaction with “dynamic switch”. This is because the L1 enhancements needed for Rel-18 mobility depends on the dynamic switch mechanism (which further depends on the RRC modelling for candidate cells). For example, assume that additional PCI modelling and unified TCI frameworks are adopted, we see the following potential L1 enhancements from RAN2 perspective:
· L1 measurements: If neighbour cell RSs are configured with “additional PCI”, Rel-17 procedures can be reused.
· L1 report: Rel-17 procedures can be reused, however, some enhancements for inter-cell case (e.g., event-driven report) may be considered. 
· Beam indication: If cell switch is indicated by MAC CE, the DCI-based beam indication remains for the case without serving cell change.
If candidate cells are modelled at cell-group level, we expect to introduce new mechanisms for UE to perform L1 measurements and reporting for reference signals and TCI states configured for non-serving cells.
L1 enhancements should be discussed by RAN1. However, RAN2 decisions made in this meeting are necessary for RAN1 to identify potential L1 enhancements.
Observation 3:	L1 enhancements needed for Rel-18 mobility depend on the dynamic switch mechanism.
Proposal 7: Inform RAN1 of RAN2 decisions about dynamic switch mechanism, to help RAN1 identify potential L1 enhancements for inter-cell beam management.
1.1.4 TA acquisition for candidate cells
When UE changes its serving cell, it needs to acquire the timing advance (TA) of target cell before UL transmissions. TA is usually acquired via RACH procedure, which contributes a long and uncertain part of mobility latency. In L1/L2-based mobility, if RACH is needed after inter-cell beam indication, the latency may be much longer than intra-cell case, making our Rel-18 enhancement less attractive.
In LTE, we introduced RACH-less handover, where UE can skip RACH under some conditions (if TA~0 or source TA can be reused). To allow RACH-skipping in more general cases, one solution is to allow UE to maintain TA for candidate cell. If a valid TA is available for the indicated target cell, UE can switch to target cell without performing RACH. Whether UE can obtain TA for candidate cells depends on UE capabilities; higher UE complexity (e.g., additional hardware) is expected.
Proposal 8: For L1/L2-based inter-cell mobility, UE may be allowed to maintain TA for candidate cells.
The details for UE to obtain TA for a non-serving cell may depend on RAN1 discussions. For example, if UE is unable to send preamble towards a neighbour cell that is just a candidate, UE may perform RACH towards a target cell at first access and reuse the TA in next access if TA timer has not expired.
1.1.5 Inter-DU operation
The procedure of L1/L2 based inter-cell mobility for mobility latency reduction should be applicable to the scenarios of both intra-DU and intra-CU inter-DU mobility, assuming no new RAN interfaces are expected. The main aspect needs to be considered for inter-DU mobility is UP (RLC/MAC) handling and the coordination among CU, source DU and target DU over F1 interface.  According to our analysis in accompanying paper [2], we make observation through simulation that the impact of additional latency due to UP reset and cell switch preparation delay over F1 interface to the mobility performance in terms of HOF rate and ping-pong rate is marginal. In other words, the mobility performance of L1/L2-based inter-cell mobility for inter-DU is comparable to intra-DU. That’s why we think that the designs for intra-DU and inter-DU L1/L2-based mobility should share as much commonality as possible. But it’s for sure that there are inter-DU specific issues, which need to be addressed.  
In legacy handover mechanism, the handover decision is made in a relatively stable manner based on the RRM measurements/reports.  The network tries to balance the mobility performance of ping-pong effect and HOF rate by adjusting TTT value and thresholds of the triggering events. However, the L1/L2 inter-cell mobility mechanism is targeting to fast cell switch based on L1 measurements/report to reduce the mobility latency and improve the mobility reliability. The ping-pong rate is much higher than legacy handover mechanism. 
If inter-DU mobility also wants to obtain the similar benefits as intra-DU mobility, it also needs to rely on L1 measurements/reports to make mobility decision and take advantages of ping-pong effect instead of minimizing it. But the drawback is increased interaction/signalling overhead over F1 interface due to the high ping-pong rate. 
RAN2 should discuss how to handle the ping-pong effects for inter-DU mobility. The opposite option is to minimize the ping-pong rates as legacy handover procedure by setting longer TTT or introducing additional L1-RSRP threshold for cell switch, similar as legacy handover procedure. However, the benefits obtained by L1/L2 inter-cell mobility mechanism will shrink dramatically. The mobility reliability will degrade, and mobility latency will increase. 
Proposal 9: L1/L2 inter-cell mobility in the case of Intra-CU Inter-DU uses L1 measurements/reports.  
Proposal 10: RAN2 discuss how to handle the ping-pong effects for inter-DU mobility:
· Option 1: Minimize ping-pong rates 
· Option 2: Take advantage of ping-pong effect 
Compared with intra-DU mobility, the major extra procedures for inter-DU mobility are RLC reestablishment and MAC reset.  The frequent RLC re-establishment will result in more packet loss and longer packet delivery latency just as illustrated in Figure 4.
· Packet loss for RLC-UM bearer: PDCP PDUs which are not successfully transmitted/received to/from source cell are discarded.
· Longer packet delivery latency for RLC-AM bearers: PDCP PDUs which are not successfully transmitted/received to/from the source cell are retransmitted/re-received to/from the target cell. 
This is illustrated below.
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Figure 4.	Pack loss in RLC-UM and longer latency in RLC-AM
Considering Rel-18 L1/L2-based mobility targets more frequent cell switching (e.g., back-and-forth among cells in a region), UE experience degradation due to more packet loss or longer packet delivery latency is more severe. Therefore, RAN2 should discuss potential enhancements to mitigate packet loss and latency problems due to RLC reestablishment for L1/L2-based inter-DU mobility. 
One possible way to minimize packet data loss for RLC-UM bearer is to support PDCP packet retransmission when cell switch occurs, similar as RLC-AM bearer.  Considering PDCP status report has already been supported in Rel-16 DAPS handover upon uplink data switching, it can also be extended to support inter-DU mobility in Rel-18. 
Proposal 11: Support PDCP status report and PDCP packet retransmission for UM DRBs to reduce the packet loss for L1/L2-based inter-DU mobility. 
To support fast cell switch, there are two possible methods to support L1/L2-based inter-DU mobility from UP protocol point of view, i.e., single-protocol or dual-protocols, as illustrated in Figure 5. 
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Figure 5 Single-protocol vs. Dual-Protocol for inter-DU mobility
The two methods are further explained below.
· Single Protocol: From UE side, single protocol of one MAC entity and one set of RLC entities is associated with the serving cell. Before cell switch, the single protocol is associated with the source cell/DU and is associated with the target cell/DU after cell switching. 
· Dual Protocols: Frome UE side, dual protocols, each protocol comprising one MAC entity and one set of RLC entities, are associated with the source cell/DU and target cell/DU respectively. Only one single protocol is actively in use. Before cell switching, the protocol associated to the source cell/DU is in use; after cell switching, the protocol associated to the target cell/DU is in use. 
The single protocol method is considered as the basic solution for inter-DU mobility. MAC reset and RLC re-establishment are always required for cell switching. The issue of frequent packet loss can’t be avoided. Further optimization should be considered, just as mentioned Proposal 11. The dual protocol method is considered as a further optimization, which can further reduce the mobility latency. In dual protocol, the MAC entity and the RLC entities can be prepared upon reception of the reconfiguration message. UE can use the protocol associated to the target cell immediately upon reception of the cell switch command. Furthermore, the architecture of dual protocol is the same as split bearer. It allows that possibility to avoid RLC re-establishment and MAC reset when UE is switched back and forth between the source cell and the target cell. Considering the UP process for dual protocol is similar as split-bearer, there is not additional requirement on UE capability. UE which is capable of supporting split-bearer is able to support dual protocol directly. 
[bookmark: _Hlk110588814]Proposal 12: RAN2 consider both the solutions of single protocol and dual protocols for L1/L2-based inter-DU mobility. 
· Single protocol: single protocol of one MAC entity and one set of RLC entities is associated to the serving cell from UE aspect.
· Dual Protocols: dual protocols with each protocol comprising one MAC entity and one set of RLC entities are associated to the source cell/DU and target cell/DU respectively from UE aspect. 
Conclusion
We have the following observations:
Observation 1: In Rel-16 CHO, after CHO execution, UE may not be able to switch back to source cell or to other candidate cells without another RRC reconfiguration.
Observation 2:	Rel-17 unified TCI framework does not support mobility; if used for Rel-18 inter-cell mobility, new signalling to trigger cell switch needs to be introduced.
Observation 3:	L1 enhancements needed for Rel-18 mobility depend on the dynamic switch mechanism.

It is proposed to discuss and decide on the following proposals:
Proposal 1: The basic L1/L2-based inter-cell mobility procedure is comprised of pre-configuration of candidate cell(s), early synchronization towards the candidate cell(s), and fast cell switch by L1/L2 signalling.
Proposal 2: Consider Rel-17 “additional PCI” as the baseline RRC modelling for candidate cells in Rel-18 L1/L2-based inter-cell mobility, at least for intra-DU operation. 
Proposal 3: If reconfiguration is needed upon L1/L2-based mobility, candidates are modelled at cell-group level. Signalling optimization can be further studied.
Proposal 4: Cell switch in L1/L2-based inter-cell mobility is triggered by MAC CE. 
Proposal 5: If candidate cells are modelled as “additional PCI”, UE performs only necessary reconfiguration upon L1/L2-triggered cell switch.
Proposal 6: If candidate cells are modelled at CG-level, UE applies corresponding CG configurations upon L1/L2-triggered cell switch.
Proposal 7: Inform RAN1 of RAN2 decisions about dynamic switch mechanism, to help RAN1 identify potential L1 enhancements for inter-cell beam management.
Proposal 8: For L1/L2-based inter-cell mobility, UE may be allowed to maintain TA for candidate cells.
Proposal 9: L1/L2 inter-cell mobility in the case of Intra-CU Inter-DU uses L1 measurements/reports.  
Proposal 10: RAN2 discuss how to handle the ping-pong effects for inter-DU mobility:
· Option 1: Minimize ping-pong rates 
· Option 2: Take advantage of ping-pong effect 
Proposal 11: Support PDCP status report and PDCP packet retransmission for UM DRBs to reduce the packet loss for L1/L2-based inter-DU mobility. 
Proposal 12: RAN2 consider both the solutions of single protocol and dual protocols for L1/L2-based inter-DU mobility. 
· Single protocol: single protocol of one MAC entity and one set of RLC entities is associated to the serving cell from UE aspect.
· Dual Protocols: dual protocols with each protocol comprising one MAC entity and one set of RLC entities are associated to the source cell/DU and target cell/DU respectively from UE aspect. 
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