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Introduction
In last RAN4 #90 meeting, a way forward was approved in [2] to capture the progress of feasibility study on enhanced handover in different scenarios. Since it was the first meeting in RAN4 for this work item, the progress is limit and the feasibility of enhanced handover for different scenarios need to be further investigated. In this contribution, analysis on this topic is provided based on the agreement in [2].
Discussion
So far we have three solutions on table to reduce the interruption time during handover/SCG change, which are:
· Handover/SCG change with simultaneous connectivity with source cell and target cell. (so called DC-based handover/SCG change)
· Make-before-break 
· RACH-less handover 
 We will further discuss the feasibility for each solution from RRM perspective.
DC-based handover/SCG change
The first one is handover/SCG change with simultaneous connectivity with source cell and target cell. In short we can call it DC-based handover/SCG change. Note that from RAN4 RRM perspective, the interruption time in SCG change is similar with that in handover procedure. Thus for convenience we only mention handover in this contribution.
The agreement on DC-based handover in last RAN4 #90 was captured in [2]:
	Agreements on Handover/SCG change with simultaneous connectivity with source cell and target cell
· RAN4 to study the feasibility of simultaneous connectivity to both serving and target NR cells in different scenarios.
· the RAN4 response in LS (R4-1902030) in R16 LTE FeMobility WI can be used as starting point.
· On top of response in LS (R4-1902030) at least the following additional aspects shall be considered:
· Same or different SCS between the source and target cells.
· Handover involving cell(s) in FR2, where Tx/Rx beamforming is used.


Fortunately RAN4 had similar discussion before (in previous LTE work items on handover enhancement, and NR study phase as well). The latest response in RAN4 on DC-based handover can be found in [3] for LTE. It has been agreed that the replies in [3] can be used as starting point when we discussing DC-based handover in NR. However, since LTE and NR naturally has different design, we need to look further into the feasibility on top of agreement reached in LTE session, by taking into account the difference between LTE and NR.
One difference is that there are multiple SCS that can be supported in NR. For instance, in serving cells the SCS between SSB and PDCCH/PDSCH can be different. Besides, the SCS could also be different for different DL/UL in CA, UL and SUL, and etc. Some of these scenarios are mandatory but some are optional, depending on UE capability. If the DC-based handover involving cells with different SCS, the situation becomes more complicated. An extreme example is handover from cell 1, with 15KHz SSB and 30KHz data, to cell 2, with 240KHz SSB and 120KHz data. For DC-based handover in this scenario, UE may need to perform simultaneous 1) measurement with 15KHz and data reception with 30KHz in FR1 and 2) measurement with 240KHz and data reception with 120KHz. This operation requires high UE complexity (note that we have to consider some other factors e.g. beamforming, asynchronous or non-ideal synchronous deployment). Note that even if the UE is capable of simultaneousRxDataSSB-DiffNumerology, it doesn’t mean it can support reception with multiple SCS simultaneously in different cells. 
[bookmark: _Ref4697218]Observation 1: extra UE complexity is expected to support simultaneous reception with multiple SCS in multiple cells.
However, from feasibility point of view, we believe this operation is still possible with certain conditions. For instance, if a UE which support NR-DC in corresponding band combination (where the source cell and target cell are located) indicates that it can support simultaneousRxDataSSB-DiffNumerology, then there should not be any problem for the UE to receive downlink with multiple SCS from the source and target cells. 
[bookmark: _Ref4697221]Observation 2: DC-based handover involving cells with different SCS is feasible, depending on UE capability of supporting different SCS.
As mentioned above simultaneousRxDataSSB-DiffNumerology cannot be used to indicate the support of DC-based handover with different SCS involved. Besides simultaneousRxDataSSB-DiffNumerology, there are several other IEs that are used to indicate if UE can support different SCS e.g. in different BWP, or across different CCs etc. But all of these IEs are designed for serving cell(s) only. Therefore, new signalling may need to be introduced to support DC-based handover involving different SCS.
One thing needs to be highlighted is that the above discussion is based on the assumption that UE can support DC-based handover with same SCS on corresponding bands. As discussed previously in LTE handover enhancement, capability for DC-based handover may be band dependent. Therefore the
[bookmark: _Ref4697224]Observation 3: current UE capability of supporting multiple SCS cannot be reused to indicate the support of DC-based handover that involves different SCS in source and target cells. 
[bookmark: _Ref4697229]Proposal 1: depending on UE capability, DC-based handover that involves different SCS in source and target cell is feasible. 
Another aspect needs to be addressed is the utilization of Tx/Rx beamforming in NR. Currently in RAN4 we assume that UE cannot hold multiple Tx/Rx beams simultaneously. At least for now, we don’t intent to revise this assumption in this work item, since the change of this assumption will bring significant update on our RRM requirement and we don’t expect this can be done in a handover enhancement work item. 
[bookmark: _Ref4407533][bookmark: _Ref4697232]Proposal 2: DC-based handover in FR2 is not considered in this work item, unless the source and target cells are collocated and UE has the QCL information.

Make-before-break handover
Agreement on MBB handover in last RAN4 meeting is informatively provided as follow:
	Agreements on make-before-break handover
· RAN4 confirms the feasibility of make-before-break handover in at least FR1 intra-frequency synchronous deployment when source and target cells have the same BW and SCS.
· Feasibility (and corresponding conditions if feasible) of make-before-break handover in other scenarios will be further studied according to RAN2 progress.


Before we proceed to the feasibility discussion, we’d like to first clarify the actual UE behavior with respect to when to stop uplink transmission/downlink reception with the source cell, since the conditions under which we can confirm the feasibility actually depend on when UE can stop Tx/Rx with source cell. This issue has been discussed a lot in RAN2. However, it seems companies still have different understanding. 
It can be found in TS36.331 and TS36.300 that both (source) eNB and UE have freedom to decide when to stop transmission and reception:
	In TS36.331
1>	if makeBeforeBreak is configured:
2>	perform the remainder of this procedure including and following resetting MAC after the UE has stopped the uplink transmission/downlink reception with the source cell(s);
NOTE 1a:	It is up to UE implementation when to stop the uplink transmission/ downlink reception with the source cell(s) to initiate re-tuning for connection to the target cell [16], if makeBeforeBreak is configured.


	In TS36.300
NOTE:	If Make-Before-Break HO is configured, the source eNB decides when to stop transmitting to the UE.


It can also be found in TS36.300 that the connection with source cell shall at least be maintained before “the UE executes initial uplink transmission to the target cell”. 
	In TS36.300
If Make-Before-Break HO is configured, the connection to the source cell is maintained after the reception of RRCConnectionReconfiguration message with mobilityControlInformation before the UE executes initial uplink transmission to the target cell.


In our understanding, “the UE executes initial uplink transmission to the target cell” means the time when UE sends PRACH preamble to the target cell. Thus according to RAN2 specification, literally, UE is allowed to stop connection with the source cell at the moment preamble is transmitted (some interrupt is allowed according to TS36.133). Note that UE is also allowed to maintain the connection even after preamble is transmitted (the source eNB may keep scheduling the UE during this period since it doesn’t know when the UE sends preamble to the target cell).
For short we denote these different UE behaviors as:
Behavior 1: UE maintain connection with source cell after preamble transmission.
Behavior 2: UE stop connection with source cell before preamble transmission.
Note that in some extent behavior 1 is similar with DC-based handover, since UE needs to keep Tx/Rx with the source cell while transmitting preamble and receiving RAR from/to the target cell. By going with this implementation, the outcome of feasibility of MBB handover may be the same as that of DC-based handover.
Regarding behavior 2, UE doesn’t need to maintain dual connectivity with the source and target cell simultaneously through the whole procedure. This will give MBB handover more extensive use case compared with DC-based handover, since it demands less UE complexity.
Note that currently in RAN4 LTE requirement, the interrupt time in MBB handover was derived based on the assumption that UE will stop connection with source cell before preamble transmission.
[bookmark: _Ref4697251]Observation 4: currently in RAN4 LTE requirement, the interrupt time in MBB handover was derived based on the assumption that UE will stop connection with source cell before preamble transmission.
[bookmark: _Ref4697257]Proposal 3: when discussing the feasibility of make-before-break handover in NR, RAN4 assumes UE will stop connection with source cell before preamble transmission.

RACH-less handover
Agreement on RACH-less handover in last RAN4 meeting is informatively provided as follow:
	Agreements on make-before-break handover
· RAN4 confirms the feasibility of RACH-less handover in FR1 for at least 
· intra-frequency synchronous case with same SCS between source and target cells
· same TA or zero TA between source and target cells.
· Single BS Tx beam deployment
· Feasibility (and corresponding conditions if feasible) of RACH-less handover in other scenarios will be further studied according to RAN2 progress.


From RRM perspective, the key difference between RACH-less handover and legacy handover is that UE can skip PRACH procedure to target cell and start uplink transmission with TAtarget=0 or TAtarget=TAsource. In our view, when TAtarget=0 or TAtarget=TAsource can apply is purely determined by network deployment. For instance, when handover command indicates a handover to a small cell (with very small cell radius), TAtarget=0 may apply since the propagation delay is quite short and UE Tx transmission with TAtarget=0 will not result in severe performance loss in uplink demodulation. Example for TAtarget=TAsource could be the case wherein handover occurs between cells which are collocated (so called intra-NB handover).
With this in mind, the use case of RACH-less handover can be extended. Firstly, the use case shall not be limited in intra-frequency handover. As long as TAtarget=0 or TAtarget=TAsource applies, UE can transmit to the target cell regardless the target cell is on the same frequency layer or not.
[bookmark: _Ref4697274]Observation 5: RACH-less handover to an inter-frequency neighbour cell is feasible.
Secondly, RACH-less handover to an asynchronous target cell is also feasible. When indicated with TAtarget=0, UE will perform PUSCH transmission based on downlink timing of the target cell. Since anyway UE needs to search the target cell, it doesn’t really matter if the target cell is synchronous or asynchronous. As for TAtarget=TAsource, network can indicate this to the UE as long as the target cell is collocated, regardless it is synchronous or not. 
[bookmark: _Ref4697276]Observation 6: RACH-less handover to an asynchronous neighbour cell is feasible.
Another issue is about SCS. In previous agreement, RAN4 confirmed the feasibility of RACH-less handover in NR with assumption that SCS is the same in both source and target cells. In our understanding if the SCS of PUSCH in target cell is different from that in source cell, UE may need additional time to prepare the transmission. However, we don’t expect a long time for this preparation. 
[bookmark: _Ref4697278]Observation 7: RACH-less handover to a neighbour cell with different SCS is feasible.
In summary for RACH-less handover, we believe it is feasible for cells of intra/inter-frequency, synchronous and asynchronous, with same or different SCS.
[bookmark: _Ref4697283]Proposal 4: RAN4 confirms the feasibility of RACH-less handover in FR1 with zero TA or same TA between source and target cells
· For both intra and inter-frequency scenarios
· For both synchronous and asynchronous deployment
· With same or different SCS in source and target cells
When we come to FR2, another aspect needs to be considered is about beam management. Specifically, how to choose Tx/Rx beam at both UE and BS sides. Note that the beam we discuss here is mainly about the rough beam, considering that PRACH procedure may not give UE and gNB the fine beam information. The Tx/Rx beam refinement can be done by P2/P3 after UE accesses the target cell.
1) UE Rx/Tx beam selection
As mentioned above, UE cannot skip cell search procedure in RACH-less procedure. Thus we can assume UE can still find a suitable Rx beam. Based on the Rx beam, UE can use corresponding Tx beam for uplink transmission.
2) gNB Rx/Tx beam selection 
[bookmark: OLE_LINK24][bookmark: OLE_LINK25]In legacy handover, the target cell can roughly judge UE location and decide which Rx beam to use based on preamble reception (different RACH resource can be assigned to different SSB and gNB can know based on which SSB UE is trying to access the network), and then decide which Tx beam to use. However, gNB cannot have such information by receiving preamble in RACH-less handover. Therefore, in order to enable PUSCH transmission in target cell without gNB beam training, the source cell may have to provide the UE with multiple UL grant, which can be associated with different directions, such that based on the PUSCH reception the target cell can roughly know which Tx/Rx to use for the UE. This is similar with non-contention based PRACH resource pre-allocation in legacy handover command. The difference is that reserving multiple resource for PUSCH transmission may degrade the system throughput, since eventually UE will choose only one of them for uplink transmission.
[bookmark: _Ref4697289]Observation 8: RACH-less handover to target cell in FR2 is possible, e.g. UE is provided with multiple UL grants which are associated with different directions. 

Conclusion
In this contribution, we further discuss the feasibility of DC-based, make-before-break and RACH-less handover with focus on the different design between LTE and NR. After discussion, the following conclusions are made:
Observation 1: extra UE complexity is expected to support simultaneous reception with multiple SCS in multiple cells.
Observation 2: DC-based handover involving cells with different SCS is feasible, depending on UE capability of supporting different SCS.
Observation 3: current UE capability of supporting multiple SCS cannot be reused to indicate the support of DC-based handover that involves different SCS in source and target cells.
Proposal 1: depending on UE capability, DC-based handover that involves different SCS in source and target cell is feasible.
Proposal 2: DC-based handover in FR2 is not considered in this work item, unless the source and target cells are collocated and UE has the QCL information.
Observation 4: currently in RAN4 LTE requirement, the interrupt time in MBB handover was derived based on the assumption that UE will stop connection with source cell before preamble transmission.
Proposal 3: when discussing the feasibility of make-before-break handover in NR, RAN4 assumes UE will stop connection with source cell before preamble transmission.
Observation 5: RACH-less handover to an inter-frequency neighbour cell is feasible.
Observation 6: RACH-less handover to an asynchronous neighbour cell is feasible.
Observation 7: RACH-less handover to a neighbour cell with different SCS is feasible.
Proposal 4: RAN4 confirms the feasibility of RACH-less handover in FR1 with zero TA or same TA between source and target cells
Observation 8: RACH-less handover to target cell in FR2 is possible, e.g. UE is provided with multiple UL grants which are associated with different directions.
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