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Introduction
RAN1 #96 made the following conclusions on studying physical layer aspects for mobility enhancements [1]:
	Conclusion (RAN1 #96):
The following physical layer aspects for mobility enhancements have been identified in RAN1#96 and are to be further studied (but not limited to):
· Potential physical layer aspects of RACH-less HO
· TA for target cell (if applicable)
· Power control for PUSCH for the target cell
· UL grants configuration 
· Tx/Rx beam related aspects
· PUSCH transmission aspects (e.g. repetition, etc.)
· Potential physical layer aspects of dual connectivity (DC) based HO
· Feasibility/applicability (with respect to various Tx/Rx RF capability and carrier frequencies of source/target cell)
· PDCCH monitoring for source and target cells.
· Procedures related to DL/UL operation
· Power control for PUSCH/PUCCH/SRS 
· Tx/Rx beam related aspects 
· Note: this may interact with multi-TRP discussion in Rel-16 eMIMO
· Potential physical layer aspects of Make-before-break (MBB) related to 0ms HO interruption latency (if supported)
· If supported, whether or not PHY impacts are similar/the same to those under dual connectivity (DC) based HO
· Potential physical layer aspects of solutions/enhancements that are not explicitly mentioned in the WID
· Measurement procedure to provide low latency reports (e.g. L1 based measurements)
· Methods of conveying QCL information for target cell (e.g. MAC CE based indication of QCL information for target cell)
· Link recovery on non-serving cells



RAN2 has sent an LS to ask whether feasibility for LTE mobility enhancements can be applied to NR mobility enhancements.
	1. Overall Description:
In Rel-16 WI “NR mobility enhancements”, multiple solutions are proposed to reduce the handover interruption time, such as: 
· Handover/SCG change with simultaneous connectivity with source cell and target cell. 
· Make-before-break 
· RACH-less handover 
For Handover/SCG change involving simultaneous connectivity with source cell and target cell:
In LTE_feMob WI, RAN2 received the feedback from RAN1 and RAN4 in R1-1814411 (R2-1900020) and R4-1902030 (R2-1902601).

For RACH-less handover:
In LTE_eMob WI, RAN2 received the feedback from RAN4 in R4-166817 (R2-166016).

With respect to the above liaison statements for LTE_feMob and LTE_eMob WI, RAN2 would like to further ask the following:
Question: RAN2 would like RAN1 and RAN4 to provide their feedback on whether the replies to the LTE LSs mentioned above are also applicable to NR for inter and intra frequency (both FR1 and FR2), synchronous, and asynchronous scenarios. 



In this contribution, we first discuss simultaneous connectivity with source and target cell in Section 2 and then PHY aspects of RACH-less handover in Section 3.
[bookmark: _Ref4441556]Simultaneous connectivity with source and target cell
DC-based handover and MBB are potential techniques to achieve 0ms handover interruption. The MBB can be applicable for both intra-frequency and inter-frequency handover. On the other hand, DC-based handover is only applicable for inter-frequency handover i.e., using the Dual Connectivity feature with Role Switch (i.e. MN change via role switch of SCG to MCG) during handover (DCRS based HO). For inter-frequency HO, MBB and DCRS-based HO differ from upper layer perspectives while they have the same PHY aspects. Hence, the feasibility analysis on simultaneous connectivity with source and target cell are identical for both DC-based HO and MBB in inter-frequency handover.
The following NR PHY aspects ask for more considerations on the feasibility of simultaneous connectivity with source and target cell than considerations in LTE:
· Flexible numerology
· Two uplink waveforms (CP-OFDM and SC-OFDM)
· Bandwidth part (BWP) 
· Multi-beam
· Multi-TRP
Observation 1: NR PHY aspects such as flexible numerology, two uplink waveforms (CP-OFDM and SC-OFDM), BWP, multi-beam, multi-TRP call for additional considerations on the feasibility of simultaneous connectivity with source and target cells than considerations in LTE.
FR1 intra-frequency
Simultaneous Rx (same downlink numerology)
In synchronous deployment, simultaneous Rx is feasible for UE with a single Rx chain under conditions that received timing difference and power difference between source and target cells should be limited. The active DL BWP of source cell should contain active DL BWP of target cell, and source cell bandwidth should contain target cell bandwidth. Furthermore, PSD difference between the cells need further consideration (e.g., AGC issue). The simultaneous Rx is also possible with separate Rx chains for intra-band downlink carrier aggregation (DLCA) capable UE.
In asynchronous deployment, cross-interference between source and target cells is higher. Simultaneous Rx is feasible with separate Rx chains for UE with Dual-connectivity (DC) capability. 
Simultaneous Tx (same uplink numerology)
In synchronous deployment, simultaneous Tx is possible for UE with a single Tx chain under conditions that the cells should have same uplink waveform, be in same PC group, and be under limitations on PSD difference, PRB allocation and maximum transmit timing difference (MTTD) between source and target cells. Furthermore, active UL BWP of source cell should contain active UL BWP of target cell and source cell bandwidth should contain target cell bandwidth. The simultaneous Tx is also possible with separate Tx chains for UL-MIMO capable UE. Although the MTTD can be relaxed to a portion of CP with separate Tx chains, PSD difference between cells and MPR/A-MPR need to be further studied.
Supporting simultaneous Tx in asynchronous deployment is not possible with single Tx and is FFS for UE with uplink carrier aggregation (ULCA) capability (e.g., MTTD needs to be relaxed which impacts inter-mod IM impairment). 
Simultaneous Rx/Tx (different numerology)
One numerology delivers best performance per band or multiple bands. Hence, within intra-frequency HO framework, different numerology in source and target cells is not a practical situation to be considered. 
Observation 2: For FR1 intra-frequency,
· Synchronous deployment
· Simultaneous Rx is possible for UE with single Rx chain under conditions that received timing difference and power difference between the cells are limited. Source cell active DL BWP contains target cell active DL BWP, and source cell BW contains target cell BW. Furthermore, PSD difference between the cells need further consideration. The simultaneous Rx is also possible for intra-band DLCA capable UE with separate Rx chains.
· Simultaneous Tx is possible for UE with single Tx chain under conditions that the cells have same uplink waveform, are in the same PC group, and have limitations on PSD difference, PRB allocation and MTTD. Furthermore, source cell active UL BWP contains target cell active UL BWP and source cell BW contains target cell BW. The simultaneous Tx is also possible for UL-MIMO capable UE with separate Tx chains with considerations on PSD difference and MPR/A-MPR.
· Asynchronous deployment 
· Simultaneous Rx is possible for DC capable UE with separate Rx chains.
· Simultaneous Tx is not possible for UE with single Tx chain and is FFS for UE with ULCA capability (e.g., MTTD needs to be relaxed which impacts inter-mod IM impairment). 
· Different numerology between source and target cells is not a practical situation to be considered.

FR1 Inter-frequency Intra-band
Simultaneous Rx (same downlink numerology)
For synchronous scenarios, simultaneous Rx may be feasible for UE with a single Rx chain as long as there are some limitations on carrier frequency separation between the cells and total BW of source cell BW and target cell BW. Furthermore, PSD difference needs further study. Simultaneous Rx is also possible for intra-band DLCA capable UE with separate Rx chains if carrier frequency separation between cells is beyond a limit. 
For asynchronous scenarios, simultaneous Rx is feasible for DC capable UE with separate Rx chains and carrier frequency separation is beyond a limit.
Combinations of supported source and target frequencies depend on UE’s band combination capabilities.  

Simultaneous Tx (same uplink numerology)
For synchronous scenarios, simultaneous Tx is possible for intra-band ULCA capable UE with single Tx chain under conditions that MTTD and PSD difference should be limited, and allocation of BWPs/CCs should be contiguous. Simultaneous Tx is also possible for UE with separate Tx chains. Although MTTD can be relaxed to portion of CP, PSD difference and MPR/A-MPR need further study.
For asynchronous scenarios, simultaneous Tx is not feasible for UE with single Tx chain. The feasibility with separate Tx chains for ULCA capable UE is FFS. 
Combinations of supported source and target frequencies depend on UE’s band combination capabilities.  
Simultaneous Rx/Tx (different numerology)
One numerology delivers best performance per band or multiple bands. Hence, within inter-frequency intra-band HO framework, different numerology between source and target cells is not a practical situation to be considered. 
Observation 3: For FR1 inter-frequency intra-band,
· Synchronous deployment
· Simultaneous Rx is possible for UE with single Rx chain if carrier frequency separation and total BW of source and target cells are limited. Furthermore, PSD difference needs further study. With separate Rx chains, it is feasible for a DLCA capable UE if carrier frequency separation is beyond a limit.
· Simultaneous Tx is possible for ULCA capable UE with a single Tx chain under conditions that BWP/CC allocations for the cells are contiguous and same uplink waveform are configured for the cells. Furthermore, MTTD and PSD difference should be restricted. It is also possible for UE with separate Tx chains. Although MTTD can be relaxed with separate Tx chains, PSD difference and MPR/A-MPR need further study.
· Asynchronous deployment
· Simultaneous Rx is not possible for UE with single Rx. It is possible for DC capable UE with separate Rx chains and carrier frequency separation is beyond a limit. 
· Simultaneous Tx is not possible with single Tx chain and is FFS for ULCA capable UE’s. 
· Different numerology between source and target cells is not a practical situation to be considered.
· Combination of supported source and target frequencies depend on UE’s band combination capabilities.  

FR1 Inter-frequency Inter-band
Simultaneous Rx
Simultaneous Rx is feasible for DLCA capable UE with separate Rx chains in synchronous deployment while it is feasible for DC capable UE with separate Rx chains in asynchronous deployment. Different or same numerology between source and target cells are possible.
Combinations of supported source and target frequencies depend on UE’s band combination capabilities.  
Simultaneous Tx
Simultaneous Tx is feasible with separate Tx chains for UE capable of both ULCA and multi-TAG (mTAG) in synchronous deployment while, in asynchronous scenarios, it is feasible for DC capable UE. Different or same numerology between source and target cells are feasible.
Combinations of supported source and target frequencies depend on UE’s band combination capabilities.  

Observation 4: For FR1 inter-frequency inter-band,
· Synchronous case
· Simultaneous Rx is feasible for DLCA capable UE with separate Rx chains.
· Simultaneous Tx is feasible for ULCA+mTAG capable UE with separate Tx chains.
· Asynchronous case
· Simultaneous Rx is feasible for DC capable UE with separate Rx chains.
· Simultaneous Tx is feasible for DC capable UE.
· Different or same numerology between source and target cells is possible.
· Combination of supported source and target frequencies depend on UE’s band combination capabilities.  

FR2 Inter-frequency Intra-band or Intra-frequency
For FR2 inter-frequency intra-band or intra-frequency, synchronous deployment is assumed. Furthermore, one numerology delivers best performance per band or multiple bands. Hence, within intra-frequency and inter-frequency intra-band HO framework, different numerology between source and target cells is not a practical scenario to be considered. 
Simultaneous Rx is possible for UE with separate Rx chains and the Rel. 16 multi-TRP capability. Simultaneous Tx is currently under discussion in Rel.16 multi-TRP session.
Observation 5: For FR2 inter-frequency intra-band or intra-frequency,
· Synchronous deployment is assumed.
· Simultaneous Rx is possible for UE w/ separate Rx chains, multiple antenna panels and Rel.16 multi-TRP capability.
· Simultaneous Tx is under discussion in RAN1.
· Different numerology between source and target cells is not a practical situation to be considered.

Based on above observations, we make the following proposal:
Proposal 1: Capture observations 1-5 in RAN1 reply to RAN2 LS (R2-1902745).

[bookmark: _Ref4441587]RACH-less handover
RACH procedure is used during HO to obtain the Timing Advance (TA) and the UL grant for PUSCH transmission (RRC Connection Reconfiguration Complete message) to the target cell. RACH-less HO was introduced to eliminate the RACH related latencies during HO. Although RACH-less HO does not provide 0ms HO interruption, it is still useful when source cell connection is deteriorating quickly. 
Timing advance
[bookmark: _Hlk874793]In LTE, RACH-less HO was restricted to the synchronous intra-frequency deployments. Furthermore, it is limited to the cases that the target cell TA is the same as the source cell TA or the target cell TA is zero. Although such restriction eliminates the need to obtain TA for the target cell, it limits the use of RACH-less HO in more practical deployment scenarios e.g., when target cell TA is non-zero or when the target cell TA is not the same as the source cell TA). Hence, for NR, it might be beneficial to investigate mechanisms to enable UE estimate timing advance of the target cell.
RAN2#105 sent an LS [2] to RAN1 asking whether replies in R4-166817 [5] on timing advance solutions for LTE RACH-less HO are also applicable to NR RACH-less HO.
	R4-166817
Q1: Would the accuracy of the TA value calculated according to the schemes in the attachment be sufficient for transmitting PUSCH/PUCCH/SRS at the target cell in either synchronous or asynchronous network?  (RAN1/RAN4)
Reply to Q1: The legacy accuracy requirements for uplink timing alignment, i.e. the accuracy of TA for initial uplink transmission, cannot be met by UE calculated TA scheme in either synchronous or asynchronous network. The TA calculation error comes from TA error of source cell, UE reception time difference, BS transmission time alignment error, and uplink/downlink imbalance.
Q2: Assuming the TA value can be calculated accurately, would starting PUCCH/PUSCH/SRS transmission directly (i.e. without power ramping step) be feasible? (RAN1/RAN4)
Reply to Q2: If it is feasible to start PUCCH/PUSCH/SRS transmission directly is up to RAN1. RAN4 would like to point out that without PRACH power ramping step the transmission power accuracy could be impacted.
Q3: In the UE based TA calculation, would the timing offset between source and target eNBs in asynchronous case be acquired by the target eNB and would this estimation be accurate for the calculation of TA? (RAN3/RAN4)

Reply to Q3: The feasibility and accuracy of network based timing offset estimation in asynchronous case is within the domain of RAN3 to evaluate. From a RAN4 perspective, any error in the estimated timing offset between source and target eNBs will cause doubled error in the calculated TA value.



The reply to Q1 mentioned that “The legacy accuracy requirements for uplink timing alignment, i.e. the accuracy of TA for initial uplink transmission, cannot be met by UE calculated TA scheme in either synchronous or asynchronous network.” However, LTE RACH-less HO supports the TA scenario that the target cell TA is the same as the source cell TA. In this case, for more accurate TA estimation, the UE should need to use RSTD and source cell TA to derive target cell TA. As being noted in the LS, the TA calculation error comes from TA error of source cell, UE reception time difference, BS transmission time alignment error, and uplink/downlink imbalance. Hence, we could consider these error sources to aid UE with more accurate target cell TA estimation. In particular, the UE might be able to estimate target cell TA based on source cell TA, RSTD, and timing offsetbetween DL Tx and UL Rx (), and inherent timing offset between source and target cells ()

where  and  are indicated to UE, and  where  is the time when the UE receives the start of one subframe from target cell and  is the time when the UE receives the corresponding start of one subframe from source cell that is closest in time to the subframe received from target cell.
Proposal 2: UE estimates target cell TA based on source cell TA, RSTD, and timing offsetbetween DL Tx and UL Rx (), and inherent timing offset between source and target cells ()

where  and  are indicated to UE, and

where  is the time when the UE receives the start of one subframe from target cell and  is the time when the UE receives the corresponding start of one subframe from source cell that is closest in time to the subframe received from target cell.
Another option is to enable target cell to estimate timing advance based on existing uplink RS e.g., SRS. Here, the uplink RS configuration is configured to UE and known to the target cell.
Proposal 3: Target cell can estimate the timing advance based on uplink RS (e.g., SRS) to source cell. SRS configuration is configured to UE and known to the target cell.

PUSCH transmission
Since NR supports multi-beam deployment, it would be necessary to define PUSCH occasion (time-frequency resources) for PUSCH transmission.
Proposal 4: Define PUSCH occasion for PUSCH transmission in multi-beam deployments.
Furthermore, NR supports flexible numerology, two uplink waveforms for PUSCH, and different versions of pi/2 BPSK. Hence, it would be necessary to discuss which configuration should be supported for PUSCH in RACH-less HO.
Proposal 5: Discuss PUSCH configuration on numerology, waveform and MCS.
The goal of RACH-less HO is to reduce HO interruption time. It should be noted that the latency of PUSCH transmission might be long. So, if NR can support PUSCH repetition, which is expected to be supported for eURLLC, PUSCH transmission latency should be reduced. 
Proposal 6: RACH-less HO supports PUSCH repetition.

Conclusion 
This contribution provides our discussion on feasibility of simultaneous connectivity with both source and target cells, and PHY aspects for supporting RACH-less HO. In particular, on simultaneous connectivity with source and target cells, we make the following observations:
Observation 1: NR PHY aspects such as flexible numerology, two uplink waveforms (CP-OFDM and SC-OFDM), BWP, multi-beam, multi-TRP call for additional considerations on the feasibility of simultaneous connectivity with source and target cells than considerations in LTE.
Observation 2: For FR1 intra-frequency,
· Synchronous deployment
· Simultaneous Rx is possible for UE with single Rx chain under conditions that received timing difference and power difference between the cells are limited. Source cell active DL BWP contains target cell active DL BWP, and source cell BW contains target cell BW. Furthermore, PSD difference between the cells need further consideration. The simultaneous Rx is also possible for intra-band DLCA capable UE with separate Rx chains.
· Simultaneous Tx is possible for UE with single Tx chain under conditions that the cells have same uplink waveform, are in the same PC group, and have limitations on PSD difference, PRB allocation and MTTD. Furthermore, source cell active UL BWP contains target cell active UL BWP and source cell BW contains target cell BW. The simultaneous Tx is also possible for UL-MIMO capable UE with separate Tx chains with considerations on PSD difference and MPR/A-MPR.
· Asynchronous deployment 
· Simultaneous Rx is possible for DC capable UE with separate Rx chains.
· Simultaneous Tx is not possible for UE with single Tx chain and is FFS for UE with ULCA capability (e.g., MTTD needs to be relaxed which impacts inter-mod IM impairment). 
· Different numerology between source and target cells is not a practical situation to be considered.

Observation 3: For FR1 inter-frequency intra-band,
· Synchronous deployment
· Simultaneous Rx is possible for UE with single Rx chain if carrier frequency separation and total BW of source and target cells are limited. Furthermore, PSD difference needs further study. With separate Rx chains, it is feasible for a DLCA capable UE if carrier frequency separation is beyond a limit.
· Simultaneous Tx is possible for ULCA capable UE with a single Tx chain under conditions that BWP/CC allocations for the cells are contiguous and same uplink waveform are configured for the cells. Furthermore, MTTD and PSD difference should be restricted. It is also possible for UE with separate Tx chains. Although MTTD can be relaxed with separate Tx chains, PSD difference and MPR/A-MPR need further study.
· Asynchronous deployment
· Simultaneous Rx is not possible for UE with single Rx. It is possible for DC capable UE with separate Rx chains and carrier frequency separation is beyond a limit. 
· Simultaneous Tx is not possible with single Tx chain and is FFS for ULCA capable UE’s. 
· Different numerology between source and target cells is not a practical situation to be considered.
· Combination of supported source and target frequencies depend on UE’s band combination capabilities.  

Observation 4: For FR1 inter-frequency inter-band,
· Synchronous case
· Simultaneous Rx is feasible for DLCA capable UE with separate Rx chains.
· Simultaneous Tx is feasible for ULCA+mTAG capable UE with separate Tx chains.
· Asynchronous case
· Simultaneous Rx is feasible for DC capable UE with separate Rx chains.
· Simultaneous Tx is feasible for DC capable UE.
· Different or same numerology between source and target cells is possible.
· Combination of supported source and target frequencies depend on UE’s band combination capabilities.  

Observation 5: For FR2 inter-frequency intra-band or intra-frequency,
· Synchronous deployment is assumed.
· Simultaneous Rx is possible for UE w/ separate Rx chains, multiple antenna panels and Rel.16 multi-TRP capability.
· Simultaneous Tx is under discussion in RAN1.
· Different numerology between source and target cells is not a practical situation to be considered.

Based on above observations, we make the following proposal:
Proposal 1: Capture observations 1-5 in RAN1 reply to RAN2 LS (R2-1902745).

On RACH-less HO, the following proposals have been made:
Proposal 2: UE estimates target cell TA based on source cell TA, RSTD, and timing offsetbetween DL Tx and UL Rx (), and inherent timing offset between source and target cells ()

where  and  are indicated to UE, and

where  is the time when the UE receives the start of one subframe from target cell and  is the time when the UE receives the corresponding start of one subframe from source cell that is closest in time to the subframe received from target cell.
Proposal 3: Target cell can estimate the timing advance based on uplink RS (e.g., SRS) to source cell. SRS configuration is configured to UE and known to the target cell.
Proposal 4: Define PUSCH occasion for PUSCH transmission in multi-beam deployments.
Proposal 5: Discuss PUSCH configuration on numerology, waveform and MCS.
Proposal 6: RACH-less HO supports PUSCH repetition.
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