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1	Introduction 
In RAN1 #96 [1] for mobility enhancement, some agreements have been achieved including:
Agreements:
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

In this contribution, we further elaborate mobility enhancement issues and solutions.

2	Interruption Reduction Analysis
In LTE, the latency during handover (HO) execution is defined as the interruption from reception of RRCReconfiguration (HO command) to the transmission of RRCReconfigurationComplete to the target. In Rel-15 NR, only basic HO similar as LTE was supported and the same definition can apply. Figure 1 below illustrates the service interruption time in NR HO as defined in 38.300 [2]. The duration of RRC Reconfiguration processing (Step 3) is limited to 10ms in 38.331 [3]. During the step “switch to new cell”, as define in 38.133 [4], UE processing for RF/baseband re-tuning is 20ms for intra-frequency and inter-frequency handovers from cells in the same FR. Otherwise, 40ms is required for the HO from one NR FR1 cell to a NR FR2 cell, and vice versa. To reduce the interruption time, RACH-less handover is mentioned in RAN1 #96 [1] while another potential method “2-step RACH for NR” was agreed as a new work item in RAN#82 [5].

In [6], the interruption time portion of RACH process is analyzed and the handover interruption components are summarized in Table I.  It can be seen that RACH-less process saves 45ms out of 75/95ms interruption time while 2-step RACH saves 18.5 out of 75/95ms interruption time.
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Figure 1: Service interruption time in NR HO.

Table 1: Handover interruption time components with the PRACH delay based on NB-IoT UP Solution

	Component/ Step
	Description
	Time (ms)

	3
	RRC Reconfiguration 
	10

	S1
	SN Status Transfer
	0

	S2
	Target cell search
	0

	S3
	UE processing time for RF/baseband re-tuning, security update
	20/40

	S4
	PRACH waiting (per TTI PRACH)
	0.5

	S5
	Preamble Tx (Msg1 Tx)
	1

	S6
	Processing  (Msg1 processing)
	3

	S7
	RAR Tx (Msg2 Tx)
	1

	S8
	Processing (Msg2 processing)
	5

	S9
	RRC Connection Resume Request Tx(Msg3 Tx)
	1

	S10
	Processing (Msg3 processing)
	8

	S11
	RRC Connection Resume (Msg4 Tx)
	1

	S12
	Processing (Msg4 processing)
	15

	S13
	Scheduling Request (for PUSCH after RACH)
	8.5

	4
	RRC Connection Reconfiguration Complete
	1

	
	Total time [ms] 
	75ms/95ms



Observation 1: In NR, without considering the feasibility, RACH-less HO can save about 53% of interruption time and 2-step RACH can save about 22% of interruption time. Both solutions still have more than 30ms interruption time.

In RAN1 #96 [1] for mobility enhancement, dual connectivity (DC) based and make-before-break (MBB) based handover which requires simultaneous Tx/Rx operation with the source cell and target NR cell during HO/SCG change are also discussed. Both methods keep the source link until a UE can receive control/data from the target cell. Without considering the feasibility, these methods can achieve 0ms interruption time.

Observation 2: In NR, without considering the feasibility, DC-based and enhanced MBB based handover can achieve 0ms interruption time.

3	Feasibility of RACH-less Handover

The RACH-less HO solution is an enhancement on the traditional HO procedure in which the UE does not perform contention-free or contention-based random access. In this case, UE needs to obtain UL grant, power control, timing advance (TA), and UL beam pair selection for initial PUSCH transmission which were obtained through RACH process.

Observation 3: RAN1 impacts on RACH-less HO is how can UE obtain UL grant, power control, timing advance, and UL beam pair selection for initial PUSCH transmission.

For UL grant, LTE RACH-less HO supports preconfigured UL grant or UE can monitor PDCCH of the target cell to obtain the UL grant. 

For power control, RAN1 just reached an agreement in [7] for LTE RACH-less handover that PUSCH (re)transmissions corresponding to LTE RACH-less HO follow the same power control procedures as those scheduled by the random access response grant. The parameters which do not exist for RACH-less HO are set to be zero.

Observation 4: The UL grant configuration mechanism and power control in LTE RACH-less HO can be used as a starting point for NR RACH-less HO. 

For TA, LTE RACH-less HO supports only synchronous deployments with the limitation target cell TA = 0 or source cell TA = target cell TA [8]. To generalize the use of RACH-less HO in more deployment scenarios, UE would be required to perform TA measurement at some time, ex., during SMTC window for RRM measurement. However, the current RRM measurement timing requirement in RAN4 did not consider the effort of TA measurement. The measurement timing may need to be adjusted if TA measurements for neighbor cells in various frequency layers are to be performed in SMTC window.

Observation 5: The requirement of TA measurement in SMTC window by UE may have RAN4 impact.

For UE based TA measurement in LTE network for RACH-less HO, RAN4 replied in R4-166817 [9] and 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. RAN2 had filed a LS to RAN4 (R2-1902745 [10]) to check whether the same replies also apply to NR.

Proposal 1: If RAN4 replies that the same limitations in R4-166817 applies to NR, then RACH-less HO in NR should be limited to synchronous deployments with target cell TA = 0 or source cell TA = target cell TA.

Before RAN4 replies, the mechanism for UE to obtain timing advance of the target cell can still be studied. For synchronous network, the TA needs to be calculated by UE with measurements of the reference signals timing transmitted by source cell and target cell as shown in Fig. 2. Target cell TA can be derived based on source cell TA and the difference between TRX_S and TRX_T for (perfectly) synchronous network. 
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Figure 2: Propagation delay of source cell and target cell.

In 38.133 [4] 7.4.2, it is specified that the cell phase synchronization accuracy measured at BS antenna connectors shall be within 3μs. There could be up to 3μs uncertainty between cell timings for synchronous network. This also means 3μs uncertainty for UE calculated TA value. For NR, 3μs TA uncertainty can exceed CP length for subcarrier spacing above 30kHz as shown in Table II.

Table II: OFDM CP length for different subcarrier spacing 

	Parameter / Numerology (µ)
	0
	1
	2
	3
	4

	Subcarrier Spacing (kHz)
	15
	30
	60
	120
	240

	OFDM Symbol with CP (us)
	66.67
	33.33
	16.67
	8.33
	4.17

	OFDM Symbol Duration (us)
	71.43
	35.71
	17.86
	8.93
	4.46

	Cyclic Prefix Duration (us)
	4.76
	2.38
	1.19
	0.60
	0.29




Proposal 2: The feasibility of TA estimation for RACH-less HO for NR UE should be studied considering various subcarrier spacing.

For RACH-less handover in asynchronous network, the UE based TA calculation would require the timing offset between source and target gNBs expressed as “D” in Fig. 2; however, the behavior to acquire the timing offset between source and target gNBs in asynchronous network is not defined in current spec and the feasibility is up to RAN3 to determine, as stated in [9].

Observation 6: The feasibility of TA estimation for RACH-less HO in asynchronous network is up to RAN3 to determine.

For UL beam pair selection, there is no chance for UE to perform UL beam pair identification without RACH process and may have to reuse the beam sweeping results from RRM measurement. The information from RRM measurement can be outdated when there are multiple frequency layers to measure and UE is in FR2. Fig. 3 shows the RRM measurement period for one measurement target.
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Figure 3: Cell search (TCS), measurement (TCM), and SSB index search (TSBI) period define in 38.133 [4], unit in ms.
Proposal 3: If the beam sweeping results from RRM is reused for UL beam selection in RACH-less handover, the performance should be evaluated since the information can be outdated, especially for FR2.

From the discussions above, RACH-less HO may not be always feasible considering the realistic deployment. The feasibility should be further studied by RAN1, RAN3, and RAN4. For the scenarios RACH-less handover is not applicable, 2-step RACH as studied in the work item [5] can be used to decrease the handover interruption time.

Proposal 4: For scenarios where RACH-less handover is not applicable, 2-step RACH can be used to decrease the handover interruption time.

4	Feasibility of DC-based or EMBB-based Handover
For DC-based and enhanced MBB based HO, according to [11] (R2-1900619), for split or non-split bearer operations, the two methods both keep the source link until a UE can receive control/data from the target cell and requires simultaneous DL/UL. 
Observation 7: From RAN1’s perspective, DC-based HO and enhanced Make-Before-Break HO have the same level of specification impact.

Also, as discussed in [11], the current DC-based HO flow is based on current DC procedure in spec to add/release SeNB except for the role change part (Step 9~11 in Fig. 4 [11]). Therefore, the physical layer feasibility of DC-based handover is the same as those studied in DC-CA agenda item.



Figure 4: An example message flow of DC-based HO [11].

Observation 8: The physical layer feasibility of DC-based handover is the same as those studied in DC-CA agenda item. UE can follow the procedure define in DC to add the target cell and release the source cell.

Previously RAN2 inquired the feasibility of DC-based HO to RAN1 and RAN4. RAN1 replied in R1-1814411 and RAN4 replied in R4-1902030. Based on the replies, we can classify three categories based on the capability to perform simultaneous DL/UL and determine whether DC-based HO should be supported.
Proposal 5: Classify the capability to perform simultaneous DL/UL in three different categories: 
· Category 1: feasible to support simultaneous Tx/Rx with the source and target cells during HO; (inter-frequency synchronous inter-band/intra-band, inter-frequency asynchronous inter-band and intra-frequency synchronous)
· Category 2: feasible to support simultaneous Rx with the source and target cells during HO; (e.g. intra-frequency asynchronous)
· Category 3: no support of simultaneous Tx/Rx with the source and target cell during HO.  

Proposal 6: DC-based HO is supported for the category 1 scenarios, including inter-frequency synchronous inter-band/intra-band, inter-frequency asynchronous inter-band and intra-frequency synchronous. 

Proposal 7: DC-based HO is supported for the category 2 scenarios, e.g. intra-frequency asynchronous or single UL transmission. TDM pattern for UL transmission is coordinated between the source and target cells. 

Proposal 8: DC-based HO doesn't need to be supported for the category 3 scenarios.  

For scenarios DC-based HO is supported, we can optimize the UL power control and TDM patterns for HO purpose. These rules can be different from those specified in DC-CA agenda. For example, the when HO is initiated, the target cell is treated as SeNB and the priority of power sharing and time sharing is lower than the source cell (MeNB). However, since it is more important to ensure a robust handover to the target cell, the priority of power sharing and time sharing should be adjusted.

Proposal 9: The UL power control and TDM patterns for DC-based HO can be optimized on top of the rules defined in DC-CA agenda. 

5	Summary 
In this invention, we investigate NR mobility enhancement with various considerations. In particular, we have:

Observation 1: In NR, without considering the feasibility, RACH-less HO can save about 53% of interruption time and 2-step RACH can save about 22% of interruption time. Both solutions still have more than 30ms interruption time.

Observation 2: In NR, without considering the feasibility, DC-based and enhanced MBB based handover can achieve 0ms interruption time.

Observation 3: RAN1 impacts on RACH-less HO is how can UE obtain UL grant, power control, timing advance, and UL beam pair selection for initial PUSCH transmission.

Observation 4: The UL grant configuration mechanism and power control in LTE RACH-less HO can be used as a starting point for NR RACH-less HO. 

Observation 5: The requirement of TA measurement in SMTC window by UE may have RAN4 impact.

Proposal 1: If RAN4 replies that the same limitations in R4-166817 applies to NR, then RACH-less HO in NR should be limited to synchronous deployments with target cell TA = 0 or source cell TA = target cell TA.

Proposal 2: The feasibility of TA estimation for RACH-less HO for NR UE should be studied considering various subcarrier spacing.

Observation 6: The feasibility of TA estimation for RACH-less HO in asynchronous network is up to RAN3 to determine.

Proposal 3: If the beam sweeping results from RRM is reused for UL beam selection in RACH-less handover, the performance should be evaluated since the information can be outdated, especially for FR2.

Proposal 4: For scenarios where RACH-less handover is not applicable, 2-step RACH can be used to decrease the handover interruption time.

Observation 7: From RAN1’s perspective, DC-based HO and enhanced Make-Before-Break HO have the same level of specification impact.

Observation 8: The physical layer feasibility of DC-based handover is the same as those studied in DC-CA agenda item. UE can follow the procedure define in DC to add the target cell and release the source cell.

Proposal 5: Classify the capability to perform simultaneous DL/UL in three different categories: 
· Category 1: feasible to support simultaneous Tx/Rx with the source and target cells during HO; (inter-frequency synchronous inter-band/intra-band, inter-frequency asynchronous inter-band and intra-frequency synchronous)
· Category 2: feasible to support simultaneous Rx with the source and target cells during HO; (e.g. intra-frequency asynchronous)
· Category 3: no support of simultaneous Tx/Rx with the source and target cell during HO.  

Proposal 6: DC-based HO is supported for the category 1 scenarios, including inter-frequency synchronous inter-band/intra-band, inter-frequency asynchronous inter-band and intra-frequency synchronous. 

Proposal 7: DC-based HO is supported for the category 2 scenarios, e.g. intra-frequency asynchronous or single UL transmission. TDM pattern for UL transmission is coordinated between the source and target cells. 

Proposal 8: DC-based HO doesn't need to be supported for the category 3 scenarios.  

Proposal 9: The UL power control and TDM patterns for DC-based HO can be optimized on top of the rules defined in DC-CA agenda. 
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