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Introduction
In RAN plenary meeting #80, WID for NR mobility enhancements was approved with the following objectives [1]: 
· To study solution(s) to reduce interruption time during HO/SCG change focusing on the following identified solutions but not limited. 
· Handover/SCG change with simultaneous connectivity with source cell and target cell. 
· Make-before-break 
· RACH-less handover 
· To study solution(s) to improve HO/SCG change reliability and robustness especially considering challenges in high/med frequency focusing on the following identified solutions but not limited. 
· Conditional handover 
· Fast handover failure recovery 
RAN2 should avoid increasing signalling overhead. 
Note: LTE mobility enhancements should be used for baseline for fast handover failure recovery, Make-before-break and RACH-less handover. 

· To specify the solutions and agreements agreed during the above study phase. [RAN2/RAN1/RAN3/RAN4]

Note: The following aspects should be considered in above objectives.
- Inter and intra frequency handover/SCG change
- Inter-CU, intra-CU/inter-DU and intra-DU handover/SCG change
- Synchronous and asynchronous deployments as assumed in Rel-15 NR
- UE capability on the number of Tx/Rx chains
- Low and high velocity
- FR1 and FR2 frequencies



In this paper, we present a high-level discussion on these topics.
Simultaneous connectivity with source and target cells
Simultaneous Rx/Tx connectivity to source and target cells is one of the key solutions to reduce interruption during mobility and depends on UE capability on the number of Tx/Rx chains and the type of HO (e.g., inter-frequency, intra-frequency, synchronous, …). For R16 LTE further enhanced mobility (FeMob), RAN4 is asked to investigate the feasibility of simultaneous connectivity under the following cases [2]:
· Intra-frequency 
· Inter-frequency
· Synchronous deployment
· Asynchronous deployment
· Same or different bandwidth between the source and target cells

In [3], source company provided its opinion on the above cases. In NR, the following should additionally be at least considered in the feasibility study of simultaneous connectivity:
· Same or different SCS between the source and target cells
· FR1 ↔ FR1, FR2 ↔FR2, FR1 ↔ FR2

Table 1 summarizes the analysis in [3] with additional comments on NR-specific cases. 
Table 1 Simultaneous connectivity between source and target cells
	Configuration (source/target)
	Simultaneous Rx
	Simultaneous Tx

	Frequency
	Time
	SCS
	
	

	Intra-freq FR1
	Sync
	Same
	Feasible with 1Rx or separate Rx chains
	Feasible with 1Tx or separate Tx chains with limitations on PRB resource allocation in SC-OFDM and TAG

	
	Async
	Same
	Feasible with 1Rx or separate Rx chains
	Feasible with separate Tx chains with limitations on PRB resource allocation in SC-OFDM and TAG

	Intra-freq FR2
	Sync
	Same
	Feasible if source/target cells are co-located and QCL’ed
	Feasible if source/target cells are co-located and QCL’ed

	Inter-freq intra-band FR1
	Sync
	Same
	Feasible with 1Rx chain in some scenarios. FFS for UE’s with separate Rx chains
	Feasible with 1Tx chain in some scenarios as long as source/target cells are in the same TAG

	
	Async
	Same
	Feasible with 1Rx chain in some scenarios. FFS for UE’s with separate Rx chains
	Not feasible 

	Inter-freq Intra-band FR2
	Sync
	Same
	Feasible if source/target cells are co-located and QCL’ed
	Feasible if source/target cells are co-located and QCL’ed

	Inter-freq inter-band FR1
	Sync
	Same/
Different
	Feasible with DLCA capable UE’s
	Feasible with ULCA capable UE’s

	
	Async
	Same/
Different
	Feasible with DLCA capable UE’s
	Feasible with ULCA capable UE’s with limits on TA difference between source/target cells



The table above is not inclusive and can further be expanded to study other scenarios. With the proliferation of DLCA capable UE’s, support for 2Rx chains is more prevalent thus enabling simultaneous Rx connectivity to source and target cells. For simultaneous Tx connectivity, ULCA capability is also helpful. 
Observation 1. Table 1 summarizes key scenarios in FR1 and FR2 and with conditions to support simultaneous Tx/Rx connectivity to source and target cells. 
Proposal 1. RAN4 to investigate conditions to support simultaneous Tx/Rx connectivity to source and target cells for all scenarios of interest at least including:
· Intra-frequency 
· Inter-frequency
· Synchronous deployment
· Asynchronous deployment
· Same or different SCS between the source and target cells
· FR1 ↔ FR1, FR2 ↔FR2, FR1 ↔ FR2

The RAN4 response to LS in [2] in the context of R16 LTE FeMob can be considered as baseline. 
Make-before-break (MBB)
In R14, LTE introduced MBB to reduce interruption time during HO. In legacy HO, the UE starts synchronizing to target cell after it applies the RRC reconfiguration in HO command. In MBB HO procedure, if source eNB indicates MBB HO in the HO request message, UE performs target eNB acquisition and synchronization using secondary Rx chain while still maintaining Rx/Tx connectivity to source eNB. The remainder of HO procedure including resetting MAC is performed after UE has stopped connectivity with source eNB. It is up to UE implementation when to stop connectivity to source eNB and initiate re-tuning for connection to target eNB in MBB procedure. 
The requirements for interruption time during HO are specified in Section 5 of [4] for LTE. For normal (legacy) HO, the interruption time is defined as the time between end of the last TTI containing the RRC command on the old PDSCH and the time the UE starts transmission of the new PRACH when UE is configured with normal or MBB HO.
For normal HO, the requirements on the interruption time is:
Tinterrupt = Tsearch + TIU + 20 ms
Where:
· Tsearch is the time required to search the target cell when the target cell is not already known when the handover command is received by the UE. If the target cell is known, then Tsearch = 0 ms. If the target cell is unknown and signal quality is sufficient for successful cell detection on the first attempt, then Tsearch = 80 ms. Regardless of whether DRX is in use by the UE, Tsearch shall still be based on non-DRX target cell search times.
· TIU is the interruption uncertainty in acquiring the first available PRACH occasion in the new cell. TIU can be up to 30 ms.
NOTE: The actual value of TIU shall depend upon the PRACH configuration used in the target cell.
For MBB HO, the requirements on the interruption time is improved:
Tinterrupt =  TIU + 5 ms
However, MBB HO in R14 LTE has the following limitations:
· It is only applicable to synchronous intra-frequency scenario
· Simultaneous connectivity to source and target cells upon receiving RRC reconfiguration message from eNB is not always possible due to poor channel quality at cell edge
· L2 stack delay, RRC processing delay, and Tx switching delay cannot be avoided
· Simultaneous connectivity, RRC processing, and L2 stack switch is not realistic using single L2 stack

Observation 2. In LTE MBB HO, the interruption time is reduced from Tinterrupt = Tsearch + TIU + 20 ms to Tinterrupt =  TIU + 5 ms by UE using its secondary Rx chain to acquire and synchronize with target cell while maintaining connectivity with source cell. MBB in LTE is limited to synchronous intra-frequency scenario. 
In R16 NR mobility enhancement, the scope of MBB can be wider to encompass scenarios beyond synchronous intra-frequency. RAN2 aims to remove the limitations in L2 stack within this WI. In parallel, RAN4 can strive to address the simultanous connectivity to source and target cells to enable MBB in more scenarios. 
As indicated in Table 1, simultaneous connectivity to source and target cells is feasible in more scenarios particularly for UE’s with CA capability. For these types of UEs, simultaneous connectivity to source and target cells at cell edge may be improved as CA capability of UE is used. Moreover, reliability methods can also be employed to reduce HO failures; e.g., by delivering HO command early when source link is good enough. 
Proposal 2. R16 NR mobility enhancement to at least include MBB in synchronous intra-frequency as in LTE and can include more scenarios by relying on UE capabilities for simultaneous connectivity to source and target cells (e.g, DLCA capability) and improving robustness. 
It may not be realistic to assume every device can support dual Tx/Rx chains. Some devices may only support Dual Rx/Single Tx or Single Rx/Single Tx chains to save complexity. Moreover, even with dual Tx/Rx capability, simultaneous Tx/Rx to source and target cells may not be possible due to incompatible RF band combinations that a device can support. Furthermore, simultaneous Tx to source and target cells may necessitate power sharing/capping among the two uplinks. 
Observation 3. Not all devices can support dual Tx/Rx. Even for a UE that supports dual Tx/Rx, simultaneous connectivity to source and target cells may not be possible due to incompatible RF band combinations that it can support. Furthermore, simultaneous Tx to source and target cells may necessitate power sharing/capping among the two uplinks. 
It should also be noted that service interruption and mobility interruption should be differentiated. Service interruption time is strongly dependent on traffic patterns of the service. Services like voice, instant messaging, and IOT applications transmit small data packets periodically. For example, if a service provides a packet every 20 ms and the mobility handover is executed in between packet arrivals, then UL/DL service interruption time can be 0 ms for the service. Such services can tolerate a mobility interruption time of >0ms without any impact to user experience.  
Observation 4. UL/DL mobility interruption time >0ms does not always result in service interruption for the user.
Figure 1 shows an example of the mobility interruption due to no support of simultaneous Tx capability. In this example, UE is assumed to have simultaneous Rx capability and tune away is not required for the Rx chain. On receiving the MBB HO command, UE tunes away the Tx chain to target cell to perform PRACH Tx on the target cell as shown at step 1. After the PRACH Tx, UE waits for RAR and sends RRC Reconfiguration Complete to the target cell at step 2. Thus, the Tx chain is not available for any UL data Tx on the source cell between step1 and step 2 during the MBB HO and this results in UL data interruption for any data waiting for Tx. The DL data on source cell may also experience some delays due to no HARQ feedback Tx on the source cell for any DL data sent on the source cell during the time UE is executing HO to the target cell. Thus, the mobility interruption time achievable on UL and DL is dependent on the UE RF chain capabilities and can be >0ms when UE cannot support simultaneous Tx during MBB HO.
[bookmark: _Ref535405080]Proposal 3. RAN4 to discuss whether MBB HO should be supported for the HO scenarios where the UE cannot support simultaneous Tx and the UL mobility interruption time is >0ms.


Figure 1 Mobility interruption during MBB HO for single Tx, dual Rx UE

RACH-less
Another solution added in R14 LTE mobility enhancement is RACH-less HO in which UE does not have to RACH at the target eNB during HO. Pre-allocated UL resources for transmission of RRC connection reconfiguration complete message on target eNB may be provided by source eNB or UE can monitor PDCCH of the target cell to obtain UL grant. Target eNB TA command is also indicated by source eNB. For RACH-less HO, the interruption time is defined as the time between end of the last TTI containing the RRC command on the old PDSCH and the time the UE starts transmission of new PUSCH. The requirement is as follows:
Tinterrupt = Tsearch + TIU + 20 ms
Where:
· Tsearch is the time required to search the target cell when the target cell is not already known when the handover command is received by the UE. If the target cell is known, then Tsearch = 0 ms. If the target cell is unknown and signal quality is sufficient for successful cell detection on the first attempt, then Tsearch = 80 ms. Regardless of whether DRX is in use by the UE, Tsearch shall still be based on non-DRX target cell search times.
· TIU is the interruption uncertainty in acquiring the first PUSCH transmission occasion when UE is configured with RACH-less handover in the new cell.
· TIU can be up to 10 ms if UL grant is configured in RRC command.
NOTE:	The actual value of TIU shall depend upon the UL grant configuration in RRC command.
TIU can be up to TUL_grant if UL grant is not configured in RRC command.
NOTE:	TUL_grant is the time required to acquire and process uplink grant from the target Pcell.
As in MBB HO, RACH-less HO in R14 LTE is limited to synchronous intra-frequency and restricted to the case where target cell TA is the same as source cell TA (i.e, source and target cells are co-located) or the target cell TA is zero (i.e., small cells). This limits the possibility of using RACH-less HO for inter-gNB scenarios which are common during mobility. RAN4 along with other working groups can consider the feasibility of deriving target cell TA in inter-gNB scenarios. 
[bookmark: _GoBack]Observation 5. RACH-less HO eliminates the interruption required to access the target cell by sending the TA of the target cell in HO command and also possibly configuring UE with pre-allocated resources in the target cell. Current LTE RACH-less solution is limited to synchronous intra-frequency with same TA (or zero TA) between source and target cells. 
In NR, SSBs are transmitted over multiple beams and UE performs beam selection to find a suitable beam for RACH. The configuration information for the PRACH resource associated with different SSB beams is provided in the HO command sent to UE. Hence, in order to support RACH-less HO in NR, the pre-allocated UL grant information included in RRC reconfiguration message should include UL resource configuration for multiple beam candidates. UE selects a suitable beam among the list of candidate beams to transmit the first PUSCH on target cell. The UE may optionally be furnished with multiple candidate beams for monitoring PDCCH on the target cell when UE is not provided with pre-allocated UL grant. The candidate beams are based on beam measurement information performed by UE and sent to source gNB which can be relayed to target gNB. 
Proposal 4. Same RACH-less design principles as in LTE can be used for NR:
· Pre-allocated UL grant configuration can be optionally sent in the RRC reconfiguration message
· Pre-allocated UL grant configuration includes scheduling offset, interval, and number of HARQ processes for multiple candidate beams based on UE beam measurement information
· UE can monitor PDCCH of target gNB for UL grant on multiple candidate beams when pre-allocated UL grant is not configured

Further enhancements to improve robustness and reduce interruption time can be achieved by introducing a new timer. In LTE, T304 timer (i.e., the traditional HO timer) is used to failure detection which can lead to longer mobility interruption in failure scenarios. A new RACH-less timer with shorter expiry reduces the
Conclusion
Observation 1. Table 1 summarizes key scenarios in FR1 and FR2 and with conditions to support simultaneous Tx/Rx connectivity to source and target cells. 
Proposal 1. RAN4 to investigate conditions to support simultaneous Tx/Rx connectivity to source and target cells for all scenarios of interest at least including:
· Intra-frequency 
· Inter-frequency
· Synchronous deployment
· Asynchronous deployment
· Same or different SCS between the source and target cells
· FR1 ↔ FR1, FR2 ↔FR2, FR1 ↔ FR2

The RAN4 response to LS in [2] in the context of R16 LTE FeMob can be considered as baseline. 
Observation 2. In LTE MBB HO, the interruption time is reduced from Tinterrupt = Tsearch + TIU + 20 ms to Tinterrupt =  TIU + 5 ms by UE using its secondary Rx chain to acquire and synchronize with target cell while maintaining connectivity with source cell. MBB in LTE is limited to synchronous intra-frequency scenario. 
Proposal 2. R16 NR mobility enhancement to at least include MBB in synchronous intra-frequency as in LTE and can include more scenarios by relying on UE capabilities for simultaneous connectivity to source and target cells (e.g, DLCA capability) and improving robustness. 
Observation 3. Not all devices can support dual Tx/Rx. Even for a UE that supports dual Tx/Rx, simultaneous connectivity to source and target cells may not be possible due to incompatible RF band combinations that it can support. Furthermore, simultaneous Tx to source and target cells may necessitate power sharing/capping among the two uplinks. 
Observation 4. UL/DL mobility interruption time >0ms does not always result in service interruption for the user.
Proposal 3. RAN4 to discuss whether MBB HO should be supported for the HO scenarios where the UE cannot support simultaneous Tx and the UL mobility interruption time is >0ms.
Observation 5. RACH-less HO eliminates the interruption required to access the target cell by sending the TA of the target cell in HO command and also possibly configuring UE with pre-allocated resources in the target cell. Current LTE RACH-less solution is limited to synchronous intra-frequency with same TA (or zero TA) between source and target cells. 
Proposal 4. Same RACH-less design principles as in LTE can be used for NR:
· Pre-allocated UL grant configuration can be optionally sent in the RRC reconfiguration message
· Pre-allocated UL grant configuration includes scheduling offset, interval, and number of HARQ processes for multiple candidate beams based on UE beam measurement information
· UE can monitor PDCCH of target gNB for UL grant on multiple candidate beams when pre-allocated UL grant is not configured
References
[1] RP-181433
[2] R2-1815706
[3] R4-1900333
[4] TS 36.133
8

4

image1.emf
     PDSCH

Source gNB 

connection

Target gNB 

connection

UL

DL

UL

DL

MBB HO Execution 

P

D

C

C

H

RRCReconfiguration

RAR

RRCReconfigurationComplete

DL Data Transmission delays (due to no HARQ feedback)

PUSCH

PUCCH

     PDSCH

P

D

C

C

H

PUSCH

PUCCH

     PDSCH

P

D

C

C

H

     PDSCH

P

D

C

C

H

SSB

PRACH

     PDSCH

P

D

C

C

H

PUSCH

PUCCH

PUSCH

PUCCH

RRCReconfig(Release source)

     PDSCH

P

D

C

C

H

     PDSCH

P

D

C

C

H

PUSCH

PUCCH

UL Data Interruption

1

2


Microsoft_Visio_Drawing.vsdx

PDSCH
Source gNB connection
Target gNB connection
UL
DL
UL
DL
MBB HO Execution
PDCCH

RRCReconfiguration

RAR
RRCReconfigurationComplete
DL Data Transmission delays (due to no HARQ feedback)
PUSCH
PUCCH
PDSCH
PDCCH
PUSCH
PUCCH
PDSCH
PDCCH
PDSCH
PDCCH
SSB
PRACH
PDSCH
PDCCH
PUSCH
PUCCH
PUSCH
PUCCH

RRCReconfig(Release source)
PDSCH
PDCCH
PDSCH
PDCCH
PUSCH
PUCCH
UL Data Interruption
1
2



