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Introduction
In the RAN4#92 meeting, a Way Forward on LTE mobility enhancement was agreed [1]. On enhanced MBB handover, the following was captured:
· eMBB LTE handover delay definition:
· The legacy handover delay definition may not be suitable for simultaneous connectivity handover.
· The starting point of handover delay is defined as the time when UE receives RRC indicating handover. The ending point of handover delay is FFS.
· RAN4 needs to discuss if delay and interruption requirement is needed for source cell release.
· Company input concerning each delay and interruption requirement 


In this paper, the remaining topics are further discussed. 
Delay requirements
In RAN4#91 meeting, the following was agreed for LTE enhancement mobility (LTE FeMob) [4]:
On non-split dual active protocol stack solution
· The handover delay is defined as when the UE receives a RRC message from source cell implying handover the UE shall be ready to start the transmission of the new uplink PUSCH channel on the target cell within Dhandover seconds from the end of the last TTI containing the RRC command.


In legacy HO, the end point of the HO delay is considered as the TTI in which UE transmits PRACH. However, in enhancement make-before-break, the same end point can no longer be used as simultaneous connectivity (at least in the DL) to source and target cells has to be established first before declaring HO to be complete. As such, the end point of eMBB HO delay must go beyond PRACH. There are at least three options to consider beyond PRACH:
· MSG3
· RRCReconfigurationComplete message
· Release of source cell

In our view MSG3 is a suitable candidate for end point of eMBB HO as UE is required to monitor and receive MSG2, random access response (RAR), on target cell while continuing to receive PDSCH on the source cell. Consequently, MSG3 transmission TTI is sufficient evidence that UE has simultaneous connectivity with both source and target cells. The other two options occur beyond MSG3 and their delay definition becomes long and complicated with uncertainties beyond UE control impacting the delay.
Observation 1. In enhanced MBB HO, the end point of delay can no longer be PRACH as it does not show that UE has established simultaneous connectivity (at least in DL) with both source and target cells. MSG3 transmission TTI, however, is a suitable candidate for end point of delay as UE is required to monitor and receive MSG2, random access response (RAR), on target cell while continuing to receive PDSCH on the source cell.
To account for both contention-based and contention-free random access, the end point should be defined as the start of first PUSCH transmission scheduled by RAR. This definition includes both contention-based and contention-free random access.
Proposal 1. RAN4 to adopt the end point of eMBB HO delay as the start of first PUSCH transmission scheduled by RAR.  
Figure 1 shows the timeline for eMBB HO. From reception of HO RRC command to transmission of PRACH, the timeline is mostly the same as legacy HO with the main difference being a smaller interruption time that happens after UE has processed RRC. The length of this interruption depends on the type of HO (intra-frequency, intra-band, …) and is discussed in Section 2.2. Beyond PRACH, the two time intervals correspond to reception of RAR message (TMSG2) and transmission of PUSCH in response to RAR schedule (TMSG3).
Figure 1 also extends the timeline to when NW releases the source cell for which UE takes another interruption after RRC processing. The length of this interruption also depends on the type of HO (intra-frequency, intra-band, …) and is also discussed in Section 2.2.


Figure 1 eMBB HO delay and timeline
The time from PRACH to MSG2 (TMSG2) can be formulated as:

Where  is the number of RACH attempts,  is the duration of each RACH attempt,  is the ra-ResponseWindowSize which is part of RACH configuration and  is the gap between expiration of RAR window and the next PRACH transmission. This gap is defined in TS 36.213 clause 6.1.1 as 5ms. 
The time from MSG2 to MSG3 (TMSG3) is 4ms.
Proposal 2. The eMBB HO delay to have two extra terms  and  compared to legacy HO to account for end point being extended to the start of first PUSCH transmission scheduled by RAR: 
· The time from PRACH to MSG2 (TMSG2) can be formulated as:

Where  is the number of RACH attempts,  is the duration of each RACH attempt,  is the ra-ResponseWindowSize which is part of RACH configuration and  is the gap between expiration of RAR window and the next PRACH transmission. This gap is defined in TS 36.213 clause 6.1.1 as 5ms. 
· The time from MSG2 to MSG3 (TMSG3) is 4ms.
Interruption requirements
We reiterate our views from [3] and point out that interruption times proposed in [4-5] are generally unrealistic and unachievable. 
It is also noted that the interruption when source cell is released is important and, in our view, it should be captured in the core requirements similar to how SCell release interruptions are captured. This term does not, however, show up in the HO delay as shown in Figure 1. RAN4 can discuss whether to devise a test to examine interruption at source cell release. 
Proposal 3. RAN4 to capture interruption time due to source cell release. RAN4 to discuss whether to devise a test to example interruption at source cell release. 
In other RAN working groups, a common understanding is that eMBB improvements should also extend to UE’s with 1Tx. Moreover, in [6], the following scenarios were marked as FFS for simultaneous connectivity even when UE has 2Tx:
· Simultaneous UL in asynchronous intra-frequency
· Simultaneous DL and UL in asynchronous intra-band inter-frequency 

To allow for simultaneous UL transmission in the above scenarios and also for 1Tx UE’s, UL TDM pattern can be used to maintain UL connection to both source and target cells. While this is technically not “simultaneous” connectivity in UL, it is still a viable way to reduce interruption time during HO. Consequently, we propose RAN4 to define requirements for UE’s that use UL TDM for simultaneous UL connectivity. 
Observation 2. Simultaneous UL transmission is not possible for the case of asynchronous intra-frequency and intra-band inter-frequency scenarios even if UEs are equipped with 2Tx. Single Tx UEs will not be able to support simultaneous UL transmission to source and target cells during eMBB HO. 
Figure 1 illustrates an example of UL TDM pattern for FDD synchronous HO. In this example, source cell uses a configuration similar to TDD DL/UL config#2 with HARQ offset of zero and target cell uses the other UL subframes not used for source cell. Details regarding how UL TDM pattern should be specified in all scenarios, their signalling to UE, their activation and deactivation timelines are to be discussed in other RAN working groups and is not in the scope of RAN4. However, RAN4 should attend to the following considerations:
· Impact of large timing advance difference between source and target cell and the outage it can cause
· Impact of asynchronous timing between source and target cell and how further guard periods are needed to protect DL and UL subframes from interference
· Impact of UE RF switching time in inter-frequency scenarios and how further guard periods are needed between UL subframes. SRS carrier switching time can be used as a baseline for this.



Figure 1 UL TDM pattern in FDD synchronous HO

Proposal 4. RAN4 to define requirements for UE’s that use UL TDM for simultaneous UL connectivity pending further progress in other RAN working groups. RAN4 should consider the impact of the following:
· Large timing advance difference between source and target cell and the outage it can cause
· Asynchronous timing between source and target cell and how further guard periods are needed to protect DL and UL subframes from interference
· UE RF switching time in inter-frequency scenarios and how further guard periods are needed between UL subframes. SRS carrier switching time can be used as a baseline for this.

It is also noted that in intra-frequency synchronous scenarios, UL TDM to source or target cell should not count as interruption window since UE is transmitting to either source or target cells. RAN4 can discuss how to define interruptions with UL TDM pattern in inter-frequency or asynchronous or large TA difference scenarios since in these cases, there can be lost subframes with no transmission to either source or target cells. 
Proposal 5. In intra-frequency synchronous scenarios, UL TDM to source or target cell should not count as interruption since UE is transmitting to either source or target cells. RAN4 can discuss how to define interruptions with UL TDM pattern in inter-frequency or asynchronous or large TA difference scenarios since in these cases, there can be lost subframes with no transmission to either source or target cells. 
In the following sections, we discuss interruptions for eMBB HO assuming 1Tx for intra-frequency and intra-band scenarios and 2Tx for inter-band scenarios. To minimize the interruption length and also simplify the discussion, we believe RAN4 can make some assumptions to facilitate progress in lieu of the complexity of the problem and limited time budget it has for this work item. Specifically, we propose to assume that UE:
· Operates in PCell only mode on both source and target cell (i.e., no CA)
· This should be a reasonable assumption as the intent of eMBB HO is improve smoothening the transition time and not to increase throughput. UE is also typically limited in link budget in HO zones and CA mode is unlikely. 
· Suspends gap-based measurements on source cell
· Does not require any configuration change (e.g., DL-MIMO, UL-MIMO, number of layers, …) while remaining within the UE capability to sustain simultaneous connectivity to source and target cells
· Does not receive large Timing Advance (TA) update for target cell that causes additional outage

This is not to say that eMBB HO is not functional if any of the above is not met but it should be interpreted as RAN4 requirements would be defined with the above conditions. Not meeting the above conditions can lead to increased interruption windows. 
Proposal 6. RAN4 to define requirements for eMBB HO interruption assuming that UE: 
· Operates in PCell only mode on both source and target cell (i.e., no CA)
· Suspends gap-based measurements on source cell
· Does not require any configuration change (e.g., DL-MIMO, UL-MIMO, number of layers, …) while remaining within the UE capability to sustain simultaneous connectivity to source and target cells
· Does not receive large Timing Advance (TA) update for target cell that causes additional outage
Interruptions in inter-frequency HO
In our view, there is already precedence for interruption requirements in inter-frequency scenario. Clauses 7.8.2.1 and 7.8.2.2 of [3] define interruption requirements for SCell addition and release in intra-band and inter-band scenarios, respectively. There is no reason to believe the interruption requirements in eMBB HO in which RRC HO command carries the configuration of the target cell being added should be any different than SCell addition requirements. Similarly, when HO is complete and NW releases the source cell, the interruption requirements should be similar to SCell release interruptions. 
However, clauses 7.8.2.1 and 7.8.2.2 define the requirements for SCell add/release in synchronous scenarios. Consistent with existing interruption requirements in asynchronous scenarios for LTE DC (clause 7.12 of [3]) and EN-DC (clause 7.32 of [3]), the asynchronous interruptions should have one additional subframe compared to synchronous interruptions. 
Observation 3. Existing requirements in TS 36.133 for SCell add/release in intra-band and inter-band can be used for inter-frequency HO interruptions. Consistent with interruption requirements in DC, asynchronous interruptions are 1ms more compared to synchronous interruptions.  
Therefore, for intra-band inter-frequency scenarios, the interruption length is proposed to be 5ms in synchronous scenarios (simultaneous connectivity in asynchronous intra-band for both DL and UL is FFS). This interruption is on source cell once target cell is added and applicable to both DL and UL. Similar interruption occurs on target cell once source cell is released. 
Proposal 7. In intra-band inter-frequency synchronous scenario:
· Source cell experiences an interruption when target cell is added following HO command. The interruption is on both DL and UL and its length is proposed to be 5ms consistent with intra-band SCell add requirements in TS 36.133.
· Target cell experiences an interruption when source cell is released following HO completion. The interruption is on both DL and UL and its length is proposed to be 5ms consistent with intra-band SCell release requirements in TS 36.133.

Similarly, for inter-band scenarios, the interruption length is proposed to be 1ms in synchronous cases and 2ms for asynchronous cases. This interruption is on source cell once target cell is added and applicable to both DL and UL. Similar interruption occurs on target cell once source cell is released. 
Proposal 8. In inter-band inter-frequency scenario:
· Source cell experiences an interruption when target cell is added following HO command. The interruption is on both DL and UL and its length is proposed to be 1ms for synchronous scenarios and 2ms for asynchronous scenarios consistent with inter-band SCell add requirements in TS 36.133.
· Target cell experiences an interruption when source cell is released following HO completion. The interruption is on both DL and UL and its length is proposed to be 1ms for synchronous scenarios and 2ms for asynchronous scenarios consistent with inter-band SCell release requirements in TS 36.133.
Interruptions in intra-frequency HO
It is reiterated that the following discussion assumes a UE implementation with 1Tx which necessitates TDM UL pattern. 
In the simplest case of equal BW and center frequency between source and target cells and synchronous deployment, UE will need to perform the following tasks which cause interruption.
Upon reception of the HO command which requires addition of the target cell, UE should:
· Activate an additional baseband module and enable streaming of RF samples into the new module 
· Adjust HARQ ACK/NACK timeline based on the UL TDM pattern that is signaled to UE for source and target cells
· Subject to RAN2 decisions on the approach for UL TDM pattern handling between source and target cell and the signaling to UE

Upon completion of the HO procedure and when NW releases the source cell, UE should:
· Deactivate the baseband module related to source cell and disable streaming of RF samples into it 
· Revert HARQ ACK/NACK timeline to its original version before reception of HO command
· Subject to RAN2 decisions on the approach for UL TDM pattern handling between source and target cell and the signaling to UE

The activation/deactivation of a baseband module can cause up to 1ms of interruption. We propose another 1ms interruption for the remaining tasks.
In asynchronous deployments, an additional 1ms is proposed to account for misalignment of subframe boundary and adjustment of UL timing due to TA difference upon reception of HO command.
Proposal 9. In intra-frequency scenarios with equal BW between source and target cells, the interruption time in both DL and UL for a 1-Tx capable UE to be:
· 2ms for synchronous scenarios when UE receives the HO command and adds the target cell
· 2ms for synchronous scenarios when UE completes the HO and releases the source cell
· 3ms for asynchronous scenarios when UE receives the HO command and adds the target cell
· 3ms for asynchronous scenarios when UE completes the HO and releases the source cell

When source cell BW is larger than target cell BW, UE needs to retune its RF after HO completion and release of source cell as discussed in Section 2 (Observation 1). It is proposed to add an additional 1ms to interruption window at source cell release to account for RF retuning. 
Proposal 10. In intra-frequency scenarios with source cell BW greater than target cell BW, the interruption time in both DL and UL for a 1-Tx capable UE to be:
· 2ms for synchronous scenarios when UE receives the HO command and adds the target cell
· 3ms for synchronous scenarios when UE completes the HO and releases the source cell
· 3ms for asynchronous scenarios when UE receives the HO command and adds the target cell
· 4ms for asynchronous scenarios when UE completes the HO and releases the source cell

Similarly, when source cell BW is smaller than target cell BW, UE needs to retune its RF after reception of HO command to add the source cell. It is proposed to add an additional 1ms to interruption window at source cell add to account for RF retuning. 
Proposal 11. In intra-frequency scenarios with source cell BW smaller than target cell BW, the interruption time in both DL and UL for a 1-Tx capable UE to be:
· 3ms for synchronous scenarios when UE receives the HO command and adds the target cell
· 2ms for synchronous scenarios when UE completes the HO and releases the source cell
· 4ms for asynchronous scenarios when UE receives the HO command and adds the target cell
· 3ms for asynchronous scenarios when UE completes the HO and releases the source cell
Conclusions
On eMBB HO delay requirements:
Observation 1. In enhanced MBB HO, the end point of delay can no longer be PRACH as it does not show that UE has established simultaneous connectivity (at least in DL) with both source and target cells. MSG3 transmission TTI, however, is a suitable candidate for end point of delay as UE is required to monitor and receive MSG2, random access response (RAR), on target cell while continuing to receive PDSCH on the source cell.
Proposal 1. RAN4 to adopt the end point of eMBB HO delay as the start of first PUSCH transmission scheduled by RAR.  
Proposal 2. The eMBB HO delay to have two extra terms  and  compared to legacy HO to account for end point being extended to the start of first PUSCH transmission scheduled by RAR: 
· The time from PRACH to MSG2 (TMSG2) can be formulated as:

Where  is the number of RACH attempts,  is the duration of each RACH attempt,  is the ra-ResponseWindowSize which is part of RACH configuration and  is the gap between expiration of RAR window and the next PRACH transmission. This gap is defined in TS 36.213 clause 6.1.1 as 5ms. 
· The time from MSG2 to MSG3 (TMSG3) is 4ms.

On eMBB HO interruption requirements:
Proposal 3. RAN4 to capture interruption time due to source cell release. RAN4 to discuss whether to devise a test to example interruption at source cell release. 
Observation 2. Simultaneous UL transmission is not possible for the case of asynchronous intra-frequency and intra-band inter-frequency scenarios even if UEs are equipped with 2Tx. Single Tx UEs will not be able to support simultaneous UL transmission to source and target cells during eMBB HO. 
Proposal 4. RAN4 to define requirements for UE’s that use UL TDM for simultaneous UL connectivity pending further progress in other RAN working groups. RAN4 should consider the impact of the following:
· Large timing advance difference between source and target cell and the outage it can cause
· Asynchronous timing between source and target cell and how further guard periods are needed to protect DL and UL subframes from interference
· UE RF switching time in inter-frequency scenarios and how further guard periods are needed between UL subframes. SRS carrier switching time can be used as a baseline for this.

Proposal 5. In intra-frequency synchronous scenarios, UL TDM to source or target cell should not count as interruption since UE is transmitting to either source or target cells. RAN4 can discuss how to define interruptions with UL TDM pattern in inter-frequency or asynchronous or large TA difference scenarios since in these cases, there can be lost subframes with no transmission to either source or target cells. 
Proposal 6. RAN4 to define requirements for eMBB HO interruption assuming that UE: 
· Operates in PCell only mode on both source and target cell (i.e., no CA)
· Suspends gap-based measurements on source cell
· Does not require any configuration change (e.g., DL-MIMO, UL-MIMO, number of layers, …) while remaining within the UE capability to sustain simultaneous connectivity to source and target cells
· Does not receive large Timing Advance (TA) update for target cell that causes additional outage

Observation 3. Existing requirements in TS 36.133 for SCell add/release in intra-band and inter-band can be used for inter-frequency HO interruptions. Consistent with interruption requirements in DC, asynchronous interruptions are 1ms more compared to synchronous interruptions.  
Proposal 7. In intra-band inter-frequency synchronous scenario:
· Source cell experiences an interruption when target cell is added following HO command. The interruption is on both DL and UL and its length is proposed to be 5ms consistent with intra-band SCell add requirements in TS 36.133.
· Target cell experiences an interruption when source cell is released following HO completion. The interruption is on both DL and UL and its length is proposed to be 5ms consistent with intra-band SCell release requirements in TS 36.133.

Proposal 8. In inter-band inter-frequency scenario:
· Source cell experiences an interruption when target cell is added following HO command. The interruption is on both DL and UL and its length is proposed to be 1ms for synchronous scenarios and 2ms for asynchronous scenarios consistent with inter-band SCell add requirements in TS 36.133.
· Target cell experiences an interruption when source cell is released following HO completion. The interruption is on both DL and UL and its length is proposed to be 1ms for synchronous scenarios and 2ms for asynchronous scenarios consistent with inter-band SCell release requirements in TS 36.133.

Proposal 9. In intra-frequency scenarios with equal BW between source and target cells, the interruption time in both DL and UL for a 1-Tx capable UE to be:
· 2ms for synchronous scenarios when UE receives the HO command and adds the target cell
· 2ms for synchronous scenarios when UE completes the HO and releases the source cell
· 3ms for asynchronous scenarios when UE receives the HO command and adds the target cell
· 3ms for asynchronous scenarios when UE completes the HO and releases the source cell

Proposal 10. In intra-frequency scenarios with source cell BW greater than target cell BW, the interruption time in both DL and UL for a 1-Tx capable UE to be:
· 2ms for synchronous scenarios when UE receives the HO command and adds the target cell
· 3ms for synchronous scenarios when UE completes the HO and releases the source cell
· 3ms for asynchronous scenarios when UE receives the HO command and adds the target cell
· 4ms for asynchronous scenarios when UE completes the HO and releases the source cell

Proposal 11. In intra-frequency scenarios with source cell BW smaller than target cell BW, the interruption time in both DL and UL for a 1-Tx capable UE to be:
· 3ms for synchronous scenarios when UE receives the HO command and adds the target cell
· 2ms for synchronous scenarios when UE completes the HO and releases the source cell
· 4ms for asynchronous scenarios when UE receives the HO command and adds the target cell
· 3ms for asynchronous scenarios when UE completes the HO and releases the source cell
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