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1. Introduction
[bookmark: OLE_LINK7]In RAN#78 meeting, RAN2 was tasked to investigate how the IMT-2020 requirement on 0ms handover interruption can be addressed for LTE and NR within the Rel-15 time frame. Generally, the requirement of 0ms handover interruption can be defined from the aspects of different layers. Considering the restricted time budget in Rel-15, we suggest to define 0ms handover interruption as a physical layer requirement. Then we discuss how to meet the requirement with existing technologies, i.e. make-before-break HO and RACH-less HO.  
2. Discussion
2.1 HO Interruption in LTE
In LTE, the HO interruption is defined as the UE stops communication with the source cell upon receiving the handover command until the UE transmits/receives the first packet to/from the target cell. The various latency components during HO are virtualized in table 1 [1], which fall into one of the following three categories, i.e. RRC procedure delay, UE processing time including the delay for RF/baseband retuning and security update, RACH procedure as well as  RRCConnectionReconfigurationComplete transmission, just as illustrated in Figure 1[1].  
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Figure 1: Service interruption time in handover [1]
	Component/ Step
	Description
	Time (ms)

	7
	RRC Connection Reconfiguration Incl. mobilityControlInfo
	15

	8
	SN Status Transfer
	0

	9.1
	Target cell search
	0

	9.2
	UE processing time for RF/baseband re-tuning, security update
	20

	9.3
	Delay to acquire first available PRACH in target eNB
	0.5/2.5

	9.4
	PRACH preamble transmission
	1

	10
	UL Allocation + TA for UE
	3/5

	11
	UE sends RRC Connection Reconfiguration Complete
	6

	
	Minimum/Typical Total delay [ms] 
	45.5/49.5


Table 1 Minimum/Typical radio access latency components (Rel. 8/Rel. 9) during handover [1]
According to 36. 133[2], Tinterrupt = Tsearch + TIU + 20 ms is defined, which is the time between end of the last TTI containing the HO command on the old PDSCH and the time the UE starts transmission of the new PRACH, excluding the RRC procedure delay. Tinterrupt is one of the latency contributor to the overall handover interruption. 
In order to reduce the HO interruption, the make-before-break solution was agreed in RAN2#95. It meaning is further clarified as that UE continues downlink and uplink with the source cell until the UE performs the first transmission through PUSCH or PRACH to the target eNB. In “make-before-break” handover, UE can continue the data transmission with the source cell after receiving the handover command until RACH is initiated. The interruption time can be reduced by 35ms, since data transmission continues with the source cell during the handover execution from step 7 to step 9.2. Furthermore, RACH-less handover can be supported in certain scenarios, and the interruption time can be reduced by4.5/8.5ms without performing from step 9.3 to step 10. 
2.2 UE capability
In the WI “Further mobility enhancements in LTE” in Rel-14, different solutions were discussed and categorized according to UE RF and hardware capabilities [3]:
· Category A (No simultaneous Rx/Tx from another intra-frequency cell)
· Category B (No simultaneous Tx but need simultaneous Rx of PSS/SSS/CRS from another intra-frequency cell)
· Category C (Simultaneous Tx of PRACH to another intra-frequency cell and simultaneous Rx of PDSCH/PDCCH from another intra-frequency cell)
· Category D (Simultaneous Tx of PRACH/PUSCH/PUCCH/SRS to another intra-frequency cell and simultaneous Rx of PDSCH/PDCCH from another intra-frequency cell)
Since the WI in Rel-14 targets to minimize the interruption time but not necessarily to 0ms interruption time, the solutions of Cat C&D were removed concerning the high UE complexity.  If UE is capable of simultaneous Tx/Rx with both source cell and target cell, 0ms interruption can be achieved for both intra-frequency and inter-frequency HO with/without network synchronization. However, the cost and complexity at the UE is concerned.
For Rel-15 LTE and NR, UE capability is assumed the same or better than Rel-14 UE (no simultaneous Tx but support simultaneous Rx with the source cell and target cell). Considering the high cost and complexity to support dual Tx/Rx, single RF UE should be assumed as the baseline to meet the 0ms handover interruption requirement.  
Observation 1: Rel-14 UE supports simultaneous Rx and doesn't support simultaneous Tx with different cells.
Proposal 1: Single RF UE supporting simultaneous Rx without supporting simultaneous Tx with both the source cell and the target cell is assumed in Rel-15. 
In the following sections, we discuss how 0ms interruption can be achieved for UE which supports simultaneous Rx but doesn’t support simultaneous Tx with the source cell and the target cell.
2.3 IMT-2020 Requirement on 0ms handover interruption
According to TR 38.913[4], mobility interruption time is the shortest time duration supported by the system during which a user terminal cannot exchange user plane packets with any base station during transitions.  IMT-2020 requirement on 0ms handover interruption can be defined as a physical layer requirement instead of service requirement in Rel-15. 0ms handover interruption over physical layer means UE is required to perform transmission/reception without interruption over the physical layer during handover.  When 0ms interruption over physical layer can be achieved, the service interruption time can also be improved, even not completely eliminated. 
Observation 2: Service interruption time can be improved if 0ms interruption over the physical layer during handover can be achieved. 
If IMT-2020 requirement on 0ms handover interruption is address from service point of view, it has higher requirement on UE. However, the main service for Rel-15 is eMBB. The real use case to reduce service interruption time to 0ms during handover is questionable. Considering the very limited time remains in Rel-15, we should limit the efforts on this.  Defining 0ms handover interruption as a physical layer requirement is a feasible solution for this release. We can address 0ms handover interruption to mitigate service interruption in the next release.  
Proposal 2: IMT-2020 requirement on 0ms handover interruption can be defined as a physical layer requirement instead of service requirement in Rel-15.
2.4 How to achieve 0ms interruption handover 
In this section, we discuss how to eliminate each latency component during handover to achieve 0ms interruption over physical layer.  
Step 7: RRC process delay 
When UE processes the HO command, UE is required to perform DL reception/UL transmission to the source cell. Current MBB can be reused and the interruption during this period can be reduced to 0ms.
Observation 3: Current MBB can be used to continue data transmission/reception with source cell when UE processes the handover command. 
Step 9.1: Tsearch
If the target cell is known by the UE, Tsearch can be reduced to 0 ms.
Observation 4:  If the target cell is known, Tsearch = 0 ms.
Step 9.2: UE processing time
UE processing time in step 9.2 contains RF/baseband retuning, deriving target eNB specific keys, configuring security algorithm to be used in the target cell. Security update is performed on software stack and the processing time is negligible in terms of several microseconds.
For UE with single RF, UE RF retuning is required for inter-frequency HO and UE processing time for this step cannot be reduced to 0ms. However, for the case of intra-frequency HO with synchronous network, UE RF/baseband retuning may not be required. RAN4 needs to be consulted whether the latency for RF/Baseband retuning for intra-frequency HO with synchronous network can be reduced to 0ms. 
Observation 5: For intra-frequency HO with synchronous network, the latency for UE processing time is negligible.  
Proposal 3: Restrict IMT-2020 requirement on 0ms handover interruption to the scenario of intra-frequency HO with synchronous network. 
Step 9.3: TIU 
The actual value of TIU depends on the PRACH configuration used in the target cell. If RA procedure can be skipped through RACH-less handover, TIU can be reduced to 0ms. Otherwise, source cell should continue data transmission/reception with UE during this period. If the UE is not capable of supporting simultaneous Tx/Rx with the source cell and the target cell, tight coordination on the TDM pattern at the network side is required to make UE perform normal transmission/reception and RA procedure with the source cell and the target cell in parallel.
Observation 6: TIU can be reduced to 0ms if RACH-less HO is supported. Otherwise, the source cell should continue data transmission/reception with UE during TIU. 
Step 11: Timing for UE sending RRC Connection Reconfiguration Complete
The totally latency for UE sending RRCConnectionReconfigurationComplete message is 6ms, which contains 5ms RRC message processing and 1ms transmission over PUSCH. 
In order to achieve 0ms interruption, normal data transmission/reception with source cell should continue when UE perform RRC message processing. There will be 1 ms interruption for service data when UE transmits RRCConnectionReconfigurationComplete message over the air interface.  However, 0ms interruption over physical layer can be achieved if the pre-configured UL grant for RRCConnectionReconfigurationComplete message is available immediately at the target cell.  
Observation 7: RRC processing delay for RRCConnectionReconfigurationComplete message is 5ms. Data transmission/reception with the source cell should be continued during this period.  
Observation 8: There will be 1 ms interruption for service data when UE transmits RRCConnectionReconfigurationComplete message. But physical layer interruption can be reduced to 0ms if the pre-configured UL grant is available immediately. 
Current MBB stops data transmission/reception with the source cell when UE performs RA procedure towards the target cell. The 6ms interruption when UE sends RRCConnectionReconfigurationComplete message can’t be reduced. So current MBB needs to be enhanced to cover the latency caused by RRC processing for RRCConnectionReconfigurationComplete message.
Proposal 4: Current MBB should be enhanced that UE can continue transmission/reception with the source cell when UE processes RRCConnectionReconfigurationComplete message until it is to be transmitted. 
If the scenario is restricted to intra-frequency HO with synchronous network, 0ms interruption handover over physical layer can be achieved with the combination of enhanced MBB and RACH-less handover. One example to achieve 0ms interruption handover in physical layer is illustrated in Figure 2. RACH-less handover is supported, so the function for RA is skipped. UE continues data transmission/reception with the source cell when it processes HO command and RRCConnectionReconfigurationComplete message. When UE gets ready to transmit RRCConnectionReconfigurationComplete message to the target cell, UE may perform finer retuning and security update. Actually, retuning and security update can be performed in parallel. For intra-frequency HO, it is expected the interruption is very short, in terms of several microseconds. 
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Figure 2: 0ms interruption handover over physical layer
Proposal 5: Consider to realize 0ms interruption handover in physical layer by single RF UE:
· Intra-frequency HO with synchronization network
· Enhanced MBB to continue data transmission with source until RRCConnectionReconfigurationComplete message is to be transmitted;
· RACH-less HO;


3. Conclusion
In this contribution, we propose to define 0ms interruption handover as a physical layer requirement. 
Based on the following observations:
Observation 1: Rel-14 UE supports simultaneous Rx and doesn't support simultaneous Tx with different cells.
Observation 2: Service interruption time can be improved if 0ms interruption over the physical layer during handover can be achieved. 
Observation 3: Current MBB can be used to continue data transmission/reception with source cell when UE processes the handover command. 
Observation 4:  If the target cell is known, Tsearch = 0 ms.
Observation 5: For intra-frequency HO with synchronous network, the latency for UE processing time is negligible.  
Observation 6: TIU can be reduced to 0ms if RACH-less HO is supported. Otherwise, the source cell should continue data transmission/reception with UE during TIU. 
Observation 7: RRC processing delay for RRCConnectionReconfigurationComplete message is 5ms. Data transmission/reception with the source cell should be continued during this period.  
Observation 8: There will be 1 ms interruption for service data when UE transmits RRCConnectionReconfigurationComplete message. But physical layer interruption can be reduced to 0ms if the pre-configured UL grant is available immediately. 
We propose:
Proposal 1: Single RF UE supporting simultaneous Rx without supporting simultaneous Tx with both the source cell and the target cell is assumed in Rel-15. 
Proposal 2: IMT-2020 requirement on 0ms handover interruption can be defined as a physical layer requirement instead of service requirement in Rel-15.
Proposal 3: Restrict IMT-2020 requirement on 0ms handover interruption to the scenario of intra-frequency HO with synchronous network. 
Proposal 4: Current MBB should be enhanced that UE can continue transmission/reception with the source cell when UE processes RRCConnectionReconfigurationComplete message until it is to be transmitted. 
Proposal 5: Consider to realize 0ms interruption handover in physical layer by single RF UE:
· Intra-frequency HO with synchronization network
· Enhanced MBB to continue data transmission with source until RRCConnectionReconfigurationComplete message is to be transmitted;
· RACH-less HO;
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