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Introduction
At the RAN#80 meeting in June 2018, a new Rel-16 WI was approved [1] with the purpose to further enhance LTE mobility by reducing handover interruption time and improve mobility robustness. 
[bookmark: _Hlk3298992]At the RAN2#105 meeting it was agreed to specify the “non-split bearer” candidate solution (a.k.a. the enhanced Make-Before-Break (MBB) solution) for the Rel-16 E-UTRA enhancements minimizing the interruption time during mobility.
Although no decision has been taken yet on the two candidate protocol stack solutions (single active protocol stack vs dual active protocol stacks), it was concluded at the RAN2#105bis meeting that any solution specified will be modelled as a single PDCP entity on the UE side.
In this paper we explore on some further details on the enhanced MBB handover solution using a single active protocol stack.
For the FFS “How to do data forwarding (early/late, including handling the SN, security, CHO impact)” we refer to our paper on Data forwarding at reduced handover interruption [2], although data forwarding is also (briefly) discussed in this document.
[bookmark: _Ref525650200]Enhanced MBB in Rel-16
[bookmark: _Hlk3299278][bookmark: _Hlk3299305]Even if MBB and RACH-less HO (both concepts introduced in Rel-14) are combined in the same handover procedure, it is still not possible to accomplish seamless mobility, i.e. true 0ms HO interruption time, in all scenarios. In order to meet this target, the UE need to maintain the connection with the source eNB until the connection to the target eNB is successfully established.
[bookmark: _Hlk3299315]In other words, the UE need to keep its connection with the source cell until it is able to receive and transmit packets in the target cell. In principle, this means that the source eNB, after sending the RRCConnectionReconfiguration message (Handover Command) to the UE, continues to send and receive packets to/from the UE until the UE is able to receive and transmit packets in the target cell.
[bookmark: _Hlk3368125][bookmark: _Hlk3301584][bookmark: _Hlk3368540][bookmark: _Hlk3377320]Starting data forwarding at an early stage (e.g. when sending the Handover Command to the UE) means that the target eNB can always start DL transmission immediately when the UE has completed the handover to the target cell, which (due to X2 latency) may not be the case if data forwarding is started later in the Handover Execution phase (e.g. if data forwarding is triggered by the UE or by the target eNB when the UE performs random-access in the target cell). But an early start of data forwarding also implies that the number of DL PDCP duplications sent and buffered in the target eNB (and possibly sent to the UE in the target cell) will increase compared to a late start of data forwarding.
[bookmark: _Hlk3377444]However, this issue can be resolved if the DL PDCP duplication check is done in the target eNB before transmitting the DL PDCP PDUs to the UE, thus sending of duplicated packets on the radio interface will be avoided.
The principle to support 0ms HO interruption time by means of an enhanced MBB procedure using a single active protocol stack solution is illustrated in Figure 1 below.
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Figure 1 Enhanced MBB procedure to support 0ms HO interruption time.

The key steps to support 0ms HO interruption time by means of enhanced MBB procedure are as follows:
Step 1-2:	The source eNB decides to request for a handover with enhanced MBB, thus a HANDOVER REQUEST message with an eMBB indicator is sent to the target eNB. 
Step 3-5:	As in legacy, the target eNB performs admission control and generates the RRCConnectionReconfiguration message (Handover Command) to be sent by the source eNB to the UE. The presence of an eMBB indicator in the RRC message serves as a request to the UE to perform a handover with enhanced MBB.
	If some MBB Rel-16 specific interaction is needed between source and target node (e.g. early sending of the SN STATUS TRANSFER message, see [3] and step 6 below), the source eNB need to know whether the target eNB supports enhanced MBB for each individual handover request. For that purpose, an “eMBB support indicator” (or similar) may be needed in the HANDOVER REQUEST ACK message. Consequently, if the target eNB (for some reason) do not support enhanced MBB for this specific handover request, a fallback to a legacy handover (or legacy MBB as defined in Rel-14) is an option.
Obviously, this need to be addressed in the upcoming RAN3 discussions.
[bookmark: _Hlk3395139][bookmark: _Hlk791909][bookmark: _Hlk536781145][bookmark: _Hlk3395159][bookmark: _Hlk7597803]Step 6-7:	As proposed in [2], the source eNB applies early start of DL data forwarding to the target eNB while it continues to send and receive PDCP PDUs to/from the UE. As in legacy, the exact point in time when the source eNB starts data forwarding is left for implementation.
[bookmark: _Hlk536781275][bookmark: _Hlk3405938]The source eNB does not apply any form of selective data forwarding, i.e. as a simple approach, all DL PDCP SDUs arriving from the Serving Gateway (SGW) are sent to the UE and forwarded in sequence to the target eNB.
[bookmark: _Hlk3395199]Since all DL PDCP SDUs are forwarded to the target eNB it is sufficient to indicate the PDCP SN of the first forwarded DL PDCP SDU, which can be done using the SN STATUS TRANSFER message. The SN STATUS TRANSFER message also need to be sent to convey HFN transmitter status for COUNT preservation in the target eNB. 
[bookmark: _Hlk125605]Sending the SN STATUS TRANSFER message at this point (before the transmission/reception to/from the UE has been stopped) only conveying the SN of the first forwarded DL PDCP SDU and HFN transmitter status is clearly a deviation from legacy behavior in which case the X2AP message is only sent after the source eNB considers the transmitter/receiver status to be frozen. Obviously, the conditions for sending the SN STATUS TRANSFER message when enhanced MBB is configured need to be discussed in RAN3.
[bookmark: _Hlk3406584][bookmark: _Hlk3406406]Forwarding of DL PDCP SDUs will continue until the “end marker” packet is received from the SGW on the old path as a result of the DL path switch request triggered by the target eNB.
[bookmark: _Hlk7109628]It is assumed that the source eNB continues to send UL PDCP SDUs to the SGW on the old S1-U path until the “end marker” packet is received from the SGW, although forwarding of UL data to the target eNB (i.e. like forwarding of DL data) is also a possible solution. 
For further details on data forwarding including a discussion on data forwarding of UL data, see [2].
Step 8-9:	UE starts to synchronize with the target cell while it continues to receive and transmit packet data in the source cell. UE performs random-access in the target cell and target eNB schedules uplink resources.
[bookmark: _Hlk528687314][bookmark: _Hlk179704]Step 10-11:	In purpose to assist the target eNB with PDCP duplication check, the UE sends a PDCP SN Status Report [4] for each RLC-AM bearer configured to the UE. The PDCP SN Status Report is either sent together with the RRCConnectionReconfigurationComplete (Handover Complete) message (multiplexed on MAC level if the provided UL grant is sufficiently large) or it is sent immediately after the RRC message. Based on the FMS field (first missing PDCP SN) in the PDCP Status Report, the target eNB starts sending DL PDCP PDUs to the UE from the first missing PDCP SN (i.e. from the last PDCP SN +1 received in the source cell) whereby sending of duplicated packets over the radio interface is avoided.
If the bitmap is present in the PDCP Status Report indicating one or more PDCP SDUs stored out-of-sequence in the UE, then the PDCP PDUs of the missing SNs need to be delivered.
	As in legacy, the target eNB now sends a DL path switch request to the MME/SGW.
[bookmark: _Hlk207148]Step 12:	At the point when receiving the RLC ACK for the Handover Complete message, the UE stops sending/receiving packets in the source cell and instead starts to send/receive packets in the target cell using the target security key. From now on only the target protocol stack is active, thus the source protocol stack and the source security key are no longer used by the UE.
Given a distinct “switching point” is defined when the UE stops using the source protocol stack for UL/DL transmission/reception (i.e. at successful transmission of Handover Complete), a network-controlled release by means of an explicit release/reconfiguration message sent from the target eNB is not needed.
Step 13:	When receiving the Handover Complete message, the target eNB immediately sends a (new) X2AP message to the source eNB to indicate that the handover has completed, thus based on this information the source eNB can safely stop the transmission/reception to/from the UE.
This is considered as a better alternative than relying on autonomous detection in the source eNB (missing MAC HARQ or RLC ARQ feedback), with the obvious drawback that transmission resources may be tied up in vain.
Yet another trigger alternative to stop transmission/reception to/from the UE could potentially be at reception of the “end marker” packet in the source eNB (received from SGW as a result of the DL path switch request triggered by the target eNB). However, it is expected that the ”end marker” packet will have a longer turn-around time compared to an indicator sent directly over X2, thus with the proposed X2AP message the transmission/reception in the source eNB will be stopped at an earlier point.
[bookmark: _Hlk7111337][bookmark: _Hlk7111976][bookmark: _Hlk3448086]Step 14:	The source eNB sends an SN STATUS TRANSFER message to convey the UL PDCP SN receiver status and the HFN receiver status. 
As can be understood from above, the UE need to receive and transmit on two cells simultaneously for a short while during the Handover Execution phase when performing synchronization and random-access procedure in the target cell while at the same time receiving and transmitting PDCP packets to/from the source cell.
The UE transmits and receives PDCP packets to/from the source cell until a given “switching point”. After this point, the UE will only send and received packets via the target cell.

[bookmark: _Toc7514592][bookmark: _Toc7620309][bookmark: _Hlk7535919][bookmark: _Toc4673909][bookmark: _Toc4675609][bookmark: _Toc7093253][bookmark: _Toc7097824][bookmark: _Toc7099588]Early start of data forwarding is applied when enhanced Make-Before-Break is configured. The exact point in time when the source eNB starts data forwarding is left for implementation.
[bookmark: _Toc7514593][bookmark: _Toc7620310][bookmark: _Hlk7535964]All DL PDCP SDUs received from the Serving Gateway are forwarded in sequence to the target eNB, i.e. the source eNB does not apply any form of selective data forwarding. SN of the first forwarded DL PDCP SDU and HFN transmitter status can be conveyed to the target eNB using the SN STATUS TRANSFER message.
[bookmark: _Toc4673910][bookmark: _Toc4675610][bookmark: _Toc7093254][bookmark: _Toc7097825][bookmark: _Toc7099589][bookmark: _Toc7514594][bookmark: _Toc7620311]To avoid sending duplicated DL PDCP PDUs over the radio interface, a PDCP duplication check is performed in the target eNB.
[bookmark: _Toc4673911][bookmark: _Toc4675611][bookmark: _Toc7093255][bookmark: _Toc7097826][bookmark: _Toc7099590][bookmark: _Toc7514595][bookmark: _Toc7620312]To assist the target eNB with PDCP duplication check, the UE sends a PDCP Status Report for each RLC-AM bearer configured to the UE. The PDCP Status Report is sent together with the RRCConnectionReconfigurationComplete message (multiplexed on MAC level) or immediately after the RRC message.
[bookmark: _Toc4673912][bookmark: _Toc4675612][bookmark: _Toc7093256][bookmark: _Toc7097827][bookmark: _Toc7099591][bookmark: _Toc7514596][bookmark: _Toc7620313]Given a definite “switching point” is defined when the UE stops sending/receiving user data in the source cell, a network-controlled release of the source cell connection by means of an explicit release/reconfiguration message is not needed.
[bookmark: _Toc4673913][bookmark: _Toc4675613][bookmark: _Toc7093257][bookmark: _Toc7097828][bookmark: _Toc7099592][bookmark: _Toc7514597][bookmark: _Toc7620314]A new X2AP message sent from target eNB to source eNB indicating “handover completion” should be considered. The new message will trigger the source eNB to stop transmitting DL data to the UE. The message will also serve as an indication that the UE has stopped its UL transmission in the source cell. Final decision is up to RAN3.
[bookmark: _Hlk7596257][bookmark: _Toc7514598][bookmark: _Toc7620315]At reception of the X2AP message indicating “handover completion”, the source eNB sends an SN STATUS TRANSFER message to convey the UL PDCP SN receiver status and the HFN receiver status.

Conclusion
Based on the discussion in the previous sections we propose the following:
Proposal 1	Early start of data forwarding is applied when enhanced Make-Before-Break is configured. The exact point in time when the source eNB starts data forwarding is left for implementation.
Proposal 2	All DL PDCP SDUs received from the Serving Gateway are forwarded in sequence to the target eNB, i.e. the source eNB does not apply any form of selective data forwarding. SN of the first forwarded DL PDCP SDU and HFN transmitter status can be conveyed to the target eNB using the SN STATUS TRANSFER message.
Proposal 3	To avoid sending duplicated DL PDCP PDUs over the radio interface, a PDCP duplication check is performed in the target eNB.
Proposal 4	To assist the target eNB with PDCP duplication check, the UE sends a PDCP Status Report for each RLC-AM bearer configured to the UE. The PDCP Status Report is sent together with the RRCConnectionReconfigurationComplete message (multiplexed on MAC level) or immediately after the RRC message.
Proposal 5	Given a definite “switching point” is defined when the UE stops sending/receiving user data in the source cell, a network-controlled release of the source cell connection by means of an explicit release/reconfiguration message is not needed.
Proposal 6	A new X2AP message sent from target eNB to source eNB indicating “handover completion” should be considered. The new message will trigger the source eNB to stop transmitting DL data to the UE. The message will also serve as an indication that the UE has stopped its UL transmission in the source cell. Final decision is up to RAN3.
Proposal 7	At reception of the X2AP message indicating “handover completion”, the source eNB sends an SN STATUS TRANSFER message to convey the UL PDCP SN receiver status and the HFN receiver status.
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