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Introduction
One of the remaining issues discussed for the Rel-16 reduced handover interruption solution in LTE (as well as in NR) is how to transfer PDCP SN and HFN information to the target node and when to start DL data forwarding from the source to the target node.
Two alternative data forwarding solutions have been discussed so far - early start of data forwarding and late start of data forwarding.
[bookmark: _GoBack]Early start of data forwarding refers to the network behavior at a legacy handover when data forwarding is started at sending of the RRCConnectionReconfiguration message (Handover Command) to the UE.
When late start of data forwarding is applied, data forwarding is triggered either from the target node or from the UE when e.g. the UE performs random-access in the target cell.
In this contribution we discuss the DL and UL data forwarding concept when Reduction in User Data Interruption (RUDI) handover is applied.
Early or late start of DL data forwarding
To achieve true 0ms HO interruption time, the UE need to keep its connection with the source cell at least until the UE is ready to receive (and transmit) user data in the target cell.
In principle, this means that the source node, after sending the Handover Command message to the UE, continues to send DL packets to the UE until the UE is able to receive DL packets from the target node.
In other words, the network needs to provide the UE with a seamless DL data flow throughout the handover execution phase.
[bookmark: _Toc3455909][bookmark: _Toc3456400][bookmark: _Toc3456626][bookmark: _Toc3967369][bookmark: _Toc3968533][bookmark: _Toc4573436][bookmark: _Toc4672964][bookmark: _Toc4673423][bookmark: _Toc7002679][bookmark: _Toc7439606][bookmark: _Toc7439743][bookmark: _Toc7439750][bookmark: _Toc7621733][bookmark: _Toc7623917][bookmark: _Toc7697022][bookmark: _Toc12953507][bookmark: _Toc12958741][bookmark: _Toc12961377][bookmark: _Toc20217927][bookmark: _Toc20219582][bookmark: _Toc20231845][bookmark: _Toc20232403][bookmark: _Toc20233776][bookmark: _Toc20234046][bookmark: _Toc20236652][bookmark: _Toc20911205][bookmark: _Toc21006606]To achieve seamless handover, the network needs to provide the UE with a continuous DL data flow throughout the handover execution phase.
[bookmark: _Hlk12883955]Important to consider when discussing data forwarding and 0ms handover interruption time is that the target node is given the possibility to start DL transmission immediately when the UE has completed the handover in the target cell. Even if a UE with dual active protocol stacks is potentially able to continuously receive DL data from the source node after completing the handover in the target cell, the UE may be on the cell edge of the source cell, thus the radio conditions to/from the source cell would not be ideal, causing unnecessary delays/interruptions in the DL data flow (due to transmission repetitions) to the UE.
[bookmark: _Toc3455910][bookmark: _Toc3456401][bookmark: _Toc3456627][bookmark: _Toc3967370][bookmark: _Toc3968534][bookmark: _Toc4573437][bookmark: _Toc4672965][bookmark: _Toc4673424][bookmark: _Toc7002680][bookmark: _Toc7439607][bookmark: _Toc7439744][bookmark: _Toc7439751][bookmark: _Toc7621734][bookmark: _Toc7623918][bookmark: _Toc7697023][bookmark: _Toc12953508][bookmark: _Toc12958742][bookmark: _Toc12961378][bookmark: _Toc20217928][bookmark: _Toc20219583][bookmark: _Toc20231846][bookmark: _Toc20232404][bookmark: _Toc20233777][bookmark: _Toc20234047][bookmark: _Toc20236653][bookmark: _Toc20911206][bookmark: _Toc21006607]Ideally, the UE starts receiving DL data from the target node immediately after completing the handover.
[bookmark: _Hlk3376023]Starting data forwarding late in the handover execution phase, e.g. when the UE performs random-access in the target cell, benefits from the fact that a smaller amount of DL PDCP duplications will be forwarded from the source node and buffered in the target node compared to an early start of data forwarding. On the other hand, if the data forwarding mechanism is based on some trigger sent from the target node e.g. when the UE performs random-access, there will be a short delay before the first DL user data packet is received in the target node due to the X2/Xn round-trip latency.
[bookmark: _Toc3455911][bookmark: _Toc3456402][bookmark: _Toc3456628][bookmark: _Toc3967371][bookmark: _Toc3968535][bookmark: _Toc4573438][bookmark: _Toc4672966][bookmark: _Toc4673425][bookmark: _Toc7002681][bookmark: _Toc7439608][bookmark: _Toc7439745][bookmark: _Toc7439752][bookmark: _Toc7621735][bookmark: _Toc7623919][bookmark: _Toc7697024][bookmark: _Toc12953509][bookmark: _Toc12958743][bookmark: _Toc12961379][bookmark: _Toc20217929][bookmark: _Toc20219584][bookmark: _Toc20231847][bookmark: _Toc20232405][bookmark: _Toc20233778][bookmark: _Toc20234048][bookmark: _Toc20236654][bookmark: _Toc20911207][bookmark: _Toc21006608]A late start of data forwarding implies less DL PDCP duplications sent to the target node. On the other hand, a late start of data forwarding need to take the X2/Xn transmission latency into account.
With an early start of data forwarding the target node can always start DL transmission immediately when the UE has completed the handover in the target cell. A drawback with this method is that the number of DL PDCP duplications buffered in the target node will increase (compared to a late start of data forwarding) and sending of duplicated packets on the radio interface will have a bad impact to user experience and to the target of 0ms handover interruption time, thus it should be avoided.
However, we think this can be resolved with a DL PDCP duplication check performed in the target node based on a PDCP Status Report sent by the UE.
[bookmark: _Toc3455912][bookmark: _Toc3456403][bookmark: _Toc3456629][bookmark: _Toc3967372][bookmark: _Toc3968536][bookmark: _Toc4573439][bookmark: _Toc4672967][bookmark: _Toc4673426][bookmark: _Toc7002682][bookmark: _Toc7439609][bookmark: _Toc7439746][bookmark: _Toc7439753][bookmark: _Toc7621736][bookmark: _Toc7623920][bookmark: _Toc7697025][bookmark: _Toc12953510][bookmark: _Toc12958744][bookmark: _Toc12961380][bookmark: _Toc20217930][bookmark: _Toc20219585][bookmark: _Toc20231848][bookmark: _Toc20232406][bookmark: _Toc20233779][bookmark: _Toc20234049][bookmark: _Toc20236655][bookmark: _Toc20911208][bookmark: _Toc21006609]With an early start of data forwarding the target node can always start DL transmission immediately when the UE has completed the handover to the target cell.
Given the above we think that an early start of data forwarding is more reliable compared to a late start of data forwarding. The gain from a late start of data forwarding (less DL PDCP duplications forwarded from the source node and buffered in the target node) is overshadowed by the X2/Xn transmission latency and the obvious risk of an interruption in the DL data flow to the UE.
It shall also be observed that RAN3 has agreed to support early data forwarding when Make-Before-Break is configured, see LS in [1].
[bookmark: _Toc3448074][bookmark: _Toc3448089][bookmark: _Toc3455313][bookmark: _Toc3456642][bookmark: _Toc3967375][bookmark: _Toc3968539][bookmark: _Toc4573443][bookmark: _Toc4672969][bookmark: _Toc4673428][bookmark: _Toc7002684][bookmark: _Toc7439601][bookmark: _Toc7439757][bookmark: _Toc7621740][bookmark: _Toc7623925][bookmark: _Toc7697030][bookmark: _Toc12953519][bookmark: _Toc12958747][bookmark: _Toc12961383][bookmark: _Toc12961651][bookmark: _Toc20217937][bookmark: _Toc20219592][bookmark: _Toc20231855][bookmark: _Toc20233786][bookmark: _Toc20234056][bookmark: _Toc20236662][bookmark: _Toc20911215][bookmark: _Toc21006616]RAN2 to follow RAN3 agreement to support early start of data forwarding when Reduction in User Data Interruption (RUDI) handover is configured in the network and supported by the UE. Early start of data forwarding is equivalent to the legacy definition of data forwarding initiation.
Forwarding of SN and HFN
[bookmark: _Hlk12964789]In a legacy handover, the source node sends the SN STATUS TRANSFER message to the target node to convey DL PDCP Sequence Number (SN) transmitter status and UL PDCP SN receiver status for each bearer for which PDCP preservation applies. The X2AP/XnAP message is sent when transmitting the Handover Command message to the UE, i.e. at the time when the source node stops sending/receiving DL/UL data to/from the UE (when the transmitter and receiver status is frozen in the source node).
When RUDI handover is configured in the network and if early start of data forwarding is applied, data forwarding of DL data to the target node is started while the connection to the UE is still active in the source node, i.e. at the time when the source node is still transmitting DL data to the UE via the source connection.
[bookmark: _Toc12958745][bookmark: _Toc12961381][bookmark: _Toc20217931][bookmark: _Toc20219586][bookmark: _Toc20231849][bookmark: _Toc20232407][bookmark: _Toc20233780][bookmark: _Toc20234050][bookmark: _Toc20236656][bookmark: _Toc20911209][bookmark: _Toc21006610]When early start of data forwarding is applied, DL data is forwarded to the target node while the source node is still transmitting data to the UE.
[bookmark: _Hlk12964997]Obviously, since the purpose with early start of data forwarding is to provide the target node with DL data before the UE is ready to receive DL data in the target cell, the PDCP SN and HFN transmitter status cannot be transferred to the target node at the time when the source node stops transmitting DL data to the UE. Instead the PDCP SN and HFN transmitter status need to be sent to the target node at the time when data forwarding is started.
[bookmark: _Toc12958746][bookmark: _Toc12961382][bookmark: _Toc20217932][bookmark: _Toc20219587][bookmark: _Toc20231850][bookmark: _Toc20232408][bookmark: _Toc20233781][bookmark: _Toc20234051][bookmark: _Toc20236657][bookmark: _Toc20911210][bookmark: _Toc21006611]When early start of data forwarding is applied, PDCP SN and HFN transmitter status need to be sent to the target node before DL data transmission is started in the target cell.
[bookmark: _Hlk536781275]A simple way for the source node to apply data forwarding is to forward all DL PDCP SDUs received from the SGW/UPF in sequence to the target node, i.e. the source node does not apply any form of selective data forwarding. The benefit of this method is that the source node only needs to indicate the PDCP SN of the first forwarded DL PDCP SDU since the SNs of the subsequent SDUs will be implicitly known by the target node.
The most obvious solution to convey PDCP SN and HFN transmitter status to the target node when early data forwarding is applied, is to make use of the SN STATUS TRANSFER message. The SN STATUS TRANSFER message, containing the HFN and the PDCP SN of the first forwarded DL PDCP SDU, is sent before the first PDCP SDU is forwarded to the target node.
[bookmark: _Hlk12965423]Sending the SN STATUS TRANSFER message at this point and with this information is clearly a deviation compared to a legacy handover, thus the potential adaption of the SN STATUS TRANSFER message needs to be finally agreed in RAN3.
[bookmark: _Toc3448075][bookmark: _Toc3448090][bookmark: _Toc3455314][bookmark: _Toc3456643][bookmark: _Toc3967376][bookmark: _Toc3968540][bookmark: _Toc4573444][bookmark: _Toc4672970][bookmark: _Toc4673429][bookmark: _Toc7002685][bookmark: _Toc7439602][bookmark: _Toc7439758][bookmark: _Toc7621741][bookmark: _Toc7623926][bookmark: _Toc7697031][bookmark: _Toc12953520][bookmark: _Toc12958748][bookmark: _Toc12961384][bookmark: _Toc12961652][bookmark: _Toc20217938][bookmark: _Toc20219593][bookmark: _Toc20231856][bookmark: _Toc20233787][bookmark: _Toc20234057][bookmark: _Toc20236663][bookmark: _Toc20911216][bookmark: _Toc21006617]RAN2 to consider making use of SN STATUS TRANSFER message to transfer DL PDCP SN and HFN transmitter status to the target node when RUDI handover is configured. Final decision is up to RAN3.
Forwarding of DL PDCP SDUs to the target node will continue until the “end marker” packet is received from the SGW/UPF on the old path as a result of the DL path switch request triggered by the target node.
[bookmark: _Toc7002686][bookmark: _Toc7439603][bookmark: _Toc7439759][bookmark: _Toc7621742][bookmark: _Toc7623927][bookmark: _Toc7697032][bookmark: _Toc12953521][bookmark: _Toc12958749][bookmark: _Toc12961385][bookmark: _Toc12961653][bookmark: _Toc20217939][bookmark: _Toc20219594][bookmark: _Toc20231857][bookmark: _Toc20233788][bookmark: _Toc20234058][bookmark: _Toc20236664][bookmark: _Toc20911217][bookmark: _Toc21006618]As in a legacy handover, DL data forwarding proceeds until the “end marker” packet is received from the SGW/UPF on the old path.
Data forwarding of UL data
With the RUDI handover concept, the UE continues to send UL PDCP PDUs to the source node after receiving the Handover Command message and until it has completed the handover to the target node (for LTE it was agreed that UL data transmission is switched from source to target at successful transmission of the RRCConnectionReconfigurationComplete message).
In the source node, there are two main alternative solutions how to handle the UL PDCP PDUs after sending the Handover Command message to the UE:
1. The source node continues to send UL PDCP SDUs to the SGW/UPF on the old S1-U/NG-U path either until an indication is received from the target node (when the UE has completed the handover), or until the “end marker” packet is received from the SGW/UPF (as a result of the DL path switch request triggered by the target node), or;
2. [bookmark: _Hlk20910872]the source node starts forwarding UL PDCP SDUs to the target node for further transmission to the SGW/UPF on the new S1-U/NG-U path.
With the first alternative solution, if the UL packets are sent directly to the SGW/UPF on the old S1-U/NG-U path (as before the Handover Command was sent), the packet delivery time to the EPC/5GC will be the same as before the handover was triggered.
[bookmark: _Hlk3448086]On the other hand, when the UE performs the UL transmission switch from source to target cell, the UL PDCP SN and HFN receiver status need to be sent from the source node to the target node before the UL packets received from the UE in the target cell can be processed and sent to the SGW/UPF on the new S1-U/NG-U path. This may cause a short interruption in the UL PDCP processing if the information from the source node does not arrive in time in the target node.
[bookmark: _Toc20217933][bookmark: _Toc20219588][bookmark: _Toc20231851][bookmark: _Toc20232409][bookmark: _Toc20233782][bookmark: _Toc20234052][bookmark: _Toc20236658][bookmark: _Toc20911211][bookmark: _Toc12969142][bookmark: _Toc12968856][bookmark: _Toc7697026][bookmark: _Toc7623921][bookmark: _Toc7621737][bookmark: _Toc7439754][bookmark: _Toc7439747][bookmark: _Toc21006612]Continued sending of UL PDCP SDUs to the SGW/UPF on the old S1-U/NG-U path implies the same packet delivery time to EPC/5GC as before the handover was triggered.
[bookmark: _Toc20217934][bookmark: _Toc20219589][bookmark: _Toc20231852][bookmark: _Toc20232410][bookmark: _Toc20233783][bookmark: _Toc20234053][bookmark: _Toc20236659][bookmark: _Toc20911212][bookmark: _Toc21006613]UL PDCP SN and HFN receiver status need to be transferred to the target node once the UE stops transmitting to the source node. This may cause a short interruption in the packet delivery flow to the EPC/5GC when the UE starts transmitting in the target cell.
In the second alternative solution above, each UL PDCP SDU is forwarded to the target node for further transmission to the SGW/UPF on the new S1-U/NG-U path. With this solution the SN and HFN receiver status of the first forwarded UL PDCP SDU can be sent in an SN STATUS TRANSFER message (or in the GTP-U extension header of each forwarded packet) which allows the target node to process the UL PDCP PDUs immediately when the UE starts transmitting in the target cell.
However, one obvious and inevitable drawback with this solution is that it adds X2/Xn latency to each single packet forwarded from the source node to the target node. 
[bookmark: _Toc12969144][bookmark: _Toc12968858][bookmark: _Toc7697027][bookmark: _Toc7623922][bookmark: _Toc7621738][bookmark: _Toc7439755][bookmark: _Toc7439748][bookmark: _Toc20217935][bookmark: _Toc20219590][bookmark: _Toc20231853][bookmark: _Toc20232411][bookmark: _Toc20233784][bookmark: _Toc20234054][bookmark: _Toc20236660][bookmark: _Toc20911213][bookmark: _Toc21006614]“Early forwarding” of UL PDCP SDUs (including SN and HFN receiver status) to the target node for further transmission to the SGW/UPF on the new S1-U/NG-U path, allows the target node to immediately process the UL PDCP PDUs when the UE starts transmitting in the target cell.
[bookmark: _Toc12969145][bookmark: _Toc12968859][bookmark: _Toc7697028][bookmark: _Toc7623923][bookmark: _Toc20217936][bookmark: _Toc20219591][bookmark: _Toc20231854][bookmark: _Toc20232412][bookmark: _Toc20233785][bookmark: _Toc20234055][bookmark: _Toc20236661][bookmark: _Toc20911214][bookmark: _Toc21006615]On the other hand, “early forwarding” of UL PDCP SDUs adds X2/Xn latency to each and every packet forwarded to the target node.
From a latency perspective, continued sending of the UL PDCP SDUs to the SGW/UPF on the old S1-U/NG-U path (as according to the first alternative solution above) seems a bit more attractive compared to a solution where each UL PDCP SDU is forwarded to the target node for further transmission to the SGW/UPF on the new S1-U/NG-U path.
This is based on the assumption that the total interruption/delay time is more predictable with the first alternative solution (the interruption time is the same regardless of the number of UL PDCP PDUs transmitted by the UE) compared to a solution where each UL PDCP PDU sent from the UE during the handover execution phase is delayed according to the X2/Xn latency, although the single interruption time in the first alternative solution is likely longer than the delay for each forwarded packet in the second alternative solution.
The target node may send an indication to the source node whenever the UE has completed the handover (e.g. by means of the Handover Success message agreed by RAN3 for the Rel-16 Conditional Handover concept), thus the maximum interruption time in the packet delivery flow to EPC/5GC would be equivalent to the X2/Xn round-trip delay.
[bookmark: _Toc20217940][bookmark: _Toc20219595][bookmark: _Toc20231858][bookmark: _Toc20233789][bookmark: _Toc20234059][bookmark: _Toc20236665][bookmark: _Toc20911218][bookmark: _Toc21006619]RAN2 to consider a solution where the source node continues to send UL PDCP SDUs to the SGW/UPF on the old S1-U/NG-U path until an indication is received from the target node. The new X2AP/XnAP Handover Success message (agreed by RAN3 for the Conditional Handover concept) can be the trigger for the source node to send UL PDCP SN and HFN receiver status to the target node.
If the source node has undelivered UL PDCP SDUs (e.g. PDCP SDUs received out of sequence which have not been sent to the SGW/UPF on the old S1-U/NG-U path), the source node needs to forward these SDUs to the target node for in-sequence delivery on the new S1-U/NG-U path. If not forwarded, the UE may be requested to re-send these packets when accessing the target cell.
Conclusion
In this paper we made the following observations:
Observation 1	To achieve seamless handover, the network needs to provide the UE with a continuous DL data flow throughout the handover execution phase.
Observation 2	Ideally, the UE starts receiving DL data from the target node immediately after completing the handover.
Observation 3	A late start of data forwarding implies less DL PDCP duplications sent to the target node. On the other hand, a late start of data forwarding need to take the X2/Xn transmission latency into account.
Observation 4	With an early start of data forwarding the target node can always start DL transmission immediately when the UE has completed the handover to the target cell.
Observation 5	When early start of data forwarding is applied, DL data is forwarded to the target node while the source node is still transmitting data to the UE.
Observation 6	When early start of data forwarding is applied, PDCP SN and HFN transmitter status need to be sent to the target node before DL data transmission is started in the target cell.
Observation 7	Continued sending of UL PDCP SDUs to the SGW/UPF on the old S1-U/NG-U path implies the same packet delivery time to EPC/5GC as before the handover was triggered.
Observation 8	UL PDCP SN and HFN receiver status need to be transferred to the target node once the UE stops transmitting to the source node. This may cause a short interruption in the packet delivery flow to the EPC/5GC when the UE starts transmitting in the target cell.
Observation 9	“Early forwarding” of UL PDCP SDUs (including SN and HFN receiver status) to the target node for further transmission to the SGW/UPF on the new S1-U/NG-U path, allows the target node to immediately process the UL PDCP PDUs when the UE starts transmitting in the target cell.
Observation 10	On the other hand, “early forwarding” of UL PDCP SDUs adds X2/Xn latency to each and every packet forwarded to the target node.

Based on the discussion in the previous sections we propose the following:
Proposal 1	RAN2 to follow RAN3 agreement to support early start of data forwarding when Reduction in User Data Interruption (RUDI) handover is configured in the network and supported by the UE. Early start of data forwarding is equivalent to the legacy definition of data forwarding initiation.
Proposal 2	RAN2 to consider making use of SN STATUS TRANSFER message to transfer DL PDCP SN and HFN transmitter status to the target node when RUDI handover is configured. Final decision is up to RAN3.
Proposal 3	As in a legacy handover, DL data forwarding proceeds until the “end marker” packet is received from the SGW/UPF on the old path.
Proposal 4	RAN2 to consider a solution where the source node continues to send UL PDCP SDUs to the SGW/UPF on the old S1-U/NG-U path until an indication is received from the target node. The new X2AP/XnAP Handover Success message (agreed by RAN3 for the Conditional Handover concept) can be the trigger for the source node to send UL PDCP SN and HFN receiver status to the target node.
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