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1. Introduction
Initial RAN2 agreement regarding handovers during dual connectivity operation was to always release the SCG during a MeNB handover.

During RAN2#86 meeting, discussions took place to optimize this procedure, with the aim to avoid increasing the signaling load towards the core network. Eventually, the following was agreed in control plane session:

	Agreements
1
During SCG Change, SCG-MAC is reset; SCG-RLC and SCG-PDCP (in case of SCG bearer) entities are re-established.  

2
Allow intra-MeNB HO to include release of the SCG and addition of a non-disjunct SCG (i.e. cells of the same SeNB). 
The UE behaviour with respect to the SCG is the same as for SCG Change. The UE also does not need to determine whether it is an intra- or inter-MeNB handover. 
The NW may suppress the path switch since source and target SCG are the same. 




In parallel, discussions are on-going to specify the new PDCP reordering function needed for DL split bearer, however the handover scenarios have not been looked at in detail yet. The following was agreed in user plane session:

=>
PDCP performs Reordering --> Deciphering --> Header Decompression
=>
Specify whole PDCP reordering procedure in separate section using absolute value operation.

=>
UE triggers PDCP status report for split bearer at SCG RLC release/re-establishment if network configures UE to send PDCP status report.

=>
UE triggers PDCP status report at reconfiguration from MCG bearer to SCG bearer if network configures UE to send PDCP status report.
=>
The PDCP starts reordering function immediately after receiving split bearer configuration message.

=>
At split bearer reconfiguration towards MCG bearer, MCG RLC is not re-established

=>
After split bearer reconfiguration towards MCG bearer, PDCP continues reordering operation for a short while.

In addition, the following email discussions took place after the meeting:
[86#30][LTE/DC] Implementation of PDCP reordering function in PDCP specification (Samsung) 

[86#31][LTE/DC] PDCP reordering after split bearer reconfiguration towards MCG bearer (NSN) 

In this contribution, we focus on the scenario of MeNB handover while a split bearer is maintained, and we analyze the impact on the design of the reordering function in PDCP. As per above agreements, this applies to intra-cell handover (e.g. for key change) and intra-MeNB handover.
2. Discussion
Algorithm considerations

Split bearer is only supported over RLC AM, in which case the handover is lossless. The considered scenario is challenging because it needs to encompass both
· The legacy PDCP reordering function after handover, needed to handle the retransmissions of non-acknowledged PDCP PDUs

· The split bearer PDCP reordering function, needed to reorder the PDCP PDUs coming from MCG and SCG. 

In nominal legacy scenario, PDCP is expecting in-order arrival (IOA) of PDCP PDUs from its peer entity. Note that IOA needs to be supported (and not only in-sequence delivery) because of PDCP PDUs discard mechanism, which may be used by the network in case of congestion.
In order to support lossless handover on an RLC AM bearer, the following mechanism is used as part of PDCP/lower layers re-establishment procedure when switching to target eNB:
· MAC reset
· RLC re-establishment: flush of PDCP PDUs withheld within RLC, and reset

· PDCP re-establishment:

· Handling of flushed PDUs: deciphering, ROHC decompression, and storing of PDCP SDUs in the legacy reordering buffer.
· ROHC reset (if configured), new ciphering configuration applied (at handover, ciphering configuration is changed, and the ROHC context is not forwarded to the target node, hence ROHC needs to be reset)
· Optionally: a status report indicating the missing PDCP SDUs is sent to its peer entity (optimization to reduce retransmissions)
Then, target cell starts in-order PDCP PDUs retransmission, followed by new PDCP PDUs transmission. This is referred as target PDU flow in the following. In the case of intra-cell handover, target cell would be identical as source cell but this would not change the scenario. Nominal behavior is applied: PDCP expects IOA (increasing COUNT values). Any stored PDCP SDUs with an associated COUNT value less than the COUNT value associated with the received PDCP SDU is freed, such as PDCP effectively provides in-order delivery of PDCP SDU to upper layers.

In order to support lossless handover of a DL split bearer, the following mechanism is envisaged:

· M-MAC reset, S-MAC reset

· M-RLC re-establishment, S-RLC re-establishment

· PDCP re-establishment:

· Handling of flushed PDUs (from M-RLC and S-RLC): as PDCP already stores PDUs in the split bearer reordering buffer, it would be straightforward to store these PDUs as well, for a common processing
· ROHC reset (if configured), new ciphering configuration applied
· Optionally: a status report indicating the missing PDCP SDUs is sent to its peer entity
Then, target cell starts the target PDU flow: in-order PDCP PDUs retransmission, followed by new PDCP PDUs transmission. However, since DL split bearer is maintained, those PDUs can be routed through MCG or SCG. The target PDU flow arrives out of sequence at the receiver – just as before the handover. PDCP can no longer expect IOA, and a legacy based reordering would fail.
Observation 1: During split bearer operation, after it is re-established, PDCP cannot expect in-order arrival of PDUs, preventing legacy based reordering correct operation 
Note that an obvious solution to avoid issues linked to no IOA in that case would be that the MeNB ensures that the target PDU flow would be received in order, particularly IR packet first, till all retransmitted PDUs reception is confirmed. In our view the only robust way to ensure that would be for the MeNB to route these PDUs through one cell group only (MCG or SCG), which basically means no split operation during this period. This would reduce the benefit of the feature and impose constraints on NW side.

Observation 2: In order to avoid the need to handle out-of-order arrival of retransmitted PDUs at the UE side, target cell may transmit PDUs only through one cell group (MCG or SCG) till it receives the confirmation that all retransmitted PDUs were successfully received. 
Since split bearer reordering is needed, it would make sense to just rely on it to handle both types of out-of-order PDUs:

· Retransmitted PDUs in target PDU flow, vs withheld PDUs from source PDU flow 

· PDUs from MCG vs SCG
Observation 3: Split bearer reordering buffer could be used also to perform reordering due to retransmissions
In Figure 1, we illustrate what could be the state of the split bearer reordering buffer once the flushed PDCP PDUs have just been taken into account. We can make the following observations:
· PDCP PDUs retransmissions are only expected from beginning of range 2 to the end of range 3, i.e. in the PDCP SN half space before the last PDU received. Indeed, only in flight PDUs (i.e. not acknowledged through RLC ACK or PDCP status report) may be retransmitted. Retransmissions received in range 1 or 4 would mean that transmitter has put more than half of the PDCP SN space in flight. In case PDCP status report is used and waited for by the PDCP transmitter, only missing PDUs from range 3 could be retransmitted, however its use is not mandatory and we have to consider the generic scenario.
In range 3, gaps can correspond either to missing PDUs (e.g., not yet received from SCG at the time of reestablishment because of X2 delay) or discarded PDUs (from NW PDU discard mechanism)
· PDCP PDUs transmissions are only expected from beginning of range 3 to the end of range 4
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Figure 1
The target PDU flow has the following characteristics:

· New ciphering configuration (key change)

· New ROHC configuration (if configured) (ROHC is reset)

The figures below illustrate the possible PDUs received from target PDU flow, in 2 extreme cases: 
· when no PDCP status report is used: target cell would start retransmission from the first PDU which was not confirmed to be received (from M-RLC ack or S-RLC ack through X2 feedback). The example assumes that around 1 out of 3 PDUs were routed through MCG, and that X2 delay lead to late delivery/confirmation of PDUs being sent through SCG. If this scenario is not optimized, the target cell may as well retransmit all PDUs from the first which was not confirmed to be received.
· when a PDCP status report is used: target cell would only retransmit the missing PDUs. Note that the target cell may start retransmitting without waiting for the status report, and only use it to limit outstanding retransmissions. The example was chosen to ease the discussion.

Note that contrary to non-split bearer use case, these PDUs does not arrive in-order.
We assume below that ROHC has been configured.
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Case without PDCP status report
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Case with PDCP status report

In order for target PDU flow PDUs to be decompressed correctly, they should be decompressed in order of ascending COUNT values. Moreover, since ROHC was reset, an IR header would be sent, possibly along with a PDU already received. 
Case with PDCP status report (only the missing PDUs are retransmitted)
In such case, storing the PDUs in the reordering buffer will allow correct processing. However, this may interrupt downlink transfer depending of the time needed to send this message.
Observation 4: If PDCP status report is configured, and target cell waits for it before restarting downlink transfer, correct processing can be ensured, at the detriment of a possible small data transfer interruption.
Case without PDCP status report (possibly already submitted PDUs or stored PDUs are retransmitted)
If already stored PDUs are retransmitted:
· The duplicate PDU should be stored also to have this ROHC header decompressed in-order, and allow correct decompression of target PDUs with higher count values. This is handled by the legacy algorithm, and hence should be handled also for split bearer use case
· Though it is unlikely that an IR packet would be in such PDU (since the initial IR should be sent in the first retransmitted PDU), this may still happen:

· It can actually be the first retransmitted PDU, in case the first gap is due to NW PDCP discard

· It can include another IR header

The current envisaged baseline discards such PDUs. For correct processing, we need to store those PDUs also, so their ROHC header can be decompressed in sequence when delivered out of the reordering buffer.
If already submitted PDUs are retransmitted:
They have to be handled even though the corresponding PDCP SDU was already submitted to upper layers. In the legacy algorithm, this is handled by the “duplicate and discard window”, which detects the duplicate PDUs, discard the SDU but perform header decompression.
The current envisaged baseline is to reuse the same kind of window to handle target PDUs received in range 3. It has been discussed if only discard was needed, or also processing of the ROHC header.
However, it appears that this approach may not work correctly, since contrary to legacy situation, those duplicates packets may be received out-of-order. Typically, the IR packet may be received after other target PDUs are received and processed. When the first missing PDU from range 3 is received, it will be processed along with following in-sequence PDUs. However if IR packet was not yet received, the decompression will fail.
On the other hand, the UE does not know if/when such duplicate PDU will be sent; hence it appears difficult to withhold in-sequence PDUs in the buffer just in case such packet is sent.
A possible algorithm would be:

· On delivering PDUs from the reordering buffer to upper layers (upon reception of first missing PDU or re-ordering timer expiry)

· If decompression is successful: deliver the SDU to upper layers
· If decompression is not successful: the assumption would be that an IR packet has not been received. In such case, do not discard the PDU, handle this as if the PDU was missing (e.g., wait for correct delivery or reordering timer expiry to move the left edge of the window). 
· On reception of an already submitted duplicate PDU (i.e. a duplicate of a PDU already submitted):

· Perform header decompression (discard the SDU). This is needed to capture possible ROHC context changes

· Attempt again the decompression of the PDU.
Proposal 1: Consider the following algorithm for handover of a split bearer with ROHC configured:

1. Store retransmitted PDUs which are duplicate of an already stored flushed PDU
2. When delivering a PDU out of the reordering buffer, if a retransmitted PDU was stored, perform header decompression of the stored PDU (and discard the SDU) 
3. When receiving an already submitted duplicate PDU, perform header decompression (and discard the SDU)
4. When a PDU decompression is not successful, keep the PDU but behave as if it was not received
5. When performing step 3., if the first missing PDU was actually received but failed header decompression, consider it was received again
However, this algorithm would still not be as robust as in the legacy handover use case, since the already submitted duplicate PDUs would be header decompressed in their order of arrival, not in the increasing COUNT order. This may be acceptable though.
Alternatively, we may consider not resetting ROHC in that case. In Rel-11, a feature was introduced to optionally continue ROHC (i.e., no ROHC reset). This is available for intra-eNB as well as intra-cell handovers. However, the feature has been specified only for RLC-UM.
Proposal 2: Alternatively, consider introducing drb-ContinueROHC feature for RLC-AM bearers
Reordering buffer design considerations

It has been decided to implement the reordering functionality using reordering ( deciphering ( decompressing order. In the scenario under consideration, the split buffer reordering buffer would then contain only ciphered and compressed PDCP PDUs, from source and target PDU flows.
It would mean that in order to correctly deliver SDUs, UE would need to keep both source and target ciphering and decompression configuration, and use the correct one depending if the PDU originated from the source or the target flow.
As stated in a previous contribution [1], we prefer deciphering ( reordering ( decompressing order, as nothing prevents it and it enables to reduce burst deciphering.

We think that the newly possible handover scenario is another argument to prefer this order.

Indeed, the UE would not have to handle several deciphering contexts. All PDUs can be stored unciphered in the buffer. We would have the following processing:
· Flushed (source) PDUs are deciphered with source deciphering context

· PDCP applies target ciphering configuration

· Target PDUs are deciphered with target deciphering context
Proposal 3: Revert to deciphering ( reordering ( decompressing order, in order to avoid handling source and target ciphering configurations simultaneously, and to avoid burst deciphering issues

Regarding ROHC context, we believe it is also preferable to avoid the complexity of handling both contexts. This would mean the following processing:
· Flushed (source) PDUs are decompressed, and stored in the buffer

· PDCP reset ROHC

· Target PDUs are stored deciphered but compressed in the reordering buffer, and are decompressed using current (target) ROHC context when performing in-order delivery to upper layers
This matches legacy handover procedure.

Proposal 4: Decompress flushed PDUs and store corresponding uncompressed SDUs in the reordering buffer, in order to avoid handling source and target ROHC contexts simultaneously
As a result, the reordering buffer would store both:

· Uncompressed SDUs (originated from source PDU flow)
· Compressed SDUs (originated from target PDU flow)

This also allows handling in a unified way possible reconfigurations to a split bearer: 

· MCG bearer ( Split Bearer: in the nominal case, buffer empty at reconfiguration

· MCG bearer ( Split Bearer just after a handover: the buffer may contain uncompressed SDUs, which will be kept during the reconfiguration
· Split Bearer ( Split Bearer: in the nominal case, the buffer contains compressed SDUs, which will be decompressed during the reconfiguration

· Split Bearer ( Split Bearer just after a handover: the buffer may contain uncompressed SDUs, which will be kept during the reconfiguration, and compressed SDUs, which will be decompressed during the reconfiguration

3. Conclusion 
It is proposed to discuss and agree on the following:
Observation 1: During split bearer operation, after it is re-established, PDCP cannot expect in-order arrival of PDUs, preventing legacy based reordering correct operation 

Observation 2: In order to avoid the need to handle out-of-order arrival of retransmitted PDUs at the UE side, target cell may transmit PDUs only through one cell group (MCG or SCG) till it receives the confirmation that all retransmitted PDUs were successfully received. 

Observation 3: Split bearer reordering buffer could be used also to perform reordering due to retransmissions
Observation 4: If PDCP status report is configured, and target cell waits for it before restarting downlink transfer, correct processing can be ensured, at the detriment of a possible small data transfer interruption.

Proposal 1: Consider the following algorithm for handover of a split bearer with ROHC configured:

1. Store retransmitted PDUs which are duplicate of an already stored flushed PDU
2. When delivering a PDU out of the reordering buffer, if a retransmitted PDU was stored, perform header decompression of the stored PDU (and discard the SDU) 
3. When receiving an already submitted duplicate PDU, perform header decompression (and discard the SDU)

4. When a PDU decompression is not successful, keep the PDU but behave as if it was not received
5. When performing step 3., if the first missing PDU was actually received but failed header decompression, consider it was received again
Proposal 2: Alternatively, consider introducing drb-ContinueROHC feature for RLC-AM bearers
Proposal 3: Revert to deciphering ( reordering ( decompressing order, in order to avoid handling source and target ciphering configurations simultaneously, and to avoid burst deciphering issues

Proposal 4: Decompress flushed PDUs and store corresponding uncompressed SDUs in the reordering buffer, in order to avoid handling source and target ROHC contexts simultaneously
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