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Introduction
In RAN2#105 it was agreed to adopt the enhanced Make-Before-Break (eMBB) solution (a.k.a. non-split bearer solution) to reduce the interruption time during handover:
1	Specify the ”non-split bearer” solution candidate for the Rel-16 E-UTRA enhancements minimizing the interruption time during mobility.
There are two variants of eMBB depending on if the source and target protocol stacks are both active at the same time during the handover.
=>FFS whether there is single active protocol stack or two simultaneously active protocol stacks
To address the above FFS an email discussion was organized after RAN2#105 to evaluate and compare the single and dual active protocol stack solutions (105#57). However, no agreement could be made from this email discussion since there was strong support on both sides.
In this contribution we take closer look at the interruption time in the single and dual active protocol stack solutions since this one of the key aspects to consider for making the down selection
Discussion
Definition of single vs dual active protocol stack
A brief explanation of the single and dual active protocol solutions and the different sub-options is provided below for reference. A more detailed explanation can be found in [1].
· Single active protocol stack – the UE transmits/receives data in a single cell at a time
· Option 0/1: Data transmission/reception in the source cell stops after reception of RAR and then continues in the target cell.
· Option 2: Data transmission/reception in the source cell stops after successful transmission of the handover complete message and then continues in the target cell
· Dual active protocol stacks – the UE transmits/receives data in both the source and target cell until the source cell is explicitly released by target.

Note that Option 0 was introduced during the email discussion and was not among the options originally discussed in [2]. Option 0 is similar to Option 1 except that the target PDCP/RLC entity is not setup in advance, i.e.  there is a single PDCP/RLC entity in the UE and PDCP/RLC re-establishment is performed before transmitting/receiving data in the target cell. Using a single PDCP/RLC entity simplifies the specification but could potentially lead to a slightly longer switching delay. In our view how to avoid the switching delay is mainly a UE implementation issue and in the remainder of this document we will treat Option 0 and 1 together and assume that the protocol switching delay is ~0 ms.
When evaluating the interruption time, we will assume that the UE is capable of dual Rx and dual Tx. In case the UE is capable of single Tx only some form of TDM needs to be used which may result in a longer interruption time.
Single active protocol stack – Option 0/1
The figure below shows the protocol stack on the UE side for Option 0/1. In this option the UE continues to transmit and receive UP data on the DRBs in the source cell while random access is initiated on the target cell.  Upon successful reception of RAR,  the UE releases the source cell and activates the SRBs and DRBs for the target cell. Note that to perform random access the PHY and MAC layers need to be established for the target cell. Also note that the SRBs are de-activated in the source cell when the handover is initiated since no more RRC messages are transmitted or received in the source cell after reception of the handover command.
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Figure 1 UE protocol stack for Option 1
The interruption time in Option 0/1 depends on whether the random access is contention free (CFRA) or contention based (CBRA). In case of CFRA the random access is completed at the reception of RAR which means the UE will be able to receive/transmit DL/UL data in the target cell immediately when the source cell is released. Therefore, the interruption time is ~0 ms. 
Although the signalling diagram below shows that DL data transmission starts after the transmission of handover complete message (i.e. RRCConnectionReconfigurationComplete), the eNB can in fact start to transmit DL data as soon as the UE has received the RAR.  It is also possible for the eNB to provide a larger UL grant in the RAR so that the UL data can be multiplexed with the handover complete message. In this way ~0 ms interruption time can be achieved both for DL and UL.




Figure 2 Option 0/1 with CFRA
In case of CBRA the interruption time will be slightly longer since after RAR is received the UE still has to pass contention resolution to complete the random access procedure. That is, the UE has to transmit its C-RNTI and receive the contention resolution response before it is able to receive/transmit DL/UL data. This means that there will be an interruption of ~5 ms during which no DL/UL data can be received/transmitted. If contention resolution fails (which should be rare) the interruption time will be longer since the UE will then need to re-start the random access.


Figure 3 Option 0/1 with CBRA
[bookmark: _Toc3899974][bookmark: _Toc3986389][bookmark: _Toc3986406][bookmark: _Toc4348119][bookmark: _Toc4675314][bookmark: _Toc4675661][bookmark: _Toc4675778][bookmark: _Toc7016241][bookmark: _Toc7018845][bookmark: _Toc7103419][bookmark: _Toc7103425][bookmark: _Toc7103431][bookmark: _Toc7688361][bookmark: _Toc7688612][bookmark: _Toc7718759]Option 0/1 of the single active protocol stack solution can achieve ~0ms interruption time if CFRA is used but not if CBRA is used.
Single active protocol stack – Option 2
The figure below shows the protocol stack on the UE side for Option 2. In this option the UE continues to receive/transmit DL/UL data on the DRBs in the source cell until the handover complete message has been successfully transmitted in the target cell. Since SRB1 is used to transmit the handover complete message, SRB1 needs to be activated for the target cell while the UE is still connected to the source cell. This implies that the UE will be using both the target key (to protect SRB1) and the source key (to protect DRBs) at the same time. After the handover complete message is transmitted the DRBs are activated for the target cell and the source cell is released. The DRBs in the target cell use the target security key and ROHC context while the SN transmitter/receiver status is maintained.  


[image: ]
Figure 4 UE protocol stack for Option 2
The main benefit of Option 2 compared to Option 0/1 is that it can achieve ~0ms interruption time even for CBRA. As shown in the signalling diagram below, the source cell is released when the UE receives the RLC ACK for the handover complete message from the eNB. As this occurs at the same time or after the random access is completed, the target link will be fully setup when the source link is released which means that the UE can immediately start to receive and transmit data.


Figure 5 Option 2 with CBRA
[bookmark: _Toc3899975][bookmark: _Toc3986390][bookmark: _Toc3986407][bookmark: _Toc4348120][bookmark: _Toc4675315][bookmark: _Toc4675662][bookmark: _Toc4675779][bookmark: _Toc7016242][bookmark: _Toc7018846][bookmark: _Toc7103420][bookmark: _Toc7103426][bookmark: _Toc7103432][bookmark: _Toc7688362][bookmark: _Toc7688613][bookmark: _Toc7718760]Option 2 of the single active protocol stack solution can achieve ~0ms interruption time both for CFRA and CBRA.
Another benefit of Option 2 is that it allows the UE to send a PDCP status report to the target eNB before the DL transmissions starts in the target cell (the PDCP status report can be multiplexed with the HO complete message). The PDCP status report indicates which DL packets that have been received by the UE in the source cell and helps the target eNB to avoid duplicate transmissions.
[bookmark: _Toc4675316][bookmark: _Toc4675663][bookmark: _Toc4675780][bookmark: _Toc7016243][bookmark: _Toc7018847][bookmark: _Toc7103421][bookmark: _Toc7103427][bookmark: _Toc7103433][bookmark: _Toc7688363][bookmark: _Toc7688614][bookmark: _Toc7718761]Option 2 allows the UE to send a PDCP status report to the target eNB before the DL transmissions starts in the target cell which is useful to avoid duplicate DL transmissions.
Dual active protocol stack
The figure below shows the protocol stack on the UE side for the dual active protocol stack solution. In this solution the UE will establish a connection with the target cell and receive/transmit data on both the source cell and target cell until the source cell is explicitly released. This means that each DRB will have a single PDCP entity but two RLC entities – one for the source leg and one for the target leg. The PDCP entity will decrypt/encrypt data using either the source or target security key depending on which leg the data is received/transmitted on. 
The fact that the DRB uses two RLC entities makes it similar to a DC split bearer and explains why the solution is called “dual active protocol stack”.
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Figure 6 UE protocol stack for dual protocol stack solution
Since the source cell is not released before the UE is ready to receive/transmit data on the target cell, the dual protocol stack solution is able to achieve ~0ms interruption.

Figure 7 Dual protocol stack solution with CBRA
[bookmark: _Toc3899976][bookmark: _Toc3986391][bookmark: _Toc3986408][bookmark: _Toc4348121][bookmark: _Toc4675317][bookmark: _Toc4675664][bookmark: _Toc4675781][bookmark: _Toc7016244][bookmark: _Toc7018848][bookmark: _Toc7103422][bookmark: _Toc7103428][bookmark: _Toc7103434][bookmark: _Toc7688364][bookmark: _Toc7688615][bookmark: _Toc7718762]The dual active protocol stack solution can achieve ~0ms interruption time both for CFRA and CBRA.
The effect of data forwarding on handover interruption
In the evaluation of the interruption time above we have assumed that the source eNB starts data forwarding early so that DL data is available in the target eNB when the UE arrives. 
If eMBB is combined with conditional handover and many candidate target cells are configured, the network may instead choose to apply late data forwarding (e.g. based on some trigger from the target eNB) to reduce network signalling. In this case there will be an additional interruption in the single protocol stack solution due to the X2 round-trip delay. 
[bookmark: _Toc3986392][bookmark: _Toc3986409][bookmark: _Toc4348122][bookmark: _Toc4675318][bookmark: _Toc4675665][bookmark: _Toc4675782][bookmark: _Toc7016245][bookmark: _Toc7018849][bookmark: _Toc7103423][bookmark: _Toc7103429][bookmark: _Toc7103435][bookmark: _Toc7688365][bookmark: _Toc7688616][bookmark: _Toc7718763]If late data forwarding is used in the single protocol solution there will be an additional DL interruption corresponding to the X2 round-trip delay.
[bookmark: _Toc3986393]The dual protocol stack solution does not suffer from the same limitation since it is the target eNB that decides when the UE releases the source cell in that solution. Even if late data forwarding is used the target eNB can avoid any interruption by delaying the release of the source cell until the forwarded DL packets have arrived over X2. 
[bookmark: _Toc3986395]We should keep in mind though that handovers are typically triggered because the UE is moving out of coverage. Thus, in practice there may still be an interruption if late data forwarding is used because the source link data rate may be very low.
[bookmark: _Toc7688366][bookmark: _Toc7688617][bookmark: _Toc7718764]The dual protocol stack solution can achieve  ~0ms interruption even if late data forwarding is used by delaying the source cell release until the forwarded DL packets arrive over X2. However, in practice there may still be an interruption due to the poor link quality in the source cell.
It is also worth pointing out that late data forwarding is a network choice and it is always possible to use early data forwarding at the expense of additional network signalling.
[bookmark: _Toc7688367][bookmark: _Toc7688618][bookmark: _Toc7718765]Late data forwarding is a network choice and it is always possible for the network to use early data forwarding at the expense of additional network signalling.
Conclusion
In this paper we made the following observations:
Observation 1	Option 0/1 of the single active protocol stack solution can achieve ~0ms interruption time if CFRA is used but not if CBRA is used.
Observation 2	Option 2 of the single active protocol stack solution can achieve ~0ms interruption time both for CFRA and CBRA.
Observation 3	Option 2 allows the UE to send a PDCP status report to the target eNB before the DL transmissions starts in the target cell which is useful to avoid duplicate DL transmissions.
Observation 4	The dual active protocol stack solution can achieve ~0ms interruption time both for CFRA and CBRA.
Observation 5	If late data forwarding is used in the single protocol solution there will be an additional DL interruption corresponding to the X2 round-trip delay.
Observation 6	The dual protocol stack solution can achieve  ~0ms interruption even if late data forwarding is used by delaying the source cell release until the forwarded DL packets arrive over X2. However, in practice there may still be an interruption due to the poor link quality in the source cell.
Observation 7	Late data forwarding is a network choice and it is always possible for the network to use early data forwarding at the expense of additional network signalling.
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