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Introduction
In RAN#80 in June 2018, a new WI was approved [1] to further enhance LTE mobility and which targets ~0ms (close to 0ms) interruption time during handover as well as improved mobility robustness. According to WI description, the work starts with a study phase to study potential solutions for their advantages and drawbacks to down select the most appropriate option(s). This is followed by a work phase where the chosen solution will be specified. 
Although not mentioned in the WI description, we assume the scope of the WI is limited to intra-LTE handovers (i.e. inter-RAT HO is not considered, at least not initially). Furthermore, we will only consider intra-EPS handovers (i.e. intra-LTE intra-5GS HO and intra-LTE inter-system HO between EPS and 5GS are excluded).
In this paper we discuss potential solutions for reducing the interruption time during handover. The other aspect of the WI, improving mobility robustness, is addressed in a separate paper [2].
The rest of the paper is structured as follows. We first present an overview of the LTE Rel-14 mobility enhancements (RACH-less handover and make-before-break) to identify possible areas for improvement. Then we discuss potential enhancements to be studied further in Rel-16.
[bookmark: _Ref525650159]Existing mobility enhancements
As a baseline, we review the mobility enhancements standardized in LTE Rel-14 for reducing HO interruption: RACH-less handover and make before break (MBB). These two features can either be used on their own or they can be combined to reduce latency even further.
[bookmark: _Ref525647665]RACH-less handover
RACH-less handover was introduced in LTE Rel-14 and reduces latency by allowing the UE to skip the random access procedure during HO. 
One of the main objectives of the random access procedure is to obtain the target cell TA. In absence of random access procedure, the UE has to obtain this parameter in some other way. Initially, the intention was to allow the UE to derive the target cell TA based on the source cell TA and by measuring the difference in DL propagation delay between the target and source cell:

where  are the DL propagation delay of the source and target cell, respectively. In this derivation it is assumed that the network is synchronized, i.e. the subframe boundary between the source and target cell are aligned. However, since it was unclear whether the derived TA would be able to meet the RAN4 accuracy requirement [3], the solution was later limited to scenarios where the TA is already known by the UE:
- Handover to small cell (i.e. )
- Handover to cell with the same TA as the source cell (i.e.  ))
- If Carrier Aggregation (CA) is used, handover to cell which is currently configured as secondary cell (i.e.  )
- If Dual Connectivity (DC) is used, handover to cell which is currently configured as primary or secondary cell in the secondary node (i.e.   or )
1. [bookmark: _Toc525825112]RACH-less handover introduced in LTE Rel-14 is limited to a few restricted scenarios where the target cell TA is already known by the UE.
Another important objective of the random access procedure is to provide the UE with an UL grant. In RACH-less handover, a periodic UL grant for the transmission of the handover complete can be pre-allocated in the handover command, which then needs to be kept valid within a period of time, starting from the time when the UE achieves synchronization with the target cell. Alternatively, the UL grant can be dynamically scheduled in the target cell.
[bookmark: _Ref525646117]Make-before-break
The make-before-break (MBB) handover (HO) introduced in LTE Rel-14, refers to a handover mechanism where the UE connects to the target cell before disconnecting from the source cell unlike the standard handover procedure where the UE resets MAC and reestablishes PDCP upon receiving HO command from the source. In MBB solution, MAC and PDCP reset in UE are delayed until the UE performs successful RACH at the target cell. This requires UE to monitor both target and source cells simultaneously. When RACH is completed successfully, source node is informed over X2 so that it can stop the transmission to the UE.
MBB is designed for UEs with single Rx/Tx chain and only supports intra-frequency handover. Since the handover is intra-frequency a single Rx UE is still capable of receiving from both target and source cells.  However, due to the single Tx the UE will not be able to transmit to both cells simultaneously. Thus, in MBB, the UE will release the connection to source at the first UL transmission. This occurs when the UE:
-	Transmits the RACH preamble; or
-	Transmits the HO complete message on PUSCH (if RACH-less HO is configured).
Or in other words, the UE releases the connection with the source cell before the connection with the target cell is ready for packet transmission/reception.
1. [bookmark: _Toc498617854][bookmark: _Toc498617751][bookmark: _Toc498086663][bookmark: _Toc498086636][bookmark: _Toc498619187][bookmark: _Toc498619210][bookmark: _Toc525825113]Make-before-break (MBB) introduced in LTE Rel-14 is designed for UEs with single Tx/Rx chain and only supports intra-frequency handover.
1. [bookmark: _Toc525825114]In MBB, due to the single Tx/Rx chain, the UE releases the connection with the source cell before the connection with the target cell is ready for packet transmission/reception
[bookmark: _Ref525650200]Proposed enhancements in Rel-16
Even if MBB and RACH-less HO are combined it is still not possible to achieve seamless mobility, i.e. true ~0ms interruption time. Furthermore, the Rel-16 WI covers a wider range of scenario than those currently supported by MBB and RACH-less HO:
-	Inter and intra frequency handover
-	Inter and intra eNB handover
-	Sync and async deployments
Below we propose some potential Rel-16 enhancements to meet the target of ~0ms interruption time.
Enhanced RACH-less handover
RACH-less HO on its own does not allow us to reach ~0ms interruption target but for this we must use MBB or some other mechanism. At the same time, the enhanced MBB presented in the next section does not rely on RACH-less HO and can reach the ~0ms interruption target even without it. So in this sense RACH-less handover is not essential for the WI objective. Nevertheless, RACH-less HO is still a useful feature to reduce HO latency and it therefore makes sense to try to improve it. 
As noted in section 2.1, RACH-less handover is currently limited to a few restricted scenarios where the target cell TA is already known. Other types of scenarios can potentially be supported (e.g. inter-eNB handover and handover to macro cells) provided the UE can derive the target cell TA based on the measured DL propagation delay. Whether this is feasible or not is up to RAN4 to decide.
1. [bookmark: _Toc525644115][bookmark: _Toc525644199][bookmark: _Toc525825115]Supporting RACH-less HO in other scenarios (e.g. inter-eNB HO) requires that the UE can derive the target cell TA based on the measured DL propagation delay.  The feasibility of this is up to RAN4 to decide.
[bookmark: _Toc525646220][bookmark: _Toc525647694][bookmark: _Toc525802139][bookmark: _Toc525825116]Send LS to RAN4 to ask under what conditions the target cell TA can be estimated by the UE in RACH-less HO.
Enhanced Make-before-break
It is possible to enhance the LTE Rel-14 MBB solution to reach ~0ms interruption time provided the UE supports dual Tx/Rx chains. The dual Rx chains potentially also allows us to support the inter-frequency case.
[bookmark: _Toc525644116][bookmark: _Toc525644200][bookmark: _Toc525646181][bookmark: _Toc525646221][bookmark: _Toc525647695][bookmark: _Toc525802140][bookmark: _Toc525825117]Study an enhanced MBB solution for UEs supporting dual Rx/Tx chains to reach the ~0ms interruption target.
In contrast to the problem faced by UE with single Tx/Rx chain mentioned in section 2.2, UE with dual Tx-Rx chain can keep the connection with the source cell until it is able to receive packets from the target cell. In principle, this means that the source cell, after sending handover command to the UE, forwards data packet to the latter in parallel to forwarding packet to the target cell. Thus, the target cell will be able to send data immediately to the UE when it connects to it.
CA/DC based solution
Another solution that has been proposed to reach the ~0ms interruption target is based on dual connectivity (DC) and doing role switching between the master and secondary node. A similar solution would be to utilize carrier aggregation (CA) and switching roles between the primary and secondary cell. However, as these solutions also require the UE to support dual Tx/Rx chains, we do not see any immediate benefit of these solutions compared to an enhanced MBB solution. Considering that MBB is already specified in Rel-14 LTE we should focus on enhancing that solution rather than specifying a completely new solution. Thus, we propose:
[bookmark: _Toc525644117][bookmark: _Toc525644201][bookmark: _Toc525646182][bookmark: _Toc525646222][bookmark: _Toc525647696][bookmark: _Toc525802141][bookmark: _Toc525825118]Focus on the enhanced MBB solution for reaching the ~0ms interruption time target.
Conclusion
In the section 2 and 3 we made the following observations:
Observation 1	RACH-less handover introduced in LTE Rel-14 is limited to a few restricted scenarios where the target cell TA is already known by the UE.
Observation 2	Make-before-break (MBB) introduced in LTE Rel-14 is designed for UEs with single Tx/Rx chain and only supports intra-frequency handover.
Observation 3	In MBB, due to the single Tx/Rx chain, the UE releases the connection with the source cell before the connection with the target cell is ready for packet transmission/reception
Observation 4	Supporting RACH-less HO in other scenarios (e.g. inter-eNB HO) requires that the UE can derive the target cell TA based on the measured DL propagation delay.  The feasibility of this is up to RAN4 to decide.
[bookmark: _GoBack]Based on the discussion in the previous sections we propose the following:
Proposal 1	Send LS to RAN4 to ask under what conditions the target cell TA can be estimated by the UE in RACH-less HO.
Proposal 2	Study an enhanced MBB solution for UEs supporting dual Rx/Tx chains to reach the ~0ms interruption target.
Proposal 3	Focus on the enhanced MBB solution for reaching the ~0ms interruption time target.
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