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1
Introduction

After the RAN#71 meeting, a new WI was agreed [1], main objective of which is to develop a new radio access technology with a set of requirements. As also captured in [2], one of the design goals of a new radio access technology is to achieve zero interruption time during the handover procedure.  
During the RAN2#97 meeting companies discussed about the NR requirement for the low interruption time during handover and which techniques could be used to achieve it. As it was pointed out during the online discussion, low interruption time (e.g. as low as 0ms) can be achieved with an assumption that a UE can maintain communication with both the source and the target gNB. However, as this would definitely put quite stringent requirements on the UE side, companies also discussed about anticipated interruption time without an assumption for the simultaneous transmission to the source and the target gNB, which as an example can be accomplished by means of techniques similar to what was adopted for LTE in Rel-14.

In this discussion paper we present an analysis of the anticipated handover interruption time for the baseline LTE system (with and without mobility enhancements standardized in Rel-14), and how large it could be for the NR system accounting for all the recent advances. 
2
Handover interruption time

2.1
LTE Rel-8
Referring to TS 36.133, the overall handover delay comprises two major parts: the RRC message processing delay (maximum 15ms as defined in TS 36.331) and the interruption time, during which no data exchange can take place. The interruption time is partitioned further into the following components: 
a)
target cell search (can be assumed 0ms of the cell is known prior to the handover procedure);

b)
synchronization and tuning to the target gNB;

c)
completion of the RACH procedure in the target gNB.

For the sake of further clarity, the following formula from TS 36.133 is presented below: 
Tinterrupt = Tsearchms + TIUms + 20ms,
where 20ms is the fixed target cell synchronization and tuning delay, and TIU is the delay associated with the RACH procedure in the target cell (and which can be up to 30ms as noted in TS 36.133). Accounting for all the considerations, the overall interruption delay can be up to 50ms.
Observation 1: For LTE Rel-8, the minimum interruption can be up to 50ms (while the exact interruption time can be even larger). 

2.2
LTE Rel-14 (with mobility enhancements)
As already noted in the Introduction part, there are several mobility enhancement solutions standardized for LTE in Rel-14. In short, these optimizations cater for eliminating or minimizing delays caused by the synchronization and RACH phases. The first improvement, called make-before-break, allows a UE to communicate with the source cell after reception of the RRC message and during synchronization to the target cell, while the second optimization, RACH-less handover, aims at skipping completely the RACH phase. Referring to TS 36.133, when all the aforementioned optimizations are supported by the UE and activated by the network, the resulting interruption can be expressed as follows:


Tinterrupt = 5ms + TUL_grant ms.
where TUL_grant is the time interval between the UL grants allocated by the target cell for the RACH-less handover. It is important to note that this interruption time is applicable only for the case when handover type is intra-frequency and the target cell has the same bandwidth as the source cell. RAN WG4 did not capture any performance requirements for other scenarios, e.g. the inter-frequency handover, for which the baseline LTE performance requirements would apply.
Observation 2a: For LTE Rel-14 with mobility enhancements, the minimum interruption can be up to 5ms (while the exact interruption time can be larger).
Observation 2b: The aforementioned minimum interruption of 5ms is only with an assumption that handover is intra-frequency and the target cell has the same bandwidth. 
It should be also noted that RAN WG4 had quite extensive discussion on which interruption time could be agreed for the LTE mobility enhancements, whereupon there were proposals to make as it as small as 1ms [3,4]. However, that would require a UE to support at least two Rx chains (which does not mean simultaneous transmission to the source and target). At the end, RAN WG4 ended with a compromised value of 5ms, which can be achieved with one Rx chain as elaborated in [5,6].

Observation 2c: For LTE Rel-14 with mobility enhancements, RAN WG4 studied a possibility to achieve a much smaller interruption time of 1ms.
2.3
Next Radio

As for the Next Radio technology, RAN WG4 has not started yet a technical work on potential values for the handover interruption time. Nevertheless, we can assume that the NR handover procedure will be functionally the same as for LTE. Furthermore, we can also expect that both the RRC processing delay and synchronization and tuning to the target cell will take less time, when compared to LTE. In addition to that, since the NR TTI size will be smaller compared to LTE TTI, the RACH phase might also be faster. Of course, the exact values will be up to further RAN WG4 discussions.
It is also worth noting that regardless of the how small the NR baseline handover interruption time will be, we cannot assume that synchronization phase will be 0ms and/or that the RACH-phase can be executed without any delays. As a result, we also see potential in considering the LTE mobility enhancements techniques also for the NR technology. Accounting for the technical discussion that already took place in RAN WG4, the achievable interruption can be as small as 1ms. 

Observation 3a: For NR, the minimum interruption can be noticeably smaller than 50ms even for the baseline handover (exact value is up to further RAN WG4 discussions).

Observation 3b: For NR with mobile enhancements similar to LTE, the minimum interruption can be as small as 1ms (exact value is up to further RAN WG4 discussions).
It is important to note one more time that Rel-14 LTE mobility enhancements neither require nor assume simultaneous communication with the source and the target gNB. So, these techniques can be viewed as good compromise between the implementation complexity at the UE and the network side, and the resulting handover interruption time. Of course, to avoid completely any interruption time we inevitably need to consider solutions in which a UE can maintain a connection with several cells. 
Observation 3c: To avoid completely handover interruption time, i.e. 0ms, a UE should be able to maintain a connection with several cells.

3 Conclusion
In this discussion paper we have outlined the overall framework for further technical discussion on mobility enhancements by presenting how large/small the interruption time could be in the legacy LTE system and with the mobility enhancements standardized for Rel-14.
Observation 1: For LTE Rel-8, the minimum interruption can be up to 50ms (while the exact interruption time can be even larger). 

Observation 2a: For LTE Rel-14 with mobility enhancements, the minimum interruption can be up to 5ms (while the exact interruption time can be larger).

Observation 2b: The aforementioned minimum interruption of 5ms is only with an assumption that handover is intra-frequency and the target cell has the same bandwidth.
Observation 2c: For LTE Rel-14 with mobility enhancements, RAN WG4 studied a possibility to achieve a much smaller interruption time of 1ms.
Accounting for these considerations, we do believe that the NR baseline interruption time will be smaller when compared to LTE, but as it cannot be assumed to be 0ms, same enhancements as the ones standardized for LTE could be considered also for NR.

Observation 3a: For NR, the minimum interruption can be noticeably smaller than 50ms even for the baseline handover (exact value is up to further RAN WG4 discussions).

Observation 3b: For NR with mobile enhancements similar to LTE, the minimum interruption can be as small as 1ms (exact value is up to further RAN WG4 discussions).

Observation 3c: To avoid completely handover interruption time, i.e. 0ms, a UE should be able to maintain a connection with several cells.

Based on that, our general view is that handover framework for NR should be similar to the one that already exists for LTE, which on demand can be enhanced with additional improvements, as technically outlined in [7]. In addition to that, RAN WG2 and WG4 should assess properly anticipated interruption time for NR without and with potential enhancements. Since any enhancement will require additional standardization efforts, RAN WG2 should consider "phased" approach while introducing new mechanisms [8].  
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