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1. Introduction 
Mobility performance is one of the most important aspects for wireless communications. There are already several completed or ongoing SI/WIs to improve the mobility of LTE system, but we still need to make improvements with regard to the mobility robustness and the mobility interruption time. Moreover, mobility-related KPIs of NR are even tighter than those of LTE and listed as follows [1].
· Mobility interruption time: The target for mobility interruption time should be 0ms.
· Reliability: A general URLLC reliability requirement for one transmission of a packet is 1-10-5 for 32 bytes with a user plane latency of 1ms.
· Mobility: The target for mobility target should be 500 km/h.
For the handover (HO) procedure in CONNECTED state in NR, some options are proposed in RAN2#95bis meeting [2], [3], [4]. In this contribution, we propose an HO procedure in NR, i.e., synchronized HO combined with early HO command (CMD) solution. It can fulfil all mobility-related KPIs of NR, supporting zero HO failure (HOF) rate regardless of mobility speed of a UE and zero mobility interruption time (MIT).
2. Handover Procedure in NR
2.1. Synchronized Handover Combined with Early HO Command
Synchronized HO combined with early HO CMD solution is further enhancements of the current working assumption in Rel-14 “Further mobility enhancements in LTE” WI, to improve the mobility performance further [5]. One enhancement is the Handover Indication message from the UE and the other enhancement is the early HO CMD solution as shown in Fig. 1.
There are two problems in the current working assumption of LTE_eMob WI. In Make-Before-Break HO, the source eNB (S-eNB) starts data forwarding when it decides to stop exchanging data with the UE. The timing for starting data forwarding is determined by the S-eNB’s estimation. However, it is not accurate because the S-eNB does not know exactly when the UE has access to the target eNB (T-eNB). In RACH-less HO, the T-eNB allocates the UL grant to the UE after the T-eNB estimates when the UE has access to the T-eNB. However, it is also not accurate because the T-eNB does not know exactly when the UE has access to the T-eNB. As stated in [5], the misalignment between the UE and the S-eNB can lead to lots of data duplication or unnecessary data forwarding and the increased MIT. The misalignment between the UE and the T-eNB can lead to lots of waste of UL grant or the increased MIT.

By the introduction of the HO Indication, the timing of HO in the UE, the S-eNB, and the T-eNB can be synchronized, therefore, we can resolve above misalignments between the UE and the S-eNB or T-eNB. The S-eNB can stop exchanging data with the UE and start data forwarding to the T-eNB after receiving the HO Indication from the UE. The T-eNB can allocate the UL grant to the UE after receiving the HO Indication from the UE via the S-eNB. It is not only straightforward but also accurate.
The early HO CMD solution can improve the mobility robustness as the S-eNB can send the HO CMD message at a time when the radio link to the UE is still stable [2], [4]. As stated in [2], [6], an HO preparation event is met, a measurement report (MR) is triggered and the UE can receive an early HO CMD. An HO execution event is met, the UE can execute an HO to the T-eNB. An HO preparation event can be when a neighbour cell is found to be [a few] dB better than the serving cell and an HO execution event can be when a neighbour cell is [a few + x] dB better than the serving cell. The eNB has the freedom to issue HO preparations for several candidate target cells, therefore, the UE can receive more than one early HO CMDs. If an HO execution event is met for a candidate target cell, the UE can execute an HO to the target cell. With the early HO CMD solution, there are two reasons why the HO Indication is imperatively necessary. First, the eNB’s estimation of the HO timing becomes more difficult because the HO CMD is sent even earlier. The other is that if the S-eNB issues HO preparations for several candidate target cells, the S-eNB does not know exactly which target cell is selected by the UE before the X2 HO Indication. Therefore, the MIT can be increased by 2 * X2 delay. The UE can notify the S-eNB of selected target cell in the HO Indication message if the UE has more than one valid early HO CMDs.
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Figure 1. Synchronized Handover combined with Early HO CMD
Observation 1: The current working assumption of LTE_eMob WI, i.e., S-eNB’s estimation to start data forwarding and T-eNB’s estimation to allocate UL grant, is not accurate.

Observation 2: In synchronized handover, by the introduction of HO Indication, the timing of HO in the UE, the S-eNB, and the T-eNB can be synchronized, therefore, we can resolve misalignments between the UE and the S-eNB or T-eNB.
2.2. Zero Mobility Interruption Time

To achieve 0 ms MIT, some companies proposed that Make-Before-Break HO should be considered also for NR [4], [7], [8]. Make-Before-Break HO, with category D, i.e., simultaneous Tx of PRACH/PUSCH/PUCCH/SRS to another intra-frequency cell and simultaneous Rx of PDSCH/PDCCH from another intra-frequency cell, can reduce the MIT to 0 ms [9]. However, category D, e.g., multi-connectivity, has the problem in the UE complexity, e.g., dual RFs, basebands, and protocol stacks.
In optimal case, synchronized HO with Make-Before-Break feature can decrease the typical MIT, i.e., 49.5 ms, defined in TR 36.881, up to 14.5 ms. If we combine RACH-less HO feature to synchronized HO, then the typical MIT can be reduced up to 6 ms. Furthermore, in synchronized HO, the T-eNB can send the DL data earlier to the UE without receiving the HO Complete message because the T-eNB already knows the time point of HO execution to itself by virtue of the HO Indication from the UE via the S-eNB. Therefore, the typical MIT can be reduced to zero, fulfilling MIT KPI in NR.
Observation 3: Synchronized handover can support 0 ms MIT KPI without requiring simultaneous transmission/reception operation.

2.3. Zero Handover Failure Rate
The early HO CMD solution can improve the mobility robustness significantly. As an extreme case, in unidirectional SFN deployment in high-speed scenario, it is very challenging for the UE to successfully receive the HO CMD since the UE loses connection to the serving cell before having had a chance to receive the HO CMD [10]. For an example, an HO preparation event and an HO execution event can be configured as shown in Fig. 2. The UE can successfully receive the HO CMD when SINR level for the serving cell is high, i.e., when the HO preparation event is met, and transmit the HO Indication and execute an HO to the target cell when SINR level for the target cell is high, i.e., when the HO execution event is met. The transmission of the HO Indication may suffer from a failure when SINR level for the serving cell is low. However, a UL transmission can be more reliable than a DL by reason that in UL, there should not be a severe inter-cell communication problem and it can be assumed to be power controlled towards serving cell. Even if the transmission of the HO Indication fails, the UE can execute an HO successfully to the T-eNB and the T-eNB can send X2 HO Indication to the S-eNB, as shown in Fig. 1.
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Figure 2. Early HO CMD in Unidirectional SFN Deployment in High-Speed Scenario
Observation 4: Synchronized handover combined with early HO Command solution can support 500 km/h mobility KPI with providing a reliable HO.

We derived the HO performance metrics such as HOF and PP probabilities of LTE and early HO CMD solution through the theoretical analysis [6]. We complied with simulation parameters and scenarios for hotspot simulation in TR 36.839. Figure 3 shows the numerical results of macro-to-pico HOF, pico-to-macro HOF, and PP probabilities in case of macro-pico distance of 75 m. In short, with LTE HO, the smaller the macro-pico distance and the higher the UE speed, the higher the HOF rate and PP rate yields, but this is not the case of early HO CMD solution where the probability of HOF is always zero regardless of the macro-pico distance and the UE speed, plotted by ‘ZEUS’ line.
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Figure 3. Macro-to-pico HOF, pico-to-macro HOF, and PP rates (macro-pico distance = 75 m)
Furthermore, the numerical results demonstrate that early HO CMD solution can solve the trade-off between the HOF rate and the PP rate, achieving zero HOF rate without increasing the PP rate. With early HO CMD solution, the probability of PP is the lowest in all cases.

Observation 5: Synchronized handover combined with early HO Command solution can support zero HOF rate regardless of the UE speed for reliability KPI.

Observation 6: Synchronized handover combined with early HO Command solution can solve the trade-off between the HOF rate and the PP rate.

3. Conclusion
Observation 1: The current working assumption of LTE_eMob WI, i.e., S-eNB’s estimation to start data forwarding and T-eNB’s estimation to allocate UL grant, is not accurate.

Observation 2: In synchronized handover, by the introduction of HO Indication, the timing of HO in the UE, the S-eNB, and the T-eNB can be synchronized, therefore, we can resolve misalignments between the UE and the S-eNB or T-eNB.
Observation 3: Synchronized handover can support 0 ms MIT KPI without requiring simultaneous transmission/reception operation.

Observation 4: Synchronized handover combined with early HO Command solution can support 500 km/h mobility KPI with providing a reliable HO.

Observation 5: Synchronized handover combined with early HO Command solution can support zero HOF rate regardless of the UE speed for reliability KPI.

Observation 6: Synchronized handover combined with early HO Command solution can solve the trade-off between the HOF rate and the PP rate.

Proposal 1: RAN2 is kindly requested to consider synchronized handover combined with early handover command solution as a candidate for handover procedure in NR and further discuss it.
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