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1	Introduction
The following way forward was agreed in RAN#97bis meeting on reliability-related handover optimizations:
We will progress the basic HO mechanism for NR and when stable we can discuss whether to support conditional handover and discuss other potential optimisations.
The basic mobility aspects have been significantly progressed in Q4 2017 and RAN2’s primary focus can now shift to verifying how to possibly increase the robustness of NR HO procedure.
In this contribution, we discuss the overall feasibility of conditional handover and point out some areas where further studies may be needed.
2	Discussion
The basic idea of the conditional handover (CHO) is to reduce the number of radio link failures (RLFs) during handover compared to the baseline handover mechanism of NR (NWHO). Such failures may be due to UE missing the HO command (or failing to successfully send the MR) in the source cell, or UE failing to access the target cell. The CHO allows UE to receive the HO command a bit earlier than with NWHO and to access the target cell a bit later than in case of NWHO, hence lowering the risk of failures (RLF or handover failure) during HO.
In the following section, we discuss some fundamental trade-offs and characteristics of the conditional handover.
2.1		Conditional handover – main characteristics and trade-offs
The conditional handover is expected to improve the handover robustness of single connected UEs in both high and low frequency bands. According to the evaluation in [1], the CHO may be particularly useful for compensating the handover problems in high frequency (HF) bands, stemming from early preparation of the handover target cell in the event of a fast blocking of the serving cell.
Observation 1: Conditional handover is seen as a promising technique for improving the handover robustness of single connected UEs in both low and high frequency bands.
It is, however, not clear from the shown simulation results to which extent the dynamic shadowing of HF bands can be compensated by a shorter measurement filtering and/or TTT, enabled by the shorter channel coherence time in HF bands.
Observation 2: A realistic UE filtering and TTT (accounting the shorter coherence time) should be assumed when evaluating the CHO in high frequency bands.
It is observed in [3] that CHO will significantly decrease the probability of a failed handover. This result is, however, based on idealistic modelling of the CHO command, i.e. assuming that the handover target is always prepared for the UE to access.
We have evaluated CHO performance assuming a realistic modelling of the CHO command, using a two-cell handover simulator with parameters described in Annex A. 
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Figure 1: Handover Failures (a) and Connection Outage (b) as a function of Shadowing.
Figure 1a shows the proportion of failed handover attempts from all attempts (accounting both RLF and HOF) as a function of shadowing standard deviation. As can be seen, near to zero failure rate can be achieved in the studied (low-frequency) scenario, due to early preparation of the target cell.
Observation 3: CHO has a near to zero handover failure rate in moderate shadowing environments, at the cost of increased preparation signaling.
Figure 1b shows the connection outage as a function of the shadowing standard deviation. As can be seen, a CHO capable UE may experience a non-zero outage rate despite of the zero handover failure rate. This is due to delays in the access trigger (filtering, TTT), i.e. the source cell quality may drop below an acceptable threshold before UE will access the prepared target cell based on a configured trigger. Note that in such cases the RLF timer T310 starts running but does not expire.
Observation 4: CHO reduces connection outages (data interruptions) compared to legacy handover, but cannot completely avoid them.
Proposal 1: The performance of CHO should be evaluated in terms of connection outage (interruption time) in addition to other mobility KPIs such as handover failure rate (HOF), radio link failure rate (RLF), and ping-pong rate.
It is stated in [3] that the conditional handover, if properly designed, can reduce the ping-pong handovers in the system. While it is true that the amount of ping-pongs can be reduced in CHO by a postponed access to target cell (as there is less risk of a RLF due to failed HO command), later triggering may induce outage in the serving cell. Hence, at least for applications with stringent requirements for the HO interruption time, CHO may not significantly improve the ping-pong rate.
Observation 5: Like legacy HO, CHO has a fundamental trade-off between ping-pong rate and handover robustness.
The results shown in Figure 1 assume a low to moderate shadowing dynamics and a low frequency band. For example, a shadowing standard deviation of 10 dB is assumed in the LTE HetNet study [4] for pico cells. In mm-wave bands, higher dynamics are expected, e.g. in the order of few dBs per 100 ms in terms of the channel change rate. In such environments, the preparation of a candidate cell may occasionally fail due to finite measurement delay and TTT, hence resulting in radio link failures and consequently connection re-establishments. Note that such failures can be mitigated by an earlier triggering of the cell preparations, but this comes at the cost of increased preparation signalling.
Observation 6: CHO may not be able to avoid radio link failures in highly dynamic channel environments.
For data forwarding, it needs to be considered whether some additional functions are needed to allow the source cell to start forwarding data to the target cell, without waiting for the target cell to contact the source cell after UE accesses the target, hence reducing the user plane interruption.
Observation 7: Late data forwarding will introduce some additional user plane delay for CHO.
One specific issue of CHO is its relation to other handover mechanisms of NR, in particular w.r.t the baseline handover, and potential variations of the”0 ms interruption handover” (it is yet to be decided in 3GPP how to fulfill this Rel-15 requirement). A key question is whether baseline handover and CHO should be allowed to run in parallel, accounting possible complications in UE/NW sides, and impacts on the handover performance. Furthermore, if the parallel operation is not allowed (or unfeasible), how would the network choose the right operating mode. The interactions with “0 ms interruption handover” can be considered later, after all those concepts become more mature.
Observation 8: The interactions with other handover mechanisms should be accounted in the design of CHO
2.2	Standardization effort for Conditional Handover
The impact of preparing multiple candidate cells for CHO should be carefully balanced in the dimensions of: network signaling load, handover robustness, and specification effort. It is obvious that more prepared neighbor cells would positively contribute to handover robustness (at least to certain point), however at the same time increasing the network signaling load, and possibly also the specification effort due to more complex management of the candidate cells. For the latter point, it seems rather unlikely, given the current workload of RAN2 and the list of challenges outlined in section 2.1, that a CHO with a full feature set could be finished in the Rel-15 timeline.
One possible solution for balancing these conflicting requirements could be to specify CHO in two phases, consisting of:
Phase 1: CHO with minimum functionality/configuration flexibility, e.g. no support for preparing multiple candidate cells, no standardized data forwarding enhancements or other optimizations. Such subset of a “full CHO functionality” might be still able to provide a reasonable robustness gain compared to baseline handover. Furthermore, the design should be forward compatible towards possible extensions of Phase 2. 
At least the following open aspects would need to be clarified as part of the Phase 1:
· Removal of a candidate cell: timer, trigger, timer/trigger based, or something else.
· CHO’s co-existence with NWHO
Phase 2: CHO with a full feature set, e.g. full candidate set management (add, remove, modify) functionality, support of earlier data forwarding, optimizations related to beam operation, and possibly any other enhancements provided that they create meaningful additional benefits.
[bookmark: _Hlk503279598]Proposal 2: RAN2 should consider specifying the CHO in two phases, in particular if CHO is to be standardized as a part of Release 15. 
3	Conclusion
In this contribution, we provide our initial views on the conditional handover, concluding that:
· CHO is a promising technique for improving the handover robustness of single-connected UEs in both low and high frequency bands and, hence, should be standardized in NR.
· CHO alone may not meet the URLLC requirements due to residual outages (data interruptions).CHO can be specified in Rel-15/16 by a two-step approach, or alternatively the whole feature can be specified in Rel-16 timeframe
As a result, the following proposals and observations have been made:
Proposal 1: The performance of CHO should be evaluated in terms of connection outage (interruption time) in addition to other mobility KPIs such as handover failure rate (HOF), radio link failure rate (RLF), and ping-pong rate.
Proposal 2: RAN2 should consider specifying the CHO in two phases, in particular if CHO is to be standardized as a part of Release 15.
Observation 1: Conditional handover is seen as a promising technique for improving the handover robustness of single connected UEs in both low and high frequency bands.
Observation 2: A realistic UE filtering and TTT (accounting the shorter coherence time) should be assumed when evaluating the CHO in high frequency bands.
Observation 3: CHO has a near to zero handover failure rate in moderate shadowing environments, at the cost of increased preparation signalling.
Observation 4: CHO reduces connection outages (data interruptions) compared to legacy handover, but cannot completely avoid them.
Observation 5: Like legacy HO, CHO has a fundamental trade-off between ping-pong rate and handover robustness.
Observation 6: CHO may not be able to avoid radio link failures in highly dynamic channel environments.
Observation 7: Late data forwarding will introduce some additional user plane delay for CHO. 
Observation 8: The interactions with other handover mechanisms should be accounted in the design of CHO
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ANNEX A – simulation parameters

	Carrier frequency
	2 GHz

	UE velocity
	30 km/h

	Inter-site distance
	500 m

	Pathloss exponent
	3.76

	Shadowing decor. distance
	20 m

	Shadowing site correlation
	0.5

	A3 for legacy handover
	TTT = 300 ms, offset = 3 dB

	A3 for CHO cell preparation
	TTT = 300 ms, offset = -2 dB

	A3 for CHO cell access
	TTT = 300 ms, offset = 3 dB
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