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1	Introduction
At RAN2#105, in the NR mobility enhancements session, the following was agreed:

Agreements

1	We will study at least conditional handover as one solution for handover robustness improvements. 
2	We should consider how solutions work in FR2.

Agreements

1	Solution proposals should consider at least the following evaluation criteria: 
	- Mobility robustness 
	- Interruption time
2	Other criteria to be considered are: 
	- Applicable deployment scenarios 
	- Signalling overhead 
	- Specification effort 
	- UE/network complexity

· We will consider DC-based solutions in study phase. Proponents are encouraged to come up with joint solutions and evaluation using the agreed criteria.
· We will consider non-DC-based solutions in study phase. Proponents are encouraged to come up with joint solutions and evaluation using the agreed criteria.

In RAN2#105bis the following was agreed:
Agreements
0:	CHO is introduced in NR to solve robustness/reliability issue.

. . . 

Even if now conditional handover has been agreed to be introduced also for NR, there are still additional improvements to consider to further enhance handover robustness and reliability. In this contribution, these additional potential solutions, to improve handover robustness are compared, against the agreed evaluation criteria. The comparison also includes conditional handover, here considered as the “benchmark” to increase handover robustness.
[bookmark: _Ref178064866]2	Discussion
As mentioned in the WID, the main candidate solutions to potentially improve mobility robustness for NR are:
· Conditional handover [1]. As mentioned above, conditional handover will be introduced for NR.
· Fast handover failure recovery [2]
[bookmark: _Hlk4487852]In addition, it can be argued that also DC-based handover [3], provides some added robustness, compared to traditional handover. Moreover, in [5] we describe and evaluate a solution to reduce the probability of lost measurement reports and handover commands by using RRC message repetition.
Therefore, we have included also the following two solutions in this comparison:
· DC-based handover [3]
· RRC message repetition. A solution where measurement reports from the UE is sent using RLC UM with repetition is evaluated in [5].
As only “normal” handover is supported in Rel-15 NR, this “normal” handover is the baseline of this comparison.
2.1	Mobility robustness 
Conditional handover: In [4] we show that conditional handover results in increased handover success rate and less handover failures, that is, improved handover robustness, compared to normal handover.
Fast handover failure recovery: As discussed in [2], the RRC connection re-establishment procedure in NR is a speeded-up version of the corresponding LTE procedure, even if more enhancements can still be made, e.g. to combine UE response messages.  In any case, handover failure recovery using re-establishment is by definition the most “robust” solution, but it has other drawbacks such as a long data interruption during the recovery.
DC-based handover: Dual Connectivity is resilient to loss, or reduced quality, of one of the legs. It may also be used to duplicate data on both legs. Packet duplication increases robustness. However, DC suffers from the limitation of maximum two legs, while in CHO multiple target cells (more than two) can be prepared.
RRC message repetition: In [5] we show that this by repeating the measurement report in the UL the handover failure rate is reduced. We see this solution as a complement to CHO, which mainly target the DL, to also provide robustness against UL message losses.
2.2	Interruption time
Conditional handover: Does not target reduction of handover interruption, so the interruption is comparable with traditional handover, unless combined with e.g. make-before-break.
Fast handover failure recovery: Fast handover failure recovery has a side-effect of long data interruption during the cell selection and re-establishment.
DC-based handover: Dual connectivity as such does not reduce handover interruption time in general. Assuming a role switch procedure supporting no data interruption is specified, DC-based handover may provide reduction of HO interruption time. Based on [3], it seems that DC based handover can achieve 0ms interruption.
RRC message repetition: Does not target reduction of handover interruption, so the interruption is comparable with traditional handover, unless combined with e.g. make-before-break.
2.3	Applicable deployment scenarios (intra- and inter-frequency handovers, homogenous vs heterogeneous deployments)
Conditional handover: Conditional handover is in principle not limited to certain deployment scenarios. Which scenarios to be supported (e.g. inter-frequency) depends on the specification effort.
Fast handover failure recovery: No limitation.
DC-based handover: DC based handover require that the UE can receive and transmit on two cells simultaneously. In [8]  we analyze in which scenarios simultaneous reception/transmission can be supported based on the LS replies from RAN1 [7] and RAN4 [6]. One potential issue in DC based handover is that the target node needs to be added as a secondary node while the radio conditions are still good. This means the solution may be less suitable for scenarios where the radio environment is changing rapidly or in small cell deployments where there are many potential target cells.
RRC message repetition: No limitation.
2.4	Signalling overhead
Conditional handover: The amount of signalling depends on how many target cells that are prepared, but typically the overhead is higher than traditional handover.
Fast handover failure recovery: Signalling overhead is about the same as a traditional handover.
DC-based handover: As this solution is limited to maximum two legs, each time a leg is to be added/released a signalling procedure equivalent to traditional handover will be executed.
RRC message repetition: The only signalling overhead is the repeated messages.
2.5	Specification effort
Conditional handover: The specification impact is considered to fairly large as it requires new/modified RRC procedures as well as impact on XNAP control and possibly user plane. 
Fast handover failure recovery: The proposed enhancements in [2] are quite limited. Fast handover failure recovery exists for LTE and is simple to specify.
DC-based handover: One benefit of DC based handover is that it builds on the existing DC framework specified as part of NR Rel-15 late-drop. Except for the role switch procedure, it appears most of the functionality is already supported by existing procedures. For the role switch procedure, the specification impact and effort is considered large as it requires user plane changes, new/modified RRC as well as XNAP procedures.
RRC message repetition: The effort depends on the solution (e.g. L2 combined with L1 repetitions or only L2 repetition). But, for example, a solution using RLC-UM combined with repetitions as in [5] has quite some impact.
2.6	UE/Network complexity
Conditional handover: High network complexity. In the UE the complexity is lower and limited to control plane.
Fast handover failure recovery: Low complexity in UE and network.
DC-based handover: The fact that DC based handover relies on Dual Connectivity is also a drawback in that the whole DC framework needs to be implemented to support the feature. This is not a problem if DC is anyway implemented but from LTE experience we know this may not be the case. Supporting DC in a UE DC requires high UE complexity in the user plane and control plane. Also, high complexity in the network needed, especially if a role switch procedure is specified.
RRC message repetition: Low complexity in UE and network.
2.7	Summary
Below is we have summarized all the solutions and criteria into table.
	
	Conditional handover
	Fast handover failure recovery
	DC-based handover
	RRC message repetition

	Mobility robustness
	High
	Very high
	Medium
	Medium

	Interruption time
	Medium
	Long
	Medium/Short (depending on specified role-switch procedure)
	Medium

	Applicable deployment scenarios
	All (depends on specification work)
	All
	Unclear (but probably most scenarios are feasible)
	All

	Signalling overhead
	High
	Medium
	Medium
	Medium

	Specification effort
	Large
	Small
	Small/Large (depending on specified role-switch procedure)
	Medium

	UE complexity
	Medium
	Low
	High
	Low

	Network complexity
	High
	Low
	High
	Low



The degree of mobility robustness should be the guiding criteria, but a chosen solution should not ruin handover interruption time. The table above seems to confirm that conditional handover is the best choice of a single solution, since it provides better robustness than DC-based handover, and with a comparable overhead, complexity and specification effort. 
[bookmark: _Toc347823621][bookmark: _Toc347824073][bookmark: _Toc347824246][bookmark: _Toc7693351]Conditional handover is the single best overall solution to increase handover robustness.
Moreover, conditional handover can be combined with e.g. make-before-break to also reduce interruption time.
[bookmark: _Toc7693352]Conditional handover can be combined with e.g. make-before-break to also reduce interruption time.
Fast handover failure recovery and message repetition will not meet all the criteria. However, the think that those two latter solutions could be combined with another solution (such as conditional handover) to even further increase the robustness. 
[bookmark: _Toc7693353]Fast handover failure recovery and message repetition may be used as complements to conditional handover to further increase HO robustness.
[bookmark: _Hlk4673466]Fast handover failure recovery exists for LTE and is simple to specify. RRC message repetition seems promising but it may require more efforts to specify. We propose:
[bookmark: _Toc7699313]RAN2 to study introduction of complementary solutions to further increase handover robustness, such as fast handover failure recovery and RRC message repetition.
 

Conclusion
In the previous sections we made the following observations: 
Observation 1	Conditional handover is the single best overall solution to increase handover robustness.
Observation 2	Conditional handover can be combined with e.g. make-before-break to also reduce interruption time.
Observation 3	Fast handover failure recovery and message repetition may be used as complements to conditional handover to further increase HO robustness.
Based on the discussion in the previous sections we propose the following:
Proposal 1	RAN2 to study introduction of complementary solutions to further increase handover robustness, such as fast handover failure recovery and RRC message repetition.
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