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Introduction
[bookmark: OLE_LINK953][bookmark: OLE_LINK954]In the recent RAN2 meetings, there was a discussion on the conditional handover. In this contribution, we provide a analysis for conditional handover.
Discussion
0. Conditional Handover
For conditional handover, UE may report many cells or beams as the possible candidate HO targets based on the RRM measurement. gNB issues the conditional handover commands for one or multiple candidates reported by UE. Within the conditional handover configuration, the candidate(s) may be configured with different HO conditions (including the to-be-measured RS and the threshold) and possibly uplink access resources for UE access (e.g. Random Access preambles).



Figure 1: Example of conditional handover procedure with two target cells
[bookmark: _Toc471492273][bookmark: _Toc471499748][bookmark: _Toc471501322][bookmark: _Toc473532944][bookmark: _Toc473533026][bookmark: _Toc473533377]As described in figure 1, when the UE receives a “conditional HO configuration” it starts evaluating the condition while continuing operating per its current RRC configuration. When the UE determines that the condition is fulfilled, it disconnects from the serving cell, and applies the conditional HO (CHO) configuration and access to the target cell. 
From the network side, the base station needs to prepare the handover with one or multiple cells e.g. requesting the candidate target cell(s) to do admission control and reserve the radio resources accordingly. There are multiple options (on the exact time point) for the source cell to stop its data transmission with the UE, and to start the data forwarding to the candidate target cells. The source cell will only know the exact target cell for the UE until the target cell indicates this to the source cell when the handover procedure is successfully executed. 
CHO is essentially a network-configured but UE-controlled downlink mobility mechanism with a potential to reduce the interruption time and HOF/RLF.
The HO condition may not be fulfilled for a longer time period and hence the UE will stay in the source cell. In this case, the source cell must have the possibility to perform further reconfigurations either to change the UE operation in the current serving cell or to command the UE to handover to a suitable target cell.
0. Performance analysis
HO delay analysis
As described in Figure 2, the legacy handover procedure includes three phases: handover preparation, handover execution and handover completion. 


Figure 2: Intra-MME/Serving Gateway HO (TS 36.300, section 10.1.2.1.1)
Measurement and handover decision
In Figure 2, step 1 to step 3 are performed before handover preparation. In legacy LTE, after the eNB receives the measurement report it can start to decide whether handover is needed. If the radio link becomes worse quickly, the delay caused by measurement report and handover decision may affect handover performing timely. In CHO, measure report and handover decision are performed when the radio link is still good. From that point of view, CHO can save the delay for measurement report and handover decision. Normally the delay is 30ms. However in CHO, the UE still needs to perform measurements without reporting to the network before really performing handover, which also cause some delay. We assume the delay is 20ms.
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK16]Observation 1: Conditional handover can reduce the handover delay for measurement and handover decision.
[bookmark: OLE_LINK204][bookmark: OLE_LINK205]Handover preparation
Handover preparation is from step 4 to 6 and it includes handshake between source cell and target cell. Similar as the analysis in the above paragraph, the latency of handover preparation also may affect handover performing timely. In CHO this phase is moved earlier, and maybe it can be seen there is no handover preparation phase in CHO. It should be noted that the time for handshaking between source and target is dependent on the latency over the backhaul between the source cell and target cell and it is also implementation specific. Normally the delay is 20ms if considering non ideal backhaul.
Observation 2: Conditional handover can reduce the handover delay for handover preparation.
Handover execution
The handover execution phase is from step 7 to step 11. The handover interruption is the latency on the air interface and caused by handover execution, because before step 7 the UE maintains connection with the source cell and can keep data transmission. The minimum/typical value has been captured in TR36.688 as follows:
Table 1: Minimum/Typical radio access latency components (Rel. 8/Rel. 9) during handover
	[bookmark: _Hlk477516335]Component/ Step
	Description
	Time (ms)

	7
	RRC Connection Reconfiguration Incl. mobilityControlInfo
	15

	8
	SN Status Transfer
	0

	9.1
	Target cell search
	0

	9.2
	UE processing time for RF/baseband re-tuning, security update
	20

	9.3
	Delay to acquire first available PRACH in target eNB
	0.5/2.5

	9.4
	PRACH preamble transmission
	1

	10
	UL Allocation + TA for UE
	3/5

	11
	UE sends RRC Connection Reconfiguration Complete
	6

	
	Minimum/Typical Total delay [ms] 
	45.5/49.5



In CHO, the UE receives HO command message in step 7 before handover execution but will not perform handover immediately according to this message. The latency in step 7 is mainly caused by L2/ L3 reconfiguration and reset instead of receiving the RRC message. In CHO, when the UE decides to perform handover L2/L3 reconfiguration and reset also need to be performed.
In CHO, contention-free RACH can be used to reduce the latency for RACH procedure. However according to the description in TS36.300 in legacy HO, the UE also can accesse the target cell via RACH, following a contention-free procedure if a dedicated RACH preamble was indicated in the mobilityControlInformation. In Figure 2 and Table 1, contention resolution message is not considered and can be seen a contention-free random access procedure.
The data forwarding procedure may need to be enhanced for CHO because the HO command will not trigger handover immediately. However the data forwarding happens between source cell and target cell, and it does not impact the air interface latency and can be performed with synchronization/RF re-tuning parallel, so the part is not considered in handover interruption. For other steps there is no difference between CHO and legacy HO. Therefore we think CHO does not reduce/increase handover interruption.
Observation 3: Conditional handover does not reduce/increase handover interruption.
The CHO does not impact on handover completion. Based on the above analysis, in total 30ms may be reduced by maximum as shown in Table 2, if conditional handover is applied comparing with the traditional network controlled handover procedure in LTE.
Table2: Handover delay comparison between conditional HO and network based HO
	Items 
	Network based HO
	Conditional handover
	Gain

	Measurement & handover decision
	30ms
	20ms
	10ms

	Handover preparation
	20ms
	0ms
	20ms

	Handover execution
	49.5ms
	49.5ms
	0ms

	Summary
	99.5ms 
	69.5ms
	30ms (30% reduction)



Observation 4: Conditional handover could reduce the handover delay comparing with network based HO.
RLF probability analysis
If the radio link becomes worse and the UE cannot perform handover timely then RLF may happen. According to the analysis in section 2.2, CHO can reduce the handover delay. Consequently the RLF probability can be reduced with CHO. The detailed gains need further study.
In our understanding, CHO aims to avoid the problem of “too early” or “too late” handover due to the exact timing of the handover command.  The premise is that the CHO message can be sent “early” i.e. in good radio conditions, but executed “late” when the conditions have degraded to justify the handover, and when it might be difficult for a real-time handover command to be sent successfully. This qualitative analysis is reasonable on its face, but difficult to quantify since it depends on specific assumptions about e.g. handover thresholds. Nevertheless some analysis in this direction is needed to understand how effective CHO can really be at reducing the “too early” and “too late” handovers.
Observation 5: Reduction of RLF probability with Conditional Handover (CHO) may be possible.
0. [bookmark: OLE_LINK17]Behaviour analysis
In case of conditional handover, the handover performance is subject to the following network-side predictive behaviours:
First, an accurate configuration of the measurement and HO conditions for the UE is needed. A too stringent handover parameter setting may delay the handover (a worse case is that the conditional handover never happens before it is overridden by the handover command from the eNB) while an aggressive handover parameter setting may lead to too early handover (i.e., unnecessary handover) and hence increase the ping-pong rate. 
Then, an accurate prediction of the triggering time is needed to timely command the UE to do conditional handover and to prepare together with the target to wait for the UE to access. Following the legacy LTE handover procedure, the HO preparation plus the time from generating measurement reports to making the HO decision usually takes around 50ms, and an average handover execution procedure takes 40-50ms. 
Besides, the candidate target cells may be overloaded or subject to access control. This means even though the UE select a target cell according to the conditions configured from the multiple candidates, this target cell may not accept the UE because the load situation may have changed since the earlier admission/resource reservation and does not allow so any more.
Note that non-accurate configuration of handover condition may cause too late or too early handover which is not preferred. When the UE accesses a loaded target cell, there is a risk for the UE to experience handover failure. 
Observation 6: The CHO performance requires the network to accurately configure early measurement, trigger real-time HO, and reserve network resources, which may be based on network predictions.
As discussed in the previous section, conditional handover requires the source cell to prepare multiple candidate target cells so some signalling exchange between base stations is required.
Observation 7: As compared to legacy HO, CHO requires extra signalling between base stations.
In CHO, the source or network has to “predict” the target cells for the UE for resource reservation based on measurement reports from the UE which may have been reported significantly earlier than the actual handover execution. If new measurement reports are coming while the UE has not executed a handover yet, neighbour cell measurements may require preparing other cells for handover while the previous configurations have become obsolete. One way to avoid frequent reconfigurations for the UE which doesn't actually execute a handover would be to prepare for CHO a large number of cells but it of course comes at the cost of extra resource reservations. However, network-side loading situation for the prepared targets may change over time which would still require some reconfiguration unless two successive handover procedures are executed.
Observation 8: Reservation of the resources for conditional handover requires updates when the UE does not execute conditional handover.
In CHO, the measurement configuration is assumed to involve reporting at higher thresholds than measurement configuration for non-conditional handover, so that measurement reports can be sent before the channel deteriorates too much. There are multiple ways to do so, including more frequent measurement gaps, higher event triggers, or smaller TTT. The cost is that the UE may have to do measurements over a longer period (i.e. sooner as compared to possible degradation of serving cell quality) and there may be more measurement reports for the same UE movements as some reports will have to be updated by new reports even before a handover occurs. Earlier reports and updates of previous reports before a handover has occurred generate extra  power consumption for the UE. 
Observation 9: CHO may impact UE power consumption due to unnecessary measurements and measurement reports.
0. Alternative mechanisms
Essentially, the conditional handover scenario within the reference document describes the “Too late” handover, which was discussed at LTE for a long time from Rel-9. There are already some methods discussed that can be adopted to handle “Too late” handover: 
(1) Configuration of the HO parameters
The configuration of the handover parameters including both CIO and TTT can avoid the “Too late” Handover. For example, the smaller TTT value contributes to reduce HO failure rate since it can make the handover easier, whereas, ping-pong rate is also increased simultaneously. So then the cost of the HO parameter configuration is the potential increase of ping-pong handover rate. The SON mobility robustness optimization (MRO) procedure was introduced into LTE to count the event of “Too late” handover and then based on this there is a possibility for the eNB to automatically adjust the HO parameter, allowing to optimise this tradeoff between “too late” triggering and ping-pong. SON MDT and mobility state estimation (speed based parameter scaling) were also proposed for parameter calibration in different scenarios and they may also help to address the same scenarios as CHO. 
(2) Context fetch
The mechanism of context fetch was introduced a bit late for LTE. In case of RLF or HOF, the UE attempts to access a cell, where there is no UE context, the cell can fetch the UE context from the previous serving cell for the UE. The UE can re-establish the connection with the cell when the UE context is successfully retrieved. This mechanism can improve the successful rate of the re-establishment procedure at the cost of longer latency.  However the network latency might be expected to be smaller in NR.
(3) Re-establishment
In LTE, re-establishment procedure can be used to recover the connection with the network when the UE experience RLF or HOF. As usual, the re-establishment procedure can succeed if the target cell is hosted by the same eNB as the serving cell as there is already the UE context logically. 
(4) RACHless Handover
[bookmark: _GoBack]The solution of RACH-less handover was discussed in the study of latency reduction and the work item of mobility enhancement at Rel-14. This mechanism can be introduced when the source cell, the target cell and the UE are synchronized. In a synchronized network, it is assumed that subframe boundaries between the source cell and target cell are aligned. One option is that at a mutually agreed time (e.g. SFN), the UE switches from source cell to target cell, without requiring random access procedure. Another option is that the UE follows the legacy handover procedure but skips the RACH related steps. A RACH attempt procedure during handovers typically takes ~4.5~8.5 ms. An average handover procedure takes ~40~50 ms to complete. Eliminating the RA procedure delay during a handover procedure can significantly reduce the data interruption during handovers and improve the user experience.
(5) Handover based on UL measurement
The traditional handover is triggered by DL measurement reports: the UE measures DL signal transmitted by the target node and when a condition to trigger reporting is met, transmits a report to the source node, which then decides to initiate a handover to the target node. Alternatively, potential target nodes could measure an UL signal transmitted by the UE and when a condition to trigger reporting is met, transmit a report to the source node, which then decides to initiate a handover to the target node. The network could configure moving UEs to transmit the UL signal more frequently, in order for the network to have more samples over the same time, and/or with sufficient power for neighbour network site to detect the UE earlier.
Observation 10: Different mechanisms were already discussed for handling “Too late” handover.
0. Evaluation of mobility for NR
It was explained that in NR, especially taking high frequency scenario and beamforming mechanism into account, the UE may suddenly lose the link since the radio conditions can change suddenly, e.g., due to obstruction block, thus the probability of HO failure could increase as compared with LTE. It was exposed that the UE cannot finish the measurement report or handover preparation if such situations occur often, or when the UE has already moved into the coverage area of the target cell. In addition, too early or too frequent measurements, as expected by CHO, may cause the UE to consume extra unnecessary beam sweeping and beam alignments with “candidate” target cells.
However, the only evaluation of the handover failure rate for NR high frequency deployment in reference document [6] did not consider the beam management procedure that  is being specified in RAN1. In order to have a clear picture and determine how serious HO failure can be in NR, beam management should be considered.
Observation 11: To analyse NR handover failure rate, it is necessary to consider the beam management procedure.   
In the reference document [5], it is described that “In some NR deployments and scenarios, the probability of HO failure could increase due to the dependency on the RRC signaling transmissions over the source node at a time when the UE has already moved into the coverage area of target cell”. However, in the NR discussion, the cell and cell range was not clearly defined yet. A large number of TRPs can be connected with a base station. When the UE move across the boundary of the TRP, it does not mean a handover needs to be executed. The beam management procedure as discussed in RAN1 can handle this case via efficient beam tracking and beam switching. RAN2 needs to discuss and distinguish the scenarios between beam management and mobility. This will help to understand if there is any issue for the handover performance for NR following the traditional handover procedure. A reasonable scenario needs to be provided for the evaluation of NR handover performance.
Proposal: Continue to evaluate NR handover performance and, if needed, the possible techniques to reduce handover failures.
Conclusion
[bookmark: OLE_LINK3]This document discusses the usage of conditional handover for NR and formulates a number of observations. 
Observation 1: Conditional handover can reduce the handover delay for measurement and handover decision.
Observation 2: Conditional handover can reduce the handover delay for handover preparation.
Observation 3: Conditional handover does not reduce/increase handover interruption.
Observation 4: Conditional handover can reduce the handover delay comparing with network based HO.
Observation 5: Reduction of RLF probability with Conditional Handover (CHO) may be possible.
Observation 6: The CHO performance requires the network to accurately configure early measurement, trigger real-time HO, and reserve network resources, which may be based on network predictions.
Observation 7: As compared to legacy HO, CHO requires extra signalling between base stations.Observation 8: Reservation of the resources for conditional handover requires updates when the UE does not execute conditional handover.
Observation 9: CHO may impact UE power consumption due to unnecessary measurements and measurement reports.
Observation 10: Different mechanisms were already discussed for handling “Too late” handover.
Observation 11: To analyse NR handover failure rate, it is necessary to consider the beam management procedure.   
Proposal: Continue to evaluate NR handover performance and, if needed, the possible techniques to reduce handover failures.
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