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[bookmark: _Ref471484523]Introduction
At RAN2-96 the handover execution was discussed. [1] discussed among other aspects whether NR should support a “conditional handover” to reduce the handover failures compared to LTE. Some companies raised concerns that this may lead to race conditions similarly to those observed with the activation time in UMTS. Finally, RAN2-96 agreed to “Study the possibility of handover where a condition configured by the gNB is used by the UE to determine when it executes the handover.”
In this document we try to address the concerns raised before and suggest adopting the principle of a conditional handover command for NR. 
[bookmark: _Ref178064866]Discussion
Already in LTE RAN2 observed that the serving cell may not be able to convey the handover command timely. Lowering the TTT and the measurement hysteresis allowed to reduce the handover failure rate but also resulted in higher ping-pong probability. We expect that in NR these effects will be even more pronounced when operating at higher frequency bands.
1. [bookmark: _Toc461514225][bookmark: _Toc463000883][bookmark: _Toc463001397][bookmark: _Toc463013022][bookmark: _Toc463030102][bookmark: _Toc463053252][bookmark: _Toc463053289][bookmark: _Toc466011539][bookmark: _Toc471485785][bookmark: _Toc471486533][bookmark: _Toc471492265][bookmark: _Toc471499740][bookmark: _Toc471501324][bookmark: _Toc473532940][bookmark: _Toc473533018][bookmark: _Toc473533369]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 the target cell. 
To avoid the undesired dependence on the serving radio link upon the time (and radio conditions) where the UE should execute the handover, NR should offer the possibility to provide that RRC signalling to the UE earlier. To achieve this, it should be possible to associate the HO command with a condition. As soon as the condition is fulfilled, the UE may execute the handover in accordance with the provided handover command.
[bookmark: _Toc463053253][bookmark: _Toc463053290][bookmark: _Toc466011542][bookmark: _Toc471485786][bookmark: _Toc471486534][bookmark: _Toc471492266][bookmark: _Toc471499741][bookmark: _Toc471501319][bookmark: _Toc473532941][bookmark: _Toc473533019][bookmark: _Toc473533370]NR should offer the possibility to associate the HO command (RRCConnectionReconfiguration with mobilityControlInfo) with a condition. As soon as the UE determines the condition to be fulfilled, it executes the handover in accordance with the handover command.
Such a condition could e.g. be that the quality of the mobility RS (MRS) of the target cell or beam becomes X dB stronger than the mobility RS (MRS) of the serving cell. The threshold Y used in a preceding measurement reporting event should then be chosen lower than the one in the handover execution condition. This allows the serving cell to prepare the handover upon reception of an early measurement report and to provide the RRCConnectionReconfiguration with mobilityControlInfo at a time when the radio link to the UE is still stable. The execution of the handover is done at a later point in time (and threshold) which is considered optimal for the handover execution. 
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[bookmark: _Ref463051822]Figure 1: Conditional handover execution 
Figure 1 depicts an example with just a serving and a target cell. In practice there may often be many cells or beams that the UE reported as possible candidates based on its preceding RRM measurements. The RAN should then have the freedom to issue conditional handover commands for several of those candidate. The RRCConnectionReconfiguration for each of those candidates may differ e.g. in terms of the HO execution condition (RS to measure and threshold to exceed) as well as in terms of the RA preamble (denoted Uplink Signature Signal in Figure 1) to be sent when a condition is met. 
The RRCConnectionReconfiguration is typically a “delta” to the UE’s current configuration. In LTE, the UE shall apply RRCConnectionReconfiguration messages in the order in which it receives them. On the other hand, UMTS allowed associating a reconfiguration message with an “Activation Time”. This led to race conditions and numerous problems when the UE receive a first reconfiguration with a longer Activation Time than the Activation Time of a subsequent reconfiguration message. Obviously, the LTE mechanism is simpler and more robust and should be adopted also for NR. 
However, we don’t think that the “conditional handover” mechanism proposed in this contribution is directly related to or suffers from the activation time problems observed in UMTS. As explained above, the triggering condition associated with the HO command sent to the UE should evaluate measurements and trigger the handover when those conditions are fulfilled.
But since the HO command is typically a delta to the UE’s current RRC configuration, one must address how to handle subsequent RRCConnectionReconfiguration messages arriving from the source cell in case the UE has not executed handover yet.
When the UE receives a “conditional HO command” it should interpret the RRCConnectionReconfiguration with mobilityControlInfo as delta to its current configuration (unless it is a full configuration message). It may in principle determine the target configuration immediately upon reception of the command but it shall apply/execute it only if the associated condition is fulfilled. While the UE evaluates the condition it should continue operating per its current RRC configuration, i.e., without applying the conditional HO command. 
[bookmark: _Toc471492267][bookmark: _Toc471499742][bookmark: _Toc471501320][bookmark: _Toc473532942][bookmark: _Toc473533020][bookmark: _Toc473533371]When the UE receives a “conditional HO command” it starts evaluating the condition while continuing operating per its current RRC configuration, i.e., without applying the RRCConnectionReconfiguration. 
When the UE determines that the condition is fulfilled, it disconnects from the serving cell, applies the conditional HO command and connects to the target cell. These steps are equivalent to the current, instantaneous handover execution. Once the UE applies the RRCConnectionReconfiguration including mobilityControlInfo, it shall not process any subsequent RRCConnectionReconfiguration messages received prior to the HO execution. This is the intended behaviour already in LTE. 
[bookmark: _Toc471492268][bookmark: _Toc471499743][bookmark: _Toc471501321][bookmark: _Toc473532943][bookmark: _Toc473533021][bookmark: _Toc473533372]When the HO condition is fulfilled, the UE applies the RRCConnectionReconfiguration including mobilityControlInfo. It synchronizes to the target cell and shall not process any subsequent RRCConnectionReconfiguration messages received from the source cell prior to the HO execution.
It may happen that the HO condition is not fulfilled for a longer time period and hence the UE stays 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 issue a handover to another target cell. 
In this scenario, the previously received conditional HO command cannot be applied as delta to the new RRCConnectionReconfiguration as the original conditional HO command was built having current RRC configuration in mind. 
A simple solution would be that the UE discards the pending conditional HO command when receiving a subsequent RRCConnectionReconfiguration from its source cell. This implies that the source eNB must re-issue the conditional HO command towards the UE. However, as the RRC configuration in the conditional HO command was built by the target eNB, this would imply additional inter-eNB signalling and subsequent Uu signalling. 
To avoid additional signalling, a better approach is that the UE determines the target cell configuration based on the configuration used at the moment when conditional HO command was received. Basically, the UE builds and stores a “full configuration” from the current RRC configuration and from the delta received in the conditional HO command. If it receives a subsequent RRCConnectionReconfiguration for the source cell before having executed the conditional HO to the target cell, that second reconfiguration impacts only the operation towards the source cell but not the pending HO command towards the target. Alternatively, the UE can store the RRC context used when receiving conditional HO command and then use that together with the delta received when HO is executed. This is similar to RRC Suspend/Resume procedure where the UE stores the RRC context upon suspend, uses the default configuration for Random Access and then applies the stored configuration as basis for the delta configuration received in the resume command. 
[bookmark: _Ref471492208][bookmark: _Toc471492269][bookmark: _Toc471499744][bookmark: _Toc473533022][bookmark: _Toc473533373]Upon reception of a conditional HO command, the UE determines and stores the target cell configuration based on its current configuration and the “delta” received in the RRCConnectionReconfiguration with mobilityControlInfo. 
[bookmark: _Toc471492270][bookmark: _Toc471499745][bookmark: _Toc473533023][bookmark: _Toc473533374]If the UE receives a subsequent RRCConnectionReconfiguration without mobilityControlInfo for its source cell, it does not modify or discard the stored target cell configuration of the conditional HO command. 
On the other hand, the network may decide to provide a new, updated conditional HO command for a target cell for which it had previously provided a conditional HO command. In this case the UE applies that new one instead of the previous one:
[bookmark: _Toc471492271][bookmark: _Toc471499746][bookmark: _Toc473533024][bookmark: _Toc473533375]If the UE receives conditional HO command for a target cell for which it has already a pending conditional HO command, it determines the target cell configuration based on its current serving cell configuration and the “delta” in the HO command and uses it to replace the previously stored target cell configuration. 
As mentioned above and discussed in the last meeting, it may be desirable to provide the UE with HO conditions and configurations for several candidate target cells. The principles outlined in the preceding proposals enable that possibility. 
[bookmark: _Toc471492272][bookmark: _Toc471499747][bookmark: _Toc473533025][bookmark: _Toc473533376]The UE shall be able to evaluate HO conditions for more than one candidate target cell and to store configurations for those (determined individually as described in Proposal 4).
Having to coordinate with several target nodes may increase the network complexity. However, those aspects could be discussed in RAN3 or left for network implementation.
[bookmark: _Toc471492273][bookmark: _Toc471499748][bookmark: _Toc471501322][bookmark: _Toc473532944][bookmark: _Toc473533026][bookmark: _Toc473533377]Of course, the UE should not be required to store the configuration for the target cell and to evaluate the measurement condition for an unlimited time. As soon as the UE executes a handover it should discard all pending conditional HO commands and the configurations associated with them. This could be the case if the network had provided multiple conditional HO commands for several candidate target cells. But it would also apply when the NW triggers an intra-cell handover to refresh e.g. the security keys. 
The UE discards all pending conditional HO commands when executing an RRCConnectionReconfiguration with mobilityControlInfo (conditional or regular; to source cell or to any neighbour cell).
The target cell awaits the UE for which it generated a conditional HO command and it may have reserved resources for it (CF RA; admission control; …). Therefore, the network should have means to constrain the time for which the HO command remains valid. 
[bookmark: _Toc471492274][bookmark: _Toc471499749][bookmark: _Toc471501323][bookmark: _Toc473532945][bookmark: _Toc473533027][bookmark: _Toc473533378]The UE discards a pending conditional HO command when the condition has not been met within the validity period indicated in the HO command.
We think that a procedure per the proposals in this section avoids any race conditions and does not suffer from problems as observed with the Activation Time in UMTS. 
Conclusion
In section 2 we made the following observations:
Observation 1	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 the target cell.

Based on the discussion in section 2 we propose the following:
Proposal 1	NR should offer the possibility to associate the HO command (RRCConnectionReconfiguration with mobilityControlInfo) with a condition. As soon as the UE determines the condition to be fulfilled, it executes the handover in accordance with the handover command.
Proposal 2	When the UE receives a “conditional HO command” it starts evaluating the condition while continuing operating per its current RRC configuration, i.e., without applying the RRCConnectionReconfiguration.
Proposal 3	When the HO condition is fulfilled, the UE applies the RRCConnectionReconfiguration including mobilityControlInfo. It synchronizes to the target cell and shall not process any subsequent RRCConnectionReconfiguration messages received from the source cell prior to the HO execution.
Proposal 4	Upon reception of a conditional HO command, the UE determines and stores the target cell configuration based on its current configuration and the “delta” received in the RRCConnectionReconfiguration with mobilityControlInfo.
Proposal 5	If the UE receives a subsequent RRCConnectionReconfiguration without mobilityControlInfo for its source cell, it does not modify or discard the stored target cell configuration of the conditional HO command.
Proposal 6	If the UE receives conditional HO command for a target cell for which it has already a pending conditional HO command, it determines the target cell configuration based on its current serving cell configuration and the “delta” in the HO command and uses it to replace the previously stored target cell configuration.
Proposal 7	The UE shall be able to evaluate HO conditions for more than one candidate target cell and to store configurations for those (determined individually as described in Proposal 4).
Proposal 8	The UE discards all pending conditional HO commands when executing an RRCConnectionReconfiguration with mobilityControlInfo (conditional or regular; to source cell or to any neighbour cell).
Proposal 9	The UE discards a pending conditional HO command when the condition has not been met within the validity period indicated in the HO command.


[bookmark: _In-sequence_SDU_delivery]References
R2-168730, “Inter-Cell Handover in NR”, Ericsson, RAN2-96, Reno, Nevada, USA, 14th – 18th November 2016
	2/5	
