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1	Introduction
Beam failure recovery for SCell is part of NR Release-16 [1]. The term beam failure recovery was used during RAN1 work, but in the end the specification [2] used the term link recovery for the procedure.
In this contribution, we present a detailed analysis of the latencies for the various proposed SCell link recovery solutions. This is a revision of R1-1901202.
[bookmark: _Ref178064866]2	Discussion
Beam failure recovery was specified in Release-15. The main idea was that the UE would detect that the beams at the gNB and/or UE have been mis-aligned, implying that the NW would be unable to reach the UE. In this situation, instead of declaring RLF, the UE would search for a new RS, which fulfils a certain criterion. If such an RS is found, the UE would use that RS as a reference to perform contention-free or contention-based random access to the cell. The NW would then proceed to re-establish connection with the UE using the random access procedure. In the specification [2], this procedure is known as link recovery. 
Clearly, link recovery resembles radio link monitoring and RRC re-establishment. The main difference is that link recovery is faster: since there is no need to update the RRC parameters, the overhead associated with the procedure is smaller, which means that link recovery can be triggered earlier.
2.1	Analysis of Release-15 link recovery
To understand how fast link recovery is, it is useful to examine the various parts of the procedure:
Link failure detection: To detect link failure, the UE estimates the quality of a periodic reference signal. If the quality of the reference signal is below a certain level, corresponding to a PDCCH BLER of 10%, the UE notifies higher layers. After a configurable number of such indications, the UE declares link failure. We note that the SINR corresponding to a PDCCH BLER of 10% is quite low: in the order of -10dB. In this SINR range, it is quite difficult to estimate the SINR (the estimation of the signal is the challenging part) with good accuracy. Also, it is important not to trigger link failure due to fast fading: the fast fading needs to be averaged out.
Due to the challenging SINR estimation, and the desire to filter out the fast fading, the ability to detect fast changes in the shadowing becomes limited. To this end, RAN4 has agreed that the evaluation period for beam failure detection is 50ms [3]. The UE may thus use all measurements during the last 50ms to estimate the quality of the periodic RS. 
RS identification: In principle, the UE may detect and identify candidate RSs continuously. However, there is nothing in the standard that mandates this. Instead, the UE may initiate the RS identification procedure after link failure detection. In RAN4, there is currently a discussion on how many samples are needed to fulfil the requirements. Current assumption is that 3-5 samples will be needed, implying that the delay may be 60-100ms. 
Connection re-establishment: The connection re-establishment is dominated by the PRACH transmission time: the UE would need to find a transmission opportunity, and several re-transmissions may be needed. If the RACH transmission opportunities occur once every 20ms, this would point to a delay of 10-30ms.
Summing up, a full successful link recovery may take 120-180ms. Even if some UE implementations may do this faster, the standard does not mandate it:
[bookmark: _Toc524704633][bookmark: _Toc528940814][bookmark: _Toc534978734][bookmark: _Toc793962]The link recovery procedure in Release-15 for a UE fulfilling the RAN4 requirements may take 120-180ms. 
These number should be compared to the latency of normal beam management/reporting. Here, the latency is determined by the period of the reporting on the reference signals. Clearly, the period of these reference signals and the associated reporting are design variables, but for adequate performance, reporting every 80ms would probably be required. Thus, assuming that an uplink channel is available for reporting, normal beam management/reporting is (much) faster.
[bookmark: _Toc524704634][bookmark: _Toc528940815][bookmark: _Toc534978735][bookmark: _Toc793963]Link recovery is slower than normal beam management/reporting as long as there is an operational uplink channel.
Note that the lion share of the beam recovery latency comes from the link failure detection and the candidate beam identification.
It is also interesting to compare link recovery on SCells with RLF on PSCells: in dual connectivity, the UE performs RLM also on PSCell. After the UE declares RLF on a PSCell, the UE contacts the NW using the MCG, using normal RRC signalling. The UE does not perform random access on the PSCell:
[bookmark: _Toc793964]After the UE declares RLF on a PSCell, the UE uses the still operational cell(s) in the MCG to inform the NW that the PSCell failed.
2.2 	Options for link recovery on SCell
As the SCell may not have an UL, the link recovery request must be conveyed over the PCell. During this procedure, the UE should provide the network with information about 
· which SCell failed 
· a suitable new beam in the SCell. 
Fundamentally, there are two ways to convey this information in the link recovery request: either using L1-signaing or MAC CE. So far in the Rel-16 discussion, at least four different ways have been proposed:
1. Using PRACH, similar to the PCell link recovery solution in Rel-15
2. Using PUCCH, with a format similar to the scheduling request
3. Using PUCCH, with a reporting format similar to CSI/beam reporting
4. Using MAC CE
With solution 1 and 2, the information is conveyed to the NW by assigning one PRACH preamble/PUCCH resource to each combination of SCell/beam. 
[bookmark: _Hlk525282896]2.2.1	Latency of SCell link recovery options
Although the duration of a complete link recovery procedure is dominated by the beam failure detection and candidate beam identification, it is relevant to compare solution 1-4 with respect to latency. 
For solution 1, the recovery procedure starts with that the UE sends a PRACH. The time between the first PRACH transmission until the NW successfully receives the PRACH depends on the interval between the RACH occasions and the number of PRACH transmissions that are required. Under ideal circumstances, the NW receives the first PRACH transmission, in which case the average latency is half the interval between RACH occasions.
The same reasoning applies for solution 2, except that the UE sends a PUCCH in a resource served for PUCCH. Under ideal circumstances, the NW receives the first PUCCH transmission, in which case the average latency is half the interval between reserved PUCCH occasions.
In fact, the same reasoning applies also for solution 3: the average latency is half the period of the configured PUCCH resource. Note that for solution 3, the periodic PUCCH is associated with actual transmissions.
After transmission of the PRACH/PUCCH, the UE will start monitoring for a response 4 slots later. Note that the response must come in a DL slot. Under ideal circumstances, the NW includes a MAC CE activation in the corresponding PDSCH. The corresponding HARQ ACK is scheduled in an UL slot, of course, still subject to the UL/DL pattern. 3ms after the ACK, the new TCI state will be activated, and the link recovery procedure is complete.
For solution 4, unless the UE already has a grant, the recovery procedure starts with that the UE sends an SR. Here the average delay is half the interval between SR occurrences. Note that the operator may choose to configure periodic grants for UL transmission of the MAC CE command in cases when low-latency beam recovery on SCells is critical:
[bookmark: _Toc793965]If low-latency beam recovery on the SCell is deemed critical, the operator may provide periodic grants for the UL transmission of the MAC CE.
Such periodic reservation would of course consume UL resources, but it is not clear if the resulting overhead is larger than that of the solutions based on PRACH/PUCCH. For the latency derivation, we do not assume that this option would be utilized.
Upon reception of the SR, the NW transmits an UL grant in a DL slot. The corresponding UL transmission happens in a subsequent UL slot, approximately 2ms later. Upon reception of the MAC CE in the PUSCH, the NW can activate the new TCI state. The delay for the TCI state activation is the same as for solutions 1-3.
Roughly, the latency is
· For solutions 1-3: Half the period of the RACH/PUCCH opportunities/PUCCH period + 4 slots (RAR delay) + 1 slot (RAR/PDSCH transmission)
· Half the period of the SR opportunities + 2 ms (SR scheduling delay) + 1 slot (PUSCH transmission) + 1 slot (gNB delay) + 1 slot (PDSCH transmission)
Note that the above calculation is subject to the TDD pattern: for instance, it is not certain that the 4th slot after the PRACH/PUCCH is a DL slot. In that case, the latency for solutions 1-3 will be larger. Likewise, it is not certain that there is an UL slot 2ms after an SR transmission.
To be able to compare the latency of the two methods, the periods of the RACH/PUCCH and SR opportunities are central. Assuming that the periodicities are the same, solutions 1-3 are a little faster. If the RACH/PUCCH periodicity is larger, solution 4 is a little faster. But in any case, the difference is insignificant, especially considering the whole procedure:
[bookmark: _Ref524704498][bookmark: _Toc524704638][bookmark: _Toc528940822][bookmark: _Toc534978736][bookmark: _Toc793966]The difference in latency among the 4 methods is insignificant and depends on other properties of the system.
Conclusion
In the previous sections we made the following observations: 
Observation 1	The link recovery procedure in Release-15 for a UE fulfilling the RAN4 requirements may take 120-180ms.
Observation 2	Link recovery is slower than normal beam management/reporting as long as there is an operational uplink channel.
Observation 3	After the UE declares RLF on a PSCell, the UE uses the still operational cell(s) in the MCG to inform the NW that the PSCell failed.
Observation 4	If low-latency beam recovery on the SCell is deemed critical, the operator may provide periodic grants for the UL transmission of the MAC CE.
Observation 5	The difference in latency among the 4 methods is insignificant and depends on other properties of the system.
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