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Introduction
Beam failure recovery (BFR) for NR SCells will be specified in Rel-16. In RAN#82, the objective was revised to the following [1]:
	· Extend specification support in the following areas [RAN1]
· […]
· Enhancements on multi-beam operation, primarily targeting FR2 operation:
· […] 
· Specify beam failure recovery for SCell with DL/UL as well as DL-only, where PCell can be operating in FR1 as well as FR2 
· […]



BFR for SpCells was already specified in Rel-15. The Rel-15 BFR can be largely reused also for SCell BFR, but certain aspects need to be reconsidered, in particular how the beam failure recovery request (BFRQ) is transmitted when beam failure is detected on a DL-only SCell.
Discussion
Rel-15 BFR Procedure
The Rel-15 BFR procedure has four main steps:
1. Beam failure detection (BFD)
2. New beam identification (NBI)
3. Beam failure recovery request (BFRQ)
4. Beam failure recovery response (BFRR)
The BFD and NBI steps precede the BFRQ, but NBI may start prior to BFD without any significant addition in UE power consumption. 
In one typical example, the actually transmitted SSBs are included in the set of candidate RS for NBI. A connected UE would typically be configured to track the serving cell SSB RSRPs for the purpose of mobility RRM measurements. If at least one of the SSBs is above the RSRP threshold, it can be selected for BFRQ transmission. In this typical example, no extra latency is added by the NBI step.
BFRQ is not transmitted until beam failure is declared at the MAC layer. MAC layer beam failure is declared after N beam failure indications are received from PHY within a timer duration of M*P, where N (beamFailureInstanceMaxCount) and M (beamFailureDetectionTimer) are separately configurable numbers between 1 and 10 and P is the BFD-RS periodicity (but no less than 2 ms). If for example N = 5 and P = 5 ms, there is a 20 ms delay between the first beam failure instance in PHY and the earliest possible MAC layer beam failure. This gives a UE the opportunity to perform NBI after PHY beam failure but before MAC layer beam failure, so that the UE can transmit BFRQ as soon as possible after MAC layer beam failure. It should be noted that the UE does not have to measure all candidate RS for NBI since it’s sufficient that the UE finds a single candidate RS above the threshold.
Observation 1: In Rel-15 BFR, a UE can in many cases transmit BFRQ directly after MAC layer beam failure, e.g. if the UE anyway tracks the candidate SSBs for RRM measurements, or if the UE performs NBI during the time between PHY beam failure and MAC beam failure.
If the UE cannot identify a new beam among the configured candidate RS in Rel-15, the UE falls back to contention-based random access (CBRA) which is based on SSBs. 
SCell BFR Procedure
The following alternatives were agreed in RAN1 NR_AH 1901 and are to be considered for the SCell BFR procedure.
	Agreement
Down-select at least one of the following alternatives:
· Alt 1: For SCell BFR, BFRQ can be transmitted if UE declares beam failure and identifies a new candidate beam.
· UE reports new beam information by or after BFRQ
· Alt 2: For SCell BFR, BFRQ can be transmitted if UE declares beam failure.
· UE only indicates beam failure happens by BFRQ
· Note: new beam identification can be done by using DL BM procedure
· Alt 3: For SCell BFR, BFRQ can be transmitted if UE declares beam failure
· UE may report new beam information during BFR procedure 
· FFS: impact of new beam identification threshold
· Note: It is up to UE whether to do beam failure detection and new beam identification in parallel or not
· For Alt1 and Alt3, reference signals for new candidate DL beam(s) are configured, which are based on CSI-RS and/or SSB.
· FFS: whether the CSI-RS and/or SSB can be in another CC
· FFS: signaling details, e.g. RRC and/or MAC CE


If a UE declares beam failure and has identified a new candidate beam, it is clearly beneficial for recovery latency to include such information in the BFRQ. This would correspond to Alt 1 with the new beam information included in the BFRQ.
If a UE declares beam failure, but the UE cannot identify a new candidate beam, e.g. no candidate beam RSRP is above the threshold, it is better that the UE informs the network of the beam failure than not informing the network. 
Proposal 1: Adopt a combination of Alt 1, Alt 2 and Alt 3 for SCell BFR:
· If a UE declares beam failure and identifies a new candidate beam, the UE transmits BFRQ including the new beam information (Alt 1).
· If a UE declares beam failure and does not identify a new candidate beam among the configured candidate beams, the UE transmits BFRQ without new beam information (Alt 3).
· If a UE declares beam failure and it has not been configured with new candidate beams, the UE transmits BFRQ without new beam information (Alt 2).

Further details of the four main steps of BFR for SCells are discussed below.
Beam Failure Detection (BFD)
The following agreement was made in RAN1 NR_AH 1901:
	Agreement
· SCell BFD is based on periodic 1-port CSI-RS, which can be configured explicitly by RRC or implicitly by TCI state. 
· Down-select one of the following alternatives in RAN1#96:
· Alt 1: SCell BFD RS is in current CC
· Alt 2: SCell BFD RS is in current CC for explicit configuration and can be in current CC or another CC for implicit configuration
· Alt 3: SCell BFD RS can be in current CC or another CC for both explicit and implicit configuration
· SCell BFD is measured based on hypothetical BLER


There seems to be no clear motivation to specify a different beam failure detection mechanism on SCell than what is already supported for SpCell in Rel-15. In the Rel-15 BFD, the explicitly configured BFD RS are in the BFD-monitored serving cell, whereas implicitly configured BFD RS can be in another serving cell, since this is supported in the TCI state framework.
Proposal 2: Support Alt 2, SCell BFD RS is in current CC for explicit configuration and can be in current CC or another CC for implicit configuration (as in Rel-15)
In Rel-15, the BFD-RS are configured jointly with RLM-RS in the RRC parameter RadioLinkMonitoringRS in RadioLinkMonitoringConfig. However, RLM on SCell will not be supported in Rel-16. A straightforward way to configure BFD-RS on SCell using RadioLinkMonitoringRS would be to limit the purpose parameter value to “beamFailure”. However, these details can be left to RAN2 to decide.
It should be possible for the network to configure a UE to perform BFD on any SCell, even on every SCell of the UE. However, performing BFD simultaneously on a large number of cells may incur significant UE complexity and power consumption. Therefore, it is reasonable to limit the simultaneous BFD across cells with one or a few UE capabilities. The following three per-band UE capabilities related to BFD already exist in Rel-15 [2], and could be applicable across SpCells and SCells in a band. 
    maxNumberCSI-RS-BFD                 INTEGER (1..64)                               OPTIONAL,
    maxNumberSSB-BFD                    INTEGER (1..64)                               OPTIONAL,
    maxNumberCSI-RS-SSB-CBD             INTEGER (1..256)                              OPTIONAL,

	Definitions for parameters
	Per
	Mandatory
	FDDTDD
DIFF
	FR1
FR2
DIFF

	maxNumberCSI-RS-BFD
Indicates maximal number of CSI-RS resources across all CCs for UE to monitor PDCCH quality. In this release of the specification, the maximum value supported by the UE is 16.
	Band
	Tbd
	No
	No

	maxNumberSSB-BFD
Defines maximal number of different SSBs across all CCs for UE to monitor PDCCH quality.  In this release, the maximum value supported by the UE is up to 16.
	Band
	Tbd
	No
	No

	maxNumberCSI-RS-SSB-BFR
Defines maximal number of different CSI-RS [and/or SSB] resources across all CCs for new beam identifications. In this release of the specification, the maximum value supported by the UE is 128.
	Band
	Tbd
	No
	No



It can be noted that the two BFD-related UE capabilities above limit the number of RSs the UE actually monitors for BFD per band, including implicitly configured BFD RS, not the number of explicitly configured BFD RS. Hence, the BFD RS configured for an inactive BWP or any BFD RS configured on a deactivated SCell would not count towards the UE capability.
Observation 2: The Rel-15 UE capabilities for BFD limit the number of BFD RS the UE actually monitors for BFD per band, incl. implicitly configured BFD RS, not the number of explicitly configured BFD RS.
In RAN NR_AH 1901, it was discussed to also introduce a UE capability limiting the BFD operation across all CCs/serving cells across bands. With such a UE capability, a UE could report a high BFD capability per band, without worrying that the total BFD load across bands would exceed the per UE capability. Without such a capability, a UE would have to report low BFD capability per band in order to limit the total BFD load across the supported bands in anticipation of the case that the per band UE capability is reached.
Proposal 3: The maximum number of serving cells (across bands) on which the UE performs BFD is limited with a UE capability, in addition to the existing UE capability per band.
If BFD RS are not explicitly RRC configured in the active DL BWP, the UE will use RS configured in the TCI states of the monitored CORESETs of the active DL BWP as BFD RS (implicit BFD RS configuration). Hence, there seems to be no easy way for the network to turn off (and on) BFD on a subset of the activated SCells in order not to exceed the UE capability. 
Proposal 4: RAN1 to clarify how the network can turn off (and on) BFD on a subset of the activated SCells in order not to exceed the UE capability.
Finally, it can be noted that the UE capability maxNumberSSB-BFD doesn’t seem to be meaningful, since SSBs are not supported for BFD in Rel-15 or Rel-16 (according to the agreement above). When RAN1 responds to the LS from RAN4 [3] regarding this issue, RAN1 could simultaneously inform RAN2 about this.
New Beam Identification (NBI)
NBI based on both SSB and CSI-RS is already supported in Rel-15 and should be supported also for SCell, due to greater flexibility and alignment with SpCell BFR. NBI in Rel-15 is based on L1-RSRP, which facilitates fast and low-complexity measurements. Unless it is shown that L1-RSRP is faulty, it can be reused also for SCell NBI. 
In Rel-15, the candidate RS belong to the cell on which beam failure is detected. It is not necessary to support candidate RS on another cell than the cell on which beam failure was detected. If beam quality is highly correlated between the two activated cells, then it’s better to perform also BFD on the other cell instead of using cross-carrier NBI. Furthermore, if the other cell is deactivated, candidate RS measurement cannot be performed.
Proposal 5: NBI for SCell based on SSB and/or CSI-RS in the same cell is supported. NBI for Scell is based on L1-RSRP.
The maximum number of RRC configured candidate RS for NBI in an UL BWP is 16 in Rel-15. This number might not provide enough candidate RS in FR2, which may result in the need to reconfigure the set of candidate RS using RRC signaling as the UE moves through the cell. This potential shortcoming could be addressed by increasing the maximum number of RRC configurable candidate RS, for instance to 64. If necessary, MAC CE based subset selection for candidate RS subset, selection can be considered. In fact, this potential shortcoming may be even more pronounced for BFD RS, for which the maximum number of explicitly configured RS is 2. Increasing the maximum number of RRC configured BFD RS per DL BWP combined with MAC CE based subset selection should also be further considered.
Proposal 6: The maximum number of RRC configurable candidate RS is increased to 64. 
· FFS MAC CE based subset selection of candidate RS
· FFS MAC CE based subset selection of BFD RS
Beam Failure Recovery Request (BFRQ)
The following agreements were made in RAN1 NR_AH 1901:
	Agreement
For SCell BFR
· Decide BFRQ solution for BFR on SCell with DL only first, PCell in FR1+FR2
· Above is to facilitate RAN1 discussion but not to prioritize certain scenarios

Agreement
Specification support will be provided for gNB to derive at least the failed CC index during SCell BFR procedure
· FFS: Whether the information is implicitly derived or explicitly conveyed by the UE
· FFS: Whether new beam information should be included
· FFS: Details on triggering for transmitting BFRQ


In order to support DL-only SCells, it is not possible to completely reuse the Rel-15 BFRQ mechanism, since the UE cannot transmit the BFRQ on a DL-only SCell. Hence, also BFRQ transmission on another cell, e.g. the SpCell, needs to be supported (Figure 1(b)), in addition to BFRQ transmission on the SCell on which beam failure was detected (Figure 1(a)). 


[bookmark: _Ref534799643]Figure 1: (a) The BFR procedure following beam failure on an SCell with DL/UL. 
(b) The BFR procedure following beam failure on a DL-only SCell.

Proposal 7: BFRQ transmission on either the SCell experiencing beam failure or another cell is supported.
A common configuration, e.g. for eMBB, may be a UE configured with multiple DL-only SCells in FR2. Since the BFRQs cannot be transmitted on the DL-only SCells, a feasible solution for that case would be to let the UE transmit the BFRQs for the DL-only SCells on one other cell, e.g. the SpCell or another SCell with UL. In fact, it could be beneficial to let the UE transmit BFRQ on another cell also for some SCells with UL, e.g. DL-heavy SCells and/or SCells that rely on analog Rx beamforming for receiving BFRQ. 
Further aspects for consideration include how the BFRQ indicates which SCell that has failed (“the failed CC index” in the agreement above) and how to efficiently support BFRQ resources from multiple SCells being multiplexed in a cell.
It would be beneficial if the mechanism for transmitting BFRQ on another cell has the following properties, since a UE may be configured to transmit BFRQ for many SCells on the same cell:
· Index of failed SCell and new beam information can be efficiently included in the BFRQ,  
· no additional semi-static UL resources need to be reserved for each candidate beam RS and each SCell configured for BFRQ transmission on the cell.
· Semi-static BFRQ resources is a waste of resources since BFRQ is used so rarely.
Several options for BFRQ have been discussed in RAN1 and RAN2, including PUCCH-based, PRACH-based and MAC CE-based BFRQ.
The additional information such as the identity of the SCell that has failed and the new beam can be more efficiently and reliably communicated in a PUSCH MAC CE, compared to a PUCCH or PRACH based BFRQ. Furthermore, for PUCCH or PRACH based BFRQ, it may be necessary to configure additional semi-static UL resources to indicate which SCell that has failed and the new beam. For the MAC CE based mechanism on the other hand, no additional semi-static UL resources seem to be needed, since the PUSCH is dynamically allocated and the semi-static PUCCH resources used for a scheduling request are anyway allocated. Hence, BFRQ included in MAC CE is preferred for the case that BFRQ is transmitted on another cell than the SCell with beam failure.
For self-contained BFR with BFRQ transmitted on the SCell, on the other hand, the CFRA-based BFRQ can be reused from Rel-15 BFR.
Proposal 8: The following mechanisms are supported for BFRQ transmission:
· MAC CE based BFRQ if the BFRQ is transmitted on another cell (e.g. DL-only SCell)
· CFRA-based BFRQ (reused from Rel-15) if the BFRQ is transmitted on the failed SCell (SCell with DL/UL)

Beam Failure Recovery Response (BFRR)
In general, the beam failure recovery response is an acknowledgement that the gNB has received the BFRQ, which is typically a PDCCH with the UE’s C-RNTI on a CORESET/search space dedicated to BFR. 
For BFRR following BFRQ transmitted on the same SCell that experienced beam failure, e.g. using CFRA as proposed above, the BFRR mechanism from Rel-15 can be reused.
For BFRR following BFRQ transmitted on another cell, e.g. using MAC CE, the BFRR could be transmitted either on the failed SCell or on the cell on which the BFRQ was transmitted, e.g. the SpCell. This discussion can be postponed to after the mechanism for BFRQ transmission on another cell has been decided.
Proposal 9: If the BFRQ is transmitted on the SCell that experienced beam failure, the BFRR is received on the same SCell, reusing Rel-15 BFRR. 
· Further study on which cell the UE monitors BFRR if the BFRQ is transmitted on another cell.

Conclusion
In this contribution, BFR for SCell was discussed. The following observations and proposals were made.
Observation 1: In Rel-15 BFR, a UE can in many cases transmit BFRQ directly after MAC layer beam failure, e.g. if the UE anyway tracks the candidate SSBs for RRM measurements, or if the UE performs NBI during the time between PHY beam failure and MAC beam failure.
Proposal 1: Adopt a combination of Alt 1, Alt 2 and Alt 3 for SCell BFR:
· If a UE declares beam failure and identifies a new candidate beam, the UE transmits BFRQ including the new beam information (Alt 1).
· If a UE declares beam failure and does not identify a new candidate beam among the configured candidate beams, the UE transmits BFRQ without new beam information (Alt 3).
· If a UE declares beam failure and it has not been configured with new candidate beams, the UE transmits BFRQ without new beam information (Alt 2).
Proposal 2: Support Alt 2, SCell BFD RS is in current CC for explicit configuration and can be in current CC or another CC for implicit configuration (as in Rel-15)
Observation 2: The Rel-15 UE capabilities for BFD limit the number of BFD RS the UE actually monitors for BFD per band, incl. implicitly configured BFD RS, not the number of explicitly configured BFD RS.
Proposal 3: The maximum number of serving cells (across bands) on which the UE performs BFD is limited with a UE capability, in addition to the existing UE capability per band.
Proposal 4: RAN1 to clarify how the network can turn off (and on) BFD on a subset of the activated SCells in order not to exceed the UE capability.
Proposal 5: NBI for SCell based on SSB and/or CSI-RS in the same cell is supported. NBI for Scell is based on L1-RSRP.
Proposal 6: The maximum number of RRC configurable candidate RS is increased to 64. 
· FFS MAC CE based subset selection of candidate RS
· FFS MAC CE based subset selection of BFD RS
Proposal 7: BFRQ transmission on either the SCell experiencing beam failure or another cell is supported.
Proposal 8: The following mechanisms are supported for BFRQ transmission:
· MAC CE based BFRQ if the BFRQ is transmitted on another cell (e.g. DL-only SCell)
· CFRA-based BFRQ (reused from Rel-15) if the BFRQ is transmitted on the failed SCell (SCell with DL/UL)
Proposal 9: If the BFRQ is transmitted on the SCell that experienced beam failure, the BFRR is received on the same SCell, reusing Rel-15 BFRR. 
· Further study on which cell the UE monitors BFRR if the BFRQ is transmitted on another cell.
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