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1 Introduction

At the RAN1 88b and 89 meeting, the mechanisms to provide robustness against beam pair link blocking and beam failure recovery mechanism were discussed [1][2]. At the RAN1 NR Ad-Hoc#2 meeting, some detailed design about beam failure recovery request was discussed [3]. The following agreements are concluded 
Agreements:

· UE Beam failure recovery mechanism includes the following aspects
· Beam failure detection

· New candidate beam identification

· Beam failure recovery request transmission

· UE monitors gNB response for beam failure recovery request

· Beam failure detection 

· UE monitors beam failure detection RS to assess if a beam failure trigger condition has been met

· Beam failure detection RS at least includes periodic CSI-RS for beam management

· SS-block within the serving cell can be considered, if SS-block is also used in beam management as well

· FFS: Trigger condition for declaring beam failure

· New candidate beam identification

· UE monitors beam identification RS to find a new candidate beam

· Beam identification RS includes

· Periodic CSI-RS for beam management, if it is configured by NW

· Periodic CSI-RS and SS-blocks within the serving cell, if SS-block is also used in beam management as well

· Beam failure recovery request transmission

· Information carried by beam failure recovery request includes at least one followings
· Explicit/implicit information about identifying UE and new gNB TX beam information

· Explicit/implicit information about identifying UE and whether or not new candidate beam exists
· FFS: 

· Information indicating UE beam failure

· Additional information, e.g., new beam quality

· Down-selection between the following options for beam failure recovery request transmission

· PRACH

· PUCCH

· PRACH-like (e.g., different parameter for preamble sequence from PRACH)

· Beam failure recovery request resource/signal may be additionally used for scheduling request

· UE monitors a control channel search space to receive gNB response for beam failure recovery request
· FFS: the control channel search space can be same or different from the current control channel search space associated with serving BPLs

FFS: UE further reaction if gNB does not receive beam failure recovery request transmission
Working assumption:
· Support at least the following triggering condition(s) for beam failure recovery request transmission:

· Condition 1: when beam failure is detected and candidate beam is identified at least for the case when only CSI-RS is used for new candidate beam identification

· FFS Condition 2: Beam failure is detected alone at least for the case of no reciprocity

· FFS how the recovery request is transmitted without knowledge of candidate beam

· Note: if both conditions are supported, which triggering condition to use by UE also depends on both gNB configuration and UE capability

Agreements:
· Support the following channel(s) for beam failure recovery request transmission:

· Non-contention based channel based on PRACH, which uses a resource orthogonal to resources of other PRACH transmissions, at least for the FDM case

· FFS other ways of achieving orthogonality, e.g., CDM/TDM with other PRACH resources

· FFS whether or not have different sequence and/or format than those of PRACH for other purposes 

· Note: this does not prevent PRACH design optimization attempt for beam failure recovery request transmission from other agenda item 

· FFS: Retransmission behavior on this PRACH  resource is similar to regular RACH procedure

· Support using PUCCH for beam failure recovery request transmission

· FFS whether PUCCH is with beam sweeping or not

· Note: this may or may not impact PUCCH design

· FFS Contention-based PRACH resources as supplement to contention-free beam failure recovery resources

· From traditional RACH resource pool

· 4-step RACH procedure is used

· Note: contention-based PRACH resources is used e.g., if a new candidate beam does not have resources for contention-free PRACH-like transmission 

· FFS whether a UE is semi-statically configured to use one of them or both, if both, whether or not support dynamic selection of one of the channel(s) by a UE if the UE is configured with both 
Agreements:
· RAN1 agrees that the certain number of beam failure recovery request  transmissions is NW configurable by using some parameters

· Parameters used by the NW could be:

· Number of transmissions

· Solely based on timer

· Combination of above

· FFS: whether beam failure recovery procedure is influenced by the RLF event

Agreements:
· In case of unsuccessful recovery from beam failure, UE sends an indication to higher layers, and refrains from further beam failure recovery

· Relationship between RLF and unsuccessful beam failure recovery indication (if any) e.g. whether beam failure recovery procedure influences or is influenced by the RLF event

· Send LS to inform RAN2 – to be done next meeting

In the agreed mechanism, a UE triggers to report UL signal to tell a TRP beam failure when it judges beam failure happens. RAN1 should carefully define proper conditions based on which UE can trigger such a reporting considering different scenarios. In this contribution, we describe our general views on efficient mechanism for beam failure recovery.
2 Discussion on NR Beam Failure Scenarios
Before we discuss the beam failure recovery procedure, we need to identify the scope and use case of beam failure recovery especially to distinguish it with beam reporting and switching.
In the practical communication system, it is feasible that gNB configures the UE with different serving beam pair for downlink and uplink especially for non beam correspondence scenario. Given this, there exist three different beam failure scenarios as shown in Figure 1. For case 3, UL beam fails but DL beam is available case, gNB can sense it by detecting the uplink signal and then signal UE to either perform uplink beam switching or initiate the UL beam training procedure[4]. The most critical case is case 1 and case 2 where DL beam fails, and UE cannot receive the signal from gNB with the serving DL beam and gNB cannot instruct UE with any behaviors to recovery the link. In this case, some specific procedure should be defined to enable UE automatically to trigger the recovery procedure and set up the communication link quickly.
[image: image1.wmf]DL 

& 

UL 

failure

DL 

failure

 and UL 

feasible

UL 

failure

 and DL feasible


Figure 1.Different beam failure scenarios
The difference between the specific beam link recovery procedure with regular beam reporting and switching procedure is either no available UL resource for the beam reporting or no available DL resource for signaling the beam switching for beam failure recovery procedure.
For case 1, both the new DL beam and UL beam should be identified and to be set up in the beam failure recovery procedure.
For case 2 where only DL fail but UL beam is still available, only new DL beam is required to be identified and beam failure recovery request can be transmitted with the available serving UL beam. 
Proposal 1: UE centric beam failure recovery should include DL beam failure only and both DL and UL beam failure scenarios.
3 Details of Beam Failure Recovery (BFR)
3.1 Beam Failure Detection (BFD)
To achieve robust transmission, control channel can be transmitted with multiple beams in case that one beam is blockage but other beam can still be work. If N beams are configured for a UE’s control channel, the definition of the beam failure is based on all beams fails or one out N beams fails should be dependent on different scenario or different traffic type. For the traffic type with high reliability requirement, the UE should report the beam failure information to the gNB once one out of N beam fails to assist gNB to find a new suitable beam. In the meanwhile, regarding different scenario, for UE’s data transmission duration scenario and no data transmission duration scenario, different beam number can also be configured for the beam failure detection as shown in Figure 2.For no data transmission duration, the beam failure can be triggered less frequently by configuring all N beams to fulfill the condition.
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Figure 2.beam failure conditions for different scenarios 
To prevent frequent beam switching caused by Ping-pong effect, a time window should be taken into account for triggering the beam failure recovery request. For instance, the following condition considers the time window
· The quality of serving beam(s) falls below a threshold within a time window and the quality of a candidate beam is continuously higher than a threshold within a second time window
Although long duration of time window can provide more robust beam failure detection, it will also lead to high latency. To support the flexible configurations to achieve the tradeoff between the frequency of beam switching and the latency of beam failure detection, we have the following proposal
Proposal 2: The beam number for declaring beam failure should be configurable, e.g. according to different traffic type and scenario. The time window duration for the beam failure detection can be configurable.
Beam failure recovery (BFR) intends to allow the UE to assist gNB in early-detecting a beam failure event (BFE) and, if possible, recovering from it. It has been agreed in [2] as a working assumption to 

· Support at least the following triggering condition(s) for beam failure recovery request transmission:
· Condition 1: when beam failure is detected and candidate beam is identified at least for the case when only CSI-RS is used for new candidate beam identification

· FFS Condition 2: Beam failure is detected alone at least for the case of no reciprocity
We discuss further details of condition 1 in the following. Note that in [2], it has been agreed to “Support spatial QCL assumption between antenna port(s) within a CSI-RS resource(s) and antenna port of an SS Block (or SS block time index) of a cell,”, while “Configuration of QCL for UE specific NR-PDCCH is by RRC and MAC-CE signalling”. Thus all CSI-RS resources can be divided into two subsets, with subset two containing all CSI-RSs that are signaled as QCLed with SS blocks, while subset one containing all other CSI-RSs that are not signaled as QCLed with SS blocks. CSI-RS subset one and CSI-RS subset two may be configured, e.g. via RRC signaling, with the same or different repetition cycle. Both CSI-RS subset one and two may or may not be empty. We focus on the case where neither of the subset is empty.

To allow BRACH transmissions, a direct or indirect association between CRIs and BRACH blocks may be established. See Section 3.2.1.2 for details. For a UE to transmit BFRQ under the circumstances of indirect association, it needs to be able to receive at least one signal reliably within the reference signal subset two (or the subset of CSI-RSs that are QCLed with SSs). Having at least one signal reliably received within subset two makes sure that the BFRQ transmission and BFRP waiting is efficient and worthwhile. 
In other words, in the case that not all CSI-RS resources are spatially QCLed with SS block, we have the following proposal in enhancing condition 1 with further details: 

Proposal 3: When only CSI-RS is used for new candidate beam identification, support triggering beam failure recovery request transmission when beam failure is detected and candidate beam from a specified CSI-RS subset which is spatially QCLed with SS block is identified at least for the case of indirect association. 
3.1.1 BFR Triggering Condition 
At RAN1 89 meeting, there are intensive discussions on the triggering conditions for beam failure recovery request, and the following conclusions are made: 
· Condition 1: when beam failure is detected and candidate beam is identified at least for the case when only CSI-RS is used for new candidate beam identification

· FFS Condition 2: Beam failure is detected alone at least for the case of no reciprocity

· FFS how the recovery request is transmitted without knowledge of candidate beam
Triggering condition 1: 
For condition 1, it is feasible when the new beam can be identified shortly after the beam failure detection. As shown in Figure 3a and Figure 3b, UE detects the serving beam of B3 fails at T0 but identifies the new beam at T1, and UE can trigger the beam failure request at T1 as condition1 is satisfied. In this case, the beam failure request can conveys the new beam information by PRACH or PUCCH. The UE expect that the gNB can receive the beam failure request successfully by using identified UL beam due to beam correspondence. 

And subsequently, UE is expected that gNB will transmit the beam failure response with its recommended beam and thus perform the blind detection within the search space corresponding to the recommended beam as shown in step 2. Following step 2, the beam quality information is needed to be reported for the scheduling if the uplink channel for step 1 is RACH channel which is not available carry the beam quality information. 
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Figure 3a.Triggering condition 1 for beam failure recovery request
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Figure 3b.Triggering condition 1 for beam failure recovery request
Triggering condition 2: 

In addition, we think triggering condition 2 should also be supported for the following two use cases.
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Figure 4a.Triggering condition 2 for beam failure recovery request
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Figure 4b.Triggering condition 2 for beam failure recovery request
Firstly, it may happen that UE detects the beam failure at certain instance, but after a long duration it still fails to detect a new candidate beam. As shown in Figure 4a, UE detects the serving beam of B3 fails at T0 and tries to identify the new beam until T2 but it still fails. In this case, it will lead to high latency for UE to wait until identifying a new beam at T4 to initiate the beam failure request if condition1 cannot be satisfied. To speed up the beam failure recovery procedure, the triggering condition can be relaxed, the UE can initiate the beam failure recovery request based on condition 2 in which the new beam identification is not required. After gNB receives the beam failure recovery request by UL multiple beam sweeping in step 1 in Figure 4b, it can trigger the transmission of aperiodic RS for beam measurement, e.g. DL multiple beam sweeping in step 2. UE then identify the new available beam based upon the measurement of the aperiodic RS for beam measurement. It can significantly reduce the latency of beam failure recovery. 
Secondly, for non beam correspondence scenario, the DL beam pair link is different with the UL beam pair link. Given this, even if the UE can identify the new available DL beam pair link, this DL beam pair link cannot be used for the receiving of beam failure recovery request. Therefore, the beam failure recovery request should be transmitted and received with a beam sweeping manner. As shown in Figure 5, gNB receives the beam failure recovery request with multiple UL beams due to no beam correspondence, and it can either search for an optional beam or perform the combination with multiple beams for the detection of the beam failure recovery request. And then gNB will transmit the downlink signal with multiple DL beams for UE to find a new available DL beam. UE acquires the new UL beam information from downlink signal and feedback the new DL beam information on the UL channel. Until now, the new DL beam and UL beam are identified and the communication can be set up based on it. Since the transmission of beam failure recovery request will not rely on the identification of a new DL beam, it is not necessary to include the new DL beam identification as the triggering condition.
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Figure 5.Beam failure recovery procedure for triggering condition 2 
From the above discussion, we have the following proposal
Proposal 4: Triggering condition 2 for beam failure recovery request should be supported.
3.2 Beam Failure Recovery Request (BFRQ)
3.2.1 PRACH based BFRQ
3.2.1.1 Multiplexing of RACH and beam failure recovery request
It has been agreed that RACH resources is associated with the SS block so that RACH can be received with UE’s preferred beam during initial access. It is beneficial that beam failure recovery signal can take advantage of such knowledge between RACH and SS block to use RACH resources more efficiently. As it is known, the amount of UE served by different beam is different due to various UE’s locations, it lead to unbalanced RACH resource load for different beam as different SS block is associated with different number of UEs. An example is illustrated in Figure 6, as more UEs are associated with the SS block of B1 than that of B2, the RACH resource load is obviously higher for B1 than B2. For the RACH resource with lower load, CDMed manner can be adopted between resource for random access and beam failure recovery request to achieve more efficient resource utilization. The beam link recovery channel/signal can share the same time and frequency resource with RACH but with orthogonal sequence, e.g., CDM group 1 for random access and CDM group 2 for beam failure recovery. On the contrary, for the RACH resource with higher load, since almost all sequences are reserved for random access purpose, a separate the FDMed resource should be configured for beam failure recovery request. Thus, we have the following proposal.

Proposal 5: Both FDMed and CDMed manner between RACH resource and beam failure recovery request resource should be supported.
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Figure 6.FDMed and CDMed between RACH resource and beam failure recovery request resource
Utilization of multiple beams during beam failure recovery procedure can increase the chances towards a successful recovery of the communication links between gNB and UE. Considering different UE capabilities, such as the capability to support simultaneous multi-beam transmission and reception, the capability to assume Tx/Rx beam correspondence, etc., different possibilities exist for UE to determine its Tx/Rx beamforming during this recovery procedure. For instance, UE can transmit beam failure recovery request on multiple beams simultaneously or in a sweeping way. 
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Figure 7.UE sends request on multiple beams
Figure 7 shows a case that UE sends beam failure recovery request on multiple beams by using available UL resources, e.g., RACH resources. Depending on UE capability, it can transmit by using multiple beams simultaneously on each RACH resource. Or, it can sweep Tx beams to transmit the request by a different beam on a different RACH resource. Larger subcarrier spacing can also be used to accelerate this process. An additional restriction (e.g., window 1 in Figure 7) can be configured to limit the maximum number of attempts from UE side.

Proposal 6: Support UE to transmit beam failure recovery request on multiple beams.
3.2.1.2 BFRQ Transmission based on PRACH like channel
In [1], “beam failure detection RS at least includes periodic CSI-RS for beam management” has been agreed. Further in [2], for BFRQ transmission, “Condition 1, when beam failure is detected and candidate beam is identified at least for the case when only CSI-RS is used for new candidate beam identification” has been accepted as a working assumption. In other words, the new identified beam index, n, includes at least a CSI-RS beam index, e.g., CRI, at UE side.
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Figure 8. Configurations of BRACH
The above figure illustrates an example of multiple BRACH opportunities, consisting of 64 BRACH blocks. It is noted that BRACH denotes the PRACH like channel to transmit the beam failure recovery request. Herein each BRACH block is unique in terms of its choice of time-frequency-sequence and is a smallest unit that can be used by a UE to send a preamble sequence to trigger beam failure recovery. For example, gNB can allocate four BRACH time opportunities (differentiated by background colors); for each time opportunity, gNB can allocate four BRACH frequency opportunity or sub-channels (differentiated by foreground colors); for each time and frequency opportunity, gNB can allocate four preamble sequences (differentiated by boundary patterns) that can be used by a UE to transmit the preamble sequence to trigger beam failure recovery. Note that the gNB may allocate to each UE more than one sub-channels in the frequency domain, and/or more than one preamble sequences in the sequence domain for beam failure recovery purpose. Also note that although multiple UEs may share the same sub-channel in transmitting a preamble sequence, different UEs generally have different preamble sequences for UE identification purpose.

Direct Association

To transmit the detected new beam index or CRI, gNB and UE may agree on a CRI-BRACH association such that UE can determine a proper BRACH block index to transmit the preamble sequence based on the CRI, and that gNB can determine a proper CRI index (intended message) based on the detected BRACH block index where the UE-specific preamble is received. Here the CRI index can be viewed as an absolute index of CRI, and the BRACH block index can be viewed as an absolute index of BRACH. Such a CRI-BRACH association, generally a one-to-one mapping between CRI indexes and BRACH block indexes, need be signaled by the gNB in advance e.g. through RRC signaling.

Indirect Association

Similar association may be established between relative indexes of CRI and relative indexes of BRACH blocks as well, relative to a common reference signal e.g. CSI-RS for L3 mobility, or certain wide-beam CSI-RS that may or may not be QCLed with SS. For simplicity we will use RRS (relative reference signal) for this common reference signal in the following.

We look at BRACH indexing first. In the above diagram, we have 64 BRACH blocks spanning 4 time opportunities, with each BRACH time opportunity seeing 16 BRACH blocks (four sub-channels in the frequency domain and four sequences in the code domain). Hence each of the 64 BRACH blocks can be labeled with a primary CRI index m and a secondary CRI index i, where m stands for the RRS index that this BRACH block is beam-correspondent to and i is BRACH block index within the group of BRACH blocks sharing the same primary index m. 

Now we take a look at CRI indexing. Suppose we have, up to, 64 CSI-RSs. Each of the 64 CSI-RSs can be labeled with a primary BRACH block index m and a secondary BRACH block index i, where m stands for the RRS index that this CSI-RS is QCLed with and i is the CSI-RS index within the group of CSI-RSs sharing the same primary index m. 

Similarly, gNB and UE may agree on a primary-CRI-primary-BRACH association such that UE can determine a proper primary BRACH block index based on the primary CRI index, and that gNB can determine a proper primary CRI index based on the detected primary BRACH block index where the UE-specific preamble is received; gNB and UE may agree on a secondary-CRI-secondary-BRACH association such that UE can determine a proper secondary BRACH block index based on the secondary CRI index, and that gNB can determine a proper secondary CRI index based on the detected secondary BRACH block index where the UE-specific preamble is received.
Overall, for both direct and indirect association, a UE is able to determine a proper BRACH block to transmit the UE-specific preamble to trigger beam failure recovery based on the detected CRI. On the other hand, a gNB is able to determine UE identity by analyzing the UE-specific preamble sequence, and determine the reported CRI by analyzing the BRACH block index where the UE-specific preamble sequence is transmitted.

Proposal 7: The new identified beam index includes at least a CSI-RS beam index, e.g., CRI. 

Proposal 8: Support signaling of an association between CRIs and BRACH block indexes. The association may be a direct association between absolute CRIs and absolute BRACH block indexes, or an indirect association between CRIs and BRACH block indexes relative to a common reference signal.

Proposal 9: For CSI-RS used for new candidate beam identification, support gNB to indicate the relative reference signal it is spatially QCLed with (e.g., CSI-RS for L3 mobility, or certain wide-beam CSI-RS, or SS block), at least for the case of indirect association. 

3.2.2 PUCCH based BFRQ
Both PUCCH and PRACH have been agreed for beam failure recovery request transmission, and these two different UL channels should target for different scenarios and being complementary for each other. In the aforementioned session, we have proposed that UE centric beam failure recovery should include DL beam failure only and both DL and UL beam failure scenarios. 
As  PRACH resources is dedicatedly reserved for each UE no matter it transmit the beam failure recovery request or not, it will lead to the increase of the overhead if simply relying on PRACH based BFRQ for both of the two scenarios. For instance, in case of non beam correspondence scenario, the probability of both DL and UL beam fails is very low and it is most likely that scenario 1 happens in which PUCCH can work well. As the periodic PUCCH resource for other purpose, e.g. beam reporting will always exist, reusing these PUCCH for transmitting the BFRQ will not consume additional resources. But to provide the robustness in case that when scenario 2 happens and PUCCH cannot work, a certain amount of complementary PRACH resources will also be configured. By reusing existing PUCCH for transmitting the BFRQ, it can greatly reduce the overhead load of UL resources for beam failure recovery request. When gNB configures UE with both PUCCH and PRACH for the BFRQ transmission, UE is not aware of which scenario happens actually but it will simply to follow the configured resource to transmit the BFRQ individually on the two types of UL channels. 
Based on the above discussion, PUCCH based BFRQ can save the overhead efficiently. On the other hand, PUCCH has more payload than PRACH, thus it can convey more beam information for the beam failure scenario. The PUCCH resource for beam reporting is supposed to carry the beam index and the related beam quality information. For BFRQ, it is also required to report the new identified beam information. Therefore, it is benefical to reuse the PUCCH for beam reporting to transmit the new candidate beam information for beam failure recovery request. Different information state can be considered to distinguish whether it is regular beam reporting or BFRQ.    
Proposal 10: Support reusing PUCCH for beam reporting for transmitting BFRQ.
3.3 Beam Failure Recovery Response (BFRP)
For the blind detection of the NR-PDCCH, the spatial QCL assumption between DL RS antenna port and DMRS antenna port of the corresponding search space of NR-PDCCH should be configured. However, as the previous beam of the configured DL RS associated with the NR-PDCCH has failed, the blind detection of the beam failure recovery response signal cannot be based on the previous configuration. Thus, new spatial QCL assumption with respect to the search space of the beam failure recovery response needs to be specified. 
As illustrated in left hand of Figure 9, if the beam failure request carries the new identified beam information under the assumption of the triggering condition 1, the UE will assume the spatial QCL assumption with the search space of beam failure recovery response is associated with the recommended beam. 
As illustrated in the right figure of Figure 9, for the triggering condition 2 with no recommended beam conveyed on beam failure recovery request, gNB can configure a beam set, for example, with back up beams targeting for the transmission of beam failure recovery response transmission. And the search space of the beam failure recovery response is associated with the configured beam set.
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Figure 9.Search space for beam failure recovery response
Proposal 11: The search space of beam failure recovery response is spatial QCLed with the configured beam set if there is no recommended beam carried on beam failure recovery request.
4 Conclusions

This contribution discusses beam failure detection and beam failure recovery mechanism in NR and we have the following proposals:
Proposal 1: UE centric beam failure recovery should include DL beam failure only and both DL and UL beam failure scenarios.
Proposal 2: The beam number for declaring beam failure should be configurable, e.g. according to different traffic type and scenario. The time window duration for the beam failure detection can be configurable.
Proposal 3: When only CSI-RS is used for new candidate beam identification, support triggering beam failure recovery request transmission when beam failure is detected and candidate beam from a specified CSI-RS subset which is spatially QCLed with SS block is identified at least for the case of indirect association. 

Proposal 4: Triggering condition 2 for beam failure recovery request should be supported.

Proposal 5: Both FDMed and CDMed manner between RACH resource and beam failure recovery request resource should be supported.
Proposal 6: Support UE to transmit beam failure recovery request on multiple beams.
Proposal 7: The new identified beam index includes at least a CSI-RS beam index, e.g., CRI. 

Proposal 8: Support signaling of an association between CRIs and BRACH block indexes. The association may be a direct association between absolute CRIs and absolute BRACH block indexes, or an indirect association between CRIs and BRACH block indexes relative to a common reference signal.

Proposal 9: For CSI-RS used for new candidate beam identification, support gNB to indicate the relative reference signal it is spatially QCLed with (e.g., CSI-RS for L3 mobility, or certain wide-beam CSI-RS, or SS block), at least for the case of indirect association. 

Proposal 10: Support reusing PUCCH for beam reporting for transmitting BFRQ.
Proposal 11: The search space of beam failure recovery response is spatial QCLed with the configured beam set if there is no recommended beam carried on beam failure recovery request.
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