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Introduction
In RAN1#88b, the following agreement was made on beam failure:
Agreements A#1: 
· 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

The following agreements have also been made:



Agreements A#2 (RAN1#88b)
· Association between one or multiple occasions for SS block and a subset of RACH resources and/or subset of preamble indices is informed to UE by broadcast system information or known to UE or FFS dedicated signaling
· FFS gNB can configure an association between CSI-RS for L3 mobility and a subset of RACH resources and/or a subset of preamble indices, for determining Msg2 DL Tx beam
Agreements A#3: : (RAN1#88)
· The following mechanisms should be supported in NR:
· The UL transmission to report beam failure can be located in the same time instance as PRACH:
· Resources orthogonal to PRACH resources 
· FFS orthogonal in frequency and/or sequences (not intended to impact PRACH design) 
· FFS channels/signals 
· The UL transmission to report beam failure can be located at a time instance (configurable for a UE) different from PRACH
· Consider the impact of RACH periodicity in configuring the UL signal to report beam failure located in slots outside PRACH
· FFS the signal/channel for the UL transmission
· Additional mechanisms using other channels/signals are not precluded (e.g., SR, UL grant free PUSCH, UL control)

In this contribution, we provide further details on the four steps in the beam recovery process.
[bookmark: _Ref178064866]Discussion
In RAN1#88b, it was agreed to consider the following four aspects on beam recovery
· Beam failure detection
· New candidate beam identification
· Beam failure recovery request transmission
· UE monitors gNB response for beam failure recovery request

We will describe each aspect in a separate subsection.
Beam failure detection
Beam failure occurs when the NW is no longer able to reach the UE with a control channel due to incorrect adjustment of the beams. The UE detects this situation by estimating the quality of a hypothetical PDCCH reception transmitted over a beam the NW would use to reach the UE. Note that the beam failure detection procedure has some similarities with radio link monitoring, and we elaborate on the comparison in [1]. See also [2] for a discussion on radio link monitoring in particular.
To perform beam failure detection, the UE estimates the quality of a hypothetical PDCCH reception. This estimation is based on reception of a certain signal, the beam failure detection RS. To provide a good estimate of the PDCCH performance, the beam failure detection RS should fulfill the following requirements:
1. Should be possible to estimate quality of a hypothetical PDCCH reception, i.e., the properties of the signal should match those of the PDCCH
2. It should be transmitted to the UE at regular intervals.
One natural candidate for the beam failure detection RS is the SSS transmitted inside the SS block, complemented by a beam indication in PBCH. As the SS block is transmitted at regular interval, with an allocation that is known to the UE, the SSS fulfils requirement 2. If the transmission scheme of the SS matches the transmission scheme of the PDCCH, then SS may be used for beam failure detection. 
[bookmark: _Ref481486665]If the PDCCH is transmitted with the same spatial and frequency characteristics as the SS block, one of the SS blocks of the serving cell can be used for beam failure detection.
Note that we in Observation 1 state that it is one specific SS block. If one TRP transmits several SS blocks, in different beams, with different time indices conveyed in the PBCH, the UE should monitor one specific SS block, and not all of them.
However, NR should support multi-TRP cells, where the exact same SSS is transmitted from several TRPs. In contrast, the PDCCH will be transmitted from one of the TRPs within a cell. Hence, it will not be possible to estimate PDCCH quality based on the SSS: in fact, if a UE moves from one TRP to another within the same cell, it may not notice any issue with the SSS quality, even though the NW is unable to reach it. The situation is illustrated in Figure 1:
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Figure 1: Illustration of a situation where SSS cannot be used to detect beam failure. When the UE moves from the coverage area of TRP1 to the coverage area of TRP2, the UE cannot declare beam failure based on SS, since the SS quality is very good near TRP2.

Hence, we make the following observation:
[bookmark: _Ref481607790]The signals in the SS block cannot always be used as the beam failure detection RS, since they cannot be used to estimate the PDCCH quality in multi-TRP cells.
It is thus clear that we need another signal to estimate the hypothetical PDCCH quality.
Clearly, to estimate the PDCCH quality, the best signal to measure on is the PDCCH itself, and in particular the DMRS in the PDCCH. However, the PDCCH DMRS is only transmitted in conjunction with DL data.  
[bookmark: _Ref481607792]The PDCCH DMRS provides the best estimate of the PDCCH quality, but is only transmitted when data is transmitted to the UE.
Avoiding the limitation of in-frequent transmission of the PDCCH DMRS could be avoided by transmitting dummy PDCCHs to the UE at regular intervals. However, that approach may lead to large overhead, since no data could be transmitted in the slot. Moreover, making sure that PDCCH are transmitted to all UEs with certain intervals may consume resources at the network side. 
The main reference signal used for beam management is the CSI-RS. The CSI-RS can be flexibly configured, regarding allocation and spatial transmission pattern. It is possible to have aperiodic, semi-persistent and periodic allocations. A UE can be configured to measure on one or several CSI-RS resources, and several UEs can be allocated to measure on the same CSI-RS resource. For the purpose of beam link monitoring, we make the following observations:
[bookmark: _Toc477856572][bookmark: _Toc477864000][bookmark: _Toc477870375][bookmark: _Toc478127354][bookmark: _Toc478128210][bookmark: _Ref481607793][bookmark: _Ref481608132]A UE-specifically configured CSI-RS can be transmitted in a way that matches the way the PDCCH is transmitted, both in the spatial domain (beam forming) and frequency domain. 
[bookmark: _Toc477856573][bookmark: _Toc477864001][bookmark: _Toc477870376][bookmark: _Toc478127355][bookmark: _Toc478128211][bookmark: _Ref481607796][bookmark: _Ref481608138]A periodic CSI-RS configuration allows the UE to perform regular monitoring of the beam quality.
Note that compared to a dummy PDCCH, the CSI-RS can be made sparser both in frequency (RE-level comb structure) and in time (only a single OFDM symbol).
The UE would be configured with a specific CSI-RS resource for beam failure detection. The configuration would be periodic, with a configurable periodicity and offset. The frequency allocation of the CSI-RS would be selected to match the frequency allocation the network would use to transmit a PDCCH to that UE. The same, or similar, beamforming pattern would be used to transmit the CSI-RS as the network would use to reach the UE.
As long as a small or moderate number of UEs are active in the cell, different UEs can be configured with different CSI-RS. However, for a large number of UEs, the overhead may become an issue. In this case, several UEs could share the same CSI-RS resource for beam link monitoring:
[bookmark: _Toc477856574][bookmark: _Toc477864002][bookmark: _Toc477870377][bookmark: _Toc478127356][bookmark: _Toc478128212][bookmark: _Ref481607798][bookmark: _Ref481607861][bookmark: _Ref481608144]If required, several UEs could use the same CSI-RS resource to perform beam failure detection.
[bookmark: _Toc477855212][bookmark: _Toc477856571][bookmark: _Toc477863999][bookmark: _Toc477870374][bookmark: _Toc478127353][bookmark: _Toc478128209]Based on these observations, and taking into account that we want to limit the number of options we standardize, we make the following proposal:
[bookmark: _Ref481486762]In NR, the UE uses measurements on a specific CSI-RS resource to detect beam failure.
Note that in any case, the UE monitors only a single resource. The network may transmit the corresponding reference signal as part of a beam sweep, but that is transparent to the UE. Also note that the network decides in which beam to transmit the CSI-RS.
Irrespective of which beam failure detection RS is used, a mechanism is needed to trigger beam failure. The final decision of the trigger mechanism may be decided by RAN2, but RAN1 should decide on how the UE quantifies the quality of an individual reception of the beam failure detection RS. The quality criterion should be easy to test, and map well to a hypothetical PDCCH quality. These requirements have already been considered for radio link monitoring in LTE, and we propose to use a similar estimation mechanism for beam failure detection:
[bookmark: _Ref481608294]The quality of the beam failure detection RSs is mapped to out-of-sync and in-sync indications, like the radio link monitoring procedure in LTE.
Note that this does not mean that the triggering conditions for beam failure and radio link failure are the same. In contrast, radio link failure should be triggered much later than beam failure. However, the two procedures should rely on the same L1 indications. The design of the beam failure detection criterion will be decided by RAN2.
New candidate beam identification
Once the UE has declared beam failure, it should try to reconnect to the network. To do this, the UE will need to identify a new candidate beam, by performing measurements on a beam identification RS. Note that, the UE may identify candidate beams already before declaring beam failure. 
The UE will use the beam identification RS to identify a new DL beam. The UE will also use the beam identification RS to derive the parameters of the beam recovery signal described in section 2.3. In particular, the UE will need to use the beam identification RS to find the time instances mentioned in the agreement from RAN1#88 when the beam recovery signal should be transmitted. 
The agreement regarding the use of SS block for new candidate beam identification is conditioned on that the SS block is used in beam management. In our opinion, this is already agreed. The SS block can be used for P1 beam management during initial access, and the UE may use explicit or implicit reporting of the SS block identity using different RACH resources. Hence, we observe: 
[bookmark: _Ref481607871]Beam management based on SS block is already supported in NR during the initial access procedure, i.e. the P1 procedure may rely on the SS block.
[bookmark: _Ref481607876]Candidate beam identification based on SS block is already standardized in NR as part of the initial access procedure.
Hence, as the relevant procedures for candidate beam identification based on SS block is already agreed, we propose to reuse that functionality for this purpose. Note that we are not proposing any new procedure, simply that we don’t specify something in addition now. In contrast, mapping between CSI-RS resource and RACH resource is FFS, as indicated in the agreement. In line with previous agreements and to reuse already agreed functionality, we thus propose:
[bookmark: _Ref481608302]It should be possible to use the SS block as beam identification RS.
Beam failure recovery request transmission
Once the UE has identified a new candidate beam, it sends a beam failure recovery request in the resource configured by the network. As agreed in A#3, this UL transmission can be located in the same or different time instance as PRACH. The understanding is that the beam failure recovery request is transmitted in a resource that is orthogonal to the normal PRACH transmissions, either by using TDM or FDM. Hence, there is no impact on the RACH capacity.
According to agreement A#1, RAN1 should down-select from the following options 
· PRACH
· PUCCH, or
· PRACH-like
Using PRACH as the beam failure recovery request has the advantage that it is very easy to allocate it in the same time slot as PRACH, since the length is the same by design. The longer cyclic prefix of PRACH leads to that it is possible to handle larger differences in propagation delays, but also leads to that fewer identities are available. The opposite applies for PUCCH: it does not have the same length as PRACH by design, and it is less robust to differences in propagation delays. On the other hand, more identities will be available. In addition, PUCCH will have a larger bandwidth flexibility than PRACH.
When the UE has identified a new candidate beam, it may be that the signal to/from the new beam will travel through a different path to the UE compared to the old beam. If the signal reaches the UE via a reflection, the propagation delay will be different. In many cases, the difference in propagation delay will be small, but it is not unlikely that the difference will be significant. One such example is illustrated in Figure 2.
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[bookmark: _Ref481409249]Figure 2: Results from a field test with beam switching. Approximately at t=35s, the gNB changes its Tx beam. When this happens, the propagation delay changes abruptly with 0.7 us. This is larger than the cyclic prefix at 120kHz sub-carrier spacing, which would make it difficult for the UE to synchronize to the newly received beam.
The beam switch illustrated in Figure 2 results in a large change in propagation delay. If the beam recovery request was sent in a new beam at t=35.5s using the timing from the old beam, the cyclic prefix of the PUCCH would be insufficient to absorb the difference in propagation delay. Hence, we can observe
[bookmark: _Ref481607884]A longer cyclic prefix may be required to handle differences in propagation delays between old and new beams.
In principle, if PUCCH is used as the beam recovery request signal, more identities will be available. However, even when PRACH is used, there are many identities available. Several capacity examples are available in [3], where it is shown how the PRACH can be increased by using more time/frequency resources in a flexible way. Note that even if only the smallest possible time/frequency resource is allocated, there are 70 preambles available, and each of these preambles can be cyclically shifted 2 or 4 times, depending on the considered cell size. Using the more conservative setting, 140 different identities will be available. As only a small fraction of the connected UEs will perform beam recovery, it is reasonable to think that 140 identities will be more than sufficient. We can thus observe
[bookmark: _Ref481607893]Even though PUCCH in theory provides more identities due to its shorter cyclic prefix, the number of identities provided by PRACH is sufficient.
Since we have observed that the longer cyclic prefix may be needed in some cases, and that the number of identities available with PRACH is sufficient, we propose
[bookmark: _Ref481608314]The beam recovery request signal should be PRACH.
Beam failure request acknowledgement
Although the higher layer aspects of the beam recovery request signal transmission procedure may be handled by RAN2, it is reasonable to assume that the UE will retransmit the recovery signal unless some condition is fulfilled. This is required to handle the situation where the network simply failed to detect the recovery signal, e.g., due to that the UE was in a fading dip. Therefore, it is natural that the UE repeats the recovery signal transmission, until the network acknowledges the recovery signal reception, or until a predetermined maximum number of transmissions has been performed. We thus observe:
[bookmark: _Ref481607903]The NW must provide a beam recovery acknowledgement to the UE at least to stop additional transmission of the beam recovery request signal.
Remember that the beam recovery process is intended to reestablish the connection between the network and the UE. When the NW has received the recovery signal, it has all the information it needs to reach the UE: the UE has found a DL TX beam that is good enough, and adjusted its RX beam to that DL beam. By transmitting the recovery signal, the UE informed the network of this DL TX beam, and the network can simply use that at the next scheduling instance, respecting, e.g., the DRX cycle: 
[bookmark: _Ref481608203]After receiving the beam recovery signal, the network has all the necessary information to contact the UE.
The network must now inform the UE that the connection has been reestablished, and this is the purpose of the beam recovery acknowledgement signal:
[bookmark: _Ref481608213]After receiving the beam recovery acknowledgement, the UE should understand that the connection has been reestablished.
When the UE receives the beam recovery acknowledgement, the UE would reset all counters related to beam failure detection, and consider its beams to be recovered.
Clearly, the beam recovery acknowledgement signal must indicate which UE transmitted the recovery signal; in a sense, it provides contention resolution. As the UE has obtained synchronization from the beam identification RS, it is possible to directly transmit a PDCCH towards the UE. As the UE is in connected mode, the same identifier can be used.
[bookmark: _Ref481608327]The beam recovery acknowledgement is at least a PDCCH, which identifies a UE that transmitted the beam recovery signal.
Note that when the network has received the beam recovery signal and the UE has received the beam recovery acknowledgment signal, the communication link has been reestablished, and both network and UE are aware of that. Hence, the UE has recovered from beam failure, and any beam management procedure may be applied, including beam refinement using any procedure. However, there is no reason to define any special procedure following the successful reestablishment of the connection. E.g., there is no reason to provide an optimized way to perform any beam refinement.
Conclusions
In this contribution we made the following observations: 
1. If the PDCCH is transmitted with the same spatial and frequency characteristics as the SS block, one of the SS blocks of the serving cell can be used for beam failure detection.
1. The signals in the SS block cannot always be used as the beam failure detection RS, since they cannot be used to estimate the PDCCH quality in multi-TRP cells.
1. The PDCCH DMRS provides the best estimate of the PDCCH quality, but is only transmitted when data is transmitted to the UE.
1. A UE-specifically configured CSI-RS can be transmitted in a way that matches the way the PDCCH is transmitted, both in the spatial domain (beam forming) and frequency domain.
1. A periodic CSI-RS configuration allows the UE to perform regular monitoring of the beam quality.
1. If required, several UEs could use the same CSI-RS resource to perform beam failure detection.
1. Beam management based on SS block is already supported in NR during the initial access procedure, i.e. the P1 procedure may rely on the SS block.
1. Candidate beam identification based on SS block is already standardized in NR as part of the initial access procedure.
1. A longer cyclic prefix may be required to handle differences in propagation delays between old and new beams.
1. Even though PUCCH in theory provides more identities due to its shorter cyclic prefix, the number of identities provided by PRACH is sufficient.
1. The NW must provide a beam recovery acknowledgement to the UE at least to stop additional transmission of the beam recovery request signal.
1. After receiving the beam recovery signal, the network has all the necessary information to contact the UE.
1. After receiving the beam recovery acknowledgement, the UE should understand that the connection has been reestablished.
Based on the discussion in this contribution we propose the following:
1. In NR, the UE uses measurements on a specific CSI-RS resource to detect beam failure.
1. The quality of the beam failure detection RSs is mapped to out-of-sync and in-sync indications, like the radio link monitoring procedure in LTE.
1. It should be possible to use the SS block as beam identification RS.
1. The beam recovery request signal should be PRACH.
1. The beam recovery acknowledgement is at least a PDCCH, which identifies a UE that transmitted the beam recovery signal. 
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