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Introduction
In RAN1#88, the following agreements were made:
· Beam failure event occurs when the quality of beam pair link(s) of an associated control channel falls low enough (e.g. comparison with a threshold, time-out of an associated timer). Mechanism to recover from beam failure is triggered when beam failure occurs
· Note: here the beam pair link is used for convenience, and may or may not be used in specification
· FFS: whether quality can additionally include quality of beam pair link(s) associated with NR-PDSCH
· FFS: when multiple Y beam pair links are configured, X (<=Y) out of Y beam pair links falls below certain threshold fulfilling beam failure condition may declare beam failure 
· FFS: search space (UE-specific vs. common) of the associated NR-PDCCH
· FFS: signaling mechanisms for NR-PDCCH in the case of UE is configured to monitor multiple beam pair links for NR-PDCCH
· Exact definition of such threshold is FFS and other conditions for triggering such mechanism are not precluded
· The following signals can be configured for detecting beam failure by UE and for identifying new potential beams by UE
· FFS the signals, e.g., RS for beam management, RS for fine timing/frequency tracking, SS blocks, DM-RS of PDCCH (including group common PDCCH and/or UE specific PDCCH), DMRS for PDSCH
· If beam failure event occurs and there are no new potential beams to the serving cell, FFS whether or not the UE provides an indication to L3. 
· Note: the criterion for declaring radio link failure is for RAN2 to decide.
· FFS: The necessity of such indication
· NR supports configuring resources for sending request for recovery purposes in symbols containing RACH and/or FFS scheduling request or in other indicated symbols

· 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 how beam failure should be detected and what actions should be performed. In an accompanying contribution [1], we discuss the relation to radio link monitoring.
[bookmark: _Ref178064866]Discussion
In a system where transmission and reception are performed using defined beams, it may happen that the NW and/or the UE fails to update the beams so that communication becomes impossible. In line with previous agreements, the UE should trigger beam recovery to enable the NW to re-establish connection with the UE. Beam recovery contains two distinct parts: 
· Detection that beam failure has occurred.
· Re-establishment of the communication with the NW, i.e., the beam recovery action.
Note that the two sub-procedures are independent, and we will discuss them separately.
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. We call this procedure beam link monitoring. Note that the procedure has some similarities with radio link monitoring, and we elaborate on the comparison in [1].
To perform beam link monitoring, the UE estimates the quality of a hypothetical PDCCH reception. This estimation is based on reception of a certain signal. To provide a good estimate of the PDCCH performance, this signal 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 that signal is SSS transmitted inside the SS block, complemented by a beam indication. As the SS block is transmitted at regular interval, with an allocation that is known to the UE, the SSS fulfils requirement 2. However, NR should support multi-TRP cells, where the same SSS is transmitted from several TRPs. In contrast, the PDCCH will be transmitted from one of the TRPs within one 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: _Toc477855211][bookmark: _Toc477856570][bookmark: _Toc477863998][bookmark: _Toc477870373][bookmark: _Toc478127352][bookmark: _Toc478128208]The signals in the SS block cannot be used to estimate the PDCCH quality in multi-TRP cells.
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: _Toc477855212][bookmark: _Toc477856571][bookmark: _Toc477863999][bookmark: _Toc477870374][bookmark: _Toc478127353][bookmark: _Toc478128209]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. Still, every time the UE receives a PDCCH, it is a clear indication that the NW can reach the UE, and that indication should be taken into account when monitoring the beam quality. 
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, if required. For the purpose of beam link monitoring, we make the following observations:
[bookmark: _Toc477856572][bookmark: _Toc477864000][bookmark: _Toc477870375][bookmark: _Toc478127354][bookmark: _Toc478128210]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]A periodic CSI-RS configuration allows the UE to perform regular monitoring of the beam quality.
The UE would be configured with a specific CSI-RS configuration for beam link monitoring. The configuration would be periodic, with a configurable periodicity. 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, UE-specifically configured CSI-RS will work well. 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]If required, several UEs could use the same CSI-RS resource to perform beam link monitoring.
Based on these observations, we make the following proposal:
[bookmark: _Toc477856576][bookmark: _Toc477856702][bookmark: _Toc477864013][bookmark: _Toc477870381][bookmark: _Toc478127346][bookmark: _Toc478128216]Use a combination of the DMRS PDCCH and a periodic CSI-RS for beam link monitoring. 
Beam recovery actions
Once the UE has triggered beam failure, it should act to re-establish connection with the NW using the beam recovery procedure. The beam recovery procedure should be a L1/L2 procedure, to cater for fast re-establishment, and also in line with previous agreements. Hence, the UE should transmit an uplink signal to notify the NW of the situation, and also to provide the NW with enough information to contact the UE.
The beam recovery signal is transmitted in uplink resource when the TRP can receive it. When the TRP is equipped with a digital beamformer, this task is easy: the NW will simply allocate an uplink slot in the resource grid of the serving cell. Once beam failure has been triggered, the UE simply sends the beam recovery signal in that resource. In this case, the UE has established the frame, slot and OFDM symbol timing during the data communication, and the beam recovery signal is transmitted using the established timing reference. If the UE needs to reacquire timing, it would use the SS block transmissions to do that.
The situation is a little more complicated when the TRP uses analog RX beamforming. The TRP can then only receive an UL signal from one direction at a time. To be sure to receive the signal from any direction, the TRP would need to make an RX beam sweep, and the UE would have to transmit the UL signal when the RX beam points towards the UE. Hence, the UE would have to transmit the beam recovery signal when the TRP points its RX beam towards the UE. 
To enable transmission of PRACH preambles for initial access, the TRP will sweep its RX beam, and the UE can determine the transmission timing of its PRACH preamble by detecting the best (or a good enough) SS. The same method can be used to find the transmission opportunity for the beam recovery signal. 
Hence, we can make the following observation, both for analog and digital TRP beamforming:
[bookmark: _Toc477864003][bookmark: _Toc477870378][bookmark: _Toc478127357][bookmark: _Toc478128213]The SS block can provide timing and beam reference for the transmission of beam recovery signal.
Based on the above observation, we propose:
[bookmark: _Toc477870382][bookmark: _Toc478127347][bookmark: _Toc478128217]The UE should use the best SS block of its serving cell to determine the timing of the beam recovery request transmission.
The discussion about beam recovery is usually performed in the context of analog beamforming, and it is then deemed important to optimize for an analog RX beam sweep. Here, reusing the RX sweep used for initial access is very natural.
However, if the TRP is using digital beam beamforming, the situation is different. Other UL resources become viable alternatives for transmission of the beam recovery request. In fact, it becomes possible to multiplex beam recovery request with any UL 9transmission. We thus observe:
[bookmark: _Toc477864005][bookmark: _Toc477870379][bookmark: _Toc478127358][bookmark: _Toc478128214]Only when analog beam forming is implemented at the TRP, it is reasonable to reuse RACH slots for transmission. With digital TRP beamforming, other options are more relevant. 
Based on the above observation we make the following proposal:
[bookmark: _Toc477864015][bookmark: _Toc477870383][bookmark: _Toc478127348][bookmark: _Toc478128218]The NW can configure the UE to transmit the beam recovery request either in 
a. [bookmark: _Toc477864016][bookmark: _Toc477870384][bookmark: _Toc478127349][bookmark: _Toc478128219]Time/frequency resources that are time-aligned with the time/frequency resources allocated for RACH transmission, or
b. [bookmark: _Toc477864017][bookmark: _Toc477870385][bookmark: _Toc478127350][bookmark: _Toc478128220]Time/frequency resources that are not time-aligned with the time/frequency resources allocated for RACH transmission.
The NW configures the UE to use either option during RRC connection establishment.
To enable fast beam recovery, the NW should be able to identify the UE as soon as the TRP receives the beam recovery request: 
[bookmark: _Toc477864004][bookmark: _Ref477866090][bookmark: _Toc477870380][bookmark: _Toc478127359][bookmark: _Toc478128215]For fast beam recovery, the NW should be able to directly identify the UE sending the beam recovery request.
Another way of stating Observation 8 is that contention resolution mechanisms should be avoided. This is achieved by assigning dedicated resources to each UE that will potentially perform beam recovery. Since only UEs in connected mode will perform beam recovery, there should not be any capacity issue associated with such assignment of resources. Still, the number of beam recovery signals should be large.
As beam recovery is performed to the serving node, the propagation delay should be the same as before beam failure was triggered. Hence, the beam recovery signal may use a normal cyclic prefix. 
To enable transmission of the beam recovery signal in the same time resources as the PRACH preambles are transmitted, the duration of the beam recovery signal cannot be larger than the configured PRACH preambles.
After carefully considering the above aspects, we propose:
[bookmark: _Toc477864018][bookmark: _Toc477870386][bookmark: _Toc478127351][bookmark: _Toc478128221][bookmark: _GoBack]The beam recovery request signal should be PUCCH. 
Conclusion
In section 2 we made the following observations:
Observation 1	The signals in the SS block cannot be used to estimate the PDCCH quality in multi-TRP cells.
Observation 2	The PDCCH DMRS provides the best estimate of the PDCCH quality, but is only transmitted when data is transmitted to the UE.
Observation 3	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.
Observation 4	A periodic CSI-RS configuration allows the UE to perform regular monitoring of the beam quality.
Observation 5	If required, several UEs could use the same CSI-RS resource to perform beam link monitoring.
Observation 6	The SS block can provide timing and beam reference for the transmission of beam recovery signal.
Observation 7	Only when analog beam forming is implemented at the TRP, it is reasonable to reuse RACH slots for transmission. With digital TRP beamforming, other options are more relevant.
Observation 8	For fast beam recovery, the NW should be able to directly identify the UE sending the beam recovery request.

Based on the discussion in section 2 we propose the following:
Proposal 1	Use a combination of the DMRS PDCCH and a periodic CSI-RS for beam link monitoring.
Proposal 2	The UE should use the best SS block of its serving cell to determine the timing of the beam recovery request transmission.
Proposal 3	The NW can configure the UE to transmit the beam recovery request either in
a.	Time/frequency resources that are time-aligned with the time/frequency resources allocated for RACH transmission, or
b.	Time/frequency resources that are not time-aligned with the time/frequency resources allocated for RACH transmission.
Proposal 4	The beam recovery request signal should be PUCCH.
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