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Introduction
RAN1#89 made the following agreements on radio link monitoring:
Agreement #1 (RAN1#89):
IS and OOS indications are based on SINR-like metric (e.g., hypothetical PDCCH BLER) as in LTE
· SINR-like metric as in LTE represents whether or not UE can receive PDCCH
· FFS: PDCCH in U-SS and/or PDCCH in C-SS
· RS used to derive SINR-like metric is down selected from following options
· Opt.1: CSI-RS
· Opt.2: DMRS for NR-PDCCH in C-SS
· Opt.3: DMRS for NR-PBCH
· Opt.4: NR-SSS
· Opt.5: RS for time/frequency tracking (if separate RS from above is defined for time/frequency tracking)
· FFS: how many options are used
· RAN1 assumes that single IS or OOS is indicated per reporting instance regardless number of beams available in cell. RAN1 has not concluded whether IS/OOS indications for RLF are per cell or not.
· RAN1 plans to provide at least periodic IS/OOS indications.
· FFS: possibility of additional aperiodic IS indication e.g., based on beam failure recovery mechanism.
Agreement #2 (RAN1#89ah-NR):
· The RS used for RLM should have following properties 
· Periodic transmission with short enough periodicity
· Wideband transmission relative to bandwidth of active bandwidth part
· Supporting both single beam and multi-beam operations
· Representing control channel quality
· Both CSI-RS based RLM and SS block based RLM are supported
· FFS: whether or not only a single type of RS is configured to UE for RLM at a time


In this contribution, we discuss radio link monitoring, starting from the LTE procedure. We discuss the reference signal configurations that are relevant to use for RLM, and also discuss how beam recovery should affect RLM/RLF.Agreement #3 (RAN1#89ah-NR):
· The RS used for RLM should have following properties 
· Periodic transmission with short enough periodicity
· Wideband transmission relative to bandwidth of active bandwidth part
· Supporting both single beam and multi-beam operations
· Representing control channel quality
· Both CSI-RS based RLM and SS block based RLM are supported
· FFS: whether or not only a single type of RS is configured to UE for RLM at a time
Agreement #4 (RAN1#89ah-NR):
· NR should strive to provide aperiodic indication(s) based on beam failure recovery procedure to assist radio link failure (RLF) procedure, if same RS is used for beam failure recovery and RLM procedures. 
· Example 1: aperiodic indication(s) based on beam failure recovery procedure can reset/stop T310
· RAN2 can decide specific procedure
· Example 2: aperiodic indication(s) based on failure of beam recovery procedure
· How to use aperiodic indication can be decided in RAN2
· FFS: aperiodic indication(s) based on beam failure recovery procedure to assist RLF procedure if different RS is used
Agreement #5 (RAN1#89ah-NR):
· 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

[bookmark: _Ref178064866]Discussion
In LTE, either the UE or the eNodeB may declare radio link failure (RLF) when they determine that the radio link is broken. There are several situations when RLF should be declared:
· RLC indicates that the maximum number of re-transmissions has been reached
· random access problem indication
· a long period of L1 problems, triggered by so-called out-of-sync indications
In this paper, we will focus on the third type of situation, which is used by the UE to declare RLF.
In LTE, the physical layer in the UE evaluates the DL radio quality every frame [1]. The quality is compared to the thresholds Qin and Qout, which are UE-internal variables, which are defined by relevant tests in [2]. This procedure is known as radio link monitoring (RLM). When the quality falls below Qout, L1 in the UE indicates out-of-sync (OOS) to higher layers in the UE, and when the quality exceeds Qin, L1 in the UE indicates in-sync (IS) to higher layers. The agreement from RAN1#89 states that similar indications will be used also in NR.
In LTE, higher layers in the UE may declare RLF as described in [3], based on the out-of-sync and in-sync indications.
The RLM procedure is designed to discover situation where the network cannot reach the UE with a PDCCH transmission, and by taking appropriate action, the UE then avoids being trapped in a non-reachable state. To estimate the PDCCH quality, the UE relies on the internal quality threshold variables Qin and Qout, which correspond to 2% and 10% block error rate of a hypothetical PDCCH defined in [2].
[bookmark: _Toc347823812][bookmark: _Toc347823993][bookmark: _Toc347824244][bookmark: _Toc477957122]The agreement from RAN1#89 states that the IS and OOS indications should be based on an SINR-like metric, e.g., a hypothetical PDCCH BLER, and that the SINR-like metric should represent whether or not the UE can receive the PDCCH.
In LTE, the usage of the hypothetical PDCCH BLER has been one way of avoiding several of the complications related to the definition of an SINR-like metric. We therefore propose to adopt the same paradigm in NR:
[bookmark: _Toc478021960][bookmark: _Toc478131527][bookmark: _Ref481486720][bookmark: _Toc490045073]In NR, IS and OOS indications are based on the estimated BLER of a hypothetical PDCCH the NW would use to reach the UE.
We thus propose that the LTE principle for out-of-sync and in-sync indications is introduced in NR. As in LTE, UE-internal quality thresholds Qin and Qout may be defined as a tool to generate the indications.
In the agreement from RAN1#89, there was an FFS if the PDCCH is in UE-specific and/or common search space. Here we believe that it is more appropriate and sufficient to talk about the CORESET, as search space details are still to be discussed in 3GPP. 
As the RLM procedure aims at identifying cases where the UE cannot be reached by the NW, the UE should try to predict the quality of the PDCCH the NW would use to reach the UE. In most cases, this would be the PDCCH in the UE-specific CORESET, but if the NW hasn’t configured any UE-specific search space, the common CORESET would be used. Hence, it is difficult to say which CORESET is relevant: the RLM procedure should be general enough to handle any CORESET.
[bookmark: _Ref484083998][bookmark: _Toc490044962]The RLM procedure should be general enough to handle any CORESET.
Another related detail is aggregation level (AL). Search space details will be configured at the same time as the UE-specific CORESET is configured. For the more common CORESET, AL=8 will be supported for sure. For the UE-specific CORESET, the NW can configure the number of blind decodes for different AL. Hence, it’s possible that AL=8 can be configured out of the UE-specific CORESET. The maximum AL will affect how the RS measurement translates into PDCCH BLER.
In LTE, the UE compares CRS measurements to the Qin and Qout thresholds to generate the IS and OOS. This makes very much sense, since as the CRS is used as the demodulation reference signal for PDCCH, there is a close relation between the CRS quality and the PDCCH quality. As the CRS is always transmitted, it becomes very easy for the UE to use it for quality estimation. 
For NR, it has been agreed (agreement #2) that RLM based on CSI-RS and SS block is supported. Using SS will work fine in some cases, and CSI-RS will be more suitable for multi-TRP cells and when strong PDCCH beamforming is used, as described in more detail in [4].
The agreement #2 also raises the issue whether or not a single type of RS is configured to UE for RLM at a time. If we follow the LTE principle, the UE should only monitor either signal: there will be only one type of periodic indications delivered to higher layers. By allowing the UE to monitor both the SS block and the RLM CSI-RS, a mechanism needs to be developed which combines the quality measurements from the two signals to generate the periodic indications, or alternatively allow the two reference signals to provide independent indications, although it’s unclear if that is in accordance with the third bullet in agreement #1, which was also part of an LS response to RAN2. We also note that monitoring multiple signals will lead to additional burden for the UE.
More importantly, the gains of performing RLM based on several signals are questionable. The reasonable usage would be that the UE considers itself in-sync as long as either signal indicates that the UE is in-sync. Keep in mind that the UE should declare RLF if it can reasonably assume that the NW is unable to reach it with a PDCCH transmission. If the UE monitors both the SS block and a CSI-RS, the NW must be prepared to transmit the PDCCH in both SS beams and CSI-RS beams to be sure to reach the UE. In case the UE is configured to monitor only one of the signals, the NW may probe only the beam corresponding to that signal.
So, in summary, allowing the UE to monitor both the CSI-RS and the SS block leads to additional specification efforts, and UE complexity without any additional gains. 
The argument that the NW must be prepared to transmit PDCCH in all beams where it transmits RLM RSs leads to the general conclusion that the number of signals the UE monitors should be minimized. Consider the extreme example that the UE monitors all SS blocks that belong to a cell, and provides in-sync indications based on all of them. Here, the UE would consider itself reachable if any of the SS blocks is good. This would mean that the NW would have to probe all SS beams with PDCCH transmissions to reach the UE, leading to an excessive overhead and high latency. Due to complications associated with monitoring of several RLM RSs, we propose
[bookmark: _Toc490045074]The UE should be configured to monitor either one UE-specifically configured CSI-RS or one SS block with a specific time index.
Relation between RLM/RLF and beam recovery
In the beam management context, a procedure known as beam recovery is being discussed. The procedure has been devised to discover cases where the TRP and the UE have misaligned their beams. In practice, it turns out that RLM and beam failure detection are very similar: both procedures try to assess the ability of the network to reach the UE with a PDCCH. The UE will estimate that ability, using the quality of a periodically transmitted RS, and based on that estimate, the UE will take action. The similarities and differences of the procedures were highlighted in [5]. See also [6] for a description of beam recovery using the latest agreements. For beam failure detection, it has been agreed to use CSI-RS for monitoring RS, while the quality metric has not yet been agreed. NR will thus support a quality monitoring mechanism based on a periodic CSI-RS for beam failure detection. 
Clearly, since both RLM and beam failure detection try to discover the same situation, the relation between them need to be discussed. We note there is a difference in the reference signal used for the monitoring: for RLM, either CSI-RS or the SS block can be used, whereas for beam failure detection, only CSI-RS is possible. We believe that any issues caused by this difference can be avoided by suitable configuration, e.g., the CSI-RS used for beam failure detection can be transmitted in the same beam as the SS block used for RLM.
Since the UE performs RRC reestablishment after RLF, RLF is associated with a large performance penalty. This is the main reason the RLF timer, called T310 in LTE, has been introduced. Also, experience from LTE shows that the UE is often able to establish synchronization during the time the T310 timer is running without any actions from either the network or the UE: the propagation conditions simply get better.  This is yet another reason not to trigger RLF too early.
In contrast, beam recovery actions are relatively quick, and only involves actions on L1/L2. A reasonable configuration is that the beam recovery actions are completed before the RLF timer expires.
In agreement #4 and #5, the relation between RLF and beam recovery are brought up explicitly. The questions are:
· How does a successful beam recovery event affect RLM/RLF?
· How does an unsuccessful beam recovery event affect RLM/RLF?
In agreement #5, there is also a question on how beam recovery is affected by RLF. That issue is discussed in [6].
Impact of successful beam recovery event:
Clearly, if beam recovery succeeds, the UE should start experiencing good link quality, and that change should be detected also in the RLM procedure. In our opinion, if a successful beam recovery event does not lead to a link quality that is detected in the RLM procedure, the RLM procedure or the beam recovery procedure has been badly configured. Hence, we see that it is sufficient that a successful beam recovery provides an indirect impact on the RLM procedure.
Impact of unsuccessful beam recovery event:
As previously noted, the beam recovery procedure should be fast. In contrast, the RLF triggering should be slow to give the UE the possibility to recover, especially considering that RRC reestablishment is a heavy procedure:
[bookmark: _Toc490044963]As in LTE, RLF should be slow to let the UE recover without network actions. 
Observation 2 should hold even after a failed beam recovery attempt: a failed beam recovery attempt holds no information about future propagation conditions. Hence, we propose
[bookmark: _Toc490045075]A failed beam recovery attempt should not lead to that RLF is triggered significantly earlier.


[bookmark: _Hlk490073907]Since beam recovery is fast, it is reasonable to assume that the UE completes beam recovery in a rather short period of time, and that the UE will know after a short period of time that the beam recovery was unsuccessful.  This means that a failed beam recovery attempt must not automatically trigger RLF, or lead to that T310 is started. Any impact beam recovery has on RLM/RLF must be configurable. 
The idea that a failed beam recovery event should directly lead to RLF builds on that there is nothing to do and that RLF is inevitable. As previously mentioned, experience from LTE shows that RLF is not at all inevitable, since hostile propagation conditions in many cases do not last. 
Conclusions
In this contribution, we made the following observations:
Observation 1	The RLM procedure should be general enough to handle any PDCCH search space.
Observation 2	As in LTE, RLF should be slow to let the UE recover without network actions.

Based on the discussion in this contribution we propose the following:
Proposal 1	In NR, IS and OOS indications are based on the estimated BLER of a hypothetical PDCCH the NW would use to reach the UE.
Proposal 2	The UE should be configured to monitor either one UE-specifically configured CSI-RS or one SS block with a specific time index.
Proposal 3	A failed beam recovery attempt should not lead to that RLF is triggered significantly earlier.
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