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Introduction
RAN1#90 made the following agreements on radio link monitoring:
Agreement #1 (RAN1#90):
· NR supports to configure X RLM-RS resource(s)
· One RLM-RS resource can be either one SS/PBCH block or one CSI-RS resource/port
· The RLM-RS resources are UE-specifically configured at least in case of CSI-RS based RLM
· FFS: how to configure RLM-RS resources in case of SS/PBCH block based RLM
· FFS: whether/which the default RLM-RS resource(s) is defined
· FFS: whether configured RLM-RS resource(s) and RS(s) used for beam failure detection are same or different set
· FFS: in case of CSI-RS based RLM, which CSI-RS is used, beam management CSI-RS or L3 mobility CSI-RS
· FFS: if/how to configure interference measurement resource for RLM
· The symbols used for interference measurement can be same or different from the symbol from RLM-RS resource(s)
· When UE is configured to perform RLM on one or multiple RLM-RS resource(s),
· Periodic IS is indicated if the estimated link quality corresponding to hypothetical PDCCH BLER based on at least Y RLM-RS resource among all configured X RLM-RS resource(s) is above Q_in threshold
· FFS: Y is configurable or fixed, and the value, e.g., Y=1
Agreement #2 (RAN1#90):
· Periodic OOS is indicated 
· If the estimated link quality corresponding to hypothetical PDCCH BLER based on all configured X RLM-RS resource(s) is below Q_out threshold
· FFS: The evaluation of OOS takes beam failure recovery procedure into account
· FFS: Aperiodic OOS








Agreement #3 (RAN1#90):
· Hypothetical PDCCH BLER is used as the metric for determining IS/OOS conditions for both SS/PBCH block based and CSI-RS based RLM
· UE assumes same antenna port between hypothetical PDCCH and RS used for RLM
· FFS: UE assumes QCL relationship between PDCCH transmitted in a CORESET and RS configured for the CORESET with respect to spatial, average gain, delay and Doppler parameters

Agreement #4 (RAN1#90):
· NR supports x in-sync BLERs and x out-of-sync BLERs for a hypothetical PDCCH
· The number of different BLER values x in the range of [1 < x <= 3]
· FFS: One or more in-synch BLER and one or more out-of-synch BLER is configured per UE at a time
· FFS: Default one in-synch BLER and one out-of-synch BLER values are used if not configured.
· FFS: the values of the BLERs of for hypothetical PDCCH corresponding to x In-synch and x out-of-synch thresholds

In this contribution, we discuss radio link monitoring, starting from the LTE procedure. In particular, we discuss the FFSs in agreements from previous meetings. Furthremore, we discuss how beam recovery should affect RLM/RLF.
[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. Agreements #1 and #2 state that similar indications will be used also in NR.
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]. 
Now, NR will support the situation where the UE monitors several PDCCHs. To cater for this type of situations, the agreement #1 states that the UE may be configured with multiple RLM RS resources. Agreement #2 states that the UE should indicate out-of-sync if the estimated link quality corresponding to hypothetical PDCCH BLER based on all configured X RLM-RS resource(s) is below Q_out threshold. The remaining open issue is when the UE shall indicate in-sync to higher layers. Since RLM is designed to discover situations when the UE cannot be reached, it is reasonable that the UE indicates in-sync as long as it can be reached via any of the configured PDCCHs. Since the NW will configure the UE with one RLM RS per PDCCH, this condition is equivalent to that the estimated link quality of one of the RLM RSs is above the Q_in threshold. Hence, we propose:
[bookmark: _Toc347823812][bookmark: _Toc347823993][bookmark: _Toc347824244][bookmark: _Toc477957122][bookmark: _Toc492925672]The UE should indicate in-sync if the estimated link quality corresponding to hypothetical PDCCH BLER based on at least 1 RLM-RS resource among all configured X RLM-RS resource(s) is above Q_in threshold. 
In agreement #1, it is stated that NR supports to configure X RLM-RS resource(s). Hence, the NW configures the UE with X resources for RLM during connection setup or resume. In most cases, the NW will configure the UE with only one resource, i.e., X=1. That RLM RS will be transmitted using the same beam the NW would use to reach the UE with a PDCCH transmission. By estimating the quality based on the RLM RS, the UE will be able to estimate the BLER of the corresponding PDCCH with reasonable accuracy.
The fixed thresholds (corresponding to 2% and 10% BLER) used in LTE are not always suitable. Experience has shown that there are services (e.g., VoLTE) that can sustain sufficient quality at PDCCH BLER levels which will generate OOS indications, and in the causing RLF. To avoid this issue, agreement #4 introduced the notion of having more than one BLER threshold. We believe that it would be useful to introduce some more flexibility in this respect, while still considering UE complexity and RAN4 impact. Therefore, we propose:
[bookmark: _Toc492925673]Introduce two pairs of quality thresholds for IS/OOS indications. The first pair of thresholds correspond to 2% and 10%. The BLER values corresponding to the second pair of thresholds are FFS.
Agreement #3 states that the BLER of a hypothetical PDCCH will be used as metric in RLM. The UE will estimate an internal quality measure, which takes both signal strength and interference into account. In agreement #1, one question was raised on how the UE estimates the interference, or in particular if any interference measurement resources are needed. Such interference measurement resources (IMR) have been defined for link adaptation. In these resources, the network would transmit anything, to let the UE measure only interference. The main option however is to estimate the interference from the residuals in the resources where signal strength is measured. The accuracy of this approach is generally good enough if the SINR is not very high. 
To investigate the need for separate interference measurement resources, link simulations have been performed to compare the SINR estimation accuracy with and without dedicated interference measurement resources. In this simulation, the SS-SINR [3]  has been estimated. 
Figure 1a presents SS-SINR estimation quality performance comparison when noise+interference is estimated on the SSB REs. The accuracy is compared to the case when the noise+interference is estimated on dedicated interference measurement REs. The results were obtained for a moderately dispersive propagation channel with 300 ns RMS delay spread. The figure depicts the 50- and 75-percentiles of the absolute SS-SINR estimation error magnitude in dB as a function of the true average SINR of the SSB symbols REs. 20 MHz carrier BW at 15 kHz subcarrier spacing was configured and the PSS and SSS fields at OFDM symbols 1 and 3 during the SSB were used for measurements. The channel estimation filter length in the F-domain was optimized for low-SINR operation. The estimation error values were quantized to 0.1 dB steps. 
The SS-SINR estimation error is dominated by the RSRP estimation error, predominantly due to fading variations between the measured SSB interval and the entire SSB symbol. Figure 1b presents the corresponding noise+interference measurement performance curves, seen to contribute minimally over most of the operating range. In the evaluation setup, a frequency-flat noise+interference component was used. While the absolute SS-SINR estimation inaccuracy may be increased when fading interference in introduced, the relative performance comparison of the SSB RS and dedicated RE approaches is not expected to change.
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[bookmark: _Ref492898824]Figure 1. SS-SINR measurement performance evaluation.

Summarizing the observations, separate interference measurement resources provide noticeably improved estimation accuracy only for very high SINR levels. E.g., if the actual SINR is in the order of 20dB or above – an unusual operating point for RLM – interference measurement resources may provide worthwhile measurement accuracy improvements. However, in typical scenarios where RLM is important, the actual SINR is well below 5dB, and here interference measurement resources do not contribute to improved accuracy. Therefore, we propose
[bookmark: _Toc492925674]The UE estimates interference in the resource elements where the RLM RS resource, i.e., no dedicated interference measurement resources are defined for RLM purposes.
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 [4]. See also [5] 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. 
When the UE has declared beam failure, it will search for new candidate beams, and try to reconnect to the same cell. In essence, the UE will perform a random access to its own cell, using dedicated contention-free PRACH. The UE will retransmit the PRACH if no response is received, and may also apply power ramping. 
In contrast to RLF, beam recovery actions are relatively quick, and only involves actions on L1/L2. A reasonable configuration is that the UE may declare beam failure after 100ms, and complete the PRACH transmissions after another 100ms. These intervals are much shorter than the duration of a typical RLF event, defined by the N310 (the number of OOS indications) and T310 (RLF timer) parameters in LTE. 
There has been a discussion how beam recovery should interact with RLM/RLF. As the beam recovery procedure, and the failure of beam recovery, are still undefined, it is still premature to decide on any impact on RLM/RLF. Therefore, we propose
[bookmark: _Toc492925675]Do not define any impact of the beam recovery procedure on RLM until the details for beam recovery have been clarified.
At best, any such impact is an RLF optimization, which should only be considered once the foundation of the RLM procedure has been established to some level of detail.
While discussing the potential impact of beam recovery on RLF, there are a few aspects that should be considered.
Clearly, successful beam recovery should lead to that the connection quality is improved. With any reasonable configuration, the UE should start generating in-sync indications after successful beam recovery. Of course, this requires that the UE continues to monitor the RLM RSs also during beam recovery:
[bookmark: _Toc492925676]The UE shall always monitor the RLM RSs and generate in-sync and out-of-sync indications, irrespective of any events related to beam failure or beam recovery.
If the UE performs this monitoring, the improved link quality resulting from the beam recovery procedure would show up in the RLM procedure without any explicit indications.
Regarding unsuccessful beam recovery, it is important to remember that RAN1 has not yet defined the term. Still, it is relevant to study the LTE RLF procedure in some detail. 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 RLF declaration is controlled by a configurable timer (T310). While the timer is running, the UE is continuously monitoring the radio quality by providing in-sync and out-of-sync indications. If a number of in-sync indications have been generated by L1 while T310 is running, higher layers in the UE will stop and reset T310, and consider the radio connection to have been restored.
[bookmark: _Toc492925670]In LTE, the UE is able to recover while T310 is running.
Since the UE performs cell reselection and RRC reestablishment after RLF, RLF is associated with a large performance penalty. This is the main reason the RLF timer 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.
For NR, avoiding too early RLF must be a priority when defining the interaction between the beam recovery and RLM procedures. The possibility for the UE to restore the connection without intervention must be maintained in NR, to avoid that the UE declares RLF significantly earlier
[bookmark: _Toc492925671]A failed beam recovery must not lead to that RLF is triggered before the UE is given the possibility to recover on its own.
At the very least, the network must be able to control the time when the UE declares RLF. 
[bookmark: _Toc492925677]If any explicit interaction is introduced between beam recovery and RLF, the network must be able to control the time when the UE declares RLF, e.g., by introducing a timer.
[bookmark: _Hlk490073907]This means that a failed beam recovery 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	In LTE, the UE is able to recover while T310 is running.
Observation 2	A failed beam recovery must not lead to that RLF is triggered before the UE is given the possibility to recover on its own.

Based on the discussion in this contribution we propose the following:
Proposal 1	The UE should indicate in-sync if the estimated link quality corresponding to hypothetical PDCCH BLER based on at least 1 RLM-RS resource among all configured X RLM-RS resource(s) is above Q_in threshold.
Proposal 2	Introduce two pairs of quality thresholds for IS/OOS indications. The first pair of thresholds correspond to 2% and 10%. The BLER values corresponding to the second pair of thresholds are FFS.
Proposal 3	The UE estimates interference in the resource elements where the RLM RS resource, i.e., no dedicated interference measurement resources are defined for RLM purposes.
Proposal 4	Do not define any impact of the beam recovery procedure on RLM until the details for beam recovery have been clarified.
Proposal 5	The UE shall always monitor the RLM RSs and generate in-sync and out-of-sync indications, irrespective of any events related to beam failure or beam recovery.
Proposal 6	If any explicit interaction is introduced between beam recovery and RLF, the network must be able to control the time when the UE declares RLF, e.g., by introducing a timer.
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