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Introduction
The function of radio link monitoring (RLM) is to monitor the downlink signal quality of the primary serving cell/TRP for the purpose of indicating out-of-sync or in-sync status to higher layers. NR RLM for NR was discussed in previous meetings with the following agreements:
	RAN1#90
Agreements:
· 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
Agreements:
· 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



	RAN1#89
Agreements:
· 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.




In the following, we discuss the remaining issues in NR RLM.
NR RLM Design
The function of RLM is to monitor the DL signal quality of the primary cell for the purpose of determining UE out-of-sync or in-sync status. The RLM design should consider the following aspects:
· Criterion (metric) for the determination of the UE’s RLM status: in-sync or out-of-sync;
· Downlink reference signals for getting RLM measurement;
· RLM evaluation approach or procedure.



Figure 1. Illustration of LTE RLM Design

 
NR RLM reference signals
It was agreed in RAN1#NR_AH02 that both CSI-RS based RLM and SS block based RLM are supported. It was left undecided is whether or not only a single type of RS is configured to UE for RLM at a time.
CSI-RS is the UE specific reference signal, while SS block RS is the cell specific reference signal. Different from LTE CRS, which is transmitted at a fixed pattern in terms of time/frequency/density/periodicity, NR SS blocks can be transmitted with different periodicities in time domain, different bandwidth part in frequency domain, different number of SS blocks in different frequency bands, and different beam orientation/and beam width in spatial domain, for difference cells. Similarly, NR CSI-RS transmission may be configured differently for different UEs with different periodicities/transmission and receiving bandwidths/RE densities/beam orientations/and beam widths for different cells/UEs.
Due to the differences between CSI-RS and SS block RS, the received and measurement quality of CSI-RS and that of the SS blocks for a UE can be very different.  Because of the differences in the received signal quality, using CSI-RS based RLM and SS block based RLM may very likely lead to different RLM In-Sync and Out-of-Sync indication for a UE regardless what the RLM metric is used. Therefore, if both CSI-RS based RLM and SS block based RLM are used simultaneously, the network may not know how UE makes the RLM In-Sync and Out-of-Sync indication and based on which reference signals. Furthermore, the network may need to configure the RLF timer and counter differently for CSI-RS based RLM and SS block based RLM. In addition, it is desirable to allow the network to switch the RLM approach for a UE based on the consideration of transmission configuration on SS blocks in a cell and the CSI-RS configuration for the UE. Based on above discussion, it is clear that NR should at least allow the network to configure a single type of RS for the RLM at a time. 
Proposal 1: NR supports at least to configure a single type of RS for RLM at a time.

NR RLM Criterion
First, it is important to define the RLM criterion properly. The criterion should be effective for ensuring RLM performance and also easy to implement in practice. LTE RLM criterion is defined based on hypothetical PDCCH, but not real PDCCH channel. In LTE RLM, UE out-of-sync and in-sync thresholds Qout and Qin are set corresponding to 10% and 2% BLER of, so called, hypothetical PDCCH channel. However, it is in general difficult to find a hypothetical PDCCH that is applicable to all services and deployment scenarios. Thus, one of the main issues with current LTE RLM is that there is no single hypothetical PDCCH can be used for all scenarios, and a new hypothetical PDCCH channels may have to be introduced when a new feature is introduced. For example, when eMTC and NB-IoT were developed, new hypothetical PDCCH channels were introduced.
NR system is expected to be much more complicated than LTE, which is required to work from low to high-frequency bands and support a much wider range of data services with different requirements in service delays, throughputs, reliability etc., with beam forming. Thus, it would be much difficult for NR to follow LTE’s approach to defining RLM criterion based on hypothetical PDCCH channels to support RLM for all of the features. 
To overcome the drawback of using hypothetical PDCCH as RLM channel, one option for NR RLM design is to use NR PBCH as NR RLM channel, and define the UE RLM criterion directly based on the BLER of NR PBCH. That is, the UE determines its out-of-sync and in-sync status based on the comparison of the PBCH BLER of the serving beam with the predefined or configured Qout and Qin thresholds for PBCH BLER. This approach has the following evident advantages: 
· PBCH is available for every SS block. So, there is no longer to define the hypothetical PDCCH;
· The mapping from BLERs of PBCH to Qout and Qin thresholds of the RS measurements from SS blocks since NR PBCH will be clearly defined and included in all SS blocks;
· It would be simple and straightforward in defining the performance requirements. 
· Testing effort can be minimized, since RLM tests may be merged with the NR PBCH performance tests.

Proposal 2: RLM criterion can be defined based on the BLERs of NR PBCH.

RLM evaluation approach
In LTE, UE estimates the downlink radio link quality from CRS for the purpose of RLM. The specification, however, does not define which physical layer measurement is used for the evaluation of the downlink radio link quality. That is, although the specification defines RLM Qout and Qin thresholds corresponding to 10% and 2% BLER of hypothetical PDCCH, it does not define the Qout and Qin thresholds. In TS 36.133, RLM test cases are developed with the use of  SINR levels for the determination of the UE out-of-sync and in-sync. Thus, it is reasonable that in UE implementation the Qout and Qin thresholds are set based on SINR levels and the RLM status is determined based on the comparison of measured SINR with the Qout and Qin thresholds.
In LTE RLM design, the mapping of the 10% and 2% hypothetical PDCCH BLER to the Qout and Qin thresholds is UE purely implementation dependent. The network has actually no control on how the UE gets/sets the thresholds.  Given the facts that the hypothetical PDCCH is fixed in the specification, and the BLER values of the hypothetical PDCCH corresponding to the in-sync and out-of-sync are also fixed, LTE RLM design does not provide the flexibility in supporting different features, such as VoIP. As mentioned before, LTE RLM may have to design different hypothetical PDCCH channels for supporting different features, e.g., new hypothetical PDCCH channels are designed for supporting eMTC. Even so, it is still questionable on whether the fixed hypothetical PDCCH channels defined for eMTC RLM can support eMTC RLM properly under different eMTC configurations, such as different transmission repetitions.
In order to provide the flexibility for NR RLM to support different types of services with different configurations of the control channel, it is highly desirable to allow the network to, at least, make the adjustment of the out-of-sync and in-sync thresholds for a UE based on the configured control/data services.
It is worthy to point out that although the adjustment of the RLM IS/OOS thresholds has the impact on the SINR levels for a UE to send an in-sync and out-of-sync indication, it should have no impact on the distribution of coverage areas between the serving and neighbouring cells. For example, it will not drag a UE under poor RF condition to deep into the service area of a neighbouring cell, and cause significant interference to the neighbouring cell. The reason is that the adjustment of the RLM IN/OOS thresholds has no impact on the handover thresholds, which determine when a UE should be handed over to a neighbouring cell if the UE moves into the coverage area of the neighbouring cell. The adjustment of the RLM IS/OOS thresholds only has the impact on the SINR signals for a UE to main/drop the connection with the current serving cell, but the handover procedure. 
Proposal 3:  NR RLM should support the network to make an adjustment of the RLM out-of-sync and in-sync thresholds on top the thresholds determined by the UE.


Figure 2. Illustration of NR RLM Design



Relation between RLM and Beam Failure/Recovery
UE beam management includes beam failure detection and beam failure recovery. For 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. With current RAN1 working assumption made in RAN1#NR_AH02, after a beam failure is detected, if a candidate beam is identified based on periodic CSI-RS, it will trigger beam failure recovery request transmission. UE monitors a control channel search space to receive gNB response for beam failure recovery request. Beam failure recovery request transmission may be sent by non-contention based PRACH, which uses a resource orthogonal to resources of other PRACH transmissions, at least for the FDM case; or sent by PUCCH. UE may send beam failure recovery request for a certain number of transmissions according to NW configuration. 
In case of unsuccessful recovery from beam failure, UE sends an indication to higher layers, and refrains from further beam failure recovery. The indication can be used to assist RLF procedure, if the same CSI-RS is used beam failure recovery and CSI-RS based RLM procedures. The exact procedure on how to use the indication can be left for RAN2 to decide. 
Another remaining issue is whether the indication of unsuccessful recovery based on CSI-RS can be used to assist SS block based RLM procedures. In our opinion, in case of unsuccessful recovery from beam failure, the communication between the serving cell and the UE is interrupted. So, the indication is useful for RLM/RLF procedure regardless whether the procedure is based on SS blocks RS or CSI-RS. Again, how to use the indication to assist RLM/RLF procedure can be left for RAN2 to decide. 
Proposal 4:  The indication of unsuccessful beam recovery can be used for the RLM/RLF procedure for both CSI-RS based RLM and SS block based RLM. How to use the indication can be decided by RAN2.
Conclusion
In this paper, we discussed the NR RLM issue, and made the following proposals:
Proposal 1: NR supports at least to configure a single type of RS for RLM at a time.
Proposal 2: RLM criterion can be defined based on the BLERs of NR PBCH.
Proposal 3:  NR RLM should support the network to make an adjustment of the RLM out-of-sync and in-sync thresholds on top the out-of-sync and in-sync thresholds determined by the UE from RLM metric.
Proposal 4:  The indication of unsuccessful beam recovery can be used for the RLM/RLF procedure for both CSI-RS based RLM and SS block based RLM. How to use the indication can be decided by RAN2.
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