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Introduction
The function of downlink radio link monitoring (RLM) is to monitor the downlink signal quality of the primary serving cell/TRPfor the purpose of indicating out-of-sync or in-sync status to higher layers. NR RLM for NR was discussed in RAN1#89 with the following agreements:
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 determine 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 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 need 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 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 define 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: 
· RAN1 has made the agreements that PBCH is available for every SS block. So, there is no longer to define the hypothetical PDCCH;
· It should be easier for the UE to define the mapping from BLERs of ‘real’ 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 1: Instead of using hypothetical PDCCH, NR can use NR PBCH as RLM channel. That is, RLM criterion can be from the BLERs of real NR PBCH.
 
RLM reference signals
In LTE, RLM is based on CRS. For NR, CRS is no longer available. Thus, NR RLM needs to use different downlink reference signals. 
NR RLM design will need to support the working environment with multiple RF beams. For supporting NR mobility under multibeam working environment, NR has introduces the synchronization signal (SS) block and the SS block burst. Each SS block includes PSS/SSS/PBCH serving a particular beam direction. Multiple SS blocks can be grouped as a burst of SS blocks for beam sweeping. In this way, the transmission of a SS burst set covers a particular area in one beam sweeping operation. NR UE mobility is based mainly on the measurements of SS blocks.
The default NR SS burst set periodicity for initial cell selection is defined as 20 ms, applicable to all carrier frequencies. For a UE in IDLE or RRC_CONECTED mode, the NR SS burst set periodicity can be configured in the range of {5ms, 10ms, 20ms, 40ms, 80ms, 160ms}. It is reasonable to believe that the network will configure the periodicity of NR SS burst set based on its requirement for supporting UE mobility and RLM. Thus, NR-SSS in SS blocks should be a good candidate for RLM reference signals.
In addition, RAN1 has the agreement that NR-PBCH DMRS can also be used for SS block RSRP if UE can know the power offset of NR-PBCH DMRS and NR-SSS. Therefore, NR-PBCH DMRS can also be used for RLM if UE can know the power offset of NR-PBCH DMRS and NR-SSS.
Proposal 2: NR RLM measurement should be based on the reference signals transmitted in SS blocks 
· Note: NR-PBCH DMRS can also be used for RLM if UE can know the power offset of NR-PBCH DMRS and NR-SSS.

Furthermore, NR network may also configure CSI-RS for RRM measurement for supporting L3 mobility. In this case, CSI-RS may also be used as additional reference signals for improving NR RLM performance.
Proposal 3:  If CSI-RS for RRM measurement for supporting L3 mobility is configured, CSI-RS RRM measurements can also be used together with the reference signals in SS blocks for supporting NR RLM.

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 set 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. 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, it is highly desirable to allow the network to, at least, make the adjustment of the out-of-sync and in-sync thresholds for each UE based on the configured data services.
Proposal 4:  NR RLM should support, at least, the network to make the adjustment of the RLM out-of-sync and in-sync thresholds on top the thresholds determined from the BLERs of PBCH or hypothetical PDCCH channels.


Figure 2. Illustration of NR RLM Design (a)



A more straightforward and simpler approach is to let the network to directly configure the out-of-sync and in-sync thresholds instead of letting the UE to deriving the out-of-sync and in-sync thresholds from the BLERs of the predefined NR PBCH or PDCCH channels. For example, the out-of-sync and in-sync thresholds may be based on the RSRQ or SINR of the SSS. The approach not only provides the freedom for the network to control the out-of-sync and in-sync thresholds according the need of supporting different features, it also make the UE implementation much easier, avoid implementing the mapping from the BLERs of PBCH or hypothetical PDCCH to out-of-sync and in-sync thresholds.
Proposal 5:  NR RLM should consider letting network to configure directly the RLM out-of-sync and in-sync thresholds instead of letting the UE to derive the thresholds from the BLERs of PBCH or hypothetical PDCCH channels.



Figure 3. Illustration of NR RLM Design (b)
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NR RLM/RLF Procedure
Details of RLM procedure and requirements will be defined by RAN2 and RAN4. The following is just an illustration of  a simplified example with Option 3 (Figure 1):

Figure 1. A Example of NR RLM 
1) [bookmark: _Toc470095236]A NR UE in in-sync status periodically performs RLM and determines its in-synch and out-of-sync status with the current serving beam (serving SS-block). It stays with in-sync status, if PBCH BLER is smaller than the preconfigured out-of-sync threshold Qout for PBCH BLER.

2) When the PBCH BLER exceeds the out-of-sync threshold Qout, the UE will  change its status to out-of-sync(a), which means the UE is in the out-of-sync in terms of the serving beam (serving SS-block).

3) A UE in out-of-sync(a) continuously determines the PBCH BLER with the current serving beam (serving SS-block).
a. When the PBCH BLER is larger than the preconfigured in-sync threshold Qin for PBCH BLER in a  evaluation interval, the UE will
i. Increase  the out-of-sync counter, and
ii. Reset the in-sync counter if it is not zero;
b. When the PBCH BLER is smaller than the in-sync threshold Qin, the UE will 
i. Increase the  in-sync counter, and
ii. Reset the out-of-sync counter if it is not zero;
c. The UE will stay in out-of-sync(a) if neither in-sync counter nor out-of-sync counter is larger than the predefined corresponding counter thresholds.

4) A UE in out-of-sync (a) will change its status to in-sync, if the in-sync counter reaches the preconfigured in-sync counter threshold.

5) A UE in out-of-sync (a) will change its status to out-of-sync (b), if the out-of-sync counter reaches the preconfigured out-of-sync counter threshold. The UE will also start a timer for the process of searching other SS-blocks in the same cell (the same SS burst block set).

6) A UE in out-of-sync (b) will stay in the status in out-of-sync (b) status, if it does not find other SS-blocks from the same SS burst block set same cell and the timer for searching other SS-blocks in the same cell does not expire.

7) A UE in out-of-sync (b) will also change its status to in-sync, if the in-sync counter reaches the preconfigured in-sync counter threshold before the timer expires. Also, if the UE detects another SS-block from the serving cell and successfully recovers the beam connection, the UE will also go back to in-sync status. 

8) When the timer for process of searching other SS-blocks expires, the UE enters the RLF status.

9) While in the RLF status, the UE searches for other cells. If founded, the UE will start connection re-establishment. 

10) The UE changes its status back to in-sync if the connection is re-established.

11) The UE enters the RRC_IDLE status if the connection re-establishment fails.

12) While in the RLF status, if the UE cannot find any new cell, the UE finally enters the RRC_IDLE status.

Conclusion
In this paper, we discussed the NR RLM issue, and made the following proposals:
Proposal 1: Instead of using hypothetical PDCCH, NR can use NR PBCH as RLM channel. That is, RLM criterion can be from the BLERs of real NR PBCH.
Proposal 2: NR RLM measurement should be based on the reference signals transmitted in SS blocks 
· NR-PBCH DMRS can also be used for RLM if UE can know the power offset of NR-PBCH DMRS and NR-SSS.

Proposal 3:  If CSI-RS for RRM measurement for supporting L3 mobility is configured, CSI-RS RRM measurements can also be used together with the reference signals in SS blocks for supporting NR RLM.
Proposal 4:  NR RLM should support the network to make the adjustment of the RLM out-of-sync and in-sync thresholds on top the thresholds determined from the BLERs of RLM channel.
Proposal 5:  NR RLM should consider letting network to configure directly the RLM out-of-sync and in-sync thresholds,  instead of letting the UE to derive the RLM out-of-sync and in-sync thresholds from the BLERs of RLM channel.
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