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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. 
In LTE, UE accesses the radio link quality against out-of-sync and in-sync thresholds (Qout and Qin), and then indicate out-of-sync to higher layers when the radio link quality is worse than the threshold Qout, or indicate in-sync if better than the threshold Qin[1,2]. The RLM Qout and Qin thresholds are determined by the mapping 10% and 2% hypothetical PDCCH BLERs to CRS RSRP levels. How to map the 10% and 2% hypothetical PDCCH BLERs to RSRP levelss is not defined in the standard, but UE implementation dependent. 
In NR, it is also important to define RLM function properly. In the following, we will discuss the general framework of 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. In LTE, UE out-of-sync and in-sync status is defined corresponding to 10% and 2% hypothetical PDCCH BLER. However, the determination of out-of-sync and in-sync status  is not directly based on the PDCCH BLER, but based on the comparison of CRS RSRP measurements with the Qout and Qin thresholds. The mapping of the 10% and 2% hypothetical PDCCH BLER to the Qout and Qin thresholds is UE implementation dependent. 
There are a number of main drawbacks in the LTE approach. First, , it is difficult to define the proper hypothetical PDCCH, since no hypothetical PDCCH can be applicable to all deployment scenarios. Second, the network has no knowledge of the mapping from 10% and 2% hypothetical PDCCH BLER to the Qout and Qin thresholds, since it is UE implementation dependent. In addition, it is also difficulty to define the suitable performance requirements and test cases to ensure UE implement the RLM properly for various deployment scenarios. Consider these drawbacks in LTE RLM design and also there is no CRS available in NR, it is important for NR to carefully reconsider the RLM design and develop a simpler and more efficient method than LTE.
Proposal 1: NR RLM design should be effective and easy to implement and test.
NR RLM design will need to consider the support of multibeam working environment. For supporting initial access under NR multibeam working environment, the concept of synchronization signal (SS) block, the burst of SS blocks and the SS burst set was introduced. Each SS block includes PSS/SSS/PBCH transmitted in a particular beam direction. Multiple SS blocks can be groups as a burst of SS blocks for the transmission of the directions of multiple beams. In general, the transmission of a SS burst set is used to cover a particular area in one beam sweeping operation. The default NR SS burst set periodicity  for initial cell selection is defined as 20 ms, applicable to all carrier frequencies [3]. It implies that all stand alone (SA) cells will have 20ms, or shorter, SS burst set periodicity. Therefore, the NR SS design provides UE the opportunity to measure the PSS/SSS/PBCH at least once for every 20 ms for each beam.
For LTE, the evaluation durations for out-of-sync and in-sync are 200 ms and 100 ms respectively when no DRX is configured with at least two RSRP measurements are required for the evaluation. If we assume NR adopts the same evaluation durations for out-of-sync and in-sync, there will be at least 10 and 5 measurement opportunities for the UE to measure the PSS/SSS/PBCH from the SS blocks for each beam for the evaluation of out-of-sync and in-sync in the evaluation durations. In another word, the NR SS design provides enough number of PSS/SSS/PBCH transmissions for the support of evaluating its out-of-sync and in-sync status in NR RLM under multibeam working environment.
Proposal 2: NR RLM can be based on the measurement of SS block information, since the default NR SS burst set periodicity of 20ms for initial cell selection provides enough measurement opportunities for UE to perform RLM in the  the out-of-sync and in-sync evaluation periods. 
In LTE, RLM is designed based on CRS RSRP measurements. For NR, CRS is no longer available. Thus, NR RLM  needs to use different DL signal. In each SS block, there will be PSS/SSS/PBCH. Consider that PSS/SSS is available at least  every 20ms in the SS block, i.e., each beam direction, one of the options to design  NR RLM is based on PSS/SSS signals. The thresholds of out-of-sync and in-sync will be then defined or configured based on the SS block RSRP. The UE will determine its out-of-sync and in-sync based on the maximum of measured SS block RSRP from all measured beams, i.e., all SS blocks in the SS burst set. 
Option 1: NR RLM design is based on the SS-block RSRP measurements. UE determines its out-of-sync and in-sync status based on the direct comparison of the SS-block RSRP measurement from the serving beam, with the predefined or configured Qout and Qin thresholds for SS-block RSRP.
For NR, it was agreed that for CONNECTED mode, CSI-RS for RRM measurement can be used for supporting L3 mobility. Thus, if NR CSI-RS for RRM measurement for L3 mobility is configured, NR RLM design in Option 1 may be extended to use both SS-block RSRP  and CSI-RS RSRP.
Option 2: If NR CSI-RS for RRM measurements is configured, NR RLM design can be based on both of SS-block RSRP and CSI-RS RSRP measurements. UE determines its out-of-sync and in-sync status based on the comparison of the maximum of SS-block RSRP and CSI-RS RSRP measurement from the serving beam with the predefined or configured Qout and Qin thresholds.
There are multiple advantages of the NR RLM design based on Option 1 or Option 2: 
· There is no longer to define the hypothetical PDCCH; 
· The network may have direct control of the  Qout and Qin thresholds. No need to define the mapping from hypothetical PDCCH BLER to Qout and Qin thresholds of the RS measurements; 
· Simple for UE implementation without the need to implement the mapping of PDCCH BLER to Qout and Qin thresholds; and 
· Simple and straightforward in defining the performance requirements and test cases.

There is, however, one common drawback with Option 1 and Option 2. In practice, not all UEs can work properly and maintain the connection under the same downlink reference signal link quality. For a given SS block RSRP level, one UE may be able to detect the control and data channel and maintain the connection , while another UE may not be able to maintain the connection at all. To overcome the drawback, another option is to define the UE out-of-sync and in-sync directly based on the PBCH decoding performance, instead of RSRP measurements. 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;
· No need to define the mapping from hypothetical PDCCH BLER to Qout and Qin thresholds of the RS measurements as required in LTE;
· It is 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.

Option 3: NR RLM design can be based on the PBCH detection performance. UE determines its out-of-sync and in-sync status based on the comparison of the PBCH BLER from the serving beam with the predefined or configured Qout and Qin thresholds.
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):
[image: ]
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: NR RLM design should be effective and easy to implement and test.
Proposal 2: NR RLM should be developed with one of the following options:
· Option 1: NR RLM design can be based on the SS-block RSRP measurements. UE determines its out-of-sync and in-sync status based on the direct comparison of the SS-block RSRP measurement from the serving beam, with the predefined or configured Qout and Qin thresholds for SS-block RSRP.

· Option 2: If NR CSI-RS for RRM measurements is configured, NR RLM design can be based on both of SS-block RSRP and CSI-RS RSRP measurements. UE determines its out-of-sync and in-sync status based on the comparison of the maximum of SS-block RSRP and CSI-RS RSRP measurement from the serving beam with the predefined or configured Qout and Qin thresholds.

· Option 3: NR RLM design can be based on the PBCH detection performance. UE determines its out-of-sync and in-sync status based on the comparison of the PBCH BLER from the serving beam with the predefined or configured Qout and Qin thresholds.
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