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1. Introduction
In the past two RAN1 meeting [1] [2], NR radio link monitoring was discussed with good progress especially on RLM-RS design; the related agreement is attached in Appendix.

The interference measurement resource related to the estimated link quality corresponding to the hypothetical PDCCH BLER is still FFS. In this contribution, we focus on IMR configuration design for NR radio link monitoring. 
Notes: This contribution is revised from R1-1715610 [3] submitted in RAN1#NR#3 meeting.

2. Discussion
2.1. IMR configuration for RLM

In LTE, RLF/RLM is based on measurement on CRS. UE evaluates the PDCCH quality by CRS RSRQ, which including co-channel serving and non-serving cells, and adjacent channel interference, and thermal noise etc.
In NR, it was agreed to use a SINR-like metric to reflect PDCCH quality for RLM. It was further agreed that both SS blocks and CSI-RS can be used as RLM reference signal. In practice, both SS and CSI-RS are valid reference signal from channel measurement perspective, as the common PDCCH can be QCL’ed with SS blocks while the UE specific PDCCH can be QCL’ed with CSI-RS. However, neither SS blocks nor CSI-RS can reflect the interference experienced by PDCCH. In a synchronous network deployment, measurement on SS blocks can only see the interference by the collided SS blocks from the neighbor cells, which is totally different from the interference seen by the PDCCH. On the other hand, when CSI-RS is used for RLM, as typically the CSI-RS is configured in the data symbols on which the interference is coming from neighbor PDSCH or CSI-RS, which is also not accurate to evaluate PDCCH quality. Based on the above discussion, we observe that that simply measurement on SS blocks and CSI-RS cannot reflect PDCCH quality and thus is not sufficient for accurate RLM. 
Observation 1: Simply measurement on SS blocks and CSI-RS cannot reflect PDCCH quality and thus is not sufficient for accurate RLM.

In order to provide more accurate RLM, especially for more accurate interference estimation on PDCCH, some additional solutions should be discussed, taking into consideration that the symbols used for interference measurement can be same or different from the symbol from RLM-RS resource(s) [1].
· When CSI-RS is used for RLM

CSI-RS can be QCL’ed with the PDCCH UE specific search space, so it is proper for channel quality measurement in RLM. But again the interference seen on regular CSI-RS (used for DL CSI acquisition) does not reflect the PDCCH interference level. Following solutions can be considered to evaluate the PDCCH interference
· Option 1: gNB configures CSI-RS in PDSCH symbols to mimic the inter cell interference seen on the PDCCH symbols. This method may not require additional CSI-RS resource but may degrade the channel measurement performance for DL CSI acquisition due to additional interference mimic. So, this option is not recommended.
· Option 2: gNB configures separate IMR resource in PDSCH symbols to mimic the inter cell interference seen on the PDCCH symbols. Rate matching should be considered for the corresponding PDSCH.

· Option 3: gNB configures NZP CSI-RS in PDCCH symbols. Furthermore, NZP CSI-RS can be configured in particular one or multiple CORESETs corresponding to common search space and/or UE specific search space. This method can reflect PDCCH interference but require additional CSI-RS overhead. Additionally, rate matching should be considered for the corresponding PDCCH. 
· Option 4: gNB configures separate IMR resource in PDCCH symbols. Similarly as option 3, the IMR can be configured in particular one or multiple CORESETs corresponding to CSS and/or UESS. The pros and cons for this method are similar as option 3. Additionally, rate matching should be considered for PDCCH.
· When SS blocks is used for RLM

SS blocks can be QCL’ed with the PDCCH common search space so it is proper for channel quality measurement in RLM. However, interference seen on SS blocks has no correlation with the interference seen on PDCCH symbols. Additional resource should be used to measure the interference on PDCCH symbols, the interference measurement resource may be IMR resource or additional CSI-RS configured in PDCCH symbols, which is similar as option 3 and 4 as discussed above. Furthermore, in order to save IMR overhead and avoid rating matching for PDSCH or PDCCH, IMR resource can be configured in the remaining PRBs in the SS blocks to mimic the inter cell interference seen on the PDCCH symbols.
Another saving overhead option is to use PDCCH DMRS as IMR for RLM. PDCCH DMRS only exists on scheduled slots, while PDCCH interference measurement should be applicable for both scheduled and non-scheduled UEs. Thus, this option is not recommended for RLM-IMR.
In summary, the potential IMR configurations are listed in Table 1.
Table 1. Candidate PDCCH interference measurement resource for RLM
	Interference measurement resource for RLM
	For CSI-RS based RLM
	For SS blocks based RLM

	Reuse the NZP CSI-RS for beam management or CSI acquisition
	Not recommended
	Not recommended

	Separate IMR configured in PDSCH symbols
	Possible
	Possible

	Separate NZP CSI-RS configured in PDCCH symbols
	Possible
	Possible

	Separate IMR configured in PDCCH symbols
	Possible
	Possible

	The remaining PRBs in SS blocks
	Possible
	Possible

	PDCCH DMRS
	Not recommended
	Not recommended


Based on the above discussion, we have the following proposals:
Proposal 1: For both SS based and CSI-RS based RLM, additional methods to measure the interference seen on PDCCH should be introduced. 
Proposal 2: Following interference measurement resource can be supported commonly to both SS block based and CSI-RS based RLM
· Option 1: Separate IMR resource in PDSCH symbols
· Option 2: Separate NZP CSI-RS in PDCCH symbols
· Option 3: Separate IMR resource in PDCCH symbols
· Option 4: Separate IMR resource in the remaining PRBs in SS blocks
Proposal 3: When IMR is configured in PDCCH or PDSCH symbols, rate matching should be considered for the corresponding PDCCH or PDSCH.
· UE assumes that no DMRS for PDCCH or PDSCH is transmitted in IMR resources.
Proposal 4: RLM-IMR is explicitly configured by RRC or SIB.
3. Conclusion
In this contribution, we discuss the remaining issues on NR RLM, with following observation and proposals. 

Observation 1: Simply measurement on SS and CSI-RS cannot reflect PDCCH quality and thus is not sufficient for accurate RLM.
Proposal 1: For both SS based and CSI-RS based RLM, additional methods to measure the interference seen on PDCCH should be introduced. 
Proposal 2: Following interference measurement resource can be supported commonly to both SS block based and CSI-RS based RLM
· Option 1: Separate IMR resource in PDSCH symbols
· Option 2: Separate NZP CSI-RS in PDCCH symbols
· Option 3: Separate IMR resource in PDCCH symbols
· Option 4: Separate IMR resource in the remaining PRBs in SS blocks
Proposal 3: When IMR is configured in PDCCH or PDSCH symbols, rate matching should be considered for the corresponding PDCCH or PDSCH.

· UE assumes that no DMRS for PDCCH or PDSCH is transmitted in IMR resources.
Proposal 4: RLM-IMR is explicitly configured by RRC or SIB.
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Appendix: Agreements on Radio link monitoring
RAN1#NR#3:
Agreements:
· 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=1 RLM-RS resource among all configured X RLM-RS resource(s) is above Q_in threshold
· FFS the interference measurement resource related to the estimated link quality crresponding to the hypothetical PDCCH BLER
Agreements:
· RLM-RS is undefined until explicitly/implicitly configured.

· Note: This implies that the network needs to configure the RLM-RS for UE to perform RLM
Agreements:
· When SS blocks are used as RLM-RS

· A set of SS blocks are explicitly configured by RRC

· When CSI-RS is used as RLM-RS

· a set of CSI-RS resources are explicitly configured as RLM RS by RRC

· FFS whether a subset of CSI-RS resources configured for P1 BM is configured as RLM-RS
RAN1#90 :

Agreements:
· NR supports RLM on PCell and PSCell only
· For RLM, NR supports to configure a single type of RS for a CORESET for a UE at a time

· FFS on interference measurement resource for each RS type

· Signal and interference measurements for a given CORESET may be performed by using same RX beam

Agreements:
· Support to configure single RLM-RS type only to different RLM-RS resources for a UE at a time
Agreements:
· 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

Agreements:
· 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

Agreements:
· 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

Agreements:
· 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
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