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1. Introduction
In last RAN1#90 meeting, NR radio link monitoring was achieved good progress with following agreements [1]:
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
In this contribution, we further discuss the remaining issues on NR radio link monitoring, especially on how a radio link monitoring design can more accurately reflect PDCCH quality. 
Notes: This contribution is revised from R1-1712828 [2] submitted in RAN1#90 meeting.
2. Discussion
2.1. IMR 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 in summary, it was agreed to use a SINR-like metric to reflect PDCCH quality for RLM. It was further agreed that both SS 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 while the UE specific PDCCH can be QCL’ed with CSI-RS. However, neither SS nor CSI-RS can reflect the interference experienced by PDCCH. In a synchronous network deployment, measurement on SS can only see the interference by the collided SS 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 and CSI-RS cannot reflect PDCCH quality and thus is not sufficient for accurate RLM. 
Observation 1: Simply measurement on SS 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 additional IMR resource in PDSCH symbols to mimic the inter cell interference seen on the PDCCH symbols. Rate matching should be considered for PDSCH.

· Option 3: gNB configures additional CSI-RS in PDCCH symbols. Furthermore, the 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 PDCCH. 
· Option 4: gNB configures additional IMR resource in PDCCH symbols. Similarly as option 2, 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 2. Additionally, rate matching should be considered for PDCCH.
· When SS is used for RLM

SS 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 resource 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 2 and 3 as discussed above. 
Based on the above discussions, we have the following proposal:
Proposal 1: For both SS based and CSI-RS based RLM, additional methods to measure the interference seen on PDCCH should be introduced. Following one or combined options should be considered for configuring interference measurement resource for RLM.
· Option 1: gNB configures additional IMR resource in PDSCH symbols.
· Option 2: gNB configures additional CSI-RS in PDCCH symbols.
· Option 3: gNB configures additional IMR resource in PDCCH symbols.
2.2. Multi-beam operation for RLM

It has been agreed that multi-beam PDCCH monitoring can be configured for more robust PDCCH transmission. It is expected that multi-beam PDCCH monitoring at least can be configured for UE specific search space(s). If CSI-RS which is QCL’ed with the UE specific search space is used for RLM, it should be further clarified which CSI-RS out of multiple beams is used for RLM. Following alternatives can be envisioned.

· Option 1: Defining a primary PDCCH search space and the CSI-RS which is QCL’ed with this primary PDCCH search space is used for RLM

· Option 2:  Multiple CSI-RSs which are QCL’ed with the UE specific search spaces on multiple beams are jointly used for RLM. In this case, further discussion is required on how to derive the overall SINR based on the SINR measured on each CSI-RS. 

Proposal 2: RLM measurement behavior on CSI-RS(s) when multi-beam PDCCH monitoring is configured should be further discussed. 

2.3. NR RLM Thresholds
At last RAN1 meeting, multiple BLERs for RLM was introduced for different type of services, such as eMBB, mMTC, URLLC. One strong argument is that different type of services could tolerate higher or lower error rate on PDCCH, and thereby could benefit from being able to configure the applied thresholds for IS/OOS indications.  While no matter for URLLC or mMTC, high reliability performance is realized by repetition for both data and control (e.g by using larger aggregation level), and the basic coding and transmission scheme is no difference with eMBB. So, UE can roughly infer one PDCCH BLER from the other PDCCH BLER, as the channel situation is the same for both services. From the above observation, the following proposal is given:

 Proposal 3: One in-synch BLER and one out-of-synch BLER is configured per UE at a time. 

3. Conclusion
In this contribution, we discuss the remaining issues on NR RLM, with following observations 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. Following one or combined options should be considered for configuring interference measurement resource for RLM.

· Option 1: gNB configures additional IMR resource in PDSCH symbols.

· Option 2: gNB configures additional CSI-RS in PDCCH symbols.
· Option 3: gNB configures additional IMR resource in PDCCH symbols.
Proposal 2: RLM measurement behavior on CSI-RS(s) when multi-beam PDCCH monitoring is configured should be further discussed. 
Proposal 3: One in-synch BLER and one out-of-synch BLER is configured per UE at a time. 
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