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Introduction
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]The purpose of Radio Link Monitoring (RLM) is to monitor the downlink radio link quality of the serving cell(s). Legacy RLM requirements are defined based on monitoring the downlink cell-specific reference signals (CRS) quality and compares the estimated quality to the out-of-sync and in-sync thresholds Qout and Qin, which corresponding to 10% and 2% BLER of hypothetical PDCCH channels.
eMTC RLM requirements are also defined based on monitoring the CRS quality and compares the estimated quality to the out-of-sync and in-sync thresholds Qout and Qin. Since eMTC UE does not support PDCCH, the out-of-sync and in-sync thresholds Qout and Qin in eMTC RLM do not correspond to the BLERs of hypothetical PDCCH channels. Instead, Qout and Qin in eMTC RLM correspond to the BLERs of a hypothetical M-PDCCH.
For Rel-13 NB-IoT RLM, the consensus was that the RLM requirements should also be defined based on monitoring the downlink reference signal (NRS) quality and compares the estimated quality to the out-of-sync and in-sync thresholds Qout and Qin. In RAN4#78bis, RAN4 made the following agreements [5]:
The existing framework of RLM requirement for eMTC UE can be reused for NB-IoT RLM
The transmission parameters and evaluation periods should be revisited, based on the outcome of simulation results.
Assuming hypothetical NPDCCH BLER thresholds of 2% and 10%
RAN4 is to study whether to specify different RLM requirements for different coverage modes.
Whether the same or different transmission parameters are needed for RLM when NB-UE is configured on anchor carrier or non-anchor carrier is FFS.
RAN4 is to further study whether to specify different RLM requirements for different operation mode (inband, guardband and standalone)
NB-RS based measurements are considered as baseline for UE configured on non-anchor carrier. It is FFS whether UE is to use NB-PSS/NB-SSS for measurement in addition to NB-RS for RLM on anchor carrier.

As shown above, there are quite a number of issues that need to be solved for NB-IoT RLM. In this paper, we provide further discussion on these issues.
Discussion
As mentioned in last section, RAN4 had agreed “The existing framework of RLM requirement for eMTC UE can be reused for NB-IoT RLM”. Thus, we will first take a look at eMTC RLM requirements. 
eMTC RLM Requirements for CEModeA and CEModeB
An eMTC UE in connected status is configured as either CEModeA or CEModeB. Which CE mode is configured is determined by the eNB during the connection setup. eMTC RLM requirements are defined separately for CEModeA and CEModeB. The hypothetical MPDCCH transmissions with transmission parameters for CEModeA and CEModeB RLM requirements [6] can be summarised in the following Table 1. As shown in the Table, the only difference of the RLM requirements for CEModeA and CEModeB is the DCI Formats. eMTC MPDCCH uses different DCI formats for different CE Modes, and the DCI formats 6-1A and 6-1B have different package sizes.
Table 1. M-PDCCH transmission parameters for CEModeA/CEModeB RLM Requirements
	Attribute
	Out-of-sync
	In-sync

	DCI format
	6-1A for CEModeA RLM
6-1 B for CEModeB RLM
	6-1A for CEModeA RLM
6-1 B for CEModeB RLM

	Starting OFDM symbols
	2; Bandwidth >= 10MHz
3; 3MHz <= Bandwidth < 10MHz
4; Bandwidth = 1.4MHz
	2; Bandwidth >= 10MHz
3; 3MHz <= Bandwidth < 10MHz
4; Bandwidth = 1.4MHz

	Maximum M-PDCCH repetition level 
	Rmax Note1
	Rmax /2 Note1

	Aggregation level (ECCE)
	L’max Note2
	L’max-2Note2

	M-PDCCH Transmission type
	Distributed
	Distributed

	NOTE 1: Rmax is determined by the configurable parameter mPDCCH-NumRepetition defined in 36.331 and Rmax>1.
NOTE 2:  L’max and L’max-2 is derived from the configurable parameter numberPRB-Pairs defined in 36.331. L’max is 24, 16 and 8, if numberPRB-Pairs is 6, 4 and 2, respectively. L’max-2 is the aggregation level two levels below L’max, and L’max-2 is 8, 4 and 2, if numberPRB-Pairs is 6, 4 and 2, respectively.



Observation 1: eMTC RLM requirements are defined separately for CEModeA and CEModeB. The only difference between CEModeA and CEModeB RLM requirements is actually the DCI Format, due to the fact that different MPDCCH DCI formats are used for CEModeA and CEModeB.
NB-IoT RLM for Different Coverage Levels
Different with eMTC, where eNB explicitly configures the UE into diffident CE modes (i.e., CEModeA or CEModeB) and uses different DCI formats for different CE modes, for NB-IoT there are no particular CE modes for the eNB to explicitly configure the UE into. For NB-IoT, the CE levels are actually implicitly implied with other configuration parameters, such as the number of NPDDCH repetitions in NPDCCH configurations. In addition, for NB-IoT, RAN1 has purposely defined the same UL or DL DCI formats for all CE levels. Furthermore, the size of DCI Format for the scheduling of NPUSCH is defined purposely the same as the size of DCI Format the scheduling of NPDSCH as well as random access procedure initiated by a PDCCH order. Therefore, it looks reasonable not to have separate the NB-IoT RLM requirements for different coverage levels. Instead, we can define the unified NB-IoT RLM requirements for all coverage levels, where the difference of the coverage levels can be taken care of in terms of the number of the NPDCCH repetitions.
Observation 2: Due to the design of NPDCCH DCI formats (the same DCI size for DL and UL is for all operation modes and all coverage cases), it seems reasonable to define the unified NB-IoT RLM requirements for all coverage levels in terms of the NPDCCH configurations (e.g., the number of the NPDCCH repetitions).
NB-IoT RLM for UE configured on anchor carrier or non-anchor carrier
Anchor carrier is the NB-IoT carrier on which the UE has received NPSS/NSSS, NPBCH, SIB transmissions, and used for setup the connection. For supporting multi-carrier operation, a non-anchor carrier, which is different than the anchor carrier, may also be configured during RRC connection establishment. A UE that has been assigned a non-anchor PRB, remains on that PRB throughout RRC_CONNECTED or until transmission of NB-RACH is needed in RRC_CONNECTED or until re-assigned to another PRB.
From RLM point of view, whether to define separate requirements for UEs configured on anchor carrier or non-anchor carrier may be investigated from the following aspects:
Performance differences on NPDCCH in anchor carrier and non-anchor carrier

The difference of anchor carrier and non-anchor carrier are the NPSS/NSSS, NPBCH, SIB transmissions. Since NPSS/NSSS, NPBCH, SIB will not be transmitted in the same PRB as NPDCCH. If overlapping happens, any transmission of NPDCCH is postponed. Therefore, there should be no any significant difference in the NPDCCH performance in anchor carrier and non-anchor with the same NPDCCH configuration.
Performance differences on NRS measurements in anchor carrier and non-anchor carrier

RLM is based on NRS measurements. Thus, we should also take a look at the differences on NRS measurements in anchor carrier and non-anchor carrier. As defined in RAN1, in the PRB pair to carry NB-PSS and NB-SSS, a NB-IoT UE shall not expect NB-RS. Thus, if RLM is performed based on all NRS, there would be difference between NRS measurements in anchor carrier and non-anchor carrier. However, NRS is only measured in certain sampling intervals, and NB-PSS and NB-SSS only occupy a small portion of valid downlink subframes (NB-PSS is transmitted in subframe 5 in every radio frame, and NB-SSS in subframe 9 in every other radio frame). Therefore, there should be no significant difference in the NRS performance in anchor carrier and non-anchor.
Other UE’s behaviors differences in anchor carrier and non-anchor carrier during RLM

When RLF happens, the UE may try to re-access the network through RRC re-establishment or RRC resume.  As defined in RAN2, RA procedure can only be performed on an anchor PRB and RRC connection (re)establishment/resume procedure can also only be initiated on an anchor PRB. Therefore, it may be more reasonable for not separating RLM for anchor carrier and non-anchor carrier.
Observation 3: There should be no significant NPDCCH and NRS performance difference for anchor carrier and non-anchor carrier. Also, RA, RRC connection (re)establishment/resume procedures are all initiated on an anchor PRB.
NB-IoT RLM for Difference Operation Modes
A NB-IoT UE may work on one of the operation mode: in-band, guard-band and standalone mode. From RLM point of view, whether to define separate requirements for UE configured on different mode also depend on the whether there are significant performance differences in these operation modes.
· NPDCCH performance differences on different operation modes
For  NPDCCH, as mentioned before, the same DCI size for DL and UL is for all operation modes and all coverage cases. The main difference between the inband NB-PDCCH and the NB-PDCCH in other modes is that the first few OFDM symbols (1~3) are reserved for legacy LTE control region, and thus not available for inband NB-PDCCH, while all OFDM symbols are assumed to be available for NB-PDCCH in stand-alone and guard-band modes. Thus, the maximum performance difference between inband NPDCCH and the NPDCCH in other operation modes can be as high as 3/14(~20%), which is about 1dB difference. The impact of the 1dB difference on RLM requirements  may need further discussion, which also depends on the NRS measurement performance in NB-IoT. For example, if NRS measurement error can be small, e.g., 3 ~ 4 dB, then the 1dB NPDCCH performance difference will be significant; If, however,  NRS measurement error is much larger, e.g., > 6  dB, then the 1dB NPDCCH performance difference may not be so significant.
· NRS performance differences on different operation modes
As defined in RAN1, for In-band operation, NB-RS is present without condition. For Stand-alone and guard-band operations, only NB-RS is used. Thus, we would not expect significant NRS performance difference on different operation modes assume only NB-RS measurements are used for RLM,
Observation 4: There could be up to 1dB NPDCCH performance difference between inband and other operation modes if other NPDCCH settings are the same. The impact of the 1dB difference on RLM may depend on NRS measurement performance.  Further discussion may be needed on whether to have separate RLM requirements for difference operation modes.
NB-IoT RLM with/without NB-PSS/NB-SSS on anchor carrier
Although using NB-PSS/NB-SSS may improve the performance in monitoring DL signal quality, on which the RLM is based, there is at this moment no consensus on the use of NB-PSS/NB-SSS for RLM. In addition, in RAN1’s replay LS [8], it states that “RAN1 has not defined any relationships between the transmit antennas and antenna port(s) used for NB-SSS and the antenna port(s) used for NB-RS transmission. RAN1 has not defined any quasi co-location assumption with respect to average gain between NB-SSS and NB-RS. Therefore from the RAN1 point of view, the UE cannot make the assumption that NB-RS and NB-SSS are always transmitted using the same transmit power per resource element in the same measured PRB in the same measured NB-IoT cell.” Therefore, due the time limitation on the completion of the NB-IoT WI, we may only develop NB-IoT RLM requirements based on NRS.
Observation 5: In Rel-13, we may not have the time to further instigate the use of NB-PSS/NB-SSS on anchor carrier for NB-IoT RLM.



Summary
In this paper, we further discussed the NB-IoT RLM requirements. Based on the discussion, we have the following proposals: 
Proposal 1: Define a unified NB-IoT RLM requirements for all coverage levels in terms of the NPDCCH configurations (e.g., the number of the NPDCCH repetitions), i.e., not have separate  RLM requirements for different coverage levels;
Proposal 2: Use the same NB-IoT RLM requirements for all UEs regardless configured on anchor carrier or non-anchor carrier;
Proposal 3: Define the NB-IoT RLM requirements based only on N-RS in Rel-13.
Proposal 4: Further discussion on whether to have separate NB-IoT RLM requirements for in-band and other operation modes.
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