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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). Current 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 defined in TS 36.133.
For Rel-13 enhanced low complexity UEs (Rel-13 eMTC UEs), it is expected that the RLM will still be defined based on monitoring the downlink CRS quality and compares the estimated quality to the out-of-sync and in-sync thresholds Qout and Qin. The out-of-sync and in-sync thresholds Qout and Qin, however, will not correspond to 10% and 2% BLER of hypothetical PDCCH channels. Instead, Qout and Qin should correspond to the BLERs of a hypothetical control channel M-PDCCH, which is currently under developing in RAN1 specifically for eMTC UEs.
In this paper, we will discuss the RLM requirements for eMTC UEs with M-PDCCH. 
Comparison of PDCCH and M-PDCCH
In this section, we first make a comparison between the PDCCH and M-PDCCH with the purpose to identify the M-PDCCH attributes that need to be considered when defining the M-PDCCH RLM requirements for Rel-13 eMTC UEs.
A Rel-13 eMTC UEs in connected status will work in one of the two cell extension (CE) modes: CE Mode A for no repetitions and small number of repetitions; and CE Mode B for large number of repetitions. The CE mode is signalled to the UE through RRC signalling. In RAN4#76bis, it was already agreed to define new RLM requirements for both normal coverage and enhanced coverage UEs due to the introduction of the new control channel M-PDCCH.
Table 1 lists some important attributes in M-PDCCH that may need to be considered when defining on M-PDCCH RLM. For comparison, the table also presents some important attributes used for PDCCH RLM.
Note: RAN1 is currently still working on M-PDCCH requirements, and many properties of the M-PDCCH channel are still FFS. 










Table 1: PDCCH and M-PDCCH Attributes for RLM
	Attributes 
	PDCCH
	M-PDCCH

	DCI formats
	Format 0: for the scheduling of PUSCH in one UL cell. 
Formats 1/1A/1B/1C/1D: for the scheduling of one PDSCH codeword
Format 1A is used for the compact scheduling of one PDSCH codeword in one cell and random access procedure initiated by a PDCCH order.

Format 1C is used for very compact scheduling of one PDSCH codeword, notifying MCCH change , and reconfiguring TDD

Formats 2/2A/2B/2C: for the transmission of resource assignments for PDSCH for MIMO operation
Formats 3/3A: the transmission of power control commands for PUCCH and PUSCH
Format 4: for the transmission of resource grants for the PUSCH MIMO operation
Note: For current PDCCH RLM requirements, PDCCH DCI Format 1A is used for out-of-sync, and PDCCH DCI Format 1C is used for in-sync RLM requirements. 
	DCI format M0A/M0B: for unicast PUSCH scheduling for CE Mode A and Mode B.
DCI format M1A/M1B: for unicast PDSCH scheduling for CE Mode A and Mode B.
Other DCI formats:  
M-PDCCH order (for PRACH transmission)

M-PDCCH scheduling paging

UL grant in RAR

Note: DCI Formats and contents for M-PDCCH are still under discussed in RAN1.


	Aggregation level  and number of repetitions
	Four PDCCH formats {0, 1, 2, 3} with the aggregation level of {1, 2, 4, 8} CCEs without repetition
	Aggregation Levels (AL) are not finalized. The candidate set of AL is {1, 2, 4, 8, 16, 24}
The set of number of repetitions (R) is not finalized. The candidate set of R is {1, 2, 4, 8, 16, 32, 64, 128}.
Note: It is RAN1 intention that a set of {AL, R}  pair is defined instead of individually,

	Starting subframe of an M-PDCCH UE-specific search space
	N/A
	FFS

	Narrowband for UE-SS for M-PDCCH
	N/A
	0, ..., 15

	Transmission type configured to UE for M-PDCCH
	N/A
	localised, distributed ECCE mapping

	Number of M-PDCCH resource sets and number of PRB pairs in each resource set
	N/A
	1 or 2 resource sets for a UE
2 or 4 PRBs for a resource set
Note: For 24 ECCEs, decoding candidate may span two M-PDCCH resource sets, e.g., 2+4 PRBs


	Index to a specific combination of physical resource-block pair for M-PDCCH set
	N/A
	FFS

	DMRS scrambling sequence initialisation parameter for UE-SS
	N/A
	Based on PCID
Note: Rel-13 eMTC does not support CRS-based M-PDCCH demodulation

	Frequency hopping
	None
	When frequency hopping is used, frequency hopping occurs between a per cell configurable number of narrowbands of 2 or 4

For unicast, frequency hopping is configured per in a UE-specific manner

Location of the PRB(s) is the same during YCH=X consecutive subframes, 

Frequency hopping is configured per CE level

	
	
	



M-PDCCH RLM for Rel-13 eMTC UEs
In this section, we will discuss the M-PDCCH RLM for Rel-13 eMTC UEs. To facilitate the discussion, Table 2 presents the attribute settings for PDCCH RLM requirements for regular UE as defined in Table 7.6.1-1 and Table 7.6.1-2 in TS 36.133 [3]. 
Table 2 PDCCH RLM Attribute Settings
	Attribute
	Value (out-of-sync)
	Value (in-sync)

	DCI format
	1A
	1C

	Number of control OFDM symbols

	2; Bandwidth  10 MHz
3; 3 MHz  Bandwidth  10 MHz
4; Bandwidth = 1.4 MHz

	Aggregation level (CCE)
	4; Bandwidth = 1.4 MHz
8; Bandwidth  3 MHz
	4 for all Bandwidths


	Ratio of PDCCH RE energy to average RS RE energy
	4 dB; when single antenna port is used for cell-specific reference signal transmission by the PCell or PSCell.
1 dB: when two or four antenna ports are used for cell-specific reference signal transmission by the PCell or PSCell.
	0 dB; when single antenna port is used for cell-specific reference signal transmission by the PCell or PSCell.
-3 dB: when two or four antenna ports are used for cell-specific reference signal transmission by the PCell or PSCell.

	Ratio of PCFICH RE energy to average RS RE energy
	4 dB; when single antenna port is used for cell-specific reference signal transmission by the PCell or PSCell.
1 dB: when two or four antenna ports are used for cell-specific reference signal transmission by the PCell or PSCell.
	4 dB; when single antenna port is used for cell-specific reference signal transmission by the PCell or PSCell.
1 dB: when two or four antenna ports are used for cell-specific reference signal transmission by the PCell or PSCell.



For M-PDCCH RLM requirements, the following attributes may need to be defined:
M-PDCCH DCI Format for out-of-sync and in-sync requirements
As shown in Table 1, PDCCH has different downlink control information (DCI) formats – Format 0/1/1A/1C/2/3/3A/4, developed for different purposes. Table 2 shows Format 1A is selected for PDCCH RLM out-of-sync requirement, and Format 1C for PDCCH RLM in-sync requirement. The main reason for selecting Format 1A for out-of-sync requirement was that when downlink radio quality starts to degrade, the format most used for DL scheduling would get impacted the most. Considering Format 1A is a most used downlink scheduling format, the signal conditions at which the UE is unable to reliably decode Format 1A was defined as the point for PDCCH RLM out-of-sync indication. 
On the other hand, for a UE that is already in out-of-sync status, it will monitor DL signal for the purpose of a link recovery. Upon the detection of a link recovery event, the UE would either send a RACH and wait for a RACH response or send a connection re-establishment message. A system information decode would be likely necessary at this point. In either case, it requires reliable reception of PDDCH Format 1C that is used for paging, RACH response and system information. Therefore, the signal condition at which the UE is able to successfully decode Format 1C was used as the point for PDCCH RLM in-sync indication.
Observation 1: The PDCCH DCI format, i.e., Format 1A, which is most used downlink scheduling for existing category UEs, is used for PDCCH RLM out-of-sync requirement. 
Observation 2: The PDCCH DCI format, i.e., Format 1C, which is most used for the purpose of link recovery for existing category UEs, is used for PDCCH RLM in-sync requirement.
For M-PDCCH, it is known that DCI Format M1A and DCI Format M1B will be used, respectively, for unicast PDSCH scheduling for CE Mode A and Mode B. Therefore, it is reasonable that the downlink link conditions at which the UE is unable to reliably decode DCI Format M1A and DCI Format M1B should be used as the points for RLM out-of-sync indications for CE Mode A and Mode B UE, respectively.
When an eMTC UE is already in out-of-sync status, it will monitor DL signal for the purpose of a link recovery. The DCI formats and contents most like to be used for recovery is still under RAN1 discussion, which includes:
· M-PDCCH order (for PRACH transmission)
· M-PDCCH scheduling paging
· UL grant in RAR (random access response)

Among them, DCI Format for M-PDCCH order or DCI Format for UL grant in RAR may be good candidates for eMTC RLM in-sync requirements. RAN4 may make decision on which M-PDCCH DCI Format will be selected for eMTC RLM in-sync requirements after RAN1 completes its discussion.

Proposal 1:M-PDCCH  DCI format M1A and DCI format M1B should be used for eMTC UE RLM out-of-sync requirements for CE Mode A and CE Mode B respectively.
Proposal 2: M-PDCCH  DCI formats for eMTC UE RLM in-sync requirements can be determined after RAN1 completes its discussion. DCI Format for M-PDCCH order or DCI Format for UL grant in RAR may be good candidates for eMTC RLM in-sync requirements.
Number of control OFDM symbols
The attribute of number of control OFDM symbols is used in PDCCH RLM. For M-PDCCH RLM for Rel-13 eMTC UEs, however, this attribute does no longer apply, since M-PDCCH channel is not transmitted in the control OFDM symbols.
Aggregation levels and number of repetitions
For M-PDCCH, a set of {aggregation level(AL), number of repetitions(R)} pairs will be defined, rather than each specified separately . Therefore, in defining RLM for eMTC UEs, the {AL, R} should be considered as a pair, instead of separately.
Although RAN1 has not finalized the range of aggregation levels and the number of repetitions yet, it is expected new additional aggregation levels will be introduced. For example, aggregation level of 24 ECCEs will be introduced for CE Mode B. Once RAN1 has finalized the range of aggregation levels and the number of repetitions, RAN4 will need to carefully consider the parameter pairs for in-sync and out-sync requirements for both CE Mode A and B. 
For legacy RLM requirements, we can see from Table 2 that the AL levels are selected differently for in-sync and out-sync requirements, e.g., the AL level is 4 for all bandwidths for in-sync and 8 for out-sync requirements for bandwidths larger than 1.4MHz. One consideration of using smaller AL level for in-sync than that for out-sync requirements is the consideration of the hysteresis for the determination of the in-sync and out-sync status in addition to the 2% and 10% BLER.
Another difference between out-sync requirements and in-sync requirements is the evaluation period in PDCCH RLM. The evaluation period for in-sync requirement is defined much shorter than the evaluation period for out-sync requirement. For example, in-sync evaluation period is only 100ms while the out-sync evaluation period is 200ms for no DRX. The in-sync evaluation period is also around half of out-of-sync evaluation period for DRX cases. The main reason behind defining shorter evaluation period for in-sync than the evaluation period for out-of-sync is to allow a quick link recovery after a service interruption. 
Observation 3: For PDCCH RLM, smaller aggregation level and shorter evaluation period are defined for the in-sync requirements than those of out-of-sync requirements.
The same consideration should also be applied for M-PDCCH RLM for Rel-13 eMTC UEs when making the selection of the {AL, R} pair for in-sync and out-sync requirements. For M-PDCCH, it implies that the {AL, R} pair used for out-sync requirements should have larger AL or larger R or both than the {AL, R} pair for in-sync requirements.  Selection of smaller R for in-sync requirements than the R for out-of-sync requirements may be special important for eMTC UEs, because of the R for out-of-sync requirements may be very large due to the consideration of cell coverage extension. It is important for the UE to switch back to service faster once the link condition improves. 
Proposal 3: {AL, R} pair needs to be carefully selected for in-sync and out-sync requirements for M-PDCCH RLM for Rel-13 eMTC UEs. {AL, R} pairs for in-sync requirements should have a smaller AL or a smaller R or both than the {AL, R} pairs for out-of-sync requirements.
Ratio of M-PDCCH RE energy to average CRS RE energy
PDCCH RLM includes an attribute on ratio of PDCCH RE energy to average CRS RE energy. There were two main things considered when defining the values for this attribute: a) the number of antenna ports used for CRS; and b) the PDCCH power boosting. As shown in Table 2, there is a 3dB difference between the case when single antenna port or two antenna ports is used for CRS transmission for both in-sync and out-sync requirements. In additional, if we compare the ratio between in-sync and out-sync requirements, there is a 4dB PDCCH power boosting for out-sync requirements. The 4dB PDCCH power boosting was introduced based on the consideration that the eNB may boost PDCCH power to keep UE connected at the cell edge.
Observation 4: For PDCCH RLM, the ratio of PDCCH RE energy to average CRS RE energy was defined based on the consideration of the number of antenna ports used for CRS transmission (3dB) and the PDCCH power boosting (4dB).
For M-PDCCH RLM for Rel-13 eMTC UEs, due to the introduction of more aggregation levels and especially the number of repetition (R) for M-PDCCH, there is no need to have power boosting for the M-PDCCH. The M-PDCCH RE energy can be set to be the same as the CRS RE energy. 
Proposal 4: ForM- PDCCH RLM, the ratio of M-PDCCH RE energy to average CRS RE energy can be defined to be the same for all hypothetical M-PDCCH channels used for in-sync and out-sync requirements for both CE Mode A and CE Mode B due to the introduction of the more aggregation levels and especially the number of repetition (R) for M-PDCCH. 
Ratio of PCFICH RE energy to average RS RE energy
The attribute of Ratio of PCFICH RE energy to average RS RE energy is used in PDCCH RLM. For M-PDCCH RLM for Rel-13 eMTC UEs, however, this attribute does no longer apply, since M-PDCCH channel is not transmitted in the control OFDM symbols.
Other M-PDCCH Attributes
In additional to attributes discussed above, there are other new attributes specific to M-PDCCH that need to be considered for M-PDCCH RLM for Rel-13 eMTC UEs. For example, the 
· Starting subframe of an M-PDCCH UE-specific search space
· Transmission type configured to UE for M-PDCCH
· Number of M-PDCCH resource sets and number of PRB pairs in each resource set
· Index to a specific combination of physical resource-block pair for M-PDCCH set
· DMRS scrambling sequence initialisation parameter for UE-SS
· Frequency hopping 
· M-PDCCH scheduling
· M-PDCCH precoder
· ….

The settings of above attributes also need to be carefully considered when defining the M-PDCCH RLM requirements.
Proposal 5: For M- PDCCH RLM, the impact of the new attributes specific to M-PDCCH need to be carefully considered for M-PDCCH RLM for Rel-13 eMTC UEs.

Summary
In this paper, we discussed the RLM requirements for eMTC UEs with M-PDCCH. Based on the discussion, it was proposed that 
Proposal 1:M-PDCCH  DCI format M1A and DCI format M1B should be used for eMTC UE RLM out-of-sync requirements for CE Mode A and CE Mode B respectively.
Proposal 2: M-PDCCH  DCI formats for eMTC UE RLM in-sync requirements can be determined after RAN1 completes its discussion. DCI Format for M-PDCCH order or DCI Format for UL grant in RAR may be good candidates for eMTC RLM in-sync requirements.
Proposal 3: {AL, R} pair needs to be carefully selected for in-sync and out-sync requirements for M-PDCCH RLM for Rel-13 eMTC UEs. {AL, R} pairs for in-sync requirements should have a smaller AL or a smaller R or both than the {AL, R} pairs for out-of-sync requirements.
Proposal 4: For M- PDCCH RLM, the ratio of M-PDCCH RE energy to average CRS RE energy can be defined to be the same for all hypothetical M-PDCCH channels used for in-sync and out-sync requirements for both CE Mode A and CE Mode B due to the introduction of the more aggregation levels and especially the number of repetition (R) for M-PDCCH. 
Proposal 5: For M- PDCCH RLM, the impact of the new attributes specific to M-PDCCH need to be carefully considered for M-PDCCH RLM for Rel-13 eMTC UEs.
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