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1 Introduction
In the Rel-16 work item description (WID) on “Additional enhancements for NB-IoT”, one of the objectives is to improve the multi-carrier operation as follows [1]:
· Specify support of Msg3 quality reporting for non-anchor access [RAN1, RAN2]

In Rel-14 NB-IoT, multi-carrier operation in idle mode for paging and random access were introduced. During the maintenance phase of Rel14 NB-IoT, the support of Msg3 quality reporting was brought up and discussed [2]. It was agreed that channel quality reporting for anchor carrier should be introduced, and RAN2 would introduce the corresponding signalling based on the input from RAN4.
In RAN1#94, regarding the DL channel quality reporting on non-anchor carrier, a working assumption is made that 
 
Working Assumption
For channel quality report in Msg3 on non-anchor access, UE performs the channel quality measurement on the carrier it monitors to receive Msg2 (i.e. RAR)
· FFS: Whether the UE performs measurement on other carriers

In RAN1#94bis, this issue was further discussed [6]. During the discussion, sourcing company in [3] pointed out that in the current NB-IoT design, it is possible that the DL carrier that UE monitors the RAR is not necessary the DL carrier the UE would be assigned in connected mode, due to, e.g., DL load balancing. Therefore, it is beneficial for the UE to report the DL quality of a carrier indicated by the network. However, this is at a cost of UE complexity. Another solution is to let the UE report the DL quality in connected mode, and in this contribution, we further discussed the benefits of reporting the DL quality in connected mode. 
[bookmark: _Ref178064866]2	Discussion
During the maintenance discussion in Rel14 NB-IoT, both anchor and non-anchor DL quality reporting in Msg3 were discussed [4]. However, due to time limitations, it was only agreed that DL quality report for the anchor carrier was introduced. In RAN4, for anchor carrier, it is introduced the NPDCCH repetition level for CQI-NPDCCH-NB and CQI-NPDCCH-Short-NB is chosen from the supported NPDCCH repetition levels [6]. To be more specific, in TS36.133, it defines the following:

[bookmark: _Hlk521661130]9.1.22.15	MSG3-based Measurement Report Mapping for UE Category NB1
Table 9.1.22.15-1: Downlink channel quality measurement report mapping of CQI-NPDCCH-NB when the DL channel quality reporting is supported [6] 
	Reported value
	NPDCCH repetition level

	noMeasurement
	No measurement reporting

	candidateRep-A
	1

	candidateRep-B
	2

	candidateRep-C
	4

	candidateRep-D
	8

	candidateRep-E
	16

	candidateRep-F
	32

	candidateRep-G
	64

	candidateRep-H
	128

	candidateRep-I
	256

	candidateRep-J
	512

	candidateRep-K
	1024

	candidateRep-L
	2048



Table 9.1.22.15-2: Downlink channel quality measurement report mapping of CQI-NPDCCH-Short-NB when the DL channel quality reporting is supported [6][7] 
	Reported value
	NPDCCH repetition level

	noMeasurements
	No measurement reporting

	candidateRep-1
	Rmax/8 (Note 1)

	candidateRep-2
	Rmax (Note 2)

	candidateRep-3
	4×Rmax (Note 3)

	Note 1: When Rmax is less than 8, set candidateRep-1 to 1. 
Note 2: When Rmax is 1, set candidateRep-2 to 2.
Note 3: When Rmax is more than 512, set candidateRep-3 to 2048.



During the RAN1#94bis, it was discussed whether Msg3 in connected mode via PDCCH order NPRACH can or should be used for channel quality reporting. To the knowledge of the sourcing company, this is not current supported, and may not be a preferred solution. More details were discussed in [3]. 
The random access procedure in NB-IoT is depicted in Figure 1 and Figure 2. In Rel-14 NB-IoT enhancement, non-anchor carrier can be used for paging and random access. The carrier that the UE monitors the RAR message depends on which carrier the UE choose to send NPRACH. The NPRACH carrier is randomly choose by the UE, and hence there is also a certain randomness when it comes to which DL carrier the UE should monitor for the RAR message. 
[bookmark: _Toc347823812][bookmark: _Toc347823993][bookmark: _Toc347824244][bookmark: _Toc528934449] Due to the randomness of the UE choosing the NPRACH carrier, there is also a certain randomness when it comes to which DL carrier the UE should monitor for the RAR message.
When setting up the connection, the network assigns a DL carrier in Msg4 for the UE to use in connected mode. The DL carrier used in connected mode may be different from the one that the UE monitors the RAR message. For example, due to load balancing purposes, the eNB would move some UEs to a different carrier in connected mode. In the current NB-IoT design, this can only be achieved during RRC setup in Msg4, as both RRC reconfiguration and cross-carrier scheduling are not supported in NB-IoT. 
[bookmark: _Toc528934450]As neither RRC reconfiguration nor cross-carrier scheduling is supported in NB-IoT, it is only possible to assign a DL carrier to a UE at RRC setup in Msg4.
One can argue that, we can setup more RAR carriers to increase the cell capacity and keep the UE on the carrier where it receives the RAR message. However, such a design may be too restrictive. Recall that in one RAR message, multiple UEs can be addressed. This is a very efficient way to reduce the resource usage in the DL to send RAR messages, as several UEs from different NPRACH carriers can be addressed at the same time (NB-IoT supports to map several NPRACH carriers to one RAR carrier). In later stage, the UEs can be distributed to other DL carriers for their DL data. In this case, some non-anchor carriers can be turned on dynamically based on demand and only used for connected mode communication. This is more efficient than turning on/off the RAR carriers, which requires SI updates and can potentially take a long time. 
[bookmark: _Toc528934451]Some DL non-anchor carriers can be turned on dynamically based on demand for connected mode communication without being configured as a RAR carrier.



[bookmark: _Ref510512962]Figure 1 Random access procedure in NB-IoT



[bookmark: _Ref510773661]Figure 2 UE procedure for reporting channel quality in Msg3

It would be difficult for the UE to monitor RAR on one carrier but to report the channel quality of the anchor carrier. In addition, currently, in idle mode, the UE is only required to measure the quality on the anchor carrier. Hence, if the UE reports the DL quality measured on one carrier which is different than the one used in its connected mode, the reporting becomes useless. Notice that that NRSRP with carrier specific NRS-offset is not sufficient, since it does not capture interference and the quality as indicated in [5]. Therefore, it is very beneficial for the UE be able to report the DL quality of the carrier it is used in connected mode. Furthermore, it is expected the NB-IoT can support more diversified UE case, e.g., UE with low to medium mobility. Therefore, the DL channel quality may change during the connection time. Hence, it is also beneficial that the UE can report the DL quality based on the instructions from the eNB. In this way, the eNB can further optimized the resource allocation to the UE. 
[bookmark: _Toc347823621][bookmark: _Toc347824073][bookmark: _Toc347824246][bookmark: _Toc525572307][bookmark: _Toc528934452]RAN1 further discusses support of DL quality reporting in connected mode for NB-IoT. 
Regarding which metrics should be used for the DL quality reporting in connected mode, during the offline discussions, it is the understanding of the sourcing company that reuse of the current defined Msg3-based Measurement Report Mapping for UE Category NB1 in the RAN4 spec is preferred. However, if more bits can be accommodated, there can also be benefits to study other metrics. Therefore, it is proposed that  

[bookmark: _Toc528934453]If it is agreed to introduce DL channel quality reporting in connected mode, at least the number of repetitions that the UE needs to decode hypothetical NPDCCH with BLER of 1% should be supported. Other metrics are not precluded, if RAN1 identifies benefits. 
Furthermore, during RAN1#94bis, it was also discussed if this feature is supported, when the UE should report the DL channel quality. For short connection, e.g., UE initiated reporting, it is better to have this report included in early messages. Therefore, it is good to include such reporting right after RRC setup, i.e., after Msg4. For long connections, e.g., firmware of software update, it can be good that the DL channel quality report can be sent on demand by the eNB. Therefore, it is proposed that

[bookmark: _Toc528934454]If it is agreed to introduce DL channel quality reporting in connected mode, both sending the DL channel quality reporting immediately after Msg4 and on the request from eNB can be considered.

Conclusion
In the previous sections we made the following observations: 

Observation 1	Due to the randomness of the UE choosing the NPRACH carrier, there is also a certain randomness when it comes to which DL carrier the UE should monitor for the RAR message.
Observation 2	As neither RRC reconfiguration nor cross-carrier scheduling is supported in NB-IoT, it is only possible to assign a DL carrier to a UE at RRC setup in Msg4.
Observation 3	Some DL non-anchor carriers can be turned on dynamically based on demand for connected mode communication without being configured as a RAR carrier.

Based on the discussion in the previous sections we propose the following:

Proposal 1	RAN1 further discusses support of DL quality reporting in connected mode for NB-IoT.
Proposal 2	If it is agreed to introduce DL channel quality reporting in connected mode, at least the number of repetitions that the UE needs to decode hypothetical NPDCCH with BLER of 1% should be supported. Other metrics are not precluded, if RAN1 identifies benefits.
Proposal 3	If it is agreed to introduce DL channel quality reporting in connected mode, both sending the DL channel quality reporting immediately after Msg4 and on the request from eNB can be considered.
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