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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 RAN1#94, the following agreements and working assumptions were made that

Agreement
[bookmark: _Hlk528916801][bookmark: _Hlk524702311]For channel quality report in Msg3 on non-anchor access, the channel quality definition is denoted by the number of repetitions that the UE needs to decode hypothetical NPDCCH with BLER of 1%
· FFS: Whether the details on the hypothetical NPDCCH are specified or not

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

Agreement
For non-anchor access, RAN1 further studies how UEs report the measured channel quality

In RAN1#94bis, the following agreements were made that

Agreement 
RAN1 does not define search space for hypothetical NPDCCH for channel quality report in Msg3 on non-anchor access.

Agreement
From RAN1 point of view, specification support for measurement period for non-anchor access in RAN1 specifications is not needed

Agreement
RAN1 does not define measurement reference resource for non-anchor access.

For further study:
The following scenarios with regards to downlink channel quality reporting in msg3 for non-anchor carrier access.
· For EDT/non-EDT, msg3 associated with PDCCH order PRACH, IDLE
· PUR


In RAN1#95, the following agreements were made that

Agreement
In case 4 bits is used for a non-anchor carrier, all repetition i.e. 12 candidate values {1,2,4,8,16,32,64,128,256,512,1024,2048} can be reported in Msg3.
Agreement
In case of 2 bits is used for a non-anchor carrier, 3 candidate values can be reported in Msg3. Select one of the following alternatives for determining the 3 values:
· Depending on Rmax, the maximum number of repetitions for NPDCCH Type 2 CSS.
· Depending on R, "DCI subframe repetition number" indicated in DCI format N1 for Msg2 scheduling.
· Depending on Rdecoded, based on the number of repetitions for NPDCCH scheduling Msg2 where UE decodes successfully.


In Rel-14 NB-IoT, multi-carrier operation in idle mode for paging and random access were introduced. During the maintenance of Rel-14 NB-IoT, the support of msg3 quality reporting was brought up and discussed [1]. It was agreed that channel quality reporting for anchor carrier would be introduced, and RAN2 has introduced the corresponding signalling based on the input from RAN4. In an LS from RAN4 to RAN1 [3], RAN4 informs RAN1 and RAN2 the number of candidate values should be reported, and RAN4 would continue to discuss the actual values reported in MSG3. In this contribution, we continue to discuss the support of Msg3 quality reporting for non-anchor access.
[bookmark: _Ref178064866]2	Discussion
During the maintenance discussion in Rel-14 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 has introduced the NPDCCH repetition level for CQI-NPDCCH-NB and CQI-NPDCCH-Short-NB is chosen from the supported NPDCCH repetition levels [6][7]. 
The same principle for the channel quality reporting should be applied on the non-anchor measurement also. Therefore, RAN2 should study the corresponding signalling support, i.e., where and how many bits are available for the reporting, and if necessary RAN4 should define the proper channel quality metric and new requirements/test cases. 
[bookmark: _Hlk525305481][bookmark: _Toc1166812]Send LS to RAN2 and request their studies on the available number of bits can be used for DL channel quality reporting in msg3 for non-anchor carrier for both EDT and non-EDT case.
During RAN#95 discussions, the followings are agreed if only two bits are available for the reporting that 

In case of 2 bits is used for a non-anchor carrier, 3 candidate values can be reported in Msg3. Select one of the following alternatives for determining the 3 values:
· Depending on Rmax, the maximum number of repetitions for NPDCCH Type 2 CSS.
· Depending on R, "DCI subframe repetition number" indicated in DCI format N1 for Msg2 scheduling.
· Depending on Rdecoded, based on the number of repetitions for NPDCCH scheduling Msg2 where UE decodes successfully.


Regarding the quality reporting, currently in TS36.133, it defines that

[bookmark: _Hlk521661130][bookmark: _Hlk528915728]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.



From the RAN4 spec, we can see that, if two bits are available, the current reporting value is based on Rmax. Since the UE would not know the exact number R, the DCI subframe repetition number, and Rdecoded, the number of repetitions for NPDCCH scheduling Msg2 until it decodes the DCI scheduling the RAR message, it would be difficult from a UE point of view to generate the measurement reports beforehand. Therefore, if the report is based on R or Rdecoded, the only time the report can be generated is after the RAR message is received, which significantly limits the UE implementation choices. Furthermore, since the RAR message can target several different UEs, Rdecoded various a lot depending on the TB sized used by the RAR message. If the UE needs to covert the number of repetitions of NPDSCH into the number of repetitions of NPDCCH, it is expected that some information may get lost, as well as different conversion algorithms for different implementations may cause significant different values being reported even for UEs in similar coverage situations. Therefore, using Rmax is a better choice, as it not only enables the UE to generate the report earlier but also it reduces RAN4 efforts to define a new CQI table. Hence, it is proposed that
[bookmark: _Toc1166813]In case of 2 bits is used for a non-anchor carrier, 3 candidate values can be reported in Msg3. The values are based on Rmax, the maximum number of repetitions for NPDCCH Type 2 CSS.
In the current system, if a DL carrier is configured for RAR, regardless whether there are UEs attempting to access the system, there are always NRS in the RAR window and in subframes before the RAR window. Therefore, there are enough period NRS on the DL carrier for the UE to measure the channel quality, and those NRSs are associated with the type 2 search space. However, the UE may need to average over several occasions, e.g., in bad coverage, to obtain more reliable DL channel quality. 
[bookmark: _Toc347823812][bookmark: _Toc347823993][bookmark: _Toc347824244][bookmark: _Toc1166810]On the non-anchor carriers where RAR is sent, there are enough NRS subframes for the UE to perform the measurements.



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



[bookmark: _Ref510773661]Figure 2 UE procedure for reporting channel quality in MSG3

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. In the case of receiving RAR on a non-anchor carrier, after sending msg1, the UE monitors msg2 on a carrier that is configured in the SIB. The carrier that carries msg2 is associated with the carrier where the UE sends msg1. However, the DL carrier that the UE receives msg2 may not necessary be the carrier it is assigned in connected mode. The current NB-IoT system offers the flexibility that during the RRC setup, the network can assign a different DL carrier to the UE than the one it monitors the RAR for load balance or interference management purposes. 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 the carrier different than the one it is assigned later for connected mode, the reporting becomes useless. Notice that that NRSRP with carrier specific NRS-offset is not enough, since it does not capture interference and the quality as indicated in [5]. 
During the RAN1#95 discussions, it was discussed whether it is possible for the UE to report the channel quality of one of its preferred DL carriers. However, this has several challenges. First, this requires the UE to perform excessive measurements on all the DL carriers, which can be as many as 16. Therefore, it is at the cost of UE’s battery life. Secondly, as mentioned before not all the DL carriers are configured with always-on NRS, it would not be possible for the UE to perform such measurements without significantly increasing the network overhead. 
[bookmark: _Toc1166811]Measuring only one DL non-anchor carrier for channel quality reporting in msg3 is preferred both from UE and NW point of view. 
Therefore, it can be beneficial the UE can report the channel quality of a DL carrier that is indicated by the network. However, the challenge here is that the UE cannot make any assumptions in idle mode regarding the NRS presence if this carrier is not used for paging or RAR. It would be difficult for the UE to monitor RAR on one carrier but to report the channel quality of another carrier. 
Therefore, it is proposed that
[bookmark: _Toc347823621][bookmark: _Toc347824073][bookmark: _Toc347824246][bookmark: _Toc1166814]When an NB-IoT UE is capable of the msg3-based channel quality reporting and non-anchor for RAR is configured, the UE should report the downlink quality of the carrier indicated by the network. In the absence of such indication, the UE should report the downlink quality of the carrier where the UE monitors msg2.
[bookmark: _Toc1166815]In the carrier indicated by the network other than the carrier where the UE monitors msg2, specify the NRS patterns that the UE can use for the channel quality measurements in idle mode.

In RAN1#94bis, it is proposed that

The following scenarios with regards to downlink channel quality reporting in msg3 for non-anchor carrier access.
· For EDT/non-EDT, msg3 associated with PDCCH order PRACH, IDLE
· PUR

For the PUR, whether to include the DL channel quality report depends on the PUR scheme. For contention based PUR, it is better to keep the message small, and it is likely it will only be used for small data transmission in the UL. Therefore, including the DL channel quality report may not be beneficial. However, for dedicated PUR, there can be use cases that the eNB would like to setup connection to send UE DL data after the UE finishes its UL transmission. In such cases, inclusion of the DL channel quality reporting is useful. 
[bookmark: _Toc1166816]Depending on the use cases, further study whether it is beneficial to include DL channel quality reporting when PUR is used.
In the current spec, TS36.300 Section 10.1.5.1, it only requires msg3 to convey the C-RNTI of the UE for PDCCH ordered NPRACH. Therefore, the inclusion of other information is not mandatory in the msg3 associated with PDCCH ordered NPRACH, and no RRC messages should be included. In Rel-14, the channel quality reporting is included in RRC message, and therefore a Rel-14 NB-IoT UE would not report the DL channel quality in a msg3 associated with PDCCH ordered NPRACH. However, for Rel-15 non-anchor case, this is not clear as we can add in support for such reporting. The benefits of including such report in connected mode is obvious, as it gives information to the eNB to adjust the scheduling parameters if necessary. However, there are extra overhead associated, i.e., the UE needs to perform the random-access procedures first, and then report the channel quality. This is at a cost of the UE energy, and it consumes both UL NPRACH resources and DL resources for RAR. Furthermore, the UE may also need to listen to the RAR on a different DL carrier, depending on the instruction from the DCI used for PDCCH ordered NPRACH. This requires additional frequency switching at the UE, which results in significant delays in the reporting. Therefore, it is preferred that if the DL channel quality can be directly reported in connected mode. 
[bookmark: _Toc1166817]In connected mode, support direct DL channel quality report instead of channel quality reporting in msg3 associated with PDCCH ordered NPRACH in connected mode.

Conclusion
In the previous sections we made the following observation: 
Observation 1	On the non-anchor carriers where RAR is sent, there are enough NRS subframes for the UE to perform the measurements.
Observation 2	Measuring only one DL non-anchor carrier for channel quality reporting in msg3 is preferred both from UE and NW point of view.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Send LS to RAN2 and request their studies on the available number of bits can be used for DL channel quality reporting in msg3 for non-anchor carrier for both EDT and non-EDT case.
Proposal 2	In case of 2 bits is used for a non-anchor carrier, 3 candidate values can be reported in Msg3. The values are based on Rmax, the maximum number of repetitions for NPDCCH Type 2 CSS.
Proposal 3	When an NB-IoT UE is capable of the msg3-based channel quality reporting and non-anchor for RAR is configured, the UE should report the downlink quality of the carrier indicated by the network. In the absence of such indication, the UE should report the downlink quality of the carrier where the UE monitors msg2.
Proposal 4	In the carrier indicated by the network other than the carrier where the UE monitors msg2, specify the NRS patterns that the UE can use for the channel quality measurements in idle mode.
Proposal 5	Depending on the use cases, further study whether it is beneficial to include DL channel quality reporting when PUR is used.
Proposal 6	In connected mode, support direct DL channel quality report instead of channel quality reporting in msg3 associated with PDCCH ordered NPRACH in connected mode.
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