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Introduction
[bookmark: _Hlk525462591]In Rel-17 WI for IoT enhancements [1], one objective is to specify 16-QAM support for NB-IoT as described below –
· Specify 16-QAM for unicast in UL and DL, including necessary changes to DL power allocation for NPDSCH and DL TBS. This is to be specified without a new NB-IoT UE category. For DL, increase in maximum TBS of e.g. 2x the Rel-16 maximum, and soft buffer size will be specified by modifying at least existing Category NB2. For UL, the maximum TBS is not increased. 
· [bookmark: _Hlk30097793]Extend the NB-IoT channel quality reporting based on the framework of Rel-14-16, to support 16-QAM in DL. 
In RAN1#103e, the following agreements were made –
Working Assumption
The previous working assumption on the following TBS indices for downlink is updated with following modifications:

	

	


	
	0
	1
	2
	3
	4
	5
	6
	7

	14
	256
	552
	840
	1128
	1416
	1736
	2280
	2856

	15
	280
	600
	904
	1224
	1544
	1800
	2472
	3112

	16
	[328, 296]
	632
	968
	1288
	1608
	1928
	2600
	3240

	17
	336
	696
	1064
	1416
	1800
	2152
	2856
	3624

	18
	376
	776
	1160
	1544
	1992
	2344
	3112
	4008

	19
	408
	840
	1288
	1736
	2152
	2600
	3496
	4264

	20
	440
	904
	1384
	1864
	2344
	2792
	3752
	4584

	21
	488
	1000
	1480
	1992
	[bookmark: _Hlk67924443][2472, 2536]
	2984
	4008
	4968



Agreement
I_SF>7 is not supported in Rel-17.

Agreement
Confirm the following working assumption:
· The following TBS indices are introduced for uplink

	I_TBS
	I_RU

	
	0
	1
	2
	3
	4
	5
	6
	7

	14
	256
	552
	840
	1128
	1416
	1736
	2280
	

	15
	280
	600
	904
	1224
	1544
	1800
	2472
	

	16
	328
	632
	968
	1288
	1608
	1928
	2536
	

	17
	336
	696
	1064
	1416
	1800
	2152
	
	

	18
	376
	776
	1160
	1544
	1992
	2344
	
	

	19
	408
	840
	1288
	1736
	2152
	2536
	
	

	20
	440
	904
	1384
	1864
	2344
	
	
	

	21
	488
	1000
	1480
	1992
	2536
	
	
	




Agreement
DL 16-QAM is applicable for NPDSCH scheduled from a DCI with CRC scrambled by C-RNTI.
· At least C-RNTI from USS is supported, FFS if 16-QAM is applied to C-RNTI from CSS.
· FFS: Applicability of 16-QAM for PUR.

Agreement
Repetition is not used for 16-QAM in uplink.

Agreement
UL 16-QAM is applicable for NPUSCH scheduled from a DCI with CRC scrambled by C-RNTI.
· At least C-RNTI from USS is supported, FFS if 16-QAM is applied to C-RNTI from CSS.
· FFS: Applicability of 16-QAM for PUR or EDT.

Agreement
The soft buffer size for Cat. NB2 UEs supporting 16QAM for downlink is 12800 bits.

Agreement
The following working assumption is confirmed with following modifications:
· For inband deployments, the downlink TBS entries between 11 (TBS of 2024 for I_SF=7) and [17] are used for 16QAM.

Agreement
Repetition of 2 is NOT supported for 16-QAM in downlink.

Agreement
On the breaking point between QPSK and 16QAM for NPUSCH, the UL TBS entries only between 14 and 21 are used for 16QAM if 16QAM is configured.

Agreement
16-QAM can be used for 3 and 6 subcarriers NPUSCH format 1

Agreement
The NPDSCH EPRE in symbols with NRS can be different and can be the same with the NPDSCH EPRE in symbols without CRS and NRS.
· FFS on signaling details
· FFS for the handling on whether the PCI is different or the same
In this contribution, we discuss 16-QAM support in unicast for DL and UL of NB-IoT.
[bookmark: _Hlk525462634][bookmark: _Hlk4137067][bookmark: _Hlk520894743][bookmark: _Hlk7596973]Downlink
TBS Table
In RAN1#104-e, the working assumption on the TBS table was revised as follows –
	I_TBS
	I_SF

	
	0
	1
	2
	3
	4
	5
	6
	7

	14
	256
	552
	840
	1128
	1416
	1736
	2280
	2856

	15
	280
	600
	904
	1224
	1544
	1800
	2472
	3112

	16
	[328, 296]
	632
	968
	1288
	1608
	1928
	2600
	3240

	17
	336
	696
	1064
	1416
	1800
	2152
	2856
	3624

	18
	376
	776
	1160
	1544
	1992
	2344
	3112
	4008

	19
	408
	840
	1288
	1736
	2152
	2600
	3496
	4264

	20
	440
	904
	1384
	1864
	2344
	2792
	3752
	4584

	21
	488
	1000
	1480
	1992
	[2472, 2536]
	2984
	4008
	4968



For I_TBS=21 and I_SF=4, two values are proposed – 2472 and 2536. The two values are similar and there is really not expected to be meaningful performance difference between the two values. Therefore, we propose to confirm the TBS value of 2472 in-line with the existing LTE table.
For I_TBS=16 and I_SF=0, two values are proposed – 328 and 296. The value 296 provides better differentiation when compared to previous and next MCS values. On the other hand, the value 328 is the default LTE table value and is therefore our preference due to the desire to reuse existing TBS values. However, simulation results in [4] indicated that TBS value of 328 bits perform worse than TBS value of 336 bits (i.e. I_TBS=17) which would render TBS of 328 bits not useful.
[image: ]
[bookmark: _Ref53563328]Figure 1. NPDSCH performance with 16-QAM.
Figure 1 illustrates performance comparison of several TBS values under discussion. The results show that performance for 328 and 336 bits are very similar, with slightly worse performance for 336 bits as expected. Although this means that TBS of 328 bits is not very useful, there is no performance degradation and therefore the eNB can still use I_TBS=16 with I_SF=0. Therefore, we propose to confirm the working assumption on downlink TBS table from RAN1#104-e.
Proposal 1: Confirm the working assumption on downlink TBS table from RAN1#104-e.
In addition, the working assumption on TBS entries to be used for 16-QAM have not been finalized for stand-alone and guard-band deployments. In [2], simulation results for 16-QAM in the downlink were presented. It was observed that, for the same I_TBS and I_SF, QPSK performs better than 16-QAM by about 0.5-0.8 dB at the 10% BLER operating point. Therefore, it is better to use QPSK as long as the coding rate can support it. For stand-alone and guard-band deployments, the coding rate for I_TBS = 13 is 0.84. If we use QPSK with I_TBS = 14, the coding rate would be 0.95 for 2Tx at the eNB which would be too high (i.e. UE may skip decoding if the coding rate is higher than 0.93). Note that although the coding rate would be acceptable for 1Tx at the eNB, it’s not desirable to have different breaking points based on deployment options. Therefore, I_TBS = 14 is a natural break-point for 16-QAM and we propose to confirm the working assumptions from RAN1#103-e.
Proposal 2: Confirm the following working assumptions from RAN1#103-e –
· For standalone and guardband deployments, the downlink TBS entries between 14 (TBS of 2856 for I_SF=7) and 21 are used for 16-QAM.

Channel Quality Report
[bookmark: _Hlk66101531]For the scheduler to efficiently utilize 16-QAM modulation, channel quality information must be available at the eNB. The channel quality information can be used to both (1) determine whether to use 16-QAM and (2) select appropriate MCS level for the UE. In the WID, it is stated that the work should extend the NB-IoT channel quality reporting based on the framework of Rel-14 - 16 to support 16-QAM in DL. Currently, downlink channel quality report for NB-IoT uses Table 1 where 13 values are defined.
[bookmark: _Ref60499303][bookmark: _Hlk66101188]Table 1. Downlink channel quality report for NB-IoT.
	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


[bookmark: _Hlk66101562]In legacy NB-IoT, channel quality report can be provided in Msg3. However, the reporting is based on the number of repetitions required to achieve 1% BLER for the NPDCCH. For 16-QAM, this metric is not suitable as any UE that is suitable for 16-QAM will not require NPDCCH repetition. Furthermore, there would not be a way for the eNB to select the appropriate MCS level based on the existing definition. In LTE, UE reports CQI which it determines based on PDSCH transport block error probability not exceeding 10%. An example of the LTE CQI table for eMTC in shown in Table 2.
[bookmark: _Ref30074582]Table 2. 4-bit CQI Table (LTE).
	[bookmark: _Hlk66171208]CQI index
	modulation
	code rate x 1024
	repetition

	0
	out of range

	1
	QPSK 
	56
	32

	2
	QPSK 
	207
	16

	3
	QPSK 
	266
	4

	4
	QPSK
	195
	2

	5
	QPSK 
	142
	1

	6
	QPSK
	266
	1

	7
	QPSK 
	453
	1

	8
	QPSK
	637
	1

	9
	16QAM
	423
	1

	10
	16QAM 
	557
	1

	11
	16QAM
	696
	1

	12
	16QAM
	845
	1

	13
	64QAM
	651
	1

	14
	64QAM
	780
	1

	15
	64QAM
	888
	1



For NB-IoT, we should introduce CQI to support 16-QAM in the DL and reuse the CQI definition defined in LTE. For eMTC, the definition is given by –
A single PDSCH transport block with a combination of modulation scheme and transport block size corresponding to the CQI index, and occupying a group of downlink physical resource blocks termed the CSI reference resource, could be received with a transport block error probability not exceeding 0.1
An equivalent CQI reporting definition can be defined for NB-IoT. However, it can be FFS how to define the CSI reference resource.
Proposal 3: Introduce CQI reporting for 16-QAM in the DL using the same definition for CQI as eMTC. FFS how to define CSI reference resource.
As shown in Table 1, the current report uses 13 of the possible 16 values. Therefore, 3 additional values can be added for 16-QAM reporting. However, in Table 2, it is seen that 4 CQI reporting values are used for 16-QAM in eMTC. It is therefore proposed to reuse downlink channel quality measurement report defined in 36.133 for 16-QAM CQI reporting. However, the details can be FFS.
Proposal 4: Reuse Msg3 and MAC CE downlink channel quality measurement report defined in 36.133 for 16-QAM CQI reporting. FFS details.
Power allocation
In RAN1#103e, it was agreed to support explicit or implicit signaling of power ratios of NPDSCH EPRE to NRS EPRE for three cases. Thus, we would require 3 parameters –
·  – NPDSCH in symbols without NRS and CRS
·  – NPDSCH in symbols with CRS (only for “In-band” deployment)
·  – NPDSCH in symbols with NRS
Currently, in NB-IoT, downlink power allocation is as follows –
· NRS EPRE can be derived from the downlink narrowband reference-signal transmit power given by nrs-Power + nrs-PowerOffsetNonAnchor, where the parameter nrs-Power is provided by higher layers and nrs-powerOffsetNonAnchor is zero if it is not provided by higher layers.
· A UE may assume the ratio of NPDSCH EPRE to NRS EPRE among NPDSCH REs (not applicable to NPDSCH REs with zero EPRE) is 0 dB for an NB-IoT cell with one NRS antenna port and -3 dB for an NB-IoT cell with two NRS antenna ports.
In addition, the EPRE ratio between NRS and CRS is known via nrs-CRS-PowerOffset parameter. In RAN1#104e, it was agreed that the NPDSCH EPRE in symbols with NRS can be different or can be the same with the NPDSCH EPRE in symbols without CRS and NRS. This would allow a trade-off between pilot-to-data power ratio in order to achieve the best performance with 16-QAM modulation. However, the total power across symbols per antenna port should be constant to ensure that eNB downlink power remains fixed.
Proposal 5: The total transmit power across OFDM symbols should be constant.
If the total transmit power across OFDM symbols are kept constant, only  needs to be introduced. The other two parameters can be determined by the UE.
Proposal 6: The power ratio of NPDSCH EPRE to NRS EPRE in symbols with NRS () is explicitly signaled. The other two power ratio values can be determined by the UE.  
DCI Design
In DCI format N0/N1, the MCS field has 4 bits and the repetition field also has 3 or 4 bits. With the introduction of I_TBS values of 14 to 21, we would need the MCS field to support 22 values (i.e. using 5 bits). However, since it has been agreed not to support repetition for 16-QAM, it would be possible to reuse the repetition field to extend the MCS range. Therefore, 16-QAM can be supported without increasing the DCI size.
Proposal 7: The DCI size is not increased for 16-QAM support.
The original MCS + repetition field requires 112 combinations for N0 and 224 combinations for N1. The addition of 8 TBS values requires 8 more combinations. This requires either 7 or 8 bits to cover all the combinations, using joint encoding of the MCS and repetition fields. Alternately, the MCS field can then be increased from 4 to 5 bits and the number of bits for the repetition field can be reduced. The issue is whether we need to support all the existing MCS + repetition combinations when the UE is configured with 16-QAM. Eventhough 16-QAM would only be enabled for UE in good channel condition (e.g. UE should not be configured if 16-QAM if it requires repetition), generally it is preferred that some or all of the existing MCS + repetition combinations can be supported (e.g. in case of fallback) if it can be done in a simple way. 
From a DCI design perspective, several options are possible –
· The MCS field is increased from 4 to 5 bits, while the repetition field is reduced by 1 bit. This would reduce the number of supported repetitions when 16-QAM is configured. If we simply eliminate the higher repetition values, for NPDSCH up to 128 repetitions can be supported while for NPUSCH up to 8 repetitions can be supported. Alternately, a subset of the repetitions can be selected (e.g. for NPUSCH, instead of supporting {1,2,4,8,16,32,64,128} we can support {1,2,8,16}). However, this option does not allow all existing MCS + repetition combinations to be scheduled to the UE.
· The MCS + repetition fields (total of 8 bits for N0 and 7 bits for N1) are used to jointly indicate MCS + repetition configuration when UE is configured with 16-QAM. In this case, we can cover all existing QPSK and repetition scheduling configurations. However, joint coding would make it more complicated in term of signalling at the eNB and determination at the UE. For instance, a large table or complicated decoding rules may be needed to be defined in the specifications.
· In case NPDCCH repetition is 1, one bit from NPDSCH/NPUSCH can be used together with the existing MCS bits to indicate the larger MCS table. However, this would mean that NPDSCH/NPUSCH repetition cannot be used if NPDCCH repetition is not used. This option is not preferred as it limits the scheduling flexibility for the data channels.
· Instead of using joint coding, the MCS table can be extended by using the repetition field in DCI. An unused state in the MCS table (e..g MCS = ‘1110’) will indicate to the UE that it is being scheduled using 16-QAM with no repetition, and to use the extended MCS table. The extended table can be defined using the repetition field. An example of the extension is shown below for DCI N0. Note that with this method, there is no change in how the UE would interpret the DCI when MCS field indicates a value between 0-13, so this is fully backward compatible with pre-Rel-17 UE implementation.
	Repetition number field
	I_MCS

	000
	14

	001
	15

	010
	16

	011
	17

	100
	18

	101
	19

	110
	20

	111
	21


Alternately, instead of using the repetition number field for MCS extension, the UE can be configured with two tables – one for QPSK and one for 16-QAM. UE can first check the QPSK table, and an unused state in the QPSK table can be used to switch the UE to the 16-QAM table. The 16-QAM table can be indicated using the bits that have been reserved for repetition field, hence keeping the DCI size the same as before.
In our view, it should be straightforward to support all existing MCS and repetition combinations when UE is configured with 16-QAM. The details can be FFS but several options are presented above.
Proposal 8: When UE is configured with 16-QAM, the DCI should support all existing MCS and repetition combinations. FFS details of DCI design.
Others
In RAN1#104e, it was agreed that 16-QAM will be supported at least for C-RNTI from USS and it remains FFS for CSS. In addition, it was FSS the applicability of 16-QAM for PUR or EDT. 
PUR
In Rel-16, preconfigured uplink transmission was supported. Supporting 16-QAM in PUR can be done in a straightforward manner as PUR is configured when UE is in connected mode (and therefore capability is known), so it is proposed that both features can be supported together. 
Proposal 9: 16-QAM can be supported for PUR.
EDT
Uplink EDT was specified in Rel-15 and allows the UE to transmit data during random access procedure. In this case, the eNB can provide a grant for larger TBS (from 328 to 1000 bits) to support UL EDT instead of the default Msg3 grant for 88 bits. The UE can further adjust the size of the uplink transmission based on the maximum assigned TBS and the eNB would have to perform blind decoding to determine the actual TBS. 
Introducing 16-QAM can provide greater efficiency and support higher data rate. However, the eNB may not have sufficient channel information to decide whether 16-QAM is appropriate for Msg3. In addition, the eNB would also need to perform additional blind decoding using 16-QAM. Note that for eMTC, 16-QAM was not supported for UL EDT and also not in Msg3 in general. Therefore, it is proposed not to support 16-QAM for UL EDT
Proposal 10: 16-QAM is not supported for EDT.
Conclusions
In this contribution, we consider 16-QAM support for NB-IoT and make the following proposals –
Proposal 1: Confirm the working assumption on downlink TBS table from RAN1#104-e.
Proposal 2: Confirm the following working assumptions from RAN1#103-e –
· For standalone and guardband deployments, the downlink TBS entries between 14 (TBS of 2856 for I_SF=7) and 21 are used for 16-QAM.
Proposal 3: Introduce CQI reporting for 16-QAM in the DL using the same definition for CQI as eMTC. FFS how to define CSI reference resource.
Proposal 4: Reuse Msg3 and MAC CE downlink channel quality measurement report defined in 36.133 for 16-QAM CQI reporting. FFS details.
Proposal 5: The total transmit power across OFDM symbols should be constant.
Proposal 6: The power ratio of NPDSCH EPRE to NRS EPRE in symbols with NRS () is explicitly signaled. The other two power ratio values can be determined by the UE.  
Proposal 7: The DCI size is not increased for 16-QAM support.
Proposal 8: When UE is configured with 16-QAM, the DCI should support all existing MCS and repetition combinations. FFS details of DCI design.
Proposal 9: 16-QAM can be supported for PUR.
Proposal 10: 16-QAM is not supported for EDT.
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0  1  2  3  4  5  6  7  

14  256  552  840  1128  1416  1736  2280  2856  

15  280  600  904  1224  1544  1800  2472  3112  

16  [ 328 ,  296]  632  968  1288  1608  1928  2600  3240  

17  336  696  1064  1416  1800  2152  2856  3624  

18  376  776  1160  1544  1992  2344  3112  4008  

19  408  840  1288  1736  2152  2600  3496  4264  

20  440  904  1384  1864  2344  2792  3752  4584  

21  488  1000  1480  1992  [ 2472 , 2536]  2984  4008  4968  

  Agreement   I_SF>7 is not supported in Rel - 17.     Agreement   Confirm the following working assumption:      The following TBS indices are introduced for uplink    

I_TBS  I_RU  

0  1  2  3  4  5  6  7  
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15  280  600  904  1224  1544  1800  2472   

16  328  632  968  1288  1608  1928  2536   

17  336  696  1064  1416  1800  2152    

18  376  776  1160  1544  1992  2344    

19  408  840  1288  1736  2152  2536    

20  440  904  1384  1864  2344     

21  488  1000  1480  1992  2536     

   

