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1	Introduction
In the Work Item (WI) on “Rel-17 enhancements for NB-IoT and LTE-MTC” [1], one of the objectives is to specify the following enhancement for NB-IoT:
	· [bookmark: _Hlk30583880][bookmark: _Hlk30584214]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. [NB-IoT] [RAN1, RAN4]
· Extend the NB-IoT channel quality reporting based on the framework of Rel-14—16, to support 16-QAM in DL. [NB-IoT] [RAN2, RAN1, RAN4] 



In this contribution we provide our initial view on aspects that we believe need to be considered towards the support of 16-QAM for unicast in UL and DL for NB-IoT. In the sections below we treat UL and DL separately starting with the former one. As a first step we have focused on identifying fundamental technical aspects (e.g., achievable code rates, link adaptation, achievable throughput) that need to be taken into account towards the selection of transport block candidates to be used along with 16-QAM, and once those fundamental aspects are settled we believe that in subsequent meetings other aspects (e.g., DL power allocation, channel quality reporting) of this objective can be discussed as a second step.
2	Support of 16-QAM for unicast in UL
2.1	Modulation and coding scheme, resource assignment and TBS allocation
For the support of 16-QAM in UL, the Work Item Description (WID) is more restrictive than in DL since it states: “For UL, the maximum TBS is not increased”.
The NPUSCH Format 1 transmissions using a 15 kHz subcarrier spacing can be scheduled to use a single-tone (ℼ/2-BPSK, ℼ/4-QPSK) or a multi-tone allocation (QPSK) consisting of either 3, 6, or 12 subcarriers. Moreover, in the time domain a given TBS can be mapped over one or more resource units. According with TS 36.213 [2], to determine the modulation order, redundancy version and transport block size for NPUSCH the following procedure should be followed:
	the UE shall first
-	read the "modulation and coding scheme" field ([image: ]) in the DCI or configured by higher layers for NPUSCH transmission using preconfigured uplink resource, and

-	read the "redundancy version" field () in the DCI, and

-	read the "resource assignment" field () in the DCI or configured by higher layers for NPUSCH transmission using preconfigured uplink resource, and 



-	compute the total number of allocated subcarriers (), number of resource units (), and repetition number () according to Subclause 16.5.1.1.
.
.
.



... , the UE shall use modulation order, = 2 if . The UE shall use[image: ]and Table 16.5.1.2-1 to determine the modulation order to use for NPUSCH if .








In relation with the above, a Cat-NB2 device can support in UL a TBS up to 2536 bits. The TS 36.213 states that “the UE shall use (,) and Table 16.5.1.2-2 to determine the TBS to use for the NPUSCH. is given in Table 16.5.1.2-1 if ,  otherwise” [2].
[bookmark: _Hlk30682751]Table 16.5.1.2-2: Transport block size (TBS) table for NPUSCH.
	

	


	
	0
	1
	2
	3
	4
	5
	6
	7

	0
	16
	32
	56
	88
	120
	152
	208
	256

	1
	24
	56
	88
	144
	176
	208
	256
	344

	2
	32
	72
	144
	176
	208
	256
	328
	424

	3
	40
	104
	176
	208
	256
	328
	440
	568

	4
	56
	120
	208
	256
	328
	408
	552
	680

	5
	72
	144
	224
	328
	424
	504
	680
	872

	6
	88
	176
	256
	392
	504
	600
	808
	1000

	7
	104
	224
	328
	472
	584
	712
	1000
	1224

	8
	120
	256
	392
	536
	680
	808
	1096 
	1384 

	9
	136
	296
	456
	616
	776
	936
	1256 
	1544 

	10
	144
	328
	504
	680
	872
	1000
	1384 
	1736 

	11
	176
	376
	584
	776
	1000
	1192
	1608 
	2024 

	12
	208
	440
	680
	1000
	1128
	1352 
	1800 
	2280 

	13 
	224 
	488 
	744 
	1032
	1256 
	1544 
	2024 
	2536 




In the table below we show the achievable code rates for a 12-tone allocation using QPSK for the TBS entries in Table 16.5.1.2-2. Note: In Table 0, the index IRU has already been expressed in terms of number of Resource units by using Table 16.5.1.1-2 in [2], in addition recall that for non-single tone cases .
Table 0: Transport block size (TBS) table for NPUSCH.
	

	Number of RUs

	
	1
	2
	3
	4
	5
	6
	8
	10

	0
	0.14
	0.1
	0.09
	0.1
	0.1
	0.1
	0.1
	0.1

	1
	0.17
	0.14
	0.13
	0.15
	0.14
	0.13
	0.12
	0.13

	2
	0.19
	0.17
	0.19
	0.17
	0.16
	0.16
	0.15
	0.16

	3
	0.22
	0.22
	0.23
	0.2
	0.19
	0.2
	0.2
	0.21

	4
	0.28
	0.25
	0.27
	0.24
	0.24
	0.25
	0.25
	0.24

	5
	0.33
	0.29
	0.29
	0.31
	0.31
	0.31
	0.31
	0.31

	6
	0.39
	0.35
	0.32
	0.36
	0.37
	0.36
	0.36
	0.36

	7
	0.44
	0.43
	0.41
	0.43
	0.42
	0.43
	0.44
	0.43

	8
	0.5
	0.49
	0.48
	0.49
	0.49
	0.48
	0.49
	0.49

	9
	0.56
	0.56
	0.56
	0.56
	0.56
	0.56
	0.56
	0.54

	10
	0.58
	0.61
	0.61
	0.61
	0.62
	0.59
	0.61
	0.61

	11
	0.69
	0.69
	0.7
	0.69
	0.71
	0.7
	0.71
	0.71

	12
	0.81
	0.81
	0.81
	0.89
	0.8
	0.8
	0.79
	0.8

	13 
	0.86
	0.89
	0.89
	0.92
	0.89
	0.91
	0.89
	0.89



One aspect to consider is that the larger the modulation order, the higher the required SNR. On this matter, although resource allocations smaller than 12 subcarriers are mainly targeted towards low SNR regimes (especially single-tone allocations), still there are scenarios (e.g., NPRACH and NPUSCH allocation coexisting within a PRB) where multi-tone allocations could benefit from higher order modulation. 
Thus, it is recommended to support 16-QAM in UL for both full-PRB allocations (i.e., 12 allocated subcarriers) and multi-tone allocations consisting of 6 and 3 allocated subcarriers.
[bookmark: _Toc45792341]The larger the modulation order, the higher the required SNR. 
[bookmark: _Toc45792342]Although resource allocations < 12 subcarriers are mainly targeted towards low SNR regimes (especially single-tone allocations), still there are scenarios where multi-tone allocations could benefit from higher order modulation. 
[bookmark: _Toc45703289]The support of 16-QAM in UL is only for NPUSCH Format 1 using both full-PRB allocations and multi-tone allocations consisting of 6 and 3 allocated subcarriers.
In relation with the TBS table for NPUSCH Format 1, from among the TBS entries available in Table 16.5.1.2-2 it will be needed to select a subset of them that can be used with 16-QAM in UL. Below we elaborate on different alternatives that can be considered towards selecting the TBS entries for 16-QAM in UL, and after having gone through all the alternatives we summarize the pros and cons we have foreseen for them:
2.1.1	UL-Alt-A: Using LTE as guidance for selecting the TBS entries for 16-QAM in UL

With UL-Alt-A using as a guidance Table 8.6.1-1 of LTE, the TBS entries corresponding to (ITBS = 10 to 13, Number of RUs) could become usable in NB-IoT for 16-QAM in UL. Table 1 illustrates UL-Alt-A, where the highlighted area represents the TBS entries to be used with 16-QAM in UL.

Table 1: TBS entries to be used with 16-QAM in UL for NB-IoT according with UL-Alt-A.
	Modulation Scheme
	

	Number of Rus

	
	
	1
	2
	3
	4
	5
	6
	8
	10

	




QPSK
	0
	16
	32
	56
	88
	120
	152
	208
	256

	
	1
	24
	56
	88
	144
	176
	208
	256
	344

	
	2
	32
	72
	144
	176
	208
	256
	328
	424

	
	3
	40
	104
	176
	208
	256
	328
	440
	568

	
	4
	56
	120
	208
	256
	328
	408
	552
	680

	
	5
	72
	144
	224
	328
	424
	504
	680
	872

	
	6
	88
	176
	256
	392
	504
	600
	808
	1000

	
	7
	104
	224
	328
	472
	584
	712
	1000
	1224

	
	8
	120
	256
	392
	536
	680
	808
	1096 
	1384 

	
	9
	136
	296
	456
	616
	776
	936
	1256 
	1544 

	
QPSK/16-QAM
	10
	144
	328
	504
	680
	872
	1000
	1384 
	1736 

	
	11
	176
	376
	584
	776
	1000
	1192
	1608 
	2024 

	
	12
	208
	440
	680
	1000
	1128
	1352 
	1800 
	2280 

	
	13 
	224 
	488 
	744 
	1032
	1256 
	1544 
	2024 
	2536 



In the table 2 we compare the achievable code rates for QPSK and 16-QAM in UL according with UL-Alt-A.

Table 2: Achievable Code Rates Comparison between A) QPSK and B) 16-QAM in UL for NB-IoT according with UL-Alt-A.
	A) Achievable Code Rates for QPSK
	

	Number of RUs

	
	1
	2
	3
	4
	5
	6
	8
	10

	10
	0.58
	0.61
	0.61
	0.61
	0.62
	0.59
	0.61
	0.61

	11
	0.69
	0.69
	0.7
	0.69
	0.71
	0.7
	0.71
	0.71

	12
	0.81
	0.81
	0.81
	0.89
	0.8
	0.8
	0.79
	0.8

	13 
	0.86
	0.89
	0.89
	0.92
	0.89
	0.91
	0.89
	0.89



	B) Achievable Code Rates for 16-QAM in UL for UL-Alt-A
	

	Number of RUs

	
	1
	2
	3
	4
	5
	6
	8
	10

	10
	0.29
	0.31
	0.31
	0.31
	0.31
	0.3
	0.31
	0.31

	11
	0.35
	0.35
	0.35
	0.35
	0.36
	0.35
	0.35
	0.36

	12
	0.4
	0.4
	0.41
	0.44
	0.4
	0.4
	0.4
	0.4

	13 
	0.43
	0.44
	0.44
	0.46
	0.44
	0.45
	0.44
	0.44






UL-Alt-A lowers the code-rates, but the throughput is not increased, the pros and cons are summarized in Table 10.

2.1.2	UL-Alt-B: Performing an RU rearrangement on the TBS entries for 16-QAM in UL

The 16-QAM modulation scheme doubles the number of bits per M-ary symbol with respect to QPSK. Therefore when 16-QAM’s modulation scheme is used it should in principle be possible to reduce by half the time-domain resource utilization with respect to QPSK.

With UL-Alt-B the ITBS to be used with 16-QAM keeps ranging from 10 to 13 in steps of 1, whereas the “Number of RUs” are modified as follows:

Table 3: Re-arrangement of the Number of RUs according with UL-Alt-B for 16-QAM in UL
	Number of RUs

	1
	1
	2
	2
	3
	3
	4
	5



Table 4 illustrates UL-Alt-B, where the highlighted area represents the TBS entries to be used with 16-QAM in UL.

Table 4: TBS entries to be used with 16-QAM in UL for NB-IoT according with UL-Alt-B.
	Modulation
Scheme
	

	Number of Rus

	
	
	QPSK

	
	
	1
	2
	3
	4
	5
	6
	8
	10

	
	
	16-QAM

	
	
	1
	1
	2
	2
	3
	3
	4
	5

	




QPSK
	0
	16
	32
	56
	88
	120
	152
	208
	256

	
	1
	24
	56
	88
	144
	176
	208
	256
	344

	
	2
	32
	72
	144
	176
	208
	256
	328
	424

	
	3
	40
	104
	176
	208
	256
	328
	440
	568

	
	4
	56
	120
	208
	256
	328
	408
	552
	680

	
	5
	72
	144
	224
	328
	424
	504
	680
	872

	
	6
	88
	176
	256
	392
	504
	600
	808
	1000

	
	7
	104
	224
	328
	472
	584
	712
	1000
	1224

	
	8
	120
	256
	392
	536
	680
	808
	1096 
	1384 

	
	9
	136
	296
	456
	616
	776
	936
	1256 
	1544 

	
QPSK/16-QAM
	10
	144
	328
	504
	680
	872
	1000
	1384 
	1736 

	
	11
	176
	376
	584
	776
	1000
	1192
	1608 
	2024 

	
	12
	208
	440
	680
	1000
	1128
	1352 
	1800 
	2280 

	
	13 
	224 
	488 
	744 
	1032
	1256 
	1544 
	2024 
	2536 



In table 5 we compare the achievable code rates for QPSK and 16-QAM in UL according with UL-Alt-B.

Table 5: Achievable Code Rates Comparison between A) QPSK and B) 16-QAM in UL for NB-IoT according with UL-Alt-B.
	A) Achievable Code Rates for QPSK
	

	Number of RUs

	
	1
	2
	3
	4
	5
	6
	8
	10

	10
	0.58
	0.61
	0.61
	0.61
	0.62
	0.59
	0.61
	0.61

	11
	0.69
	0.69
	0.7
	0.69
	0.71
	0.7
	0.71
	0.71

	12
	0.81
	0.81
	0.81
	0.89
	0.8
	0.8
	0.79
	0.8

	13 
	0.86
	0.89
	0.89
	0.92
	0.89
	0.91
	0.89
	0.89



	B) Achievable Code Rates for 16-QAM in UL for UL-Alt-B
	

	Number of RUs

	
	1
	1
	2
	2
	3
	3
	4
	5

	10
	0.29
	0.61
	0.46
	0.61
	0.52
	0.59
	0.61
	0.61

	11
	0.35
	0.69
	0.53
	0.69
	0.59
	0.7
	0.71
	0.71

	12
	0.4
	0.81
	0.61
	0.89
	0.67
	0.8
	0.79
	0.8

	13 
	0.43
	0.89
	0.67
	0.92
	0.74
	0.91
	0.89
	0.89






From Table 5 B) which refers to the achievable Code Rates for 16-QAM in UL, it can be seen that for a given ITBS, the column pairs for which is possible to allocate the same number of RUs (e.g., the 1st and 2nd column from the left for ITBS =10), lead to significantly different code rates between each other and with respect to the other columns as well which can be problematic from a link-adaptation perspective. Therefore, a possible solution could consist in keeping those columns that provide the same or a roughly similar code rate with respect to other columns, that is, the “Number of RUs” could be modified as follows for an UL-Alt-B1:

Table 6: Re-arrangement of the Number of RUs according with UL-Alt-B for 16-QAM in UL
	Number of RUs

	-
	1
	-
	2
	-
	3
	4
	5



Upon having performed the above modification, table 7 compares the achievable code rates for QPSK and 16-QAM in UL according with UL-Alt-B1.

Table 7: Achievable Code Rates Comparison between A) QPSK and B) 16-QAM in UL for NB-IoT according with UL-Alt-B1.
	A) Achievable Code Rates for QPSK
	

	Number of RUs

	
	1
	2
	3
	4
	5
	6
	8
	10

	10
	0.58
	0.61
	0.61
	0.61
	0.62
	0.59
	0.61
	0.61

	11
	0.69
	0.69
	0.7
	0.69
	0.71
	0.7
	0.71
	0.71

	12
	0.81
	0.81
	0.81
	0.89
	0.8
	0.8
	0.79
	0.8

	13 
	0.86
	0.89
	0.89
	0.92
	0.89
	0.91
	0.89
	0.89



	B) Achievable Code Rates for 16-QAM in UL for UL-Alt-B1
	

	Number of Rus

	
	-
	1
	-
	2
	-
	3
	4
	5

	10
	-
	0.61
	-
	0.61
	-
	0.59
	0.61
	0.61

	11
	-
	0.69
	-
	0.69
	-
	0.7
	0.71
	0.71

	12
	-
	0.81
	-
	0.89
	-
	0.8
	0.79
	0.8

	13 
	-
	0.89
	-
	0.92
	-
	0.91
	0.89
	0.89






From Table 7 A) and B), it can be noticed that the achievable code rates for 16-QAM in UL result to be the same that the ones obtained with QPSK on those TBS entries, being the advantage of UL-Alt-B1 that for those TBS entries, 16-QAM would use half of the resources in the time-domain (i.e., half the number of RUs) which leads to a throughput gain. Although UL-Alt-B1 resolves the link-adaptation issue in terms of using 16-QAM with different allocated RUs, preliminary simulation results indicate that the SNR-operation point at which a 10% BLER is achieved differs from ⁓6dB to ⁓9dB for QPSK with respect to 16-QAM. Closing the SNR gap between QPSK and 16-QAM is desirable also for link-adaptation purposes, and although boosting the UE’s transmit power by introducing ΔTF to the UE’s transmit power control equation could be one possibility, other alternatives discussed below can be used to alleviate this issue.

The pros and cons of UL-Alt-B1 are summarized in Table 10.

2.1.3	UL-Alt-C: Performing a Transport Block redistribution for the TBS entries for 16-QAM in UL

To alleviate the large difference between 16-QAM and QPSK in terms of the required SNR to fulfil a 10% BLER target, a solution consisting in redistributing the legacy TBS entries can be considered.

With UL-Alt-C, the number of allocable RUs can remain unmodified (i.e., 1, 2, 3, 4, 5, 6, 8, 10) with respect to what is available for QPSK. Table 8 illustrates UL-Alt-C, where the highlighted area represents the TBS entries to be used only with 16-QAM in UL on which a redistribution of the legacy TBS entries was performed, whereas the other part of the table is used for QPSK for which the legacy ITBS indices 3, 5, 9, 12, 13 were skipped as to let room for 16-QAM and avoid link adaptation issues. 

Table 8: TBS entries to be used with 16-QAM in UL for NB-IoT according with UL-Alt-C.
	Modulation Scheme
	

	Number of Rus

	
	
	1
	2
	3
	4
	5
	6
	8
	10

	



QPSK only


	0
	16
	32
	56
	88
	120
	152
	208
	256

	
	1
	24
	56
	88
	144
	176
	208
	256
	344

	
	2
	32
	72
	144
	176
	208
	256
	328
	424

	
	3
	56
	120
	208
	256
	328
	408
	552
	680

	
	4
	88
	176
	256
	392
	504
	600
	808
	1000

	
	5
	104
	224
	328
	472
	584
	712
	1000
	1224

	
	6
	120
	256
	392
	536
	680
	808
	1096 
	1384 

	
	7
	144
	328
	504
	680
	872
	1000
	1384 
	1736 

	
	8
	176
	376
	584
	776
	1000
	1192
	1608 
	2024 

	

16-QAM only
	9
	224
	488
	744
	1000
	1256
	1544
	2024
	2536

	
	10
	296
	616
	936
	1256
	1544
	2024
	2536
	-

	
	11
	392
	808
	1256
	1608
	2024
	2536
	-
	-

	
	12
	440
	904
	1352
	1800
	2280
	-
	-
	-

	
	13
	488
	1000
	1544
	2024
	2536
	-
	-
	-



With UL-Alt-C, the TBS entries in the table above have been rearranged as to create one set of transport blocks to be exclusive used by QPSK and one other set to be exclusively used by 16-QAM. Table 9 shows how the TBS entries were carefully redistributed as to keep small differences in terms of achievable codes for neighbour columns and adjacent rows in the TBS table, which will lead to close the SNR gap when a given ITBS is selected along with any number of RUs, and at the moment of switching from QPSK to 16-QAM and vice versa.

Table 9: Achievable Code Rates for QPSK and 16-QAM in UL for NB-IoT according with UL-Alt-C.
	Modulation Scheme
	

	Number of Rus

	
	
	1
	2
	3
	4
	5
	6
	8
	10

	


QPSK only


	0
	0.14
	0.1
	0.09
	0.1
	0.1
	0.1
	0.1
	0.1

	
	1
	0.17
	0.14
	0.13
	0.15
	0.14
	0.13
	0.12
	0.13

	
	2
	0.19
	0.17
	0.19
	0.17
	0.16
	0.16
	0.15
	0.16

	
	3
	0.28
	0.25
	0.27
	0.24
	0.24
	0.25
	0.25
	0.24

	
	4
	0.39
	0.35
	0.32
	0.36
	0.37
	0.36
	0.36
	0.36

	
	5
	0.44
	0.43
	0.41
	0.43
	0.42
	0.43
	0.44
	0.43

	
	6
	0.5
	0.49
	0.48
	0.49
	0.49
	0.48
	0.49
	0.49

	
	7
	0.58
	0.61
	0.61
	0.61
	0.62
	0.59
	0.61
	0.61

	
	8
	0.69
	0.69
	0.7
	0.69
	0.71
	0.7
	0.71
	0.71

	

16-QAM only
	9
	0.43
	0.44
	0.44
	0.44
	0.44
	0.45
	0.44
	0.44

	
	10
	0.56
	0.56
	0.56
	0.56
	0.54
	0.59
	0.56
	-

	
	11
	0.72
	0.72
	0.74
	0.71
	0.71
	0.74
	-
	-

	
	12
	0.81
	0.80
	0.80
	0.79
	0.80
	-
	-
	-

	
	13
	0.89
	0.89
	0.91
	0.89
	0.89
	-
	-
	-




According with UL-Alt-C, when the 16-QAM feature is enabled a single TBS table will be used for both QPSK and 16-QAM. That is, there won’t be a need of using 1-bit to select the modulation scheme since the lower part of the TBS table will be exclusively used by 16-QAM, meaning that the ITBS index selection per-se will be used to implicitly indicate the selected modulation scheme. Compared to legacy, QPSK will have 5 less selectable ITBS indices (legacy ITBS indices 3, 5, 9, 12, 13 won’t be present) as to let room for introducing 16-QAM and avoiding both vertical-wise and horizontal-wise link adaption issues. Moreover, the TBS redistribution allows 16-QAM saving resources in time-domain compared to QPSK leading to a throughput gain. For example, it is possible to transmit with QPSK a TBS equal to 2024 bits using 10 RUs, whereas when the SNR conditions are good enough it would be possible to transmit the same TBS with 16-QAM using half the number of RUs (i.e., 5 RUs).

The pros and cons of UL-Alt-C are summarized in Table 10.

2.1.4	Summary of the Alternatives to introduce 16-QAM in UL for NB-IoT
Table 10 presents a summary of Pros and Cons on the possible alternatives previously described in sections 2.1.1, 2.1.2, and 2.1.3 towards introducing 16-QAM in UL for NB-IoT.
Table 10: Summary of Pros and Cons on possible Alternatives to introduce 16-QAM in UL for NB-IoT.
	Alternatives to introduce 16-QAM in UL

	Pros
	Cons

	






UL-Alt-A
	
· UL-Alt-A lowers the code rates with respect to QPSK.

· No link adaptation issues horizontal-wise (i.e., The achievable code rates are similar for a given ITBS used with a different number of allocated RUs). 
	
· The legacy TBS Table used by QPSK would remain unmodified, but e.g., 1-bit would be required to select either QPSK or 16-QAM.

· The time-domain resource utilization remains the same, hence there won’t be throughput gains of 16-QAM over QPSK in UL.

· Link adaption issues vertical-wise (i.e., large SINR gap between QPSK and 16-QAM at 10% BLER.



	UL-Alt-B1
	
· The time-domain resource utilization will be reduced by half with respect to QPSK, hence there will be throughput gains of 16-QAM over QPSK in UL.

· No link adaptation issues horizontal-wise (i.e., The achievable code rates are similar for a given ITBS used with a different number of allocated RUs).

	
· The legacy TBS Table used by QPSK would remain unmodified, but e.g., 1-bit would be required to select either QPSK or 16-QAM.

· Link adaption issues vertical-wise (i.e., large SINR gap between QPSK and 16-QAM at 10% BLER.



	UL-Alt-C
	
· The time-domain resource utilization will be reduced by means of the TBS redistribution (including a time-domain resource utilization reduction by half with respect to QPSK), hence there will be throughput gains of 16-QAM over QPSK in UL.

· No link adaptation issues horizontal-wise (i.e., The achievable code rates are similar for a given ITBS used with a different number of allocated RUs).

· No link adaption issues vertical-wise (i.e., Provides a reduced SINR gap between QPSK and 16-QAM at 10% BLER.

· A single TBS Table will be used by both QPSK and 16-QAM, being a set of the TBS entries exclusively used by QPSK and some other set exclusively used by 16-QAM. There is no need to use 1-bit to select the modulation scheme. The modulation scheme will be selected by the ITBS index per-se.

	
· QPSK will not have all the TBS it has available in legacy as to make room for 16-QAM and avoid link-adaptation issues.



[bookmark: _Toc45703290]The design targets to introduce 16-QAM for NB-IoT in UL include:
· [bookmark: _Toc45703291]Increasing the throughput with respect to QPSK by reducing the resource utilization in the time-domain.
· [bookmark: _Toc45703292]Avoid link adaptation issues, that is:
· [bookmark: _Toc45703293]Avoid large differences in achievable code rates when for a given ITBS, a different number of RUs is allocated.
· [bookmark: _Toc45703294]Avoid large differences in achievable code rates when passing from QPSK to 16-QAM and vice versa (i.e., At 10% BLER, the SINR gap between QPSK and 16-QAM is no larger than ⁓ 3dB).
· [bookmark: _Toc45703295]Use a single TBS Table including TBS entries for both QPSK and 16-QAM.
[bookmark: _Ref178064866][bookmark: _Hlk528365764]3	Support for 16-QAM for unicast in DL
3.1	Modulation and coding scheme, resource assignment and TBS allocation
[bookmark: _Hlk31884879]For the support of 16-QAM in DL, the Work Item Description (WID) states “This is to be specified without a new NB-IoT UE category”, and also that “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”.

According with TS 36.213 [2], the currently available modulation order is = 2 (i.e., QPSK), and within the context of transmitting user data in DL the transport block size (TBS) in the NPDSCH is determined as follows: 
	the UE shall first,


[bookmark: _Hlk30586118][bookmark: _Hlk30598989][bookmark: _Hlk30586249]-	read the 4-bit "modulation and coding scheme" field () in the DCI and set .
and second,

[bookmark: _Hlk30599039]-	read the 3-bit "resource assignment" field () in the DCI and determine its TBS by the procedure in Subclause 16.4.1.5.1.






In relation with the above, a Cat-NB2 device can support in DL a TBS up to 2536 bits. The TBS is given by the (,) entry in Table 16.4.1.5.1-1 of TS 36.213 [2].
Table 16.4.1.5.1-1: Transport block size (TBS) table.
	

	


	
	0
	1
	2
	3
	4
	5
	6
	7

	0
	16
	32
	56
	88
	120
	152
	208
	256

	1
	24
	56
	88
	144
	176
	208
	256
	344

	2
	32
	72
	144
	176
	208
	256
	328
	424

	3
	40
	104
	176
	208
	256
	328
	440
	568

	4
	56
	120
	208
	256
	328
	408
	552
	680

	5
	72
	144
	224
	328
	424
	504
	680
	872

	6
	88
	176
	256
	392
	504
	600
	808 
	1032 

	7
	104
	224
	328
	472
	584
	680
	968 
	1224 

	8
	120
	256
	392
	536
	680
	808 
	1096 
	1352 

	9
	136
	296
	456
	616
	776 
	936 
	1256 
	1544 

	10
	144
	328
	504
	680
	872 
	1032 
	1384 
	1736 

	11
	176
	376
	584
	776 
	1000 
	1192 
	1608 
	2024 

	12
	208
	440
	680
	904 
	1128 
	1352 
	1800 
	2280 

	13
	224 
	488 
	744 
	1032
	1256 
	1544 
	2024 
	2536 



[bookmark: _Hlk30587634][bookmark: _Hlk30587671]From the description in TS 36.213 about the “Modulation order and transport block size determination”, it is possible to observe that the TBS index (ITBS) uses only 14 out of 16 available indices (recall that the 4-bits "modulation and coding scheme" field in DCI determines ITBS [3]). 
[bookmark: _Toc45792343]According with the TBS table in TS 36.213, for a Cat-NB-2 device the TBS index (ITBS) uses only 14 out of 16 available indices.
[bookmark: _Hlk30600651]According with the analysis above, Table 16.4.1.5.1-1 could be expanded with up to two rows as to provide up 16 new possible TBS entries for 16-QAM in DL. 
[bookmark: _Toc45792344]The two unused TBS indices in combination with the legacy ISF range could be used to provide up to 16 new possible TBS entries towards the introduction of 16-QAM in DL.
Overall, the same design targets discussed for UL in section 2 apply for DL. That is, the throughput should be increased with respect to QPSK, a single TBS table should be able to contain TBS entries for both QPSK, and 16-QAM, and link adaption issues (horizontal-wise and vertical-wise, see Table 10) should be avoided.
In general, the alternatives compared in Table 10 for UL also apply for DL, being UL-Alt-C the one that shows to fulfil the design targets mentioned before. Thus, based on the same principles (i.e., Transport Block redistribution) as UL-Alt-C, below we show an analogous TBS table for DL and its corresponding achievable code rates.
Table 11: Expanded Table 16.4.1.5.1-1 highlighting the TBS entries usable for 16-QAM in DL in the case of “stand-alone” and “guard-band” deployments.
	Modulation Scheme
	

	Number of NPDSCH Subframes (NSF)

	
	
	1
	2
	3
	4
	5
	6
	8
	10

	



QPSK only


	0
	16
	32
	56
	88
	120
	152
	208
	256

	
	1
	24
	56
	88
	144
	176
	208
	256
	344

	
	2
	32
	72
	144
	176
	208
	256
	328
	424

	
	3
	40
	104
	176
	208
	256
	328
	440
	568

	
	4
	56
	120
	208
	256
	328
	408
	552
	680

	
	5
	72
	144
	224
	328
	424
	504
	680
	872

	
	6
	88
	176
	256
	392
	504
	600
	808
	1032

	
	7
	104
	224
	328
	472
	584
	680
	968
	1224

	
	8
	120
	256
	392
	536
	680
	808
	1096
	1352

	
	9
	144
	328
	504
	680
	872
	1032
	1384
	1736

	
	10
	176
	376
	584
	776
	1000
	1192
	1608
	2024

	
	11
	224
	488
	744
	1032
	1256
	1544
	2024
	2536

	
16-QAM only
	12
	280
	600
	904
	1224
	1544
	1800
	2472
	3112

	
	13
	344
	744
	1128
	1544
	1928
	2280
	3112
	3880

	
	14
	424
	872
	1352
	1736
	2280
	2536
	3496
	4264

	
	15
	488
	1000
	1544
	2024
	2536
	3112
	4008
	4968



Table 12: Achievable Code Rates, highlighting the TBS entries usable for 16-QAM in DL in the case of “stand-alone” and “guard-band” deployments.
	Modulation Scheme
	

	Number of NPDSCH Subframes (NSF)

	
	
	1
	2
	3
	4
	5
	6
	8
	10

	



QPSK only


	0
	0.13
	0.09
	0.09
	0.09
	0.09
	0.1
	0.1
	0.09

	
	1
	0.16
	0.13
	0.12
	0.14
	0.13
	0.13
	0.12
	0.12

	
	2
	0.18
	0.16
	0.18
	0.16
	0.15
	0.15
	0.14
	0.15

	
	3
	0.21
	0.21
	0.22
	0.19
	0.18
	0.19
	0.19
	0.19

	
	4
	0.26
	0.24
	0.25
	0.23
	0.23
	0.24
	0.24
	0.23

	
	5
	0.32
	0.28
	0.27
	0.29
	0.29
	0.29
	0.29
	0.29

	
	6
	0.37
	0.33
	0.31
	0.34
	0.35
	0.34
	0.34
	0.35

	
	7
	0.42
	0.41
	0.39
	0.41
	0.4
	0.39
	0.41
	0.41

	
	8
	0.47
	0.46
	0.46
	0.46
	0.46
	0.46
	0.46
	0.45

	
	9
	0.55
	0.58
	0.58
	0.58
	0.59
	0.58
	0.58
	0.58

	
	10
	0.66
	0.66
	0.67
	0.66
	0.67
	0.67
	0.67
	0.67

	
	11
	0.82
	0.84
	0.84
	0.87
	0.84
	0.86
	0.84
	0.84

	
16-QAM only
	12
	0.50
	0.51
	0.51
	0.51
	0.52
	0.50
	0.51
	0.52

	
	13
	0.61
	0.63
	0.63
	0.64
	0.64
	0.63
	0.64
	0.64

	
	14
	0.74
	0.74
	0.75
	0.72
	0.76
	0.70
	0.72
	0.71

	
	15
	0.84
	0.84
	0.86
	0.84
	0.84
	0.86
	0.83
	0.82



With respect to the legacy QPSK TBS table, only two rows (associated to legacy ITBS indices 9 and 12) have been skipped/removed as to let room for introducing entries for 16-QAM in DL and avoid link-adaptation issues. That is, these two skipped rows, plus the expansion of two additional rows provide the four rows usable for 16-QAM.
According with Table 11, which highlights the TBS entries usable for 16-QAM in DL it is possible to double the throughput (i.e., 253.6 kbps) with respect to Rel-16 (i.e., 126.8 kbps) in two different ways:
· Without even having to double the max TBS with respect to Rel-16: For example, when the TBS = 2536 bits is transmitted with 16-QAM using 5 NPDSCH subframes, the throughput increases to 253.6 kbps.
· Through doubling the max TBS with respect to Rel-16: When the new maximum TBS = 4968 bits is transmitted with 16-QAM using 10 NDPSCH subframes, the throughput increases to 248 kbps (i.e., ⁓253.6 kbps). In LTE (which has been used as design reference), the closest value to twice the max TBS in Rel-16 is a TBS = 4968 bits, therefore the throughput is almost doubled since not exactly twice the max TBS in Rel-16 was used.
On the other hand, what has been illustrated in Table 11 is not applicable for an “in-band” deployment because in such a case the max ITBS is 10, and on top of that there are less resource elements available for NB-IoT since some of them are reserved for LTE (e.g., PDCCH, CRS). 
Note: In the case of an “in-band” deployment, using 16-QAM with ITBS > 12 leads to too high achievable code-rates (0.88 and larger).
[bookmark: _Toc45792345]For “in-band” deployments the max ITBS is 10, and there are less resource elements available for NB-IoT since some of them are reserved for LTE (e.g., PDCCH, CRS). 
[bookmark: _Toc45792346]For “in-band” deployments, a given combination of (ITBS, ISF) leads to a higher code rate than the one obtained in other deployment modes.
Due that in an “in-band” deployment the resource elements used by LTE increase the code rate, 16-QAM can be used earlier. That is, towards the support of 16-QAM for an “in-band” deployment we foresee the following choices:
· Option 1: For an “in-band” deployment, the max ITBS is kept as in legacy and 16-QAM is usable only for ITBS 9 and 10.
· Option 2: For an “in-band” deployment, ITBS from 9 to 12 is usable with 16-QAM. 
Table 13 illustrates the two options described above to support 16-QAM in DL in the case of an “in-band” deployment, where similarly as for the other deployment modes the legacy ITBS indices 9 and 12 were skipped/removed as to let room for 16-QAM while avoiding link adaptation issues. In addition, Table 14 shows the expected achievable code rates for the entries associated to both QPSK and 16-QAM.
Table 13: Expanded Table 16.4.1.5.1-1 highlighting the TBS entries usable for 16-QAM in DL in the case of “in-band” deployments.
	Modulation Scheme
	

	Number of NPDSCH Subframes (NSF)

	
	
	1
	2
	3
	4
	5
	6
	8
	10

	



QPSK only

	0
	16
	32
	56
	88
	120
	152
	208
	256

	
	1
	24
	56
	88
	144
	176
	208
	256
	344

	
	2
	32
	72
	144
	176
	208
	256
	328
	424

	
	3
	40
	104
	176
	208
	256
	328
	440
	568

	
	4
	56
	120
	208
	256
	328
	408
	552
	680

	
	5
	72
	144
	224
	328
	424
	504
	680
	872

	
	6
	88
	176
	256
	392
	504
	600
	808
	1032

	
	7
	104
	224
	328
	472
	584
	680
	968
	1224

	
	8
	120
	256
	392
	536
	680
	808
	1096
	1352

	Opt. 1
16-QAM only
	Opt. 2
16-QAM only
	9
	144
	328
	504
	680
	872
	1032
	1384
	1736

	
	
	10
	176
	376
	584
	776
	1000
	1192
	1608
	2024

	
	
	11
	224
	488
	744
	1032
	1256
	1544
	2024
	2536

	
	
	12
	280
	600
	904
	1224
	1544
	1800
	2472
	3112



Table 14: Achievable Code Rates, highlighting the TBS entries usable for 16-QAM in DL in the case of “in-band” deployments.
	Modulation Scheme
	

	Number of NPDSCH Subframes (NSF)

	
	
	1
	2
	3
	4
	5
	6
	8
	10

	



QPSK only

	0
	0.19
	0.13
	0.13
	0.13
	0.14
	0.14
	0.14
	0.13

	
	1
	0.23
	0.19
	0.18
	0.20
	0.19
	0.19
	0.17
	0.18

	
	2
	0.27
	0.23
	0.27
	0.24
	0.22
	0.22
	0.21
	0.22

	
	3
	0.31
	0.31
	0.32
	0.28
	0.27
	0.28
	0.28
	0.28

	
	4
	0.38
	0.35
	0.37
	0.34
	0.34
	0.35
	0.35
	0.34

	
	5
	0.46
	0.40
	0.40
	0.42
	0.43
	0.42
	0.42
	0.43

	
	6
	0.54
	0.48
	0.45
	0.50
	0.51
	0.50
	0.50
	0.51

	
	7
	0.62
	0.60
	0.56
	0.60
	0.58
	0.56
	0.60
	0.60

	
	8
	0.69
	0.67
	0.67
	0.67
	0.68
	0.67
	0.67
	0.66

	Opt. 1
16-QAM only
	Opt. 2
16-QAM only
	9
	0.40
	0.42
	0.42
	0.42
	0.43
	0.42
	0.42
	0.42

	
	
	10
	0.48
	0.48
	0.49
	0.48
	0.49
	0.49
	0.49
	0.49

	
	
	11
	0.60
	0.62
	0.62
	0.63
	0.62
	0.63
	0.62
	0.62

	
	
	12
	0.73
	0.75
	0.74
	0.75
	0.75
	0.73
	0.75
	0.75



[bookmark: _Toc45703296]The design targets to introduce 16-QAM for NB-IoT in DL include:
· [bookmark: _Toc45703297]Increasing the throughput with respect to QPSK by reducing the resource utilization in the time-domain (i.e., the throughput is not only increased through e.g., doubling the max TBS with respect to Rel-16).
· [bookmark: _Toc45703298]Avoid link adaptation issues, that is:
· [bookmark: _Toc45703299]Avoid large differences in achievable code rates when for a given ITBS, a different number of NSF is allocated
· [bookmark: _Toc45703300]Avoid large differences in achievable code rates when passing from QPSK to 16-QAM and vice versa (i.e., At 10% BLER, the SINR gap between QPSK and 16-QAM is no larger than ⁓ 3dB).
· [bookmark: _Toc45703301]Use a single TBS Table including TBS entries for both QPSK and 16-QAM
· [bookmark: _Toc45703302]In-band deployment is a subcase of the stand-alone and guard-band deployments unless a performance issue were found.
In Annex A, we have included a table containing a set of simulation assumptions that can be used to evaluate the design targets (achievable code rates, avoidance of link-adaptation issues, achievable throughput) towards the introduction of 16-QAM for NB-IoT in UL and DL.
	Conclusion
In the previous sections we made the following observations for the support of 16-QAM for unicast in UL and DL for NB-IoT:
Observation 1	The larger the modulation order, the higher the required SNR.
Observation 2	Although resource allocations < 12 subcarriers are mainly targeted towards low SNR regimes (especially single-tone allocations), still there are scenarios where multi-tone allocations could benefit from higher order modulation.
Observation 3	According with the TBS table in TS 36.213, for a Cat-NB-2 device the TBS index (ITBS) uses only 14 out of 16 available indices.
Observation 4	The two unused TBS indices in combination with the legacy ISF range could be used to provide up to 16 new possible TBS entries towards the introduction of 16-QAM in DL.
Observation 5	For “in-band” deployments the max ITBS is 10, and there are less resource elements available for NB-IoT since some of them are reserved for LTE (e.g., PDCCH, CRS).
Observation 6	For “in-band” deployments, a given combination of (ITBS, ISF) leads to a higher code rate than the one obtained in other deployment modes.
 
Based on the discussion in the previous sections we propose the following:
Proposal 1	The support of 16-QAM in UL is only for NPUSCH Format 1 using both full-PRB allocations and multi-tone allocations consisting of 6 and 3 allocated subcarriers.
Proposal 2	The design targets to introduce 16-QAM for NB-IoT in UL include:
	Increasing the throughput with respect to QPSK by reducing the resource utilization in the time-domain.
	Avoid link adaptation issues, that is:
o	Avoid large differences in achievable code rates when for a given ITBS, a different number of RUs is allocated.
o	Avoid large differences in achievable code rates when passing from QPSK to 16-QAM and vice versa (i.e., At 10% BLER, the SINR gap between QPSK and 16-QAM is no larger than ⁓ 3dB).
	Use a single TBS Table including TBS entries for both QPSK and 16-QAM.
Proposal 3	The design targets to introduce 16-QAM for NB-IoT in DL include:
	Increasing the throughput with respect to QPSK by reducing the resource utilization in the time-domain (i.e., the throughput is not only increased through e.g., doubling the max TBS with respect to Rel-16).
	Avoid link adaptation issues, that is:
o	Avoid large differences in achievable code rates when for a given ITBS, a different number of NSF is allocated
o	Avoid large differences in achievable code rates when passing from QPSK to 16-QAM and vice versa (i.e., At 10% BLER, the SINR gap between QPSK and 16-QAM is no larger than ⁓ 3dB).
	Use a single TBS Table including TBS entries for both QPSK and 16-QAM
o	In-band deployment is a subcase of the stand-alone and guard-band deployments unless a performance issue were found.
[bookmark: _In-sequence_SDU_delivery]
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[bookmark: _GoBack]Set of simulation assumptions that can be used to evaluate the design targets (achievable code rates, avoidance of link-adaptation issues, achievable throughput) towards the introduction of 16-QAM for NB-IoT in UL and DL.

Table 15: Achievable Code Rates, highlighting the TBS entries usable for 16-QAM in DL in the case of “in-band” deployments.
	Parameter
	Value

	Propagation conditions
	AWGN, ETU

	Fading
	Rayleigh, 1 Hz Doppler spread

	Raster offset
	Stand-alone: 0Hz; in-band and guard-band: 7.5 kHz

	Device antenna configuration
	One transmit antenna and one receive antenna

	Base station antenna configuration
	Stand-alone, guard-band, and in-band: Two transmit antennas and two receive antennas

	MCL
	≤ 144 dB

	Number of NPDCCH/NPDSCH REs per subframe
	Stand-alone and guard-band: 152, In-band: 104

	Resource Bandwidth
	DL: 1 PRB
	UL: 1 PRB, optional 3, 6 tones.

	Number of repetitions
	DL(NPDCCH/NPDSCH): 1
	UL(NPDCCH/NPUSCH): 1

	Number of HARQ processes
	Up to 2 (Cat N2)

	Max number of retransmissions
	Up to 4

	Coding Method
	DL: Convolutional coding
	UL: Turbo coding

	Channel Estimation
	Ideal, Realistic

	16-QAM modulation
	Gray coded QAM

	Valid NB-IoT subframes
	All subframes not carrying NPBCH, NPSS, and NSSS are assumed valid subframes.
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