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At RAN1#84, the following agreements on NPDSCH were reached.
· Error detection through 24-bit Cyclic Redundancy Check (CRC) for NB-PDSCH follows Section 5.3.2.1 in TS 36.212
· Clarify that the Tail biting convolutional encoding  agreed for NB-PDSCH is according to section 5.1.3.1 in TS 36.212
· 16QAM is not supported for NB-PDSCH
· The maximum TBS for NB-PDSCH is 680 bits
· Redundancy versions (RVs) for NB-PDSCH are not supported
· Note that the number(s) of subframes that a TB can be mapped onto for NB-PDSCH is FFS 
· Sub-PRB allocations of the NB-PDSCH are not supported
· NB-PDSCH for paging is always scheduled by a control channel
· The scrambling sequence for NB-PDSCH is according to Section 7.2 of TS 36.211
· If the codeword is mapped to more than one subframe, the scrambling sequence generator is initialised at the start of each codeword and at the start of each repetition cycle
· A repetition cycle is defined as the basic unit in which a full codeword is repeated
· If the codeword is mapped to a single subframe, the scrambling sequence initialization is FFS
· The initialisation value cinit is according to Section 6.3.1 of TS 36.211 for the LTE PDSCH
· FFS: cinit also depends on the radio frame number and/or repetition number in case scheduling window is agreed
· Note: support of symbol level combining is not precluded

The remaining open issues include
· MCS and TBS tables
· Whether repetition is used
· Resource mapping to more than one subframe
· Signaling of MCS, TBS, and number of repetitions

In this contribution, we discuss these open issues.
MCS and TBS tables
The MCS and TBS tables for legacy LTE PDSCH are given in [1], see Tables 7.1.7.1-1 and 7.1.7.2.1-1, respectively. The MCS table in [1] has a 1 dB step size. For NB-IoT, considering the accuracy of link adaptation, fine MCS granularity of a 1 dB step size is not necessary. In [2], it was proposed that a step size around 2 dB is used for NB-IoT, only using even numbered MCS from the LTE table. In [2], it was further proposed that only the MCS indexes in [1] with QPSK modulation is adopted for NB-IoT since NPDSCH only uses QPSK.
Using only even numbered MCS from the LTE table however reduces the granularity of TBS, which in some cases results in excessive padding. Although reducing the number of NPDSCH MCSs by increasing the MCS step size results in reduction in DCI signalling (by at most 1 bit), excessive padding may have a more pronounced impact on the overall inefficiency of radio resource utilization. Thus, we propose that the LTE MCS granularity is maintained for the sake of avoiding excessive padding. Furthermore, the MCS table for LTE was designed with the consideration of high order modulation being included, and thus there is no MCS with QPSK and high coding rates (e.g. coding rate 0.6) since better link performance can be achieved by using a lower coding rate with 16-QAM. For NB-IoT, the combination of QPSK with high coding rates might be desired since these MCSs better serve UEs in good coverage. A proposal is given in Table 1.
[bookmark: _Ref445379688]Table 1: MCS Table for NPDSCH
	
NPDSCH MCS Index

	
Modulation Order

	
TBS Index


	0
	2
	0

	1
	2
	1

	2
	2
	2

	3
	2
	3

	4
	2
	4

	5
	2
	5

	6
	2
	6

	7
	2
	7

	8
	2
	8

	9
	2
	9

	10
	2
	10



Regarding the TBS, the TBS table in [1] is specified for a number of  values. NPDSCH operates only one PRB, and therefore the multiple PRBs in the LTE table can be revised to multiple resource units for NB-IoT. For NPDSCH, We propose that one resource unit is 1 subframe, i.e. 1 ms.
Proposal 1: A resource unit for NPDSCH is one subframe, i.e. 1 ms.

An example TBS table is given in Table 2, which is derived based on Table 7.1.7.2.1-1 in [1], but only keeping certain rows and certain columns and replacing number of PRBs with number of resource units (RU). The number of resource units according to Table 2 forms a rate-matching unit. The elements highlighted in Table 2 need to be revised for NPDSCH. Considering the maximum TBS for NPDSCH is 680 bits, we revise those numbers slightly greater than 680 bits to 680 bits and discard those much greater than 680 bits. Furthermore, we adjust the highlighted TBS under one RU to avoid requiring multiple HARQ transmissions by default. A revised table is given in Table 3. As seen, the table limited TBS to 680 bits.


[bookmark: _Ref445466258]Table 2: TBS table derived based on legacy LTE
	
	Number of resource units (RU), one RU = 1 ms

	

	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	0
	16
	32
	56
	88
	120
	152
	176
	208
	224
	256

	1
	24
	56
	88
	144
	176
	208
	224
	256
	328
	344

	2
	32
	72
	144
	176
	208
	256
	296
	328
	376
	424

	3
	40
	104
	176
	208
	256
	328
	392
	440
	504
	568

	4
	56
	120
	208
	256
	328
	408
	488
	552
	632
	696

	5
	72
	144
	224
	328
	424
	504
	600
	680
	776
	872

	6
	328
	176
	256
	392
	504
	600
	712
	808
	936
	1032

	7
	104
	224
	328
	472
	584
	712
	840
	968
	1096
	1224

	8
	120
	256
	392
	536
	680
	808
	968
	1096
	1256
	1384

	9
	136
	296
	456
	616
	776
	936
	1096
	1256
	1416
	1544

	10
	144
	328
	504
	680
	872
	1032
	1224
	1384
	1544
	1736



[bookmark: _Ref445391240]Table 3: Proposed TBS table for NPDSCH
	
	Number of resource units (RU) per rate-matching unit, one RU = 1 ms

	

	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	0
	16
	32
	56
	88
	120
	152
	176
	208
	224
	256

	1
	24
	56
	88
	144
	176
	208
	224
	256
	328
	344

	2
	32
	72
	144
	176
	208
	256
	296
	328
	376
	424

	3
	40
	104
	176
	208
	256
	328
	392
	440
	504
	568

	4
	56
	120
	208
	256
	328
	408
	488
	552
	632
	680

	5
	72
	144
	224
	328
	424
	504
	600
	680
	Unused
	Unused

	6
	88
	176
	256
	392
	504
	600
	680
	Unused
	Unused
	Unused

	7
	104
	224
	328
	472
	584
	680
	Unused
	Unused
	Unused
	Unused

	8
	120
	256
	392
	536
	680
	Unused
	Unused
	Unused
	Unused
	Unused

	9
	136
	296
	456
	616
	Unused
	Unused
	Unused
	Unused
	Unused
	Unused

	10
	144
	328
	504
	680
	Unused
	Unused
	Unused
	Unused
	Unused
	Unused



The number of resource elements in a RU (subframe) available for NPDSCH data symbols depends on the following factors
· NB-IoT operation mode (in-band, guard-band, or stand-alone)
· Number of LTE CRS ports
· Number of OFDM symbols taken by LTE PDCCH
· Number of NRS ports.

Table 4 lists all the possibilities. As seen, it ranges from 100 resource elements to 160 resource elements per subframe.

[bookmark: _Ref445392431]Table 4: Number of resource elements per subframe available for NPDSCH
	Operation mode
	# LTE CRS ports
	#OFDM symbols
for LTE PDCCH
	#NRS ports
	# resource elements
available to NPDSCH

	Stand-alone, guard-band
	
	
	1
	160

	Stand-alone, guard-band
	
	
	2
	152

	In-band
	2
	1
	1
	136

	In-band
	2
	1
	2
	128

	In-band
	2
	2
	1
	124

	In-band
	2
	2
	2
	116

	In-band
	2
	3
	1
	112

	In-band
	2
	3
	2
	104

	In-band
	4
	1
	1
	132

	In-band
	4
	1
	2
	124

	In-band
	4
	2
	1
	120

	In-band
	4
	2
	2
	112

	In-band
	4
	3
	1
	108

	In-band
	4
	3
	2
	100



Rate matching can be done based on the TBS and the available of resource elements in the number of resource units according to in Table 3. Thus, the coding rate for each of the TBS size shown on Table 3 is listed in Table 5, for the case of 100 resource elements per subframe available to NPDSCH. Observe that the TBS table allows the maximum TBS size (680 bits) to have coding rates ranging from 0.88 to 0.35, covering a wide range of operating SNR. Furthermore the TBS table allows a high coding gain with the inclusion of coding rate 0.35 for the maximum TBS. Repetitions can be combined with a low coding rate to extend NPDSCH coverage.
Another example based on 160 resource elements per subframe available to NPDSCH is given in Table 6.

Proposal 2: Rate-matching for NPDSCH is done according to the TBS and the number of resource elements available to NPDSCH in a rate-matching unit. The number of resource elements available to NPDSCH in a rate-matching unit depends on (1) NB-IoT operation mode, (2) number of LTE CRS ports, (3) number of OFDM symbols taken by LTE PDCCH, and (4) number of NRS ports.
Proposal 3: The number of resource units in a rate-matching unit is signalled in DCI.

[bookmark: _Ref445392910]Table 5: NPDSCH coding rate for various MCS and TBS (number of REs per subframe = 100)
	
	Number of resource units (RU) per rate-matching unit, one RU = 1 ms

	

	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	0
	0.20
	0.14
	0.13
	0.14
	0.14
	0.15
	0.14
	0.15
	0.14
	0.14

	1
	0.24
	0.20
	0.19
	0.21
	0.20
	0.19
	0.18
	0.18
	0.20
	0.18

	2
	0.28
	0.24
	0.28
	0.25
	0.23
	0.23
	0.23
	0.22
	0.22
	0.22

	3
	0.32
	0.32
	0.33
	0.29
	0.28
	0.29
	0.30
	0.29
	0.29
	0.30

	4
	0.40
	0.36
	0.39
	0.35
	0.35
	0.36
	0.37
	0.36
	0.36
	0.35

	5
	0.48
	0.42
	0.41
	0.44
	0.45
	0.44
	0.45
	0.44
	Unused
	Unused

	6
	0.56
	0.50
	0.47
	0.52
	0.53
	0.52
	0.50
	Unused
	Unused
	Unused

	7
	0.64
	0.62
	0.59
	0.62
	0.61
	0.59
	Unused
	Unused
	Unused
	Unused

	8
	0.72
	0.70
	0.69
	0.70
	0.70
	Unused
	Unused
	Unused
	Unused
	Unused

	9
	0.80
	0.80
	0.80
	0.80
	Unused
	Unused
	Unused
	Unused
	Unused
	Unused

	10
	0.84
	0.88
	0.88
	0.88
	Unused
	Unused
	Unused
	Unused
	Unused
	Unused



[bookmark: _Ref445466534]Table 6: NPDSCH coding rate for various MCS and TBS (number of REs per subframe = 160)
	
	Number of resource units (RU) per rate-matching unit, one RU = 1 ms

	

	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	0
	0.13
	0.09
	0.08
	0.09
	0.09
	0.09
	0.09
	0.09
	0.09
	0.09

	1
	0.15
	0.13
	0.12
	0.13
	0.13
	0.12
	0.11
	0.11
	0.12
	0.12

	2
	0.18
	0.15
	0.18
	0.16
	0.15
	0.15
	0.14
	0.14
	0.14
	0.14

	3
	0.20
	0.20
	0.21
	0.18
	0.18
	0.18
	0.19
	0.18
	0.18
	0.19

	4
	0.25
	0.23
	0.24
	0.22
	0.22
	0.23
	0.23
	0.23
	0.23
	0.22

	5
	0.30
	0.26
	0.26
	0.28
	0.28
	0.28
	0.28
	0.28
	Unused
	Unused

	6
	0.35
	0.31
	0.29
	0.33
	0.33
	0.33
	0.31
	Unused
	Unused
	Unused

	7
	0.40
	0.39
	0.37
	0.39
	0.38
	0.37
	Unused
	Unused
	Unused
	Unused

	8
	0.45
	0.44
	0.43
	0.44
	0.44
	Unused
	Unused
	Unused
	Unused
	Unused

	9
	0.50
	0.50
	0.50
	0.50
	Unused
	Unused
	Unused
	Unused
	Unused
	Unused

	10
	0.53
	0.55
	0.55
	0.55
	Unused
	Unused
	Unused
	Unused
	Unused
	Unused



Repetition
To reach 164 dB MCL, repetitions are used together with a low MCS (i.e. a low coding rate). An illustration is shown in Figure 1. Rate matching is done based on TBS and the number of resource elements in a rate-matching unit. In essence, a codeword after rate matching is transmitted in a rate-matching unit. When repetitions are needed, the entire codeword is repeated. We propose that the number of repetitions that may be used for NPDSCH includes {1, 2, 4, 8, 16, 32, 64, 128, 256}. We further propose that repetitions can only be combined with the lowest MCS.
Furthermore, we propose that different scrambling masks are applied to different repetitions. This is desired when the impact of clipping filtering at eNB is considered. Clipping filter is commonly used to control PAPR at eNB. It is expected that NB-IoT in the standalone operation requires more clipping due to fewer subcarriers used within the system bandwidth. Clipping however introduces distortion and as a result the EVM increases. From the consideration of minimizing the impact of clipping, it is beneficial that different repetitions have different NPDSCH data symbols so that they are not clipped in the same manner. This can be achieved by simply applying different scrambling masks to different repetitions. Codeword scrambling is also specified in [3]. The scrambling mask is initialized according to the slot number within a radio frame. This would result in different scrambling masks for different repetitions.

Proposal 4: Channel coding, rate-matching, and repetitions are used for achieving an extreme coverage requirement.
Proposal 5: The number of repetitions that may be used for NPDSCH includes {1, 2, 4, 8, 16, 32, 64, 128, 256}.
Proposal 6: The use of repetitions only applies to the lowest MCS.
Proposal 7: An NPDSCH codeword is scrambled according to the method adopted by the legacy LTE PDSCH.

[image: ]
[bookmark: _Ref445470217]Figure 1: channel coding, rate matching, and repetition.
Resource mapping
NPDSCH resource mapping is illustrated in Figure 2. Within each resource unit, the modulated symbols are mapped frequency first and time second fashion. After one resource unit is completely filled in with modulated symbols, the remaining symbols are mapped to subsequent resource units.

[image: ]
[bookmark: _Ref445475104]Figure 2: NPDSCH resource mapping.

Proposal 8: NPDSCH modulated symbols are mapped to resource units one by one in a sequential fashion, and within each resource unit NPDSCH modulated symbols are mapped according to frequency first and time second principle.

The repetition pattern according to Figure 2 has different repetitions of the same codeword segment (subframes of the same color) not transmitted in consecutive subframes. This however does not prevent symbol-level combining when the scrambling masks applied to different repetitions are the same. Since the scrambling mask depends on the slot number within a frame, if the repetitions are separated by an integer multiple of 10 ms they share the same scrambling mask. Note that NPBCH has also repetitions separated by 10 ms and symbol-level combining of multiple repetitions can be applied for NPBCH. NPDSCH symbol-level combining can be done in the same fashion. However as mentioned earlier, it is desirable to have different scrambling masks applied to different repetitions for minimizing the impact of clipping filter.
Signaling of MCS, TBS, and number of repetitions
We propose that MCS, TBS, and repetitions are signalled jointly. Table 7 shows the possible combinations of MCS, number of repetitions, and TB sizes. Overall, there are 164 combinations, which can be signed jointly using 8 DCI bits.

[bookmark: _Ref445827968]Table 7: Combinations of MCS, number of repetitions, and TB sizes.
	# of Repetitions
	MCS
	# resource units (each instance corresponds to one TBS)

	256
	0
	(1,2,…,10)

	128
	0
	(1,2,…,10)

	64
	0
	(1,2,…,10)

	32
	0
	(1,2,…,10)

	16
	0
	(1,2,…,10)

	8
	0
	(1,2,…,10)

	4
	0
	(1,2,…,10)

	2
	0
	(1,2,…,10)

	1
	0
	(1,2,…,10)

	1
	1
	(1,2,…,10)

	1
	2
	(1,2,…,10)

	1
	3
	(1,2,…,10)

	1
	4
	(1,2,…,10)

	1
	5
	(1,2,…,8)

	1
	6
	(1,2,…,7)

	1
	7
	(1,2,…,6)

	1
	8
	(1,2,…,5)

	1
	9
	(1,2,…,4)

	1
	10
	(1,2,…,4)


[bookmark: _GoBack]
Proposal 9: MCS, TBS, and number of repetitions are signalled jointly in DCI.
Conclusions
In this contribution, we have discussed a number of open issues regarding NPDSCH design. We have the following proposals.

Proposal 1: A resource unit for NPDSCH is one subframe, i.e. 1 ms.
Proposal 2: Rate-matching for NPDSCH is done according to the TBS and the number of resource elements available to NPDSCH in a rate-matching unit. The number of resource elements available to NPDSCH in a rate-matching unit depends on (1) NB-IoT operation mode, (2) number of LTE CRS ports, (3) number of OFDM symbols taken by LTE PDCCH, and (4) number of NRS ports.
Proposal 3: The number of resource units in a rate-matching unit is signalled in DCI.
Proposal 4: Channel coding, rate-matching, and repetitions are used for achieving an extreme coverage requirement.
Proposal 5: The number of repetitions that may be used for NPDSCH includes {1, 2, 4, 8, 16, 32, 64, 128, 256}.
Proposal 6: The use of repetitions only applies to the lowest MCS.
Proposal 7: An NPDSCH codeword is scrambled according to the method adopted by the legacy LTE PDSCH.
Proposal 8: NPDSCH modulated symbols are mapped to resource units one by one in a sequential fashion, and within each resource unit NPDSCH modulated symbols are mapped according to frequency first and time second principle.
Proposal 9: MCS, TBS, and number of repetitions are signalled jointly in DCI.
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