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Introduction
In previous RAN1 meetings, the following agreements on TBS, MCS and CQI related topics were achieved [1]:
Agreement: 
TBSs are byte-aligned
Agreement: 
The first Working Assumption from RAN1#90 AI 6.1.4.1.2 and the first Working Assumption from NR AH#3 AI 6.4.1.3 are combined and agreed as modified below:
· For initial transmissions with code rate Rinit > 1/4, BG2 is not used when TBS>3824 
· If the FFS on UE capabilities w.r.t. support of both BGs is resolved such that it is possible that a UE does not support BG1, then the above bullet only applies if the UE supports BG1. 
· BG2 is used for initial transmissions with code rate Rinit <= ¼ for all TBS supported at that code rate
· For BG2 with TBSs larger than 3824, the TB is segmented into CBs no larger than 3840
· TBS determination for all code rates shall ensure that no zero padding is necessary with BG1 segmentation; TBS determination shall also strive to achieve no zero padding also with BG2 segmentation; any special cases are only permitted for BG2. 
· If needed for BG2 segmentation, zero padding is added during segmentation, with the padding being placed at the beginning of the first code block prior to CB-CRC calculation; padding bits are transmitted. 
Agreement
For NR PDSCH MCS table, support two separate 5 bit tables for 64QAM and 256QAM and RAN1 will strive to reuse as many entries as possible
The 64QAM MCS table should be default unless the UE is configured to use 256QAM MCS table
RRC signalling is used to choose between the two MCS tables

Agreement
For NR PUSCH MCS table (in case of CP-OFDM), support two separate 5 bit tables for 64QAM and 256QAM and RAN1 will strive to reuse as many entries as possible
The 64QAM MCS table should be default unless the UE is configured to use 256QAM MCS table
RRC signalling is used to choose between the two MCS tables

Agreement
For NR PUSCH MCS table (in case of DFT-s-OFDM), support two separate 5 bit tables for 64QAM and 256QAM and RAN1 will strive to reuse as many entries as possible
The MCS table will include entries for PI/2 BPSK
The 64QAM MCS table should be default unless the UE is configured to use 256QAM MCS table
[bookmark: _Hlk495617136]RRC signalling is used to choose between the two MCS tables
Note: In the case a UE supports only up to 16QAM, the default table should be used

Agreement
The following fields are used in defining the MCS table: 
MCS index and a corresponding modulation order and target code rate x [1024]
In this contribution, we continue to discuss the principles to design the CQI/MCS tables and TBS. Some simulation results to facilitate MCS and TBS designs will also be presented.
Verification on CQI table 
In the last meeting, LTE CQI table of 64QAM including spectral efficiency and modulation order is agreed to be reused in NR, as shown in Table 1.
Table 1 LTE CQI table of 64-QAM, referred to Table 7.2.3-1 in [4]
	CQI index
	modulation
	code rate x 1024
	efficiency

	0
	out of range

	1
	QPSK
	78
	0.1523

	2
	QPSK
	120
	0.2344

	3
	QPSK
	193
	0.3770

	4
	QPSK
	308
	0.6016

	5
	QPSK
	449
	0.8770

	6
	QPSK
	602
	1.1758

	7
	16QAM
	378
	1.4766

	8
	16QAM
	490
	1.9141

	9
	16QAM
	616
	2.4063

	10
	64QAM
	466
	2.7305

	11
	64QAM
	567
	3.3223

	12
	64QAM
	666
	3.9023

	13
	64QAM
	772
	4.5234

	14
	64QAM
	873
	5.1152

	15
	64QAM
	948
	5.5547



As we know, the Turbo codes are applied for LTE while NR adopted LDPC for eMBB data channel, and the bit-level interleaver is also changed from sub-block interleaver to a rectangular interleaver. The characteristics and performance of these two codes may be different when combining with QAM symbols, which also impact the design of CQI/MCS tables. Concretely, when modulation order switches, the performance difference of the two codes results in different switch point. 
For example, if we fix spectral efficiency of one particular CQI entry, and check the performance of the combinations of [high modulation order + low code rate] and [low modulation order + high code rate], we may find that Turbo prefers low code rate and high modulation order, and NR-LDPC prefers higher code rate and lower modulation order. 
Observation 1: the modulation combined with SE (or code rate) defined in LTE CQI table may not be appropriate for NR-LDPC design.
Simulations 
To find out the required SNR and corresponding modulation and rate, a series of simulations have been done. Simulation parameters are listed below:
· LDPC Base graphs: BG1 and BG2
· Decoding algorithm: flooding sum-product with 50 iterations
· Channel model: AWGN
· Bit-level interleaver: defined in previous agreements
· Modulation: QPSK, 16-QAM, 64-QAM, 256-QAM
· Waveform: OFDM
Figure 1 shows an example of spectral efficiency vs. required SNR @ BLER=1e-1. With such kind of figures, we can look up the minimum required SNR, modulation order and code rate once SE is fixed. 
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[bookmark: _Ref499567331][bookmark: _Ref499567327]Figure 1  Spectral efficiency vs required SNR for BG1

[bookmark: _Ref499213459]Results
[bookmark: _Ref499215196]Table 2 Corrected CQI table of 64-QAM
	CQI index
	modulation
	code rate x 1024
	efficiency

	0
	out of range

	1
	QPSK
	78
	0.1523

	2
	QPSK
	120
	0.2344

	3
	QPSK
	193
	0.3770

	4
	QPSK
	308
	0.6016

	5
	QPSK
	449
	0.8770

	6
	QPSK
	602
	1.1758

	7
	16QAM
QPSK
	378
753
	1.4766

	8
	16QAM
	490
	1.9141

	9
	16QAM
	616
	2.4063

	10
	64QAM 16QAM
	466
699

	2.7305

	11
	64QAM
16QAM
	567
851
	3.3223

	12
	64QAM
	666
	3.9023

	13
	64QAM
	772
	4.5234

	14
	64QAM
	873
	5.1152

	15
	64QAM
	948
	5.5547



Performance issues are found for the following indices, as labelled in Table 2:
· CQI index 10 for LTE-CQI table of 64-QAM (same for index 7 of LTE-CQI table of 256-QAM)
· See Figure 2, [64-QAM, rate 0.46] (LTE original) is inferior to [16-QAM, rate 0.68] for at least 1 dB for both BG1 and BG2.
· 16-QAM should be selected for this CQI entry.

· CQI index 7 for LTE-CQI table of 64-QAM (same for index 4 of LTE-CQI table of 256-QAM)
· See Figure 3, [16-QAM, rate 0.36] (LTE original) is inferior to [QPSK, rate 0.72] for at most 1 dB for both BG1 and BG2, especially for CBS<200 bits. For large CBS, the gap is decreased to 0.2 dB.
· Considering low latency benefits from higher code rate for NR-LDPC, QPSK should be selected for this CQI entry.

· CQI index 11 for LTE-CQI table of 64-QAM (same for index 8 of LTE-CQI table of 256-QAM)
· See Figure 4, [64-QAM, rate 0.56] (LTE original) is inferior to [16-QAM, rate 0.84] for about 0.4 dB for both BG1 and BG2.
· Considering low latency benefits from higher code rate for NR-LDPC, 16-QAM is preferred for this CQI entry.  
[image: ]
[bookmark: _Ref499217674]Figure 2 Performance comparison between [64-QAM, rate 0.46] and [16-QAM, rate 0.68]

[image: ]
[bookmark: _Ref499217686]Figure 3 Performance comparison between [16-QAM, rate 0.36] and [QPSK, rate 0.72]
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[bookmark: _Ref499217689]Figure 4 Performance comparison between [64-QAM, rate 0.56] and [16-QAM, rate 0.84]

Proposal 1: the corrected CQI entries should be adopted in NR.
Proposal 2: if above CQI entries are reused in the tables of 256 QAM, the modulation order correction should be considered.

MCS table design 
Design principles
Taking into account the previous agreements, the design principles for MCS tables of eMBB scenario are summarized as follows:
1. The total number of MCS tables for eMBB scenario is 4, including:
a) 2 tables for OFDM (both DL and UL): 
i. 64 QAM
ii. 256 QAM
b) 2 tables for DFT-s-OFDM (including BPSK):
i. 64 QAM
ii. 256 QAM 
Considering the OFDM waveform for UL is specially used for median or high SNR UEs and multiple MIMO layers, it is possible to reuse the MCS table for DL as well. In contrast, DFT-s-OFDM waveform serves the long range users, it should keep spectral efficiency and MCS lower than OFDM cases. 
Observation 2: 4 MCS tables should be enough for NR eMBB scenario: 1) OFDM 64 QAM; 2) OFDM 256 QAM; 3) DFT-s-OFDM 64 QAM; 4) DFT-s-OFDM 256 QAM.
2. Two overlapping MCS levels are needed where QAM switches with the same spectral efficiency, similar as LTE. It is because different MIMO ranks has shown quite diverse performance even SEs are the same, as discussed in [2].
Observation 3: two MCS levels with the same spectral efficiency should be inserted at the modulation order switching point (e.g. [high mod order, low rate] and [low mod order, high rate]).

3. To support adjustment of modulation order, we should keep last 3-4 MCS entries for special functionalities in the future, e.g., adjusting modulation order or RV index.
Observation 4: 3-4 reserved MCS entries can offer additional functionalities for further enhancement. 
4. As a perfect design of MCS table, the interval of spectral efficiencies and required SNRs between two adjacent MCS levels should be almost equal. 

Details on MCS table design
To extract a MCS table from the simulation result in section 2.1, we firstly reserve last 3/4 entries for 64/256-QAM tables. 
As a general idea, a MCS table can reuse entries of CQI as many as possible when deriving MCS tables from CQI tables. We copy all SEs of a CQI table into MCS table, and then insert one or two entries between those entries with too large SE gap. The SEs of inserted entries are obtained by averaging neighbouring entries. Then the corresponding modulation and code rate are looked up from simulation results to form a final table (Table 3 and Table 4).
[bookmark: _Ref499567664]Table 3 MCS table for OFDM and 64 QAM according to SE of LTE-CQI
	MCS Index
	Modulation
	Rate x 1024
	efficiency
	EsN0
	delta_EsN0
	BG
	Note

	0
	2
	78
	0.1523
	-8.47
	　
	2
	from CQI table

	1
	2
	120
	0.2344
	-6.617
	1.853
	2
	from CQI table

	2
	2
	193
	0.377
	-4.54
	2.077
	2
	from CQI table

	3
	2
	246
	0.4803
	-3.36
	1.18
	2
	Average Efficiency

	4
	2
	308
	0.6016
	-2.18
	1.18
	2
	from CQI table

	5
	2
	376
	0.7342
	-1.12
	1.06
	2
	Average Efficiency

	6
	2
	449
	0.877
	-0.06
	1.06
	2
	from CQI table

	7
	2
	523
	1.0206
	0.914
	0.974
	2
	Average Efficiency

	8
	2
	602
	1.1758
	1.888
	0.974
	2
	from CQI table

	9
	2
	679
	1.3269
	2.829
	0.941
	2
	Average Efficiency

	10
	2
	753
	1.4766
	3.77
	0.941
	1
	from CQI table

	11
	2
	818
	1.5977
	4.62
	0.85
	1
	overlap

	12
	4
	409
	1.5977
	4.62
	0
	2
	overlap

	13
	4
	490
	1.9141
	5.78
	1.16
	2
	from CQI table

	14
	4
	553
	2.1588
	6.7
	0.92
	2
	Average Efficiency

	15
	4
	616
	2.4063
	7.62
	0.92
	2
	from CQI table

	16
	4
	659
	2.5731
	8.27
	0.65
	2
	Average Efficiency

	17
	4
	699
	2.7305
	8.92
	0.65
	1
	from CQI table

	18
	4
	782
	3.0528
	10.185
	1.265
	1
	Average Efficiency

	19
	4
	851
	3.3223
	11.45
	1.265
	1
	from CQI table

	20
	4
	883
	3.449
	11.91
	0.46
	1
	overlap

	21
	6
	589
	3.449
	11.91
	0
	2
	overlap

	22
	6
	666
	3.9023
	13.26
	1.35
	2
	from CQI table

	23
	6
	709
	4.1523
	14.25
	0.99
	1
	Average Efficiency

	24
	6
	772
	4.5234
	15.24
	0.99
	1
	from CQI table

	25
	6
	828
	4.8535
	16.35
	1.11
	1
	Average Efficiency

	26
	6
	873
	5.1152
	17.46
	1.11
	1
	from CQI table

	27
	6
	919
	5.3824
	18.375
	0.915
	1
	Average Efficiency

	28
	6
	948
	5.5547
	19.29
	0.915
	1
	from CQI table

	29
	resvered
	

	30
	resvered
	

	31
	resvered
	



[bookmark: _Ref499567665]Table 4 Type I MCS table for OFDM and 256 QAM according to SE of LTE-CQI
	MCS Index
	Modulation
	Rate x 1024
	efficiency
	EsN0
	delta_EsN0
	BG
	Note

	0
	2
	 78
	0.1523
	-8.47
	　
	2
	from CQI table

	1
	2
	   193
	0.377
	-4.54
	3.93
	2
	from CQI table

	2
	2
	   308
	0.6016
	-2.18
	2.36
	2
	Average Efficiency

	3
	2
	   449
	0.877
	-0.06
	2.12
	2
	from CQI table

	4
	2
	   602
	1.1758
	1.888
	1.948
	2
	Average Efficiency

	5
	2
	   753
	1.4766
	3.77
	1.882
	2
	from CQI table

	6
	4
	   490
	1.9141
	5.78
	2.01
	1
	from CQI table

	7
	4
	   553
	2.1588
	6.7
	0.92
	1
	Average Efficiency

	8
	4
	   616
	2.4063
	7.62
	0.92
	2
	from CQI table

	9
	4
	   659
	2.5731
	8.27
	0.65
	2
	Average Efficiency

	10
	4
	   699
	2.7305
	8.92
	0.65
	1
	from CQI table

	11
	4
	   782
	3.0528
	10.185
	1.265
	1
	Average Efficiency

	12
	4
	   851
	3.3223
	11.45
	1.265
	1
	from CQI table

	13
	6
	   666
	3.9023
	13.26
	1.81
	2
	from CQI table

	14
	6
	   709
	4.1523
	14.25
	0.99
	1
	Average Efficiency

	15
	6
	   772
	4.5234
	15.24
	0.99
	1
	from CQI table

	16
	6
	   828
	4.8535
	16.35
	1.11
	1
	Average Efficiency

	17
	6
	   873
	5.1152
	17.46
	1.11
	1
	from CQI table

	18
	8
	   711
	5.5547
	19.156
	1.696
	1
	from CQI table

	19
	8
	   741
	5.7886
	19.77267
	0.616667
	1
	Average Efficiency

	20
	8
	   767
	5.9913
	20.38933
	0.616667
	1
	Average Efficiency

	21
	8
	   797
	6.2266
	21.006
	0.616667
	1
	from CQI table

	22
	8
	   824
	6.435
	21.664
	0.658
	1
	Average Efficiency

	23
	8
	   859
	6.7094
	22.322
	0.658
	1
	Average Efficiency

	24
	8
	   885
	6.9141
	22.98
	0.658
	1
	from CQI table

	25
	8
	   907
	7.0884
	23.64
	0.66
	1
	Average Efficiency

	26
	8
	   929
	7.2562
	24.3
	0.66
	1
	Average Efficiency

	27
	8
	   948
	7.4063
	24.96
	0.66
	1
	Average Efficiency

	28
	resvered
	

	29
	resvered
	

	30
	resvered
	

	31
	resvered
	



The advantage of the above tables is that the reported CQI can match half of the MCS levels and accurately guild gNB for scheduling. However, by subtracting SNRs between two MCS levels, we can observe the delta_SNR is quite irregular, varying from 0.66 dB to 3.93 dB as shown in 6th column. A scheduler would suffer from such kind of unstable SNR granularity. 
Observation 5: the required SNRs are irregular and non-uniform by simply copying SEs of CQI tables into MCS tables.
Therefore, to find the table with almost uniform SE and SNR interval, a good way is to slight change the SEs to achieve a balance between SE and SNR.
Optimized MCS tables
MCS table can be optimized by the following steps. 
· Set the highest SE and lowest SE according to corresponding CQI table.
· Find the upper and lower bound of working SNR according to SE.
· The SNRs for the rest of the entries are almost evenly segmented from the highest SNR to the lowest one, considering the granularity of SE. 
· Then find the required SNR and corresponding modulation and rate as shown in Table 5 and Table 6.

[bookmark: _Ref499567783]Table 5 Optimized MCS table for OFDM and 256 QAM
	MCS Index
	Modulation
	Rate x 1024
	efficiency
	EsN0
	delta_EsN0
	BG
	comments

	0
	2
	119
	0.2329
	-6.648
	　
	2
	lowest level from CQI

	1
	2
	   146
	0.2844
	-5.709
	0.939
	2
	

	2
	2
	   181
	0.3541
	-4.77
	0.939
	2
	

	3
	2
	   225
	0.4396
	-3.831
	0.939
	2
	

	4
	2
	   268
	0.5241
	-2.892
	0.939
	2
	

	5
	2
	   322
	0.6294
	-1.953
	0.939
	2
	

	6
	2
	   383
	0.7472
	-1.014
	0.939
	2
	

	7
	2
	   448
	0.8747
	-0.075
	0.939
	2
	

	8
	2
	   518
	1.0125
	0.864
	0.939
	2
	

	9
	2
	   595
	1.1621
	1.803
	0.939
	2
	

	10
	2
	   672
	1.3128
	2.742
	0.939
	2
	

	11
	2
	   744
	1.4532
	3.681
	0.939
	1
	

	12
	2
	   818
	1.5977
	4.62
	0.939
	1
	Overlap

	13
	4
	   409
	1.5977
	4.62
	0
	2
	Overlap

	14
	4
	   483
	1.888
	5.661429
	1.041429
	2
	

	15
	4
	   553
	2.1595
	6.702857
	1.041429
	2
	

	16
	4
	   623
	2.4353
	7.744286
	1.041429
	2
	

	17
	4
	   691
	2.7005
	8.785714
	1.041429
	2
	

	18
	4
	   755
	2.9511
	9.827143
	1.041429
	1
	

	19
	4
	   825
	3.2212
	10.86857
	1.041429
	1
	

	20
	4
	   883
	3.449
	11.91
	1.041429
	1
	Overlap

	21
	6
	   589
	3.449
	11.91
	0
	2
	Overlap

	22
	6
	   653
	3.8239
	12.96443
	1.054429
	2
	

	23
	6
	   704
	4.1262
	14.01886
	1.054429
	2
	BG2 get better efficiency near 0.67

	24
	6
	   757
	4.4345
	15.07329
	1.054429
	1
	

	25
	6
	   819
	4.7982
	16.12771
	1.054429
	1
	

	26
	6
	   869
	5.0894
	17.18214
	1.054429
	1
	

	27
	6
	   913
	5.3494
	18.23657
	1.054429
	1
	

	28
	6
	   948
	5.5548
	19.291
	1.054429
	1
	highest level from LTE CQI

	29
	resvered
	

	30
	resvered
	

	31
	resvered
	




[bookmark: _Ref499567785]Table 6 Optimized table for OFDM and 64 QAM
	MCS Index
	Modulation
	Rate x 1024
	efficiency
	EsN0
	delta_EsN0
	BG
	comments

	0
	2
	 78
	0.1523
	-8.47
	　
	2
	lowest level from CQI

	1
	2
	   107
	0.2095
	-7.13875
	1.33125
	2
	

	2
	2
	   143
	0.2786
	-5.8075
	1.33125
	2
	

	3
	2
	   197
	0.3842
	-4.47625
	1.33125
	2
	

	4
	2
	   256
	0.5
	-3.145
	1.33125
	2
	Code rate 0.25

	5
	2
	   346
	0.676
	-1.592
	1.553
	2
	

	6
	2
	   450
	0.8797
	-0.039
	1.553
	2
	

	7
	2
	   570
	1.1141
	1.514
	1.553
	2
	

	8
	2
	   699
	1.3656
	3.067
	1.553
	2
	

	9
	2
	   818
	1.5977
	4.62
	1.553
	1
	Overlap

	10
	4
	   409
	1.5977
	4.62
	0
	2
	Overlap

	11
	4
	   506
	1.9759
	6.078
	1.458
	2
	

	12
	4
	   611
	2.3879
	7.536
	1.458
	2
	

	13
	4
	   704
	2.7495
	8.994
	1.458
	2
	

	14
	4
	   795
	3.1064
	10.452
	1.458
	1
	

	15
	4
	   883
	3.449
	11.91
	1.458
	1
	Overlap

	16
	6
	   589
	3.449
	11.91
	0
	2
	Overlap

	17
	6
	   667
	3.9083
	13.286
	1.376
	2
	

	18
	6
	   732
	4.2871
	14.662
	1.376
	1
	

	19
	6
	   814
	4.7703
	16.038
	1.376
	1
	

	20
	6
	   880
	5.1552
	17.414
	1.376
	1
	

	21
	6
	   933
	5.4655
	18.79
	1.376
	1
	Overlap

	22
	8
	   700
	5.4655
	18.79
	0
	2
	Overlap

	23
	8
	   753
	5.885
	20.0239
	1.2339
	1
	

	24
	8
	   807
	6.3051
	21.2578
	1.2339
	1
	

	25
	8
	   866
	6.7654
	22.4917
	1.2339
	1
	

	26
	8
	   910
	7.111
	23.7256
	1.2339
	1
	

	27
	8
	   948
	7.4063
	24.9595
	1.2339
	1
	highest level from LTE CQI

	28
	resvered
	

	29
	resvered
	

	30
	resvered
	

	31
	resvered
	




Proposal 3: the proposed MCS tables in table 3,4 should be adopted for NR as baseline.
Proposal 4: the proposed MCS tables in table 5,6 should be considered for NR for further optimization.

TBS determination based on MCS and “intermediate value”
To wrap up previous agreements, TBS design principles are summarized below:
1. TBS is finely tuned from intermediate number to ensure: a) byte-aligned; b) divisible at least for CB # of base graph 1; c) better to be divisible for BG2 segmentation. 
1. TBS ensures that, after segmentation, CBS/rate does not locate on a catastrophic point. This may happens at small CBS and high coding rate. 

[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK82]UE shall first determine Intermediate number of information bits (TBStemp) by the formula



[bookmark: OLE_LINK94][bookmark: OLE_LINK95]  , ,  






Where is the quantized number of ,  is the number of subcarriers in the frequency domain in a physical resource block,  is the number of OFDM symbols in a slot,  is the number of REs for DMRS per PRB, and  is the overhead, nPRB is the total number of allocated PRBs for the UE. The details are in our contribution [5G13].
[bookmark: OLE_LINK76][bookmark: OLE_LINK77]In addition, UE will determine the actual TBS A before TB-CRC attachment by applying all the principles is following:


, if 


[bookmark: OLE_LINK3][bookmark: OLE_LINK4], if 




where lcm denotes the least common multiple , is the TB-CRC as 24, is the CB-CRC as 24, [image: ]is the size of CB and C is total number of CBs. 
Proposal 5: the proposed formula for TBS determination should be considered. 

Conclusions
According to the above discussions, we have the following proposals and observations:
Observation 1: the modulation combined with SE (or code rate) defined in LTE CQI table may not be appropriate for NR-LDPC design.
Observation 2: 4 MCS tables should be enough for NR eMBB scenario: 1) OFDM 64 QAM; 2) OFDM 256 QAM; 3) DFT-s-OFDM 64 QAM; 4) DFT-s-OFDM 256 QAM.
Observation 3: two MCS levels with the same spectral efficiency should be inserted at the modulation order switching point (e.g. [high mod order, low rate] and [low mod order, high rate]).
Observation 4: 3-4 reserved MCS entries can offer additional functionalities for further enhancement. 
Observation 5: to reach both uniform distribution of SE and SNR in a MCS table, SE may refer to CQI table with slight adjustment. 
Proposal 1: the corrected CQI entries should be adopted in NR.
Proposal 2: if above CQI entries are reused in the tables of 256 QAM, the modulation order correction should be considered.
Proposal 3: the proposed MCS tables in table 3,4 should be adopted for NR as baseline.
Proposal 4: the proposed MCS tables in table 5,6 should be considered for NR for further optimization.
Proposal 5: the proposed formula for TBS determination should be considered. 
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