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In R1#89 meeting, the following agreement was made [1]: 
Agreement: 
· If bit-level interleaving is applied, it should be limited to each code block individually
In R1 #90 meeting, the following conclusion were made [2]: 
Agreement: 
· A bit-level interleaver within a code block is included at the output of the rate matcher
Next steps for interleaver design:
Evaluate the following based on initial transmissions, until NR AH#3, and select one at NR AH#3:
· Block interleaver (e.g. as in LTE)
· Systematic bits priority order interleaver (e.g. as in HSPA)
Evaluation assumptions:
· Fading channel model – TDL-C
· All modulation orders
· Interference modelled 
FFS until NR AH#3 whether to additionally include reversal of bit mapping order in retransmissions. 
In this contribution, we would like to discuss the interleaver design with performance evaluation and whether additional bit-reversal in (re)transmission should be used.
This contribution is a revision of R1-1716226.
Bit-Level Interleaver Design
For each transmission of each code block, we propose to include a bit-level interleaver. This bit-level interleaver should be placed after the circular buffer as shown in Fig. 1. In NR LDPC, most parity VN blocks are constructed by diagonal extension which results in the column-weight of one, i.e., each extended parity block has variable degree of only one. Therefore, the diagonal extended parity blocks and the information blocks have different sensitivities to interference or noise. Moreover each parity bit corresponds to a check node with different weight. Therefore, all the diagonal extended parity bits have different effects on the decoding. In general, systematic information bits in an LDPC codeword are related to higher column-weights in the parity-check matrix. A good strategy is to put the LDPC bits location with higher column-weight onto more reliable modulation bits to provide more protection. This can be achieved by using an interleaving function to perform bit reordering after the rate-matching of each code block. 


Figure 1: Block diagram of bit-level interleaver after circular buffer.
The bit-level interleaver shown in Fig. 2 should be a block interleaver. This interleaver has row width that is the same as the modulation order and column width as ceil(codeword length/modulation order). This interleaver writes the data row-by-row and reads the data column-by-column. In Fig. 2, a1 to aJ (J is modulation order) form the first modulation symbol, b1 to bJ form the second modulation symbol, and so on. The first two bits are the most reliable bits in one modulation symbol with gray coding using the same mapping as LTE. The systematic information bits of an LDPC codeword are filled in the first row first and then the second row. That is, LDPC systematic bits are mapped to the more reliable bits in modulation symbols. 
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Figure 2: Block interleaver structure (64QAM as example).
Proposal 1:  A systematic bits priority order interleaver for each transmission of a code block should be considered as block interleaver. The row width of the interleaver should be the same as the modulation order and column width of the interleaver is thus ceil(codeword length/modulation order).
Bit-level interleaver simulation Results
In order to evaluate the feasibility of the proposed bit-level interleaver for LDPC code, some computer simulations are carried out. The simulation settings are: 
The agreed BG#1 and BG#2 LDPC codes in [3] are employed in the simulation. The channel models considered are 3GPP TDL-A and TDL-C multipath fading models. Modulation schemes include QPSK, 16QAM, 64QAM, and 256QAM. Transmission schemes are 1Tx antenna and 2Rx antennas. The system bandwidth is 20 MHz and the subcarrier spacing is 15 kHz. Ideal channel estimation is assumed. 
[bookmark: _Ref471567185]Tables 1 and 2 show the performance gain of the bit-interleaver at BLER=0.1 for BG#1 with CBS 8448/4224, for which different modulation schemes under AWGN, 3GPP TDL-A and TDL-C channels with different delay spreads are considered. Tables 4 and 5 show the performance gain of bit-interleaver at BLER=0.1 for BG#2 with CBS 2560/1280, for which different modulation schemes under AWGN, 3GPP TDL-A and TDL-C channels with different delay spreads are considered. Tables 3 and 6 show the performance gain of bit-interleaver at BLER=0.1 for BG#1/BG#2 with CBS 8448/2560, for which different modulation schemes under interference (burst noise of 1/14 code block length) are considered. It is obvious that the proposed bit-level interleaver has significant gain under different channels and interference channels.
Observation 1:  Systematic bits priority order interleaver can provide significant gain under AWGN, multipath fading, and interference channels.
Proposal 2:  Systematic bits priority order interleaver should be adopted in NR LDPC.
Table 1: Performance gain of bit-interleaver with BG#1 CBS 8448 under different channels and CR’s
	AWGN
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3

	256QAM
	0.06
	0.08
	0.19
	0.26
	0.14
	0.26
	0.37

	64QAM
	0.04
	0.04
	0.13
	0.12
	0.02
	0.28
	0.18

	16QAM
	0.00
	0.02
	0.06
	0.08
	-0.07
	0.05
	0.04

	QPSK
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	TDL-C 30 ns
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3

	256QAM
	0.15
	0.15
	0.26
	0.30
	0.15
	0.27
	0.32

	64QAM
	0.07
	0.07
	0.14
	0.18
	0.13
	0.36
	0.29

	16QAM
	0.03
	0.04
	0.04
	0.13
	0.04
	0.05
	0.06

	QPSK
	0.03
	0.01
	0.02
	0.02
	0.01
	0.03
	0.06

	TDL-C 300 ns
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3

	256QAM
	0.11
	0.12
	0.21
	0.30
	0.12
	0.28
	0.34

	64QAM
	0.07
	0.10
	0.17
	0.22
	0.10
	0.28
	0.24

	16QAM
	0.07
	0.05
	0.08
	0.17
	0.00
	0.12
	0.15

	QPSK
	0.02
	0.03
	0.01
	0.01
	0.00
	0.02
	0.05

	TDL-C 1000 ns
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3

	256QAM
	0.08
	0.16
	0.25
	0.28
	0.12
	0.35
	0.40

	64QAM
	0.03
	0.10
	0.17
	0.21
	0.08
	0.39
	0.23

	16QAM
	0.04
	0.00
	0.08
	0.09
	0.02
	0.13
	0.09

	QPSK
	0.02
	0.03
	0.00
	0.02
	0.01
	0.01
	0.01

	TDL-A 30 ns
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3

	256QAM
	0.01
	0.14
	0.18
	0.24
	0.14
	0.24
	0.30

	64QAM
	0.09
	0.08
	0.14
	0.19
	0.07
	0.28
	0.19

	16QAM
	0.08
	0.06
	0.03
	0.10
	0-.04
	0.06
	0.07

	QPSK
	0.02
	0.01
	0.01
	0.04
	0.03
	0.02
	0.00

	TDL-A 300ns
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3

	256QAM
	0.07
	0.15
	0.19
	0.25
	0.10
	0.29
	0.28

	64QAM
	0.04
	0.07
	0.13
	0.18
	0.09
	0.30
	0.27

	16QAM
	0.07
	0.03
	0.07
	0.12
	0.00
	0.10
	0.12

	QPSK
	0.02
	0.00
	0.00
	0.01
	0-.02
	0.02
	0.00

	TDL-A 1000 ns
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3

	256QAM
	0.08
	0.09
	0.16
	0.22
	0.09
	0.34
	0.41

	64QAM
	0.08
	0.08
	0.17
	0.19
	0.09
	0.36
	0.24

	16QAM
	0.06
	0.04
	0.09
	0.16
	0.03
	0.14
	0.11

	QPSK
	0.00
	0.00
	0.01
	0.00
	0.02
	0.02
	0.02



Table 2: Performance gain of bit-interleaver with BG#1 CBS 4224 under different channels and CR’s
	AWGN
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3

	256QAM
	0.05
	0.07
	0.18
	0.24
	0.14
	0.25
	0.36

	64QAM
	0.03
	0.06
	0.13
	0.12
	0.01
	0.29
	0.18

	16QAM
	0.02
	0.01
	0.06
	0.07
	0.08
	0.03
	0.05

	QPSK
	0.00
	0.00
	0.00
	0.01
	0.01
	0.00
	0.00

	TDL-C 30 ns
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3

	256QAM
	0.09
	0.14
	0.30
	0.31
	0.33
	0.61
	0.65

	64QAM
	0.04
	0.09
	0.21
	0.18
	0.31
	0.47
	0.41

	16QAM
	0.03
	0.04
	0.07
	0.09
	0.07
	0.13
	0.12

	QPSK
	0.04
	0.02
	0.05
	0.02
	0.01
	0.01
	-0.09

	TDL-C 300 ns
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3

	256QAM
	0.16
	0.19
	0.28
	0.37
	0.23
	0.37
	0.40

	64QAM
	0.11
	0.07
	0.16
	0.22
	0.12
	0.34
	0.28

	16QAM
	0.05
	0.02
	0.06
	0.10
	0
	0.11
	0.12

	QPSK
	0.04
	0.04
	0.06
	0
	0.00
	0.02
	-0.02

	TDL-C 1000 ns
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3

	256QAM
	0.17
	0.17
	0.25
	0.32
	0.18
	0.34
	0.42

	64QAM
	0.08
	0.12
	0.20
	0.30
	0.14
	0.36
	0.28

	16QAM
	0.04
	0.06
	0.09
	0.15
	0.06
	0.17
	0.11

	QPSK
	0.00
	0.01
	0.02
	0.01
	0.00
	0.01
	0.01





Table 3: Performance gain of bit-interleaver with BG#1 CBS 8448 under interference channels and CR’s
	Interference
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3

	256QAM
	
	
	
	
	0.47
	0.61
	1.69

	64QAM
	
	
	
	
	0.50
	0.68
	1.41

	16QAM
	
	
	
	
	0.42
	0.54
	1.04

	QPSK
	
	
	
	
	0.29
	0.22
	0.63



Table 4: Performance gain of bit-interleaver with BG#2 CBS 2560 under different channels and CR’s
	AWGN
	2/3
	1/2
	2/5
	1/3
	1/5

	256QAM
	0.21
	0.43
	0.53
	0.57
	0.45

	64QAM
	0.04
	0.28
	0.37
	0.40
	0.25

	16QAM
	0.04
	0.10
	0.06
	0.06
	0.05

	QPSK
	0.01
	0.00
	0.01
	0.01
	0.00

	TDL-C 30 ns
	2/3
	1/2
	2/5
	1/3
	1/5

	256QAM
	0.29
	0.57
	0.62
	0.65
	0.60

	64QAM
	0.19
	0.39
	0.58
	0.60
	0.54

	16QAM
	0.08
	0.18
	0.16
	0.17
	0.10

	QPSK
	0.05
	0.20
	0.10
	0.13
	0.05

	TDL-C 300 ns
	2/3
	1/2
	2/5
	1/3
	1/5

	256QAM
	0.39
	0.50
	0.56
	0.62
	0.57

	64QAM
	0.19
	0.40
	0.42
	0.50
	0.33

	16QAM
	0.14
	0.24
	0.19
	0.21
	0.07

	QPSK
	0.03
	0.04
	0.04
	0.09
	0.03

	TDL-C 1000 ns
	2/3
	1/2
	2/5
	1/3
	1/5

	256QAM
	0.33
	0.45
	0.57
	0.61
	0.45

	64QAM
	0.15
	0.33
	0.39
	0.42
	0.31

	16QAM
	0.17
	0.18
	0.12
	0.10
	0.04

	QPSK
	0.03
	0.07
	0.02
	0.02
	0.00

	TDL-A 30 ns
	2/3
	1/2
	2/5
	1/3
	1/5

	256QAM
	0.29
	0.43
	0.58
	0.67
	0.60

	64QAM
	0.17
	0.44
	0.46
	0.51
	0.39

	16QAM
	0.12
	0.17
	0.19
	0.19
	0.12

	QPSK
	0.01
	0.24
	0.09
	0.03
	0.01

	TDL-A 300ns
	2/3
	1/2
	2/5
	1/3
	1/5

	256QAM
	0.36
	0.51
	0.59
	0.58
	0.64

	64QAM
	0.18
	0.42
	0.41
	0.51
	0.29

	16QAM
	0.11
	0.21
	0.15
	0.17
	0.12

	QPSK
	0.02
	0.12
	0.04
	0.06
	0.02

	TDL-A 1000 ns
	2/3
	1/2
	2/5
	1/3
	1/5

	256QAM
	0.28
	0.48
	0.66
	0.64
	0.54

	64QAM
	0.21
	0.43
	0.48
	0.50
	0.34

	16QAM
	0.09
	0.14
	0.15
	0.13
	0.06

	QPSK
	0.03
	0.05
	0.03
	0.02
	0.03




Table 5: Performance gain of bit-interleaver with BG#2 CBS 1280 under different channels and CR’s
	TDL-C 30 ns
	2/3
	1/2
	2/5
	1/3
	1/5

	256QAM
	0.32
	0.48
	0.56
	0.68
	0.62

	64QAM
	0.15
	0.32
	0.33
	0.42
	0.32

	16QAM
	0.14
	0.30
	0.25
	0.31
	0.33

	QPSK
	0.06
	0.16
	0.00
	0.04
	0.02

	TDL-C 300 ns
	2/3
	1/2
	2/5
	1/3
	1/5

	256QAM
	0.36
	0.45
	0.54
	0.70
	0.66

	64QAM
	0.24
	0.40
	0.48
	0.51
	0.36

	16QAM
	0.17
	0.27
	0.28
	0.30
	0.21

	QPSK
	0.03
	0.07
	0.08
	0.10
	0.03

	TDL-C 1000 ns
	2/3
	1/2
	2/5
	1/3
	1/5

	256QAM
	0.35
	0.59
	0.60
	0.56
	0.53

	64QAM
	0.10
	0.35
	0.35
	0.37
	0.17

	16QAM
	0.14
	0.22
	0.17
	0.15
	0.07

	QPSK
	0.06
	0.05
	0.02
	0.01
	0.05




Table 6: Performance gain of bit-interleaver with BG#2 CBS 2560 under interference channels and CR’s
	Interference
	2/3
	1/2
	2/5
	1/3
	1/5

	256QAM
	
	2.94
	1.31
	1.4
	2.52

	64QAM
	
	2.45
	0.94
	1.08
	0.91

	16QAM
	
	2.09
	0.79
	0.63
	0.43

	QPSK
	
	1.18
	0.40
	0.38
	0.13



Bit-reversal in re-transmission with bit-level interleaver
Fig. 3 shows three schemes for bit-reversal in re-transmission with 256QAM and bit-level interleaver. Levels 1 to 4 mean four reliability levels in 256QAM and level 1 is with the highest reliability. The normal bits order is represented as (1, 2, 3, 4) by reliability levels. Bit-reversal order is represented as (4, 3, 2, 1) also by reliability levels. Another bit ordering method switches the high and low reliability bits in the order of (2, 1, 4, 3) or (3, 4, 1, 2). 
In Scheme A, first transmission of RV0 uses normal bits order (1, 2, 3, 4) and re-transmissions of RV0 use bit-reversal order (4, 3, 2, 1). In Scheme B, first transmission of RV0 also uses normal bit order (1, 2, 3, 4) but re-transmissions of RV0 alternately use the bit orders (4, 3, 2, 1) and (1, 2, 3, 4). In Scheme C, first transmission of RV0 also uses bit order (1, 2, 3,4) and re-transmissions of RV0 sequentially use the bit orders (4, 3, 2, 1), (2, 1, 4, 3), (3, 4, 1, 2).
[image: C:\Users\mtk04383\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\QIN81GNH\tdoc_modify.png]
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Figure 3. Bit-reversal mapping schemes for re-transmission.
In order to evaluate the performance of different schemes for bit ordering, several simulations were carried out. In the simulations, TDL-C 300 ns multipath fading channels are considered. The performance metric is the required SNR to achieve BLER  in the 3rd or 4th transmission. Scheme A is considered as a baseline and we define the coding gain as
Coding gain (dB) = (SchemeA) (Scheme B or C)
Tables 7 to 10 show the performance comparison between Schemes A/B/C with BG#1/2 LDPC codes in 3rd and 4th transmission. Bit ordering scheme is denoted as the symbol after modulation schemes in these tables. From the simulation results, Scheme B always provides significant gain over Scheme A under different CR’s and modulation schemes. Scheme C can provide more gain than Scheme B.
Observation 2:  Bit-reversal and bit-ordering mapping of modulation bits for RV0 re-transmission can provide significant gain.
Proposal 3:  Bit-reversal mapping of modulation bits for re-transmission should be adopted in NR LDPC.
Proposal 4:  Normal bit mapping and bit-reversal mapping of modulation bits should be alternately used in re-transmission.


Table 7: Coding gain (dB) at BLER= for BG#1, K=6336, TDL-C 300ns: 3rd transmission
	CR
Mod.
	0.33
	0.40
	0.50
	0.67
	0.75
	0.83
	0.89

	16 QAM (B)
	0.34
	0.44
	0.27
	0.16
	0.10
	0.06
	0.06

	64 QAM (B)
	0.03
	0.41
	0.30
	0.32
	0.24
	0.09
	0.08

	256 QAM (B)
	0.03
	0.52
	0.20
	0.40
	0.26
	0.14
	0.06

	256QAM (C)
	0.48
	0.87
	0.72
	0.58
	0.41
	0.21
	0.09



Table 8: Coding gain (dB) at BLER= for BG#1, K=6336, TDL-C 300ns: 4th transmission
	[bookmark: _GoBack]CR
Mod.
	0.33
	0.40
	0.50
	0.67
	0.75
	0.83
	0.89

	16 QAM (B)
	0.79
	0.89
	0.75
	0.48
	0.43
	0.39
	0.37

	64 QAM (B)
	0.69
	1.05
	1.12
	0.96
	0.86
	0.80
	0.82

	256 QAM (B)
	0.86
	1.47
	1.21
	1.17
	1.18
	1.25
	1.25

	256QAM (C)
	1.33
	1.91
	1.91
	1.95
	1.87
	1.83
	1.83



Table 9: Coding gain (dB) at BLER= for BG#2, K=1008, TDL-C 300ns: 3rd transmission
	CR
Mod.
	0.20
	0.33
	0.40
	0.50
	0.67

	16 QAM (B)
	0.08
	0.26
	0.28
	0.19
	0.10

	64 QAM (B)
	
	0.24
	0.37
	0.41
	0.27

	256 QAM (B)
	
	0.71
	0.74
	0.34
	0.25

	256QAM (C)
	0.51
	1.06
	1.15
	0.60
	0.44



Table 10: Coding gain (dB) at BLER= for BG#2, K=1008, TDL-C 300ns: 4th transmission
	CR
Mod.
	0.20
	0.33
	0.40
	0.50
	0.67

	16 QAM (B)
	0.28
	0.66
	0.68
	0.46
	0.38

	64 QAM (B)
	0.20
	0.77
	0.79
	0.88
	0.87

	256 QAM (B)
	0.22
	1.28
	1.37
	0.92
	0.98

	256QAM (C)
	0.96
	1.94
	2.16
	1.66
	1.83



Conclusion
The following summarizes the observations and proposals in this contribution.
Observation 1:  Systematic bits priority order interleaver can provide significant gain under AWGN, multipath fading, and interference channels.
Observation 2:  Bit-reversal and bit-ordering mapping of modulation bits for RV0 re-transmission can provide significant gain.
Proposal 1:  A systematic bits priority order interleaver for each transmission of a code block should be considered as block interleaver. The row width of the interleaver should be the same as the modulation order and column width of the interleaver is thus ceil(codeword length/modulation order).
Proposal 2:  Systematic bits priority order interleaver should be adopted in NR LDPC.
Proposal 3:  Bit-reversal mapping of modulation bits for re-transmission should be adopted in NR LDPC.
Proposal 4:  Normal bit mapping and bit-reversal mapping of modulation bits should be alternately used in re-transmission.
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