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In R1#89 meeting, the following agreements were made [1]: 
Agreement: 
· If bit-level interleaving is applied, it should be limited to each code block individually
Next steps: 
· Evaluation of bit-level interleaving and decision on its adoption will take place in the channel coding session. 
· If adopted, decide the location of bit-level interleaving relative to circular buffer.
In R1 NR AH#2 meeting, the following conclusion was made [2]: 
Revisit after the decision on modulation symbol interleaving in the MIMO session. 
In this contribution, we would like to discuss the location of bit-level interleaver relative to circular buffer, the effect of frequency-domain modulation symbol interleaving on bit-level interleaver, and the interleaver design as well as simulation performance.
Bit-Level Interleaver Design
For each transmission of each code block, we propose to include a bit-level interleaver. This bit-level interleaver is after 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. A good strategy is to put more reliable modulation bits onto the LDPC bits location with higher column-weight 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. In general, systematic or information bits in LDPC are related to higher column-weights. Therefore, we would like to propose a bit-level interleaver to put to more reliable modulation bits onto LDPC systematic bits location first and then the other parity bits location.


Figure 1: Block diagram of bit-level interleaver after circular buffer.
A bit-level interleaver would be a block interleaver as shown in Fig. 2. This interleaver has row width same as the bit width of modulated symbol and column width as ceil(codeword length/modulation order). This interleaver writes the data row by row and reads the data column by column. a1 to aJ (J is modulation order) can be formed a modulation symbol. The first two bits are most reliable bits in one modulation symbol with gray coding. It is obvious that the systematic bits of LDPC can be filled in the first row first and then second row. That is, more reliable bits in modulation symbol can be allocated at the LDPC systematic bits location. 
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Figure 2: Block interleaver
Proposal 1:  A bit-level interleaver for each transmission of a code block should be considered as block interleaver. The row width of interleaver is the same as the bit width of modulated symbol and column width of the interleaver is as ceil(codeword length/modulation order).

Simulation Results
In order to evaluate the feasibility of bit-level interleaver for LDPC code, some computer simulations are carried out. The simulation settings are: 
The LDPC code is used as the proposal in [3],[4]. Multipath fading channel model is 3GPP TDL-B model. Modulation schemes include 16QAM, 64QAM, and 256QAM. Interleaver row width equals to ceil(CW length/modulation order). System bandwidth is 20 MHz and subcarrier spacing is 15 kHz. Ideal channel estimation is assumed. 
Fig. 3 shows LLR values after MIMO decoder with 64QAM and with/without bit-level interleaver. Since 64QAM is used, there are three levels of LLR values. The LLR values at LDPC systematic bits location are highest with proposed bit-level interleaver. However, LLR values are in the similar level without proposed bit-level interleaver. 
[bookmark: _Ref471567185]Figs. 4 to 6 show performance comparison with/without interleaver with different modulation schemes under TDL-B 200ns. Higher order modulation schemes with bit-level interleaver have more gain over those without bit-level interleaver. Lower CR schemes with bit-level interleaver have more gain over those without bit-level interleaver. 
In Table 1, performance gain of bit-interleaver with different modulation schemes under 3GPP TDL-B channels with different delay spread at BLER 0.1 is shown. The proposed bit-level interleaver can provide about 1dB gain with 256QAM and CR 1/3. Although such modulation and coding scheme is rarely used, bit-level interleaver can provide about 0.5 dB gain with more practical scheme with 256QAM and CR 2/3. It is obvious that proposed bit-level interleaver has significant gain with different modulation schemes. However, the gain is similar with different delay spreads. In other words, proposed bit-level interleaver is uncorrelated to the frequency selective channel. Therefore, the consideration of frequency/channel interleaver and bit-level interleaver can be decoupled.
Observation 1:  Bit-level interleaver can provide significant gain.
Proposal 2:  The consideration of frequency/channel interleaver and bit-level interleaver can be decoupled.
Therefore, we propose the bit-level interleaver has column width equals to modulation order to achieve the gain with low complexity.


Figure 3: LLR values vs. bit index with 64QAM and with/without bit-level interleaver.
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Figure 4: 16QAM performance comparison with/without interleaver, CR 1/3, 2/3, and CBS 6144 under TDL-200ns.
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Figure 5: 64QAM performance comparison with/without interleaver CR 1/3, 2/3, and CBS 6144 under TDL-200ns.
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Figure 6: 256QAM performance comparison with/without interleaver CR 1/3, 2/3, and CBS 6144 under TDL-200ns.

Table 1: Performance gain of bit-interleaver under TDL-B channels with different delay spread.
	Info size (bits)
	Modulation
	CR
	25ns
	200ns
	1600ns

	6144
	16QAM
	1/3
	0.12
	0.12
	0.1

	6144
	16QAM
	2/3
	0.08
	0.09
	0.09

	6144
	64QAM
	1/3
	0.36
	0.36
	0.27

	6144
	64QAM
	2/3
	0.16
	0.21
	0.13

	6144
	256QAM
	1/3
	1.1
	1.05
	0.94

	6144
	256QAM
	2/3
	0.45
	0.43
	0.49



Conclusion
The following summarizes the observations and proposals in this contribution.
Observation 1:  Bit-level interleaver can provide significant gain.
Proposal 1:  A bit-level interleaver for each transmission of a code block should be considered as block interleaver. The row width of interleaver is the same as the bit width of modulated symbol and column width of the interleaver is as ceil(codeword length/modulation order).
Proposal 2:  The consideration of frequency/channel interleaver and bit-level interleaver can be decoupled.
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