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[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Introduction
In previous RAN1 meetings, the following agreements and conclusions have been achieved for NR channel coding:
Agreement:
For the per-codeblock bit-interleaver for LDPC: 
· Row-column interleaver with number of rows equal to the modulation order is adopted, with row-wise write and column-wise read. 
· Note that this achieves Systematic Bit Priority Ordering for RV0
· The number of coded bits in a code block is an integer multiple of the modulation order

Agreements: 
· Reverse mapping is not supported. 
· Working assumption is confirmed that interleaver is located after the whole rate matching functionality including repetition

Agreement: 
· The default RV order is {0,2,3,1} for cases where RV index is not explicitly signalled or otherwise specified and there is no ambiguity about which instance of a transmission occurred, for both BG1 and BG2

This contribution presents a bit-level interleaver design for NR LDPC codes that maps systematic bits to higher order modulation label bits for initial transmission and maps parity-check bits to higher order modulation label bits for re-transmission. The performance of the bit-interleaved LDPC transmission is evaluated and compared to the recent agreement according to the simulation assumptions agreed in RAN1 [1] and corresponding performance gains are shown. 

Bit-level interleaver for NR LDPC codes
NR LDPC codes of length  and dimension  are the null space of a  binary systematic PCM where the first  systematic codeword bits are punctured. The binary PCM is generated by lifting a base matrix of size  by a lifting size [3].
The NR LDPC encoder maps the information vector  to a codeword vector  of size . Systematic encoders map the information bits in the first  components of the codeword, while the following  components are parity-check bits generated according to the LDPC matrix. Those bits provide redundancy for protection against errors. In the agreed NR LDPC code, the first  systematic bits are punctured. Therefore, as shown in Figure 1, the codeword vector has the following structure: , where  are parity-check bits.

[image: ]
[bookmark: _Ref491875257][bookmark: _Ref491875250]Figure 1: structure of NR LDPC codeword for rv=0.

The codeword  is written in a circular buffer of size . Here we assume that . The content of the circular buffer is read out starting from a position  integer multiple of , where  for the initial transmission, obtaining a code block  where  and  is the desired code rate:
	
	).
	


Here, notation  indicates the remainder of .
The code block  is mapped to  modulation symbols, where  is the size of the modulator constellation. Mapping to modulation symbols is performed in the following way: the code block  is first interleaved by writing its coded bits row-wise to a matrix of size  ( rows,  columns), starting from the upper left corner and proceeding left-to-right first and then top-to-bottom. In this way, the  information bits in  will be written in the leftmost  columns.
We assume that the code block size  is an integer multiple of .
The content of matrix  is then read out column-wise, starting from the first (left-most) column. The  column is read as a -tuple  and mapped to a complex-valued symbol  according to the procedure described in [4]. According to the modulation mapping therein specified, in the -tuple   bits are arranged in non-increasing order of bit-level capacity, i.e.,  have the highest bit-level capacity,  have the second highest bit-level capacity, …,   have the lowest bit-level capacity. The content of matrix  is shown in Figure 2.

[image: ]
[bookmark: _Ref491963060]Figure 2: interleaver structure and mapping to modulation symbols.

This structure can be interpreted as a maximum-distance (MD) bits interleaver followed by a circular column interleaver. The interleaver jointly permutes systematic bits and parity-check bits and, at the same time, produces an ordering that maps systematic bits to the modulation label positions with higher reliability. In case of initial transmission, the row interleaver is transparent, i.e., its output is the same as its input. 
The RM block writes the LDPC encoder output into a circular buffer and then starts reading the bits in the circular buffer from a certain starting position. The starting position  in the circular buffer may correspond to an information bit or parity-check bit. Thus, the code block  entering the interleaver may have one of the forms shown in Figure 3, where Figure 3(a) corresponds to initial transmission () or retransmission with low starting position (), while Figure 3(b-c) may correspond to RM output for retransmissions with high starting position ().

[image: ]
[bookmark: _Ref492362649]Figure 3: NR code block c for initial transmission (a) and for retransmissions (b), (c).

The agreed NR bit interleaver is a row-column interleaver with number of rows equal to the modulation order, with row-wise write and column-wise read. With column-wise read, the coded bits in the top rows of the interleaver matrix are mapped to high-reliability modulation bits and the coded bits in the bottom rows of the interleaver matrix are mapped to low-reliability modulation bits. This scheme for first transmission is known as Systematic Bit Priority (SBP).
For all cases except case (a) in Figure 3, the systematic bits would not be placed in the top rows of the matrix. Therefore, those systematic bits would not be mapped to most reliable modulation bits. However, having parity-check bits mapped to most reliable positions (hereinafter termed Parity Bit Priority – PBP – mapping) may be beneficial in retransmissions. This behaviour has been observed in the evaluations reported in the “Performance evaluation” Section below.
In order to obtain a PBP mapping, the interleaver structure and mapping to modulation symbols shown in Figure 2 uses a circular column interleaver that permutes the bits in each column prior to modulation mapping. The column interleaver permutes the  bits in each column in a way that the parity-check bits are mapped to the most reliable bit positions in the modulation label (see Figure 4, in which the case of retransmission with high  and low code rate (as in Figure 3(c)) is shown. 
[image: ]
[bookmark: _Ref494274470]Figure 4: Circular buffer and interleaver content for a retransmission with high k0 and low code rate. The first parity-check bit  in the code block is indicated by a small red box.

The operation of the column interleaver is detailed in Figure 5. The row-column interleaver is split into a set of  left columns and a set of  right columns, where  is the index of the column that contains the first parity-check bit in the code block. The left columns are circularly shifted upwards by  elements and the right columns are circularly shifted upwards by  elements, where  is the index of the row that contains the first parity-check bit in the code block.
[image: ]
[bookmark: _Ref494450797]Figure 5: Details of bit reordering by circular column interleaving. The first parity-check bit  in the code block is indicated by a small red box.

As shown in Figure 5, mapping the interleaved columns to modulation labels produces a PBP scheme.
When the first parity-check bit  is not mapped to the row-column interleaver (e.g., when the code block does not contain it – i.e., when ), or if the first parity-check bit is mapped to the first row and first column (i.e., when ), then the natural bit ordering already produces a PBP scheme. Therefore, there is no need to perform circular column interleaving.
[bookmark: _Ref494284332]After QAM mapping, the complex symbols  are collected into vector  and then transmitted. The received vector  is demodulated to vector  consisting of log-likelihood values, then de-interleaved and de-rate-matched. Log-likelihood values are then combined with those obtained from prior transmissions, if any, then sent to the BP decoder.

[bookmark: _Ref494285888]Performance evaluation
Performance of NR LDPC with circular column interleaver
We evaluate the performance gains brought by the proposed bit-level interleaver with bit reordering. The simulator performs up to four transmissions – an initial transmission followed by up to three retransmissions. The initial transmission has , i.e., all the systematic bits in the code block are transmitted together with some parity-check bits. After retransmission, the LLRs obtained after initial transmission are combined with the LLRs obtained after each retransmission and sent to the LDPC decoder. Simulation parameters are shown in Table 1.

[bookmark: _Ref494181364]Table 2 : Simulation assumptions.
	Parameter
	Value/description

	Channel model
	AWGN, TDL-C

	Modulation
	256QAM, 64QAM

	Information word length  [bits]
	4928

	Code block length  [bits]
	14784, 12320, 7392, 5914, 5544

	Code rate 
	1/3, 2/5, 2/3, 5/6, 8/9

	Decoding algorithm
	Flooding BP

	Number of decoding iterations
	50

	Circular column interleaver
	· PBP for high 
· Transparent otherwise



Table 3 shows the SNR gains obtained when using the column interleaver compared to agreed interleaver for 64QAM and 256QAM. Table 5 and Table 6 in appendix show the SNR needed to achieve BLER= 0.01 with column interleaver and agreement for 256QAM modulation. We have considered also RV orders under discussion for special cases, e.g.,the RV order [0 3].  
We can see from Table 3 that, for default RV order, code rates higher than ½ and three transmissions, the proposed circular column interleaver performs better than no bit reordering for retransmissions when the modulation is 256QAM. For low code rates, the best performance is achieved by the agreed interleaver. 
Moreover we can see that a considerable gain – higher than 1dB – is achieved for special RV order [0, 3] over a large range of coding rates for both 64QAM and 256QAM. 
[bookmark: _Ref497813455]Table 3: SNR gain [dB] of circular column interleaver for BLER=0.01. Channel: AWGN.
	Mod.
	 sequence
	1/3
	2/5
	1/2
	2/3
	5/6
	8/9

	256 QAM
	[0, 2, 3]
	-0.4
	-0.2
	0.4
	0.1
	0
	0

	
	[0, 2]
	0
	0
	0
	0
	0
	0

	
	[0, 3]
	1.3
	1.7
	2.0
	0
	0
	0

	64 QAM
	[0, 2, 3]
	-0.1
	0
	0
	0
	0
	0

	
	[0, 2]
	0
	0
	0
	0
	0
	0

	
	[0,3]
	1.1
	1.1
	0.7
	0.2
	0
	0



The performance gain of circular column interleaver are evaluated and compared using a 3GPP TDL-C fading channel model with delay spread 200ns with 256QAM and 64 QAM. Results are captured in Table 4. Other simulation assumptions are reported in Table 1.
[bookmark: _GoBack]We can see from Table 4 that, with the default RV order [0, 2, 3, 1], for moderate and high code rates, gain is observed for 256QAM when the code rate is ½ or larger. For RV order, e.g. [0, 3], we can see that a considerable gain is obtained over a large range of coding rates for both 64QAM and 256QAM.
[bookmark: _Ref494269773]Table 4: SNR gain [dB] of circular column interleaver for BLER=0.1.
Channel: TDL-C with 200ns delay spread.
	Mod.
	 sequence
	1/3
	2/5
	1/2
	2/3
	5/6
	8/9

	256 QAM
	[0, 2, 3]
	-1.1
	-0.7
	0.3
	0.1
	0
	0

	
	[0, 2]
	0
	0
	0
	0
	0
	0

	
	[0,3]
	1.3
	1.3
	1.8
	0
	0.2
	0

	64
QAM
	[0, 2, 3]
	-0.6
	-0.3
	0.2
	0.3
	0
	0.0

	
	[0, 2]
	0
	0
	0
	0
	0
	0

	
	[0,3]
	1
	0.8
	0.6
	0.1
	0
	0



Previously, we have shown in [5] that the circular column interleaver provides significant gain (more than 1 dB in some cases) compared to bit reversal for moderate and high code rates, different modulation orders and different channel models.

Based on the presented performance evaluation, we observe what follows.
Observation. Circular column interleaver can provide similar or better performance than agreed interleaver for moderate and high code rates in retransmissions with high .
Observation: Circular column interleaver provides a considerable gain for special RV orders even at low code rates.
Based on these observations, we conclude and propose:
Proposal. NR should adopt circular column interleaving for mapping of LDPC coded bits to HOM for retransmissions with RV3.

Impact on 3GPP specification
Table 1 shows the text proposal for TS 38.212 to capture circular column interleaver for. The new text is highlighted.

Table 1: text proposal for TS 38.212. 
	5.4.2.2	Bit interleaving







The bit sequence [image: ] is interleaved to bit sequence [image: ], according to the following, where the value of [image: ] is given by Table 5.4.2.2-1 and  except when  and , in which case , where  for  and  otherwise.
[image: ];
[image: ];
[image: ];
for [image: ] to [image: ]
	for [image: ] to [image: ]
;
[image: ];
end for
end for



Conclusions
Based on the results of our performance evaluation, we have the following observations and proposal:
Observation. Circular column interleaver can provide similar or better performance than agreed interleaver for moderate and high code rates in retransmissions with high .
Observation: Circular column interleaver provides a considerable gain for special RV orders even at low code rates. 
Proposal. NR should adopt circular column interleaving for mapping of LDPC coded bits to HOM for retransmissions with RV3.
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APPENDIX

Table 4 shows the SNR needed to achieve BLER=0.01 with the proposed circular column interleaver and 256 QAM.

[bookmark: _Ref494181505]Table 5: SNR needed for BLER=0.01 with circular column interleaver. Channel model: AWGN.
	 sequence
	1/3
	2/5
	1/2
	2/3
	5/6
	8/9

	[0,33,56,17]
	1.5
	2.4
	3.1
	4.6
	6.2
	6.7

	[0,33,56]
	2.7
	3.6
	4.4
	7.2
	9.3
	9.9

	[0,33]
	4.1
	5.4
	7.2
	10.1
	12.7
	13.5

	[0,56]
	4.8
	6.1
	8
	13.3
	15.7
	16.8



Table 5 shows the SNR needed to achieve BLER=0.01 with the agreement and 256 QAM.
[bookmark: _Ref494181517]Table 6: SNR needed for BLER=0.01 with agreement. Channel model: AWGN.
	 sequence
	1/3
	2/5
	1/2
	2/3
	5/6
	8/9

	[0,33,56,17]
	1.5
	2.4
	3.1
	4.6
	6.2
	6.7

	[0,33,56]
	2.7
	3.6
	4.4
	7.2
	9.3
	9.9

	[0,33]
	4.1
	5.4
	7.2
	10.1
	12.7
	13.5

	[0,56]
	6.1
	7.8
	10
	13.3
	15.7
	16.8
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