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In previous RAN1 meetings, the following agreements were achieved [1]:
Agreements: 
· Confirm the Working Assumption that the punctured systematic bits are not entered into the circular buffer
· Filler bits are entered into the circular buffer.
· The starting position of each RV is an integer multiple of Z.
· The starting positions of RVs for limited buffer should be approximately scaled from the full buffer positions, while remaining integer multiples of Z.

Next steps: 
· Investigate until NR AH#3 whether non-uniform fixed starting positions for the RVs within the circular buffer can be found giving improved performance
· FFS until NR AH#3 whether a single reordering function (e.g. as shown in Fig 5 in R1-1713462) should be supported for RVs greater than zero before the bit collection step, considering both performance and complexity. 
· FFS: RV order for special cases where RV index is not explicitly signalled.

In this contribution, we continue to discuss the LDPC rate-matching and propose exact RV positions for BG1 and BG2. In addition, bit reordering before rate-matching is discussed.
LTE rate-matching scheme
In LTE data channel, coded bits are sent into three independent sub-block interleavers and collected into a virtual circular buffer to facilitate rate-matching and IR-HARQ transmission [2]. For each transmission, the start position is determined by current redundancy version (RV) and sequentially read out. The sub-block interleaver and bit collection can uniformly puncture bits from the mother codeword of turbo, the performance remains the good no matter how many bits are punctured (expect for very high code rate). There are 4 pre-fixed start positions for 4 RVs as shown in Figure 1, and the transmission order of RV number is typically [0,2,3,1]. Note that the circular buffer size is limited for some UE categories. 
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Figure 1	Circular buffer for LTE-turbo rate-matching
Start positions of RVs
It is agreed that 4 RVs are applied and the start position of each RV should be a multiple of lifting size. 
For turbo codes, any puncturing on parity bits, no matter where they are, is equivalent to uniform puncturing. However, as a unique property of LDPC codes, the parity bits in the kernel base graph are very critical for decoding. If those bits are punctured in the first transmission and not retransmitted later, it would result in severe performance degradation. In this case, the start position of RV1 should be carefully selected based on simulations.
In the following section we present simulations for different sets of RV positions based on simulations. The target of RV optimization is to minimize the required SNR at 10% BLER for 2nd and 3rd transmissions (1st and 2nd retransmissions).
The first set is similar to LTE, where the start positions are almost uniformly distributed in the circular buffer. Then we adjust the position of RV1 to optimize the performance of retransmissions, which is marked in second set (non-uniform distributed RVs). The specific positions are listed in Table 1 and the best performance is selected and showed based on all the combination of the proposed RV positions. The channel model is AWGN.
Table 1 Start positions of RVs in simulations
	
	BG1 (K=2048)
	BG2 (K=1024)

	
	Set1:Uniform
	Set2:Non-uniform
	Set1:Uniform
	Set2:Non-uniform

	Idx_RV0
	0z
	0z
	0z
	0z

	Idx_RV1
	1 17z
	28z
	2 12z
	18z

	Idx_RV2
	3 33z
	33z
	4 25z
	25z

	Idx_RV3
	5 50z
	50z
	6 38z
	38z
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Figure 2	 Performance of 2nd transmission for two RV sets and BG1
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Figure 3	 Performance of 3rd transmission for two RV sets and BG1 
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Figure 4	 Performance of 4th transmission for two RV sets and BG1 
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Figure 5	 Performance of 2nd transmission for two RV sets and BG2
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Figure 6	 Performance of 3rd transmission for two RV sets and BG2
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Figure 7	 Performance of 4th transmission for two RV sets and BG2
In Fig.4 and Fig.5, for middle and high code rates (e.g., R=0.8~0.9 for BG1 and R=0.55~2/3 for BG2) at most 0.2 dB gain is observed for 2nd and 3rd transmissions. A small loss appears for some of the low initial code rates at the 4th transmission. However, because the 4th transmission happens very rarely, e.g. with the probability of (10%)^3 = 0.1%, the impact of the small loss in the 4th transmission can be ignored considering the gains provided by the previous transmissions. 
Note that for LDPC codes, the retransmission should neither overlap too much with the previous transmission which only benefits from CC-HARQ, nor jump too much from last transmission which breaks LDPC base graph structure. As illustrated in Fig.8, the “New RV1” position is better than the uniform distributed RVs.
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Figure 8	 Illustration of the effect of non-uniform RVs 
Proposal 1: The start positions of the 4 RVs are not uniformly distributed in the circular buffer and are defined as follows:
· BG1
· RV0:  0z
· RV1:  28z
· RV2:  33z
· RV3:  50z
· BG2
· RV0:  0z
· RV1:  18z
· RV2:  25z
· RV3:  38z
1. Bit reordering before rate-matching
Bit reordering before rate-matching was proposed in [3] to achieve self-decodability for retransmissions. However, several drawbacks with negative impact on hardware implementation can be found. 
1. It needs at least two circular buffers. One of the previous agreements states that the coded bits are read out sequentially from the circular buffer. The first circular buffer is needed for natural ordered bits, which is transmitted in the 1st transmission. Another circular buffer is needed for re-ordered bits, used for re-transmissions. If different random circular shifts are performed at different retransmissions, more than one circular buffer are required. 
2. [bookmark: _GoBack]Extra complexity and latency for 2nd transmission. The bit reordering scheme in [3] transmits a part of the coded bits in every column of the LDPC base graph, therefore all the edges should be processed no matter which effective code rate is. Table 2 shows the number of edges for 1st and 2nd transmission with and without bit reordering (BR). The additional complexity due to BR is estimated as the ratio of (number_of_edges_w/o_BR) to the (number_of_edges_with_BR). Note that high code rates are typically used for high throughput scenarios, and 30%~40% of additional complexity means additional energy consumption and latency which are critical for high throughput scenarios. 
Proposal 2: Bit reordering before circular buffer is precluded. 

Table 2	Complexity of BG1 between natural ordered and bit reordered schemes
	Code rate                     of initial TX
	0.95
	0.9
	0.85
	0.8
	0.75
	0.7
	0.65

	# of edges
	1st TX
	76
	79
	87
	103
	122
	137
	150

	
	2nd TX w/o BR
	226
	235
	250
	265
	284
	302
	316

	
	2nd TX with BR
	316
	316
	316
	316
	316
	316
	316

	Additional complexity and latency due to BR
	139.8%
	134.5%
	126.4%
	119.3%
	111.3%
	104.6%
	100%



Conclusions
In conclusion, LDPC codes have different puncturing properties respect to turbo codes, thus the following should be considered.
Proposal 1: The start positions of the 4 RVs are not uniformly distributed in the circular buffer with the following positions:
· BG1
· RV0:  0z
· RV1:  28z
· RV2:  33z
· RV3:  50z
· BG2
· RV0:  0z
· RV1:  18z
· RV2:  25z
· RV3:  38z
Proposal 2: Bit reordering before circular buffer is precluded. 
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