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In previous RAN1 meetings, the following agreements were achieved [1][2]:
Agreement: 
· The rate matching for LDPC code is circular buffer based (same concept as in LTE)
· The circular buffer is filled with an ordered sequence of systematic bits and parity bits
· FFS: Order of the bits in the circular buffer
· For IR-HARQ, each Redundancy Version (RV), RVi,  is assigned a starting bit location Si on the circular buffer
· For IR retransmission of RVi, the coded bits are read out sequentially from the circular buffer, starting with the bit location Si
· Limited buffer rate matching (LBRM) is supported
Agreement:
· The number of RVs is 4. 
· The RVs are at fixed locations in the circular buffer
· RV#0 is self-decodable
· Working assumption (to be confirmed after selection of the BGs): The first 2Z punctured systematic bits are not entered into the circular buffer
In this contribution, we continue to discuss the LDPC rate-matching and consideration on RV positions.
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 [3]. 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
Retransmission of punctured systematic bits
Firstly we investigate the question that if sending the punctured systematic bits in retransmission would provide additional gain. In the following simulations, we set the code rate to 1/5 for BG1 and 1/6 for BG2. In Figures 2 and 3, for the curves labeled “with punc” the punctured systematic bits are included in the circular buffer, and for the curves labeled “without punc” such bits are not included. The start position is (2Z)+1 bit for both cases.
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Figure 2	Performance comparison with/without punctured systematic bits for BG1
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Figure 3	Performance comparison with/without punctured systematic bits for BG2
It is shown that sending punctured systematic bits in retransmission has even a small loss compared to simply skipping those bits. On the other hand, the filler bits padded before encoder is use to assist encoding and are not transmitted over the air. To save the buffer size for transmission of useful bits, especially when the buffer size is limited, we propose to exclude filler bits in the circular buffer. 
Proposal 1: Confirm the working assumption that the first 2Z punctured systematic bits are not included in the circular buffer. 
Proposal 2: Filler bits are not entered into the circular buffer.
Start positions of RVs
It is agreed that 4 RVs are applied and the start positions should be further studied. There are two principles to determine the start positions of 4 RVs.
1. The start position should be the 1st bit of one column of LDPC encoder/decoder.
As long as any non-padding bit is located in one column, the decoder must treat all the edges in that column, which is very inefficient if most of the bits in that column are padding bits. The index of start position should be multiple of Z if padding bits are included in circular buffer. However, if zero padding bits are not included, the start position should be carefully adjusted to be the 1st bit of an LDPC column. 
Proposal 3: The start position of each RV should be the 1st bit of one LDPC column.
2. The parity bits generated from the kernel part of the base graph should be retransmitted with high priority.
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. 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 2nd transmission, which is marked in second set (non-uniform distributed RVs). The specific positions are listed in Table 1. The best performance is selected and showed based on the proposed RV positions. 
Table 1 Start positions of RVs in simulations
	
	BG1 (K=2048)
	BG2 (K=1024)

	
	Set 1
	Set 2
	Set 1
	Set 2

	Idx_RV0
	0
	0
	0
	0

	Idx_RV1
	1536
	2624
	1336
	1856

	Idx_RV2
	3104
	3104
	2584
	2584

	Idx_RV3
	4736
	4736
	2628
	2628
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Figure 4	 Performance of 1st retransmission for two RV sets and BG1 
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Figure 5	 Performance of 1st retransmission 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. 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.6, the “New RV1” position is better than the uniform distributed RVs.
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Figure 6	 Illustration of the effect of non-uniform RVs 
Proposal 4: The start positions of the 4 RVs are not uniformly distributed in the circular buffer.
Limited buffer size
In [R1-1701466], the base graph for supporting kmax has minimum code rate Rmin,kmax ~=1/3, which does not preclude extending the same base graph to code rate lower than 1/3 when supporting k < kmax. That means the encoded code block length Nmax is limited,

.
When the code length k0 and code rate R0 are chosen, 


In LTE, the CB-level buffer size is limited depending on UE category and its TB-level buffer size, and the start positions of RV are adjusted proportionally to the ratio of limited buffer size to total buffer size. 
Proposal 5:  The start positions of RVs for limited buffer size should be scaled from the full buffer positions. 
Conclusions
In conclusion, LDPC codes has different puncturing properties with turbo codes, thus the following considerations should be discussed:
Proposal 1: Confirm the working assumption that the first 2Z punctured systematic bits are not included in the circular buffer. 
Proposal 2: Filler bits are not entered into the circular buffer.
Proposal 3: The start position of each RV should be the 1st bit of one LDPC column.
Proposal 4: The start positions of the 4 RVs are not uniformly distributed in the circular buffer.
Proposal 5:  The start positions of RVs for limited buffer size should be scaled from the full buffer positions. 
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