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In previous meetings, the following agreement has been achieved, 
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
Working Assumption:
· The number of redundancy versions is at least 4
· FFS whether 8, 16 RVs should be available

In this contribution, we discuss the LDPC rate-matching and specifically the number of redundancy versions.

Retransmission scheme based on circular buffer
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 [1]. 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 fig 1, and the transmission order of RV number is typically [0,2,3,1].  Note the circular buffer size is limited for some UE categories. 
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Figure 1	Circular buffer for LTE-turbo rate-matching
However, LDPC codes with the raptor-like structure should use sequential puncturing rather than uniform puncturing to keep the stability of performance. Encoded bits are preferred to be punctured sequentially from the end to the beginning of a mother codeword without any jump, at least for code rate lower than 0.89. This property would cause a problem on IR-HARQ if we still use the fixed start position for each RV as LTE. As shown in Figure 1, if code rate of 1st transmission is higher than 2/3 and the RV order is [0,2,3,1], there must be a jump puncturing between 1st and 2nd transmission as labeled in yellow. One may argue the RV order could be [0,1,2,3] to avoid jump, but the overlapped bits only benefit gain from CC-HARQ instead of IR-HARQ, also resulting in performance loss. 
One solution to this problem is sequential retransmission as shown in Figure 2. 
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Figure 2	Sequential retransmission for LDPC codes
We provide a simulation using 2 transmissions with conditions below:
· Modulation: QPSK
· Channel: AWGN
· Code Length: k = 1024bits
· Prototype code Rate: 1/3
· First transmission code Rate: 8/9
· RV order = [0,2,3,1] and [0,1,2,3]
· LDPC codes: alt2 in [2] as an example
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Figure 3	BLER performance of different retransmission schemes
Figure 3 shows that there is nearly 0.6 dB gap between precise sequential retransmission and fixed RV set schemes. Note this is for mother code rate of 1/3. If mother code rate is lower (e.g. 1/5) such performance gap is larger as expected.
Observation 1: Sequential retransmission has better IR-HARQ performance than fixed RV sets. 

Considering the robustness of system and limited signaling bits for RV indication, one compromise could be more RVs and denser start positions. To keep the BLER performance of adaptive retransmissions as close as sequential retransmission, smaller granularity between RV start positions should be considered, which means more RVs, e.g. 8 RVs, as shown in Figure 4. 
Proposal 1: RV start position selection should approach the IR-HARQ performance of sequential retransmission for LDPC codes:
· The number of redundancy versions should be 8.
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Figure 4	An example of start positions of 8 RVs
In Figure 5, we present the BLER curves of 4 RVs and 8 RVs for the second transmission, when code rate of first transmission varies from 2/3 to 8/9. All of RVs are tested and the one with the best performance is selected and showed. RV positions are uniformly distributed, according to the equation below:


where k0 is the start position of nth RV, Ncb denotes soft buffer size and Z is the lifting size used for this code block. 
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Figure 5 Performance comparison of 2nd transmission between 4-RV and 8-RV, K=1056, R=3/4~0.93.
It is clear that 8 RVs outperform 4 RVs for middle and high code rates, and the performance gap of 2nd transmission is up to 0.37 dB. For rates lower than 2/3, because the 1st and 2nd transmission can cover all encoded bits in circular buffer, there is no obvious gain between 8 RVs and 4 RVs.  
 Observation 2: 8 RVs outperform 4 RVs for most cases and the performance gap is 0.37 dB at most.
Limitation on circular buffer
In [R1-1701466], base graph for supporting kmax has minimum code rate Rmin,kmax ~=1/3 is proposed, 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, where:


When the code length k0 and code rate R0 are chosen, where: 


In LTE, the CB-level buffer size is limited depending on UE category and its TB-level buffer size. In NR, there are more cases requiring limitation on CB-level buffer size. 
The latency/throughput depends on the edge number for block-parallel implementation and layer number for row-parallel implementation. For lower code rates, the number of edges and layers clearly increases, resulting in larger latency. For high throughput scenario, one can reduce the HARQ processing time by limiting CB-level buffer size to fit, for example, 2*N bits length where N is the codeword length of first transmission. This allows a partial IR-HARQ where the first two transmissions are IR-HARQ, and the later transmissions are CC-HARQ.
Also, for self-contained frame structure, the required latency is so short that some low category UEs cannot meet that requirement if the receiver needs to process multiple retransmissions. One simple solution is to limit the CB-level buffer size (IR-HARQ time) according to the allowed maximum processing time. 
Proposal 2: Limited CB-level buffer size should be considered.
Conclusions
In conclusion, LDPC codes has different puncturing properties with turbo codes, thus the following considerations should be discussed:
Observation 1: Sequential retransmission has better IR-HARQ performance than fixed RV sets. 
Observation 2: 8 RVs outperform 4 RVs for most cases and the performance gap is 0.37 dB at most.
Proposal 1: RV start position selection should approach the IR-HARQ performance of sequential retransmission for LDPC codes:
· The number of redundancy versions should be 8. 
Proposal 2: Limited CB-level buffer size should be considered.
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LDPC decoder @ AWGN(R=0.93)
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LDPC decoder @ AWGN(R=8/9)
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LDPC decoder @ AWGN(R=5/6)
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LDPC decoder @ AWGN(R=3/4)
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