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Introduction
In RAN1#87, the following agreements on code rate coverage of NR LDPC codes were reached [1] :
Agreements:
· In parity check matrix design, the highest code rate (Rmax,j ) to design j-th H matrix for is 
· Rmax,j <=8/9
· Rmax,j is the code rate of the j-th H matrix before code extension is applied (0 j< J) 
· Rmax,j is the code rate after accounting for the built-in puncturing, if this is applied in H matrix design
· Rate matching to support transmission code rate higher than Rmax,j is not precluded


In this contribution, we consider the performance of base graph #1 for code rates above 8/9. The high code rates are achieved through rate matching, i.e. puncturing. The optimal puncturing order for puncturing of bits belonging to the dual-diagonal structure is also considered.
[bookmark: _Ref489952442]Achieving high code rate through rate matching
In this contribution, we consider rate matching of base graph #1, see [2] for base graph and shift coefficient designs, to achieve high code rates. The rate matching involves puncturing of parity bits that belong to the dual-diagonal structure of the parity bits. 
The submatrix corresponding to the highest code rate of base graph #1 is shown in Table 1. The first  variable nodes correspond to the systematic part of the parity-check matrix, while the last 4 variable nodes correspond to the parity bits. 
[bookmark: _Ref489625128]Table 1: High rate part of base graph #1
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When only the variable nodes corresponding to the high rate part of base graph #1 are transmitted, the maximum code rate  for which the base graph is designed is achieved. For the agreed base graph #1, with 2·Z punctured systematic bits, we have

By puncturing one of the variable nodes corresponding to the shaded dual-diagonal part of base graph #1, the code rate  is achieved, where


The rate matching procedure also includes shortening to adjust the information block length K of the code. If shortening is applied, the code rates achieved by no puncturing of dual-diagonal variable nodes and puncturing of one dual-diagonal variable node are reduced. Given the set of supported shift sizes Z in Table 2 and the decision to use the minimum Z for which , the maximum amount of shortening for any K in the range  can be calculated. The relatively largest amount of shortening, 11%, is needed for the information block lengths K=705, 1409, 2817 and 5632. For these values of K, the code rate achieved by puncturing one of the variable nodes corresponding to the shaded dual-diagonal part is slightly lower than , since fewer information bits are included in the codeword. In this case, the code rate achieved is

Since also , we can conclude that a code rate of 0.95 or lower can be achieved for all values of K in the range  without puncturing more than one variable node in the dual-diagonal part of the base graph. We have not considered puncturing of more than one variable node corresponding to the dual-diagonal part of the base graph since we believe that a code rate of 0.95 or slightly below is suitable as maximum code rate.

[bookmark: _Toc489950875][bookmark: _Toc490034200][bookmark: _Toc490034425]For base graph #1, any code rate R<=0.95 can be achieved through puncturing of at most one variable node in the dual-diagonal part of the base graph.

[bookmark: _Ref489685627]Table 2: Set of shift sizes supported for base graph #1
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Optimized puncturing order
In [3], we showed that optimization of the order in which the dual-diagonal variable nodes were punctured improved the performance at high code rate. We have performed the same exit chart analysis for the agreed LDPC codes [2] and found that the optimal order to puncture the variable nodes corresponding to the dual-diagonal part of the base graph is to first puncture the last dual-diagonal variable node and then, if needed, puncture the first.
The calculations in Section 2 show however that puncturing of more than one variable node in the dual-diagonal part is not necessary if the code rate is below or equal to 0.95. This means that implementation of an optimized puncturing order may have impact on performance only for code rates R>0.95.
[bookmark: _Toc490034426]No reordering of the parity bits associated with the dual-diagonal submatrix is necessary before writing into the circular buffer.
[bookmark: _Ref489952983]Performance for high code rates
Figure 1 and Figure 2 show the performance of base graph #1 for three different code rates higher than 8/9. The first code rate, 948/1024≈0.926, corresponds to the highest code rate used in LTE. As a reference, we have also included the data points corresponding to BLER  and  for rate 8/9, the highest code rate that has been previously evaluated for base graph #1.
The figures show that the performance of base graph #1 for code rates up to 0.95 is sufficiently good and no error floor can be observed. Simulations have been performed using the sum-product algorithm and a maximum of 50 decoding iterations. Additional puncturing to achieve code rates higher than 8/9 is performed from the end, i.e. the variable nodes corresponding to the rightmost columns of the parity-check matrix are punctured first.
[image: ]
[bookmark: _Ref489961975]Figure 1: Performance at high code rate for K=512.
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[bookmark: _Ref489961978]Figure 2: Performance at high code rate for K=8448.
To further examine the performance at high code rate, the  required to reach BLER  and  for a range of code rates including code rate 0.95 is shown in Figure 3 and Figure 4. The results show that for K>1000 bits, base graph #1 has good performance also for the non-optimized code rate of 0.95. For block lengths K<1000 bits, there is a slight error floor for some K which gives rise to the up to one dB performance loss seen for BLER . However, very high code rates like 0.95 are seldom used for such short block lengths and the error floor seen is a minor disadvantage.
The results for code rate 0.95 shown here are also available in the accompanying data sheet.
[image: ]
[bookmark: _Ref490030912]Figure 3: Performance in terms of  required to reach BLER .
[image: ]
[bookmark: _Ref490030914]Figure 4: Performance in terms of  required to reach BLER .
Based on the above results and discussion, we have the following observation.
[bookmark: _Toc490034201][bookmark: _Toc490034427]The performance of base graph #1 for code rate 0.95 is very good for information block lengths K>1000 bits. A slight error floor is observed for some values of K smaller than 1000 bits.

Selection of maximum code rate for NR
Even though the maximum design code rate for the NR LDPC code defined by base graph #1 is approximately 11/12, it is important that the NR data channel supports even higher code rates to facilitate the very high peak throughput of NR. We suggest that the maximum code rate supported by NR is at least the same as the maximum code rate supported by LTE, i.e. 948/1024≈0.926, but preferably slightly higher.
In this contribution we have shown that base graph #1 performs well also for code rates higher than the maximum code rate for which the code has been designed. Specifically, we have shown that the performance at code rate 0.95 is good for the whole range of information block lengths for which base graph #1 is optimized. Based on these results, we propose that a maximum code rate  in the range  is selected for the NR data channel. 

[bookmark: _Toc490037151][bookmark: _Toc490037725]Select a maximum code rate  in the range  for the NR data channel.
[bookmark: _Ref178064866]Conclusion
In this contribution, we made the following observations:
Observation 1 For base graph #1, any code rate R<=0.95 can be achieved through puncturing of at most one variable node in the dual-diagonal part of the base graph.
Observation 2 No reordering of the parity bits associated with the dual-diagonal submatrix is necessary before writing into the circular buffer.
Observation 3 The performance of base graph #1 for code rate 0.95 is very good for information block lengths K>1000 bits. A slight error floor is observed for some values of K smaller than 1000 bits.
[bookmark: _GoBack]
Based on the discussion and the observations we have the following proposals:
1. Select a maximum code rate  in the range  for the NR data channel.
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