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Introduction
In the RAN1#87 meeting, low-density parity-check (LDPC) codes were agreed as the single channel coding scheme for enhanced mobile broadband (eMBB) data channels. Furthermore, it was agreed in the RAN1#87ah-NR meeting that the largest info block size supported by the LDPC encoder is Kmax = 8192 bits (or close to it) and that a code rate of approximately 1/3 is used for the largest info block size. 
	Agreement:
· Base graph for supporting Kmax has minimum code rate Rmin,kmax = ~1/3 
· ‘~’ means approximately
· This does not preclude extending the same base graph to code rate lower than ~1/3 when supporting K<Kmax, provided that the number of variable nodes (after lifting) of any parity check matrix, Nmax, is not exceeded, where:
· Nmax = Kmax / Rmin,kmax + Nsys,punct
· Nsys,punct is the number of built-in punctured systematic bits
· Base graph for any info block sizes K has
· Rmin,k >= ~1/5, provided that Nmax is not exceeded



In this contribution, we propose that code block segmentation is performed, taking into account the agreements described above. The code block segmentation design takes into account both the maximum info block length Kmax and the maximum allowable codeword length Nmax. The goal is that the LDPC decoder hardware is efficiently utilized for any combinations of information block length and code rate.
[bookmark: _Ref473546429]Background
LDPC codes
LDPC codes are linear block codes, which are described via a sparse parity-check matrix (PCM) of size , where the rows and columns of the PCM correspond to check nodes and variable nodes, respectively. The LDPC code rate is defined as , where K, K=N-M, denotes the information block size seen by decoder and N denotes the number of coded bits, corresponding to the number of columns in the PCM. 
An important class of LDPC codes are quasi-cyclic (QC) LDPC codes. The PCM H of a QC-LDPC code can be represented by a base matrix of size mb=M/Z and nb=N/Z, and a lifting factor Z. QC PCMs are partitioned into square sub-blocks (sub-matrices) of size . These submatrices are either cyclic-permutations of the identity matrix or null submatrices. 
In principle, LDPC codes may be optimized for any block length and/or any code rate. However, it is not efficient to use different PCMs for each combination of block lengths and rates in practical communication systems. Instead, rate matching is implemented through shortening, puncturing and repetition. Shortening is a technique to obtain codes of shorter length and lower rate from a given LDPC mother code by fixing the value of some information bits to some known values (usually ‘0’) when encoding, whose positions are assumed to be known to both encoder and decoder. In the decoding process, the fixed bits are given infinite reliability. Puncturing on the other hand is a technique where some coded bits are not transmitted, which increases the code rate of a given LDPC mother code. Repetition simply means that some of the coded bits are repeated and transmitted more than once. The rate matching procedure proposed for NR LDPC codes is described in more detail in ‎[1]. Through rate matching, it is possible to achieve 1-bit granularity of info block size K and fine granularity of code rates. 

Code Block Segmentation in 3GPP LTE and IEEE 802.11n
Code block segmentation (CBS) is a procedure commonly applied before channel coding/rate matching processes in the physical layer. In fact, when the transport block size (TBS) exceeds some threshold supported by the encoder, it must be segmented into multiple blocks whose sizes are supported by the channel coding scheme. CBS is required to prevent increasing the complexity and memory burden of the decoder hardware.
In 3GPP LTE [2], CBS is performed when the payload length, i.e., the length of the transport block plus L additional CRC (cyclic redundancy check) bits, exceeds the maximum code block size of  = 6144 bits prior to Turbo encoding. CBS divides a large payload into numerous smaller code blocks. 
For IEEE 802.11n [3], only three native LDPC codeword lengths are defined. Here the CBS method is based on the number of coded bits that fit into the transmission. Somewhat simplified, if the number of coded bits exceeds the maximum codeword length, CBS is performed based on how many codewords of size 1944 (the largest codeword size) that fit into the transmission.
Code Block Segmentation for LDPC codes in NR
Discussion 
The mother code rate of the LTE turbo codes is the same for all K which allows for the simple CBS rule seen in the previous section. From the agreement reached in RAN1#87ah-NR we see that this is not necessarily the case. Potentially, different info block lengths K lead to different lowest code rates Rmin,k based on the maximum code word length allowed.

Observation 1 The CBS procedure in LTE is optimal when the lowest code rate is the same for all info block sizes. This is not the case for the LDPC codes proposed for NR. 
The code block segmentation procedure used in IEEE 802.11n is better suited for LDPC codes, since it is based on codeword length rather than maximum info block length. However, it is based on the 12 different combinations of info block size and code rate that are available in 802.11n and is not applicable to the LDPC codes proposed for NR. As described in Section 2.1, LDPC codes proposed for NR will have 1-bit granularity in info block size K and will cover code rates from Rmax = 8/9 to 1/5<=Rmin <=1/3, possibly including lower code rates for smaller K. The number of different combinations of info block size and code rate is much higher than for 802.11n. The area efficiency for all these combinations should be taken into account when selecting code block segmentation procedure for NR.

Observation 2 The CBS procedure in IEEE 802.11n is not compatible with the much richer combinations of info block size and code rate that are to be supported in NR. 
We propose code block segmentation procedure based on the structure and design parameters of the LDPC codes proposed for NR. Given a fixed maximum codeword length, which the LDPC decoder hardware is provisioned to support, the code block segmentation method divides the information bits of the transport block into code blocks based on the desired code rate and the minimum code rate that the LDPC code has been extended to. 

1. The CBS procedure in NR should be based on the maximum codeword length that the decoder hardware is provisioned to support, the maximum info block size, the desired code rate and the minimum code rate that the LDPC code has been extended to.

Detailed Description of CBS for LDPC codes 
As shown in agreement of RAN1#87ah-NR meeting, the nature of the LDPC decoder is that the constraint is on the maximum codeword length Nmax, which is related to the maximum number of variable nodes in the H matrices. In contrast to the turbo decoder, whose decoding complexity is largely a function of the information block size K, the LDPC decoder complexity is largely a function of the codeword length N. The maximum codeword length N determines the maximum number of variable node updates (VNU) and the associated memory size. Hence it was agreed that the maximum codeword length Nmax associated with Kmax is never exceeded even when other info block sizes are used.
Considering the above differences between the LDPC decoder and the turbo decoder, the code block segmentation rule defined in LTE for turbo decoder should be updated. Two design considerations are taken into account in updating the code block segmentation rule.
(1) Code blocks of maximum info block size can be used if the desired code rate R is higher than the  associated with , i.e., . 
(2) If the desired code rate is lower, , the TB must be divided into shorter segments. The size of the code blocks is calculated from the maximum codeword length , the desired code rate R, and the minimum code rate  the H matrices are designed to support for any info block size K.

The code block segmentation procedure can be summarized into the flowchart in Figure 1. The flowchart’s input is the transport block size (TBS) and the desired code rate R. These parameters are expected to be signalled in the DCI. The flowchart’s outputs are the number of code blocks after segmentation , as well as the code block size after segmentation . Although not shown in the flow chart, each code block may need to take a slightly different size so that they sum up to exactly equal the desired TBS. Furthermore, code block level CRC bits (or code block group level CRC bits) may introduce further fine tuning to the flow chart. 
Note that in the flowchart, after the decision on  , the maximum block size is limited either by  or . In the former,  is equal to  (excluding CRC bits), and in the latter,  is equivalent to  (excluding CRC bits).  Having  instead of  alone, accounts for the minimum code rate that can be achieved through code extension for the specific LDPC code. Any code rates lower than  must be achieved through repetition and are therefore not considered in the calculation of the code block segmentation size.


[image: ]
Figure 1 – Outline of the code block segmentation procedure for LDPC codes in NR.

As agreed in RAN1 so far, following are the (approximate) values or value ranges of the parameters. In the end, these parameters will have a predefined value for NR, and do not need to be signalled.
· , although the exact value is pending further agreements, e.g., related to the number of built-in puncturing of systematic columns Nsys,punct.
· ;
·  bits (or an integer close to 8192);
· Nmax = Kmax / Rmin,kmax + Nsys,punct
· LTB,CRC <=24 bits

For quasi-cyclic LDPC codes, a layered decoder handles blocks of Z bits in parallel. If the number of parity bits or information bits is not a factor of Z, the decoder must handle additional punctured or shortened bits to make the number of bits a factor of Z. This may be accounted for already in the code block segmentation method, or can simply be ignored and instead handled by using repetition of some bits to make sure that the total codeword length does not exceed .

Conclusions
In this contribution we discussed the code block segmentation procedure for NR. We made the following observations:

Observation 1 The CBS procedure in LTE is optimal when the lowest code rate is the same for all info block sizes. This is not the case for the LDPC codes proposed for NR. 
Observation 2 The CBS procedure in IEEE 802.11n is not compatible with the much richer combinations of info block size and code rate that are to be supported in NR. 

Based on the discussion in this contribution we propose the following:
1. [bookmark: _In-sequence_SDU_delivery]The CBS procedure in NR should be based on the maximum codeword length that the decoder hardware is provisioned to support, the maximum info block size, the desired code rate and the minimum code rate that the LDPC code has been extended to.
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