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Introduction
In the RAN1 #84bis meeting, it was agreed that the selection of NR channel coding scheme(s) will consider performance, implementation complexity, latency and flexibility. With regards to flexibility, efficient support of variable code length, code rate and HARQ is to be taken into account. During the discussion on NR channel coding scheme(s) in RAN1#84bis, there was some debate on whether or not LDPC codes and relevant specification details can be designed to support variable code block sizes, code rates, and efficient incremental redundancy (IR) based HARQ operation. The purpose of this contribution is to show that these concerns do not take into account the latest developments in LDPC codes.
Although 3GPP has not yet adopted LDPC codes as part of its standard, LDPC codes have been extensively evaluated, enhanced, and deployed in many of the wireless systems ranging from WiFi to digital broadcasting. As part of the research on LDPC codes, there were extensive investigations on the design aspects of LDPC codes with various code length compatibility and code rate compatibility. As a result, the state of the art design on LDPC codes can fully support IR based HARQ while maintaining comparable performance as turbo codes.
This contribution discusses the design aspects of LDPC codes so as to demonstrate that with proper design, LDPC codes can meet all the operational requirements needed in cellular communications. In particular, we will show the flexibility aspects of LDPC as well as the support of IR based HARQ.

Quasi Cyclic LDPC code
1 
2 
General QC LDPC Code description
A QC LDPC code is characterized by the parity-check matrix which consists of small square blocks which are the zero matrix or circulant permutation (right-shifted identity) matrices. Let  be the  permutation matrix defined by

Note that  is just the circulant permutation matrix which shifts the identity matrix  to the right by  times for any integer , . For simple notation, we denote the  zero matrix  by.
Let  be the  matrix given by 

where  are exponent indices of permutation matrices,  and  are the numbers of column and row blocks, respectively. Then the code with parity-check matrix  is referred to as a quasi-cyclic (QC) LDPC code. Furthermore, let  be the expoment matrix of  given by

An example of a parity-check matrix for a  QC LDPC code with  and  is given by 

where  is the  zero matrix and  is the  identity matrix. 

Lifting for supporting variable length
 One of advantages of QC LDPC code is supporting length compatibility. QC LDPC code of variable length can be easily obtained by adjusting the size of circulant permutation matrices in . When adjusting the size of circulant permutation matrices according to the target code block size, each exponent indices can be easily calculated by the specified formula, such as modulo function (, not independently defined for each code block size [1]. For example, we can obtain the exponent matrix  for the parity-check matrix  from the exponent matrix  for the parity-check matrix  as follows: 
[Lifting method]

Here,  is the parity-check matrix consisting of  circulant permutation matrices and/or zero matrices for given integer  and can be derived from . Figure 1 provides demonstrating the lifting technique to support code length compatibility in an efficient way. 
[image: ]
 Figure 1. Lifting technique for length compatibility

Observation 1: QC LDPC codes can support variable code length in an efficient way
Flexibility of code length and code rate 
In this section, we introduce several technologies to support variable code lengths and code rates. Similar with channel coding process in LTE standard [2], segmentation, shortening and puncturing (or repetition) will be applied to accommodate the encoding of various transport block lengths and code rates. In addition to this, as a part of the methods to support variable code lengths, the lifting technique can be applied as introduced in section 2.2. 
3 
Segmentation
Segmentation is a basic technique to support input bits longer than the maximum information size for channel coding. In LTE standard, segmentation of the transport block should be performed when the transport block size is larger than the maximum information size (= 6144) of a turbo code. Similarly to this, segmentation of the information block can be applied to LDPC codes when the information block size (=Kinput) is larger than maximum information size of a LDPC code (= KLDPC_max) as illustrated in Figure 2. The information block is segmented into two or more codeblocks of which length is less than or equal to maximum information length of LDPC codes.
 [image: ]
Figure 2. Example of segmentation method
Observation 2: For LDPC coding, segmentation can be applied as a basic technique to support variable lengths 
Shortening 
Shortening is an efficient way to fit the number of information size for channel coding to a given length by zero-insertion to some information bits. LTE turbo code also adopts zero-insertion technique as a shortening method to adjust to the QPP interleaver size. Similarly to this, after the segmentation and lifting with  submatrix, if the codeblock size (= K) is smaller than the maximum information size (=KLDPC(Z)) for the lifted QC LDPC code, then zeros are inserted to (KLDPC(Z) - K ) bits and not transmitted, which is also known to the receiver. 

Observation 3: LDPC codes enable variable codeblock length by shortening
Puncturing and Repetition
Supporting variable code rates would be necessary since the number of bits for transmission varies based on the available resources. In addition, rate compatibility is important to achieve high throughput in HARQ (Hybrid Automatic Repeat Request) systems. After the code shortening is applied for supporting variable codeblock length, the puncturing or repetition is needed to adjust the code rate. Figure 3 shows the concept of shortening and puncturing or repetition operation to support variable code length and code rate, similarly as in IEEE 802.11n [3].
 [image: ]
Figure 3. Shortening, Puncturing and repetition 

Observation 4: LDPC codes enable variable code rate by puncturing or repetition

Performance evaluation
To evaluate the flexibility of QC LDPC codes, we set the simulation conditions in the following:
	Evaluate the block error rate (BLER) performance versus SNR

	Channel
	AWGN

	Modulation
	QPSK, 64QAM

	Coding Scheme [1]
	Turbo
	LDPC

	Code rate
	1/5, 1/3, 2/5, 1/2, 2/3, 3/4, 5/6, 8/9

	Decoding algorithm
	Log-MAP
(Number of iteration = 6)
	Layered Brief Propagation
(Number of iteration = 15)

	Info. block length
(bits w/o CRC)
	100, 400, 1000, 2000, 4000, 6000, 8000


Table 1. Simulation conditions for turbo codes and LDPC codes
[bookmark: _GoBack]Figures 4 and 5 show the required SNR to achieve BLER of 0.1 in simulations of LDPC codes proposed in [1] and turbo codes for various information lengths when combinations of code rate and modulation are 1/2 QPSK and 2/3 64 QAM, respectively. Firstly, Figures 4 and 5 show the performance gap between LDPC and turbo codes is less than 0.3 dB, and so they have comparable performance. Moreover, the performance of LDPC code is gracefully improving as the information length goes larger, and therefore, it is expected that LDPC code can provide the code length flexibility as similar with turbo code.
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Figure 4. Required SNR to achieve BLER =0.1 vs. information length (R=1/2, QPSK)
[image: ]
Figure 5. Required SNR to achieve BLER =0.1 vs. information length (R=2/3, 64QAM)
Figures 6 and 7 show the required SNR to achieve BLER of 0.1 in simulations of LDPC codes proposed in [1] turbo codes for various code rates when the information length is 6000 and modulation is QPSK and 64 QAM, respectively. Firstly, Figures 6 and 7 show the performance gap between LDPC and turbo codes is negligible, and so they have comparable performance. Moreover, the performance of LDPC code degrades gracefully with puncturing, and therefore, it is expected that LDPC codes can provide the code rate flexibility as similar with turbo code.
[image: ]
Figure 6. Required SNR vs. Code Rate vs. information length (K=6000, QPSK)
[image: ]
Figure 7. Required SNR vs. Code Rate vs. information length (K=6000, 64QAM)

Based on this evaluation, two aspects should be noted in comparing the turbo and LDPC codes. They have comparable performance and LDPC codes can support the code length and code rate flexibility as similar with turbo code.

Observation 5: LDPC codes and relevant specification details can be designed to support variable code block lengths and code rates

Proposal 1: Make consensus on that LDPC codes can support variable code block lengths and code rates
IR-HARQ
In this clause, we will show that an example of LDPC codes with single parity-check extension efficiently support IR-HARQ operation.
4 
Code extension for IR-HARQ
Single-parity check code extension from the higher rate code could be a good candidate to support IR-HARQ. This structure allows us to have a good performance not only at higher code rate but also at lower code rate [4]. For the first transmission, LDPC codes with high code rate can be efficiently encoded and decoded by using only smaller portion of parity check matrix. For lower code rate, higher coding gain is guaranteed that makes successful decoding with retransmission(s). Consequently, considering the IR-HARQ, LDPC codes with the single-parity check code extension is a candidate to guarantee an operational efficiency and good performance. Figure 8 depicts an example of a parity check matrix with the single-parity check extension.
[image: ]
Figure 8. Example of LDPC codes with single-parity check code extension

Observation 6: LDPC codes with the single-parity check code extension can fully support IR HARQ in efficient way
Performance evaluation
To evaluate the IR-HARQ performance of QC LDPC codes, we set the simulation conditions in the following:
	Evaluate the block error rate (BLER) performance versus SNR

	Channel
	AWGN

	Coding Scheme [1]
	Turbo
	LDPC

	Code rate and Modulation
at first transmission
	(1/2, QPSK) (8/9, 64QAM)

	Decoding algorithm
	Log-MAP
(Number of iteration = 6)
	Layered sum-product
(Number of iteration = 15)

	Info. block length
(bits w/o CRC)
	6000


Table 2. Simulation conditions for LDPC codes and LTE turbo codes
Figure 7 and 8 show the spectral efficiency of turbo codes and LDPC codes, we have designed and the codes from [1], when the first transmission code rate and modulation is 1/2 QPSK and 8/9 64 QAM, respectively. IR-HARQ for LDPC codes with 1st transmission corresponding to rate R and n-th retransmission corresponding to rate R/n. The number of maximum retransmission is four. The performance of LDPC codes is better than that of turbo codes by about 0.2 dB, and thus they are comparable. Therefore, rate compatible LDPC code with single-parity check extension can be efficiently operated in IR-HARQ through the use of puncturing and repetition. 
[image: ]
Figure 9. Spectral efficiency (1st transmission: 1/2 QPSK)
[image: ]
Figure 10. Spectral efficiency (1st transmission: 8/9 64QAM)

Observation 7: LDPC codes and relevant specification details can be designed to support IR based HARQ

Proposal 2: Make consensus on that LDPC codes can support IR-HARQ

Conclusions 
In this contribution, we provide the design aspects of LDPC codes so as to fully support the code length and code rate flexibility as well as the IR based HARQ. Based on our analysis, we have the following observation and proposal:

Observation 1: QC LDPC codes can support variable code length in an efficient way
Observation 2: For LDPC coding, segmentation can be applied as a basic technique to support variable lengths
Observation 3: LDPC codes enable variable codeblock length by shortening 
Observation 4: LDPC codes enable variable code rate by puncturing or repetition
Observation 5: LDPC codes and relevant specification details can be designed to support variable code block lengths and code rates
Observation 6: LDPC codes with the single parity check code extension can fully support IR HARQ in efficient way
Observation 7: LDPC codes and relevant specification details can be designed to support IR based HARQ

Proposal 1: Make consensus on that LDPC codes can fully support variable code block lengths and code rates
Proposal 2: Make consensus on that LDPC codes can fully support IR-HARQ
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