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Introduction
In the RAN1 #84bis meeting, several channel coding schemes were proposed for NR system and those can be classified as: LDPC code, polar code, convolutional code (LTE and/or enhanced convolutional codding) and turbo code (LTE and/or enhanced turbo coding). 
In this contribution, we propose a structured LDPC code (so-called quasi-cyclic LDPC code) to evaluate the error-correction performance and decoding complexity of LDPC codes, as a preliminary result. 
Proposed LDPC code
1 
2 
Quasi-Cyclic LDPC codes 
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

One advantage of QC LDPC codes is length compatibility. QC LDPC codes of variable length can be easily obtained by adjusting the size of circulant permutation matrices in . 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. 
Proposed QC LDPC code 
We propose QC LDPC codes whose exponent matrix  is defined in Appendix. Note that this code is just for preliminary evaluation of LDPC codes and a reference, not a concrete proposal for NR system. 
The conceptual structure of the proposed QC LDPC code is depicted in Figure 1. As shown in Figure 1, the proposed code can be regarded as a concatenated QC LDPC code of IEEE 802.11n-like code and many single parity-check codes. Here, ‘802.11n-like’ means that the submatrix corresponding to some parity bits has a specific format, for example, the parity part of Part-1 submatrix in Figure 1, which is defined in IEEE 802.11n standard [1]. The 802.11n-like structure makes a linear-time encoding of QC LDPC code possible. 
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Figure 1. Structure of proposed QC LDPC code 
To support variable lengths, we apply a lifting technique [2] to the exponent matrix  as follows:

where  means the exponent matrix of the parity-check matrix consisting of  circulant permutation matrices and/or zero matrices for given integer . Therefore, we can determine multiple parity-check matrices based on  and the value . Since the size of  is , the size of  is also  and the size of the parity-check matrix , which is defined by  and , is . Furthermore, the information block and codeword lengths are  and , respectively. 
Observation 1: IEEE 802.11n-like structure makes a linear-time encoding of QC LDPC codes possible.
Observation 2: Multiple parity-check matrices can be defined by applying lifting technique to one exponent matrix. Furthermore, one can support variable-length LDPC codes based on the multiple parity-check matrices. 

Proposal 1: For efficient encoding of QC LDPC codes, we propose to employ IEEE 802.11n-like structure. 
Proposal 2: To efficiently support LDPC codes of variable lengths, we propose to use a lifting method.  
Performance evaluation
In the RAN1 #84bis meeting, the following simulation assumptions for eMBB are agreed: 
	Evaluate the block error rate (BLER) performance versus SNR

	Channel
	AWGN

	Modulation
	QPSK, 64QAM

	Coding Scheme
	Turbo
	LDPC
	Polar

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

	Decoding algorithm
	Max-log-MAP
	min-sum
	List-X

	Info. block length
(bits w/o CRC)
	100, 400, 1000, 2000, 4000, 6000, 8000 
Optional(12K, 16K, 32K, 64K)



To support variable information block lengths 100, 400, 1000, 2000, 4000, 6000, 8000, we need to set , , , , , ,  since the information block length is  for . Then, we can obtain the appropriate exponent matrix  for each  as follows:

To evaluate the performance of LDPC code with information length , we use the parity-check matrix . Furthermore, to support variable code rates, we use the puncturing technique as follows: 
1) The first  information bits are always punctured, i.e., not transmitted, regardless of code rate. 
2) If the target code rate is , the last  parity bits are punctured, i.e., not transmitted. 
For example, if the target code rate is 5/6 for , the first 40 information bits and the last 3800 parity bits in a codeword determined by  are punctured. Actually, when the last  parity bits should be punctured, we can encode and decode the information bits without the last  rows and columns in .
Observation 3: Regardless of code rate, some information bits are always punctured.
Observation 4: The proposed code supports variable lengths and code rates based on lifting and puncturing. 

Proposal 3: To efficiently support LDPC codes of variable code rates, we propose to use a puncturing technique.  

To evaluate the performance of proposed QC LDPC code, simulation results over an AWGN channel are presented in Figures 2, 3, …, 29. 
LDPC code: Layered scheduling, 15 iterations, Sum-product algorithm
Turbo code: No window decoding (ideal scheduling), radix-2, 6 iterations, log-MAP algorithm
[bookmark: _GoBack]      (Use QPP interleaver of size for k=8192 with f1=13, f2=128 defined in [3])
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Figure 2. BLER performance of LDPC and LTE Turbo codes (K =100, QPSK) 
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Figure 3. BLER performance of LDPC and LTE Turbo codes (K =400, QPSK) 
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Figure 4. BLER performance of LDPC and LTE Turbo codes (K =1000, QPSK) 
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Figure 5. BLER performance of LDPC and LTE Turbo codes (K =2000, QPSK) 
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Figure 6. BLER performance of LDPC and LTE Turbo codes (K =4000, QPSK) 
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Figure 7. BLER performance of LDPC and LTE Turbo codes (K =6000, QPSK) 

[image: ]
Figure 8. BLER performance of LDPC and Turbo codes (K =8000, QPSK) 
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Figure 9. BLER performance of LDPC and LTE Turbo codes (K =100, 64QAM) 
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Figure 10. BLER performance of LDPC and LTE Turbo codes (K =400, 64QAM) 

[image: ]
Figure 11. BLER performance of LDPC and LTE Turbo codes (K =1000, 64QAM) 
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Figure 12. BLER performance of LDPC and LTE Turbo codes (K =2000, 64QAM) 
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Figure 13. BLER performance of LDPC and LTE Turbo codes (K =4000, 64QAM) 
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Figure 14. BLER performance of LDPC and LTE Turbo codes (K =6000, 64QAM) 
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Figure 15. BLER performance of LDPC and Turbo codes (K =8000, 64QAM) 


LDPC code: Layered scheduling, 15 iterations, Normalized min-sum algorithm
Turbo code: No window decoding (ideal scheduling), radix-2, 6 iterations, Max-log-MAP algorithm
      (Use QPP interleaver of size for k=8192 with f1=13, f2=128 defined in [3])

Normalization values for LDPC codes are summarized in Table 1. 
Table 1. Normalization values for Normalized min-sum decoding algorithm.
	Code Rate
	8/9
	5/6
	3/4
	2/3
	1/2
	2/5
	1/3
	1/5

	Normalized value
	13/16
	12/16
	11/16
	11/16
	10/16
	10/16
	10/16
	9/16
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Figure 16. BLER performance of LDPC and LTE Turbo codes (K =100, QPSK) 
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Figure 17. BLER performance of LDPC and LTE Turbo codes (K =400, QPSK) 
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Figure 18. BLER performance of LDPC and LTE Turbo codes (K =1000, QPSK) 
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Figure 19. BLER performance of LDPC and LTE Turbo codes (K =2000, QPSK) 
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Figure 20. BLER performance of LDPC and LTE Turbo codes (K =4000, QPSK) 
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Figure 21. BLER performance of LDPC and LTE Turbo codes (K =6000, QPSK) 
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Figure 22. BLER performance of LDPC and Turbo codes (K =8000, QPSK) 
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Figure 23. BLER performance of LDPC and LTE Turbo codes (K =100, 64QAM) 
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Figure 24. BLER performance of LDPC and LTE Turbo codes (K =400, 64QAM) 
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Figure 25. BLER performance of LDPC and LTE Turbo codes (K =1000, 64QAM) 
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Figure 26. BLER performance of LDPC and LTE Turbo codes (K =2000, 64QAM) 
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Figure 27. BLER performance of LDPC and LTE Turbo codes (K =4000, 64QAM) 
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Figure 28. BLER performance of LDPC and LTE Turbo codes (K =6000, 64QAM) 
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Figure 29. BLER performance of LDPC and Turbo codes (K=8000, 64QAM) 

Observation 5: For information block length 100, LTE turbo code performs slightly better than LDPC codes. 
Observation 6: For information block length larger than 100, LDPC codes perform slightly better than LTE turbo codes. 
Observation 7: For code rate 1/5, LDPC codes have much higher coding gain (maximum 2 dB), as compared with LTE turbo codes.

Complexity evaluation
Tables 2 and 3 present computational complexities of turbo and LDPC codes for optimal and sub-optimal decoding algorithms [4], respectively. Some notation is defined as follows:
Notation 
: Information length, : Number of parity bits,
: Number of columns of Part-1 submatrix defined in Figure 1 (i.e., the code length of 11n-like code)
: Memory length of component code of turbo code, 
: Average variable node degree without degree-1 nodes in LDPC matrix used actually in decoding process, 
: Average check node degree of LDPC matrix used actually in decoding process, 
: Maximum iteration number.

Note that since degree-1 bits in LDPC codes just pass the message obtained from channels to neighbour check nodes in belief propagation decoding algorithm, only  additions are needed during variable node processing. 
[bookmark: _Ref446750236]Table 2. Theoretical computational complexity for optimal decoding of turbo and LDPC codes per iteration
	
	Turbo (LOG-MAP) 
	LDPC (Sum-Product)

	Additions (1)
	(20×2m + 7)K
	2dv,1N1 + (2dc – 1)M

	Comparison (1)
	(8×2m – 4)K
	-

	LUT (6)
	(8×2m – 4)K
	2dcM


* Assuming that the computational costs of Addition: Comparison: LUT (Look-Up-Table) = 1:1:6
Table 3. Theoretical computational complexity for sub-optimal decoding of turbo and LDPC codes per iteration.

	
	Turbo (MAX-LOG-MAP) 
	LDPC (Normalized Min-Sum) [5]

	Additions (1)
	(12×2m + 11)K
	2dv,1N1 + 2M

	Comparison (1)
	(8×2m – 4)K
	(2dc – 1)M



Based on equations given in Tables 2 and 3, we compare the computational complexities of LTE turbo and proposed QC LDPC codes and present the results in Figures 30 and 31. We assume K = 6000 and , .
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Figure 30. Computational Complexity for Optimal Decoding (K=6000) 
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Figure 31. Computational Complexity for Sub-optimal Decoding (K=6000) 
Observation 8: For code rate larger than 1/3, proposed LDPC codes have lower computational complexity than turbo code. For code rate lower than 1/3, the proposed LDPC codes have larger computational complexity than turbo code, however, the proposed code provides a higher coding gain (maximum 2 dB), as compared with LTE turbo code. 

Observations and Proposals 
In this contribution, we present some simulation results to evaluate the error-correction performance of LDPC code. 

Observation 1: IEEE 802.11n-like structure makes a linear-time encoding of QC LDPC codes possible.
Observation 2: Multiple parity-check matrices can be defined by applying lifting technique to one exponent matrix. Furthermore, one can support variable-length LDPC codes based on the multiple parity-check matrices. 
Observation 3: Regardless of code rate, some information bits are always punctured.
Observation 4: The proposed code supports variable lengths and code rates based on lifting and puncturing. 
Observation 5: For information block length 100, LTE turbo code performs slightly better than LDPC codes. 
Observation 6: For information block length larger than 100, LDPC codes perform slightly better than LTE turbo code. 
Observation 7: For code rate 1/5, LDPC codes have much higher coding gain (maximum 2 dB), as compared with LTE turbo codes.
Observation 8: For code rate larger than 1/3, proposed LDPC codes have lower computational complexity than turbo code. For code rate lower than 1/3, the proposed LDPC codes have larger computational complexity than turbo code, however, the proposed code provides a higher coding gain (maximum 2 dB), as compared with LTE turbo code. 

Proposal 1: For efficient encoding of QC LDPC codes, we propose to employ IEEE 802.11n-like structure. 
Proposal 2: To efficiently support LDPC codes of variable lengths, we propose to use a lifting method.  
Proposal 3: To efficiently support LDPC codes of variable code rates, we propose to use a puncturing technique.
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Appendix: Exponent matrix  of proposed LDPC code 
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Figure 32. Exponent matrix of proposed QC LDPC code
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