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Introduction
In R1-88bis meeting, there were some agreements/working assumptions relating to LDPC code.
Working Assumption: 
· The largest info block size supported by LDPC encoder Kmax and the largest shift size Zmax defined is {8448, 384} => Kbmax = 22
· To be confirmed automatically at RAN1#89 if no significant implementation or performance issues are identified. 
· The base graph supporting Kmax should support the following set of shift sizes Z, where Z:
	Z
	a

	
	2
	3
	5
	7
	9
	11
	13
	15

	j
	0
	2
	3
	5
	7
	9
	11
	13
	15

	
	1
	4
	6
	10
	14
	18
	22
	26
	30

	
	2
	8
	12
	20
	28
	36
	44
	52
	60

	
	3
	16
	24
	40
	56
	72
	88
	104
	120

	
	4
	32
	48
	80
	112
	144
	176
	208
	240

	
	5
	64
	96
	160
	224
	288
	352
	 
	 

	
	6
	128
	192
	320
	 
	 
	 
	 
	 

	
	7
	256
	384
	 
	 
	 
	 
	 
	 


· FFS by RAN1#89 whether some values can removed from the above table. 
· FFS by RAN1#89 whether some of {272, 304, 336, 368} can be added to the above table. 

Agreement: 
The base graph design is selected from the following alternatives:
Alt 1: One base graph covering ~1/5 <= R <= ~8/9
Alt 1a: Two nested base graphs, where: 
· Base graph #1 
· Covers info block size K: 
Kmin1<=K<= Kmax1, Kmin1> Kmin, Kmax1 =Kmax
· Covers code rate R: ~1/3 <= R <= ~8/9; FFS whether Rmin can be ~1/5
· Base graph #2 
· Nested within base graph #1
· Covers info block size K: 
 Kmin2<=K<= Kmax2, Kmin2 =Kmin, Kmax2 < Kmax, where 512<=Kmax2<=2560
· Covers code rate R: ~1/5 <= R <= ~2/3 
· Kbmax =16 is the starting point; lower values in the range 10<=Kbmax<16 are encouraged if feasible. 
· The set of supported shift sizes is taken from the set of shift sizes supported by the base graph supporting Kmax
Alt 2: Two base graphs, where: 
· Base graph #1 
· Covers info block size K: 
Kmin1<=K<= Kmax1, Kmin1> Kmin, Kmax1 =Kmax
· Covers code rate R: ~1/3 <= R <= ~8/9; FFS whether Rmin can be ~1/5
· Base graph #2 
· Not nested within base graph #1
· Covers info block size K: 
Kmin2<=K<= Kmax2, Kmin2 =Kmin, Kmax2 < Kmax, where 512<=Kmax2<=2560
· Covers code rate R: ~1/5 <= R <= ~2/3 
· Kbmax = 10 is the starting point; higher values in the range 10<Kbmax<=16 can also be considered if necessary.
· The set of supported shift sizes is taken from the set of shift sizes supported by the base graph supporting Kmax

In this contribution, we make a comparison between Alt 1a and Alt 2.
1) Propose one base matrix for base graph #1
a. Quai-Row Orthogonal LDPC code.
b. Embed multi-LDPC codes into a single base matrix
i. Small Kb to reduce latency for small CRs.
ii. Small Kb to enhance performance for extremely small CBSs.
2) Propose two candidates of base matrix for base graph #2
a. One is nested design of base graph #1 for Alt 1a.
b. The other one is independent design for Alt 2.
QC-LDPC Code for Base Graph #1
The proposed QC-LDPC code is to target on the base graph #1 of Alt1a or Alt 2 of R1-88bis agreement. The requirement of base graph #1 is to
· Cover info block size K: 
Kmin1<=K<= Kmax1, Kmin1> Kmin, Kmax1 =Kmax
· Cover code rate R: ~1/3 <= R <= ~8/9; FFS whether Rmin can be ~1/5
[bookmark: _Ref481740162][bookmark: _Ref481880095]Base Matrix targeting on Base Graph #1
The base matrix has check nodes (CNs) 0~45 as shown in Figure 1.
The blocks of variable nodes (VNs) 0~21 correspond to information bits and the other VN blocks correspond to parity bits. Blocks of VN0 and VN1 are punctured in the beginning of the initial transmission. For flexible message sizes or embedded LDPC codes, the zero-padded bits are allocated from right to left starting from VN21.For rate-matching, the parity bits are punctured from right to left. Therefore, for CR=8/9, the  sub-matrix on the upper left corner of the base matrix is used, and for CR=1/3, the full base matrix of is used.
This base matrix has good performance and small number of edges.  In addition, the base matrix has the property of quasi-row orthogonal (qRO) which enables efficient implementations for both block-parallel LDPC decoders and row-parallel LDPC decoders. The relationship between implementation complexity and edge count or qRO are discussed in [1].
[bookmark: _Ref471571477][image: ]
[bookmark: _Ref481679239]Figure 1: Proposed LDPC base matrix for Base Graph #1
We embed multi-LDPC codebooks into this base matrix because of the following three major reasons.
1. QC-LDPC codes have the characteristic that low code rate (CR) results in large decoding latency because of the large number of edge blocks. Therefore, it is preferential to have a QC-LDPC code with a small Kb which corresponds to a small total edge block count. Therefore, the decoding latency is reduced for lower CRs. This is also the reason why it is agreed to evaluate if NR eMBB LDPC code needs to support the base graph #2 for lower CR with Kb=10~16. 
2. When considering the extremely small CBS, the performance could be enhanced by intentionally using smaller Kb. The reason is that when the lifting factor gets smaller, the number of short cycles in the lifted Tanner graph gets larger. Without special design, the performance of the QC-LDPC code for small CBS degrades significantly. Therefore, the lifting factors for small CBS must be carefully designed. 
3. When small Kb is used, we can expect that the supported lowest CR can be further reduced given the same number of rows in the base matrix. With this multi-embedded LDPC code, we can exploit the coding gain without complexity increment. For example, when, Kb=16 is used for CBS=6144, the lowest CR can be down to 0.267 given 46 rows of base matrix as shown in Figure 1. For some extreme smaller CBSs, the CRs can be even smaller.

Therefore, we embed multi-codebooks with different Kb in the base matrix shown in Figure 1 and optimize the performance of different selection of Kb. The decision flow to decide which Kb should be used is illustrated in Figure 2. (Notice that the selection of Kb is equivalent to the selection of lifting factor, Z.)

 (
Second HARQ Thread for smaller CR
) (
First HARQ Thread for higher CR
) (
Extremely Small CBS
)
[bookmark: _Ref481663506][bookmark: _Ref481738375]Figure 2: Decision flow for the codebook selection
The rationale behind this design to depend on the CR of first Transmission is that it is hard for a gNB to decide on an initial transmission with CR larger than CRth based on CQI reporting and still encounter a code block error even after retransmission(s) of all parity bits down to CR=0.33. At this point there is no other option other than to instigate chase combining through repetition, resulting in inferior performance when compared against the possibility to further lowering the CR.
The design parameter of Figure 2 for the proposed QC-LDPC code can be found in Table 1
[bookmark: _Ref481677279]Table 1: Design parameter for Decision flow of Figure 2
	CBSth_h
	CBSth_l
	CRth
	Kb1

	4224
	FFS
	0.66
	16



The look up table of extreme small CBS of Figure 2 for the proposed QC-LDPC code can be found in Table 2
[bookmark: _Ref481705281]Table 2: Lookup Table of lifting factors, Z, for extreme small CBS
	K
	Z(CBS)

	FFS
	FFS

	FFS
	FFS

	FFS
	FFS

	FFS
	FFS



Proposal 1: NR eMBB LDPC code should embed multi-LDPC codes into the base graph #1.
Proposal 2: The decision flow to select Kb/Z should depend on CBS and initial CR as shown in Figure 2.
[bookmark: _Ref474149036]Shift-coefficient Design
In this proposed QC-LDPC code, we define the sets of lifting factors (Z) as

The corresponding shift values are represented by 8 shift coefficient tables which correspond to shift coefficients of. For any lifting factor of within the set, the corresponding shift coefficient can be obtained by
,
where  is the shift coefficient of the (-th element in the shift coefficient tables for .The shift-coefficient table for 384 is shown in Figure 3.

[bookmark: _Ref481739233]Figure 3: Shift coefficient table of Z=384 for Base Graph #1
Lifting Factor Design 
In this proposed QC-LDPC code, byte granularity or even 1-bit granularity of message size (K) is considered. Due to the limited number of lifting factors desired to be supported, shortening based on zero-padding of some information bits before encoding is required and proposed by many companies. 
Based on the decision flow in Figure 2, for extremely small CBS, the lifting factor is acquired by using a look up table and for medium to larger CBS, the decision flow is used to select the and the lifting factor is calculated as

Proposal 3: For small CBSs, the lifting factors need to be explicitly specified for better performance. For large CBSs, the lifting factor is selected such that the number of zero padded bits is minimized.
Performance
Required SNR Performance Comparisons
The blue line is for the proposed QC-LDPC code targeting on base graph #1 using a 50-iter-Flooding-SP decoder.
The red line is for the QC-LDPC code proposed in [2] also using a 50-iter-Flooding-SP decoder.
Currently, only partial simulation results is complete. Other results will be updated via revision as soon as possible.
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Figure 4: Required SNR at BLER=1e-2 for various CBS at CR=0.33, 0.40, 0.50, 0.67, 0.75, 0.83 and 0.89
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Figure 5: Required SNR at BLER=1e-4 for various CBS at CR=0.33, 0.40, 0.50, 0.67, 0.75, 0.83 and 0.89



QC-LDPC Code for Base Graph #2
In R1-89, it is agreed to compare the proposal of Alt1, Alt1a and Alt2. From our view, unless there is obvious performance difference, the preference order would be Alt 1a, Alt2 and then Alt1. Based on our past experience, for small CBS and small CR, the Alt1a and Alt 2 should have competitive performance with Alt 1 with much low decoding latency. So in this contribution, we focus on optimization of base graph #2 targeting on Alt1a and Alt 2 and make a comparison of them.
The requirement of base graph #2 is to
· Cover info block size K: 
Kmin2<=K<= Kmax2, Kmin2 =Kmin, Kmax2 < Kmax, where 512<=Kmax2<=2560
· Cover code rate R: ~1/5 <= R <= ~2/3 
· Kbmax = 10 is the starting point; higher values in the range 10<Kbmax<=16 can also be considered if necessary.
· The set of supported shift sizes is taken from the set of shift sizes supported by the base graph supporting Kmax
Base Matrix targeting on Base Graph #2 of Alt 1a
In the proposed QC-LDPC code, the base matrix is a nested design of its corresponding base graph #1 in section 2.1 by zero-padding on VN10~VN21 as shown in Figure 6.
[image: ]
[bookmark: _Ref481684087]Figure 6: Proposed LDPC base matrix for Base Graph #2 targeting on Alt 1a
In the proposed QC-LDPC code, the base graph #2 of Kb=10 shares the same shift coefficient table with base graph #1. The lifting factor is selected as
, where 
Base Matrix targeting on Base Graph #2 of Alt 2
In the proposed QC-LDPC code, the second base matrix (base graph #2) is an independent design of its corresponding base graph #1 in section 2.1. The proposed  base matrix has check nodes (CNs) 0~41 as shown in Figure 7.The blocks of variable nodes (VNs) 0~9 correspond to information bits and the other VN blocks correspond to parity bits. Blocks of VN0 and VN1 are punctured in the beginning of the initial transmission. For flexible message sizes or embedded LDPC codes, the zero-padded bits are allocated from right to left starting from VN9. For rate-matching, the parity bits are punctured from right to left. Therefore, for CR=2/3, the  sub-matrix on the upper left corner of the base matrix is used, and for CR=1/5, the full base matrix of is used.
[image: ]
[bookmark: _Ref481692899]Figure 7: Proposed LDPC base matrix for base graph #2 targeting on Alt 2
We also find that for the extremely small CBS, the performance could be enhanced by intentionally using smaller Kb.
[bookmark: _GoBack]The look up table of Kb for the proposed LDPC code can be found in Table 3.
[bookmark: _Ref481699783]Table 3: Lookup Table of Kb
	K
	Kb

	320~2460
	10

	40~319
	7



Proposal 4: Kb used for extremely small CBS need to be carefully designed for the base graph #2.
Performance
Based on some preliminary result, Alt 2 has performance gain of 0~0.05dB at BLER=1e-2 and 0~0.1dB at BLER=1e-4 over Alt 1a. In the following chapter, we only provide the simulation result of Alt 2.
Required SNR Performance 
In the following figures, we show the required SNR at BLER=1e-2 for Alt 2.
The blue line is for the proposed QC-LDPC code targeting on base graph #2 of Alt 2 using a 50-iter-Flooding-SP decoder.


[image: ]
Figure 8: Required SNR at BLER=1e-2 for various CBS at CR=0.2, 0.33, 0.40, 0.50 and 0.67

[image: ]
Figure 9: Required SNR at BLER=1e-4 for various CBS at CR=0.2, 0.33, 0.40, 0.50 and 0.67
BLER vs. SNR Performance Comparisons
In the following figures, we plot the BLER vs. SNR curves among different proposals of QC-LDPC codes for some CBS/ CR combinations.
The CBS setting is 2560, 2368 and 2240. 
The CR setting is 0.67, 0.50, 0.40, 0.33 and 0.20.
The blue line is for the proposed QC-LDPC code targeting on base graph #2 of Alt 2 using a 50-iter-Flooding-SP decoder.
The red line is for the QC-LDPC code proposed in [2] also using a 50-iter-Flooding-SP decoder.

[image: ]
Figure 10: BLER vs. SNR for CBS=2560 at CR of 0.67, 0.5, 0.4, 0.33 and 0.2
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Figure 11: BLER vs. SNR for CBS=2368 at CR of 0.67, 0.5, 0.4, 0.33 and 0.2
[image: ]
Figure 12: BLER vs. SNR for CBS=2240 at CR of 0.67, 0.5, 0.4, 0.33 and 0.2
Discussion on Alt 1a vs Alt 2
From the preliminary performance comparison, we observe that Alt 2 has performance gain of 0~0.05dB at BLER=1e-2 and 0~0.1dB at BLER=1e-4. (Note that BLER @ 1e-4 is less important for eMBB small CBS because of its small code block number.)
From the implementation consideration, 
1) For row parallel LDPC decoders, Alt 1a can have less routing complexity.
2) For block parallel LDPC decoders, Alt 1a leave the design flexibility for receiver whether designer want to design a new controller to reduce the latency.
From Pros and Cons, we have no preference between Alt 1a and Alt 2.
Proposal 5: Unless Alt 1 shows obvious gain over Alt 1a and Alt 2, Alt 1a and Alt 2 are preferred.
Conclusion
The following summarizes the observations and proposals in this contribution.
Proposal 1: NR eMBB LDPC code should embed multi-LDPC codes into the base graph #1.
Proposal 2: The decision flow to select Kb/Z should depend on CBS and initial CR as shown in Figure 2.
Proposal 3: For small CBSs, the lifting factors need to be explicitly specified for better performance. For large CBSs, the lifting factor is selected such that the number of zero padded bits is minimized.
Proposal 4: Kb used for extremely small CBS need to be carefully designed for the base graph #2.
Proposal 5: Unless Alt 1 shows obvious gain over Alt 1a and Alt 2, Alt 1a and Alt 2 are preferred.
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