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Introduction
In the RAN1 #88 meeting [1], the following conclusion was made on the performance evaluation.
	Conclusion:
· Minimum set of information block sizes granularity for evaluation at BLER 1e-2 and 1e-4:
	
	528<=K<=1024
	1056<=K<=2048
	2048<=K<=6144
	6144<=K<=8192

	8
	16
	32
	64
	128


· Some off-grid values of K shall also be evaluated. 
· Minimum information block size for evaluation = 40



In this contribution, we evaluate the BLER performance results up to 1e-4 with fine granularity of information block sizes. The simulation results show that the proposed LDPC code has a stable and good performance according to the change of information block sizes and code rates. We also compare the BLER performance of the proposed LDPC code with other LDPC codes with Zmax = 512.

Performance Evaluation of Proposed QC LDPC Codes 
1.1 Evaluation Results for Our Proposed QC LDPC Codes 
In this section, the performance evaluation results of the updated QC LDPC code are provided. The parameters of updated QC LDPC codes and the simulation assumption are presented in Table 1 and Table 2, respectively, and the other details are given in the excel sheets attached separately. 


Table 1:  Simulation Assumptions
	Channel
	AWGN

	Modulation
	QPSK

	Coding Scheme
	LDPC

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

	Decoding algorithm
	Sum-product algorithm with flooding scheduling (iter=50)

	Info. block length (K)
	40:8:512, 512:16: 1024, 1024:32:2048, 2048:64:6144, 6144:128:8192

	Shift sizes (Z)
	2:1:7, 8:2:14, 16:4:28, 32:8:56, 64:16:112, 128:32:256




Table 2:  LDPC Parameters
	Number of information columns in base graph (Kb)
	32

	Maximum shift size (Zmax)
	256

	Maximum supported information bits (Kmax)
	8192

	Minimum code rate of base graph (Rmin)
	1/3

	Number of punctured information bits 
	2Z




A Lifting and shortening method is applied to adjust information block length. Using the lifting method, each shift values for adjusted shift sizes are easily calculated by the specified formula. For example, we can obtain the shift value matrix  for the parity-check matrix  from the exponent matrix  for the parity-check matrix  as follows: 

Here,  is the parity-check matrix consisting of  circulant permutation matrices and/or zero matrices for given integer  and  is an integer function of  and . 
[image: ]
Figure 1. Lifting technique for length compatibility

We propose the lifting function  as follows:

where  means a modulo operation . Note that for , the shift value matrices have exactly the same integer entries
After lifting, () known bits are inserted to information bits for shortening and they are not transmitted, where  is the number of information column blocks.
In Figures 2 and 3, we can see that the proposed QC LDPC code provides a stable CBLER (code block error rate) performance up to 10-4 according to the change of information block sizes and code rates.

Observation 1: The proposed QC LDPC code with (Kmax=8192, Zmax=256) supports a good and stable performance at up to BLER 10-4 for considered information block sizes and code rates.


[image: ]
Figure 2. Required SNR for CBLER 10-2
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Figure 3. Required SNR for CBLER 10-4





1.2 Evaluation Results for QC LDPC Codes with Second Base Graph
To make sure that we need the second base graph for small information block or lower code rate, we construct a small base graph and evaluate the performance of QC LDPC codes obtained from the small base graph. 
We observed a few dB performance gains by using a second base graph in some cases, as shown in Figure 4, especially for small information block size. If the performance gain is allowable to employ the second base graph, NR can adopt QC LDPC codes based on two base graphs. The criteria of selecting the first and second graphs should be further discussed.
[image: ]
Figure 4. Performance comparison (K=40, R=1/2)

Proposal 1: The allowable coding gain to adopt the second base graph and the criteria of selecting the first and second graphs should be further discussed.

1.3 Comparison of Required SNR Between Proposed QC LDPC Codes
We have compared BLER performance of the proposed QC LDPC code with Zmax=256 to QC LDPC codes with Zmax=512 proposed in [2], [3], [4]. In Tables 3, 4, and 5, we estimate the performance loss from the best results among the 4 QC LDPC codes. For the comparison, we restrict the minimum size of K to 1000 since K <1000 is likely to be occupied by the second base graph, therefore, there are total 114x7 = 798 simulation cases.
 In Tables 3, 4 and 5, we present the number of simulation cases within a predetermined range based on the best results for BLER 1e-2, 1e-3 and 1e-4, respectively. For example, the range 0.1 dB ~ 0.2 dB in the 2rd row of Table 3 means that the performance gap at BLER 1e-2 between the best performed code and the comparison target code is from 0.1 dB to 0.2 dB. Furthermore, the number 221 in the 2rd row of Table 3 means that the total 221 simulation cases for QC LDPC codes proposed in [4] fall within the range 0.1 dB ~ 0.2 dB. Detailed results are given in Appendix A.
Table 3:  Performance Comparison at BLER=10-2
	Gap to Best
	Proposed
	[2]
	[3]
	[4]

	~ 0.1 dB
	798
	798
	787
	569

	0.1 dB ~ 0.2 dB
	0
	0
	11
	221

	0.2 dB ~ 
	0
	0
	0
	8



Table 4: Performance Comparison at BLER=10-3
	Gap to Best
	Proposed
	[2]
	[3]
	[4]

	~ 0.1 dB
	798
	798
	790
	531

	0.1 dB ~ 0.2 dB 
	0
	0
	8
	247

	0.2 dB ~
	0
	0
	0
	20



Table 5: Performance Comparison at BLER=10-4
	Gap to Best
	Proposed
	[2]
	[3]
	[4]

	~ 0.1 dB
	788
	497
	549
	435

	0.1 dB ~ 0.2 dB 
	10
	186
	152
	254

	0.2 dB ~ 0.3 dB
	0
	88
	59
	35

	0.3 dB ~ 0.4 dB
	0
	25
	28
	28

	0.4 dB ~ 0.5 dB
	0
	2
	10
	22

	0.5 dB ~
	0
	0
	0
	24




Observation 2: The proposed QC LDPC code with (Kmax=8192, Zmax=256) has better performance at BLER=10-2, 10-3 than the other QC LDPC codes with (Kmax=8192, Zmax=512) proposed in [3, 4].
Observation 3: The proposed QC LDPC code with (Kmax=8192, Zmax=256) has much better performance at BLER=10-4 than other QC LDPC codes with (Kmax=8192, Zmax=512) in [2, 3, 4].

Note that the supportive Z values for the given information block size K are different from each other which could impact hardware costs. If we consider a combination of QSN and Banyan network as a shift network, then the required MUXs can be calculated as Table 6. Here, for the calculation, we assume that 8 is the LLR bit width.

Table 6:  Required MUXs for Shift Network
	Proposal
	Supported set of Z values
	# MUXs
	Relative Ratio

	Proposed LDPC
	32:8:56, 64:16:112, 128:32:256
	45056
	100 %

	[2]
	63:1:512
	73728
	163 %

	[3]
	64:16:112, 128:32:224, 256:64:512
	49152
	109 %

	[4]
	64:16:112, 128:32:224, 256:64:512
	49152
	109 %




Observation 4: The proposed QC LDPC code with (Kmax=8192, Zmax=256) has better performance and lower complexity than the other LDPC codes with (Kmax=8192, Zmax=512).

1.4 Error Floor Phenomenon
As we described in our companion contribution [5], QC LDPC codes with (Kmax=8192, Zmax=512) may induce severe error floors due to a small base graph while the proposed QC LDPC code doesn’t have any error floor at up to BLER 1e-4. In Figures 5, 6, and 7, we present the simulation results to evaluate the error floor problem for QC LDPC codes proposed in [2], [3], and [4], respectively. 

[image: ]
Figure 5. Error Floors of [2] (R=1/3, K=6144:128:8192).

[image: ]
Figure 6. Error Floors of [3] (R=5/6, K=6144:128:8192).

[image: ]
Figure 7. Error Floors of [4] (R=2/5, K=1024:32:2048).

Observation 5: The QC LDPC codes with (Kmax= 8192, Zmax= 512) proposed in [2-4] show severe error floors.

1.5 Quantization Effect
We evaluate the performance of proposed QC LDPC codes with quantized internal messages with different setting of (quantization bits, quantization step size). Quantized messages are more hardware friendly setting than floating point messages. As shown in Figure 8, the error floors are not removed for QC LDPC codes with (Kmax=8192, Zmax=512). Furthermore, the error floors may be heightened in some cases. 
For the same simulation condition, our proposed QC LDPC code has no error floors, as shown in Figure 9.
[image: ]
Figure 8. Performance with Quantized Messages (K=8192, R=5/6, QC LDPC code proposed in [3])

[image: ]
Figure 9. Performance with Quantized Messages (K=8192, R=5/6, Proposed LDPC code)

Proposal 2: The parameters for NR QC LDPC codes should be selected as (Kmax=8192, Zmax=256).


Observations and Proposals
In this contribution, we present the following observations and proposals:

Observation 1: The proposed QC LDPC code with (Kmax=8192, Zmax=256) supports a good and stable performance at up to BLER 10-4 for considered information block sizes and code rates.
Observation 2: The proposed QC LDPC code with (Kmax=8192, Zmax=256) has better performance at BLER=10-2, 10-3 than the other QC LDPC codes with (Kmax=8192, Zmax=512) proposed in [3, 4].
Observation 3: The proposed QC LDPC code with (Kmax=8192, Zmax=256) has much better performance at BLER=10-4 than other QC LDPC codes with (Kmax=8192, Zmax=512) in [2, 3, 4].
Observation 4: The proposed QC LDPC code with (Kmax=8192, Zmax=256) has better performance and lower complexity than the other LDPC codes with (Kmax=8192, Zmax=512).
Observation 5: The QC LDPC codes with (Kmax= 8192, Zmax= 512) proposed in [2-4] show severe error floors.

Proposal 1: The allowable coding gain to adopt the second base graph and the criteria of selecting the first and second graphs should be further discussed.
Proposal 2: The parameters for NR QC LDPC codes should be selected as (Kmax=8192, Zmax=256).
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Appendix A. Gap to Best Plots (Floating Point)
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Figure 10. Gap to Best Curves (R=8/9)
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Figure 11. Gap to Best Curves (R=5/6)
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Figure 12. Gap to Best Curves (R=3/4)
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Figure 13. Gap to Best Curves (R=2/3)
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Figure 14. Gap to Best Curves (R=1/2)
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Figure 15. Gap to Best Curves (R=2/5)
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Figure 16. Gap to Best Curves (R=1/3)
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