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Introduction
In RAN1 meetings [1-2], the following is agreed for LDPC codes.

 Agreement: 
· Number of bits for TB-level CRC is: LTB,CRC =24 bits, at least for TBs larger than a threshold (e.g. around 512 bits)
· FFS the value of LTB,CRC for TBs smaller than the threshold, and the value of the threshold (0 is not precluded)
· If a TB is segmented into 2 or more CBs after code block (CB) segmentation,
· [bookmark: OLE_LINK7]CB-level CRC is applied, i.e., CRC bits are attached to each code block individually (as in LTE)
· Number bits for CB-level CRC is: 0 < LCB,CRC <= 24 bits
· [bookmark: OLE_LINK106][bookmark: OLE_LINK107]Exact value(s) LCB,CRC are to be agreed after base graph(s) are agreed, taking into account inherent LDPC PC capability
· FFS whether for a code block group (CBG) containing 2 or more CBs but not all CBs of the TB, any additional CRC bits are attached to the CBG
· To be decide after decision on the value(s) of LCB,CRC 

Agreement: 
· CBG-level CRC is not adopted
In this contribution, we further discuss CRC attachment issue to support eMBB data transmission. 
Discussion
For LTE data channel, nFAR=24 CRC bits are needed for meeting FAR requirement. The two types of FAR calculation methods are given as follows.


To study the error detection ability of parity check function, a simulation is conducted with following parameters. 
K= {64, 128, 256, 512}, R= {1/5, 1/3, 2/5, 1/2, 2/3}. Without CRC attached, the FAR1 is calculated only with parity check function. All the simulation is based on NR LDPC PCMs, and results are shown as follows.
[bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK43]Figure 1 shows the BLER and FAR performance of LDPC code with k=64 and five typical code rates. We can see the type 1 FAR performance of rate R= {1/5, 1/3, 2/5, 1/2} are comparable. The case of R=2/3 has the worst FAR performance among the five rates. 
Observation 1: For fixed information block size, LDPC has worst FAR performance at the highest coding rate. 
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Figure 1: Performance of LDPC, k=64, R={1/5, 1/3, 2/5, 1/2, 2/3}

[bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK98][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK108][bookmark: OLE_LINK109]Figure 2 shows the FAR performance of LDPC code with k= {64, 128, 256, 512} and R=2/3. We can see that with the same coding rate, FAR performance of LDPC gets better with larger values of k. 
Observation 2: With the fixed coding rate, FAR performance of LDPC get better as the information block size increases.
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Figure 2: Performance of LDPC, k= {64, 128, 256, 512}, R=2/3
[bookmark: OLE_LINK65]
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]As discussed above, LDPC parity-check function has ability to improve FAR performance for eMBB data .  However, LDPC parity check is not equivalent to the fixed number of CRC bits while information block sizes and coding rates vary.  To ensure FAR performance of all scenarios, the consideration of reduced CRC length with error detection assisted by LDPC parity check should be based on the worst case scenarios.
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Proposal 1: To ensure FAR performance of all scenarios, the consideration of reduced CRC overhead with error detection assisted by LDPC parity check should be based on the worst case scenarios.
As the FAR gets worse for higher code rate and smaller information block size,  the code block size k=40 and code rate R=2/3 in the evaluation assumption is the worst case of FAR performance among all the cases. A simulation of k=40 and R=2/3 is conducted. A FAR with only 5 and 6 bit CRC used for error detection is evaluated for comparison. 
Table 1: FAR Comparison between Parity Check only and Type 2 for the Worst Case
	Type
	40bit,R=2/3

	
	CRC Number
	FAR for Worst Case

	Parity Check only
	0
	3.34E-02

	CRC for error detection only
	5
	3.13E-02

	
	6
	1.56E-02



Table 1 shows that the LDPC parity check function achieves comparable FAR performance with that of code block with 5-bit CRC attachment in the worst case scenario. 
[bookmark: OLE_LINK66]Observation 3: LDPC parity check can achieve comparable FAR performance with 5-bit CRC in worst case scenario.
To meet the FAR performance of code block with 24-bit CRC, LDPC code with parity check can achieve at most 5-bit CRC length reduction.  The reduction of CRC length through LDPC parity check function could help improving the BLER performance under the assumption of same resource elements are used for the cases with and without CRC reduction.  We evaluate the BLER performance with parameters K= {64, 128, 256, 512, 1024, 2048} and R=1/2. 
1 LDPC with 19-bit CRC: both parity check and CRC are used for error detection.
2 LDPC with 24-bit CRC: only CRC is used for error detection. 
The evaluation results are shown in Figure 3. 
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Figure 3: Performance comparison of 19-bit CRC and 24-bit CRC 
(AWGN+QPSK, K=64,128,256, 512, 1024 and 2048, Code Rate=1/2, BLER=1e-2 and 1e-4)
For short information length (K<256), BLER performance for code block with 19-bit CRC shows clearly performance gain over that of 24-bit CRC due to the relative large coding rate increase by CRC length reduction. For K>=512, the BLER performance are comparable (less than 0.1dB). 
[bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: OLE_LINK19][bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK102][bookmark: OLE_LINK103]Observation 4: The BLER performance gain caused by 5-bit CRC reduction is negligible for blocks size larger than 512 bits. 
LDPC code block with parity check and 16-bit CRC attachment has been shown to achieve the same FAR performance to that of 24-bit CRC attachment by several companies [3-4]. Some companies even show comparable FAR performance for LDPC parity check with smaller than 16-bit CRC attachment.   To verify whether the LDPC parity-check function could achieve a comparable FAR performance of 8-bit CRC, the FAR performance with 8 CRC bits and without CRC bits is evaluated and the results are shown in Figure 4. 
[image: ]
Figure 4: Performance of LDPC, k= {64, 128, 256, 512}, R=2/3 without CRC
and k=128, R=2/3 with 8-bit CRC used for error detection
As shown in Figure 4, the case of code block size k=128 and rate R=2/3 without CRC has comparable FAR performance as that of the case of code bock with 8-bit CRC. Therefore, LDPC parity-check only cannot guarantee a comparable FAR performance as code block with 8-bit CRC attachment for information block size k<128. 
[bookmark: OLE_LINK87][bookmark: OLE_LINK88][bookmark: OLE_LINK101]Observation 5: LDPC parity-check only cannot guarantee comparable FAR performance as that of code block with 8-bit CRC for information block size k<128.
To further study the error detection ability of LDPC parity check function, two types of FRAs discussed before are evaluated as follows. 
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Figure 5: FRA1 and FRA2 with k=256, R=2/3

[image: ]
Figure 5: FRA1 and FRA2 with k=512, R=2/3

As shown in Figure 5-6, we can see that both FAR1 for the code block without CRC and with 8-bit CRC have similar downward slopes. But FAR2 for code block without CRC attachment cannot maintain a quasi-horizontal line as that of code block with 8-bit CRC attachment does. At high SNR region, we also can see that FRA2 performance of code block without CRC is worse than that with 8bits CRC even for different SNR values corresponding to the same BLER value.
Observation 6: CRC overhead reduction with error detection assisted by LDPC parity check might not meet the FAR2 requirements, which is defined as the ratio of code blocks in error with CRC and parity check passed over total number of error code blocks. 
[bookmark: OLE_LINK82][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK97]Proposal 2: Code block with 16-bit CRC attachment could not meet FAR requirement.
[bookmark: OLE_LINK94][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK104][bookmark: OLE_LINK105]Proposal 3: Considering the error detection ability, we propose that 24-bit CRC is used. 
Conclusion
The above discussion is summarized with following observations and proposals:
Observation 1: For fixed information block size, LDPC has worst FAR performance at the highest coding rate. 
Observation 2: With the fixed coding rate, FAR performance of LDPC get better as the information block size increases.
Observation 3: LDPC parity check can achieve comparable FAR performance with 5-bit CRC in worst case scenario.
Observation 4: The BLER performance gain caused by 5-bit CRC reduction is negligible for blocks size larger than 512 bits. 
Observation 5: LDPC parity-check only cannot guarantee comparable FAR performance as that of code block with 8-bit CRC for information block size k<128.
Observation 6: CRC overhead reduction with error detection assisted by LDPC parity check might not meet the FAR2 requirements, which is defined as the ratio of code blocks in error with CRC and parity check passed over total number of error code blocks. 
Proposal 1: To ensure FAR performance of all scenarios, the consideration of reduced CRC overhead with error detection assisted by LDPC parity check should be based on the worst case scenarios.
Proposal 2: Code block with 16-bit CRC attachment could not meet FAR requirement.
Proposal 3: Considering the error detection ability, we propose that 24-bit CRC is used. 
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