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Introduction
In RAN1#88bis, the following agreements on CRC attachment were reached [1] :
Agreements:
· 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,
· 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
· 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 decided after decision on the value(s) of LCB,CRC


Furthermore, from RAN1 NR AdHoc #2 we have the agreement and proposal [2]:
Agreement: 
· CBG-level CRC is not adopted

Proposal to be checked until RAN1#90 after LDPC design is complete: 
· LTB-CRC = 16 bits for TBs smaller than e.g. 1008 or 8432 bits
· LCB-CRC = 8 bits
· Checking other values is not precluded

In this contribution, we consider CRC attachment on code block level for the case where a TB is divided into two or more CBs after code block segmentation. We present simulation results that show the probability of undetected error at CB-level and discuss the number of CRC bits that should be attached to each CB to achieve the desired probability of undetected error.
[bookmark: _Ref178064866]Inherent error detection capability combined with CRC
According to the agreements, each CB is appended with a CRC sequence of length , where  bits after code block segmentation. The value of  should be selected while taking the inherent error detection capability of the LDPC code into account.
Simulation of inherent error detection capability
We consider the agreed LDPC codes for NR [3]. CRC bits are appended on code block level only if code block segmentation is performed. The maximum TB size, including TB-level CRC, that can be transmitted without code block segmentation is 8448 bits. The smallest possible code block after segmentation is therefore  bits. To make sure to test the worst case, we have run simulations for K=4224 using R=0.95 (base graph #1). We have considered a code rate of 0.95, which we believe will be the highest code rate that will be discussed for NR, since it corresponds to the worst case in terms of undetected errors. The simulations are performed using the offset min-sum decoding algorithm with a maximum of 50 decoding iterations. The min-sum offset was set to 0.41.
Figure 1 shows the probability of undetected error for an LDPC block length of 4224 bits and a code rate of R=0.95 considering only the inherent error detection capability of the LDPC code, i.e. no CRC is attached. An undetected error occurs when the decoder finds a valid codeword within the maximum number of decoding iterations, but the codeword found is different from the codeword transmitted. 
The results in Figure 1 show that the probability of undetected code block error  for the worst case with the shortest possible code block length, high code rate and medium SNR.
[bookmark: _Toc488066066][bookmark: _Toc488068723][bookmark: _Toc489453172][bookmark: _Toc489454496][bookmark: _Toc489455711][bookmark: _Toc490127382]The probability of undetected code block error is less than  even without CRC attachment.
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[bookmark: _Ref480969142]Figure 1: Probability of undetected error for an LDPC information block length of 4224 bits and a code rate of 0.95. No CRC is considered here.
Estimation of inherent error detection capability combined with CRC
For LDPC codes with medium or long block length, Monte Carlo simulations are only useful for estimation of the probability of undetected error with no CRC or very short CRC lengths. Because of the very good inherent error detection capability of long LDPC codes, simulation of  for the combination of LDPC and CRC becomes almost impossible for medium and long CRC lengths. In this contribution, we simply estimate the combined  by assuming that

where  is the probability of undetected error considering only the inherent error detection capability of the LDPC code and  is estimated by .

Figure 2 shows  estimated from the simulated  shown in Figure 1. From these results it is clear that with only a low number of CRC bits attached on CB-level, very low probability of undetected code block error can be achieved, due to the inherent error detection capability of the LDPC code at long block length. In fact, the results show that even with only 4 CRC bits, the combination of LDPC and CRC gives a lower probability of undetected code block error than the  of LTE due to 24-bit CB-level CRC.
[bookmark: _Toc489454497][bookmark: _Toc489455712][bookmark: _Toc490127383]Attachment of 4 CRC bits on code block level is sufficient to achieve a lower probability of undetected code block error than in LTE.
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[bookmark: _Ref489452401]Figure 2: Estimated probability of undetected code block error for a combination of LDPC and CRC.
We also consider the probability of undetected code block group (CBG) error. When the number of CBs in a CBG is large, the probability of undetected CBG error, , can be estimated by

where  is the number of CBs in a CBG. 
The worst case  for various  and  is estimated using the above equation and shown in Figure 3. The results show that  CRC bits is enough to achieve  for very high . Given these results, any maximum code rate  may be selected for base graph #1, without the need of attaching more than 8 CRC bits to each code block. Thereby we can confirm that the proposal from RAN1 NR AdHoc #2 of using 8 CRC bits on code block level is sufficient to achieve a very low probability of undetected error.

[bookmark: _Toc489455713][bookmark: _Toc490127384]Attachment of 8 CRC bits on code block level is sufficient to achieve a low probability of undetected code block group error even for very large code block groups.

1. The number of CRC bits attached on CB-level is  bits.
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[bookmark: _Ref480811395]Figure 3: Estimated probability of undetected code block group error for the combination of LDPC and CRC.
Conclusion
In this contribution, we made the following observations:
Observation 1 The probability of undetected code block error is less than  even without CRC attachment.
Observation 2 Attachment of 4 CRC bits on code block level is sufficient to achieve a lower probability of undetected code block error than in LTE.
Observation 3 Attachment of 8 CRC bits on code block level is sufficient to achieve a low probability of undetected code block group error even for very large code block groups.

We have the following proposal:
1. The number of CRC bits attached on CB-level is  bits.
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