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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 decide after decision on the value(s) of LCB,CRC

In this contribution, we consider CRC attachment on code block level for the case where a TB is divided into 2 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.
[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. However, the inherent error detection capability depends on the block length and code rate of the LDPC code. In this contribution, we evaluate the probability of undetected error for a code rate of 8/9, which corresponds to the worst case in terms of undetected errors. Furthermore, we consider the two extremes when it comes to CB info block length, i.e. K=4224 and K=8448, which is the smallest and the largest possible information block size after code block segmentation.
Simulations
From RAN1#88bis, we have the working assumption that the largest info block size supported by LDPC encoder and the largest shift size  defined is {8448, 384}, which implies that . Since no LDPC code with these parameters is currently available, we have used the high #2 family with  from [2] for the simulations shown in this contribution. Since the set of parameters for this code is close to the parameters stated in the working assumption, we believe that results for the LDPC code that is finally selected will not deviate much from the results presented here.
Simulation assumptions
Simulations has been performed for the high #2 family presented in [2] using both the sum-product algorithm and the min-sum algorithm. A maximum of 50 decoding iterations with flooding scheduling is allowed. The highest possible code rate, , is considered. This corresponds to the fewest parity check equations for a given info block size K, hence the worst case in terms of undetected errors when applying the inherent parity checksum.
The probability of undetected error labeled “No CRC” corresponds to the inherent error detection capability of the LDPC code and 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.
When CRC is applied, then for all valid codewords that pass the LDPC parity checks, the CRC is checked. If also the CRC checks, this corresponds to an undetected error for the given CRC length. We have used the CRC generator polynomials given in Table 1. For longer CRCs that we have considered, only very few errors within the simulated code blocks were detected and no statistically reliable results can be shown.

[bookmark: _Ref480548770]Table 1: CRC polynomials
	CRC length
	Generator polynomial
	Comment

	4
	X4 + X + 1
	Has highest order among all degree-4 CRC polynomials

	8
	X8 + X7 + X4 + X3 + X + 1
	From 36.212 V8.8.0 p.8 Sec 5.1.1



Probability of undetected error for K=8448
The probability of undetected error for the longest possible code block length , with R=8/9, is shown in Figure 1 and Figure 2. At this block length, the probability of undetected error with no CRC is  (as shown in Figure 1) when the sum-product algorithm is used, and  (as shown in Figure 2) when the min-sum algorithm is used. This shows that the probability of undetected error is lower with the min-sum algorithm than with the sum-product algorithm.
In addition to the “No CRC” cases, Figure 1 and Figure 2 also illustrate the undetected error probability when 4 CRC bits are checked in addition to the inherent parity checksum. As expected, the CRC bits can further lower . Although the natural length of 4-bit CRC is only 15, far lower than , it still lowered the undetected error probability by the factor of, despite the minimum distance of 2 for the repeated CRC code.

[bookmark: _Toc480801070][bookmark: _Toc480812331][bookmark: _Toc481745551]The inherent error detection capability of the LDPC code gives a probability of undetected error  for the longest block length  when the min-sum algorithm is used.
[bookmark: _Toc480801071][bookmark: _Toc480812332][bookmark: _Toc481745552]Decoding with the min-sum algorithm gives lower probability of undetected error than the sum-product algorithm.
[image: ]
[bookmark: _Ref480786753]Figure 1: Probability of undetected error for {K=8448, R=8/9} with the sum-product algorithm
[image: ]
[bookmark: _Ref480786754]Figure 2: Probability of undetected error for {K=8448, R=8/9} with the min-sum algorithm

Probability of undetected error for K=4224
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. The probability of undetected error for this block length is shown in Figure 3 and Figure 4. At this block length, the probability of undetected error with no CRC is  when the sum-product algorithm is used and  when the min-sum algorithm is used.
It can be noted that  for the shortest possible code block length is slightly lower than  for the longest possible code block length. It is speculated that this is related to the properties of the actual LDPC code design, for example, how fast the actual LDPC code  and its multiplicities grows with the info block size K.

[bookmark: _Toc480801072][bookmark: _Toc480812333][bookmark: _Toc481745553]The inherent error detection capability of the LDPC code is similar for the shortest and longest block length after code block segmentation.
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[bookmark: _Ref480788827]Figure 3: Probability of undetected error for {K=4224, R=8/9} with the sum-product algorithm
[image: ]
[bookmark: _Ref480788828]Figure 4: Probability of undetected error for {K=4224, R=8/9} with the min-sum algorithm

Estimation
Monte Carlo simulations are only useful for estimation of the probability of undetected error with 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 5 shows  estimated from the simulated  shown in Figure 2. From these results it is clear that the number of CRC bits attached on CB-level can be reduced to fewer than 8 bits, as compared to 24 bits in LTE, while still achieving a sufficiently low probability of undetected error at CB-level, due to the inherent error detection capability of the LDPC code at long block length.
To reach the  of LTE due to 24-bit CB-level CRC, the number of CB-level CRC bits required to attach to the LDPC code, , is:

For different levels of LDPC inherent undetected error probability , Table 1 shows the corresponding value of  for reaching .  As shown in Table 1, for the range of  values shown in Section 2.1, no more than 8 CB-level CRC bits is necessary. 

[bookmark: _Toc480812334][bookmark: _Toc481745554][bookmark: _GoBack]The number of CRC bits attached on CB-level can be reduced to  bits.


Table 1: Required number of CB-level CRC bits () for reaching 
	LDPC Inherent 
	Required number of CB-level CRC bits ()

	
	8

	
	7

	
	6

	
	5



[image: ]

[bookmark: _Ref480811395]Figure 5: Estimated probability of undetected error for the combination of LDPC and CRC
Conclusion
In this contribution, we made the following observations:
Observation 1	The inherent error detection capability of the LDPC code gives a probability of undetected error  for the longest block length  when the min-sum algorithm is used.
Observation 2	Decoding with the min-sum algorithm gives lower probability of undetected error than the sum-product algorithm.
Observation 3	The inherent error detection capability of the LDPC code is similar for the shortest and longest block length after code block segmentation.
Observation 4	The number of CRC bits attached on CB-level can be reduced to  bits.
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