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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 the RAN1 NR AdHoc #2 we have the following proposal [2]:
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 transport block level for the case where the TB size is small. We present simulation results for the agreed LDPC design and the proposed CRC length of 16 bits and show that this is sufficient to achieve the desired probability of undetected error on the transport block level of  or less.
[bookmark: _Ref178064866]CRC attachment to small TBs
According to the agreements, each TB longer than a certain threshold is appended with a CRC sequence of length 24 bits. For these long TBs, the overhead due to CRC attachment is negligible, even when the number of CRC bits is 24. The number of CRC bits to attach to a TB, denoted by , shorter than the threshold is FFS, since it is desired to reduce the number of CRC bits for these short TBs to reduce the amount of overhead.
When selecting a suitable number of , the inherent error detection capability of the LDPC code should be considered. However, the inherent error detection capability depends on the block length and code rate of the LDPC code.  must be large enough to achieve the desired probability of undetected TB error for the shortest code block combined with the highest code rate.
Simulations
We consider the agreed LDPC codes for NR [3]. To make sure to test the worst cases, we have run simulations for K=40 using R=3/4 and base graph #2 and K=512 using R=0.95 and base graph #1. We will show that the proposed CRC length of 16 bits for small transport blocks is sufficient to achieve a probability of undetected transport block error of  or less. Given these results, any maximum code rate R<=3/4 may be selected for base graph #2 and any maximum code rate R<=0.95 may be selected for base graph #1, without the need of attaching more than 16 CRC bits to small transport blocks. 
For simulation purpose, the CRC bits are generated using polynomials already used in communication standards, see Table 1, and appended to the information bits before LDPC encoding. Codewords at the output of the LDPC encoder are sent from the transmitter. On the receiver side, the received data is decoded by the offset min-sum algorithm with a maximum of 50 decoding iterations. For the simulation with K=40 the offset is set to 0.38, while an offset of 0.40 is used for K=512.

[bookmark: _Ref471475028]Table 1	CRC generator polynomials
	
	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

	12
	X12 + X11 + X10 + X9 + X8 + X4 + X + 1
	From 802.3 for ethernet

	16
	X16 + X12 + X5 + 1
	From 36.212 V8.8.0 p.8 Sec. 5.1.1



Figure 1 shows the probability of undetected error for an LDPC block length of 40 bits, which corresponds to an NR data channel information block length of  bits, and a code rate of 3/4. 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 AND
· the error is not detected by the CRC.
In this contribution, we have however considered the smallest possible LDPC block length that the parity check matrices are designed for to show that  bits is sufficient even for this case.
To keep the packet loss rate low for TCP slow-start, it is usually assumed that the probability of undetected error on the transport block level, denoted by , is required to be  or less. The results in Figure 1 show that this can be achieved by attaching 16 CRC bits to each transport block, for which  for the worst case with the shortest possible code block length, high code rate and medium SNR.
[bookmark: _Toc488066066][bookmark: _Toc488068723][bookmark: _Toc490125758]The probability of undetected error on transport block level is less than  with good marginal if 16 CRC bits are attached to short transport blocks.
[image: ]
[bookmark: _Ref480969142]Figure 1: Probability of undetected error for an LDPC information block length of 40 bits (whereof  are CRC bits) and a code rate of 3/4.
Small transport blocks can also be transmitted using base graph #1. The smallest evaluated LDPC information block length for base graph #1 is K=512 bits, including CRC bits. Even though the highest code rate for which base graph #1 is designed is R=8/9, it is desirable to be able to use base graph #1 also for higher code rates. We have run simulations for R=0.95 to ensure that   bits is sufficient also for this worst case using base graph #1.
The results in Figure 2 show that a probability of undetected error of  or less can almost be achieved by 8 CRC bits. With 12 CRC bits,  and the desired probability of undetected error is achieved with a large marginal also for the worst case with the shortest possible code block length, high code rate and medium SNR.
[bookmark: _Toc488066067][bookmark: _Toc488068724][bookmark: _Toc490125759]When using base graph #1, the probability of undetected error on transport block level is less than  if 12 CRC bits are attached to short transport blocks.
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Figure 2: Probability of undetected error for an LDPC information block length of 512 bits (whereof  are CRC bits) and a code rate of 0.95.
Selection of threshold
The selection of the threshold below which the lower number of CRC bits should be used depends on the tolerable overhead alone. The selection will not impact the number of CRC bits that must be attached to small transport blocks, since the worst case is the smallest block that will always be smaller than the threshold.
The relative CRC overhead by attaching 16 and 24 CRC bits for different values of the transport block size is shown in Figure 3. The larger the transport block size, the better is also the inherent error detection capability of the LDPC code. This means that there is no reason to switch to 24 CRC bits to reduce the probability of undetected error. We suggest that a transport block size threshold of 8448-16 = 8432 bits is selected, to minimize the CRC overhead for short transport blocks. Note that the typical natural length KCRC of length-16 CRC polynomial are 65 519 and 32 751 bits, depending on the structure of the polynomial, which is clearly enough to cover the largest K=8432 for which a length 16 CRC is considered.
Combining the above discussion with Observation 1 and Observation 2, we have the following proposal:

[bookmark: _Toc480974886][bookmark: _Toc481743943][bookmark: _Toc488068770][bookmark: _Toc490125822]If the transport block size is less than or equal to a threshold of 8432 bits, 16 CRC bits are attached to the transport block.
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[bookmark: _Ref480974274]Figure 3: CRC overhead as a function of number of CRC bits and transport block size.
Conclusion
In this contribution, we made the following observations and proposals:
[bookmark: _GoBack]
Observation 1 The probability of undetected error on transport block level is less than  with good marginal if 16 CRC bits are attached to short transport blocks.
Observation 2 When using base graph #1, the probability of undetected error on transport block level is less than  with good marginal if 12 CRC bits are attached to short transport blocks.

1. If the transport block size is less than or equal to a threshold of 8432 bits, 16 CRC bits are attached to the transport block.
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