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1	Introduction
In Ran1 #NR Ad-Hoc meeting, discussions on CRC attachment for LDPC formed the following agreement [1]. 
Agreement:
· Before code block segmentation, LTB,CRC bit TB-level CRC are attached to the end of the transport block
· LTB,CRC <=24 bits
· LTB,CRC value is determined to satisfy probability of misdetection of TB error <=10-6
· Inherent error detection of LDPC codes is taken into account in determining the LTB,CRC value

In Ran1 #88 meeting, single/multi-bit HARQ-ACK feedback was considered as a working assumption, where code block group (CBG) based retransmission is allowed, the working assumption was agreed in Ran1 #88bis meeting [2]. 

In coding discussions, CRC attachment for CBG was also proposed by some companies. However, attachment of CBG level CRC was not fully understood by other companies and needed further studies. Ran1 #88bis agreed on the following for CRC attachment.  

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,
· 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 [3], we discuss the CRC attachment for smaller TB sizes and possibility of reducing that to 16 bits for 10% Transport BLER situation. In this contribution, we discuss the importance of CBG CRC attachment. 
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In Ran1 #89 meeting, grouping of CB(s) to CBG(s) are agreed as follows, 
Agreements:
· For grouping CB(s) into CBG(s), following is adopted.
· With indicated number of CBGs, the number of CBs in a CBG changes according to TBS.
· FFS for the case of re-transmission or the case when the number of CBs is smaller than the indicated number of CBG 
· FFS “indicated” is realized by RRC, MAC, L1 signalling

Agreements:
· At least following is supported.
· For a given number of CBGs for a given TB, the number of CBs per CBG should be as uniform as possible.
· The difference of CB number per CBG between any two CBGs is either 0 or 1.
· FFS on the detailed rule for the CB grouping.
Study further benefit and realization of non-uniform CB distribution across CBGs

It is evident that number of CBs in a CBG is a variable number and depends on the TBS. Before go into the details of CBG CRC, it would be good to check the reasons why CRC was attached for CB and TB in LTE, and how it is applicable for NR scenarios.  

Error detection for CB

CB level CRC can be used for the following. 
· To support early termination. 
· It is important to save the energy and reduce latency by stopping the decoding process when one or few CBs which are decoded first are in error. 	
· Reduce number of iterations used to decode a given CB. If CRC is passed after certain iterations, it is not required to continue decoding until the end of max iteration number. 
· Generate nack when the at least one CB fails the CRC check. 
· Prevent decoding the correctly decoded CBs in the retransmission stages. 

More importantly, CB CRC is not used to get the ack bit for the TB. There are several reasons to for that,
· CB CRC is already used for many other purposes like early termination at each iteration [4]. This lowers the FAR of the CRC attached to a CB. Overall, it is not possible to support fixed FAR (e.g. 2 -24). 
For LDPC, we may not able to say that early termination is not required. 24 CRC for LTE Turbo codes is proposed based on such an analysis that early termination will not reduce the BLER performance. Parity check is not sufficient as it provides only around 8 CRC bit equivalent FAR. Parity check can pass most of the time for an errored CB, and CRC will be checked after that. If the CRC is in error, decoder will continue to check for next iterations and overall FAR provided by the CRC will go down. Therefore, it is very hard to assume we get final FAR per CB as 2 -24.

· Number of CBs within TB is varying and FAR of the TB can be different when using CB level CRC to get the ack of TB. 

In summary, CB CRC is used within CB domain and is not suitable to check TB is received without errors or not. 

 

Error detection for TB

As mentioned in the earlier part, CB level CRC is not used to provide the error detection of TB. The main reasons for having separate CRC for TB is explained as follows. 

· Sending the TB to uppers layers to start processing 
Sending to upper layers needs a certain guarantee that the decoded TB is correct. In LTE, 24 CRC bits are attached to a TB and it provides FAR = 2 -24 . However, the supported TB sizes in LTE are smaller than NR, where waiting till final CRC check may not efficient to feed the TB to upper layers. It will increase the overall latency and memory used by the upper layers.   
· Generating the ack to indicate that data is received right. 
LTE ack/nack is always single bit where re-transmission only occurs based on full TB. Basically, the decision is binary (full TB transmission or no transmission). Therefore, recovery procedures do not need special treatments. However, multi-bit feedback requires much higher FAR requirement than LTE (most probably protected by the CRC). Otherwise, false detections may transmit different combinations of CBGs which could lead to soft-combining problems at the receiver. 

Observation 1: TB level CRC attachment is needed to confirm the TB is received right. However, waiting for the final CRC check of the TB may impact on overall decoding latency of the system.  

Error detection for CBG

The main reasons to have CBG level CRC is explained as follows. 
· CB CRC is not enough to provide stable detection reliability for CBGs that is needed to support multi-bit ack/nack operation. 
FAR depends on the number of CBs in a CBG. As highlighted above, CB CRC attachment should mainly focus on the supporting services like early termination, generating nack when CBs are in error, and providing support for soft combining and decoding errored blocks when re-transmissions occur. CB level CRC checks of multiple CBs may not provide stable error detection capability for other code block layers (CBG and TB) in NR. 

· CBG can be useful to provide more flexible operation not only in the physical layer but also in upper layers.  
TB sizes are getting large with the use of large bandwidth in NR, but the applications we use in LTE will be quite NR. Then MAC PDUs are needed to bundle to get a larger TB. But, upper layers can start processing when some CBGs are already decoded right with good detection reliability. This can be an implementation choice that in the phase 1 release of NR, but good reliability is needed to support such features. For example, we expect more than 2,000,000 bits of TBS and waiting to check the final CRC may add extra latencies in upper layer processing. 

· Having extra CRC for CBG is not complicating the TX/Rx operation. 
Generating CRC is done mainly based on sending TB through the CRC shift registers. The same shift registers can be used for CBG level CRC generation at the transmitter and check at the receiver. Therefore, having CRC for CBG is not an overdesign or adding more complications for transmitter or receiver. Also, CBG level CRC is not adding extra overhead as the number of CBGs are much lower than the number of CBs. In some cases of pipelined decoding, CRC per CB will be useless and may not be used. Therefore, it is up to the implementation to use these CRC bits at CB and/or CBG levels. 

Proposal 1: CBG based transmissions should be supported with CBG level CRC, LCBG,CRC = 24.

3	Conclusion
In this contribution, we summarize the importance of CBG level CRC attachment. 
Observation 1: TB level CRC attachment is needed to confirm the TB is received right. However, waiting for the final CRC check of the TB may impact on overall decoding latency of the system.  

Proposal 1: CBG based transmissions should be supported with CBG level CRC, LCBG,CRC = 24.
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