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Introduction
In RAN1#88bis, the following agreements on HARQ feedback on code-block group (CBG) level and CRC attachment were reached [1] :
Agreements:
· Confirm the working assumption as below.
· CBG-based transmission with single/multi-bit HARQ-ACK feedback is supported in Rel-15, which shall have the following characteristics:
· Only allow CBG based (re)-transmission for the same TB of a HARQ process
· CBG can include all CB of a TB regardless of the size of the TB – In the such case, UE reports single HARQ ACK bits for the TB
· CBG can include one CB
· CBG granularity is configurable

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 the CRC attachment for NR data channel. We discuss the pros and cons of CRC attachment on CB level versus CBG level and explain why CBG-level CRC is not useful.
Functionality of TB-level, CB-level and CBG-level CRC
According to the agreements reached in RAN1#88bis, HARQ feedback should be sent on CBG level and a CBG may include from a single CB up to all CBs of a TB. Even though HARQ feedback is sent on CBG level, two-level CRC attachment, similar to what is already used in LTE, gives the desired error detection capability for NR data channel.

For long TBs, e.g. larger than 512 bits, the TB is first appended with a CRC sequence of length  bits computed from the bits in the TB. After code block segmentation, each CB is appended with a CRC sequence of length , where  bits. We show that additional CRC bits appended to each CBG is unnecessary and should be avoided.

In LTE, the functionality of the TB-level CRC is to keep the probability that an erroneous TB is delivered to the MAC layer very low. The HARQ feedback consists of only one bit and this feedback is also delivered to MAC layer. In NR, CBG based multi-bit HARQ feedback is generated. However, if the CBG based HARQ feedback is delivered to MAC layer directly and MAC schedules the retransmission according to the CBG based HARQ feedback, MAC layer has to construct the MAC PDU considering the NACKed CBGs based on the knowledge of the assignment of CBs to CBGs done in physical layer [4]. This mixes the scheduling/link adaptation function in MAC and the encoding function in physical layer. Such cross-layer operation breaks the current protocol layer philosophy and increases the complexity in the MAC layer. From this perspective, cross-layer operation due to CBG based feedback should be avoided. That is, the CBG-level feedback should be restricted in physical layer and the physical layer shall still derive and report one HARQ A/N bit for each transport block even when CBG based HARQ feedback is configured. 
The functionality of CB-level and, if needed, CBG-level CRC is to determine if a CBG should be retransmitted or not. When the CBG-level feedback is only used in the physical layer, the probability of undetected errors should be significantly lower than the probability of ACK-to-NACK feedback transmission errors. By making sure that the probability of undetected CBG errors is below , we ensure that undetected CBG error – and thereby transmission of erroneous feedback which causes unnecessary retransmissions – is a rare event. In contrast, the error caused by transmission of HARQ-ACK bits is the bottleneck of the protocol. As shown in the appendix, in LTE, for example, the target error rate of ACK miss detection (for DL-SCH) is 10-2, NACK to ACK error (for DL-SCH) is (10-4 – 10-3). In other words, transmission errors caused by wireless channel is 100-1000 times higher than the undetected error caused by the receiver.
CBG-level CRC checking may detect otherwise undetected errors only if one or more of the estimated CBs in the CBG are in fact erroneous, and passed the inherent LDPC parity check and the CB-level CRC check incorrectly. The probability that this happens is very low, see Section 3.
The usefulness of CBG-level CRC checking is only in occasionally detecting a CBG-error which was undetected on CB-level and thereby enabling transmission of a correct CBG-level HARQ-ACK. It is not needed for avoiding the delivery of incorrect TB to higher layer, since TB-level CRC provides the final check for passing the TB to higher layer.
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CB grouping, where each CBG is composed of more than one CB, is not expected to be applicable unless the TB is composed of a large number of CBs (e.g., 10 CBs or more). For such large TBs, code block segmentation will produce CBs of size around KCB~=8448. Hence KCB~=8448 should be considered when estimating the probability of undetected CBG error.
The probability of undetected code block error, , is estimated for  and  in [2]. For the worst case with medium SNR, it was estimated to  for the min-sum algorithm. It should be noted that the probability of undetected error on CB-level is typically much lower, since this is the worst case.
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 1. The results show that  CRC bits is enough to achieve  for very high , under the assumption that the estimate that  holds. For long block length,  is typically significantly lower than  since this estimate assumes that bit errors are i.i.d. with a BER of 0.5. Our simulations in [2] show a BER for errors not detected by the LDPC parity-checks that is always less than . Error patterns that cannot be detected by the CRC code is therefore very rare and . However, well designed CRC codes can detect any single, double or triple bit errors as well as any error pattern consisting of an odd number of bits, as long as the code length is shorter than the natural length of the CRC code, which corresponds to the order of the generator polynomial [3]. Table 1 shows the natural length of CRC codes with generator polynomial of typical format g(x)=(x+1)b(x), where b(x) is a primitive polynomial of degree L1. 
For the largest code blocks, the required CRC codeword length is far higher than the natural length associated with the generator polynomial. It has been shown in [3] that this results in some CRC codewords of weight 2. The error detection capability of a given CRC generator polynomial is thus worse if the CRC is applied to a too long information sequence. The combined effect of the low BER and the too long CRC codeword is difficult to estimate, therefore we propose to use  if it is desired that the natural length of the CRC should cover the maximum code block length (). Otherwise,  is sufficient together with the inherent error detection capability of the LDPC code.
Since a sufficiently low probability of undetected CBG error can be achieved by attachment of 8 or 16 CRC bits to each CB, we conclude that CRC attachment on CBG level is unnecessary and should be avoided.
 CRC bits are attached to each code block if it is desired that the natural length of the CRC should cover the maximum code block length (). 
· [bookmark: _Toc481581890]Otherwise,  CRC bits is sufficient together with the inherent error detection capability of the LDPC code.
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Table 1: Natural length of CRC polynomial when g(x)=(x+1)b(x)
	L
	K1
	N1

	7
	56
	63

	8
	119
	127

	9
	246
	255

	10
	501
	511

	11
	1012
	1023

	12
	2035
	2047

	13
	4082
	4095

	14
	8177
	8191

	15
	16368
	16383

	16
	32751
	32767



[image: ]
[bookmark: _Ref480893990]Figure 1: Probability of undetected CBG error for different CB CRC lengths and varying number of CBs per CBG.
Overhead due to CRC
In the following, the overhead due to CRC is considered, either (a) only CB-level CRC of length ; or (b) CB-level CRC of length  combined with CBG-level CRC of length . Overhead due to TB-level CRC is not considered here, since it is the same for both (a) and (b).
For the case of CB-level CRC only, the overhead due to CRC attachment is:


In the above, it is assumed that the TB is sufficiently large that the CB size is equal to Kmax=8448 bits, which is the dimension of LDPC code design.
For the case of CB-level CRC combined with CBG-level CRC, the overhead due to CRC attachment is:

For both (a) and (b), the overhead is very small as shown in Table 2. For example, if  bits is used, then the overhead is only 0.09%. Thus CRC overhead should not be a determining factor; rather impact to other aspects of TB processing should be considered.
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Table 2: Percentage of overhead due to CB-level CRC attachment
	
	 (%)

	6
	0.07%

	8
	0.09%

	10
	0.12%

	12
	0.14%

	14
	0.17%

	16
	0.19%
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In this contribution, we made the following observations:
Observation 1	CBG-level CRC, if attached, is rarely utilized.
Observation 2	CBG-level CRC is not needed for avoiding the delivery of incorrect TB to higher layer.
Observation 3	CBG-level CRC is redundant for generating CBG-level HARQ-ACK.
Observation 4	Undetected CBG errors is miniscule compared to transmission error of HARQ feedback, if the probability of undetected CBG error is .
Observation 5	 CRC bits are attached to each code block if it is desired that the natural length of the CRC should cover the maximum code block length ().
· Otherwise, CRC bits is sufficient together with the inherent error detection capability of the LDPC code.
Observation 6	Overhead due to CB-level CRC is negligible.

Based on the discussion and the observations we have the following proposals:
Proposal 1	No CRC is attached on CBG level.
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Appendix
According to TS 36.300 v8.c.0, the target qualities on PDCCH, PHICH and PUCCH of E-UTRAN are summarized respectively in the two tables below: 
Table A-1: PDCCH and PHICH
	Event
	Target quality

	DL scheduling information miss detection
	(10-2)

	UL scheduling grant miss detection
	(10-2)

	NACK to ACK error (for UL-SCH)
	(10-4 – 10-3)

	ACK to NACK error (for UL-SCH)
	(10-4 – 10-3)



Table A-2: PUCCH
	Event
	Target quality

	ACK miss detection (for DL-SCH)
	(10-2)

	DTX to ACK error (for DL-SCH)
	(10-2 – 10-1)

	NACK to ACK error (for DL-SCH)
	(10-4 – 10-3)
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