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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In the RAN1#82bis meeting, it was agreed that a DAI-based solution is specified for dynamic HARQ-ACK codebook adjustment and several DAI-based solutions have been proposed [1]. However, as the DAIs are contained in the DCIs, and there could be misdetection of the (E)PDCCH, error cases can occur where the eNodeB and UE will not have the same assumption on either/both the number of and the order of the HARQ-ACK bits. In this contribution, we study the impact of error cases on the decoding performance and find that it is substantial and unacceptable. Therefore, we propose CRC scrambling in order to reduce the impact of the error cases.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Impact of error cases for the TBCC
The number of possible HARQ-ACK payload sizes would be much larger than the number of associated DAI values in the DCI. Hence, there cannot be a one-to-one mapping between a DAI and the number of HARQ-ACK bits (e.g., with 2 DAI bits, a counter may be incremented modulo 4). Then, if a number of consecutive DCIs are missed (e.g., 4) or one or several of the last DCIs are missed, the UE may encode a different number of HARQ-ACK bits than what the eNodeB expects.  Error cases could also be due to the uncertainty whether a missed DCI was associated with single or multiple codeword PDSCH transmission. Blind detection at the eNodeB, assuming different HARQ-ACK codebook sizes, may not be possible since the order of the HARQ-ACK bits could be wrong due to some missed HARQ-ACK bits.
False CRC detection
In the RAN1#82 meeting, it was agreed to use an 8-bit CRC and the Tailbiting Convolutional Code (TBCC) for HARQ-ACK transmission on PUCCH and PUSCH (at least for 23 or more HARQ-ACK/SR bits). The issue with error cases is that it still could be possible for the eNodeB to successfully decode (i.e., the CRC passes) using a different assumption on the number of HARQ-ACK bits which the UE encoded. However, if there is an error case and the CRC passes, the HARQ-ACK bit error rate can be substantial (approaching 50% and be much larger than the requirements on ACK-to-NACK and NACK-to-ACK probabilities). Hence, when there is an error case, it should be assured that the eNodeB cannot (or with small probability) decode the HARQ-ACK bits, i.e., the CRC should fail. In [2], we showed that, when the eNodeB and the UE use the same assumption on the number of encoded bits (i.e., no error case), the probability , where equality is achieved for very low SNRs. Thus, for the aforementioned error cases, we would require that
. 
The probability  is plotted in Fig. 1 under the following assumptions:
· The TBCC is deployed.
· The UE encodes  HARQ-ACK bits with 8 CRC bits and rate matches to  coded bits.
· The eNodeB de-rate matches  coded bits and decodes assuming  HARQ-ACK bits and 8 CRC bits.
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Figure 1. Probability of CRC pass on an ideal channel as function of the number of HARQ-ACK bits when the decoder assumes bits more than what was encoded, 8-bit CRC, rate matching to 288 coded bits (left) and 4x288 coded bits (right).
That is, the UE encodes  bits less than what the eNodeB expects. To isolate the effect of the decoder, the channel is ideal (no noise or fading). Therefore the CRC pass probability will be exactly equal to one when  and should ideally be zero for any non-zero value of . From the results in Fig. 1, it can be concluded that, even with infinite SINR, the probability of CRC pass is much larger than the CRC false upper bound (i.e.,  and that it becomes larger the lower the code rate (cf. 288 coded bits versus 4x288 coded bits). Fig. 4 in the Appendix further shows the result with rate matching to 2x288 bits. Two observations should be made from this:
· The false CRC pass probability is not sufficiently low and further means are needed to avoid the CRC to pass.
· It is impossible for the eNodeB to perform blind detection of the HARQ-ACK codebook size (Opt. 1.1.7 [1]), since the CRC may pass for both a correct and incorrect hypothesis.
For PUCCH format 4, the number of PUCCH PRBs can be increased to decrease the code rate for the UE or to reduce the inter-cell interference (i.e., using wide PUCCH bandwidths). Hence, there is not a one-to-one mapping between HARQ-ACK payload and PUCCH transmission bandwidth. However, from Fig. 1, if a wider PUCCH bandwidth is allocated to decrease the code rate, the undesirable consequence is that the impact of error cases increases. Fig. 2 shows that  for the simulated error cases of Fig. 1, assumes very large values, implying that missed HARQ-ACK bits has significant impact. Here it is assumed that ‘correct’ value of the missed bit(s) is a NACK.
[image: ]
Figure 2. Probability of NACK-to-ACK conditioned on a CRC pass on an ideal channel as function of the number of HARQ-ACK bits when the decoder assumes bits more than what was encoded, 8-bit CRC and rate matching to 288 coded bits.
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Figure 3. Probability of CRC pass on an ideal channel as function of the number of HARQ-ACK bits when the decoder assumes bits more than what was encoded, 8-bit CRC with CRC scrambling, for rate matching to 288 coded bits (left) and 4x288 coded bits (right).
CRC scrambling
The probability of a CRC pass for an error case can be reduced by scrambling the CRC with a bit mask being related to the number of HARQ-ACK bits. The CRC scrambling would not be used to convey any information to the eNodeB, which only needs to descramble the CRC with the desired bit mask and there is no need for blind detection. Therefore, there is only one detection hypothesis at the receiver, which implies that the false CRC detection probability should not increase and the NACK-to-ACK probability would not be affected. 
Some form of mapping from HARQ-ACK payload or DAI values to a CRC bit mask would be needed. For example if  CRC bit masks are used, one option is to define a relation between the number of encoded HARQ-ACK bits  (or alternatively,   may be the largest received DAI value) and a bit mask , e.g., by . One reasonable trade-off could be to use , which would discriminate between an even or odd HARQ-ACK payload, which would handle at least the case . 
In Fig. 3, we show results from a repeated simulation but now with CRC scrambling[footnoteRef:1]. It can be seen that this effectively reduces the probability of CRC pass to acceptable levels. In these examples, the following two scrambling bit masks were used: [1:  Probabilities of zero are not plotted due to the logarithmic scale.] 


Impact of error cases for the RM/dual-RM code
In [3], we propose that the TBCC with the CRC is applied also for payloads below 23 HARQ-ACK/SR bits. An alternative to the TBCC is to use the Reed-Muller (RM) code or dual-RM code for less than 23 HARQ-ACK/SR bits. If a CRC is not attached, the impact of an error case is always contingent on the decoder output. If the decoder produces zeros (i.e., NACKs) on the positions with the missing HARQ-ACK bits and does not change the order of the non-missing HARQ-ACK bits, the impact can be manageable. For some error cases this will be possible, as shown in the Example 1.
Example 1: The UE misses the last  contiguous HARQ-ACK bits. This implies that the last  columns of the RM code generator matrix are not used (i.e., equivalently the HARQ-ACK bit is zero). Consider a case where the UE misses HARQ-ACK bit , where  and  denotes the encoder and decoder, respectively.
RM encoder input: 
RM encoder output: 
RM decoder output: 
Correct RM decoder output: 
The decoder in the eNodeB may therefore output zeros (i.e., NACKs) for the last  contiguous HARQ-ACK bits and the order of the non-missed HARQ-ACK bits is not changed. This will also hold for the dual-RM code, if , where  denotes the number of assumed HARQ-ACK bits by the eNodeB.
However, there are many error cases where NACKs will not be obtained for missed HARQ-ACK bits and the order of the HARQ-ACK bits will be changed, as shown in Example 2 and 3.
Example 2: The UE misses  HARQ-ACK bits, which are not the last  contiguous HARQ-ACK bits. Consider a case where the UE misses HARQ-ACK bits () while the eNodeB assumes 11 HARQ-ACK bits. This will imply mismatch between the order of the HARQ-ACK bits, creating both NACK-to-ACK and ACK-to-NACK errors. This will also hold for the dual-RM code. The impact will depend on which bits that are missed and is more severe for missing HARQ-ACK bits with low indices.
RM encoder input: 
RM encoder output: 
RM decoder output: 
Correct RM decoder output: 
Example 3: The UE encodes less than 12 HARQ-ACK bits and the eNodeB decodes at least 12 HARQ-ACK bits. Consider a case where the UE misses HARQ-ACK bit  while the eNodeB assumes 12 HARQ-ACK bits. The UE and eNodeB will then assume different encoding methods, i.e., RM and dual-RM. This may imply complete decoding error, creating both NACK-to-ACK and ACK-to-NACK errors.
RM encoder #1 input: 
RM encoder #2 input: 
RM encoder output: 
Correct RM encoder #1 input: 
Correct RM encoder #2 input: 
Dual-RM decoder output: 
Correct Dual-RM decoder output:
 

Hence, the RM/dual-RM code would not be robust to error cases. Options for reducing the impact of the error cases for HARQ-ACK/SR payloads up to 22 bits could be to use the RM/dual-RM code with 8-bit CRC for payloads up to 14 bits or to use the TBCC and 8-bit CRC for all payloads.
Conclusion
The probability of a false CRC pass when the eNodeB decodes a different number of HARQ-ACK bits than what was encoded by the UE (i.e., an error case) is significant and is much larger than the worst CRC false passing probability for a non-error case. Such large false CRC pass probability is unacceptable and CRC scrambling should be used to assure that the CRC does not pass in order to prevent the eNodeB from erroneously detecting the HARQ-ACK bits.  
Proposal: For HARQ-ACK transmission on PUCCH and PUSCH, the CRC is scrambled by a CRC bit mask.
· The CRC bit mask  is determined from the number of HARQ-ACK/SR bits .
·  
· 
· 
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Appendix
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Figure 4. Probability of CRC pass on an ideal channel as function of the number of HARQ-ACK bits when the decoder assumes bits more than what was encoded, 8-bit CRC, rate matching to 2x288 coded bits, without CRC scrambling  (left) and with CRC scrambling (right), respectively.
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