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1 Introduction
A work item on NR-based access to unlicensed spectrum was agreed in RAN #82 meeting [1]. One objective of the work item is to specify HARQ enhancement to reduce the impact of LBT failure. In this contribution, we provide the detailed analysis on HARQ-ACK codebook design.
2 HARQ codebook  
In NR phase-1, gNB can configure either semi-static or dynamic HARQ-ACK codebook for different scenarios. Similarly, these two HARQ-ACK codebooks could be beneficial in different scenarios in NR-U. 
For HARQ-ACK feedback for the corresponding data in the same shared COT, existing HARQ-ACK codebook design is sufficient. To support HARQ-ACK feedback of first few PDSCHs at the end of the longest COT allowed by regulations for various supported subcarrier spacing, e.g., 30 KHz, a larger range of HARQ-ACK timing K1 than 15 can be supported. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK9]For cross-COT HARQ-ACK feedback, including HARQ-ACK retransmission along with HARQ-ACK in current COT, HARQ-ACK codebook design needs enhancement to support various cases, such as a report for missed or unreported HARQ-ACK feedback in case of LBT failure for PUCCH/PUSCH transmission, or in case of PUCCH/PUSCH detection failure at gNB, or in case of PDCCH detection failure at UE, or in case of HARQ-ACK feedback pending from earlier COT(s). 
For semi-static codebook, gNB can trigger previous HARQ-ACK feedback by indicating the timing offset to include previous HARQ-ACK codebook and current HARQ-ACK codebook. As shown in Figure 1, assume K1 set is {2, 3, 4, 5}, the semi-static codebook to be transmitted in slot n consists of 4 bit HARQ-ACK for DL slot n-2, n-3, n-4 and n-5 respectively. The possible timing offset is {0, -4}, wherein “0” means UE shall transmit HARQ-ACK according to the set of K1, and “-4” means UE shall transmit HARQ-ACK according to the extended set of K1 {2,3,4,5,6,7,8,9}. Assume UE failed to transmit HARQ-ACK codebook 1 in slot 5, and then, gNB triggers UE to transmit HARQ-ACK codebook 1 and codebook 2 in slot 9 with the indication of timing offset -4. So UE generates HARQ-ACK codebook of 8 bits for DL slot 0~7. Similar to legacy semi-static codebook, there is marginal DCI overhead and there is no HARQ-ACK codebook ambiguity caused by PDCCH or PUCCH miss-detection. UCI payload would undesirably increase with the timing offset range, yet HARQ-ACK retransmission opportunities also increases with the timing offset range, i.e. gNB is capable of triggering previous HARQ-ACK retransmission, only if the latency between DL slots associated with previous HARQ-ACK codebook and current HARQ-ACK codebook is larger than the configured timing offset. Consequently, if it takes a long time for gNB to seize the channel again, PDSCHs associated with pending HARQ-ACK would be outside the timing offset, thus lose HARQ-ACK retransmission opportunity. The configuration of timing offset should achieve the balance between UCI payload and HARQ-ACK transmission opportunities. 


Figure 1
Observation 1: For Legacy semi-static codebook, dynamic extension of K1 can support HARQ-ACK retransmission for PDSCHs in DL slots within the configured timing offset from the DL slot set associated with current HARQ-ACK codebook, with marginal DCI overhead and no HARQ-ACK ambiguity.
Proposal 1: Support legacy semi-static codebook with dynamic extension of K1 for HARQ-ACK retransmission.

For dynamic codebook, HARQ-ACK codebook ambiguity may happen more frequently in NR-U than transmission on licensed band, because of hidden node interference which increases PDCCH miss-detection probability, the number of consecutive missing PDCCHs as well as PUCCH miss-detection. In general, HARQ-ACK codebook ambiguity includes codebook size ambiguity and HARQ-ACK bit ambiguity. If the total number of HARQ-ACK bits transmitted by UE is different from that expected by gNB, then, codebook size error happens. If the associated PDSCH of one HARQ-ACK bit in HARQ-ACK codebook transmitted by UE is different from that expected by gNB, then, HARQ-ACK bit error happens. For codebook size error, gNB may perform multiple blind detections and luckily to pass CRC check to get valid HARQ-ACK information for some of scheduled PDSCHs, but implementation complexity increases. For HARQ-ACK bit error, worse still, gNB may not detect the error if CRC check is passed, which results in the corruption of whole HARQ-ACK codebook. Figure 2 shows an example that if all PDCCHs of HARQ-ACK codebook 2 is missed, UE transmits 4 bit HARQ-ACK for PDSCH 1/2/5/6 respectively, while gNB expects 4 bit HARQ-ACK for PDSCH 3/4/5/6. If CRC check is correct, gNB mistakes HARQ-ACK of PDSCH 1 and 2 for PDSCH 3 and 4. If HARQ-ACK of PDSCH 1 and 2 is ACK & ACK, gNB considers PDSCH 3 and 4 correctly received thus PDSCH 3 and 4 are lost. 


Figure 2
To overcome codebook size and HARQ-ACK bit ambiguity for concatenated HARQ-ACK codebook (current and previous HARQ-ACK codebooks), new bit field should be added or existing bit field should be enhanced to,
(1) Identify which HARQ-ACK codebooks are to be transmitted per the triggering 
(2) Determine the codebook size, and the proper location of HARQ-ACK bits of received PDSCHs
For (1), HARQ-ACK codebook information should be added in the triggering DCI, i.e. HARQ-ACK codebook index and HARQ-ACK codebook set to be reported. HARQ-ACK of PDSCHs associated with the same HARQ-ACK codebook index belongs to the same HARQ-ACK codebook and same PUCCH resource. The HARQ-ACK codebook index should appear in sequence, so that if UE detects non-consecutive codebook index, UE realizes that all PDCCHs of one HARQ-ACK codebook is missed. HARQ-ACK of this missed HARQ-ACK codebook is set as NACK to inform gNB of PDCCH/PDSCH reception failure. Reported HARQ-ACK codebook set indication is to inform UE which HARQ-ACK codebooks to be reported together, e.g., “1” denotes only current HARQ-ACK codebook, and “2” denotes current and the latest previous HARQ-ACK codebook. Figure 3 illustrates how to use HARQ-ACK codebook index and reported codebook set indication to solve the ambiguity in Figure 2. Assume 1 bit for HARQ-ACK codebook index, and 1 bit for reported HARQ-ACK codebook set. UE only detects PDSCH 1/2 with HARQ-ACK codebook index 1 and PDSCH 5/6 with HARQ-ACK codebook index 1, so UE detects PDSCHs associated with HARQ-ACK codebook index 2 are lost. Since gNB indicates current and previous HARQ-ACK codebook report, UE generates NACK(s) for the missing HARQ-ACK codebook 2 and generates HARQ-ACK for the detected PDSCHs for HARQ-ACK codebook 3 (indicated as codebook 1 with mod operation).    


Figure 3
Although HARQ-ACK codebook index helps UE to identify missing HARQ-ACK codebook, UE still does not know how many bits of NACK should be reserved for HARQ-ACK codebook 2. Even if UE receives PDCCHs with consecutive HARQ-ACK codebook index, UE is still uncertain about the exact HARQ-ACK codebook size because the loss of last PDCCHs of one HARQ-ACK codebook would be non-detectable with legacy C-DAI/T-DAI which denote the accumulated number of PDCCHs up to current PDCCH occasion (without prediction) within one HARQ-ACK codebook. From LTE to NR phase-1, missing last 1 ~3 PDCCHs seems acceptable by gNB implementation, e.g., additional blind detection. However, missing last several PDCCHs of previous HARQ-ACK codebook does not only result in a wrong codebook size (requiring much more blind detection attempts for various combination of previous and current HARQ-ACK codebook) but also lead to the confusion of current HARQ-ACK codebook, i.e. HARQ-ACK bit ambiguity, which may not be settled by blind detection as discussed above. Therefore, for (2), legacy C-DAI/T-DAI should be modified to overcome codebook size confusion caused by missing PDCCHs of previous HARQ-ACK codebook.  
· If T-DAI counts for PDCCHs of all concatenated HARQ-ACK codebook, and C-DAI only counts for PDCCHs within a HARQ-ACK codebook, UE may not discriminate between possible missing of last  PDCCHs of the previous HARQ-ACK codebook and the missing of last PDCCHs in the current HARQ-ACK codebook. As shown in Figure 4(a) and 4(b), if UE receives (C-DAI,T-DAI, CB index, Reported CB set) =(1,2,1,1), (2,2,1,1), (1,5,2,2) and (2,5,2,2), UE knows the total number of HARQ-ACK bit is 5, but UE does not know whether last PDCCH of HARQ-ACK codebook 1 is missed or last PDCCH of HARQ-ACK codebook 2 is missed.  


 
              Figure 4 (a)                                Figure 4 (b)
· If C-DAI counts for PDCCHs of all concatenated HARQ-ACK codebook, and T-DAI only counts for PDCCHs within a HARQ-ACK codebook, UE may not discriminate between possible missing of last PDCCHs in previous HARQ-ACK codebook/first PDCCHs in current HARQ-ACK codebook and the missing of last PDCCHs in the current HARQ-ACK codebook. As shown in Figure 5(a) and 5(b), if UE receives (C-DAI,T-DAI, CB index, Reported CB set) =(1,2,1,1), (2,2,1,1) and (4,3,1,1) , UE knows HARQ-ACK codebook 2 includes 3 bits, and there is one missing PDCCHs between PDSCH 3 and PDSCH 4, but UE does not know whether the missing PDCCH belongs to codebook 1 or codebook 2, and how many PDCCHs after PDSCH 4 are missed.     


 
                  Figure 5 (a)                                Figure 5 (b)
· If both C-DAI and T-DAI count for PDCCHs of all concatenated HARQ-ACK codebook, error cases illustrated above is distinguishable (Figure 6 and 7), which is essentially the same as legacy single dynamic codebook. However, if previous HARQ-ACK codebook retransmission may be triggered in the middle of PDCCHs for current HARQ-ACK codebook, UE may not discriminate between possible missing of last PDCCHs of previous HARQ-ACK codebook and missing of last PDCCHs of current HARQ-ACK codebook before the transmission of previous HARQ-ACK codebook. As shown in Figure 8(a) and 8(b), when UE receives (1,1,1,1) (1,1,2,1), (5,6,2,2) and (6,6,2,2), UE determines the total number of HARQ-ACK bit is 6 and 2 PDCCHs are missed, but UE does not know whether these 2 PDCCHs belong to HARQ-ACK codebook 1 and/or HARQ-ACK codebook 2 before the PDCCH with (5,6,2,2). Moreover, if the total number of missing PDCCHs of HARQ-ACK codebook 1 and codebook 2 may exceed the maximum number of consecutively missing PDCCHs that determines the number of DAI, UE may not identify the missing PDCCHs due to mod operation of DAI. As shown in Figure 9, assume 2-bit DAI, PDSCH 2/3 of HARQ-ACK codebook 1 and PDSCH 5/6 of HARQ-ACK codebook 2 are missed. When UE receives (3,4,2,2) for PDSCH 7, UE assumes no PDCCH is missing without knowing received C-DAI value 3 is 7.  


 
           Figure 6 (a)                                Figure 6 (b)


 
                  Figure 7 (a)                                Figure 7 (b)



 
      Figure 8 (a)                                Figure 8 (b)


                    Figure 9
· With one additional bit field for T-DAI counting for all PDCCHs of previous HARQ-ACK codebook, and legacy C-DAI/T-DAI within current HARQ-ACK codebook, UE can correctly determine each HARQ-ACK codebook. The drawback is further increased DCI payload. If CBG-based transmission is configured, additional T-DAI for both CBG sub-codebook and TB sub-codebook are added.  


                   
                Figure 10 (a)                                Figure 10 (b)
The above analysis is based on at most one previous HARQ-ACK codebook is transmitted with current HARQ-ACK codebook. If more than two previous HARQ-ACK codebooks can be aggregated with current HARQ-ACK codebook, extended C-DAI/T-DAI for PDCCHs of all concatenated HARQ-ACK codebook still cannot avoid ambiguity. In Figure 11, UE has no idea of whether 2 missing PDCCHs belong to HARQ-ACK codebook 1 and/or 2. 



                 
                Figure 11 (a)                                Figure 11 (b)
Observation 2: For dynamic HARQ-ACK codebook, with HARQ-ACK codebook index, HARQ-ACK codebook set to report, and modified C-DAI/T-DAI for accumulative number of PDCCHs within the HARQ-ACK codebook set or with additional T-DAI for previous HARQ-ACKs, HARQ-ACK retransmission can work properly without ambiguity, if there is only one previous HARQ-ACK codebook and the triggering of retransmission is from the first PDCCH of current HARQ-ACK codebook. 
Considering complicated error cases discussed above, it seems practical to not consider the case of triggering of HARQ-ACK codebook retransmission in the middle of DL slot set associated with current HARQ-ACK codebook (shown in Figure 8 and 9), and more than two separate HARQ-ACK feedbacks between two DL slot sets associated with different HARQ-ACK codebook (shown in Figure 11) unless obvious benefit is observed. 
Proposal 2: Support enhanced dynamic HARQ-ACK codebook with codebook index, codebook set to report, accumulative C-DAI/T-DAI within the codebook set.
In the case of HARQ-ACK triggering by explicit HARQ process indication, codebook size is determined by the indicated HARQ processes without ambiguity. For HARQ-ACK value determination, if the rule is, UE sets default value NACK for a given HARQ process after UE transmits HARQ-ACK previously, gNB cannot get the actual HARQ-ACK value for HARQ processes previously transmitted by UE but miss-detected by gNB. Then, gNB may schedule the retransmission of that HARQ process even if UE has already correctly decoded it. In Figure 12, UE transmits HARQ-ACK for HARQ process #0 but gNB miss-detects it, and UE fails transmit HARQ-ACK for HARQ process #1 due to LBT failure. Upon the reception of triggering indication, UE transmits HARQ-ACK for all HARQ processes with NAAA. Therefore, gNB can not obtain the real HARQ-ACK value of HARQ process #0. Alternatively, if the rule is, UE reports the actual HARQ-ACK result of the lasted received PDSCH of a triggered HARQ process, missed HARQ-ACK caused by PUCCH/PUSCH miss-detection by gNB can be retransmitted, but PDCCH miss-detection error may be non-detectable. As shown in Figure 13, UE reports ACK for HARQ process #0 with TB1, but gNB assumes ACK for HARQ process #0 with TB2, i.e. DTX-to-ACK error happens.    


Figure 12


Figure 13
Observation 3: For semi-static codebook based on HARQ process indication, depending on HARQ-ACK value determination mechanism, either HARQ-ACK miss-detected by gNB is unrecoverable or DTX-to-ACK happens.

3 Conclusions
The proposals and observations made in this contribution are summarized below:
Observation 1: For Legacy semi-static codebook, dynamic extension of K1 can support HARQ-ACK retransmission for PDSCHs in DL slots within the configured timing offset from the DL slot set associated with current HARQ-ACK codebook, with marginal DCI overhead and no HARQ-ACK ambiguity.
Observation 2: For dynamic HARQ-ACK codebook, with HARQ-ACK codebook index, HARQ-ACK codebook set to report, and modified C-DAI/T-DAI for accumulative number of PDCCHs within the HARQ-ACK codebook set or with additional T-DAI for previous HARQ-ACKs, HARQ-ACK retransmission can work properly without ambiguity, if there is only one previous HARQ-ACK codebook and the triggering of retransmission is from the first PDCCH of current HARQ-ACK codebook. 
Observation 3: For semi-static codebook based on HARQ process indication, depending on HARQ-ACK value determination mechanism, either HARQ-ACK miss-detected by gNB is unrecoverable or DTX-to-ACK happens.

Proposal 1: Support legacy semi-static codebook with dynamic extension of K1 for HARQ-ACK retransmission.

Proposal 2: Support enhanced dynamic HARQ-ACK codebook with codebook index, codebook set to report, accumulative C-DAI/T-DAI within the codebook set.
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