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Introduction
In RAN1#93 meeting [1], the following agreement related to HARQ procedures were reached:

Agreement:
· NR-U uses NR HARQ feedback mechanisms as baseline, and enhancements can be identified
· When UL HARQ feedback is transmitted on unlicensed band, NR-U considers mechanisms to support flexible triggering and multiplexing of HARQ feedback for one or more DL HARQ processes

Agreement:
· Techniques to handle reduced HARQ A/N transmission opportunities for a given HARQ process due to LBT failure are identified as beneficial
· Potential techniques include mechanisms to provide multiple and/or supplemental time and/or frequency domain transmission opportunities

Agreement:
· Transmission of HARQ A/N for the corresponding data in the same shared COT is identified as beneficial
· Strive to support transmitting all HARQ A/N for the corresponding data in the same shared COT, if possible, considering the current NR UE processing time required
· Mechanisms to support this need to be identified
· It is understood in some cases, the HARQ A/N has to be transmitted in a separate COT from the one the corresponding data was transmitted
· Mechanisms to support this need to be identified

Considering above agreement, this contribution addresses the aspects HARQ procedures that gets affected when an NR device operates in an unlicensed band. 
Multiple HARQ Feedback Transmission Opportunities
NR-unlicensed is expected to support UCI transmission, including HARQ-ACK transmission, SR request and CSI report. The baseline NR Release-15 HARQ procedure was designed for licensed spectrum, where the UE transmits UCI at the time scheduled by the gNB. In NR-U, it is expected in some cases that the UE is required to perform LBT prior to HARQ-ACK transmission.
Due to uncertainty in channel access and LBT failure, PUCCH transmissions carrying UCI may have to be postponed when the channel is occupied during the operation of an NR-U device. For standalone or dual connectivity deployments, this means the HARQ-ACK transmissions may be delayed when the channel is occupied. 
Once the gNB does not receive the expected HARQ feedback, it may assume one of the following event occurred:
· The UE transmitted the feedback and ACK-to-DTX/NAK-to-DTX occurred or 
· The UE failed to access the uplink channel due to LBT failure or
· The UE missed the scheduling DCI.

Upon failing to receive the A/N feedback and without knowing the cause of not receiving it, the gNB may reschedule the transport block. Clearly such sequence of events should be avoided or minimized in NR-unlicensed.
In one solution, a gNB may assign multiple PUCCH resources for a given PDSCH transmission. This can be done, e.g., by assigning multiple PDSCH-to-HARQ-timing indicators. The additional PUCCH resources may be in a few consecutive slots within the COT. A UE would perform LBT before the first PUCCH resource and, if it does not succeed, the UE will perform LBT for the next PUCCH resource and so on. The following is the observations regarding such design: 
· Considering the baseline NR HARQ procedure, by indicating multiple PDSCH-to-HARQ-timing indicators the gNB would assign multiple resources for each PUCCH transmission.
· Having multiple PUCCH resources would help in PUCCH transmission. However, assigning multiple PUCCH opportunities for each UE is wasteful since the gNB would likely configure all UEs with multiple PUCCH resources, increasing the overhead by multiple folds. Unless a gNB actively monitors UEs’ situation and judiciously configure each UE with one resource or multiple resources for each PUCCH opportunity such that only those UEs that are victim of hidden nodes are configured with multiple resources.    
· Statistically, what is the chance of LBT success in the next opportunity (e.g. in slot n+4 in Figure 1) when LBT has failed in the first opportunity (e.g. in slot n+2 in Figure 1)? This may be referred to as “channel occupancy coherence time (COCT)” and it depends on how many inter- and intra-RAT devices operate in the unlicensed channel nearby and what the type of traffic each runs. For instance, if most of the traffic of the active unlicensed devices in the band is video traffic, the COCT would be large, and basically the chance of a successful LBT after a failed LBT is large only if the second LBT observation is long after the first one. If the COCT is large, then scheduling multiple PUCCH resources within the same COT may not be that effective (which typically has duration less than 5ms or 10ms, depending on the category for which a COT is established).



Figure 1: gNB configures a UE with multiple PUCCH resources to alleviate the potential LBT failure during the first PUCCH resource 

While above solution has advantages, we believe configuring a UE with multiple resources for each PUCCH need to be evaluated considering efficiency-robustness tradeoff.

Proposal 1: Configuring a UE with multiple resources for each PUCCH need to be evaluated considering efficiency-robustness tradeoff.

Enhancements to HARQ Procedure
Self-contained COT is the most efficient solution for NR operation in unlicensed bands since it limits the latency (i.e. the channel access randomness is reduced or eliminated) and it also eases operation of gNB and UE where both would not always need to keep pending TBs in buffer after the COT. However, while a gNB may be able to schedule for a self-contained COT it is at the mercy of events that are unique to operation in unlicensed bands. 
· In one instance, LBT and the channel access procedure at UE side may fail and there may not be enough time remaining in the COT which leads to an unacknowledged TB waiting for the next COT.  

· In another instance, there is a chance that the gNB may not be able to detect the PUCCH carrying a HARQ codebook sent by a UE. While in NR operation in licensed channels it may also happen that a PUCCH is not detected at the gNB, in NR-U it may happen more often due to highly fluctuating interference and possible collision at gNB side, e.g. due to hidden nodes. In fact, a gNB may expect a PUCCH, for several previously transmitted PDSCH resources, at the end of a COT and the PUCCH gets collided, leaving the entire HARQ codebook constructed during the COT pending. This could cause a misalignment between the gNB and the UE regarding for which preceding PDSCH the HARQ codebook has been received successfully by the gNB.

Such events unique to operation in unlicensed bands call for an update to the baseline NR HARQ procedure to make it more robust. A possible solution for such unique events is to allow a gNB to intervene in the HARQ feedback transmission beyond what is currently available in NR Release-15. For instance, a gNB may indicated to UEs that HARQ feedback for a TB is not expected within current COT and PUCCH will be scheduled in the next COT, or the gNB may trigger the UE to send HARQ codebook of several previous PDSCH transmissions in the current or previous COT etc. In the following, each of these solutions are outlined.

If the gNB does not receive the HARQ-ACK feedback in the configured time, it sends a DCI requesting the retransmission of the HARQ-ACK codebook. This solution can be suitable for cases where just one opportunity is missed and there is no ambiguity on the HARQ-ACK codebook size. 
Proposal 2:	NR-U HARQ procedure to consider support for retransmission of a HARQ codebook.

If a gNB does not detect the PUCCH correctly due to e.g. collision, the gNB may give another chance to the UE to transmit or retransmit the PUCCH by assigning a supplemental PUCCH resource. Considering the baseline NR HARQ procedure, additional attributes are needed to indicate to UE that the accompanying PUCCH resource is a supplemental resource and the UE is expected to transmit or retransmit the previously-prepared HARQ codebook. With a further twist, after not detecting an expected PUCCH, the gNB may keep scheduling PDCCH/PDSCH resources for the UE and in an upcoming PUCCH the gNB would schedule to receive the HARQ feedback associated with the first and second set of PDSCH resources. Note that while such sequence of events is rare in NR operation in licensed bands, it may happen more often in a dense unlicensed channel particularly when the channel occupancy coherence time is large. For instance, it may happen that the gNB does not detect an expected PUCCH twice or more in a row which leaves the UE to aggregate HARQ feedback of several PDSCH resources (see example in Figure 2). We believe it is feasible to keep the baseline NR HARQ procedure and only to equip it with additional attributes to achieve an unambiguous sync between the gNB and UE about the HARQ codebook. 



Figure 2: UE aggregates HARQ feedback of a previous COT and current COT

Proposal 3: NR-U HARQ procedure should be updated to support unambiguous HARQ-feedback aggregation in situations where one or more consecutive PUCCH resources are not detected at gNB.
In one use case of gNB shared COT, a gNB may transmit one or multiple TBs within a COT, and the UE forms the codebook and sends it in the scheduled PUCCH. Depending on the processing capabilities, a UE may not be able to process all the received TBs in the shared COT given that the scheduled TB may have different starting time, time duration and transport block size. Or, the uplink resources within the shared COT can be limited, hence leaving some UEs out of the shared COT.
One option could be that the UE is configured by the gNB to transmit HARQ-ACK feedback for a set of scheduled TBs within the shared COT and to not transmit the feedback for other TBs. The indication of whether or not to transmit HARQ-ACK feedback can be included in the DCI scheduling the TB. The gNB may request the HARQ-ACK feedback in the next COT or request the feedback when scheduling the next TB or the retransmission.
Proposal 4:  NR-U HARQ procedure should be updated such that indication are provided to UE to not transmit HARQ feedback for specific PDSCH resources.
In another solution, a gNB indicates to UE that the HARQ codebook would be carried in a PUCCH in the next COT and therefore the exact PDSCH-to-HARQ-timing indicator will be provided in a DCI in the next COT. This is useful for the situations where DL transmission occurs at the later slots of a COT and either (a) due to the UE processing time the HARQ codebook cannot be prepared on time, or (b) due to gNB scheduler complexity the PUCCH cannot be accommodated in the last slots of the current COT.
Proposal 5: NR-U HARQ procedure should be updated so that gNB could indicate the possibility of PUCCH resource in the next COT. 
To avoid unnecessary retransmissions of the TB and the retransmission of DCI scheduling the TB, it would be useful if the gNB could request HARQ-ACK feedback for one or multiple HARQ processes. This solution is robust to multiple failed HARQ feedback opportunities given that the gNB can then directly indicate to the UE the set of HARQ processes as opposed to rely on the UE to report correct size of the HARQ-ACK codebook. 
Another option could be that the network requests the HARQ-ACK codebook retransmission. For example, if the gNB does not receive the HARQ-ACK feedback in the configured time, it sends a DCI requesting the retransmission of the HARQ-ACK codebook. This solution can be suitable for cases where just one opportunity is missed and there is no ambiguity on the HARQ-ACK codebook size. 
Proposal 6:	NR-U HARQ procedure should be updated to support on-demand reporting of HARQ-ACK status for a set of HARQ processes.

LBT for PUCCH Transmission
A gNB may schedule PDSCH resources for two or more UEs within a COT. To schedule PUCCH resources for each UE efficiently, the gNB may, for example, schedule a PDSCH for UE1 followed by PUCCH for another UE, UE2, all within the same slot or mini-slot. An instance of such scheduling is shown in Figure 3. Such scheduling method provides the opportunity for UE2 to transmit PUCCH right after the downlink transmission with no gap or one-symbol gap, hence exercising LBT Cat-1 or Cat-2 which is aligned with regulatory rules. Note that in above example the DL transmission right before the PUCCH is for UE1, therefore UE2 may early on start the transition from DL to UL without losing anything. However, for this to work, UE2 needs to be notified accordingly to transition from DL to UL so that it’d be prepared for PUCCH transmission. Such scheduling may be possible as long as the gNB serves two or more UEs within the COT.



Figure 3: Scheduling for two or more UEs in a COT

Proposal 7: A UE should be allowed to transmit a PUCCH resource subject to LBT category-1 or -2 as long as the downlink transmission before the PUCCH resource is less than 25µs.
It is possible that a UE finds out that the PDSCH-to-HARQ-timing-indicator falls outside of the current COT. Depending on how long after the COT the PUCCH is scheduled may be different. While a gNB cannot extend the COT duration beyond MCOT, a UE, like any other device that operates in the unlicensed band, can still try to access the channel after performing appropriate LBT procedure. If the PDSCH-to-HARQ-timing indicates that the scheduled PUCCH is longer than 25µs after the COT, then the UE may have to invoke a more robust LBT category such as Cat-3, otherwise the UE should be allowed to transmit the PUCCH after LBT Cat-1 or Cat-2.
Proposal 8: A UE should be allowed to transmit PUCCH right after a COT subject to appropriate LBT category.
Despite all the scheduling a gNB does for a COT, things may not go as planned due to many reasons such as LBT failure or collision at gNB side etc. If such events happen consecutively, e.g., in a densely populated unlicensed channel, a UE may have to aggregate HARQ feedback several consecutive TBs. If this happens it seems logical to let the UE to access the channel with a high-priority LBT procedure so that the UE gets to deliver the accumulated HARQ codebook as soon as possible. 
Proposal 9: A UE should be allowed to transmit PUCCH with a higher-priority LBT category if the UE has accumulated HARQ feedback for many TBs.
Summary
In this contribution, we discussed some enhancements to HARQ NR procedure to counter events unique to operation in unlicensed bands. In the following, above-discussed proposals are listed:

Proposal 1: Configuring a UE with multiple resources for each PUCCH need to be evaluated considering efficiency-robustness tradeoff.
Proposal 2:	NR-U HARQ procedure to consider support for retransmission of a HARQ codebook.
Proposal 3: NR-U HARQ procedure should be updated to support unambiguous HARQ-feedback aggregation in situations where one or more consecutive PUCCH resources are not detected at gNB.
Proposal 4:  NR-U HARQ procedure should be updated such that indication are provided to UE to not transmit HARQ-ACK feedback for specific PDSCH resources.
Proposal 5: NR-U HARQ procedure should be updated so that gNB could indicate the possibility of PUCCH resource in the next COT. 
Proposal 6:	NR-U HARQ procedure should be updated to support on-demand reporting of HARQ-ACK status for a set of HARQ processes.
Proposal 7: A UE should be allowed to transmit a PUCCH resource subject to LBT category-1 or -2 as long as the downlink transmission before the PUCCH resource is less than 25µs.
Proposal 8: A UE should be allowed to transmit PUCCH right after a COT subject to appropriate LBT category.
Proposal 9: A UE should be allowed to transmit PUCCH with a higher-priority LBT category if the UE has accumulated HARQ feedback for many TBs.
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